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Aspergillus fumigatus is a ubiquitously distributed fungus.* % Spores
can be found in the soil and in other organic substances such as hay,
animal bedding,'® compost,® wood,” * and wool.2 Mold growth that is
dependent on the moisture and nutrients in the substrate is caused by
the growth of A. fumigatus, other related fungi, and thermoactinomyces
species. Depending on the ventilation and the quality of food and
bedding, the concentration of A. fumigatus spores in the air can be very
high in barns.’> '® This organism (and other closely related species) is
an opportunistic fungal pathogen for humans and animals, causing life-
threatening systemic infections in immunocompromised patients (HIV-
infected patients*) and patients undergoing immunoablative treatment.’
Alternatively, the fungus can colonize mucosal sites in predisposed
patients (e.g., patients affected with cystic fibrosis®” and other structural
lung diseases) and in otherwise apparently normal individuals. A variety
of proteins from A. fumigatus are highly antigenic and cause lung hyper-
sensitivity responses in man and animals with or without colonization
of lungs or sinuses.*> %
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Lung hypersensitivity responses to A. fumigatus may present as one
of several distinct clinical entities.* Asthma presents as recurrent bouts
of dyspnea caused by bronchoconstriction and is often, but not always,
accompanied by high serum immunoglobulin E (IgE) levels and periph-
eral blood and tissue eosinophilia. Hypersensitivity pneumonitis, in
contrast, is characterized by bouts of dyspnea caused by alveolar filling
and pulmonary restriction, often in the setting of influenza-like symp-
toms (e.g., fever, fatigue). Serum IgE titers are often low in hypersensitiv-
ity pneumonitis, and eosinophilia, if present, is usually less than in
asthma. Immunologically, asthma has been associated with an exagger-
ated response of T helper 2 (Th2) lymphocytes.” Th2 cells make a specific
array of cytokines, most prominently IL-4 and IL-5.7 IL-4 is a critical
mediator of IgE synthesis,” and IL-5 is probably the most essential factor
for eosinophil infiltration into the tissues.’ 7 IL-4 and IgE are thought
to be instrumental for the activation of mast cells.! In contrast, hypersen-
sitivity pneumonitis is characterized by neutrophil influx into the lungs
at the acute phase and T cell and macrophage influx during the chronic
phase of the disease. It is thought to be caused by excessive macrophage
activation because of an immune complex-mediated Arthus reaction
together with the response of T helper 1 lymphocytes (Th1).855” Thl cells
mediate functions that are often antagonistic to functions mediated by
Th2 cells.” Interferon gamma (IFN-y), the most prominent cytokine
made by Th1 cells, activates macrophages and promotes the secretion of
IgG2a antibodies.! Hypersensitivity to A. fumigatus antigens in human
patients can lead to allergic bronchopulmonary aspergillosis (ABPA).%
Patients with ABPA resemble asthmatics and their airways may be
colonized by A. fumigatus. The immunopathology of ABPA is characteris-
tic of activated Th2 cells'* ** %; however, IgG-mediated Arthus reactions®
and autoimmune reactions® also can contribute to the pathogenesis.

The study of animal models of ABPA allows comparative research
of naturally occurring diseases. Both common and distinct pathologic
features are of great interest because they serve to identify key elements
in the pathogenesis. Animal model studies also afford research of experi-
mentally induced diseases. Only experimentally induced diseases can be
modeled in different ways (e.g., changing the genetic background, the
route of sensitization) and altered by treatment with specific antibodies.
Furthermore, animals with targeted gene-deletions or with insertion of
transgenes can be studied. The purpose of this type of research is to
identify the roles of specific cells, receptors, or soluble mediators in
disease pathogenesis. The conclusions then are used to formulate
hypotheses that have to be tested for their application to human disease.

ASPERGILLUS-INDUCED DISEASE IN DOMESTIC
ANIMALS

A. fumigatus is a major infectious organism of the respiratory tract
in birds (domestic, zoo, or wild).* ?® ? In domestic mammals, however,
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A. fumigatus is a rare opportunistic infectious organism for many species
(e.g., dogs, cats, or horses),* * occurring mostly on mucosal surfaces of
immunocompromised animals. Cattle are the exception because they
have a much higher incidence of infectious mucosal aspergillosis than
other domestic mammals. It is thought that the port of entry of the
organism is the stomach.® 3 Infection and colonization of the
stomachs,® ¢ the uterus® ¥ 5! % (leading to placentitis and abortions),
and the udder” * ® (causing mastitis) are quite common and associated
with the overzealous use of antibiotics. It is thought that the disruption
of the natural balance in the microbial flora predisposes the animals to
fungal overgrowth. Reports on allergic respiratory diseases mediated by
the fungus in cattle are uncommon and are mostly concerned with
hypersensitivity pneumonitis.?* 8 82

In contrast, A. fumigatus is a well recognized respiratory allergen for
horses.”* Allergic lung diseases are very common in horses (> 60% of all
animals maintained in stables).’” The most severe form, termed heaves,
is associated with recurrent bouts of dyspnea. Both healthy controls and
affected horses have positive skin tests following intradermal challenge
with A. fumigatus antigens.” This result reflects probable prior exposure
to the organism through contaminated feed or bedding of all animals.
In contrast, only in horses affected with heaves but not in controls can
airway constriction be elicited by provocative challenge with aerosolized
A. fumigatus antigens.” Similarly, antibodies specific for A. fumigatus are
more frequently found in bronchoalveolar lavage fluids (BAL) from
affected horses than in controls.® Interestingly, as in humans, sensitiza-
tion with A. fumigatus can be associated with hypersensitivity pneumoni-
tis in horses, although this form of antigen-induced immunopathology
is quite rare relative to allergic disease.” ® It is not known why horses
but not cattle suffer from allergic disease despite both species being
exposed to the barn environment and to moldy food and bedding. A
provocative hypothesis may be that cattle but not horses develop some
form of immunologic tolerance to the organism. Increasing the likelihood
of infection and colonization, and building tolerance, may prevent cattle
from developing allergies.

EXPERIMENTAL ASPERGILLOSIS

To study the pathogenesis of A. fumigatus induced diseases in more
detail, experimental models have been developed. There are two main
lines of investigation: infectious aspergillosis and allergic aspergillosis.
Experimental infectious aspergillosis is most commonly studied in im-
munosuppressed animals using treatments with corticosteroids or irradi-
ation. Subsequently, the animals are infected systemically or locally.
Models of infectious aspergillosis have been developed in the monkey,®
rabbit,® guinea pig,® rat,'® and mouse. In the murine model, protection
depends on the secretion of IFN-y and tumor necrosis factor-a (TNF-a)™
and on the absence of interleukin-4 (IL-4) secreting CD4 + cells.’?
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In this article we concentrate on allergic aspergillosis. The aim of
studying experimental allergic aspergillosis is to dissect the roles of
specific cells, antibodies, cytokines, or other mediators in the pathogene-
sis of selected disease characteristics (e.g., airway inflammation or air-
way hyperreactivity). In mice, experimental hypersensitivity to A. fumi-
gatus is elicited by repeated exposures to soluble extracts, or spores, or
a mixture of both. In monkeys, an antibody-mediated form of lung
pathology induced by inhalation of A. fumigatus antigens has been
described. The main features of these models are described in detail. We
concentrate on murine models, but data gleaned from the monkey model
is added where indicated. '

ANTIGEN EXTRACT

Although a variety of recombinant antigens have been characterized
and are available in pure form, soluble, crude antigen extract is still
most commonly used for the induction of the experimental disease.
Spores, or plastic beads coated with crude antigen extract, are good
inducers of respiratory pathology as well.® © The crude extract is a
mixture of culture supernatant and mycelial extract. It is filtered to
remove all of the infectious spores and hyphae.** % The use of extract
containing infectious material has beeri reported as well.’>"” % Culture
supernatants or mycelial extracts alone are less potent in causing dis-
ease.® Most protocols use exposures to A. fumigatus antigens over a
period of 2 to 5 weeks,* and the longest reported experiments span over
10 to 12 weeks.”

Most of the important serologic antigens appear to be constituents
of the crude extract.®> ¢ Analysis by Western blotting using sera from
human patients affected with ABPA reveal bands that correspond in size
to known antigenic components, including Asp fl, a ribotoxin,® prote-
ases, and carboxidases.® Thus the extract is highly antigenic and contains
biologically active substances. Interestingly, potent sensitization to the
extract occurs in the absence of exogenous adjuvants.® The ribotoxin
and proteases in the extract may serve as adjuvants, perhaps by inducing
epithelial damage and allowing normally excluded antigens to bypass
the mucosal barrier.”® Because proteases have been implicated to prefer-
entially induce Th2 over Thl responses, they may be involved in skew-
ing the response to A. fumigatus to a more allergic phenotype.*

Crude extracts can contain toxic molecules including hemolysin,
fumitremorgin, fumigallin, helvolic acid, and gliotoxin.> * We found that
extracts containing Asp f1 may be very toxic for mice as well (Viswanath
P. Kurup, unpublished results). Extracts prepared from certain A. fumiga-
tus strains under culture conditions that promote the secretion of Asp f1
induce morbidity and mortality in mice (including T- and B-cell deficient
mice) after relatively few exposures. Extracts enriched for Asp f1 are
also toxic for cells in culture at concentrations that are otherwise well
tolerated when Asp f1 concentrations are low.
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ANTIBODY RESPONSES

Sensitization with A. fumigatus antigens induces a large increase in
serum IgE and IgG1.*® In contrast, serum IgG2a levels are often only
minimally elevated. The increase in the' total serum concentration of
antibodies is accompanied by an increase in antigen-specific IgG1 titers.
Antigen-specific IgE titers, although probably elevated, are more difficult
to measure accurately. The magnitude of the antibody response depends
on the mouse strain,* % the route of sensitization,* and, in some experi-
ments, on the physical form (soluble versus particulate) of the antigen.®?

T-CELL RESPONSES

As predicted from the predominant IgE and IgG1 responses induced
by sensitization with A. fumigatus, the dominant T-cell response is of the
Th2 type.®? The T-cell response has been analyzed using different meth-
ods. Cell suspensions from the lungs, draining lymph nodes, or spleens
have been restimulated in vitro with immobilized anti-CD3 antibodies
or with crude antigen extract. Cell suspensions from sensitized but not
from control mice produce significant amounts of Th2 cytokines, such
as IL-4, IL-5, IL-6, and II.-10.3 % On the other hand, the Thl cytokine
IFN-v is made in equivalent amounts by cells from controls and sensi-
tized mice. Similar results have been obtained from the analysis of lung
T cells for the presence of intracellular cytokines or from the examination
of bronchoalveolar lavage fluids for secreted cytokines.** Compared with
controls, sensitized animals have a larger number of Th2 lymphocytes
in the lung tissue, and antigen challenge induces the release of Th2
cytokines into the airway lumen. Immunohistochemical analysis'® has
shown that exposure to A. fumigatus antigens induces peribronchial and
perivascular infiltration of T cells that make IL-4 or IL-5.

Little is known about T-cell migration and homing in the lungs
in experimental ABPA. Intercellular adhesion molecule (ICAM-1), an
adhesion molecule of the immunoglobulin superfamily, may be a candi-
date as the numbers of T cells in the lung tissues of mice exposed to A.
fumigatus antigens were positively correlated with ICAM-1 expression.'®

LUNG INFLAMMATION

Challenge of sensitized mice with A. fumigatus antigens induces a
strong eosinophilic inflammation in the lungs that persists over several
days (Fig. 1).1634 52 %3 58,59, 62, 72. 76.96 Microscopic changes differ in severity
depending on the route of sensitization, the frequency of sensitization,
the form of the antigen, and the mouse strain. Pathologic lesions tend
to be multifocal in less severely affected mice but coalesce and become
more diffuse in severely affected animals. Lesions affect the surface of
the airways, the interstitial tissue of the lungs, and the alveoli. Airway
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Figure 1. Lung lesions induced by sensitizaticn with A. furnigatus antigens (formaldehyde-
fixed lung sections stained with hematoxylin and eosin). A, Lung section from an unsensi-
tized control mouse (original magnification x 80). B, Lung section from a sensitized mouse
(original magnification X 80). Perivascular and peribronchial infiltrates (arrows), an area
with afveolar inflammation {star). C, Higher magnification (< 320) of the cells infiltrating
perivascularly; same cell types are found in the peribronchial infiltrates. D, Higher magnifi-
cation (X 320) of severe alveolar lesions.

lesions are characterized by emigration of eosinophils and mononuclear
cells into the lumen, goblet cell hyperplasia, and, in severe cases, epithe-
lial metaplasia. Inflammatory infiltrates are found in the interstitial tis-
sues of the airways, blood vessels, and alveoli. They consist primarily
of eosinophils, accompanied by smaller numbers of lymphocytes, macro-
phages, plasma cells, and neutrophils. In cases of severe lung inflamma-
tion, alveolar septa in affected areas are thickened by inflammatory cells.
Alveolar inflammation in these areas becomes granulomatous with the
accumulation of multinucleated giant cells. Lung lesions are reversible
(Gabriele Griinig, unpublished results). When mice are examined 3 or 4
weeks after the last antigen exposure, the vast majority of the micro-
scopic lesions have disappeared. '

The type of lung inflammation changes over time as mice are
repeatedly exposed to A. fumigatus antigens intranasally®® (our unpub-
lished results). Analysis of BAL fluids reveals that naive mice have a
strong neutrophil and macrophage response after the first intranasal
exposure to A. fumigatus antigens. After few additional exposures, more
than 50% of the cells in the BAL fluid are eosinophils and the remaijnder
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are small mononuclear cells and macrophages. At that point, neutrophils
are rare. The infiltrates within the lung tissue are dominated by eosino-
phils at that time. If intranasal exposures to A. fumigatus antigens are
continued for a prolonged period of time, numbers of mononuclear cells
in the BAL fluid increase, and numbers of eosinophils decrease, although
they remain well above saline controls. In the lung tissues, the accumula-
tion of mononuclear cells is more prominent relative to eosinophils. In
some of the mouse strains, multiple exposures to A. fumigatus antigens
over a prolonged time period will lead to an attenuation of the histologic
lesions when compared with the acute response induced after a few
exposures.®

AIRWAY HYPERREACTIVITY

Sensitization with soluble A. fumigatus antigens consistently induces
very strong airway hyperreactivity.?> * 72 The relative potency of A.
fumigatus antigens in inducing airway hyperreactivity appears to be
increased relative to other antigens, such as ovalbumin. For example,
A. fumigatus antigens have been successfully used to induce airway
hyperreactivity in all of the inbred strains of mice tested thus far (e.g.,
C57BL/6, 129 SvEv, BALB/C, crosses of these strains). In contrast, oval-
bumin, administered according to comparable protocols, elicits robust
airway hyperreactivity in BALB/C? '® but not in C57BL/6 mice (D.B.
Corry, unpublished results). Administered far more frequently and in
much greater quantities, ovalbumin has been reported to induce airway
hyperreactivity in C57BL/6 mice.* %

PARTICULATE VERSUS SOLUBLE ANTIGENS

Immune responses induced by particulate antigens may differ from
responses to soluble extracts. Particulate antigens are more likely to
stimulate alveolar macrophages and may have a longer “half life” in the
lungs. Therefore, preparations of spores of A. fumigatus and polystyrene
beads coated with the antigens from the soluble extract have been used
to elicit lung responses.® % 62 The greatest and most consistent differ-
ences between particulate and soluble antigen preparations are seen in
the severity and type of microscopic lesions.” 2 Compared with the
soluble form, particulate antigens induce increased numbers of eosino-
phils to accumulate peribronchially or perivascularly. Furthermore, non-
necrotizing granulomatous inflammation is induced more frequently in
response to particulate antigens. The effect of the form of antigen on
antibody levels, or cytokine responses, varies between studies.
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STRAIN DIFFERENCES

Strain differences in the response to A. fumigatus antigens are most
prominent in antibody responses and lung inflammation. BALB/C mice
and 129 SvEv mice respond with very high serum antibody titers to A.
fumigatus antigens; in contrast, the magnitude of the antibody response
is quite attenuated in C57BL/6 mice (Viswanath P. Kurup and Gabriele
Griinig, unpublished results). This genetic difference in the antibody
response also has been described using other immunogens (e.g., oval-
bumin).’® Chromosomal localizations of traits that confer “high antibody
responsiveness” have been mapped to murine chromosomes 1, 5, 9, 11,
13, and 19.%4%

Microscopic lesions induced by repeated intranasal exposures vary
between different mouse strains as well. In 129SvEv mice, intranasal
sensitization will produce a marked alveolitis in addition to very pro-
nounced inflammatory infiltrates surrounding bronchi and blood vessels.
Parallel experiments have shown that all of the inflammatory lesions,
but in particular the alveolar lesions, are more attenuated in C57BL/6
mice (Gabriele Griinig, DVM, PhD, unpublished results). When compar-
ing C3H/HeN and C57BL/6 mice, inflammatory lesions in C3H/HeN
mice were much more attenuated than in C57BL/6 mice >

ROUTE OF SENSITIZATION

Another factor that affects the antibody and inflammatory responses
is the route of sensitization. Intraperitoneally primed and intranasally
challenged C57BL/6 mice have approximately a fivefold lower serum
antibody response (IgE and IgGl1 isotypes) when compared with mice
sensitized via the intranasal route exclusively*; the reason for this is not
clear yet. However, different lymphoid tissues are targeted depending
on the route of sensitization. It is conceivable that the lymphoid tissues
associated with the respiratory tract (nose and bronchus associated
lymphoid tissue, the submandibular and bronchial lymph nodes) are
particularly efficient in eliciting antibody responses compared with the
lymphoid tissue associated with the peritoneal cavity. The inflammatory
response, however, tends to be stronger after one intranasal exposure in
intraperitoneally primed C57BL/6 mice when compared with mice that
have been exposed by the intranasal route only.*

ESSENTIAL COMPONENTS OF THE IMMUNE SYSTEM
MEDIATING THE RESPONSES INDUCED BY A.
FUMIGATUS ANTIGENS

Neutralizing anti-cytokine antibodies and gene-targeted mice with
specific deletions have been used to determine the cells and mediators
critical for prominent features of experimental ABPA (IgE secretion, lung
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inflammation, or airway hyperreactivity). The results are summarized in
Table 1 and Figure 2, and are presented in upcoming sections.

Antibodies

How are the antibody responses are generated? As has been shown
using a number of other immunogens, IL-4 is absolutely critical for the
production of IgE in experimental ABPA. IL-4—deficient mice (IL-4—/—)®
or mice treated with neutralizing anti-IL-4 antibodies throughout the
sensitization period® do not have an increased serum IgE response.
These mice, however, make similar levels of IgGl antibodies and in-
creased levels of IgG2a antibodies when compared with sensitized wild-
type mice.> %

Table 1. SUMMARY OF EXPERIMENTS TESTING THE CONTRIBUTION OF SPECIFIC
CELLS AND CYTOKINES*

Airway
Serum Lung Hyper- Cytokine

Mouse Treatment IgE Inflammation reactivity Response References

Wild type No ++4+ +++ + 4+ IL-4, IL-5 22, 34, 52,
53,72, 76

Wild typet  Anti-IL-5 +4+4+ ++ ++ 4+ NR 22, 53,76

orlL-6— No (no eos)
Wild type Anti-IL-4 - ++ - NR 22, 52, 53

orlL-4— No
IL-10-% No +++ ++++ + 4+ + 1IL-5, IFN-y 34

IL-4 as
WT
Ige— No - + 4+ + +++ IL-4, IL-5 72
B cell — No - +++ ++ + IL-4, IL-5 22
(SWT)
B cell—- Anti-IL-5 - ++ + +++ NR 22
(no eos)
B cell— Anti-IL-4 - ++ - NR 22
RAG—-§ No - -—+ - - 22
RAG — Transfer of — ++++ +—++ IL-4, IL-5, 22
CD4 + IFN-y
T cells

*The results summarized in this table are from mice repeatedly sensitized with A. fumigatus
antigens: saline-exposed mice served as controls. Results are depicted semiquantitatively from negative
(~) to very severe (+ + + +) or very high. Wild-type mice are the genetic control for the knock-out
animals. Mice homozygous for a disrupted gene are denoted as — (e.g., I9gE — is a mouse homozygous
for the disruption of the e-immunogiobulin heavy chain).

tAs an example this line reads: in sensitized wild-type mice treated with anti-IL-5 antibodies or in
IL-5 knock-out mice, IgE serum levels are high, airway inflammation is moderate with much reduced
eosinophil numbers, and airway hyperreactivity is fully present. Nothing has been reported on the
cytokine response in these mice.

1IL-10 knock-out mice from different strains and sensitized via different routes differ in their
responses; therefore, a trend is summarized.

Recombinase activating gene (RAG)-deficient animals have no T or B cells because of the absence
of the RAG that is absolutely critical for making T-cell receptors and immunoglobulins.

NR = nothing reported; WT = wild type.
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Figure 2. Current hypothesis of how T cells mediate immunopathology in experimental
ABPA. Enhancing effects (arrows); inhibitory effects (T-shaped lines). Th2 cells induce
airway hyperreactivity through the secretion of IL-4. The effect of IL-4, however, is indirect
because neutralization of IL-4 late in the sensitization process does not reverse airway
hyperreactivity. IL-4 is crucial for IgE synthesis, and IL-5 is crucial for the accumulation of
eosinophils in the lungs. Forming a negative feedback on Th2 responses, IL-10 downregu-
lates IL-5—-mediated lung inflammation. IL-10 also downregulates Th1 responses (e.g., IFN-
v secretion). We do not know which cells (Th2 or Th1 or both) affect mucus hypersecretion
in experimental ABPA. The role of Th1 cells in experimental ABPA is less well characterized.
Th1 cells can cause lung inflammation. IFN-v is thought to downregulate Th2 responses,
but may indirectly induce morbidity when over produced.

The role of antibodies in the pathogenesis of ABPA was addressed
using mice with a targeted deletion of the € or p? chain. 1295vEv e-
chain-deficient mice are not capable of making IgE. The C57BL/6 p-
chain-deficient mice not only lack antibodies of all isotypes but also
mature B cells. Sensitization with A. fumigatus antigens induces histo-
logic lesions that are similar in quality and extent in both types of gene-
targeted mice relative to wild-type mice. These lesions typically consist
of airway inflammation and perivascular and peribronchial infiltrates.
These results accord with data obtained with B-cell deficient mice ex-
posed to ovalbumin.?” # Furthermore, prominent alveolar lesions, includ-
ing granulomas, were induced in response to A. fumigatus antigens in
the absence of mature B cells and antibodies, as shown in an outbred
mouse strain (129/C57BL/6) with targeted deletion of the p chain (G.
Griinig, unpublished results).

However, there is no doubt that A. fumigatus antigen—antibody
complexes can enhance T-cell responses in the lungs. In the experiments
described previously, lower numbers of IL-4—producing T cells consis-
tently accumulated in the lungs of sensitized B-cell deficient mice rela-
tive to wild-type mice.”? In a monkey model of ABPA, allergic human
serum or control serum was infused into primed animals. Inhalation of
A. fumigatus antigens led to the development of severe lung lesions
typical of ABPA only in the monkey that had received allergic human
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serum.® Interestingly, this monkey did not develop airway hyperreactiv-
1ty.
o Both IgE-deficient mice and B-cell deficient mice sensitized with A.
fumigatus antigens developed airway hyperreactivity to the same extent
as did wild-type mice.” 2 The published data using ovalbumin as
immunogen are controversial. Ovalbumin sensitization of B-cell deficient
mice did not lead to airway hyperreactivity, although the histologic
lesions were comparable to wild-type mice.* ¥ When mice were hyper-
immunized with ovalbumin, however, airway hyperreactivity developed
to a similar extent in mice incapable of switching to the IgG or IgE
antibody isotypes (CD40 deficient) as in wild-type mice.®* It appears that
there is a reduction (albeit slight) in the inflammatory response in the
lungs of B-cell or antibody-deficient mice. The reduction in the response
may affect the development of airway hyperreactivity in animals ex-
posed to a weak immunogen (ovalbumin) but not in mice exposed to a
strong immunogen, such as A. fumigatus antigens, or in mice hyperim-
munized with the weak immunogen (ovalbumin).

Eosinophils

Because eosinophil emigration into the airways and eosinophil in-
filtration into the interstitium of the lungs is such a prominent feature
of human and experimental ABPA, many studies have addressed the
requirements for eosinophil accumulation and function. Wild-type mice
exposed to A. fumigatus antigens develop not only lung eosinophilia but
also blood and bone marrow eosinophilia.”>”” If these animals are treated
with neutralizing antibodies to IL-5, the bone marrow, blood, and lung
eosinophilia is abolished.® 7 The essential requirement for IL-5 has also
been demonstrated using many other immunogens (e.g., parasites,
ovalbumin®). Granulocyte-macrophage colony-stimulating factor (GM-
CSF) is another cytokine that can activate and maintain eosinophils in
the tissues. It has been shown that GM-CSF-producing T cells accumu-
late in the lungs of animals exposed to A. fumigatus antigens.”> GM-CSF,
however, must be ordered in hierarchy behind IL-5, because endogenous
GM-CSF production cannot support eosinophilia in animals treated with
neutralizing anti-IL-5 antibodies™ % 7 or in IL-5 gene knock-out mice.®

The role of chemokines and adhesion molecules in mediating lung
eosinophilia has not been investigated thoroughly in experimental
ABPA. A report showed that mRNA for RANTES is up regulated follow-
ing sensitization of mice with A. fumigatus antigens.> It will be of great
interest to determine the role of eotaxin because it has been shown
to be a major chemoattractant for eosinophils in the lungs.®? MIP-1a,
RANTES,*” and MCP-4*° are other chemokines that may be instrumental
in eosinophil recruitment to the lungs. The ability of eotaxin to induce
eosinophil accumulation is still dependent on IL-5 because the infusion
of eotaxin at a dose that will elicit eosinophilia in wild-type mice does
not cause eosinophilia in IL-5—deficient animals.”
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Eosinophils in vitro have been shown to secrete mediators that are
proinflammatory or cytotoxic.”® In experimental ABPA, eosinophils do
not appear to be critical to mediate tissue injury because IL-5 deficient
animals, or animals treated with anti-IL-5 antibodies, still develop the
full spectrum of microscopic lesions.” The infiltrates consisting of mono-
nuclear cells instead of eosinophils appear to be just as substantial as
in wild-type mice. The changes in the airway epithelium (goblet cell
hyperplasia) are still present to the full extent. Furthermore, eosinophils
are not required to mediate airway hyperreactivity. IL-5-deficient ani-
mals or mice treated with neutralizing anti-JL-5 antibodies develop
airway hyperreactivity to the full extent relative to wild-type mice when
exposed to A. fumigatus antigens.? In models using ovalbumin as immu-
nogen, the requirements for eosinophils and IL-5 in mediating airway
hyperreactivity are very controversial* 3% % and appear to depend on
the mouse strain and the sensitization protocol. It may be that for
immunogens that induce relatively poor immune responses in certain
mouse strains (e.g., ovalbumin in C57BL/6 mice) the proinflammatory
and toxic mediators released by eosinophils are necessary substitutes for
the proteases and toxins that are constituents of many natural allergens
such as A. fumigatus antigens. Thus, in experimental ABPA the conse-
quences of lung eosinophilia are still unclear. In ABPA, eosinophils may
be respon51ble for tissue injury and destruction in chronic disease (e.g.,
lung injury maintained through repeated exposures over several
months).

T Cells

The role of T cells was investigated using a reductionist approach.?
We examined mice with targeted disruption of the recombinase-activat-
ing genes (RAG deficient) to look at the roles of T or B cells. Because
recombinase is critically involved in the gene rearrangement of immuno-
globulins and T-cell receptors, and these molecules in turn are critically
important for B- and T-cell development, RAG-deficient mice are devoid
of mature B and T cells. Even after intense exposure to A. fumigatus
antigens, RAG-deficient mice do not develop significant lung lesions or
airway hyperreactivity. When RAG-deficient mice are reconstituted with
highly purified CD4+ T cells, sensitization will induce severe eosino-
philic inflammation of the lungs; moreover, these mice will also develop
airway hyperreactivity. Thus CD4+ T cells are absolutely critical for the
development of peribronchial, perivascular, and alveolar lesions and
also of airway hyperreactivity in experimental ABPA.?2 A similar conclu-
sion has been reached in the ovalbumin system, as ablation of CD4+ T
cells will prevent the development of lung lesions and airway hyperreac-
tivity.>* The data obtained with Aspergillus-exposed RAG-deficient mice
are still surprising because the components of the A. fumigatus antigen
extract are thought to have the capability to induce tissue injury and to
activate cells of the innate immune system. Quite a substantial number
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of eosinophils can be found in BAL fluids of RAG-deficient mice exposed
to A. fumigatus antigens (about 20- to 30-fold more than in unchallenged
mice and approximately three- to fivefold less than in sensitized wild-
type mice).? Additionally, exposure to A. fumigatus antigens will induce
mild goblet cell hyperplasia in RAG-deficient animals (David B. Corry,
MD, and Gabriele Griinig, DVM, PhD, unpublished results). The lung
tissues (peribronchial, perivascular, or alveolar regions) of exposed RAG-
deficient mice, however, are virtually devoid of aggregates of eosinophils
or mononuclear cells.”

In mice sensitized with ovalbumin, it has been shown that Th2
cytokines cause allergic inflammation and hyperreactivity; however, it is
controversial whether IL-4 or IL-5 are critical.?® ?- 3% In the ovalbumin
system, Th1 cells are believed to be much more benign. Cytokines made
by Thl cells, in particular IFN-y, can prevent airway hyperreactivity.*-
¢ 65 In experimental murine ABPA, the cytokine requirements are very
clear and appear to be the same regardless of mouse strain or sensitiza-
tion protocol: It is IL-4.2 This cytokine is required to induce the develop-
ment of Th2 cells that mediate the events leading to allergic lung in-
flammation and airway hyperreactivity. IL-4 itself becomes redundant
after repeated exposures to A. fumigatus antigens because delayed deple-
tion of IL-4 using neutralizing antibodies does not reduce airway hyper-
reactivity or BAL cellularity (Gabriele Griinig and David B. Corry, un-
published results). Similar findings have been reported for the
ovalbumin model.* The critical secondary mediators are still unknown
because neither IgE, eosinophils, nor IL-5 are required for airway hyper-
reactivity or lung inflammation in experimental ABPA.>

Negative Regulators of Inmunopathology

Very little is known about mediators that down regulate the immune
response to A. fumigatus antigens. IL-10 is known as a potent immuno-
suppressive molecule, and it is constitutively produced by bronchial
epithelial cells.” IL-10 has been shown to inhibit Th1l responses in mice*
and cytokine production of Thl and Th2 lymphocytes in humans.?* 12
IL-10 is thought to exert its suppressive function by inhibiting antigen
presenting cells (such as dendritic cells or macrophages).* 7 % % 1% [n
experimental ABPA, the major role of endogenous IL-10 is to inhibit
lung inflammation.* In a mouse (mixture of C57BL/6 and 129SvEv) that
developed a mixed T-cell response (Th2 and some Thl), endogenous IL-
10 prevented mortality and restricted the secretion of IL-5 and IFN-y into
the airway lumen. In this model, production of IEN-y was detrimental to
the IL-10-deficient animals because neutralizing antibodies to IFN-y
reduced mortality (Gabriele Griinig, DVM, PhD, unpublished results).
In C57BL/6 mice primed intraperitoneally and challenged intranasally,
endogenous IL-10 limited IL-5 production and lung eosinophilia. In
the same mouse strain (C57BL/6), however, endogenous IL-10 had no
detectable effect on the response to intranasal exposure to A. fumigatus
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antigens, most probably because of compensatory mechanisms. IL-10
may be beneficial in restricting the inflammation induced by inhalation
of A. fumigatus antigens> More work, however, needs to be done to
define additional regulators of the T-cell response to A. fumigatus anti-
gens that ultimately suppress lung inflammation and airway hyperreac-

tivity.

CONCLUSION

The studies in murine models clearly reveal that Th2 cells are at the
center of the immunopathology (inflammation and airway hyperreactiv-
ity) induced by exposure to A. fumigatus antigens. In experimental ABPA,
however, a strong Thl response can also cause immunopathology (e.g.,
inflammation). Therefore, in experimental ABPA, pathology and protec-
tion apparently do not follow the strict dichotomy of Thl versus Th2
responses. In contrast, a Thl versus Th2 dichotomy has been demon-
strated in some parasite infections. For example, Thl responses are
beneficial and Th2 responses detrimental in infections with intracellular
parasites like Leishmania major.® )

In experimental ABPA, antibodies and B cells may augment T-
cell responses and consequently increase inflammation. The role for
eosinophils in the pathogenesis of the disease remains elusive. It is
possible that B cells and antibodies, as well as eosinophils, play a more
important role in other aspects of the relationship between the immune
system and the fungus, as in infectious aspergillosis or in chronic ABPA.

How do the conclusions drawn from the animal models relate to
human disease? Ultimately, only a close examination of the human
disease can provide the answer. The survey of the natural diseases in
various animal species caused by A. fumigatus raises the intriguing
possibility that a strong T-cell response to A. fumigatus evolved as a
double-edged sword. The highly evolved immune system of mammals
provides the host with protection from infection or colonization with the
fungus, yet predisposes the host to allergies. Cattle appear to be the
exception to this rule, in that mucosal colonization and infections with
A. fumigatus occur frequently, whereas allergies are rare. Murine models
of ABPA show that there is a difference in the response depending on
the nature of the antigen used (particulate versus soluble) and on the
mouse strain examined. In human patients, genetic traits®” and differ-
ences in the nature of priming and sensitization may be important
determinants of pathology and pathophysiology. Data obtained from
the murine models point to T cells as major targets for immunologic
intervention. The future challenge is to develop immunotherapy for A.
fumigatus that restricts the T-cell response that causes allergies without
impairing the T-cell response that protects from infection.
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