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Valent BioSciences Corporation (VBC) Notice of Objection to the PMRA Decision on Label
Requirements for Bacillus thuringiensis

Application to Aquatic Habitats

Valent BioSciences Corp. is concerned about the need of label language specific to Btk under DIRECTIONS
FOR USE - "Do not apply directly to aquatic habitats ...... "

This language as written will preclude the primary intended uses for some of the Btk products. Standard label
language can prevent a product from being used for an approved use because it makes practical application of
the product impossible. Bts do not pose actual aquatic concerns (please see some of the scientific indications of
this below). Hence additional label Ianguage needs to be developed which clearly indicates that forestry uses of
Bt, do not present a direct application to aquatic habitats.

Labels already clearly indicate the applications permitted. There are no aquatic uses on the labels for Btk. The
concern comes on possible precautionary statement interpretation/liability when doing aerial Btk applications
on, for example, large forestry fracks that may contain streams, prairie potholes, creeks, eic. While the
application is not 'directed’ at aquatic habitats overspray cannot be strictly controlled as aquatic habitats
intermingled in forests are overflown.

Btk sprays have been undertaken for years in Canada. Projects undertaken by Environment Canada continue to

show the innocuousness of Bt to the environment. For example the study: PROJECT, Ecotoxicology of
Biotechnology Products: The case of Bacillus thuringiensis (www qgc.ec gc calcsl/profpro(32fg_e himl )

Gives the following conclusion:
“Main Results to Date

Resuits have shown that although Bt crystals appear rather stable, the toxin is found in very low concentrations in the
aquatic environment and degrades more guickly in water than in soil. Work is continuing in order to determine the
presence and persistence of the gene and of the Bt corn toxin (Cry1Ab) in the aguatic environment.”

During nearly 45 years of registration and about 30 years of wide scale aerial and terrestrial application around
the world, Btk applications have not resulted in any significant aquatic effects when applied in accordance with
the label. The proposed wording is not supported by fact. The science clearly shows the little risk Bts poses to
aquatic habitats in all their complexity.

The paper: Functional Effects of the Bacterial Insecticide Bacillus thuringiensis var. kurstaki on Aquatic
Microbial Communities. David P. Kreutzweiser®, I. Lawrence Gringorten®, David R. Thomas® and Jason T.
Butcher

* Canadian Forest Service, 1219 Queen St. East, Sault Ste. Marie, Ontario, Canada, P6A 5M7
Ecotoxicology and Environmental Safety Volume 33, Issue 3, April 1996, Pages 271-280



Indicates: “These resulis from laboratory and controlled field experiments indicate that
contamination of watercourses with Btk is unlikely to result in significant adverse effects on

microbial community function in terms of detrital decomposition.”

In addition, an up-to-date book by two New Zealand scientists covers the potential environmental impacts of Bt
in great detail.

e Glare, T.R. and O'Callaghan, M. 2000. Bacillus
thuringiensis; Biology, Ecology and Safety. John Wiley and Sons,
Chichester, UK. 350 pp.

The World Health Organisation have also recently reviewed the environmental impacts of Bt (Anonymous
1699. Microbial Pest Control Agent Bacillus thuringiensis. Environmental Health Criteria 217. World
Health Organisation, Geneva).

Both publications offer no significant effects on aquatic systems by Bts.

Water quality should not be directly affected by Btk as it is not likely to affect most aquatic organisms. Some
North American laboratory studies have shown decreases in detritus decomposition 1ates at high doses of
Btk. However, these effects are unlikely in the environment because of the lower doses of Btk used and the
purification processes in natural systems (USDA 1995).

VBC Propesal: As indicated in the Bt Re-evaluation Document, there are no aquatic impacts associated with
the use of Bt. This proposed label language should be modified/present an addendum to prevent the liability
questions raised by the language in its current state. The control of pests that are present in vegetation over
waters should not be considered a direct application of pesticide to water. Standard labe] language which is
appropriate and feasible for agricultural uses, is not workable for forestry applications. Labels should be
reflective of actual concerns and safety precautions that are in fact called for.



Precautionary Statements:

Valent BioSciences Corp. believes precautionary wording should be specific to the product being labeled. Thus
we agree with the indication that "CAUTION EYE IRRITANT" may be waived if data is submitted that
indicates that eye irritation would not be an issue with a particular Bt product.

Additionally, the Re-evaluation Decision Document would require that Bt labels must coniain precautionary
statements indicating that the product is a POTENTIAL SENSITIZER. VBC believes that data should also be
considered for determining language on sensitization. While bacterial products, due to their protein content
may have the potential to be sensitizers, if data is sufficient to indicate that sensitization would not be an issue
for a specific strain and/or forrulation, then the requirement for a sensitization statement should also have the
possibility to be waived.

In its PACR for Bts, PMRA has evaluated a large number of publications and numerous surveillance reports of
large scale human exposure. None of the epidemiological studies identified sensitization from, at least, specific
Btk formulations. The potential for sensitization should be able to be waived when there is a large volume of
work which would indicate that a specific product does not in fact cause sensitization.

A science based risk evaluation should take into consideration all studies available, for example, where
sensitization studies with standard protocols indicate a lack of sensitization there should be no requirement for
cautionary statements indicating the product is a potential sensitizer.

Additional scientific evidence as to the different potential of different microbial species to elicit sensitization is
attached as Appendix L.

VBC Proposal:
Label language should be left open to being modified by specific data.



Personal Protective Equipment:

The precautionary statements include a statement to ‘Avoid breathing dust/spray mist’ and a mandatory
requirement for a NIOSH-approved ‘~95 ‘respirator face-mask when handling, applying, or performing
cleanups associated with the product. This requirement will proveke a negative response amongst applicators
and the public alike.

(Given that, as indicated in the PACR document:

“The risk from occupational exposure, however, was determined to be low given the lack of
mammalian toxicity.”™ and that "Occupational and non-occupational exposure in Canada is
expected to be lower in than in the United States, as the Canadian use rates are
generally lower."

And that

"This decision was based on the sum total of all toxicology data
submitted to the USEPA along with the lack of any report of significant
human health hazards of the various B. thuringiensis strains.”

Therefore, the proposed label language is excessively negative and not supported by the available data. The
precautionary language and mitigation required is inconsistent with the potential risk due to exposure. The
requirement to have workers exercising this level of precaution sends a message to workers and the public that
the material being applied is relatively dangerous since similar precaution is not required of many chemical
alternatives. There should be no requirement for a dust mask when friability and other applicable studies
indicate negligible potential for exposure to dust and inhalation studies indicate minimal toxicological concern
from exposure. While harmonization of Canadian labels with the U. S. for similar products is a worthwhile
objective in principle, the policy of requiring dust masks for microbials when testing indicates no apparent risk
and no guidelines exist for studies to refute the perceived risk is bad policy on either side of the border.

In most forestry and agricultural application scenarios, liquid Bt formulations are handled via a closed-loop
pesticide mixing and loading system; mixers and loaders may not be exposed to the product; consequently the
need for a NIOSH --95 filter is not required.

The new label language requiring the use of PPE for all handlers of Bti formulations is unnecessary and poses
undue requirements upon registrants and end-users.

It has been stated that based on all available data, current labeled applications pose no risk to applicators,
handlers or bystanders; therefore the use of a NIOSH-95 filter is an unwarranted restriction not supported by
fact.

Not only does this drive up the cost of public health programs, (a significant concern for many large scale
municipal programs) it absolutely provides the wrong message to residents of the treated areas. A dust mask for
hygiene purposes is adequate protection for Bti handlers. Residents will not easily accept the safety of Bti based
products when they are confronted with NIOSH-95 equipped applicators working in their neighborhood.

VYBC Proposal: PMRA should propose label language that is supported by data. PMRA recognizes that there
are already several strain sources and therefore PMRA should also recognize the variability within these sources
for numerous factors, including unique characteristics and usage patterns. The cautionary notes re Sensitization



and the requirement for ‘“-95> NIOSH respirators should be left open to being ameliorated based on scientific
data.

Label Language:
End-use products:
VBC would question the requirement to have all end-use labels include a "Do not apply by any type of

irrigation system." For certain agricultural Btk uses, chemigation may be an effective way of applying the
product. No scientific rational for the statement has been proposed by PMRA.

VBC Proposal: The possibility for this application method should be open to a risk assessment.



Response to Potential Sensitizer precautionary statement for Bacillus thuringiensis
subsp. kurstaki strain ABTS-351

Sensitisation/allergenicity observations

Bernstein et al. (1999) observed farm workers (vegetable harvesters) before and after
exposure to Bacillus thuringiensis subsp. kurstaki (strain SA-11). There was no evidence
of occupationally-related respiratory syndromes. Positive skin test responses to spore
extracts of B. thuringiensis subsp. kurstaki were observed, and specific IgE and 1gG
antibodies were present. However, following repeat exposure in 579 Danish greenhouse
workers exposed to DiPel® (strain ABTS-351), there was no evidence of sensitisation
based on a measurement of total Iglf (Larsen & Bazlum, 2002).

Doekes et al. (2004), studying more than 300 greenhouse workers, reported that exposure
10 B thuringiensis biopesticides (Bactimos™ and Vectobac®™; B. thuringiensis subsp.
israelensis) confers a risk of IgE-mediated sensitization. No increase in respiratory health
symptoms was observed.

Laferriére et al. (1987, as cited in WHO, 1999) demonstrated antibody titres against
vegetative cells of B. thuringiensis in workers exposed to B. thuringiensis subsp. kurstaki.
Little or no formation of antibodies against spores or crystals was detected. No adverse
health effects were reported.

Two incidents of possible allergic reaction to B. thuringiensis have been reported to US
EPA (McClintock et al.,, 1995). However, B. thuringiensis was not considered to be the
causative agent in any of the cases.

Comment from Registrant:
All papers cited indicate no adverse health effects.

What is the Significance of Elevated IgFE levels in People Exposed to
Btk?

Allergic sensitization is a multi-step process. Additionally, the absence of symptoms in
exposed individuals, who present measurable allerginicity parameters that may be
indicative of sensitization, needs to be explained. No single parameter is currently
predictive of allergic potential. It may be that asymptomatic responses represent a
normal distribution of responsiveness in the general population without clinical
CONSEqUENces.

Microbial caused sensitization:



Sensitization potential with microbial products appears to be better documented with
certain microbes than for others. Gram-negative bacteria with their bacterial
liposaccharide (LPS) endotoxin have been proposed as a major candidate for pulmonary
inflammation reaction due to their presence in organic dusts. Rylander (2002) reviewed
endotoxins in the environment and a possible relationship among exposed persons.
Rylander concludes there is a relationship between exposure and disease, yet at cerlain
exposure levels and /or at certain periods of life, exposure may be beneficial and may
even reduce the risk for disease. A review of the literature also indicates there is “still a
need to investigate other potentially active agents in environments with endotoxin
exposure.”

Even within the well documented gram-negative endotoxin story, additional studies are
now questioning the difference between purified LPS and the true effects of
environmentally exposed bacterial systems. There appears to be a differentiation in the
Th1 or Th2 cascade. Thl immune deviation has been shown to decrease airway hyper-
reactivity, AHR, and therefore has been suggested that LPS induced immune deviation
toward a Th1 response inhibits the Th2 response that leads to asthma (Zuany-Amorim et
al. (2002); Erb et al. 1998; Herz et al. 1998). Growing evidence is indicating that
bacterial exposure could drive the atopic response into a TH1 direction and away from
allergicity (Douwes and Pearce, 2002).

Tuli¢ et al. (2000) looked at the potential role of exposure to bacterial
lipopolysaccharides on the development of sensitization to allergen and the response to
allergen challenge in vivo. They found that exposure to LPS after allergen challenge in
sensitized animals abolished the hyper-responsiveness and modified the inflamatory cell
influx of late-phase response to allergens.

George et al. (2006) reared C3HeB/Fel mice (a strain particularly sensitive o endotoxin)
in corn dust considered to have a high endotoxin content and microbial product or in low-
endotoxin environment. The influence of the corn dust was accessed by BAL cell
analysis and immuno-staining of lung tissue. The corn dust was not associated with an
inflammatory response in pulmonary alveoli at any time point. There was a high
concentration of lung eostnophils early in life which were proposed to possibly be
associated with the TH2 bias (or reduced Thl presence) previously described in neonatal
mice and human infants. The conclusion of the study showed that exposure to a
nonhygienic environment did not induce significant airway neutrophilia, yet 1t altered the
population of immunologically active cells in the lung and reduced subsequent
inflammation.

Gram-positive bacteria have little documented allerginicity potential, especially with any
non-pathogenic species. Rather, several species have been proposed to reduce immune
responses to antigens. For example, United States Patent 20070190076 (2006) by Institut
Pasteur and Institut National de la Santé et de la Recherche Médicale is defined as a
bacterial preparation that contains killed Gram positive bacteria, obtainable by a process
which does not denature the structure of the molecules from the bacteria cells, and it is
able to induce, in vivo, a modulation of the immune response against an antigen.



Lactobacillus casei, a nonpathogenic gram-positive bacterium widely used in dairy
products has been shown to enhance the cellular immunity of the host. To examine the
inhibitory effect of L. casei on IgE production, Shida et al. (1998) used splenocytes
obtained from ovalbumin (OVA)-primed BALB/c mice that were restimulated in vitro
with the same antigen in the presence of heat-killed L. casei. L casei induced IFN-Y, but
inhibited IL.-4 and IL-5 secretion, and markedly suppressed total and antigen-specific IgE
secretion by OV A-stimulated splenocytes. The Th cell development assay showed the
ability of L. casei to induce Thl development preferentially.

Ciprandi et al. (2005) used Bacillus claussi spores administered in oral suspension to
study potential effects on nasal symptoms in children presenting nasal allerginicity
symptoms. B. clausii restored physiological Thl polarization and reduced nasal
aesoniphils. B. claussi has also been shown by Ciprandi et al. (2004)to exert modulary
activity in allergic children with recurrent respiratory infections.

Von Hertzen and Haahtela (2006) present an overview indicating that settings associated
with exposure to microbes in soil and vegetation might be beneficial, even necessary, for
the normal maturation of the immune system. High-level exposures to microorganisms
in soil have been associated with reduced risk for asthma and atopy.

Are IgE levels/skin reactivity always indicative of clinical allerginicity?

Human response to microbial antigens may induce IgE or IgG antibodies that connote
prior exposure, but not necessarily a symptomatic state. Vojdani et al. (2003) indicated:
“Furthermore, presentation of clinical symptomatologies did not correlate with the levels
of mold antibodies in all patients. Therefore, it seems that antibody levels do not correlate
with disease severity, but are indicative of exposure. Therefore, in some individuals,
detected mold IgG, IgM, and IgA antibodies may be protective--but not pathogenic.”

Two Italian studies with populations selected according to standarized procedures were
investigated and followed over time (Baldacci et al., 1997). The populations lived in two
areas, namely a rural area in northern Italy and an urban one in Central Italy. The
prevalence of respiratory symptoms was higher in the urban area compared to the rural
area. On the other hand, no difference between the rural and urban areas was evident
when comparing skin reactivity prevalence as a marker of atopy.

A growing body of knowledge indicates the promotion of clinical tolerance to allergens
by certain microbial exposures. For example, the July 16, 2007 issue of Thorax contains
two articles which add to the observations of an inverse link between mycobacterial
exposure and atopic disorder. The relationship between atopy, asthma and mucobacteria
are reviewed by JM Hopkins in the same issue.

Georges et. al (2006) showed that both early life and later life sub-chronic exposure (o
corn dust (high endotoxin-containing) reduced atopic airway inflammation in mice in



response to a known sensitizer (ovalbumin). Yet this exposure did not alter the Ig-E
levels in serum in response to the sensitizer.

There is a large range in normal IgE levels (Merrett, 1997) indicated that circulating
levels <20 kUL render a diagnosis of atopy unlikely, while concentrations > 180 kUL
indicate a likely diagnosis of atopy. Jansen et al. (1998) showed that analyzing for
symptomatic and asymptomatic subjects indicated a higher risk for bronchial hyper-
responsiveness correlated with a positive skin test only in symptomatic subjects,
independent of high serum fotal IgE levels.

IgE may actually help defend against certain infections and not be indicative of
allerginicity at all. Duarte et al. (2007) studied the increase of specific IgE antibodies to
Plasmodium falciparum in infected patients. The P. falciparum specific IgE response did
not correlate with anti-inflamatory cytokin patter bias during malaria but rather seemed to
contribute to the control of parasites, since functional activity was higher in
asymptomatic and uncomplicated malaria patients than in severe or cerebral malaria
groups. Bereczky et al. (2004) found the same sort of response where elevated P.
Jfalciparum specific IgE levels reduced the change of presenting clinical malaria.

IgE induction by Bt

Laferrire et al. (1987) reported that forest spray workers who used Btk had a significant
elevation in antibody titers and levels were higher in workers who were exposed for 2
years. Antibody titers reduced rapidly after exposure ceased and thus the probability that
this would result in clinically defined allerginicity in these workers is low. The class of
Btk antibodies is not reported so allerginicity is also not clear. Only 5/112 workers were
reported to be positive for the antibodies. The study did not report any exposure-related
clinical manifestations in the workers.

A longitudinal, follow-up investigation of 48 workers who were involved in picking Bt
(Javelin®) sprayed crops (celery, parsley, cabbage, kale, spinach, strawberries) was
conducted by Bernstein et al. (1999). Bernstein presented three exposure groups: “Low”
(handled onions not Bt sprayed 3 miles away), “Medium” (packaged Bt treated crops)
and “High” (picked Bt treated crops). There was no evidence of occupationally related
respiratory symptoms. Ocular and dermal symptoms occurred across the three groups
and appear to be related to crop exposure reactions and not Btk. Positive skin tests to
several spore extracts were seen, chiefly with exposed workers (35%). Yet the “Low”
exposure group presented at 25% for an atopic response. Positive skin test were seen
with water and mercaptoethanol-sodium dodecy! sulfate extracts of Javelin, yet did not
increase for Javelin extracted pro-Delta-endotoxin and protenaise K spore extracts.
Specific IgE and IgC antibodies to vegetative cells were present in all groups, which
could bring up the question of whether these antibodies were possibly reacting to some
cross reactivity.



Doekes et al. (2004) tested sera from the BIOGART project, a longitudinal respiratory
health study on >300 Danish greenhouse workers. This study had a 2 and 3 year follow
up. While many sera had detectable Igk to Bt (23-29%), all positive reactions were
relatively weak IgE anti-Bt positive sera showed, with one exemption, only OD492
values <0.2. These highly exposed workers presented no evidence for work related
respiratory symptoms, even after numerous years of exposure. The authors conclude that
even while the IgF binding components may be genuvine Bt components, they could also
be shared with some or many commonly found bacterial species, and in that case the IgE
levels may be found in the general population.

What sensitization would be expected from airborne microbials: Asthma?

Even Burrows et al. (1998), who showed a relationship between IgE levels and asthma,
pointed out that “although pneumococcal-specific IgE can sometimes be demonstrated,
there 1s no firm evidence that allergy to bacteria in the airway is of importance in the
pathogenicity of asthma.” Asthma is a heterogeneous condition with multiple biological
unique etiologies and is considered to involve allergic and non-allergic mechanisms.

As recommended by Burrows et al., clusters of asthma within occupational groups appear
to be a good way to determine allergic stimuli. This is how swine dust, cotton dust, etc.
have been identified as allergens. Yet, in the 30+ years that Bts have been extensively
used, these asthma clusters have not been seen.

Several studies have in fact shown that exposure to bacterial lipopolysaccharide can
either prevent or inhibit asthma in humans or laboratory rodents. While the mechanism of
the effect is open to further research and several hypothesis have been put forward, the
actual down modulation to antigen induced asthma is well documented (Lundy et
al.2003). It is therefore doubtful that at the exposure levels experienced in the field upon
spray application that Bts would lead to clinical symptoms of asthma.

Epidemiological Review:

Several epidemiological studies have shown an inverse relationship between human
asthma and environmental exposure to LPS (von Mutius et al. 2000; Braun ~Fahrlander
et al. 1999 and 2002).

The lack of Bt clinical allergenicity development is strengthened by epidemiological data
because no increase in respiratory problems has been demonstrated, even when asthmatic
individuals are closely monitored.

In a 2-year study, Green et al., 1990, conducted a surveillance program with the four
largest medical laboratories in a Btk spray area (80,000 people in 1985 and 40,000 people
in 1986). A non-sprayed community 100 km away served as a control population. There



was no increase in the number of telephone complaints nor was there a change in the
pattern of complaints.

Another study was conducted (Nobel et al. 1992) in an area with a population of
1,400,000. There was no difference in emergency room visits between spray days and
non spray days, nor a significant change in the pattern of telephone calls. There was no
evidence that Bt was associated with illness or infection and, in fact, there was a lower
incidence of diarrhea in the spray zone than in the control area.

Similar conclusions, of no health effects, can be drawn from the epidemiological studies
carried out during eradication spray programs conducted in New Zealand.
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ABSTRACT: Assessing allergy by measurement of serum immunoglobulin (Ig) E
antibodies is fast and safe to perform. Serum antibodies can preferably be assessed in
patients with dermatitis and in those who regularly use antihistamines and other

pharmacological agents that reduce skin sensitivity.

Skin tests represent the easiest tool to obtain quick and reliable information for the
diagnosis of respiratory allergic diseases. It is the technique more widely used, specific
and reasonably sensitive for most applications as a marker of atopy.

Measurement of serum IgE antibodies and skin-prick testing may give complimentary
information and can be applied in clinical and epidemiological settings.

Peripheral blood eosinophilia is less used, but is important in clinical practice to
demonstrate the allergic aetiology of disease, to monitor its clinical course and to
address the choice of therapy. In epidemiology, hypereosinophilia seems to reflect an
inflammatory reaction in the airways, which may be linked to obstructive airflow

limitation.
Eur Respir J 2001; 17: 773-790.

The term "allergy" was introduced in 1906 by the
Viennese paediatrician von Pirquet to point out a
condition of altered reactivity in a host organism. He
observed that the introduction of an external substance
in a tissue could alter the tissue reactivity upon a
subsequent contact with the same substance. Previo-
usly, the term "allergy" was used to define these altered
responses, either protective or harmful. More recently,
this term has been used to indicate an abnormal mo-
dality (hypersensitivity) of the organism to respond to
antigenic stimuli (antigens) which are inactive in normal
subjects [1].

In 1921, the experiments of two German physicians,
C. Prausnitz and H. Kiistner, demonstrated that allergy
was correlated with a serum factor which was sub-
sequently defined "reagine" [2]. In 1923 A.F. Coca and
R. Cooke introduced the term "atopy" to define a con-
stitutional status of predisposition to develop allergic
diseases as pollinosis and bronchial asthma with a
"reaginic" pathogenesis [3]. The term atopy, of Greek
etymology, indicates clinical conditions with unusual
characteristics.

For many years, few investigators tried to identify
and to separate the reagines. Only in 1966-1967, in
Denver, USA, two researches were able to separate,
in the serum of atopic subjects, a factor with high
reaginic activity, pointing out that it did not identify
itself with any immunoglobulin (Ig) class known at
the time. This new Ig was called "IgE" [4].

At the same time, in Sweden, two other researchers,
H. Bennich and S.G.O. Johansson, identified a new Ig
in a patient with a myeloma, which was defined IgND.
Furthermore, they observed that high levels of IgND
were present in the serum of atopic subjects [4]. The
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immunological and physical-chemical characterization
allowed the identification of the IgND with the IgE. In
1968 in Losanna, an International Committee of ex-
perts of the World Health Organization International
Reference Centre for Immunoglobulins decided to call
this immunoglobulin definitively "IgE" recognizing it as
the 5th antibody class.

The discovery of IgE has led to an understanding of
the mechanisms of allergy. It has also led to the
development of diagnostic tools as well as analyses and
standardization of allergen extracts. It is possible to
measure not only the pure protein content, but also
the allergenicity in terms of the antigen that reacts with
the IgE antibodies. The next possibility is to develop
allergens for diagnostic and therapeutic endpoints in-
cluding immunotherapy [5]. Advanced treatment prin-
ciples of immunological modification of the functions
of IgE antibodies and the mechanisms that regulate the
IgE production may in the future include blocking or
down regulation of IgE in patients with allergic rhinitis
and asthma [5].

Atopy, with or without clinical symptoms, is an
important risk factor for asthma [6], hay fever and
eczema and creates interest for assessment in epide-
miological studies. Clinicians tend to validate IgE
antibody testing against its prediction of clinical atopic
disease, while epidemiologists want to identify indivi-
duals with atopy regardless of the presence of disease.
Thus criteria for test positivity in clinical and epide-
miological settings may differ.

In epidemiological surveys, application of biological
markers is ideally required to assess the exposure-
discase relationship [7]. However, allergic sensitization,
assessed as serum specific IgE antibodies, is not an
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indicator of allergen exposure alone. In addition to
allergen exposure, serum specific IgE antibodies reflect
the individual’'s susceptibility for allergic sensitization
as well as health effects, and may reflect more of the
events in the airways when compared to skin tests thus
giving additional information [8].

Skin tests represent a practicable and reproducible
investigation which allows, when correctly performed,
quicker and cheaper results than any other technique in
the diagnosis of respiratory allergic diseases.

Skin tests give a semiquantitative measure of sensi-
tization, as they are supposed to reflect the sensitization
status of airways mucosae. In fact, using a skin test, an
interaction is artificially created between IgE bound to
mast cells receptors and the same allergens which are
present in the atmosphere and which are spontaneously
inhaled.

It is important to point out that there has been wide
use of skin test reactivity in respiratory epidemiological
studies on general population samples, over recent
years, to improve the knowledge on the natural history
of airways obstructive diseases. In fact, atopy, as
assessed by skin test reactivity, is considered a risk
factor for asthma and for bronchial hyperresponsive-
ness, which is considered the main functional char-
acteristic of asthma [9]. However, atopic predisposition,
as assessed by prick test reactions, seems to be related
not only to classical allergic conditions and symptoms,
but also to other respiratory problems.

In contrast to the "British hypothesis" [10], but in
agreement with the "Dutch hypothesis" [10], Finnish
studies showed that atopy predispose to chronic bron-
chitis and, furthermore, atopy and smoking seemed to
have an independent and additive effect on both the
prevalence and incidence of chronic bronchitis [10].

During the past 20 yrs, there has been a growing
interest in the effector functions of the eosinophil
granulocyte, including a variety of clinical conditions
associated with hypereosinophilia, such as asthma,
allergic diseases, intestinal diseases, joint diseases and
skin diseases [11].

Studies of allergy and respiratory disease have tra-
ditionally used allergy skin test reactivity, serum IgE
levels or peripheral blood eosinophilia to identify atopic
subjects. The strong correlation between these pheno-
typic markers has led to the common assumption that
they are more or less interchangeable indicators of the
atopic state. However, recent epidemiological investi-
gations have provided evidence that each of these
markers may represent a specific risk factor for specific
categories of atopic diseases [12]. In particular, peri-
pheral blood eosinophilia has been identified as an
independent inflammatory marker for symptoms of
cough and phlegm, distinct from IgE or skin test
reactivity [12].

Furthermore, increased serum total IgE levels and
peripheral blood eosinophil counts are neither closely
related nor exclusively present in atopic individuals.
Serum total IgE levels are increased in nonatopic
smokers and peripheral blood eosinophils are also
elevated in parasitic infections and in certain neoplasms
[13].

In the development of allergic diseases, an important
role is played by the environmental allergens, which
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stimulate an immunological specific IgE response in
genetically predisposed subjects. The reacting substan-
ces, which are immunologically true antigens, are gene-
rally called allergens [2]. They are heterologous proteins
or glycoproteins inducing specific allergic reactions in
sensitized subjects. Allergens causing atopic reactions
are able to induce IgE production and, by interacting
with them, to determine clinically evident manifesta-
tions. Allergens are classified according to the way of
penetration into the organism: by inhalation (aero-
allergens), by ingestion, by injection or by contact.

The aim of this review article is to summarize the
epidemiological evidence which has emerged during
the last decades relating the role of allergic markers
such as serum total and specific IgE, skin reactivity
and eosinophils in respiratory epidemiology.

Total and specific immunoglobulin E antibodies
Clinical and epidemiological importance

Assessment of IgE antibodies is usually performed
in order to evaluate atopy. Subjects who are readily
triggered to produce IgE antibodies after exposure
to common environmental allergens are defined as
atopic [14]. This definition excludes those who have
high total IgE levels, but no specific IgE antibodies
against common environmental allergen, as measured
by skin-prick testing or serum specific IgE antibodies.
It also excludes those who have become sensitized only
to uncommon allergens [15].

The role IgE plays in immediate-hypersensitivity
(allergic) reactions is well understood. Consequently,
nowadays IgE measurements in serum are perform-
ed more frequently as part of routine allergy testing.
They are easy to perform, and new methods and
equipment make them less expensive to use. Further-
more, external quality assurance schemes are routinely
used and results of testing are likely to be identical
irrespective of where they have been performed. Use
of long-acting antihistamines will not affect the results
of serum examinations, while it can reduce skin tests.
The relationship between the clinical history and IgE
antibody testing is not always quantitative in the cli-
nical setting. Likewise, not all symptoms associated
with allergic disease are directly related to IgE-mediat-
ed hypersensitivity reactions, for example intrinsic
asthma, drug and food intolerance. Consequently, it
is advisable to ensure that symptoms are genuinely
provoked by an allergic mechanism before undertaking
allergy treatment, which will be time consuming, ex-
pensive and demanding good collaboration between
patient and doctor.

The large range of normal adult IgE levels results in
a considerable overlapping of normal and atopic ranges
and, consequently, the test cannot identify the atopic
person. In a recent published textbook [8] circulating
levels <20 kU-L™! render a diagnosis of atopy unlikely,
while concentrations >180 kU-L"! indicate a likely
diagnosis of atopy. However, there is significant vari-
ation by sex, age, smoking habits and geography which
may indicate that local reference values with proper
adjustments should be applied [16]. Furthermore,
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markedly raised IgE levels have been reported in a
variety of other conditions, including parasitic disease,
Wiskott-Aldrich syndrome, Job-Buckley syndrome,
alcoholism, human immune deficiency virus (HIV)
syndrome, pemphigoid and occasionally, Hodgkin's
disease as well as after severe burns [8]. As a rule, total
IgE levels among atopics correlate with the size of the
target organ, so the lowest levels are observed among
rhinitics, the highest in those with atopic eczema, and
the intermediate in asthmatics [8§].

An elevated total IgE is more likely to be corre-
lated with multiple positive specific IgE (RAST) tests
than is a normal total IgE [8, 17]. Levels >5,000kU-L!,
which often occur in cases with severe atopic eczema,
are a warning that artefactually high results may have
occurred in the IgE antibody test. Although a total
IgE estimation is not a good diagnostic test to dif-
ferentiate atopy from normal, when taken together with
the clinical history it allows a more complete inter-
pretation of the available data.

The routine use of IgE antibody tests should be
restricted to diseases in which the role of IgE has been
well documented, such as allergic rhinitis, bronchial
asthma, atopic eczema, food, venom- and drug-induced
anaphylaxis and bronchopulmonary aspergillosis [8].

Normal values of IgE are usually very low, but
people with hereditary or constitutional predisposition
to allergy (atopy) produce relatively greater quantities
of IgE. In addition, the production of IgE antibodies
can continue for years after a contact with an allergen.
High levels of total serum IgE in humans have been
associated with wheeze, hay fever, asthma and eczema.

An increasing array of blood tests is available to
measure specific IgE in serum directly. A positive skin
test relies on both presence of specific allergic reactions
as well as unspecific reactions in the skin, which can
promote degranulation of sensitized mast cells. The
lack of agreement between skin and serological tests
may reflect differences in the presentation of allergen
and/or the presence of non-IgE mediated skin reactions.

Prevalence in epidemiological studies

Observed variation in the prevalence of atopy and
atopic disease may reflect a true variation. However,
this may partly be explained by variation in the pre-
valence of the recognized risk factors, which should
always be taken into account.

There is some knowledge of total serum IgE levels
in selected and general populations, while little in-
formation is available on prevalences of serum specific
IgE antibodies due to higher costs of the examination
than for skin testing. Total IgE in a population is
normally distributed after logarithmic transformation,
with a relatively small proportion of individuals having
levels of total IgE below the limits of detection of the
test (2 kU-L™). The geometric mean of total serum IgE
as well as specific serum IgE was lower in Nordic
populations [17, 18] than in young adults in South
Wales [19], adults in Tucson, Arizona [20], in ITtaly [21]
and in the Netherlands [22]. This may partly be due to
differences in methods, in mean age of the populations,
as well as differences in allergen exposure. In the
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Fig. 1. — Prevalence of atopy in young adults, defined as specific
immunoglobulin (Ig)E to any of the five allergens tested in each
centre plotted by country and centre in the European Commun-
ity Respiratory Health Survey. Each symbol represents the value
for one centre. The countries are ordered along the X-axis. Values
significantly above or below the median for 35 centres are indi-
cated. The countries are: IS: Iceland; GR: Greece; NO: Norway;
IT: Italy; ES: Spain; SE: Sweden; FR: France; BE: Belgium; DE:
Germany; NL: Netherlands; UK: United Kingdom; IE: Ireland;
US: United States; NZ: New Zealand; CH: Switzerland; AU:
Australia. Adapted from reference [16]. O : 95% confidence inter-
val (CI) below and excludes study median; A : 95% CI includes
study median; @ : 95% CI above and excludes study median.

European Community Respiratory Health Survey
(ECRHYS) [16], the prevalence of atopy, assessed as
serum specific IgE antibodies, was lowest in young
adults in the Nordic countries and highest in those
living in the UK, New Zealand and Australia (fig. 1)
[16]. Thus, serum specific IgE levels vary with area of
residence possibly reflecting differences in allergen
exposure and in individual susceptibility. There have
been few studies documenting any change in the pre-
valence of atopy assessed with specific IgE antibodies
within populations. Two small studies have reported
an increase of atopy in children [23, 24].

A positive relationship has been reported between
total serum IgE level and presence of serum specific
IgE antibodies in clinical settings, in selected popula-
tions as well as in a general population [17]. The
predictive value of having one or more serum specific
IgE antibodies given total serum IgE level in the hig-
hest quintile is nearly doubled in males compared to
females, in younger compared to older subjects and in
nonsmokers compared to smokers [17]. However, this
was not observed in young adults in the ECRHS [16].

Allergy and skin test reactivity
Clinical and epidemiological importance

An accurate diagnosis of allergy precedes the effec-
tive management. Allergy tests are used to define the
subset of subjects who, because of sensitivity to aller-
gens, have symptoms caused by one or more allergens,
and to identify the involved allergen or allergens.

Specific sensitization assessment should always be
performed before allergen eradication procedures, in
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order to implement an appropriate therapy for any
particular individual [25]. On the contrary, negative
results of allergy tests can discriminate subjects whose
symptoms are not caused by allergens from subjects
with allergen-mediated disease. Skin tests are in vivo
allergy tests used to detect immediate (antibody-
mediated) or delayed (cell-mediated) sensitivity. They
were first used over a century ago to confirm the
association between hay fever and pollen sensitivity [2].
The delayed cutaneous response is defined as the skin
erythema and induration produced by an intradermal
test 6 h after applying the test.

Skin-prick testing represents an inexpensive, quick,
safe diagnostic procedure for allergy, but, in order to
obtain reliable clinical results, a few rules must be
followed. The allergen potency must be kept constant
by use of freeze-dried extracts, stored at <-10°C [26].
Dilutions of the concentrated extract must be accu-
rately prepared. Considering prick tests, 50% glycerine
is used to preserve dilutions, while intradermal test
extracts are diluted in HSA-saline (normal saline with
0.03% human serum albumin preserved with 0.4%
phenol).

Patients must avoid drugs that inhibit the immediate
cutaneous response such as astamizole for >6 weeks;
hydroxyzine, ketotifen, and tricyclic antidepressants,
like imipramine, for >2 weeks; conventional antihis-
tamines and oral or injected adrenergics for >72 h [26].
In addition, test results may be misleading in skin
disorders such as dermatographism and generalized
eczema. It is better to do skin tests at the same time of
the day to minimize circadian effects on the response.

The number of allergens used in clinical practice has
been increasing and includes extracts derived from
many pollens and moulds, various dusts and insects,
animal pelts, foodstuffs and numerous bacterial vac-
cines. In recent decades, a patient having an allergy
evaluation might be theoretically tested for as many
as 300 allergenic substances.

Skin-prick tests have been commonly chosen to
measure atopy in populations, largely because the
procedure is simple and well documented. However,
the criteria by which atopy is defined are not well
established: the minimum skin weal size used to indi-

cate atopy remains controversial and the number of
allergens required to detect all atopic subjects is un-
known [27]. Indeed, because of the wide number of
potentially allergenic substances and variations in
local allergen levels, the number of allergens in a
screening panel could be very large, although in a few
countries, such as in the UK and in Sweden, mini-
panels of four selected allergens detect most atopy
[27]. Finally, although skin-prick tests have been shown
to correlate well with specific serum IgE, recent data
indicate that the presence of skin-prick test reactivity
does not have the same meaning as increased level of
total serum IgE; thus, in epidemiological studies, it is
advisable to use both allergy markers, in order to have a
complete and precise evaluation of the immunological
status [12].

Prevalence in epidemiological studies

In the last 15 years, two Italian general population
samples, selected according to standardized and ade-
quately defined procedures, were investigated and
followed over time [28]. They live in two different
areas, a rural area in Northern Italy (Po river Delta)
and an urban area in Central Italy (Pisa). The
prevalence of respiratory symptoms was higher in the
urban area compared with the rural area. Conversely,
no difference between the rural and urban areas was
evident when comparing skin reactivity prevalence as a
marker of atopy: 31% in the rural area compared to
32% in the urban area [9, 2§].

Table 1 shows the prevalence of skin test reactivity in
different studies and populations: random samples of
communities, subjects free of allergic symptoms or
allergic populations. A wide range of prevalence rates
of skin-prick reactivity (21-49%) has been reported
from studies on general populations or subjects free
of allergic symptoms. Studies on allergic populations
have reported prevalences >50%.

Possible causes of this large variability reported in the
literature, include the characteristics of the populations
observed, the number and the potency of allergenic
extracts, and the criteria for evaluating of skin reaction.

Table 1. — Prevalence of skin test reactivity in different epidemiological studies

Author [Ref.] Population Prevalence of
skin reactivity %
Children - Adolescents
HAAHTELA [29] 708 Finnish, 15-17 yrs 49
Adults
BARBEE [30] US community sample of 3012 subjects, 3-75 + yrs 34
BALDACCI [28] 2,184 subjects participating in the Pisa survey, 8-84 yrs 32
BALDACCI [9] 2,632 subjects participating in the Po Delta survey, 8-75 yrs 31
TOLLERUD [12] 1,071 males participating in the Normative Aging Study,
21-80 yrs 21
SIN [31] 277 young healthy individuals in Izmir, Turkey, 15-25 yrs 46
NowAK [32] 1,890 subjects participating in the ECRHS survey, East 30
in West and East Germany, 20-44 yrs West 36
HERXHEIMER [33] 300 subjects with respiratory allergies in London, 5-75 yrs 95
FREIDHOFF [34] 262 subjects reporting allergies in Baltimore, 18-55 yrs 55
SIBBALD [35] 1,305 rhinitic subjects in Southwest London, 16-65 yrs 59
BOULET [36] 3,371 allergic patients in Canada, >16 yrs 80
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Generally, in epidemiological studies, the choice of
representative samples, randomly selected and stratified
for sex, age, socioeconomic status or other discriminat-
ing factors, allows inference to be made on the general
population living in a certain area.

The potency of allergenic extracts is one factor that
may account for discrepancies between different stu-
dies; nevertheless, the use of new extraction methods in
recent epidemiological studies should have reduced
these differences.

The most important sources of variability among
different epidemiological studies might be different
criteria of reading skin reactions, such as different size
of reaction or different modalities of reading (maximal
with or without minimal diameter, area, etc.). Finally,
the use of different allergens (qualitatively or quantita-
tively) may constitute an additional source of variability
[37].

With regard to specific skin responses, epidemiolo-
gical studies indicate that Dermatophagoides, Parie-
taria, and Graminaceae are the allergens which most
frequently give positive reactions in Italy [9, 38].

In an Australian study [27] the prevalences of sen-
sitization, investigated in three populations of school-
children living in different climatic areas, were higher
for house dust mites in Belmont and Villawood, and for
pollens of plantain, timothy grass, rye grass and
Aspergillus fumigatus in Wagga Wagga. The prevalence
of animal dander sensitization was low in all areas.

SiN et al. [31] reported that sensitization to house dust
mites was most frequent in Turkish subjects aged
15-25yrs.

Eosinophils
Clinical and epidemiological importance

Eosinophils release specific lipid mediators, including
leukotriene C4, platelet-activating factor (PAF) and
lipoxins, and contain four different cationic proteins
within their granules: major basic protein (MBP),
eosinophil peroxidase (EPO), eosinophil cationic pro-
tein (ECP) and eosinophil derived neurotoxin, which
are characterized by a strong cytotoxic potential [11].

The eosinophil is derived from the common haema-
topoietic stem cell. The most important growth factors
involved in eosinophil maturation and proliferation
are granulocyte-macrophage colony stimulating factor,
interleukin-3 and interleukin-5. The normal concen-
tration of eosinophils in the blood is 1-4% of the
leukocytes, while it is as high as 100-300 times in
tissues, suggesting that the eosinophil should be mainly
regarded as a tissue cell. In the nasal secretion of
subjects with rhinitis the eosinophils concentration
may also reach very high levels, accounting for >90%
of all the recovered cells. The half-life of eosinophil in
the blood is 4-5 h, while the half-life in tissues is 8-12
days [39].

In clinical practice, peripheral blood eosinophil
counts are widely used to demonstrate the allergic
aetiology of disease, to monitor its clinical course and
to address the choice of therapy [40]. Moreover, this
parameter seems to be an early atopy marker since
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elevated eosinophil count in peripheral blood of appa-
rently healthy infants at 3 months of age is associated
with a subsequent diagnosis of atopic disease [41].

The diagnosis of atopic disease is often difficult in
small children because of differences in symptoms and
lack of specific and reliable laboratory tests. A study,
evaluating the significance of four commonly used
laboratory tests (blood eosinophil counts, total serum
IgE and eosinophil and mast cells in the nasal smear)
as atopy markers in 178 children aged 3 yr, showed
that a blood eosinophil count >600 x 10*uL™", as well
as an increased number of eosinophil and mast cells
in the nasal smear, were associated with atopy. How-
ever, normal levels of these parameters did not ex-
clude atopic disease. Thus, each of these tests had high
specificity, but low sensitivity [42].

Antigens (via antigen presenting cells) can activate
T-helper cells, and subsequent lymphokine production.
Some of these lymphokines (interleukin-4, interleukin-5
and interferon gamma) can activate B lymphocytes,
which are in turn responsible for IgE secretion. More-
over, T-helper cells-derived lymphokines are also
known to be associated with higher eosinophil counts.
As a consequence, allergens can trigger both IgE
synthesis and eosinophil proliferation. However, not
only allergic stimuli, but also nonallergic stimuli (espe-
cially cigarette smoking) are known to be associated
with higher eosinophil counts, possibly via T-cells.
Eosinophil proliferation might, therefore, be the result
of either allergic and/or nonallergic stimulation [40].

Atopy might be one of the pathophysiological mec-
hanisms responsible for the development and evolu-
tion of COPD. Both host and environmental factors,
which play an essential role in determining atopy,
may influence the risk for the development and
evolution of COPD. Atopy may induce or contribute
to the development and progress of COPD in many
ways, including nonallergic mechanisms. Epidemio-
logical findings have shown that blood eosinophil
count appears inversely related to the level of pulmo-
nary function and directly related to the rate of decline
of pulmonary function among nonsmokers [43, 44]. In
particular, a link of either inflammation (hypereosino-
philia alone) or allergic inflammation (eosinophilia in
combination with skin test reactivity) with level of
forced expiratory volume in one second (FEVi),
independent of the effect of cigarette smoking, was
found [44]. Furthermore, elevated blood eosinophilia
has been found significantly related to several respira-
tory symptoms and disease diagnoses [12, 45]. There-
fore, on the epidemiological side, peripheral blood
eosinophil count can be useful both to investigate the
association of host factors and environmental deter-
minants to indicators of allergy prevalence and to
evaluate whether allergy is a risk factor with a possi-
bly substantial contribution to the development and
progress of either reversible and irreversible airflow
obstruction.

Prevalence in epidemiological studies

The use of different measures of atopy in different
studies has complicated the comparison of the results.
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In particular, as regards peripheral blood eosinophils,
there are only few epidemiological studies including
this atopy marker on a large scale, and, to add further
complexity, eosinophil count could be considered both
as a continuous and/or as a categorical dichotomous
variable.

MENSINGA et al. [44] found a prevalence rate of
eosinophilia (i.e. =275 eosinophils:-mm™) of 12.9% (14
in males, 11.7% in females) in the general population
sample of Vlagtwedde-Vlaardingen investigated in the
initial and in the first follow-up surveys. Further, the
analyses made using the data from the subsequent
follow-up surveys of the same longitudinal popula-
tion study, showed prevalence rates of peripheral
blood eosinophilia slightly higher (15.3%), comprised
between the prevalence of skin test positivity (14.7%)
and of increased serum total IgE level (16.9%). The
overlap among the three measures was small [13].

In the Normative Aging Study [12], which has ana-
lysed the relationship of respiratory symptoms with the
three main phenotypic markers (skin test reactivity,
serum Ige, peripheral eosinophils), the mean values of
eosinophils have been reported both as cellsmm™
(207£5 in nonsmokers, 268%15 in current smokers)
and as percentage on total white blood cells (3.7%0.1
in nonsmokers, 3.910.2% in current smokers).

Conversely, TAYLOR et al. [46], in a study concerning
the association between smoking itself and indicators of
allergy, reported lower values of the percentage of
eosinophils, 1.67% in nonsmokers and 1.95% in
smokers.

ULrik [43], in a study on a population sample of
665 adolescents and young adults, aged 13-23 yrs,
reported a prevalence rate of eosinophilia (defined as
>0.25 cells x10*uL™") of 13.2% in a subgroup of
nonsmoking, nonatopic, nonasthmatic subjects with no
evidence of bronchial hyperresponsiveness.

In conclusion, these findings support the theory that
the role of the eosinophils in obstructive pulmonary
diseases extends beyond its role in allergic reactions,
suggesting that an increased number of blood eosino-
phils reflects an inflammatory reaction in the airways,
which might cause the development of obstructive
airflow limitation.

Modifiers of allergy markers

Allergy markers are affected by various factors, both
endogenous and exogenous, and many pieces of evi-
dence exist nowadays due the conduction of epide-
miological studies. Besides well-known factors like
smoking [47], additional factors have recently been
suggested as potential modifiers of allergy markers but
they need to be investigated further. Results are more
consistent in the case of total IgE level due to the fact
that IgE assessment is largely reliable. In the case of
skin prick tests, the lack of standardization on the
method of performing the tests has prevented genera-
lization of results. In human beings, eosinophils in-
tervene in atopy and eosinophilia, including circulating
eosinophilia, is associated with asthma and with
bronchial hyperresponsiveness [48]. Modifiers of eosi-
nophilia have rarely been studied. In order to avoid
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biases potential modifiers need to be taken into
account. Table 2 presents main modifiers of total
IgE, SPT and eosinophilia respectively, according to
population-based data.

Total immunoglobulin E: relationship to sex, age,
ethnic group and environmental factors

Measurements of total IgE allow some quantitative
assessment of genetic phenotype. Total IgE has been
linked to chromosome 5q, the site of many inter-
leukines, in pedigrees of parents with asthma [49].
When defining subjects with high total serum IgE or a
positive specific IgE to a common inhalant allergen,
linkage to chromosome 11q has been observed [50],
possibly more important when carried by the mother.
HanNsoN et al. [51] showed that twins reared apart had
a high concordance of total serum IgE, but not to
specific allergens when measured by RAST. These
observations suggest that total IgE is largely genetically
determined, while sensitization may be largely envir-
onmentally determined. As much as 50% of the vari-
ance in total IgE can be determined by genetic factors
[52, 53]. Also specific IgE may to some degree be under
genetic control [54].

Total IgE are higher in males than in females but
this is not always observed at birth [55, 56]. The
differences have been shown to be greatest in young
adults, although, other studies have observed higher
total IgE levels in elderly males compared to females
after taking into account age, smoking habit, occupa-
tional exposure and presence of respiratory symptoms
and disease [17, 57, 58]. The reason for this sex
difference has not been satisfactorily explained. One
hypothesis could be that a higher proportion of elderly
males than elderly females have been more heavily or
widely occupationally exposed, while this is not the
case in younger age categories, thus representing a
cohort effect.

Most reports suggest that males, in adolescence and
adulthood, are at an increased risk of sensitization than
females, when measured as presence of serum-specific
IgE antibodies or a positive skin test [17, 59, 60]. This
sex difference may be limited to some allergens as no
significant sex difference for antibodies against birch
and timothy was observed in a Norwegian adult
population [17].

Total IgE levels depend on age but the exact rela-
tionship of dependence is not known [61, 62]. Total
IgE are undetectable at birth except in allergic indi-
viduals. Among Greek children aged 1 month—14 yrs,
total IgE levels increased by almost 80% per yr until
Syrs of age [63]. Among children in the USA, followed-
up from birth to 4 yrs of age, the major increase was
observed before the age of 2 yrs, although total IgE
level increased even later [56]. Cross-sectional data
suggest that total IgE levels are at their highest in
childhood and fall steadily after the age of 15 yrs
[16, 21, 22, 61]. Longitudinal data from a 20-yr follow-
up of people living in Tucson, Arizona largely con-
firm this. There is a rapid decline up to 30 yrs and
thereafter the rate of decline gradually slows down
[57]. A lack of decline with age, however, has been
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Table 2. — Potential main modifiers of allergy markers according to population-based data

Total SPT Eosinophils Comments
Factors IgE  Positivity
Genetics
Genetic markers + + + Problematic for geneticists
Gender + + + 1 IgE for men
1 SPT for men
Ethnic group + + + 1 IgE in some groups (genetic, environmental,
social)
Individual susceptibility + + ? 1 IgE, 1 atopy
Family history of atopy + + ?
Individuals
Maternal age at birth + ? ? | IgE in newborns of young mothers
Perinatal complications + ? ? 1 IgE in newborns
Medication during pregnancy + ? ? 1 IgE in newborns (progesterone)
Head circumference + ? 1 IgE in adults and newborns if head
circumference at birth >37 cm
Birth weight * ? - | IgE in low birth weight
Birth month + ? - 1 IgE during pollen season
Age + + + Increase in youth and decrease with age
Infections + + - Depend on age of infection
Family size - + - Depends also on birth order
Environmental
Maternal smoking during pregnancy + ? ? Contradictory results for IgE
Active smoking + Inversely + IgE with active smoking
related eosinophils
Passive smoking + + + Among children
Allergens exposure + + -
Month of test + ? - IgE during pollen season
Indoor pollution (humidity, mite) + + ? IgE mites
Outdoor pollution (NO,, SO,, diesel) + + ? IgE with diesel
Occupational exposure + + ? IgE in individuals exposed to allergens,

dust, gas and fumes

?: No evidence, investigation is required; *: uncertain relationship; +: established relationship; -: not yet studied in population-
based samples; T: increase; |: decrease; SPT: skin prick test; NO»: nitrogen dioxide; IgE: immunoglobulin E.

shown in studies including only males [12, 64], in a
nonatopic population [65] and in an adult general
population [17]. A lack of fall of the total serum IgE
levels by increasing age in males can be due to a cohort
effect, where older males were more frequently exposed
to tobacco smoke and occupational exposure than
younger males. Furthermore, adjustment for smoking
and occupational dust or gas exposure in the statistical
analysis may be incomplete.

A cross-sectional survey among Norwegian adults
showed a higher prevalence of serum specific IgE in
younger than older adults in both males and females.
Whether this substantial fall represents a true age
effect or if it is a cohort effect is still uncertain and
should be addressed in follow-up studies.

Ethnic factors also influence serum total IgE levels
since Black and Metis individuals have higher total IgE
levels than White individuals [66]. The phenomenon
begins at birth [67], probably due to helminthic in-
festations in such ethnic groups. This has not been
confirmed by other studies. More recently, antenatal
and perinatal factors have been proposed as potential
modifiers of the total IgE response. Head circumfe-
rence was larger in children with higher levels of cord
blood total IgE [68] and serum total IgE [69]. Head
circumference has been related to foetal dispropor-
tionate growing and so to deregulated immune function
responsible for an over production of IgE. Similarly,
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alcohol and caffeine consumption by the mother during
pregnancy were associated with elevated cord blood
total IgE level. Such product could modify the im-
mune response of the organisms. Among endogenous
factors related to total IgE in females, there is the
menstrual cycle with lower values of serum total IgE
in the periovulatory phase [70].

Various exogenous factors are likely to affect total
IgE level. Total IgE level varies between countries. In
the ECRHS [16] the same methods for total serum
IgE testing have been performed in multiple centres
in Europe, Oceania and North America. Total serum
IgE levels (fig. 2) were lowest in young adults in the
Nordic countries and highest in southern Europe,
Australia and New Zealand [16]. This may be mainly
due to environmental, socioeconomic and cultural fac-
tors. There is a positive relationship between the cumu-
lative exposure to an allergen and the risk of allergic
sensitization [71]. PLATTS-MILLS et al. [72] suggested
that there is a level below which sensitization for ge-
netically predisposed individuals is unlikely. At higher
levels of exposure, more people will become sensitized
[73]. But there is a variation depending on the physical
and chemical properties of the allergens. For example,
cat allergen is airborne on smaller particles and remains
airborne longer [72]. Currently, airborne measurements
of exposure are considered too complex for epidemio-
logical studies [72, 74].
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Fig. 2. — Geometric mean total serum IgE (kU-L') in young
adults plotted by country and center in the European Respira-
tory Health Survey. Each symbol represents the value for one
center. The countries are ordered along the X-axis. Values signifi-
cantly above or below the median for 35 centres are indicated.
The countries are: IS: Iceland; SE: Sweden; US: United States;
NO: Norway; CH: Switzerland; UK: United Kingdom; BE: Bel-
gium; DE: Germany; NL: Netherlands; ES: Spain; AU: Austra-
lia; NZ: New Zealand; IT: Italy; IE: Ireland; FR: France; GR:
Greece. O : 95% confidence interval (CI) below and excludes
study median; A : 95% CI includes study median; @ : 95% CI
above and excludes study median. Adapted from ref [16].

Exposure to allergens may not only increase the
risk of sensitization, but may also trigger episodes of
disease of those sensitized. There is no consistent
evidence that exposure to allergen has increased during
the last decades [73, 75]. Increases have been observed
in two towns in Australia [76]. However, the trend
towards better insulated houses with increases in soft
furnishing, dampness and reduction in air renewal may
influence the level of airborne allergens in the indoor
environment [74, 77]. Some studies show increased risk
of sensitization of house dust mite allergen and pets [73,
78], while others do not [79].

Month of birth during pollen season may affect
cord blood IgE and later in life serum IgE [63, 80].
Both outdoor and indoor pollution exposure might
be responsible for increased total IgE level. Children
living in polluted arecas had higher total IgE level
compared to those living in unpolluted areas [81].
Atopy, assessed as skin test positivity, is highest in
children who come from small families, with a linear
decrease in risk of positivity with increasing number
of siblings [82, 83]. On the contrary WisT et al. [84]
reported that total IgE levels are higher in children
who come from large families, independently of ex-
posure to passive smoking. These observations suggest
that some environmental factors associated with large
family size protects against the development of atopy
and atopic disease. It has been postulated that higher
rates of infection in children from large families, and
particularly in those with older siblings, may protect
them from the subsequent development of atopy by
inhibiting the development of Th2-type cells. Further-
more, immunization [85] during childhood and natural
infections [86] may have similar effects on the immune
system.
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Environmental factors such as smoking may modify
the gene expression of atopy and atopic disease. The
tendency for those with atopic disease to avoid smo-
king, the "healthy smoker" effect, may raise metho-
dological problems when assessing the relationship
between smoking and disease. Cross-sectional studies
have shown higher IgE levels in smokers than in
nonsmokers [17, 18, 21, 22, 87]. In a longitudinal study
with a 20-yr follow-up [57] smoking was associated
with a reduction in the rate at which total IgE fell
with increasing age in people without atopy (skin test
positivity) and with an increase in total IgE after
middle age in those with atopy. This has, however, not
been confirmed with serological measurements exclud-
ing bias by skin reactivity changes with age.

Only one report from a nondiseased population
has observed a dose-response relationship between
smoking and IgE levels [64]. An explanation for higher
total serum IgE levels in smokers than nonsmokers
may be change in regulatory mechanisms of the IgE
synthesis [88] or increase of specific IgE related to
frequent infestation of their airways [89]. It has been
excluded that Thl in response to bacterial infestations
could be responsible for the augmentation of IgE. Th2
cells seem to be involved in the process. There has been
no evidence of induction of specific IgE antibodies
against tobacco in smokers.

A higher prevalence of serum specific IgE antibo-
dies against timothy grass and birch in nonsmokers
compared to smokers has been observed in a general
adult population [17] as for grass and cat allergens in
England [62]. One hypothesis often given, is that
subjects with allergic symptoms and disease take up
smoking less frequently or quit more often than sub-
jects with no allergic symptoms and disease. However,
this has never been shown in a prospective study.
Another explanation for the lower levels of serum
specific IgE antibodies in smokers compared to non-
smokers may be a defective antigenic presentation to
immunocompetent cells in the airways [90].

Occupational studies [91, 92] have shown increased
rate of sensitization to occupational allergens such as
coffee-bean dust, phthaloic anhydride, soyabeans and
prawn antigens in those who smoke.

Data existing on this topic are reviewed in table 3.
Increased levels of cord IgE in newborns of mothers who
smoke have been reported in some [55], but not in all
studies [96]. Children from atopic families with one or
more smoking parent have higher IgE than those of
parents who do not smoke [97]. The relationship between
maternal smoking and sensitization still remains unclear
as some studies have observed no relationship [98], while
others have observed a relationship in male children only
[99]. Also in adults passive smoking has been associated
with increased total IgE levels [21].

An exhaustive review of the literature on the effect
of parental smoking on atopic status in childhood has
been recently proposed [100].

Although total serum IgE levels are stable in adult-
hood [101] subjects with occupational dust or gas
exposure in the general population had a higher total
serum IgE level than those not exposed, independent of
sex, age and smoking habit [17, 21]. No relationship
between serum specific IgE antibodies and occupational
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Table 3. — Relationship between smoking habits and total immunoglobulin (I9)E according to recent studies in the general

population
Author [Ref.] Subjects Findings Comments
BACKER [93] 508 subjects aged No relationship between active Active smoking increased IgE after
Denmark, 7-16 yrs smoking and IgE in univariate adjustment for age, SPT positivity,
1992 analysis allergic symptoms and family
history of allergic disease
JENSEN [65] 297 smoking volunteers Higher IgE among smokers than  Quitters had increased IgE levels
Denmark, and 137 random controls = among nonsmokers in both sexes. during the first 26 weeks of
1992 at follow-up of: 1 yr; Weighted pack-yr consumption abstinence. Return to baseline
mean age: 44.2 yrs associated with increased IgE after 1 yr
SHERRILL [57] General population: 2,350  Higher IgE among smokers than = No significant difference of IgE
USA, subjects seen at least 1 nonsmokers in both sexes. between sexes in nonatopic subjects
1994 time during follow-up, Positive association between
spanning up a period of pack-yrs and level of IgE,
20 yrs, aged >6 yrs at stronger in male subjects
the first survey (1973)
OMENAAS [17] 1,512 subjects in four Higher IgE among smokers than  Subjects examined during the
Norway, groups - asthmatics - nonsmokers summer tended to have higher IgE
1994 nonasthmatics exposed at level than those examined in
work -nonsmokers free of winter. Subjects with occpuational
respiratory symptoms - dust or gas exposure had a higher
general population aged total IgE level than unexposed.
18-73 yrs Levels of total IgE did not differ
significantly by educational level
JARVIS [62] General population: two Higher IgE among smokers than  In young adults, smoking explains
England, samples drawn from nonsmokers. Difference greater little of the variation in total IgE
1995 ECRHS aged 20-44 yrs: in females but not significant. (<1%)
367 subjects, free of Weaker but positive associations
respiratory symptoms, 135 between pack-yrs and level of
subjects symptomatic but  IgE. Higher IgE among smokers
without asthma before age than nonsmokers
14 yrs
LAI1 [94] General population: 195 Higher IgE among smokers than
China, subjects among 2,032 aged nonsmokers
1995 >70 yrs
Wi4THRICH — [95]  General population: 8,344  Higher IgE among smokers than
Switzerland, subjects aged 18-60 yrs nonsmokers
1996
SAPIGNI [21] General population: 1,905 Higher IgE among smokers than ~ No difference between non and
Italy, subjects aged 8-73 yrs ex/nonsmokers. A dose-response  exsmokers
1998 relationship between IgE and

cigarette consumption in males

SPT: skin-prick test; ECRHS: European Community Respiratory Health Survey.

dust or gas exposure has been described. Whether the
observed association between total serum IgE and dust
or gas exposure reflects a nonallergic inflammatory
response or it reflects an allergic response due to expo-
sure of specific occupational allergens is not known.
However, it has previously been documented that some
occupational allergens can induce serum specific IgE
antibodies [18].

Finally, it is not excluded that some factors are likely
to intervene directly on IgE assessment. In Norway,
subjects seen in summer had higher IgE levels than
those seen in other seasons of the year [17], probably
due to pollen exposure during the summer in the
Northern countries.

Skin prick test: relationship to sex, age, ethnic group,
environmental factors

The reactivity to skin tests depends on age. There
exists a hyporeactivity at birth which lasts until the age
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of 6 months. Later, the proportion of reactors begins to
increase. The maximum of the reactivity curve has
been seen among the young adults in various popula-
tions [9]. However, a decrease of the reactivity, differing
according to the sex in individuals >50 yrs, was seen
at the age of 14 yrs in Denmark [102]. Similarly, males
and females presented different patterns, the males
preceding the females by 5yrs, in the Netherlands [40].
The higher prevalence rate of skin prick reactivity
during the younger age groups can represent either a
process of maturation of immunological reactivity, or a
longer exposure to environmental allergens. On the
contrary, the decline of skin prick reactivity in the older
age groups might depend either on a real decline of
immunological reactivity or on a decrease of the skin's
capacity to react to immunological solicitations. A loss
of vascular bed and a reduction in histamine release
were observed in the skin of older adults [9]. In general,
there is no agreement on the role played by sex in skin
test reactivity according to the literature. Some studies
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did not find any difference [103], others did find one
[102, 104], even if only in some age groups [9].

Few endogenous factors have been related to skin
test reactivity. Low gestational age was identified as
risk factor for sensitization to aeroallergens at school
age [105]. Low birth-weight was a significant risk for
skin test reactivity at the age of 2 yrs [78]. Ethnic
factors also influence skin test reactivity. In a worker
population, skin test reactivity was higher in non-White
individuals compared to White [103]. An Australian
epidemiological survey showed that skin prick test
positivity was observed more in Asian immigrants and
Australian-born Asians than in Australian-born non-
Asian [106].

Among environmental factors related to skin test
reactivity, there are irritants, allergens and residence
area. Out of irritants, tobacco active smoking is pre-
sented in table 4. The role of allergenic exposure is
indisputable. Skin test reactivity to pollens or house
dust mites depends on the month of birth [78, 107].
Former cat ownership was significantly related to
sensitization to cat dander [105]. Data collected in
a study on 3,371 patients with diagnosis of allergic
asthma, rhinitis, or both [36], showed that indoor
allergen sensitization was strongly associated with
asthma, while exclusive sensitization to pollens was
associated primarily with rhinitis.

Living in urban, as compared with rural areas [40],
or living in West, as compared with East Germany
[108], is associated with an increased prevalence of
sensitization to aeroallergens. Although, in recent
years, a big effort has been made to reduce emissions
from industries and automobile exhausts in the USA,
Japan and some European countries, levels of air
pollutants are still very high, especially in large urban
areas. The prevalence of skin test reactivity resulted
is statistically higher in urban versus rural area in the
Anglo-Saxon population of the USA. In fact, a study
in Japan has demonstrated that the prevalence of
clinical sensitivity to cedar pollen is higher among
subjects living along roads with heavy traffic but with
low pollen counts in comparison with those living in
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cedar forests with high pollen counts but less traffic.
Another study showed that the most polluted areas in
the Erie county also had higher rates of eczema. Indeed,
studies in animals have shown that air pollutants such
as SO,, NO,, and O; increase the permeability of the
mucous membrane of the airway tract, favouring the
development of allergic reactions [109]. Environmental
tobacco exposure is a risk factor for skin test reactivity
[110]. However, no demonstration of in utero exposure
could be given. Smoking showed an inverse effect on
skin reactivity: e.g. SHERRILL et al. [57] reported that
smoking tended to be less common in skin-test reactors
than in nonreactors and other authors found similar
results [9, 45]. WUTHRICH et al. [95] reported that
tobacco smoking is associated with increased IgE levels
and negatively related to skin reactivity and hay fever.

Inverse associations between atopy and smoking
may be explained by selection factors. Indeed, atopic
subjects may be more susceptible to environmental
hazards, such as the bronchial irritant effects of
smoking, than the rest of the population, and, con-
sequently, they may decide to quit or not to start
smoking.

It is interesting to point out the possible interactions
between smoking and atopy in affecting bronchial
responsiveness. O'CoNNOR et al. [111] observed a higher
degree of bronchial responsiveness in smokers with
positive skin tests, than in smokers with negative skin
tests. In multivariate models, this author observed
minor additional effects of IgE levels and blood
eosinophils on bronchial hyperreactivity and he
hypothesized a synergism of cigarette smoking and
skin test reactivity in affecting bronchial hyperrespon-
siveness.

Additional interesting observations are present in
studies obtained in subjects exposed to specific irritants
in occupational settings. Higher values of specific IgE
or higher prevalence of subjects with positive skin tests
were reported in exposed smokers when compared to
nonexposed smokers [112]. These observations suggest
that smoking may facilitate sensitization in exposed
subjects, increasing bronchial mucosa permeability and

Table 4. — Relationship between smoking habits and skin tests reactivity among adults

Authors [Ref.]  Subjects Findings Comments
MENSINGA [45] General population:  Inverse association between Scratch method
the Netherlands, 3,258 subjects positive skin test reactivity
1990 aged 14-39 yrs and cigarette smoking in
males but not in females
NIELSEN [102]  General population:  Higher prevalence of positive Lancet. Adjusted for sex and
Denmark, 793 subjects SPT in nonsmokers than in age, exsmokers intermediate
1994 aged 15-69 yrs current smokers, more marked between nonsmokers and smokers
in males for skin reactivity
MENSINGA [40] General population:  No association between SPT Similar results in light and heavy
the Netherlands, 2,875 subjects reactivity and smoking habits smokers
1994 aged 17-49 yrs
BALDACCI [9] General population:  No effect of smoking on SPT,
Italy, 2,649 subjects but a trend in nonsmokers to
1996 aged 8-75 yrs have higher SPT positivity
WUTHRICH [95] General population:  Higher prevalence of positive Difference between former smokers
Switzerland, 8,344 subjects SPT in nonsmokers than in and nonsmokers, more pronounced
1996 aged 18-60 yrs current smokers in males

SPT: skin-prick test.
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thus facilitating and enhancing allergen penetration in
the respiratory mucosa.

Various occupational exposures have been related to
skin test reactivity [103]. Surprisingly, skin test reac-
tivity depends also on the period of the survey. House
dust mite reactivity was more frequent in subjects
seen during the winter compared to the others [104].
Finally, it is well known that various medications
may reduce the skin tests reactivity. Medication intake
must be taken into account in the study of skin
reactions.

FEosinophilia: relationship to sex, age, ethnic group,
environmental factors

The eosinophil is an inflammatory cell involved
in pulmonary disorders, mainly allergic. Both tissue
and circulating eosinophils are involved, but only peri-
pheral blood eosinophils have been considered in
epidemiological studies. Population-based data have
shown that peripheral blood eosinophilia is related
to asthma prevalence and acute attacks, bronchial
hyperresponsiveness, and decreased lung function level
and decline [13, 43, 44]. Eosinophils are strongly related
to age in childhood [113]. The relationship is unclear in

adulthood [114]. Children have a higher eosinophil
count than adults. The maximum of the distribution is
observed at the age of 4-8yrs. However, an epide-
miological survey conducted in the Netherlands could
not find any association [40]. Similarly, the relation-
ship to sex is unclear. Eosinophilia defined as >275
cellsmm™ was more frequent in males than in fe-
males [45, 115]. This was not confirmed by other stu-
dies [113, 116]. Results from studies on the role of
ethnic group are contradictory. Black individuals
are likely to have higher eosinophil counts [115, 117],
but this has not been confirmed [118, 119]. Other
biological sources of variation of eosinophil count have
been identified: exercise, emotional stress, physical
abuse, diurnal variation beta-adrenergic agents and
hormonal influence of the menstrual source [114].
However, few epidemiological evidence exists. Inter-
pretation of results on eosinophils must consider the
fact that various cut-off values have been proposed so
that comparisons are not allowed. Few studies have
reported on the effects of tobacco smoking on
eosinophilia (table 5).

Eosinophils are also influenced by residence area
and pollution. Urban residents are at higher risk of
eosinophilia than rural residents [40]. Similarly, a
difference in eosinophil count was seen between the

Table 5. — Relationship between smoking habits and eosinophilia

Authors [Ref.] Subjects Findings Comments

RONCHETTI [97] 179 children Children whose parents smoke Similar effect for paternal and

Italy, aged 9 yrs have increased absolute counts maternal smoking. Eosinophilia

1990 and percentages (=>4%) of increases with number of smoking
eosinophils; effect only parents in males, only a trend in
significant in male children females (small minority of mothers

smoked)
MENSINGA [45] General population: Current smoking related to Elevated eosinophil count associated

the Netherlands,
1990

3,258 subjects
aged 14-39 yrs

with males versus females. No
relation of eosinophil counts
between exsmokers and nonsmokers

higher eosinophil counts.
Association stronger for heavly
smokers (=15 cigarettes-day™)
than light smokers
Eosinophils positively associated
with the current number of
cigarettes smoked per day.

No effect of pack-years and
years since quitting. Increased
cigarette smoking decreased
percent eosinophils counts
Children whose parents smoke
have increased absolute counts
of eosinophils, effect only
significant in male children

No significant differences

Multiple regression models controlled
for age, sex, ethnic group and body
mass index. No differences in
eosinophils between males and
females

Passive smoking increased eosinophil
counts in children with frequent
respiratory symptoms compared to
others

between smokers and
nonsmokers for eosinophil
counts and percentage

SCHWARTZ [118] 6,138 subjects

USA, age 30-74 yrs

1994

EL-NAWAWY [120] 120 subjects

Egypt, mean aged 10 yrs

1996

JENSEN [121] 298 smoking

Denmark, volunteers and 136

1998 random controls;
follow-up 6 months;
mean age 44.2 yrs

ULRIK [43]

Denmark, 13-23 yrs

1998

SUNYER [122] 2,435 men aged

USA, >18 yrs

1996 day™! smoked

665 adolescents aged Association between daily tobacco

consumption and eosinophil count
approached the level of statistical
significance. No effect of pack-
years and eosinophil counts
Eosinophil percentage positively
associated with cigarettes pack-

AIDS cohort study, homosexual/
bisexual volunteer men (AIDS-free)
from four US sites

AIDS: acquired immunodeficiency syndrome.
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subjects living in an area polluted by sulphur dioxide
and fluoride than in an unpolluted area in Norway.
Furthermore, a recent exposure was related to a higher
eosinophilia [123].

Relationship among skin reactivity, IgE, eosinophilia
and respiratory health outcomes

Skin test reactivity has been used to categorize
individuals as atopic or nonatopic. However, eosino-
philia and elevated serum IgE levels, which correlate
with skin test reactivity, have also been used in many
studies as alternative methods to characterize atopic
subjects. These three main phenotypic markers are
commonly utilized to identify the "atopic" state.

Indeed, different categories of respiratory symptoms
and conditions may be associated with different phe-
notypic markers. For instance, BURROWS et al. [4] have
reported that asthma, in a random sample of residents
in Tucson, Arizona, was strongly correlated with age-
and sex-adjusted serum IgE level, independently of skin
test reactivity; on the contrary, hay fever was closely
associated with skin test reactivity to a set of common
aeroallergens.

In another population-based study in The Nether-
lands, MENSINGA et al. [45] analysed the relationship of
eosinophilia and skin test reactivity to respiratory
symptoms. They reported an association of eosinophi-
lia with chronic cough, bronchitis, and dyspnoea, while
skin test positivity and eosinophilia together were
associated with persistent wheeze and asthma attacks.
ToLLERUD et al. [12], in the Normative Aging Study,
found a significant association of skin test positivity
with hay fever, but not with symptoms of wheeze or
cough and phlegm. Eosinophilia was associated with
asthma and with phlegm production, and serum total
IgE concentration was more strongly associated with
asthma. In the second survey on the Italian general
population study of Po river Delta [124], IgE and skin
prick reactivity resulted associated with asthma and
rhinitis. However, IgE appeared more closely asso-
ciated with asthma while skin prick reactivity showed a
moderately stronger association with rhinitis. Further-
more, cough was also significantly associated with skin
reactivity, but only in females [9]. In the same general
population the relationship between skin reactivity and
total IgE level was found to vary with the specific
categories of allergens: it was significant for house-dust
mites and pollens, but not for moulds and animal
danders. Therefore, both biomarkers of atopy should
be used in epidemiological studies [21].

STEIN et al. [125] demonstrated that methacholine
responsiveness, peak flow variability and markers of
atopy (total IgE and skin test reactivity) identify three
different wheezing phenotypes in childhood: "transient
early wheezing" limited to the first three years of life
and unrelated to increased airway lability; "nonatopic
wheezing" of the infancy and early school years
associated with positive peak flow variability but not
with hyperresponsiveness; and "IgE-associated wheeze/
asthma" associated with persistent wheezing at any
age and with methacholine hyperresponsiveness, peak
flow variability, and markers of atopy.
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Also the Dutch ECRHS Group [126] confirmed the
close relationship of skin test positivity with reported
symptoms of nasal allergy in a general population. In
particular, for each tested allergen, a skin test positi-
vity together with a positive specific IgE measurement
were the best predictors of the corresponding nasal
symptoms. High levels of total IgE may be considered
an indicator of greater dysregulation of the immune
system in atopic allergy. Eosinophil count may be
considered an aspecific indicator of nasal allergy as
it was associated with all nasal symptom groups:
symptoms due to exposure to indoor allergens only,
symptoms due to exposure to outdoor allergens only,
and symptoms due to exposure to both indoor and
outdoor allergens.

In a Spanish study [127], the two markers of atopy,
total IgE and skin test reactivity, were found differ-
ently related to bronchial asthma according to the
different stages of life: skin test reactivity was more
useful as a predictive factor in children, while IgE
determination was more useful in adults.

Moreover, blood eosinophilia at 3 months of age
has been found to correlate significantly to cord blood
IgE levels and to skin prick test reactivity later on
during a follow-up period of 18 months. Furthermore,
the association between increased blood eosinophil
counts and a subsequent diagnosis of atopic disease
suggests the main predictive role of this atopic marker
[41]. On the contrary, an increased basophil count at
birth was not a good predictive marker of atopy [128].
In addition, TerHO et al. [10], investigating the pre-
dictive value of skin reactivity, smoking, and living in
a farming environment in the development of chronic
bronchitis, found that atopy and smoking seemed to
have an additive effect on both the prevalence and
incidence of chronic bronchitis, thus supporting the so-
called "Dutch hypothesis" about the natural history of
chronic bronchitis [129].

Many studies, exploring the natural history of
asthma and its relation to allergic responses, have
examined the relation between airway hyperrespon-
siveness and atopy. PEAT et al [130] reported that
young adults who are sensitized to common allergens
have a high chance to get airway hyperresponsiveness,
even in the absence of symptoms; this is further
evidence of the fundamental role of IgE-mediated
responses in the natural history of airway hyperres-
ponsiveness throughout childhood and adulthood.
Phenotypes of asthma described by IgE, SPT and
eosinophilia in children and adults have been reported
[131] and discussed with regard to criteria applied in
studies and their limitations [132]. Figure 3 depicts the
number of adults and children with atopy according to
the three classic definitions: any skin wheal >3 mm,
total IgE level >100kU-L"" and blood eosinophilia
>5%. It showed that 8.5% of asthmatic adults and
1.5% of asthmatic children were not atopic by any
criterion and that there was some heterogeneity,
particularly in adults.

In several cross-sectional studies, total serum IgE
has been related to reduced pulmonary function, a
marker of obstructive lung disease [45, 65, 133-137].
In recent longitudinal studies, elevated total serum
IgE has also been related to an increased rate of
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Fig. 3. — Comparison of asthma phenotypes in: a) 135 children, (2
subjects with missing data) and b) 213 adults (18 subjects with
missing data), of the Epidemiological Study of the Genetics and
Environment of Asthma, Bronchial Hyperresponsiveness, and
Atopy (EGEA). The following intermediate phenotypes are des-
cribed in asthmatic probands of the EGEA study: A: skin prick
testing (SPT) (>3 mm); B: total serum IgE (IgE) >100 IU-mL";
and C: blood eosinophilia (Eosinophils) >5% for 30 adults and
12 children, at least on the data was missing. Adapted from refe-
rence [132].

decline in pulmonary function of nonsmokers and
exsmokers [135] as well as smokers [138]. Thus, eleva-
ted total serum IgE has been suggested as a possible
risk factor for developing obstructive lung disease as
well as being significantly associated with the asthma-
tic phenotype [136].

Why is there a relationship between total serum
IgE and airways obstruction? Increased permeability
of the airways to less frequently encountered allergens
could be one explanation [139]. In smokers, another
explanation may be the effects of smoking on leu-
kocytes in the lung and the peripheral blood includ-
ing the lymphocytes and "dysregulation" of cytokines
[90, 140]. IgE appears to be a biomarker of changed
or impaired lymphocyte-cytokine activity which has a
significant contribution in causing obstructive lung
disease, and especially chronic obstructive lung disease
[140]. In nonsmokers and especially in those without
atopy one or more other unrecognized factors may be
relevant for obstructive lung disease.

The lack of a relationship by specific allergy and
pulmonary function has been reported [46, 133, 141].
However, all these investigators have used a grouped
variable including one or more specific allergens and
may thus have obscured any significant relationship
between specific allergy and reduced lung function
level. In children with atopy to HDM or cat, how-
ever, there has been observed an impaired growth in
lung function, as assessed by spirometry, from 9-15 yrs
[142].

In adults from a general population there was
observed a dose-response relationship between HDM
antibody levels and reduced lung function indicating a
causal relationship [143]. House dust mite allergy in
selected groups of adults has been associated with
asthmatic phenotype [144]. Even among elderly, allergic
sensitization (atopy) has been associated with a more
rapid decline in FEV1 than in those without atopy [140].
A clinical study suggests that moving to "healthy
homes" with a reduction in house dust mite exposure
give improvements in FEVI, in medicine score, in
symptom score and in total serum IgE [145].
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Some [146, 147], but not all studies [143] in general
populations of adults have observed a significant
association between total serum IgE and nonspecific
bronchial responsiveness after adjusting for confoun-
ders. In a survey limited to subjects with obstructive
lung disease there was also an association between
increasing total serum IgE levels and bronchial res-
ponsiveness, while not with increasing number of
serum specific IgE antibodies [148]. Furthermore, a
longitudinal study of children [151] observed that the
overall tendency to bronchial responsiveness and the
tendency to retain bronchial responsiveness were
closely related to total serum IgE.

In children, there has been found a relationship
between allergic sensitization (atopy) and nonspecific
bronchial responsiveness in cross-sectional and long-
itudinal studies [93, 149-151]. This has been suggested
to include primarily indoor allergens. Atopy may reflect
a tendency to overproduce mediators in response to
allergen-exposure, while nonspecific bronchial respon-
siveness may reflect the propensity of the target cells in
the bronchi to respond to allergy-related mediators
such as histamine [152].

Recent reports have observed a relationship between
serum specific IgE antibodies and bronchial respon-
siveness in young adults, but it may be limited to
some allergens at least in adults [143, 146, 147, 153,
154].

Conclusion

Epidemiological evidence confirms that different
groups of respiratory symptoms and conditions may
be associated with distinct phenotypic markers.

In fact, many pertinent studies have demonstrated
a closer relationship of total IgE to asthma and a
stronger association between skin reactivity and rhi-
nitis [4, 12, 124], but there are also other findings
that suggest a relationship of atopic predisposition, as
assessed by prick test reactions or eosinophilia, to other
respiratory problems, in particular, those chronic
bronchitis related, supporting the "Dutch hypothesis"
[45, 129]. Thus, future investigations will be devoted
to developing a more precise and consistent definition
of atopy which is a prerequisite for elucidating the
complex relationship among atopy, respiratory disease
susceptibility and respiratory health outcome.

Furthermore, longitudinal population studies are
required to amplify the cross sectional observations, in
fact they will be more and more important in order
to determine in which period of life the onset of the
atopic status is prognostically relevant. These studies
will also allow evaluation of the relationship of the age
of onset and the severity of atopy with the persistence
and the severity of respiratory symptoms. As exposure
and sensitization to certain allergens have shown a
close relation with clinical diagnoses, there is an urgent
need to assess procedures of allergen avoidance and
of reducing allergens in the environment to determine
the effect on patient symptoms, exacerbation rate, use
of medication and health costs evaluation.
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Abstract

Immunological characteristics were assessed for prospective risk of clinical malaria in a longitudinally followed population in a
holoendemic area of Tanzania. Baseline characteristics including crude Plasmodium falciparum extract-specific IgE and IgG; total IgE; and
parasitological indices, e.g. number of P. falciparum clones, were investigated among 700 asymptomatic individuals. Cox regression
analysis estimated the risk of succumbing to a new clinical episode during a 40 weeks follow up. High anti-P. falciparum IgE levels were
associated with reduced risk of acute malaria in all age groups independently of total IgE levels. Statistically significant reduced odds ratio of
0.26 (95% CI, 0.09-0.72, P = 0.010) and 0.44 (95% CI, 0.19-0.99, P = 0.047) for the two highest fifths, respectively was observed after
adjustment for age, sex, total IgE, numbers of parasite clones per infection and HIV-1 seropositivity. In contrast, high levels of malaria
specific IgG or total IgE were not associated with reduced risk to succumb to a new clinical episode. A protective effect of asymptomatic
multiclonal P. falciparum infections was also confirmed. For the first time, anti-malarial IgE levels in asymptomatic individuals in endemic
area are found to be associated with reduced risk for subsequent malaria disease. Specific IgE antibodies may play role in maintaining
anti-malarial immunity, or indicate other aspects of immune function relevant for protection against malaria.
© 2004 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Malaria; Plasmodium falciparum; IgE; 1gG; Asymptomatic; Protection

1. Introduction function. Antibody-dependent mechanisms are presumed

to play an important role in protection, with a wide range of

Malaria remains a major threat to global health and yet
the mechanisms for protective immunity are still incomple-
tely understood. In areas of high malaria transmission,
young children are the most vulnerable to disease and death
due to their lack of protective immunity. Prolonged
exposure to new inoculations and repeated infections,
results in successive acquisition of protective immunity
and part of this effect may be associated with controlled
persistence of parasites without clinical symptoms.

Mechanisms for malaria immunity are highly complex
with involvement of several components of immune

* Corresponding author. Tel.: +46-8-517-75-281; fax: +46-8-517-76-
740.
E-mail address: sandor.bereczky @medks.ki.se (S. Bereczky).

antigen-specific antibodies as well as polyclonal-antibody
production. Studies on passively transferred immunoglobu-
lins from immune adults have suggested that IgG antibodies
are important in reducing parasite density during clinical
malaria disease (Cohen et al., 1961; Sabchareon et al.,
1991). There is also accumulating evidence of a protective
role for certain IgG subclasses (Aribot et al., 1996; Taylor
et al.,, 1998; Aucan et al., 2000; Ndungu et al., 2002).
Although both total and malaria-specific IgE levels are
elevated in individuals living in areas of high endemicity
(Desowitz, 1989; Perlmann et al., 1994), the role of IgE in
malaria is not as clearly established as for other parasites
(Hussain and Ottesen, 1986; Hagan et al., 1991; Rihet et al.,
1991). The elevated IgE levels seen in severe acute malaria
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patients indicate a pathogenic role of these antibodies
(Perlmann et al., 1994, 1997, 1999, 2000). A protective role
for P. falciparum-specific IgE has also been proposed
(Perlmann et al., 1997, 1999) but this has not been
previously demonstrated.

Here, we investigated if plasma levels of the antibody
isotypes IgG and IgE are predictive of risk for subsequent
acute malaria episodes. In a longitudinal study of a
population in Nyamisati village, a highly endemic area the
Rufiji Region, coastal Tanzania (Rooth and Bjorkman,
1992), a prospective malariometric survey measured several
baseline characteristics, and subsequently recorded
episodes of acute malaria over 40 weeks of follow-up. To
avoid potential confounding through acute disease activity
or treatment, only the individuals with no clinical
malaria episodes during the baseline survey, 4 weeks
before or 1 week after the survey were included in the
analysis. Baseline characteristics included plasma levels of
anti-P. falciparum (crude) IgE and IgG, total IgE as well as
genetic diversity of P. falciparum defined as number of
clones per infection.

2. Materials and methods
2.1. Study area and population

The study was conducted in Nyamisati village, situated
by the Rufiji River Delta, coastal Tanzania. The area is
holoendemic for malaria, with perennial transmission and
some seasonal fluctuation. A research team, which also
provides health care including antimalarial drugs, has lived
in the village since 1985, and studied the malaria
epidemiology with longitudinal follow up of the population
of about 1000 individuals (Rooth and Bjorkman, 1992). In
March—April 1999, preceding the heavy rain period, 890
villagers, 1 -84 years of age, participated in a malariometric
survey including analysis of parasite densities and clinical
status.

2.2. Clinical data

Clinical episodes of malaria were detected by a passive
case detection system, which is well established in this
population with presentation of all fever episodes to the
research unit. After diagnosis of malaria by microscopy,
free treatment is administered and the episode registered. A
clinical malaria episode was defined as >400 parasites/p.l,
together with reported or confirmed fever within the last day
and without signs of other cause of fever (Rooth and
Bjorkman, 1992). More than one episode within a period of
2 weeks was considered as a single episode.

At the time of survey 700 individuals were asympto-
matic, i.e. there was no record of a clinical malaria episode 4
weeks before and 1 week after the survey. The time
period was chosen due to possible confounding effect of

sulfadoxine/pyrimethamine (Fansidar™) treatment within 4
weeks prior to survey or potential ongoing disease activity
of a clinical episode within the following week.

2.3. Sample collection

Venous blood was collected in EDTA sterile tubes; after
centrifugation and separation, plasma and packed cells were
stored frozen. All samples were obtained after informed
consent of the participants and/or their guardians. The study
was approved by the National Institute for Medical
Research in Tanzania and by the Ethical Committee at
Karolinska Institute (Dnr 00-084).

2.4. Detection of P. falciparum infections

Giemsa stained thick films were analysed by light
microscopy at 1000 X magnification. Number of parasites
per wl of blood was enumerated in 200 microscopic fields
corresponding to 0.2 wl blood.

Plasmodium falciparum infections were also detected by
nested PCR amplification of the highly polymorphic block 3
region of merozoite surface protein 2 (msp2) marker which
provides an estimate of the number of concurrent clones
(Snounou et al., 1999). DNA was purified from frozen
packed red blood cells by phenol—chloroform extraction.
Detection of P. falciparum infection by this PCR method,
i.e. detection of one msp2 allele or more, yields a higher
sensitivity than microscopy with detection of 1-10 parasites
per .l whole blood.

2.5. Antibody analysis

Lysates of infected erythrocytes, (P. falciparum
laboratory line F32), were prepared for determination
of anti-malarial IgE and IgG (Perlmann et al., 1994).
Briefly, microtiter plates were coated with 50 1 of crude
parasite antigen solution (20 wg/ml) overnight at 4 °C,
and then blocked with 100 pl of 0.5% BSA in coating
buffer for 3h at 37°C. For determination of malaria-
specific IgE the test plasma were diluted 1:100 and
incubated at room temperature overnight for optimal
binding. The test plasma, diluted 1:1000 for total IgE and
anti-malarial IgG were added to the wells and incubated
at 37°C for 1h. The secondary antibodies were
biotinylated goat anti-human IgE (Vector Laboratories,
USA) (1:8000) or goat anti-human IgG (Mabtech, Nacka,
Sweden) conjugated to alkaline phosphatase (1:2000),
with 1h incubation at 37 °C. ALP-conjugated Streptavi-
din (Mabtech, Nacka, Sweden) diluted 1:2000 were
added to the biotinylated antibody and incubated under
the same conditions. Sera from African donors with high
antibody levels and sera from Swedish donors not
exposed to malaria were used as positive and negative
controls, respectively. The plates were washed four times
between each incubation step. The bound secondary
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antibody was quantified with p-nitrophenylphosphate
(Sigma Diagnostics, USA). The optical density (OD) at
405 nm was determined in a Vmax microplate reader
(Molecular Devices, Menlo Park, USA).

2.6. Statistical analysis

Our data was analysed using SPSS software (version
11.5). The analyses excluded individuals with a clinical
episode of malaria 4 weeks prior and 1 week after the
baseline survey. As we made no assumptions about
linearity, the antibody levels were grouped into quintiles
of their distributions and the middle fifth was used as the
comparison group. Clinical episode of malaria was the
dependent variable in Cox-regression analyses. Simul-
taneous mutual adjustment was made for age, sex, number
of msp2 genotypes, HIV status, antibody levels for specific
IgG and IgE, total IgE, as well as parasite density (coded in
fifths of the density distribution and a separate, sixth
category for no parasites), modelled as fixed covariates.
These measures were all coded as series of binary dummy
variables. As most symptomatic infections occur in
individuals aged 0-16 years, a specific analysis was
conducted to confirm the finding among only younger
individuals. This included recalculation of the fifths
estimating immunoglobulin distributions in this age group.

3. Results

Baseline characteristics were analysed in the 700
individuals (1-84 years, median 23 years) who were
asymptomatic at the time of survey. The P. falciparum
prevalence, including results from microscopy and PCR,
was highest in children 0—16 years (59%) and decreased in
adults with 32% of individuals over 16 years infected with
P. falciparum. Including the results from PCR analysis
increased P. falciparum prevalence by 25% in all age
groups. The mean number of clones detected by the PCR
genotyping was 2.4, with a range of one to seven clones

Table 1
Antibody levels grouped into fifths of their distribution

per isolate (SE = 0.09 clones per infection). More detailed
description of the genotyping data will be presented
elsewhere.

Prospective risk for malarial disease was based on the
first clinical episode after the baseline survey and was
assessed using Cox regression analysis. Some 60
individuals experienced at least one clinical episode
during the follow up. The clinical malaria episodes were
scattered during the 40 weeks period. Table 2 shows the
odds ratios from Cox regression for individual baseline
characteristics: age, sex, total and anti-P. falciparum IgE,
number of infecting msp 2 clones and HIV-1 seroposi-
tivity. The odds ratios for risk for clinical malaria
episode were highest at younger ages, independent of the
other measures. The risk for malarial disease was not
statistically significantly associated with sex.

Antibody levels in plasma increased with age but with
differing patterns. The overall median value was 1.6 ng/ml
for malaria specific IgE, 15.6 pg/ml for specific IgG and
1700 ng/ml for total IgE. Antibody level (median) in
negative controls was: 0.8 ng/ml for malaria specific IgE,
1.5 pg/ml for specific IgG and 41 ng/ml for total IgE. Total
IgE and anti-P. falciparum IgG and IgE levels were grouped
into fifths of their distributions (Table 1) and comparisons
were made with the middle fifth. Malaria-specific IgE above
the middle fifth was associated with a reduced risk for a
clinical episode of malaria (Table 2). Statistical significance
of these estimates increased after adjustment for the total
IgE with odds ratios of 0.26 (95% CI, 0.09-0.72,
P =0.010) and 0.44 (95% CI, 0.19-0.99, P = 0.047) for
the fourth and fifth levels, respectively (Table 2—adjusted
values).

When measures of anti-P. falciparum 1gG and anti-P.
falciparum 1gE were included in the same model with
adjustment for all of the potential confounding factors, IgE,
but not IgG, was significantly associated with risk of
subsequent malarial disease. As anti-malarial IgG was not
independently associated with risk of malarial disease it was
excluded from the final model to avoid confounding due to
co-linearity between IgE and IgG isotypes.

Fifth® Anti-P. falciparum 1gE Total IgE Anti-P. falciparum 1gG

ng/ml® Age® ng/ml® Age® wg/ml® Age®
1 0.50 (<0.71) 19 196 (<454) 25 3.1 (<6.0) 12
2 0.93 (0.71-1.25) 23 806 (454-1232) 23 9.0 (6.0-11.9) 17
3 1.54 (1.26-1.93) 26 1701 (1233-2316) 22.5 15.7 (12.0-21.2) 23.5
4 2.47 (1.94-3.42) 22 3150 (2317-4423) 19 28.0 (21.3-40.5) 27
5 5.22 (3.43-20.57) 21 6676 (4424—19275) 21 62.9 (40.6-212.5) 34

Antibody levels (median) in negative controls (Swedish not exposed to malaria) were: anti-P. falciparum IgE, 0.8 ng/ml; total IgE, 41 ng/ml; anti-P.

falciparum 1gG, 1.5 pg/ml.
 Fifths (140 subjects in each), where 1 is the lowest and 5 is the highest.
® Antibody levels, median and range.
¢ Median age (years), within each fifth of the antibody distributions.
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Table 2
Baseline characteristics in 700 asymptomatic individuals and prospective risk for clinical malaria episode
Age (years) Episode after survey” Unadjusted® Adjusted®

No, n (%) Yes, n (%) Odds ratio 95% CI Odds ratio 95% CI
=1 1 (100) 0 (0) * * * *
2-4 15 (62) 9 (38) 9.95 4.53-21.87 9.37 4.08-21.55
5-7 44 (79) 12 (21) 4.85 2.37-9.92 5.30 2.52-11.14
8-10 55 (87) 8 (13) 2775 1.21-6.25 3.66 1.52-8.85
11-13 57 (84) 11 (16) 3.52 1.68-7.38 443 2.01-9.75
14-16 52 (100) 0(0) * * * *
=17 416 (95) 20 (5) 1.00 1.00
Sex
Male 295 (90) 31 (10) 1.00 1.00
Female 345 (92) 29 (8) 0.83 0.50-1.37 0.96 0.57-1.64
Anti-Pf. Ig?
1 123 (88) 17 (12) 1.01 0.52-1.98 1.05 0.51-2.20
2 129 (93) 10 (7) 0.59 0.27-1.28 0.65 0.29-1.47
3 124 (88) 17 (12) 1.00 1.00
4 135 (96) 54) 0.29 0.11-0.77 0.26 0.09-0.72
5 129 (92) 11 (8) 0.65 0.31-1.39 0.44 0.19-0.99
Total IgE®
1 127 91) 13 (9) 0.92 0.43-1.96 1.03 0.46-2.31
2 133 (95) 7(5) 0.49 0.20-1.21 0.53 0.21-1.34
3 126 (90) 14 (10) 1.00 1.00
4 128 91) 12 (9) 0.85 0.39-1.83 1.27 0.56-2.91
5 126 (90) 14 (10) 1.01 0.48-2.11 1.91 0.83-4.38
Anti-Pf. IgG*
1 114 (81) 26 (19) 297 1.39-6.33
2 131 (94) 9 (6) 0.98 0.39-2.47
3 131 (94) 9 (6) 1.00
4 129 (92) 11 (8) 1.23 0.51-2.96
5 135 (96) 54) 0.55 0.18-1.63
Nr. clones®
0 396 91) 39 9) 0.77 0.39-1.55 0.82 0.40-1.68
1 78 (89) 10 (11) 1.00 1.00
2-3 107 (96) 54 0.37 0.13-1.08 0.31 0.10-0.94
=4 59 (91) 6(9) 0.79 0.29-2.17 0.46 0.16-1.34
HIV-1
Seronegative 626 (92) 58 (8) 1.00 1.00
Seropositive 14 (87) 2 (13) 1.52 0.37-6.21 2.28 0.52-9.96
Total 640 60

*Not estimated because of empty cells.
# Number of individuals with clinical malaria episodes registered within 40 weeks after the survey.
® Unadjusted odds ratios from Cox regression analysis.
¢ Odds ratios adjusted for age, sex, anti-P. falciparum and total IgE, nr. clones and HIV-1 seropositivity.
4" Anti-Plasmodium falciparum(anti-Pf.) and total antibody levels grouped into fifth on their distribution, where 1 is the lowest and 5 is the highest.

e

Number of parasite clones identified as msp2 alleles.

In a separate analysis limited to children (0—16years),

the two highest fifths of anti-P. falciparum IgE levels
produced similar adjusted odds ratios of 0.26 (95% CI,
0.08-0.83, P=10.024) and 0.34 (95% CI, 0.12-0.98,
P =0.046), respectively. The association between
malaria-specific IgE levels and risk for disease was non-
linear with a greater protective association for the top two
fifths of the distribution. If modelled as an ordinal term in
the adjusted model, the trend across the fifths produces
an odds ratio of 0.79 (0.64-0.98, P = 0.030), despite

the non-linearity of the association. Total IgE was not
statistically significantly associated with risk for malarial
disease when the levels were compared (Table 2) or when
trend across levels was estimated, with an odds ratio of 1.20
(0.96-1.52, P = 0.105).

The lowest fifth of malaria-specific IgG was associated
with an increased risk for a clinical episode of malaria
(Table 2-unadjusted values), with odds ratio of 2.97 (95%
CI, 1.39-6.33, P = 0.005). However, this result no longer
remained significant following adjustment for age, with an



S. Bereczky et al. / International Journal for Parasitology 34 (2004) 935-942 939

odds ratio of 1.91 (95% CI, 0.87-4.20, P = 0.108) for the
first compared with the middle fifth indicating confounding
by age rather than an independent effect. Mutual simul-
taneous adjustment for the potential confounding factors did
not result in any statistically significant associations with
clinical malaria. Using Cox regression we found no
evidence for statistically significant trend across the groups,
either in unjusted or adjusted models. The unadjusted model
produced an odds ratio for trend across the groups of 0.88
(0.71-1.10, P = 0.253).

When number of P. falciparum clones was assessed, the
risk of subsequent episode was found to be lower in
individuals with multiclonal infections. The odds ratios
were of 0.31 (95% CI, 0.10-0.94, P = 0.038) for two to
three clones and 0.46 (95% CI, 0.16—1.34, P = 0.154) for
four or more clones, compared with having one single clone.
The risk was, however, also reduced in subject with no
clones, i.e. absence of detectable parasites, with an odds
ratio of 0.82 (95% CI, 0.40-1.68, P = 0.588) compared
with having one clone (Table 2). In the children (age under
17 years) the odds ratios are 0.26 (95% CI, 0.08—0.90,
P = 0.033) for two to three clones, 0.32 (95% CI, 0.10-
1.06, P = 0.062) for four or more clones and 0.66 (95% CI,
0.28-1.58, P = 0.354) in subjects with no clones.

The risk for malarial disease was not statistically
significantly associated with HIV-1 seropositivity (Table
2). However, a separate analysis limited to children (0—16
years) revealed an increased risk for HIV-1 seropositives,
producing odds ratio of 11.65 (95% CI, 1.12-121.01,
P = 0.040).

Parasite density among these asymptomatic individuals,
in neither the univariate nor the multivariate analysis, was
statistically significantly associated with risk of subsequent
clinical malaria and adjustment for parasite density did not
statistically significantly alter any of the other associations
with risk for malarial disease.

4. Discussion

In this study we investigated factors among subjects free of
acute malaria, associated with the risk of subsequent acute
malaria episodes. After adjustment for multiple potential
confounding factors, we observed independent associations of
older age and higher levels of anti-P. falciparum IgE with a
reduced risk of clinical malarial disease. The non-linear
association of malaria-specific IgE with disease risk may
reflect antagonistic influences.

The importance of anti-malarial IgE in protective malaria
immunity has long been proposed (Perlmann et al., 1997,
1999) but not previously demonstrated. IgE antibody levels
have mainly been investigated during the acute phase
of disease, comparing patterns in mild and severe, e.g.
cerebral malaria (Perlmann et al., 1994, 1997, 2000), or
correlating P. falciparum-IgE levels and placental
parasitemias (Desowitz et al., 1993; Maeno et al., 1993).

To our knowledge, the present study is the first to
prospectively assess IgE antibody levels in asymptomatic
subjects and describe its association with the risk for
subsequent malarial disease.

Several methodological considerations, in addition to the
large sample size, represent advantages in this assessment of
predictive markers for anti-malarial immunity. Firstly,
baseline measurements of antibody levels and other factors
were collected in asymptomatic individuals: thus, these
measures were unaffected by ongoing or recent malarial
disease or treatment, which may result in temporally
affected serum levels. While this was necessary to avoid
confounding by disease activity, some of the most
susceptible individuals may be excluded from the analysis,
such that our results could underestimate some associations.
Secondly, the baseline measurements were collected pro-
spectively and risk of subsequent disease was studied with
recording of each clinical episode of malarial disease in the
entire study population, so retrospective recording did not
introduce error. Thirdly, we used Cox regression analysis,
providing a sensitive measure of risk taking duration of
follow-up into account. Multiple simultaneous adjustment
were made for factors, such as age, sex, HIV status and
parasite densities, thus eliminating many of the problems
associated with residual confounding that may influence
results.

Our data revealed that high levels of malaria specific IgE
were associated with reduced risk for subsequent clinical
episodes of malaria. The effect was most prominent in the
two highest fifths of the distribution, when compared with
the middle levels. Even though a statistically significant
trend across the categories was established, this relationship
was non-linear, which may reflect that the two lowest levels
lie around the threshold of detection of the assay. The non-
linearity even seen within the highest anti-P. falciparum
levels may reflect opposing elements of protection against
malaria (discussed below). Among children, who are most
vulnerable to infection, higher levels of malaria-specific IgE
were associated with a statistically significantly reduced risk
of acute malaria. This indicates that the association of IgE
with protection from malaria may occur in all age groups,
but this is also evidence of its potential importance during
the years of greatest vulnerability to acute malarial disease.
Total IgE was not associated with reduced risk for disease,
and the association found for anti-P. falciparum IgE was not
solely a function of high total IgE levels. When modelled
together with the malaria-specific IgG and the other
potential confounding factors, specific IgE was statistically
significantly associated with risk of malarial disease, while
specific IgG was not.

In univariate analysis, the risk for subsequent malarial
disease was highest in subjects with the very low levels of
malaria-specific IgG. However, this association is due to
confounding by age as demonstrated by the elimination of
this association by adjustment for age alone. This is because
there is an almost linear increase of malaria-specific IgG
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levels with age and the risk of malarial disease decreases
with age. Levels of IgG specific to crude P. falciparum
lysates were not found to be predictive of subsequent
malaria episodes, even where trend across the categories
was estimated to increase statistical power. The reasons for
not finding an association between anti-malarial IgG and
protection may be because these antibodies contain many
more antigenic specificities which can not be distinguished
in our ELISA using a crude P. falciparum antigen extract.
Another factor could be the distribution of different IgG
subclasses. Several studies have reported associations
between different IgG subclass responses to specific
antigens and clinical protection, e.g. IgG1 (Ndungu et al.,
2002), IgG2 (Aucan et al., 2000) and IgG3 (Taylor et al.,
1998; Aucan et al., 2000; Oeuvray et al., 2000). The overall
malaria specific IgG levels were however not found to be
protective (Aribot et al., 1996; Ndungu et al., 2002), which
is consistent with our findings in the present study. Analysis
of total IgG levels was not included in the assessment since
these measurements may produce poor estimates due to
aggregation of antibodies at very high concentrations. A
potential effect of different IgG subclasses and antigenic
specificities needs further investigation in this population.

Persistence of P. falciparum infections even at low levels
may be an important feature in acquisition of protective
immunity in individuals in malaria endemic areas (Smith
et al., 1999). Presence of P. falciparum parasites per se or
total number, i.e. parasite density was not a confounder for
the associations of antibody levels with risk for subsequent
malaria disease. Fluctuations in number of parasites in the
peripheral blood at different time points may however
restrict the value of single measurements of parasite
densities in asymptomatic individuals (Farnert et al., 1997;
Delley et al., 2000). In contrast, the genetic diversity of P.
falciparum, i.e. multi-clonal infections, was associated with
reduced risk for subsequent malaria disease, consistent with
previous reports (Al-Yaman et al., 1997; Farnert et al.,
1999; Smith et al., 1999), suggesting the importance of
polyclonal antigen stimulation. The association between
number of P. falciparum clones and risk of subsequent acute
malaria was however not straightforward, with both no
detectable clones and multiple clones associated with
protection, when compared with a single clone infection.
This may be because anti-malarial immunity is based on an
equilibrium, where controlled maintenance of parasites is
associated with protection. This may help to explain the
non-linear association with other factors such as specific IgE
level: if IgE is protective against infection this is a benefit,
but too high a level may prevent an adequate level of
controlled parasite persistence to fully maintain functional
immunity. The different elements of anti-malarial immunity
do not operate in unison and this highlights the complexity
of malaria immunity.

Longitudinal data of malaria-specific IgE levels over
time within asymptomatic individuals has to our knowledge
not been reported. In other parasitic infections, e.g.

Dracunculus medinensis (Bloch and Simonsen, 1998) and
Wuchereria bancrofti (Jaoko et al., 2001), levels have been
shown to be stable within the individual, with no seasonal or
patency-dependent variation in the levels of parasite-
specific IgE. The IgE antibodies detected in our assay
correspond to the free fraction of IgE with short half-life
(about 2.5 days) which may fluctuate over time, thus the
one-time measurement may rather underestimate an associ-
ation between malaria-specific IgE and protection against
acute malarial disease.

The potentially protective mechanisms of anti-malarial
IgE need to be clarified. They might act in concert with cell
types equipped with receptors for IgE and thereby mediate
effector mechanisms as shown for helminthic infections
(Pirron et al., 1990; van der Heijden, 1993). However, cell
bound IgE can also be involved in presenting antigen to T
cells (Heyman, 2002). In addition IgE, in the form of
immune complexes, is a potent inducer of tumor-necrosis
factor (TNF) in human monocytes (Dugas et al., 1995;
Perlmann et al., 1997), a factor involved in both immune
protection and pathogenesis of malaria (Kwiatkowski et al.,
1990; Perlmann et al.,, 1996). The lack of association
between total IgE and reduced risk for subsequent infection,
favours an antigen-specific protective mechanism. How can
anti-malarial IgE be involved in both protection and
pathogenesis of malaria? The result of IgE responses is
probably a combination of induction and host genetic
factors (Rosenwasser et al., 1995; Hill, 1999; Perlmann
et al., 1999; Troye-Blomberg, 2002). If one of the role of
IgE is induction of TNF, over-producers of TNF may have
an increased risk of succumbing to severe disease while in
individuals with low TNF production IgE antibodies might
help to protect against disease (Kwiatkowski et al., 1990;
Knight et al., 1999; McGuire et al., 1999). Moreover, the
role of IgE is probably different in the maintenance of
protective immunity in asymptomatic individuals, com-
pared to the immune activation in acute clinical malaria.
Further studies are thus needed to clarify the role of anti-
malarial IgE in immune reactions against malaria.

Asymptomatic individuals with higher levels of anti-
malarial IgE were less likely to exhibit a clinical episode of
malaria, independent of age and other potential confounding
factors. Neither high levels of total IgE, nor malaria-specific
IgG were found to be predictive of protection. Malaria-
specific IgE antibody levels may represent a useful and
readily available indicator of susceptibility to subsequent
malarial disease in asymptomatic individuals.
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Summary

Introduction Lower prevalence rates of allergic diseases in rural as compared with urban
populations have been interpreted as indicating an effect of air pollution. However, little is
known about other factors of the rural environment which may determine the development
of atopic sensitization and related diseases.

Objective The authors tested the hypothesis that children growing up on a farm were less
likely to be sensitized to common aerollergens and to suffer from allergic diseases than
children living in the same villages but in nonfarming families.

Materials and methods Three age groups of schoolchildren (6—7 years, 9—11years, 13—
15years) living in three rural communities were included in the analyses. An exhaustive
questionnaire was filled in by 1620 (86.0%) parents. A blood sample was provided by 404
(69.3%) of the 13—15year olds to determine specific IgE antibodies against six common
aeroallergens.

Results Farming as parental occupation was reported for 307 children (19.0%). After
adjustment for potential covariates such as family history of asthma and allergies, parental
education, number of siblings, maternal smoking, pet ownership, indoor humidity and
heating fuels, farming as parental occupation was significantly associated with lower rates
of sneezing attacks during pollen season (adjusted OR 0.34, 95% CI 0.12—-0.89) and atopic
sensitization (adjusted OR 0.31, 95% CI 0.13-0.73) whereas the association with wheeze
(adjusted OR 0.77 95% CI 0.38—1.58) and itchy skin rash (adjusted OR 0.86, 95% CI 0.49—
1.50) was not statistically significant. The risk of atopic sensitization was lower in children
from full-time farmers (adjusted OR 0.24, 95% CI 0.09-0.66) than from part-time farmers
(adjusted OR 0.54, 95% CI 0.15-1.96).

Conclusion Factors directly or indirectly related to farming as parental occupation
decrease the risk of children becoming atopic and developing symptoms of allergic rhintis.

Keywords: hay fever, allergic sensitization, farming, children
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prevalence rates of allergic diseases in rural as compared
with urban populations [1-3], which has been interpreted as
Several recent population studies demonstrated lowendicating an effect of air pollution. However, the role of air
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pollution comprises toxicological studies showing increasedestricted to Swiss nationals. Since there were no systematic
primary IgE responses in animals exposed acutely to reladifferences in prevalence rates of respiratory and allergic
tively high levels of pollutants, concomitantly with allergen symptoms or in atopic sensitization rates between the two
aerosols [4,5]. Several comparative epidemiological studiesurveys, data of both surveys were pooled. The second
in Eastern and Western Europe [6,7], and the authors’ owsurvey included only children who did not take part in the
recently conducted Swiss Study on Childhood Allergy andfirst survey.

Respiratory symptoms with respect to air Pollution (SCAR- All children visiting the School Health Services in their
POL) could not demonstrate an association between longespective communities were invited to participate in the
term air pollution and the prevalence of allergic diseasestudy. A total of 1620 (86.0%) parents filled in the ques-
[8,9]. tionnaire and allowed their children to participate in the

The clinical observation of one of the SCARPOL inves- study.
tigators that allergic diseases such as hay fever were In addition, the 13—-15 year olds were asked to provide a
extremely rare among farmers’ children [10] and a reportblood sample for specific IgE-testing, and 404 (69.3%) of
from rural South Bavaria relating lower rates of allergic the invited adolescents accepted. The prevalence rates of
diseases to the use of coal and wood stoves for heating [1t¢spiratory and allergic symptoms did not differ between
led us to investigate whether factors of the rural environ-those who provided blood samples and those who refused.
ment other than air pollution were associated with lower The study protocol was approved by the Ethics Commit-
rates of allergic disease and sensitization rates, and thuee of the University of Bern.
might explain the lower prevalence rates of allergies in rural
communities. . .

The present study was part of the ongoing Swiss multi_Questlonnawe
centre study SCARPOL. The analyses focused on schoolFhe detailed questionnaire completed by the parents
children living in three rural communities. Little is known included questions on respiratory and allergic symptoms,
about factors of the rural environment determining thefamily history of respiratory and allergic diseases, number
development of atopic sensitization and related diseasesf siblings, parental education, indoor fuels, passive smok-
Therefore, the hypothesis that children growing up on ang, indoor humidity, pet ownership, and study area. The
farm were less likely to be sensitized to common aero-core questions on asthma and allergy of the International
llergens and to suffer from allergic diseases than childrerStudy on Childhood Asthma and Allergy (ISAAC) [12]
living in the same villages but in nonfarming families was were incorporated into the questionnaire.

tested. Parents had to indicate whether the family was running a
farm and if so, whether this was a full-time or part-time
Methods activity.

Eight respiratory and allergic illness and symptom
responses obtained from the questionnaire were consid-
ered: repeated episodes of cough, and bronchitis occurring
The Swiss Study on Childhood Allergy and Respiratoryduring the past year, current wheeze, asthma, sneezing
Symptoms with Respect to Air Pollution (SCARPOL) is a attacks during pollen season, hay fever, itchy skin rash,
multicentre study designed to investigate associationand eczema.
between air pollution and respiratory and allergic symptoms Wheeze was defined as a positive response to the ques-
in school children living in 10 communities [8]. It was first tion: ‘Has your child had wheezing or whistling in the chest
conducted during the school year 1992/1993 and repeatéd the last 12 months?neezing during pollen season was
with identical methods as part of a environmental healthan affirmative answer to the question: ‘In the past
monitoring program in 1995/96. 12 months, has your child had a problem with sneezing or

The study was organized within the framework of thea runny or blocked nose when he/she did not have a cold or
School Health Services thereby taking advantage of athe flu?’ combined with the indication of the symptoms
existing structure of the Health System. The children visitoccurring during the months of April through September
the School Health Services routinely at the age of 6—7 yearfollen season), a symptom that showed high validity in the
(1st grade), 9—11years (4th grade) and 13-15years (8thuthors’ recent validation study [13]. ltchy skin rash was
grade). defined as a positive response to the question: ‘Has your

The present analyses are restricted to the children livinghild ever had an itchy rash which was coming and going for
in the three rural SCARPOL communities (Grabs, Langnauat least 6 months?’ In addition, affirmative answers to the
Payerne and surrounding villages). To avoid problemsjuestions: ‘Has your child ever had asthma, hay fever or
relating to language proficiency and literacy, the sample i®czema?’ were considered.

Study organization and participation rate
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Serological tests with all serum samples by CAP-FEIA technology. If the
SX; test was positive, the specific IgE levels to six allergens
Blood samples (10 cwere taken and the serum separated(timothy grass, birch, mugwort, house dust mite, cat and dog
by spinning 10 min at 1006 The samples were kept frozen dander) were determined by CAP-FEIA. The cutoff for a
and sent to the allergy laboratory of the Department ofpositive result was defined as a specific IgE concentration
Dermatology in Zuich. =0.69 KU/L (CAP class= 2). In addition to the SXtest,
The multiscreen test, SX(screening test for eight positive reactions to any of the outdoor allergens (timothy
common inhalative allergens, Pharmacia,) was performedrass, birch, mugwort) and to any of the indoor allergens

Table 1. Characteristics of the study population according to farming as parental occupation

Parental occupation

Total study
population Farming Non-Farming
N=1620 N=307 N=1313 P value
(n,%) (n,%) (n,%) (*test)

Sex
Boys 844/52.1 161/52.4 683/52.0 n.s.
Girls 776/47.9 146/47.6 630/48.0
Age group
6—7 555/34.3 108/35.3 447/34.0
9-12 481/29.7 83/27.1 398/30.3 n.s.
13-15 583/36.0 115/37.6 468/35.6
(Missing: 1)
Parental education
Low 135/8.3 66/21.5 69/5.3
Medium 952/58.8 201/65.5 751/57.2 <0.001
High 469/29.0 33/10.7 436/33.2
(Missing: 64)
Number of siblings
None 97/6.0 9/2.9 88/6.7
1 677/41.8 55/17.9 622/47.4
2 508/31.4 94/30.6 414/31.5 <0.001
3+ 257/15.9 108/35.2 149/11.3
(Missing: 81)
Mother smoking 375/23.2 55/18.0 320/24.4 0.015
(Missing: 12)
Father smoking 473/29.2 88/28.7 385/29.3 n.s.
(Missing: 12)
Furred pets 1041/64.3 268/87.3 773/58.9 0.001
Pets in bedroom 430/26.5 56/18.2 374/28.5 0.001
Indoor humidity 353/21.8 87/28.3 266/20.3 0.02
Heating
Central 1284/79.3 206/67.1 1078/82.1
Single space gas/oil 30/1.9 6/2.0 24/1.8
Electric 38/2.4 7/2.3 31/2.4 <0.001
Wood/coal 187/11.5 72/23.5 115/8.8
(Missing: 81)
Family history of asthma 265/16.4 38/12.4 227/17.3 0.05
(Missing: 27)
Family history of hay fever 425/26.2 39/12.7 386/29.4 0.001
Family history of eczema 415/25.6 65/21.2 350/26.7 0.05
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(house dust mite, cat and dog dander) were consideredocioeconomic, personal, and indoor characteristics were
Because of the small numbers, it was not possible to furtheanalysed according to farming as parental occupation.
analyse individual allergens. Differences between categorical variables were assessed
by the x* test. Logistic regression analysis was used to
evaluate whether the association between farming as a
parental occupation and allergic symptoms, and sensitiza-
Air pollutants and meteorological parameters were monition rates persisted after adjustment for potential confoun-
tored by local authorities and the Swiss Institute of Meteor-ders. The models included age, sex, parental education, a
ology, Zlrich, respectively. Annual mean concentrations offamily history of asthma, a family history of hay fever or
air pollutants such as NQPM;, or ozone were similar in  eczema, number of siblings, maternal smoking, pet owner-
the three communities, ranging from 13.2 to 19g2m° for ship, indoor humidity, and heating fuels. Crude and adjusted
PMyo, 19.7-21.9g/m® for NO,, and 43-5Qg/m® for  odds ratios (OR) and the corresponding 95% confidence
ozone. Mean annual temperature ranged from 8 toC10 intervals (Cl) were computed.

and mean relative humidity from 73.3% to 81.1%. The study
communities were situated between 451 and 557 m abov&e
sea-level.

Ambient monitoring

sults

Study population

Statistical analyses The study population consisted of three age groups of school

Symptom prevalence and atopic sensitization rates werehildren: 555 (34.3%) from 1st grade, 481 (29.7%) from 4th
analysed for the total study population and stratified bygrade and 583 (36.0%) from 8th grade. Their respective
farming as parental occupation. Since farming familiesmean ages were 6.5years (S0.5), 10.0 years (SB 0.7)
may differ in many respects from nonfarming families, and 14.1years (SB 0.7). Eight hundred and forty-four

Table 2. Association of respiratory and allergic symptdnasd allergic sensitization with farming as parental occupation

Symptom prevalence according Association with farming as
to parental occupation parental occupation
Total study
population Farming Non-Farming Crude OR Adjust@r
(n,%) (n,%) (n,%) (95% CI) (95% CI)
Questionnaire I = 1620)
Repeated cough 594/36.7 103/33.6 491/37.4 0.85 (0.65-1.10) 0.90 (0.63-1.29)
Bronchitis 156/9.6 31/10.1 125/9.5 1.07 (0.71-1.62) 1.37 (0.77-2.40)
Wheeze 135/8.3 16/5.2 119/9.1 0.55 (0.33-0.94) 0.77 (0.38-1.58)
Asthma (ever) 150/9.3 24/7.8 126/9.6 0.80 (0.51-1.26) 1.17 (0.64-2.13)
Sneezing during pollen season 125/7.7 8/2.6 117/8.9 0.27 (0.14-0.54) 0.34 (0.12-0.89)
Hay fever (ever) 197/12.2 22/7.2 175/13.3 0.50 (0.32-0.79) 0.89 (0.49-1.59)
Itchy skin rash (ever) 193/12.0 27/8.9 166/12.7 0.67 (0.41-1.02) 0.86 (0.49-1.50)
Eczema (ever) 305/18.8 48/15.6 257/19.6 0.76 (0.54-1.07) 1.15 (0.74-1.81)
Serological tests(N = 404)
Positive SX test 139/34.4 16/18.6 123/38.7 0.33 (0.18-0.59) 0.31 (0.13-0.73)
(CAP-class= 2)
Specific IgE’s to outdoor allergens 119/29.5 15/17.4 104/32.7 0.43 (0.24-0.78) 0.38 (0.16-0.87)
(CAP class= 2)
Specific IgE’s to indoor allergens 81/20.1 4/4.7 77/24.2 0.15 (0.06-0.38) 0.15 (0.04-0.57)

(CAP class= 2)

during the past 12 months if not otherwise speciff&d8 serological tests were done in children from nonfarming families, 86 in farmers’
children.®*The logistic regression model included the following variables: age, sex, parental education, a family history of asthma, hay
fever, eczema, number of siblings, maternal smoking, pet ownership, indoor humidity, study area and heating fuels.
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(52.1%) were boys and 776 (47.9%) were girls. Farming aghildren from full-time and part-time farmers as compared
parental occupation was reported for 307 (19.0%) childrenwith nonfarming families was separately assessed. The
220 (13.6%) as a full-time activity, and 87 (5.4%) as a part-adjusted ORs for sneezing attacks during the pollen
time activity. season associated with part-time and full-time farming
The characteristics of the total study population accordwere 0.31 (95% CI 0.06-1.35) and 0.36 [0.10-1.22],
ing to farming as a parental occupation are given in Table 1respectively. For a positive SXtest the adjusted ORs
The socioeconomic and home characteristics of farmingvere 0.54 [0.15—-1.96] and 0.24 [0.09-0.66], respectively,
families differed in many respects from nonfarming familiesindicating a gradient in atopic sensitization from nonfarm-
living in the same rural communities. Farming families wereing to full-time farming as parental occupation.
of lower socioeconomic status, had more children, often
reported more humidity spots or visible molds in their home,DiSCussiOn
heated their homes more often with traditional heating
systems using mainly coal and wood and were more likelyThe results of this analysis suggest that factors directly or
to keep furred pets, but these pets were less often allowed indirectly related to farming as parental occupation reduce
the child’s bedroom. Mothers in farming families were lessthe risk of producing specific IgE antibodies to aeroaller-
likely to smoke and a family history of asthma, hay fever orgens and of developing the clinical symptoms of allergic
eczema was reported less often in these families. rhinitis. The amount of risk reduction for the development
The bivariate analyses of respiratory and allergic symp-of atopic sensitization determined in this study is similar to
toms and sensitization rates showed that significantly lowethe one observed in children from East Germany as com-
rates of current wheeze (5.2% vs 9.5%), sneezing attacksared with West Germany [6]. However, the children of the
during the pollen season (2.6% vs 8.6%), and hay fevepresent study are living in the same villages.
(7.2% vs 13.3%) were reported for farmers’ children as Lower rates of sensitization to pollen and animal dander
compared with children from a nonagricultural environ- and self-reported hay fever have been observed in occupa-
ment, whereas the association with a reported diagnosis dional studies of adult farmers [14—17]. The results of the
asthma, itchy skin rash and eczema did not reach statisticpkesent study are also supported by a study in Swedish
significance (Table 2). The prevalence of bronchitis andconscripts [18] and a more recent study among Finnish
repeated cough during the past year was similar in childremniversity students demonstrating lower prevalence rates of
from farming and nonfarming families. Children from self-reported allergic rhinitis in students who had been
farming families were significantly less likely to have a raised on a farm as compared with students from a non-
positive SX test (18.6% vs 38.7%), and specific IgEs to agricultural environment [18,19].
outdoor allergens (17.4% vs 32.7%) and to indoor allergens Children from rural South Bavaria in Germany had lower
(4.7% vs 24.2%) than children from nonfarming families. rates of hay fever, atopic sensitization and bronchial hyper-
Since many of the characteristics in which farming andresponsiveness when living in a home where coal or wood
nonfarming families differed have been associated with aiwas used for heating compared with children from homes
increased risk for allergic disease (e.g. family history ofwith other heating systems [11]. In the present study, coal or
asthma, hay fever or eczema), or a lower risk of allergieswood as heating fuel was also associated with a lower risk of
such as the number of siblings and the use of wood foatopic sensitization (adjusted OR 0.77, 95% CI 0.35-1.64),
heating, the authors evaluated whether these potential cobut the effect of farming as a parental occupation was
founders would affect the observed association of atopistronger. Although no information on parental occupation
sensitization and related diseases and farming as parentabs available in the German study, it seems quite likely that
occupation. The covariates listed in Table 1 were incorpomost of the families with traditional heating systems were
rated into a logistic regression model (Table 2). Adjustmenfarmers.
for covariates reduced the association of farming as parental A serious concern when interpreting the results of the
occupation with current wheeze, hay fever and itchy skinpresent study is selection bias. If farmers suffering from
rash, but was essentially unchanged and remained statistidlergic diseases such as hay fever move into other jobs a
cally significant for reported sneezing attacks during thehealthy or nonallergic’ farmer effect would occur resulting
pollen season (adjusted OR 0.34, 95% CI 0.12-0.89) and fdn lower rates of atopic disease in the farming parents of this
a positive SX-test (adjusted OR 0.31, 95% CI 0.13-0.73). study population. This has indeed been observed in the
The low risk of a sensitization to outdoor and indoor authors’ data. However, the association between atopic
allergens associated with farming as parental occupatiosensitization and farming as parental occupation remained
was also unaffected by the adjustment of covariates. significant after adjustment for family history of allergic
The association between reported sneezing attacks anddéseases. In addition, the observation of a gradient in the
positive SX test with farming as parental occupation for prevalence of atopic sensitization from full-time to part-
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time and nonfarming subjects argues against selection biamfluence on inflammatory reactions. However, whether
Many farmers had to give up farming as a full-time activity dietary factors interfere with the production of specific
and move to other jobs because of economic constrainigE antibodies against allergens has still to be shown. In
during recent years, and not because one of the childreaddition, dietary factors during pregnancy may be important
developed hay fever. Usually, the family remains in theas the overall health of the mother through pregnancy and,
farm house and does some farming as part-time activitytherefore, the growth trajectory of the fetus may have
Thus, full-time and part-time farming may indicate different particular relevance [29,30].
degrees of exposure to a factor which interferes with the In summary, this study indicates that children from a
production of specific IgE antibodies to allergens. farming population represent an informative population to
Farms are rather small in these communities, usuallystudy the role of environmental factors in the development
managed by one family and farming activities includeof atopic sensitization. Whether the observed protective
dairy farming and agriculture. Thus, one might speculateeffect of the farming environment on atopic sensitization
that children living in this environment may be more is explained by high exposure to microbial stimulation in
exposed to pollen when playing outdoors or in barnschildhood, by different exposures to dietary factors or other
where hay for feeding cattle is kept. High exposure toindicators of a ‘traditional lifestyle’, or whether it is the
allergens may thus contribute to the development of tolerresult of preferential suppression of TH2-dependent IgE
ance in these children, as has been shown in animal expefproduction due to high allergen exposure remains to be
ments [20]. Repeated exposure of the upper respiratory alucidated.
gastrointestinal mucosae to microgram levels of protein
antigen leads to the preferential suppression of TH2-depen-
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ABSTRACT

Background In early life, the innate immune sys-
tem can recognize both viable and nonviable parts of
microorganisms. Immune activation may direct the
immune response, thus conferring tolerance to aller-
gens such as animal dander or tree and grass pollen.

Methods Parents of children who were 6 to 13 years
of age and were living in rural areas of Germany, Aus-
tria, or Switzerland where there were both farming
and nonfarming households completed a standard-
ized questionnaire on asthma and hay fever. Blood
samples were obtained from the children and tested
for atopic sensitization; peripheral-blood leukocytes
were also harvested from the samples for testing. The
levels of endotoxin in the bedding used by these chil-
dren were examined in relation to clinical findings and
to the cytokine-production profiles of peripheral-blood
leukocytes that had been stimulated with lipopolysac-
charide and staphylococcal enterotoxin B. Complete
data were available for 812 children.

Results Endotoxin levels in samples of dust from
the child’s mattress were inversely related to the oc-
currence of hay fever, atopic asthma, and atopic sen-
sitization. Nonatopic wheeze was not significantly
associated with the endotoxin level. Cytokine produc-
tion by leukocytes (production of tumor necrosis fac-
tor «, interferon-vy, interleukin-10, and interleukin-12)
was inversely related to the endotoxin level in the
bedding, indicating a marked down-regulation of im-
mune responses in exposed children.

Conclusions A subject’s environmental exposure
to endotoxin may have a crucial role in the develop-
ment of tolerance to ubiquitous allergens found in nat-
ural environments. (N Engl J Med 2002;347:869-77.)
Copyright © 2002 Massachusetts Medical Society.
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STHMA is the most common chronic dis-

ease in childhood and accounts for sub-

stantial morbidity and health care costs.

Although various environmental factors
have been thought to play key parts in the develop-
ment of asthma and allergies,'® the causes of these
diseases remain unclear.

One intriguing hypothesis is that changes in the
type and degree of stimulation from the microbial
environment associated with improvements in public
health and hygiene may increase the predisposition to
chronic allergic conditions during childhood.* Expo-
sure to microbes can occur in the absence of infection.
For example, viable and nonviable parts of microor-
ganisms are found in varying concentrations in many
indoor and outdoor environments. These microbial
substances are recognized by the innate immune sys-
tem in the absence of overt infection, and they induce
a potent inflammatory response.5 Therefore, environ-
mental exposure to microbial products may have a cru-
cial role during the maturation of a child’s immune re-
sponse, causing the development of tolerance to other
components of his or her natural environment, such
as pollen and animal dander.

We investigated the relation between exposure to
microbial products and the occurrence of childhood
asthma and allergies in an environment rich in op-
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portunities for such exposure — that is, a rural en-
vironment where some families engage in farming. We
measured endotoxin — a cell-wall component of
gram-negative bacteria — in samples of dust from the
mattresses of children and then related the levels of
endotoxin to the prevalence of asthma and allergies
and to serum levels of specific IgE. We also assessed
the cytokine-production profile of peripheral-blood
leukocytes after activation of the innate immune sys-
tem by stimulation with lipopolysaccharide and staph-
ylococcal enterotoxin B.

METHODS

Study Population

This cross-sectional survey was conducted in rural areas of Aus-
tria, Germany, and Switzerland, as previously described.¢ Participat-
ing parents (2618 of 3504 potential participants [74.7 percent])
were asked to consent to the measurement of specific IgE in their
children’s serum, the assessment of the cytokine-production profile
of the children’s peripheral-blood leukocytes after stimulation with
lipopolysaccharide and staphylococcal enterotoxin B, and the col-
lection of dust samples from the children’s bedding. The final analy-
sis was restricted to 812 children with complete data and similar
ethnic origin (categorized as German, Austrian, or Swiss nationali-
ty), in order to avoid potential confounding by ethnic background.”

Approval to conduct the survey was obtained from the three lo-
cal ethics committees for human studies and from the principals
of the schools attended by the children. Written informed consent
was obtained from the parents of all children.

Dust Sampling

We collected dust by vacuuming each mattress for two minutes
per square meter of surface area. The material obtained was divided
in two for measurement of endotoxin and allergen content. Dust
was collected on special filters provided by the Alleregologisk Lab-
oratorium Kopenhagen.® All field workers were centrally trained
and certified to ensure similarity of sampling.

Measurements of Endotoxin Levels

One dust sample was stored at room temperature and shipped
within one week after collection to the central laboratory (in Mu-
nich, Germany). Endotoxin content was measured by a kinetic lim-
ulus assay, as described by Hollander et al.? Endotoxin results were
expressed as endotoxin units per milligram of dust and as endotox-
in units per square meter of surface area of the sampled mattress.
All endotoxin levels were within the limits of detection of the assay.

Measurements of Allergen Levels in Dust Samples

The second dust sample was frozen at —20°C for at least two
days and then shipped to one central laboratory (University Chil-
dren’s Hospital Charité, Berlin, Germany) and stored at 4°C un-
til it was analyzed for Dermatophagoides pteronyssinus (Der pl),
D. farinae (Der £1), and Felis domesticus (Fel d1), as previously de-
scribed.? The lower limit of detection was 10 ng per gram of dust
for Der pl and Der f1 and 16 ng per gram of dust for Fel d1; re-
sults are expressed in nanograms of major allergen per gram of
mattress dust. For allergen levels below the limit of detection (9.7
percent for Der pl, 5.5 percent for Der f1, and 0.2 percent for
Fel d1), the mean value between zero and the limit of detection
was used.

Questionnaire and Interview

The prevalence of diseases and symptoms and potential explan-
atory and confounding factors were assessed by a questionnaire giv-
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en to the parents that included the questions of the International
Study of Asthma and Allergies in Childhood,!® as described pre-
viously.¢ Farmers’ children were defined as children whose parents
answered “yes” to the question “Does your child live on a farm?”
In an interview with the parents as part of the home visit, we ob-
tained details of the timing of the child’s exposure to stables and
to farm milk. Exposure to farming during the first year of life was
defined as exposure to stables during the first year of life, con-
sumption of milk directly from the farm during the first year of
life, or both.

Testing for Specific IgE in Serum

The level of specific IgE against airborne allergens in all serum
samples was measured by fluorescence enzyme immunoassay in a
central laboratory (University Children’s Hospital Charité, Berlin).
Atopy was defined by at least one positive test for specific IgE in-
dicating a titer of at least 3.5 kU per liter for one or more of the
six airborne allergens (house dust mites, storage mites, grass pollen,
birch pollen, cat dander, and cow epithelium).

Assessment of Cytokine Production
by Peripheral-Blood Leukocytes

Venous blood was drawn at school from all 812 children. Hep-
arinized blood was diluted in a ratio of 1:8 in RPMI culture medi-
um supplemented with 10 percent heat-inactivated fetal-calf serum
to a final volume of 1 ml. Cells were stimulated either with 10 ug
of lipopolysaccharide per milliliter for 24 hours or with staphylo-
coccal enterotoxin B for 72 hours at 37°C, in an environment of
5 percent carbon dioxide in humidified air. Cell-free supernatants
were stored at —80°C and shipped to the central laboratory for
measurement of interferon-y (limit of detection, 16 pg per milli-
liter), tumor necrosis factor a (limit of detection, 16 pg per millili-
ter), interleukin-10 (limit of detection, 8 pg per milliliter), and
interleukin-12 (limit of detection, 8 pg per milliliter) by commer-
cially available enzyme-linked immunosorbent assays (OptEIA,
Pharmingen). Each sample was tested in duplicate by the serial di-
lution of a standard supplied by the company with a known cytokine
level. Differential blood counts were also performed, and cytokine
production was expressed in picograms per 1 million peripheral-
blood leukocytes. To ensure consistent performance in sampling
and culture procedures, laboratory personnel in the study centers
participated in a one-week training and certification program.

Statistical Analysis

Endotoxin levels were log,,-transformed. Multivariate logistic-
regression analyses, in which the endotoxin level was treated as a
continuous variable, were performed with SAS software,!! with ad-
justment for age, sex, study area, family history of asthma and hay
fever, educational level of the parents, and number of older siblings
(the basic model). In addition, potential confounding by farming
status, exposure to farming during the first year of life, exposure to
cats or dogs during the first year of life, and allergen levels (log-
transformed values for Der f1, Der pl, and Fel d1) was evaluated.
We included an interaction term to assess whether the effect of
endotoxin on asthma and wheeze in children with atopic sensiti-
zation (a specific IgE level of at least 0.35 kU per liter) would be
different from the effect in children without atopic sensitization.

To evaluate potential threshold values or other nonlinearity in the
relation between exposure and response, S-Plus software was used
to perform local nonparametric smoothing.!2 The logit of the rates
of symptoms was expressed as a continuous function of endotoxin
level, obtained by local nonparametric smoothing with control for
the covariates mentioned above. The smoothing parameter for each
model was determined on the basis of Akaike’s information crite-
rion.!2 In the same way, the association between endotoxin levels
and cytokine response was assessed. Cytokine levels were log-trans-
formed, and the association of these levels with the level of endo-
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toxin exposure was expressed as the ratio of the covariate-adjusted
geometric mean cytokine level in children in the highest quartile
of endotoxin exposure to the mean level in children in the lowest
quartile. The regression analyses were repeated with a restricted
sample of children from nonfarming households with adjustment
for known allergy-avoidance measures (removal of pets or carpets
because of allergies in the family), exposure to cats or dogs during
the first year of life, and exposure to farming during the first year
of life.

RESULTS

Complete data were available for 812 children, 319
from farming families and 493 from nonfarming fam-
ilies. The mean (£SD) age was 9.5+1.2 years. The
adjusted odds ratios for asthma and hay-fever symp-
toms in relation to the farming status did not differ
significantly between the group with complete data
and the group with only the self-administered ques-
tionnaire (0.59 vs. 0.48 for asthma and 0.44 vs. 0.32
for hay-fever symptoms).¢ The relations between farm-
ing status and environmental-exposure variables and
health outcomes are shown in Table 1.

The results of multivariate logistic-regression analy-
ses estimating the effect of the mattress endotoxin lev-

el and the endotoxin load on the rates of symptoms
and disease, with adjustment for known covariates, are
shown in Table 2. The data are presented as adjusted
odds ratios for symptoms or disease with an increase
from the lowest quartile to the highest quartile of en-
dotoxin exposure. Current endotoxin exposure showed
a strong inverse association with hay fever, hay-fever
symptoms, and atopic sensitization. Smoothed plots
of the prevalence of hay fever, hay-fever symptoms,
and atopic sensitization in relation to the level of en-
dotoxin exposure, with control for covariates, showed
a largely monotonic decrease in prevalence with an
increasing endotoxin load (Fig. 1). Similar results were
obtained in analyses in which the endotoxin level was
used as the exposure variable (data not shown).

An inverse relation was also found between the lev-
el of endotoxin exposure and the capacity of periph-
eral-blood leukocytes to produce inflammatory and
regulatory cytokines after stimulation with lipopoly-
saccharide (Fig. 2). The associations between endo-
toxin exposure (in endotoxin units per square meter)
and the production of tumor necrosis factor «, inter-
feron-vy, interleukin-10, and interleukin-12, expressed

TABLE 1. ENVIRONMENTAL EXPOSURE AND PREVALENCE OF HEALTH OUTCOMES,
ACCORDING TO FARMING STATUS.*

VARIABLE

Environmental exposure
Endotoxin level (units/mg of dust)
Endotoxin load (units/m? of mattress surface
area)
Der f1 (ng/g of dust)

CHILDREN FROM

29,897

CHILDREN FROM

FARMING NONFARMING
HousEeHoLDs HousEeHoLDs
(N=319) (N=493) P VALUE
geometric mean exposure (5th—95th percentile)
37.8 (14.4-88.9) 22.8 (8.2-62.9) <0.001
(5452-157,208) 14,456 (2915-75,730) <0.001
528.7 (5-51,990) 610.3 (5-54,160) 0.54
7,092.4 (133-104,110) 1,417.1 (5-104,060) <0.001

Der pl (ng/g of dust)
Fel d1 (ng/g of dust)

Health outcomes

5,405.6 (356-144,600)

5,744.1 (204-434,460) 0.69

no. (% [95% ClI)

Hay fever

Sneezing and itchy eyes during previous yr
Atopic sensitization

Atopic asthma

Nonatopic asthma

Atopic wheeze

Nonatopic wheeze

13 (4.1 [1.9-6.2]) 52 (10.5 [7.8-13.5])  <0.001
19 (6.0 [3.3-8.7]) 62 (12.6 [9.7-16.0])  0.002
55(17.2[13.1-21.4]) 116 (23.5 [19.8-27.3])  0.03
10 (3.1 [1.2-5.0]) 29 (5.9 [3.8-8.0]) 0.07
5 (1.6 [0.2-2.9]) 13 (2.6 [1.2-5.0]) 0.31
15 (4.7 [2.4-7.0]) 29 (5.9 [3.8-8.0]) 0.47
5 (1.6 [0.2-2.9]) 30 (6.1 [4.0-8.2]) 0.002

*Children were considered to have hay fever if their parents reported a physician’s diagnosis of hay fever; to have had
sneezing and itchy eyes (symptoms of hay fever) during the previous year if their parents gave a positive response to a
question about these symptoms; to have atopic sensitization if they had a specific IgE titer of at least 3.5 kU per liter; to have
atopic asthma if their parents reported a physician’s diagnosis of asthma or if they had recurrent asthmatic obstruction of
the airway or spastic bronchitis and a specific IgE titer of at least 0.35 kU per liter; to have nonatopic asthma if their parents
reported a physician’s diagnosis of asthma or if they had recurrent asthmatic obstruction of the airway or spastic bronchitis
and a specific IgE titer of less than 0.35 kU per liter; to have atopic wheeze if their parents reported that they had had
wheezing or whistling in the chest during the previous 12 months and they had a specific IgE titer of at least 0.35 kU
per liter; and to have nonatopic wheeze if their parents reported that they had had wheezing or whistling in the chest
during the previous 12 months and they had a specific IgE titer of less than 0.35 kU per liter. CI denotes confidence
interval, Der f1 Dermatophagoides farinae, Der pl D. pteronyssinus, and Fel d1 Felis domesticus.
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Adjusted Prevalence of Hay Fever (%)

TABLE 2. ASSOCIATIONS BETWEEN CURRENT ENDOTOXIN EXPOSURE (LEVEL AND LOAD)
AND ASTHMA, WHEEZE, HAY FEVER, AND ATOPIC SENSITIZATION IN THE TOTAL SAMPLE
AND IN THE SUBGROUP OF CHILDREN FROM NONFARMING HOUSEHOLDS.

CHILDREN FROM NONFARMING HOUSEHOLDS
HEALTH OuTCOME ToTAL SAMPLE (N=812) (N=493)

ENDOTOXIN LEVEL ENDOTOXIN LOAD ENDOTOXIN LEVEL ENDOTOXIN LOAD

adjusted odds ratio (95% CI)*

Hay fever 0.58 (0.39-0.85)t  0.53 (0.35-0.81)t 0.79 (0.52-1.19) 0.56 (0.33-0.95)t
Sneezing and itchy eyes during previous yr 0.61 (0.43-0.86)t  0.50 (0.34-0.72)} 0.70 (0.47-1.05) 0.46 (0.28-0.76)t
Atopic sensitization} 0.78 (0.60-1.01) 0.76 (0.58-0.98)t 0.80 (0.59-1.08) 0.73 (0.51-1.04)
Atopic asthma 0.73 (0.44-1.19) 0.48 (0.28-0.81)t 0.68 (0.39-1.19) 0.52(0.25-1.07)
Nonatopic asthma 1.25 (0.62-2.51) 1.13 (0.57-2.26) 1.29 (0.62-2.68) 1.00 (0.46-2.21)
Atopic wheeze 0.89 (0.57-1.39) 0.62 (0.39-0.99)t 0.79 (0.46-1.33) 0.64 (0.33-1.25)
Nonatopic wheeze 0.97 (0.58-1.61) 1.14 (0.68-1.90) 1.36 (0.86-2.14) 1.82 (1.04-3.18)t

*QOdds ratios are for the occurrence of the given symptom or discase with an increase in the endotoxin measure from the lowest quartile to
the highest quartile; analyses were adjusted for age, sex, study area, family history of asthma or hay fever, educational level of the parents, and
number of older siblings. The analysis of the subgroup of children from nonfarming households was also adjusted for allergen-avoidance meas-
ures, exposure to pets during the first year of life, exposure to stables during the first year of life, and consumption of milk directly from a farm
during the first year of life.

1P=<0.05 for the comparison between children in the lowest quartile of endotoxin exposure and children in the highest quartile.

fAtopic sensitization was defined by a specific IgE titer of at least 3.5 kU per liter.
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Figure 1. Smoothed Plots of the Prevalence of Hay Fever (Panel A), Hay-Fever Symptoms (Panel B), and Atopic Sensitization (Panel C)
in Relation to the Log-Transformed Endotoxin-Load Values.

The analyses controlled for age, sex, study area, family history of asthma and hay fever, educational level of the parents, and num-
ber of siblings. For each outcome, there was a monotonic decrease with increasing endotoxin load. A smoothing span of 0.9 was
used for all three graphs.
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Figure 2. Smoothed Plots of the Log-Transformed Capacity of Peripheral-Blood Leukocytes (PBL) to Produce Tumor Necrosis Fac-
tor @ (TNF-a) (Panel A), Interferon-y (IFN-vy) (Panel B), Interleukin-12 (Panel C), and Interleukin-10 (Panel D) after Stimulation with
Lipopolysaccharide (LPS) or Staphylococcal Enterotoxin B (SEB) in Relation to the Log-Transformed Endotoxin-Load Values.
Analyses were controlled for age, sex, study area, family history of asthma and hay fever, educational level of the parents, and number
of siblings; the analysis shows an inverse relation between the level of endotoxin exposure and cytokine response, except in the case
of the production of IFN-y after SEB stimulation. A smoothing span of 0.9 was used for all four graphs.
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as ratios of the mean level of cytokine production for
children in the highest quartile of endotoxin expo-
sure to the mean level for children in the lowest quar-
tile, were 0.81 (95 percent confidence interval, 0.74
to 0.89), 0.80 (95 percent confidence interval, 0.70 to
0.92), 0.93 (95 percent confidence interval, 0.81 to
1.07), and 0.87 (95 percent confidence interval, 0.77
to 0.98), respectively. The corresponding results after
stimulation with staphylococcal enterotoxin B were
0.83 (95 percent confidence interval, 0.74 to 0.93),
1.05 (95 percent confidence interval, 0.95 to 1.17),
0.97 (95 percent confidence interval, 0.84 to 1.11),
and 0.96 (95 percent confidence interval, 0.86 to
1.06), respectively.

The association between endotoxin exposure and
wheeze during the past year showed a different expo-
sure—response pattern. There was a strong negative
association for atopic wheeze and asthma, whereas for
nonatopic wheeze and asthma, there was a nonsignif-
icant trend toward increasing prevalence with increas-
es in the current level of endotoxin exposure (Table 2
and Fig. 3). However, the term for the interaction be-
tween the level of endotoxin exposure and atopic sta-
tus did not reach statistical significance. Exposure to
farming in the first year of life showed a strong inverse
association with all health outcomes, including non-

144
124

10

2]
1
i

Adjusted Prevalence of Atopic
Wheeze (%)
o5

atopic wheeze and asthma, independently of the cur-
rent level of endotoxin exposure (Table 3). Additional
adjustment for other potential confounders, includ-
ing the levels of allergens (Der f1, Der p1, and Fel d1)
in mattress dust, farming status, exposure to pets dur-
ing the first year of life, and exposure to farming dur-
ing the first year of life, did not change the results. To
evaluate whether the results might be generalized to
a nonfarming population and to adjust for potential
uncontrolled confounding associated with a farming
lifestyle, we restricted the sample to children from
nonfarming households and also adjusted for expo-
sure to stables and consumption of milk directly from
the farm during the first year of life. Again, strong neg-
ative associations — albeit not all statistically signif-
icant (probably because of the sample size) — between
the level of endotoxin exposure and atopic outcomes
were observed, whereas positive associations were
found for nonatopic wheeze (Table 2).

DISCUSSION

These findings suggest that environmental expo-
sure to microbial products, as measured by the en-
dotoxin levels in mattress dust, is associated with a
significant decrease in the risk of hay fever, atopic sen-
sitization, atopic asthma, and atopic wheeze in child-

104

Adjusted Prevalence of Nonatopic
Wheeze (%)

Endotoxin Load in Mattress (units/m2)

Figure 3. Smoothed Plots of the Prevalence of Atopic Wheeze (Panel A) and Nonatopic Wheeze
(Panel B) in Relation to the Log-Transformed Endotoxin-Load Values.

The analyses were controlled for age, sex, study area, family history of asthma and hay fever,
educational level of the parents, and number of siblings. There was a negative association for
atopic wheeze, whereas for nonatopic wheeze, there was a nonsignificant positive trend with in-
creasing levels of current endotoxin exposure. For Panel A, a smoothing span of 0.9 was used;

for Panel B, a span of 0.5 was used.
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TABLE 3. ASSOCIATION OF THE PREVALENCE OF SYMPTOMS AND DISEASE
WITH THE CURRENT ENDOTOXIN LOAD AND EXPOSURE TO FARMING
DURING THE FIRST YEAR OF LIFE.*

ExPOSURE TO FARMING CURRENT ENDOTOXIN

HEALTH OuTCOME DURING THE FIRST YEART ExpPOSURE$

odds ratio (95% ClI)

Hay fever

Sneezing and itchy eyes after 1 yr of age

Atopic sensitization

Atopic asthma
Nonatopic asthma

0.26 (0.13-0.52)§
0.55 (0.31-0.97)§
0.45 (0.30-0.68)§
0.42 (0.18-0.96)§
0.48 (0.16-1.41)

0.61 (0.40-0.95)§
0.53 (0.36-0.77)§
0.83 (0.63-1.09)
0.52 (0.30-0.90)§
1.22 (0.60-2.46)

(
(

Atopic wheeze 0.59 (0.28-1.23) 0.66 (0.41-1.07)
(

Nonatopic wheeze 0.43 (0.19-0.97)§ 1.23 (0.73-2.06)

*QOdds ratios are for the occurrence of the given symptom or disease with an increase in exposure to
farming or the endotoxin load from the lowest quartile to the highest quartile. Analyses were adjusted
for age, sex, study area, family history of asthma or hay fever, educational level of the parents, and num-

ber of older siblings.

tOdds ratios were also adjusted for current endotoxin exposure.

$0Odds ratios were also adjusted for exposure to farming during the first year of life.

§P=<0.05 for the comparison between children in the lowest quartile of the exposure variable and

those in the highest quartile.

JAtopic sensitization was defined by a specific IgE titer of at least 3.5 kU per liter.

hood. This protective effect was observed in children
from farming and nonfarming households, indicating
that even the lower levels of exposure that occur in
nonfarming environments may favorably influence the
risk of atopic diseases in childhood.

The mechanisms by which endotoxin exposure may
protect against the development of atopic immune re-
sponses and diseases are not fully understood. Our
findings suggest that by the time a child reaches school
age, high levels of environmental exposure to endo-
toxin have resulted in a marked suppression of the
capacity for cytokine production in response to activa-
tion of the innate immune system. Whereas lipopoly-
saccharide stimulation triggers an innate immune re-
sponse by activating mainly antigen-presenting cells,
staphylococcal enterotoxin B also activates T cells, re-
sulting in a somewhat different pattern of cytokine
production. Reduced responsiveness to stimulation
with lipopolysaccharide after previous stimulation with
lipopolysaccharide is a phenomenon referred to in the
literature as lipopolysaccharide tolerance.!34 Our re-
sults suggest that such a down-regulation occurs in
vivo as a consequence of long-term exposure to envi-
ronmental endotoxin. Whether this down-regulation
is merely a biologic marker of the exposure or is caus-
ally related to the decreased rate of atopy cannot be
determined on the basis of our data; it is an area in
which further exploration is needed. It has been sug-
gested that the innate immune response has an in-

N Engl ] Med, Vol. 347, No. 12 -

structive role in adaptive immunity.!s Differential ex-
pression of lipopolysaccharide receptors in children
from farming and nonfarming households has recently
been reported,'¢ suggesting that the innate immune
system responds to the high microbial burden of the
farming environment.

Although only current endotoxin exposure was
measured, the levels are likely to reflect long-term ex-
posure. Therefore, long-term, high-level environmen-
tal exposure may favor a state of tolerance,* which
may prevent the development of allergic immune re-
sponses. We demonstrated that exposure during the
first year of life to stables and other aspects of farm
life that are likely to reflect exposure to microbial prod-
ucts has a strong protective effect against the occur-
rence of asthma and atopy at school age. However,
independent of and in addition to this effect, endo-
toxin exposure at school age was associated with a
markedly decreased risk of atopic outcomes. This pro-
tective effect was also seen in children with no expo-
sure to farming whose mattress endotoxin levels were
similar to levels found in urban homes in the Nether-
lands!” and urban areas in the United States,!8:9 sug-
gesting that exposure to ubiquitous microbial prod-
ucts strongly affects the development of atopy and
childhood asthma. The increase in the frequency of
asthma in inner-city areas of the United States, by con-
trast, may be related to other types of environmental
exposure.

September 19, 2002 - www.nejm.org - 875

Downloaded from www.nejm.org by TRINA PADOLL on October 24, 2007 .
Copyright © 2002 Massachusetts Medical Society. All rights reserved.



The New England Journal of Medicine

The protective effect of endotoxin exposure at
school age was observed only for atopic wheeze and
asthma, not for nonatopic wheeze. Childhood asth-
ma is a complex syndrome with multiple illnesses in-
volving wheezing that develop during the infant, tod-
dler, school-age, and adolescent years, as has been
shown in several long-term, prospective surveys in
which children were followed from birth to adoles-
cence and adulthood.20-22 Although, in many cases,
asthma is associated with atopic sensitization to a va-
riety of allergens, illnesses involving wheezing also oc-
cur in the absence of increased IgE responses. Varia-
tions in genetic background, environmental factors,
and the interplay among them are likely to account for
the varying clinical presentations of wheeze. In stud-
ies of human exposure?? and in studies of animals,24
endotoxin has been shown to induce airway hyper-
responsiveness in healthy, nonatopic subjects but to
decrease airway responsiveness in sensitized animals,
supporting the notion that the effect is modified by
atopy, as we observed. In our study, exposure to farm-
ing in the first year of life had a protective effect against
nonatopic wheeze, whereas exposure to endotoxin at
school age was related to an increased risk. Therefore,
not only an exposed subject’s atopic status but also
the timing of the exposure determines its beneficial
or detrimental effects.

Endotoxin was measured in mattress dust, since
children come into close contact with the microbial
environment of their beds while sleeping and since the
reproducibility of repeated endotoxin measurements
is greater for dust from the bed than for dust from
the floor.2s Endotoxin measurements in dust from the
bed have been reported to show little variation over
time, with nonsignificant differences over a six-month
period.! Environmental endotoxin levels are therefore
likely to reflect longer-term exposure to microbial
compounds. However, the cross-sectional design of
our study limited our ability to determine precisely the
duration of exposure represented by current endotox-
in measurements, and prospective studies are clearly
needed. We did not assess other bacterial components,
such as nonmethylated cytidine phosphate guanosine
dinucleotides specific for prokaryotic DNA (CpG mo-
tifs) or cell-wall components from atypical mycobac-
teria or gram-positive bacteria such as lipoteichoic
acid, which are known to affect immune responses in
ways similar to that of endotoxin.26-2” The observed
protective effect associated with endotoxin levels in
mattress dust is therefore likely to reflect the effect of
exposure to a much broader spectrum of microbial
compounds than gram-negative bacteria alone.

The results of our study indicate that environmen-
tal exposure to microbial products as assessed by the
measurement of endotoxin levels in mattress dust is
associated with the development of tolerance toward
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ubiquitous allergens found in natural environments.
Mechanisms relating to the recognition of these mi-
crobial compounds by the innate immune system and
the regulation of the resulting inflammatory respons-
es through adaptive immunity are likely to be of key
importance for the development of atopic illnesses
such as hay fever and childhood asthma and wheeze.
These insights may foster the generation of novel
strategies aimed at the prevention of these diseases.
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ASSOCIATION OF ASTHMA WITH SERUM IgE LEVELS AND SKIN-TEST REACTIVITY
TO ALLERGENS

Benyamin Burrows, M.D., FErnanpo D. MarTiNEZ, M.D., MARILYN HALONEN, PH.D.,
RoserT A. BarBEE, M.D., AND MARTHA G. Crive, M.S.

Abstract We investigated the association of self-report-
ed asthma or allergic rhinitis with serum IgE levels
and skin-test reactivity to allergens in 2657 subjects
in a general-population study. Regardless of the sub-
jects’ status with respect to atopy or their age group, the
prevalence of asthma was closely related to the serum IgE
level standardized for age and sex (P<0.0001), and no
asthma was present in the 177 subjects with the lowest
IgE levels for their age and sex (>1.46 SD below the
mean). The log odds ratio increased linearly with the se-
rum IgE level after we controlled for possible confounders
and the degree of reactivity to skin tests. In contrast, aller-

IT is generally accepted that there are both allergic
and nonallergic forms of asthma, and the distinc-
tion is usually based on the presence or absence of
allergy skin-test reactivity to one or more aeroal-
lergens considered capable of inducing the disease.
Since Rackemann introduced the terms in 1918, asth-
ma that can be shown to be related to hypersensitivity
to a foreign substance has been described as “extrin-
sic”; otherwise, the disease has been classified as
“intrinsic.”

After Ishizaka? and Johansson? and their colleagues
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gic rhinitis appeared to be associated primarily with skin-
test reactions to common aeroallergens, independently of
the serum IgE level.

We conclude that asthma is almost always associated
with some type of IgE-related reaction and therefore has
an allergic basis, although not all the allergic stimuli that
cause asthma appear to have been inciuded in the battery
of common aeroallergens we used to assess atopic sta-
tus. These findings challenge the concept that there are
basic differences between so-called allergic (“extrinsic”)
and nonallergic (“intrinsic”) forms of asthma. (N Engl J
Med 1989; 320:271-7.)

identified immunoglobulin E (IgE) as the antibody
responsible for the immediate type of immune re-
sponse, a number of authors noted marked elevations
of IgE in young patients with asthma,*® and some
have attempted to distinguish extrinsic from intrinsic
disease on the basis of the presence or absence of an
elevated serum concentration of IgE.® Regardless of
the specific criteria, however, extrinsic asthma ap-
pears to be the predominant form of the disease
among children and young adults, and intrinsic asth-
ma is considered to be more common among older
subjects.

These widely accepted concepts, based largely on
clinical observations, fail to take into account the rela-
tions of both allergy skin-test reactivity (hereafter
called atopy) and serum IgE levels to age in the gener-
al population. Both tend to decrease with advancing
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age. Although serum IgE reaches its peak level during
childhood, atopy continues to develop up to the third
decade.” 2 In addition, serum IgE levels have been
shown to be affected by sex and by smoking hab-
its," " and there is no agreement about the level of
serum IgE that exceeds the normal limit.

In the present report, we consider the relation of
reported “asthma” to both atopy and the serum IgE
level, taking into account their close interrelation as
well as their variations with age and sex. Findings for
asthma are contrasted with those for reported “aller-
gic rhinitis” among 2657 subjects 6 to 95 years old who
were enrolled in an epidemiologic study of a sample
from the general population.

METHODS

The details of the methods of sclection and study of the popula-
tion have been previously reported.'” The subjeets were selected
from a random stratified cluster sample of white non-Mexican-
American housceholds in Tucson, Arizona, in 1971, The sampling
frame consisted of square blocks stratified on the basis of ethnic
group, age of the head 8F the houschold, and sociocconomic status.
The members of one of each six households in these square blocks
were asked to participate. Blood samples were obtained from
the subjects at feast six years old, and scrum Ighs levels were meas-
ured. The present analyses were limited o the 2657 subjects in
whom serum for measurement of Lgll had been obtained and allergy
skin tests had been performed at the time of enrollment. The
average age (£5D) was 4112219 years, and 54.5 percent of the
sample were female subjects. Nonsmokers, exsmokers, and current
smokers made up 48.5, 21,5, and 30.0 pereent, respectively, of
the study group.

The presence of discase was determined by responses to a stand-
ardized scll~completed questionnaire. “Allergic rhinitis,” hereafter
referred to simply as rvhinitis, was indicated by a response of “Yes, |
still have it” 10 the guestion, “Have you ever had hay fever or any
other allergy that makes your nose runny or stufly, apart from
colds?” The presence of asthma was indicated by an allivmative
response to the question, “Have you ever had asthma?” in a subject
who claimed to “still have it,” admitted 10 “wheezing or whistling in
the chest” that occurred “apart from colds,” or had more than rare
“attacks of shortess of breath with wheezing.”

Allergy skin tests were carried out according to the prick tech-
nigue,' using five tests that included a variety of allergens common
to the Tueson arca, plus a control. Commercially available skin-test
materials were used (supplied by Hollister=Stier Laboratories). The
allergens used in the hive tests included (1) house dust, 1:10; (2)
Bermuda grass, 1:20; (3) tee mix, 1:20 (olive, mulberry, mesquite,
and cottonwood); (4) weed mix, 1:20 (rabbit bush, saltbush, care-
less weed, Russian thistle, desert ragweed, and slender ragweed),
and (5) Dematiaccae mold mix, 11100 (alternaria, helminthospor-
inm, cladosporium, curvularia, spondylocladium, and stemphylium
species). After subtraction of the size of the control, each test was
graded on a scale (0 1o 4) based on the frequency of a reaction of its
size in the total population, as previously described.” An overall
allergy skin-test index was calculated for cach subject by summing
the individual est scores. The use of this method reduced the possi-
bility that a reaction to any one of the allergens would have an
overwhelming influence on the overall test result. A skin-test index
of 0 represented completely negative responses to all five tests; the
maximum score could reach 20 only if unusually large reactions
occusred to all the allergens applied.

Measurement of serum IgE was carried out according to the
paper radioimmunosorbent test (PRIST) (Pharmacia Diagnostics.
Piscataway, N.J.) method. The reported values represent the mean
of duplicate tests and are expressed in international units per millili-
ter. (Itis conventional to express IgE concentrations in this manner,
but their value in Systéme International units — micrograms per
liter — can be approximated by multiplying the number of interna-
tional units by 2.4+."7) IgE values show a log normal distribution in
the general population.'" For this reason, log IgE was used in all
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statistical analyses, and average values were reported as geometric
means. Serum IgE shows a marked decrease with age and is signifi-
cantly lower in women than in men. To standardize for age and sex
IgE values were transformed into Z scores, according to sex and the’
age groups 6 to 14, 15 to 34, 35 to 54, 55 to 74, and 75+ years of age.
Age-sex-standardized IgE Z scores indicated the number of stand-
ard deviations by which individual subjects differed from the mean
for their age—sex-specific group.

To test for the independent effects of IgE level, skin-test reactiy-
ity, and smoking habits, as well as their possible interactive effects
on the prevalence of asthma and rhinitis, we used two types of
logistic models. The first was a qualitative (or categorical) model, in
which all relevant independent variables were stratified.'®'? Thjs
technique, in which each stratum is introduced as an independent
regression variable, provides maximal flexibility to the multivariate
analyses, avoiding a priori assumptions concerning the form of the
relation between the independent and dependent variables. Rele-
vant variables were stratified as follows: log IgE — <0.5, 0.5<],
1<1.5, 1.5<2, 2<2.5, 2.5<3, and 3+; skin-test index — 0, 1 10 3, 4
to 6, 7to 9, and 10+; and smoking — nonsmokers, current smokers,
and exsmokers. Age was stratified as described for the derivation of
IgKk 7 scores. In these analyses, the risk of diseasc in each stratum
was compared with that in the lowest stratum; this base-line stra-
tum was assigned an odds ratio of unity. For skin-test index and
smoking, the definitions of these base-line strata were straightfor-
ward; they consisted of negative skin test and nonsmoking status,
respectively, For serum Igk, the choice of the base-line stratum was
dictated by the finding that subjects with log IgE values <0.32 did
not have asthma. The predictive value of a given risk factor was
assessed by determining the difference in the goodness-of-fit chi-
square between models including and excluding the risk factor of
interest.'® The regression cocfficient for each level of a particular
risk factor was an estimate of the logarithm of the odds ratio that a
subject had the discase, as compared with the base-line group.

The second type of logistic analysis that we used was a quan-
titative lincar model.'® This method was used to test the hypoth-
esis that the log odds ratio of having discase was linearly related to
the level of the apparent risk factor. Interactions between different
risk factors and between risk factors and potential confounders were
also tested. In these analyses, the mean value for the variable in
each stratum was attributed to that group after weighting by the
number of subjects in each stratum. Data were then standardized,
and the Z scores obtained were introduced into the model. This type
of analysis yiclded a logistic regression cocflicient that represents
the change in the log odds ratio per unit change in the Z score after
adjustment for confounders. Deviation from linearity was tested by
determining the difference in goodness-of-fit chi-square between
this model and the qualitative one described above. Confidence
intervals around the regression of log odds ratios and levels of
Igk and the skin-test index were calculated with the use of the
weighted analysis proposed by Kleinbaum and Kupper,? as modi-
fied by Rothman.!?

Reported probability values are two-tailed. For continuous vari-
ables, these values were calculated by analysis of variance, and for
discrete variables by chi-square or trend chi-square techniques.

ResuLrs

As expected, asthma rates showed highly significant
progressive increases with increases in both the skin-
test index and serum IgE level (P<<0.0001). The rela-
tion of asthma to IgE was especially close when the
latter was expressed as an age-sex-standardized IgE
Z score. Regardless of age, none of the 177 subjects
with the lowest Z scores (<—1.46) had asthma,
whereas 9.6 percent of the remaining 2480 subjects
did (P<0.0001). The prevalence increased to 37.3 per-
cent among the 67 subjects with IgE Z scores of 2.0
or more.

The overall rates of asthma and rhinitis in three
broad age groups are shown in Table 1. The table also
shows the frequencies of skin-test reactivity and of
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Table 1. Disease Prevalence, IgE Levels, and Skin-Test Index,
According to Age Groups.

SUBJECTS AGE 6 T0 34 Ace 35 10 54 AGE 55+
All subjects
Number 1083 545 1029
Percent with asthma 8.2 8.6 9.8
~ Percent with rhinitis 42.7 473 37.8
Subjects without asthma
Number 994 498 928
Percent with positive skin test 443 40.0 22.8
Percent with IgE > 100 IU/m} 30.2 8.1 13.0
Geometric mean IgE (IU/ml) 43 26 18
Mean IgE Z score £SD* -0.08 -0.08 -0.07
+0.97 +0.96 +0.98
Subjects with asthma
Number 89 47 101
Percent with positive skin test 78.7 72.3 39.6
Percent with IgE >100 1U/ml 73.0 57.4 33.7
Geometric mean IgE (IU/ml) 224 117 56
Mean IgE Z score +SD* 0.90 0.86 0.60
+0.87 +1.00 +1.00

*The diffcrences between the age groups are not significant, but the differences between the
subjects with and without asthma in each age group are significant (P<<0.0001).

“elevated” IgE concentrations, as well as the geomet-
ric mean serum IgE levels and mean IgE Z scorcs in
subjects with and without asthma. The cutoff point for
a high IgE level — 100 IU per milliliter — was rough-
ly equivalent to the upper limit of normal recommend-
ed in a popular textbook of medicine.?’ These indexes
of allergy declined markedly in subjects with asthma
who were older than 55, but so did the rates of atopy
and the levels of IgE in subjects without asthma.

Although the serum IgE levels in subjects with asth-
ma showed a significant decline with age (P<<0.0001),
the IgE Z scores showed only a slight and statistically
insignificant difference with age. In all age groups,
however, both geometric mean IgE levels and IgE Z
scores in subjects with asthma were significantly high-
er than in subjects without asthma (P<0.0001). Fig-
ure 1 shows the prevalence of asthma in the three age
groups in relation to their age-sex-standardized IgE Z
scores. When IgE levels were examined in relation to
the overall distribution of IgE values according to age
and sex, the relations of the rates of disease to IgE
were remarkably similar in all age groups.

A close examination of the overall relations of rhini-
tis and asthma to the skin-test index and the serum
IgE level suggested that the prevalence of asthina
seemed to follow the serum level of IgE more closely
than the degree of atopy, whereas the opposite ap-
peared to be true of rhinitis. To test the hypothesis
that asthma, in contrast to rhinitis, was primarily re-
lated to serum IgE and that its relation to the skin-test
index might in large part be dependent on the close
interrelation between IgE and skin-test reactivity, we
performed the logistic analyses described in the Meth-
ods section.

After we controlled for age and sex, both the IgE
level and the skin-test index were significant predic-
tors of the disease. Both remained significant after
adjustment for the effect of the other variable
(P<0.0001), but the goodness-of-fit chi-square for IgE
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{179.9) was higher than that for the skin-test index
(53.3). Furthermore, after adjustment for age, sex,
and skin-test index, the use of a linear model for the
IgE eftect did not significantly change the goodness-
of-fit of the relation of asthma to IgE levels that was
found with the qualitative analysis using seven catego-
ries of IgE concentrations. This indicates that asthma
rates increasc linearly with log IgE values. In this
analysis, the logistic regression coefficient (+SE) for
the prevalence of asthma in relation to the IgE Z score
was 0.76+0.08. This linear relation did not apply,
however, to the relation of asthma to the skin-test
index. In this case, after adjustmient for IgE, the linear
model gave significantly worse results than the quali-
tative model.

A history of smoking did not add to the ability
to predict the prevalence of asthma in the logis-
tic analyses when age, sex, serum IgFE level, and skin-
test index were controlled for, and no significant inter-
actions were noted between smoking and any of the
other predictor variables. Also, there were no signifi-
cant interactions between age or sex and the skin-test
index or serum IgE level in determining disease fre-
quencies, or between the skin-test index and serum
IgE level.

The relative relations of the skin-test index and
IgE level to rhinitis were quite different from their
relations to asthma. After we controlled for age and
sex, both the skin-test index and the IgE level did
remain statistically significant predictors of rhinitis
after adjustment for the other (P<<0.0001 for skin-test
index and P<<0.005 for IgE), but the goodness-of-fit
chi-square for the skin-test index (158.0) was higher
than that for the serum IgE level (20.3). Also, unlike
the results of the analysis for asthma, those of the
quantitative linear logistic regression model indicated
that the relation of the rhinitis rate to the skin-test
index was essentially linear; the logistic regression co-
efficient (=SE) was 0.62+0.05 in this analysis.
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Figure 1. Prevalence of Asthma in Relation to IgE Z Scores
Standardized for Age and Sex.
In all age groups, the trend for prevalence to increase with in-
creasing Z scores had a high level of significance (P<0.0001).
The following numbers of subjects (according to age group) were
atrisk in the five ranges of scores: age 6<35 — 73, 248, 435, 252,
and 75; age 35<55 — 43, 123, 205, 139, and 35; and age 55+ —
50, 255, 431, 236, and 57. :
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Figure 2 shows the relation of the odds ratio (on a
log scale) of having asthma and rhinitis to the serum
level of IgE. For this purpose, we used the regression
coefficients obtained from the qualitative logistic anal-
vsis of Igk (see Methods) after correction for age, sex,
skin-test index, and smoking status. Although there
was evidence of colinearity among the regression vari-
ables entered into the model and the base-line level for
IgE was chosen arbitrarily, the relative position of the
increasing levels was still representative of the inde-
pendent relation between the log odds ratio and risk-
factor level. Figure 2 also demonstrates a remarkably
linear relation between the log odds ratio of having
asthma and increasing levels of IgE, as shown in the
statistical analysis. In contrast, the relatively slight
independent relation of rhinitis to IgE appeared to be
present primarily at higher levels of IgE.

Figure 3 shows an identical type of analysis relating
the log odds ratios for both discases to levels of skin-
Lest reactivity after adjustment for age, sex, serum Igh
level, and smoking status. It is obvious that the rela-
tive relations of asthma and rhinitis to the skin-test
index are reversed from their relative relations to sc-
rum Ighk. The essentially linear relation of rhinitis to
the skin-test index is evident. The independent associ-
ation of asthma with the skin-test index appears to be
related primarily to the presence or absence of a posi-
tive test; it shows little progressive increase with high-
er degrees of skin-test reactivity.,

From a clinical viewpoint, it seemed relevant to
demonstrate these same relations separately in the
subjects who appeared least allergic according to the
allergy skin test or the serum IgE level. The relation
ol asthma rates to the age—sex-standardized IgE 7
scores in the 1662 subjects with completely negative
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Figure 2. Odds Ratio (Log Scale) of Having Asthma (Open Cir-
cles) at Seven Levels of the Total Serum igE Concentration, after
Correction for Age, Sex, Smoking Habits, and Skin-Test Index in
a Logistic Analysis.
The solid line, representing the risk of asthma, is a weighted,
least-squares linear regression model fitted to the odds ratios at
each log IgE level. The vertical lines are 95 percent confidence
intervals around the regression for each odds ratio corresponding
to a given log IgE level. The dashed line represents the odds
ratios of having rhinitis at the same seven levels of serum IgE,
after correction for the same confounders.
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Figure 3. Odds Ratio (Log Scale) of Having Rhinitis (Solid Circles)
at Five Levels of the Skin-Test Index after Correction for Age,
Sex, Smoking Habits, and Serum igE in a Logistic Analysis.

The dashed line, representing rhinitis, is a weighted least-squares

linear regression model fitted to the odds ratios at each level of

the skin-test index. The vertical lines are 95 percent confidence

intervals around the regression for each odds ratio corresponding

to a given value for the skin-test index. The solid line represents

the odds ratio of having asthma at the same five levels of the skin-
test index, after correction for the same confounders.

allergy skin tests is shown in Tigure 4. Il a lack
of reactivity to our battery of common aeroallergens
is accepted as indicative ol an “intrinsic” form of
the discase, this graph shows the relation of scemingly
intrinsic asthma to the age—sex-standardized gl level
(P<<0.0001 by trend chi-square). If the findings in
an cqual number of subjects with the lowest serum
IgE levels (the 1662 subjects with [gE Z scores <0.32)
are examined, no consistent relation is scen hetween
asthma rates and the degree of allergy skin-test
reactivity (Fig. 5), but a significant relation is evi-
dent between rhinitis rates and the skin-test index

(P<0.0001).

DiscussioN

Our findings in regard to reported “allergic rhini-
tis” are relatively straightforward. In the Tucson arca,
31.2 percent of subjects who have completely negative
responses to skin tests of a battery of common aero-
allergens report symptoms of rhinitis due to “hay fever
or any other allergy,” and the rate of reported disease

is near 30 percent even in nonatopic subjects who have

very low serum IgE levels. We presume that many of
these cases represent nonspecific nasal reactions to
our dry and somewhat dusty environment. It might be
argued that the apparent frequency of alopy (as
defined above) in subjects who report that they have
rhinitis would be increased il more invasive meth-
ods of skin testing were employed. However, it has
been shown that reactions to intradermal tests-only,
and not prick tests, are frequently unassociated with
the presence of allergen-specific IgE in the serum.?>*
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Figure 4. Prevalence of Asthma in Relation to IgE Z Scores,
Standardized for Age and Sex, in the 1662 Subjects with Com-
pletely Negative Allergy Skin Tests.

The trend for prevalence to increase with increasing Z scores had

ahigh level of significance (P<0.0001). The following numbers of

subjects were at risk in the five ranges of scores: 150, 521, 689,
259, and 43.

Nonetheless, the ratc of reported rhinitis increased
markedly with the degree of allergy skin-test reactiv-
ity to the antigens applied in this study, exceeding 85
percent among subjects with the most strongly posi-
ive tests (skin-test indexes of 16+). The linding
that serum IgE levels added relatively little to the
predictability of the symptoms of rhinitis after the
degree of atopy was taken into account suggests that
the battery of skin tests applied adequately represent-
ed the local acroallergens most likely to induce a nasal
reaction.

The situation with respect to asthma is much more
complex. The clear-cut differences between asthma
and rhinitis in their relations to atopy and serum IgE
were uncxpected, since not only are IgE and atopy
closely interrelated but allergic rhinitis and asthma
tend to be concordant. Nevertheless, although rhinitis
had little relation to serum IgE levels after atopy was
accounted for, the opposite was noted in regard to
asthma. Asthma rates were closely related to serum
IgE levels even in nonatopic subjects, and in all sub-
jects they remained related to IgE after we accounted
for the degree of atopy. The consistency of the rela-
tions at all ages became clear, however, only after se-
rum IgE levels were considered in relation to the age
and sex of the subjects.

Were it not for the findings about rhinitis, one
would suspect that the relations to asthma might have
reflected only a gross inadequacy of the skin tests used
to assess atopy. But if this were the case, the rate of
rhinitis should also have been closely related to serum
IgE as well as to the skin-test index. It might also be
argued that the high IgE Z scores of elderly subjects,
which were associated with elevated asthma rates,
represented relatively low actual serum levels of IgE
and therefore were unlikely to be associated with a
significant allergic response. However, the tendency to
form IgE is an inherited trait,”»?> and the serum IgE
level has a marked tendency to “track” with age. Even
serum IgE levels present at nine months of age are
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correlated with those found in cord blood at the time
of birth.** Among the subjects who were entered in the
present study before the age of 35, there was a marked
and significant decline in the serum IgE level over the
ensuing eight years!%; nevertheless, IgE values record-
ed during follow-up strongly correlated with those re-
corded at entry (r = 0.827). An almost identical corre-
lation was found in our subjects 35 years old or older
atentry (r = 0.822), in whom the mean change in IgE
level during the eight-year period was insignificant.
Thus, high IgE Z scores among clderly subjects were
likely to identify those who had much higher levels of
IgE earlier in life, when their problems with asthma
probably began. In addition, we have found that the
presence of as little as | U of Bermuda grass—specific
IgE per milliliter of serum is almost always associated
with a positive skin-test reaction to this antigen (Ha-
lonen M: unpublished data). Large amounts of anti-
gen-specific serum IgE are not necessary for an aller-
gic response.

The most obvious question raised by the present
findings is related to the nature of the allergic stimulus
that leads to the type of IgF associated with asthma.
Comparisons with rhinitis suggest that atopy to the
common aeroallergens used in this study is not the
essential factor, although one cannot deny that such
aeroallergens may induce asthma, and they certainly
appear to aggravate the symptoms of existing disease
in some patients. Rackemann suggested many years
ago that “intrinsic” asthma represented an allergic
reaction to bacteria within the respiratory tract.! Al-
though pneumococcal-specific IgE can sometimes be
demonstrated,?” there is no firm evidence that allergy
to bacteria in the airway is of importance in the path-
ogenesis of asthma. A number of well-recognized
allergens shown to be involved in asthma were
not included in our skin-test battery, including der-
matophagoides (the house-dust mite) and animal
danders. However, dermatophagoides is uncommon
in our locale, and when we applied an extract of it to
subjects in our population sample on repeat skin test-
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Figure 5. Prevalence of Asthma and Rhinitis in Relation to the
Aliergy Skin-Test Index in the 1662 Subjects with the Lowest IgE
Z Scores (<0.32).

There was no statistically significant trend for asthma rates 1o
increase with the values for the skin-test index in these subjects,
but the increase in rhinitis rates had a high level of significance
(P<0.0001). The following numbers of subjects were at risk in the
five ranges for the skin-test index: 1253, 161, 137, 66, and 45,

|
i
;




R v

276

ing several years after enrollment, it produced even
fewer positive reactions than our crude house-dust
antigen. In fact, only 2 perccnt of the retested popula-
tion reacted to this antigen® but not to any of the
aIlergens used in the present study. Also, very low
rates of reactions to cat, dog, and horse danders were
found in a subset of our populatlon who underwent
quite extensive allergy skin testing,?? especially among
subjects who had completely negative reactions to the
antigens used in the present study. However, addi-
tional organic antigens with possible relevance to
asthma are being recognized and reported, such as
airborne particles of insect origin.?® It is also clear
from studies of occupational asthma that a wide vari-
ety of relatively simple compounds, such as plicatic
acid (in workers handling red cedar) and platinum
salts,30:3! are capable of inducing IgE-mediated asth-
ma and that this may occur in otherwise nonatopic
subjects. The range of possible allergic stimuli other
than commonly recognized aeroallergens is almost
limitless. If it were not for the clusters of cases of
asthma withiin occupational groups, many substances
now recognized as causes of asthma3? would never
have been identified.

None of the above is meant to imply that a com-
plete evaluation by a trained allergist in a clinical
setting might not have detected specific allergens in
many of the subjects with asthma who appeared non-
atopic on the basis of prick-test reactivity to the
aeroallergens used in the present study. On the con-
trary, the relations to serum IgE suggest that our bat-
tery of allergy skin tests was inadequate to detect
the wide range of allergens that may be of importance
in asthma. We also recognize that our determination
of the presence or absence of disease was relatively
crude and was based entirely on information from
questionnaires. More refined criteria for the diagnosis
of asthma and allergic rhinitis in epidemiologic stud-
ies would be hlghly desirable, but any misclassifica-
tion of cases in the present study would have served
only to confound rather than to exaggerate the demon-
strated relations to serum IgE and allergy skin-test
reactivity.

Regardless of the specific allergic stimulus involved,
sirice no asthma at all was found in subjects with ex-
tremely low IgE levels, virtually all the observed cases
might be considered to be related to this evidence of
“allergy.” Indeed, the present data do not support the
division of asthma into the extrinsic or allergic type
and the intrinsic or nonallergic type. The difference in
the course of asthma between older subjects and
younger subjects may be the result of many factors
wholly unrelated to the allergic origins of their dis-
order. However, regardless of the level of serum IgE,
a minority of subjects have asthma, suggesting that
some other factor in host susceptibility may have a
critical role in the disease. Inherent hyperresponsive-
ness of the airways could well represent this esseritial
risk factor,®® but the present data suggest that some
IgE- related reaction is required to induce overt asth-
ma éven in susceptible persons. The mechanism for
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this relation cannot be determined from this type of
study. Also, we cannot deny the possibility that there
may be unusual forms of asthma that are not associat-
ed with IgE, but such cases must be so uncommon
that they have not influenced the relations noted in the
present report.
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ABNORMALITIES IN PARATHYROID HORMONE SECRETION AND 1,25-
DIHYDROXYVITAMIN D; FORMATION IN WOMEN WITH OSTEOPOROSIS

Suonn1 J. SiverBerG, M.D., Evizasera Suane, M.D., Luz pE 1A Cruz, R.N., Gino V. SeGre, M.D.,
Tromas L. CLemENs, Pu.D., anp Joun P. Buezixian, M.D.

Abstract We investigated the parathyroid hormone—
1,25-dihydroxyvitamin D (1,25(0H),D) axis in osteopo-
rosis by administering phosphate to 8 postmenopaus-
al women with osteoporosis (49 to 78 years old) and
to 10 normal women matched for age (50 to 74 years).
All subjects responded with a similar increase in the se-
rum phosphorus concentration (women with osteoporo-
sis, 1.15+0.06 to 1.79+0.09 mmol per liter; controls,
1.14+0.05 to 1.7320.08 mmol per liter) and a fall in
the ionized calcium concentration (women with osteoporo-
sis, 1.12+0.03 to 1.06+0.03 mmoi per liter; controls,
1.17+0.01 to 1.11£0.02 mmol per liter).

Parathyroid hormone levels rose 2.5-fold in the control
group (15.4+2.2 to 37.9+6.1 pg per milliliter) but in-
creased by only 43 percent in the group with osteoporosis
(14.8+2.8 to 21.2+4.1 pg per milliliter), an increase simi-

T is now well established that parathyroid hormone
is a key regulator of the renal production of 1,25-
dihydroxyvitamin Dy (1,25(OH),D)."* Parathyroid
hormone stimulates the renal I-a-hydroxylase enzyme,
leading to increased conversion of 25-hydroxyvitamin
D to the active form of the hormone, 1,25(0OH),D.
Responsiveness to this regulatory pathway appears to
become impaired in ostcoporosis and aging, resulting
in reduced formation of the active vitamin D metabo-
lite.*” A possible mechanism of altered 1,25(OH),D
formation in osteoporosis is a primary defect in the
renal l-a-hydroxylase or, alternatively, a defect in fac-
tors that stimulate the enzyme. These potential abnor-
malities in 1,25(OH),D formation in osteoporosis,
however, have not been distinguished from the alter-
ation in 1,25(OH);,D production that is known to be a
feature of the process of aging.
To address these issues, we studied the parathyroid

From the Departments of Medicine (S.J.S., L.C., E.S.. J.P.B.). Pharmacol-
ogy (J.P.B.), and Pathology (T.L.C.), Coliege of Physicians and Surgeons,
Columbia University, New York; Regional Bone Center. Helen Hayes Hospital,
West Haverstraw, New York (T.L.C.); and the Endocrine Unit, Massachusetts
General Hospital, Boston (G.V.S.). Address reprint requests to Dr. Silverberg at
the Department of Medicine 9-410, College of Physicians & Surgeons. 630 W.
168th St., New York, NY 10032.

Supported in part by grants (DK-01836, AR-39191, DK-32333, and RR-
00645) from the National Institutes of Health. Dr. Silverberg is the recipient of a
Clinical Investigator Award from the National Institutes of Diabetes. Digestive
and Kidney Diseases.

Presented in part at the Tenth Annual Meeting of the American Society of
Bone and Mineral Research, New Orleans, June 1988.

lar to that previously reported in young normal subjects (53
percent). In healthy older and younger subjects, the levels
of 1,25(0OH),D did not change; in the subjects with os-
teoporosis, however, they decreased significantly (50
percent).

We conclude that older women require a greater para-
thyroid hormone stimulus than younger women to main-
tain vitamin D homeostasis, because of an age-related
decline in the formation of 1,25(0H),D in response to
parathyroid hormone, and that in osteoporosis the age-
appropriate parathyroid hormone response to the same
hypocalcemic signal is diminished. Our results are consis-
tent with the presence of an abnormality in parathyroid
hormone secretory function in ostecporosis in addition to
the universal decline in 1,25(0OH),D responsiveness asso-
ciated with aging. (N Engl J Med 1989; 320:277-81.)

hormone-1,25(OH},D axis in women with osteoporo-
sis, using a challenge with oral phosphate. There has
been considerable interest recently in the use of phos-
phate as part of sequential-treatment protocols in the
therapy of osteoporosis.®’ For the purpose of this
study, however, the use of phosphate allowed us to
assess the effect of opposing stimuli to 1,25(OH),D
production: the dircct effect of phosphate in suppress-
ing 1,25(OH),D levels, and an indirect effect of phos-
phate through elevation of parathyroid hormone lev-
els in stimulating the formation of 1,25(QH),D.'*"!
With the use of age-matched control women without
osteoporosis, the protocol permitted an examination
of both endogenous parathyroid hormone responsive-
ness and 1,25(OH),D production in women with os-
teoporosis. Data on a group of young normal subjects
who were studied according to an identical protocol'?
enabled us also to evaluate aging as a factor independ-
ent of osteoporosis. The results support the existence
of a distinct abnormality in the parathyroid hormone-
1,25(OH),D axis in osteoporosis.

MEeTHODS

We studied 8 women with vsteoporosis (mean age, 63 vears;
range. 49 to 78) and 10 age-matched controls imean age, 61:
range 30 to 74). All subjects were postmenopausal white women.
Those with osteoporosis had at least two nontraumatic vertebral
compression fractures, and their bone mineral density as measured
by dual-photon absorptiometry of the lumbar spine was more
than 2 SD below the mean expected for their age. In five of
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Bacillus clausii effects in

children with allergic rhinitis

G. Ciprandi*, A. Vizzaccaro, I. Cirillo, M. A. Tosca

Key words: allergic rhinitis; antihistamines; Bacillus
calusii; children; eosinophils; probiotics.

Allergic rhinitis is characterized by
T-helper (Th)2 polarization as elevated
levels of Th2-de-

rived cytokines,

including inter-
leukin (IL)-4,
IL-5 and IL-13,
have been
evidenced at
nasal level in

Bacillus clausii
modulates nasal
allergic inflammation
cooperating with
antiallergic drugs.

allergic rhinitics
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(1). Th2 cytokines play a pathogenic role
as they induce IgE synthesis and eosino-
phil infiltration. Th2 polarization in
allergic subjects may occur as conse-
quence of reduced pressure of microbial
agents in the gut: the so-called Hygiene
Hypothesis (2). Probiotics may stimulate
immune system at all mucosal surfaces
and exert a primary prevention of atopic
diseases and reduce allergic symptoms
and inflammatory parameters (3). We
previously found out that Bacillus clausii
was capable of modulating cytokine pat-
tern at nasal level in allergic children with
recurrent respiratory infections (4). Par-
ticularly, B. clausii restored physiological
Th1 polarization and induced T-regula-
tory cell response, as documented by
increased levels of IL-10 and tumor
growth factor (TGF)p after treatment (4).
Therefore, we conducted a pilot study
to investigate the potential effects exerted
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by B. clausii on nasal symptoms,
eosinophils, and symptomatic use of
antihistamines in children with allergic
rhinitis.

Twenty allergic children, 13 males and
seven females, with an average age of
13.4 years (range 12—15) were consecu-
tively evaluated. A detailed clinical his-
tory and a complete physical
examination, including allergy evalua-
tion, were carried out for each patient.
The diagnosis of allergic rhinitis due to
pollen sensitization was made according
to validated criteria (5). The study was
blinded both to the investigator who
performed the nasal eosinophil assess-
ment and the investigator who carried
out statistical analysis.

Symptomatic use of levocetirizine
(5 mg tablets) was prescribed for all
children. Ten of them were randomly
treated with oral B. clausii (Enteroger-

Without Bacillus clausii

=~
=

Baseline After
treatament

|

Without Bacillus clausii

Figure 1. TSS in children before and after treatment with or without Bacillus clausii (left upper panel). Eosinophil number in children before and after treatment

with or without B. clausii (right upper panel). Number of days with antihistamine assumption (lower panel).
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mina, Sanofi-Synthelabo OTC, Milan,
Italy) spores (2 billion spores/vial) at the
dosage schedule of three vials a day for
3 weeks.

The study was performed during the
pollen season, when patients were
symptomatic, and was approved by the
Institutional Review Board. Informed
consent was obtained from the parents
of the children. Nasal total symptoms
score (TSS), nasal eosinophils, and
number of days associated with antihis-
tamine assumption were evaluated.
Symptoms and eosinophils were assessed
in all subjects at baseline and after
3 weeks according to validated criteria
(6).

The data collected were subjected to
statistical analysis by MANOVA and
post hoc comparison by Duncan’s test.
All results with P-values < 0.05
obtained were considered statistically
significant.

Children treated with B. clausii spores,
showed significant reduction (P = 0.049)
of TSS without any side-effect: 7 + 0.8
at baseline, and 3.7 + 0.7 after treat-
ment. Nasal eosinophils significantly
(P = 0.048) diminished: 10.4 + 2.9 at
baseline, and 6.3 + 1.9 after treatment.

Children treated only with levocetiri-
zine on demand did not show significant
(P = 0.051) reduction of TSS: 6.9 = 0.9
at baseline, and 4 + 0.8 after 3 weeks.
Moreover, nasal eosinophils were not
significantly (P = 0.69) diminished:

10.2 + 2.8 at baseline, and 7.7 + 2.3
after 3 weeks.

The intergroup analysis showed that
symptom relief was not significantly dif-
ferent in two groups (P = 0.061),
whereas eosinophils were significantly
less in children treated with probiotic
(P = 0.042). Finally, children treated
with B. clausii spores significantly (P =
0.034) assumed less levocetirizine tablets
than other subjects: 8.1 £ 1.7 vs
11.1 £ 2.2 days (Fig. 1).

In conclusion, this pilot study pro-
vides evidence that B. clausii may exert a
modulatory effect on allergic response as
documented by reduced eosinophil infil-
tration. Moreover, this probiotic may

synergize with antihistamine in relieving
nasal symptoms. In addition, the
symptomatic use of antihistamine does
not allow adequate control of both
symptoms and inflammation. The poss-
ible mechanism of action of B. clausii
may be attributed to the previous docu-
mented activity on immune response at
the nasal level (4).
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Flow-assisted diagnosis of

anaphylaxis to patent blue

D. G. Ebo, R. D. Wets, T. K. Spiessens, C. H. Bridts,
W. J. Stevens*

Key words: anaphylaxis; CD63; flow cytometry;
methylene blue; patent blue.

A 20-year-old man was referred because
of an anaphylactic reaction with angio-
edema, broncho-
spasm with
cyanosis and
profound hypo-
tension (systolic

We report a case of
patent blue-induced
anaphylaxis during
fistulography in which

pressure
120 mmHg to flow cytometry
immeasurable)  confirmed diagnosis.

during anaesthe-
sia for combined
excision of a dermal cyst in the neck and
a multifistulated sacral cyst. History
revealed no previous allergies. Revision
of his anaesthetic report disclosed that
the reaction had started 30 min after
induction with propofol, sufentanyl and
cisatracurium, but within minutes after
fistulography with patent blue (Blue
patente V®, Guerbet, Aulnay, France).

Laboratory analysis showed a normal
blood count, complement profile and
protease inhibitor concentrations. Total
immunoglobulin E (IgE) was 11 kU/l and
IgE for latex, suxamethonium and ethy-
lene oxide were negative (<0.35 kUa/l;
Immuno-CAP FEIA method; Pharmacia
Diagnostics, Brussels, Belgium). Skin
tests included latex (Stallergenes, Genval,
Belgium), chlorhexidine-digluconate,
serial dilutions of five muscle relaxants:
suxamethonium (Myoplegine®), pan-
curonium (Pavulon®), rocuronium
(Esmeron®), atracurium (Tracrium®) and
cisatracurium (Nimbex®), the analgesic
sufentanyl (Sufenta®), the anaesthetic
propofol (Diprivan®), and the dyes
patent and methylene blue. Except for
patent blue (Table 1) skin tests were
negative.

703



AMERICAN JOURNAL OF INDUSTRIAL MEDICINE 46:404-407 (2004)

Brief Report

IgE Sensitization to Bacterial and Fungal
Biopesticides in a Cohort of Danish Greenhouse
Workers: The BIOGART Study

Gert Doekes, php,'* Preben Larsen, mp,? Torben Sigsgaard, mp,3 and Jesper Baelum, mp?

Background The use of biopesticides in agriculture may implicate new risks of work-
related allergic reactions.

Methods Sera were tested from the BIOGART project, a longitudinal respiratory health
study among >300 Danish greenhouse workers. IgE was measured by enzyme immu-
noassay (EIA) with extracts of biopesticide products containing Bacillus thuringiensis
(BT) or Verticillium lecanii (Vert).

Results Many sera had detectable IgE to BT (23—29%) or Vert (9—-21%). IgE titers from
the 2- and 3-year follow-up (n=230) were highly correlated, with discordant results in
<I15%. IgE titers to different BT, or to different Verticillium products were also
significantly correlated (both r > 0.70), whereas IgE anti-BT and anti-Verticillium showed
no correlation at all.

Conclusions Exposure to these microbial biopesticides may confer a risk of IgE-mediated
sensitization. In future research there is a need to identify allergenic components in the
preparations, perform studies on non-exposed controls and analyze the relation between

sensitization and health parameters. Am. J. Ind. Med. 46:404-407, 2004.

© 2004 Wiley-Liss, Inc.

KEY WORDS: IgE; biopesticides; greenhouse workers; allergy

INTRODUCTION

The use of biologic pest control in agriculture has shown
arapid increase in the last few decades. Its beneficial effects,
as an alternative for chemical pesticides, are obvious: not
only would it markedly reduce the adverse ecological effects
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of environmental pollution with chemical pesticides and the
risks of pesticide residue exposure in the general public, it
also would strongly diminish the hazards of occupational
exposure to toxic pesticides and fungicides among agricul-
tural workers. The most intensive use of biologic pest control
takes place in greenhouses and horticulture, where there is a
high susceptibility to plant diseases and insect pests due to
the high crop density and specific climate conditions.

One of the (many) strategies in biologic pest control
involves the use of insect pathogens: bacterial or fungal
micro-organisms that more or less specifically infect and kill
certain taxonomic groups of harmful insects like white flies
or lice, while being harmless to most other invertebrates.
Actypical example is Bacillus thuringiensis (BT): abacterium
producing a potent enterotoxin that is mainly released in the
gut of insects that have swallowed the BT bacteria [Schnepf
et al., 1998]. An analogous fungal insect pathogen is Verti-
cillium lecanii (Vert), which is mainly used to prevent and
combat crop damage caused by aphids [Askary et al., 1999].



The working mechanism of these agents, however,
requires active dispersion of relatively large amounts of
living or viable bacterial or fungal spores. The commercially
available bacterial or fungal biopesticides are usually
supplied as dried powders with a high microbial cell con-
tent, or as concentrated suspensions. Before application,
suspensions are prepared or diluted in water in simple
open buckets or other vessels from which the diluted
suspensions are dispersed via a tubing system and aero-
solized in the greenhouse. While the actual dispersal can be
done in the absence of any workers in the greenhouse,
exposure may occur after re-entry as dermal exposure when
touching plants or other surfaces, and inhalation either of
microbial cells that may remain airborne for prolonged
periods, or of cells made airborne by the workers’ activities.

So far, neither exposure levels nor the potentially
associated health effects of biopesticide use have been
systematically investigated. Possible adverse health effects
could be either ‘non-specific’ airway inflammation, or speci-
fic type I, II, or IV allergic inflammation caused by allergen-
specific sensitization. One study in the US has reported type I
sensitization in a relatively small group of BT-exposed
agricultural workers, as measured by skin prick tests and IgE
serology [Bernstein et al., 1999], while no effects have as yet
been reported for Verticillium use. In this study, the
prevalence of specific IgE sensitization to extracts of
commercially available preparations of BT and Verticillium
was assessed among Danish greenhouse workers.

MATERIALS AND METHODS
Population

The serologic study was performed as part of the
BIOGART study [Larsen et al., 2002]: a longitudinal epi-
demiologic study in a cohort of >300 Danish greenhouse
workers, with a specific focus on respiratory health, includ-
ing the prevalence and incidence of common and work-
related respiratory symptoms, lung function status and
changes, and development of bronchial hyper-responsive-
ness. As part of the study, venous blood samples have been
taken at baseline and after 1, 2, and 3 years of follow-up, to
measure total IgE and IgE to specific allergens, and to assess
IgE sensitization to potential work-related allergens, parti-
cularly bio-pesticide components. This report contains the
results for the 2nd year of follow-up, for which data was
available, from 216 women (mean age 36.6 + 10.2 yr) and
113 men (aged 36.3 +11.3 yr).

IgE Serology
Sera were tested for the presence of IgE to extracts of 8—

10 different bio-pesticide preparations, including two pro-
ducts containing spores of Verticillium (Mycotal®™ and
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Vertalec™) and two BT-based products (Bactimos®™ and
Vectobac™). These biopesticides will be further designated
as Vert-M, Vert-V, BT-B, and BT-V, respectively. Other
biopesticides included in the study were products containing
spores of Trichoderma harzianum (Supresivit™) or Paecilo-
myces spp. (Preferal ™) and other BT preparations. According
to the responses to yearly questionnaires on exposure, these
products were much less used in the participating greenhouse
companies, and accordingly, sensitization was rare. We,
therefore, here only report the IgE anti-Vert and anti-BT
reactions.

Extracts from dry powders (Vert-M and Vert-V) were
made essentially as described earlier for the preparation of,
e.g. wheat or potato antigen/allergen preparations [Houba
et al., 1996; Zock et al., 1996]: 5% (w/v) suspensions were
incubated overnight at room temperature in phosphate-
buffered saline (PBS) containing 0.02% sodium azide, and
the next day ultrasonicated for 15 min, followed by vigorous
shaking for 30 min. Biopesticides supplied as suspension
(BT-B and BT-V) were first centrifuged (30 min at 2,750g),
and the supernatants were harvested and left overnight at
room temperature. From the pellets, 3 g (wet weight) was
mixed with 30 ml PBS-azide, and extracted overnight as
described above for the 5% (w/w) powder suspensions,
including ultrasonication and vigorous shaking for 30 min.

Insoluble material was removed by centrifugation
(15 min; 2,100g) and filtration through paper filter and
Millipore 0.45 um filters. The final extracts were extensively
dialyzed against PBS-azide and stored in aliquots at —20°C.
Protein concentrations in the extracts were determined with
the BCA method (Pierce, Rockford, IL).

Serum IgE antibodies to biopesticides were assessed by a
previously described enzyme immunoassay (EIA) method
[Doekes etal., 1996]. Microtiter plates were coated overnight by
incubation with the extracts in PBS-azide at 20 pg protein per
milliliter. After blocking with PBS containing 0.05% Tween-20
and 0.2% gelatin (PBTG), sera diluted 1/10 in PBTG were
added and incubated for 2 hr at 37°C. After thorough washing
of the plates with PBS-Tween, bound IgE was detected with a
four-step procedure including mouse monoclonal anti-human
IgE, biotinylated affinity-purified rabbit anti-mouse Ig, avidin-
peroxidase, and finally o-phenylenediamine (OPD) plus H,O,.
The peroxidase reaction was stopped with 1 N HCI and the
optical density read at 492 nm.

All sera were tested at a 1/10 dilution in duplicate wells
for each test allergen/biopesticide extract, and in two non-
coated wells to account for non-specific IgE binding to the
plates, while in each plate also for each extract two wells were
included with PBTG instead of serum (‘no serum control’).
The average ODy9, values in allergen-coated wells were
corrected both for the OD,q9, values in the non-coated wells,
and for the OD 9, of the no-serum controls. Sera were consi-
dered positive if the corrected ODy9, was >0.05 [Doekes
et al., 1996].
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TABLE 1. Positive Serum IgE Reactions to Extracts of Bio-Pesticides in the
2nd Year Follow-Up of the BIOGART Study (n = 329)

No. positive
Biopesticide Preparation sera Percent
Verticillium lecanii Vert-M (Mycotal®) 28 85
Vert-V (Vertalec™) 58 176
Vert-Mand Vert-V 23 70
Vert-Mand/or Vert-V 63 191
Bacillus thuringiensis ~ BT-B (Bactimos®™) 78 237
BTV (Vectobac™) 72 219
BT-Band BT-V 60 18.2
BT-Band/or BT-V 90 274

RESULTS

Table I gives a summary of the IgE EIA reactions for
the four biopesticide preparations. High prevalences of sensi-
tization were found for both Verticillium- and BT-based pro-
ducts: from 8.5% for Verticillium-M to 23.5% for BT-B.
Positive reactions for the two Verticillium products were close-
ly associated, with only 5 of the 23 IgE anti-Vert-M positive
sera being negative on Vert-V, and 13 of the 35 IgE anti- Vert-V
positive sera being negative on Vert-M (OR 35.0 and 95% CI
12.5-97.9). IgE anti-BT reactions showed an even more pro-
nounced association, with more than 80% of sera reacting to
either BT-B or BT-V also being positive on the other prepara-
tion (OR = 68.4 and 95% CI 30.3—145.3). In contrast, sensi-
tization to Verticillium products on the one hand, and to BT on
the other hand, showed no or only weak, non-significant asso-
ciations, with ORs ranging from 1.4 to 1.8 (data not shown).

IgE reactions to extracts from products containing the
same micro-organism were also quantitatively associated, as
shown by the strong correlations between ODy4g, values of
‘double-positive’ sera (Fig. 1a,b). These graphs further illus-
trate that the large majority of all positive reactions were
relatively weak: only a few sera showed IgE anti-Vert-V and/
or Vert-M reactions with ODyg, values around 1.0 or higher,
and IgE anti-BT positive sera showed, with one exception,
only ODyg, values <0.2.

From approximately two-thirds of the population a serum
sample from the 3rd follow-up year was also available, and
comparison of 2nd and 3rd year IgE serologic results could be
made for 229-236 subjects for whom valid test results were
available for both years. As shown by Table II, prevalences of
positive IgE reactions in year 3 were very similar to those in
year 2 (Table I), and a very close association was found
between 2nd and 3rd year EIA results, with concordance levels
of >90% and high positive and negative predictive values.
Also highly significant quantitative correlations were found
when the ODy4g,** of 2nd and 3rd year IgE EIA tests for
individuals positive in both years, were plotted and compared
(with Pearson’s r >0.8 for log-transformed OD,4g, values).
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FIGURE 1. Correlationbetween0D 4g, values(**)of positivelgEreactionstoextracts of
(@) two Verticillium lecanii(Vert) preparations: Vert-M (Mycotal 1"‘*‘) and Vert-V (Vertalec‘*"r‘\’)
(b) two Bacillus thuringiensis (BT) preparations; BT-B (Bactimos ™) and BT-V (Vectobac ™)
(**) 0D 4g5 values for 1/10 diluted sera, after correction for non-specific IgE binding to EIA
plates,andforbackgroundreactionsin‘no serum’control wells.

DISCUSSION

The results suggest that regular use of microbial
biopesticides may be associated with a risk of biopesticide-
specific IgE sensitization. There has previously been concern
regarding the potentially negative health effects of exposure
to BT, but most studies in this area have focused on the risk of
infectious disease. In one study the prevalence of positive
skin prick tests and of IgE reactions to BT extracts was
investigated in a population of approximately 100 agricul-
tural workers with estimated high or low levels of BT
exposure [Bernstein et al., 1999]. While no evidence was
found for work-related respiratory, possibly allergic symp-
toms, a significantly higher prevalence of positive SPTs and
IgE tests was found among highly exposed farm workers.
Present data are in line with these findings. In addition,
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TABLE Il. IgE Anti-Biopesticide Reactions: Comparison of 2nd and 3rd Year Follow-Up (N = 229—-236)

Positive serain 3rd year

Concordance hetween 2nd

Biopesticide (%) and 3rd year results (%) PPV? (%) NPV? (%)
Vert-M 22/230(95) 96 80 97
Vert-V 49/232 (211) 90 77 93
BT-B 62/236 (26.3) 86 80 88
BT-V 47/229 (20.5) 88 73 91

PPV and NPV: Positive and negative predictive value of the 2nd year IgE test results.

another biopesticide, derived from Verticillium was identi-
fied as a possibly equally potent sensitizer.

Since the whole crude high molecular weight fractions
extracted from the biopesticide products were used, the IgE
reactions in the EIAs may be primarily directed against non-
active carrier proteins, contaminants, etc. On the other hand,
the strong correlations between IgE reactions against the two
different BT products, and between the IgE reactions against
two different Verticillium products, strongly suggest that in
both cases the IgE antibodies are mainly directed against a
genuine BT and genuine Verticillium allergenic HMW com-
ponent. Nevertheless, the actual specificities of the IgE
immune responses have to be studied in more detail, as well
as their relation with exposure levels. At least, more extensive
data series should be collected on IgE sensitization in non-
exposed controls. Even while the IgE binding components
may be genuine BT and Verticillium components, they could
also be shared with some or many commonly found bacterial
or fungal species, and in that case sensitization in the general
population may be expected as well.

Another important issue may be the development of
sensitization during repeated and/or continuous exposure at
the workplace. We previously tested large numbers of sera
from the first two years (years 0 and 1) of the cohort study, and
found lower prevalences of IgE sensitization, while in the
present series IgE EIA results for sera taken at year 2 and 3 of
the follow-up showed a very close correlation (Table II). For
three of the four products the prevalence of sensitization was
slightly higher in year 3, which might mean that (a) while
most sensitization takes place after 1 -2 years of work-related
exposure, some workers may be sensitized only after pro-
longed exposure; and (b) that an established specific IgE
response may develop in subsequent years, especially when
exposure continues.

It should be emphasized, however, that these reported
results are of preliminary nature and that further analyses are
required before definitive conclusions regarding the risks of
occupational allergy can be drawn. While there was a relati-
vely high prevalence of various airway and other symptoms
in the studied cohort [Larsen et al., 2002], a first crude
analyses did—just as in the earlier US study on BT sensiti-
zation [Bernstein et al., 1999]—not show a clear-cut direct
association with a type I sensitization. A further analysis of

the biopesticide extracts, and particularly identification and
characterization of the actual IgE binding components is an
important and necessary next step to confirm the allergenicity
of these agents.

In summary, these IgE serologic data may be a reason for
concern that frequent use of microbial pesticides is a risk
factor for occupational IgE-mediated allergic sensitization.
Further studies focusing on both the specificity of these IgE
reactions, and the association with work-related symptoms,
are required to come to more definite conclusions.
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Asthma and the westernization ‘package’

Jeroen Douwes®? and Neil Pearce®

Ten years ago we knew what caused asthma, and we knew how
to prevent it. Asthma was an atopic discase caused by allergen
exposure, The fundamental actiological mechanism was that
allergen exposure, particularly in infancy, produced atopic sen-
sitization and continued exposure resulted in asthma through
the development of eosinophilic airways inflammation, bron-
chial hyper-responsiveness and reversible airflow obstruction.
Asthma prevalence was increasing around the world because of
changes in lifestyle and domestic building design that were
increasing allergen exposure. The solution was therefore clear:
to prevent asthma we needed to prevent exposure to
allergens. !

" In recent years it has become increasingly evident that this
picture is, at best, too simplistic.* Bronchial responsiveness is a
poor surrogate measure of clinical asthma and the current evi-
dence is that it has lower validity than standard symptom ques-
tionnaires.’ Less than one half of asthma cases are attributable
to atopy and/or cosinophilic airways inflammation,® and (non-
allergic/non-atopic) neutrophilic airways inflammation may
account for the other half.” Furthermore, although there are
some clear cases of allergen exposure causing asthima in adults
in the occupational environment, overall there is little evidence
that allergen exposure is a major primary causc of asthma,® and
even some evidence that allergen exposure early in life may
have a protective effect (see below).

The ‘established’ risk factors for asthma, including allergen
exposure, were ‘discovered’ primarily on the basis of clinical
studies and casé reports of exacerbations in asthma patients. Tt
is natural for physicians and patients to assume that the factors
involved in secondary causation hlay also be important for
primary causation. Once the theory became established it was
easy to find ‘verifications’ of the allergen hypothesis, and to
dismiss ‘refutations’ as chance findings or as being due to
inadequate measurements of exposure and outcome. Of course,
there are well-documented instances where allergen exposure
does act as a primary cause of asthma, particularly in adults,
However, allergen exposure does not appear to be the major
primary cause of asthma that it has been assumed to be, nor to
account for global patterns of asthma prevalence, or the striking
increases in asthma prevalence over time.”
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Westernization and asthma

As the ‘established’ asthma risk factors are increasingly being
called into question, epidemiological studies are playing a major
role in the search for new theoretical paradigms which are more
consistent with the epidemiological evidence and which have
greater explanatory power. Recent research has therefore shifted
attention from allergens that may cause sensitization and/or
provoke asthma attacks, to factors that may ‘programme’ the
initial susceptibility to asthma, through allergic or non-allergic
mechanisms. This also in part involves a shift of attention from
risk factors for asthma to protective factors, and the possible role
of the loss of protective factors in the global increases in asthma
prevalence.

Several studies have indicated that certain exposures (in par-
ticular of microbial origin) early in life may protect against atopy
and asthma which has led to the ‘hygiene hypothesis’. Briefly,
microbial exposure may affect T lymphocytes which have an
important function in controlling immune responses including
(amongst others) help for B cell production of antibodies (IgE,
IgG, IgA, IgM). T-helper 2 (TH,) cells stimulate B-cells to
produce IgE upon allergen stimulation whereas T helper 1 cells
(TH;) inhibit this process. In these processes various cytokines
are involved including TH,-associated interleukin 12 (IL-12)
and interferon gamma (IFN-y), and IL-5 and IL-4 associated
with TH, immunity (Figure 1). The so called ‘hygiene hypoth-
esis’ postulates that growing up in a more hygienic environ-
ment with less microbial exposure may enhance atopic (TH2)

Bacterial

renns MNC
Exposure LA
¥
I1.-12 + IFN-gamma
'
/ A
Cell = TEN-gamma, - TL.d, TL-§ — Beell IgE
immunity 1L2 etc production

Figure 1 Potential protective effects of microbial exposure by
enhancing THI and inhibiting TH2 immunity

<
APC: Antigen presenting cells; BMNC: Blood mononuclear cells; IL:
interleukin; IFN-gamma; interferon-gamma; TH: T helper cell: IgE;
Immunoglobulin E.
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immune responses, whereas microbial pressure would drive the
response of the immune system—which is known to be skewed
in an atopic TH, direction during fetal and perinatal life—into a
TH, direction and away from its tendency to develop atopic
immune responses, 1011

This ‘hygiene hypothesis’ has been prompted by the results
of several epidemiological studies showing that overcrowding
and unhygienic conditions were associated with a lower prev-
alence of atopy, eczema and hay-fever although the evidence
for asthma is less consistent.!>'3 A large number of siblings
(especially older siblings) and attendance at day care centres
were determined to be particularly protective.!*!3 An in-
. crease in infections has been proposed as an explanation for
these findings.'6

Several studies-have shown a direct association between
infections (e.g. hepatitis A, measles) or immunization with BCG
and a lower prevalence of atopy and allergies.!”?0 However,
the results for airborne viruses (measles, mumps, rubella and
chickenpox) and BCG vaccination were inconsistent,?'~2* The
role of respiratory viral infections is also not very clear; respira-
tory tract infections are known to exacerbate pre-existing
asthma,?® and lower respiratory tract infections may be a risk
factor for asthma.?®27 On the other hand upper respiratory
infections may protect against atopy and asthma.?” The type of
infection (food-borne and oral-faecal versus airborne, and viral
versus bacterial) and location (higher versus lower airways)
may thus be important in determining the effect on atopy and
asthma. Furthermore, exposure to specific microbial agents with
strong pro-inflammatory properties such as bacterial endotoxin
have been suggested 10 be protective.' 2830 One study demon-
strated in infants that endotoxin levels in house dust correlated with
IFN-y producing T cells (TH,;), but not with IL-4, IL-5 or IL-13
producing cell proportions (TH,). In addition, it was shown that
allergen sensitized infants had significantly lower endotoxin
levels in house dust than non-sensitized infants.>! However, the
evidence for a protective effect of endotoxin is currently still weak.3?

In addition to specific agents with potential protective effects,
subpopulations have been identified with low atopy and asthma

rates compared to the general populations. For instance, it has

been documented that children with an anthroposophic life-
style in Sweden®? and children raised on farms with livestock in
Europe, Canada, and Australia®*! have less atopy and asthma.
However, it is currently not clear which specific factors confer
prbl.e(‘lion but specific microbial exposures have been hypothe-
sized to be involved either through ingestion (lactobacilli} or
inhalation (endotoxin; see above). Ingestion of lactobacilli may
be important since they have the ability to colonize the human
gut'? and some (mostly experimental) evidence exists suggest-
ing that they may modify the immune development into a non-
atopic TH, direction.*3-50 However, various other microbes of
the gut flora may play a role as well.>1=%3

Finally, several studies have shown that the presence of pets
in the home early in life in Europe was negatively associated
with atopy.>®>> This should, however, be interpreted with
caution, since avoidance behaviour (removal of pets in the
families with sensitized and/or symptomatic children) may have
contributed to this inverse association.>¢ Recently, an explan-
ation was offered for a potential protective effect by Platts-Mills
et al.’75% who suggested some form of tolerance involving a
modified TH, response characterized by the presence of high
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IgG4 antibody levels and suppressed IgE production. Alterna-
tively, increased exposures to bacterial endotoxin may play a
role since it is known that pets in the home are associated with
higher endotoxin levels in house dust.>*~52 In other parts of the

- world (Guinea-Bissau and Nepal) it has been shown that pigs

and cattle in the home are associated with less atopy.2963 This is
in line with observations that animal contact in farmers’ children
may confer protection, and as hypothesized for the farmers’
children, increased endotoxin exposures may play a role.>2
Thus the current ‘hygiene hypothesis’, may explain an
increase in atopy and allergic asthma. However, with the large
proportion ol asthma that is not associated with atopy it is ques-
tionable whether the ‘hygiene hypothesis’ (as defined above)
on its own can explain the large increase observed over the last
decades. For instance, in a repeated population survey among

" preschool children an increase in asthma prevalence was not

only found in children with the classic asthma pattern of wheeze
but in all wheezing phenotypes including viral wheeze.%*
However, this was not confirmed in another study among
children and young adults that showed an increase in all
wheezers but not in viral wheeze. In addition, some studies
have suggested that only atopic asthma has increased, but in
those studies poor markers ol atopy were used with unknown
validity.6>¢ Studies in farmers’ children have indicated that
protective effects of farming were independent from effects on
atopic sensitization,>® Finally, although housing conditions have
likely not become more hygienic in US inner city populations,
asthma prevalence has increased significantly in those popu-
lations, and particularly among African Americans living in
poverty,m'(’s which is in contrast to previous findings showing
a positive association between affluence and asthma prevalence.
These studies thus further emphasize the potential limitations of
the current hygiene hypothesis. However, whatever mechanism

is involved, it is becoming increasingly clear that the ‘package’

of changes associated with westernization may be contributing
to the global increases in asthma prevalence, and that this
process involves an increase in asthma susceptibility rather than
an increase in exposure to ‘established” asthma risk factors.”

Fetal growth and asthma

In this context, it is of interest that some recent studies have
identified a relatively large size at birth as a risk factor for the
subsequent development of asthma in adolescence,%-72 and
the findings of Yuan ef al.”? in this issue of the Inlernational
Journal of Epidemiology add to this evidence. These studies have
examined the ‘other end’ of the ‘Barker hypothesis’ which had
previously almost exclusively focussed on the ‘low end’ of the
fetal growth spectrum which was found to be associated with an
increased risk of disease in adult life. Now we are discovering
that bigger is not always better, and that there are also health
consequences of high fetal growth. The reasons for these asso-
ciations are unclear, but fetal growth apparently reflects a num-
ber of intrauterine influences, particularly relating to maternal
diet and placental function. This is potentially a finding of major
importance since anthropometric measures at birth have
increased during this century.

Nevertheless, it is important to place these findings in per-
spective. Firstly, the findings are, as usual, inconsistent. A large
prospective birth cohort in Finland of 5192 subjects who were
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followed up to the age of 31 showed an inverse association
between atopy and gestational age (excluding those infants that
were born prematurely), but no association was found with
length and weight at birth. In addition, no associations with any
of the birth characteristics (including birthweight, length and
gestational age) and asthma was found.” The most consistent
finding is that a large head circumference ai birth is associated
with an increased risk of atopy,%71-72 but the association with
asthma is much weaker” 72 with the exception of one study.”®
On the other hand, birth length has been associated with
asthma, but not with atopy in one study,”’ while low birth-
weight has been associated with a reduced risk of asthma in
some studies’%”! and an increased risk in others.”>76

Secondly, assuming that the findings reported by Yuan et al.,”?
regarding high birthweight and/or ponderal index and
subsequent hospitalization for asthma, are confirmed in further
studies, they may not be due to the atopic aetiological mech-
anisms that they focus on in their discussion. As noted above, it
appears that at most one half of asthma cases are atiributable
1o atopy,® which may explain in part the inconsistent findings
for fetal growth, atopy. and asthma.

Finally, it should be noted that the population attributable
risk ol high letal growth as a cause of asthma is relatively small.
The strongest finding reported by Yuan et al.”® is for birthweight
and hospitalization for asthma, but even in this instance the popu-
lation attributable risk is around 1.5%. As countries become more
‘Western’, babies are getting larger, and this is associated with
an increased risk of atopy and/or asthma, but it cannot explain
the striking increases in asthma prevalence over recent decades.

Currently little is known about other prenatal risk factors for
atopy and asthma (with the possible exception ol maternal
smoking), and even less is known about potential protective
lactors, whereas prenatal events or exposures may be very
important in the development of these conditions.””’® The
cytokine profile of the mother may affect the development of
the letal immune system.””30 Prenatal allergen exposure may
also play a role.8! Tt has been hypothesized, and some evidence
has been presentcd,sz“SS that the immune system may be primed
through transamniotic or transplacental exposure Lo antigens or
antigen-derived peptides, resulting in a decreased capacity of
TH, cytokine interferon y production, which may result in atopic
TH, immune responses in neonates.3” A recent study showed a
positive association between allergen exposure (measured as
allergen levels in the mother’s mattresses) and total IgE in cord
blood suggesting that prenatal exposures may indeed affect the
development of fetal immune responses.3® Moreover, in the
same study an inverse association was shown for endotoxin.
Interestingly, in a recent cross-sectional study among farmers’
children it was suggested that farm activity of the pregnant
mother (associated with high endotoxin exposures) had a
protective effect on atopy and asthma of her child.?® Thus,
prenatal endotoxin exposure could confer protection for atopy
and asthma. However, as with pre-natal allergen exposure as a
potential risk factor, the evidence is currently weak and needs
conlirmation in larger prospective studies.

The westernization ‘package’

The striking increases in asthma prevalence globally cannot be
primarily due 1o genetic lactors, since they are occurring too

rapidly, and therefore they must be occurring due to changes
in environmental exposures. It seems that as a result of this
‘package’ of changes in the intrauterine and infant environment,
we are seeing an increased susceptibility to the development of
asthma and/or allergy. There are a number of elements of this
‘package’ including changes in maternal diet, increased fetal
growth, smaller lamily size, reduced infant infections and
increased use of antibiotics and immunization, all of which have
been (inconsistently) associated with an increased risk of child-
hood asthma, but none of which can alone explain the increases
in prevalence.? Thus, it is important that we consider the ‘forest’
of changes that occur with westernization, as well as doing
studies of specific ‘trees’. In particular, the inconsistent findings
with regard to fetal growth and asthma suggest that studies of
this issue alone are unlikely to yield major benefits, although
they may be an important part of the process of understand-
ing the bigger picture, It is likely that the ‘package’ is more than
the sum ol its parts, and that these social and environmental
changes are all pushing infants” immune systems in the same
direction. To know what that direction is, and which com-
ponents of the ‘package’ are responsible, requires that better
aetiological theories of asthma are developed 1o replace the
allergen theory, or to incorporate it as a special case. .

Although have we focussed in this editorial on perinatal
factors and early life exposures that may play a role in program-
ming asthma susceptibility, later exposures (Western or
otherwise) may be important too. However, currently little is
known (with the exception of occupational asthma) on how
exposures later in life may atfect these processes, Similarly, most
of the studies we have discussed relate to allergic mechanisms
[or asthma, because few studies have been done on non-allergic
mechanisms for asthma and their potential contribution to
population trends.

It is essential that in the future as much atiention is paid to
non-allergic (non-eosinophilic) mechanisms for asthma as has
been paid 1o allergic (eosinophilic) mechanisms in the past.
Rurthermore, it requires that epidemiologists rigorously test =
these new theories systematically in population-based studies,
rather than the ad hoc and anecdotal approach that has been
adopted in the past with respect 1o studies of the allergen
hypothesis. Epidemiology has played a major role in calling the
‘established’ theory of asthma causation into question. It also
has a major role to play in developing and testing new aetio-
logical theories of asthma causation.

Acknowledgements

The Centre for Public Health Research is supported by a
Programme Grant from the Health Research Council of New
Zealand. Jeroen Douwes is supported by a research fellowship
from the Netherlands Organization for Scientific Research
(NWO).

References

! Custovic A, Smith A, Woodcock A. Indoor allergens are a primary
causc of asthma. Eur Respir J 1998;53:155-58,

2 Peat JK, Tovey E, Toelle BG et al. House dust mite allergens: a major

risk factor for childhood asthma in Australia. Am J Respir Crit Care Med
1996;153:141-46.



3 Plauts-Mills TAE, Sporik RB, Chapman MD, Heymann PW. The role of
domestic allergens. [n: The Rising Trends in Asthma. Ciba Foundation
Symposium 206. Chichester: Wiley, 1997, pp.173-89.

40’Donnell RA, Frew AJ. Is there more than one inflammatory
phenotype in asthma? Thorax 2002;57:566-67.

5 Pekkanen J, Pearce N. Defining asthma in epidemiological studies. Eur
Respir J 1999;14:951-57.

6 pearce N, Pekkanen J, Beasley R. How much asthma is really atirib-
utable 10 atopy? Thorax 1999;54:268-72.

7 Douwes J, Gibson P. Pekkanen J, Pearce N. Non-cosinophilic asthma:
importance and possible mechanisms. Thorax 2002;57:643-48.

8 Pearce N, Douwes J, Beasley R. Is aliergen exposure the major primary
cause of asthma? Thorax 2000,55:424-31.

Y pearce N, Douwes J, Beasley R. Asthma. In: Detels R, McEwen J,
Beaglchole R, Tanaka H (eds). Oxford Textbook of Public Health. 4th Edn.
Oxford: Oxford University Press, 2002, vol. 3, pp. 1255-77.

10 Holt PG, Sly PD, Bjérkstén B. Atopic versus infectious diseases in
childhood: a question of balance? Pediatr Allergy Immunol 1997:8:
53-58.

11 Martinez FD, Holt PG. Role of microbial burden in actiology of allergy
and asthma. Lancet 1999;354:12-15,

'2 sirachan DP. Hay fever, hygiene and household size. BMJ 1989;
299:1259-60.

13 strachan DP. Allergy and family size: a riddle worth solving. Clin Exper
Allergy 1997;27:235-36.

14 Krgmer U, Heinrich J, Wjst M, Wichmann HE. Age of eniry to day
nursery and allergy in later childhood. Lancer 1999;353:450-54.

1% Ball TN, Castro-Rodriguez JA, Grillith KA ef al. Siblings, day care
attendance, and the risk of asthma and wheezing during childhood,
N Engl J Med 2000,343:538-43.

16 Martinez FD. Role of viral infections in the inception of asthma and
allergies during childhood: could they be protective? Thorax 1994;49:
1189-91.

17 Matricardi PM, Rosmini F, Ferrigno L et al. Cross sectional retro-
spective study of prevalence of atopy among Italian military students
with antibodies against hepatitis A virus. BMJ 1997;314:999-1003.

18 Shahcen SO, Aaby P, Hall AJ ef al. Cell mediated tmmunity afier
measles in Guinea-Bissau: historical cohort study. BMJ 1996;313:
969-74.

19 shirakawa T. Enomoto T, Shimazu S, Hopkin JM. The inverse associ-
ation between tuberculin responses and atopic disorder, Science 1997;
275:77-79.

20 Aaby P, Shahcen SO, Heyes CB ef al. Early BCG vaccination and
reduction in atopy in Guinea-Bissau. Clin Exp Allergy 2000;30:644-50.

21 Matricardi PM, Rosmini F, Riondino $ ef al. Exposure to foodborne
and orofecal microbes versus airborne viruses in relation to atopy and
allergic asthma: epidemiological study. BMJ 2000;320:412-17.

22 Alm JS, Lilja G, Pershagen G, Scheynius A. Early BCG vaccination and
development of atopy. Lancet 1997;350:400-03.

23 Alim JS, Lilja G, Pershagen G, Scheynius A, BCG vaccination does not
seem to prevent atopy in children with atopic heredity. Allergy 1998;
53:537.

24 Gruber C, Kulig M, Bergmann R et al. Delayed hypersensitivity Lo
tuberculin, total immunoglobulin E, specific sensitization, and atopic
manifestation in longitudinally followed carly Bacille Calmette-
Guerin-vaccinated and nonvaccinated children. Pediatrics 2001;107:E36.

25 Johnston SL. Pattemore PK, Sanderson G er al. Community study of

role of virus infections in exacerbations of asthma in 9-11 year old-

children. BMJ 1995;310:1225-29.

26 5iein RT, Sherill D, Morgan WJ e al. Respiratory syncytial virus in
carly life and risk of wheeze and allergy by age 13 years. Lancet
1999;354:541-45,

ASTHMA AND THE WESTERNIZATION ‘PACKAGE’ 1101

2710li S, von Mutius E, Lau S ef a/. Early childhood infectious discases
and the development of asthma up to school age: a birth cohort study.
BMJ 2001;322:390-95,

28 yon Mutius E, Braun-Fahrlander C, Schierl R et al. Exposure to

endotoxin or other bacterial components might protect against the
development of atopy. Clin Exp Allergy 2000;30:1230-34.

29 Liu AH, Leung YM. Modulating the early allergic response with
endotoxin. Clin Exp Allergy 2000;30:1535-39,

30 Tulic MK, Wale JL, Holt PG, Sly PD. Modification of the inflammatory
response to allergen challenge after exposure to bacterial lipopoly-
saccharide. Am J Respir Cell Mol Biol 2000;22:604-12,

3 Gereda JE.- Leung DYM, Thatayatikom A er al. Relation berween
housc-dust endotoxin exposure, type 1 T-cell development, and
allergen sensitisation in infants at high risk of asthma. Lancet 2000;
355:1680-83. ’

32 pouwes J, Pearce N, Heederik D. Does environmental endotoxin
exposure prevent asthma? Thorax 2002;57:86-90.

33 Alm JS, Swartz J, Lilja G, Scheynius A, Pershagen G. Atopy in
children of families with dn anthroposophic lifestyle. Larncet 1999;353:
1485-88.

34 Braun-Fahrldnder CH, Gassner M, Grize L et al. Prevalence of
hay fever and allergic sensitization in farmer’s children and their
peers living in the same rural community. Clin Exp Allergy 1999;
29:28-34,

33 Riedler J, Eder W, Oberfeld G ef al. Austrian children living on a farm
have less hay fever, asthma and allergic sensitization. Clin Exp Allergy
-2000;30:194-200.

36 Riedler J, Braun-Fahrlander C, Eder W, Schreuer M, Exposure to
farming in carly life and development of asthma and allergy: a cross-
sectional survey. Lancer 2001;358:1129-33,

37 yon Ehrenstein OS, Von Mutius E, 111 S eral. Reduced risk of hay lever
and asthma among children of farmers. Clin Exp Allergy 2000;30:
187-93.

38 Brnst B Cormier Y. Relative scarcity of asthma and atopy among rural
adolescents raised on a farm, Ami J Resp Crit Care Med 2000;161:
1563-66.

9 Downs SH, Marks GB, Mitakakis TZ, Koskenvuo M. Having lived on
a farm and protection against allergic diseases in Australia. Clin Exp
Allergy 2001:31:570-75.

40 Kilpelamen M, Terha O, Helenius H et al. Farm environment in child-
hood prevents the development of allergies. Clin Exp Allergy 2000;
30:201-08.

4 portengen L, Sigsgaard T, Omland O et al. Low prevalence of atopy in
young Danish farmers and farming students born and raised on a
farm. Clin Exp Allergy 2002:32:247-53,

42 johansson ML, Molin G, Jeppsson B et al. Administration of different
Lactobacillus strains in fermented oatmeal soup: in vivo colonization of
human intestinal mucosa and effect on the indigenous flora. App/
Environ Microbiol 1993;59:15-20,

43 Sepp E, Julge K, Vasar M ¢t al. Intestinal microflora of Estonian and
Swedish infants. Acta Paediatr 1997;86:956-61.

44 Shida K, Makino K, Morishita A et al. Lactobacillus casei inhibits
antigen-induced IgE sccretion through regulation of cytokine produc-
tion in murine splenocyte cultures. /1t Arch Allergy Immunol 1998;115:
278-87. '

43 Shida K, Takahashi R, Iwadate E et al. Lactobacillus casei strain Shirota
suppresses scrum immunoglobulin E and immunoglobulin G1
responses and systemic anaphylaxis in a [ood allergy model. Clin Exp
Allergy 2002;32:563~70,

46 Murosaki S, Yamamoto Y, Ito K et al. Heat-killed Lactobacillus
plantarum 1.-137 suppresses naturally fed antigen-specific IgE produc-
tion by stimulation of IL-12 production in mice. J Allergy Clin Immunol
1998;102:57-64.



1102 INTERNATIONAL JOURNAL OF EPIDEMIOLOGY

47 Bjorkstén B, Naaber P, Sepp E. Mikelsaar M. The intestinal microflora
in allergic Estonian and Swedish 2-year-old children. Clin Exp Allergy
1999;29:342-46. ’

48 Ralliomaki M, Slaminen S, Arvilommi H er al. Probiotics in primary
prevention of atopic discases: a randomised placebo-controlled trial.
Lancer 2001;357:1076-79. '

49 Hessle €, Hanson LA, Wold AE. Lactobacilli from human gastro-
intestinal mucosa are strong stimulators of 11.-12 production, Clin Exp
Immunol 1999;116:276-82.

50 possi T, Sutas Y, Hurme M, Isolauri E. Interfeukin-10 generation in
atopic children following oral Lactobacillus rhamnosus GG. Clin Exp
Allergy 2000;30:1804-08.

51 Botrcher MF, Nordin EK, Sandin A, Midivedt T Bjérksién B.
Microflora-associated characteristics in facces from allergic and
nonallergic infants. Clin Exp Allergy 2000;30:1590-96.

52 Bjorkstén B, Sepp E, Julge X, Voor T, Mikelsaar T. Allergy develop-
ment and the intestinal microflora during the first year of life. J Allergy
Clin Immunol 2001;108:516-20.

%3 Kalliomaki M, Kirjavainen P. Eerola E ef al. Distinct patterns of
neonatal gut microflora in infants in whom atopy was and was not
developing. J Allergy Clin Immunol 2001:107:129-34.

% Svanes C, Jarvis D, Chinn S, Burncy P. Childhood cnvironment and
adult atopy: Resuits from the European Community Respiratory
Health Survey. J Allergy Clin Immunol 1999;103:415-20.

% Hesselmar N, Aberg N, Aberg B, Eriksson-B, Bjorkstén B. Docs carly
exposure to cat or dog protect against allergy development? Clin Exp
Allergy 1999:29:611-17,

6 Anyo G, Bruncekreef B, de Meer G et al. Early, current and past pet
ownership: associations with sensitization, bronchial responsiveness
and allergic symptoms in school children. Clin Exp Allergy 2002;32:
361-66.

57 platts-Mills T, Vaughan J, Squillace S, Woodfolk J, Sporik R. Sensi-
tisation, asthma, and a modificd Th2 response in children exposed to
cat allergen: a population-based cross-scctional swudy. Lancet
2001;357:752-56.

8 platts-Mills TA, Vaughan JW, Blumenthal K, Pollart Squillace S,
Sporik RB. Serum 1gG and IgG4 antibodies to Fel d 1 among children
exposed 1o 20 microg Fel d 1 at home: relevance of a nonallergic
madified Th2 response. Int Arch Allergy Inmunol 2001:124:126-29.

%% Douwes J, Zuidhol A, Dockes G et al. B(1-»3)-glucan and cndotoxin
in house dust and peak flow variability in children. Am J Resp Crit Care
Med 2000;162:1348-54.

80 Heinrich J, Gehring U, Douwes J ef al. Pets and vermin are associated
with high endotoxin levels in house dust. Clin Exp Allergy 2001;31:
1839-45.

6} park JH, Spiegelman DL, Gold DR, Burge HA, Milton DK. Predictors

of airbarne endotoxin in the home. Environ Health Perspect 2001;109: .

859-64.

62 Gereda JE, Klinnert MD, Price MR, Leung DY, Liv AH. Metropolitan
home living conditions associated with indoor endotoxin levels.
J Allergy Clin tmnunol 2001;107:790-96,

6% Mclsom T, Brinch L, Hessen JO efal. Asthima and indoor environment
in Nepal, Thorax 2001;56:477-81,

o Kuchni CE, Davis A, Brooke AM, Silverman -M. Are all wheezing
disorders in very young (preschool) children increasing in prevalence.
Lancet 2001;357:1821-25,

5 Russell G, Helms PJ. Trend in occurrence of asthma among children
and young adults. Reporting of common respiratory and atopic
symptoms has increased. BMJ 1997;315:1014-15.

66 Upton MN, McConnachie A, McSharry C er al. Intergenerational
20 year trends in the prevalence of asthma and hay fever in aduls:

the Midspan family study surveys of parents and offspring. BMJ
2000;321:88-92.

57 Weiss KB, Gergen PJ, Crain EF. Inner-city asthma: the epidemiology
of an emerging US public health concern. Chest 1992;101(Suppl.6):
3625-678S.

88 Crater DD, Heise S, Perzanowski M et al. Asthma hospitalization trends
in Charleston, South Carolina, 1956 to 1997: twenty-fold increase among
black children during a 30-year period. Pediatrics 2001;108:E97.

% Godfrey KM, Barker DJP, Osmond C. Disproportionate fetal growth and
raised IgE concentration in adult life. Clin Exp Allergy 1994;24:641~48,

70 Fergusson DM, Cranc J, Beasley R, Horwood 1. Perinatal factors and
atopic disease in childhood. Clin Exp Allergy 1997;27:1394-401.

71 Leadbitter P Pearce N, Cheng § et al. Relationship between fetal growth
and the development of asthma and atopy in childhood, Thorax 1999;
54:905-10.

72 Gregory A, Doull I, Pearce N et al. The relationship between anthropo-
metric measurements at birth: asthma and atopy in childhood. Clin
Exp Allergy 1999;29:330-33.

73 Yuan W, Basso O. Sorensen HT, Olsen J. Fetal growth and hospital-

ization with asthma during early childhood: a follow-up study in

Denmark. Int J Epidemiol; 2002;31:1240-45.

7 pekkanen J. Xu B, Jarvelin M-R. Gestational age and occurrence of
alopy at age 31-—a prospective birth cohort study in Finland. Clin Exp
Allergy 2001;31:95-102.

75 Shaheen SO, Sterne JAC, Montgomery SM, Azima H. Birth weight,
body mass index and asthma in young adulis. Thorax 1999:54;
396-402.

76 gvanes C, Omenaas E. Birth characteristics and asthma symptoms in
young adults: results from a population-based cohiort study in Norway.
Eur Respir J 1998;12:1366-70.

77 Bjérkstén B. Allergy priming early in life. Lancet 1999;353:167-68.

78 Jones CA, Holloway JA, Warner JO. Does atopic disease start in foetal
life? Allergy 2000;55:2-10.

79 Warner JA, Jones CA, Williams TJ, Warner JO. Maternal program-
ming in asthma and allergy. Clin Exp Allergy 1998;28:35-38.

80 Hertz U, Joachim R, Ahrens B ¢t q/. Prenatal sensitization in a mouse
modecl. Am J Respir Crit Care Med 2000;162:562-65,

81 Warner JA, Jones AC, Miles EA, Warner JO. Prenatal sensitisation.
Pediatr Allergy Immunol 1996;7:98-101.

82 prescort SL, Macaubas C, Holt BJ et al. Transplacental priming of the
human immune sysiem to environmental allergens: universal skewing
of initial T cell responses toward the Th2 cytokine profile. J fmmunol
1998;160:4730-37.

83 Szepfalusi Z, Lobihler C, Pichler J et al. Direct evidence for trans-
placental allergen transfer. Pediair Res 2000:48:404-07,

84 szepfalusi Z, Pichler J, Elsadder S et al. Transplacental priming of the
human immune system with environmental allergens can occur carly
in gestation. J Allergy Clin Immunol 2000;106:530-36.

85 Holloway JA, Warner J0O, Vance GH ef al. Detection of house-dust-
mite allergen in amniotic fluid and umbilical-cord blood. Lancet
2000:356:1900-02.

86 Mmiller RL, Chew GL. Bell CA et al. Prenatal exposure, maternal sensi-
tisation, and sensitisation in utero 1o indoor allergens in an inner-city
cohort. Am J Respir Crit Care Med 2001;164:995-1001,

37 prescott SL, Holt PG, Jenmalm M, Bjorksten B. Effects of maternal
allergen-specific IgG in cord blood on early postnatal development of
allergen-specific T-cell immunity. Allergy 2000;55:470-75.

%8 Heinrich'J, Bolte G, Hoscher B et al. Allergen and endotoxin on
mothers’ mattresses and total IgE in cord blood of neonates. Eur Resp J;
in press. ’



)
Malaria Journal BioNed Cental

Research

Total and functional parasite specific IgE responses in Plasmodium
falciparum-infected patients exhibiting different clinical status
Joana Duarte!, Prakash Deshpande?, Vincent Guiyedi34, Salah Mécheri>,
Constantin Fesell, Pierre-André Cazenave3, Gyan C Mishra?,

Maryvonne Kombila* and Sylviane Pied*13

Address: Instituto Gulbenkian de Ciencia, LEA CNRS-IGC, Oeiras, Portugal, 2National Centre for Cell Sciences, Pune, India, 3Unité
d'Immunophysiopathologie Infectieuse, Institut Pasteur, 25 rue du Docteur Roux, 75 724, Paris Cedex 15, France, Département de Parasitologie-
Mycologie-Médecine Tropicale, Faculté de Médecine de Libreville, Gabon and 5Unité des Réponses Immunes Précoces aux Parasites, Institut
Pasteur Paris, France

Email: Joana Duarte - jduarte@igc.gulbenkian.pt; Prakash Deshpande - pdeshpande@nccs.in; Vincent Guiyedi - guidivin@pasteur.fr;
Salah Mécheri - mecheri@pasteur.fr; Constantin Fesel - cfesel@igc.gulbenkian.pt; Pierre-André Cazenave - cazenave@pasteur.fr;
Gyan C Mishra - gcishra@nccs.in; Maryvonne Kombila - valentine_favry@yahoo.fr; Sylviane Pied* - spied@pasteur.fr

* Corresponding author

Published: 04 January 2007 Received: 25 October 2006
Malaria Journal 2007, 6:1  doi:10.1186/1475-2875-6-1 Accepted: 04 January 2007
This article is available from: http://www.malariajournal.com/content/6/1/1

© 2007 Duarte et al; licensee BioMed Central Ltd.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Background: There is an increase of serum levels of IgE during Plasmodium falciparum infections in
individuals living in endemic areas. These IgEs either protect against malaria or increase malaria
pathogenesis. To get an insight into the exact role played by IgE in the outcome of P. falciparum infection,
total IgE levels and functional anti-parasite IgE response were studied in children and adults, from two
different endemic areas Gabon and India, exhibiting either uncomplicated malaria, severe non cerebral
malaria or cerebral malaria, in comparison with control individuals.

Methodology and results: Blood samples were collected from controls and P. falciparum-infected
patients before treatment on the day of hospitalization (day 0) in India and, in addition, on days 7 and 30
after treatment in Gabon. Total IgE levels were determined by ELISA and functional P. falciparum-specific
IgE were estimated using a mast cell line RBL-2H3 transfected with a human Fce RI o-chain that triggers
degranulation upon human IgE cross-linking. Mann Whitney and Kruskall Wallis tests were used to
compare groups and the Spearman test was used for correlations.

Total IgE levels were confirmed to increase upon infection and differ with level of transmission and age
but were not directly related to the disease phenotype. All studied groups exhibited functional parasite-
specific IgEs able to induce mast cell degranulation in vitro in the presence of P. falciparum antigens. Plasma
IgE levels correlated with those of IL-10 in uncomplicated malaria patients from Gabon. In Indian patients,
plasma IFN-y, TNF and IL-10 levels were significantly correlated with IgE concentrations in all groups.

Conclusion: Circulating levels of total IgE do not appear to correlate with protection or pathology, or
with anti-inflammatory cytokine pattern bias during malaria. On the contrary, the P. falciparum-specific IgE
response seems to contribute to the control of parasites, since functional activity was higher in
asymptomatic and uncomplicated malaria patients than in severe or cerebral malaria groups.
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Background

Malaria is a complex disease that kills between one and
two million people every year. Most of those affected are
children under five years of age, non-immune individuals
and pregnant women [1]. The principal cause of death is
infection by Plasmodium falciparum due to its ability to
induce severe complications such as severe anaemia and/
or cerebral malaria (CM) often associated with hypogly-
caemia [2-4]. The physiopathology of malaria cannot be
represented by a single scheme. For example, patients who
develop CM present a range of acute neurological mani-
festations and the disease is characterized by a diffuse
encephalopathy, altered levels of consciousness, deep
coma and seizure leading to death. Even though during
the last few years a lot of information has become availa-
ble from clinical and experimental studies, the causes of
CM remain to be determined. The clinical outcome of a P.
falciparum infection depends on the genetic factors of the
host and parasite, and also on host immune responses.
Antibodies and T cells are among the immune factors
thought to play a role in mediating protection and also
pathology [2-5].

P. falciparum infection increases the serum levels of IgM
and IgG antibodies but also IgE in individuals living in
endemic areas [6-12]. IgEs may protect against or partici-
pate in malaria pathogenesis. The association of high anti-
P. falciparum IgE levels with a reduced risk of developing
clinical malaria suggests the involvement of IgE in protec-
tion [13,14]. The observation that circulating levels of IgE
most often correlate with severe rather than uncompli-
cated disease suggests a pathogenic role of IgE [8,10-12],
and the positive correlation between the levels of IgE/IgE
immune complexes and the levels of TNF in CM patients
provides supporting evidence [8,10-12]. The exact role
played by IgE in malaria is still unclear.

IgE is an immunoglobulin isotype that only exists in
mammals. It is present at very low concentrations in the
serum of normal individuals, at levels ranging from 10 to
300 ng/ml [9]. Its functional effect has been shown to
depends on Fc receptors expressed on mast cells and
basophils both in mice and humans, as well as on eosi-
nophils, monocytes/macrophages and platelets in
humans [9]. IgEs positively regulate both of their recep-
tors: the high affinity receptor (Fce RI) and the low affinity
receptor (Fce RII or CD23) [15]. The Fce RI is expressed
only on mast cells and/or basophils in both mice and
humans [9,16]. The binding of IgE to the high affinity
receptor on the mast cell membrane and its subsequent
aggregation with antigens results in degranulation and the
release of mediators that further aggravate an ongoing
allergic process [17]. On basophils, the cross-linking of
Fce RI-bound IgE rapidly induces the release of 1L-4 and
IL-13 [16], among other inflammatory mediators. The
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low affinity receptor (Fce RII) is the second major and
widely distributed IgE receptor. It is also known as CD23
and is constitutively expressed on B cells and is induced by
IL-4 on macrophages, some T cells, human eosinophils
and platelets [9,16]. The cross-linking of CD23 on macro-
phages or on other CD23-bearing effector cells by IgE-
containing immune complexes is thought to play a path-
ogenic role in malaria via TNF-mediated pathways [16].

This study aimed to evaluate the total and functional P.
falciparum-specific IgE responses, the association of these
responses with plasma cytokine patterns and the pheno-
type of the disease in endemic controls and infected
patients with different clinical forms of malaria. The
infected patients originated from a low endemic area in
India and a high endemic area in Gabon.

Materials and methods

Study population

Patients from Gabon

All the patients included in this study were children aged
between 0.1 and 6 years (mean age = 2.6 years) recruited
between 1996 and 2000 at the Owendo Pediatric Hospital
(OPH) and the Libreville Hospital Center (LHC) in
Gabon (see Table 1). Informed parental consent had been
obtained. Gabon has an equatorial climate that is hot and
humid, with an endemic malaria transmission. The study
design was approved by the local health office ethics com-
mittee. The patients were distributed into different groups
according to World Health Organization (WHO) guide-
lines for the definition of uncomplicated and severe
malaria [18]. A cohort of 135 P. falciparum-infected chil-
dren was constituted and divided into three groups
according to disease severity [[6], 67] 50patients with
uncomplicated malaria (UM), 29 with severe non-cere-
bral malaria (SM) developing severe anaemia (haemo-
globin level < 5 g/dl), or hypoglycaemia (glycaemia < 2.2
mmol/ml), and 17 with severe cerebral malaria (CM)
with a Blantyre Coma Score < 2, or three convulsive epi-
sodes during 24 hours before admission with post-critical
comatose > 15 minutes|]. Two control groups were
recruited: an uninfected group, also called endemic con-
trol (EC) group, comprising 17 children with P. falci-
parum-negative thin blood smear, and asymptomatic
infected group (Al) comprising 22 children with no clini-
cal manifestation of malaria but a P. falciparum-positive
thin blood smear.

Patients from India

Malaria patients were recruited in the village of Gondia,
an endemic region in the north-east of the Maharashtra
State of India. The village is surrounded by forest. Gondia
has been known as an endemic area for at least the last 20
years. P. falciparum appeared in Gondia over the last 10
years. It is transmitted during the rainy season in June,
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Table I: Characteristics of both studied cohorts: Gabon and India. Clinical group description, according to the number of patients, age,

sex and parasitaemia.

Clinical Groups Staff Age-mean (min-max) Sex (male-female) Parasitemia (%)
Gabon EC 17 2,7 (0,5-5) 10-7 -
Al 22 2,9 (0,1-5) 12-10 0.22 (0.01-1.2)
UM 50 3 (0,5-5) 22-28 6.88 (0.05-48.6)
SM 29 1,8 (0,2—4,5) 18-11 5.91 (0.08-31)
CM 17 2,4 (0,5-5) 12-5 10.42 (0.15-64)
Total 145 2,6 (0,1-5) 74-61
india NEC 9 32,7 (25-63) 8-1 -
EC 14 27,3 (23-37) 13-1 -
UM 31 30,8 (4-70) 18-13 1,24 (0,71-2,18)
SM 13 30,4 (8-65) 10-3 1,11 (0,38-3,21)
CM 26 40,4 (9-72) 16-10 2,04 (1,07-3,87)
ExCM 5 19,36 (7-51) 0-5 -
Total 93 32,3 (4-72) 65-28 1,50 (1,02-2,20)

NEC- non endemic control, EC- endemic control, Al- asymptomatic infected, UM — uncomplicated malaria, SM — severe malaria (non-cerebral), CM
— cerebral malaria, ExCM — Ex-cerebral malaria. Note: sex couldn't be determined for 1/18, 11/61 and 4/33 patients from EC, UM and SM,

respectively.

peaks in the winter season (November, December and
January) and becomes rare as summer approaches
(March, April and May). The studied groups consisted of
98 patients from four to 72 years of age, being predomi-
nantly adults (see Table 1). Six cohorts were constituted
according to WHO criteria for uncomplicated and severe
malaria: two control groups of uninfected individuals
from non-endemic (NEC) and endemic regions (EC)
comprising nine and 14 patients respectively; three groups
of infected patients, with 31 developing uncomplicated
malaria (UM), 13 developing severe non-cerebral malaria
(SM) and 26 developing cerebral malaria (CM); and one
group of five patients that had recovered from CM (ex-cer-
ebral malaria patients, Ex-CM). Between eight and 10% of
the CM malaria cases died. UM cases were treated as out-
patients. SM patients were admitted to hospital fully con-
scious and could respond well verbally to doctors'
questions. CM cases were in coma. Drug treatment was
paracetamol, quinine and arteether (E-mal®). Samples
were collected after obtaining the consent of the patients,
or of their families. Blood samples from endemic controls
were collected from the relatives of malaria patients
(brothers/sisters/parents) with their consent. These con-
trols had not suffered from malaria during the previous
two years. Non-endemic blood samples were collected
from individuals who had not suffered from malaria dur-
ing the previous five years.

Blood sample collection and parasite assessment

Venous blood was collected on EDTA in sterile vacutain-
ers from each patient on the day of hospitalization (day 0,
before any treatment), and seven (day 7) and thirty days
later (day 30). Plasma was obtained by centrifuging the

blood samples at 5000 rpm for 15 min. Plasma samples
were stored at -80°C until use.

Parasitaemia was assessed by counting asexual forms of P.
falciparum on thin blood smears under a light microscope
after Giemsa staining. Parasitaemia was expressed as the
mean percentage of infected red blood cells.

Culture of malaria parasites

Erythrocytic stages of the P. falciparum malaria parasite
line FAN 5HS (source: NCCS, Pune, India) and 3D7 were
cultured using candle jar dessicators as previously
described [19]. The culture medium was RPMI 1640
(Gibco-BRL), supplemented with 0.5% AlbuMix (Gibco
BRL). The cultures were maintained in six-well or 24-well
tissue culture plates (NUNC). Parasitaemia was 5% at the
start of culture and reached 25% after six days. Culture
medium and fresh RBCs were added every other day.

Preparation of parasite extracts

Parasite soluble antigen was prepared from synchronous
cultures containing more than 20% mature trophozoites;
more than 6% rings and more than 5% schizonts were
used. The cultures were pooled and centrifuged at 3,000
rpm at 4°C, and the pRBC pellet was kept and the super-
natant discarded. The pRBC pellet was suspended in 10
ml sterile PBS 1 x (0.15 M, pH7.2) and then centrifuged.
The parasitized red blood cell (pRBC) pellet was washed
five times and then lysed by adding 15 ml of 0.1%
saponin. The saponin treatment frees the parasites from
the infected RBCs. This was centrifuged at 6,000 rpm for
30 min at 4°C. The supernatant was discarded and the
parasite pellet was washed five or six times with sterile
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cold PBS. The parasite pellet was resuspended in 1 ml pro-
tein isolation buffer containing a cocktail of protease
inhibitors. This was briefly sonicated and the tube was
kept at 4°C for between four and five hours. The contents
of the tube were agitated by cyclo-mixing and then centri-
fuged at 6,000 rpm for 30 min at 4 °C. The clean superna-
tant was collected in a separate tube and the pellet was
discarded. The contents were sterilized by passing through
0.22 um-pore filters. Aliquots of the antigen were frozen
at -70°C until use. Parasite proteins were quantified by
the Bradford method. The concentration of the parasite
line FAN 5HS and 3D7 were 1.2 and 2.6 mg/ml, respec-
tively.

Normal RBC extracts

Normal red blood cell (RBC) extract was prepared from
the same batch of RBCs used for culturing the parasites,
and followed the same procedure as previously described
for pRBCs. Briefly, the RBCs were washed with PBS and
the bufty coat was removed. After centrifugation, the RBC
pellet was suspended in 1 ml protein isolation buffer con-
taining a cocktail of protease inhibitors. This was briefly
sonicated and the tube was kept at 4°C for between four
and five hours. The contents of the tube were agitated by
cyclo-mixing and then centrifuged at 6000 rpm for 30 min
at 4°C. The clean supernatant was collected in a separate
tube and the pellet discarded. The protein contents were
estimated using a protein determination kit (BCATM pro-
tein assay Kit, Pierce, France).

Total IgE levels

An ELISA method was used to detect total IgE plasma lev-
els in samples corresponding to day 0, day 7 and day 30.
ELISA plates (96 microwell plates, reacti-bind 96 EIA Plate
100/PKG, Pierce) were coated with 50 pl/well of purified
sheep polyclonal anti-human IgE solution at 5 pg/ml (The
Binding Site, Birmingham UK) by incubation overnight at
4°C. The plasma samples were diluted 1:5 and incubated
for two hours at 37°C. Bound IgE was detected using a
peroxydase-conjugated polyclonal anti-human-IgE (The
Binding Site, Birmingham UK). Binding was revealed
using the OPD substrate (Sigma) and the product was
quantified from the optical density (OD) at 450 nm.
Serial dilutions ranging from 2 pg/ml to 0.0019 pg/ml of
IgE solution (human monoclonal IgE provided by Dr Thi-
erry Batard - Stallergenes, Anthony, France) gave the
standard curve. The median of each optical density value
was fitted into the sigmoidal standard curve using a spe-
cific ELISA programme running in Igor version 3.16 (Wav-
emetrics, Lake Oswego, OR).

IgE functional assay

A new rat mast cell line RBL-2H3 transfected with a
human Fce RI o-chain that triggers degranulation upon
human IgE cross-linking was used [20]. Cells were main-
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tained in Dulbecco medium (Gibco BRL, Eragny, France)
containing 10% foetal bovine serum (FCS), 100 U/ml
penicillin and 100 U/ml streptomycin (GIBCO BRL,
France). Cells were expanded by incubation at 37°C for
three to four days in complete Dulbecco medium supple-
mented with G418 (GIBCO BRL, France).

B-Hexosaminidase is known as a component of the
basophil and the mast cell specific granule, and is released
during degranulation of these cells [21]. Degranulation
was monitored after antigen stimulation by measuring the
level of released B-hexosaminidase. Fce RI o-chain RBL-
2H3 transfected rat mast cell line cultures (5 x 10° cells per
well) were incubated with the different serum samples at
a non-cytotoxic dilution (previously determined) for 48
hours at 37°C in the absence of the G418 antibiotic. The
upregulated receptors were saturated by incubation at 4°C
for 30 minutes with the same samples diluted 1:10. The
cells were then washed with PBS 1X, centrifuged and
resuspended in 1 ml Tyrode buffer before being centri-
fuged again. Finally, the cell pellet was resuspended in
450 pl of D20 (50%) and Tyrode buffer (50%) solution
and each culture sample was distributed to 10 ELISA plate
wells. Different controls were carried out for each sample.
Control cells on lane 1 and 2 were subjected to Triton dis-
ruption (Triton 5%) and represented 100% enzyme
release. Cells on lanes 3 and 4 were incubated with 50 ul
of complemented Dulbecco medium without serum and
represented the background enzyme release. Lanes 5 and
6,7 and 8, 9 and 10 were incubated with 50 ul of different
duplicated concentrations of parasite extract (1,000, 100
and 10 ng/ml) for 30 minutes at 37°C. After centrifuga-
tion of each well sample, 50 ul of each supernatant was
collected and incubated with 50 ul of PNAG substrate
solution for 90 minutes at 37°C. The level of released B-
hexosaminidase was estimated from the OD at 405 nm
using a spectrophotometer. All results are expressed as the
percentage of total B-hexosaminidase in the cells after cor-
recting for spontaneous release in unstimulated cultures,
calculated as following: (experimental -hexosaminidase
- background B-hexosaminidase)/(total P-hexosamini-
dase - background B-hexosaminidase) x 100.

Flow cytofluorometry analysis

FACS analysis was performed after incubating RBL-2H3-
D12.8 cells with several dilutions of serum samples to fol-
low the induction of the high affinity receptor (Fce RI)
expression after stimulation by IgEs in the patient's sera.
Cells were incubated for 48 hours at 37 °C with the differ-
ent serum samples optimally diluted to avoid cytotoxicity.
A saturation step with the same sera diluted 1:10 was done
by incubation at 4°C for 30 minutes. Cells were washed
with PBS 1X and incubated with FITC-labelled anti-IgE
(Tebu, Le Perray en Yvelines, France) (1/100) for 30 min-
utes. Cells were washed again, centrifuged, resuspended in
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PBS 1X and analysed by cytofluorometry using Cellquest
software (Beckton Dickinson, USA). 10,000 cells were
acquired per tube.

Cytokine levels

The levels of cytokines in the plasma (IL-4, TNF, INF-y,
and IL-10) were estimated by Opti-ELISA kits (Pharmin-
gen, San Diego, CA.USA) used following the manufac-
turer's instructions.

Statistics

Due to a non-normal distribution of the scores in each
group, non-parametric tests were performed, using the
median to compare the different clinical groups. The
Mann Whitney test was used for comparisons between
two groups and the Kruskall Wallis test to compare three
or more groups. Spearman's correlation was used to check
for correlations between parameters. P values less than
0.05 were considered as significant. Chi-squared test was
used to compare qualitative variables.

Results

Serum total IgE levels in groups of P. falciparum infected
patients with different clinical phenotypes

Total IgE levels were analysed in endemic controls and in
cohorts of P. falciparum-infected patients with different
clinical forms of malaria, ranging from asymptomatic to
cerebral disease, from Gabonese and Indian endemic
areas to study the association between the IgE response
and disease severity. Total IgE levels were measured by
ELISA in individual sera before drug administration (cor-
responding to day 0) and determined the general distribu-
tion in the studied populations from Gabon (Figure 1A)
and India (Figure 1B). Total IgE concentrations were
found to be much higher in patients from India (mainly
adults) than in patients from Gabon (children). In both
populations independent of the different levels of IgE in
each population, the median IgE levels within each clini-
cal group tended to increase upon infection (mainly in
UM and SM groups), although the difference between the
groups was only significant in the Indian population
(Kruskall Wallis, p = 0.0005). As only Indian patients
showed a significant difference, the Mann Whitney test
was used to compare the different groups in this popula-
tion only. There was a significant increase in IgE levels in
the EC group compared to the NEC group (p = 0.042). The
most significant increase in IgE levels (versus the EC
group) occurred in the UM patients (p = 0.015) and in the
SM patients (p = 0.013). No significant difference
between the EC group and the CM and Ex-CM groups was
observed.

A range of values of IgE levels was defined enabling the
analysis of the frequency of normal, moderate and high
IgE levels in each clinical group of patients. The so-called
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normal values were adjusted to the studied population
because the Gabonese and Indian groups had different
plasma total IgE ranges. Therefore, the normal value (N)
was defined by the median IgE levels in the endemic con-
trols of each study population. Consequently, all values
between N and 2N were considered as low/moderate IgE
levels and those between 2N and 3N as moderate/high IgE
levels, with the highest levels being above 3N (Figures 1C
and 1D). Even in Gabonese patients, for whom the
increase of IgE in the disease groups was not significant, a
higher percentage of patients with clinical disease had
higher IgE levels than controls and asymptomatic
patients. These differences were more marked in the UM,
SM and CM Indian patients (Figure 1D). In the Indian
population, the NEC group did not have moderate/high
IgE levels, although a high percentage of patients exhib-
ited normal IgE levels (Figure 1D). Also, no significant
change was detected in IgE levels over time in the UM, SM
and CM groups of the Gabonese cohorts when tested
seven days and 30 days after treatment (Table 2). No sig-
nificant association of malaria and IgE levels with sex in
the two studied populations. However, a significant
increase in IgE levels with age (p = 0.00034) was observed
in the Gabonese subjects (Figure 2A) but not in the Indian
subjects.

The correlation between IgE levels and the parasite load
was tested. Although the general trend was different in the
Indian and Gabonese population, there was no significant
correlation between IgE concentration and parasite load
for all groups together. In Gabonese cohorts, a negative
correlation for all groups was observed, except for the UM
patients where the correlation showed a positive ten-
dency. In the Indian cohorts, a positive correlation was
observed between IgE levels and parasite load, mainly in
the UM and SM groups (Figure 2B).

Functional parasite specific IgE response in P. falciparum
infected patients

Previous studies have used ELISA to quantify specific IgE
present in the serum [7,8,10,11]. The functionality of spe-
cific IgEs present in the serum was studied by evaluating
the ability of these IgEs to induce mast cell degranulation
in the presence of the parasite antigen. A rat mast cell line
transfected with the human o-chain of Fce RI was used
[20]. Human Fce RI expression was induced after incuba-
tion with all serum samples at non-cytotoxic dilutions.
FACS was used to detect the presence of FcaRI receptors on
the mast cells surface induced by IgE present in serum
samples. Although the fluorescence intensity revealing
human Fce RI expression by the mast cells varied between
patient samples, IgE receptors were upregulated in all the
samples tested. No correlation between total IgE levels in
the serum and the up-regulation of mast cell receptors was
found. There was no significant correlation between IgE
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Distribution of total IgE levels per clinical group in both studied populations: Gabon and India. A. Total IgE levels (ug/ml) per
clinical group in Gabonese patients (non-significant Kruskall Wallis test). B. Total IgE levels (1g/ml) in Indian patients (significant
Kruskall Wallis test, p = 0.0005). C. Percentage of patients with defined IgE levels per group in the Gabonese population (nor-
mal levels (N) lower than or equal to 0.500 ug/ml, moderate levels (N to 2N), from 0.501 to 1.000 pg/ml, high levels (2N to
3N), from 1,000 to 1,500 pug/ml, very high (>3N) greater than 1,500 Lig/ml). D. Percentage of patients with defined levels of IgE
per group in the Indian population (normal levels (N) lower than or equal to 4,000 ig/ml, moderate levels (N to 2N), from
4,000 to 8,000 pg/ml, high levels (2N to 3N), from 8,000 to 12,000 pg/ml, very high (>3N), greater than 12,000 pg/ml). Legend:
EC — endemic control, Al — Asymptomatic infected, UM — uncomplicated malaria, SM — severe malaria, CM — cerebral malaria,

NEC — non-endemic control, ExCM — ex-cerebral malaria.

levels and receptor upregulation and the level of mast cell
degranulation. Sensitized cells were then incubated with
different concentrations of a P. falciparum blood-stage
antigen extract. Mast cell degranulation was measured by
quantifying the release of B-hexosaminidase. Control cells
not exposed to any serum gave a maximum mast cell
degranulation of 3%. Therefore, serum samples giving an
enzyme release greater than 5% in the presence of at least
one of the antigen concentrations were considered posi-
tive for functional IgE. In the Gabonese cohorts (Figure
3A), there were functional P. falciparum IgE in all clinical

groups. However, the percentage of patients with func-
tional specific anti-parasite IgE was higher in asympto-
matic and uncomplicated malaria patients than in other
groups. Also, the percentage of patients displaying para-
site-specific IgE was lower in the group exhibiting severe
disease. The distribution of patients per group releasing
between 5 and 10%, 10 and 30% and above 30% B-hex-
osaminidase induced by specific anti-parasite IgE revealed
that one patient in CM group had a degranulation level
above 30%, being the highest induced response among all
the tested individuals. The same assay was carried out on
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Table 2: Day 0, day 7 and day 30 median IgE levels per clinical group in the Gabonese population.

Total IgE (ug/ml)

EC (min-max)

Al (min-max)

UM (min-max)

SM (min-max)

CM (min-max)

Day 0
Day 7
Day 30

0,525 (0,009-25,47)
0,582 (0,0144-5,644)
1,026 (0,044-2,628)

0,677 (0-41,96)
0,448 (0,0192-3,188)
0,977 (0,056-7,446)

0,690 (0,015-13,173)
0,516 (0,011-5,228)
0,151 (0,052-3,925)

1,132 (0,016-9,915)
0,836 (0,016-5,689)
0,662 (0,011-6,315)

0,922 (0,093-16,34)
8,033 (8,033-8,033)

EC — endemic control, Al — asymptomatic infected, UM — uncomplicated malaria, SM — severe malaria (non-cerebral), CM — cerebral malaria.

the Indian population. Although there was no significant
difference between groups, the percentage of patients hav-
ing functional IgE recognizing the parasite extract was
slightly higher in EC and UM groups than in SM and CM
groups (Figure 3B). All positive patients had an enzyme
release of between 10 and 30%. No significant correlation
was found between P. falciparum-specific IgE-induced
mast cell degranulation levels and sex, age and parasitae-
mia.

Relationship between total and specific serum IgE and
cytokine profiles

IgE production is influenced by cytokines produced by
activated T cells. These cytokines are also involved in
pathophysiological mechanisms associated with severe
malaria [4,22,23]. Therefore, the relationship between the
cytokine profile, the IgE levels and the clinical manifesta-
tion was investigated. IFN-y, TNF and IL-10 levels were
measured in the sera of the Indian and Gabonese patients.
IL-4 levels were measured only in Indian patients as it was
not different between the Gabonese groups. IFNy concen-
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trations were highest in the Gabonese Al and CM groups
(Table 3). This cytokine is significantly higher in the Al
and CM groups than in EC (p = 0.02 and p = 0.009 respec-
tively). The plasma TNF concentration was similar in the
severe SM and CM groups and in disease-free EC and Al
groups. TNF levels were clearly higher in SM and CM
groups than in the UM group (p < 0.001). Surprisingly, EC
and Al also exhibited higher TNF levels when compared to
UM group. No association between IFN-y or TNF and IgE
levels were found. However, a significant positive correla-
tion was found between the concentration of total IgE and
IL-10 in the UM group (p = 0.02) and a significant nega-
tive correlation in the Al group (p = 0.02) (Figure 4). The
median levels of the different cytokines in the plasma of
Indian patients are given in Table 4. IL-10 and TNF levels
were higher in CM patients than in controls and other P.
falciparum-infected patients. The plasma concentrations of
these cytokines were moderate in cured CM patients
(ExCM). Their levels of IL-10 and TNF were slightly higher
in endemic controls than in non-endemic controls. Levels
of IFN- were lower in the CM group than in Al group. No
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A. Total IgE correlation with age in the Gabonese population (significant spearman correlation, p = 1.0 x 10-9). B. Total IgE
correlation with parasitaemia in the Indian population. Significant Spearman correlation (p = 0,0001).
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Percentage of patients with positive functional IgE against parasite antigen in the Gabonese and Indian populations. A. Distribu-
tion of patients with positive anti-parasite functional IgE, exhibiting different intensities of enzyme release per clinical group in
the Gabonese population (low enzyme release, from 5 to 10%; moderate enzyme release, from 10 to 30%; and high enzyme
release, greater than than 30%). B. Distribution of patients with positive anti-parasite functional IgE in the Indian population.

difference was found for the levels of IFN-y between the
uncomplicated and severe disease. Although, there was a
significant correlation between IgE levels and IFN-y (Fig-
ure 5A), TNF (Figure 5B) and IL-10 (Figure 5C) levels
when looking at all the groups combined. Most diseased
groups had high cytokine levels, whereas control groups
had lower levels (Figure 5A, B and 5C).

Discussion

The main feature of this study is the comparison of total
and functional P. falciparum-specific IgE responses in two
populations of low and high malaria transmission levels,
India and Gabon respectively and their relationship with
disease severity. Several clinical groups were compared:
endemic non-infected controls, asymptomatics and dif-
ferent clinical manifestations including uncomplicated,
severe non-cerebral and cerebral malaria.

Indian and Gabonese individuals exhibited a different
range of plasma levels of circulating IgE These cohorts had
a different age range, with the Gabonese groups being
children from 0 to 6 years of age, whereas Indian patients
had a mean age of 30 years. In the two populations, irre-
spective of its concentration and also consistent with pre-
viously published data, the IgE distribution tended to
increase upon parasite stimulation [8,10,11]. In the
Indian population, circulating IgE levels were seven times
higher in endemic controls than in non-endemic controls.
This suggests that exposure to the parasite strongly influ-
ences the production of IgE, although this difference may
also be due to other endemic factors [7]. Nevertheless, it
was reported that IgE levels were greatest in patients devel-
oping severe disease than in CM group (Figure 1A and
1B). When considering the percentage of patients that
produce high levels of IgE per group, it was shown that IgE

Table 3: Cytokine distribution in the Gabonese population: median TNF, IFN-y and IL-10 levels per clinical group.

EC (min-max) Al (min-max)

UM (min-max) SM (min-max) CM (min-max)

TNF (pg/ml) 41 (8-94) 36 (0-395)
IFN-y (pg/ml) 32(0-8) 9,5 (0-31)
IL-10 (pg/ml) 14 (0-83) 102 (0-317)

8 (0-440) 175 (1-442) 209 (0-1520)
5 (0-395) 4(0-201) 6.2 (2.5-9)
134 (0-1380) 339 (0-5200) 95 (0-2300)

EC — endemic control, Al — asymptomatic infected, UM — uncomplicated malaria, SM — severe malaria (non-cerebral), CM — cerebral malaria.
Comparing group by group with the Endemic control: TNF was significantly lower in UM (p = 0,0006); IFN-y was significantly higher in Al and CM
(p = 0,02 and p = 0,007, respectively); IL-10 was significantly higher in UM (p = 0,0009), SM (p = 0,0001) and CM (p = 0,0001)
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Table 4: Cytokine distribution in the Indian population: median TNF, IFN-y and IL-10 per clinical group.

NEC (min-max) EC (min-max) UM (min-max) SM (min-max) CM (min-max) ExCM (min-
max)
TNF (pg/ml) 57 (39-73) 78 (63—120) 180 (119-207) 200 (173-381) 530 (258-1227) 81 (69-124)
IFN-y (pg/ml) 23 (10-31) 22 (17-201) 119 (70-153) 127 (111-200) 65 (45-101) 32 (11-53)
IL-10 (pg/ml) 13 (5-26) 22 (11-31) 120 (97-147) 176 (121-253) 301 (175-506) 85 (40-108)
IL-4 (pg/ml) 18 (8-40) 58 (23-84) 65 (31-204) 69 (50-89) 62 (40-85) 48 (29-80)

NEC — non endemic control, EC — endemic control, UM — uncomplicated malaria, SM — severe malaria (non-cerebral), CM — cerebral malaria,

ExCM — Ex-cerebral malaria.

Comparing group by group with the Endemic control: TNF was significantly lower in NEC (p = 0,0006) and higher in UM (p = 1,19 x 10-7), SM (p
= 1,01 x 10-5) and CM (p = 2,26 x 10-7); IFN-y was significantly higher in all diseased groups (UM —p =5,11 x 10-6, SM—p = 1,01 x [0-6, CM-p
=9,71 x 10-6); IL-10 was significantly higher in all diseased groups (UM —p = 1,04 x 10-7, SM —p = 1,0l x 10-5 and CM —p = 2,46 x 10-7).

levels are higher in UM and SM (Figure 1C and 1D) than
in CM patients who had values similar to that of the con-
trols [8,24]. In addition, the median levels of circulating
IgE in the ExCM group were close to that of the CM group.
Also, no significant correlation was found between both
IgE and TNF levels in the CM group. These observations
are contrary to published data describing increased IgE
levels that correlate with high concentrations of circulat-
ing TNF, a cytokine associated with malaria severity and
also with pRBC adherence on brain capillary endothelial
cells [9,10,25,26]. The results suggest that either IgE does
not play an important role in CM pathogenesis, or that
these antibodies may participate in the parasite sequestra-
tion into the brain or other organ capillaries [24].

There was a significant increase in IgE levels with age in
Gabonese children independent of the disease group (Fig-
ure 2). This increase in IgE production between 0 and six
years of age may also reflect an increase in the capacity of
the immune system to respond to parasite infections
[7,27]. Such a correlation was not found in Indian groups.
This would be expected because the Indian groups com-
prised mainly adults, with the few children being older
than five years. Although most of individuals in the
Gabonese endemic control group had already been in
contact with the parasite, as demonstrated by the high
titres of specific antibody to P. falciparum-infected red
blood cells observed in these children, the median plasma
IgE concentrations were compared with those of the
Indian NEC group. Although the median total IgE levels
in the Indian NEC groups was higher than that of the
Gabonese EC group, suggesting that age could be an
important factor in IgE production, the higher IgE levels
in the Indian population may also be interpreted as the
result of either environmental factors, such as predomi-
nance of food allergies, of the genetic background, which
may predispose to developing IgE responses [13,27,29-
32] or of a co-infection with other parasites, such as
helminths affecting the IgE responses in these patients
[33,34]. In the Gabonese cohorts, IgE levels tended to cor-

relate negatively to parasitaemia except in UM whereas all
patient groups from India showed a positive correlation.

The pool of circulating IgE comprises both monomeric
and complexed immunoglobulins [35,36]. A functional
test was performed, based on the ability of the circulating
IgE from the sera of different patient groups to induce
degranulation of mast cells in the presence of pRBC anti-
gens to better estimate the P. falciparum specific IgE
response. This test does not provide specific IgE concen-
tration within total IgE. It is based on the specific IgE
induced percentage of mast cells degranulation. Degranu-
lation was measured by quantifying PB-hexosaminidase
release. Functional P. falciparum-specific IgEs were
detected in randomly chosen patients from all groups in
both the Gabonese and Indian populations, except for
ExCM Indian patients. The highest percentage of patients
with functional anti-parasite IgEs was found in the
Gabonese Al and UM and Indian EC and UM groups,
which decreased in the SM and CM groups (Figure 3A and
3B). This suggests a protective role for P. falciparum-spe-
cific IgE, and is consistent with previous published data
[13,14].

Although the CM group had a low percentage of patients
able to induce degranulation, it was the only group where
there was one patient serum inducing a mast cell degran-
ulation above 30%. This intense response may be associ-
ated with the presence of IgE with higher affinity for P.
falciparum antigens, as previously reported by Gonzalez-
Espinosa et al. [37]. However, the level of degranulation
can also be enhanced by the number of receptors involved
in recognizing the antigen-IgE complex, which can
strongly affect the size of the secretory response [37,38].
There was no evident correlation between the level of
functional P. falciparum-specific IgE (percentage of
enzyme release) and the level of total IgE per group within
each population. This is unsurprising, given that both the
monomeric and complexed forms of circulating parasite-
specific IgE can affect the level of degranulation [39-41]. It
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IL-10 correlation with total IgE levels in the Gabonese population. Dashed line - Asymptomatic patients (significant negative
spearman correlation, p = 0.025). Bold line - Uncomplicated malaria patients (significant positive correlation, p = 0.017).

is also acceptable that total IgE levels were not directly cor-
related to FcdRI upregulation levels [40,42]. The mini-
mum level of receptors occupied by the parasite antigen-
specific IgE complex required to induce a degranulation
response is 10%. Consequently, this response will be
independent of the total IgE levels [20]. An increase in
specific IgE levels has been also seen in other parasitic
infections, such as helminthiasis, in which the specific
IgEs usually help to eliminate the pathogens either
through hypersensitivity reactions resulting from mast
cell degranulation or by inducing antibody-dependent
cell-mediated responses [27].

High levels of IgE in P. falciparum-infected individuals
have been shown to be due to an underlying imbalance in
favour of [L-4 in the ratio of CD4+ T cell producers, which
are responsible for the IgG/IgM isotype switching to IgE
[10]. High levels of circulating IL-4 have also been associ-
ated with a greater parasite antigen-specific production of
IgE in individuals less susceptible to malaria [13]. Also,
Th1-type pro-inflammatory cytokines, such as IFN-y and
TNF are thought to play an important role in the both pro-
tecting against and increasing the pathogenesis of cerebral
malaria [3,4,22]. Plasma TNF, IFN-yand IL-10 levels were
measured in both the Indian and Gabonese groups. In the
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Cytokine correlation with IgE levels in the Indian population. A. TNF correlation with total IgE levels (significant positive spear-
man correlation, p = 0.0037); B. IFN-y correlation with total IgE levels (Significant positive spearman correlation, p = 0.0028);
C. IL-10 correlation with total IgE levels (significant positive spearman correlation, p = 0.0051).

Gabonese groups, no direct correlation was found
between IgE and IFN-y or TNF levels in the UM, SM and
CM patients. However, the level of IgE production was
correlated to IL-10 levels in UM and Al patients (Figure 4).
In this group, there was a positive association between IL-
10 levels and parasite load, but not between IgE levels and
parasitaemia. In the Indian groups, IFN-y, TNF and IL-10
levels were all significantly correlated with IgE levels inde-
pendent of the group (Figures 5A, B and 5C). When look-
ing for a correlation per group, no significant statistic
value was found. IL-4 is the main cytokine responsible for
IgE production, inducing antibody isotype switching from
IgG and IgM to IgE [10]. Previous studies have shown an
association between the IL-4/IFN-y levels and IgE levels,

suggesting an induced Th2-type switched response [43].
As IL-4 levels were different between groups only in Indi-
ans, a correlation was expected between this ratio and IgE
levels, and surprisingly, the results showed an opposite
correlation (p = 0,012). The levels of IL-4 remained
almost constant across all groups as IgE levels increased.
Therefore, this opposite correlation arises due to a parallel
increase in both IFN-y and IgE levels. This suggests that, in
the Indian population, IL-4 does not seem to directly
influence IgE levels. It has been shown experimentally
that there are conditions under which alternative mecha-
nisms may induce IgE production independent of 1L-4
[44]. Regarding other cytokine ratios, like TNF/IL-10, no
significant correlation was found with total IgE levels.
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In conclusion, these results showed that total IgE levels
increased in infected patients, mainly in UM and SM
patients but not in CM patients. The decrease in total IgE
levels in the CM group was associated with a higher inten-
sity of mast cell degranulation induced in vitro by P. falci-
parum-specific IgE. In addition, no correlation was found
between total and functional P. falciparum-specific IgE lev-
els.

The results reported here show the high activity of func-
tional circulating P. falciparum-specific IgE in asympto-
matic malaria patients. However, no correlation was
observed between plasma levels of total IgE, the disease
phenotype and the cytokines pattern in the different
groups of patients studied. The opposite association
between pro- and anti-inflammatory cytokine ratios and
IgE levels reveals the complexity of immune response dis-
ruption occurring during malaria in patients from low
and high malaria endemic region.
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George, Caroline L. S., Misty L. White, Katarina Kulhankova,
Aditya Mahajan, Peter S. Thorne, Jeanne M. Snyder, and Joel N.
Kline. Early exposure to a nonhygienic environment alters pulmonary
immunity and allergic responses. Am J Physiol Lung Cell Mol Physiol
291: L512-L522, 2006. First published March 23, 2006;
doi:10.1152/ajplung.00278.2005.—The hygiene hypothesis suggests
that early life exposure to a nonhygienic environment that contains
endotoxin reduces the risk of developing allergic diseases. The mech-
anisms underlying the hygiene hypothesis are unclear and may in-
volve subtle immune system interactions that occur during maturation.
Experimental objectives of this study were to use a novel animal
model to test the hygiene hypothesis and to characterize early life
immune system responses to a nonhygienic environment. Mice were
reared in corn dust, a grain-processing byproduct with a high-endo-
toxin content and microbial products or in a low-endotoxin environ-
ment. The influence of early or later life exposure to corn dust on a
subsequent allergen stimulus (ovalbumin) was assessed by bronchoal-
veolar lavage (BAL) cell analysis, lung histology, serum IgE, and
BAL cytokine measurements. The influence of the corn dust environ-
ment on the developing pulmonary immune system was assessed by
BAL cell analysis and immunostaining of lung tissue. The corn dust
environment contained significantly more endotoxin (P < 0.001), and
the dust exposures attenuated the cellular inflammatory response to
ovalbumin in the adult mouse (P < 0.01) but did not reduce serum IgE
levels or alter baseline BAL fluid proinflammatory cytokine levels.
The corn dust environment did not induce significant neutrophilia in
lavage fluid but significantly increased the number of antigen-present-
ing cells in alveolar walls early in life by ~37%. In conclusion,
exposure to a nonhygienic environment did not induce significant
airway neutrophilia, yet altered the population of immunologically
active cells in the lung and reduced subsequent allergic inflammation.

hygiene hypothesis; immune system; development; rodent

IN RECENT DECADES, THE PREVALENCE of asthma has risen dramat-
ically in industrialized nations, whereas inhabitants of under-
developed countries appear to be protected from this phenom-
enon. The “hygiene hypothesis” (36) describes an association
between the environment and reduced incidence of atopic and
asthma disease. It is strengthened by epidemiological data that
demonstrate an influence of early life environment on the
development of immune tolerance (28). Environmental condi-
tions associated with a reduced risk of developing allergic
disease include large family size, rural homes, low antibiotic
use, and poor sanitation (4, 5, 36, 47). Each of these conditions
can be characterized by an increased exposure to microbes and
microbial products early in life.

The innate immune system comprises the first line of de-
fense in the lung and initiates an immune response after
exposure to microorganisms or foreign antigens. Portions of
the innate immune system are present in the developing fetus
or newborn, whereas other components are not yet fully func-
tional at birth. The appearance of dendritic cells in the lung
occurs during the first year of life (42). Dendritic cells exist in
the lung in an immature state. They respond to antigens in the
environment by changing their phenotype (35) and can play a
pivotal role in influencing the developing immune system (12,
25), specifically lymphocytes. Lymphocytes, in turn, influence
the response to microbial or allergic stresses in the environ-
ment (17).

Animal models have been devised to explore the influence of
endotoxin, a key component of a nonhygienic environment, on
the innate immune system and the development of an atopic
response. As a model for endotoxin exposure, purified endo-
toxin is often delivered directly to the airway via intratracheal
instillation or as an aerosolized solution. We and others have
used murine models in which endotoxin solutions are inhaled
to mimic agricultural or domestic exposures (8, 9, 30, 44).
Analyses of environmental endotoxin exposure in most epide-
miological studies are performed by quantifying endotoxin
from airborne dust and dust collected from mattresses and
floors (40, 41, 47). When endotoxin levels observed in these
domestic and occupational environments are compared with
the levels of exposure in animal models, experimental animals
are often exposed to considerably higher levels of endotoxin.
Importantly, both domestic and agricultural dusts contain en-
dotoxin in addition to other immunologically active compo-
nents (32). Therefore, studies concerning the influence of
complex, naturally occurring organic dusts on the developing
lung and immune system are needed to address questions about
environmental exposures that cannot be answered by using
purified endotoxin.

One aim of the present study was to explore the influence of
an endotoxin-containing nonhygienic environment on the sus-
ceptibility to atopic airway inflammation. A second goal was to
define the pulmonary inflammatory response to this nonhy-
gienic environment during development. We used grain dust,
an environmental model of agricultural exposure that is rich in
endotoxin and other microbial components, in this study (32).
We hypothesized that early life exposure to organic dust with
a high concentration of endotoxin would modulate allergic
immune responses later in life and also that this exposure
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ORGANIC DUST AND IMMUNE DEVELOPMENT

would be associated with a neutrophilic response in the bron-
choalveolar lavage (BAL) fluid. Our experiments demonstrate
that subchronic exposures to corn dust either very early in life
or later in life attenuate the allergic inflammatory response of
the lung in mature animals without modulating systemic levels
of ovalbumin-specific IgE or levels of proinflammatory cyto-
kines in BAL fluid. In addition, early life exposure to a corn
dust environment did not result in pulmonary neutrophilia but
rather increased the numbers of antigen-presenting cells in the
lung.

MATERIALS AND METHODS

Materials. All materials were purchased from Sigma (St. Louis,
MO) unless otherwise specified.

Environmental exposure. Two types of environmental exposures
were created. The hygienic environment (control) consisted of a
standard mouse cage lined with Cellu-Dri, a cellulose fiber animal
bedding (Shepherd Specialty Papers, Kalamazoo, MI) used by our
animal care facility. Dust collected from the grain-drying system
located outside at a local grain elevator that processed corn was used
as bedding material to create the nonhygienic environment (experi-
mental). Breeding pairs were housed in control bedding or corn dust
bedding, and their litters either remained in these environments or
were placed into the corn dust bedding as indicated. In preparation for
the allergen studies, some mice were born into the control bedding and
then were placed into corn dust bedding at 4 wk of age until the end
of the study to create a “subchronic” exposure to a nonhygienic
environment. Other mice were born and reared into the corn dust
bedding and then moved into control bedding at 3 wk of age to create
an “early life” exposure to corn dust. Three weeks of age was selected
as the end point of the early life exposure to coincide with weaning
from the mother.

The control and experimental bedding materials were assessed for
endotoxin content by use of the kinetic chromogenic Limulus ame-
bocyte lysate (LAL) assay (Whittaker Bioproducts, Walkersville,
MD) (38). Our LAL kit conversion from endotoxin units (EU) to
nanograms was 9 EU/ng. Ambient dust particles from both environ-
ments were collected with a Button aerosol sampler (Eighty Four,
SKC), an aerosol-sampling device specifically designed to obtain a
representative sample of airborne dust in an environment. The endo-
toxin content of the airborne particulate matter was assessed by the
LAL assay. This allowed us to calculate the concentration of airborne
endotoxin (EU/m?) in cages of individual animals. The size of
ambient particles from the control and experimental environments
was determined by a Grimm portable dust monitor (series 1.100;
Grimm Technologies, Douglasville, GA).

ELISA for (1-6)-branched, (1-3)B-p-glucan. Fungal cell wall
components were detected by ELISA, as recently described (22).
Briefly, the dust samples were suspended in pyrogen-free PBS with
0.05% Tween 20. Samples were agitated for 1 h at room temperature,
autoclaved at 120°C for 1 h, and then centrifuged at 600 g for 20 min.
The ELISA plates were prepared by coating with a mouse monoclonal
anti-(1-6)-branched, (1-3)B-p-glucan antibody (Murex Biotech Lim-
ited). A 100-pl sample was applied to the coated plates in serial
twofold dilutions. The plates were washed, and then a custom rabbit
anti-Scleroglucan polyclonal antibody (1:2,500) was added and incu-
bated for 1 h. The washed plates were incubated with goat anti-rabbit
IgG horseradish peroxidase (Bioscience, Camarillo, CA). The washed
plates were developed with tetramethylbenzidine substrate, and then
the reaction was stopped with 0.18 M H,SO. and read at 405 nm
optical density (OD). A standard curve was created with purified
Scleroglucan extract (kindly provided by Dr. David William, East
Tennessee State University).

Microorganism determination. Microorganisms contained within
the corn dust bedding were detected by culture assay by previously
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described methods (39). Specifically, three types of culture media
were employed in duplicate to determine the total bacteria, gram-
negative enteric bacteria, and total fungi load within the corn dust
bedding.

Animals. Mice (6- to 8-wk-old C3HeB/FelJ) were purchased from
Jackson Laboratories (Bar Harbor, ME). All mice were housed to-
gether in an isolation cubicle with microisolation lids on each cage.
Breeder mice were acclimated to either the control or corn dust
environment for 2 wk before they were paired. Litters were main-
tained in either the corn dust or control bedding environments. Some
animals were euthanized on day of life (DOL) 10, DOL 16, or DOL
21 to characterize the effects of the control and corn dust bedding
environments on the developing immune system. At 21 days of age,
all mice were weaned and placed into a control bedding environment.
Weaned mice received water-softened mouse chow (Formulab Chow
5008; Purina Mills, Richmond, IN) until it was determined that they
could obtain adequate nutritional support from the dry mouse chow.
Mice were provided water and food ad libitum. Animal care and
housing requirements set forth by the National Institutes of Health
Committee on Care and Use of Laboratory Animal Resources were
followed. The University of lowa Institutional Animal Care and Use
Committee approved the protocols used in this study.

Allergen exposure. At 8 wk of age, mice raised in a control bedding
environment and mice exposed to corn dust either early in life or as a
subchronic exposure starting at 4 wk of age were sensitized and
challenged to the allergen ovalbumin as previously described (14, 16).
Briefly, the mice were sensitized to ovalbumin via an intraperitoneal
injection (100 wl) of 20 g ovalbumin emulsified in 2 mg alum on
allergen exposure days 0 and 7. Mice were then challenged by
inhalation of ovalbumin (1% solution in normal saline, generated by
an Aero-Tech nebulizer, CIS-US) for 30 min on days 14 and 16.
Animals were then killed on day 18 of the allergen exposure, at 74
days of age.

BAL cell collection. Mice were euthanized with an overdose of
Nembutal (150 mg/kg) and their tracheas were cannulated with PE
tubing sized according to their age. We adapted our previously
published protocol to accommodate smaller mice (9). The lungs of
mice 10-21 days of age were lavaged with 2 ml of pyrogen-free
normal saline (Baxter), and adult animals were lavaged with 4 ml of
normal saline. Normal saline was allowed to passively flow into and
out of the lungs in aliquots ranging from 100 pl to 1 ml according to
the size of the animal. The collected lavage fluid was centrifuged at
830 g for 5 min at 4°C. The pelleted cells were then resuspended in
200 pl of HBSS. With the use of a hemacytometer and trypan blue
staining, a count of living cells was obtained. In our laboratory, 98%
of the cells collected from lavage fluid using this technique were live
cells. A cytospin preparation of 75-100 wl of the resuspended cells
was stained with Hema 3 stain set (Fisher Scientific, Middletown,
VA) to obtain a cell type differential count. Cell types counted were
macrophages, lymphocytes, neutrophils, and eosinophils. All total and
differential cell counts were performed on masked slides by two
independent observers and then averaged for each animal.

Cytokine determination. Cytokine identification and quantification
from BAL fluid collected from 10-wk-old mice were performed using
a multiplex protein kit that utilizes fluorescence antibody capture
techniques (Novagen, Madison, WI). The cytokines detected in this
assay were IL-1a, IL-18, IL-2, IL-4, IL-6, IL-10, IL-12 p70, granu-
locyte macrophage-colony stimulating factor (GMCSF), IFN-vy, and
TNF-a. BAL fluid was collected, and the cellular components were
removed by centrifugation as described above. The supernatant was
stored at —80°C until analyzed. Once thawed, the samples were
diluted 1:1 with assay diluent and assayed per the manufacturer’s
instructions. The range of cytokine concentration detection was
5-2,500 pg/ml.

Immunoglobulin assay. Our protocol was adapted from a previ-
ously described method (29). Briefly, serum levels of ovalbumin-
specific IgE were measured by capture ELISA. Ninety-six-well plates
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were incubated with 10 mg/ml ovalbumin in RPMI 1640 medium.
After an overnight incubation, wash, and blocking step with 10% FCS
in PBS, duplicate samples of serum (1:50 dilution) were incubated
overnight in the plate at 4°C. After a washing step, ovalbumin-
captured IgE was detected with biotinylated rat anti-mouse-IgE (clone
R35-118, BD PharMingen, San Diego, CA). After another washing
step, avidin peroxidase (BD PharMingen) was added to each well. The
reaction was developed by adding tetramethylbenzidine substrate (BD
PharMingen) after a final washing step. Units were reported as OD
readings at 450 nm. The control, unexposed animal values were made
equal to 1, and the values for the exposed animal were adjusted
accordingly.

Immunohistochemistry. Mice (21 days old) were euthanized, their
trachea cannulated with PE-50 tubing, and their lungs inflated with 0.5
ml 70% OCT compound (Sakura Finetek USA, Torrance, CA) in PBS
and then frozen in an acetone-dry ice bath. Frozen sections of lung
tissue (5 wm) were first fixed in cold acetone-ethanol (3:1), pretreated
with 0.3% hydrogen peroxide in PBS containing 0.3% horse serum,
and then blocked with an avidin and biotin blocking kit (Vector
Laboratories, Burlingame, CA). The tissue sections were then incu-
bated with an MHC class II anti-mouse I-EX antibody (clone 17-3-3,
BD PharMingen). The “Mouse on Mouse” light microscopy or fluo-
rescein kits from Vector were used to process the tissue sections per
instructions from the manufacturer. Slides for light microscopy were
developed with 4% diaminobenzedine and counterstained with Mey-
er’s hematoxylin. Light microscopy images of lung tissue were
captured with a Spot Jr. digital camera. Dendritic cells were similarly
identified with an antibody specific for the surface marker CDl11c
(clone N418, Serotec, Raleigh, NC) and processed with streptavidin
Alexa Fluor 568 for immunofluorescent staining. The antibody di-
luent, PBS, was used without the primary antibody as a control.
Confocal microscopy images of immunofluorescence were captured
with a Zeiss 510 microscope. For quantitative analysis of the antigen-
presenting cells within lung tissue, two individuals blinded to the
condition counted the number of I-EX-positive cells per X20 alveolar
field or the number of positive cells within the intraepithelial area of
a conducting airway using light microscopy. Consecutive alveolar
images from the inferior portion of the left lung were obtained
avoiding large blood vessels and conducting airways. As previously
described, images of conducting airways were collected, and ob-
liquely cut conducting airways were not analyzed (8). To obtain the
ratio of CD11c+ I-EX+ cells to CD11c— I-E*+ cells, two observers
counted 100 consecutive fluorescent cells. The data were collected
from four or five images/animal and averaged between the two
individuals.

Assessment of perivascular inflammation. Adult mice were eutha-
nized, their right heart flushed with PBS, and their trachea cannulated
with PE-90 tubing. The lungs were inflated with zinc-formalin solu-
tion (LABSCO, Louisville, KY) at a pressure head of 25 cmH,O.
Whole lungs were processed into paraffin blocks and sectioned
posterior to anterior in a caudal-cranial plane. Lung tissue sections 5
pm thick, obtained 75 wm from the posterior aspect, were mounted
onto glass slides. These lung sections were stained with hematoxylin
and eosin. A perivascular inflammatory grading scale was adapted
from a previously published study that focused on the number and
density of mononuclear cells within the perivascular areas of intersti-
tial blood vessels (18). Our scale ranged from 1 to 4, with grade 1
defined as none to few mononuclear cells (as typically seen in the
majority of control animals), grade 2 defined as mononuclear cells 1
or 2 cells thick around the vessel, grade 3 defined as perivascular areas
two to three cells thick surrounding the vessel, and grade 4 defined as
densely packed (>5 cells thick) inflammatory cells of at least ~50%
of the vessel. Two individuals blinded to the condition assessed 100
blood vessels per animal and graded them according to the degree of
mononuclear inflammatory cells in the perivascular area. The percent
of blood vessels in each grade for each animal (n = 7-10 animals/
group) was averaged between the two observers.

ORGANIC DUST AND IMMUNE DEVELOPMENT

Statistics. Student’s two-sample 7-test was used to compare means
between two groups for normally distributed data. For comparing
multiple groups to test for the effect of two factors (i.e., exposure
condition and age) and their interaction, 2-way ANOVA was used.
Bonferroni adjustment of the P value was applied when multiple
comparisons were performed. For variables that were not normally
distributed, such as cell count, a geometric mean was calculated. A P
value of <0.05, or less than the critical P value using the Bonferroni
adjustment, was considered statistically significant. All data are ex-
pressed as means * SD. The degree of interobserver agreement of the
inflammatory score was measured by the interobserver coefficient of
variation and the intraclass correlation, with an intraclass correla-
tion >0.75 considered to be very good agreement. The interclass
correlation between the two observers was 82% with 95% confidence
intervals. All the statistical analysis for this study was performed with
SigmaStat 3.0 software.

RESULTS

Characterization of the environmental exposures. The corn
dust that was used as bedding material contained a 57 times
greater concentration of endotoxin compared with the control
bedding [1,246 * 341 EU/mg in the corn dust (0.14 pg/mg) vs.
22 *= 13 EU/mg (0.002 pg/mg) in the control bedding; P <
0.001]. Endotoxin measurements were also obtained from
control bedding animal cages with three mice per cage, at four
time points (time 0, 24 h, 72 h, and 7 days). The mean
endotoxin concentration in the control bedding over time was
5.55 = 6.42 EU/mg bedding, with a range of 1.78-15.12
EU/mg. Therefore, the contribution of mice living in a cage
over time toward the total endotoxin exposure was negligible
compared with the high concentration of endotoxin in the corn
dust. The corn dust bedding contained 0.27 pg/mg (1-3)3-p-
glucan, 760 colony forming units (CFU)/mg culturable fungi,
540 CFU/mg culturable mesophilic bacteria, and 30 CFU/mg
culturable thermophilic bacteria. In comparison, the control
bedding contained <10 CFU/1,000 mg fungi and <3 CFU/
1,000 mg mesophilic bacteria. Size distribution analysis of
ambient particles obtained from representative animal cages
that contained either corn dust or control bedding demonstrated
that over 90% of airborne particles were smaller than 1 pwm
aerodynamic diameter in both environments (Fig. 1). The
average concentration of airborne particulate matter in the corn
dust bedding environments was similar to the control bedding
environments (0.61 * 0.59 mg/m? vs. 0.49 + 0.41 mg/m°,
respectively). The inhalable airborne endotoxin concentration
averaged 620 * 198 EU/m?® (0.07 pg/m?) in the corn dust
bedding environments and was significantly higher (P <
0.001) than in the control environments [43 = 1.78 EU/m’?
(0.005 pg/m)].

Both early life and later life subchronic exposure to corn
dust reduce atopic airway inflammation. The airway response
to sensitization and challenge with ovalbumin in mice raised in
control bedding was compared with that of mice who experi-
enced a subchronic corn dust bedding exposure (4 wk of life
through the end of the experiment) or an early life exposure to
corn dust (from conception through 3 wk of age). Ovalbumin-
treated mice raised in control bedding developed significant
BAL pleocytosis and eosinophilia compared with untreated
mice (Fig. 24; P < 0.001). Mice with a subchronic exposure to
the corn dust bedding developed significantly less cellular
airway inflammation (Fig. 2A4; P < 0.01) and BAL eosinophilia
(Fig. 2B; P < 0.05) than did those mice raised in control
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Fig. 1. Graphic representation of particle size data collected from 2 mouse
cages containing control (A) or corn dust (B) bedding. Data represent percent-
age of ambient particles counted in each size channel by a Grimm portable dust
monitor. Ambient particle endotoxin concentrations were assayed during five
24-h sample collection periods throughout the experimental period using a
Button sampler, gravimetric analysis, and the Limulus amebocyte lysate assay.
The dust exposure and endotoxin data are presented as means * SD. EU,
endotoxin unit.

bedding. Interestingly, mice with only an early life exposure to
corn dust bedding also demonstrated significantly fewer total
BAL cells (Fig. 24; P < 0.01) as well as BAL eosinophilia
(Fig. 2B; P < 0.05) compared with mice reared in control
bedding, in response to ovalbumin treatment.

Early life exposure to corn dust bedding alters the perivas-
cular but not peribronchial inflammatory response. Histolog-
ical examination of lung tissue demonstrated peribronchial
inflammatory changes after ovalbumin treatment compared
with mice not treated with ovalbumin (Fig. 3). Similar inflam-
matory changes around the conducting airways were observed
in ovalbumin-treated mice reared in either control bedding or
corn dust bedding. However, a key difference between the
groups was seen in ovalbumin-induced development of a
perivascular monocytic infiltrates (Fig. 4A). Using an inflam-
mation scoring method for perivascular responses (18) (Fig.
4B), we found that mice with early life exposure to corn dust
demonstrated a significant reduction in intensity of perivascu-
lar inflammation compared with control mice, after ovalbumin-
treatment (Fig. 4C) (18). There was a significant decrease (P <
0.05) in ovalbumin-induced grade 3/4 perivascular inflammation
in mice exposed to corn dust early in life and a corresponding
increase in grade 1/2 perivascular inflammation (Fig. 4C).
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Corn dust exposure does not alter the induction of ovalbu-
min-induced antibodies. Despite a modulation of ovalbumin-
induced airway inflammation by early life exposure to corn
dust, the systemic response to ovalbumin was not affected.
This was demonstrated by an ELISA determination of ovalbu-
min-IgE levels in serum that showed there was no difference
between ovalbumin-treated mice with and without an early life
exposure to corn dust (OD = 15.08 = 2.74 and 18.40 = 2.20,
respectively; P > 0.1, determined by Student’s r-test, from 3
separate experiments).

Corn dust bedding exposure does not induce pulmonary
inflammation. To evaluate whether exposure to the corn dust
alone may induce significant airway inflammation, we evalu-
ated the pulmonary cellular response of adult mice from the
four environmental exposure groups. We found no significant
difference in total BAL fluid cell number (Fig. SA) or airway
neutrophilia (Fig. 5B) between the control mice or mice ex-
posed to corn dust early in life, later in life, or continuously.
The majority of BAL cells in all animals were alveolar mac-
rophages (>85%), whereas neutrophils averaged only 7% of
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Fig. 2. A: number of total cells in bronchoalveolar lavage (BAL) fluid in
74-day-old mice, with (+) and without (—) ovalbumin (OVA) treatment.
Animals treated with OVA had significantly more cells compared with non-
OVA-treated animals (*P < 0.001 by 2-way ANOVA). OVA-treated mice
with a subchronic exposure to corn dust (CD) bedding (from 4 wk of life until
the end of the OVA treatment) had significantly fewer cells in BAL fluid than
untreated control mice (control + OVA vs. subchronic CD + OVA; P <
0.01, 2-way ANOVA). Ova-treated mice with an early life exposure to corn
dust bedding (from conception until 3 wk of life) also had a significant
decrease in total cells in BAL fluid compared with OVA-treated control
bedding mice (control + OVA vs. early CD + OVA; P < 0.01). B:
eosinophils in BAL fluid were significantly reduced in number after OVA
treatment in mice with either a subchronic or early life exposure to corn dust
(*P < 0.05, Student’s r-test) compared with mice reared in control bedding.
Mice that did not receive OVA treatment do not have eosinophils in their BAL
fluid (data not shown). Data are means = SD; n = 10-17 animals/condition.
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Fig. 3. Representative photomicrographs of
hematoxylin and eosin-stained lung tissues
from mice with and without OVA treatment,
with and without early life exposure to corn
dust bedding. OVA-treated mice have mono-
nuclear-infiltrating cells present near the con-
ducting airways (AW) in both early life envi-

Control Bedding

ronmental conditions (arrows), whereas mice
not treated with OVA lack these infiltrating
cells. No difference in the OVA-induced in-
flammatory response surrounding the con-
ducting airways was observed when compar-
ing the 2 early life exposure groups.

Early Life
Corn Dust Bedding

the BAL cells. Cytokine analysis of BAL fluid similarly
demonstrated that exposure to corn dust-bedding did not sig-
nificantly alter the concentration of IL-6, IL-10, IL-12,
GMCSF, IFN-vy, or TNF-a,, compared with control bedding
exposed animals (Fig. 6). Interestingly, the number of neutro-
phils and the concentration of TNF-a in BAL fluid were lowest
in the subchronic group; however, these changes were not
statistically significant. Other cytokine proteins detected in this
assay were below the level of detection in the BAL fluid.

Maturation of pulmonary immune cells. To better under-
stand the immune effects of early life environment, control and
corn dust-exposed mice were compared at several time points.
Between DOL 10 and DOL 21, there was a rapid and signif-
icant increase in the number of immune cells present in BAL
fluid (Fig. 7A). At DOL 10, eosinophils comprised a sizable
proportion of the BAL cells isolated from mice raised in
control bedding as well as those raised in corn dust bedding
(Fig. 7B), consistent with the understanding of the normal early
life immune environment being Th2 skewed. During this
period of development, mice reared in corn dust bedding
demonstrated significantly more eosinophils compared with
control mice (P < 0.05). As the animals mature, the eosinophil
numbers decreased toward adult levels (~0.5% of total BAL
cells), whereas alveolar macrophages increased proportion-
ately throughout maturation (data not shown). Mice reared in
the corn dust bedding tended to have increased numbers of
neutrophils in their BAL fluid; however, this difference did not
reach statistical significance (P = 0.054, DOL 10-21) (Fig.
7C). By DOL 21, mice reared in either environmental condi-
tion had a BAL fluid cell profile similar to that observed in
adult mice (9).

Pulmonary antigen-presenting cells in the lung parenchyma
were evaluated by immunostaining. MHC class II (I-EY)-
positive cells were detected within the epithelium of the con-
ducting airways and surrounding areas as well as within alve-

olar walls (Fig. 84). At DOL 21, there was a significant (P <
0.01) increase in the number of MHC class II-positive cells
within the alveolar spaces of mice reared in corn dust com-
pared with the number of cells in mice reared in control
bedding (Fig. 8B). There was, however, no significant differ-
ence in the number of MHC class II-positive cells within the
epithelium of conducting airways in mice reared in control
bedding vs. those reared in corn dust (Fig. 8B).

We hypothesized that the increased antigen-presenting cell
populations in the lung were likely to be dendritic cells. This
was suggested by the localization of the MHC class II-positive
cells within the lung tissue walls and colocalization of I-EX
(MHC class II protein) and CD11lc (common dendritic cell
surface marker) in all of the cells within the conducting airway
epithelium and the majority of cells within the alveolar wall
(Fig. 9A). The proportion of CD11c+ I-E¥+ cells (dendritic
cells) to CDllc— I-EX+ cells (macrophages) was similar
between mice raised in control and corn dust conditions (Fig. 9B).

DISCUSSION

Many have theorized that environmental exposures can tip
the developing immune system toward either the expression of
genes associated with allergic disorders or toward nonallergic
genes (48). Our murine model of environmental exposure to a
“nonhygienic” dry organic dust environment has allowed us to
investigate the influence of early life environment on the
developing pulmonary immune system. In this study, we first
demonstrated that the corn dust environment contains respira-
ble particulate matter. In mice, and other small rodents, parti-
cles <1 pm aerodynamic diameter are likely to reach the
alveolar region (13). The composition of our corn dust bedding
was complex. We confirmed that the level of ambient endo-
toxin in the corn dust environment was significantly higher
than in the control bedding environment. Additionally, the corn
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Fig. 4. A: representative photomicrographs of blood vessels (BV) within lung tissue with and without OVA treatment. Mice that were not treated with OVA did
not demonstrate perivascular inflammation. Typical inflammatory changes after OVA treatment in the perivascular regions are indicated (arrows). Less
perivascular inflammation was observed in the lungs of mice exposed to corn dust bedding early in life compared with those mice that were reared in control
bedding. Although both early life exposure groups had OVA-induced mononuclear inflammatory cell infiltrates around blood vessels, mice reared in corn dust

bedding had less interstitial inflammation than mice reared in control bedding. B:

grading scale used to assess perivascular inflammation. Grades 1-4 represent

a progressively increasing density of mononuclear inflammatory cells in a circumferential pattern around blood vessels. C: percentage of blood vessels within
each grade of inflammation; 100 blood vessels were graded from each animal. Early life exposure to corn dust (black bars) significantly decreased (*P < 0.05)
the number of lung blood vessels with grade 3/4 inflammation and increased the number of blood vessels with grade 1/2 inflammation after OVA treatment
compared with mice reared in control bedding (white bars). Data are means = SD; n = 7-10 animals/condition.

dust bedding also contained microorganisms and immunolog-
ically active branched B-glucans of fungal origin. Like endo-
toxin, B-glucans can favor production of a Th1 cytokine profile
(37). When administered orally in a swine model of influenza
infection, 3-glucans both increase IFN-y in the lung and
decrease the viral load (15). In summary, our murine model
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contains several components in addition to endotoxin that are
immunologically active.

We chose to focus on the inflammatory response to an
allergen as an endpoint because both animal models and
epidemiologic studies of large populations have found a close
association between environmental exposure to endotoxin and
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Fig. 5. A: numbers of cells in BAL fluid. Cell counts were determined in
74-day-old mice that experienced 1 of 4 environmental conditions (control
bedding, and subchronic, early life, or continuous exposure to corn dust
bedding). There were no significant differences in cell numbers between any of
the corn dust bedding exposures and the control mice. B: number of neutrophils
in BAL fluid. There were no significant differences in the total number of
neutrophils in any of the corn dust exposures compared with control mice. Data
are means = SD; n = 4 animals/condition.

markers of atopy (5, 10, 11, 21). Mice who experienced a
subchronic exposure to corn dust bedding (from 4 to 10.5 wk
of life) were characterized by an attenuated lung cellular
inflammatory response as reflected by the number of total BAL
fluid cells and eosinophils. A similar reduction in eosinophilia
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Fig. 6. Cytokine levels in BAL fluid. Cytokines were measured in BAL fluid
obtained from 74-day-old mice that had been exposed to either control bedding
or subchronic corn dust bedding (from 4 wk to 74 days of life) or to early life
corn dust bedding (from conception until 3 wk of life). There were no
significant differences between the control mice and the 2 corn dust bedding
exposure groups in the levels of IL-6, IL-10, IL-12, granulocyte macrophage-
colony stimulating factor (GMCSF), IFN-y, or TNF-a. Data are means = SD;
n = 3 or 4 animals/condition.
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Fig. 7. BAL white blood cell (WBC) populations during development. A: total
WBC counts in mice reared in control bedding (white bars) vs. in corn dust
bedding (black bars) were determined at day of life (DOL) 10, DOL 16, and
DOL 21. The total number of BAL cells increased with increasing age (*P <
0.05, DOL 10 vs. DOL 21; P < 0.01, DOL 10 vs. DOL 16; 2-way ANOVA).
There was no difference between the number of BAL cells in mice reared in
the control and corn dust environments at any stage of development. B:
eosinophil numbers in BAL fluid. The total number of eosinophils obtained
from BAL fluid was significantly greater in the corn dust-reared mice com-
pared with the control mice (*P < 0.05, 2-way ANOVA). Over time, the
eosinophil number decreased with age in all mice. C: neutrophil numbers in
BAL fluid. Mice reared in corn dust bedding tended to have increased numbers
of BAL neutrophils compared with the control-bedding mice; however, the
difference was not statistically significant (P = 0.054, 2-way ANOVA). The
number of neutrophils in both environments decreased with age. Data are
means = SD; n = 7-13 animals/condition at each age.

has been demonstrated by Tulic et al. (43) in a rat model of
ovalbumin-induced lung injury when the animals were treated
with intraperitoneal LPS before or just after the intraperitoneal
sensitization dose of ovalbumin (43). In our studies, we also
bred mice into the corn dust environment and then removed
them at 3 wk of age to limit their environmental exposure.
With this experimental design, our results show that exposure
to the corn dust environment early in life also can attenuate the
inflammatory response that the adult mouse develops in re-
sponse to an allergen. A similar reduction in ovalbumin-
induced BAL pleocytosis and eosinophilia has been described
recently in a model of in utero and perinatal exposure to LPS (3).

In addition to a reduction in BAL pleocytosis and in eosin-
ophil numbers, the mice exposed to the corn dust bedding
environment early in life also had reduced pulmonary intersti-
tial inflammation. Typically, murine models of ovalbumin-
induced allergic lung injury are characterized by peribronchial
and perivascular inflammation. Whereas all animals treated
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Fig. 8. Major histocompatibility complex (MHC) class II cells in
the lung. Representative photomicrographs from 21-day-old mice
reared in control and corn dust bedding. A: cells that stain positive
for the I-EX protein (MHC class II positive cells) are brown and are
indicated with arrows. B: quantitation of MHC class II cells in the
lung. Corn dust bedding (black bars) did significantly increase the
number of MHC class II + antigen-presenting cells in alveolar wall
tissue but did not affect the number of antigen-presenting cells in
conducting airways of 21-day-old mice, compared with cell num-
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with ovalbumin in the present study were observed to have
mononuclear inflammation in the peribronchial region, one
obvious difference in the lung histology of mice exposed to
corn dust early in life was the reduced degree of mononuclear
infiltrating cells surrounding blood vessels. Most studies that
used murine models of allergen-induced lung inflammation do
not distinguish between various compartments of lung when
evaluating interstitial inflammation or limit the focus to the
peribronchial compartment. The assumption that the respira-
tory tract beyond the level of the mainstem bronchi is uniform
in immune system function may not be correct. Legge and
Braciale (19) demonstrated that the dendritic cell population
associated with pulmonary conducting airways have a rate of
turnover different from those in the alveolar compartment.
Moreover, dendritic cell activity in the conducting airways and
peripheral lung tissue may be under the control of local
mediators that create unique microenvironments in these sites
(46). Finally, in a murine model of inhalation exposure, it was
shown that diesel exhaust particles induce perivascular inflam-
mation that develops in the absence of peribronchial inflam-
mation. This is in contrast to ovalbumin-induced inflammatory
changes where both lung compartments (perivascular and peri-
bronchial) developed mononuclear infiltrates (34). Therefore, it

bers in mice reared in control bedding (white bars). Data are
means = SD; n = 4 or 5 animals/condition. *P < 0.01.

Conducting airway cells

is possible that the perivascular and peribronchial immune
system compartments in the lung are differentially affected by
stimuli and this accounts for the altered perivascular histology
that we observed after ovalbumin treatment.

In contrast to the pulmonary response to ovalbumin, serum
ovalbumin-IgE levels were unaffected by the corn dust envi-
ronment. Others have demonstrated that when the endotoxin is
delivered systemically, even in the prenatal period, serum
ovalbumin-IgE levels are decreased (3). One significant differ-
ence between our experimental design and other models is that
our endotoxin exposure utilizes spontaneous inhalation of
respirable microbial products, whereas others use intraperito-
neal injections of LPS (3) or aerosolization of purified endo-
toxin (44). Our results, in contrast to these other models of
endotoxin exposure, do not support the epidemiological studies
that found an association with endotoxin-laden dust in agricul-
tural domestic settings and a reduced incidence of atopy (21,
47). One reason that our exposure model did not attenuate the
systemic allergic response may be that the corn dust bedding
environment is a less potent stimulus compared with the
delivery of purified endotoxin, as suggested by the different
immune responses associated with high- vs. low-dose endo-
toxin exposures (6).
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Fig. 9. Antigen-presenting cells in the lung. A: representative im-
ages of immunofluorescence staining from 21-day-old mice dem-
onstrate that MHC class II-positive cells (I-EX antibody, green
color) also stain for CD11c (a dendritic cell marker, red color).
Colocalization of both antigens is indicated by yellow fluorescence
(solid arrows) and was detected in both the conducting airways and
in the alveolar walls. A minority of cells in the alveoli stained for
the MHC class II protein I-E* only (dashed arrows), and these may
represent macrophages. B: ratio of CDI1lc-positive MHC class
II-positive cells to CD1lc-negative MHC class II-positive cells.
There was no significant difference in the ratio of the CD11C+
[-EX+ to CDllc— I-EX+ cells present in the control or corn
dust-exposed mice. CD11c+ I-EX— cells made up <1% of the total
cell population in both groups of mice. Data are means * SD; n =
3 animals/condition.

Conducting Airway

w

The corn dust bedding environment was not associated with
an inflammatory response in pulmonary alveoli at any time
point examined in this study. We specifically chose the
C3HeB/Fel] strain of mouse for our studies because it is
particularly sensitive to endotoxin with respect to the recruit-
ment of neutrophils into the lower airways (20). We anticipated
that an environment with endotoxin levels comparable to
previously described agricultural and domestic settings (10,
47) would be associated with neutrophilia. The lack of a
significant increase in the number of neutrophils in BAL fluid
both in the very young or mature mouse makes our corn dust
endotoxin exposure very different from previously published
aerosolized endotoxin models where a significant influx of
neutrophils into the lung is observed (8, 44). An increase in the
number of neutrophils tends to reflect the endotoxin level
delivered to the lung. The endotoxin concentrations in the
respirable portion of the airborne corn dust environment was
equal to or higher than what has been observed in domestic
settings (47). However, it is difficult to compare our dust

ORGANIC DUST AND IMMUNE DEVELOPMENT
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exposure to animal models presented in the literature, as many
deliver a set amount of purified endotoxin directly to the
airway (6), whereas others do not report the airborne concen-
tration when a nebulizer apparatus is utilized (44). Further-
more, it is possible that animal models that use high-dose
purified endotoxin exposures to study endotoxin-induced im-
munomodulation may produce a very different immune system
response that might be occurring in the rural household expo-
sures described in the hygiene hypothesis. Finally, because our
mice did not demonstrate the expected neutrophil response to
endotoxin, yet demonstrated an attenuated response to the
ovalbumin, other immunologically active components within a
nonhygienic environment may be important in altering allergic
immune responses.

We failed to identify alterations in the BAL fluid of either
proinflammatory cytokines (TNF-« and IL-6) or in moderating
cytokines (IL-10, IL-12, IFN-vy, and GMCSF) compared with
levels in control mice. These results were unexpected because
we and others have demonstrated that repeated exposure to
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aerosolized or intratracheal delivery of endotoxin-containing
solutions is associated with the increased production of several
proinflammatory cytokines (8, 45). Because the corn dust
bedding environment did not alter BAL fluid cytokine levels or
neutrophil numbers, we speculated that we might find alter-
ations within the immune cells earlier in life and that with time
the animal had developed a tolerance to this environment.

We next focused on the immune-modulating effects of corn
dust on immature mice. We report here for the first time that
normal inbred mice demonstrate significant airway eosino-
philia early in life. This predominance of eosinophils decreases
rapidly during postnatal lung development. The high concen-
tration of lung eosinophils early in life may be associated with
the Th2 bias (or reduced Th1 presence) previously described in
neonatal mice (1, 2, 33) and human infants (49). The presence
of relatively large numbers of eosinophils in the alveolar space
early in development has not previously been reported in
human or murine studies and may be specific to this strain of
mouse. This finding may be important because the change in
eosinophil numbers occurs during a critical time during im-
mune system development (7) and may influence how this
strain of mouse responds to allergen stimulation. Both the
control and corn dust environmental exposures were associated
with increased eosinophil numbers during the first 3 wk of life
compared with numbers in adult mice. In newborns and infants
during the first year of life, failing to shift a Th2 cytokine
profile to a Thl profile has been associated with blood eosin-
ophilia and serum markers of atopy (24). Others have demon-
strated that there is no relationship between the number of
eosinophils and an attenuated late asthmatic response with
repeated low-dose allergen exposure (26). Therefore, investi-
gation into the Th1/Th2 balance in very young mice outside of
the BAL fluid compartment may help clarify the association
between early life eosinophilia and a reduced later life allergic
inflammatory response.

On completion of the early life exposure to corn dust at DOL
21, we detected increased numbers of antigen-presenting (den-
dritic) cells in lung tissue compared with the numbers in mice
of the same age reared in control bedding. This increase was
observed in alveolar walls but not in the conducting airways.
This may reflect a more rapid turnover of dendritic cells in the
upper airways compared with lower respiratory tract dendritic
cells (19). It is unclear where the corn dust particles impact the
lung and come into contact with the immune system in our
murine model. However, given the delicate nature of the
alveolar spaces required for gas exchange, it was anticipated
that components of both the innate and phagocytic immune
systems may be increased in animals exposed to the experi-
mental nonhygienic environment.

The exposure to corn dust in our experimental model was
complex and unique, involving not only the respiratory system
but also the gastrointestinal system because it is likely that dust
particles were ingested during grooming. A state of immune
system tolerance can be induced after either ingestion or
inhalation of immunoreactive substances. Specifically, in a
murine model, oral administration of ovalbumin before intra-
peritoneal sensitization prevents the development of allergen-
induced lung inflammation (31). Similarly, exposure of the
nasal mucosa to ovalbumin before intraperitoneal sensitization
also attenuates the lung’s atopic inflammatory response (23).
Therefore, it is possible the gastrointestinal tract, in addition to

L521

the upper and lower respiratory tracts, contributed to the
immune system changes that we observed in this study.

The original description of the hygiene hypothesis proposed
that smaller family size, reduced infections early in life, and
exposure to a more hygienic environment were associated with
an increased prevalence of atopic disease (36). More recent
studies support the idea of a critical period early in develop-
ment in which environmental or infectious exposures can
render the individual prone to either atopy or tolerance (27).
Our results support this idea by demonstrating that early life
exposure to a nonhygienic environment can influence how the
mature individual responds to an allergic stimulus. We have
also demonstrated that the corn dust exposure does not cause
significant alterations in the cellular and cytokine protein
composition of BAL fluid but results in more subtle alterations,
specifically in the population of interstitial antigen-presenting
cells. This novel animal model will allow investigation into the
impact of diverse and complex environmental exposures on the
developing immune system in the respiratory tract.
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Abstract: Bacillus thuringiensis var. kurstaki (B.t.-k) is a micro-
bial pesticide which has been widely used for over 30 years. Its safety
for a human population living in sprayed areas has never been tested.
Surveillance for human infections caused by B.t.-k among Lane
County, Oregon residents was conducted during two seasons of
acrial B.t.-k spraying for £YPsy moth control. Bacillus isolates from
cultures obtained for routine clinical purposes were tested for
presence of Bacillus thuringiensis (B.t.). Detailed clinical informa-
tion was obtained for all B.t.-positive patients. About 80,000 people
lived in the first year's Spray area, and 40,000 in the second year's

area. A total of 55 B..-positive cultures were identified. The cultures
had been taken from 18 different body sites or fluids. Fifty-two o5

percent) of the B.t.

isolates were assessed to be probable contami-

nants and not the cause of clinical illness. For three patients, B.t.
could neither be ruled in nor out as a pathogen. Each of these three
B.t.-positive patients had preexisting medical problems. The level of
risk for B.t.-k and other existing or future microbial pesticides in

immunocompromised hosts dese:

rves further study. (Am J Public

Health 1990; 80:848-852.)

Introduction

Bacillus thuringiensis var. kurstaki (B.t.-k) is a microbial
pesticide which has been used for large scale pest eradication
programs in populated areas for more than 30 years. Micro-
bial pesticides are bacteria or viruses that are toxic or
infectious to the target pest, usually an insect, but are
considered to be harmless to mammals and most other
non-target species. In the United States, these programs have
been conducted primarily in the Northeast for control of
lepidopterous pests, particularly gypsy moth, spruce bud-
worm, and tussock moth infestations. Greater than one
million pounds of this pesticide are applied annually in the
United States alone.! In addition, the bacterium is widely
used in commercial landscaping and is sold retail to gardeners
for pest control.

Despite its wide use, particularly its aerial application
over populated areas, B.t.-k has never been studied epide-
miologically to assess its potential for causing human infec-
tion. Immunocompromised persons are probably the group
most likely to be at risk of infection by a bacterium otherwise
harmless to humans.

Bacillus thuringiensis (B.t.) is a gram-positive, spore-
forming, facultative soil saprophyte, distinguished by the
presence of a crystalline parasporal inclusion,23 Because
B.t.-k is not considered to be a mammalian pathogen it has
been exempted from pre-harvest and post-harvest restric-
tions placed upon raw agricultural commodities.4 Its cell size,
3.0-5.0 x 1.0~1.2 pm, makes it a respirable particle; the
spores and toxin crystals of the commercial product are even
smaller.2 []

Bacillus thuringiensis is distinguished from Bacillus
cereus by the presence of a bipyramidal parasporal inclusion
body or toxin crystal, which contains delta endotoxin. The
toxin crystal is a plasmid-encoded protoxin that is activated
under alkaline conditions such as are found in the gut of the

From the Oregon State Health Division, Portiand (Green, Foster, Heu-
mann, Sokolow, Skeels), and the Oregon Health Sciences University, Portland
(Bryant). Address reprint requests to Laurence R, Foster, MD, MPH, Oregon
Health Division, Office of Health Status Monitoring, 1400 S.W. Fifth Avenue,
Portland, OR 97201. This paper, submitted to the Journal April 11, 1989, was
revised and accepted for publication December 22, 1989,
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gypsy moth larva. The mechanism of action of the pesticide

in lepidopteran larvae is
paralysis, gut necrosis and

(Na,K)-ATPase inhibition, gut
consequent cessation of feeding.

In addition, the ingested spores may, after germination, result
in larval septicemia.2-56 The commercial formulations con-
tain spores and toxin crystals, without any significant com-
ponent of vegetative cells. .

There is only one case of human disease associated with
B.t.-k recorded in the medical literature. This occurred after
a previously healthy 18-year-old farmer splashed a commer-
cial product into his eye. He was treated with antibiotic
ointment. Three days later, when the cye was still irritated,
he was treated with a corticosteroid ointment. Ten days after
the accident, a corneal ulcer was discovered and was suc-
cessfully treated with subconjunctival injections of gentam-
icin and cefazolin sodium. Bacillus thuringiensis was cul-
tured from the ulcer.7.8

Bacillus thuringiensis has been the subject of many
animal and a few human experiments. In one study, 18 human
subjects ingested one gram of a commercial B.t.-k product in
capsules daily for five days. Five subjects also inhaled 100 mg
of the powder daily for five days. No adverse health effects
were noted on physical, laboratory, or roentgenologic exam-
ination. Laboratory examination did not include cultures of
any site.?

Virtually all the animal experimentation has been done
by agricultural laboratories. Most experiments have used
rodents, but some assessed effects on non-target species of
agricultural significance, such as farm animals and bees. Most
have been done with small numbers of animals, usually
without controls, and have shown B.t.-k to be harmless.10.11

In reviewing the Bacillus thuringiensis literature, dis-
tinctions must be made among the subtypes. Bacillus thur-
ingiensis var. israelensis, for example, used for black fly and
mosquito control, appears to be more toxic to mammals than
B.t.-k, and has been implicated in a case of human cellulitis. 12
Bacillus thuringiensis var. thuringiensis has an exotoxin as
well as the delta endotoxin, and has been cultured from
multiple internal organs of animals autopsied after feeding
studies. 0

Some studies of B.t.-k have also shown pathogenicity of
varying degrees. One experiment demonstrated that in-
traperitoneal injections of large doses of B.t.-k grown in
culture caused death in seven out of 10 guinea pigs. Using B.
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cereus, the same procedure resulted in the death of five out
of five guinea pigs. Needle trauma was ruled out as the cause
of death, because none of five guinea pigs that were injected
with Bacillus subtilis in the same experiment died.® B.t.-k and
B. cereus were shown to persist in blood more than 48 but less
than 72 hours following intraperitoneal infection®; inhalation,
cutaneous injection, topical application to skin abrasions,
and intragastric application all yielded no adverse effects in
rodents.?

There is a single report in the agricultural literature of a
fatal, naturally acquired, animal infection attributed to Ba-
cillus thuringiensis, variety unknown. This was a case of
bovine mastitis, presumably with secondary septicemia.!3
Background of Present Study

In the summer of 1984, the Oregon Department of
Agriculture discovered an infestation of gypsy moths in Lane
County, located in the central portion of western Oregon and
with a population of 260,000. The infestation included egg
masses within the city limits of Eugene. In the fall of 1984, the
State of California, which constitutes 70 percent of the
market for Lane County forest products, imposed a tempo-
rary ban on all finished timber and other wood products from
Lane County because of the gypsy moth infestation, and
Lane County was quarantined by the United States Depart-
ment of Agriculture. The Agricultural and Resource Eco-
nomics Department of Oregon State University estimated
that greater than a billion dollars of household income and of
timber production would be lost annually if the ban
continued.4

The decision was made to use B.t.-k instead of chemical
pesticides for gypsy moth eradication. Bacillus thuringiensis
var. kurstaki was sprayed from helicopters from May 1
through mid-June 1985, over an area with a population of
approximately 80,000 persons; in May 1986, it was sprayed
over an arca that partly overlapped the first area and had a
total population of about 40,000 persons. The bacterial
product was mixed with a non-ionic surfactant spreader-
sticker-carrier matrix prior to application; polyethylene is the
active ingredient of this product.

Methods
Laboratory Surveillance

A passive surveillance program, enrolling the four larg-
est clinical laboratories in the area, was developed to eval-
vate cultures obtained from human specimens during spray-
ing periods. The laboratories included three in hospitals and
one in an outpatient setting. All cultures obtained for routine
clinical purposes during, and for one month after, the spray
period that were positive for any Bacillus species were
subcultured by the four participating laboratories, and sent to
the Oregon State Public Health Laboratory to establish
whether any were positive for B.t. Bacillus thuringiensis was
identified by the presence of toxin crystals (parasporal
inclusions) in bacterial suspension smears stained with basic
fuschsin.!s Follow-up information was collected for all B.t.-
k-positive specimens, to determine date of collection, fluid or
body site cultured, age and sex of patient, the relative amount
of Bacillus present on primary culture, and the relative
amount and identification of other microorganisms present.

A non-sprayed community approximately 60 miles from
fe spray area was used as a control community during the
second spray season. Bacillus species found in specimens
from that community’s principal hospital were also referred
to the State Laboratory for identification.
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- During the second spray season, culture plates were
opened to ambient air for 60 minutes at bench tops in each of
the laboratories, to assess the degree of air contamination,
and the likelihood that a specimen couldghave become
contaminated on that basis. In addition, culture plates were
streaked with sterile wire loops, and blood culture bottles
were injected with sterile water to simulate laboratory pro-
cedures and assess the level of laboratory contamination.
One set of these laboratory environmental samples was done
before the spray period; one was done during the spray
period, and a third set was done on a day when the area near
the laboratory or homes of laboratory workers had been
sprayed.

In addition to laboratory surveillance, telephone com-
plaints received by the Lane County Health Department from
members of the public were tabulated and evaluated to
determine whether there were observable patterns of clinical
disease complaints in the general population.

Case Definitions

Physicians were asked the date of onset of the condition
for which the positive Bacillus culture was obtained, patient
history or physical findings which prompted the culture,
therapy, outcome (particularly as its time course related to
antibiotic therapy), final diagnoses, and other questions
pertinent to the particular patient and clinical setting, such as
underlying disease states.

Criteria for deciding that B.t.-k could be rejected as a
pathogen were set in advance; one or more of the following
conditions had to be met:

® There was no clinical evidence of infection.

® The onset of the condition for which the culture was

obtained predated the spray period.

® There was evidence of another pathogen or etiology

that adequately explained the disease.

® The condition responded to an antibiotic to which B.t.

is resistant.

® There was an apparently negligible quantity of B.t.

present. (Quantity present was not used as a criterion
if the specimen was taken from a normally sterile site,
such as blood or urine, except for a urine specimen
from a patient with an indwelling bladder catheter.)

Results

During the 1985 study period, 60 subcultures of Bacillus
species from patient cultures were received by the State
Laboratory; 42 were identified as B.t. In 1986, 35 additional
clinical Bacillus isolates were received from Lane County, of
which 13 were B.t. In 1986, seven specimens were received
from the control laboratory in the non-sprayed community;
none was identified as B.t. Specimens positive for B.t. were
taken from 18 different body sites or fluids, including five sites
expected to be sterile, 10 environmentally exposed sites, and
three other sites. - S

- Data were combined for the two study periods, since
there were no known systematic differences between the two
spray periods, other than the size of the population sprayed.

Of the laboratory environmental samples, no Bacillus
species were found in any of the sterile loop-streaked plates
or the simulated blood culture sets from any of the labora-
tories. Of 24 60-minute plates exposed in the sprayed com-
munity during the spray period, B.t. was found on two. One
was from the bench top in the work area of an employee
whose home had been recently sprayed. Non-B.t. Bacillus
isolates grew on five environmental plates. No Bacillus was
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grown from environmental] plate samples from the control
community. ©oiea

Telephone calls received by the Lane County Health
Department did not reveal any pattern of predominance of
any one symptom complex or of involvement of any single
organ system. Symptoms were those common to any com-
munity, e.g., nausea, headache/dysphoria, rash, angio-
edema. RV
Fifty-two (95 percent) of the S5 B.t. specimens received
were assessed to be probable contaminants, either of skin or
tissue or of the laboratory plates (Table 1). One of these was
from a spray project worker who sustained a splash of B.t.
mixture to his face and eyes and developed dermatitis,
pruritis, burning, swelling and erythema, with conjunctival
injection. B.t. was cultured from his conjunctiva. He was
treated with steroid cream to eyelid and skin, with total
resolution. For the remaining three patients, B.t. could not be
ruled out as a pathogen; their case histories follow. -

PATIENT I1: B.t. cultured from blood—This patient was
a 77-year-old male who initially presented Jupe 7, 1985 with
a diagnosis of superior vena caval syndrome. Computerized
tomography of the thorax revealed a right mediastinal mass
and aright pleural effusion. The patient underwent bronchos-
copy and mediastinoscopy. Bronchial brushings, needle
aspirations and mediastinal biopsy were negative for malig-
nant cells. The patient was treated on an ambulatory basis
with prednisone, 40 mg. p.o. per day, and furosemide to
effect a diuresis; there was some improvement as a resuit of
these measures.

Two weeks later, a thin needle aspirate of the medias-
tinal mass was found positive for malignant cells. The
procedure was complicated by aright pneumothorax, and the
patient was hospitalized. A chest tube was inserted twice
during this hospitalization. The steroid dose was tapered
down to 10 mg per day at the time of discharge, June 30, 1985.
He remained afebrile throughout this hospitalization, and his
white blood count was within normal limits.

On July 14, 1985 the patient was readmitted with a fever
which had begun two days previously, and cough productive
of mucoid sputum without purulence or hemoptysis. On
admission, he was dyspneic with rales in the left lung. The
temperature peaked at 38.8°C four hours after admission. The
chest X-ray showed a left upper lobe infiltrate and pleural
fluid. Blood cultures were obtained, and the patient was
started on gentamicin and cephazolin. On the third hospital
day, the laboratory reported a gram positive bacillus in the
blood culture. The blood cultures had been taken from two
separate sites, each of which was cultured both aerobically
and anaerobically. One of the four, an anaerobic bottle, was
turbid at 24 hours, and grew out B.t. on subculture. The other
three remained negative on repeated subculture over the
following seven days. No sputum or other pulmonary spec-
imen cultures were obtained.

Cephazolin was discontinued and cefaperazone was
begun when the B.t. was found. On the fifth hospital day,
vancomycin was added, and cefaperazone was discontinued.
The patient’s temperature reached or exceeded 38°C on 8 of
13 days in the hospital, including a second peak of 38.5°C
three days after vancomycin was started. He developed
progressive renal failure and eventually expired 13 days after
admission. The family refused autopsy. The attending phy-
sician felt that the patient had pulmonary sepsis, and that this
was the proximate cause of death. :

PATIENT 18: B.t. cultured from gallbladder contengs—
This patient was a 3 l-year-old mentally retarded female with
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a_ spastic hemiplegia and seizure disorder secondary to

ilateral subdural hemorrhages suffered in a motor vehicle
accident 10 years prior to this admission, her 14th. She had
chronic pyuria, treated with trimethoprim-sulfamethoxizole,
She first presented April 13, 1985 with a history of intermit-
tent upper abdominfl pain over the past several months.
Findings were non-specific, but she continued to have inter-
mittent or chronic abdominal pain, and presented May 18,
1985 with continued exacerbation of the pain. She was
afebrile. An abdominal ultrasound demonstrated *“‘multiple
gallstones associated with either a common hepatic duct or
common bile duct stone as well.” White blood cell count on
admission was 8900, but increased to 14,500 on the first
post-operative day. Operative findings were “‘acute hydrops
of the gallbladder with a stone impacted at the base of the
cystic duct and a marked inflammatory response surrounding
the same.” The pathologic diagnosis was *‘acute gangrenous
cholecystitis with cholelithiasis.” The patient recovered
uneventfully from surgery.

A gallbladder fluid specimen was cultured in broth and
on seven plates, five acrobic and two anacrobic. All plates
showed no growth, but on the fifth day the broth culture was
positive for B.t. No other organisms were recovered. No
bacteria were seen on histologic examination of gall bladder
tissue.

PATIENT 54: B.t. cultured Jrom an antecubital
abscess—This patient was a 25-year-old female seen June 26,
1985 at an emergency room with ‘“‘an abscess on the right
forearm, secondary to injecting with methamphetamine on
Friday, June 21.** She gave a history of four months of IV
drug abuse. On physical examination, the patient was afebrile
and there were multiple needle puncture lesions. There was
no axillary lymphadenopathy and the lesion was soft. The
abscess was incised and a small amount of mixed clot was
removed. Assessment was “hematoma vs evolving abscess,
right forearm.*’ Twenty colonies of B.t. grew from the wound
culture taken at that time.

The patient returned on July 1, 1985, at which time the
area around the abscess was found to be indurated. She was
started on a seven-day course of erythromycin, with resolu-
tion of the abscess.

Discussion

Of 55 cultures from human specimens positive for B.t.,
in no case could B.t. infection unequivocally be said to be the
cause of the disease which prompted the clinician to take the
culture. Evaluation on the basis of the described criteria
suggested that B.t. infection was not the cause of disease in
52 (95 percent) of the cases. In three cases, B.t. could not be
ruled in or ruled out as the causative organism.

The first of these three cases occurred in an elderly,
immunocompromised person with underlying lung discase. A
pneumonia appeared to have contributed to the cause of
death in this patient. Specific identification of the cause of this
pneumonia was not possible because cultures of sputum,
tracheal aspirates, or lung tissue were not performed. It
cannot be retrospectively determined whether this patient’s
positive blood culture (one of four bottles from one of two
sites) represented bacteremia or contamination of the spec-
imen at time of collection. Contamination in the laboratory is
unlikely because the culture medium was noted to be turbid
at 24 hours, before it had been subcultured or vented to air,
The patient’s fever and the infiltrate seen on chest x-ray
suggest that the patient had an infection; the positive blood
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TABLE 1—Role of B.L and Criteria for Assessment In Paients fromWhom - culture suggests that it might have been caused by B.t.

Bt Was Cultured - L FERESS’S 7T However, the observations that three of four blood cultures
were npegative and that the patient failed to respond to
antibiotics to which the B.t. was susceptible suggest that the
pulmonary infection may have been caused by a different
organism., *

In the second case, B.t. was grown from one of eight
cultures of gall bladder fluid collected at time of cholecys-
tectomy for acute gangrenous cholecystitis with cholelithia-
sis. The only evidence that B.t. might have been causing
infection in this case is the positive culture and the absence
of other organisms on culture. Evidence against infection
includes the observation that only one of cight cultures was
positive, and that it was not positive until five days after
collection. The patient’s lack of fever and the negative
histologic examination of the gall bladder for bacteria also
argue against infection.

In the third case, B.t. was grown from a possible abscess
at an injection site in an IV drug user. The B.t. could have
been responsible for this localized infection, but it could also
have been a skin or wound contaminant, or it could have
colonized an abscess caused by another organism.

In evaluating whether B.t. played a pathogenic role in
x - the other 52 cases, it should be noted that specimens received

x were from 18 different body sites or fluids. This suggests that

Body Fluids this Bacillus is usually appearing as a contaminant or com-

mensal, rather than a pathogen, since there is no consistent
pattern of disease associated with its presence.

More than three times as many cultures were positive for
B.t. in the first year of spraying than in the second year,
although the population living in sprayed areas in the first
year was only twice as large as in the second year. In the first
year, one participating laboratory was at the spray boundary,
two were within 0.2 miles of the boundary, and one was 1.4
miles away. In the second year, the closest laboratory was
one mile from the spray boundary, while the other three were
1.4 miles, 2.0 miles, and 3 miles away, respectively. This
suggests an increased potential for contamination of cultures
in the laboratory during the first year compared to the second.
The minimal environmental sampling performed, however,
does not permit evaluation of this possibility.

The criteria used to assess whether B.t. played a patho-
genic role in these other 52 patients were deliberately
conservative. Nevertheless, it is possible that B.t.-caused
disease may have been missed. B.t. as an opportunist may
bave exacerbated existing disease, and could have been
acting as a co-pathogen or synergist in cases where there was
another pathogen or etiology which adequately explained the
disease.

" "The criterion that the condition responded to an antibi-
otic to which B.t. is resistant raises some theoretical ques-
tions. One is whether B.t. could cause self-limiting infections
such that the antibiotic administered is irrelevant. A second
is that the toxin crystal could cause disease without infection.
However, there is experimental evidence to indicate that the
toxin crystal of B.t.-k does not produce disease in
mammals.'¢ Protoxin activation of the toxin crystal requires
a pH higher than physiologic mammalian pH; but such
alkaline conditions could obtain in microenvironments, such
as urine in the presence of urca-splitting Proteus spp., &
gastrointestinal tract therapeutically treated with antacids, or
in the discase state achlorhydria. Portions of the normal
gastrointestinal tract, such as the contents of the duodenum
and the galibladder, are also alkaline. Finally, it is known that

. Bacillus thuringiensis var. israelensis readily loses its plas-
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mid that codes for the toxin crystal, and that resistance to
penicillin and cephalosporin antibiotics is lost with the loss of

the plasmid; therefore, it is possible that B.t.-k could be - -

rendered sensitive to antibiotics by plasmid loss.12.19.20 . -

Many of the complaints from the public received by the -

Lane County Health Department were related to skin rashes,
angioedema, eye irritation, and respiratory involvement. It
could be argued that these symptoms are more consistent
with disease caused by the insect itself than B.t.-k. There
have been reports of major outbreaks of dermatitis in the
Northeastern United States involving thousands of persons

exposed to gypsy moth larvae. Dermatitis in these outbreaks
was attributed to irritation by the setae or hairlike projections -

of the gypsy moth caterpillar. Associated symptoms of
workers exposed to the larvae included rhinitis, irritation of
the eyes, and dyspnea. Wheal and flare reactions have
occurred in response to scratch tests in persons with a history
of exposure to gypsy moths.202! Eighty ng/organism of
histamine have been extracted from these setae.17.18
Bacillus thuringiensis var. kurstaki has a remarkable
safety record in view of its wide use by gardeners, in
agriculture, and for major pest eradication projects such as
the one undertaken in Lane County. However, Bacillus

~ species found in laboratory cultures are usually considered to

be contaminants and are not identified, other than to rule out
pathogens or opportunists, such as Bacillus anthracis, B.
cereus, or B. subtilis. Identification of the toxin crystal
involves a specialized technique, not usually indicated for
purposes of medical care.!s Therefore, B.t. disease could
have been missed in persons who had contact with the
pesticide in other sprayed areas, simply because the Bacillus
was not known to be B.t. and was interpreted as a contam-
mant.

In the 30 years during which B.t. has been in widespread
use, there has been an increasing proportion of persons in any
community who are immunocompromised on some basis. At
the same time, the medical community has become more
reluctant to label any bacterium as absolutely non-pathogenic
to humans. Perhaps the best example of a pathogen once
thought to be non-pathogenic to humans is Serratia marces-
cens, now recognized as one of the 15 most frequently
isolated pathogens in association with nosocomial infectious
diseases in hospitals.2

Bacillus species in general can no longer be dismissed as
harmless commensals or skin or air contaminants. The
current concept is that any isolate should be considered in its
clinical context to decide whether it is a pathogen.?

This study raises a fundamental issue to be considered
by agencies responsible for regulating the use of microorga-
nisms for pest control. These microorganisms may have
potential for causing disease in immunocompromised per-
sons. Therefore, such individuals should be advised on how
to use biopesticides and how to protect themselves from
undue exposure in areas where they are used. Introductions
of other biological agents being considered for pest control
should occur only after their safety for the seriously com-
promised host is evaluated. This is important in light of the
increasing potential usefulness of microorganisms for pest

control made possible by the new technologies of genétic :
engineering. 42 OIS Ay
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The Relationship of Skin Test Positivity, High Serum
Total IgE Levels, and Peripheral Blood Eosinophilia to
Symptomatic and Asymptomatic Airway

Hyperresponsiveness

DESIREE F. JANSEN, BERT RIJCKEN, JAN P. SCHOUTEN, JAN KRAAN, SCOTT T. WEISS, WIM TIMENS,

and DIRKIJE S. POSTMA

Departments of Epidemiology and Statistics, University of Groningen, Pulmonology and Pathology, University Hospital of Groningen,
The Netherlands; and Channing Laboratory, Department of Medicine, Brigham and Women'’s Hospital, Harvard Medical School,

Boston, Massachusetts

The relationships of skin test positivity, high serum total IgE levels (> 100 kU/L), and peripheral
blood eosinophilia (= 275 cells/pl) to symptomatic (either chronic cough, chronic phlegm, bronchitis
episodes, dyspnea, wheeze, or asthma) and asymptomatic bronchial hyperresponsiveness (BHR)
were studied cross-sectionally in 620 adult subjects who participated in the Vlagtwedde-Vlaardingen
Study of 1989 and 1990. Eosinophilia (OR = 2.06, 95% CI = 1.28 to 3.31) and skin test positivity
(OR = 1.66, 95% CI = 1.02 to 2.71) were both significantly associated with BHR independent of age,
sex, smoking, and urban area of residence. High serum total IgE levels were not associated with BHR
(OR = 1.29, 95% CI = 0.81 to 2.03). Separate analyses for symptomatic and asymptomatic subjects
showed that the higher risk of BHR with skin test positivity applied only to symptomatic subjects
(OR = 5.78, 95% CI = 1.63 to 20.51), independent of eosinophilia and high serum total IgE levels.
The higher risk of BHR with eosinophilia was not different between symptomatic and asymptomatic
subjects, and independent of skin test positivity and high serum total IgE levels. The results of this
study show that, in the general adult population, eosinophilia is associated with BHR both in symp-
tomatic and asymptomatic persons, whereas skin test positivity is associated with BHR only in symp-
tomatic subjects. Jansen DF, Rijcken B, Schouten JP, Kraan J, Weiss ST, Timens W, Postma DS.
The relationship of skin test positivity, high serum total IgE levels, and peripheral blood

eosinophilia to symptomatic and asymptomatic airway hyperresponsiveness.

AM J RESPIR CRIT CARE MED 1999;159:924-931.

Bronchial hyperresponsiveness (BHR), the exaggerated air-
way narrowing in response to nonspecific stimuli, is a common
characteristic of asthma. However, BHR is also present in 19
to 62% of subjects without respiratory symptoms in the gen-
eral population (1). The mechanisms underlying asymptom-
atic BHR are still unclear, yet it is known that in asymptom-
atic subjects BHR is a risk factor for asthma and chronic
obstructive pulmonary disease (COPD) (2-5). Furthermore,
most subjects with BHR who develop respiratory symptoms
appear to be atopic or have a positive family history of atopy
(3, 4). Thus, a central question is whether atopy helps to dis-
tinguish asymptomatic from symptomatic BHR.

Atopy is a process mediated by immunoglobulin E (IgE)
(6). Mast cells in the bronchial wall are activated by IgE and as
a consequence release mediators that may cause BHR directly
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(histamine, prostaglandins, and leukotrienes) or indirectly (in-
terleukin-4 [IL-4] and tumor necrosis factor o [TNF-«]). IL-4
stimulates B cells to produce IgE, which maintains mast cell
activation. Further, IL-4 and TNF-«a enable eosinophils to mi-
grate from the vessels into the bronchial mucosa by upregula-
tion of vascular adhesion molecules (6, 7). Eosinophils, once
activated, release mediators, which damage the epithelium
and cause BHR due to increased permeability (6, 8, 9). How-
ever, increased serum total IgE levels and peripheral blood
eosinophil counts are neither closely related nor exclusively
present in atopic individuals. Serum total IgE levels are also
increased in nonatopic smokers, and peripheral blood eosino-
phils are also elevated in parasitic infections and in certain
neoplasms (10). Thus, skin test responses, serum total IgE
level, and number of peripheral blood eosinophils are inde-
pendent features of a common underlying mechanism.

The use of different measures of atopy in different studies
has complicated comparisons of the results. However, BHR is
clearly more prevalent among subjects with positive skin prick
tests (11, 12), increased serum total or specific IgE levels (13,
14), and peripheral blood eosinophilia (15-17). It is unknown
which of these atopy measures most strongly correlates with
BHR. To determine which atopy-related factor best predicts
BHR, we performed cross-sectional analyses on the relation-
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ship between BHR and positive skin prick tests, increased se-
rum total IgE levels, and peripheral blood eosinophilia. As we
are interested in differences in mechanisms underlying asymp-
tomatic BHR and symptomatic BHR in particular, we also de-
termined these relationships in subjects with and without respi-
ratory symptoms.

METHODS

The current analyses made use of data from the 1989 and 1990 survey
of the Vlagtwedde-Vlaardingen Study, a longitudinal population
study that was started in 1965 to determine risk factors for COPD.
The selection of the study population has been described previously
(18, 19). After baseline measurements in 1965 and 1967 in Vlagt-
wedde and in 1965 and 1969 in Vlaardingen, a follow-up survey was
organized every 3 yr. In the first two baseline surveys a histamine
provocation test was performed in a 25% random sample from the
study population. From the third survey on, the strategy has been to
select those subjects for histamine testing who had performed the test
in prior surveys. As a result from this strategy 808 of the 2,553 partici-
pants (age 35 to 80 yr) in the surveys of 1989 and 1990 underwent a
histamine provocation test. These subjects make up the group in-
cluded in this cross-sectional study. Both surveys were carried out
during the month of October.

Information on respiratory symptoms, smoking status, age, and sex
was collected by the Dutch version of the British Medical Research
Council standardized questionnaire (20). Subjects were considered
symptomatic if they reported one or more of the following chronic
respiratory symptoms: cough or phlegm production on most days or
nights for as much as 3 consecutive months each year during winter
(referred to as chronic cough/chronic phlegm), a period of at least
3wk in the previous 3 yr with (increased) cough and phlegm (bronchi-
tis episodes), shortness of breath when walking with other persons of
the same age on level ground (dyspnea = grade 3), a wheezing or
whistling sound in the chest on most days or nights (persistent
wheeze), or attacks of shortness of breath at any time (asthma at-
tacks). Subjects were considered asymptomatic if they reported none
of these chronic respiratory symptoms. Subjects were categorized as
current smokers, ex-smokers (defined as those who had quit smoking
at least 1 mo before the examination), and never-smokers.

Pulmonary function measurements were performed with a water-
sealed spirometer (Lode Spirograph D53; Lode Instruments, Gronin-
gen, The Netherlands). Measurement of inspiratory vital capacity
(I'\VC) after a deep expiration was followed by measurement of forced
expiratory volume in one second (FEV,). The higher of the values ob-
tained in two technically satisfactory tracings was taken as the base-
line measurement as long as the difference between the two I\VVC val-
ues was less than 150 ml and that between the two FEV, values was
less than 100 ml.

Bronchial responsiveness to histamine was assessed by the method
of Tiffeneau as modified by De Vries and coworkers (21), which
meets standardization guidelines (22). After baseline measurements
of pulmonary function, subjects inhaled nebulized distilled water from
a Wiesbaden Doppel inhalator (Lode Instruments, Groningen, The
Netherlands). If the I\VC and/or the FEV, decreased by 10% or more,
the test was terminated (n = 2). If the I\VC or the FEV, did not de-
crease by 10% or more, the test proceeded with the application of se-
quential aerosols of histamine biphosphate in concentrations of 1, 4, 8,
16, and 32 mg/ml. Each concentration was inhaled for 30 s. After each
challenge, two IVC and FEV,; maneuvers were performed. If, at a
given concentration, the IVC or the FEV; persistently declined by
10% or more, this particular concentration was considered the thresh-
old value (PC,,). The test was terminated with a persistent decrease of
10% or more or after administration of the highest concentration.
BHR was defined as a PCy, of < 8 mg/ml histamine (including a
= 10% decrease after distilled water inhalation). Subjects with exces-
sively low levels of pulmonary function (FEV, < 1.5 L) and those who
could not perform a forced expiration were not tested. Subjects suffer-
ing from heart disease, hypertension, or acute respiratory infections
were also excluded from challenge.

Skin prick tests (ALK Benelux, Woerden, The Netherlands) in-
cluded six inhalant allergens: house dust mite (Dermatophagoides

pteronyssinus), mixed grass pollen (meadow foxtail, cocksfoot,
meadow fescue, rye grass [perennial], and timothy), mixed tree pollen
(alder, birch, and hazel), dog epithelium, cat epithelium, and mold
(Aspergillus fumigatus). The solvent for the allergens (50% glycerol
and 50% aqueous isotone) served as a negative control, and a hista-
mine dihydrochloride solution (3 mg/ml) served as a positive control.
Skin prick tests were quantified 15 min after application as the mean
value of the longest diameter of the wheal and its perpendicular and
were considered positive at = 3 mm. Skin test positivity was defined
as one or more positive skin prick tests.

Before spirometry and skin prick tests were performed, blood sam-
ples were taken. Peripheral blood eosinophil counts were estimated
with a Technicon-H1 blood cell counter (Bayer AG, Leverkusen,
Germany) and were expressed as number of cells per microliter. Pe-
ripheral blood eosinophilia was defined as = 275 cells/ul (23). Total
serum IgE concentrations were determined with the CAP system
(Pharmacia, Woerden, The Netherlands) and expressed in kU/L. Con-
centrations below 2 kU/L and above 2,000 kU/L cannot be detected
by this system and were represented by 1.99 kU/L and 2,001 kU/L, re-
spectively. High serum total IgE levels were defined as > 100 kU/L.

Data Analyses

Chi-square tests and t tests were used to compare the characteristics
of subjects with and without respiratory symptoms (24). Logistic re-
gression analyses were performed to determine the relationship be-
tween BHR and skin test responses, serum total IgE levels, and pe-
ripheral blood eosinophilia (independent of smoking habits, age,
gender, and area of residence) (24). Each measure of atopy was di-
chotomized i.e., the presence or absence of skin test positivity, of a
high serum total IgE level, and of peripheral blood eosinophilia. To
determine how the various measures of atopy influence each other in
relation to BHR, we initially included only one of the three measures
of atopy in the regression analyses. We then repeated the analyses, in-
cluding two measures of atopy and finally all three measures of atopy.
We stratified the analyses by respiratory symptoms to determine
whether the relationship was the same in symptomatic as in asymp-
tomatic subjects. To test the difference between symptomatic and
asymptomatic subjects, we added three interaction terms for each
measure of atopy by respiratory symptoms to the pooled analyses
(24). Because the presence of respiratory symptoms in the general
population is intermittent, we also stratified by “respiratory symptoms
in the past” i.e., subjects who never reported respiratory symptoms
during the follow-up period from 1965 to 1990 (always asymptomatic),
those who reported respiratory symptoms at least once but not at all
surveys (intermittently symptomatic), and those who always reported
respiratory symptoms (always symptomatic).

All analyses were repeated with bronchial responsiveness, or pe-
ripheral blood eosinophil counts, skin test positivity, and serum total
IgE levels as continuous variables. Bronchial responsiveness was ex-
pressed as the values 1 to 6 for the threshold values 1, 4, 8, 16, 32, and
> 32 mg/ml and log-transformed. Only subjects with complete infor-
mation on all variables were included in the analyses.

RESULTS

Of the 808 subjects available for this study, 691 (85.5%) per-
formed technically satisfactory FEV; and IVC measurements.
Values on peripheral blood eosinophilia, skin test positivity,
or serum total IgE levels were missing for 71 subjects, leaving
complete information of 620 subjects for analyses. Respiratory
symptoms in the previous 3 yr were reported by 136 (22%)
subjects. Subjects with respiratory symptoms were more likely
than subjects without respiratory symptoms to be current
smokers, to have lower levels of pulmonary function, and to
be hyperresponsive to histamine (Table 1). The proportion of
subjects who were male and the subjects’ mean age were not
significantly different in the two groups.

Peripheral blood eosinophilia was detected in 15.3% of all
subjects, skin test positivity in 14.7%, and a high serum total
IgE level in 16.9%. The prevalences of each atopy measure
were similar in symptomatic and asymptomatic subjects. The
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TABLE 1

CHARACTERISTICS OF PARTICIPANTS IN THE VLAGTWEDDE-
VLAARDINGEN SURVEYS OF 1989 AND 1990 BY
RESPIRATORY SYMPTOM STATUS

Asymptomatic Symptomatic

n (% men) 484 (58) 136 (60)
Age, yr, mean = SD 53 +10 53 =10
Current smokers, n (%) 149 (31) 60 (44)*
Ex-smokers, n (%) 200 (41) 40 (29)"
Nonsmokers, n (%) 135 (28) 36 (27)
FEV;, % pred, mean = SD 110 £ 15 103 + 18*
FEV,/VC, %, mean *+ SD 75+7 73 + 9%
PCyo < 8 mg/ml, n (%) 173 (36) 71 (52)F
Peripheral blood eosinophilia, n (%) 75 (16) 20 (15)
Skin test positivity, n (%) 71 (15) 20 (15)
Serum total IgE level > 100 kU/L, n (%) 83(17) 22 (16)

*p <0.01.

tp <0.05.

tp <0.001.

overlap among the three measures was small, though the prev-
alence of atopy defined by any one of the three measures
alone was almost the same (Figure 1). Nevertheless, different
subjects will be considered atopic when different measures of
atopy are applied. At least one positive measure of atopy was

EO+, IgE+, ST+, 1.5%
IgE+ and ST+, 4.8%

ST+, 7.3%
IgE+,  82%
EO+,  10.3%

observed in 35.6% of the subjects; all three measures were ob-
served in only 1.5%.

Figure 2 shows that the percentage of subjects with BHR
increases with higher numbers of peripheral blood eosinophils
both among subjects with and without symptoms. The preva-
lences of BHR without respiratory symptoms were similar
among skin test-positive and skin test-negative subjects,
whereas the prevalence of BHR with respiratory symptoms
was higher among skin test—positive subjects (Figure 3). The
prevalences of BHR were similar across quartiles of serum to-
tal IgE levels among both asymptomatic and symptomatic
subjects, although symptomatic subjects had higher serum to-
tal IgE levels (Figure 4).

Logistic Regression for Each Measure of Atopy

Logistic regression analyses for each of the three measures of
atopy considered separately with age, sex, smoking status, and
area of residence taken into account showed that subjects with
peripheral blood eosinophilia or with skin test positivity were
more likely to have BHR than subjects in the corresponding
negative groups (Table 2). High serum total IgE levels were
not associated with BHR. Stratified analyses showed a higher
risk of BHR with skin test positivity in symptomatic subjects
than in asymptomatic subjects; the difference was of border-
line significance (p = 0.08). The associations of BHR with pe-

no atopy, 64.4%

Figure 1. Prevalence of atopy defined by eosinophilia, skin test positivity, and high serum total IgE levels. EO + = eosinophilia; IgE+ =

serum total IgE level > 100 kU/L; ST+ = skin test positivity.
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Figure 2. Prevalence of BHR by quartiles of eosinophil counts and respiratory symptoms. *p < 0.05, (*) p =

0.07 compared with asymptomatic.

ripheral blood eosinophilia and high serum total IgE levels
were not significantly different for symptomatic versus asymp-
tomatic subjects. Exclusion of the 35 subjects with asthma-like
symptoms (e.g., wheeze most days and/or nights or attacks of
shortness of breath with wheeze) did not change the observed
relationships between measures of atopy and BHR in symp-
tomatic subjects.

Logistic Regression Including Different Combinations of
Two Measures of Atopy

To determine whether the various measures of atopy are inde-
pendently associated with BHR, the analyses were repeated
with the inclusion of combinations of two measures. In the to-
tal group, the overall risks of BHR assessed in terms of the
presence of peripheral blood eosinophilia, skin test positivity,

70

or high serum total IgE level did not change when adjusted for
one of the other measures of atopy.

The risks of BHR in symptomatic subjects with skin test
positivity or high serum total IgE levels changed when these
two measures of atopy were adjusted for each other: the risk
with skin test positivity increased from 4.19 (Table 2) to 5.82
(95% confidence interval [CI] = 1.66 to 20.46), whereas the
risk with high serum total IgE levels decreased from 0.91 (Ta-
ble 2) to 0.48 (95% CI = 0.16 to 1.44). In asymptomatic subjects,
the risk estimates remained similar after these adjustments.

Logistic Regression Including All Three
Measures of Atopy

The changes previously described persisted when all three
measures of atopy were combined in the same regression
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Figure 3. Prevalence of BHR by skin test positivity and respiratory symptoms. **p < 0.01 compared with

asymptomatic.
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compared with asymptomatic.

model (Table 3). In symptomatic subjects, skin test positivity
was a stronger predictor of BHR than peripheral blood eosin-
ophilia. Serum total IgE levels were not associated with BHR,
though levels were almost significantly different between
symptomatic and asymptomatic subjects (p = 0.09).

A further difference with respect to respiratory symptoms
is that among asymptomatic subjects females are more likely
to have BHR than males, whereas among symptomatic sub-
jects no difference was observed between the sexes. This dif-
ference between the symptomatic and asymptomatic groups
was no longer significant after adjustment for FEV,. Further-
more, smoking at an older age had a synergistic effect on the
risk of BHR, as indicated by a significant positive interaction
between smoking and age (Table 3).

Finally, we stratified the analyses not only by the presence
or absence of respiratory symptoms in the surveys of 1989 and
1990 but also with reference to “respiratory symptoms in the
past.” As the relations among the three measures of atopy and
BHR were not significantly different for subjects who had
been intermittently symptomatic in the past but were asymp-
tomatic in the last survey (1989/1990) versus subjects who had
been intermittently symptomatic in the past and were symp-
tomatic in the last survey, these groups were pooled and desig-
nated as “intermittently symptomatic.” Analyses showed that

peripheral blood eosinophilia is a risk factor for BHR in sub-
jects who have been intermittently symptomatic but not in
subjects who have always been either asymptomatic or symp-
tomatic (Table 4). No changes were observed in the relation-
ships between skin test positivity and BHR and between high
serum total IgE levels and BHR when “respiratory symptoms
in the past” were taken into account.

Similar relationships were found between the three atopy
measures when bronchial responsiveness was analyzed as a
continuous variable. Analyses with the continuous measures
of the number of peripheral blood eosinophils, the sum of the
wheal sizes of the positive skin tests, and the level of serum to-
tal IgE yielded results comparable to those from the analyses
with the dichotomized measures. Similarly, additional adjust-
ment for pulmonary function (FEV;) did not change the re-
sults. To be sure that the exclusion of subjects who performed
technically unsatisfactory lung function measurements (FEV;
and IVC) caused no selection, we reanalyzed the relationships
including the information of this group. The results were similar.

DISCUSSION

The results of this study conducted in a general adult popula-
tion with a mean age of 53 yr show that peripheral blood eo-

TABLE 2

ODDS RATIOS (95% CI) FOR BHR CALCULATED IN THREE LOGISTIC REGRESSION MODELS
FOR EACH ATOPY PARAMETER SEPARATELY*

OR (95% Cl)

Total Group Asymptomatic Symptomatic
Parameter (n = 620) (n = 484) (n =136)
Eosinophilia 2.06" (1.28-3.31) 2.16" (1.25-3.70) 1.76 (0.64-4.89)
Positive skin tests 1.66% (1.02-2.71) 1.31  (0.74-2.30) 4.19% (1.36-12.89)
Serum total IgE > 100 kU/L 1.29 (0.81-2.03) 1.47 (0.88-2.47) 0.91 (0.35-2.37)

* All odds ratios are adjusted for age, sex, smoking status, and area of residence. The risks of BHR for the three measures of atopy were
not significantly different for symptomatic versus asymptomatic subjects.

tp < 0.01.
tp < 0.05.
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TABLE 3

ODDS RATIOS (95% CI) FOR BHR OF THREE DIFFERENT ATOPY PARAMETERS COMBINED
IN ONE LOGISTIC REGRESSION MODEL*

OR (95% Cl)

Total Group Asymptomatic Symptomatic
(n = 620) (n = 484) (n =136)

Atopy measures

Eosinophilia 2.07F (1.28-3.37) 210" (1.22-3.63) 2.00 (0.69-5.75)

Skin test positivity 113 (0.63-2.03) 112 (0.62-2.01) 5.78" (1.63-20.51)%

Serum total IgE > 100 kU/L 1.40 (0.81-2.41) 1.39 (0.80-2.40) 0.48 (0.16-1.49)
Variables adjusted for

Respiratory symptoms 1.25 (0.63-2.48)

Age, yr 1.04"  (1.01-1.06) 1.04" (1.01-1.06) 1.04 (0.99-1.09)

Male sex 0.48"  (0.31-0.75) 0.47" (0.30-0.74) 1.34 (0.57-3.18)

Current smoker 0.12  (0.01-1.10) 0.15 (0.01-1.97) 0.08 (0.00-7.24)

Ex-smoker 1.56 (0.96-2.53) 1.63 (0.94-2.83) 131 (0.46-3.68)

Urban area of residence 0.59"  (0.41-0.85) 0.62% (0.40-0.94) 0.52 (0.24-1.11)
Interaction terms

Current smoker X age 1.07F  (1.02-1.11) 1.06% (1.01-1.12) 1.07 (0.98-1.17)

Symptoms X skin test 4.90% (1.30-18.51)

positivity
Symptoms X serum total 0.34 (0.10-1.17)
IgE > 100 kU/L
Symptoms X male sex 2.45%  (1.04-5.78)

* All odds ratios are adjusted for age, sex, smoking status, and area of residence.

tp <0.01.
tp < 0.05.

§ The risk of BHR with skin test positivity is significantly higher among symptomatic than asymptomatic subjects.

sinophilia and skin test positivity significantly predict BHR,
independent of each other and of a high serum total IgE level.
The relationship between peripheral blood eosinophilia and
BHR was the same in asymptomatic subjects and symptomatic
subjects, whereas skin test positivity was predictive of BHR in
symptomatic subjects only. In contrast, high serum total IgE
levels were not associated with BHR in this middle-aged pop-
ulation.

Positive skin test responses, an increased level of serum to-
tal IgE, and increased numbers of peripheral blood eosino-
phils are generally considered to reflect atopy. Earlier results
in the Vlagtwedde-Vlaardingen Study showed positive associ-
ations among these three measures of atopy (25). Therefore,
their relationships with BHR were expected to become weaker
when the measures of atopy were adjusted for one another.
However, peripheral blood eosinophilia, skin test positivity,
and a high serum total IgE level did not influence one an-
other’s relationships with BHR, apart from a higher risk of
BHR with skin test positivity in symptomatic subjects when
adjusted for serum total IgE levels. This result is explained to

a large extent by the small overlap between the three mea-
sures of atopy (Figure 2). The implication is that skin test pos-
itivity, a high serum total IgE level, and peripheral blood eo-
sinophilia are different expressions of the atopic phenotype.
This conclusion is in accord with other studies in children (26)
and young adults (27), in which many young adults without a
positive skin test have had high serum total IgE levels.

One of the important messages of this study is that pe-
ripheral blood eosinophilia is associated with an independent
increased risk of BHR in asymptomatic and symptomatic in-
dividuals. Only two previous studies have determined the rela-
tionships between different atopy measures and BHR inde-
pendent of each other (28, 29). In an adult population
including only males, all three measures were significantly,
though weakly, associated with increased bronchial respon-
siveness (28). In another study conducted in a general popula-
tion, both skin test positivity to cat dander (odds ratio [OR] =
5.5, p < 0.05) and high serum total IgE levels (OR = 2.2 per
log unit, p < 0.05) were strong predictors of BHR, whereas
peripheral blood eosinophilia was not related to BHR (29). A

TABLE 4

ODDS RATIOS (95% CI) FOR BHR ACCORDING TO SYMPTOM HISTORY,
BASED ON SYMPTOM STATUS IN ALL SURVEYS*

OR (95% Cl)

Always Asymptomatic

Intermittently Symptomatic Always Symptomatic

(n = 287) (n = 295) (n = 38)
Eosinophilia 1.04  (0.47-2.30) 3.45 (1.74-6.86)* 0.58  (0.06-5.69)
Skin test positivity 0.98  (0.41-2.35) 1.61 (0.80-3.23) 22.09 (0.84-580)
Serum total IgE > 100 kU/L 1.55  (0.70-3.45) 0.87 (0.45-1.69) 112 (0.11-11.48)

* The allergy parameters are simultaneously included in the model and adjusted for age, sex, smoking status, and area of residence.

p < 0.001.

* The risk of BHR for subjects with peripheral blood eosinophilia is significantly higher in the presence of intermittent respiratory symp-

toms than in the presence of continuous symptoms.
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lower number of peripheral blood eosinophils (median, 110
cells/wl versus 154 cells/pl in our population) might explain
this lack of relation between BHR and peripheral blood eo-
sinophilia (personal communication). Our study showed a higher
risk of BHR in symptomatic and asymptomatic subjects with
peripheral blood eosinophilia, confirming the observations by
Annema and coworkers (16) and Ulrik (17) of higher counts
in both symptomatic and asymptomatic hyperresponsive men
and young adults.

This study does not elucidate why peripheral blood eosino-
phils are related to BHR. Eosinophils play an important role
in the inflammatory process of the airways of asthmatics (6).
Activated eosinophils in the bronchial wall of asthmatics re-
lease arginine-rich products such as major basic protein (MBP),
eosinophil cationic protein (ECP), and eosinophil peroxidase
(EPO), causing BHR due to epithelial damage and increased
permeability (8, 9). Whether increased numbers of peripheral
blood eosinophils reflect an inflammatory process in the air-
ways of asymptomatic subjects that is responsible for BHR is
unknown. So far, there are only two studies available showing
no difference in the number of eosinophils in sputum (30) or
airway wall (31) from asymptomatic children and adults with
and without BHR. Therefore, it may well be that another
common underlying mechanism is responsible for both pe-
ripheral blood eosinophilia and BHR. Increased numbers of
eosinophils in peripheral blood may suggest a signal to the
bone marrow (e.g., interleukin-5 released by T lymphocytes in
the blood) that recruits eosinophils to the circulation and al-
lows recruitment of eosinophils into the airways wall via en-
dothelial adhesion and chemotactic factors, yet only after cer-
tain stimuli. Another possibility is that eosinophils are residing
in peripheral airways, as has been observed in asthma (32).
Eosinophils in either the peripheral or the central airways
might create a local basic environment that easily permits the
eventual development and persistence of symptoms. This pos-
sibility is supported by our finding that peripheral blood eo-
sinophilia in asymptomatic subjects is predictive of BHR, par-
ticularly in those subjects who have been intermittently
symptomatic in the past. Moreover, recent longitudinal analy-
ses of the Vlagtwedde-Vlaardingen Study by our group have
shown that BHR in asymptomatic subjects is a risk factor for
subsequent development of respiratory symptoms (2).

Previous studies have shown that subjects with BHR are
more likely than those without BHR to have positive skin
tests (11, 12). In our study, skin test positivity was associated
with BHR, yet only in symptomatic subjects: symptomatic
skin test—positive subjects had an almost sixfold higher risk of
BHR than symptomatic skin test-negative subjects. Earlier
studies demonstrated that allergen exposure results in BHR
and respiratory symptoms in atopic asthmatics (21, 33). Thus
allergen exposure might account for respiratory symptoms in
skin test—positive individuals.

In contrast to the findings of most other studies (27-29), we
observed no relationship between high serum total IgE levels
and BHR in our middle-aged population. Higher serum total
IgE levels are known to be associated with smoking, male gen-
der, and younger age. Smoking is associated with both in-
creased serum total IgE levels and BHR. Without adjustment
for smoking, a high serum total IgE level was also not associ-
ated with BHR in our study. Thus, smoking is unlikely to ex-
plain differences between our study and others. Serum total
IgE levels in females are reported to be 26% lower than those
in males (34). Use of separate definitions for high IgE levels in
males and females (as the highest quartiles, e.g., = 57 kU/L
for females and = 80 kU/L for males) did not change our re-
sults (OR = 1.30, 95% CI = 0.88 to 1.93). Compared with the
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two previously reported studies on the independent relation-
ships of the three measures of atopy to BHR (28, 29), our
study concerned not only males but both males and females,
and our population was older than that studied by Boezen and
coworkers (29). Because serum total IgE levels in females are
lower than those in males and because IgE levels decline with
age (34), the range of levels in our population is probably
smaller than that in previous studies and perhaps too small to
detect an association with BHR.

The definition of BHR used in our study was more strin-
gent than the commonly used definition i.e., a PC,, of < 8 mg/
ml (2 min of inhalation), which is comparable to a PCy, of
< 16 mg/ml (30 s of inhalation) (35). The threshold value was
based on a 10% decrease in FEV, or IVC. Of all subjects con-
sidered to have BHR, more than 30% were so categorized
solely on the basis of a decrease in IVVC. To reduce the likeli-
hood of misclassification, we lowered the threshold value. If
some subjects were nevertheless misclassified as having BHR,
the observed relationships would have been weakened. How-
ever, repetition of the analyses with a definition of BHR as
only a 10% decrease in FEV; (excluding subjects with a
PCo[IVC] of < 8 mg/ml histamine) did not change the results.

Finally, we found a higher risk of BHR in females than
males only among asymptomatic individuals. The difference in
the relationship between gender and BHR for symptomatic
and asymptomatic subjects disappeared after the level of
FEV, was taken into account. This confirms other study re-
sults (36, 37). Leynaert and colleagues (36) suggested adjust-
ing for FEV, as the percentage predicted in order to control
for potential bias when comparing BHR in males and females
with similar FEV; values. These investigators observed a
higher risk of BHR in females when FEV; percentage pre-
dicted was taken into account. Our results confirmed these
findings, indicating that females are more likely to have BHR
than males. However, it is difficult to separate the effects of
smoking and gender in these data because more males than fe-
males smoke. Although we adjusted in our analyses for smok-
ing habits and gender, we cannot determine whether the dif-
ferent relation to BHR by symptom status is driven by
smoking or gender.

In conclusion, the results of our study in a general adult
population show that peripheral blood eosinophilia is associ-
ated with BHR in symptomatic as well as in asymptomatic
subjects, whereas skin test positivity is strongly associated with
BHR in symptomatic subjects only. Peripheral blood eosino-
philia in subjects with BHR may facilitate recruitment and ac-
tivation of eosinophils in the airway wall, giving rise to inflam-
matory changes resulting in intermittent respiratory symptoms
upon inhalation of appropriate stimuli. This requires further
study.
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Several studies have shown that exposure to bacterial
lipopolysaccharide (LPS) can either prevent or inhibit
asthma in humans and laboratory rodents. Much em-
phasis has been placed on the role of cytokines and
chemokines in the establishment and maintenance of
allergic airway disease. Therefore, it is of interest to
study the role of LPS in affecting airway pathology
and lung cytokine and chemokine responses in the
maintenance phase of asthma. Increasing doses of
LPS were administered into the airways of mice pre-
sensitized with cockroach allergen (CRAg), then aller-
gic airway disease parameters were assessed after
CRAg challenge. Airway hyperresponsiveness after
antigen challenge decreased at the highest dose of LPS
tested, which was accompanied by a decrease in air-
way and lung eosinophils. However, a dramatic in-
crease in lung inflammation because of neutrophil
influx was observed. Measurement of cytokines in
lungs of LPS-treated, CRAg-sensitized mice indicated
that interleukin (IL)-12 levels were increased by LPS
treatment in a dose-dependent manner, as were levels
of several inflammatory chemokines. In contrast, lev-
els of IL-4, IL-13, IL-5, and IL-10 were reduced in
whole lung homogenates only of high-dose LPS-
treated mice. Intranasal administration of neutraliz-
ing anti-IL-12 at the time of high-dose LPS challenge
reduced lung IL-12, interferon-y, CXCL9, and CXCL10
but did not affect levels of the other chemokines or
Th2-type cytokines, and did not restore AHR. These
findings suggest that the amelioration of airway hy-
perresponsiveness observed in LPS-treated, CRAg-
sensitized mice is coincident with an immune devia-
tion of the lung inflammatory response, independent
of IL-12. (Am J Patbol 2003, 163:1961-1968)

The incidence and severity of asthma has risen dramat-
ically throughout the past few decades, with the greatest
increases being evident in the well-developed nations of
North America and Europe.’ The disease has been pri-
marily associated with allergens derived from plant pol-

lens or household pests such as dust mites and cock-
roaches, which are fairly evenly distributed throughout
the world. Inhalation of aerosolized allergen leads to in-
flammation of the major airways of the lung, which is
mediated by cytokines and chemokines of the innate and
Th2-type adaptive immune response.? Asthma is char-
acterized by production of allergen-specific IgE, mast
cell activation, influx of eosinophils into the lung and
airway hyperproduction of mucus, and increased sensi-
tivity of airway smooth muscle to neurotransmitters lead-
ing to bronchoconstriction and decreased air capacity.
Increased sanitation and antibiotic usage and de-
creased environmental exposure to immunogenic organ-
isms including bacteria have been linked to increasing
incidence and severity of asthma in developed countries
leading to the hygiene hypothesis.*~" A recent epidemi-
ological report clearly demonstrated an inverse correla-
tion between several markers of allergy and atopy of a
large cohort of children and the amount of endotoxin
[lipopolysaccharide (LPS)] found in their bedding mate-
rial.® This study is in agreement with several other studies
showing decreased incidence of asthma in children
raised in a farming environment and associations based
on household size and birth order.°~"" However, a sig-
nificant amount of data has shown that exposure to en-
dotoxin in the workplace or as a component of cigarette
smoke leads to exacerbation of pre-existing asthma.'?'°
Thus, it remains unclear what role exposure to endotoxin
plays in modulation of human allergic airway disease.
Studies in animal models of asthma using ovalbumin
(OVA) as the allergen have also been contradictory, with
nearly as many investigators reporting that endotoxin
inhibits asthma-associated airway inflammation as those
reporting enhancement.’®2'  Eisenbarth and col-
leagues®® have shown that the allergic response to in-
haled OVA is dependent on activation through toll-like
receptor 4 by low-dose contamination with LPS, but that
a higher dose of LPS inhibited development of asthma.
The difference in response was associated with drastic
changes in leukocyte migration, immunoglobulin isotype
switching, and cytokine expression, such that the highly
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Th2-type response elicited by low-dose LPS was re-
versed to a predominant Thi-type pattern at the higher
dose. These data suggested that there could be a ther-
apeutic dose of endotoxin that would be effective at
treating asthma.

In the current study, we hypothesized that intranasal
endotoxin exposure would cause immune deviation and
reverse asthmatic disease in mice presensitized to cock-
roach antigens (CRAQ). Increasing doses of intranasal
LPS were administered to CRAg-sensitized mice before a
final intratracheal challenge with CRAg and measure-
ment of asthma parameters. The lowest dose of LPS
tested appeared to decrease airway hyperreactivity
(AHR). As the dose of LPS increased, AHR was progres-
sively reduced and the pattern of cytokine expression
changed from a high-Th2/low Thi-type to a high-Th2/
high-Th1-type, then to a low-Th2-type/high-Th1-type re-
sponse. Alterations in lung chemokine expression, a dra-
matic influx of neutrophils and CD4™" T lymphocytes, and
a decrease in lung eosinophilia were also observed in
LPS-treated mice. Neutralization of interleukin (IL)-12 by
intranasal anti-murine IL-12 treatment caused a reduction
in Th1-cytokine expression but did not lead to increased
Th2 cytokine expression or reconstitution of AHR.

Materials and Methods

Animals and Reagents

Female CBA/J mice (8 to 10 weeks old) were purchased
from Jackson Laboratories (Bar Harbor, ME) and housed in
covered boxes (five mice/box) in the Unit for Laboratory
Animal Medicine (ULAM) facility of the University of Michi-
gan. Clinical skin-test grade cockroach antigen extract was
purchased from Hollister-Stier (Spokane, WA), small molec-
ular weight components were removed by centrifugation
through an Amicon 3000 column, and batches were tested
for the absence of endotoxin by limulus amoebocyte assay
(detection limit 6 pg/ml; BioWhittaker, Walkersville, MD) be-
fore use. Incomplete Freund’s adjuvant and bacterial LPS
(Escherichia coli serotype 0111:B4, lot no. 70K4108) were
purchased from Sigma (St. Louis, MO). LPS was diluted to
1 mg/ml in sterile saline and sonicated for 1 hour before
aliquoting and freezing. A fresh aliquot was thawed and
vigorously shaken before the start of each experiment. Neu-
tralizing anti-murine IL-12 antibodies were collected from
polyclonal anti-serum of rabbits immunized and rechal-
lenged with recombinant murine IL-12. Normal rabbit serum
was collected and used to control for the presence of rabbit
immunoglobulins. The rabbit antibodies were purified over a
protein A column and diluted to a total protein concentration
of 10 mg/ml in sterile saline before use.

Antigen Sensitization and Challenge

See Figure 1 for a schematic timeline of the sensitization
protocol. Cockroach antigen (20,000 PNU/ml) was mixed
at a ratio of 1:1 with incomplete Freund’s adjuvant and 0.1
ml of emulsion was injected both intraperitoneally and
subcutaneously at the nape of the neck. Fourteen days

CRAg/IFA CRA CRAg
i.p.?s.c i.r\.g it. Harvest

Day ¢ yi 14/ 15 17 19 21 / 22/
4 \ \ \ \

LPS or Saline LPS or Saline LPS or Saline LPS or Saline
+-Ab +- Ab +- Ab +- Ab

Figure 1. Female CBA/J mice were sensitized on day 0 by intraperitoneal
and subcutaneous immunization with CRAg emulsified in IFA. An intranasal
challenge with undiluted CRAg was given on day 14, followed by four
alternate-day intranasal exposures to LPS or saline starting on day 15. Some
mice received intranasal treatments with normal rabbit serum or neutralizing
anti-IL-12 antibodies at the time of LPS exposure. Mice received a final
intratracheal challenge with undiluted CRAg on day 21, followed by assess-
ment of AHR and collection of tissue samples 18 to 20 hours after intratra-
cheal challenge. The CRAg used in these studies tested negative (<6 pg/ml)
for LPS by limulus amoebocyte assay.

later, mice were anesthetized with ketamine and xylazine,
then 15 ul of undiluted CRAg was injected intranasally. A
15-ul dose of the indicated amount of LPS or sterile saline
diluent was given intranasally to anesthetized mice on
days 15, 17, 19, and 21 after CRAg sensitization. Anti-
body-treated mice received an intranasal dose of anti-
murine IL-12 or normal rabbit serum (10 ul) at the same
time as LPS administration. Immediately after the final
dose of LPS, the trachea was exposed by incision, 40 ul
of undiluted CRAg was injected down the airway, and the
wound was closed with wound clips.

Measurement of AHR and Harvest of Tissues

Mice were anesthetized with sodium pentobarbital (3.3
mg/mouse) 18 to 20 hours after intracheal CRAg chal-
lenge, trachea were exposed, an airway tube was in-
serted, and mice were connected directly to a plethys-
mograph (Buxco, Troy, NY). A baseline of airway
resistance was established for each mouse, then metha-
choline (6.25 pg in 0.1 ml) was administered intrave-
nously and airway resistance was measured again. Peak
airway resistance after methacholine challenge was di-
vided by baseline to determine the fold increase in AHR.
Bronchoalveolar cells and fluid were collected by lavage
with 1.0 ml of sterile saline. Blood was obtained by orbital
bleed, followed by sacrifice and removal of the lungs.

Flow Cytometry

Total right lobe CD4™ T cells were determined by colla-
genase dispersion of cells from the whole right lobe of
each mouse, followed by a total cell count with trypan
blue. Dispersed cells were stained with FcBlock (BD
Biosciences, San Diego, CA), followed by staining with
phycoerythrin-conjugated anti-murine CD4 (BD Bio-
sciences), and analyzed on a Beckman Coulter Epics XL
flow cytometer (Brea, CA). The total number of cells in the
right lobe was multiplied by the percentage of CD4* cells
to determine total CD4 ™" T-cell content.

Histology

Lungs were removed after analysis of AHR and inflated
with 10% neutral buffered formalin before paraffin em-
bedding. Tissue morphology and lung eosinophil content
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Figure 2. Anesthetized mice were analyzed for airway hyperresponsiveness
before and after methacholine challenge at 18 to 20 hours after intratracheal
challenge. Data are the fold change in airway resistance after methacholine
administration & SE for three to five mice from two separate experiments.
The cumulative data from four experiments using the 15-ug/ml dose of
intranasal LPS (7 = 11 mice) indicated a statistically significant decrease in
AHR (P < 0.05) compared to saline control mice (n = 16 mice).
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were assessed on hematoxylin and eosin-stained sec-
tions from paraffin-embedded, right lobes. Lung neutro-
phil, eosinophil, monocyte/macrophage, and lymphocyte
content was determined from Diffquick (Dade Behring,
Newark, DE)-stained cytospins of the cells dispersed for
flow cytometry. Bronchoalveolar lavage (BAL) cells were
centrifuged and resuspended in 1.0 ml of ACK red blood
cell lysis buffer for 3 minutes before immobilizing 0.2 ml of
the cell suspension on a microscope slide by cytospin
and staining with Diffquick. Cell differentials were
counted using an Olympus BX40 microscope at X 1000
magnification and photographs were taken with a Spot
RT color camera (Diagnostic Instruments, Sterling
Heights, MI).

Measurement of Cytokines

The left lobe of each lung was snap-frozen and homog-
enized in 1.0 ml of 0.1%Triton X-100:phosphate-buffered
saline containing protease inhibitors before analysis of
cytokine content by enzyme-linked immunosorbent assay
(R&D Systems, Minneapolis, MN) following manufactur-
er's instructions. Total protein content was determined
using Bradford reagent (Bio-Rad, Hercules, CA). The
cytokine content of each lung was normalized to total
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protein and then mean and SE were determined within
each treatment group.

Statistical Analysis

Multiple pairwise comparisons were performed using the
analysis of variance portion of the Prism software. Indi-
vidual pairwise comparisons were performed using Stu-
dent’s t-test.

Results

Bronchoconstriction is a well-established marker of
asthma and is tested for clinically by measurement of
airway capacity after administration of methacholine.
Mice sensitized with CRAg responded to methacholine
with a sevenfold to eightfold increase in airway hyperre-
sponsiveness (AHR) compared to baseline airway resis-
tance before methacholine challenge (Figure 2). Re-
peated intranasal exposure to increasing doses of LPS
during the course of CRAg sensitization led to an appar-
ent dose-dependent decrease in airway hyperrespon-
siveness.

Serum levels of IgE were higher in CRAg-sensitized
mice than in unsensitized animals but treatment with LPS
did not significantly affect systemic IgE levels (Table 1).
The lungs of LPS-treated mice were highly inflamed (Fig-
ure 3) with an increase in the presence of total leukocytes
and CD4™" T cells within the lung tissue and a dramatic
increase in the presence of neutrophils in the BAL fluid
(Table 1). The number of eosinophils in the BAL and
surrounding the bronchi was sharply reduced with the
highest dose of LPS, but was not significantly affected at
the lower doses (Table 1).

Treatment with LPS led to a dose-dependent increase
in IL-12 production in the mouse lung 18 hours after
airway exposure (Figure 4), however, neither interferon
(IFN)-y nor tumor necrosis factor-a levels in the lung were
increased by intranasal treatment with LPS (data not
shown). Levels of the Th2-associated cytokines, IL-4,
IL-13, IL-5, and IL-10 were not decreased by the low-

Table 1. Increased Neutrophilia and Decreased Eosinophilia in LPS-Expressed CRAg-Sensitized Mice

Lung (Rt. lobe)

Bronchoalveolar lavage

Total Peribronchial Total
serum Leukocytes  CD4* eosinophils leukocytes PMN Eosinophils Lymphs
Group n IgE (ug/mh)*  (x10°) (X10%)  (cells/20 HPF)  (cells/HPF) (%) (%) (%)
Exp. 1
No LPS 4 54=+14" 67+07 49*06 155 *+25 48.8 = 4.8 43*15 24 +04
LPS,03ug 5 66+19 90+08% 62+07 N.D. 21.1+20% 702+6.0% 63+24 1.4 +06
LPS, 15 ug 3 64 *+17 209 = 1.0%510.6 = 0.5° N.D. 471 +31% 812+04% 00=x0.0% 09=0.18%
Exp. 2
No LPS 4 48+12 N.D. N.D. 139 + 59 143+24 449+106 92+59 22+0.3
LPS,06 g 4 36£12 N.D. N.D. 77 £ 20 271 +28% 823+24% 12+04% 09+03%
LPS,3ug 4 45+23 N.D. N.D. 62 + 24 258 +23% 821+36% 31x14 1.8+05
LPS,15ug 3 42+15 N.D. N.D. 18 = 6% 623+54% 931+28% 01+01% 08=+05°

*Serum IgE level in non-CRAg-sensitized mice was 1.0 = 0.4 ug/ml of serum.

TData are mean + standard error.
*N.D. = not determined.
SStatistically significant difference (P < 0.05) from no LPS control.
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Figure 3. Lungs were removed 18 to 20 hours after intratracheal CRAg challenge and paraffin-embedded. Sections (5 wm) were stained with H&E and
photographed at the indicated magnification. Lungs of CRAg-sensitized mice exposed to intranasal saline had modest levels of inflammation with evidence of
peribronchial eosinophilia. Lungs of CRAg-sensitized mice given intranasal LPS (15 pg X 4 doses) had large areas of severe inflammation and airways surrounded
by cellular infiltrates consisting primarily of polymorphonuclear neutrophils and monocytes.

dose LPS treatment that caused progressive elevation of
IL-12, but the levels of all of these Th2 cytokines were
diminished at the highest dose of LPS (Figure 4).

Leukocyte recruitment to the lung during inflammation
is partially dependent on the release of chemokines from
T cells, leukocytes, and structural cells. Treatment with
LPS caused a dose-dependent increase in the level of
CXCL8/MIP-2, CCL2/JE, and CCL20/MIP-3«, that have
been associated with the innate inflammatory response
(Figure 5). Similarly, increases in Th1-associated chemo-
kines, CCL3/MIP-1a, CCL5/RANTES, CXCL9/MIG, and
CXCL10/IP-10 were noted after airway exposure to in-
creasing doses of LPS. Although lung levels of the Th2-
associated chemokines, CCL11/Eotaxin, CCL17/TARC,
and CCL22/MDC were not significantly reduced by LPS
exposure (data not shown), CCL1/TCA-3 was reduced by
high-dose LPS treatment, similar to the findings for the
Th2-associated cytokines (Figure 5).

A similar increase of innate and Th1-associated cyto-
kines and chemokines was observed in the BAL fluid of
intranasal LPS-exposed mice (Figure 6). Unlike the sus-
tained levels of IL-10 observed in the whole lung after inter-
mediate doses of LPS, the levels of IL-10 in BAL fluid
dropped progressively in a LPS dose-dependent manner.

The dose-dependent increase in Th1-associated che-
mokines prompted interest in the role of IL-12 to the
modulation of AHR and inflammation after LPS exposure.

Neutralization of airway IL-12 by intranasal exposure at
the time of each high-dose LPS administration did not
affect the down-regulation of AHR (Figure 7) despite
decreasing BAL levels of IL-12, CXCL9, and CXCL10.
Although whole lung levels of IL-12, IFN-y, CXCL9, and
CXCL10 levels were significantly reduced after anti-IL-12
treatment (Figure 8), no reciprocal increase in the Th2-
associated cytokines IL-4, IL-5, IL-13 (Figure 8); or the
Th2-associated chemokines CCL1, CCL11, CCL17, or
CCL22 (data not shown) was detected in the lungs of
antibody-treated mice. Further, the chemokines CCL2,
CCL3, CCL5, and CXCLS, that were all induced by LPS
exposure, were not significantly affected by airway instal-
lation of anti-IL-12 antibody.

Intranasal IL-12 neutralization at the time of LPS expo-
sure did not lead to a significant change in total serum
IgE. (Table 2) However the number of leukocytes in the
BAL fluid was significantly reduced and an apparent
increase in peribronchial eosinophilia was also observed
after IL-12 neutralization, but did not reach statistical
significance (Table 2).

Discussion

In the current study, bacterial LPS was shown to deviate
the inflammatory response in a cockroach allergen
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Figure 4. Lungs of CRAg-sensitized, untreated, and LPS exposed mice were
removed after analysis of AHR and snap-frozen. Whole lung homogenates
were analyzed by sandwich enzyme-linked immunosorbent assay for the
cytokines listed. Additional analysis was done for IFN-vy, tumor necrosis
factor-a, and transforming growth factor-B but no significant differences
were detected in any experiment (not shown). Data are the mean cytokine
concentration * SE for three to five mice/group in this representative exper-
iment of four performed. The increase in IL-12 was significant (2 < 0.05) at
the 3 ug dose compared to the untreated control. Decreased IL-4, IL-5, and
IL-10 showed significance at the 15-ug dose (P < 0.05, 0.02, and 0.05,
respectively). Although the decrease in IL-13 did not reach statistical signif-
icance in this experiment, it was consistently reduced in all experiments at
the 15-ug dose, and did reach significance in several experiments.

(CRAQ)-induced model of asthma. Repeated intranasal
exposure to LPS led to a dose-dependent decrease in
AHR after methacholine administration. This finding is in
agreement with several epidemiological studies that have
shown an inverse relationship between human asthma
and environmental exposure to LPS.87'92% Sgveral stud-
ies in animal models have shown a similar decrease in
AHR when LPS exposure was combined with airway al-
lergen challenge. Cochran and colleagues'™ demon-
strated that a single intranasal dose of 1 ug of LPS given
to young mice decreased AHR when the mice were sub-
sequently challenged with OVA. In a study more similar to
our current protocol, Tulic and colleagues™ demon-
strated that LPS exposure of rats that were presensitized
to OVA led to a LPS dose-dependent decrease in sensi-
tivity to methacholine.
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Figure 5. Whole lung homogenates were analyzed for chemokine expres-
sion by sandwich enzyme-linked immunosorbent assay. Data shown are
mean chemokine concentration = SE for three to five mice/group in this
representative experiment of four performed. Levels of CXCL8, CCL2,
CXCL10, CXCL9, CCL3, and CCL5 were significantly increased after exposure
to the lowest dose of LPS compared to untreated controls (P < 0.05, 0.02,
0.01, 0.02, 0.01, and 0.01, respectively). Increased CCL20 reached signifi-
cance at the 15-ug dose of LPS (P < 0.001). Decreased CCL1 (P < 0.01) was
detected at the 15-ug dose of LPS. Whole lung levels of CCL22/MDC were
unchanged by LPS exposure, but CCL11/eotaxin and CCL17/TARC were
nonsignificantly reduced at the 15-ug dose of LPS in all experiments (not
shown).
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A well-established mechanism of induction of AHR in
asthma is the release of leukotrienes from mast cell gran-
ules after crosslinkage of antigen-specific IgE on the
mast cell surface. The current study showed that serum
IgE levels were not significantly affected by intranasal
exposure to LPS. A recent study by Gerhold and col-
leagues'” showed that systemic exposure to LPS before
OVA sensitization led to prevention of OVA-specific IgE
production, however, that study also indicated that intra-
nasal LPS treatment did not affect total or antigen-spe-
cific IgE production, in agreement with the current find-
ings. However, in contrast to our current findings,
Gerhold and colleagues'” did not detect any change in
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Figure 6. BAL was performed by injection of 1 ml of sterile saline into a
tracheal tube followed by aspiration. Cells were removed by centrifugation
and the supernatant was frozen until tested by enzyme-linked immunosor-
bent assay for the indicated cytokines and chemokines. Total protein content
in BAL was determined with the Bradford reagent and cytokine levels were
normalized to protein content for each sample. Data are mean concentra-
tion * SE for three to five mice/group in this representative experiment of
four performed. A significant increase in total BAL protein (P < 0.02) was
detected with high-dose LPS exposure. IL-10 levels were reduced (P < 0.05)
and IL-12, CCL5, CXCL8, and CXCL10 levels were increased by the lowest
dose of LPS (P < 0.01, 0.001, 0.001 and 0.02, respectively). The increase in
CXCL9 was significant (P < 0.02) after high-dose LPS exposure. IL-4, IL-5,
1L-13, and IFN-y were below detectable levels in the BAL fluid of these mice.
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Figure 7. AHR and BAL cytokine levels were tested as described in Figures
1 and 5 after intranasal exposure of CRAg-challenged mice (18 hours) with
sterile saline/normal rabbit serum (white bars), high-dose LPS/normal rab-
bit serum (gray bars), or high-dose LPS/anti-IL-12 (striped bars). Data are
mean * SE for five mice/group in this representative experiment of two
performed. AHR was unchanged by anti-IL-12 treatment compared with mice
receiving high-dose LPS alone. Reductions in BAL IL-12, CXCL10 (P < 0.01),
and CXCL9 (P < 0.05), were evident after anti-IL-12 treatment. No statistically
significant changes in other cytokines or chemokines were detected (CXCL8/
MIP-2 shown as an example).

AHR after local exposure to LPS. Plausible explanations
of these conflicting results include the difference in aller-
gens and strains of mice used in these studies. Another
recent study showed that low-level contamination of OVA
by LPS (0.1 ug/dose) was necessary to elicit a Th2 cy-
tokine response, OVA-specific IgE and allergic disease,
whereas a high dose of LPS (100 pg/dose) was inhibitory
of allergen sensitization.?® The CRAg used in our study
contained less than 6 pg/ml of LPS and was sufficient to
elicit an asthmatic response in our model. The lowest
dose of LPS used in the current study (0.3 ng/dose) did
not exacerbate AHR induced by CRAg alone, but rather
caused a slight decrease in hyperreactivity. This result
suggests that CRAg does not require LPS contamination
to induce asthma and that even low levels of LPS expo-
sure are inhibitory in this model.

Airway exposure of CRAg-sensitized mice with LPS led

to a dramatic influx of neutrophils into the lung paren-
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Figure 8. Lung cytokine levels were measured in anti-IL-12-treated, LPS-
exposed, CRAg-sensitized mice (striped bars) and compared to controls
that were CRAg-sensitized and received sterile saline (white bars) or intra-
nasal LPS (gray bars) and normal rabbit serum control antibody. Significant
decreases in IL-12, IFN-y, CXCL9 (P < 0.05), and CXCL10 (P < 0.02) were
observed. No changes in the Th2-associated cytokines IL-4, IL-5, or IL-13
were detected after airway neutralization of IL-12 at the time of LPS exposure.
Data are mean * SE for five mice/group in this representative experiment of
two performed.

chyma and the airway itself. An influx of CD4" Th cells
was also detected in the lung but a reduced number of
total lymphocytes and CD4™ Th cells was detected in the
BAL. At low doses of LPS, eosinophils were still present in
the lung and BAL, but mice that received the highest
dose of LPS displayed a marked reduction in airway and
lung eosinophilia. These data, which agree with previous
studies, indicate a drastic change in the inflammatory
cellular response dependent on LPS.??

The decreased hyperreactivity was more closely asso-
ciated to increased levels of IL-12 and several inflamma-
tory and Th1-associated chemokines in the lung and BAL
than to decreased levels of Th2-associated cytokines
and chemokines. In fact, significant reductions of the
Th2-associated cytokines were only detected at the high-
est dose of LPS. These findings supported the hypothesis
that a diversion of the immune response from a Th2- to a
Th1-type response caused the decrease in AHR. To test
this hypothesis, localized neutralization of IL-12 was per-
formed because IL-12 is a critical cytokine in the estab-
lishment of Th1-associated inflammation. Although levels
of IL-12 and other Th1-associated cytokines and chemo-
kines were reduced after anti-IL-12 instillation, the treat-
ment had no effect on the decreased AHR resulting from
LPS exposure. Surprisingly, the neutralization of lung
IL-12 was not effective at restoring expression of any of
the Th2-associated cytokines or chemokines tested in
this study, indicating that another mechanism of Th2
suppression was in effect. Yet, it seems unlikely that the
suppression of the local Th2 response alone can explain
decreased AHR because decreased AHR was apparent
at doses of LPS that did not suppress Th2 cytokine pro-
duction in the lung.

The findings of this study shed some light on some of
the currently held hypotheses of the effects of LPS on
AHR.®> Th1 immune deviation has been shown to de-
crease AHR, therefore, it has been suggested that LPS-
induced immune deviation toward a Th1 response inhib-
its the Th2 response that leads to asthma.?*=° The
current findings do not support that hypothesis because
neither IFN-y nor tumor necrosis factor-a were elevated in
the lungs of LPS-treated mice, and inhibition of the clas-
sical Th1 response by neutralization of IL-12 did not
reverse the blockade on AHR.

Over-production of IL-10 in response to LPS has been
put forward as a plausible mechanism of LPS-mediated
down-regulation of airway inflammation.®> 9332 Some
studies have shown that local increases in the levels of
IL-10 in the lung, have an anti-inflammatory effect on

Table 2. Blockade of IL-12 Decreases LPS-Induced Leukocyte Infiltration

Bronchoalveolar lavage

Total Peribronchial
serum IgE eosinophils Total leukocytes PMN Eosinophils Lymphs
Group n (pmg/ml) (cells/20 HPF) (cells/HPF) (%) (%) (%)
No LPS + NRS 7 4107 125 + 44 17 =1 48.3 = 6.1 59+26 1704
15 ug LPS + NRS 7 38=x04 40 =12 70 = 47 86.8 £ 5.6" 04+02 1.0x03
15 ng LPS + alL-12 9 55=*09 70 £ 13 46 + 31* 79.6 + 4.67 1.0x0.2 12x04

*Data are combined mean =+ standard error from two separate experiments.

TStatistically significant difference (P < 0.05) compared to no LPS control.
*Statistically significant difference compared to LPS + NRS group.



airway inflammation.?®32 In the current study, there was
no evidence of IL-10 induction by LPS, and in fact, the
levels were markedly reduced in the BAL at low doses of
LPS and in the whole lung at higher doses. To ensure that
the discrepancy between our findings regarding IL-10
and those put forward by others was not because of
timing of detection, we used neutralizing antibodies to
IL-10 in a similar manner as for blocking IL-12. Airway
neutralization of IL-10 at the time of LPS exposure had no
effect on AHR, cellular infiltration, or cytokine/chemokine
production in our model (data not shown).

In addition to these more commonly held hypotheses,
we had entertained a role for LPS-activated, B-1a cells as
a source of regulatory cytokines or as inducers of CD4™
T-cell apoptosis.®* However, studies to test the latter
hypothesis in Xid, B-1 cell-deficient mice indicated no
role for B-1 cells in affecting the LPS-mediated events.

Thus, it remains unclear what is the direct effector
mechanism of LPS exposure on reducing AHR. There
were several chemokines elevated by LPS exposure in
this study that were not neutralized by our anti-IL-12
treatment. These chemokines may have been responsi-
ble for directing cellular influx and activation changes
that led to decreased AHR. Another possibility is that LPS
had an effect on other mediators of airway smooth mus-
cle cell contraction. It has been suggested that changes
in nitric oxide production induced by LPS are mediators
of decreased AHR.25737 In addition, LPS may have had
direct effects on airway mast cells that led to early spon-
taneous degranulation before the time that AHR was
tested in this study.’® Prolonged exposure to LPS could
eventually lead to desensitization of mast cells, alveolar
macrophages, smooth muscle cells, or other cells in-
volved in the asthmatic response.

AHR is one of the most severe and life-threatening
symptoms of asthma, therefore, LPS or one of its deriva-
tives would seem to be a good candidate for therapy of
asthmatic patients. However, a note of caution is in order.
The mice exposed to high doses of LPS in this study
displayed severe inflammation in their lungs, high levels
of potentially dangerous Th1-associated cytokines, and
an increasing mortality rate (40% at the highest dose
tested). A better approach to developing therapies
based on the natural effects of LPS may be to target the
specific cytokines, chemokines, cellular interactions, or
other inflammatory mediators involved in the decreased
airway hyperreactive response. To that end, further study
of the complex nature of the airway response to LPS
exposure is warranted.
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Conclusions



s 1

After an initial period of concern prior to the commencement of
the combined spray programme, people called the government
telephone hot-line with health related problems with markedly
decreasing frequency.

Complaints of asthma, or other respiratory diseases, or
complaints of eye, nose or throat irritation were not more
common in people living inside the spray zone, nor were they
more common in people who were found to be culture positive
with BTK.

There was no evidence of an increase in people attending
hospital emergency departments during the time of the spray.

People with asthma or other respiratory diseases did not present
to emergency departments more frequently during or after
spraying as compared to before spraying.

No cases of serlous Infection with BTK were identified in any
hospitalized patients.

Occupationally exposed ground spray workers, frequently
developed symptoms of headache, nose, throat and eye Irritation,
dry skin and chapped lips, but no days of work loss were
attributable to BTK.

BTK was repeatedly cuitured from commerclally available

vegetables during and after the spray. People were readily
exposed to sources of BTK other than either the aerial or ground

- sprays.
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Summary 1

The objective of the microbiological and epidemiological surveillance study
was to observe if measurable changes in health occurred during or after the
combined aerial and ground spray of Foray 48B, a pesticide that contains
Bacillus thuringiensis var kurstaki (BTK). In the process of addressing this
question the study has examined the records of more than 26,000 telephone
calls, 1140 family practice patients, 3500 admissions to hospital emergency
departments, and closely monitored 120 workers with occupational
exposure to BTK spray. In addition, the study examined more than 400
bacterial cultures that had been referred in from 10 participating
laboratories. In addition we examined samples of air exposed to general
concentrations and occupational concentrations of BTK, and samples of food
from a variety of times and sources.

The results of this multi-phased study present a wide picture of the Lower
Mainland before, during and after the period of aerial and ground spray,
and allows some conclusions to be drawn about the impacts of BTK spray on
this large urban population.

Although over 26,000 telephone calls were made to the government "MOTH-
LINE®, only a small proportion related to health concerns. The ranges of
complaints were consistent with the problems detected by the Physician's
Office Surveillance Programme, and the Ground-spray Workers Surveillance
Programme. A marked decrease in the frequency of calls was noted as the
spray programme progressed.

The use of the 24 family practice units as sentinel sites provided a
representative sample of individuals who attend doctor's offices across the
Lower Mainland, and allowed for observing the frequency of complaints in
those individuals living within and outside the spray zone. Although many
patients complained about respiratory and eye symptoms, we could find no
evidence to support that any of the complaints were more frequent in
individuals who lived within the spray zone, or in those who had objective
evidence of having been exposed to spray. While symptoms may be
attributable to the spray, it is not possible to distinguish these from the
identical complaints that regularly occur during spring due to environmental

factors such as dust and pollen.
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Summary 2

There was no evidence to suggest a difference in either the number of
people attending an emergency department, or the reasons for attending an
emergency department during or after the spray programme.

Concern that HIV positive people or people with other immunosuppressive
diseases may be vulnerable to infection with BTK was considered and
examined. The examination of all isolates of Bacillus species from all the
hospitals and laboratories demonstrated that during a spray period, many
people were exposed to BTK. The bacterium was easily recovered from a
broad range of body sites. Despite this, when critical specimens including
blood, body fluids, and tissues were examined by taking into consideration
both the culture result and the patient information, we were unabile to find a
single case where BTK was a pathogen causing infection. Since all
significant cultures collected during the period were examined, we conclude
that no cases of infection in immunosuppressed persons have occurred
during the time of the spray.

The study provided us with information associated with large occupational
exposure to BTK. Although some of the ground spray workers remained
culture positive for prolonged periods of time, most individuals remained
culture positive for little more than a few days. Almost two thirds of the
exposed workers developed some symptoms as compared to a one-third of
control group of individuals who were not exposed. Many of the complaints
included transient irritative effects such as eye, nose, and throat irritation, dry
skin, and chapped lips. Complaints were more likely to develop in
individuals who had a prior history of allergies. While a.few cases of
diarrhea or other gastrointestinal were reported, they were fewer in number
than those reported within the control group. Importantly, there were no
days of work loss attributable to exposure to BTK.

The information from the ground spray workers may seem to be contradictory
to the physician sentinel and the emergency department studies, in that we
were more able to detect health effects in exposed ground sprayers. It is
important to appreciate that the amount of exposure that these workers had
was considerably more than anyone in the general public might experience.
Based on microbial air sampling studies that were done, many of the
workers had exposures that were 500 times that which the general public
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would have experienced, even if they had been directly exposed during an
aerial fly-over. Exposure would have been substantially less for individuals
who were indoors during and after the spray.

We demonstrated on two occasions that the public is readily exposed to BTK
through consumption of commercially available fresh vegetables either
organically or conventionally grown.

Although the number of complaints of gastrointestinal disease was small, in
none of the cases, either from the ground spray workers, or from the general
public where we recovered BTK in the stool did we find any evidence of a
history suggestive of food poisoning, or a disease with watery diarrhea
similar or suggestive of Bacillus cereus.

The study acknowledges that it did not study all individuals at all times. We
have little information on those individuals with pre-existing problems with
allergy or asthma who were made unwell by exposure to the spray but chose
to not call the government MOTH-LINE, or attend a physician or hospital.
Nonetheless it can be said with confidence that no cases of infection were
detected in any hospitalized patients, or in any patients studied with
bacterial cultures. Finally we found no evidence by examining individuals
attending emergency departments that there was any measurable increase
in serious community unwellness that could be attributed to the spray.
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In spring 1992 it was decided by Agriculture Canada and the British Columbia
Ministry of Forests that a combined aerial and ground spray programme was
necessary to eradicate a recently found cluster of Asian Gypsy Moths in the
Lower Mainland of British Columbia. The agent to be used for the programme
was a commercial spray product known as Foray 48B produced by Novo
Nordisk Bioindustrials, Inc. that contained the bacterium Bacillus thuringiensis
var kurstaki (BTK). Although BTK sprays had been used for biological control
by both the food and forest industries since 1971, and there was much evidence
of its safety with respect to human health, there was sparingly little independent
published information on its affects on human health when used to control
insects in large urban area. One previous study, reported in 1990, had been
laboratory based only, and as such, was unable to address individuals who did
not attend a physician, or those who did attend a physician or emergency
department but presented with complaints such as allergies, or asthma for
which a microbiological culture was not considered as necessary for diagnosis.
Also it was not designed to examine for health effects associated with different

doses of exposure.

To address the wider aspects of the health effects of BTK spray on a large urban
population the following study was developed. The study was done by
university based researchers, funded by a grant-contract from the Ministry of
Forests. The investigators performed their study independent of Agriculture
Canadaq, Ministry of Forests, and of Novo Nordisk Bicindustridls. By studying
many different population groups and environmental factors simultaneously it
was possible to develop a wide, and thus religble picture of the effects of BTK

spray.

The body of this report is divided into 6 component chapters that reflect the
different populations and targets for surveillance. Each chapter describes a
series of experiments that represent one of the areas of focus. Each chapter is
structured with an explanatory introduction, followed by a representation of the
results of the experiments, which are in turn followed by discussion and
interpretation of the results. The final section of each chapter will describe the
methods and design of the experiments.
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Food and Supplies Microblology.

Addresses culture of the spray material and food sampling studies during
and after the spray period.

Asian Gypsy Moth Telephone Hot-line Survelllance Programme

Monitors the telephone calls made to the government MOTH-LINE as a
measure of the health concerns of the general public before, during, and
after the spray.

Ground-spray Workers Surveillance Programme

Monitors the health effects of Foray 48B formulation of BTK spray in
individuals who had occupational exposure many times more than the
dose experienced by general public.

Sentinel Physiclans' Offices Survelllance Programme

Monitors individuals who attended a group of sentinel physicians' offices
at any time during the period of aerial spray programme, and identifies
all health complaints including both infectious and non-infectious concerns
before, during and after the spray. This phase of the study examined the
frequency at which individuals could be clearly identified as being
exposed to aerial spray, and observed for associations between
symptoms and exposure.

Medical Laboratory Survelillance Programme

Examines all clinical isolates of BTK recovered from laboratories in the

lower mainland during and atfter the spray period. Through this

programme, all individuals, either seen in physicians' offices or in hospitals
- and suspected of being infected with BTK would be identified.

lowér Mainland Emergency Department Surveillance

Programme monitors admissions to emergency departments to examine
for any increased incidence of severe asthmaq, allergy, or other complaints
may be associated with aerial spraying.



Ground-spray Workers
Surveillance Programme
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introduction

Between 18 April and 30 June 1992 the Asian Gypsy Moth Eradication Project
Office supplemented the cerial spraying of the biological insecticide Bacillus
thuringiensis variety kurstaki (BTK) around the Port of Vancouver, with ground
application of BTK to areas at high risk of infestation from the Asian Gypsy Moth
(AGM). Approximately 850 hectares of public parkiand, residential, and
industrial properties were ground-sprayed by licensed pesticide contractors and
audited by Agriculture Canada personnel. The commercial BTK product Foray
48B, previously approved by Health and Welfare Canada for aerial and ground-
spray application in urban areas, was used.

The objective of this study was primarily to determine if there were adverse
health effects associated with the occupational use of the commercial BTK
preparation Foray 488, and secondarily to determine it persistent carriage of
BTK occurred in association with adverse health effects.

Results

Populations

The study popuvlation, 120 ground-spray workers (GSW) (Table 1), had a higher
proportion of males than did the control group (76% vs 59%), had more malesin
the 20-29 age group, and fewer females in the 30-39 age group. None of these
differences were statistically significant. Smoking status was significantly
different in the two populations - one third of the subjects were smokers while
only 3% of controls smoked. However when smokers and non-smokers were
compared regarding frequency of symptoms, no significant difference was
evident between the groups. The populations were aiso similar with regards to
pre-existing health status.

Microbial air sampling

Levels of BTK collected by personal monitoring exhibited ranges in keeping with
varying conditions and spray patterns. The two cassette readings for an
individual were averaged to represent the jlevel in the breathing zone areqQ
localized between the cassettes. Results derived from the personal exposure
monitoring are displayed in Table 2.

Exposure levels of samples taken simultaneously within ateam generally
followed a predictable relationship consistent with observed differences in
spray patterns or conditions. For example, in a contractor A team the spray
operator level usually exceeded four fold that of the auditor, but in a contractor
B team only 1.5 fold difference was observed between sprayer and auditor
levels. Spraying down from high litts, spraying low foliage or spraying with
prevailing breezes, resulted in lower exposures to spray operators than did
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spraying upward into trees. For other team members, proceeding in parallel to
sprayers yielded consistently lower readings than did being underneath

overhead spraying or following behind the spray crew.

Mean exposure values of the groups ranged from 3,000 to 5.9 million organism
spores per cubic meter of sampled air; four of the groups had comparable
exposures. ltis of interest that public relations personnel who followed crews
through the sprayed West-End residential and downtown industrial areas had
considerably higher exposure (7 fold) than those preceding the teams, and
nearly 2 times higher than their auditors. However because these public
relations personnel frequently interchanged positions, their mean exposures
become equivalent with those of their auditors.

For those individuals who worked most shifts during the complete spray period,
estimated cumulative BTK exposures range from a high of 720 million organisms
(sprayers), to a low exposure of 5.4 million organisms (Kromacote card
handlers).

Health Effects
Frequencies of adverse symptoms reported in questionnaire #2 by controls and

GSW are shown in Table 3; 63% of GSW but only 38% of controls reported
adverse health effects (any cause) occurring during the project period . GSW
reported symptoms attributable to Foray 48B exposure at frequencies 2-3 times
control levels of symptoms in all systems except gastrointestinal and headache
which occured less frequently than in controls. Differences are statistically
significant. The health effects following Foray 48B exposure appear to be
generally transient and irritant in nature; dry skin, chapped lips, eye redness
itch and burning, "runny nose' and nasal stuffiness were reported in
approximately equal numbers. A number of individuals noted that their
symptoms occured only briefly at the beginning of spray periods and when the
Foray 48B spray concentrations were increased.

No significant or serious health problems resulted from Foray 488 exposure.
Controls reported time lost from work due to iliness during the spray period at a
mean frequency of 0.16 days per individual and GSW reported an average 0.14

days per person.

Symptoms attributed by the workers to Foray 488 exposure were compared and
no significant differences were found with respect to gender or smoking status.
History of asthma, seasonal allergies, or eczema appeared to influence the
frequency of reported post-exposure symptoms. Only 37% of the individuals
with any of these pre-existing health problems (atopic individuals) reported no
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effects from exposure to the ground spray, compared to 53% of individuals
without allergies, asthma, or eczema. This difference is also statistically

significant.

It was found that degree of exposure to Foray 48B spray also influences
symptom frequency. As seen in Figure 1 there is a direct relationship between
exposure level and reported symptoms. When compared to the low exposure
category, a 1.7 fold increase of symptoms is reported in the medium exposure
group, and 2.7 fold increase is seen in the high exposure group.

Carriage of BTK

All workers upon joining the cohort provided nose swabs prior to their exposure
to ground-spray. Eight Agriculture Canada employees were culture positive on
their initial swabbing. All were involved either with dispensing bulk BTK
concentrate or recall sniffing from a container of Foray 488 which was opened
during an orientation session so that employees could familiarize themselves
with the odour of the product. All eight reverted to culture negative status
during the project or within 30 days of project completion.

Although not all employees were available during all subsequent swabbing,
many were swabbed at all four intervals. Of the 112 workers employed for the
duration of the project and who provided at least one nose or throat swab, only
8 remained culture negative; 2 were supervisors intermittently in area of ground-
spray activity, and the other 6 were on advance notice teams which were not
directly exposed at any time to ground-spray. It was observed that BTK could
be recovered from individuals (N=10) who had visited the spray zone for as
little as ten minutes, if nose swabs were taken within a few days of exposure but
not if taken after a one-week interval since last exposure.

Kromacote card team members were likewise culture positive the day of qerial
spray but reverted to culture negative status during the 10-12 day interval
between aerial sprays. Nearly all tested workers exposed to higher
concentrations for several shifts (5-20) retain BTK for at least 5-6 days and most
were culture positive for 14-30 days.

Follow-up GSW results (as of yet incomplete) indicate that few, and usually only
those with large and repeated (>4 wk) exposures, retain BTK for longer than
four weeks following their last BTK exposure. To date, of the 120 cohort study
population, 24 subjects have been unavailable for follow-up culture, and of the
remainder, who were swabbed following an interval of 30 to 63 days since last
BTK spray exposure, 13 workers yielded BTK from nose swabs but none from
throat swabs. All 13 positive on follow-up are male, four had low, and 9 had
medium-high exposure levels; 72% of them reported sinus or throat irritation
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attributed to Foray 48B exposure. Otherwise no consistent association could be
found with regards to age, smoking status, or pre-existing health status.

Discussion

Study & Control Populations

Controls were comparable to subjects in age, gender, prior health history, and
working outdoors in areas where commercial pesticides (not BTK) were utilized,
but not in smoking status. However smoking was seen not to influence
frequency of symptoms within the spray group. The main difference that could
possibly influence outcome was that in contrast to the controls, many GSW
worked at night and sometimes for double shifts. Length of work day, working
outdoors and in shifts was unusual for many and contributed to some of the
reported symptoms. Although the workers were asked to differentiate between
the effects from Foray 48B spray and from other factors, reporting was subjective
and may have been biased toward overestimating effects due to the spray.

Exposure Assessment

Personal monitoring equipment functioned reliably during the study. Dual
individual readings proved useful for examining intra-individual differences and
in more closely determining breathing zone levels than would have been
possible using only one cassette per individual. Relative exposures estimated
by observation corresponded closely with those determined by quantitative
bioaerosol sampling.

Although the range of exposure levels within groups described in Table 2 is
wide, levels of samples collected simultaneously on individuals and within
teams were consistent with estimates made during observations of the spray
operation, and were generaily predictable with regards to relative levels for
each team position.

Differences between groups could also be traced to differences in terrain and
spray patterns. BTK dilutions were identical, area coverage and high pressure
spray equipment was comparable, but contractor A sprayers spent less time
spraying downward than did contractor B sprayers. Being exposed to more
overhead spraying and having to follow behind the spray operation rather than
parallel to it, were the most likely reasons that auditors and public relations
personnel working with contractor B crews had higher relative exposures than
did their counterparts with contractor A crews.

BTK Carriage
Little information is available in the published literature regarding human BTK

colonization following exposure. Nasal swabs were found to be g relatively

R et
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sensitive method of detecting recent exposure to ground and aerial spray, but
BTK was infrequently recovered from throat swabs.

Methodology necessary to demonstrate colonization as distinct from prolonged
carriage was not available during this study. It was therefore not possible to
determine whether BTK was recovered from nasal hairs or from nasal mucosaq, or
if the organisms were recovered in the spore form or in the vegetative state. In
this study it was found that in the absence of subsequent BTK exposure, the
organism was generally not recovered after an interval of one week following
single exposure, but repeated occupational exposure to BTK over several weeks
duration appeared to prolong carriage of BTK. Although it is theoretically
possible that the BTK organism can persist in spore form for prolonged periods, it
can be surmised that positive culture status persisting for more than 30 days
after last BTK exposure represents colonization of nasal or sinus mucosa, but this
is not proven. Individuals exhibiting persistent BTK carriage are being followed
to determine when reversion to culture negative status occurs.

No discriminating features could be found to differentiate those who reverted to
culture negative status within 30 days following last exposure to the BTK spray,
from those who retain BTK for longer periods. Although the majority of the latter
group attributed symptoms of “runny nose' or nasal stuffiness to their exposure to
Foray 48B spray, no consistent differences could be found compared to other
individuals who reported the same symptoms but who retained BTK for fewer
than 30 days. Further information may be obtained from the 24 workers from
whom follow-up results are still outstanding.

Health Effects

Quantitative exposures, measured in organisms per cubic meter of sampled air,
represent exposure to BTK and also represent exposure to the other components
found in Foray 48B. There appears to be a direct relationship between degree
of ground spray exposure and frequency of symptoms attributed to that
exposure. Most of the complaints, including eye nose and throat irritation, dry
skin, and chapped lips, generally appear to be transient and irritant in nature.
The Foray 48B label cautions that inhalation or contact with eyes and skin should
be avoided but gives no specific information regarding adverse effects which
can be expected from exposure to the product. Although certain bacterial cell
wall components are known to be irritating and sometimes sensitizing to skin
and mucous membranes, no data in the published literature could be found
which differentiates what proportion of the observed irritation arises from
exposure to the BTK organism, from that, if any, attributable to other components
in Foray 48B.
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It is not known what reduction of these adverse health effects could have been
achieved by the wearing of more protective equipment. Face masks and
goggles were not commonly worn for several reasons. Goggles tended to fog
quickly which caused significant vision impairment at night and was felt by some
to be responsible for a few near accidents. Workers also felt comfortable with
the relative safety of the product. The individuals who wore face masks during
most of shifts reported no fewer symptoms than the average for their exposure
group, but the number of subjects (n=4) is too low for statistical comparison.
Personal monitors worn by members of the Kromacote card team during aerial
spraying demonstrated that exposures resulting from the occupational use of
Foray 48B during the ground-spray program were up to approximately 500 times
higher than those to which a member of the general public would have been
exposed if outside and directly under aerial spray. Despite the exposure of the
ground spray workers to relatively large quantities of BTK organisms (up to 720
million organism spores), no significant health problems were identified, and
there were no days of work loss attributable to BTK exposure. This result is
consistent with the good safety record of BTK product use over many years in
North America.

Methods

Study & Control Populations

Employees from Agricuiture Canada, BC Ministry of Forests, Mt. View Tree
Service Ltd (contractor A), and Bug Busters Pest Management Inc. (contractor
B), involved in the AGM Eradication Project formed a cohort of ground-spray
workers (GSW) which was followed prospectively to determine if exposure to
BTK resulted in carriage of the organism (in the nose) and was associated with
adverse health outcomes.

Volunteer horticulture workers from BC Ministry of Agriculture Fisheries and
Food, and students and faculty from Simon Fraser University, Biological Sciences
(Pest Management), were included as a control population.

All members of the cohort received a briefing from the principal investigator
regarding the study and known medical aspects regarding the BTK organism,
signed a voluntary consent form, and completed an initial health survey
questionnaire.

This surveillance project was observational only; exposure and conduct of
- employment (wearing or not wearing protective equipment etc) was
determined by employer and employee, in accordance with provincial
regulations.
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Exposure Estimate
Due to differences in terrain covered by the two contractors, patterns of ground-

spray application ditfered somewhat. Turbulence and wind tunnel effects
resulting from uneven building height in the downtown industrial and residential
West-End areas necessitated contractor B using mechanical lifts to treat all
foliage to the full tree height. Spraying in these areas proceeded in tandem
along adjacent blocks, and teams of six (two spray operators, two hose
handlers, one record keeper-driver, and a foreman) advanced two high-
pressure spray units along each block simultaneously spraying both sides. Two
auditors proceeded with the sprayers, and the public relations personnel would
both precede and follow behind the crews to control traffic and alent
pedestrians. Sprayers and hose handiers would generally trade roles during a
shift or on alternate shifts; public relations personnel would likewise exchange

front and back positions.

The other contractor was required to spray only to the height reached by high-
pressure hoses, and did not exchange positions. Teams consisted of one spray
operator, one hose handler and one auditor. The one public relations individual
preceded the crew often by several blocks, and was only infrequently required
to follow behind the spray operation.

Foray 48B was distributed in bulk, diluted with water, and delivered as a high-
pressure spray aerosol. During the first ground spray cycle, a dilution of 200
parts water with 1 part Foray 48B (200:1) was used. During subsequent cycles it
was determined that better coverage was achieved when a much finer spray of
higher BTK concentration was utilized. During the projeqt, dilutions were
reduced to 100:1, then 85:1, and finally 75:1. During the last spray cycle a trailer
mounted jet turbine aerosol generator (Rotomister) replaced the high-lift units in
the parks and the downtown areq.

Relative exposures of workers to Foray 48B were estimated after direct
observations were made of each job, and of various contractor teams, types of
equipment and spray patterns. Auditor records were kept for each spray unit
itemizing exact duration of spraying, area coverage, names, and role of each
team member. These records were utilized to ascertain precise duration of

€xposure to ground spray for each participant in the study. -

Quantitative Exposure Assessment

Microbiological air sampling (bioaerosol sampling) was conducted
simultaneously within teams. Nucleopore polycarbonate filters sealed in plastic
filter cassettes were connected to dual high volume constant flow portable air
pumps, and were attached in the individual breathing zone of the worker. Pump
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volume and exact exposure time for each individual was recorded. Mean
exposure values were calculated and compared for significant differences; jobs
having exposures that were not significantly different were grouped, and an
average exposure was caiculated for that group of jobs.

A team of individuals involved with monitoring aerial spray coverage was also
studied. Completeness and density of aerial spray coverage was monitored in
part through the use of Kromacote cards which were laid out in predetermined
areas and retrieved following aerial spray. The six individuals responsible for
the cards were generally exposed to air-delivered aerosol during the fly-over
and for the two or more hours it took to collect the cards. Individual breathing
zone samples were also collected.

Cumulative individual exposure to Foray 48B was calculated by multiplying the
mean exposure value assigned to the individual's job (described above) by the
actual hours each worker was exposed to spray operations. Workers were then
grouped into three exposure categories (low, medium, and high). Exposure in
controls was categorized as nil.

Carriage of BTK was determined by the growth of BTK colonies from nose and
throat swabs. Swabs were taken before the ground-spray, at the end of the first
spray cycle (12-48 hrs post-exposure), before the third spray cycle (5-6 day
interval since last exposure), and following last exposure to BTK (3-5 wks,
depending on availability of subject to follow-up); individuals showing persistent
carriage received an additional swab approximately one month later.

Adverse Health Effects
Two questionnaires were administered in order to identify adverse health

effects. Associations between frequency and type of reported adverse health
effects, and prolonged carriage of BTK were examined, and differences were

tested for statistical significance.
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Table 1

1992 Vancouver AGM Ground-Spray
Workers Surveillance Project
Population Variables

GS Workers Controls
N=120 N=29
Mean Age (yrs) 31 34
Smokers (%) 33 3
Non-Smokers (%) 67 97
Male (%) 76 59
Female (%) 24 41
* Atopic (%) 36 39

* Indicates past history of any of Asthma, Seasonal Allergies, Eczema
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Table 2

1992 Vancouver AGM Ground-Spray
Worker Surveillance Project
Bioaerosol Exposure *

Position Samples| Range Mean | Standard
(No.) Deviation

contractor A

sprayer 8 0.9-10.5 5.9 3.3

hose é 0.6-4.0 1.7 2.0

auditor 4 0.5-3.2 1.4 1.2

public relations 2 0.6-0.7 0.7 0.05
contractor B

sprayer 30 0.6 - 15.8 3.1 3.1

hose 16 0.2-8.3 2.2 2.2

auditor 30 0.4-9.6 2.0 2.3
public relations 10 0.2-6.9 2.0 2.2
Kromacote card 3 0.2-0.6 0.3 0.3

* Bioaerosol Exposure expressed as millions of BTK organism spores
per cubic meter of sampled air
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Table 3

1992 Vancouver AGM Ground-Spray
Workers Surveillance Project
Post Expaosure Effects
(Reported Symptoms, Percent)

Complaint (site) Controls @ Ground-Spray Workers b

Total % Total % BTK
Attributed *

Any Complaint 38 63 55

Skin (Dry ltchy) / 10 34 25

Chapped Lips

Eyes (Redness lich 13 20 19

Burning Puffiness)

Headache 10 7 3

Throat 7 29 22

(Dry, Soreness)

Nose (“Runny’) / 13 27 17

Sinus (Stuffiness)

Respiratory 3 20 12

(Coqgh, Tightness)

Digestive 10 7 4
(Nauseq, Diarrhea) -

a Controls N = 29
b Workers N = 120

* (%) = Effects attributed (by the workers) to BTK exposure
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Asian Gypsy Moth
Telephone Hot-line
Surveillance Programme
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Introduction

To provide a centralized information service to the public regarding the 1992
Vancouver Asian Gypsy Moth Eradication Project, Agriculture Canada
established a toll-free telephone hotline in January 1992. A survey was
conducted of the heaith-related calls received between 15 April and 15 June

1992, an interval encompassing the four aerial spray periods.

Results
A total of 26,406 hotline calls were received between 27 January and 30 June

1992 (figure 1). Frequency of calls reached a peak of 15,523 in April 1992,
including a high of 1,795 in one day. Only a fraction (8.6%) were heaqlth-related,
and these reached a monthly maximum of 1,736 calis in April (figure 2).
Requests for health risk information accounted for many calls during the weeks
preceding the first aerial spray, but as seen in figure 3 the proportion of health-
related calls, which reached @ maximum of 24% during the week preceding the
first aerial spray, dropped sharply after aerial spraying commenced on 18 April,
and reached a low of 1% during the fourth spray period.

Of the 19,893 calls received during the period 15 April - 15 June, 939 (4.7%) were
health-related. The latter were surveyed, and of 321 calls where information was
recorded, 74 were from individuals requesting information only, were from
callers outside the spray zone, were unrelated to the aerial spray or were simply
protesting the project. The remaining 247 calls represented compilaints from
individuals who reported being within the spray zone or exposed to spray, and
who attribute their symptoms to that exposure; the systems affected are listed in
table 1. Seasonal allergy-like symptoms and those of the *flu-like" complex
accounted for 36% of these complaints. A further 17% involved respiratory
complaints and one-half of these described asthma symptoms.

Discussion

The AGM hotline was particularly busy during April and May 1992, when more
than 24,000 calls were logged. However only 8.6% of the total hotline calls, and
only 4.7% of calls received in the surveyed interval, were health-related. In the
weeks leading up to the first aerial spray, several features critical of the
proposed AGM eradication project appeared prominently in the media and
may have contributed to the apprehension in many of the individuals who
called the hotline during March and April seeking health risk information. The
AGM hotline was thus able to provide callers a medium through which concerns
could be ventilated, and from which accurate detailed information was readily
available. A relatively sharp decline in health-related calls was noted after the
Spray program commenced, which appeared to reflect the absence of serious
medical complications arising from exposure to the spray. Furthermore not all
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those who called during the surveyed interval which encompassed all four
aerial spray periods were concerned about the effects of the spray. 23%
requested only information, and many of those reporting symptoms stated they
were doing so only because they understood all symptoms occurring during this
project regardless of cause were to be reported to the mothline.

Due to lack of planning time and limited resources only a relative few of the
health-related calls were recorded in detail, and no randomly-controlied
comparative study was possible. Furthermore no regional baseline data
regarding frequency of common symptoms exists, and no information is
available regarding either occurrence of symptoms or lack of effects in the vast
majority of individuals within the spray zone who did not phone the hotline.
Likewise there is no data with which to adequately compare callers, to those
individuals living outside the spray zone and not exposed to aerial or ground
spray. Although some interesting observations were made in this passive
survey, few conclusions can be made from this information regarding the effect
of exposure to aerial and ground spray during the AGM Eradication Project.

Methods

During the survey interval telephone calls were fielded by regular hotline
personnel, who because of time constraints, found it possible to record details of
health-related calls only in the relatively few non-busy periods. None of the
operators were health care providers, and none had received special instruction
in health-related interviewing, Thus information was gathered in a non-
systematic, non-random fashion, and varies in content and in degree of
completeness.

In addition to regular personnel, three physicians staffed phones during the
three days prior to the first aerial spray and thereafter on spray days to provide
specific medical advice and assessment to referred calls.

It should be noted that in this passive survey, callers were self-motivated to
report their information and were not matched to controls. Furthermore no

comparative study of health effects occuring in individuals living within and
outside the spray areas was conducted.
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Table 1
1992 Vancouver AGM Hotline: Surveyed
Health-Related * Calls 15 Apr-15 June

Complaint (N = 247) Percent
Seasonal Allergy Symptoms 19
*Flu-like" complex 17
Headache 6
Eyes 2
Nose / Throat 10
Respiratory 17
Gastrointestinal 7
Skin 8
Other (Multiple Systems) 7

* Primary reason for call

Hot-line 3
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Sentinel Physicians' Offices
Surveillance Programme
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introduction

The physicians' office surveillance programme examined a broad
component of the Lower Mainland community to identity those
individuals who had been exposed to the aerial spray containing
Bacillus thuringiensis var kurstaki (BTK). Demonstration of having been
exposed to the spray was sought by testing for the presence of BTK in
the individual's nose or throat. Links between being culture positive
and having symptoms were then examined. A group of 29 family
practice physicians associated with the Department of Family Practice,
Faculty of Medicine, University of British Columbia who have their
office practices spread throughout a wide geographic area in the
Lower Mainland was asked to participate in the study.

Results

Twenty-four of the original 29 physicians were able to participate in the study.
One thousand one hundred forty patients were admitted into the study. The
number of specimens submitted ranged from 10 to 95 per physician.

Characteristics of the total patients demonstrated a gender ratio
females:males of 1.9:1 with mean age for females 38.2 years and for
males 36.4 years. The most prominent age group was between 20 and
40 years for both genders. These characteristics are typical of patient
populations attending family practice offices.

Postal code information was used to determine if the person lived in or
outside the areas covered by the aerial spray programme. Postal
codes were available for 1085 (96%) patients , and covered a broad
range of postal regions including North Vancouver, West Vancouver,
Vancouver, and Burnaby. When postal zone maps were compared
against the flight pattern maps, it was determined that 566 (49.6%) of
individuals had their residence within the spray zone while 519 (45.5%)
lived outside. For the remaining 55 (4.8%) no postal zone was
provided.

o ————— e



Sentinel Physicians 2

One hundred twenty:eight (11.2%) of the nose specimens cultured from
the patients were found to contain resembling BTK. Seventy four
(57.8%) were from individuals living within the spray zone, while 50
(39.1%) were from outside the zone. The remaining 4 (3.1%) were from
those for whom no postal code information was available. The
difference in culture positivity rate for those living within the spray zone
(13.1%) as opposed to those outside the spray zone (9.6%) was not
significant (O.R.=1.41, 95% Cl1=0.96-2.06).

A clear timing pattern was noted linking culture positivity to aerial
spraying (see figure 1). In each instance, culture positive specimens
were tightly clustered around the time of spraying. In each instance,
with the exception of the first fly-over, the rate of positivity dropped off
on sequential days until it ceased to be detected. With the 4 individual
spray periods considered, the longest period of positivity detection
following spraying was 5 days.

Neither gender, nor any age group, nor any geographic region was
more likely to be culture positive (Table 1).

Reasons for attending the physician are recorded in figure 2. Six
hundred seventy five were either asymptomatic or had symptoms
unrelated to the spray. The remaining 465 (40.8%) had symptoms
including allergies, asthma, rhinitis, conjunctivitis, otitis mediaq, sinusitis,
headache, pharyngitis, upper or lower respiratory tract infection,
shortness of breath or skin rash. No individual symptom group was
more likely to be culture positive when compared against the rate in
asymptomatic individuals. Because of the design of this phase of the
study; it is not possible to determine with certainty if any of these
symptoms were more common in those living inside or outside the
spray zone, however, it was noted that for those for whom postal code
information was available, and a possible complaint was noted, 240
(54.1%) were from those living within the spray zone, and 204 (45.9%)
were from outside. This proportion was markedly similar to the
proportion of individuals living inside and outside the spray zone
strongly suggesting that possible complaints were no more likely in
those living inside the spray zone, as compared to those living outside.
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A follow-up letter was written to each physician to make inquiries about each
of the patients with a positive culture. It was noted that 19 of 128 patients
with BTK (14.8%) were treated with antibiotics as were 167 of 1012 patients
without BTK (16.5%). None of the patients with BTK had a negative outcome
even though 119 (85.3%) had received no antibiotics, and of the 19 who did,
6 who had been started on antibiotics to which the organism was highly
resistant. Of the 19 patients with BTK who had been started on antibiotics, 9
lived within the spray zone, 10 did not. Four had been started on antibiotics
prior to the onset of the spray programme. No link between diagnosis,
possible exposure to BTK, and decision to prescribe antibiotic therapy could
be identified.

Discussion

The results of the physicians' office surveillance provides information about
the ease in which the nose was able to trap BTK suspended in air, and also
the short duration of nasal carriage of the organism, and also the lack of any
apparent relationship between the timing of the spray and the types of
complaints presenting in the physicians offices. There is little indication that
BTK was associated with significant infection considering that the vast
majority either of people did not receive an antibiotic, or if they did, only
one third received an antibiotic to which the organism would respond. If
infection was present, it would have had to have been brief and self limited.

The difference in pattern for positive cultures during the first fly-over may
have been the result of the intermittent days of flying as opposed to the
sequential flying days of the other periods.

The lack of association between the nose cultures being positive and the

“postal code information suggests that either the tests used for microbial
identification were sufficiently non-specific to ensure that the organisms were
all the same, or other factors such as location of work, occupation, or location
at the time of spraying also play a role in whether or not an individual could
become exposed to the aerial spray. Because serotyping of strains was not
available, the former is a distinct possiblity; however,the clear timing of
positives with the timing of the aerial spray-overs strongly argues for the
latter.
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Methods
The physicians were requested to enroll the first five patients to come
to their office during the five days prior, during and after each spray
- period, regardiess of their symptoms or complaints, and in addition to
collect swabs from any patients who came up to 10 days after each
period with any symptoms “of interest*® that may be related to the spray
including respiratory infection, pharyngitis, asthma, allergy, sinusitis,
conjunctivitis or rash. The physicians would test for the presence of BTK
by swabbing either nostril for bacterial culture. In addition, if a
significant infection was thought to be present, a second culture would
be sent to a medical laboratory as a method for clinical detection.

To ensure timely processin'g of cultures, and information, all materials
were collected and transported by study personnel to the
Microbiology Laboratory of University Hospital, Shaughnessy site. All
swabs were accompanied by a form providing the person's age, postal
code, symptoms, diagnosis, and whether they were to be put on
antibiotics.

Swabs were tested by standard culture techniques using 5% sheep blood
agar and nutrient agar. Cultures were identified by typical colonial
morphology, and were confirmed as Bacillus thuringiensis by characteristic
spore and crystal morphology. Bacillus thuringiensis strains were defined in
conjunction with 2 known postive strains of BTK using an abbreviated
biochemical scheme. Strains were defined as BTK if they were beta-
haemoilytic, lecithinase positive, urease positive, aesculin hydrolysis positive
and failed to ferment mannose. Serotyping was not available at the time of
the study.
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Information and culture results were encoded in a computer database
software programme and were analyzed by comparing the numbers of those
with symptoms of asthmaq, allergy, respiratory symptoms, conjunctivitis, or
rash against those who were either asymptomatic or were presenting with
vnrelated complaints. Variables examined included, patient characteristics
(age, gender), home postal code as a measure of whether their place of
residence had been exposed to spray, date of onset of complaints and date
of presentation at their physicians' office. Tests of statistical analysis
including odds ratio, or chi-square analysis were applied to group
differences in order to determine if differences were sufficiently large to not

have occurred by chance alone.
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Culture Culture
Neqggative Positive
Gender *
Male 333 (86.5%) 52 (13.5%)
Female 659 (89.9%) 74 (10.1%)
Residence Location *
Inside spray zone 492 (86.9%) 74 (13.1%)
Outside spray zone 469 (90.4%) 50 ( 9.6%)
Age*
range (years) 0- 20 148 (85.5%) 25 (14.5%)
21- 60 668 (88.9%) 83 (11.1%)
61-100 159 (90.9%) 16 (9.1%)
mean (years) 37.9 36.1
*Of interest® symptoms reported **
Yes 425 (91.4%) 40 ( 8.6%)
No 587 (87.0%) 88 (13.0%)
¢ Block does not include all 1140 cases, because some data not provided.

**.  Soe Text for definition of *of interest® symptoms

e
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Introduction

The objective of the laboratory surveillance programme of the study was to
capture and identify all isolates of BTK recovered from any patient in the
Lower Mainland who presented to a physician either in an office practice
or in a hospital with sufficient symptoms that a specimen was collected
which would identify a possibie infection. This would provide an index of
those patients who had developed a clinical infection associated with BTK.
Resulits

Through the cooperation of Lower Mainland laboratories, 429
bacterial isolates were submitted for analysis. Three hundred
twenty-five (75.8%) isolates were characterized as BTK. in 43 of
these 325 cultures (13.2%) BTK was recovered in pure culture. | n 42,
the growth was characterized as light. In 1, it was characterized as
heavy. Further clinical information was sought on the patients for
these 43 cultures. Along with these cases, information was sought
for 2 invasively collected specimens, one body fluid, and one tissue
biopsy, both which had mixed culture results. Information was
available for 37 of the 45 cases (82.2%).

Seven isolates were recovered from blood cultures or intravascular lines.
Following close examination of each case, in none of the cases was BTK
the causative agent of patient's unwellness. In two of the 7 cases, the
patient had a rapid recovery while treated with an antibiotic to which the
bacterium was highly resistant. In two the patient had a transient mild

- fever episode, which resolved although neither was treated with
antibiotics. In 1 case, the culture was collected as a test of cure following
completion of antibiotic therapy given in hospital for a previously well
documented bacterial infection involving a different organism. When the
culture was collected, the patient was feeling well, without fever or any
other signs of infection. He was discharged from the hospital the next day.
In the remaining 2 cases, swabs for microbiology cultures were taken of 2
intravascular lines at the time of their removal. In both instances, culture of
the swab was found to contain BTK even though the patient was afebrile
and feeling well, and discharged from hospital. In neither case was BTK or
another Bacillus species recovered from cultures prior to removal of the
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lines. It was determined that in all of these instances, the BTK was
coincidental and probably represented skin contaminants either from the

patients themselves or from hospital ward or laboratory staff.

Two specimens were from tissue biopsies. In one, the BTK was found to be
coincidental to a definite diagnosis of viral infection. In the other, the
organism was from a patient in whom infection was not the suspected
diagnosis, and an alternate definitive tissue diagnosis was made. In each
instance the organism was from broth culture only, and was suspected to
represent a coincidental contaminant.

In 3 patients BTK was recovered from an aspirated body fluid, one from a
knee, one from pleural fluid, and one from peritoneal fluid. In none of the
cases was bacterial infection considered to be the dlinical diagnosis. In
each instance, the culture was found in broth culture only, and was
interpreted as a coincidental skin contaminant.

Thirteen of the pure culture isolates came from genital-urinary cultures. Of
12 urine cultures, 6 were from symptomatic patients and 4 were from
patients with screens for asymptomatic bacteriuria. Of the symptomatic
patients, 3 improved without antibiotic therapy, 1 improved while receiving
antibiotics to which the organism was highly resistant. One of the
remaining two had onset of symptoms 4 days before the onset of spraying.
The other lived, far outside the spray zone. Of the asymptomatic patients,
one culture was positive while the patient was on doses of an antibiotic to
which the organism was highly sensitive, and therefore, most likely
represented a skin contaminant rather than true pathogen. The other was
not treated, did not develop into symptomatic disease, and was not found
to be positive on a subsequent culture. The single patient with a culture
found to be in heavy pure growth was a woman with symptoms
compatible with a urinary tract infection, however all symptoms resolved
without antibiotic therapy. One individual was found to have light pure
growth cultured at the time of a gynecological procedure. Infection was
not a considered diagnosis. Clinical information was unavailable for 2
patients with light pure growth in urine cultures.
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Ten of the pure culture isolates came from Cultures of eyes. Two patients
had symptoms resolve while on common eyedroppers that contain
antibiotics to which the organism is sensitive. Neither patient had related
their unwellness to spray exposure. A third patient did not respond to
antibiotic therapy to which the organism was highly sensitive. A non-
infectious diagnosis was made by a consultant ophthalmologist. The
patient responded to appropriate therapy. The remaining patients had
Symptoms resolve without antibiotics. Clinical information was unavailable
for 2 patients with light pure growth in an eye culture.

Nine of the pure positive isolates came from skin cultures. Clinical
information was available for 5, all of which were of doubtful clinical
significance. The sites included neck, hand, foot, chest. In each a non-
infectious alternate diagnosis was considered, and in each situation, the
problem resolved without antibiotics.

In one case, a couple was exposed to ground spray while cycling. Both
experienced facial moisture but no discomfort. A nose culture collected
the day following exposure from one, and was found to grow a pure and
heavy growth of BTK. No cuiture was collected from the other. No
infection of inflammation developed in either person. Neither was treated
with antibiotics.

Along with information taken from patients with pure culture results,
additional information was also sought by standardized questionnaire
from the attending physicians on 16 patients with positive faecal cultures.
The questionnaire asked specifically about symptoms and associations
with foods. Information was available for 12. Eight of the patients had
transient diarrheq, while 4 were collected from patients without diarrhea
for other reasons. One patient was noted to have a known bacterial
enteric pathogen and 3 had known enteric parasites. No pathogens
were identified in any of the others. With the exception of one patient,
who associated symptoms with curried chicken, no associations with any
particular foods were noted. No patient related their symptoms to contact
with either aerial or ground spray. No information was collected on a
control group of patients.
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Discussion

Because all laboratories in the Lower Mainland participated in this phase
of the study, any true infection that occurred during or after the spray
period and was made by documented culture would have been captured
by the study. For that reason it was determined that the population at risk
would be the total population of the Lower Mainland. Prior census data

has reported the population to be approximately 1,400,000.

While information was not available on all cases where BTK was
recovered, it is important, that all cases where blood, body fluids, biopsies,
and intravascular lines were investigated. No cases that fit the study
criteria for infection were found. In this regard, the results of this phase of
the study are markedly similar to those reported from Oregon, where the
vast majority of positive cultures were thought to represent culture
contaminants, or at most, minor local site infections.

Concern that HIV positive people or people with other immunosuppressive
diseases may be vulnerable to infection with BTK was examined
indirectly. All isolates of Bacillus species recovered from all hospitals and
laboratories during the period of the spray programme were examined by
the study laboratory. Despite this, when all critical specimens were
examined from both clinical and laboratory perspectives, we were unable
to find a single case where BTK was a cause of infection. Since all
significant cultures collected during the period were examined, we

- conclude that no cases of infection in immunosuppressed persons have
occurred during the time of the spray.

The large number of positive enteric, genital and urinary cultures was
noted. The possible source for these positive cultures all represent
coincidental contamination from the collection or processing of the
cultures. It is also possible that they represent true enteric isolates that
have successfully passed through the gastrointestinal tract, and have
become part of the genital flora. To definitively answer these questions,
one would require further study.
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It is important to appreciate that the recovery and identification of most of
these positive cultures occurred only as a result of the laboratories’
cooperation with this study. In most instances, the presence of
occasional Bacillus species colonies in urine, faecal, or skin cultures would
'be overlooked as an inconsequential component of mixed normal flora.
For this reason, it is not possible for the study to say if the enteric, faecal, or
skin isolates detected at this time represent any change from normal
findings.

It is appreciated that the absence of infection does not exclude cases of
irritation that may have occurred because of contact with spray. Indices of
irritative symptoms were monitored through the BTK ground-spray workers,
Physician's Office and Lower Mainland Emergency Department
Surveillance Programmes.

Methods

All Microbiology Laboratories receiving specimens in the Lower Mainland
were asked to assist with the study by providing all isolates of Bacillus
species recovered from clinical specimens for species identification, and to
provide information including the site from which the specimen was
recovered, the amount of Bacillus in the specimen, whether the Bacillus
isolate was recovered in pure culture, and if not whether it was associated
with normal flora for the site, or associated with a known pathogen. All
isolates were referred to University Hospital UBC site where each isolate
was identified. The methods for identification were the same as those
described in the physicians’ office surveillance programme.

For those isolates identified as BTK recovered either in pure culture or in
heavy amounts, additional clinical information was sought in order to
determine if the culture was likely to represent an infection with BTK. In
accordance with ethics approval by the University of British Columbiq, a
letter was written to the ordering physician requesting information on the
clinical case. The letter was followed by a telephone conference with a
registered nurse associated with the study.
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The definition of infection used for the purposes of this study included the
following criteria:

1:

2:

o L1 4. 8. 48 s o

the patient presented with signs compatible with an infection

BTK was recovered either in pure culture, or in heavy
concentration in the absence of a known pathogen

It the patient was treat with an antibiotic, the outcome of the
infection was consistent with the expected result based on
sensitivity testing. The infection would not be expected to
respond to an antibiotic against which BTK was highly
resistant, but would be expected to respond to one to which
BTK was sensitive.




Table 1

Sites from which BTK was recovered

Faeces
Leg-foot-toes
Head-neck
Chest-abdomen-back
Arm-hand-fingers
Skin (not specified)
Nose-throat
Sputum

Blood

Body Fluids

Blopsy tissuves

intravenous lines

Total

1 55
12 22
10 17
0 16
1 10
1 8
3 6
3 6
1 5
1 7
0 6
S 0
2 1
1 1
2 0

43 160

27
16
1

N N W o0 O O 0 v O

203
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introduction

Visits to the Emergency Depantments of six hospitals in the Greater
Vancouver region for the period April 13, 1992 to June 4, 1992 were reviewed
as an indirect measure of serious unwellness that may have developed in
the community as a consequence of the aerial spray of Foray 48B.

Results

Six Emergency Departments and hospitals gave permission for the research
assistants to come into their departments, review records and abstract the
information. Five of the departments were either within the spray zone or
bordered the spray zone. The sixth department was more removed from the
spray zone but nonetheless did have patients whose home address was
within the spray zone.

Over this 53 day interval, spraying occurred on 12 days. Four of the 12 spray
days and 11 of the 41 non-spray days (including Victoria Day, Monday May
18) were weekend days. Seven of the 11 non-spray weekend days occurred
in the post spray interval.

The total number of visits to the six emergency departments was 33,636. The
pattern of visits is diagrammed in Figure 1. The average number of visits on
each day was 634.6 with the range extending from 457 to 807. The maximum
number on a spray day was 732 and the minimum was 503.The average
number of visits on Spray days was 613 while the average number on non-
spray days was 640.9. This difference was not statistically different.

The influence of the weekend on the number of visits to the emergency
departments was marked. To control for the effect of the weekend, the
number of visits on a spray weekend was compared to the number of visits
on non-spray weekends. The average number of visits on @ spray weekend
day was 652 while on a non-spray weekend day it was 724.

A 10 per cent sequential éample of the emergency department visits resulted
in a review of 3,517 records. The residence of the patients, as determined by
the postal code, was outside the spray zone for 2,473 and in the spray zone
for 1,044. The overall ratio of non-spray zone patients to spray zone patients
was 2.4:1. The pattern of a greater number of visits on weekends while
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present, particularly for residents of the spray areq, was not as pronounced.
Table 1 summarizes the average number of visits which occurred. The
average number of visits during non-spray days was not different from the
average number of visits on spray days. Similarly no ditference was found
when the number of visits on a spray weekend was compared to the number

of visits on a non-spray weekend.

Of the 3,517 patients in the 10% sample 1625 were females and 1891 were
males. The sex of one patient was not recorded. The ratio of females to
males was not different when patients from spray areas were compared to
non-spray areas.

The age range of the 10% sequential sample extended from 2 weeks to 101
years. The mean age for patients coming from non-spray areas was 34 while
from spray areas it was 33.6.

Over the 53 day span approximately 3,000 medical records were reviewed
to determine if the patient experienced any of the "of interest® problems. Of
this group, 1,839 had a discharge diagnosis referable to the eyes or
respiratory tract or otherwise consistent with the list of diagnoses described
in the methods section. The majority, 1,352, were for respiratory problems.
One hundred eighty three (183) had eye complaints, 25 had an unexplained
fever, 60 with an unexplained allergic reaction, another 100 had a rash and
119 had a nosebleed.

The respiratory conditions were reported as asthma in 536 patients,
bronchospasm or wheeze in 33, pneumonia in 147, bronchitis in 205, an upper
respiratory tract infection in 287, a viral illness in 13 and an exacerbation of
chronic obstructive lung disease in 81. The remainder had @ variety of
respiratory diagnoses.

Of the patients with eye complaints 4 were identified as having corneal
ulcers. Three of the four were females, two had a residence within the spray
zone but neither presented at the time of spraying. One of the remaining two
presented at the time of spraying. One of the four was a contact lens wearer.

All were discharged home and cultures were not obtained on any.




Emergency 3

As with the total visits the number of "of interest® visits to the emergency
departments with problems was greatly influenced by the day of the week.
Figure 2 graphically represents the number of visits for any of the "of
interest® conditions . The average number of visits for any of the “of interest*
conditions on spray days was 27.3 while on non-spray days it was 25. This
difference was not statistically significant. When only the visits on weekends
were considered the number was 35.5 on a spray weekend versus 32.8 on
non-spray weekends.

Asthma was the presenting problem for 10 patients on each on the spray
days and for 10.1 patients on the non-spray days. When the areq of
residence was considered, the number of asthma visits from people residing
inside the spray area was 2.9 per spray day and 2.6 per non-spray day.

The frequency with which eye complaints presented to hospital was the same
in the spray and non-spray periods. There were 3.4 visits per day during the
spray periods and 3.5 per day on the non-spray days.

The number of presentations to the emergency department with a complaint
of fever was on average less than one per day. in the spray period there
were 0.8 visits per day while during the non-spray period the number of visits
was 0.5 per day.

The number of patients admitted with allergies was 1.1 during both the
spraying and non-spraying days.The mean number of visits for a complaint of
a rash was 1.8 during the spray period and 1.9 during the non-spray period.
Finally nosebleeds which presented to the emergency department was 2.5
per day during spray periods and 2.2 per day in the non-spray periods. In all
these comparisons the differences were not statistically significant.

The ratio of non-spray area to spray area resident in the group identified as
having the *of interest* conditions was 2.6:1. This ratio is similar to the ratio
found in the sequential sample. -

The ratio of female to male in the *of interest® group was 876:958 The sex ratio
by area of residence did not change.

The mean age was 26.9 years with the range extending from two weeks to
101.7 years. The group of patients who had a postal code within the spray
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zone had a mean age of 25.2 while the group whose postal code placed
them outside the spray area was 27.5.

The total number of admissions to hospital was 211. One hundred ninety
eight of the patients admitted to the emergency department with a
respiratory problem were admitted to hospital. The range of visits extended
from none through to 10 in one day. The mean number of respiratory visits on
a spray day was 4.5 while on a non-spray day it was 3.5. When only visits on
weekends were compared there were 5.2 visits/day on spray weekends
compared to an average of 4.2 visits/day on non-spray weekends. These
differences were not significantly different.

The number of admissions to hospital following presentation to the
emergency department with the problem of asthma was 88. The average
number on spray days was 1.8 and the average number on non-spray days
was 1.6.

When comparisons were made between pre and post spray periods for the
"of interest*® conditions the average number of visits during the pre-phase was
32.9 per day and during the post-phase it was 35.2 per day. For patients
from the spray area the number of daily visits in the pre-stoge averaged 8.1
while in the post-phase it was 10.4. The differences were not statistically
significant.

Discussion

A pattern of increased visits to emergency departments on weekends was

evident. This pattern was present for all groups but it was attenuated when
visits by spray area residents were examined. The pattern did not change

when aerial spraying occurred.

When comparisons were made between the number of visits on spray days
versus the number on non-spray days significant differences could not be
found. Differences could not be found when pre spray admission rates were
compared to post spray rates. Similarly when only visits for those whose area
of residence was within the spray zone were considered, the pattern
persisted and statistically significant differences were not present.

e . A 5145 3 e
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Explanations for not finding differences in the frequency of visits between the
two periods are many. The first and the most obvious is that there was no
change in pattern. Support for this conclusion is the apparent lack of concern
in areas where aerial spraying has occurred in the past. Though formal
studies have not been published on emergency room visits it is probable, that
if there was a consistent effect, the effect would have been noticed, studied
and published.

A second explanation is an effect was present but was so small that it could
not be statistically measured in this time frame. In general the smaller the
effect, the larger the number of observations required to demonstrate
statistically that a change did occur.

The lack of a demonstratable effect on visits should not be interpreted as
there not being any effects from the spray program. It is possible the people
in the spray zone experienced more symptoms than did those in the non-
spray zone but the symptoms were not severe enough to warrant going to an
Emergency Department. It is possible that severe effects could have
occurred, but at a very low frequency which would make it difficult to
demonstrate.

Methods

Visits to the Emergency Departments of six hospitals in the Greater
Vancouver region for the period April 13, 1992 to June 4, 1992 were reviewed.
The information collected for each day included: the total number of visits,
and the age,sex, and postal code for every 10th admission. The day books in
each department were reviewed by one of two research assistants (both
nurses) to identify patients with respiratory problems, conjunctivitis, corneal
ulcers or problems which might be associated with @ sensitivity reactions.
During the initial period of reviewing the day books the research assistants
worked together to develop a common list of problems and/or compilaints
which would result in further review. Once patients were identified as
possibly having a condition of interest their emergency medical chart was
obtained. Each chart was reviewed to determine the discharge diagnosis,
the patients age, sex, postal code, and time of admission. Information was
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also obtained on whether cultures were obtained and whether or not the
patient was admitted to hospital or discharged home. This data was
abstracted onto a predesigned form and was subsequently entered into a
microcomputer.

The respiratory conditions included in the review included asthma,
pneumonia, bronchitis, upper respiratory tract infections, and exacerbations
of chronic obstructive pulmonary disease. Conjunctivitis and corneal ulcers
were the two problems regarding the eyes that were reviewed. Patients with
allergic reactions or a rash were included if no obvious reason for the
reaction was noted in the chant. Patients with a fever, which could not be
explained by any physical or laboratory signs at the time of admission to the
emergency department were included. Finally patients with a nosebleed
were included if there was no history of trauma.

The postal codes for the spray areas were determined by comparing the
maps of the spray areas provided by Agriculture Canada to a Canada Post
map of the Forward Sortation Areas (FSA, the first combination of 2 letters
and one number) for the region. For the FSA straddling the spray zone the
Local Delivery Unit (LDU) were obtained from the British Columbia
Department of Finance. The postal code of the patients was compared to the
postal codes of the spray zone to determine whether the patient resided in or
out of the spray zone.

The dates of spraying were obtained from Agriculture Canada.

Comparisons of spray days versus non-spray days were of two types. Inthe
first all days in which spraying did not occur were called non-spray days. In
the second set of comparisons the non-spray days were categorized as either
pre spray or post spray. The post spray period was defined as the 5 days
after a spray period plus the days between spraying during the first spray
mtervcll All other non-spray days were considered as pre spray.

Analysis used Odds ratios, T test, chi square and ANOVA as appropriate.
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Table 1

The mean number of visits to Emergency Departments by spray area
and non-spray area residents.

Group Spray Area Non-spray Area Total
(mean) (mean) (mean)

Sequentlal

spray days 20.1 45.1 65.2

non-spray days 19.6 471 66.7
*Of Interest" *

spray days 10.0 26.5 36.5

non-spray days 9.4 24.7 34.2
Respiratory

spray days 7.4 19.9 27.3

non-spray days 6.3 18.6 24.9

* See text for explanation of “of interest*
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Discussion

Culture of Foray 48B was performed because of previous concerns raised
about possible contamination of the spray with other bacteria emanating
from the environment. No such contamination was observed.

The results of the food phase of the study demonstrated that sources of
bacteria resembling BTK but from sources other than the aerial and ground
spray programmes were present during the study period. With the methods
available it was not possible for us to distinguish the isolates from food from
the isolates from the spray. It might be argued that the source of the isolates
on the food was from the aerial or ground programmes, however their being
found both during and after the spray period, and not on foods that were
displayed side by side makes that most unlikely.

These food isolates provide a reasonable alternative to explain BTK in
faecal and vrinary samples submitted from a broad range of the
participating laboratories.

Methods

The Foray 48B spray material was collected by individuals experienced in
handling large volumes of material. It was examined microscopically and by
culture on a range of selective and non-selective mediq, incubated both
aerobically, and anaerobically for up to 72 hours. All plates were examined
for the presence of organisms appearing different from the control culture of
known BTK.

Samples of selected vegetables were examined for the presence of BTK.
Food microbiology was performed in two fashions, the first by surface swab
technique, and the second by a sample destructive technique. With the
consent of individual store produce section managers, surface cultures of
vegetables were collected by swab in 3 separate grocery stores. In each
instance a sterile swab was vigorous rubbed against the surface of the
vegetable sample. The swab was then returned to its plastic case and
submitted to the microbiology laboratory for processing. In this first phase
vegetables were collected from one store that deals exclusively with
organically grown vegetables and one store that have a broader range of
foods available.




Studies on the relationship between the level
of specific IgE antibodies and the clinical
expression of allergy: I. Definition of levels
distinguishing patients with symptomatic
from patients with asymptomatic allergy to
common aeroallergens

Elide A. Pastorello, MD,? Cristoforo Incorvaia, MD,?

Claudio Ortolani, MD,* Sergio Bonini, MD,¢ Giorgio W. Canonica, MD,*
Sergio Romagnani, MD,® Alfredo Tursi, MD,f and Carlo Zanussi, MD?
Milan, Rome, Genoa, Florence, and Bari, Italy

Background: The detection of specific IgE antibodies to environmental allergens does not
always coincide with a diagnosis of clinically evident allergic disease, because some patients
with positive skin and/or in vifro test results have no symptoms related to the allergen or
allergens that induced the antibodies.

Objective: In a multicenter study the optimal cutoff values for specific IgE antibody levels and
skin test results that could discriminate between patients with symptomatic and those with
asymptomatic allergy were determined.

Methods: IgE antibodies specific for a panel of common aeroallergens were assayed with the
Pharmacia CAP System (Pharmacia, Uppsala, Sweden) in iwo groups of patients, a group of 267
patients with symptomatic allergy and a group of 232 patients with asymptomatic allergy—both
with positive skin prick test results—and in a group of 243 healthy, nonallergic control subjects.
The cutoff values were established by receiver operating characteristic analysis.

Results: A significantly higher mean specific IgE antibody value was found in patients with
symptomatic allergy compared with patients with asymptomatic allergy (p < 0.001) and in patients
with symptomatic allergy compared with healthy control subjects (p < 0.001). The optimal CAP
System cutoff value between patients with symptomatic and those with asymptomatic allergy was
11.7 kUJL, and when seasonal allergens were compared with perennial allergens, the cutoffs were
10.7 kU/L and 8.4 kKUJL, respectively. The optimal cutoff value for the skin prick test was a wheal
area of 32 mm? for seasonal allergens and 31 mm? for perennial allergens. The skin test had a

lower diagnostic value (sum of sensitivity and specificity) than the CAP System.

Conclusions: Cutoff values for specific serum IgE antibody levels are likely to be useful in
clinical practice to distinguish symptomatic from asymptomatic allergy in patients with
positive skin test results. (1 ALLERGY CLIN IMMUNOL 1995;96:580-7.)

Key words: Aeroallergens, specific IgE, symptomatic allergy, asymptomatic allergy, cutoff

The pathophysiology of allergic diseases de-
pends on a series of factors such as the releasability
of mast cells and basophils and the responsiveness
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of target organs to mediators released from these
cells. Still, the pivotal factor is undoubtedly the
presence of specific IgE antibodies to environmental
allergens. The detection of these antibodies by
in vivo or in vitro methods, nevertheless, merely

Received for publication May 2, 1994; revised Jan. 30, 1995;
accepted for publication Jan. 30, 1995.

Reprint requests: E. A. Pastorello, MD, First Department of
Internal Medicine, Pad. Granelli, via Francesco Sforza 35
20122 Milano, Italy.

Copyright © 1995 by Mosby—Year Book, Inc.

0091-6749/95 $5.00 + 0 1/1/63847



J ALLERGY CLIN IMMUNOL
VOLUME 96, NUMBER 5, PART 1

Abbreviations used
ROC: - Receiver operating characteristic
SPT:  Skin prick test

indicates the existence of sensitization to given
allergens; their presence does not always coin-
cide with clinically significant allergic disease.
Thus the diagnosis. of allergic disease is usually
based on a combination of information ebtained
from the medical history, which by itself cannot
be considered as the “gold standard,”” with that
obtained from in vivo and/or in vitro tests. The
magnitude of the specific IgE response to a given
allergen should theoretically be consistent with
the clinical relevance of that allergen, but the
correlation between the level of specific IgE
antibodies and the clinical expression of an
allergy has so far been unsatisfactory. In a series
of studies that addressed this issue,? only a
correlation between specific IgE level measured
by RAST and severity of seasonal symptoms in
patients allergic to ragweed has been réported.®
This is probably because until recently, suffi-
ciently accurate quantitative assays for IgE anti-
bodies were not available. The need for quanti-
tative assays to ‘“facilitate better definition of the
relationship between quantity of IgE antibody
and the symptoms or risk of disease” was under-
lined in a recent Position Statement by the American
Academy of Allergy and Immunology.*

In the practice of allergy, the physician must
often identify the allergen or allergens t¢ which a
patient is or is not clinically sensitive. For this, we
usually depend on skin tests or serologic assays.
Problems occur when the patlent s history is not
definitive, in which case in vivo and/or in vitro tests
may be especially useful, and when the results of
the tests do not correlate with the. clinical picture.
We therefore designed a study to determine
whether, in patients with evidence of allergic sen-
sitization, the quantitative results of the tests
would allow us to distinguish those patients with
clinically significant- allergic disease from those
who have no clinical symptoms.

To that end, three groups of subjects were
recruited. Patients in the first group had a positive
skin test response to one of five common aeroal-
lergens and a clear history of rhinoconjunctivitis or
asthma; those in the second group likewise had a
positive skin test response but clearly had no
symptoms related to the corresponding allergen,
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and those in the third group were healthy nonal-
lergic individuals. IgE antibody levels to the aller-
gens being evaluated were quantitated with the
Pharmacia CAP System assay (Pharmacia, Upp-
sala, Sweden), which has recently been reported to
have excellent analytic sensitivity and specificity,>”
For a group of three common seasonal allergens
and. for house dust mite allergen, optimal IgE
antibody cutoff levels were obtained from re-
ceiver operating characteristic (ROC) curves.
From these values, sensitivity, spec1ﬁ01ty, and
diagnostic values for the antibody assays were
then determined and compared with values ob-
tained similarly for skin prick test (SPT) results.

METHODS
Patients

Subjects were recruited in 22 allergy consultation
centers in Italy (listed in the Appendix). Each center
was asked to select between 20 and 40 subjects who
had positive skin test responses to one of five common
aeroallergens (Phleum praiense, Betula verrucosa, Pa-
rietaria. judaica, Dermatophagoides pteronyssinus, and
Felis domesticus.) To determine the subject’s clinical
status,. a detailed allergy history was obtained from
each subject by a trained allergist. In addition, pa-
tients had to respond to a standardized questionnaire
with items covering the kind of symptoms, their
occurrence, and the. subject’s age at onset of these
symptoms. Only symptoms that were definitely
present or definitely ‘absent were counted; suspected
or: possible symptoms were not considered as evi-
dence.

Group 1 consisted of 267 patients with symptomatic
allergy (170 female and 97 male subjects; mean age,
27.1 years; range 8 to 59 years). These subjects had to
have a definite history of or current rhinoconjunctivi-
tis, asthma, or both; with a clear association between
the ogeurrence of allergic symptoms on exposure to
the-same allergen that induced a positive. SPT ‘reac-
tion; Patients were excluded from the study if they had
a history-of asthma of more than 2 years’ duration (to
avoid cases in which established inflammation ‘might
inflience the patient’s clinical status), if they had been
treated with any form of corticosteroid or other
immunosoppressive: thetapy during the preceding 36
months, if they had an elevated IgE antibody level
caused by another disease, or if they had ever received
allergen immunotherapy.

Group 2 consisted of 232 patients with asymptomatic
allergy (125 female and 107 male subjects; mean age,
31.1 years; range, 9 to 54 years). These subjects had to
have a negative history of rhinoconjunctivitis and asthma
caused by the aeroallergens that clicited the positive
SPT reaction. In all cases, they had been referred to one
of the partmpatmg allergy centers for evaluation of
symptoms caused by noninhalant allergens (e.g.; milk)
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or by aeroallergens clearly unrelated to those being
evaluated (e.g., pollens of trees such as olive or
cypress, which have short and precisely limited polli-
nation periods). Special care was taken to exclude
symptoms caused by any of the five allergens included
in this study. To rule out allergy to house dust mites,
respiratory symptoms could not be elicited on expo-
sure to house dust; to rule out allergy to cats, patients
must not have had an allergic reaction, including
urticaria, on contact with cats. In cases of allergy to
mites or cats, patients must also not have ever had
perennial symptoms; any respiratory symptom that the
patient might report had to be of strictly seasonal
nature. To be considered asymptomatically allergic to
the pollens, patients must not have had any respira-
tory symptom during the corresponding pollination
period, that is, from February to April for birch trees,
from April to June for the grasses, and from May to
September for Parietaria species. Patients were also
excluded from the study if they had been treated with
any form of corticosteroid or other immunosuppres-
sive therapy during the preceding 36 months or if they
had ever received specific immunotherapy for the
allergen eliciting a positive SPT reaction.

Control subjects

Group 3 consisted of 243 nonallergic subjects (150
female and 93 male subjects; mean age, 31.6 years;
range, 9 to 59 years. These subjects were recruited in
the same allergy consultation centers from the medi-
cal staff members and their siblings. They had to have
a definitely negative history of hay fever, asthma,
urticaria, atopic dermatitis, and any other significant
immunologic disease. In addition to the above exclu-
sion criteria for groups 1 and 2, all candidates for this
group were screened for IgE antibodies with the
Pharmacia Phadiatop test. This in vitro test detects
specific IgE to a mixture of common aeroallergens and
has been reported to be a useful method for confirm-
ing the absence of allergy in subjects with a negative
allergy history.® Subjects with a positive result were
excluded from the study.

Diagnostic tests

All study subjects had the following in vivo and/or in
vitro tests.

SPTs

Patients in groups 1 and 2 had SPTs with the five
allergens mentioned previously (P. pratense, B. verru-
cosa, P. judaica, D. pteronyssinus, and F. domesticus)
with the Phazet lancet (Pharmacia).® This device was
chosen for the study to reduce the influence of
differences in the operator’s SPT technique in differ-
ent centers. The Phazet device, with preloaded aller-
gen (no longer commercially available), was pressed at
a 90-degree angle on the volar surface of the forearm
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and kept there for 1 second. Each allergen was tested
in duplicate. A negative diluent control and a positive
control (histamine 10 mg/ml) were included in each
series of tests. The outline of the resulting wheal was
marked with a pencil, transferred onto a piece of
cellophane and then onto the patient’s record, from
which the diameters were later measured and the
areas calculated at the coordinating center. The SPT
response was considered positive when a wheal of at
least 3 mm in diameter and 7 mm? in area was elicited,
according to recommendations of the European
Academy of Allergology and Clinical Tmmunology.*°

In vitro tests

For patients in groups 1 and 2, IgE antibody was
assayed with the CAP System only for the causal
allergen that had been identified by history and SPT
(patients with symptoms) or by SPT alone (patients
without symptoms). For subjects in group 3, all five
allergen specificities were assayed with the CAP Sys-
tem. Twenty milliliters of venous blood was drawn
from each subject and centrifuged; and serum samples
were collected and stored at —20° C until assays were
performed. Blood samples were obtained during the
same periods from the two groups of patients to avoid
possible differences in specific IgE levels caused by
differences in exposure to the allergens (such as the
seasonal rise of IgE antibody in pollen-sensitive pa-
tients). In spite of this precaution, this factor cannot
be entirely excluded because of the different geo-
graphic locations of the participating centers.

All of the CAP System assays were performed at the
same time by the same laboratory (Institute of Clinical
Biochemistry, University of Padua, Italy, Dr. Plebani)
according to a technique previously reported in de-
tail.> The immunoenzymatic method was used. Briefly,
test sera were incubated with the solid phase, consist-
ing of a flexible hydrophilic allergen carrier (polymer)
encased in a capsule (the ImmunoCap [Pharmacial).
This carrier consists of a cyanogen bromide-activated
cellulose derivative, which can bind at least 3 times
more allergen than the corresponding paper disk used
in RAST and up to 50 times more allergen than the
amount adsorbed on a coated tube.’> An anti-human
IgE (polyclonal and monoclonal) antibody mixture
labeled with B-galactosidase (generating fluores-
cence) was then added. This reagent has high immu-
noreactivity and low background, allowing a wider
range of measurement compared with RAST.> Finally,
the intensity of the resulting color was measured in a
spectrophotometer. The entire procedure is auto-
mated. Results, expressed in kilounits per liter, were
obtained by reference to a standard curve derived with
serial dilutions of human IgE that was calibrated
against the World Health Organization standard for
IgE (standard WHO 75/502). One kilounit per liter
corresponds to 2.4 ng of IgE per milliliter. A value
greater than 0.35 kU/L is defined as a positive CAP
System result.
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TABLE 1. Number of subjects with a positive CAP System assay result and total number of assays

performed for each allergen (% positive®)

Allergen Group 1 Group 2 Group 3
P. pratense 53/55 (96.3%) 35/39 (89.7%) 13/227 (5.7%)
B. verrucosa 41/42 (97.6%) 28/34 (80.8%) 5/206 (2:4%)
P. judaica 31/32 (96.8%) 22/22 (100%) 9/202 (4.4%)
D. pteronyssinus 125/134 (93.2%) 112/127 (88.1%) 21/243 (8.6%)
F. domesticus 4/4 (100%) 8/9 (88.8%) 5/230 (2.1%)

*A positive CAP System result is one greater than 0.35 kU/L

Data analysis

Differences in the levels of specific IgE among the
three groups of subjects were analyzed by Student’s ¢
test. The cutoff levels of specific IgE discriminating
patients with symptomatic allergy from those with
asymptomatic allergy were determined by analysis of
ROC curves.t> 12 The analysis was performed by using
the computer program Labroc-1 (written by C. Metz
et al., University of Chicago), a modified version of
the program “Rscore 1,13 which establishes from the
continuously distributed input data several operating
points corresponding to a series of discriminator
positions. Calculation and output of expected operat-
ing points are estimated on the fitted ROC curve
together with asymmetric 95% confidence intervals
for those points along the curve. The optimal cutoff
was established by plotting the values of sensitivity
(true positive results in patients with symptomatic
allergy) and 1-specificity (1 — false-positive results in
patients with asymptomatic allergy) obtained for each
discriminator position and then determining the dis-
tance of the discriminator position from the ideal
point represented by a sensitivity of 1 and a specificity
of 1, that is, where 1-specificity equals 0. The optimal
cutoff was obtained at the point of the curve at the
minimal distance from the ideal point. For patients
with symptomatic and asymptomatic allergy, the areas
of SPT wheals were also analyzed by ROC curves. The
diagnostic value, being the sum of the sensitivity and
the specificity!* and ranging from a minimum of 0 to-a
maximum of 200, of each discriminator position for
specific IgE and SPT area was also calculated.

RESULTS

Table I shows the number of allergen-specific
CAP System assays performed and the rate of
positivity in each group of subjects. SPTs were
not included because the percent positive is 100
in groups 1 and 2 (because the positivity of SPT
was the inclusion criterion), and they were not
performed in group 3 (screened by Phadiatop
test).

The mean concentration of specific IgE for all five
allergens combined was 31.71 = 11.42 kU/L in
patients with symptomatic allergy, 8.57 = 5.63 kU/L

in patients with asymptomatic allergy and 0.37 = 0.06
kU/L in normal subjects. Both the difference be-
tween the specific IgE levels of patients with symp-
tomatic and asymptomatic allergy and the difference
between those of patients with symptomatic allergy
and nonallergic subjects were highly significant {(p <
0.001). Also, the difference between patients with
asymptomatic allergy and nonallergic subjects was
significant (p < 0.01).

The mean specific IgE values for the seasonal
allergens (P. pratense, B. verrucosa, P. judaica)
and the perennial allergens (D. pteronyssinus and
F. domesticus) were then calculated for the two
groups of patients with allergy. For the seasonal
allergens the mean value for group 1 was 35.22 +
10.81 kU/L, and for group 2 it was 8.83 = 5.16
kU/L. For the perennial allergens the mean
value for group 1 was 28.77 =+ 12.02 kU/L, and
for group 2 it was 8.39 = 6.02 kU/L. In both
cases the differences between the specific IgE
levels for the two groups were. significant (p <
0.001).

Figs. 1, 2, and 3 show ROC curves obtained by
plotting sensitivity (true positive results in patients
with symptomatic allergy) versus 1-specificity (1 —
false-positive results in patients with asymptomatic
allergy) from CAP System and SPT for the sea-
sonal allergens plus D. pteronyssinus (F. domesticus
was not included, because the number of patients
was too small) (Fig. 1), for the seasonal allergens
alone (Fig. 2), and for D. pteronyssinus (Fig. 3).
The cutoff values were 11.7 kKU/L for the IgE
antibody and 32.2 mm? for the SPT for the four
allergens, 10.7 and 32.4 for the seasonal allergens
alone, and 8.4 kU/L and 31.2 mm? for D. pteron-
yssinus. The corresponding diagnostic values for
the CAP System assays were 141.8 at 11.7 kU/L for
the four allergens, 152 at 10.7 kKU/L for seasonal
allergens, and 134.4 at 8.4 kU/L for D. pteronyssi-
nus. For SPT, the cutoff had a diagnostic value of
121.4 for the four allergens, 122.6 for seasonal
allergens, and 121.9 for D. pteronyssinus (Table IT).
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FIG. 1. ROC curve obtained with CAP System (squares)
and SPT (triangles) by plotting sensitivity in patients with
symptomatic versus 1-specificity in patients with asymp-
tomatic allergy for all allergens. )

DISCUSSION

In this study specific IgE antibodies were mea-
sured with a quantitative method in sera from two
populations of patients with allergy, one with rhi-
noconjunctivitis and/or asthma caused by a com-
mon environmental allergen and another without
symptoms of allergy to the same set of allergens,
and from a large group of healthy, nonallergic
control subjects. The mean antibody levels were
significantly higher in the patients with symp-
tomatic allergy compared with the patients with
asymptomatic allergy, and a comparable difference
was also observed between patients with symptom-
atic allergy and healthy control subjects. The mean
antibody level in patients with asymptomatic al-
lergy was also greater than the level in healthy
control subjects, but to a lesser degree than it was
for the patients with symptomatic allergy. These
findings appear to be reliable because the three
populations were defined according to very strict
criteria, and confounding factors, such as when
blood samples were taken, were also controlled.

A way to distinguish patients with symptomatic
allergy from those with asymptomatic allergy is
necessary in clinical practice because the simple
presence of allergen-specific IgE antibodies to a
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FIG. 2. ROC curve obtained with CAP System (squares)
and SPT (triangles) by plotting sensitivity in patients with
symptomatic allergy versus 1-specificity in patients with
asymptomatic allergy for seasonal allergens.

particular environmental allergen does not mean
that a patient has clinically significant symptoms
when exposed to that allergen. It has long been
recognized that a positive skin test response to an
allergen in a patient who is free of symptoms
cannot be regarded simply as a false-positive re-
sponse because it is often possible to transfer the
reaction passively to a nonallergic individual with
the patient’s serum.’ The significance of allergen-
specific IgE antibody in an individual without
symptoms remains uncertain. It is, at least, evi-
dence of previous sensitization,'® and perhaps it is
a marker of future allergic disease.!”*®

The diagnosis of clinically relevant allergy de-
pends, in the first instance, on a correlation be-
tween the clinical history and the results of skin
tests. When a patient whose history is not definitive
has positive skin test responses to multiple aller-
gens, it is very difficult to distinguish clinically
relevant allergens from those that are not relevant.
One method that has been used in such cases is to
challenge the target organ with the possibly rele-
vant allergens.?® Such tests are, however, risky and
time-consuming. Moreover, their significance is
not always different from that of the skin test,
because the allergen doses commonly used in
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challenge tests, which are usually much greater
than those encountered during natural exposure,
may elicit symptoms in subjects without apparent
clinical sensitivity.

In regard to in vitro titration of allergen-specific
IgE, the studies reported to date have considered
the sensitivity, specificity, and efficiency of the
available tests, comparing results obtained in aller-
gic and nonallergic subjects. To our knowledge,
there has not yet been a study aimed at discrimi-
nating patients with asymptomatic allergy from
those with symptomatic allergy on the basis of their
IgE antibody levels. In this study we used a quan-
titative assay, which has been reported to have very
good diagnostic capabilities, to measure specific
IgE.>7 In fact, this assay has greater sensitivity than
the RAST, especially for allergens such as house
dust mites and cat (which were included in our
panel), with no decrease in specificity.>?1 We
determined the optimal cutoff levels of the CAP
System and the SPT from ROC curves. This ap-
proach is based on information theory'! and has
been used increasingly in medicine in recent years.
It has also been used recently to determine cutoff
values for SPTs,? for in vitro tests,? and for both
of these.*

By ROC analysis, we found that the cutoff value
between  patients with symptomatic allergy and
those with asymptomatic allergy was 10.7 kU/L for
seasonal allergens and 8.4 kU/L for D. pteronyssi-
nus. These cutoff values appear to be more useful
than the cutoff values for SPT, because they have a
greater diagnostic value (the sum of sensitivity and
specificity): 152 for seasonal allergens and 134.4
for the perennial allergen with the CAP System
and 122.6 and 121.9, respectively, for the SPT. This
may seem surprising, because since the introduc-
tion of the RAST,? in vitro tests have always been
found less sensitive than skin tests. This lower
sensitivity:'was also confirmed in a recent study that
compared three in vitro IgE antibody assays, in-
cluding the CAP System, with skin tests.>* Our
results, however, cannot be compared with those of
these other studies because we studied patients
with positive skin test results with and without
symptoms of allergy. Moreover, in our study the
sensitivity of SPT (at least, for the first discrimina-
tor positions) was higher than that of the CAP
System, but this was counterbalanced by the much
lower specificity (i.e., greater number of false-
positive results) of the SPT. The relative lack of
specificity of the SPT accounts for the lower diag-
nostic value at the optimal cutoff value for the SPT.

The cutoff levels for the CAP System found in
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FiG. 3. ROC curve obtained with CAP System (squares)
and SPT (triangies) by plotiing sensitivity in patients with
symptomatic allergy versus 1-specificity in patients with
asymptomatic allergy for D. pteronyssinus.

this study are proposed to be used as decisional
levels in clinical practice when it is necessary to
resolve the question of the relevance of a positive
skin test response or, as is often the case, of
multiple positive skin test responses, when there is
no clear-cut clinical history of symptoms on expo-
sure to the allergen or allergens that elicit positive
responses. This is as yet only clear for acroaller-
gens. Other allergens, such as foods or Hymenop-
tera venoms, require further investigation. Fur-
thermore, the decisional levels that we have
proposed could be useful when a diagnosis of
allergy is based only on in vitro test results, as in
the so-called “remote practice of allergy.” Such a
practice, . although criticized by the American
Academy of Allergy and Immunology,? is being
done increasingly and can lead to much unneces-
sary allergen immunotherapy.*

In conclusion, we found a significant difference
in the levels of allergen-specific IgE: antibodies
measured with the CAP System between two pop-
ulations of subjects sensitized to common aeroal-
lergens, and the levels were significantly lower in
patients with asymptomatic allergy compared with
those with symptomatic allergy. A cutoff level of
10.7 kU/L for seasonal allergens and 8.4 kU/L for
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TABLE . Cutoff values, sensitivity, specificity, and diagnostic values for CAP System and SPT

Cutoff value Sensitivity Specificity Diagnostic values

CAP SPT CAP SPT CAP SPT CAP SPT

(kU/L) (mm?) (kU/L} (mm?) (kU/L) {mm?) (kU/L) {mm?)

All allergens 11.7 322 65.2% 61.1% 76.6% 60.3% 141.8 121.4
Seasonal allergens 10.7 32.4 75.5% 61.6% 76.5% 61.0% 152.0 122.6
D. pteronyssinus 8.4 31.2 61.6% 66.3% 72.8% 55.6% 1344 121.9

D.

pteronyssinus was found to discriminate between

these two groups of patients. The cutoff levels for
SPT were, respectively, 32.4 mm? for seasonal
allergens and 31.2 mm? for D. pteronyssinus, but
their diagnostic value was lower than that of the in
vitro assay.

We thank Dr. Gian Galeazzo Riario-Sforza for his

skillful assistance in the analysis of data.
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APPENDIX
Centers participating in the study

Ospedale Borgo Trento, Verona (L. Andri)

Ospedale Regionale Umberto I, Ancona (F. Bonifazi)
Ospedale Civile, Brescia (R. Cattaneo)

Ospedale Ascoli Tomaselli, Catania (N. Crimi)
Ospedale Civile, Cagliari (G. S. Del Giacco)
Ospedale Civile, Novara (M. Galimberti)

Policlinico Gazzi, Messina (G. Girbino)

Ospedale Civile, Palermo (A. Lococo)

Ospedale G. Mazzoni, Ascoli Piceno (G. Nardi)
Ospedale S. Martino, Genova (A. C. Negrini)
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Ospedale Civile, Pordenone (G. Santini)

Ospedale Civile, Piacenza (E. Savi)

Dipartimento di Medicina Interna, I”Aquila (G. Toni-
etti)

Ospedale Borgo Roma, Verona (G. Tridente)

Ospedale A. Sclavo, Siena (M. Vagliasindi)

Nuovo Ospedale S. Giovanni di Dio, Firenze (R. Zer-
boni)

Coordinating Centers

Allergy Center, First Department of Internal Medicine,
University of Milan

Bizzozero Division of General Medicine, Niguarda Ca
Granda Hospital, Milan

Andrea Cesalpino Foundation, First Department of
Internal Medicine, University “La Sapienza,” Rome

Allergy and Clinical Immunology Center, Scientific De-
partment of Internal Medicine, University of Genoa

Department of Allergy and Clinical Immunology, Uni-
versity of Florence

Department of Allergy and Clinical Immunology, Uni-
versity of Bari
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Abstract

Background: There is an increase of serum levels of IgE during Plasmodium falciparum infections in
individuals living in endemic areas. These IgEs either protect against malaria or increase malaria
pathogenesis. To get an insight into the exact role played by IgE in the outcome of P. falciparum infection,
total IgE levels and functional anti-parasite IgE response were studied in children and adults, from two
different endemic areas Gabon and India, exhibiting either uncomplicated malaria, severe non cerebral
malaria or cerebral malaria, in comparison with control individuals.

Methodology and results: Blood samples were collected from controls and P. falciparum-infected
patients before treatment on the day of hospitalization (day 0) in India and, in addition, on days 7 and 30
after treatment in Gabon. Total IgE levels were determined by ELISA and functional P. falciparum-specific
IgE were estimated using a mast cell line RBL-2H3 transfected with a human Fce RI o-chain that triggers
degranulation upon human IgE cross-linking. Mann Whitney and Kruskall Wallis tests were used to
compare groups and the Spearman test was used for correlations.

Total IgE levels were confirmed to increase upon infection and differ with level of transmission and age
but were not directly related to the disease phenotype. All studied groups exhibited functional parasite-
specific IgEs able to induce mast cell degranulation in vitro in the presence of P. falciparum antigens. Plasma
IgE levels correlated with those of IL-10 in uncomplicated malaria patients from Gabon. In Indian patients,
plasma IFN-y, TNF and IL-10 levels were significantly correlated with IgE concentrations in all groups.

Conclusion: Circulating levels of total IgE do not appear to correlate with protection or pathology, or
with anti-inflammatory cytokine pattern bias during malaria. On the contrary, the P. falciparum-specific IgE
response seems to contribute to the control of parasites, since functional activity was higher in
asymptomatic and uncomplicated malaria patients than in severe or cerebral malaria groups.
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Background

Malaria is a complex disease that kills between one and
two million people every year. Most of those affected are
children under five years of age, non-immune individuals
and pregnant women [1]. The principal cause of death is
infection by Plasmodium falciparum due to its ability to
induce severe complications such as severe anaemia and/
or cerebral malaria (CM) often associated with hypogly-
caemia [2-4]. The physiopathology of malaria cannot be
represented by a single scheme. For example, patients who
develop CM present a range of acute neurological mani-
festations and the disease is characterized by a diffuse
encephalopathy, altered levels of consciousness, deep
coma and seizure leading to death. Even though during
the last few years a lot of information has become availa-
ble from clinical and experimental studies, the causes of
CM remain to be determined. The clinical outcome of a P.
falciparum infection depends on the genetic factors of the
host and parasite, and also on host immune responses.
Antibodies and T cells are among the immune factors
thought to play a role in mediating protection and also
pathology [2-5].

P. falciparum infection increases the serum levels of IgM
and IgG antibodies but also IgE in individuals living in
endemic areas [6-12]. IgEs may protect against or partici-
pate in malaria pathogenesis. The association of high anti-
P. falciparum IgE levels with a reduced risk of developing
clinical malaria suggests the involvement of IgE in protec-
tion [13,14]. The observation that circulating levels of IgE
most often correlate with severe rather than uncompli-
cated disease suggests a pathogenic role of IgE [8,10-12],
and the positive correlation between the levels of IgE/IgE
immune complexes and the levels of TNF in CM patients
provides supporting evidence [8,10-12]. The exact role
played by IgE in malaria is still unclear.

IgE is an immunoglobulin isotype that only exists in
mammals. It is present at very low concentrations in the
serum of normal individuals, at levels ranging from 10 to
300 ng/ml [9]. Its functional effect has been shown to
depends on Fc receptors expressed on mast cells and
basophils both in mice and humans, as well as on eosi-
nophils, monocytes/macrophages and platelets in
humans [9]. IgEs positively regulate both of their recep-
tors: the high affinity receptor (Fce RI) and the low affinity
receptor (Fce RII or CD23) [15]. The Fce RI is expressed
only on mast cells and/or basophils in both mice and
humans [9,16]. The binding of IgE to the high affinity
receptor on the mast cell membrane and its subsequent
aggregation with antigens results in degranulation and the
release of mediators that further aggravate an ongoing
allergic process [17]. On basophils, the cross-linking of
Fce RI-bound IgE rapidly induces the release of 1L-4 and
IL-13 [16], among other inflammatory mediators. The
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low affinity receptor (Fce RII) is the second major and
widely distributed IgE receptor. It is also known as CD23
and is constitutively expressed on B cells and is induced by
IL-4 on macrophages, some T cells, human eosinophils
and platelets [9,16]. The cross-linking of CD23 on macro-
phages or on other CD23-bearing effector cells by IgE-
containing immune complexes is thought to play a path-
ogenic role in malaria via TNF-mediated pathways [16].

This study aimed to evaluate the total and functional P.
falciparum-specific IgE responses, the association of these
responses with plasma cytokine patterns and the pheno-
type of the disease in endemic controls and infected
patients with different clinical forms of malaria. The
infected patients originated from a low endemic area in
India and a high endemic area in Gabon.

Materials and methods

Study population

Patients from Gabon

All the patients included in this study were children aged
between 0.1 and 6 years (mean age = 2.6 years) recruited
between 1996 and 2000 at the Owendo Pediatric Hospital
(OPH) and the Libreville Hospital Center (LHC) in
Gabon (see Table 1). Informed parental consent had been
obtained. Gabon has an equatorial climate that is hot and
humid, with an endemic malaria transmission. The study
design was approved by the local health office ethics com-
mittee. The patients were distributed into different groups
according to World Health Organization (WHO) guide-
lines for the definition of uncomplicated and severe
malaria [18]. A cohort of 135 P. falciparum-infected chil-
dren was constituted and divided into three groups
according to disease severity [[6], 67] 50patients with
uncomplicated malaria (UM), 29 with severe non-cere-
bral malaria (SM) developing severe anaemia (haemo-
globin level < 5 g/dl), or hypoglycaemia (glycaemia < 2.2
mmol/ml), and 17 with severe cerebral malaria (CM)
with a Blantyre Coma Score < 2, or three convulsive epi-
sodes during 24 hours before admission with post-critical
comatose > 15 minutes|]. Two control groups were
recruited: an uninfected group, also called endemic con-
trol (EC) group, comprising 17 children with P. falci-
parum-negative thin blood smear, and asymptomatic
infected group (Al) comprising 22 children with no clini-
cal manifestation of malaria but a P. falciparum-positive
thin blood smear.

Patients from India

Malaria patients were recruited in the village of Gondia,
an endemic region in the north-east of the Maharashtra
State of India. The village is surrounded by forest. Gondia
has been known as an endemic area for at least the last 20
years. P. falciparum appeared in Gondia over the last 10
years. It is transmitted during the rainy season in June,
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Table I: Characteristics of both studied cohorts: Gabon and India. Clinical group description, according to the number of patients, age,

sex and parasitaemia.

Clinical Groups Staff Age-mean (min-max) Sex (male-female) Parasitemia (%)
Gabon EC 17 2,7 (0,5-5) 10-7 -
Al 22 2,9 (0,1-5) 12-10 0.22 (0.01-1.2)
UM 50 3 (0,5-5) 22-28 6.88 (0.05-48.6)
SM 29 1,8 (0,2—4,5) 18-11 5.91 (0.08-31)
CM 17 2,4 (0,5-5) 12-5 10.42 (0.15-64)
Total 145 2,6 (0,1-5) 74-61
india NEC 9 32,7 (25-63) 8-1 -
EC 14 27,3 (23-37) 13-1 -
UM 31 30,8 (4-70) 18-13 1,24 (0,71-2,18)
SM 13 30,4 (8-65) 10-3 1,11 (0,38-3,21)
CM 26 40,4 (9-72) 16-10 2,04 (1,07-3,87)
ExCM 5 19,36 (7-51) 0-5 -
Total 93 32,3 (4-72) 65-28 1,50 (1,02-2,20)

NEC- non endemic control, EC- endemic control, Al- asymptomatic infected, UM — uncomplicated malaria, SM — severe malaria (non-cerebral), CM
— cerebral malaria, ExCM — Ex-cerebral malaria. Note: sex couldn't be determined for 1/18, 11/61 and 4/33 patients from EC, UM and SM,

respectively.

peaks in the winter season (November, December and
January) and becomes rare as summer approaches
(March, April and May). The studied groups consisted of
98 patients from four to 72 years of age, being predomi-
nantly adults (see Table 1). Six cohorts were constituted
according to WHO criteria for uncomplicated and severe
malaria: two control groups of uninfected individuals
from non-endemic (NEC) and endemic regions (EC)
comprising nine and 14 patients respectively; three groups
of infected patients, with 31 developing uncomplicated
malaria (UM), 13 developing severe non-cerebral malaria
(SM) and 26 developing cerebral malaria (CM); and one
group of five patients that had recovered from CM (ex-cer-
ebral malaria patients, Ex-CM). Between eight and 10% of
the CM malaria cases died. UM cases were treated as out-
patients. SM patients were admitted to hospital fully con-
scious and could respond well verbally to doctors'
questions. CM cases were in coma. Drug treatment was
paracetamol, quinine and arteether (E-mal®). Samples
were collected after obtaining the consent of the patients,
or of their families. Blood samples from endemic controls
were collected from the relatives of malaria patients
(brothers/sisters/parents) with their consent. These con-
trols had not suffered from malaria during the previous
two years. Non-endemic blood samples were collected
from individuals who had not suffered from malaria dur-
ing the previous five years.

Blood sample collection and parasite assessment

Venous blood was collected on EDTA in sterile vacutain-
ers from each patient on the day of hospitalization (day 0,
before any treatment), and seven (day 7) and thirty days
later (day 30). Plasma was obtained by centrifuging the

blood samples at 5000 rpm for 15 min. Plasma samples
were stored at -80°C until use.

Parasitaemia was assessed by counting asexual forms of P.
falciparum on thin blood smears under a light microscope
after Giemsa staining. Parasitaemia was expressed as the
mean percentage of infected red blood cells.

Culture of malaria parasites

Erythrocytic stages of the P. falciparum malaria parasite
line FAN 5HS (source: NCCS, Pune, India) and 3D7 were
cultured using candle jar dessicators as previously
described [19]. The culture medium was RPMI 1640
(Gibco-BRL), supplemented with 0.5% AlbuMix (Gibco
BRL). The cultures were maintained in six-well or 24-well
tissue culture plates (NUNC). Parasitaemia was 5% at the
start of culture and reached 25% after six days. Culture
medium and fresh RBCs were added every other day.

Preparation of parasite extracts

Parasite soluble antigen was prepared from synchronous
cultures containing more than 20% mature trophozoites;
more than 6% rings and more than 5% schizonts were
used. The cultures were pooled and centrifuged at 3,000
rpm at 4°C, and the pRBC pellet was kept and the super-
natant discarded. The pRBC pellet was suspended in 10
ml sterile PBS 1 x (0.15 M, pH7.2) and then centrifuged.
The parasitized red blood cell (pRBC) pellet was washed
five times and then lysed by adding 15 ml of 0.1%
saponin. The saponin treatment frees the parasites from
the infected RBCs. This was centrifuged at 6,000 rpm for
30 min at 4°C. The supernatant was discarded and the
parasite pellet was washed five or six times with sterile
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cold PBS. The parasite pellet was resuspended in 1 ml pro-
tein isolation buffer containing a cocktail of protease
inhibitors. This was briefly sonicated and the tube was
kept at 4°C for between four and five hours. The contents
of the tube were agitated by cyclo-mixing and then centri-
fuged at 6,000 rpm for 30 min at 4 °C. The clean superna-
tant was collected in a separate tube and the pellet was
discarded. The contents were sterilized by passing through
0.22 um-pore filters. Aliquots of the antigen were frozen
at -70°C until use. Parasite proteins were quantified by
the Bradford method. The concentration of the parasite
line FAN 5HS and 3D7 were 1.2 and 2.6 mg/ml, respec-
tively.

Normal RBC extracts

Normal red blood cell (RBC) extract was prepared from
the same batch of RBCs used for culturing the parasites,
and followed the same procedure as previously described
for pRBCs. Briefly, the RBCs were washed with PBS and
the bufty coat was removed. After centrifugation, the RBC
pellet was suspended in 1 ml protein isolation buffer con-
taining a cocktail of protease inhibitors. This was briefly
sonicated and the tube was kept at 4°C for between four
and five hours. The contents of the tube were agitated by
cyclo-mixing and then centrifuged at 6000 rpm for 30 min
at 4°C. The clean supernatant was collected in a separate
tube and the pellet discarded. The protein contents were
estimated using a protein determination kit (BCATM pro-
tein assay Kit, Pierce, France).

Total IgE levels

An ELISA method was used to detect total IgE plasma lev-
els in samples corresponding to day 0, day 7 and day 30.
ELISA plates (96 microwell plates, reacti-bind 96 EIA Plate
100/PKG, Pierce) were coated with 50 pl/well of purified
sheep polyclonal anti-human IgE solution at 5 pg/ml (The
Binding Site, Birmingham UK) by incubation overnight at
4°C. The plasma samples were diluted 1:5 and incubated
for two hours at 37°C. Bound IgE was detected using a
peroxydase-conjugated polyclonal anti-human-IgE (The
Binding Site, Birmingham UK). Binding was revealed
using the OPD substrate (Sigma) and the product was
quantified from the optical density (OD) at 450 nm.
Serial dilutions ranging from 2 pg/ml to 0.0019 pg/ml of
IgE solution (human monoclonal IgE provided by Dr Thi-
erry Batard - Stallergenes, Anthony, France) gave the
standard curve. The median of each optical density value
was fitted into the sigmoidal standard curve using a spe-
cific ELISA programme running in Igor version 3.16 (Wav-
emetrics, Lake Oswego, OR).

IgE functional assay

A new rat mast cell line RBL-2H3 transfected with a
human Fce RI o-chain that triggers degranulation upon
human IgE cross-linking was used [20]. Cells were main-
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tained in Dulbecco medium (Gibco BRL, Eragny, France)
containing 10% foetal bovine serum (FCS), 100 U/ml
penicillin and 100 U/ml streptomycin (GIBCO BRL,
France). Cells were expanded by incubation at 37°C for
three to four days in complete Dulbecco medium supple-
mented with G418 (GIBCO BRL, France).

B-Hexosaminidase is known as a component of the
basophil and the mast cell specific granule, and is released
during degranulation of these cells [21]. Degranulation
was monitored after antigen stimulation by measuring the
level of released B-hexosaminidase. Fce RI o-chain RBL-
2H3 transfected rat mast cell line cultures (5 x 10° cells per
well) were incubated with the different serum samples at
a non-cytotoxic dilution (previously determined) for 48
hours at 37°C in the absence of the G418 antibiotic. The
upregulated receptors were saturated by incubation at 4°C
for 30 minutes with the same samples diluted 1:10. The
cells were then washed with PBS 1X, centrifuged and
resuspended in 1 ml Tyrode buffer before being centri-
fuged again. Finally, the cell pellet was resuspended in
450 pl of D20 (50%) and Tyrode buffer (50%) solution
and each culture sample was distributed to 10 ELISA plate
wells. Different controls were carried out for each sample.
Control cells on lane 1 and 2 were subjected to Triton dis-
ruption (Triton 5%) and represented 100% enzyme
release. Cells on lanes 3 and 4 were incubated with 50 ul
of complemented Dulbecco medium without serum and
represented the background enzyme release. Lanes 5 and
6,7 and 8, 9 and 10 were incubated with 50 ul of different
duplicated concentrations of parasite extract (1,000, 100
and 10 ng/ml) for 30 minutes at 37°C. After centrifuga-
tion of each well sample, 50 ul of each supernatant was
collected and incubated with 50 ul of PNAG substrate
solution for 90 minutes at 37°C. The level of released B-
hexosaminidase was estimated from the OD at 405 nm
using a spectrophotometer. All results are expressed as the
percentage of total B-hexosaminidase in the cells after cor-
recting for spontaneous release in unstimulated cultures,
calculated as following: (experimental -hexosaminidase
- background B-hexosaminidase)/(total P-hexosamini-
dase - background B-hexosaminidase) x 100.

Flow cytofluorometry analysis

FACS analysis was performed after incubating RBL-2H3-
D12.8 cells with several dilutions of serum samples to fol-
low the induction of the high affinity receptor (Fce RI)
expression after stimulation by IgEs in the patient's sera.
Cells were incubated for 48 hours at 37 °C with the differ-
ent serum samples optimally diluted to avoid cytotoxicity.
A saturation step with the same sera diluted 1:10 was done
by incubation at 4°C for 30 minutes. Cells were washed
with PBS 1X and incubated with FITC-labelled anti-IgE
(Tebu, Le Perray en Yvelines, France) (1/100) for 30 min-
utes. Cells were washed again, centrifuged, resuspended in
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PBS 1X and analysed by cytofluorometry using Cellquest
software (Beckton Dickinson, USA). 10,000 cells were
acquired per tube.

Cytokine levels

The levels of cytokines in the plasma (IL-4, TNF, INF-y,
and IL-10) were estimated by Opti-ELISA kits (Pharmin-
gen, San Diego, CA.USA) used following the manufac-
turer's instructions.

Statistics

Due to a non-normal distribution of the scores in each
group, non-parametric tests were performed, using the
median to compare the different clinical groups. The
Mann Whitney test was used for comparisons between
two groups and the Kruskall Wallis test to compare three
or more groups. Spearman's correlation was used to check
for correlations between parameters. P values less than
0.05 were considered as significant. Chi-squared test was
used to compare qualitative variables.

Results

Serum total IgE levels in groups of P. falciparum infected
patients with different clinical phenotypes

Total IgE levels were analysed in endemic controls and in
cohorts of P. falciparum-infected patients with different
clinical forms of malaria, ranging from asymptomatic to
cerebral disease, from Gabonese and Indian endemic
areas to study the association between the IgE response
and disease severity. Total IgE levels were measured by
ELISA in individual sera before drug administration (cor-
responding to day 0) and determined the general distribu-
tion in the studied populations from Gabon (Figure 1A)
and India (Figure 1B). Total IgE concentrations were
found to be much higher in patients from India (mainly
adults) than in patients from Gabon (children). In both
populations independent of the different levels of IgE in
each population, the median IgE levels within each clini-
cal group tended to increase upon infection (mainly in
UM and SM groups), although the difference between the
groups was only significant in the Indian population
(Kruskall Wallis, p = 0.0005). As only Indian patients
showed a significant difference, the Mann Whitney test
was used to compare the different groups in this popula-
tion only. There was a significant increase in IgE levels in
the EC group compared to the NEC group (p = 0.042). The
most significant increase in IgE levels (versus the EC
group) occurred in the UM patients (p = 0.015) and in the
SM patients (p = 0.013). No significant difference
between the EC group and the CM and Ex-CM groups was
observed.

A range of values of IgE levels was defined enabling the
analysis of the frequency of normal, moderate and high
IgE levels in each clinical group of patients. The so-called

http://www.malariajournal.com/content/6/1/1

normal values were adjusted to the studied population
because the Gabonese and Indian groups had different
plasma total IgE ranges. Therefore, the normal value (N)
was defined by the median IgE levels in the endemic con-
trols of each study population. Consequently, all values
between N and 2N were considered as low/moderate IgE
levels and those between 2N and 3N as moderate/high IgE
levels, with the highest levels being above 3N (Figures 1C
and 1D). Even in Gabonese patients, for whom the
increase of IgE in the disease groups was not significant, a
higher percentage of patients with clinical disease had
higher IgE levels than controls and asymptomatic
patients. These differences were more marked in the UM,
SM and CM Indian patients (Figure 1D). In the Indian
population, the NEC group did not have moderate/high
IgE levels, although a high percentage of patients exhib-
ited normal IgE levels (Figure 1D). Also, no significant
change was detected in IgE levels over time in the UM, SM
and CM groups of the Gabonese cohorts when tested
seven days and 30 days after treatment (Table 2). No sig-
nificant association of malaria and IgE levels with sex in
the two studied populations. However, a significant
increase in IgE levels with age (p = 0.00034) was observed
in the Gabonese subjects (Figure 2A) but not in the Indian
subjects.

The correlation between IgE levels and the parasite load
was tested. Although the general trend was different in the
Indian and Gabonese population, there was no significant
correlation between IgE concentration and parasite load
for all groups together. In Gabonese cohorts, a negative
correlation for all groups was observed, except for the UM
patients where the correlation showed a positive ten-
dency. In the Indian cohorts, a positive correlation was
observed between IgE levels and parasite load, mainly in
the UM and SM groups (Figure 2B).

Functional parasite specific IgE response in P. falciparum
infected patients

Previous studies have used ELISA to quantify specific IgE
present in the serum [7,8,10,11]. The functionality of spe-
cific IgEs present in the serum was studied by evaluating
the ability of these IgEs to induce mast cell degranulation
in the presence of the parasite antigen. A rat mast cell line
transfected with the human o-chain of Fce RI was used
[20]. Human Fce RI expression was induced after incuba-
tion with all serum samples at non-cytotoxic dilutions.
FACS was used to detect the presence of FcaRI receptors on
the mast cells surface induced by IgE present in serum
samples. Although the fluorescence intensity revealing
human Fce RI expression by the mast cells varied between
patient samples, IgE receptors were upregulated in all the
samples tested. No correlation between total IgE levels in
the serum and the up-regulation of mast cell receptors was
found. There was no significant correlation between IgE
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Kruskall Wallis test, p = 0.0005). C. Percentage of patients with defined IgE levels per group in the Gabonese population (nor-
mal levels (N) lower than or equal to 0.500 ug/ml, moderate levels (N to 2N), from 0.501 to 1.000 pg/ml, high levels (2N to
3N), from 1,000 to 1,500 pug/ml, very high (>3N) greater than 1,500 Lig/ml). D. Percentage of patients with defined levels of IgE
per group in the Indian population (normal levels (N) lower than or equal to 4,000 ig/ml, moderate levels (N to 2N), from
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NEC — non-endemic control, ExCM — ex-cerebral malaria.

levels and receptor upregulation and the level of mast cell
degranulation. Sensitized cells were then incubated with
different concentrations of a P. falciparum blood-stage
antigen extract. Mast cell degranulation was measured by
quantifying the release of B-hexosaminidase. Control cells
not exposed to any serum gave a maximum mast cell
degranulation of 3%. Therefore, serum samples giving an
enzyme release greater than 5% in the presence of at least
one of the antigen concentrations were considered posi-
tive for functional IgE. In the Gabonese cohorts (Figure
3A), there were functional P. falciparum IgE in all clinical

groups. However, the percentage of patients with func-
tional specific anti-parasite IgE was higher in asympto-
matic and uncomplicated malaria patients than in other
groups. Also, the percentage of patients displaying para-
site-specific IgE was lower in the group exhibiting severe
disease. The distribution of patients per group releasing
between 5 and 10%, 10 and 30% and above 30% B-hex-
osaminidase induced by specific anti-parasite IgE revealed
that one patient in CM group had a degranulation level
above 30%, being the highest induced response among all
the tested individuals. The same assay was carried out on

Page 6 of 13

(page number not for citation purposes)



Malaria Journal 2007,

6:1

http://www.malariajournal.com/content/6/1/1

Table 2: Day 0, day 7 and day 30 median IgE levels per clinical group in the Gabonese population.

Total IgE (ug/ml)

EC (min-max)

Al (min-max)

UM (min-max)

SM (min-max)

CM (min-max)

Day 0
Day 7
Day 30

0,525 (0,009-25,47)
0,582 (0,0144-5,644)
1,026 (0,044-2,628)

0,677 (0-41,96)
0,448 (0,0192-3,188)
0,977 (0,056-7,446)

0,690 (0,015-13,173)
0,516 (0,011-5,228)
0,151 (0,052-3,925)

1,132 (0,016-9,915)
0,836 (0,016-5,689)
0,662 (0,011-6,315)

0,922 (0,093-16,34)
8,033 (8,033-8,033)

EC — endemic control, Al — asymptomatic infected, UM — uncomplicated malaria, SM — severe malaria (non-cerebral), CM — cerebral malaria.

the Indian population. Although there was no significant
difference between groups, the percentage of patients hav-
ing functional IgE recognizing the parasite extract was
slightly higher in EC and UM groups than in SM and CM
groups (Figure 3B). All positive patients had an enzyme
release of between 10 and 30%. No significant correlation
was found between P. falciparum-specific IgE-induced
mast cell degranulation levels and sex, age and parasitae-
mia.

Relationship between total and specific serum IgE and
cytokine profiles

IgE production is influenced by cytokines produced by
activated T cells. These cytokines are also involved in
pathophysiological mechanisms associated with severe
malaria [4,22,23]. Therefore, the relationship between the
cytokine profile, the IgE levels and the clinical manifesta-
tion was investigated. IFN-y, TNF and IL-10 levels were
measured in the sera of the Indian and Gabonese patients.
IL-4 levels were measured only in Indian patients as it was
not different between the Gabonese groups. IFNy concen-
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trations were highest in the Gabonese Al and CM groups
(Table 3). This cytokine is significantly higher in the Al
and CM groups than in EC (p = 0.02 and p = 0.009 respec-
tively). The plasma TNF concentration was similar in the
severe SM and CM groups and in disease-free EC and Al
groups. TNF levels were clearly higher in SM and CM
groups than in the UM group (p < 0.001). Surprisingly, EC
and Al also exhibited higher TNF levels when compared to
UM group. No association between IFN-y or TNF and IgE
levels were found. However, a significant positive correla-
tion was found between the concentration of total IgE and
IL-10 in the UM group (p = 0.02) and a significant nega-
tive correlation in the Al group (p = 0.02) (Figure 4). The
median levels of the different cytokines in the plasma of
Indian patients are given in Table 4. IL-10 and TNF levels
were higher in CM patients than in controls and other P.
falciparum-infected patients. The plasma concentrations of
these cytokines were moderate in cured CM patients
(ExCM). Their levels of IL-10 and TNF were slightly higher
in endemic controls than in non-endemic controls. Levels
of IFN- were lower in the CM group than in Al group. No
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A. Total IgE correlation with age in the Gabonese population (significant spearman correlation, p = 1.0 x 10-9). B. Total IgE
correlation with parasitaemia in the Indian population. Significant Spearman correlation (p = 0,0001).
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difference was found for the levels of IFN-y between the
uncomplicated and severe disease. Although, there was a
significant correlation between IgE levels and IFN-y (Fig-
ure 5A), TNF (Figure 5B) and IL-10 (Figure 5C) levels
when looking at all the groups combined. Most diseased
groups had high cytokine levels, whereas control groups
had lower levels (Figure 5A, B and 5C).

Discussion

The main feature of this study is the comparison of total
and functional P. falciparum-specific IgE responses in two
populations of low and high malaria transmission levels,
India and Gabon respectively and their relationship with
disease severity. Several clinical groups were compared:
endemic non-infected controls, asymptomatics and dif-
ferent clinical manifestations including uncomplicated,
severe non-cerebral and cerebral malaria.

Indian and Gabonese individuals exhibited a different
range of plasma levels of circulating IgE These cohorts had
a different age range, with the Gabonese groups being
children from 0 to 6 years of age, whereas Indian patients
had a mean age of 30 years. In the two populations, irre-
spective of its concentration and also consistent with pre-
viously published data, the IgE distribution tended to
increase upon parasite stimulation [8,10,11]. In the
Indian population, circulating IgE levels were seven times
higher in endemic controls than in non-endemic controls.
This suggests that exposure to the parasite strongly influ-
ences the production of IgE, although this difference may
also be due to other endemic factors [7]. Nevertheless, it
was reported that IgE levels were greatest in patients devel-
oping severe disease than in CM group (Figure 1A and
1B). When considering the percentage of patients that
produce high levels of IgE per group, it was shown that IgE

Table 3: Cytokine distribution in the Gabonese population: median TNF, IFN-y and IL-10 levels per clinical group.

EC (min-max) Al (min-max)

UM (min-max) SM (min-max) CM (min-max)

TNF (pg/ml) 41 (8-94) 36 (0-395)
IFN-y (pg/ml) 32(0-8) 9,5 (0-31)
IL-10 (pg/ml) 14 (0-83) 102 (0-317)

8 (0-440) 175 (1-442) 209 (0-1520)
5 (0-395) 4(0-201) 6.2 (2.5-9)
134 (0-1380) 339 (0-5200) 95 (0-2300)

EC — endemic control, Al — asymptomatic infected, UM — uncomplicated malaria, SM — severe malaria (non-cerebral), CM — cerebral malaria.
Comparing group by group with the Endemic control: TNF was significantly lower in UM (p = 0,0006); IFN-y was significantly higher in Al and CM
(p = 0,02 and p = 0,007, respectively); IL-10 was significantly higher in UM (p = 0,0009), SM (p = 0,0001) and CM (p = 0,0001)
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Table 4: Cytokine distribution in the Indian population: median TNF, IFN-y and IL-10 per clinical group.

NEC (min-max) EC (min-max) UM (min-max) SM (min-max) CM (min-max) ExCM (min-
max)
TNF (pg/ml) 57 (39-73) 78 (63—120) 180 (119-207) 200 (173-381) 530 (258-1227) 81 (69-124)
IFN-y (pg/ml) 23 (10-31) 22 (17-201) 119 (70-153) 127 (111-200) 65 (45-101) 32 (11-53)
IL-10 (pg/ml) 13 (5-26) 22 (11-31) 120 (97-147) 176 (121-253) 301 (175-506) 85 (40-108)
IL-4 (pg/ml) 18 (8-40) 58 (23-84) 65 (31-204) 69 (50-89) 62 (40-85) 48 (29-80)

NEC — non endemic control, EC — endemic control, UM — uncomplicated malaria, SM — severe malaria (non-cerebral), CM — cerebral malaria,

ExCM — Ex-cerebral malaria.

Comparing group by group with the Endemic control: TNF was significantly lower in NEC (p = 0,0006) and higher in UM (p = 1,19 x 10-7), SM (p
= 1,01 x 10-5) and CM (p = 2,26 x 10-7); IFN-y was significantly higher in all diseased groups (UM —p =5,11 x 10-6, SM—p = 1,01 x [0-6, CM-p
=9,71 x 10-6); IL-10 was significantly higher in all diseased groups (UM —p = 1,04 x 10-7, SM —p = 1,0l x 10-5 and CM —p = 2,46 x 10-7).

levels are higher in UM and SM (Figure 1C and 1D) than
in CM patients who had values similar to that of the con-
trols [8,24]. In addition, the median levels of circulating
IgE in the ExCM group were close to that of the CM group.
Also, no significant correlation was found between both
IgE and TNF levels in the CM group. These observations
are contrary to published data describing increased IgE
levels that correlate with high concentrations of circulat-
ing TNF, a cytokine associated with malaria severity and
also with pRBC adherence on brain capillary endothelial
cells [9,10,25,26]. The results suggest that either IgE does
not play an important role in CM pathogenesis, or that
these antibodies may participate in the parasite sequestra-
tion into the brain or other organ capillaries [24].

There was a significant increase in IgE levels with age in
Gabonese children independent of the disease group (Fig-
ure 2). This increase in IgE production between 0 and six
years of age may also reflect an increase in the capacity of
the immune system to respond to parasite infections
[7,27]. Such a correlation was not found in Indian groups.
This would be expected because the Indian groups com-
prised mainly adults, with the few children being older
than five years. Although most of individuals in the
Gabonese endemic control group had already been in
contact with the parasite, as demonstrated by the high
titres of specific antibody to P. falciparum-infected red
blood cells observed in these children, the median plasma
IgE concentrations were compared with those of the
Indian NEC group. Although the median total IgE levels
in the Indian NEC groups was higher than that of the
Gabonese EC group, suggesting that age could be an
important factor in IgE production, the higher IgE levels
in the Indian population may also be interpreted as the
result of either environmental factors, such as predomi-
nance of food allergies, of the genetic background, which
may predispose to developing IgE responses [13,27,29-
32] or of a co-infection with other parasites, such as
helminths affecting the IgE responses in these patients
[33,34]. In the Gabonese cohorts, IgE levels tended to cor-

relate negatively to parasitaemia except in UM whereas all
patient groups from India showed a positive correlation.

The pool of circulating IgE comprises both monomeric
and complexed immunoglobulins [35,36]. A functional
test was performed, based on the ability of the circulating
IgE from the sera of different patient groups to induce
degranulation of mast cells in the presence of pRBC anti-
gens to better estimate the P. falciparum specific IgE
response. This test does not provide specific IgE concen-
tration within total IgE. It is based on the specific IgE
induced percentage of mast cells degranulation. Degranu-
lation was measured by quantifying PB-hexosaminidase
release. Functional P. falciparum-specific IgEs were
detected in randomly chosen patients from all groups in
both the Gabonese and Indian populations, except for
ExCM Indian patients. The highest percentage of patients
with functional anti-parasite IgEs was found in the
Gabonese Al and UM and Indian EC and UM groups,
which decreased in the SM and CM groups (Figure 3A and
3B). This suggests a protective role for P. falciparum-spe-
cific IgE, and is consistent with previous published data
[13,14].

Although the CM group had a low percentage of patients
able to induce degranulation, it was the only group where
there was one patient serum inducing a mast cell degran-
ulation above 30%. This intense response may be associ-
ated with the presence of IgE with higher affinity for P.
falciparum antigens, as previously reported by Gonzalez-
Espinosa et al. [37]. However, the level of degranulation
can also be enhanced by the number of receptors involved
in recognizing the antigen-IgE complex, which can
strongly affect the size of the secretory response [37,38].
There was no evident correlation between the level of
functional P. falciparum-specific IgE (percentage of
enzyme release) and the level of total IgE per group within
each population. This is unsurprising, given that both the
monomeric and complexed forms of circulating parasite-
specific IgE can affect the level of degranulation [39-41]. It
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IL-10 correlation with total IgE levels in the Gabonese population. Dashed line - Asymptomatic patients (significant negative
spearman correlation, p = 0.025). Bold line - Uncomplicated malaria patients (significant positive correlation, p = 0.017).

is also acceptable that total IgE levels were not directly cor-
related to FcdRI upregulation levels [40,42]. The mini-
mum level of receptors occupied by the parasite antigen-
specific IgE complex required to induce a degranulation
response is 10%. Consequently, this response will be
independent of the total IgE levels [20]. An increase in
specific IgE levels has been also seen in other parasitic
infections, such as helminthiasis, in which the specific
IgEs usually help to eliminate the pathogens either
through hypersensitivity reactions resulting from mast
cell degranulation or by inducing antibody-dependent
cell-mediated responses [27].

High levels of IgE in P. falciparum-infected individuals
have been shown to be due to an underlying imbalance in
favour of [L-4 in the ratio of CD4+ T cell producers, which
are responsible for the IgG/IgM isotype switching to IgE
[10]. High levels of circulating IL-4 have also been associ-
ated with a greater parasite antigen-specific production of
IgE in individuals less susceptible to malaria [13]. Also,
Th1-type pro-inflammatory cytokines, such as IFN-y and
TNF are thought to play an important role in the both pro-
tecting against and increasing the pathogenesis of cerebral
malaria [3,4,22]. Plasma TNF, IFN-yand IL-10 levels were
measured in both the Indian and Gabonese groups. In the
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Cytokine correlation with IgE levels in the Indian population. A. TNF correlation with total IgE levels (significant positive spear-
man correlation, p = 0.0037); B. IFN-y correlation with total IgE levels (Significant positive spearman correlation, p = 0.0028);
C. IL-10 correlation with total IgE levels (significant positive spearman correlation, p = 0.0051).

Gabonese groups, no direct correlation was found
between IgE and IFN-y or TNF levels in the UM, SM and
CM patients. However, the level of IgE production was
correlated to IL-10 levels in UM and Al patients (Figure 4).
In this group, there was a positive association between IL-
10 levels and parasite load, but not between IgE levels and
parasitaemia. In the Indian groups, IFN-y, TNF and IL-10
levels were all significantly correlated with IgE levels inde-
pendent of the group (Figures 5A, B and 5C). When look-
ing for a correlation per group, no significant statistic
value was found. IL-4 is the main cytokine responsible for
IgE production, inducing antibody isotype switching from
IgG and IgM to IgE [10]. Previous studies have shown an
association between the IL-4/IFN-y levels and IgE levels,

suggesting an induced Th2-type switched response [43].
As IL-4 levels were different between groups only in Indi-
ans, a correlation was expected between this ratio and IgE
levels, and surprisingly, the results showed an opposite
correlation (p = 0,012). The levels of IL-4 remained
almost constant across all groups as IgE levels increased.
Therefore, this opposite correlation arises due to a parallel
increase in both IFN-y and IgE levels. This suggests that, in
the Indian population, IL-4 does not seem to directly
influence IgE levels. It has been shown experimentally
that there are conditions under which alternative mecha-
nisms may induce IgE production independent of 1L-4
[44]. Regarding other cytokine ratios, like TNF/IL-10, no
significant correlation was found with total IgE levels.
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In conclusion, these results showed that total IgE levels
increased in infected patients, mainly in UM and SM
patients but not in CM patients. The decrease in total IgE
levels in the CM group was associated with a higher inten-
sity of mast cell degranulation induced in vitro by P. falci-
parum-specific IgE. In addition, no correlation was found
between total and functional P. falciparum-specific IgE lev-
els.

The results reported here show the high activity of func-
tional circulating P. falciparum-specific IgE in asympto-
matic malaria patients. However, no correlation was
observed between plasma levels of total IgE, the disease
phenotype and the cytokines pattern in the different
groups of patients studied. The opposite association
between pro- and anti-inflammatory cytokine ratios and
IgE levels reveals the complexity of immune response dis-
ruption occurring during malaria in patients from low
and high malaria endemic region.
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Modification of the Inflammatory Response to Allergen Challenge after
Exposure to Bacterial Lipopolysaccharide

Meri K. Tulic, Janet L. Wale, Patrick G. Holt, and Peter D. Sly
TVW Teethon Institute for Child Health Research; and University of Western Australia Department of Pagdiatrics, Perth, Australia

The potential role of respiratory infections in altering the de-
velopment of atopy and asthma is complex. Infections have
been suggested to be effective in preventing the induction of
T-helper 2-polarized allergen-specific immunity in early life,
but also to exacerbate asthma in older, sensitized individuals.
The mechanism(s) underlying these effects are poorly defined.
The aim of this work was to determine the influence of lipo-
polysaccharide (LPS) exposure on the development of sensiti-
zation to allergen and the response to allergen challenge in
vivo. Piebald-Virol-Glaxo rats were exposed to a single aero-
sol of LPS 1 d before or 1, 2, 4, 6, 8, or 10 d after sensitization
with ovalbumin (OVA). On Day 11 animals were exposed to
1% OVA and responses to allergen were measured 24 h later,
monitoring inflammatory cell influx and microvascular leakage
into bronchoalveolar lavage (BAL) fluid as well as pulmonary
responses to methacholine using the forced oscillation tech-
nique. Histologic analysis was included to complement the BAL
results. Single aerosol exposure to LPS 1 d beforeand up to 4 d
after intraperitoneal injection of OVA protected against the
development of OVA-specific immunoglobulin (Ig) E. LPS ex-
posure 6, 8, or 10 d after sensitization further exacerbated the
OVA-induced cellular influx, resulting in neutrophilia and in-
creased Evans Blue dye leakage with no effect on serum IgE
levels. In addition, LPS abolished the OVA-induced hyperre-
sponsiveness in sensitized animals when given 18 h after OVA
challenge. This study demonstrates that exposure to LPS can
modify the development of allergic inflammation in vivo by
two independent mechanisms. Exposure early in the sensitiza-
tion process, up to Day 6 after exposure to allergen, prevented
allergen sensitization. Exposure to LPS after allergen challenge
in sensitized animals abolished the hyperresponsiveness and
modified the inflammatory cell influx characteristic of late-
phase response to allergen.

Asthma is recognized as a chronic inflammatory disorder
of the lungs that results in bronchial hyperresponsiveness,
deterioration of lung function, and impaired quality of life
if left untreated (1, 2). Allergic sensitization and respira-
tory symptoms on exposure to allergen form an integral
part of the clinical spectrum of asthma in many older chil-
dren and adults. The histologic appearances of the airways
are similar in both atopic and intrinsic asthmatics (3) and
serum immunoglobulin (Ig) E levels are raised (4). Al-
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though atopy is not always linked with asthma, its impor-
tance increases with age (5). Microbial infections early in
infancy may protect from the later development of atopy
and asthma such that the stimulus for normal postnatal
maturation of the immunoinflammatory response may be
provided by microbial stimulation (6, 7). At the same time,
clinical data indicate that respiratory viral infections are
major trigger factors for acute exacerbations of asthma (8-
10). There is circumstantial evidence that some bacterial
infections, for example mycoplasma and chlamydia may
also play a role in precipitating asthma (11, 12); however,
the clinical impression is that bacterial pneumonia in asth-
matic patients does not trigger acute exacerbations.

The inflammation characteristics of asthma and respira-
tory infections are different. Two subsets of T-helper (Th)
lymphocytes have been defined and are distinguishable by
a differing pattern of cytokine release. Thl-type cells stim-
ulate the recruitment and activity of macrophages and/or
mononuclear phagocytes and are involved in the cellular
immunity activated by microbial antigens, typically result-
ing in 1gG antibody production without an increase in IgE
(13). They produce interleukin (IL)-2, interferon (IFN)-vy,
and tumor necrosis factors. Th2 responses are important in
the allergic response and asthma, producing the cytokines
IL-4, -5, -6, -10, and -13 that are involved in the humoral
immune responses of elevated IgE levels and eosinophilia
(13). Complex, antagonistic interrelationships exist be-
tween the two subsets and the cytokine milieu (13-15).

On the basis of epidemiologic data suggesting that non-
wheezing infections may protect against allergen sensiti-
zation and also of clinical impressions that bacterial infec-
tions do not trigger asthma, we hypothesized that exposure
to the bacterial product lipopolysaccharide (LPS) during
the usual time course of late-phase allergic reactions would
alter the late-phase events. To address this question we
used two in vivo models of inflammatory lung disease mea-
suring inflammatory cell influx into bronchoalveolar lavage
(BAL) fluid (BALF) and leakage of Evans Blue dye from
the microvasculature into the BALF, and monitoring the
responsiveness to methacholine in Piebald-Virol-Glaxo
(PVG) rats sensitized to ovalbumin (OVA). PVG rats also
demonstrate neutrophilia and increased vascular perme-
ability after a single aerosol exposure to LPS.

Materials and Methods
Animals

Male PVG rats weighing 200 to 250 grams (Research Centre, In-
stitute for Child Health Research, Perth, Australia) were used
and were 10 wk old at the time of data collection. They were bar-
rier-housed in a clean animal house environment, kept on an
OVA-free diet, and had access to water and food ad libitum. An-
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nual monitoring indicated that the colony was free of known
pathogens. The study protocol was approved by the Institutional
Animal Ethics Committee.

Sensitization Procedure

Eight-week-old rats were actively sensitized on Day 0 by a single
intraperitoneal injection with 100 wg OVA in phosphate-buffered
saline (PBS), along with 50 ng of the IgE-selective adjuvant ricin.

Exposure to LPS

Where appropriate, animals were exposed once to nebulized LPS
Salmonella typhimurium (50 pg - mi~%) for 30 min by allowing
them to run freely in a Plexiglas chamber into which the LPS was
aerosolized. The aerosol was generated from an ultrasonic nebu-
lizer (De Vilbiss Ultra-Neb 2000; Sunrise Medical, Somerset,
PA), the outlet of which was connected to the chamber. The out-
put of the nebulizer was 0.5 ml - min~! and the mean particle size
was 3.5 wm (manufacturer’s specifications). Naive animals were
exposed to LPS either 6 or 24 h before measurements were taken,
whereas sensitized animals underwent exposure 1 d before or 1,
2,4, 6, 8, 10, or 12 d after sensitization with allergen. A second
group of sensitized animals were exposed to LPS 18 h after OVA
challenge.

Allergen Challenge

At 11 d after sensitization, at the peak of their IgE response, the
animals were placed in a Plexiglas chamber and challenged with
aerosolized OVA (1%) for 30 min using the ultrasonic nebulizer
(De Vilbiss).

Animal Preparation

At 24 h after allergen challenge, the animals were anesthetized by
intramuscular injection of xylazine (12 mg - kg™) and ketamine
(40 mg - kg™') and a tracheostomy was performed. The femoral
vein was cannulated with polyethylene tubing for the intravenous in-
jection of drugs. Evans Blue dye (50 mg - kg~%) in a volume of 2 ml
was administered by intravenous injection over a 2-min period.

Measurement of Respiratory Mechanics

Pulmonary function was measured using an adaptation of the low-
frequency forced oscillation technique, in which input impedance
(Zv) was measured using a wave-tube (16, 17). Briefly, measure-
ments were made by applying loudspeaker-generated small-ampli-
tude oscillatory signals from 0.5 to 20 Hz through a 114-cm-long,
1.45-mm inner diameter polyethylene wave tube during a 6-s ap-
noeic period. A three-way tap was used to switch the animal from
the respirator to a loudspeaker-in-box system at end-expiration.
The mean pressure in the loud speaker was adjusted to 2.5 cm
H,O to keep the transpulmonary pressure constant during mea-
surements. ZL was calculated as described by Petak and col-
leagues (16). To separate airway and tissue mechanics, a model
containing a frequency-independent airway resistance and iner-
tance and a constant-phase frequency-dependent tissue resistance
(G) and elastance was fitted to the ZL spectra (17). Impedance
points coinciding with the heart rate and its harmonics were omit-
ted from the model fitting because cardiac activity caused low sig-
nal-to-noise ratio at these frequency components.

Methacholine Challenge

After an equilibration period of 15 min, baseline was established
with four to six ZL recordings. Cumulative doses of methacholine
(MCh) (2 to 16 mg - ml~%) were administered by inhalation for 90 s
using a jet nebulizer (LC PLUS; Pari-Werk GmbH, Starnberg,
Germany) driven by compressed air (5 liters - min~') and con-
nected to the input port of the ventilator. ZL data were ensemble-

averaged in baseline condition, whereas individual ZL curves
were fitted at 1-min intervals after MCh administration. Peak re-
sponses in G at each dose were used for further analysis. Re-
sponses were measured as percentage increase above baseline.

Evans Blue dye (50 mg - kg~!) was administered by intrave-
nous injection over a 2-min period immediately after the con-
struction of MCh dose-response curves. At the end of the experi-
ment, 1.0 ml of blood was collected via cardiac puncture for the
estimation of OV A-specific serum antibody titers.

BAL

At 30 min after administration of Evans Blue, animals were killed
with pentobarbitone and the chest was opened. BAL was per-
formed via the tracheal cannula using 3 X 8 ml of PBS containing
lignocaine hydrochloride (0.35%) and bovine serum albumin
(BSA) (0.2%). Routinely, greater than 90% of the lavaging fluid
was recovered from the lungs. The BALF was centrifuged at
250 X g for 10 min at 4°C and the cell pellet resuspended in 1.0 ml
sterile PBS solution. Total cell count was determined by adding
20 pl of the cell suspension to 20 pl Trypan Blue stain and count-
ing cells under a light microscope using a Neubauer hemocytom-
eter. The differential cell count was carried out from cytospin
preparations using Leishman’s BDH stain and counting 200 cells
at random under X100 magnification. The cells were identified
by standard morphology.

The amount of Evans Blue dye in the lavage supernatant was
guantified by measuring the absorbence at 630 nm using a spec-
trophotometer (Microplate AutoReader EL311; Bio-Tek Instru-
ments, Inc., Winooski, VT). The concentration of dye was extrap-
olated from a standard curve of Evans Blue dye concentrations (1
to 10 pg - mi™Y).

Serum Antibody Measurements

OV A-specific IgE titers were estimated by enzyme-linked immu-
nosorbent assay (ELISA) according to the method of Van Hal-
teren and associates (18). Briefly, microtiter plates (Falcon flexi-
ble assay plate 3912; Becton Dickinson, Winooski, CA) were
coated overnight at 4°C with mouse antirat IgE in PBS (1 pg -
mi~1). Doubling dilutions of standards and samples were added
and incubated for 3 h. Digoxygenin conjugate OVA was added
(1:1,000) and incubated for 1 h, followed by sheep antidigoxyge-
nin horseradish peroxidase conjugate (1:1,000) for 1 h. The per-
oxidase substrate 3,3',5,5'-tetramethylbenzidine (TMB) was used
for color development and the plates were read spectrophoto-
metrically at 450 nm with an ELISA plate reader (Microplate
AutoReader EL311; Bio-Tek Instruments). Titers are expressed
as reciprocal log, titers. OVA-specific IgG was measured by a he-
magglutination assay using sheep red blood cells conjugated to
OVA and titers expressed as reciprocal log, titers as previously
described (19).

Histologic Analysis

In a separate group of animals histologic examination of the lungs
was undertaken to determine whether the inflammatory cell pro-
file obtained using the BALF was representative of tissue inflam-
mation. Sensitization and OV A challenge as well as LPS exposure
were performed as described earlier. At 6 h after LPS exposure in
naive animals or on Day 12, 24 h after OVA challenge in sensi-
tized animals, the rats were killed and the lungs and the trachea
removed immediately and inflation-fixed with 4% paraformalde-
hyde at 20 cm H,O via tracheal installation. The right lung and the
trachea were embedded in paraffin wax and one 3-pum section per
animal was stained with hematoxylin and eosin. Inflammatory
cells were identified by standard morphometry. Numbers of cells
in tissue and air spaces were counted in 10 random, nonoverlap-
ping parenchymal fields at X100 magnification under brightfield



606 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 22 2000

TABLE 1
Effects of OVA on inflammatory cell count, microvascular leakage, and serum antibody levels*

OVA-Specific IgE OV A-Specific 1gG Total Cells Eosinophils Macrophages  Lymphocytes Neutrophils Evans Blue
Treatment n (1/10g, titer) (1/10g, titer) (10%/ml) (10%/ml) (10%/ml) (10%/ml) (10%/ml) (mg/ml)
Naive 11 3.50 £0.24 3.59 £ 0.43 0.87 £ 0.08 0 0.72+0.07 012*+002 0.03x001 198=*0.10
Sens/sal 8 7.32 + 0.298 432 £0.43 0.64 = 0.14 0 044 +=0.02 0.18*+0.04 0.02+0.01 1.95=*0.02
Sens/lOVA 11 7.03 £ 0.35 4.15 = 0.40 416 = 0.19" 0.16 =0.03" 159 =0.10" 2.15=0.15" 0.26 =0.03" 4.36 = 0.21"

*Inflammatory response to OVA in sensitized animals 24 h after allergen exposure (sens/OVA group). Serum OV A-specific IgE and 1gG were measured. The to-
tal and the differential inflammatory cell count as well as microvascular leakage (assessed by Evans Blue dye) was studied using the BALF. Results are expressed as

means = SEM.
SP < 0.01 versus naive.
TP < 0.01 versus sensitized and saline-challenged animals (sens/sal group).

illumination. All histologic analyses was performed on the same
region of each lung, the right upper lobe, and measurements were
performed blind by the same operator (M.K.T.).

Study Groups

Influence of LPS exposure on late-phase events after OVA chal-
lenge. Six sensitized animals were exposed to a single aerosol chal-
lenge of saline or LPS 18 h after OV A challenge on Day 12 and in-
flammatory parameters as well as responses to inhaled MCh were
determined 6 h later; that is, 24 h after initial allergen exposure.

Influence of LPS exposure on primary allergic sensitization.
Groups of animals were exposed to saline or LPS 1 d before or 1,
2,4, 6, 8, or 10 d after sensitization with intraperitoneal injection
of OVA. They were then challenged with 1% OVA on Day 11
and their serum and BALF collected 24 h later.

Histologic analysis. Six key groups of rats (4 in each group)
were exposed to saline or LPS in naive or sensitized animals to
complement the BAL data with parenchymal sections. These ani-
mals were not lavaged.

Drugs and Materials

OVA (Grade V), ricin, LPS S. typhimurium, acetyl-3-MCh chlo-
ride (MCh), lignocaine hydrochloride, Evans Blue dye, Trypan
Blue, and Leishman’s BDH stain were obtained from Sigma
Chemical Company (St. Louis, MO). Mouse (monoclonal) antirat
IgE was supplied by Biosource (Camarillo, CA); digoxygenin-
3-O-methylcarbonyl-g-aminocaproic acid-N-hydroxysuccinimide
ester, sheep antidigoxygenin-POD Fab fragments by Roche Di-
agnostics (Basel, Switzerland); and TMB peroxidase substrate
and Solution B by Kirkegaard & Perry Laboratories (Gaithers-
burg, MD). BSA was from CSL (Parkville, Australia) and RPMI
1640 from GIBCO BRL (Glen Waverley, Australia). Ketamine
(Ketamil) was purchased from Troy Laboratories (Smithfield,
Australia), xylazine (Rompun) from Bayder (Pymble, Australia),
and pentobarbitone sodium (Lethabarb) from Virbac (Peakhurst,
Australia). Paraformaldehyde and Depex mounting medium were
purchased from BDH Laboratory Supplies (Poole, UK).

Statistical Analysis

Measurement of the difference in the total and the differential
cell counts, as well as Evans Blue leakage and serum antibody
measurements between different treatment groups were made by
the simple unpaired two-tailed Student’s t test. The effects of LPS
treatment in naive and sensitized animals on MCh responses
were assessed by calculating the provocative concentration of
MCh producing a 150% increase in frequency-dependent tissue
resistance above baseline (PCy5,) by linear interpolation on a
semilogarithmic MCh dose-response curve. In this particular ani-
mal model aerosolized MCh produces predominantly a tissue re-
sponse (16), thus only tissue mechanics were used for statistical

analysis. Comparisons between groups were made on log trans-
formed data using one-way analysis of variance with Student—
Newman-Keuls correction for multiple comparisons. All results
are expressed as means * standard error of the mean (SEM).
P < 0.05 was regarded as statistically significant.

Results
Inflammatory Models

Response to allergen in sensitized animals 24 h after chal-
lenge. Intraperitoneal sensitization of naive animals to
OVA resulted in increased OVA-specific serum IgE on
Day 12 (P < 0.01, n = 8; Table 1). OVA-specific serum
IgG antibody was unchanged. Exposure of these animals
to 1% OV A on Day 11 resulted in a greater than 4-fold in-
crease in inflammatory cell influx into the BALF 24 h la-
ter (P < 0.01, n = 11) as a result of increased numbers of
eosinophils (P < 0.01), macrophages (P < 0.01), lympho-
cytes (P < 0.01), and neutrophils (P < 0.01). This cellular
influx was associated with a significant increase in the con-
centration of Evans Blue in BALF (P < 0.01; Table 1).

350 *%
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bas é 4 8 16
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Figure 1. Effects of OVA in sensitized animals. Cumulative
dose-response curves to inhaled MCh (2 to 16 mg - mI~1) in naive
(filled circles) (n = 9) or in sensitized and OV A-challenged ani-
mals (sens/OVA) (filled squares) (n = 11). Results are measured
as a percentage increase in frequency-dependent tissue resistance
and are expressed as means = SEM. "P < 0.01 versus sensitized
and saline-challenged animals (sens/sal) (open inverted triangles)
(n = 10).
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TABLE 2
Effects of LPS on inflammatory cell count, microvascular leakage, and serum antibody levels*

Total Cells Neutrophils Macrophages  Lymphocytes  Eosinophils  OVA-Specific IgE OV A-Specific 1gG Evans Blue
Treatment n (10%/ml) (10%/ml) (10%/ml) (10%/ml) (10%/ml) (1/10g, titer) (1/10g, titer) (mg/ml)
Naive 11 0.87 = 0.08 0.03 £0.01 0.72 £0.07 0.12 £ 0.02 0 3.50 £0.24 3.59 £0.43 1.98 = 0.10
LPS6 10 4.72+034" 414 +0.30" 0.39 = 0.05 0.19 = 0.05 0 3.42 = 0.25 3.92 £ 0.53 3.47 + 0.447
LPS24 9 239+031" 204+0.26" 025004 0.09 = 0.01 0 3.10 £ 0.29 9.10 + 0.43" 2.52 = 0.36

Definition of abbreviations: LPS6 = LPS exposure on Day 6; LPS24 = LPS exposure on Day 24.
*Inflammatory response to 50 mg/ml LPS 6 or 24 h after challenge in naive animals. Total and differential inflammatory cell counts and microvascular leakage (as-
sessed by Evans Blue dye) were studied using the BALF. IgE and 1gG levels were monitored from serum. Results are expressed as means = SEM.

TP < 0.01 versus naive.

OVA exposure induced hyperresponsiveness to inhaled
MCh in sensitized animals, significantly shifting the dose—
response curve to the left and decreasing the PCy5, from
10.12 + 1.16 t0 3.39 *+ 0.68 mg - mI~* (P < 0.01; Figure 1).

Response to LPS in naive animals. Six hours after expo-
sure. Exposure of naive animals to LPS (50 pg - ml™Y) in-
duced a greater than 5-fold increase in the total number of
inflammatory cells present in the BALF 6 h after initial
exposure (P < 0.01, n = 10), predominantly as a result
of neutrophil influx (P < 0.01; Table 2), making up 88%
of the total cell count. The number of macrophages was
reduced 2-fold (P < 0.01); lymphocyte number and se-
rum OV A-specific IgE/IgG antibody levels remained un-
changed (Table 2). Evans Blue leakage increased signifi-
cantly from 1.98 + 0.14 to 3.47 = 0.44 mg - ml~! (P < 0.01;
Table 2). Responses to inhaled MCh were significantly po-
tentiated 6 h after LPS exposure, decreasing the PC;5, from
8.75 = 1.10 to 2.66 = 0.37 mg - mI~* (P < 0.01; Figure 2).
Twenty-four hours after exposure. At 24 h after initial expo-
sure to LPS (50 pg - ml™Y), the total number of cells in
BALF remained significantly above the pre-exposure num-
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Figure 2. Effects of LPS in naive animals. Cumulative dose-
response curves to inhaled MCh (2 to 16 mg - ml~%) in naive ani-
mals (filled circles) (n = 9) exposed to 50 ug - kg~ LPS 6 (filled
squares) (n = 10) or 24 (open squares) (n = 9) h before data col-
lection. Results are measured as a percentage increase in fre-
guency-dependent tissue resistance and expressed as means *
SEM. **P < 0.01 versus naive animals.

ber (P < 0.01, n = 9); however, this was reduced 2-fold
when compared with 6-h exposure (Table 2). A similar pat-
tern of cellular response was observed, neutrophils making
up 85% of the cellular population. Macrophage numbers
were reduced (P < 0.01) and lymphocyte numbers re-
mained unchanged (Table 2). OVA-specific 1gG was signif-
icantly increased from 3.92 = 0.53 t0 9.10 =+ 0.43 1/log, titer
24 h after LPS exposure (P < 0.01; Table 2). The increased
Evans Blue leakage (Table 2) and the hyperresponsiveness
evident at 6 h after LPS exposure was no longer evident at
24 h after exposure with a PCygo 0f 11.34 + 1.81 mg - ml~!
(Figure 2).

Influence of LPS Exposure on Allergen-Induced
Late-Phase Events

Exposure of sensitized animals to LPS on Day 12, 18 h
after allergen challenge (denoted as the sens/fOVA/LPS
group), resulted in modification of the allergen-induced
inflammatory cell profile seen in the BALF 24 h after al-
lergen challenge. LPS further potentiated the allergen-
induced inflammatory cell influx into BALF (P < 0.05,
n = 6; Table 3). However, in contrast to the allergen chal-
lenge in sensitized animals in the absence of LPS (the sens/
OVA/sal group), this increase in total cell number was
predominantly due to a 20-fold increase in neutrophil in-
flux (P < 0.01) making up greater than 80% of the cellu-
lar content. The numbers of both macrophages (P < 0.01)
and lymphocytes (P < 0.01) were reduced 3-fold whereas
eosinophils were no longer detected in the BALF (P <
0.01; Table 3). The OVA-specific serum antibody counts
remained unchanged (Table 3). The allergen-induced leak-
age of Evans Blue into BALF in sensitized animals was
further exacerbated with LPS exposure (P < 0.01; Table
3). LPS attenuated the allergen-induced hyperresponsive-
ness to MCh in sensitized animals when given 18 h after
OVA challenge (Figure 3), shifting the dose-response
curve to the right and increasing the PC;5, from 2.62 *+
0.61 mg - mI~! in the sens/OVA/sal-challenged control
group to 10.77 = 3.58 mg - ml~! in the sens/fOVA/LPS
group (P < 0.05; Figure 3). LPS exposure in the sensitized
and saline-challenged (as opposed to OVA) group (de-
noted as sens/sal/LPS in Figure 3) showed hyperrespon-
siveness to MCh (PCy5, 2.09 = 0.20 mg - ml™Y), and these
responses were similar in magnitude to those in naive ani-
mals exposed to LPS 6 h before measurement (Figure 2).
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TABLE 3
Effects of LPS in naive animals on inflammatory cell count, microvascular leakage, and serum antibody levels*

Total Cells Neutrophils ~ Macrophages  Lymphocytes  Eosinophils OVA-Specific IgE OV A-Specific 1IgG Evans Blue
Treatment n (10%/ml) (10%/ml) (10%/ml) (10%/ml) (10%/ml) (1/10g, titer) (1/10g, titer) (mg/ml)
Sens/sal/LPS 6 490*039 432x037 0.34=*0.04 0.24 £0.03 0 6.99 = 0.37 415 *0.34 3.65 £ 0.42
Sens/OVA/sal 6 453 +0.30 0.31*+0.06 179 *0.09 223 £0.26 0.20 = 0.04 6.82 = 0.47 3.82 £ 0.47 4.05 = 0.33
Sens/OVA/LPS 6 7.07 =0.921 581 +0.96% 0.55+ 0.04" 0.71 +0.11'8 08 5.65 = 0.37 5.15 + 0.52 5.79 + 0.1818

*Inflammatory response to OVA in sensitized animals exposed to LPS 50 mg/ml (or saline) 18 h after allergen challenge. Total and differential inflammatory cell
counts and microvascular leakage (assessed by Evans Blue dye) were studied using the BALF. IgE and 1gG levels were monitored from serum. Results are expressed as

means + SEM.
IP < 0.05and P < 0.01 versus sens/sal/LPS.
*P < 0.05 and SP < 0.01 versus sens/OVA/sal.

Influence of LPS Exposure on Primary
Allergen Sensitization

Exposure of naive animals to 50 g - ml~* LPS 24 h before
the sensitization (on Day 1) inhibited their allergen-induced
increase in OVA-specific serum IgE levels (P < 0.01, n = 6;
LPS-1 group in Table 4). OV A-specific serum IgG was sig-
nificantly increased (P < 0.01). Challenge of these animals
with OVA on Day 11 did not result in the allergen-induced
inflammatory cell influx previously reported in sensitized
animals 24 h after OVA challenge (Table 1). The total in-
flammatory cell count and the concentration of Evans Blue
in their BALF were similar to those of sensitized and saline-
challenged animals (the sens/sal group; Table 4) and were
not significantly different from those of naive animals (Ta-
ble 1). A similar profile of response was obtained in the
group of animals that was exposed to LPS 1, 2, or 4 d after
intraperitoneal injection with allergen (Table 4). Exposure
of LPS 24 h before sensitization (the LPS/sens/OV A group)
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Figure 3. Effects of LPS 18 h after OVA challenge in sensitized
animals. Cumulative dose-response curves to inhaled MCh (2 to
16 mg - mI~Y) in sensitized and OV A-challenged animals exposed
to 50 pg - kg~! LPS (sens/fOVA/LPS) (open circles) (n = 5) or sa-
line (sens/OVA/sal) (inverted triangles) (n = 6) 18 h after OVA
challenge. Results are measured as a percentage increase in fre-
guency-dependent tissue resistance and are expressed as means
+ SEM. *P < 0.05 versus sens/sal/LPS (filled circles) (n = 6); that
is, sensitized animals exposed to LPS 18 h after saline challenge
as opposed to OVA and 'P < 0.05 versus sens/OVA/sal.

resulted in complete inhibition of allergen-induced hyperre-
sponsiveness to MCh (PCys, 11.42 = 3.17 mg - ml~1), these
responses being similar to that of the sensitized and saline-
challenged (sens/sal) group (Figure 4).

Exposure of rats to a single aerosol challenge of LPS 6 d
after intraperitoneal allergen injection did not alter the se-
rum antibody levels in sensitized animals (Table 4). How-
ever, dramatic changes were seen in the inflammatory re-
sponse measured after OVA challenge. LPS exposure on
Day 6 (LPS6) further potentiated the allergen-induced cel-
lular influx into BALF (P < 0.01, n = 5) in sensitized ani-
mals, predominantly as a result of a 25-fold increase in
neutrophil influx (P < 0.01). Eosinophil numbers were in-
creased 3-fold (P < 0.01) whereas both macrophage (P <
0.01) and lymphocyte (P < 0.01) numbers were reduced
(Table 4). Allergen-induced Evans Blue leakage was fur-
ther potentiated (P < 0.01). The pattern of inflammatory
response and cellular content of BALF, leakage of Evans
Blue dye, and serum OV A-specific IgE and 1gG levels ob-
tained from animals exposed to LPS on Day 8 or on Day 10
after sensitization was similar to Day 6 results (Table 4).

Histologic Analysis

Histologic assessment of parenchymal sections has shown our
BALL results to closely mimic the lung inflammatory response
to LPS or allergen exposure. At 24 h after allergen challenge
in sensitized animals, parenchymal total inflammatory cell
count was significantly increased (P < 0.01, n = 4; Figure 4,
top panel), once again as a result of increased numbers of
eosinophils (P < 0.01; Figure 4, middle panel), macrophages
(P < 0.01), lymphocytes (P < 0.01), and neutrophils (P <
0.05; Figure 4, lower panel) in both tissue and alveolar spaces.
LPS exposure in naive animals has been shown to induce a
similar increase in cellular influx (P < 0.01; Figure 5) and as
the lavage results have shown, this is predominantly due to
neutrophil influx into the lungs (P < 0.01, n = 4; Figure 5).
Eosinophils were not detected in these animals (Figure 5).
Exposure of sensitized animals to LPS 18 h after aller-
gen challenge resulted in further exacerbation of allergen-
induced inflammatory cell influx (P < 0.05, n = 4; Figure
5) and is in agreement with our BAL data. Similar exacer-
bated neutrophil influx (P < 0.01; Figure 5) and reduced
number of macrophages are seen. However, LPS has fur-
ther potentiated the allergen-induced eosinophil influx
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TABLE 4
Effects on inflammatory cell count, microvascular leakage, and serum antibody levels*

Exposure Total Count Evans Blue Neutrophils Macrophages Eosinophils Lymphocytes OVA-Specific IgE OV A-Specific IgG
(d) n (10%/ml) (mg/ml) (10%/ml) (10%/ml) (10%/ml) (10%/ml) (1/10g, titer) (1/10g, titer)
Sens/sal 8 064*+014 195*+0.02 0.02=*001 044=0.02 0 0.18 = 0.04 7.32 £0.29 4.32 £ 0.43
Sens/OVA 11 4.16 = 0.19** 4.36 = 0.21** 0.26 = 0.03** 1.59 = 0.10** 0.16 = 0.03** 2.15 = 0.15**  7.03 = 0.35 4.15 = 0.40
LPS-1 6 0.75+0.05* 268+ 0.76* 0.08+ 0.02* 0.40 = 0.08* ot 0.27 + 0.03* 3.49 + 0.52¢ 10.16 = 0.34*
LPS1 5 0.90=*0.13" 2.88=051' 0.07*0.02" 0.49 = 0.08* o 0.33 = 0.07* 392+ 057 9.72 x 0.57*
LPS2 5 1.04+0.20* 3.31+0.74* 0.10+0.03" 0.49 = 0.08* o* 0.48 + 0.15* 2.92 + 0.45¢ 8.72 = 0.91*
LPS4 5 0.88+0.20" 288+057" 0.12+0.02" 050 = 0.06* ot 0.35 + 0.17* 452 = 0.74* 9.12 *+ 1.19*
LPS6 5 836=067" 698=034" 648+08" 0.62=010" 043 =*008" 0.83 =+ 0.23" 7.32 =048 3.92 +0.55
LPS8 5 886*052" 623+067" 670+ 051* 074=0.21* 054=*0.18" 0.88 +0.12* 7.92 = 0.67 2.92 £ 0.45
LPS10 5 816+ 055" 574+038 623+052% 067=022" 0.60=*0.16" 0.66*0.18* 8.32 £ 0.61 3.32 = 0.50

*Inflammatory response in sensitized and OV A-challenged animals exposed to LPS 24 h before sensitization (LPS-1 group) or 1, 2, 4, 6, 8 and 10 d after sensitiza-
tion. Serum OV A-specific IgE and 1gG were measured. Total and differential cell counts in the BALF and Evans Blue leakage were studied. Results are expressed

as means + SEM.
**P < 0.01 versus sens/sal.
TP < 0.05 and *P < 0.01 versus sens/OVA.

into the lung parenchyma (P < 0.01, n = 4; Figure 5),
which was not shown by the lavage results (Table 3).

Discussion

The aim of the present study was to determine the influ-
ence of bacterial products on allergen-mediated late-phase
events in sensitized animals and on primary allergen sensi-
tization in vivo. We characterized allergic inflammation
per se in sensitized PVG rats as being associated with ele-
vated serum OVA-specific IgE antibody, with infiltration
of inflammatory cells including eosinophils into the paren-
chyma and BALF, as well as increased microvascular per-
meability and hyperresponsiveness to inhaled MCh 24 h
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Figure 4. Effects of LPS given before sensitization. Cumulative
dose-response curves to inhaled MCh (2 to 16 mg - ml~?) in sen-
sitized and OV A-challenged animals exposed to 50 pg - kg~* LPS
24 h before sensitization (LPS/sens/OVA) (filled squares) (n =
4). Results are measured as a percentage increase in frequency-
dependent tissue resistance and are expressed as means = SEM.
P < 0.01 versus sens/OVA (inverted triangles) (n = 11) and **P <
0.01 versus sens/sal (filled circles) (n = 10).

after allergen challenge. These findings are in agreement
with previous reports (20, 21). In a separate group of ani-
mals we also showed that bacterial inflammation, mim-
icked by exposure to aerosolized LPS, results in increased
total cell count in the lavage, predominantly as a result of
neutrophil influx which peaked at 6 h after exposure and
remained elevated above controls for up to 24 h. Similar
inflammatory response is evident in the lung parenchyma
after exposure to LPS. LPS-induced Evans Blue leakage
and hyperresponsiveness were also seen 6 h after exposure
but were no longer apparent after 24 h. These findings are
in agreement with those published by Pauwels and co-
workers (22).

The effects of exposure to bacterial LPS on the sensiti-
zation per se can be seen in Table 4. These results clearly
illustrate that if animals are exposed to LPS 1 d before and
up to 4 d after sensitization with OVA, LPS inhibits the in-
crease in OVA-specific IgE and upregulates serum I1gG
levels. As a consequence, no cellular influx or increased
Evans Blue leakage into BALF after allergen challenge
was evident, and in these animals no hyperresponsiveness
to inhaled MCh was evident. When animals were exposed
to LPS from Day 6 to Day 10 after sensitization a de-
creased OV A-specific 1gG antibody level and increased
serum OVA-specific IgE was seen at Day 12 compared
with sensitized animals not exposed to LPS. In these sensi-
tized animals LPS also exacerbated the allergic response
to OVA, further exaggerating the Evans Blue leakage and
cellular influx, in particular neutrophils and eosinophils.
Studies by Michel and coworkers (23) similarly showed
that LPS in house dust exacerbates symptoms in atopic
asthmatics.

LPS exposure upregulates the production of Thl cyto-
kines, especially IFN-vy in human T cells (24), and inhibits
the expression of Th2 cytokines in vivo (25). IFN-y inhib-
its the clonal expansion of Th2 cells and suppresses IgE
production by human lymphocytes during primary sensi-
tization (26). In our animals exposed to LPS from 1 d be-
fore and up to and including 4 d after sensitization, IFN-y
would be expected to inhibit expansion of Th2 cells and
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Figure 5. Histologic assessment of lung parenchyma. Effects of
LPS 6 h after exposure in naive animals (open bars) (n = 4), of
OVA in sensitized animals (striped bars) (n = 4), and of LPS in
sensitized and OV A-challenged animals (filled bars) (n = 4) on
total inflammatory cell count (top panel) and eosinophil (middle
panel) and neutrophil (lower panel) numbers. Results are ex-
pressed as means = SEM of 10 random, nonoverlapping lung pa-
renchymal fields. TP < 0.05 and TP < 0.01 versus sens/sal; **P <
0.01 versus naive; P < 0.05 and 58P < 0.01 versus sens/OVA/sal.

the synthesis of OV A-specific IgE. After the fourth day af-
ter sensitization a different process is likely to be occur-
ring. In the primary allergic response the OVA allergen is
presented to CD4% T lymphocytes largely by dendritic
cells (27), resulting in the expansion of OVA-specific Th2
cell clones. These cells produce Th2 cytokines including
IL-4 which, in turn, acts on “virgin” B cells to produce
memory B cells and IL-4-independent, IgE-producing
plasma cells that are no longer sensitive to the inhibitory
effect of IFN-y (28). Our data would suggest that in the
first 4 d after sensitization, IFN-y and/or IL-12 produced
by LPS exposure drives the B cells toward 1gG antibody
production but inhibits class switching through to IgE. The

different pattern of response to LPS seen when 6 or more
d are allowed to lapse between primary sensitization and
LPS exposure suggests that plasma cells committed to pro-
ducing IgE are present by Day 6, and these committed
IgE-producing cells are resistant to IL-12 and/or IFN-y
produced in response to LPS exposure. LPS must be
present before the isotype switch to IgE has occurred by
Day 6 to exert its inhibitory effects.

In this paper we report that LPS induced hyperrespon-
siveness in naive as well as in sensitized but saline-chal-
lenged animals. The mechanisms involved in this increased
responsiveness to MCh is currently unknown, however a
recent report by Andersson and coworkers at an Interna-
tional Meeting of the American Thoracic Society (29) sug-
gests it may be the downregulation of the constitutive ni-
tric oxide synthase (cNOS) isoenzyme that is responsible
for this phenomena. These researchers have shown LPS to
halve the cNOS activity in the rat lung and the trachea 6 h
after intratracheal instillation with LPS. Similarly, data
reported by Schuiling and colleagues further point to an
involvement of decreased levels of cNOS-derived nitric
oxide in the airway hyperreactivity seen after allergen chal-
lenge in sensitized guinea pigs (30).

Exposure to LPS 18 h after OVA challenge in sensi-
tized animals further exacerbated the cellular allergic in-
flammatory response to the allergen. The profile of the in-
flammatory response was characterized by exaggerated
neutrophil influx and microvascular leakage without eosin-
ophil influx into the BALF. In addition, the usual postal-
lergen challenge hyperresponsiveness to inhaled MCh was
abolished. This reported dissociation between neutrophil
influx and airway hyperresponsiveness has previously
been shown in our laboratory using Brown—-Norway rats
(unpublished observation) and is in agreement with re-
ports of ozone-induced lung inflammation (31, 32).

The mechanism by which LPS is able to normalize re-
sponses to MCh in allergic animals may be explained by its
stimulation of inhibitory cytokines IL-12 and/or IFN-y. IL-
12 is produced by monocytes and dendritic cells in re-
sponse to bacterial products, including LPS. In the pres-
ence of IL-4, LPS stimulates the production of high levels
of IL-12 by human dendritic cells in vitro compared with
low levels in the absence of IL-4 (33). Schwarze and co-
workers have shown IL-12 to inhibit airway hyperrespon-
siveness to MCh after OVA exposure in sensitized mice
(34). This mechanism may be responsible for the lack of
hyperresponsiveness observed in our sensitized and aller-
gen-challenged animals exposed to LPS. Further, Schwarze
and coworkers suggested that LPS may serve to prevent
the influx of eosinophils into the BALF after allergen
challenge. This is supported by our results in sensitized an-
imals exposed to LPS 18 h after OV A challenge, where we
failed to detect eosinophils in the BALF even though his-
tology has shown eosinophil accumulation in the lung pa-
renchyma, suggesting a possible LPS effect on regulation
of eosinophil chemoattractants and/or eosinophil apopto-
sis. The presence of LPS in aerosolized OVA (given chron-
ically) has been shown to prevent OVA-induced eosino-
philia in guinea pigs (35), and contamination of allergen
used for bronchial challenge with LPS resulted in alter-
ation of cellular inflammation (36).
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To summarize, in this study we have demonstrated that
in the PVG rat, exposure to the bacterial product LPS has
the ability to prevent sensitization to allergen in vivo only if
the exposure occurs early in the sensitization process,
which in this model means up to Day 6 after primary sensi-
tization with allergen. Exposure to LPS after Day 6 further
aggravated the allergic inflammatory response. In our
study LPS can thus be seen as having dual effects. First, ex-
posure to LPS after allergen challenge in sensitized animals
inhibited MCh hyperresponsiveness and eosinophil influx
into the BALF which we can propose to be associated with
its stimulation of high levels of IL-12 resulting in inhibition
of Th2-driven allergic response (34). LPS also stimulated
B-cell activity. Up to and including 4 d after sensitization,
LPS was able to stimulate the B cells to differentiate into
1gG-producing plasma cells. However, if the isotype switch
had already occurred, LPS then directly stimulated those B
cells which have been primed to produce IgE.

It is currently accepted that respiratory viral infections
are important “trigger factors” in the development of al-
lergic respiratory diseases, particularly asthma (37, 38).
Unlike viral infections, bacterial infections do not gener-
ally trigger asthma and in fact, early exposure may protect
the individual from development of atopy and asthma
later in life (8). In this study we have reported additional
evidence suggesting a potentially protective role of bacte-
rial exposure against primary allergen sensitization which
could result in disease modification involving alterations
in the natural history of asthma. This mechanism may con-
tribute to the variations in the frequency of atopy/asthma
that have recently been reported between first- and sec-
ond-world countries, which point to an inverse relation-
ship between disease prevalence and socioeconomic status
(39-41). These findings have led to the development of the
“hygiene” hypothesis which suggests that decreasing levels
of exposure to infections (42, 43) and/or commensal mi-
crobial stimuli (6, 8) in developed countries, particularly
during the induction of primary Th1/Th2 responses to
aeroallergens during early life (8, 44), may be responsible
for increased disease prevalence. Bacterial LPS has been
suggested as a potential mediator of these effects (8), and
in this context it is interesting to note that a recent study
has identified a polymorphism in the gene encoding the
high-affinity receptor for LPS (CD14) which is associated
with atopy intensity (45).
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Antibodies against molds and mycotoxins following exposure to toxigenic fungi in a water-damaged building
Aristo Vojdani

MOLDS represent a subgroup of fungi, which can grow where moist conditions exist (e g, on wood, leather, carpets, clothing,
drywall, sheet rock, and insulation). Given that molds grow in wet or moist indoor environments, individuals are sometimes
exposed to molds or to their byproducts Such exposures ean occur either by direct contact with surfaces, or through the air if
mold byproducts are aerosolized. (1) Exposure to certain types of airborne molds and their spores can cause allergic reactions,
episodes of asthma, and other respiratory problems in individuals who are predisposed genetically and immunologically.

Health problems that result from molds may also occur when individuals are exposed to large doses of chemicals called
"mycotoxins,” which are produced by molds. (2-4} Mycotoxins are fungal metabolites that exert toxic effects ranging from
severe isTitation to immunosuppression and cancer. Virtually all of the information related to disease induced by mycotoxins
concerns ingestion of contaminated food. {5) In heavily contaminated environments, neurotoxic symptoms related fo airborne
mycotoxin exposure have been noted. (6)

Several species of melds, including some found indoors in contaminated buildings, preduce mycotoxins. (7-9) During the past
10 yt, concern has escalated about exposure to multiple mycotoxins from a mixture of mold spores growing in wet indoor
environments. (10-12} Adverse health effects from exposure to a mixture of mold spores are different from those related to a
single mycotoxin exposure under controlled conditions. Indoor exposure to molds and their spores or mycotoxins more closely
resembles the field exposure of animals to the entire mold or its byproducts than it does the controlled experimental laboratory
exposure to a single agent via a single exposure route. (13-14)

In contrast to a controlled laboratory exposure, field exposure of animals to molds produces effects on the immune system
which are manifested as increased susceptibility to infectious diseases. (13) Many mycotoxins are also cytotoxic; therefore,
depending on the route of entry, mycotoxins may be damaging to the skin, lung, or gut Such evtotoxicity to the lungs may (a)
affect the physical defense mechanisms of the respiratory tract; (b) damage alveolar macrophages; and (c) decrease the
airway's ability to clear bacteria, viruses, and other particulate matter in humans. (13} The combined outcome of these
immunesuppressive and cytotoxic activities of mycotoxins increases the susceptibility of the exposed person to infectious
diseases, and possibly cancer.

Several toxigenic moids have been found by different laboratories during air-quality investigations of damp homes and offices.
Among the genera found mest frequently in numbers that exceed levels found outdoors are Aspergillus, Penicillium,
Stachybotrys, Chaetomium, Alternaria, and Cladosporium. {14-18) However, systematic studies of health effects and
immunelogical reactions related to indoor exposure to these molds, and antibody production against their antigens and toxins,
have not been studied simultaneously. Johanning et al. (17) used Stachybotrys exiracts and enzyme-linked immunosorbent
assay (ELISA) and radioallergosorbent (RAST) protocols to measure mold-specific immunoglobulin (Ig)G and IgE in the blood
of individuals exposed to toxigenic fungi. They found no elevated levels of these antibodies to S. chartarum, which was
statistically significant {17) In another study, an increase in IgA production and IgA nephropathy was reported in mouse
experiments after tire rodents were injected with trichothecene of vomitoxin. (19) Similar findings were reported when IgE,
TgG, and IgA antibodies against S. chartarum were measured in patients with asthmatic or mycotoxicosis symptoms, Mycelium
extract was used in the ELISA assay, and the Stachybotrys-specific IgG and IgA were detected in the group of exposed subjects-
-but not among the control groups. IgA and IgG levels were significantly higher (p < 0.01 and p < 0.05, respectively) in the
patient group than in the control group. The IgE levels did not differ between groups. Raunio et al. (20) suggested that

http:/findarticles.com/p/articles/mi_m0907/is_6_58/ai_114009668/print 8/14/2007
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exposure to Stachybotrys did not cause [gE-mediated allergy in humans, and that the IgA response better reflected exposure to
the fungus than did the IgG response.

Other investigators have reported that the serum IgA level was a more specific factor than 1gG level for indicating Farmer's
Lung disease, which is also associated with fungal exposure. Investigators reached the same conclusion concerning antibodies
against Aspergillus fumigatus. (21,22) When specific IgA was detected in a patient's sera, the IgA concentrations in
bronchoalveolar Javage were high. These results suggest that the concentration of serum IgA may depend on the magnitude of
respiratory exposure to fungi. (23)

Given that the respiratory tract is the major route of exposure for fungi, their spores, and mycotoxins, we conducted the
present study to measure specific IgG, IgM, IgE, and IgA in blood against 7 different molds found most frequently in water-
damaged buildings. Moreover, we analyzed these antibodies against molds, as well as against 2 of the most common
mycotoxins they produce, to develop a more useful biomarker of exposure in the work environment. Simultaneous detection of
antibodies against both toxigenic fungi and their mycotoxins may indicate occupational exposure to molds and their
metabolites in a subpopulation of individuals exposed to molds.

Method and Materials

Invirenmental exposure evaluation and patients. The study population of 40 patients (e g., executives, directors, secretaries,
and administrators [among others], who ranged in age from 26 vr to 62 y1 of age [11 males and 29 females]} worked for various
organizations and was exposed occupationally to moids under the same indoor environmentai conditions. Most subjects had
moved to offices in the building in 1095 or earlier- In December 1998, major flooding occurred, and water entered the roof of
the building. The flood scenario was described as "waterfalls from the ceiling”; the building and its fittings became damp,
moist, and broken Carpets felt "spongy” when walked upon. Attempts were made to patch the roof; however, it continued to
leak during the year 2000. Commencing in the summer of 2001, patients could see colorful molds growing on the walls, and
portions of the ceiling began to peel. The musty odor that pervaded the building was so unpleasant that the employees chose to
wear paper masks. Soon after these events occurred, employees began to seek medical help.

Each emplovee was administered a health survey--during which a questionnaire developed by the American College of
Occupational and Environmental Medicine (Arlington Heights, Hlinois) was administered and a complete physical
examination was conducted. Neurological and behavioral symptoms--inciuding blurred vision, memory loss, fatigue,
headache, migraine headache, nausea, loss of balance, cognitive deficits, rhinitis, sinusitis, nesebleeds, rashes, allergies, and
painful lymph nodes--were recorded. Reported symptoms were similar to those indicated by patients with Chronic Fatigue and
Fibromyalgia syndromes. Some of these symptoms were confirmed by pulmonary function testing and single-photon emission
computed tomegraphy (SPECT) scan. Environmental engineering firms tested the building (i.e., tape transfer, swab samples,
and viable microbial activities were performed at different locations, including walls, ceilings, tiles, and sinks), and elevated
levels (i.e., > 2,000 CFU/swab) of Aspergillus, Alternaria, Cladosporium, Penicillium, Stachybotrys, and Chaetomium were
reported. Blood samples were drawn from the patients and from 40 age- and sex-matched contrel subjects who had no history
of exposure to toxigenic indoor molds or symptoms associated with such exposure. The samples were sent to our laboratory by
overnight courier, maintained at 4[degrees]C, and subjected to various examinations {described later)

All patients gave their informed consent and allowed inclusion of their data in this manuscript without disclosure of their
identity in the publication. Furthermore, we removed the specimens' identifier numbers from the samples, labeled them 1-40,
and maintained them at -zo[degrees]C. A few months later, levels of IgG, IgM, IgA, and IgE antibodies against ¢ different
mold antigens were measured. Inasmuch as residual serum material was examined retrospectively, and at the time of
examination samples did not have patient/donor identifiers, this study was exempt from oversight by the institutional review
board.
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Preparation of fungal antigen. The protocol for optimal fungal antigen extract preparation was followed, using procedures
described previously. (24-27) Molds, Stachybotrys chartaruin, Chaetomium globosum, Penicillium notatum, Aspergillus niger,
Alternariza alternata, Cladosporium herbarum, and Epicoccum nigrum were obtained from the American Type Cuiture
Collection {Rockville, Maryland). Initialy, the molds were cultured on 2% malt extract agar (MEA) for 8 days at 25[degrees]C,
after whieh spore suspensions were prepared in 0.1 M phosphate buffered saline (PBS) (pH 7.4) that contained 0.05% Tween
20[TM] (i.e., sorbitan mone-g-octadecenoate poly[oxy-1,1-ethanedyl]). For each spore suspension, 1 ml was inoculated into
100 m) of 2% malt extract broth (for Stachybotrys), or inte cellujose broth (for the others) in untreated glass bottles, and the
cultures were incubated for 10 days at 25[degrees]C. Mycelium was separated from the broth by centrifugation at 2,000 g for
20 min, dried in a vacuum dryer, and stored at -7o{degrees]C. Dried mycelium-containing spores were suspended at 50 mg/ml
in 0.1 M PBS (pH 7.5) containing ¢ 02% phenylmethyl sulfonyi fluoride (PSF) and 0.02% sodium azide. The mycelium
suspension was sonicated for 5 sec at an output of 70% with Virsonic 50 (Virtis Company [Gardiner, New York]). The
sonication step was repeated 10 times for maximum cell disruption; thereafter the suspension remained on a shaker for 24 I
at 4]degrees]C. Following centrifugation at 4,000 g, the supernatant was dialyzed at molecular cut-off 2kD against PBS at 4
[degrees]C for 24 hr, lyophilized, and stored at -70[degrees]C. For quality control and reproduction of antigenic preparation of
these mold extracts, 20 mg of each was dissolved in 1 ml of 0.01 M PBS, the protein content was determined, (28) and its
components were analyzed by 15% sodium dedecy] sulfate (SDS) gel electrophoresis (Bio~Rad Laboratories [Hercules,
Californial).

Preparation of mycotoxins. Mycotoxins from different molds were prepared in accordance with a modified method that
originated in our laboratory. (17) A total of 100 mg of dried myceliumn was extracted with 2 ml of 20% methanol in chloroform
at 40[degrees]C, with repeated sonication for 30 min. The extract was passed through a silica gel column (Bio-Rad
Laborateries [Hercules, Califernia]) and washed with 10 mi of 8% methanol in dichloromethane. The eluent was evaporated
under a stream of dry nitrogen, and the remaining oily material was dissolved in 1 ml of ethanoi and analyzed by reversed-
phase high-performance liquid chromatography (HPLC) (ESA [Chelmsford, Massachusetts], model 5600 Coularray Detector,
with solvent delivery pump model 580 and an analytical cell that uses 2 porous graphite electrodes). The columa was C-18
rainin 5-imicro]m 4.6 x 250 mm, with a 15-min gradient of 60-75% methanol in water, a flow rate of 1 ml/min, and monitoring
at 260 nm. Two peaks—1 at 10 6 min and the other at 12.2 min--were obtained which corresponded in retention time to those
of satratoxin H and trichothecene. The total amounts of satsatoxin H and trichothecene were obtained in 100 mg of sample
and were estimated at approximately 1.5 [microlg and 1.7 [microlg, respectively.

Binding of mycotoxins to human serum albumin (HSA). Satratoxin was coupled to the carrier protein HSA with 1-cyclohexyl-
3-(z-morpholinoethyl) carbodiimide-metho-4-toluolsufonate (CCMT) and with succinic anhydride. A total of 100 [micro]g of
satratoxin in 100 [micro]l pyridine was reacted with 2 mg of suceinic anhydride in a 45[degrees]C water bath with off-and-on
vortexing. The reaction mixture was evaporated to dryness. The satratexin-hemisuccinate was dissolved in 200 [micro]p of
dimethy] formamide and was added dropwise to a 1-ml solution of 0.1 M carbonate buffer (pH 9.5) that contained 10 mg of
HSA and 2 myg of CCMT. The mixture was kept on the stirret for 4 hr, followed by the addition of 1 mg CCMT and adjustment
of the pH to 7.5 with 1 M HCI, followed by an additional incubation of 4 hr. Finally, after the addition of 1 mg of CCMT, the pH
was adjusted to 5.5 and the mixture was kept on the stirrer for 4 hir at room temperature. Uncoupled residues of the reagents
and derivatives were removed by dialysis at a cutoff of 2,000 g against 0.1 M PBS (pH 7.2) for 48 hr. Following centrifugation
at 10,000 g, binding of satratoxin to HSA was examined by SDS gel electrophoresis. A shift in the location of the HSA band
after the addition of mycotexin was used as evidence for the binding capacity of satratoxin to the carrier protein.

ELISA for detection of IgG, IgM, IgA, and IgE against fungal antigens and mycotoxins We analyzed levels of IgG, Igh], Iga,
and IgE against antigens of molds in human sera by indirect ELISA. Microtiter plates were coated with 0 1 ml of HSA in
duplicate, to serve as controls, or with mold extract and mycotoxins at a protein concentration of 10 [micro]g/ml. Following
incubation, washing, and blocking with 2% bovine serum albumin (BSA), 0.1 ml of human serum, at an optimal dilution of 1:2
for IgE and 1:100 in serum diluent buffer (2% BSA in 0.1 ml PBS plus 0.01% Tween 20) for IgG, IgM, and IgA, were added into
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the duplicate wells of the plates. Plates were incubated at 37[degrees]C for 2 hr and washed 3 times with PBS Tween 20
(PBST), after which 0.1 ml of affinity-purified goat anti-human IgG([gamma]), IgM([mu]), IgA({[alpha]), or IgE{[epsilon])
light-chain-specific, conjugated with peroxidase at dilutions of 1:500, were added and incubated at 37{degrees]C for 1 hr.
Following 4 washings with PBST and the addition of 0.1 ml of 3,3',5,5"-tetramethylbenzidine (TMB) peroxidase substrate, color
development was measured. After incubation for 30 min, and addition of a stop solution, the intensity of color was measured
spectrophotometrically at 492 nm. For each specimen, the ELISA background reading of wells coated with HSA was
automatically subtracted from the wells coated with mold antigens. The background reading of weils coated with nonspecific
antigen (i.e., HSA) reacted with the serum and all other reagents and was less than 12% of the absorbances of the wells coated
with mold antigens. in each assay, serially diluted sera from rabbits immunized with molds antigens, and from patients after
immunotherapy with high levels of antibodies against different molds, were used for the construction of a standard curve. We
piotted the mean absorbances obtained from duplicate wells from each calibrator against their optical density (OD) values te
determine the ODs for unkaown samples.

Coefficients of intra-assay and inter-assay variations. We caleulated coefficients of intraassay variations by running 5 samples
8 times in 1 assay. Coefficients of interassay variations were determined by measuring the same samples in 6 consecutive
assays. This replicate testing (a) established the validity of the ELISA assays; (b) determined the appropriate dilution with
minimal background; and (c) detected serum, IgG, IgM, igA, and IgE against different antigens. Two sera from healthy
controls and 2 from patients exposed to molds were used for the construction of control curves.

Determination of optimal dilution of serum. We determined the optimal dilutions of sera by diluting 20 different controls' and
patients' sera 1:25-1:400 in serum diluent buffer and adding the sera to duplicate wells coated with either HSA or mold
antigens. Dilutions between 1:50 and 1:200 resulted in a good linearity. Therefore, a serum dilution of 1:100 was used for all
IgG, IgM, and IzA antibody assays.

For 1gE assay, 20 different sera from controls and patients were used undiluted or diluted from 1:2 to 1:8 in serum diluent
buffer. All other steps were similar to IgG, IgM, or IgA determinations. Good linearity was maintained throughout the IgE
calibration range. However, given that a dilution of 1:2 provided minimal background, it was used in the IgE assay.

Antibody specificity testing by absorption of sera. Specificity of the ELISA assay for molds and mycotoxin antibodies was
confirmed by mold antigens or mycotoxin competition Fo: this testing, 6 different sera with high leveis of IgG, IgM, and Iga
antibodies (OD in ELISA > 0.8) against Stachybotrys or satratoxin were used in different test tubes. One ml of each serum was
preincubated with 1 mg of HSA, Stachybotrys antigens, satratoxin and trichothecene bound to HSA, or 10 ng of each mycotoxin
alone. After mixing, tubes were kept for 1 hr in a 37[degrees]C water bath, followed by 1 hr of incubation at 4[degrees}C and
centrifugation at 3,000 g for 10 min. The supernatant was used for measurement of IgG, IgM, and IgA antibody levels against
Stachybotrys antigens and mycotoxins.

Statistical analysis. Systat program version 5.2 {Systat, Inc. [Evanston, Illinois]) was used for statistical analysis. Normal
distribution of data was tested by the Kolmogorov-Smirnov i-sample test. One-way analysis of variance (ANOVA) was
performed with ANOVA and the Kruskal-Wallis H test for ranked data. For post hoc analysis, Tukey's test was employed
Correlations were performed with Pearson's test and the nonparametric Spearman's rank order test. In this study, p values
[less than or equal to] © 05 were considered significant.

Results
Fungal contamination in a water-damaged building. Environmental laboratory examinations of the water-damaged office

building were conducted by an environmental engineering firm. Microscopic and culture analysis revealed significant fungal
contamination with Alternaria, Aspergillus, Chaetomium, Cladosporfum, Epicoccum, Penicilliumn, and Stachybotrys.
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Concentration samples of these molds were taken from 7 different locations in the building. In 4 of 7 swab samples, viable
microbial activity on MEA and cellulose agar exceeded 2,000 colony-forming units (CFU/swab) {Table 1}, Sample 2 was
dominated by Stachybotrys; sample 4 by Penicillium and Chaetornium; sample 5 by Epicoceum and Penicillium; and sample 6
by Penicillium and Epicoccum. Total bicaerosols were also measured by collecting air sampies and culturing on MEA and
cellulose agar. Results of 4 different samples showed a range of 42-32,251 CFU/[m sup.3] of molds, with Cladosporium being
the predominant species (Table 2). In air samples 1 and 3, the concentration of Cladosporium was approximately 1 x {10.5up 3}
and 3 x [10.sup.4] CFU/[m.sup. 3], respectively {Table 2). Detection of a significantly high level (> 400 CFU/[m.sup 3]) of
molds strongly suggested that reservoirs of spores existed in the building at the time of sampling,. Patients reported to their
examining physicians the presence of a "strong musty odor." In fact, they stated that the musty odor was so offensive that they
began wearing masks, which allowed them to function more effectively. Soon afterwards, they presented with neurological and
behavioral symptoms. The most common symptoms were fatigue, headache, easily losing one's breath, muscle and joint pain,
memory disturbance, multiple chemical sensitivities, and allergies. Some of these abnormalities were confirmed by pulmonary
function tests and SPECT scans, which were abnormal in 60% and 80% of patients, respectively (Table 3}, These symptoms
were present in a statistically significant (p < 0.0001} larger proportion (55-92.5%) of employees in the contaminated office
building than in controls (0-25%).

Detection of IgG, IgM, IgA, and IgE antibodies. Sera from healthy control subjects who had no history of exposure to molds,
and from 40 patients exposed to molds or their spores in the indoor environment, were analyzed for the presence of IgG, IgM,
IgA, and IgE antibodies against different mold antigens and mycotoxins. The ELISA results were expressed by individual and
mean [+ or -] standard deviation (SD) of OD at 492 nm. The OD for IgG antibody values obtained with a 1:100 dilution of
healthy control sera ranged from o0 01 to 1.27 OD and varied among subjects and mold antigens. The mean {+ or -] 8D of these
OD values ranged from 0 16 [+ or -} 0.14 OD to 0.24 [+ o1 -} 0.26 OD. The corresponding IgG OD values from mold-exposed
patients' sera ranged from 0.02 to 1.97 OD; mean [+ o1 -] SD levels for IgG values varied from mold to mold and ranged from
0.30 [+ or-] 0.25 OD to 0.52 [+ or-] 0 53 OD. For all 7 moids and the 2 mycotoxins, the difference between mean [+ or -] SDs
of controls' sera and mold-exposed patients' sera were statically significant (Alternaria: p = 0.008; Aspergillus, Stachybotrys,
and Chaetomium: p = 6.001 ; Cladosporium: p = 0.009; Epicoccum: p = 0.003; Penicillium: p = 0.0005; satratoxin: p = 0 013;
and trichothecene: p = 0.049 [Figs. 1-4]).

[FIGURES 1-4 OMITTED]

At OD values above the mean of 2 standard deviations in the healthy control group, levels of IgG antibodies against these
antigens were calculated in controls' and patients' sera, and we found that even though 10-15% of the controls' sera had IgG
values that were 2 standard deviations higher than the mean control group, the mold- and mycotoxin-exposed group revealed
an elevation in IgG values from 20% to 42.5% {p < 0.01 [Table 4]). The individual data presented in Figures 1-4 showed that if
specimens from controls and patients presented an elevation in IgG, IgM, IgA, and IgE antibodies against 1 or more molds,
they also showed a significant elevation in antibodies against mycotoxins. However, we found several specimens that were
positive for IgG antibodies against 1 or more molds that did not have any antibodies against satratoxin or trichothecene Levels
of IgA antibodies against molds and mycotoxins in sera of healthy controls and mold-exposed patients are shown in Figure 2.
These serum IgA antibodies against all 7 molds and the 2 mycotoxins were significantly higher in patients than in controls. The
mean [+ or -] standard deviation for controls ranged from 0.17 [+ or -] 0.16 OD to 0.27 [+ or -] 0.29 OD; for patients, these
values ranged from 0.35 [+ or -] 0.34 OD to 0.67 [+ or -] 0.70 OD. Differences between IgA antibody levels in controls and
patients were statically significant (i.e, Alternaria: p = 0.008, Aspergillus: p = 0.03, Chaetomium: p = 0.006, Cladosporium: p
= 0.007, Penicillium: p = 0 015, Stachybotrys: p = 0.002, satratoxin: p = 0.018, and trichothecene: p = 0.004. With respect to
Epicoccum, however, the differences in IgA levels were not significant (p = 0.25). When we used 2 standard deviations of the
mean control as the cutoff point, 10-17.5% of controls vs. 22.5-42.5% of mold-exposed patients showed elevated IgA antibody
levels (p < 0.01). The highest percentage of IgA antibody levels was initially attributed to Stachybotrys--followed by Penicillium
and Chaetornium (Table 3).
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Likewise, IsM antibody levels against these molds and mycotoxins were examined in both groups. The mean [+ or -] standard
deviation of the data showed significant differences between control and patient groups only for Stachybotrys, Cladosporium,
Alternaria, Aspergillus, satratoxin, and trichothecene {p < ¢0.05)--but not for Chaetomium, Epicoccun, or Penieillium. The
percentage of elevated serum IgM antibodies against these molds and mycotoxins were elevated more significantly in patients
than in controls for Stachybotrys, satratoxin, Cladosporium, and Penicillium (Table 3). Similar to IgG anti-mold antibody
values, IgA and IgM levels against mycotoxins were elevated only when the same specimens had high levels of antibodies
against 1 or more molds.

Fungal-specific 1gE antibodies were measured using similar microplates coated with fungal antigens and mycotoxins. Each
serum was assayed at a 1:2 dilution in serum diluent, in duplicate The mean [+ or -] 8D for IgE levels is shown in Figure 4
Whereas the overall mean [+ or -] 8D for Igk values was higher in patients than in controls, only Aspergillus and satratoxin
values reached a statistically significant level of p [less than or equal to] 0.05; for other molds and mycotoxins, p values
exceeded 0.05. However, at cutoff values of 2 standard deviations, 7.5-12.5% of control sera and 12.5-27.5% of mold-exposed
sera of patients revealed elevated IgE values (Table 4).

Specificity, intra-assay, and inter-assay precision. The coefficient of intra-assay variation caleulated for 5 samples from the
results of 8 replicates was 5.7-10 2% for IgG, 5.8-8.2% for IgM, 5.6-11.3% for IgA, and 7.7-10.9% for IgE. The inter-assay
precision was calculated for the same 5 samples assayed in 6 different runs. The inter-assay variations were 7.8-12.7%, 9.5+
15 5%, 10.6-15.3%, and 11.1-18 5%, respectively, for IgG, IgM, IgA, and IgE. For testing of specificity of IgE antibodies, 10
different sera, with OPs between 0.32 and 1.98, were examined simultaneously by commercially available mold-specific IgE
ELISA assay. Compared with the ELISA described in the Method and Materials section, the overall correlation was 88%.

Absorption of Stachybotrys antibodies with HSA. Stachybotrys mycotoxins bound to HSA were used in inhibition studies and
for examination of antibody specificity. Three different sera with high levels of IgG, IgM, or IgA against Stachybotrys, and 3
sera with high levels of antibodies against satratoxin and trichothecene were absorbed with nonspecific and specific antigens.
Results showed that nonspecific proteins--such as HAS--did not change the IgG, IgM, and IgA antibody levels against
Stachvbotrys and mycotoxins; however, Stachybotrys antigens, satratoxin, satratoxin-bound HSA, trichothecene, or
srichothecene-bound HSA absorbed the IgG antibody levels from 42-61%, 15-40%, 33-44%, 12-34%, and 24-51%, respectively.
Similar to IgG--but to a lesser degree--IgM and IgA antibodies were absoibed more effectively with Stachybotrys antigens than
with mycotoxins bound to HSA or with mycotoxins alone. This significant absorption and inhibition of IgG, IgM, and IgA
antibodies by fungal antigens of mycotoxins bound to carrier proteins is the best evidence for the specificity of fungal
antibodies.

Discussion

Health effects from exposure to melds in water-damaged building environments can result in allergy, infections, or mucous
membrane and sensory irritation toxicity alone, or in combination. However, despite this variety of adverse health effects,
significant emphasis is placed only on Type 1 allergy. (29-31}

There are hundieds of molds with thousands of different antigens that can contaminate indoor air. Depending on the types of
molds and antigens, as well as an individual's genetic susceptibitity, 1 or all 4 types of allergic reactions are possible following
exposure. This means that atopic individuals exposed to molds found indoors can develop sensitization and allergy, which can
be confirmed by a skin test or RAST IgE test. However, the nonatopic individual, as a result of a lack of IgE production, would
not be identified as having mold allergy, even while presenting symptoms of chronic illnesses. (32) For this reason,
mechanisms other than IgE mediation have been explored by various investigators. In an epidemiological and immunelogical
study of materials from a water-damaged office building, samples were contaminated with Stachybotrys atra eontaining
mycotoxins. Employees exhibited low levels of abnormalities—-in both their cellular and humoral immunities. Although 48
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individuals were possibly exposed to Stachybotrys, only 4 had an elevated antibody test for it. (17) Other investigators in
several case-control studies have used serology in investigations of subjects from buildings with large amounts of S. chartarum
and have found statistically nonsignificant differences in S. chartarum IgG or IgE antibody levels between exposed and control
groups. (16-18) Conversely, a recent cross-sectional comparison study of water-damaged or mold-contaminated homes in
Finland found fungal-specific IgG concentrations in the sera of residents in houses with and without mold, with other cases
showing a tendency for higher antibody levels to most fungi than in control groups. (33)

In another study, following administration of both strains of S. atra and spores, minor changes in hematological parameters
were detected in mice (p < 0.05); however, IgG antibodies to S. atra could not be detected in the sera of mice exposed to 8. atra

spores intranasally. (34)

Raunio et al. (20) measured IgE, 1gG, and IgA antibodies against S. chartarum in patients with asthmatic or mycotoxicosis
symptoms. They reported that there was a better correlation between the IgA response and exposure to the fungus than was
found with the IgG response. For the reasons stated earlier, we tested IgG, IgA, IgM, and IgE antibodies against the 7 most
common molds found in water-damaged buildings, as well as against 2 different mycotoxins produced by some of these molds,
including Stachybotrys.

Data presented in Table 4 showed that at a cutoff point of 2 standard deviations above the mean of controls, a significant
percentage of controls had elevated 1gG, IgM, and IgA antibodies against mold and mycotoxins. This elevation of mold-specific
antibodies in healthy controls is an indication of widespread exposure of the population to indoor molds, At the time of venous
biood drawing, these individuals did not present the neurological and behavioral symptoms found in patients exposed to
toxigenic molds. Furthermore, preseutation of clinical symptomatologies did not correlate with the levels of mold antibodies in
all patients. Therefore, it seems that antibody levels do not correlate with disease severity, but are indicative of exposure.
Therefore, in some individuals, detected mold IgG, IgM, and IgA antibodies may be protective--but not pathogenic. The
question remains: "Why are antibody levels not correlated with disease?” Genetics and epidemiological studies suggest that
"You and I can be exposed to exactly the same amount of antigens or haptenic chemicals, but our responses will differ, perhaps
by a hundred-fold.” {35-37) This variation in the ability to handle antigens and haptenic chemicals depends on genetic
susceptibility and enzyme polymorphism. In this regard, numerous specific genetic polymorphisms in multigene families of
cytochrome P450 and glutathione s-transferase have been described in humans during the past decades. (36)

In the health-effect survey, investigators reported that in 56% of workets exposed to toxigenic fungi, 33% of the controls had
Multiple Chemical Hypersensitivity. (17) In our questionnaire, 72 5% of mold-exposed vs. 25% of controls reported chemical
sensitivity (Table 2). Therefore, a high percentage of controls, who had high levels of antibodies against molds and mycotoxins,
may not be genetically susceptible to mold antigens and mycotoxins and, hence, do not show the same health-effect responses
as do a selective number of workers exposed to toxigenic fungi. In addition, we have no information about the degree or Jevel of
exposure to fungal antigens in the control group, or whether individuals with high levels of antibodies will develop
symptomatologies in the future. Moreover, the fungal antibodies found in healthy controls could be protective or cross-
reactive, inasmuch as some fungal antigens may cross-react with one another, (38) and sometimes they even completely cross-
react with different antigens (e.g., Aspergillus and human myelin basic protein (39} or Aspergillus and superoxide dismutase
homology (40}). Despite these cross-reactive or honspecific antibodies in healthy controls, data presented in Figures 1-4 reveal
significant differences in the mean [+ or -] standard deviation of controls vs. patients.

Overall, for the majority of tested molds and mycotoxins, the IgA and IgG levels were significantly higher in the patients than
in the control group (p < 0.01). In patients, the IgM antibody levels against Stachybotrys, Cladosporium, Alternaria,
Aspergillus, and mycotoxins--but not against Chaetomium, Epicoccum, and Penicillium--were significantly different from
levels in controls (p [less than or equal to] 0.05). With respect to IgE values, whereas the overall mean [+ or -] 5D was higher
in patients than controls, only antibodies to Aspergillus and satratoxin reached a statistical significance level of p [less than or
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equal to] 0.05 (Fig. 4). Similar to the results of eailier studies, (16-18) we found nonsignificant differences in Stachybotrys IgE
antibody levels in exposed and control groups {(p = 0.09). In our study, the increase in IgE antibody levels against Aspergillus
and satratoxin may be explained on the basis of recent studies in mice (41-43) and humans, (44,45} both of which have shown
that a T[H.sub.1)/T{Hd.sub.2] dysregulation and switcl: to T{H sub.2] immune response is responsible for
hyperimmuneglobulin E syndrome {46}

Whereas our overall antibody test results against mold antigens correlated with the IgG and IgA antibody levels against
Stachybotrys reported earlier, (20} differences in antibody levels may stem from antigen preparation and dilution of serum.
(17,18) Other investigators cultured the fungus and suspended mycelium in PBS containing PSF, extracted the antigens by
homeogenization and incubation on the shaker for 16-18 hr at 4[degrees]C, and used human sera at dilutions of 1110, 1:40, o1
1:25, for IgE, 1gG, and IgA analysis, respectively. (20) One weakness of the aforementioned studies--ours included--stems from
a lack of examination of antibodies against molds not isolated from the building(s) and grown under the same conditions.

We prepared our fungal antigens similar to the method described above, but with some modification. (20) We used similar
culture and suspension techniques, but we used repeated sonications during 24 hr of extractions. This resulted in a higher
vield of fungal antigens in suspensions. We then compared the protein concentration of commercially prepared fungal antigens
with our antigen preparations before and after sonication. The protein concentration of commercial antigens ranged from 0.4
10 2.1 mg/ml, whereas in our preparations, protein concentrations ranged from 0.8 to 3.5 mg/ml prior to sonication. After
sonication for 10 times, the concentration of proteins increased to 5.8-16.5 mg/ml. Moreover, by performing SDS gel
electrophoresis on an equal amount of protein (i.e., 1 mg [depending on mold species]), we detected between 9 and 22 bands in
commercial antigens, between 7 and 16 bands in our preparations before sonications, and between 21 and 36 protein bands
after repeated sonications (data not shown). Therefore, we used these antigens with a maximum number of fungal antigens at
a concentiation of 1[microlg/well on ELISA plates and found that human sera-~dilutions of 1:2 for IgE and 1:100 for IgG, IgM,
o1 FgA in serum diluent--resulted in optimal ELISA optical densities.

The determination of IgG, IgM, and IgA antibody levels, at sera dilutions of 1:100, was based on hundreds of ELISA assays
performed in our laboratory. Also, many commercially available ELISA Kits use dilutions of either 1:100 or 1:200 for the
determination of IgG antibodies in serum. Moreover, in this study, 20 different sera diluted at 1:25, 1:50, 1:100, 1:200, and
1:400 were measured for antibody levels. For all tested sera, the curve at dilutions of 1:50 to 1:200 was Huear and, therefore,
the IgG, IgM, and IgA antibody detection was performed at 12100 dilution of serum.

Given the isotype competition from IgG, IgM, and IgA with serum concentrations of 0 5-16 mg/ml, the ideal methed for
measuring the IgE level is to capture all IgE from a sample in which anti-IgE antibodies are used, or to remove the other
immunoglobulins from the serum; for example, absorption of the serum by anti-IgG, 1gM, IgA, or with Protein A. (47)
However, given that the antibodies used in our ELISA assays are specific and affinity-purified, exhibiting no cross-reactivity to
other immunoglobulin classes, we did not perform any absorption studies for IgE assay.

This simultaneous detection of 1 or more classes of antibodies against all molds and mycotoxins suggests cross-reaction
hetween different mold antigens, as has been shown in earlier studies. (38) In addition, simultaneous detection of antibody
classes against 2 different mycotoxins (satratoxin and trichothecene) indicates that spores containing mycotoxins can behave
as an antigen and, by their presentation to the cells involved in the immune system, result in antibody production against nold
antigens--as well as metabolites such as mycotoxins.

To out knowledge, there has been no study concerning the effects of fungal exposure on serum IgG, IgA, IgM, and IgE levels
against several molds' antigens, in particular against the mycotoxins. These antibodies appear to be specific, inasmuch as in
our absorption studies only specific antigens such as Stachybotrys, or mycotoxins bound to HSA, could reduce the antibody
Jevels against Stachybotrys, satratoxin, or trichothecene by up to 60%, whereas free satratoxin and trichothecene were
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significantly less effective it absorbing these antibodies.

Finally, the cartier (HSA) alone did not affect the levels of these antibodies. This fact provides further support for the
specificity of these antibodies. Inhibition of these antibodies with mold antigens and mycotoxins, with the simultaneous
presence of 1gG, IgA, or IgM antibodies against different molds and mycotoxins (Figs. 1-4), lead us to conelude that these
specific antibodies could be used only in a subpopulation of patients or in epidemiologic investigations of mold and mycotoxin

exposure. In this regard, our finding of a significant percentage of mold-exposed patients with normal levels of antibodies, as

well as a few controls with abnormal Jevels of mold antibodies, warrants further investigation. In future studies, the issues

related to antigenic load, duration of exposure, genetic variabilities, and protective vs pathogenic antibodies should be

addressed.

Table 1.~-Tape Transfers and Microscopic Examination of Bulk Samples

and Swab Samples for Viable Microbial Activity on Malt Extract Agar

and Cellulose Agar

Sample no.

Sample no.

SIS

Ca

http://findarticles.com/p/articles/mi_m0907/is_6_58/ai_114009668/print

Results of tape transfer and

microscepic mold identification

Stachybotrys spores
Amorphous dirt and dust
Stachybotrys spores
Bmorphous dirt and dust
Chaetomium spores and hyphae
Cellulese fiber

Amorphous dirt and dust
Chaetomiuvm spores
Penicillium and Aspergillus spores
amorphous dirt and dust
Alternaris spores

Amorphous dirt and dust
Chaetomium spores and hyphae
Emorphous dirt and dust
Stachybotrys spores
Amorphous dirt and dust

Swab samples for viable

microbial activity

Mold

identification CFU/swab
Viable molds 0
Stachybotrys sp. > 2,000
Viable molds 0
Chaetomium sp. > 2,000
Penicillium sp. > 2,000
Epicoccum sp. > 2,000

Percentage

™~

60
20
20
80
15

95

20
B8O

100
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Penicillium sp. 270
& Epicoccum sp. 560
Penicillium sp. > 2,000
7 Viable molds 0

Hote: CFU = ccolony-forming units.

Table Z.—--2ir Samples for Viable Microbial Activity on Tota

Bicasrosols
Sample no. Mold identification CFU/Im.sup 3]
1 Cladosporium 1,140
hspergillus 340
Penicillium 340
Myxomycetes, smuts 160
Others <100
Total count 2,200
2 Cladosporium 390
Ascospores 30
Hyphae Ifragments &0
Myxomycetes, smuts 30
Total count 510
3 Cladosporium 31, 550
Myxomycstes, smuis 414
Leptoshaeria 234
Alternaria i8
Bipolaris 17
Ascosporas 18
Total count 32,251
4 Cladosporium 28
Myxomycetes, smuis 14
Total count 472

Table 3.--Percentage of Different Symptoms or Bbnormal Examinations in

Controls (n = 40) and Patients Exposed to Melds (n = 40}

Percentage positive Percentage positive in

Symptom in centrols mold-exposed patients
Fatigue 20.0 92.5
Memory disturbance 10.0 2.5
Depression 10.0 52.5
Anxiety 12.5 52.5
Headaches 22.5 87.5
Blurred vision .G 62.5
Lightheadedness 15.0 60.0

http://findarticles.com/p/articles/mi_m0907/is_6_58/ai_114009668/print 8/14/2007
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Ringing in ears 5.0 62.5

<

Muscle and Jjoint aches 25.0 5.

Recurrent flu~like

ilinessas 5.0 55.0
Severe allergies 17.5 67.5
Chest pain and cough 16.0 0.0
Out of breath easily 15.0 B83.0C
Multiple Chemical

Sensitivity 25.0 72.5
Pulmonary function test 0.0 60.0
SPECT scan 0.0 85.0

Note: SPECT = single-photon emission computed tomography.

Table 4.--Percentage Elevation of Antibodies against Different Molds
and Mycotoxins above the Mean ([+ or -] 2 Standard Deviations) of

Contrcl Optical Density in Healthy Contrels and Patients Exposad to

Molds

Immunoglobulin

G A

Molds and mycotoxins Control Patient Control Patiant
Blternaria 15.0 25.0 12.5 35.0
Aspergillus 12.5 30.0 12.5 22.5
Chaetomium 15.0 42.5 12.5 30.0
Cladosporium 10.0 20.0 10.0 30.0
Epicoccum 12.5 30.0 12.5 22.5
Penicillium 10.0 40.0 10.0 30.0
Stachybotrys 12.5 35.0 17.5 42.5
Satratoxin 5 27.5 7.5 22.5
Trichothecene i2.5 25.0 10.0 25.0

Immunoglobulin

M E

Molds and mycotoxins Control Patient Control Patient
Elternaria 7.5 15.0 10.0 20.0
Aspergillus 7.5 20.0 10.0 25.0
Chaetomium 10.0 22.8 10.0 25.0
Cladosporium 10.0 25.0 7.5 15.0
Epicoccum 7.5 15.0 10.¢ 15.0
Penicillium 12.5 20.0 12.5 12.5
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Stachybotrys 12.5 40.0 16.0 27.5
Satratoxin 10.0 27.5 7.5 25.0
Trichothacsne 5.0 20.0 7.5 20.0
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Current perspectives

Disconnection of man and the soil: Reason
for the asthma and atopy epidemic?

Leena von Hertzen, PhD, and Tari Haahtela, MD, PhD Helsinki, Finland

Intense search has been going on to find factors responsible for
the asthma and atopy epidemic in Western societies. Attention
has increasingly been devoted to environmental saprophytes,
which, in addition to gut commensals, might be the major
players in the development and fine tuning of immunologic
homeostasis. This review outlines current evidence for the role
of environmental saprophytes in the development of atopic
disease and considers the consequences of urbanization in
reducing contacts with soil microorganisms. The major
microbial components that have been shown to possess
immunomodulatory capacity and their respective Toll-like
receptors are also discussed, as are the possible mechanisms
underlying the ability of saprophytes to confer protection
against atopic disease. (J Allergy Clin Immunol 2006;117:
334-44.)

Key words: Allergy, asthma, atopy, hygiene hypothesis, sapro-
phytes, urbanization

The current asthma and atopy epidemic in Western
societies has raised a common concern and questions of
factors involved. Although in some countries prevalence
rates in atopic diseases appear to have leveled off,'
trends are still on the increase in many other countries.’®

Numerous studies have consistently shown that high
asthma and atopy rates are associated with urbanization
and Western lifestyle.”® Accumulating data suggest that
something that is necessary for the normal maturation of
the immune system might be lacking in our affluence.’
Conversely, farm environment and a more traditional life-
style in nonaffluent countries appear to confer protection
against atopic disease.®'*!" Although the ultimate factors
responsible for the asthma and atopy epidemic have
remained unidentified, a common denominator for both
living on a farm and in a nonaffluent environment is the
heavy exposure to microorganisms in soil and vegetation.

Most of the microorganisms we encounter do not cause
any overt infection but are still recognized by the innate
immune system. Microbes in this respect need not be alive
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because even nonviable microbial components interact
with the innate immune system. Persistent and moderate
environmental exposure to microbial components might
play a decisive role in the normal maturation of the
immune system in childhood."? It has been proposed that
certain microorganisms that have been present throughout
the mammalian evolutionary history are recognized by
the innate immune system as ‘‘no danger’’ signals and
thus do not trigger inflammatory responses but instead
have the ability to induce tolerance through rapid regula-
tory T (Treg) cell responses.'® These organisms include
saprophytic mycobacteria, lactobacilli, and some intesti-
nal parasites that are able to elicit Treg cell responses
in vivo'*'" and in vitro."® The list of such microbes will
certainly grow in the next few years.

The focus of the research in the context of the hygiene
hypothesis has largely shifted from overt infections and
the Ty1/Ty2 paradigm to noninfectious organisms, Treg
cells, and Toll-like receptors (TLRs), as new data have
been accumulated and the paradigm was found to be
unable to unambiguously explain some important epide-
miologic ﬁndings.lg’zo Indeed, diseases of immune dysre-
gulation, including atopic diseases, are now considered to
develop, more or less, as a result of failure in Treg cell
function.'* Immune defense mechanisms that evolved
during the long history of humankind in a hostile environ-
ment appear now to be less appropriate when living in a
clean environment.

HYPOTHESIS

In this review we propose a hypothesis that one major
factor in the current asthma and atopy epidemic might be
the disconnection of man and the soil.

EVIDENCE TO SUPPORT THE HYPOTHESIS

There is abundant literature on adverse respiratory
health effects attributable to exposure to environmental
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bioparticles (eg, bacteria, molds, and fugal spores).*
Paradoxically, data are now accumulating to suggest that
exposure to microbes in soil and vegetation might be
beneficial, even necessary, for the normal maturation of
the immune system.

Several lines of evidence indicate that settings associ-
ated with high-level exposure to microorganisms in soil
are associated with reduced risk for asthma and atopy.
Such settings include farm environments, environments in
nonaffluent Eastern countries, and rural areas, particularly
in developing countries.

Farm environment and atopic disease

More than 30 studies from the last 6 years have
consistently shown that children who have lived or are
living on a farm are less likely to have atopic disease than
their counterparts not living on a farm. The issue of
farming and atopic disease has been thoroughly reviewed
elsewhere and is not reiterated here.®'%** In many of these
studies, the effect of parental farming on the development
of atopic disease in the child has been found to be dose de-
pendent,”*® and many of these studies have also revealed
“frequent contacts with farm animals’’ as one of the major
factors responsible for this effect.?>?728 However, fre-
quent contacts with farm animals can also be a surrogate
marker for exposure to microorganisms in soil and vegeta-
tion because farm animals (and pets) are likely to serve as a
secondary source of exposure to such microorganisms. In
addition, frequent contacts with farm animals could also
reflect general activity of the child on the farm. The effect
of farming on conferring protection against asthma and
atopy might not be restricted to early life only because
current parental farming has been found to be an even
stronger protective factor than that in early life.”®

Environments in nonaffluent societies:
The effect of traditional lifestyle

Frequent compost and waste handling, wood handling,
and animal excreta and manure handling are examples of
high-level microbial exposure®* associated with a tradi-
tional lifestyle. Unchlorinated surface water from lakes
and rivers might be used as domestic water, untreated
waste water might be used for irrigation, and animal ex-
creta might be used as manure. Traditional lifestyle might
also be associated with a microbe-rich diet (eg, frequent
use of fermented vegetables).”® We found recently that
occurrences of atopy (determined by means of skin prick
tests) and atopic diseases were substantially lower among
schoolchildren and their mothers in Russian Karelia com-
pared with that seen in their counterparts in North Karelia,
Finland, irrespective of the geographic proximity of the
areas and similar geoclimatic and vegetative conditions
(see Fig E1 in the Online Repository at www.jacionline.
org). Analysis of generational differences revealed that
in Finland children had higher atopy rates than their
mothers, whereas in Russia the opposite trend, children
having lower atopy rates than their mothers, emerged.
No signs of westernization, with atopy prevalence as a
proxy, were yet discernible in Russian Karelia, which
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was part of the Soviet Union until 1991.*° The results
are in line with those reported earlier from other Eastern
countries in transition crisis.'' The East-West gradient in
light of the occurrence of atopic diseases has been thor-
oughly reviewed.®

Rural areas and atopic disease: Evidence
from relocation studies

Data both from Western and particularly from devel-
oping countries, in which great differences in lifestyle still
exist between urban and rural areas, have shown that
living in rural areas might confer protection against atopic
disease, even in a dose-dependent manner.>%3* A recent
study in Mongolia that compared the occurrence of atopy
and allergic disorders in 3 different environments of vari-
ous degree of urbanization—a city area, rural towns, and
villages—found significant increasing trends in the preva-
lence of allergic rhinitis and atopy, as determined by using
skin prick tests, with increasing degree of urbanization.*
Analysis of the effect of relocation revealed that continu-
ous living in a village since birth was most protective
against atopy and allergic rhinitis, whereas those who
relocated from villages to towns in adolescence or adult-
hood acquired allergic conditions at rates approaching
those found in subjects who had always lived in towns.>
The results are in line with those of other migrant studies
showing that sensitizaton rates and profiles among immi-
grants shift along with time, resembling finally those in
natives,*®*’ thus supporting the view that there might not
be any strictly limited window period in early life during
which the individual is susceptible to immunomodulatory
effects of the environment; rather, susceptibility to immu-
nomodulation probably continues to adolescence, even to
adulthood.*4Y However, it must be borne in mind that
disparities between asthma and atopic conditions in this
respect might exist.'”

Indicators of urbanization and
atopic disease

Before urbanization, humans have lived in close contact
with soil, either directly or indirectly through food, water,
and air,*' and heavy exposure to environmental micro-
organisms has occurred through inhalation, ingestion, and
skin contact.”® Inhalation of bioaerosols (composed of
microbes and their components, such as products of plants
and fecal material from animals) has been considered to
represent the major route of exposure.>* This natural expo-
sure to microbes, particularly in soil, has been dramati-
cally reduced along with urbanization characterized by
living in environments covered with asphalt and concrete.

There are no unambiguous and commonly accepted
criteria for urbanization. Many of the suggested criteria are
based on population density and are not relevant for
sparsely populated countries, such as Finland.

We performed time-series analyses of occurrence of
atopic diseases and urbanization using the asphalt index
(use of asphalt, tons per inhabitant per year, years
1960-1990; The Road Administration, the Ministry of
Traffic and Communication, and The Finnish Asphalt
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Association. Census statistics; Statistics Finland; http://
statfin.stat.fi) and the decreasing proportion of farmers
among the population (years 1966-2000, Statistics
Finland; http://statfin.stat.fi) as indicators of urbanization
here because both are closely related to reduced contacts
with soil.

Prevalences of asthma and allergic rhinitis were based
on our recent data on occurrence of atopic disease among
military conscripts.® The database here covered the years
1966 through 2000 and comprised more than 1 million
military conscripts aged 18 to 19 years. The men had
been examined to establish their fitness for service at the
call up. Similar diagnostic codes for asthma and allergic
rhinitis have been used throughout the study period on
the basis of ICD-8 and ICD-9 in 1966 through 1996 and
ICD-10 in 1997 through 2000.

We found that the use of asphalt, which in Finland
started at the end of the 1950s and was very modest still
in the early 1960s (The Road Administration and The
Finnish Asphalt Association, unpublished data), increased
10-fold in 3 decades. A nearly similar increase was also
found in asthma prevalence among military conscripts,
from 0.3% in 1966 to 2.6% in 1995 during a 30-year
period, and the trend was upward for the whole study
period (Fig 1, A).°

Along with urbanization, heavy structural changes have
occurred in agriculture and forestry. In Finland, the
proportion of farmers among the population has decreased
from 17.3% in 1970 to 4.9% in 2000. During the same
time, the occurrence of allergic rhinitis, as assessed among
young Finnish men, increased almost exponentially, from
0.1% in 1966 to 8.9% in 2000 (Fig 1, B).® The proportion
of population that is continuously in natural connection
with soil has thus diminished since the 1960s and will
evidently still diminish, whereas the opposite has occurred
for the prevalence of allergic rhinitis.

Urbanization can also be characterized by living in
apartment houses, which is, similarly to the use of asphalt
and decrease in farming occupation, likely to reduce
contact with soil. Dwelling type has indeed been shown
to affect the magnitude of exposure to microorganisms in
the environment. A study among 81 randomly selected
teachers showed that both personal exposure to micro-
organisms (assessed with transportable inhalable aerosol
samplers) and microbial concentrations in their homes
were higher among persons living in family (single)
houses compared with those in apartment houses, and
this was considered partly to be due to increased outdoor
activities among those living in family houses.** A seden-
tary lifestyle with little outdoor activity might not only be
involved in the association between asthma and obesity*®
but can also increase the risk of atopy through reduced
exposure to saprophytes in the environment.

Although exposure to pathogens has been found to be
inversely associated with atopic diseases** and undoubt-
edly is able to exert immunomodulatory effects in early
life, infectious agents might represent only a minimal part
of our total exposure to microorganisms. The largely
neglected group of saprophytes in the environment might
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play adecisive role, in addition to gut microbiota,*’ in the de-
velopment and maintenance of immunologic homeostasis.

Source of drinking water and atopic disease

An important issue closely related to soil is the runoff of
soil microorganisms into natural waters*® and the use of
such waters as drinking water. We found that in Russian
Karelia, where atopy and atopic diseases are uncommon,”’
surface water bodies, lakes and rivers, are used as domes-
tic water, frequently without any chemical or other treat-
ment. Previous data have shown that consumption of
unpasteurized milk in early life is associated with reduced
risk of asthma and atopy in later life independently from
other determinants.?® It is reasonable to assume that con-
sumption of untreated surface water could have similar
effects and could be involved in the low atopy prevalence
in Russian Karelia. Indeed, this view is supported by re-
cent data from Ethiopia showing that consumption of river
water in rural areas, as contrasted with consumption of
pipe water in urban areas, conferred protection against
atopic eczema.*’ In another study among schoolchildren
in a rural area of Latin America, consumption of river
water was found to be weakly protective against atopy.*®

SOIL MICROBIOTA

Soil is considered the most complicated biomaterial and
at the same time the most diverse and important ecosystem
on the planet.* The definition of the microbial composi-
tion of a typical soil has proved to be problematic because
of this diversity of soil types and the complexity and
variability of the physicochemical circumstances. None-
theless, the majority of soil bacteria are considered to
belong to the lineage of gram-positive bacteria,”® and
members of the phylum Actinobacter have been found to
predominate in the soil.>! This phylum includes genera
such as Mycobacterium species, Streptomyces species,
Actinomyces species, Corynebacterium species, and Bifi-
dobacterium species.52 Fungi are often dominant in soils
in terms of their biomass, particularly fungi dominate in
acid temperate or polar soils that are oligotrophic,’>*>*
whereas bacteria predominate in near-neutral or moder-
ately alkaline soils.”* Some estimates of the density of
microorganisms in a normal near-neutral organic soil
obtained by means of cultivation and microscopy have
been reported: Actinobacter, for example, might occur at
the concentrations of 10°'? bacteria/dm3 soil and other
bacteria at the level of 10*/dm3 soil.>" Cultivation, which
has traditionally been used to measure bacterial densities
in soil samples, probably greatly underestimates the true
values. The more modern methods, such as PCR tests
and fatty acid analyses, have revealed that a considerable
proportion of all bacteria in soil is in a dormant (metabol-
ically inactive) stage.

Mycobacteria, one of the major bacterial groups in soil
and natural waters, including more than 80 saprophytic
species,13 has received considerable attention during the
last decade as a potential immunomodulatory agent in
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FIG 1. A, Use of asphalt (tons per inhabitant per year) from 1960 through 1990 and occurrence of diagnosed
asthma among military conscripts from 1966 through 2000 in Finland.® B, Proportion of farmers among the
whole population from 1970 through 2000 and occurrence of diagnosed allergic rhinitis among military con-
scripts from 1966 through 2000 in Finland.® Supplemental information is available in the Online Repository

at www.jacionline.org.

alleviating symptoms of atopic disease> and even confer-
ring protection against them.'*' In addition, much of the
current research of atopic diseases has been focused on
lactobacilli, which are considered one of the potential
groups of immunomodulatory agents with prophylactic
and therapeutic potential.*®>® Notably, lactobacilli are

originally common inhabitants of plants and grow at the
expense of the nutrients liberated from decomposing plant
material.>

Results from our laboratory indicate that, indeed,
gram-positive bacteria represent the great majority (90%)
of all bacteria in settled barn dust measured by means of
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exact fatty acid analyses (Saris et al, unpublished data).
However, the proportions of gram-negative and gram-
positive bacteria might vary to some extent according to
the season,® particularly in northern boreal latitudes,
where the soil is frozen and covered with snow for months.

MAJOR COMPONENTS OF MICRO-
ORGANISMS WITH IMMUNOMODULATORY
POTENTIAL AND THEIR INTERACTION WITH
THE INNATE IMMUNITY

The idea that microbial products have immunomodu-
latory potential and could be used as immunotherapeutic
agents in asthma and allergies dates back to the 1950s.%!
Bacterial extracts obtained mainly from species associated
with upper respiratory tract and urinary tract infections
administered subcutaneously were earlier used for such
purposes but are not in use today because several dou-
ble-blind studies showed no efficacy in asthma, possibly
because of overly low concentrations of bacterial material
in these extracts, nonoptimal route of administration, and
overly long intervals between the doses (1 week or lon-
ger). No studies on the preventive effect of oral bacterial
extracts are available.®

Because both viable and nonviable bacterial compo-
nents have been found to be immunobiologically active,
a renewed interest in bacterial cell-wall components has
been raised, although the literature on immunologic
effects of cell-wall components other than LPS (endo-
toxin) is relatively scarce. However, in addition to LPS,
2 other ubiquitous bacterial components, lipoteichoic
acids and peptidoglycans, might be of importance in this
respect, and the cell-wall components of fungi (eg, -
glucans) have also been found to have immunomod-
ulatory potential. In addition, a potent immunomodulator
appears to be bacterial DNA, the unmethylated CpG
oligonucleotide.

TLRs

TLRs, the receptors that recognize conserved microbial
structures, represent an ancient system of host defense
but were not discovered until 1989.%*%* This discovery
brought the formerly underappreciated innate immunity
into the focus of research. TLRs have been extensively
reviewed during the last few years.“'67 To date, at least
10 different TLRs have been identified in mammals, and
they have been found to play a decisive role in recognizing
microbes and bridging the innate and acquired immune
responses.66 Although the role of TLRs has been mostly
shown in infectious systems, there are good reasons to
believe that TLRs are equally important in repeated expo-
sure to saprophytic bacteria in the environment and com-
mensals in the gut and are involved in the induction of
tolerance. TLR2, TLR4, and TLR9 are briefly considered
here in the light of exposure to environmental saprophytes.
TLR2 is the principal receptor and signaling molecule for
gram-positive bacteria, lipoteichoic acid, mycobacteria,
mycobacterial lipoarabinomannan, bacterial lipoproteins,
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and fungal B-glucan. TLR4 is the primary receptor for
LPS from gram-negative bacteria, and TLR9 recognizes
bacterial unmethylated CpG oligonucleotides.®*

Major cell-wall components of bacteria
and fungi

LPS (endotoxin). The chemical composition of LPS,
the major cell-wall component of gram-negative bacteria,
has been known for more than 50 years, and its physico-
chemical properties, stability and heat resistance, are also
well established.®® Abundant literature exists concerning
the biologic effects of this macromolecule. In several stud-
ies the relative lack of exposure to endotoxin has been sug-
gested to be one major reason for the asthma and atopy
epidemic.’>"" The relationship between LPS and the
occurrence of asthma and atopy has also been thoroughly
reviewed elsewhere.®®7!-72

It has also been known since the 1950s that the biologic
activity of LPS resides in the lipid A moiety (the theory of
the ‘“‘endotoxic principle”73). Moreover, it is now well
established that the immune response to LPS is dependent
on the chemical structure and molecular conformation of
the lipid A moiety. Lipid A consists of a phosphorylated
glucosamine disaccharide (the backbone), to which fatty
acids are attached. It has been found that biologic effects
of LPS from different gram-negative bacteria are not sim-
ilar.”* The critical determinants here are the length and
number of acyl (fatty acid) chains, the asymmetry of these
chains, and the number and distribution of negative
charges.”*”” Interestingly, the widely used test to detect
LPS in various samples, the Limulus amebocyte lysate
test, has been found to be specific for the LPS glucosamine
backbone and is thus not a measure of biologic activity.
Fatty acid analyses might better correlate with biologic
activity because the conformation and number of acyl
(fatty acid) chains in lipid A appear to be central to the
capacity of LPS to interact with TLRs and to induce cyto-
kine production.”®

Peptidoglycan and teichoic acid. With the exception of
a few groups of some minor bacteria, such as Mycoplasma
and Chlamydia species, all members in the domain
Bacteria have one common denominator, the presence
of peptidoglycan as the main strengthening and shape-
determining constituent of the cell wall. In gram-positive
bacteria, peptidoglycan accounts for at least 50%, and of-
ten more, of the total dry weight of the wall, but in gram-
negative bacteria, it might comprise less than 10% of the
dry weight of the wall.>® In gram-negative bacteria pepti-
doglycan is localized in the innermost layer of the wall
and, although extremely thin, is still capable of retaining
the shape of the cell.”® Peptidoglycan is composed of 2
amino sugars, N-acetylglucosamine and N-acetylmuramic
acid, and a side chain of 4 amino acids that can vary from
species to species.”” The other of these amino sugars,
N-acetylmuramic acid, is a molecule specific to the domain
Bacteria and can thus be used for laboratory diagnostic pur-
poses. In a recent study, van Strien et al’® showed that mur-
amic acid can be found in dust from children’s mattresses
and in higher concentrations in those of farmer’s children.
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Wheezing and asthma were inversely associated with the
muramic acid concentration, independently from LPS,
whereas no association was found for atopic sensitization.
Increased muramic acid concentrations were found in
homes heated with wood or coal, independent of whether
it was a farm home, which suggests that settings associated
with traditional lifestyle and increased exposure to micro-
organisms, rather than farming per se, is responsible for
this effect.

The other characteristic cell-wall components of most
gram-positive bacteria are teichoic acids (up to 50% of the
dry weight of the wall). Teichoic acids are water-soluble
polymers containing ribitol or glycerol residues joined
through phosphodiester linkages.77 In lipoteichoic acids
there is a single lipid side chain anchored to the ribitol or
glycerol backbone.”® Teichoic and lipoteichoic acids have
been found to exert potent inflammatory responses.go'82
As stated above, teichoic acids are recognized by TLR2.
Peptidoglycan has similarly been considered to be recog-
nized by TLR2,°*%7 but this view has recently been chal-
lenged by the identification of intracellular proteins, the
nucleotide-binding oligomerization domain 1 and 2, as
the principal receptors for peptidoglycan fragments.®*%*

Fungal cell-wall components. Fungal cell walls differ
from those of bacteria by lacking peptidoglycan, teichoic
acids, and LPS. In their place are the external and anti-
genic peptidomannans embedded in matrices of a- and 3-
glucans, and structural rigidity is provided by chitin.®® The
principal sterol in fungal cell membranes is ergosterol
(corresponding cholesterol in mammalian cells), which
has been used, in addition to 3-glucans, in laboratory diag-
nostics of environmental samples. The immunobiology of
B-glucans has been reviewed earlier.*® Most of the recent
studies on fungal recognition by TLRs have been centered
on a few potentially pathogenic fungi, such as Candida
albicans and Aspergillus fumigatus. It has been found
that both TLR2 and TLR4 can be important for their rec-
ognition®” and that TLR2 might be involved in maintain-
ing prolonged candidasis by mediating anti-inflammatory
signals leading to IL-10 production and generation of
regulatory T cells.®*® In addition, a new coreceptor for
B-glucan, dectin-1, expressed on macrophages, dendritic
cells, and monocytes, has been found to be involved in
mediating proinflammatory responses to fungi together
with TLR2.3%° The recognition of fungi by the innate
immune system appears to be more complex than that of
bacteria because fungi can exist in 2 forms, as hyphae or
conidiae.

Bacterial CpG oligonucleotides

Since the late 1980s, bacterial DNA has been known
to possess immunostimulatory proper“[ies()1 that are not
found in vertebrate DNA.?* The activating element was
identified as an unmethylated CpG oligonucleotide that
was found to be 20-fold more abundant in bacterial than
in vertebrate DNA, and when present in vertebrate
DNA, about 70% of it was found to be methylated.93

Unmethylated CpG oligonucleotides have the ability to
elicit a multifaceted innate immune response characterized
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by the production of IL-12, IL-18, and IFN-y and the
upregulation of costimulatory molecules by antigen-
presenting cells, B cells, and natural killer cells.”* They
have both direct and indirect effects on the commitment
of CD4™ cells to a Tyl phenotype and are thus able to
downregulate or reverse Ty;2 responses.”*® Mammalian
DNA or methylated bacterial DNA, in contrast, does not
induce these responses.97 In addition, CpG oligonucleo-
tides have been found to strongly induce IL-10 release,
which inhibits both Tyl and Ty2 responses in a dose-
dependent manner.”® This IL-10 is the key cytokine in
the development of adaptive regulatory T (Treg) cells,
which in turn are able to downregulate antigen-specific
IgE responses and promote tolerance to allergens.gg’100
Data on synthetic CpG oligonucleotides in murine models
of atopic diseases and as vaccine adjuvants and therapeutic
agents in human subjects with allergic disorders are prom-
ising,>+96:101

In a study by Roy et al,"® bacterial DNA and LPS con-
tents in dust from urban, rural, and farm homes and from
farm barns were quantified (by means of PCR specific for
bacterial ribosomal DNA and the Limulus test, respec-
tively) to determine whether there are differences in the
immune stimulatory capacity between different dust
samples. The highest bacterial DNA levels were found
in farm barns, followed by rural homes, farm homes,
and urban homes. Farm barn DNA significantly potenti-
ated LPS-induced IL-10 and IL-12p40 release from
PBMCs, whereas DNA from urban homes did not show
this effect, probably because of the low content of bacte-
rial DNA in urban home dust; only approximately 3% of
the total DNA content in urban samples was bacterial in
origin. Increased IL-10 and IL-12 release shown after
stimulation of PBMCs with barn dust DNA and LPS
might be crucial in the context of environments conferring
protection against atopic diseases.'®? Furthermore, we
found a 3.5-fold higher bacterial DNA content (measured
by means of bacterial ribosome-specific PCR) in barn dust
compared with urban-suburban home dust (5127 vs
1479.5 ng bacterial DNA/g dust; Saris et al, unpublished
data). It is known that vertebrate DNA does not possess
immunostimulatory capacity but might neutralize or
even inhibit the immunostimulatory effects of bacterial
CpG motifs.'**'** The only known TLR for unmethylated
CpG oligonucleotides is TLR9.

The innate immunity recognizes saprophytic bacteria,
which results in release of proinflammatory cytokines.
We have shown in vitro that robust responses are elicited
in murine macrophages when they are stimulated by
common soil microorganisms isolated from barn dust,
such as Streptomyces species, Sphingomonas species,
and Macrococcus species (Pylkkénen et al, unpublished
data), and a dose-dependent and rather similar response
was found in the production of, for example, TNF-a for
all 3 organisms, contrary to Bacillus species, which showed
minimal response in this in vitro setting (Pylkkénen et al,
unpublished data). None of these genera represents true
gram-negative bacteria, because Sphingomonas species,
although categorized as gram-negative, do not possess
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LPS but have sphingolipids instead. Interestingly, we found
that the dominant (>85%) bacterial genus in dust from
urban-suburban homes was Bacillus species (Saris and
Andersson, unpublished data), lending further support to
the view that urban home dust might have minimal, if
any, immunomodulatory capacity. Nonetheless, the abil-
ity of the common soil saprophytes Streptomyces species,
Sphingomonas species, and Macrococcus species to elicit
robust proinflammatory cytokine responses in vitro raises
the question of tolerance, which must have evolved during
the lc;rgg history of coexistence of these saprophytes and
man. -

TOLERANCE AND Treg CELLS

Repeated or persistent exposure appears to be one
fundamental factor in the induction of tolerance. Repeated
intranasal antigen exposure leads to decreased bronchial
reactivity and tolerance in Ty2-sensitized mice.'?>'% In
addition, allergen desensitization therapy (injection of a
specific allergen extract at increasing doses) has for years
been successfully used, particularly in patients with hay
fever and insect venom allergy.lo7 Tolerance is mediated
by several mechanisms, including anergy and deletion of
effector T-cell clones, and particularly by the induction
and function of Treg cells. 198 These Treg cells are defined
as cells that actively control the function of other cells,
mostly in an inhibitory way.'” Two major lineages of
Treg cells have been identified: (1) naturally occurring,
thymus-derived Treg cells expressing the transcription
factor Foxp3, which are associated primarily with the con-
trol of autoantigens, and (2) induced (adaptive), antigen-
specific Treg cells, which require IL-10, TGF-3, or both
for their differentiation and function.'”''" These cells
ameliorate inflammation through the release of IL-10,
TGF-B, or both in repeated or persistent exposure to pre-
vent immune pathology (a form of tolerance) and maintain
the persistence of low numbers of antigens in the body,
which is necessary in certain cases to provide long-lasting
immunity against reinfections.''" Induction of antigen-
specific Treg cells has been performed by administration
of heat-killed Mycobacterium vaccae and allergen (oval-
bumin) into mice. These specific Treg cells were found
to release IL-10 and TGF-f and suppress eosinophilia
and bronchial hyperresponsiveness.''? Desensitization
therapy has also been found to operate through IL-10.'"
In general, Treg cells are able to prevent the development
of highly polarized Ty; cells,''? and one of the mechanisms
involved in the development of asthma and atopy has been
suggested to be a failure in Treg cell function,'07-10%-113
Several excellent review articles of Treg cells are available
for further reading.'7-10%-110-113

Treg cells can be preferentially induced at mucosal
surfaces, particularly in the gut and respiratory tract.'"!
In urbanized Western societies the natural environment
might no longer have the ability to maintain the respiratory
and gut mucosal system in a state that favors the develop-
ment of Treg cells and mucosal tolerance to harmless
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bioparticles.'® Persistent exposure to saprophytic bacte-
ria in soil and vegetation, in addition to commensals in
the gut and respiratory tract, might be needed to stimulate
the production of IL-10 and TGF-$ through the innate
immune system, which in turn are required for the devel-
opment of inducible Treg cells.

TLRs AND GENE-ENVIRONMENT
INTERACTION

Innate immunity is now recognized as a central element
also in the gene-environment interaction. The significance
of particularly the TLR2 gene in this respect has been
demonstrated in several studies. In European children
TLR2 gene expression has been found to be higher in
blood cells obtained from farmers’ children compared
with that seen in children not growing up on a farm. A
similar difference was not found for the TLR4 gene.''*
Furthermore, a genetic variation in the TLR2 gene was
shown to be a major determinant of reduced susceptibility
to asthma and atopy in farmers’ children but not in non-
farmers’ children.''® No clear association could be found
between variations in the TLR4 gene and asthma or
hay fever either in farmers’ or nonfarmers children in
most,' 116 albeit not all,'"” studies.

These studies provide convincing evidence for gene-
environment interactions: a certain polymorphism is
expressed only in a certain environment. They also under-
score the significance of TLR2 in environments associated
with high exposure to soil microorganisms. Because TLR2
is the main receptor for gram-positive bacteria and their
structural molecules, lipoteichoic acid and lipoproteins,®**’
these studies might also point to the significance of parti-
cularly gram-positive bacteria in this context. Interaction
of TLR2 with its ligands has been found to lead to rapid
release of IL-10, which can block the induction of
IL-12p35 and IFN-y by TLR3 and TLR4."'® It remains
to be clarified whether TLR2 is the crucial Toll receptor
in mediating IL-10 release for the development of induc-
ible Treg cells.

CONCLUDING REMARKS

Several lines of evidence support the view that the
environment in modern industrialized societies is unable
to provide the stimulation for the developing immune
system that might be beneficial or even necessary:
disruption of the ancient connection of humankind and
the soil might have had unexpected consequences.

The immunomodulatory role of saprophytic bacteria in
soil and vegetation is now increasingly recognized. The
innate immune system recognizes such saprophytes or
their nonviable components encountered at respiratory
and gut mucosal surfaces; however, robust inflammatory
responses are not normally elicited but kept in tight control
through mechanisms that involve the function of Treg
cells that in turn might control the development of atopic
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FIG 2. A model of the asphalt theory in the development of atopic
diseases. Supplemental information is available in the Online
Repository at www.jacionline.org. Because of the implementation
of new technologies, including recycling of asphalt material, the
figures for the use of asphalt from 1991 onward are not compara-
ble with the earlier ones and have not been included in the
analysis. Figures for the years 1960 through 1974 are based on
unofficial data from the Road Administration, Ministry of Traffic
and Communication, because no official statistics are available for
that period. Data on the prevalence of diagnosed asthma and
allergic rhinitis are based on Latvala et al.®

diseases. A number of microorganisms and their compo-
nents have been found to induce the production of IL-10,
the differentiation factor of inducible Treg cells, by innate
cells, 111119
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Here we proposed a hypothesis that the disconnection
of man and the soil might be one major factor in the current
asthma and atopy epidemic, as shown in Fig 2. The hy-
pothesis could be tested in animal models and in further
comparative and more clearly defined epidemiologic set-
tings, and if correct, a strategy that involves enhancement
of the development and activity of Treg cells'!” without
concomitant induction of inflammation by bacterial pro-
ducts is evidently the goal to pursue. Central to the out-
come of this strategy is probably timing (with respect to
the primary sensitization), duration, dose, and route of
exposure. The nature of the microbe might also play a
role, although it is likely that there is no single agent or
agent group behind the protective effect; rather, a mix-
ture, including members of the phylum Actinobacter,
might be involved. In addition, the product might not
be based on bacterial cell-wall components only because
bacterial DNA might have beneficial effects in this
respect.
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Current perspectives

Disconnection of man and the soil: Reason
for the asthma and atopy epidemic?

Leena von Hertzen, PhD, and Tari Haahtela, MD, PhD Helsinki, Finland

Intense search has been going on to find factors responsible for
the asthma and atopy epidemic in Western societies. Attention
has increasingly been devoted to environmental saprophytes,
which, in addition to gut commensals, might be the major
players in the development and fine tuning of immunologic
homeostasis. This review outlines current evidence for the role
of environmental saprophytes in the development of atopic
disease and considers the consequences of urbanization in
reducing contacts with soil microorganisms. The major
microbial components that have been shown to possess
immunomodulatory capacity and their respective Toll-like
receptors are also discussed, as are the possible mechanisms
underlying the ability of saprophytes to confer protection
against atopic disease. (J Allergy Clin Immunol 2006;117:
334-44.)

Key words: Allergy, asthma, atopy, hygiene hypothesis, sapro-
phytes, urbanization

The current asthma and atopy epidemic in Western
societies has raised a common concern and questions of
factors involved. Although in some countries prevalence
rates in atopic diseases appear to have leveled off,'
trends are still on the increase in many other countries.’®

Numerous studies have consistently shown that high
asthma and atopy rates are associated with urbanization
and Western lifestyle.”® Accumulating data suggest that
something that is necessary for the normal maturation of
the immune system might be lacking in our affluence.’
Conversely, farm environment and a more traditional life-
style in nonaffluent countries appear to confer protection
against atopic disease.®'*!" Although the ultimate factors
responsible for the asthma and atopy epidemic have
remained unidentified, a common denominator for both
living on a farm and in a nonaffluent environment is the
heavy exposure to microorganisms in soil and vegetation.

Most of the microorganisms we encounter do not cause
any overt infection but are still recognized by the innate
immune system. Microbes in this respect need not be alive
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because even nonviable microbial components interact
with the innate immune system. Persistent and moderate
environmental exposure to microbial components might
play a decisive role in the normal maturation of the
immune system in childhood."? It has been proposed that
certain microorganisms that have been present throughout
the mammalian evolutionary history are recognized by
the innate immune system as ‘‘no danger’’ signals and
thus do not trigger inflammatory responses but instead
have the ability to induce tolerance through rapid regula-
tory T (Treg) cell responses.'® These organisms include
saprophytic mycobacteria, lactobacilli, and some intesti-
nal parasites that are able to elicit Treg cell responses
in vivo'*'" and in vitro."® The list of such microbes will
certainly grow in the next few years.

The focus of the research in the context of the hygiene
hypothesis has largely shifted from overt infections and
the Ty1/Ty2 paradigm to noninfectious organisms, Treg
cells, and Toll-like receptors (TLRs), as new data have
been accumulated and the paradigm was found to be
unable to unambiguously explain some important epide-
miologic ﬁndings.lg’zo Indeed, diseases of immune dysre-
gulation, including atopic diseases, are now considered to
develop, more or less, as a result of failure in Treg cell
function.'* Immune defense mechanisms that evolved
during the long history of humankind in a hostile environ-
ment appear now to be less appropriate when living in a
clean environment.

HYPOTHESIS

In this review we propose a hypothesis that one major
factor in the current asthma and atopy epidemic might be
the disconnection of man and the soil.

EVIDENCE TO SUPPORT THE HYPOTHESIS

There is abundant literature on adverse respiratory
health effects attributable to exposure to environmental
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bioparticles (eg, bacteria, molds, and fugal spores).*
Paradoxically, data are now accumulating to suggest that
exposure to microbes in soil and vegetation might be
beneficial, even necessary, for the normal maturation of
the immune system.

Several lines of evidence indicate that settings associ-
ated with high-level exposure to microorganisms in soil
are associated with reduced risk for asthma and atopy.
Such settings include farm environments, environments in
nonaffluent Eastern countries, and rural areas, particularly
in developing countries.

Farm environment and atopic disease

More than 30 studies from the last 6 years have
consistently shown that children who have lived or are
living on a farm are less likely to have atopic disease than
their counterparts not living on a farm. The issue of
farming and atopic disease has been thoroughly reviewed
elsewhere and is not reiterated here.®'%** In many of these
studies, the effect of parental farming on the development
of atopic disease in the child has been found to be dose de-
pendent,”*® and many of these studies have also revealed
“frequent contacts with farm animals’’ as one of the major
factors responsible for this effect.?>?728 However, fre-
quent contacts with farm animals can also be a surrogate
marker for exposure to microorganisms in soil and vegeta-
tion because farm animals (and pets) are likely to serve as a
secondary source of exposure to such microorganisms. In
addition, frequent contacts with farm animals could also
reflect general activity of the child on the farm. The effect
of farming on conferring protection against asthma and
atopy might not be restricted to early life only because
current parental farming has been found to be an even
stronger protective factor than that in early life.”®

Environments in nonaffluent societies:
The effect of traditional lifestyle

Frequent compost and waste handling, wood handling,
and animal excreta and manure handling are examples of
high-level microbial exposure®* associated with a tradi-
tional lifestyle. Unchlorinated surface water from lakes
and rivers might be used as domestic water, untreated
waste water might be used for irrigation, and animal ex-
creta might be used as manure. Traditional lifestyle might
also be associated with a microbe-rich diet (eg, frequent
use of fermented vegetables).”® We found recently that
occurrences of atopy (determined by means of skin prick
tests) and atopic diseases were substantially lower among
schoolchildren and their mothers in Russian Karelia com-
pared with that seen in their counterparts in North Karelia,
Finland, irrespective of the geographic proximity of the
areas and similar geoclimatic and vegetative conditions
(see Fig E1 in the Online Repository at www.jacionline.
org). Analysis of generational differences revealed that
in Finland children had higher atopy rates than their
mothers, whereas in Russia the opposite trend, children
having lower atopy rates than their mothers, emerged.
No signs of westernization, with atopy prevalence as a
proxy, were yet discernible in Russian Karelia, which
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was part of the Soviet Union until 1991.*° The results
are in line with those reported earlier from other Eastern
countries in transition crisis.'' The East-West gradient in
light of the occurrence of atopic diseases has been thor-
oughly reviewed.®

Rural areas and atopic disease: Evidence
from relocation studies

Data both from Western and particularly from devel-
oping countries, in which great differences in lifestyle still
exist between urban and rural areas, have shown that
living in rural areas might confer protection against atopic
disease, even in a dose-dependent manner.>%3* A recent
study in Mongolia that compared the occurrence of atopy
and allergic disorders in 3 different environments of vari-
ous degree of urbanization—a city area, rural towns, and
villages—found significant increasing trends in the preva-
lence of allergic rhinitis and atopy, as determined by using
skin prick tests, with increasing degree of urbanization.*
Analysis of the effect of relocation revealed that continu-
ous living in a village since birth was most protective
against atopy and allergic rhinitis, whereas those who
relocated from villages to towns in adolescence or adult-
hood acquired allergic conditions at rates approaching
those found in subjects who had always lived in towns.>
The results are in line with those of other migrant studies
showing that sensitizaton rates and profiles among immi-
grants shift along with time, resembling finally those in
natives,*®*’ thus supporting the view that there might not
be any strictly limited window period in early life during
which the individual is susceptible to immunomodulatory
effects of the environment; rather, susceptibility to immu-
nomodulation probably continues to adolescence, even to
adulthood.*4Y However, it must be borne in mind that
disparities between asthma and atopic conditions in this
respect might exist.'”

Indicators of urbanization and
atopic disease

Before urbanization, humans have lived in close contact
with soil, either directly or indirectly through food, water,
and air,*' and heavy exposure to environmental micro-
organisms has occurred through inhalation, ingestion, and
skin contact.”® Inhalation of bioaerosols (composed of
microbes and their components, such as products of plants
and fecal material from animals) has been considered to
represent the major route of exposure.>* This natural expo-
sure to microbes, particularly in soil, has been dramati-
cally reduced along with urbanization characterized by
living in environments covered with asphalt and concrete.

There are no unambiguous and commonly accepted
criteria for urbanization. Many of the suggested criteria are
based on population density and are not relevant for
sparsely populated countries, such as Finland.

We performed time-series analyses of occurrence of
atopic diseases and urbanization using the asphalt index
(use of asphalt, tons per inhabitant per year, years
1960-1990; The Road Administration, the Ministry of
Traffic and Communication, and The Finnish Asphalt
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Association. Census statistics; Statistics Finland; http://
statfin.stat.fi) and the decreasing proportion of farmers
among the population (years 1966-2000, Statistics
Finland; http://statfin.stat.fi) as indicators of urbanization
here because both are closely related to reduced contacts
with soil.

Prevalences of asthma and allergic rhinitis were based
on our recent data on occurrence of atopic disease among
military conscripts.® The database here covered the years
1966 through 2000 and comprised more than 1 million
military conscripts aged 18 to 19 years. The men had
been examined to establish their fitness for service at the
call up. Similar diagnostic codes for asthma and allergic
rhinitis have been used throughout the study period on
the basis of ICD-8 and ICD-9 in 1966 through 1996 and
ICD-10 in 1997 through 2000.

We found that the use of asphalt, which in Finland
started at the end of the 1950s and was very modest still
in the early 1960s (The Road Administration and The
Finnish Asphalt Association, unpublished data), increased
10-fold in 3 decades. A nearly similar increase was also
found in asthma prevalence among military conscripts,
from 0.3% in 1966 to 2.6% in 1995 during a 30-year
period, and the trend was upward for the whole study
period (Fig 1, A).°

Along with urbanization, heavy structural changes have
occurred in agriculture and forestry. In Finland, the
proportion of farmers among the population has decreased
from 17.3% in 1970 to 4.9% in 2000. During the same
time, the occurrence of allergic rhinitis, as assessed among
young Finnish men, increased almost exponentially, from
0.1% in 1966 to 8.9% in 2000 (Fig 1, B).® The proportion
of population that is continuously in natural connection
with soil has thus diminished since the 1960s and will
evidently still diminish, whereas the opposite has occurred
for the prevalence of allergic rhinitis.

Urbanization can also be characterized by living in
apartment houses, which is, similarly to the use of asphalt
and decrease in farming occupation, likely to reduce
contact with soil. Dwelling type has indeed been shown
to affect the magnitude of exposure to microorganisms in
the environment. A study among 81 randomly selected
teachers showed that both personal exposure to micro-
organisms (assessed with transportable inhalable aerosol
samplers) and microbial concentrations in their homes
were higher among persons living in family (single)
houses compared with those in apartment houses, and
this was considered partly to be due to increased outdoor
activities among those living in family houses.** A seden-
tary lifestyle with little outdoor activity might not only be
involved in the association between asthma and obesity*®
but can also increase the risk of atopy through reduced
exposure to saprophytes in the environment.

Although exposure to pathogens has been found to be
inversely associated with atopic diseases** and undoubt-
edly is able to exert immunomodulatory effects in early
life, infectious agents might represent only a minimal part
of our total exposure to microorganisms. The largely
neglected group of saprophytes in the environment might
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play adecisive role, in addition to gut microbiota,*’ in the de-
velopment and maintenance of immunologic homeostasis.

Source of drinking water and atopic disease

An important issue closely related to soil is the runoff of
soil microorganisms into natural waters*® and the use of
such waters as drinking water. We found that in Russian
Karelia, where atopy and atopic diseases are uncommon,”’
surface water bodies, lakes and rivers, are used as domes-
tic water, frequently without any chemical or other treat-
ment. Previous data have shown that consumption of
unpasteurized milk in early life is associated with reduced
risk of asthma and atopy in later life independently from
other determinants.?® It is reasonable to assume that con-
sumption of untreated surface water could have similar
effects and could be involved in the low atopy prevalence
in Russian Karelia. Indeed, this view is supported by re-
cent data from Ethiopia showing that consumption of river
water in rural areas, as contrasted with consumption of
pipe water in urban areas, conferred protection against
atopic eczema.*’ In another study among schoolchildren
in a rural area of Latin America, consumption of river
water was found to be weakly protective against atopy.*®

SOIL MICROBIOTA

Soil is considered the most complicated biomaterial and
at the same time the most diverse and important ecosystem
on the planet.* The definition of the microbial composi-
tion of a typical soil has proved to be problematic because
of this diversity of soil types and the complexity and
variability of the physicochemical circumstances. None-
theless, the majority of soil bacteria are considered to
belong to the lineage of gram-positive bacteria,”® and
members of the phylum Actinobacter have been found to
predominate in the soil.>! This phylum includes genera
such as Mycobacterium species, Streptomyces species,
Actinomyces species, Corynebacterium species, and Bifi-
dobacterium species.52 Fungi are often dominant in soils
in terms of their biomass, particularly fungi dominate in
acid temperate or polar soils that are oligotrophic,’>*>*
whereas bacteria predominate in near-neutral or moder-
ately alkaline soils.”* Some estimates of the density of
microorganisms in a normal near-neutral organic soil
obtained by means of cultivation and microscopy have
been reported: Actinobacter, for example, might occur at
the concentrations of 10°'? bacteria/dm3 soil and other
bacteria at the level of 10*/dm3 soil.>" Cultivation, which
has traditionally been used to measure bacterial densities
in soil samples, probably greatly underestimates the true
values. The more modern methods, such as PCR tests
and fatty acid analyses, have revealed that a considerable
proportion of all bacteria in soil is in a dormant (metabol-
ically inactive) stage.

Mycobacteria, one of the major bacterial groups in soil
and natural waters, including more than 80 saprophytic
species,13 has received considerable attention during the
last decade as a potential immunomodulatory agent in
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FIG 1. A, Use of asphalt (tons per inhabitant per year) from 1960 through 1990 and occurrence of diagnosed
asthma among military conscripts from 1966 through 2000 in Finland.® B, Proportion of farmers among the
whole population from 1970 through 2000 and occurrence of diagnosed allergic rhinitis among military con-
scripts from 1966 through 2000 in Finland.® Supplemental information is available in the Online Repository

at www.jacionline.org.

alleviating symptoms of atopic disease> and even confer-
ring protection against them.'*' In addition, much of the
current research of atopic diseases has been focused on
lactobacilli, which are considered one of the potential
groups of immunomodulatory agents with prophylactic
and therapeutic potential.*®>® Notably, lactobacilli are

originally common inhabitants of plants and grow at the
expense of the nutrients liberated from decomposing plant
material.>

Results from our laboratory indicate that, indeed,
gram-positive bacteria represent the great majority (90%)
of all bacteria in settled barn dust measured by means of
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exact fatty acid analyses (Saris et al, unpublished data).
However, the proportions of gram-negative and gram-
positive bacteria might vary to some extent according to
the season,® particularly in northern boreal latitudes,
where the soil is frozen and covered with snow for months.

MAJOR COMPONENTS OF MICRO-
ORGANISMS WITH IMMUNOMODULATORY
POTENTIAL AND THEIR INTERACTION WITH
THE INNATE IMMUNITY

The idea that microbial products have immunomodu-
latory potential and could be used as immunotherapeutic
agents in asthma and allergies dates back to the 1950s.%!
Bacterial extracts obtained mainly from species associated
with upper respiratory tract and urinary tract infections
administered subcutaneously were earlier used for such
purposes but are not in use today because several dou-
ble-blind studies showed no efficacy in asthma, possibly
because of overly low concentrations of bacterial material
in these extracts, nonoptimal route of administration, and
overly long intervals between the doses (1 week or lon-
ger). No studies on the preventive effect of oral bacterial
extracts are available.®

Because both viable and nonviable bacterial compo-
nents have been found to be immunobiologically active,
a renewed interest in bacterial cell-wall components has
been raised, although the literature on immunologic
effects of cell-wall components other than LPS (endo-
toxin) is relatively scarce. However, in addition to LPS,
2 other ubiquitous bacterial components, lipoteichoic
acids and peptidoglycans, might be of importance in this
respect, and the cell-wall components of fungi (eg, -
glucans) have also been found to have immunomod-
ulatory potential. In addition, a potent immunomodulator
appears to be bacterial DNA, the unmethylated CpG
oligonucleotide.

TLRs

TLRs, the receptors that recognize conserved microbial
structures, represent an ancient system of host defense
but were not discovered until 1989.%*%* This discovery
brought the formerly underappreciated innate immunity
into the focus of research. TLRs have been extensively
reviewed during the last few years.“'67 To date, at least
10 different TLRs have been identified in mammals, and
they have been found to play a decisive role in recognizing
microbes and bridging the innate and acquired immune
responses.66 Although the role of TLRs has been mostly
shown in infectious systems, there are good reasons to
believe that TLRs are equally important in repeated expo-
sure to saprophytic bacteria in the environment and com-
mensals in the gut and are involved in the induction of
tolerance. TLR2, TLR4, and TLR9 are briefly considered
here in the light of exposure to environmental saprophytes.
TLR2 is the principal receptor and signaling molecule for
gram-positive bacteria, lipoteichoic acid, mycobacteria,
mycobacterial lipoarabinomannan, bacterial lipoproteins,
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and fungal B-glucan. TLR4 is the primary receptor for
LPS from gram-negative bacteria, and TLR9 recognizes
bacterial unmethylated CpG oligonucleotides.®*

Major cell-wall components of bacteria
and fungi

LPS (endotoxin). The chemical composition of LPS,
the major cell-wall component of gram-negative bacteria,
has been known for more than 50 years, and its physico-
chemical properties, stability and heat resistance, are also
well established.®® Abundant literature exists concerning
the biologic effects of this macromolecule. In several stud-
ies the relative lack of exposure to endotoxin has been sug-
gested to be one major reason for the asthma and atopy
epidemic.’>"" The relationship between LPS and the
occurrence of asthma and atopy has also been thoroughly
reviewed elsewhere.®®7!-72

It has also been known since the 1950s that the biologic
activity of LPS resides in the lipid A moiety (the theory of
the ‘“‘endotoxic principle”73). Moreover, it is now well
established that the immune response to LPS is dependent
on the chemical structure and molecular conformation of
the lipid A moiety. Lipid A consists of a phosphorylated
glucosamine disaccharide (the backbone), to which fatty
acids are attached. It has been found that biologic effects
of LPS from different gram-negative bacteria are not sim-
ilar.”* The critical determinants here are the length and
number of acyl (fatty acid) chains, the asymmetry of these
chains, and the number and distribution of negative
charges.”*”” Interestingly, the widely used test to detect
LPS in various samples, the Limulus amebocyte lysate
test, has been found to be specific for the LPS glucosamine
backbone and is thus not a measure of biologic activity.
Fatty acid analyses might better correlate with biologic
activity because the conformation and number of acyl
(fatty acid) chains in lipid A appear to be central to the
capacity of LPS to interact with TLRs and to induce cyto-
kine production.”®

Peptidoglycan and teichoic acid. With the exception of
a few groups of some minor bacteria, such as Mycoplasma
and Chlamydia species, all members in the domain
Bacteria have one common denominator, the presence
of peptidoglycan as the main strengthening and shape-
determining constituent of the cell wall. In gram-positive
bacteria, peptidoglycan accounts for at least 50%, and of-
ten more, of the total dry weight of the wall, but in gram-
negative bacteria, it might comprise less than 10% of the
dry weight of the wall.>® In gram-negative bacteria pepti-
doglycan is localized in the innermost layer of the wall
and, although extremely thin, is still capable of retaining
the shape of the cell.”® Peptidoglycan is composed of 2
amino sugars, N-acetylglucosamine and N-acetylmuramic
acid, and a side chain of 4 amino acids that can vary from
species to species.”” The other of these amino sugars,
N-acetylmuramic acid, is a molecule specific to the domain
Bacteria and can thus be used for laboratory diagnostic pur-
poses. In a recent study, van Strien et al’® showed that mur-
amic acid can be found in dust from children’s mattresses
and in higher concentrations in those of farmer’s children.
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Wheezing and asthma were inversely associated with the
muramic acid concentration, independently from LPS,
whereas no association was found for atopic sensitization.
Increased muramic acid concentrations were found in
homes heated with wood or coal, independent of whether
it was a farm home, which suggests that settings associated
with traditional lifestyle and increased exposure to micro-
organisms, rather than farming per se, is responsible for
this effect.

The other characteristic cell-wall components of most
gram-positive bacteria are teichoic acids (up to 50% of the
dry weight of the wall). Teichoic acids are water-soluble
polymers containing ribitol or glycerol residues joined
through phosphodiester linkages.77 In lipoteichoic acids
there is a single lipid side chain anchored to the ribitol or
glycerol backbone.”® Teichoic and lipoteichoic acids have
been found to exert potent inflammatory responses.go'82
As stated above, teichoic acids are recognized by TLR2.
Peptidoglycan has similarly been considered to be recog-
nized by TLR2,°*%7 but this view has recently been chal-
lenged by the identification of intracellular proteins, the
nucleotide-binding oligomerization domain 1 and 2, as
the principal receptors for peptidoglycan fragments.®*%*

Fungal cell-wall components. Fungal cell walls differ
from those of bacteria by lacking peptidoglycan, teichoic
acids, and LPS. In their place are the external and anti-
genic peptidomannans embedded in matrices of a- and 3-
glucans, and structural rigidity is provided by chitin.®® The
principal sterol in fungal cell membranes is ergosterol
(corresponding cholesterol in mammalian cells), which
has been used, in addition to 3-glucans, in laboratory diag-
nostics of environmental samples. The immunobiology of
B-glucans has been reviewed earlier.*® Most of the recent
studies on fungal recognition by TLRs have been centered
on a few potentially pathogenic fungi, such as Candida
albicans and Aspergillus fumigatus. It has been found
that both TLR2 and TLR4 can be important for their rec-
ognition®” and that TLR2 might be involved in maintain-
ing prolonged candidasis by mediating anti-inflammatory
signals leading to IL-10 production and generation of
regulatory T cells.®*® In addition, a new coreceptor for
B-glucan, dectin-1, expressed on macrophages, dendritic
cells, and monocytes, has been found to be involved in
mediating proinflammatory responses to fungi together
with TLR2.3%° The recognition of fungi by the innate
immune system appears to be more complex than that of
bacteria because fungi can exist in 2 forms, as hyphae or
conidiae.

Bacterial CpG oligonucleotides

Since the late 1980s, bacterial DNA has been known
to possess immunostimulatory proper“[ies()1 that are not
found in vertebrate DNA.?* The activating element was
identified as an unmethylated CpG oligonucleotide that
was found to be 20-fold more abundant in bacterial than
in vertebrate DNA, and when present in vertebrate
DNA, about 70% of it was found to be methylated.93

Unmethylated CpG oligonucleotides have the ability to
elicit a multifaceted innate immune response characterized
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by the production of IL-12, IL-18, and IFN-y and the
upregulation of costimulatory molecules by antigen-
presenting cells, B cells, and natural killer cells.”* They
have both direct and indirect effects on the commitment
of CD4™ cells to a Tyl phenotype and are thus able to
downregulate or reverse Ty;2 responses.”*® Mammalian
DNA or methylated bacterial DNA, in contrast, does not
induce these responses.97 In addition, CpG oligonucleo-
tides have been found to strongly induce IL-10 release,
which inhibits both Tyl and Ty2 responses in a dose-
dependent manner.”® This IL-10 is the key cytokine in
the development of adaptive regulatory T (Treg) cells,
which in turn are able to downregulate antigen-specific
IgE responses and promote tolerance to allergens.gg’100
Data on synthetic CpG oligonucleotides in murine models
of atopic diseases and as vaccine adjuvants and therapeutic
agents in human subjects with allergic disorders are prom-
ising,>+96:101

In a study by Roy et al,"® bacterial DNA and LPS con-
tents in dust from urban, rural, and farm homes and from
farm barns were quantified (by means of PCR specific for
bacterial ribosomal DNA and the Limulus test, respec-
tively) to determine whether there are differences in the
immune stimulatory capacity between different dust
samples. The highest bacterial DNA levels were found
in farm barns, followed by rural homes, farm homes,
and urban homes. Farm barn DNA significantly potenti-
ated LPS-induced IL-10 and IL-12p40 release from
PBMCs, whereas DNA from urban homes did not show
this effect, probably because of the low content of bacte-
rial DNA in urban home dust; only approximately 3% of
the total DNA content in urban samples was bacterial in
origin. Increased IL-10 and IL-12 release shown after
stimulation of PBMCs with barn dust DNA and LPS
might be crucial in the context of environments conferring
protection against atopic diseases.'®? Furthermore, we
found a 3.5-fold higher bacterial DNA content (measured
by means of bacterial ribosome-specific PCR) in barn dust
compared with urban-suburban home dust (5127 vs
1479.5 ng bacterial DNA/g dust; Saris et al, unpublished
data). It is known that vertebrate DNA does not possess
immunostimulatory capacity but might neutralize or
even inhibit the immunostimulatory effects of bacterial
CpG motifs.'**'** The only known TLR for unmethylated
CpG oligonucleotides is TLR9.

The innate immunity recognizes saprophytic bacteria,
which results in release of proinflammatory cytokines.
We have shown in vitro that robust responses are elicited
in murine macrophages when they are stimulated by
common soil microorganisms isolated from barn dust,
such as Streptomyces species, Sphingomonas species,
and Macrococcus species (Pylkkénen et al, unpublished
data), and a dose-dependent and rather similar response
was found in the production of, for example, TNF-a for
all 3 organisms, contrary to Bacillus species, which showed
minimal response in this in vitro setting (Pylkkénen et al,
unpublished data). None of these genera represents true
gram-negative bacteria, because Sphingomonas species,
although categorized as gram-negative, do not possess
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LPS but have sphingolipids instead. Interestingly, we found
that the dominant (>85%) bacterial genus in dust from
urban-suburban homes was Bacillus species (Saris and
Andersson, unpublished data), lending further support to
the view that urban home dust might have minimal, if
any, immunomodulatory capacity. Nonetheless, the abil-
ity of the common soil saprophytes Streptomyces species,
Sphingomonas species, and Macrococcus species to elicit
robust proinflammatory cytokine responses in vitro raises
the question of tolerance, which must have evolved during
the lc;rgg history of coexistence of these saprophytes and
man. -

TOLERANCE AND Treg CELLS

Repeated or persistent exposure appears to be one
fundamental factor in the induction of tolerance. Repeated
intranasal antigen exposure leads to decreased bronchial
reactivity and tolerance in Ty2-sensitized mice.'?>'% In
addition, allergen desensitization therapy (injection of a
specific allergen extract at increasing doses) has for years
been successfully used, particularly in patients with hay
fever and insect venom allergy.lo7 Tolerance is mediated
by several mechanisms, including anergy and deletion of
effector T-cell clones, and particularly by the induction
and function of Treg cells. 198 These Treg cells are defined
as cells that actively control the function of other cells,
mostly in an inhibitory way.'” Two major lineages of
Treg cells have been identified: (1) naturally occurring,
thymus-derived Treg cells expressing the transcription
factor Foxp3, which are associated primarily with the con-
trol of autoantigens, and (2) induced (adaptive), antigen-
specific Treg cells, which require IL-10, TGF-3, or both
for their differentiation and function.'”''" These cells
ameliorate inflammation through the release of IL-10,
TGF-B, or both in repeated or persistent exposure to pre-
vent immune pathology (a form of tolerance) and maintain
the persistence of low numbers of antigens in the body,
which is necessary in certain cases to provide long-lasting
immunity against reinfections.''" Induction of antigen-
specific Treg cells has been performed by administration
of heat-killed Mycobacterium vaccae and allergen (oval-
bumin) into mice. These specific Treg cells were found
to release IL-10 and TGF-f and suppress eosinophilia
and bronchial hyperresponsiveness.''? Desensitization
therapy has also been found to operate through IL-10.'"
In general, Treg cells are able to prevent the development
of highly polarized Ty; cells,''? and one of the mechanisms
involved in the development of asthma and atopy has been
suggested to be a failure in Treg cell function,'07-10%-113
Several excellent review articles of Treg cells are available
for further reading.'7-10%-110-113

Treg cells can be preferentially induced at mucosal
surfaces, particularly in the gut and respiratory tract.'"!
In urbanized Western societies the natural environment
might no longer have the ability to maintain the respiratory
and gut mucosal system in a state that favors the develop-
ment of Treg cells and mucosal tolerance to harmless
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bioparticles.'® Persistent exposure to saprophytic bacte-
ria in soil and vegetation, in addition to commensals in
the gut and respiratory tract, might be needed to stimulate
the production of IL-10 and TGF-$ through the innate
immune system, which in turn are required for the devel-
opment of inducible Treg cells.

TLRs AND GENE-ENVIRONMENT
INTERACTION

Innate immunity is now recognized as a central element
also in the gene-environment interaction. The significance
of particularly the TLR2 gene in this respect has been
demonstrated in several studies. In European children
TLR2 gene expression has been found to be higher in
blood cells obtained from farmers’ children compared
with that seen in children not growing up on a farm. A
similar difference was not found for the TLR4 gene.''*
Furthermore, a genetic variation in the TLR2 gene was
shown to be a major determinant of reduced susceptibility
to asthma and atopy in farmers’ children but not in non-
farmers’ children.''® No clear association could be found
between variations in the TLR4 gene and asthma or
hay fever either in farmers’ or nonfarmers children in
most,' 116 albeit not all,'"” studies.

These studies provide convincing evidence for gene-
environment interactions: a certain polymorphism is
expressed only in a certain environment. They also under-
score the significance of TLR2 in environments associated
with high exposure to soil microorganisms. Because TLR2
is the main receptor for gram-positive bacteria and their
structural molecules, lipoteichoic acid and lipoproteins,®**’
these studies might also point to the significance of parti-
cularly gram-positive bacteria in this context. Interaction
of TLR2 with its ligands has been found to lead to rapid
release of IL-10, which can block the induction of
IL-12p35 and IFN-y by TLR3 and TLR4."'® It remains
to be clarified whether TLR2 is the crucial Toll receptor
in mediating IL-10 release for the development of induc-
ible Treg cells.

CONCLUDING REMARKS

Several lines of evidence support the view that the
environment in modern industrialized societies is unable
to provide the stimulation for the developing immune
system that might be beneficial or even necessary:
disruption of the ancient connection of humankind and
the soil might have had unexpected consequences.

The immunomodulatory role of saprophytic bacteria in
soil and vegetation is now increasingly recognized. The
innate immune system recognizes such saprophytes or
their nonviable components encountered at respiratory
and gut mucosal surfaces; however, robust inflammatory
responses are not normally elicited but kept in tight control
through mechanisms that involve the function of Treg
cells that in turn might control the development of atopic
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FIG 2. A model of the asphalt theory in the development of atopic
diseases. Supplemental information is available in the Online
Repository at www.jacionline.org. Because of the implementation
of new technologies, including recycling of asphalt material, the
figures for the use of asphalt from 1991 onward are not compara-
ble with the earlier ones and have not been included in the
analysis. Figures for the years 1960 through 1974 are based on
unofficial data from the Road Administration, Ministry of Traffic
and Communication, because no official statistics are available for
that period. Data on the prevalence of diagnosed asthma and
allergic rhinitis are based on Latvala et al.®

diseases. A number of microorganisms and their compo-
nents have been found to induce the production of IL-10,
the differentiation factor of inducible Treg cells, by innate
cells, 111119
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Here we proposed a hypothesis that the disconnection
of man and the soil might be one major factor in the current
asthma and atopy epidemic, as shown in Fig 2. The hy-
pothesis could be tested in animal models and in further
comparative and more clearly defined epidemiologic set-
tings, and if correct, a strategy that involves enhancement
of the development and activity of Treg cells'!” without
concomitant induction of inflammation by bacterial pro-
ducts is evidently the goal to pursue. Central to the out-
come of this strategy is probably timing (with respect to
the primary sensitization), duration, dose, and route of
exposure. The nature of the microbe might also play a
role, although it is likely that there is no single agent or
agent group behind the protective effect; rather, a mix-
ture, including members of the phylum Actinobacter,
might be involved. In addition, the product might not
be based on bacterial cell-wall components only because
bacterial DNA might have beneficial effects in this
respect.
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Abstract

Background Several recent studies have shown that growing up on a farm confers
significant protection against the development of atopy. These findings point particularly
towards the importance of exposure to stable dust and farm animals. It has furthermore been
reported that endotoxin, an intrinsic part of the outer membrane of gram negative bacteria, is
abundant in environments where livestock and poultry is kept.

The aim of this study was therefore to measure the level of environmental endotoxin
exposure in homes of farmers’ children, children with regular contact to livestock and
control children with no contact to farm animals.

Methods Eighty-four farming and nonfarming families were identified in rural areas in
Southern Germany and Switzerland. Samples of settled and airborne dust were collected in
stables, and of settled dust indoors from kitchen floors and the children’s mattresses.
Endotoxin concentrations were determined by a kinetic Limulus assay.

Results Endotoxin concentrations were highest in stables of farming families, but were
also significantly higher indoors in dust from kitchen floors (143 EU/mg vs 39 EU/mg,
P <0.001) and children’s mattresses (49479 EU/m? vs 9383 EU/m?, P< 0.001) as compared
to control children from nonfarming families. In addition, endotoxin levels were also
significantly higher in mattresses and dust from kitchen floors in households where children
had regular contact to farm animals (38.6 EU/mg and 23340 EU/m? respectively) as
compared to control subjects.

Conclusion We propose that the level of environmental exposure to endotoxin and other
bacterial wall components is an important protective determinant for the development of

atopic diseases in childhood.

Keywords: atopy, endotoxin, children

Clinical and Experimental Allergy, Vol. 30, pp. 1230—1234. Submitted 15 November 1999;
revised 2 February 2000; accepted 24 May 2000.

Introduction

Growing up on a farm confers significant protection against
the development of atopy as several recent reports have
consistently shown [1-4]. In a Swiss population (n = 1620)
of 6-—15-year-old schoolchildren the odds of having
seasonal symptoms of hay fever (adj.OR =0.34, 95% CI:

Correspondence: Dr E.von Mutius, Klinikum Innenstadt, Lindwurmstr.4,
D-80337 Miinchen, Germany.
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0.12-0.89) and of developing atopic sensitization as
measured by RAST (adj.OR=0.31, 95% CI: 0.13-0.73)
were strongly decreased in children raised on a farm as
compared to their peers from the same rural area whose
parents were not farmers [1]. Similarly, in a large survey of
Bavarian children entering school at age 5-7years
(n=10163) the prevalence of hay fever among children
raised on a farm was significantly lower than among their
peers from the same villages who did not grow up on a farm
(1.8% vs 4.9%, P=0.001) [2]. Adjustment for potential

© 2000 Blackwell Science Ltd
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confounding variables confirmed the strong inverse relation.
A recent Austrian survey of 8—10-year-old children living in
a rural area has furthermore confirmed the findings. Farmers’
children were at significantly lower risk to develop hay
fever (3.1% vs 10.3%, P =0.0002) and atopic sensitization
to a panel of aeroallergens (adj.OR =0.48, 95% CI: 0.30-
0.75) than children whose parents did not run a farm [3]. In
all three surveys a slight protective effect was also seen for
the prevalence of asthma (e.g. adj.OR=0.65, 95% CI:
0.39-1.09 in Bavaria), whereas the development of atopic
eczema was not affected by farming activities of the parents.

Living conditions of farming families differ in many
respects from life styles of other families: larger family
size, more pets, frequently heating with wood or coal, less
maternal smoking, more dampness, and other dietary habits
[1]. None of these factors could however, explain the strong
inverse association between atopy and growing up on a
farm. In contrast, contact to livestock and poultry was found
to explain much of the relation between farming and atopy
in the Austrian study [3]. Likewise, in the Bavarian survey a
strong inverse, dose-dependent relation between exposure to
livestock and the prevalence of atopic diseases was found
(adj.OR =0.41, 95% CI: 0.23-0.74 for frequent contact to
livestock) [2]. Furthermore, Austrian children with regular
contact to farm animals but not growing up on a farm had a
significantly lower prevalence of atopic sensitization
(13.5% vs 34.8%, P =0.01) than children with no contact
[3]. These findings suggest that factors prevalent in stables
and presumably thereby also in the homes of farming
families confer the protection which is associated with a
farming life style.

Previous reports have indicated that several exposures are
particularly high in stables such as exposure to moulds,
ammonia, faeces, animal proteins, constituents of feed and
endotoxin. Endotoxin is an intrinsic part of the outer
membrane of gram negative bacteria, thereby activating
THI1-type immune responses and thus interfering with the
development of TH2-type immune responses resulting in
atopy. We therefore aimed to measure concentrations of
endotoxin not only in dust samples of Bavarian and Swiss
stables, but also indoors in the homes of farmers’ and
nonfarmers’ children with contact to farm animals. We
furthermore wished to compare these levels to endotoxin
concentrations in homes of children without regular contact
to livestock or poultry.

Methods

Eighty-four families with 146 children aged 1-14years
(n=119 in Bavaria and n=27 in Switzerland) were
enrolled in the study through personal contacts, advertise-
ments in agricultural news letters and as part of the ongoing
environment and health monitoring program SCARPOL in

Switzerland [5]. There, the parents of all 14-year-old chil-
dren of the village of Grabs (n=97) visiting the school
physician were asked to complete a questionnaire and to
consent to dust sampling. Ninety-one families completed
the questionnaire and 63 (65%) accepted dust collection. Of
those were 10 children living on a farm and eight nonfarm-
ing children with regular contact to farm animals. All farms
in Switzerland and Bavaria were run by the family, all kept
cattle and some families additionally kept a few pigs, sheep,
goats or horses. All families in Bavaria and Switzerland
were living in rural areas, in total 39 families lived on a farm
where livestock was kept, and 45 families were not living on
a farm. Of these 45 families, subjects in 15 families had
regular contact to livestock through their neighbours. Expo-
sure to livestock in nonfarmers children was defined prior to
endotoxin analysis and assumed if parents reported that the
child had regular (at least once a week) contact to either
cattle, pigs, sheep, poultry, horses or goats.

Settled dust was taken in the stables of farming families at
several locations where children were usually playing. In
addition, 30 airborne dust samples were collected in each of
30 stables on 37mm diameter glass fibre filters (SKC
Miillheim, Germany) housed in respirable (PM,s5=
2.5 pm) and inhalable (PM; 5 = 7.5 um) dust samplers (Per-
sonal air sampler, GSA Mefgeritebau Neuss, Germany)
with suction provided by battery-operated pumps (Alpha-1,
air sampler, Ametek, USA) operated at 3.5 L/min (inhalable
fraction) or 2.0 L/min (respirable fraction). The mean sam-
pling duration was 3.1 h. Endotoxin concentrations were
expressed as EU/m” air. Furthermore, dust samples from
kitchen floors and children’s mattresses were taken using a
vacuum cleaner of 1200 W operated for 2 min at full power.
ALK filters were used for dust collection according to the
ISAAC Phase II manual [6]. Careful attention was given to
ensure comparability of the method of dust collection at the
different sites. In one family only dust samples from
mattresses, but not from kitchen floors were taken. All
samples were stored at room temperature [7] and analysed
within 1 week after collection.

Endotoxin content of all dust samples was determined by
a kinetic Limulus assay as described by Hollander and
coworkers [8] in the laboratory of the Institute for Occupa-
tional and Environmental Medicine of the University of
Munich. Briefly, each filter was extracted by rapid shaking
with endotoxin-free water (7.5 mL) for one hour. From a
diluted (air sample 1 : 10, dust samples 1 : 100 till 1: 10000)
aliquot, 100 uL were added to a microtitre-plate well (96
wells, NUNC) and assayed with LAL reagent (kinetic-QCL,
BioWhittaker) at 37.0 °C. A standard calibration curve (50,
5, 0.5, 0.005 EU/mL) was performed on each plate. Optical
density at 405nm was measured by an automatic reader
(PowerWave™, MWG Biotech). The intra-assay variability
was less than 5%, whereas the interassay variability was
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Fig. 1. Levels of endotoxin in kitchens (in EU/mg dust) of farmers
children, children with regular contact with livestock, and control
children.

lower than 20%. For dust samples collected from kitchen
floors, results were related to the dust quantity and
expressed as EU/mg. Results of dust samples from mat-
tresses were related to the size of the sampled mattress and
expressed as EU/m?.

Because of non-normal distribution of exposure levels the
geometric mean (gm) with 95% confidence (95% CI) inter-
vals of dust and endotoxin exposures were calculated.
Comparisons between groups were computed using the
t-test of log transformed values. P-values were adjusted
by the Bonferroni procedure to account for multiple testing.

The study was performed from December 1998 to June
1999.

Results

Samples of settled dust were collected from 38 stables of
farming families (n =30 in Bavaria and n =8 in Switzer-
land). In addition, dust samples of kitchen floors of 84
farming and nonfarming households (n =57 in Bavaria and
n=27 in Switzerland) and dust samples of children’s
mattresses of 83 farming and nonfarming families (n =56
in Bavaria and n =27 in Switzerland) were collected. As
several samples within one family were taken, averages of
exposure per household were calculated and compared
between groups. As one might expect endotoxin exposures
were highest in the stables (gm=649 EU/mg, 95%
CI=503-838 EU/mg). Interestingly, concentrations of
endotoxin were significantly (P =0.0001) higher in the
inhalable fraction (gm=150 EU/m’, 95% CI=83-272
EU/m’) than in the respirable fraction (gm=7 EU/m’,
95% CI=4-12 EU/m°).

More dust was collected from kitchen floors of
farming families (gm=797mg, 95% CI=670-949 mg)
than in both families of children with regular contact to
livestock (gm=449mg, 95% CI=292-692mg) and

Farming families Nonfarming families Controls (n = 30)
(n=39) with contact to
livestock (n=15)

Fig. 2. Levels of endotoxin in mattresses (in EU/m?) of farmers
children, children with regular contact with livestock, and control
children.

control households (gm =434 mg, 95% CI=342-552mg)
(P=0.011 and P<0.001, respectively). The endotoxin
exposures per mg dust were significantly higher in dust
samples from kitchen floors of farming families (gm = 143
EU/mg, 95% CI=114-180 EU/mg) as compared to non-
farming families (children with livestock contact: gm =51
EU/mg, 95% CI=30-89 EU/mg; controls: gm =39 EU/
mg, 95% CI=30-50 EU/mg) (Fig. 1). Levels of endotoxin
were also significantly higher in mattresses of farming
families (gm=49479 EU/m?, 95% CI=34951-70047
EU/m?) and marginally higher in families with children
having regular contact to livestock (gm =23340 EU/m?,
95% CI =11159-48819 EU/m?) as compared to the control
group (gm = 9383 EU/m?, 95% CI = 5882—14968 EU/m?)
(Fig. 2). When expressing endotoxin levels in mattresses as
EU/mg dust or when comparing differences in exposure on a
personal rather than household level similar results were
obtained (data not shown).

Discussion

Endotoxin concentrations were higher in homes of children
living on a farm as compared to homes of nonfarming
families. Furthermore, in families of children with regular
contact to livestock higher endotoxin concentrations were
found in the mattress as compared to control households.
These findings suggest that contact to livestock not only
strongly increases LPS exposure while staying in a stable,
but also augments daily exposure indoors.

Endotoxin consists of a family of molecules called
lipopolysaccharides (LPS) and is an intrinsic part of the
outer membrane of gram negative bacteria [9]. LPS and
other bacterial wall components which can also be found
abundantly in stables where pigs, cattle and poultry is kept
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[10,11], engage with antigen-presenting cells via CD14
ligation eliciting strong IL-12 responses [12]. IL-12, in
turn, is regarded as an obligatory signal for the maturation
of naive T cells into Thl-type cells [13]. There is ample
evidence that IgE responses are down regulated by inhibi-
tory signals derived from Thl-type cells [14]. Recent
studies have furthermore shown that a polymorphism in
the 5'-flanking region of the CD14 gene on chromosome
5q31.1 results in down-regulation of IgE levels [15] lending
further support to the hypothesis that (via CD14 ligation)
LPS and other bacterial wall components affect the levels of
serum IgE and thus interfere with the development of atopy.

Bacterial signals may, however, only play a role in
promoting T helper cell differentiation and polarization at
the time of development of primary immune responses [16].
There is increasing evidence suggesting that the predomi-
nant type of response (Thl-like or Th2-like) to a given
antigen is determined at the time of the primary encounter
with the antigen [17], a life period during which the Th2-
polarization characteristic of the fetal immune system is
being progressively replaced by Thl-dominance [18,19].
The pivotal role of the antigen presenting cell to induce
differentiation of Thl-type effector and memory cells early
in life is increasingly recognized [12]. These cells are
generated in the bone marrow, but migrate to peripheral
tissues, including the airway epithelium, and to local lymph
nodes. LPS and other bacterial wall components bound to
particles of various sizes are likely to penetrate in various
depths into the airways and to exert their immune stimulat-
ing effects on cells of the upper and lower airway tract. The
fact that a higher proportion of endotoxin was bound to
larger particle size in our samples as in previous studies [20]
may relate to the preferential effect on the reduction in the
prevalence of hay fever as compared to asthma in farmers’
children. In adult life, endotoxin exposure has been shown
to induce strong inflammatory responses via production of
IL-1 IL-6, IL-8, and TNF« resulting in neutrophilia and
fever [21], but also to induce airway hyper-responsiveness
and respiratory symptoms [22,23].

Endotoxin is ubiquitous in nature, being present in
normal indoor environments as a constituent of house dust
[24]. It has previously been suggested that endotoxin levels
increase where animals are kept indoors, and it seems
noteworthy that several recent studies have shown a pro-
tective effect of early exposure to cats and dogs on the
development of atopic sensitization [25,26]. Furthermore,
endotoxin levels are likely to be particularly high in devel-
oping countries where poultry and livestock are kept in
close proximity to human housing. In this context, it is of
interest to note that a previous study from Africa has found a
significantly decreased odds ratio for the development of
atopic senitization (aOR =0.49, 95% CI: 0.28-0.87) in
children in whose homes pigs were kept [27].

The limitations of exposure studies as the one presented
here are well-known. In particular, although we know that
endotoxin exposure is associated with farming and exposure
to livestock, and that farming is associated with a decreased
risk of atopy, we do not know whether this applies to
individuals within these communities. High exposure
levels to endotoxin may be a surrogate for other aspects of
exposure to stables which are associated with a decreased
risk of atopy. It seems, however, unlikely that exposure to
moulds which are also abundant in stables confers protec-
tion for the development of atopy, since most studies
investigating the effects of exposure to moulds or dampness
have either reported no effect or an increased risk to develop
childhood wheeze and asthma [28]. Other bacterial wall
components from gram positive bacteria or atypical myco-
bacteria are likely to affect immune responses in similar
ways as LPS [29,30]. Particularly, listeria, a germ also
abundant in stables, is known to induce IL-12 production
[31] thereby potentially deviating the immune response
towards a Thl-like phenotype. Recent studies furthermore
suggest that certain motifs of bacterial DNA might also
prevent the development of atopy [32].

We therefore propose that the level of environmental
exposure to endotoxin and other bacterial wall components
is an important protective determinant for the development
of atopic diseases in childhood. Further understanding of
these mechanisms may in the future open a novel avenue for
the prevention of atopic diseases in childhood.
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Allergic asthma is a chronic inflammatory disease and despite
the introduction of potent and effective drugs, the prevalence
has increased substantially over the past few decades’. The ex-
planation that has attracted the most attention is the ‘hygiene
hypothesis’, which suggests that the increase in allergic diseases
is caused by a cleaner environment and fewer childhood infec-
tions*™. Indeed, certain mycobacterial strains can cause a shift
from T-helper cell 2 (Th2) to Th1 immune responses, which may
subsequently prevent the development of allergy in mice®”.
Although the reconstitution of the balance between Th1 and
Th2 is an attractive theory, it is unlikely to explain the whole
story, as autoimmune diseases characterized by Th1 responses
can also benefit from treatment with mycobacteria and their
prevalence has also increased in parallel to allergies®. Here
we show that treatment of mice with SRP299, a killed
Mycobacterium vaccae-suspension, gives rise to allergen-specific
CD4'CD45RB' regulatory T cells, which confer protection
against airway inflammation. This specific inhibition was medi-
ated through interleukin-10 (IL-10) and transforming growth
factor-B (TGF-B), as antibodies against IL-10 and TGF-3 com-
pletely reversed the inhibitory effect of CD4'CD45RB™ T cells.
Thus, regulatory T cells generated by mycobacteria treatment
may have an essential role in restoring the balance of the im-
mune system to prevent and treat allergic diseases.

We analyzed the effect of SRP299 treatment on the ovalbumin
(OVA)-induced eosinophilic airway inflammation using two dif-
ferent immunization protocols. A single OVA aerosol challenge
resulted in a significant increase in the number of eosinophils,
neutrophils, lymphocytes and macrophages in bronchoalveolar
lavage (BAL) fluid from both the short-term (21 d, two immu-
nizations) as well as the long-term (63 d, four immunizations)
protocols (Fig. 1a). Subcutaneous (s.c.) injection of 0.1 mg
SRP299 (optimal dose; ref. 9 and data not shown) three weeks
before the first OVA immunization significantly reduced the air-
way eosinophilia using both immunization protocols (Fig. 1a).
The inhibitory effect of SRP299 treatment on the allergic inflam-
mation was not restricted to eosinophils but also affected other
inflammatory cell types (Fig. 1a).

Cultures of OVA-stimulated splenocytes from saline-treated
and OVA-immunized mice (short-term protocol) contained sub-
stantial amounts of interleukin-4 (IL-4), IL-5 and IL-10 (Fig. 1b),
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whereas the antigen stimulation failed to trigger significant pro-
duction of interferon-y (IFN-y), IL-2 and IL-12. Cultures of spleno-
cytes from immunized and SRP299-treated mice contained
significantly higher levels of IL-5 and IL-10, whereas the produc-
tion of IL-4 was not altered. No significant differences were found
in IFN-y, IL-2 and IL-12 levels, irrespective of treatment, suggest-
ing that the mechanisms by which SRP299 induces the suppres-
sion of the allergic inflammatory response is not due to a
diversion from allergen-specific T-helper cells (Th2) to Th1 cells.

The increased production of IL-5 and IL-10 in SRP299-treated
mice without corresponding increase in Thl-associated cy-
tokines may indicate that SRP299 induces the generation of IL-
10-producing regulatory cells that might specifically block the
allergic response over a long period of time'*~"2. We therefore in-
vestigated whether splenocytes from SRP299-treated mice could
inhibit airway eosinophilia in immunized recipient mice.
Intravenous transfer of 2 x 10° splenocytes from OVA-primed
SRP299-treated mice to OVA-immunized recipient mice, 24 h be-
fore the antigen challenge, significantly reduced OVA-induced
airway eosinophilia (Fig. 2a). A less pronounced inhibitory effect
was observed in recipient mice injected with splenocytes from
SRP299-treated and PBS-challenged mice. By contrast, the trans-
fer of splenocytes from saline-treated and PBS- or OVA-primed as
well as from naive mice into OVA-immunized mice failed to in-
hibit the antigen-induced airway eosinophilia.

We next sought to identify the cell population responsible for
the inhibition of the allergic response. We purified T cells from
the spleen of OVA-primed SRP299-treated mice and tested their
regulatory activity in OVA-immunized recipient mice. Only
treatment of mice with 2 x 10° purified T cells significantly re-
duced the antigen-induced airway eosinophilia (Fig. 2a).
Furthermore, only CD4* and not CD8* T cells were able to do so.
The regulatory activity of the CD4* T cells from SRP299-treated
mice is highly potent as cell numbers as low as 0.25 x 10° signifi-
cantly suppressed allergen-induced eosinophilic inflammation
(Fig. 2b). The BAL fluid of mice immunized and challenged fol-
lowing the transfer of purified CD4" T cells from SRP299-treated
mice contained significantly increased levels of IL-10, whereas
no significant changes in IL-4 or transforming growth factor-p
(TGF-B) were observed (Fig. 2¢). In addition, transfer of purified
CD4" splenocytes from OVA-primed SRP299-treated mice to
OVA-immunized and challenged recipient mice significantly re-
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Fig. 1 Effect of SRP299 treatment on the OVA-induced eosinophilic inflam-
mation and cytokine production by splenocytes. a, Effect of SRP299 on OVA-
induced changes in the cell numbers in mice immunized using a short-term
(21 d, two immunizations) and long-term (63 d, four immunizations) proto-
cols. OVA-immunized mice were treated with saline and challenged by
aerosol with either PBS (PBS) or OVA (OVA) or treated s.c. with SRP299 21 d
before the beginning of immunization and challenged with OVA (SRP/OVA).
48 h after the aerosol PBS or OVA challenge, BAL fluid was collected and cell
numbers determined. Data are means * s.e.m.; n = 7-10 per group. * P <
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0.05; **, P < 0.05 versus saline-treated and PBS- or OVA-challenged mice, re-
spectively. b, Effect of SRP299 on IL-2, IL-4, IL-5, IL-10, IL-12 and IFN-y release
in response to in vitro antigen-mediated activation of splenocytes from OVA-
immunized mice. Mice were treated s.c. 21 d before the OVA immunization
either with saline (E21) or with SRP299 (H) and killed on day 21 of immuniza-
tion. Splenocytes were incubated with RPMI alone or were stimulated with
OVA and the cytokine levels in the cell-free supernatants were determined by
ELISA. Data are means * s.e.m. of 5-7 mice per group. **, P<0.05; *, P<0.05
versus saline-treated and RPMI- or OVA-stimulated cells, respectively.

duced subsequent allergen induced bronchial hyperresponsive-
ness (BHR) to methacholine (Fig. 2d). These data clearly demon-
strate that SRP299-induced regulatory T cells not only control
the extent of the allergen-induced eosinophilic inflammation,
but also affect more pathophysiological readouts such as BHR.

In an attempt to verify the specificity of the CD4" regulatory
T cells, we treated cockroach extract antigen (CEA)-immunized
mice with CD4* T cells generated in mice treated with SRP299
and immunized and challenged with OVA or CEA. Pretreatment
with CD4* T cells from SRP299-treated and CEA-immunized, but
not from OVA-immunized mice inhibited the CEA-induced
eosinophilic inflammation in CEA-immunized recipient mice
(Fig. 2¢), demonstrating an allergen-specific effector function of
these regulatory T cells. This conclusion is further supported by
the observation that the transfer of CD4* T cells from SRP299-
treated and OVA-immunized mice into CEA-immunized mice
significantly inhibited the allergen-induced eosinophilic inflam-
mation when challenged with both CEA and OVA.

Several studies have demonstrated that the regulatory T cells
are predominantly found within the CD4*CD45RB'*CD25"* sub-
population®. The flow-cytometric analysis of the distribution of
CD45RB and CD25 expressing CD4" T cells obtained from
spleens revealed no significant differences between SRP299-
treated or saline-treated, OVA-immunized mice (data not
shown). However, the transfer of FACS-sorted CD4* T cells ex-
pressing low levels of CD45RB (CD45RB") from SRP299-treated,
OVA-immunized mice into recipient OVA-immunized mice
before challenge significantly reduced the allergen-induced
eosinophilic inflammation (Fig. 3a). In contrast, the transfer of
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high-level CD45RB-expressing CD4* T cells (CD45RB™) had no
suppressive effect, nor did injection of either CD45RB popula-
tions from saline-treated mice.

A characteristic feature of regulatory T cells is their ability to in-
hibit the proliferation of other T cells in vitro'**. Fig. 3b shows
that CD4*CD45RB™ T cells from SRP299-treated and OVA-immu-
nized mice added to cultures of CD4" T cells from untreated OVA-
immunized mice significantly inhibited the antigen-induced
proliferative response in vitro. The suppression of the proliferative
response of OVA-specific T cells induced by CD4*CD45RB™
T cells from SRP299-treated mice was completely reversed by
adding neutralizing antibodies against IL-10 and TGEF-f.

In an attempt to quantify the number of SRP299-induced reg-
ulatory T cells, CD4* T cells from both SRP299- or saline-treated
OVA-immunized mice were stimulated in vitro with the allergen
and the number of IL-10 producing cells were analyzed within
the different CD45RB populations using flow cytometry. Fig. 3¢
shows a representative dot plot of membrane CD45RB and intra-
cellular IL-10 double-stained CD4" T cells, demonstrating that
the stimulation of these cells with OVA induces the production
of IL-10 in both, CD45RB" and CD45RB" cells. The quantitative
analysis revealed a significantly increased number of IL-10-pro-
ducing CD4" cells in cultures from SRP299-treated compared
with saline-treated mice (data not shown), which was mainly
due to an increase in IL-10-producing CD45RB" cells (Fig. 3d).
Qualitatively similar changes were found measuring the IL-10
levels in supernatants of these cultures (Fig. 3e).

Next, we examined the potential role of IL-10 and TGF-f in
the regulation of the in vivo inhibitory activity. Pre-treatment of
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Fig. 2 Transfer of SRP299-treated cells inhibit the OVA-induced
eosinophilic inflammation and bronchial hyperresponsiveness in an aller-
gen-specific manner. a, Recipient OVA-immunized mice (short-term pro-
tocol, day 20) were treated i.v. 24 h before the allergen challenge with PBS
(none), or with 2 x 10° splenocytes from naive (naive), saline-treated and
PBS- (PBS) or OVA-challenged (OVA), SRP299-treated and PBS- (SRP/PBS)
or OVA-challenged (SRP/OVA) donor mice. Similarly, 2 x 10° non-T cells or
T cells, purified CD8* or CD4" T cells were isolated from spleens from OVA-
challenged and saline-treated (OVA) or SRP299-treated donors (SRP/OVA).
Animals were killed after challenge with either PBS (IZ1) or OVA (H).
Results are % of OVA-challenged control mice without cell transfer. Data
are means * s.e.m.; n = 5-8 per group. **, P < 0.05 versus control OVA-
challenged mice (none). b, Dose response data of purified CD4* T cells ob-
tained from SRP299-treated and OVA-immunized and challenged mice,
adoptively transferred into OVA-immunized recipient mice. Results are
number of eosinophils present in BAL fluid obtained 48 h after the chal-
lenge with either PBS (PBS) or OVA (all other bars). Data are means +
s.e.m.; n=5-8 per group. **, P<0.05 versus control OVA-challenged mice
(OVA). ¢, BAL fluid IL-10, IL-4 and TGF-B levels in OVA-immunized mice
challenged with PBS (PBS) or OVA (OVA) following transfer of no cells or
purified CD4* T cells (1 x 10° cells/ml) from SRP299 treated mice as de-
scribed above (SRP/OVA). Data are means + s.e.m.; n = 5-8 per group. **,
P < 0.05 versus control OVA-challenged mice (OVA). d, Antigen-induced
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bronchial hyperreactivity to inhaled methacholine measured as increase in
Penh from PBS- (PBS) or OVA-challenged mice (OVA) following transfer of
none or purified CD4* T cells (1 x 10° cells/ml) from SRP299-treated mice
as described above (SRP/OVA). Data are means +s.e.m.; n= 10 per group.
** P < 0.05 versus control OVA-challenged mice. e, Mice pre-immunized
with CEA were i.v. treated with PBS (control) or with 1 x 10° CD4* T cells
from SRP299-treated and OVA-immunized and challenged mice
(SRP/OVA) or SRP299-treated and CEA-immunized and challenged mice
(SRP/CEA). BAL was performed 48 h after the intranasal challenge with
CEA alone (CEA challenge) or with OVA and CEA (CEA-OVA). For the latter,
mice received an aerosol challenge of OVA followed by an intranasal chal-
lenge with CEA, 6 h later. Data are means + s.e.m.; n = 5-7 per group. **,
P < 0.05 versus PBS-treated and CEA-challenged mice.

recipient mice with neutralizing antibodies to either IL-10 or
TGF-B significantly reduced the CD4*CD45RB" T-cell-mediated
suppressive effect, suggesting that both cytokines are required
for the regulation of the eosinophilic inflammation by regula-
tory T cells (Fig. 3f). Indeed, treatment with antibodies against
both IL-10 and TGF- completely reversed the inhibition due to
SRP299-induced OVA-specific CD4*CD45RB* T cells. In con-
trast, neither the anti-cytokine nor the isotype-matched control
antibodies had any effect on the OVA-induced inflammation in
control mice. Taken together, these findings demonstrate that
SRP299 treatment gives rise to regulatory CD4*CD45RB™ T cells,
which display a specific protective effect on allergic pulmonary
inflammation through IL-10 and TGF-f production.

Down-regulation of allergic responses by mycobacteria in vivo
has been observed in numerous cases. However, the mechanism
by which mycobacteria inhibit the inflammatory response re-
mains unclear and various mechanisms, such as the induction of
Th1 cytokines such as IFN-y, have been proposed®. However, we
were unable to demonstrate any significant changes in IFN-y
production following SRP299 treatment. In addition, the in-
hibitory effect was not confined to eosinophils but also affected
all other cell types, suggesting that mechanisms other than sim-
ple changes in the balance between Thl and Th2 must be re-
sponsible for the observed effects.

It is now well established that regulatory T cells can inhibit
harmful immunopathological responses, but many key aspects,
such as their antigen specificities, the cellular and molecular
pathways involved in their development and mechanism of ac-
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tion remain unresolved. Different regulatory T-cell populations
have been described in both the murine and human systems*.
For example, regulatory T cells induced in vitro produce high lev-
els of IL-10 but not IL-4, do not proliferate after stimulation and
inhibit antigen-specific proliferation and cytokine production in
a cell contact-dependent manner'’. In addition, IL-10-producing
regulatory T cells were shown to actively modulate a Th2-type
response and immunoglobulin E (IgE) production'’. Moreover,
the protective mechanism by which CD4*CD45RB* regulatory
T cells inhibit the development of inflammatory bowel disease
or prevent graft rejections in adoptive transfer experiments is
critically dependent on the production of IL-10 and TGF-f (refs.
18,19). The regulatory T-cell described here is characterized as
CD4*CD45RB" T-cell subset producing and/or inducing the pro-
duction of IL-10 and TGF-p. It is capable of inhibiting antigen-
mediated proliferative responses and specifically suppresses
allergen-induced eosinophilic inflammation. The phenotype
and cytokine profile is therefore in line with the regulatory
T cells described elsewhere'. Furthermore, treatment with
SRP299 gives rise to the development of newly generated, aller-
gen-specific regulatory T cells. This was clearly shown in the ex-
periments where the adoptive transfer of purified CD4* T cells
from SRP299-treated, OVA-immunized mice into CEA-immu-
nized and challenged mice had no effect on the eosinophilic in-
flammation, whereas the double challenge with both CEA and
OVA induced a significant inhibition. The IL-10 and TGF-p de-
pendency of the observed inhibition was clearly demonstrated
using neutralizing antibodies. In contrast, however, only small
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increases in IL-10, but not TGF-f3 were found in BAL fluid or cell
cultures from SRP299-treated mice. It is reasonable to assume
that data generated with neutralizing antibodies best reflect the
underlying mechanisms as cytokine levels in supernatants and
diluted BAL fluid do not account for cell-cell interactions, tem-
poral relationships between production and utilization or re-
sponses specific to the target organ.

In conclusion, regulatory CD4" T cells generated by SRP299
treatment may have an essential role in restoring the balance of
the immune system to prevent allergic diseases and offer advan-
tages over treatments aimed at inducing a shift from an allergen-
specific Th2 to Th1 response. Preliminary clinical studies with
M. vaccae treatment in adults with asthma and rhinitis or in chil-
dren with atopic dermatitis demonstrated clinical benefits as
measured by reduction in use of rescue medication, severity of
disease or inhibition of the allergen-induced late-phase re-
sponse’??. In contrast, however, another study using lower
doses of M. vaccae in asthmatics did not show any beneficial
clinical effects®. All patients in this study were prescribed in-
haled glucocorticosteroids and it is possible that the induction
and possible effector function of regulatory T cells might be sup-
pressed by this treatment. Moreover, our studies also demon-
strated that allergen exposure is absolutely required to generate
allergen-specific regulatory T cells. Therefore, one of the critical
elements determining success or failure of a clinical study might
be the level and duration of natural exposure to allergens during
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the treatment period. The new insights into the mechanisms of
action of SRP299 treatment as described here should help to de-
sign better clinical studies and to understand the dysregulation
of the immune response resulting in allergic diseases.

Methods
Animals. Female BALB/c mice (20-25 g, 5-6-wk-old) were obtained from
Harlan (Oxon, UK). All experiments complied with the Home Office 1986
Animals Scientific Act and were approved by the NHRC Animal Welfare
Committee.

Immunization and airway challenge. Short-term model: mice were immu-
nized intraperitoneally (i.p.) on days 0 and 14 with 10 ug OVA (Grade V,
Sigma) or CEA (Hollister-Stier Laboratories, Spokane, Washington) in 0.2 ml of
alum (Serva, Heidelberg, Germany). On day 21, OVA-immunized mice were
exposed for 20 minutes to an aerosol of OVA (50 mg/ml) or PBS. CEA-immu-
nized mice were challenged with 10 pg CEA in 50 pl PBS or PBS alone admin-
istered intranasaly. Long-term model: mice were immunized i.p. on days 0, 14
and 42 and s.c. on day 56 with 10 ug OVA in 0.2 ml of alum and challenged
with OVA on day 63 as described above.

Treatment with SRP299. Mice were treated s.c. with 0.1 mg SRP299 (sterile
vials containing a suspension of heat-killed M. vaccae at 10 mg/ml, SR Pharma)
in 200 pl saline or with saline alone three weeks before OVA immunization.

Bronchoalveolar lavage (BAL) fluid. Animals were i.p. anesthetized with 60
mg/kg pentobarbitone sodium. The trachea was cannulated and BAL was col-
lected by injecting 0.4 ml PBS three times into the lung. Total cell count was
determined and differential cell counts were performed on cytospin slides
stained with Diff-Quik (Baxter Dade AG, Dudingen, Switzerland) counting 200
cells. BAL cytokine levels were assessed using ELISA kits (R&D Systems,
Oxon, UK). The detection limits were the following: IL-2 (3 pg/ml), IL-4
(2 pg/ml), IL-5 (7 pg/ml), IL-10 (4 pg/ml), IL-12 (4 pg/ml), IFN-y (2 pg/ml)
and TGF-B (7 pg/ml).

Fig. 3 The inhibitory effect of regulatory T cells resides within the
CD4*CD45RB" population and is mediated by IL-10 and TGF-f.
a, Adoptive transfer of FACS-sorted CD4*CD45RB" or CD45RB" (0. 4 x 10°
cells/mouse) T cells from saline- (saline) or SRP299-treated (SRP) and OVA-
immunized mice into OVA-immunized recipient mice 24 h before PBS (PBS)
or OVA (OVA and all other bars) challenge. Data are means * s.e.m. of 9-12
mice per group. **, P < 0.05 versus OVA-challenged mice without cell trans-
fer. b, In vitro proliferative response of OVA-stimulated CD4* T cells from
OVA-immunized mice following addition of 1 x 10° purified CD4*CD45RB"
T cells from saline-treated (CD45RB"“) or SRP299-treated (SRP-CD45RB")
and OVA-immunized mice in the absence (control) or presence of neutraliz-
ing anti-IL-10 or anti-TGF-B or a combination. Results are SI (*H-thymidine
incorporation induced by OVA/?H-thymidine incorporation in cultures
without OVA). Data are means + s.e.m. of 3 individual cultures. **, P < 0.05
versus OVA-stimulated cultures in the absence of cocultured CD45RB"
cells. ¢, Representative FACS dot plot of double immunofluorescence
stained CD4* T cells (FITC-conjugated anti-CD45RB antibodies and intracel-
lular staining with phycoerythrin-conjugated anti-IL-10 antibodies) without
(control) or following in vitro OVA stimulation. d, Quantitative analysis of IL-
10 producing, CD4*CD45RB" expressing cells from saline-treated (saline)
or SRP299 treated (SRP) and OVA-immunized mice in non-stimulated
(RPMI) or OVA (OVA) stimulated cultures. Data are means * s.e.m. of cul-
tures from 7-10 mice per group. **, P < 0.05; ***, P < 0.05 versus RPMI and
OVA-stimulated cultures from saline-treated mice, respectively. e, IL-10 lev-
els in supernatant from the same cultures as described in d. f, OVA-immu-
nized mice were treated with PBS or 0.4 x 10° purified CD4*CD45RB"
T cells from SRP-treated and OVA-immunized mice (SRP-CD45RB"). In ad-
dition, some of the mice were pretreated with either PBS (control), isotype-
matched antibodies (control Ab), anti-IL-10, anti-TGF-3 or a combination of
anti-IL-10 and anti-TGF- antibodies. BAL fluid was analyzed 48 h after the
PBS (PBS) or OVA challenge. Data are means * s.e.m. of 6-8 mice per
group. **, P < 0.05 versus OVA-challenged mice without cell transfer and
antibody treatment; *, P < 0.05 versus CD45RB" transfer control.

NATURE MEDICINE ¢ VOLUME 8 ¢ NUMBER 6 * JUNE 2002



hl'"-";‘ © 2002 Nature Publishing Group http://medicine.nature.com

Cell transfer. 24 h after PBS or OVA challenge (day 22), spleens from saline-
or SRP299-treated mice were collected. Single-cell suspensions were pre-
pared by passing cells through a cell strainer. Purified T-lymphocytes, CD4*
or CD8" fractions were prepared by magnetic cell sorting (MACS; Miltenyi
Biotec, Bergisch Gladbach, Germany). Briefly, splenocytes were incubated
with CD90 (Thy1.2), CD4 (L3T4) or CD8a (Ly-2) microbeads, respectively,
and desired cells were separated by positive selection'. The resulting popu-
lations were >95% pure as determined by FACS analysis. CD4* T cells were
further separated into CD4*CD45RB" and CD4*CD45RB" cells using FITC-
conjugated monoclonal antibodies against CD45RB (16A, BD, Oxford, UK)
and sorted by flow cytometry (MoFlo, Cytomation). All populations were >
99% pure on reanalysis. 24 h before the antigen challenge (day 20), mice
were intravenoulsy (i.v.) injected with 50 pl PBS containing the indicated
number of the desired cell population.

In vitro cytokine production and proliferation. Splenocytes from SRP299-
or saline-treated, OVA-immunized mice (day 20) were cultured at 2 x 10°
cells/culture in RPMI supplemented with 10% FBS, 2 mM L-glutamine, 100
pg/ml streptomycin, 100 U/ml penicillin (all from GIBCO, Paisley, UK) at
37 °C, 5% CO,, in the presence or absence of 100 pg/ml ovalbumin for 72
h. Supernatants were then collected and cytokine levels determined by
ELISA.

Purified CD4* T cells (2 x 10° cells) were stimulated by OVA (100 pg/ml)
in the presence of T cell-depleted, irradiated (4,000 rad) splenocytes.
CD4*CD45RB™ T cells from SRP299 or saline-treated mice were added to
OVA-primed CD4* T cells in the presence or absence of 60 ng/ml anti-IL-10
(JESO052A5, BD) or 10 ng/ml anti-TGF-B (chicken IgY, R&D Systems) anti-
bodies. Proliferation was assessed by [*H]thymidine incorporation (0.5
pCi/well) during the last 16 h of culture and results are expressed as stimula-
tion index (Sl, counts of OVA stimulated/counts of non-stimulated cultures).

Intracellular cytokine staining. 2 x 10° splenocytes were cultured with or
without OVA for 3 d. For the last 16 h of culture, 3 uM monensin and 5
pg/ml brefeldin A (Sigma) were added. CD4* T cells were then isolated by
positive selection using MACS and stained for CD45RB expression with FITC-
anti-CD45RB antibodies. Cells were then fixed, permeabilized (Fix&Perm kit,
Caltag) and stained for intracellular IL-10 with phycoerythrin-anti-IL-10 anti-
body (BD).

Determination of BHR. 24 h after challenge, unrestrained conscious mice
were placed in a whole-body plethysmographic chamber (BUXCO, EMKA
Technologies). After 2 min stabilization, an aerosol of methacholine (Sigma)
at 30 mM was delivered for 1 min. The airway resistance was expressed as
Penh (enhanced pause)®.

In vivo treatment with antibody. Immunized mice (day 20) were injected
i.p. with 0.6 mg of rat IgG1 against mouse IL-10, JES052A5, or with its
matched isotype control, LO-DNP-2 (provided by M. Goldman) or with 33
ug of chicken IgY anti-TGF-B or with its matched isotype control or with
saline, 2 h before the i.v. injection of 4 x 10° CD4*CD45RB" T cells. BAL was
performed 48 h post-challenge.

Statistical analysis. Data were analyzed using microcomputer programs for
one-way ANOVA followed by Student’s t-test for unpaired values. P < 0.05

was considered significant. Results are expressed as means + s.e.m.
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