Combined sensitization of mice to extracts of dust mite,
ragweed, and Aspergillus species breaks through tolerance
and establishes chronic features of asthma
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Background: Existing asthma models develop tolerance when
chronically exposed to the same allergen.

Objective: We sought to establish a chronic model that sustains
features of asthmalong after discontinuation of allergen exposure.
Methods: We immunized and exposed mice to a combination of
single, double, or triple allergens (dust mite, ragweed, and
Aspergillus species) intranasally for 8 weeks. Airway
hyperreactivity (AHR) and morphologic features of asthma
were studied 3 weeks after allergen exposure. Signaling effects
of the allergens were studied on dendritic cells.

Results: Sensitization and repeated exposure to a single allergen
induced tolerance. Sensitization to double and especially triple
allergens broke through tolerance and established AHR,
eosinophilic inflammation, mast cell and smooth muscle
hyperplasia, mucus production, and airway remodeling that
persisted at least 3 weeks after allergen exposure. Mucosal
exposure to triple allergens in the absence of an adjuvant was
sufficient to induce chronic airway inflammation. Anti-IL-5 and
anti-IL-13 antibodies inhibited inflammation and AHR in the
acute asthma model but not in the chronic triple-allergen model.
Multiple allergens produce a synergy in p38 mitogen-activated
protein Kinase signaling and maturation of dendritic cells, which
provides heightened T-cell costimulation at a level that cannot
be achieved with a single allergen.

Conclusions: Sensitivity to multiple allergens leads to chronic
asthma in mice. Multiple allergens synergize in dendritic cell
signaling and T-cell stimulation that allows escape from the
single allergen-associated tolerance development. (J Allergy
Clin Immunol 2009;123:925-32.)
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Existing mouse models of asthma have provided a wealth of
information." A major drawback of these models has been the
transient nature of the airway pathology and hyperreactivity. In
these models airway pathologies peak 24 to 72 hours after
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Abbreviations used
AEH: Airway epithelial hypertrophy
AHR: Airway hyperreactivity
DRA: Dust mite, ragweed, and Aspergillus species
ERK: Extracellular signal-regulated kinase
FO: Forced oscillatory
FoxP3: Forkhead box P3
Gti: Tissue resistance
Hti: Tissue elasticity
MAPK: Mitogen-activated protein kinase
Mch: Acetyl-B-methylcholine
NADOH: Reduced nicotinamide adenine dinucleotide phosphate
OVA: Ovalbumin
pERK: Phosphorylated ERK
Raw: Airway resistance

allergen challenge and resolve in 1 to 2 weeks.>> Mice chroni-
cally exposed to a single allergen frequently have tolerance,
thus mimicking the 80% to 85% of the human population that
is chronically exposed to allergen yet are asymptomatic.4'° Eosin-
ophilic inflammation and mucus production are modestly present
or significantly reduced in many chronic models. Airway hyper-
reactivity (AHR) persists in many of these models in substantially
attenuated form.” Development of such tolerance is a major im-
pediment to understanding the biology of chronic asthma. This
is very important because the brunt of therapeutic intervention
is aimed at controlling the chronic pathologic process of asthma.
In an attempt to develop a mouse model of chronic asthma, we
used natural allergens that cause human asthma because they con-
tain nonimmunogenic components that have adjuvant-like ef-
fects.®'” Because most allergic asthmatic patients are sensitized
to multiple allergens, we sensitized mice with a combination of
3 allergens: dust mite, ragweed, and Aspergillus species. Our re-
sults suggest that multiple allergen exposure breaks through toler-
ance and induces airway pathologies and hyperreactivity that
persist long after the allergen exposure.

METHODS

The majority of the methods used in this article can be found in the Methods
section of this article’s Online Repository at www.jacionline.org.

Allergens and adjuvant

Allergens used include ovalbumin (OVA; Sigma, St Louis, Mo) and
extracts of dust mite (Dermatophagoides farinae), ragweed (Ambrosia artemi-
sifolia), and Aspergillus fumigatus (Greer Laboratories, Lenoir, NC). Adju-
vant was aluminum and magnesium hydroxide (Imject alum; Pirece,
Cheshire, United Kingdom; 1:1 vol/vol with allergen). Quantities of allergens
for subcutaneous (100 wL behind the ear) and intranasal (15 pL in saline)
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allergen challenges are as follows: D farinae (5 p.g; LPS content, 3-35 EU by
means of LAL assay); ragweed (50 wg; LPS content, 5 EU); Aspergillus spe-
cies (5 pg; LPS content, 0.1 EU); dust mite, ragweed, and Aspergillus species
(DRA) mix (dust mite, 5 pg; ragweed, 50 pg; and Aspergillus species, 5 ng);
or OVA (60 p.g). The allergen dose was based on the results of a survey of
previous publications indicating successful sensitization and elicitation
of allergic inflammation in the lungs.*'°

Protocol for chronic asthma

Female BALB/c mice were immunized at 12 to 15 weeks of age twice
1 week apart with various combinations of dust mite, ragweed, and/or Asper-
gillus species in alum, as described above. The week after the second immu-
nization, intranasal challenges were performed twice a week for 8 weeks with
the immunizing allergens. A control group of mice were immunized with sa-
line in alum and intranasally exposed to saline. Another group of mice were
chronically exposed to a single or multiple (DRA) allergens intranasally twice
a week for 8 weeks without the preceding subcutaneous immunization in
alum. The mice were rested for 3 weeks after the 8-week exposure period be-
fore analyses. For anticytokine therapy, the antibody was administered 2
weeks after the last (eighth) week of allergen challenge and assessed on day
21 after allergen challenge. A timeline of manipulations and interventions
in the acute and chronic protocol is shown in Fig 1, A.

Protocol for acute asthma

Mice were immunized with OVA or Aspergillus species in alum as above
twice 1 week apart. The week after the second immunization, animals were
challenged intranasally with the immunizing allergens 5 days in a row
(OVA model) or twice a week for 2 weeks (Aspergillus model). This slight
difference in the Aspergillus model was included to be consistent with the
chronic model, in which allergen exposure is performed twice a week. Air-
way pathologies and hyperreactivity were assessed at 72 hours after this acute
exposure. In another set of experiments in the OVA model, symptoms were
left to resolve for 2 weeks before intranasal anticytokine therapy (50 g of
anti—IL-5 or anti—IL-13) was administered, and a secondary (recall) allergen
challenge was administered 1 hour later; symptoms were assessed 24 hours
after this challenge.

Morphometric measurements

Inflammation was quantified with Metamorph image acquisition and
analysis software (Molecular Devices, Eugene, Ore) on hematoxylin and
eosin—stained lung sections (5 wm) at X200 magnification. Airway inflam-
mation and airway epithelial hypertrophy (AEH) were measured as the area of
inflammatory infiltrates and area of epithelium per micrometer of basement
membrane, respectively, by using a minimum of 7 airways per mouse and 3 to
5 mice per group.

RESULTS
Chronic exposure to a single allergen causes
tolerance

We studied the effect of chronic exposure to a single allergen, A
fumigatus extract, and compared it with that after acute exposure.
We also compared the effect of acute exposure to Aspergillus spe-
cies with that to OVA because the latter is a widely used experi-
mental allergen in mouse studies. We found that Aspergillus
species immunization followed by a short series of intranasal
challenge (acute model) caused significant airway inflammation,
epithelial hypertrophy, and AHR to methacholine, and these ef-
fects were comparable with those seen after OVA administration
(Fig 1, B, upper panel, and Fig 1, C). However, chronic (twice a
week for 8 weeks) exposure to Aspergillus species followed by
a 3-week rest period led to a remarkable reduction in airway
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inflammation, AHR (Fig 1, B, middle panel, and Fig 1, C), and ep-
ithelial hypertrophy (see Fig E1, A, in this article’s Online Repos-
itory at www.jacionline.org). Airway inflammation reduced from
a 12-fold increase over that seen with the saline control in the
acute model to a 3.4-fold increase over that seen with the saline
control in the chronic model (Fig 1, C). AHR (Fig 1, D, compare
“acute A [+]” with “A [+]”) and epithelial hypertrophy (see Fig
El, A) showed a near-complete resolution. The possibility was ex-
amined that the mice in the chronic model had a higher level of
inflammation immediately after the last allergen exposure and
simply did not maintain it over the next 21 days. To this objective,
we studied airway inflammation 24 hours after the last allergen
exposure in the chronic Aspergillus model. The degree of inflam-
mation at 24 hours was no different from that observed on day 21
(see Fig E1, B and E), suggesting that these mice had tolerance in
regard to inflammation.

Chronic exposure to multiple allergens with and
without immunization with an adjuvant resists
tolerance development and induces sustained
features of asthma

Because most allergic subjects are sensitized to multiple
allergens, we reasoned that sensitization to multiple allergens
might alter the outcome of chronic exposure. Therefore we
sensitized and exposed mice for 8§ weeks to a combination of 2 and
3 common allergens: dust mite, ragweed, and Aspergillus species
extracts. The combination of allergens, especially the 3-allergen
(DRA) combination, induced severe airway inflammation (12.4
;,Lm2 area/pm of basement membrane; Fig 1, B, middle panel,
and Fig 1, C), epithelial hypertrophy (see Fig E1, A), and AHR
(Fig 1, D, compare “DRA [+]” with “A [+]”), which persisted
for 3 weeks after the last allergen exposure. Examination of a
smaller group of mice 30 days after the last allergen exposure ex-
hibited a level of airway inflammation that was similar to that ob-
served at 3 weeks (see Fig E1, C and E). The combination of 2
allergens (dust mite and ragweed, dust mite and Aspergillus spe-
cies, and ragweed and Aspergillus species) produced an interme-
diate phenotype, with dust mite and Aspergillus species and
ragweed and Aspergillus species (both containing the Aspergillus
species extract) being more potent than dust mite and ragweed
(see Fig E1, D and E). The chronic model showed a higher level
of airway resistance (Raw) as opposed to tissue resistance (Gti)
and increased hysteresivity when analyzed using forced oscilla-
tion method (see Fig E2 in this article’s Online Repository at
www.jacionline.org)."! If tolerance is defined by the loss of in-
flammation from the acute to the chronic phase to a level similar
to that seen in saline-treated control mice, 93% of mice receiving
DRA (n = 14) broke tolerance, whereas no mouse receiving a sin-
gle allergen and 67% of mice receiving 2 allergens (only mice
with Aspergillus species extract combinations) broke tolerance.
We examined whether mucosal sensitization to DRA without
the preceding subcutaneous immunization in alum would induce
sustained airway inflammation. Mice chronically exposed to
DRA without alum had airway inflammation (Fig 1, B, bottom
panel, and Fig 1, C) and AHR (Fig 1, D, compare “DRA [—]”
with “R [—]”) that persisted for 3 weeks. Mice exposed to rag-
weed alone did not have inflammation and AHR. To confirm
that the mice had systemic sensitization to the allergens after mu-
cosal exposure, we studied splenic T-cell proliferation. Splenic T
cells from mice receiving DRA but not mice receiving ragweed
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FIG 1. Inflammation and AHR in acute and chronic models. A, A timeline of immunization, allergen expo-
sure, rest period, antibody treatment, and time of death in the acute and chronic models (with and without
adjuvant) is shown. s.c., Subcutaneous. B, Top panel, X200 hematoxylin and eosin-stained lung sections
from the acute Aspergillus model (Acute A), the acute OVA model, and saline control. Middle panel,
Lung sections from the animals immunized with and exposed to Aspergillus species (A) alone or to DRA,
as per the chronic protocol with alum. Bottom panel, Lung sections from the animals exposed to ragweed
(R) or DRA as per the chronic protocol without alum. Histologic changes were assessed 3 and 21 days after
allergen exposure in the acute and chronic models, respectively. Scale bars = 100 pm. C, Quantitative
scores from hematoxylin and eosin micrographs (magnification X200) for area of inflammatory infiltrates
per micrometer of basement membrane (BM). N = 3 to 4 per group. *P < .05 (unpaired t test) for OVA
and Aspergillus species (A) versus saline (Sal; acute model) and for DRA versus chronic Aspergillus species
and chronic ragweed (R)in the chronic models. D, Methacholine-induced total lung resistance (RL; percent-
age change from baseline) was assessed at 72 hours (acute model) or on day 21 (chronic model). +, Immu-
nization with alum; —, no alum. * P < .05 (unpaired ttest, n = 4-5) for DRA (+) versus chronic A (+) and saline
(+); for acute A (+) and acute OVA (+) versus chronic A (+) and saline (+); and for DRA () versus R (—).

showed strong antigen-driven proliferation (see Fig E3 in this  mast cells (Fig 2, A). Airway inflammation was associated with a
article’s Online Repository at www.jacionline.org). significant increase in major basic protein—positive eosinophils
(Fig 2, B), goblet cell hyperplasia (fluorescent periodic acid—

Schiff staining for mucus glycoproteins; Fig 2, C), peribronchial

Characterization of airway inflammation and smooth muscle mass (a-smooth muscle actin—positive cells; Fig
remodeling 2, D), and collagen deposition (Sirius red stain; Fig 2, E) when
Mice receiving DRA showed a 30-fold increase over the chronic ~ compared with the single-allergen (Aspergillus species) model
Aspergillus species model in toluidine blue—positive intraepithelial ~ and saline control values. Peribronchial inflammation in mice


http://www.jacionline.org

928 GOPLEN ET AL

J ALLERGY CLIN IMMUNOL

Intraepithelial Mast Cells
Saline A DRA

40

o N

5 20

10

A o St 0

Eosinophils 800

600
400
200

Eos

R L

250
200
150
100

50

Smooth Muscle Actin

300

Saline

200

ASM Mass

100

1000
800
600
400
200

Collagen

& T

FIG 2. Characterization of airway inflammation and remodeling in the chronic DRA and Aspergillus species
models. Tissue sections from mice sensitized and exposed to allergens (DRA, Aspergillus species [A], or sa-
line) as per the chronic protocol were killed 21 days after the last allergen exposure and stained for the fol-
lowing. A, Mast cells (top panel) stained with toluidine blue. The bottom portion of the top panel shows a
higher magnification of the boxed DRA airway segment from the upper panel. The bar graph on the right
panel reflects quantification of intraepithelial mast cells (IEMC) per 10 airways per mouse. *P < .002,
ANOVA. B, Eosinophil (Eos) immunostaining with a mouse anti-major basic protein antibody. C, Fluorescent
periodic acid-Schiff staining for mucus glycoproteins (orange stain), which also stains tissue green in the
fluorescein isothiocyanate channel and facilitates visualization of the tissue. D, Immunofluorescence stain-
ing (green) for a-smooth muscle actin (ASM), which stains peribronchial and perivascular smooth muscles
and myofibroblasts. E, Sirius Red staining for collagenous fibers (red). Bar graphs on the right (Fig 2, B-E)
show quantitation of the integrated fluorescent intensity per micrometer of basement membrane. *P < .01,
ANOVA.
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receiving DRA was characterized by the presence of CD45"
leukocytes and CD4 and CD8 T cells (see Fig E4 in this article’s
Online Repository at www.jacionline.org).

Cytokines, chemokines, serum IgE, and vascular cell
adhesion molecule

We measured cytokine and chemokine levels in lung homog-
enates on day 21 after the last allergen exposure in chronic

models. Eotaxin, IL-5, IL-10, IL-13, and IL-17 levels were
significantly increased in the lungs of mice receiving DRA
compared with levels in those receiving saline and Aspergillus
species (Fig 3, A). RANTES and TGF- levels were significantly
higher in mice receiving DRA versus those receiving saline but
not those receiving Aspergillus species. Levels of the other cyto-
kines and chemokines did not show any differences among the
study groups. IL-4 was detectable in low quantities and did not
show any difference between the study groups (see Fig E5 in
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FIG 3. Cytokines, chemokines, serum IgE and IgG1, and adhesion molecules in the chronic asthma model.
A, Left lung lobes from DRA-, Aspergillus species (A)-, or saline (Sal)-treated mice were homogenized, and
the cell-free supernatant was assayed by means of multiplex ELISA (“Searchlight” by Endogen) for select
cytokines and chemokines. IL-5, IL-10, IL-13, and IL-17 levels were measured separately by using a simple
ELISA.N = 3to 5. *P< .05, ANOVA, or #P < .05, DRA versus saline unpaired ttest. MCP1, Monocyte chemo-
attractant protein 1; MIP1a, macrophage inflammatory protein 1a. B, Serum Aspergillus species-specific
(Asp) IgE and IgG1 levels were measured by using a sandwich ELISA. N = 4 per group. P < .0001 versus sa-

line (Sal). C, Saline (control)-,

single allergen (Aspergillus species)-, and DRA-treated mouse lungs obtained

21 days after the last allergen exposure were immunostained for vascular cellular adhesion molecule

1 (X1000 magnification). The bottom panel shows

quantitation of vascular cellular adhesion molecule

fluorescence intensity (Fl). *P < 0.01, ANOVA. N = 3. B.M., Basement membrane.

this article’s Online Repository at www.jacionline.org). All sensi-
tized animals had increased levels of Aspergillus species—specific
IgE and IgG1 antibodies, but differences were not significant (Fig
3, B). Ty2 cells, eosinophils, and basophils selectively use vascu-
lar cellular adhesion molecule 1 for adhesion to endothelium and
entry into the tissue.'*'® Mice receiving DRA had endothelial
vascular cellular adhesion molecule 1 expression 25 times higher
per micrometer of basement membrane than that expressed in
chronically challenged single allergen—-immunized and control
mice (Fig 3, O).

Lack of efficacy of anticytokine antibodies in the
chronic DRA model

Anti—IL-5 and anti—IL-13 antibodies are highly effective in the
mouse model of asthma.'*'> Human studies with an anti—IL-5
antibody failed to demonstrate clinical usefulness.'® A recent
human trial with a mutant protein that blocks the activation of
IL-4 receptor a, a receptor common to both IL-4 and IL-13,
showed selective inhibition of the late-phase allergic reaction
without affecting AHR, FEV,, peak expiratory flow, symptom
scores, IgE levels, and eosinophil counts.!” We examined the ef-
fect of neutralizing antibodies against IL-5 and IL-13 in the acute
(OVA) and chronic asthma models. We chose the acute OVA and
not the acute Aspergillus model because most previous studies
with anti-cytokine antibodies used the former model. Antibody
was administered 1 hour before the allergen challenge in the acute

OVA model. In human chronic asthma this pretreatment approach
is unrealistic because it is difficult to predict the timing of the next
asthma attack. To mimic an intervention in human asthma, we ad-
ministered antibody 2 weeks after the last allergen challenge (1
week before death) in the chronic asthma model. As reported pre-
viously, both anti—IL-5 and anti—-IL-13 antibodies prevented air-
way inflammation and AEH (Fig 4, A and B) and AHR (Fig 5,
C) in the acute asthma model. 14,15 However, both antibodies
were totally ineffective in reducing airway inflammation and hy-
perreactivity in the chronic asthma model (Fig 4, A-C). Thus our
chronic model is better suited to predict therapeutic outcome in
response to anticytokine therapy.

Mechanism of action of multiple allergens:
Synergistic effect on signaling in and maturation of
dendritic cells

Tolerance to a single allergen due to chronic exposure has
previously been shown to be mediated by natural regulatory
T cells and tolerizing dendritic cells.>®'%%! Interestingly, we ob-
served increased forkhead box P3 (FoxP3)—positive cells in the
lungs of mice receiving DRA compared with those of mice receiv-
ing Aspergillus species (see Fig E6 in this article’s Online Repos-
itory at www.jacionline.org). This is in agreement with the
increased concentrations of IL-10 and TGF-[3 found in lung tissue
from mice receiving DRA. The results suggest that the lack of tol-
erance in mice receiving DRA is not due to the absence of FoxP3 ™
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FIG 4. Effect of neutralizing antibodies against IL-5 and IL-13 on airway inflammation and hyperreactivity in
the acute OVA and chronic DRA models. OVA-sensitized mice received antibodies 1 hour before a
secondary challenge with OVA and were killed 24 hours later. DRA-sensitized mice received antibodies 2
weeks after the last allergen exposure and were killed 1 week later. Each mouse received either 50 pg of rat
IgG2a (n = 3) or IgG2b (n = 3) as negative control animals or 50 ng of alL-5 (n = 5) or alL-13 (n = 4)
antibodies. A, Hematoxylin and eosin micrographs showing airway inflammation. B, Quantitation of airway
inflammation (left panel) and AEH (right panel). * P < .008 for IgG compared with anticytokine cohorts in the
OVA group, ANOVA. N = 4 to 6. B.M., Basement membrane. C, Total lung resistance (RL) in response to
nebulized methacholine expressed as a percentage change from baseline. Left panel, OVA-induced acute
asthma model; right panel, DRA-induced chronic asthma model. P < .05 for *anti-IL-5 and anti-IL-13 or
#IL-13 alone, respectively, versus IgG and saline (unpaired t tests).

regulatory T cells. Next we examined the effect of single versus
multiple allergens on dendritic cells. We generated CD11c™ den-
dritic cells by culturing bone marrow cells in GM-CSF for 7
days.zz’23 At the end of the culture period, more than 72% of
the cells were CD11c™, and a majority of these cells expressed
surface MHC class II (see Fig E7, A, left panel, in this article’s
Online Repository at www.jacionline.org). We observed a dose-
dependent increase in extracellular signal-regulated kinase
(ERK) 1/2 signaling in these dendritic cells when incubated
with a single allergen. Fig E7, B, shows phosphorylated ERK
(pERK) 1/2 induction by the Aspergillus species extract. Incuba-
tion with a single dose (3 wg/mL) of dust mite, ragweed, and As-
pergillus species and the equivalent dose of DRA (1 pg of each
allergen; total, 3 wg/mL) induced a similar level of pERK1/2 in
dendritic cells (Fig 5, A, left panel). The effect on p38 signaling
was strikingly different. Dust mite, ragweed, and Aspergillus

species each at the dose of 3 pg/mL induced p38 phosphorylation
in22% * 3%, 28% *+ 5%, and 25% * 3% cells. DRA at the same
total dose (ie, one third the dose of each individual allergen) in-
duced p38 phosphorylation in 88% = 7% cells, suggesting a syn-
ergistic effect (Fig 5, A, right panel, and see Fig E7, A, right
panel). We measured the LPS content and protease activity of
the allergen extracts. Dust mite and Aspergillus species had the
highest and lowest levels of LPS, respectively (see the Methods
section). Despite the 30- to 50-fold difference in LPS content be-
tween Aspergillus species and dust mite, the difference in p38 and
ERK1/2 phosphorylation among these allergens was negligible.
The Aspergillus species extract showed the highest level of prote-
ase activity among the 3 allergens (see Fig E8 in this article’s On-
line Repository at www.jacionline.org), but this activity also did
not make any difference in dendritic cell mitogen-activated pro-
tein kinase (MAPK) signaling.
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FIG 5. Dendritic cell signaling and T-cell activation. A, Effect of single (D,
dust mite; R, ragweed; A, Aspergillus species) and triple (DRA) allergens
on ERK1/2 (left) and p38 MAPK (right) phosphorylation in dendritic cells
(DC). *P = .0007, paired ttest. N = 3. B, Effect of dust mite, ragweed, Asper-
gillus species, and DRA on MHC class Il expression (mean fluorescence in-
tensity [MFI]; left panel, *P = .02 compared with dust mite, ragweed, and
Aspergillus species [n = 3]) and the number of CD40" dendritic cells (right
panel, *P = .03 compared with dust mite, ragweed, and Aspergillus species
[n = 3]). C, Effect of pretreatment of dendritic cells with the p38 inhibitor
SB202190 or vehicle (dimethyl sulfoxide) on DRA-induced CD40 and MHC
Il expression. N = 3. *P < .04, paired t test. D, Effect of anti-CD3 and anti-
CD3 plus anti-CD28 antibody stimulation on spleen T-cell proliferation
(tritiated thymidine incorporation). *P = .02 for anti-CD3 plus anti-CD28
stimulation, ANOVA. E, Effect of dendritic cells on anti-CD3-stimulated
T-cell proliferation. Splenic CD4 T cells from saline (Sal)-, Aspergillus spe-
cies—, and DRA-treated mice were stimulated with anti-CD3 in the presence
or absence of splenic CD11c dendritic cells in autologous and nonautolo-
gous manners, and tritiated thymidine incorporation was measured. *P =
.01 and .04 for DRA/DRA versus autologous and nonautologous cohorts,
respectively, ANOVA. AP = .04 for DRA/DRA versus Aspergillus species/
DRA, unpaired ttest. N = 4.

Next we examined the biologic relevance of this increased p38
signaling caused by DRA. The expression level (mean fluores-
cence intensity) of MHC class II was significantly increased in
triple allergen (DRA)-treated compared with single allergen—
treated cells (Fig 5, B, left panel). Unlike MHC II, CD40 was ex-
pressed at a low level on dendritic cells, and this level changed
very little after allergen stimulation. Individual allergens increased
the number of cells expressing CD40 (Fig 5, B, right panel), as re-
ported previously.24 However, DRA induced a significantly greater
number of CD40™ cells. The DRA-induced increase in MHC class
IT antigen and CD40 levels was significantly inhibited in cells that
were pretreated with the p38 MAPK inhibitor SB202190 (Fig 5,
C). These results suggest that multiple allergens induce a higher
level of dendritic cell signaling, which leads to increased expres-
sion of costimulatory molecules.

Next we examined the T-cell receptor (TCR)-mediated prolif-
erative response of CD4 T cells in the presence and absence of
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CDl11c™ dendritic cells from the mice receiving chronic DRA,
Aspergillus species, and saline control. Anti-CD3 stimulation
did not induce significant differences in proliferation of T cells
from mice receiving DRA and Aspergillus species, but DRA T
cells showed increased proliferation compared with Aspergillus
species and saline T cells when stimulated with anti-CD3 plus
anti-CD28 antibodies (Fig 5, D). Similarly, when dendritic cells
were used in lieu of anti-CD28, DCs from mice receiving DRA
provided the highest level of costimulation (Fig 5, E). In contrast,
dendritic cells from mice receiving Aspergillus species signifi-
cantly inhibited DRA T-cell proliferation. DCs from mice receiv-
ing DRA showed a tendency to augment proliferation of T cells
from mice receiving saline and those receiving Aspergillus spe-
cies, but the difference did not reach statistical significance.

DISCUSSION

We have developed a mouse model of chronic asthma with the
following important new features: (1) resistance to tolerance
despite repeated allergen exposure; (2) persistence of eosino-
philic inflammation, AHR, and other features of asthma beyond
the first 3 weeks after exposure; (3) mucosal sensitization to
allergens and induction of chronic inflammation without the need
for adjuvants; and (4) resistance to anti—IL-5 therapy, thus
mimicking aspects of human chronic asthma. In most previous
studies, pathologic features of experimental asthma were inves-
tigated within 24 to 72 hours after the allergen exposure. In a few
studies in which the pathologic features were observed for longer
than 72 hours, near-complete resolution took place within 1 week
after the allergen exposure.>® In our model the Aspergillus species
extract was of pivotal importance. A combination of allergens that
contained Aspergillus species induced sustained inflammation.
Nonetheless, Aspergillus species alone was not sufficient to pro-
duce the phenotype. Previously, the effect of a combination of 2
allergens (recombinant cockroach and dust mite proteins rBla g
2 and rDer f 1) was studied in the acute asthma model at 72 hours.
These mice did not have AHR.?® Dust mite was previously shown
to facilitate sensitization to inhaled OVA,27 which is similar to the
effect of Aspergillus species in our model. It should be noted that
there are models of asthma in which chronic exposure to a single
allergen leads to persistent, although low-level, inflammation and
AHR, however inflammation in these models was studied within
1-3 days following the allergen challenge.’®?’

One shortcoming of mouse models is that they do not have
sustained AHR. Although methacholine produces meaningful total
lung resistance, the response from the parenchyma dominates,
whereas Raw is largely absent.>® The DRA model distinguishes it-
self from many other models by the persistence of Raw. One of the
remarkable features of our model is the presence of intraepithelial
mast cells. The accumulation of intraepithelial mast cells in tracheal
sections and peribronchial regions has been reported previously.>'
Intraepithelial mast cells are ideally situated to encounter inhaled
allergens and promote sustained inflammation and AHR.*

A common practice in preclinical drug development is to
pretreat animals with a therapeutic agent before an allergen
challenge and then study the outcome. This simple approach has
limitations in human asthma. Our model has an advantage in this
regard because in its chronic stage it can be used to test
therapeutic agents without performing a de novo allergen chal-
lenge. The result from the anti-IL-5 antibody experiment sug-
gests that our asthma model is a better predictor of outcome in
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human asthma. Our results are in agreement with a recent report
by Kumar et al,>* who showed a lack of efficacy of an anti—IL-5
antibody. An anti-IL-13 antibody inhibited airway reactivity
only at the highest dose (50 mg/mL) of methacholine but had
no effect at lower doses.

The mechanism of persistence of inflammation and AHR in
mice receiving DRA is likely related to the effect of multiple
allergens on dendritic cells. DRA stimulates p38 MAPK phos-
phorylation in more dendritic cells than a single allergen at the
same protein concentration. This heightened p38 MAPK signal-
ing increases MHC class II and CD40 expression on dendritic
cells, which is in agreement with previous reports.>*>> We believe
that the increased dendritic cell signaling and activation contrib-
ute to the heightened costimulatory activity of DRA-stimulated
dendritic cells. As a result, T-cell activation remains unabated,
and the airway inflammation persists.

The mechanism by which multiple allergens induce a synergy in
p38 but not ERK1/2 signaling is unknown. This effect is unlikely to
come from the protein load or the protein-derived antigenic
epitopes alone because we have used the same amount of protein.
It is possible that the synergy results from the adjuvant-like
activities of the allergens. Many allergens contain proteases and
reduced nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase levels. In one study intranasal OVA failed to induce airway
inflammation. However, when administered along with the prote-
ases from A fumigatus, it produced significant airway inflamma-
tion."” Pollen-derived NADPH oxidase has been shown to be
essential for induction of airway inflammation by allergens.®
NADPH oxidase generates reactive oxygen species, which induce
nonspecific inflammation in a p38-dependent manner. These stud-
ies suggest additional nonantigenic functions of allergens. We rec-
ognize that the allergen extracts we used are mixtures containing
multiple proteins and that the effects seen in the model might be
due to unknown components of the allergens.

Clinical Implications: We have developed a model of chronic

asthma that allows for the study and treatment of long-lasting
features of asthma, obviating acute de novo allergen challenges.
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METHODS

Definitions

For the purposes of this article, we will arbitrarily define tolerance as a
condition in which repeated exposure to an allergen or allergens causes
progressively diminished airway response—inflammation, goblet cell hyper-
plasia, AHR, and T-cell proliferation in an immunized mouse. We refer to
periods of 1 week or less as acute. Time periods of 3 weeks or greater will be
referred to as chronic. The chronic model will be defined by using 2 criteria:
(1) chronic exposure (8 weeks of allergen exposure) and (2) persistence of the
features of asthma for at least 3 weeks after the cessation of allergen exposure.

Allergens used

OVA grade V was from Sigma Chemical Co (catalog no. A5503), and
defatted extracts of dust mite (catalog no. XBP§1D3A25), ragweed (catalog
no. XP56D3A25), and A fumigatus (catalog no. XPM3C3A25) were from
Greer Laboratories (Lenoir, NC).

Protease activity assay

Protease activity was measured in allergen extracts by using the
Quanticleave Protease Assay Kit (Pirece). Briefly, allergen extracts (5 wg/
mL) were prepared in PBS, and their protease activity was compared with that
of a trypsin standard for the ability to cleave fluorescently labeled casein.
Results are reported as relative trypsin activity found in 0.5 pg of allergen
extract after 1 hour of incubation at room temperature. The fluorescence
emission was read at an emission wavelength of 535 nm, with excitation at
485 nm.

Quantitative morphometric airways analysis

A minimum of the 7 most severely visually inflamed airways from each
mouse was used to obtain a mouse average provided they fit the following
criteria measured with image analysis software (Metamorph). First, airways
needed to be entirely contained in a X200 field of view and completely intact.
Second, the airways were considered oblong and excluded from analysis if
they deviated from a theoretic circle by more than 20%. Third, exceptions
included airways that appeared emphysematic (airway and alveolar contacts
severed and airway is collapsed, although these were few in number and are
thus averaged out) as appears in Fig 2, A. Airway sizes had a nonnormal dis-
tribution. Approximately 80% of the airways could be considered small air-
ways (0-50,000 ;xmz, as arbitrarily defined by Hirota et alEl), with a median
size of 24,400 p,mz.

Two aspects of airway inflammation were assessed. Airway inflammatory
infiltrates and AEH were measured as follows. Airway inflammation was
measured by color thresholding the 24-bit hematoxylin and eosin picture for
the nuclei of inflammatory infiltrates. The area covered by the infiltrate’s
nuclei was divided by the perimeter of the airway’s basement membrane.
Thus a quantitative airway inflammation score of 1 is indicative of an airway
that has 1 pm? of inflammatory infiltrate (nuclear area) per micrometer of
basement membrane. AEH was also quantitatively scored and is defined
as the area of epithelium (in square micrometers) divided by the basement
membrane perimeter (in micrometers). There were no observable differ-
ences in inflammatory measures between differently sized airways in this
model.

Airway hyperreactivity and lung mechanics

Mice were anesthetized with ketamine (180 mg/kg), xylazine (9 mg/kg),
and acepromazine (4 mg/kg). After the animals lost the foot-pad pinch
response, a tracheostomy was performed, and the subject was connected to a
small-animal ventilator with a computer controlled piston (Flexivent; Scireq,
Montreal, Canada) through an 18-gauge cannula and kept on a circulating
warm-water pad (34°C). Subjects were ventilated at a frequency of 150
breaths/min with a tidal volume of 0.2 mL while breathing against an
artificial positive end-expiratory pressure of 2.5 to 3 cm H,O. After this, the
lungs were inflated 3 times to total lung capacity to standardize volume his-
tory between subjects. Before this recruitment of closed airways, there were
no differences between groups for any of the parameters measured (ie, no
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allergen-induced resistance was detected in any of the groups). Similarly,
there were no differences between groups for total lung resistance at base-
line after lung inflations (P = .42, ANOVA). Resistance measurements were
then taken to establish baselines for both the single-compartment model (al-
lows measurement of total lung resistance) and the constant-phase model
(compartmentalizes total lung resistance into Raw and tissue resistance/elas-
tance). Resistance measurements were taken with a 2.5-Hz sinusoidal piston
volume movement of 0.15 mL, and subsequently, pressure-volume and flow
data were fit to the single compartment model (see equation 1) to obtain
values for total lung resistance. Lungs were also probed with a forced oscil-
latory (FO) wave between 1 and 20 Hz over 4 seconds with a peak tidal vol-
ume of 0.15 mL and fit to the constant-phase model (see equation 2), which
allows distinction between Raw and Gti and also affords the measurement of
tissue elasticity (Hti). Freshly prepared methacholine, O to 25 mg/mL in
0.9% saline, was delivered through an inline nebulizer. The direct delivery
of methacholine to the lung was timed with inspiration. Measurements were
taken as described above, alternating between single-frequency sinusoidal
measurements and FO waves for each dose of acetyl-B-methylcholine
(Mch). After the 25-minute procedure, subjects were opened up and found
to have a heart rate of 70 to 80 beats/min.

P, (t) = RV*(t) + EV(t) + Peep equation 1

The single-compartment model of the lung (see equation 1) is often used to
obtain values for resistance (R) and elastance (E), which can be independently
calculated when tracheal pressure (Ptr), flow (V*), and volume (V) perturba-
tions vary with time (¢) while a known positive end expiratory-pressure (Pggp)
is applied.

Z(f) = Raw + 2mfl + (Gti — iHti)/(27f)" equation 2

Raw is the Newtonian or airway resistance, and G and H are frequency-in-
dependent measures of tissue (#i) resistance and elastance, respectively. /is air-
way inertance, and i is the square root of —1, whereas a is determined by G
and H (a=2 /7] arctan[Hti/Gti]). FO lung mechanics can be further analyzed
to fit a single-compartment lung model with constant-phase tissue impedance
at each frequency applied to the lung (see equation 3). When these pulmonary
input impedence (Z;,) data are solved, we are left with a real part of Z;, indic-
ative of the resistance of airways of increasing size across the broadband signal
and a summed imaginary part of Z;, called the reactance.

Zin(f) = Ry(f) + 12fl + (G — iHy)/(27f ) equation 3

Equations 1 and 2 have been thoroughly reviewed by Bates and Lutchen.®?
Input impedance has previously been described by Hantos et al.®?

AHR data analysis

Coherence tolerances of 95% and 90% were considered for analysis of the
single-compartment and constant-phase models, respectively. The peak 3
resistance measurements for each mouse at each dose were averaged to
produce a single value per mouse per dose for each perturbation. Group
averages were then expressed as fold increases in baseline resistance or
elastance = SEM. Statistical significance was established between groups by
using both ANOVA and the unpaired Student ¢ tests (JMP and Microsoft
Excel) at each Mch dose. For input impedances, averaged raw data were
displayed before and after Mch challenge.

Determination of airway cellularity

Mice were immunized and challenged as stated in the Methods section and
rested for either 72 hours (acute model) or 21 days (chronic model). Right lung
lobes were then fixed in formalin instilled gently through a tracheal cannula,
sectioned (5 pwm), and stained with toluidine blue (Sigma) to visualize mast
cells. Briefly, deparaffinized slides were stained with a 0.1% solution (wt/vol)
of acidic toluidine blue (pH 2.3 in 7% ethanol) for 2 minutes, washed 3 times
in water, dehydrated, and mounted. Ten random airways per mouse that
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satisfied the above criterion were counted for intraepithelial mast cells (dark
purple against blue background). As described below for immunofluorescent
staining, rabbit anti-mouse major basic protein (from James Lee, Mayo Clinic,
Scottsdale, Ariz) was used to visualize eosinophils, and anti-CD45, anti-CD4,
or anti-CD8 (fluorescein isothiocyanate conjugated) were used to visualize the
presence of the respective leukocytes.

Airway remodeling

Animals were killed 21 days after the last of the chronic allergen
challenges, and right lungs were taken as above, fixed in formalin, sectioned
(5 wm), and stained for the following. Goblet cell hyperplasia was determined
by staining lung sections with a fluorescent periodic acid—Schiff stain, as
reported previously.”* Airway smooth muscle mass was visualized by means
of immunofluorescent staining (see below) for a-smooth muscle actin. Colla-
gen deposition in the lamina propria was visualized by staining lung sections
with Sirius red (Sigma) and inducing fluorescence in the tetramethyl Rhoda-
mine Iso-Thiocyanate (TRITC) channel (perivascular regions of collagen de-
position were excluded from this analysis)."> For analysis of all airway
remodeling parameters, the fluorescent intensity of either the epithelium (air-
way mucus) or the subepithelium (a-smooth muscle actin and collagen) was
calculated as integrated fluorescent intensity per micrometer of airway base-
ment membrane and then normalized to saline control values.

Lung cytokine measurements

Lungs were isolated 21 days after the last allergen challenge from mice
immunized with alum and challenged with either saline (n = 3), Aspergillus
species (n = 3), or DRA (n = 3). Whole blood was collected from the in-
ferior vena cava and aorta and used for serum analysis (see below). The
lungs were flushed with 3 mL of sterile saline through the right ventricle.
The left bronchus was clamped with a hemostat, and the left lung was re-
moved before instilling the right lung with formalin or OCT compound
(Ted Pella, Calif) for frozen sections. Left lungs were homogenized in
RIPA buffer without any detergent (50 mmol/L Tris-HCI [pH 7.4], 150
mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L phenylmethylsulfonyl fluoride,
1 pg/mL aprotinin, leupeptin, peptin, 1 mmol/L NazVO,4, and 1 mmol/L
NaF). Lung lysates were then sent to Endogen for performance of the
Searchlight ELISA-spot assay on the following mouse cytokines/chemo-
kines: IL-5, IL-10, IL-13, IFN-vy, JE (MCP1), macrophage inflammatory
protein la, RANTES, TGF-f, and eotaxin. IL-5, IL-10, and IL-13 results
were confirmed, and IL-4 and IL-17 levels were measured by using a sand-
wich ELISA assay in our laboratory. Values reported are for lung lysates at
1 pg/pL protein concentration, as measured by the Bradford method
(Thermo Scientific, Rockford, IlI).

Measurement of serum Aspergillus species—specific

IgE and IgG1 antibodies

Serum was collected and diluted to 1 wg/nL (Bradford) in assay diluent.
Briefly, ELISA plate wells (Immulon 4 HBX; Fisher Scientific, Pittsburgh, Pa)
were coated overnight at 4°C with 10 pwg/mL Aspergillus species extract in
PBS. Plates were washed 3 times with PBS—-Tween 20 (0.05%) and blocked
in PBS (10% FBS) for 1 hour at room temperature. The above diluted samples
in a 50-pL volume (50 pg of protein) were applied in triplicate for 2 hours at
room temperature, and plates were washed 5 times. One-step detection was ac-
complished by means of incubating with biotinylated anti-IgE or IgG1 (BD
PharMingen, San Jose, Calif) mixed 1:1000 with streptavidin—horseradish
peroxidase (BD PharMingen) for 1 hour at room temperature. Plates were
washed 7 times and developed with TMB substrate (Pierce) for 20 minutes.
The reaction was stopped by means of the addition of 2N H,SO, and read
at 450 nm. Results are reported as raw OD values.

Splenocyte proliferation assay

Splenocytes were isolated from the chronic groups (saline, Aspergillus
species, and DRA) on day 21 after allergen challenge. Spleens were re-
moved and passed through a 70-wm steel mesh. Red blood cells were lysed
with the hypotonic buffer ammonium chloride (ACK), and leukocytes were
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washed several times before positively selecting CD11c™ cells (Miltenyi Bi-
otec, Bergisch Gladbach, Germeny). The depleted fraction was then used for
negative selection of CD4™" cells (Miltenyi Biotec). Cells were resuspended
in complete RPMI (1 mmol/L sodium pyruvate, nonessential amino acids,
10 mmol/L HEPES, 50 pmol/L B-mercaptoethanol, and 10% FBS). Two
thousand five hundred CD11c™ cells and 25,000 CD4" cells were seeded
in 200 pL of cRPMI in a 96-well round-bottom plate (Cellstar, Greiner
Bio-One, Monroe, NC) and stimulated with 0.75 pwg/mL anti-CD3 and 2
wg/mL anti-CD28, where applicable (BD PharMingen). Cells were cocul-
tured for 48 hours before pulsing with 0.5 wCi of tritiated thymidine (Per-
kinElmer, Waltham, Mass) for 16 hours. Cells were harvested and read on a
B-counter.

Immunofluorescent staining

Antibodies used for immunofluorescent staining included anti-major
basic protein (James Lee), anti-CD4, anti-CD8 (both fluorescein isothiocy-
anate conjugated and from BD PharMingen), anti-FoxP3 (clone FJK-16s),
anti-CD45 (Santa Cruz Biotechnology, Santa Cruz, Calif), anti—vascular
cellular adhesion molecule 1 (R&D Systems, Minneapolis, Minn), and anti—
a-smooth muscle actin (Dako, Glostrup, Denmark). Briefly, paraffin sections
(5 pm) were deparaffinized in xylene and rehydrated. OCT-treated frozen
sections were used for CD4 and CDS staining. Blocking was performed with
10% goat or donkey serum in PBS (0.05% saponin) at room temperature for
1 hour. The primary antibodies (10 pwg/mL) were then incubated overnight at
4°C with 5% goat/donkey serum in PBS (0.05% saponin). Slides were washed
several times in PBS (0.05% saponin) before applying the Alexafluor-488—
conjugated secondary antibody (5 pg/mL) for 1 hour at room temperature
in 5% goat/donkey serum. Slides were washed several times as above,
mounted, and viewed with an epifluorescence microscope (Nikon Eclipse
2000) equipped with a Cool-snap CCD camera and Metamorph image
analysis software (Molecular Devices). Staining for major basic protein
required antigen retrieval with porcine trypsin type II (0.2 mg/mL, Sigma),
1 mmol/L CaCl,, and 50 mmol/L Tris (pH 7.4) for 30 minutes at 37°C.

Generation of bone-marrow-derived dendritic cells

Bone marrow—derived dendritic cells were derived as previously descri-
bed.FF7 Briefly, bone marrow was isolated and erythrocytes were lysed in hy-
potonic ACK buffer. Cells were cultured at 2 X 10° cells/mL in culture dishes
(Fisher Scientific) in cRPMI (see the Methods section for splenocytes) supple-
mented with 20 ng/mL recombinant mouse GM-CSF. On day 3, immature
nonadherent cells were subcultured as on day 0 and used for experiments on
day 7.

Flow cytometry

Bone marrow—derived dendritic cells (5 X 10°) were incubated at 37°C
with increasing concentration of Aspergillus species, as indicated in the
text, for 10 minutes. Cells were washed 3 times with ice-cold PBS, fixed
with 4% paraformaldehyde, and stained for pERK. In another set of experi-
ments, cells were incubated with dust mite, ragweed, and Aspergillus species
at 3 pg/mL each or DRA (1 pg/mL of each allergen; total, 3 pg/mL) for 10
minutes and then fixed with 4% paraformaldehyde and washed 3 times with
ice-cold PBS. Later, cells were stained for phospho-p38 or pERK1/2. Cells
were incubated in 24-well plates with dust mite, ragweed, Aspergillus species,
or DRA at 3 pg/mL overnight to check for MHC class II and CD40 expres-
sion. Cells were washed in PBS containing 5% FCS and 5 mmol/L sodium az-
ide (FACS buffer) and stained for 30 minutes on ice. Cells were incubated with
2.4G2 blocking reagent/Fc blocking antibody for 15 minutes to reduce non-
specific binding. Antibodies used were as follows: fluorescein isothiocya-
nate-labeled anti-MHC 1II, allophycocyanin-labeled anti-CD1lc, and
allophycocyanin-labeled anti-CD40 antibody. Cells were analyzed with a
FACS Scan (BD Biosciences).

Unique features of airway hyperreactivity in the

chronic asthma model
We applied the FO technique and fit to the constant-phase model to
separate out the 2 main components of lung resistance, namely Raw and Gti.
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Mice receiving DRA had significantly higher increases in baseline Raw at
every concentration of Mch tested (Fig 3, A, left panel). Both the chronic
DRA and acute Aspergillus species models show hyperreactivity in the
lung periphery (Fig 3, A, right panel), whereas the acute model showed
a much larger Hti (Fig 3, B, left panel) than seen in mice receiving DRA.
Consequently, mice receiving DRA have increased hysteresivity (m: ratio
of energy resistively dissipated to that elastically stored in the parenchymal
tissue [Gti/Hti]) at all concentrations of Mch (Fig 3, B, right panel).E8 The
FO-derived input impedance data show that there was no significant differ-
ence in methacholine-induced hyperreactivity for perturbations up to 2.5 Hz
between the chronic DRA and acute Aspergillus models (Fig 3, C). How-
ever, the DRA chronic model shows a significant increase in resistance at
all frequencies greater than 2.5 Hz with respect to the acute model.

Statistical analyses
We used ¢ tests (paired and unpaired) and ANOVA to analyze data statisti-
cally. A P value of less than .05 was considered significant.
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FIG E1. A, Morphometric quantitation of AEH. B, hematoxylin and eosin stain of a representative lung sec-
tion from a mouse that was immunized with and exposed to Aspergillus species for 8 weeks. The mouse
was killed 24 hours after the last allergen exposure (n = 3). C, Representative hematoxylin and eosin stain
of a lung section from a mouse immunized with and exposed to DRA as per the chronic model with alum
and rested for 30 days before death (n = 3). D, Hematoxylin and eosin stain of representative lung sections
from mice immunized with and exposed to a combination of 2 allergens: dust mite and Aspergillus species
(DA), dust mite and ragweed (DR), and ragweed and Aspergillus species (RA; n = 3). E, Morphometric quan-
titation of airway inflammation from the models presented in Fig E1, A through D (*P < .05 compared with
saline). A, Aspergillus species.



J ALLERGY CLIN IMMUNOL
VOLUME 123, NUMBER 4

1600
1400
1200
1000
800
600
400
200

>

%A Raw

1200
1000
800
600
400
200

v}

Yo Hti

(9]

Z(/) Resistance
(em HyO*s/mL)

Z(f) Reactance
(em HyO*s/mL)
g

== DRA (chronic)

=+ A (chronic)

= A (acute)

- Saline (chronic)
A
*

A
*

%A Gti

0

|~4— DRA (chronic)

=+ A (chronic)

— A (acute)

Saline (chronic) 4

3125 625 125 25
Mch (mg/mL)

%A Gti/ Hti

0

3.125 625 125 25
Mch (mg/mL)

=~ DRA (chronic)

= A (acute)

@+ Saline (chronic)

* & F o

1400
1200
1000
800
600
400
200

i

0

3125 625 125
Mch (mg/mL)

25

125]

0

3125 625 125
Mch (mg/mL)

25

GOPLEN ET AL 932.e5

FIG E2. Airway hyperreactivity in acute and chronic asthma models. Raw was measured on anesthetized
mice attached to a Flexivent apparatus. Measurements were done 21 days and 3 days after the last allergen
exposure in the chronic and acute asthma models, respectively. Results are expressed as percentage
change from prechallenge baseline as a function of methacholine concentration for the following. A, Left
panel, Raw; right panel, Gti; B, left panel, Hti; right panel, tissue hysteresivity (Gti/Hti). C, Forced oscilla-
tion-derived input impedance data for resistance (top panel) and reactance (bottom panel). Raw data
from the prechallenge baseline 0 and 25 mg/mL Mch expressed as a function of frequency (f). For Fig E2,
Athrough C, P < .05 for chronic DRA *versus acute Aspergillus species or Aversus chronic Aspergillus spe-

cies (unpaired t test). For Fig E2, C, comparisons are at the 25 mg/mL dose only. N = 3 to 5.
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FIG E3. Splenic lymphocyte proliferation in response to allergen stimula-
tion. Splenocytes were stimulated with and without ragweed extract (Rag;
50 wg/mL) and cultured for 72 hours. Tritiated (°H) thymidine incorporation
in the last 16 hours of culture was measured (n = 3, *P < .05).
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FIG E4. Immunostainin g (green) for CD45 (panleukocyte marker)-positive leukocytes and CD4- and CD8-
positive T cells in DRA lung sections (n = 3). Bottom images show immunostaining (green) with isotype
control antibodies and counterstaining with the nuclear stain 4’-6-diamidino-2-phenylindole dihydrochlor-
ide (blue). MBP, Major basic protein.
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FIG E5. Measurement of IL-4 in lung homogenate from mice immunized
with and exposed to saline, Aspergillus species (A), and DRA.



J ALLERGY CLIN IMMUNOL GOPLEN ET AL 932.e9
VOLUME 123, NUMBER 4

DAPI + Foxp3
Control IgG A

FIG E6. Expression of FoxP3" cells in lung sections from mice receiving Aspergillus species (A) and mice
receiving DRA. Lung sections from mice that were immunized and exposed to the allergens according to
the chronic protocol were immunostained with an Alexa 594-labeled anti-FoxP3 antibody (red) and counter-
stained with 4’-6-diamidino-2-phenylindole dihydrochloride (DAPI; blue). Representative images from each
study group (n = 3) and an IgG control stain are shown.
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FIG E7. A, Generation of CD11c¢* dendritic cells. Mouse bone marrow-derived cells were generated by cul-
turing them in GM-CSF for 7 days. Cells were then stained with allophycocyanin-labeled hamster anti-CD11¢c
or control hamster IgG antibody (upper panel). In vitro grown dendritic cells were double stained with the
hamster anti-CD11c antibody and a rat fluorescein isothiocyanate-anti-mouse pan-MHC class Il antibody
(lower panel). A flow cytogram with the rat IgG2b control antibody is shown to the right. FSC-H, forward
scatter height. Right panel, Allergen induction of phosphorylated (p) p38 MAPK in dendritic cells. Dendritic
cells were treated with medium control or 3 wg/mL dust mite (D), ragweed (R), or Aspergillus species (A)
or 3 pg/mL DRA (1 ng/mL of each allergen) for 10 minutes and then fixed and double stained with an
anti-phospho-p38 MAPK and an anti-CD11c antibodies. The isotype control (rabbit) immunostaining for
phospho-p38 antibody is shown in the top panel. The number in each square represents the percentage
of gated cells. The bottom italicized number in the top right square represents the percentage of phos-
pho-p3817CD11c1™" cells. B, Effect of single allergens (D, dust mite; R, ragweed; A, Aspergillus species)
and the triple allergen DRA on ERK1/2 (left) and p38 MAPK (right) phosphorylation in dendritic cells.
*P = .0007 (paired ttest, n = 3). MFI, Mean fluorescence intensity.
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FIG E8. Protease activity of the allergens. Triplicate samples of OVA and the
extracts of dust mite (D), ragweed (R), and Aspergillus species (A; 5 pg/mL)
were used to measure protease activity relative to trypsin. #P < .05 and *P <
.01 versus OVA.
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