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Abstract

Metarhizium anisopliae is an entomopathogenic fungus recently licensed for indoor control of cockroaches, a major
source of allergens. While M. anisopliae has been shown to be non-infectious and non-toxic to mammals there has
been only limited research on potential allergenicity. Using a mouse model, we previously demonstrated allergic
immune and inflammatory responses to this agent. The present study was designed to determine whether these
responses were associated with changes in pulmonary responses, lung pathology, and the cytokine profile in
bronchoalveolar lavage fluid (BALF). Soluble factors from fungal components were combined in equal protein
amounts to form M. anisopliae crude antigen (MACA). BALB/C mice were intratracheally (IT) challenged with 10
pg MACA 14 days post intraperitoneal sensitization with 25 pg fungal antigen in aluminum hydroxide adjuvant.
Physiological and cellular changes were examined. The mice were tested for airway hyperresponsiveness before (No
Chal) and after (1, 3, and 8 days post challenge (DPIT)) MACA IT challenge. Subsequently, serum, BALF and the
lungs were harvested. All treatment groups concurrently demonstrated significant non-specific pulmonary inflamma-
tion (neutrophil influx) and increased pulmonary sensitivity to methacholine (Mch) at 1 DPIT MACA challenge.
Where as both adjuvant treated and naive mice airway responses had returned to near normal levels by 3 DPIT, mice
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choline; PMN, polymorphonuclear leukocytes; SEM, standard error of the mean.
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which were previously sensitized with MACA were still hyperresponsive to Mch challenge at 3 and 8 DPIT. This
hyperresponsiveness correlates with eosinophil and lymphocyte influx, which is maximal at 3 DPIT and still elevated
at 8 DPIT. Interleukin (IL) 5 was elevated for all treatment groups at 1 DPIT but only the MACA sensitized mice
maintained elevated levels for both 3 and 8 DPIT. Furthermore, MACA sensitized mice had a more extensive
inflammatory histopathology at all examined time points with peribronchial and perivascular infiltrates, like those
associated with allergic responsiveness, peaking at 3 DPIT. These pulmonary pathologic changes appeared to be
consistent with elevated levels of serum and BALF total IgE, BALF IL-4, eosinophils, and lymphocytes following
MACA IT challenge in MACA sensitized mice. There were no significant differences among the three treatment
groups with regard to BALF interferon (IFN) y. The cytokines profiled indicate a Th2-type response, which is
reflected in the cellular influx and total IgE induction. These data further indicate that immune inflammatory
responses, observed in mice following MACA sensitization and challenge, are associated with physiologic changes and
histopathology characteristic of allergic disease. © 2000 Published by Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Atopy, the presence of immediate (Type I)
bronchial hyperreactivity to specific allergens, and
other Th2 responses are major determinants in
occupationally and environmentally induced res-
piratory diseases. These immune responses are of
particular concern because, in addition to the
medical and economic impact on the general pop-
ulation, about 75% of asthma cases are triggered
by allergens (US DHHS, 1991; Platts-Mills and
Carter, 1997). Morbidity and mortality due to
asthma have increased considerably over the past
20 years. The reasons are not entirely clear, but
have potential linkage to the environment (US
DHHS, 1991; Vogel, 1997).

Respiratory hypersensitivity is an atopic re-
sponse requiring previous exposure to allergens
for elicitation of specific IgE (IgGl in guinea
pigs). Upon subsequent exposure of allergic asth-
matics an immediate bronchoconstriction occurs
as a result of IgE cross-linking of mast cells and
release of mediators. Between 2 and 8 h after
exposure a more severe and prolonged (late
phase) reaction occurs. Respiratory hyper-mucus
secretion, increased influx of inflammatory cells
(eosinophils), and nonspecific (pharmacological)
airway hyperresponsiveness (Larson, 1985) char-
acterize this late phase reaction. The recruited
inflammatory cells, particularly eosinophils, re-
lease mediators important in late phase responses
(DeMonchy et al., 1985). Additionally, these hy-
persensitivity responses that have been associated

with increased airway hyperresponsiveness to
nonspecific bronchoconstrictors may last several
days following allergen challenge (Marsh et al.,
1985; Murphy et al., 1986). Recently, Lambert et
al. (1998), in adaptive transfer experiments, have
shown that activated lymphoid cells rather than
IgE play a significant role in this late phase
response.

The toxicity associated with many chemical pes-
ticides has provided the impetus to develop bio-
logical agents for pest control including the
entomopathogenic fungus, Metarhizium anisopliae.
M. anisopliae, which has been used to control a
variety of pests (Young, 1974; Latch and Falloon,
1976; Al-Aidroos and Roberts, 1978; Ferron,
1981; Agudelo-Silva and Wassink, 1984; Riba et
al., 1986; Gillespie, 1988; Samuels et al., 1989,
1990; Barson et al., 1994), is marketed for indoor
cockroach control in the United States. Cock-
roaches are infected when they pass through a
chamber. The effectiveness of the pesticide de-
pends on the infection subsequently spreading
through the entire colony. Therefore, the potential
concentration of M. anisopliae in indoor air de-
pends on the size of the cockroach infestation and
the degree to which other conditions support
replication and dissemination of the organism.
While these biological agents, used in pest con-
trol, have been assessed for pathogenicity and
toxicity, there has been limited research with re-
gard to allergenicity. Fungi and molds, particu-
larly their spores, are thought to provoke allergic
responses and contribute to indoor air health
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problems. M. anisopliae var. anisopliae spores are
cylindrical to oval shaped with a length of 3.5-9.0
pum (Tulloch, 1976). However, in indoor situa-
tions, individuals will likely be exposed not only
to spores but also to mycelium (hyphae) and the
inducible proteases and chitinases. Although, ex-
posure assessment studies have not been done, it
is probable that MACA antigens will become
airborne along with cockroach antigens. There is
at least one report of immune responses to both
vegetative components and spores of a microbial
pesticide (Bernstein et al., 1999).

We have used a mouse model to assess the
potential allergenicity of M. anisopliae, which we
selected as a prototype organism to study allergic
potential and to develop methods to screen organ-
isms used for bio-remediation. Previously we
demonstrated immune and inflammatory re-
sponses in this model that are characteristic of
immediate-type hypersensitivity and late phase re-
sponses (Ward et al., 1998). Specifically, mice
sensitized with MACA in the presence of adjuvant
were found to have significantly elevated levels of
serum and bronchoalveolar lavage fluid (BALF)
total IgE, BALF Interleukin (IL-) 4, eosinophils,
and lymphocytes following MACA intratracheal
(IT) challenge. This study was designed to deter-
mine whether immune and inflammatory end-
points reflected changes in respiratory function
and pathology characteristic of allergic asthma
and to further characterize cytokine responses.

IP Sensitize MACA
IT Challenge
(All Treatment Groups)

MACA + Adjuvant
Adjuvant alone

1DPIT 3DPIT 8 DPIT
HARVEST

Fig. 1. Time line for experimental design. All treatment groups
(MACA + adjuvant, Adjuvant alone and sensitization naive
mice) were intratracheally (IT) challenged with MACA 14
days after intraperitoneal (IP) sensitization. The mouse airway
reactivity test was performed and blood, BALF, and lungs
were harvested before and at 1, 3, and 8 days after MACA
challenge.

2. Methods
2.1. Animals

Fifty-day old, female Balb/c mice (Charles
River, Raleigh, NC) were group-housed in poly-
carbonate cages with bedding made of pine shav-
ings in an environmentally controlled, American
Association for Accreditation of Laboratory Ani-
mal Care (AAALAC)-accredited vivarium. Sen-
tinel mice were monitored serologically and were
found to be free of Sendai, mouse pneumonia,
mouse hepatitis, other murine viruses, and my-
coplasma. Mice also were monitored for, and
found to be free of, ectoparasites and endopara-
sites. Mice were maintained on a standard diet
(Purina rodent lab chow, St. Louis, MO) and
water ad libitum. Mice were acclimated one week
at this facility prior to the start of the experiment.

2.2. Fungal antigen preparation

M. anisopliae strain 1080 was obtained from
USDA-ARS Entomopathogenic Fungus Collec-
tion in Ithaca, NY. The MACA, composed of
Hank’s balanced salt solution (HBSS) extracts
from mycelium and spores as well as inducible
enzymes, was produced as previously described
(Ward et al., 1998). The proteins with greater
than 3000 molecular weight were concentrated
using Centriprep-3 (MWCO 3000) (Amicon, Bev-
erly, MA) and assayed for total protein concen-
tration (as described below). Equal protein
concentrations of each component were combined
to form the M. anisopliae crude antigen (MACA).

2.3. Experimental design

To evaluate the potential of MACA to elicit
airway hyperresponsiveness, 8 week old, female
Balb/c mice were sensitized intraperitoneally (IP)
with 25 pg of MACA in a total volume of 0.2 ml
of 1.3% aluminum (alum) hydroxide adjuvant
[Accurate, Westbury, NY; Alhydrogel (Superfos
Biosector)] (MACA treatment group) (Fig. 1).
The two control groups were: (1) an alum adju-
vant only (0.2 ml alhydrogel) inoculated group
(ADJUYV) and (2) a naive group (no sensitization)
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(NAIVE). Additionally, the NAIVE/No Chal
mice are designated NORMAL for the airway
reactivity test. Fourteen days after sensitization all
groups were IT challenged with 10 pg MACA in
50 pl HBSS (divalent cation-free) by a modifica-
tion of the methods of Hatch et al. (1981) as
previously described in Ward et al. (1998). The
mouse airway reactivity test was performed prior
to challenge (No Chal) and at I, 3, and 8§ days
post MACA IT challenge (DPIT). Subsequent to
the mouse airway reactivity test, serum and bron-
choalveolar lavage fluid (BALF) samples were
obtained and the lungs removed and fixed for
histopathology. Only BALF samples were used
for cytokine assays.

2.4. Mouse airway reactivity test

Animals were anesthetized with 1.5 g/kg body
weight urethane, tracheostomized and intubated
with a T-shaped cannula adapted to measure air-
way opening pressure and flow. The rate of venti-
lation, controlled by the speed of the switching
solenoids, was determined for each animal based
on allometric scales of body weight vs. lung vol-
umes/ventilation rates (Costa et al. 1992). Heart
rate and waveform were monitored throughout
the experiment (Sinus Rhythm Analyzer, Micro-
Med, Louisville, KY). Spontaneous breathing
during ventilation was blocked by IP injection of
succinylcholine chloride at 15 mg/kg body weight.
Flow and pressure measurements for each breath
were averaged over 6 s to calculate the compliance
and airway resistance according to the constant
flow inflation method (Bates et al., 1985). Prior to
the first methacholine (Mch) challenge a stable
baseline was recorded for 2 min. Subsequently,
the mice were challenged with four doubling doses
(50 pg to 400 pg/kg body weight) of Mch deliv-
ered as a bolus over one second via a jugular
cannula connected to an electronically controlled
syringe pump containing 0.1 mg/ml methacholine.
A 2 min recovery period was allowed between
each dose. Results collected throughout the chal-
lenge and recovery periods, were expressed as the
effective dose (ED) of Mch that caused a 100%
increase in airway pressure (ED100) and airway
resistance (ED100) over baseline values and a

20% decrease in compliance (ED20). These ED
values were compared to normal mice (MACA
and adjuvant naive, prior to MACA IT challenge)
at the various time points.

2.5. Bronchoalveolar lavage (BAL) and cardiac
bleeds

Following the mouse airway reactivity test,
blood and BAL samples were collected as previ-
ously described (Ward et al., 1998), with the
exception that HBSS was used as the lavage
medium. Total cell counts, performed by trypan
blue exclusion on a haemocytometer, were fol-
lowed by centrifugation at 100 x g for 15 min at
4°C. The BALF was stored at — 70°C for IgE
and cytokine assays. A total of 100—-150 pl of the
BALF cells, resuspended in 0.5 ml HBSS, were
centrifuged onto glass slides (Shandon Cytospin,
60 x g for 5 min). Following Wright—Giemsa
(Fisher Scientific) staining, differential cell counts
were performed by counting 200 cells per slide.

2.6. Histopathology

Following the mouse airway reactivity test and
BAL, the lungs were fixed in 10% formalin (phos-
phate buffered), embedded in paraffin, and sec-
tioned. The Iung sections were stained with
hematoxylin—eosin solution prior to pathological
analysis. The relative degree of severity of inflam-
matory, degenerative, and proliferative changes
was graded on a scale of 1-5 by a pathologist
(Peter Mann of Experimental Pathology Labora-
tories, Research Triangle Park, NC). Group
severity indices were determined by dividing the
sum of the numerical scores for a particular lesion
by the number of animals examined in a group.

2.7. TOTAL IgE and cytokine ELISA

The total IgE ELISA performed as previously
described (Ward et al., 1998) used rat a-mouse
IgE (Southern Biotechnology, Birmingham, AL)
at 2.5-5 pg/ml in a carbonate-bicarbonate pH 9.4
buffer as the capture antibody and biotinylated
sheep anti-mouse IgE (The Binding Site, Birming-
ham, England) as the detection antibody. Addi-
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tionally, a mouse monoclonal IgE anti-dinitro-
phenyl (DNP) (Sigma Chemical, St. Louis, MO)
was used as the positive control.

The IL-4 ELISA performed as previously de-
scribed (Ward et al., 1998) used anti-mouse 1L-4
(Endogen, Woburn, MA) in PBS (Dulbecco’s
phosphate buffered saline, pH 7.4, GIBCO,
Grand Island, NY) as the capture antibody and
Biotin-anti-Mouse IL-4 (Endogen, Woburn, MA)
as the detection antibody. Additionally, purified
recombinant mouse IL-4 (Endogen, Woburn,
MA), applied in two-fold dilutions from 640 to 5
pg/ml, was the positive control.

2.8. IL-5 ELISA

Reagents and incubation periods were kept at
room temperature (20—25°). Certified 96-well mi-
crotiter plates were washed between each incuba-
tion step. Following coating with anti-mouse IL-5
(PharMingen, San Diego, CA) in a carbonate-bi-
carbonate pH 9.4 buffer (BupH buffer pack,
Pierce, Rockford, IL), the plates were incubated
overnight at 4°C. Subsequently, the plates were
washed twice with PBS (1.19 mM sodium phos-
phate, 8.1 mM sodium phosphate dibasic, 154
mM sodium chloride in distilled H,O, pH 7.4)
containing 0.05% Tween-20, pH 7.3-7.5 (PBS/
Tween) and blocked with PBS containing 10%
newborn calf serum (PBS/NCS) for 2 h at room
temperature. The plates were washed twice with
PBS/Tween prior to the addition of samples and
IL-5 standards. BALF samples, undiluted or at a
1:2 dilution in PBS/NCS, were added to the plates
and then incubated overnight at 4°C. The IL-5
standard (purified recombinant mouse IL-5,
PharMingen, San Diego, CA), in two-fold dilu-
tions from 480 to 1.875 pg/ml, also was applied.
Following six washes with PBS/Tween, the bi-
otinylated secondary antibody (Biotin-anti-Mouse
rIL-5, R&D Systems, Minneapolis, MN) in Tris
buffered saline + 0.1% BSA was added and incu-
bated 2 h at room temperature. Following six
washes with PBS/Tween, streptavidin horseradish
peroxidase (Zymed, South San Francisco, CA)
diluted in PBS/NCS was added and incubated 30
min. Subsequently, the substrate tetramethylben-
zidine (TMB, Dako, Carpinteria, CA) was added

and incubated a minimum of 30 min in the dark.
The optical density was read at 650 nm using a
Thermomax® Plate Reader (Molecular Devices,
Menlo Park, CA).

2.9. IFN-y ELISA

Reagents and incubation periods were kept at
room temperature (20—25°). Certified 96-well mi-
crotiter plates were washed between each incuba-
tion step with PBS (1.19 mM sodium phosphate,
8.1 mM sodium phosphate dibasic, 154 mM
sodium chloride in distilled H,O, pH 7.4) contain-
ing 0.05% Tween-20, pH 7.3-7.5. The plates were
coated overnight with anti-mouse IFN-y (R&D
Systems, Minneapolis, MN) in PBS. Subse-
quently, the plates were blocked for 1 h with
blocking buffer (1% BSA, 5% sucose, 0.05%
sodium azide, in PBS, pH 7.4). BALF samples,
diluted 1:2 in dilution buffer (20 mM Tris base,
150 mM sodium chloride, 0.1% BSA, pH 7.3),
were added to the plates and incubated 2 h. The
IFN-y standard (purified recombinant mouse
IFN-y, R&D Systems, Minneapolis, MN), in two-
fold dilutions from 2000 to at least 7.8 pg/ml also
was applied. Following washing, the biotinylated
second antibody (Biotin-anti-Mouse IFN-y, R&D
Systems, Minneapolis, MN) was added and incu-
bated 2 h. The streptavidin horseradish peroxi-
dase diluted in dilution buffer and the substrate
tetramethylbenzidine were sequentially added and
incubated 20 min with the substrate incubation in
the dark. The reaction was stopped with the addi-
tion of 100ul/well 0.18 M sulfuric acid. The opti-
cal density was read at 450 nm wusing a
Thermomax®R Plate Reader.

2.10. Statistics

The data were analyzed using analysis of vari-
ance. Pairwise comparisons were performed as
subtests of the overall model. In cases of compar-
ing a control group to other groups, Dunnett’s
test was used. Significance was attributed to an
effect or difference if the probability was < 0.05.
Adjustments in significance levels, for multiple
comparisons, were made using a modified Bonfer-
roni Correction (Thomas, 1973).
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Fig. 2. Airway reactivity during bronchial provocation with
methacholine (Mch) was assessed before and at 1, 3, and 8
days post MACA IT challenge. (A) airway pressure and (B)
airway resistance expressed as Effective Dose 100 (the dose of
Mch required to produce a 100% increase over baseline). (C)
compliance expressed as Effective Dose 20 (the dose of Mch
required to produce a 20% decrease from baseline). The
dashed box represents the mean 4+ SEM of the normal
(MACA naive, no challenge) mice. Data shown represents the
mean + SEM. n=4-5 per group. Significant difference from
(*) normal mice; (+) adjuvant group; (# ) both controls
within time point (P < 0.05). Boxed data points share signifi-
cance. (DPIT, days post MACA IT challenge).

3. Results
3.1. Airway responsiveness

Prior to MACA IT challenge, all treatment

groups were essentially equivalent in their sensi-
tivity to Mch for each of the parameters examined
(Fig. 2). Increased sensitivity to Mch (lower dose)
is indicative of increased hyperreactivity in the
airways. The calculated Mch dose to cause a
100% increase in airway pressure for untreated
mice was 213 pg Mch/kg body weight. The only
significant increase in sensitivity to Mch com-
pared to the untreated controls occurred at 3
DPIT by the MACA sensitized and challenged
mice (Fig. 2A). The calculated Mch dose to cause
a 100% increase in airway resistance for untreated
mice was 66 ng Mch/kg body weight. At 1 DPIT
all treatment groups were equivalent and were
significantly more sensitive to Mch challenge than
untreated controls. By 3 DPIT MACA and IT
challenged Naive mice were still significantly more
sensitive than untreated controls while adjuvant
sensitized mice were returning to untreated mice-
Mch sensitivity levels. At 8 DPIT, MACA sensi-
tized and challenged mice were still significantly
more sensitive to Mch challenge than untreated
controls. While Naive, MACA challenged mice
had returned to near normal sensitivity, adjuvant
sensitized mice were shown to be significantly less
sensitive to Mch challenge than were the un-
treated controls (Fig. 2B). The calculated Mch
dose to cause a 20% decrease in lung compliance
for untreated mice was 118 pg Mch/kg body
weight. Again at 1 DPIT all treatment groups
were equivalent and were significantly more sensi-
tive to Mch challenge than untreated controls.
However, by 3 DPIT only the MACA sensitized
and challenged mice were significantly more sensi-
tive to Mch challenge than were the untreated
mice. By 8§ DPIT MACA mice hyperreactivity
were significantly different from both the adjuvant
and naive groups. However, the adjuvant treated
mice were less sensitive to Mch challenge than
were the untreated mice (Fig. 2C).

3.2. Histopathology

Prior to MACA IT challenge there was no
evidence of allergic disease in the lungs of any of
the treatment groups. While all treatment groups
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had alveolar lesions at 1 DPIT, lesions in the
lungs of the MACA sensitized mice were more
extensive (Table 1). Only in the MACA-sensitized
group was bronchial epithelial hypertrophy evi-
dent (1/3) and the character of the perivascular
cellular infiltrate was more acute [polymorphonu-
clear leukocytes (PMN)]. By 3 DPIT, there was
both perivascular and peribronchial cellular
infiltration in all treatment groups but the inci-
dence and severity of the acute infiltrates was
increased in the MACA sensitized mice. Bronchial
epithelial hypertrophy was present in the adjuvant
and MACA sensitized mice. Again the severity
was increased for the MACA sensitized animals. 8
DPIT the peribronchial and perivascular
infiltrates in the naive mice were mononuclear,
while the adjuvant sensitized mice had only
perivascular  mononuclear infiltration. The
MACA-sensitized mice had greater severity of
both the peribronchial and perivascular mononu-
clear infiltration than either the naive or adjuvant
mice or the MACA-sensitized mice sacrificed at
the 3 DPIT. However, the severity of the inflam-
matory infiltrate in MACA sensitized mice had
decreased from the 3 DPIT levels. Additionally,
only the MACA sensitized mice exhibited
bronchial epithelial hypertrophy. Examples of the
lung sections are shown in Fig. 3.

3.3. Cytokines

As had previously been seen there was a dra-
matic increase in BALF IL-4 only in MACA
sensitized and challenged mice and only at 1
DPIT (Fig. 4A). While BALF IL-5 (Fig. 4B) was
significantly elevated for all treatment groups at 1
DPIT, levels were significantly higher and per-
sisted through 8§ DPIT in the MACA sensitized
and challenged mice. However, there were no
significant differences in BALF IFN-y among the
treatment groups (Fig. 4C).

3.4. Total and differential cell counts

To verify that mice used in this study were
eliciting basic allergic responses comparable to
those previously described (Ward et al., 1998),
total and differential cell counts from the BALF

were examined. Prior to challenge, total cell
counts (Fig. 5) from the BALF of both MACA
sensitized and control (adjuvant and naive) mice
were similar. At 1 DPIT there was a doubling in
total cell counts for all treatment groups. By 3
DPIT there was a further and significant increase
in the total cell counts of MACA sensitized mice
when compared to No Chal and both naive and
adjuvant control mice. At 8§ DPIT the MACA
treatment group cell counts were reduced but still
significantly elevated compared to control groups.
Differential cell counts (Fig. 5) indicated that
prior to challenge the predominant cell type was
monocytic (97-98%) ranging from ~ 17-19 x 10*
cellsyml. MACA sensitized and challenged mice
demonstrated significant increases in lymphocyte
and eosinophil counts at both 3 and 8 DPIT.
However, BALF lymphocytes were only slightly
increased and eosinophils were barely detectable
in controls. There was a substantial neutrophilic
influx at 1 DPIT for all treatment groups that had
returned to pre-challenge levels by 3 DPIT.

3.5. Serum and balf total IgE

Prior to IT challenge (&2 weeks following
sensitization) and throughout the experiment only
the MACA sensitized mice showed significant in-
creases in serum total IgE when compared to
control groups (P < 0.05) (Fig. 6). None of the
treatment groups had eclevated levels of BALF
total IgE prior to MACA IT challenge but by 8
DPIT MACA sensitized mice had significantly
increased levels of BALF total IgE.

4. Discussion

This study demonstrated that MACA sensitized
mice display not only immune inflammatory re-
sponses characteristic of allergy but also the phys-
iological and the histopathological responses that
are consistent with allergic airway disease. The
temporal relationship of the significant findings in
this study is summarized in Fig. 7. BALF cytoki-
nes are maximal prior to the maximal influx of
BALF eosinophils and lymphocytes, which coin-
cides with maximal lung pathology and respira-
tory physiology abnormalities.



Table 1
Histopathology scores for lung sections®

1 DPIT 3 DPIT 8 DPIT

Incidence (severity) Incidence (severity) Incidence (severity)

NAIVE  ADJUV ~ MACA NAIVE  ADJUV ~ MACA NAIVE  ADJUV  MACA
Bronchial epithelial hypertrophy 0 0 1/3 (0.3) 0 1/3 (0.3) 1/3 (0.7) 0 0 2/3 (1.3)
Peribronchial mononuclear cell infiltration 0 0 0 1/3 (0.3) 1/3 (0.3) 1/3 (0.3) 2/3 (0.7) 0 2/3 (0.7)
Peribronchial polyrnorphonuclear (PMN) cell 0 0 0 1/3 (0.3) 0 2/3 (1.0) 0 0 2/3 (0.7)

infiltration

Perivascular mononuclear cell infiltration 3/3 (1.0) 3/3 (1.0) 1/3 (0.3) 3/3 (1.0) 2/3 (0.7) 2/3 (1.0) 1/3 (0.3) 2/3 (0.7) 3/3 (1.7)
Perivascular PMN cell infiltration 1/3 (0.3) 1/3 (0.3) 3/3 (2.0) 2/3 (0.7) 0 3/3 (2.7) 0 0 3/3 (2.0)

# Incidence indices were determined by the number of mice with the pathological feature over the number of mice examined. Severity indices were determined by

dividing the sum of the numerical score for a particular lesion by the number of animals examined.
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s :—\ d

Fig. 3. Histopathology micrographs of mouse lungs showing peribronchial and/or perivascular infiltrates (arrows) in MACA
sensitized (A—D) and adjuvant treated (E-H) mice at different time points. A and E before IT challenge, B and F at 1 day post
challenge, C and G at 3 days post challenge, and D and H at 8 days post challenge. Slides were stained with hematoxylin and eosin

and magnification x 400.
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The T helper 2 cell (Th2)-like responses have
been associated with allergy and asthma. Specifi-
cally, the Th2 cytokine IL-4 has shown autocrine
activity in Th2 cell differentiation (Swain et al.,
1990; Kopf et al., 1993), Ig class switching to IgE
(Bergstedt-Lindqvist et al., 1988; Finkelman, et
al., 1988), and mast cell development (Madden et
al.,, 1991). In our study elevated 1L-4 in BALF
and increased total IgE occurred only in MACA
sensitized mice indicating that this microorganism
induces a Th2 response. Furthermore, IL-5, an-
other Th2 cytokine shown to be essential in prolif-
eration and maturation of eosinophil precursors
(Yamaguchi et al., 1988) as well as eosinophil
recruitment to the lung (Van Oosterhaut et al.,
1996), viability (Kita et al., 1992; Ohnishi et al.,
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1993), and eosinophil granule protein release
(Kita et al., 1992) was also elevated in MACA
sensitized mice. CD4 + Th2 lymphocytes are not
the only source Th2-associated cytokines. Mast
cells have also been shown to secrete 1L-4. Addi-
tionally, mast cells (Kung et al., 1995) and acti-
vated eosinophils (Broide et al., 1992) have been
shown to secrete IL-5. In our studies elevated
levels of both IL-5 and IL-4 appear in BALF by
1 day following MACA IT challenge. While 1L-4
was at background levels by 3 DPIT, IL-5 re-
mained elevated through 8 DPIT paralleling the
increase in eosinophil and lymphocyte numbers (3
and 8 DPIT). Adjuvant alone did not drive these
cytokine responses as seen in the mice sensitized
with adjuvant only (ADJUV). Furthermore, it

B) IL-5 (pg/ml)
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Fig. 4. BALF cytokines measured by ELISA. (A) IL-4: the level of detection was 60 pg/ml; (B) IL-5: the level of detection was 15
pg/ml; (C) IFN-y: the level of detection was 62.50 pg/ml. Data shown represents the mean + SEM. n=3-5 mice per group.
Significant difference from both controls and No Chal mice (*), from No Chal mice (# ) (P <0.05). (DPIT-days post MACA IT

challenge).
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represents the mean + SEM. n=4-6 per group. (*) Significant
within treatment group (P <0.05). (DPIT, days post MACA IT
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Fig. 6. Serum and BALF Total IgE. Data shown represents the mean + SEM. The level of detection was 12.5 ng/ml. n=4-5 per
group. (*) Significant difference from both controls (P < 0.05). (DPIT-days post MACA IT challenge).

was previously (Ward et al., 1998) shown that the
chitin media (with adjuvant) sensitized controls
did not develop increased serum total IgE. Since
media proteins in the presence of adjuvant did not

result in IgE increases it can be concluded that
not all proteins even in the presence of alum
induce allergic responses. IFN-y, on the other
hand, has been shown to inhibit development of
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Th2 cells (Gajewski and Fitch, 1988) and IL-4-in-
duced immune responses (Coffman and Carty,
1986; Li et al., 1996). Furthermore, IFN-y recep-
tor deficient mice displayed a persistent
eosinophilic inflammation compare to wild-type
controls as a result of a sustained Th2 cytokine
profile (Coyle et al., 1996). While this evidence
strongly suggests a role for IFN-y in modulation
of the allergic responses, we did not observe dif-
ferences in the IFN-y response prior to or follow-
ing MACA challenge.

MACA challenge resulted in significantly in-
creased sensitivity to Mch for all treatment groups
at 1 DPIT coinciding to the time when non-spe-
cific, neutrophilic inflammation was evident. Both
adjuvant treated and naive mice airway responses
had returned to near normal levels by 3 DPIT
again corresponding to the decline in non-specific
inflammation. However, those mice sensitized
with MACA prior to MACA respiratory chal-
lenge were still hyperresponsive at 8 DPIT. Inter-
estingly, by 8 DPIT adjuvant treated/ MACA
challenged mice were actually less sensitive to
Mch challenge than were untreated controls, al-
though the reasons for this hyporesponsiveness
are not apparent. This data indicates that both
non-specific inflammatory effects induced by

MACA respiratory challenge in previously unex-
posed mice and the more persistent specific infl-
ammation observed with allergic sensitization are
associated with increased hyperreactivity. Fur-
thermore, histopathological analysis found that in
general the MACA sensitized mice appeared to
have more extensive lung pathology at all time
points. Peribronchial and perivascular infiltrates
associated with allergic responsiveness peak at 3
DPIT and become more mononuclear by 8§ DPIT.
Additionally, diffuse bronchial epithelial hyper-
plasia was evident in MACA sensitized mice at all
time points. Pulmonary hyperresponsiveness and
pathology persisted for at least 8 days in sensi-
tized mice.

Work to move away from the use of adjuvants
and towards a respiratory route of sensitization is
currently underway. Furthermore, we have re-
cently identified up to 4 proteins that induce an
IgE response. These allergens represent = 7.12%
of the MACA proteins (unpublished data). Purifi-
cation of these proteins would provide the means
to compare the potency of MACA to other well
studied indoor air allergens such as dust mite.

We have extended the allergy/mouse model for
the fungal allergen(s) of M. anisopliae by charac-
terizing the respiratory hyperresponsiveness and
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Fig. 7. Summary of study results. Arrows represent significant differences found in MACA sensitized and challenged mice compared
to either or both control groups (adjuvant sensitized or sensitization naive mice followed by one MACA IT challenge).



M.D.W. Ward et al. / Toxicology 143 (2000) 141154 153

lung pathology in MACA sensitized and chal-
lenged mice. Furthermore, the airway hyperre-
sponsiveness, lung pathology, and cytokine
responses are features consistent with those ob-
served in allergic asthmatics. Therefore, this
model may be useful, not only to assess the
allergic potential of M. anisopliae but also more
generally to assess the potential allergic responses
of other microbes used in the indoor environment.
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