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Asthma is considered a Th2 cell-associated disorder. Despite this, both the Th1 cell-associated cytokine IFN-y
and airway neutrophilia have been implicated in severe asthma. To investigate the relative contributions of
different immune system components to the pathogenesis of asthma, we previously developed a model that
exhibits several features of severe asthma in humans, including airway neutrophilia and increased lung IFN-y.
In the present studies, we tested the hypothesis that IFN-y regulates mast cell function in our model of chronic
asthma. Engraftment of mast cell-deficient KitV<"¥+» mice, which develop markedly attenuated features of
disease, with wild-type mast cells restored disease pathology in this model of chronic asthma. However, disease
pathology was not fully restored by engraftment with either IFN-y receptor 1-null (Ifiagri~-) or Fce receptor
1y-null (Fcer1g/~) mast cells. Additional analysis, including gene array studies, showed that mast cell expres-
sion of IFN-YR contributed to the development of many FceRIy-dependent and some FceRIy-independent fea-
tures of disease in our model, including airway hyperresponsiveness, neutrophilic and eosinophilic inflamma-
tion, airway remodeling, and lung expression of several cytokines, chemokines, and markers of an alternatively
activated macrophage response. These findings identify a previously unsuspected IFN-y/mast cell axis in the

pathology of chronic allergic inflammation of the airways in mice.

Introduction

Asthma is a complex disorder characterized by chronic inflam-
mation of the airways, airway hyperresponsiveness (AHR), airflow
obstruction, and airway wall remodeling (1, 2). Many features of
asthma are thought to reflect consequences of Th2-dominated
immune responses to allergens in which Th2-type cytokines such
as IL-4 and IL-13, and the Th2-associated immunoglobulin IgE,
contribute to intricate pathways that result in inflammation and
tissue damage (3). Mast cells are considered critical for the devel-
opment of asthma phenotypes because of their ability to release,
upon activation by IgE and specific antigen, a diverse range of
autacoid mediators, chemokines, cytokines, and growth factors
(4). Infiltration of the airway with eosinophils is also thought to
be important in the pathology of asthma (1-4).

However, studies of patients with well-characterized asthma
have suggested that neutrophils, in addition to eosinophils, may
have important roles in asthma (5). Patients with chronic severe
or acute fatal asthma exhibit increased numbers of airway neutro-
phils (6-9), and neutrophilic inflammation is positively correlated
with the severity of airflow obstruction (10, 11). Moreover, airway
neutrophilia and eosinophilia are not mutually exclusive (10, 12).
Patients with severe asthma, compared with those with mild or
moderate asthma, have both a greater percentage of sputum neu-
trophils and evidence for higher continuing release of eosinophil-
derived mediators (13).

Other evidence suggests a possible role for the Th1 cell-associ-
ated cytokine INF-y, as well as Th2 cell-associated cytokines, in
some asthmatic subjects. Leukocytes in the BAL fluid from asthma
patients can produce IFN-y ex vivo (14), and, compared with mod-
erate asthmatics, patients with severe asthma exhibit increased
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numbers of sputum neutrophils and eosinophils, increased epi-
thelial or subepithelial expression of IFN-y or IL-8, and decreased
subepithelial expression of IL-4 (15). Increased lung levels of IFN-y
(16) or other evidence for the involvement of this cytokine (17-23)
have been reported in some mouse models of allergic inflam-
mation of the airways, but such studies have indicated that Th1
responses (17-19, 23) or IFN-y (20-22) may have effects that coun-
teract (18-20), enhance (17, 21, 23), or prolong (22) features of
Th2 responses in these settings.

While the different results in various studies regarding the poten-
tial roles of IFN-y in allergic airway inflammation may reflect, at
least in part, differences in the mouse models and/or experimen-
tal approaches that were employed, taken together this prior work
indicates that Th2- and Thl-associated pathways can interact in
such settings (16, 17, 23, 24). There are many potential sources of
IFN-y during airway inflammation, including activated CD4* Th1
cells, CD8* T cells, and NK cells, as well as y0T cells, macrophages,
dendritic cells, NKT cells, naive CD4* T cells, and B cells (25-27).
Whatever its cellular source, IEN-y can exert pleiotropic effects
through a receptor complex (IFN-y receptor [IFN-yR]) composed
of two chains: IFN-yR1 (also known as IFN-yRa), the major ligand-
binding subunit, and IFN-yR2 (also known as IFN-yRf), which is
required for IFN-y signal transduction and for increasing the affin-
ity of IFN-yR1 to its ligand (25, 28).

We developed a mouse model of chronic allergic inflammation
of the airways that exhibits several features of chronic asthma
in humans, including inflammatory responses in the lungs that
include both neutrophils and eosinophils (29). Most features of
this model were markedly attenuated or absent in genetically mast
cell-deficient mice, and optimal development of many of these
“mast cell-dependent” characteristics required mast cell expres-
sion of Fce receptor 1y (FceRIy), which is necessary for mast cell
activation via FceRI-bound IgE and specific antigen or by immune
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Figure 1

Influence of IFN-y or IFN-yR1 on the development of airway
responses and leukocytes in BAL fluid. (A) Airway responses
(assessed as Penh) measured in OVA-sensitized and -chal-
lenged WT C57BL/6 (filled circles), Ifng~- (filled triangles), and
Ifngr1-- (filled diamonds) mice, and in PBS-treated C57BL/6
(open circles), Ifng~- (open triangles), and Ifngr1-- (open dia-
monds) mice at 1 hour before and 1, 3, 6, 9, 12, and 24 hours
after the ninth OVA or PBS challenge; n = 6—-12 per group.
(B) Numbers of leukocytes in BAL fluid from the right lung of
C57BL/6 (black bars), Ifng=- (white bars), or Ifngr1-- (gray bars)

B It mice following OVA sensitization and challenge (O) or PBS
o 241 ;fif treatment (P). *P < 0.05, #P < 0.01, SP < 0.001 versus corre-
2 + sponding PBS-treated controls; P < 0.05, t1tP < 0.001 versus
% 6] f . ::: each of the other groups (in A) or versus the groups indicated
£ 1’”’ (n = 6-12 per group). Mon, monocytes; Mac, macrophages;
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complexes of IgG; bound to FeyRIII (29). We found that mice sub-
jected to this model developed greatly increased lung expression of
a T cell-specific GTPase selectively induced by IFN-y (29, 30).

Receptors for IFN-y have been detected on mouse (31) and
human (32) mast cells, and stimulation of various mast cell popu-
lations with IFN-y in vitro has been reported to increase histamine
release in anti-IgE-stimulated in vitro derived human mast cells
(32), decrease serotonin release in mouse peritoneal mast cells
stimulated with IgE plus antigen (IgE+Ag) (33) and decrease his-
tamine release in antigen-stimulated rat peritoneal mast cells (34),
and have no significant effect on antigen-stimulated histamine
release in rat intestinal mast cells (34). While these in vitro stud-
ies suggest that the effects of INF-y on mast cell activation may
vary according to species and/or anatomic site, the importance of
INF-y in regulating mast cell function in vivo has not been investi-
gated. However, given the evidence that INF-y can influence mast
cell function in vitro, we were intrigued by the idea that IFN-y
might regulate mast cell function in our model of chronic allergic
inflammation of the airways.

In the present study, we tested this hypothesis by evaluating the
effects of IFN-y on mast cell function in vitro and by comparing
features of our chronic asthma model in WT, Ifng”~, and Ifngrl~-
mice and in genetically mast cell-deficient KitV<"/¥+» mice engraft-
ed with WT, Ifngrl~~, or Fcerlg”~ mast cells.

Results

IEN-y and IFN-YR contribute to this model of chronic allergic inflamma-
tion. We first evaluated whether IFN-y or IFN-yR contributes to
airway responsiveness to antigen or airway inflammation in this
model (29). As expected (29), WT mice exhibited a significant
increase in enhanced pause (Penh, a measure of airway resistance
in unrestrained, non-anesthetized mice) after antigen challenge,
with the peak of responsiveness occurring between 3 and 9 hours
after OVA challenge, whereas Ifng”~ or Ifngrl~~ mice exhibited sig-
nificantly attenuated Penh responses to OVA challenge (Figure
1A). OVA-sensitized Ifng”~ and Ifngrl~~ mice also exhibited sig-
nificantly decreased numbers of total BAL fluid leukocytes after
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OVA challenge, as well as significant reductions in individual types
of leukocytes, including monocytes, macrophages, neutrophils,
eosinophils, and lymphocytes (Figure 1B). We also found that, in
WT C57BL/6 mice, i.p. treatment with a single dose of 5 ug IFN-y,
given 30 minutes before or 3 hours after the last of 9 intranasal
(in.) challenges with OVA, significantly increased both the Penh
response to that OVA challenge and the number of neutrophils
in the BAL fluid 24 hours after OVA challenge (Supplemental
Figure 1; supplemental material available online with this article;
doi:10.1172/JCI43598DS1). By contrast, treatment with a neutral-
izing antibody to IFN-y (100 ug per mouse, i.p., at 3 hours after the
ninth OVA challenge), compared with treatment with an isotype-
matched control antibody, significantly reduced both the Penh
response to that OVA challenge and the number of neutrophils,
eosinophils, and lymphocytes in the BAL fluid 24 hours after OVA
challenge (Supplemental Figure 1). Taken together, these results
support the conclusion that IFN-y and the IFN-yR can significantly
enhance these features of the model, but do not clarify which IFN-
YR-bearing cell type(s) contributed to these effects.

IFN-y can increase mast cell production of histamine and cytokines in
vitro. Because many features of this model require mast cells and
mast cell expression of the FceRIy chain for full development (29),
we next evaluated whether IFN-y can influence mast cell activation
via FceRI. Bone marrow-derived cultured mast cells (BMCMCs)
generated in vitro from WT, IFN-yR1-deficient, or FceRIy-deficient
mice were sensitized overnight with an anti-dinitrophenol-specific
(anti-DNP-specific) monoclonal mouse IgE and then challenged
for 1 hour or 24 hours with various concentrations of specific
antigen (DNP-HSA) with or without IFN-y at 1 or 5 ng/ml. Acti-
vation of mast cells with IgE+Ag resulted in the dose-dependent
secretion of histamine, IL-6, and IL-13 by WT or Ifngrl~- BMC-
MCs (Figure 2), but no detectable release of IL-4, IFN-y, or the che-
mokines CXCL1, CXCL2, CCL9, CCL11, CCL12, or CCL24. IFN-y
significantly increased the release of histamine, IL-6, and IL-13 by
IgE+Ag-stimulated WT BMCMCs, whereas treatment of the cells
with IFN-y alone was without effect (Figure 2 and Supplemental
Figure 2). FceRIy-deficient BMCMCs were not detectably respon-
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Figure 2

- BWT BMCMGs + a-DNP IgE tt Ht Influence of IFN-y on the expression of mast cell function in
100 O Ifngr1~- BMCMCs + a-DNP IgE it L 4 vitro. Culture supernatants of anti-DNP IgE-sensitized BMC-
o 807 EFcerig” BMCMCs + «-DNP IgE [t ] # #s MCs from WT C57BL/6 (black bars), Ifngri-- (white bars), or
E o 601 ttt & Fcer1g~- (gray bars) mice were collected 1 hour (for calcula-
R 40- t * x s * tion of % histamine release) or 24 hours (for measurement of
£ ’_‘ secreted cytokines) after addition of DNP-HSA or DNP/IFN-y.
= 207 Data were calculated from results pooled from 3 independent
0- T T T | experiments, each of which gave similar results. IL-6 levels
ttt tH in supernatants collected from the cultures of WT BMCMCs
fttr | i+t | stimulated with 1 or 5 ng/ml of IFN-y in the absence of DNP-
2.44 g ¥ HSA were 0.009 + 0.002 or 0.007 + 0.002 ng/ml; the corre-
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sive to IgE+Ag challenge, with or without IFN-y (Figure 2). The
ability of IFN-y to enhance dose-dependently the IgE+Ag-induced
mast cell production of IL-13 is of particular interest (Supplemen-
tal Figure 2), since IL-13 is thought to contribute to the develop-
ment of asthma through such effects as promoting subepithelial
fibrosis (in part by upregulating synthesis of arginase-1), increas-
ing mucus secretion, and eliciting AHR (35).

Lung expression of IFN-y. To assess the importance of mast cell
signaling via IFN-yR versus FceRlIy in vivo, we compared features
of our model in 5 groups of age-matched mice, all of them on
the C57BL/6 background: WT mice, genetically mast cell-defi-
cient Kit"<"%<h mice, and KitV<"/V<» mice engrafted with mast cells
derived from WT, IFN-yR1-deficient, or FceRIy-deficient mice.
Compared with PBS treatment in control groups, OVA sensitiza-
tion and challenge resulted in significant increases in the amounts
of IFN-y in the lungs of each of the 5 types of mice tested (includ-
ing the profoundly mast cell-deficient KitW"V+» mice) (Figure 3A).
By contrast, none of the groups of OVA-sensitized mice exhibited
levels of lung IL-4 after OVA challenge that differed significantly
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from those in the corresponding PBS-treated groups (Figure 3B).
OVA-sensitized and -challenged mice also exhibited elevations in
lung levels of IL-17, a cytokine that has been implicated in the
development of neutrophilic infiltrates in several settings (36);
however, all groups of OVA-challenged mice developed similar
elevations in lung levels of IL-17 (Supplemental Figure 3).

Mast cell IFN-YR can increase airway responses to antigen or methacho-
line. OVA-treated WT mice or KitV<"/W<» mice engrafted with WT
mast cells (WT BMCMCs—>Kit"V<"WV<> mice) exhibited significantly
increased Penh responses to methacholine (a measure of AHR)
or to antigen, while little or no enhancement of Penh responses
to methacholine or antigen occurred in identically sensitized
and challenged mast cell-deficient KitV<"/"<" mice or in Kit"=h/W+
mice engrafted with Ifngrl~- or Fcerlg”~ mast cells (Ifngrl~- BMC-
MCs—KitV"Wsh or Fecerlg/- BMCMCs—>KitV<"/%+) mice) (Figure
4, A and B, and Supplemental Figure 4, A and B). Similar results
were obtained when we measured the effects of methacholine
challenge on lung resistance (Rp) and dynamic compliance (Cgyn)
in anesthetized, tracheostomized mice (Figure 4, C and D, and

Figure 3

Lung expression of IFN-y and IL-4. (A and
B) Tissues were sampled 24 hours after
the 9th OVA or PBS challenge. White bars,
PBS-treated groups; black bars, OVA-sen-
sitized and -challenged groups. **P < 0.01,
***P < 0.001 versus the corresponding

No WT  Iingri- Fecertg™”

Ki I'tW-sh/W-sh

PBS controls; n = 6-10 per group.
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critical mast cell-dependent effects in this
model primarily are those that influence
end-organ tissue manifestations of anti-
gen challenge in sensitized mice, rather
than any potential mast cell-dependent
effects on sensitization to antigen and/or
the generation of antigen-specific IgE or
IgG; antibodies.

Mast cell IEN-YR can increase airway inflam-
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mation. Histologic analysis (Figure 5, A-E,
K, and L) and examination of BAL fluids
(Figure SN) confirmed that mast cells are
required for optimal development of anti-
gen-induced lung inflammation in this
model (29) and showed, unexpectedly, that
such leukocyte infiltration was markedly
and significantly reduced in mice in which
only mast cells lacked IFN-yR, as well as
in those in which only mast cells lacked
FceRly. Baseline numbers of mast cells/
mm? of peribronchial tissue were similar
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50 75 100 jpall groups of PBS-treated control mice
except Kit"<W<» mice, which totally lacked
mast cells (Figure 5, F-] and M). We did

not detect differences in the anatomical

Airway responses following i.n. challenge with antigen (OVA) or PBS. (A) Penh responses to
aerosolized methacholine measured 24 hours after the eighth OVA or PBS challenge. (B) OVA
or PBS challenge—induced changes in Penh measured 1 hour before and 1, 3, 6, 9, 12, and
24 hours after the ninth OVA or PBS challenge. (C and D) Changes in R and Cqy, to aerosol-
ized methacholine administered 24 hours after the ninth OVA or PBS challenge. Data are from
OVA-sensitized and challenged WT C57BL/6 (filled gray circles), mast cell-deficient C57BL/6-
KitW-shw-sh (filled black squares), C57BL/6 BMCMCs— C57BL/6-KitW-shW-sh (filled black circles),
Ifngr1-- BMCMCs— C57BL/6-KitW-sh/W-sh (filled black diamonds), and Fcer1g”’- BMCMCs—
C57BL/6-KitW-sh/W-sh (filled black triangles) mice and the corresponding PBS-treated control mice
(open gray circles or open squares [shown here and in Supplemental Figure 4, representing con-
trol data for WT C57BL/6 and mast cell-deficient C57BL/6-Kit"-sh"W-sh mice]). See Supplemental
Figure 4 for the control data for the different groups of mast cell-engrafted C57BL/6-KitW-sh/W-sh
mice. *P < 0.05 versus the corresponding PBS controls; tP < 0.05 versus each of the other
groups except the OVA-sensitized and challenged C57BL/6 or C57BL/6 BMCMCs— C57BL/6-
KitW-sh'W-sh group. n = 6—12 per group (A and B); n = 4—6 per group (C and D).

distribution of the 3 different types of
mast cells (i.e., WT, Ifngrl~~, and Feerlg”")
that had been adoptively transferred into
the KitW<"/W=h mice, either in PBS-treated
or OVA sensitized and challenged mice.
However, as has been reported for mast
cell-engrafted WBBG6F-KitV/% (37) and
C57BL/6-KitVs/ ¥ (38, 39) mice, KitVsh/ W<
mice containing adoptively transferred
mast cells exhibited more mast cells in the
periphery of the lungs than did WT mice.
OVA treatment significantly increased the
number of peribronchial mast cells in WT

Supplemental Figure 4, C and D). Compared with responses in
PBS-treated mice, only OVA-sensitized WT mice and WT BMC-
MCs—KitW<»/Ws) mice exhibited significant reductions in Cgyn in
response to methacholine challenge (Figure 4D and Supplemen-
tal Figure 4D). We detected slightly but significantly increased Ry
following methacholine challenge in OVA-sensitized and -chal-
lenged Ifngrl/- BMCMCs—>KitVs»V<h and Fcerlg/- BMCMCs—
KitWs"/Wh mice, but these responses were significantly less intense
than those in the corresponding WT mice and WT BMCMCs—
KitW/Wh mice (Figure 4C and Supplemental Figure 4C). These
findings indicate that the development of airway responses to
antigen and airway hyperreactivity to cholinergic stimulation in
this model is largely dependent on mast cell IFN-yR, as well as
mast cell FceRIy. All S groups of OVA-sensitized mice exhibited
similar elevations in plasma levels of OVA-specific IgE and IgG;
antibodies (Supplemental Figure 5).

Taken together, our findings indicate that the development of
airway reactivity to antigen and airway hyperreactivity to cholin-
ergic stimulation in this model is largely dependent on mast cell
IFN-YR, as well as mast cell FceRIy. Our data also suggest that the
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BMCMCs—Kit"<""h and Ifngrl~- BMC-

MCs—Kit"<W=h mice, but not in Fcerlg”/~
BMCMCs—>Kit"<"Wsh mice (Figure 5, F-J and M). These findings
confirmed that mast cells must express FceRIy in order to undergo
significant expansion in this model (29) and show that this anti-
gen-induced increase in mast cell numbers does not require that
the mast cell be able to respond to IFN-y via IFN-yR.

Mast cell IFN-YR can increase airway remodeling. We confirmed that
mast cells are required for the full development of features of
antigen-induced airway remodeling in this model (29), including
subepithelial fibrosis (Figure 6, A-C), increases in lung collagen
(Figure 6F), and hyperplasia of mucus-secreting goblet cells (Fig-
ure 6G), and that mast cell expression of FceRIy contributed more
substantially to the development of increased lung collagen than
to goblet cell hyperplasia in this model (Figure 6, F and G, and ref.
29). Moreover, mice in which only mast cells lacked IFN-yR exhib-
ited impairment in the antigen-induced development of increased
levels of subepithelial fibrosis (Figure 6, A-E), lung collagen (Fig-
ure 6F), and airway goblet cells (Figure 6G) that were very similar
to those observed in mice in which only mast cells lacked FceRIy.

Mast cell expression of each receptor also was required for opti-
mal antigen-induced and mast cell-dependent increases in lung lev-
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Figure 5

Features of lung inflammation. H&E-stained (A—E) and toluidine blue—stained (F—J) tissue sections demonstrating peribronchial inflammatory
infiltrates and mast cells (indicated with arrows) in the lungs 24 hours after the ninth OVA challenge; (K—-M) numbers of various cell types in the
lungs; (N) numbers of leukocytes in BAL fluid recovered from the right lungs 24 hours after the ninth OVA or PBS challenge. B6, C57BL/6. Data are
from WT C57BL/6 (gray bars), mast cell-deficient C57BL/6-KitW-shW-sh (white bars), C57BL/6 BMCMCs— C57BL/6-KitW-sh'W-sh (black bars), Ifngri--
BMCMCs— C57BL/6-KitW-shW-sh (blue bars), and Fcer1g-- BMCMCs— C57BL/6-KitW-shW-sh (yellow bars) mice and the corresponding PBS-treated
control mice. *P < 0.05, #P < 0.01, P < 0.001 versus the corresponding PBS controls; *P < 0.05, #P < 0.01, 1P < 0.001 versus OVA-sensitized and
-challenged KitW-sh/W-sh mice; tP < 0.05, TttP < 0.001 versus group indicated. ND, not detected. n = 6 to 12 per group. Scale bars: 50 um.

els of tissue inhibitor of metalloproteinases-1 (TIMP-1) and inte-
grin a7 (Figure 6, H and I). TIMP-1, a major inhibitor of MMP-9,
is thought to contribute to a profibrotic environment and airway
remodeling by reducing extracellular matrix turnover (40). Integ-
rin 0.7 is thought to regulate smooth muscle cell proliferation and
is required for the expression of a contractile phenotype by human
airway myocytes (41, 42). In mice in which mast cells lacked either
FceRIy or IFN-YR, we observed only minimal (albeit statistically
significant) antigen-induced increases in TIMP-1 (Figure 6H). By
contrast, the development of antigen-dependent increases in lung
levels of integrin 0.7 appeared to be virtually entirely dependent on
mast cell expression of INF-yR, whereas this effect was still evident,
although at a significantly (~32%) reduced level, in mice whose
mast cells lacked FceRIy (Figure 6I).

Mast cell IEN-YR is required for optimal expression of lung chemokines.
C-X-C chemokines, including CXCL1 and CXCL2, are predomi-

The Journal of Clinical Investigation

nantly chemotactic for neutrophils, whereas chemokines with
C-C motifs are predominantly chemotactic for monocytes, mac-
rophages, dendritic cells, lymphocytes, NK cells, eosinophils, and
basophils (43). Using a microarray-based analysis of lung gene
expression as a screening tool (GEO GSE27066), we found that
OVA sensitization and challenge induced markedly increased lung
levels of mRNA for CXCL1, CXCL2,CCL11,CCL12,and CCL24 in
WT mice and in WT BMCMCs—Kit""W¥<h mice, but not in mast
cell-deficient Kit"<""+h mice; we then confirmed these findings
by measuring lung levels of the corresponding proteins (Supple-
mental Figure 6). Levels of these chemokines in OVA-treated mice
whose mast cells lacked either IFN-yR or FceRIy were very similar
to those in mast cell-deficient KitV*""< mice (there was a minimal,
but statistically significant, OVA-induced increase in levels of lung
CXCL1 in Ifngrl~- BMCMCs—>Kit"/%<» mice) (Supplemental Fig-
ure 6A). OVA treatment induced an increase in lung CCL9 levels
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Figure 6

Features of airway wall remodeling. (A—E) Masson’s trichrome—stained tissue sections demonstrating mucus-secreting goblet cells (blue, indi-
cated with arrows) and subepithelial fibrosis (collagen stains blue). (F-I) Collagen levels in the lung (F), numbers of goblet cells along the airway
epithelium (G), and levels of lung TIMP-1 (H) and integrin .7 (I). Data are from WT C57BL/6 (gray bars), mast cell-deficient C57BL/6-KitW-sh/W-sh
(white bars), C57BL/6 BMCMCs— C57BL/6-KitW-shW-sh (black bars), Ifngr1-- BMCMCs— C57BL/6-KitW-shW-sh (blue bars), and Fcer1g~- BMC-
MCs— C57BL/6-KitW-shW-sh (yellow bars) mice and the corresponding PBS-treated control mice. **P < 0.01, ***P < 0.001 versus the correspond-
ing PBS controls; #P < 0.01, #*P < 0.001 versus OVA-sensitized and -challenged KitW-shW-sh mice; tP < 0.05, 1TtP < 0.001 versus group indicated.
n =6-10 per group in F-1. Scale bars (in A—E): 30 um. EU, experimental units, with the arbitrary value of 100 EU assigned to the mean value for
the integrin a7 content in the lung protein extract of 4 randomly selected WT C57BL/6 mice in the OVA-sensitized and -challenged group.

that was largely, but not entirely, mast cell dependent, and the
mast cell-dependent increase in levels of CCL9 in antigen-treated
mice required mast cell expression of both IFN-yR and FceRIy
(Supplemental Figure 6C).

These findings show that mast cells greatly increase lung lev-
els of several chemokines in this model, including those that are
chemotactic for neutrophils, eosinophils, monocytes, and lympho-
cytes, cells whose numbers in the lungs are regulated in a largely
mast cell-dependent manner (Figure 5, A-C, K, L, and N). More-
over, mast cell transfer studies indicated that the ability of mast
cells to enhance lung levels of these chemokines in KitV<""+h mice
was virtually ablated if the adoptively transferred mast cells lacked
either IFN-YR or FceRly (Supplemental Figure 6). By contrast, anti-
gen-dependent changes in lung levels of IL-17 occurred indepen-
dently of mast cells (Supplemental Figure 3).

Inflammatory cytokines and markers of an alternatively activated mac-
rophage response. IFN-y can increase IgE+Ag-dependent production
of IL-6 and IL-13 by mast cells in vitro through effects mediated
by IFN-yR (Figure 2). Consistent with these findings, OVA treat-
ment significantly enhanced lung expression of IL-6 and IL-13 in
WT or WT BMCMCs—Kit"""+» mice but not in mast cell-deficient
KitWs»Wsh mice or in Kit"<"/W+h mice containing mast cells that lacked
either IFN-yR or FceRIy (Figure 7, A and B). Our microarray-based
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screen for increased gene expression identified both IL-33 and mark-
ers of an alternatively activated macrophage response as substantially
upregulated in this model in OVA-sensitized and challenged WT
mice. IL-33 is a member of the IL-1 family that is produced mainly
by fibroblasts, epithelial cells, and endothelial cells (44). The recep-
tor for IL-33 is composed of two units, the orphan receptor ST2 and
IL-1 receptor accessory protein (IL-1RACP) (44). IL-33 can amplify
both Th1 and Th2 responses (44) and can directly induce cytokine
production by mast cells (including IL-13 production; ref. 45) or
basophils, as well as enhance IgE+Ag-dependent activation of these
cells (44-46). In the presence of IL-13, IL-33 also can promote polar-
ization of alveolar macrophages toward an alternatively activated
macrophage phenotype in vitro or in vivo (47). OVA sensitization
and challenge markedly increased lung levels of IL-33 in a manner
that was largely, but not entirely, mast cell dependent, and the mast
cell-dependent component of this response required that mast cells
express both IFN-yR and FceRly (Figure 7C).

Th2 responses, including those associated with models of air-
way allergic inflammation, are often associated with the develop-
ment of an alternatively activated macrophage response (48). Such
responses, which contribute to the mitigation or resolution of the
pathology associated with allergic inflammation (48), can include
increased lung expression of the macrophage receptor with collage-
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WT C57BL/6 mice in the OVA-sensitized and -challenged group.

nous structure (MARCO) (49) (thought be involved in host defense
against modified lipids and tissue repair [ref. 50] and in regulat-
ing the tissue distribution and differentiation of macrophages [ref.
51]); the enzyme arginase-1 (48) (which can be increased in aller-
gen-induced lung inflammation, but whose role in the pathogen-
esis of asthma is unresolved,; refs. 52, 53); and the acute-phase pro-
tein serum amyloid A3 (SAA3) (54) (which is elevated in a mouse
model of allergic inflammation [ref. 55] and may contribute to the
accumulation of myeloid cells and to enhancing expression of che-
moattractants in this setting [ref. 56]). We found that antigen sen-
sitization and challenge resulted in mast cell-dependent increases
in lung levels of each of these proteins (Figure 7, D-F). Mast cell
responsiveness to IFN-y, but not mast cell expression of FceRIy, was
required to effect mast cell-dependent increases in MARCO in anti-
gen-challenged mice (Figure 7D). By contrast, mast cell signaling
via both IFN-yR and FceRIy was required to effect the striking anti-
gen- and mast cell-dependent increases in lung levels of arginase-1
protein and Saa3 mRNA (Figure 7, E and F).

Discussion

Our findings reveal an important and previously unsuspected role
for IFN-y-dependent activation of mast cells in the development of
the inflammation and tissue pathology associated with this mouse
model of chronic allergic inflammation of the airways. As summa-
rized in Supplemental Table 1, mast cell expression of IFN-yR is
required for optimal development of many features of this model,
including AHR to methacholine, inflammation of the airways (with
infiltrates containing many neutrophils and eosinophils), airway
remodeling (i.e., increases in both numbers of epithelial goblet cells
and lung collagen), and markedly increased lung expression of sev-
eral cytokines, chemokines, and markers of an alternatively activat-
ed macrophage response. It bears emphasis that in Kit"<""+) mice
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engrafted with Ifngrl~- mast cells, mast cells are the only cells that
genetically lack IFN-yR. The poor development of many important
features of this model in such mice therefore demonstrates that
these features require functions of IFN-y-responsive mast cells that
cannot be provided adequately by any of the other IFN-y-respon-
sive cell types present in this setting.

Mast cell expression of IFN-yR is required for optimal expression of
most of the effects of mast cells in this model that also require mast
cell expression of FceRIy (Supplemental Table 1), and this model is
associated with significant, but mast cell-independent, elevations
of levels of IFN-y in the affected lungs (Figure 3A). In vitro, costimu-
lation of mouse mast cells with IFN-y significantly enhanced their
ability to release histamine, IL-6, and IL-13 in response to activation
with IgE and specific antigen (Figure 2), and IFN-y dose-depend-
ently enhanced the IgE+Ag-dependent release of IL-6 and IL-13
by mast cells in concentrations as low as 0.1 ng/ml (Supplemental
Figure 2). In vivo, the significant increases in lung levels of IL-6,
IL-13, and IL-33 in this model occurred by wholly (for IL-6 and
IL-13) or largely (for IL-33) mast cell-dependent mechanisms (Fig-
ure 7, A-C). Moreover, such mast cell-dependent elevations in lung
levels of these cytokines required that mast cells express both FceRIy
and IFN-yR1 (Figure 7, A-C). Taken together, these findings are con-
sistent with the hypothesis that elevations of lung levels of IFN-y
are mechanistically upstream of mast cells in this model and that
costimulation of mast cells with IFN-y (via IFN-yR) and via FceRIy
results in increased production of IL-6, IL-13, and IL-33, by mast
cells (especially for IL-6 and IL-13) and/or other cells that produce
these cytokines in a mast cell-dependent manner.

Most of the other features of the model that we analyzed
— including striking mast cell-dependent increases in airway
responses to antigen or airway hyperreactivity to methacholine
(Figure 4), tissue neutrophils and eosinophils (Figure 5, Kand L,
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respectively) and BAL fluid leukocytes (Figure 5), and lung levels
of a panel of chemokines (Supplemental Figure 6) — were affected
equally (and, in general, markedly diminished) by a lack of either
mast cell IFN-yR or mast cell FceRIy (Supplemental Table 1).
These results indicate that signaling via both IFN-yR and FceRIy is
required for mast cells to perform the functions important for the
development of these mast cell-dependent features of the model.
However, some of the in vivo effects of mast cell activation via
IEN-yR or FceRly are distinct. The increase in lung mast cells in
this model is critically dependent on mast cell FceRIy, as revealed
both in this (Figure SM) and in our prior study (29), but this expan-
sion of lung mast cells occurs independently of mast cell IFN-yR
(Figure SM). Because mast cells that lack FceRIy exhibit ablation
of signaling through FceRIy and, as a consequence of that, are sig-
nificantly impaired in their ability to expand in numbers in the
lungs in this model of chronic allergic inflammation, changes in
the pathology that are affected by the lack of mast cell expression
of FceRIy might reflect the lack of FceRIy-dependent signaling
in those mast cells that are present in such animals, the reduced
numbers of lung mast cells in these mice, or both.

Regarding features of lung remodeling, mast cells lacking either
IFN-yR or FceRly were equally and markedly impaired in their abil-
ity to increase levels of lung collagen (Figure 6F) and TIMP-1 protein
(Figure 6H). However, the marked mast cell-dependent increase in
lung levels of integrin a7 protein in this model was completely ablat-
ed if mast cells lacked IFN-yR but only modestly, albeit significantly,
reduced if mast cells lacked FceRIy (Figure 6I). Similarly, the marked
and apparently entirely mast cell-dependent increase in lung levels
of MARCO protein in this model required that mast cells express
IFN-yR but not FceRIy (Figure 7D). By contrast, two other mark-
ers of an alternatively activated macrophage response, substantially
increased lung levels of arginase-1 protein and Saa3 mRNA, were also
induced in a largely or entirely mast cell-dependent manner, but in
this case the effect was either ablated (in the case of arginase-1 pro-
tein; Figure 7E) or markedly reduced (in the case of Saa3 mRNA; Fig-
ure 7F) if mast cells lacked either IFN-yR or FceRly. Finally, our data
indicate that one important feature of the model, the development
of large numbers of intraepithelial goblet cells, is entirely mast cell
dependent but that this function can be largely sustained by mast
cells lacking either IFN-yR or FceRIy (Figure 6G).

Our results support the conclusion that optimal expression of
many critical mast cell functions in this model requires costimula-
tion of the cells via both IFN-y/IFN-yR and FceRIy, whereas other
mast cell functions can be influenced by each receptor independently
of the other. We do not know why costimulation of mast cells with
IFN-y is important for the development of so many, but not all, of the
features of this model of chronic allergic inflammation. Nor can our
mast cell engraftment approach permit one to determine whether
particular “mast cell-dependent” features of the model reflect direct
actions of mast cells (such as effects of mast cell-derived mediators
on leukocytes or structural cells) or indirect effects (such as those
mediated by other cells of innate or acquired immunity that are
recruited to, and/or influenced in, the lungs in a mast cell-depen-
dent manner). However, our study clearly establishes that mast cell
responsiveness to IFN-y, a cytokine classically regarded as a marker of
aTh1 response, is as critical for the development of many features of
the inflammation, tissue remodeling, and airway functional changes
observed in this model of chronic allergic inflammation of the
airways as is mast cell expression of FceRIy. Moreover, our in vitro
findings show that even low concentrations of IFN-y can enhance
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IgE+Ag-dependent release of cytokines by mast cells (Figure 2 and
Supplemental Figure 2), suggesting that this mechanism may influ-
ence IgE-dependent mast cell functions in many settings, not just
those associated with marked elevations of IFN-y.

Others have shown that various populations of rodent and
human mast cells can express IFN-yR or respond to IFN-y in vitro
(31-34), but the importance of mast cell expression of IFN-yR in
vivo was not clear. The unexpected identification of an IFN-y/mast
cell axis in this mouse model of airway allergic inflammation chal-
lenges the notion that the mast cell’s function in this and perhaps
other models of chronic allergic inflammation is entirely or pre-
dominantly under the control of the Th2 cell response. Moreover,
treatment with a single injection of a neutralizing antibody to
IFN-y, administered to mice 3 hours after the last OVA challenge,
reduced the magnitude of both the Penh response and the increases
in BAL fluid leukocytes induced by antigen challenge (Supplemen-
tal Figure 1), findings indicating that IFN-y represents a therapeu-
tic target in this mouse model.

Are these findings relevant to human asthma? One always must
be cautious in attempting to extrapolate findings from any animal
model of a disease to its human counterpart, and the relevance of
our observations in mice to asthma in humans remains to be deter-
mined. For example, while it is well established that the phenotypic
features of mast cells can vary based on species, anatomical site, and
exposure to cytokines and other factors in the cells’ microenviron-
ments (57, 58), little is known about the regulation of the surface
expression of IFN-yR by mast cells, whether in the airways or in any
other site. Moreover, the relationship of our mouse model of chron-
ic allergic inflammation of the airways to particular clinical sub-
types of human asthma is not clear. However, as a first step toward
addressing the relationship of our mouse model to human asthma,
we used gene set enrichment analysis (GSEA) (59) to compare the
set of genes that Laprise et al. (60) reported were upregulated in the
bronchial biopsy specimens from 4 allergic asthmatic subjects with
mild asthma (compared with those from 4 control subjects with-
out asthma) and those genes that were upregulated in our mouse
model in OVA-sensitized and -challenged (vs. PBS-treated control)
mice. We detected significant (i.e., P < 0.05) similarity between
genes upregulated in the human asthma specimens compared
with those upregulated in our model in WT mice (P~ 0.021) or WT
mast cell-engrafted Kit"<""+) mice (P ~ 0.020), but not in identi-
cally sensitized and challenged mast cell-deficient Kit"<"¥< mice
or in KitWs»/Ws> mice engrafted with Ifngrl /- or Feerlg”/- mast cells
(Supplemental Figures 7-12 and Supplemental Tables 2 and 3).
While these findings are intriguing, it will be of interest to repeat
such GSEA studies using data sets derived from additional sub-
sets of asthma subjects, including those with increased numbers
of airway neutrophils and/or increased levels of IFN-y in the lung,
when data of this type become available. Such work, together with
other studies in human subjects, will be important in the attempt
to decide whether IFN-y merits investigation as a therapeutic target
for reducing the pathology characteristic of IgE-associated allergic
inflammation in asthma and perhaps other settings.

Methods

Mice. C57BL/6 WT, Ifng”~, and Ifngrl~~ mice were originally purchased from
The Jackson Laboratory. C57BL/6-Kit"<"/ "> mice were provided by Peter Bes-
mer (Molecular Biology Program, Memorial Sloan-Kettering Cancer Center,
New York, New York, USA); these mice were then backcrossed to C57BL/6]
for more than 10 generations. All of the C57BL/6 WT mice and C57BL/6-
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KitW=h/Wsh mice used in the experiments reported herein were bred and raised
in the same room in the Stanford Laboratory Animal Facility. Feerlg7~ mice
on the C57BL/6 background (B6.129P2-Fcer1gtm1Rav N12) were purchased
from Taconic. Age-matched female mice were used for all experiments. All
animal care and experimentation reported herein were conducted in com-
pliance with the guidelines of the NIH and with the specific approval of the
Institutional Animal Care and Use Committee of Stanford University.

Mast cell engraftment. Engraftment of mast cells in mast cell-deficient
C57BL/6-Kit™<"/W+h mice was performed as described previously (29), with
minor modifications. Bone marrow cells derived from 4-week-old female
C57BL/6, C57BL/6-Ifngrl1”-, or C57BL/6-Fcerlg”/~ mice were cultured in
WEHI-3-conditioned medium (ATCC TIB-68), as a source of IL-3, for 4-5
weeks to generate cell populations that contained more than 99% imma-
ture mast cells (BMCMCs). BMCMCs (5 x 10°) were injected into each
mouse via the tail vein, and the recipients (e.g., WT BMCMCs—>KitV="/ ¥,
Ifngr1”- BMCMCs—Kit"V<"/W+h or Feerlg/- BMCMCs—>Kit"V<"¥<) mice) were
used for experiments 18 weeks later.

Production of histamine, cytokines, and chemokines by mast cells in vitro. BMC-
MCs were derived as described above and in ref. 29 from femoral bone mar-
row cells of C57BL/6 WT, Ifngrl~-, and Fcerlg”/~ mice and were sensitized
with 1 ug/ml H1-£26 anti-DNP IgE at 37°C overnight. After IgE sensiti-
zation, BMCMCs were suspended in DMEM medium (MediaTech) sup-
plemented with 10% heat-inactivated FCS (Sigma-Aldrich), 50 uM 2-ME
(Sigma-Aldrich), 50 ug/ml streptomycin (Invitrogen), and 50 U/ml penicil-
lin (Invitrogen) at a final concentration of 5 x 10° cells/ml. For activation
of the BMCMCs, antigen (DNP-HSA; Sigma-Aldrich) was added to the
culture medium at various final concentrations (e.g., 1, 10, or 20 ng/ml).
In some groups, we also added rmIFN-y (PeproTech) at a final concentra-
tion of 0.1 to 100 ng/ml. One hour (for calculation of % histamine release)
or 24 hours (for measurements of secreted cytokines) after cell activation
with antigen with or without rmIFN-y, BMCMC culture supernatants were
collected and stored at -80°C and then were used for measurements of
histamine, cytokines, and chemokines.

Immunization and airway challenge with antigen. Mice were immunized by
3 i.p. injections of 50 ug OVA (Sigma-Aldrich) in 0.1 ml PBS on days 1, 4,
and 7 (29). Starting on day 12, mice were challenged i.n. with 20 ug OVA in
30 ul PBS weekly for 9 weeks; control mice received i.p. injections and i.n.
challenges with PBS on the same schedule (29).

Measurement of airway reactivity to methacholine. Twenty-four hours after
the eighth OVA or PBS challenge, responses to aerosolized methacholine
were measured using whole-body plethysmography (Buxco Systems).
Responses to antigen (OVA) or PBS were assessed by recording Penh over
10-minute time periods at intervals before and after the ninth (final) OVA
or PBS challenge (in the absence of methacholine). We also performed inva-
sive measurements of airway reactivity in anesthetized, tracheostomized,
mechanically ventilated mice. Aerosolized methacholine was administered
in increasing concentrations (0, 1.25, 2.5, 5, and 10 mg/ml), with individual
doses separated by 2 minutes. Ry and Cqyn were continuously computed
by fitting flow, volume, and pressure to an equation of motion for each
aerosol challenge period, which consisted of a 0.5-minute aerosol exposure
and a 1.5-minute period after exposure.

BAL and histology. For BAL, mice were killed by CO; inhalation 24 hours
after the last (ninth) OVA or PBS challenge. The left lung was ligated and
removed for measurements of proteins or mRNA (see below), whereas the
right lung lobes were lavaged once with ice-cold HBSS (BAL), then fixed
(10% formaldehyde) and paraffin-embedded. Paraffin sections of 5 um were
mounted on Superfrost Plus glass slides (Fisher Scientific) and stained with
H&E, toluidine blue, or Masson trichrome stains. Numbers of peribron-
chial neutrophils, eosinophils, and mast cells were determined using the
method described by Pope et al. (61).
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Gene expression measurements. Three or 4 mice were randomly selected
from each of the 5 different groups of PBS-treated or OVA-sensitized and
challenged mice, and specimens of their homogenized left lungs were sub-
jected to total RNA isolation using TRIzol Reagent (Invitrogen). Microarray
hybridization was performed using the individually isolated RNA samples
at the Stanford Protein and Nucleic Acid facility with Affymetrix Mouse
Genome 430 2.0 arrays (Affymetrix). The array data were processed using
GCRMA (62) and entered into the Gene Expression Omnibus with the
accession number GSE27066. A set of 96 upregulated genes in human
asthma were identified by quantile normalization and Significance Analy-
sis of Microarrays (63) of a publicly available gene expression data set (60),
and the enrichment of the 67 genes in this set with homologs measured on
the mice arrays was evaluated using GSEA (see Supplemental Methods for
additional information about methods used for GSEA) (59).

Extraction of lung tissue protein. Lung tissue protein was extracted using
the T-PER Tissue Protein Extraction Reagent purchased from Thermo
Scientific. Half of the left lung was placed into 1 ml of protein extraction
reagent, followed by homogenization, then the samples were centrifuged
at 10,000 g for 5 minutes to pellet cell/tissue debris; the supernatants were
collected for further analyses.

ELISA measurements of plasma antibodies. Plasma was collected 24 hours
after the ninth OVA or PBS challenge. ELISA kits for total plasma IgE and
IgG; were purchased from Bethyl Laboratories; the ELISA kit for OVA-spe-
cific IgE was purchased from MD Biosciences. Concentrations of OVA-spe-
cific IgG; in the plasma were measured by direct ELISA (29).

Measurements of bistamine, cytokines, chemokines, and other molecules. Histamine
in the BMCMC culture supernatants was measured using an Enzyme Immu-
noassay Kit (Beckman Coulter) according to the manufacturer’s instructions,
and the results were expressed as percent histamine release (64). ELISA kits
for CXCL1, CXCL2, CCL9, CCL11, CCL12, CCL24, IL-33, and TIMP-1 were
purchased from R&D Systems; ELISA kits for IL-4, IL-6, IL-17, IL-13, and
IFN-y were purchased from eBioscience. We used direct ELISA methods to
measure levels of MARCO, integrin 0.7, and arginase-1. Primary antibodies
against MARCO or integrin a7 were purchased form R&D Systems, and pri-
mary antibodies against arginase-1 were purchased form Novus Biologicals.

Measurement of protein and collagen. The protein levels of tissue samples
were measured using a BCA Protein Assay Kit form Thermo Scientific. Tis-
sue collagen levels were measured using a Sircol Soluble Collagen Assay Kit
from Biocolor Life Science Assays.

Quantitative RT-PCR. Total RNA isolated from the left lungs using TRIzol
Reagent (Invitrogen) was reverse transcribed using the High-Capacity
c¢DNA Archive Kit (Applied Biosystems) according to the manufacturer’s
instructions. Quantitative real-time PCR was performed using the ABI
7500 Real-Time PCR System (Applied Biosystems) with the following
cycling parameters: 10 minutes at 95°C, then 40 biphasic cycles of 15 sec-
onds at 95°C, and 1 minute at 60°C. Primers and probes for SAA3 were
purchased from Applied Biosystems.

Statistics. Unless otherwise specified, differences in airway response
between groups were tested for statistical significance using ANOVA. The
unpaired Student’s ¢ test (2 tailed) was used for all other analyses. A Pvalue
less than 0.05 was considered statistically significant. Unless otherwise
specified, all data are presented as mean + SEM or mean + SEM.
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Supplemental Figure 1

Effects of treatment with IFN-y or a neutralizing monoclonal antibody to (alFN-y Ab) on the
development of antigen (OVA)-induced changes in Penh responses and numbers of leukocytes in the
bronchoalveolar lavage (BAL) fluid of C57BL/6-Kit"* wild-type (WT) mice in our standard model of
chronic allergic inflammation of the airways. (A) Treatment protocols: Different groups of WT C57BL6/J
mice received either an intra-peritoneal (i.p.) injection of IFN-y (5 pug per mouse) at 30 min before or 3 h
after the last (ninth) OV A or PBS challenge or received an i.p. injection of alFN-y Ab or an isotype-
matched control Ab (100 pg per mouse) at 3 h after the last (ninth) OVA or PBS challenge; (B) Changes
in Penh measured 1 h before and 1, 3, 6, 9, 12, and 24 h after the ninth OV A or PBS challenge in mice
that were sensitized and challenged with OVA (OVA/OVA) or mock sensitized and challenged with PBS
(PBS controls); (C) Numbers of leukocytes in BAL fluid recovered from the lungs 24 h after the ninth
OVA or PBS challenge. *P < 0.05, **P < 0.01, ***P < 0.001 versus PBS control group; P < 0.05, P <
0.01," P < 0.001 versus OVA/OVA group; for aINF-y Ab-treated group: *P < 0.05, **P < 0.01, ***P <
0.001 versus group treated with isotype control Ab. Data are presented as mean + s.e.m. (n =5 per group).
(B) ANOVA,; (C) unpaired Student’s t-test (2-tailed).
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Supplemental Figure 2

Influence of IFN-y on the production of cytokines by mast cells in vitro. (A) The culture supernatants of
anti-DNP IgE-sensitized BMCMCs from wild type C57BL/6 mice were collected 24 h after addition of
DNP (10 ng/ml) or DNP (10 ng/ml) plus various concentrations of IFN-y. Data were calculated from
results pooled from three independent experiments, each of which gave similar results. **P < 0.01, ***P <
0.001 vs. values from the corresponding BMCMCs stimulated with 10 ng/ml DNP alone (no added IFN-
v). TP < 0.05, "'P < 0.01, TP < 0.001 vs. group indicated. n = 3 per group. (B) The dose response curves
representing the correlation between the concentration of 1L-6 (top) or IL-13 (bottom) in the BMCMC
culture supernatants and the concentration of IFN-y added to the culture medium.
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Supplemental Figure 3

IL-17 level in the lung tissues. Tissues were sampled 24 h after the ninth OV A or PBS challenge. Open
bars, PBS-treated groups; solid bars, OVA-sensitized and challenged groups. *P < 0.05, **P < 0.01 versus
values for corresponding PBS-treated control group (unpaired Student’s t-test, 2-tailed). Data are
presented as mean + s.e.m. (n = 6-10 per group).
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Supplemental Figure 4

Airway responses following intranasal challenge with PBS in mice mock sensitized with PBS. (A) Penh
responses to aerosolized methacholine measured 24 h after the eighth PSB challenge. (B) PBS challenge-
induced changes in Penh measured 1 h before and 1, 3, 6, 9, 12, and 24 hours after the ninth OVA or PBS
challenge. (C-D) Changes in R, and Cyy, to aerosolized methacholine administered 24 h after the ninth
PBS challenge. Data are from PBS-treated WT C57BL/6 (empty grey circles), mast cell-deficient
C57BL/6-Kit"*""" (empty black squares), WT C57BL/6 BMCMCs->C57BL/6-Kit"*""*" (empty black
circles), Ifngrl” BMCMCs-> C57BL/6-Kit" """ (empty black diamonds), or Fcerlg” BMCMCs
>C57BL/6-Kit" """ (empty black triangles) mice, n =6 to 12 per group (A and B); n = 4 to 6 per
group (C and D). The values for the PBS-treated WT C57BL/6 mice and mast cell-deficient C57BL/6-

Kit"*""s" mice are also shown in Figure 4, for comparison to the values for OVA-sensitized and OVA-
challenged groups.
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Supplemental Figure 5

Plasma levels of total IgE/IgG1 and antigen-specific IgE/IgG1. Plasma concentrations of total or OVA-
specific IgE and 1gG1 antibodies in C57BL/6-Kit™* wild-type mice, mast cell-deficient C57BL/6-Kit""
SWsh mice, or C57BL/6-Kit" """ mice engrafted with BMCMCs derived from C57BL/6 wild-type mice
(WT MCs), C57BL/6-Ifngr1” mice (Ifngri” MCs) or C57BL/6-Fcerlg” mice (Fcerlg” MCs) that were
OVA-sensitized and challenged (solid bars) or treated with PBS (open bars). Blood was sampled 24 h
after the 9th OV A or PBS challenge. ***P < 0.001 versus values for corresponding PBS-treated control
group; TP < 0.05 versus the group indicated (unpaired Student’s t-test). Data are presented as mean +

s.e.m. (n = 6-10 per group).



A B C
300 T 300 600
S5 A N5 o F
Q 1t
O *é‘ 200 " ok g ‘é 200 6‘ ‘é‘ 400
5 a O O a
o > 2 oo
£ £ 100 2 £ 100 € £ 200
a 5:_ a g’ - g
0 0 0
D T E = — 1t
320 M 150 . 400 N
= b ~E NG
o3240 g g 300
35 =5 100 ) <] e
Q 5 [®] s 3 s 200 ok
O 2160 05 =)
o2 =2 2 e
2E c £ 50 S35
RS 55 3 © 100
22 80 = -2
0 0 0
Mice: Kit | Kitw-sh/w-sh Mice: Kit* | Kitw-sh/w-sh Mice: Kit+* | KitW-sh/W-sh
Engrafted g No Ifngra-* Engrafted g No Ifngri-* Engrafted g | No Ifngr1-"
mast cells WT Fcerlg” mast cells WT Fcerlg” mast cells WT Fcerlg”

Supplemental Figure 6

Chemokine levels in the lung. The protein levels of a panel of chemokines CXCL1 (A), CXCL2 (B),
CCL9 (C), CCL11 (D), CCL12 (E), and CCL24 (F) measured in the lungs 24 h after the ninth OVA or
PBS challenge. Data are from WT C57BL/6 (Kit*"") mice, mast cell-deficient C57BL/6-Kit" """ (Kit""
W mice, WT BMCMCs—>C57BL/6-Kit" """ mice, Ifngri” BMCMCs—>C57BL/6-Kit"*""*" mice,
or Fcerlg” BMCMCs->C57BL/6-Kit"*""" mice treated with OVA (black bars), and the corresponding
PBS-treated control mice (white bars). *P < 0.05, **P < 0.01, ***P < 0.001 versus the corresponding PBS
controls; ¥P < 0.01, ¥*P < 0.001 versus OVA-sensitized and challenged Kit"*""*" mice; T P < 0.001
versus group indicated (unpaired Student’s t-test, 2-tailed). Data are presented as mean + s.e.m. (n = 6-10

per group).

Supplemental Methods for Gene Set Enrichment Analysis (data shown in Supplemental Figures 7-
12 Supplemental Methods for Gene Set Enrichment Analysis (data shown in Supplemental Figures
7-12 and Supplemental Tables 2 and 3)

Mouse gene expression arrays were processed using GCRMA implemented in Bioconductor for R (1, 2)
to provide probe intensities. The data were entered into the public repository, the Gene Expression
Omnibus, with an accession humber of GSE27066. To identify a set of genes upregulated in human
asthma, we obtained a previously published publicly-available gene expression dataset (3) measuring
gene expression in bronchial biopsies from four patients with asthma and four subjects without asthma.
The intensity levels were quantile normalized and differential expression of probes was detected using
Significance Analysis of Microarrays (4). The probes were matched to genes using AILUN (5), and a set
of 96 genes were found to have significant up-regulation of expression in the human asthma samples (P
value < 0.01). We considered these 96 genes as a “gene set” or “signature” reflecting genes up-regulated
in human asthma. Employing the commonly used non-parametric, rank based tool, Gene Set Enrichment
Analysis (GSEA version 2) (6), we looked for enrichment in differential expression in the mouse samples
of these genes up-regulated in human asthma. Of the 96 genes in our asthma “gene set”, GSEA identified
67 homologues measured on our microarrays. GSEA calculates an enrichment score (very similar to a
Kolmogorov-Smirnov statistic), giving weight to highly differentially expressed genes (highly ranked
relative to other genes) in the gene set of interest. The significance of this enrichment is calculated using a
permutation test over all samples to obtain a P value.
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Supplemental Figure 7

Gene Set Enrichment Analysis comparing genes upregulated in bronchial biopsy specimens of human
patients with asthma and genes upregulated in OV A-sensitized and OV A-challenged mice in our standard
model of chronic allergic inflammation of the airways. Whole lung samples of OVA-sensitized and OVA-
challenged mice were contrasted with samples from the corresponding control mice treated with PBS,
based on results of gene expression analysis using Affymetrix Mouse Genome 430 2.0 arrays. These
mouse expression profiles were examined against a set of genes found to be upregulated in human asthma
(suppl. ref. 3 [Laprise, C., Sladek, R., Ponton, A., Bernier, M.C., Hudson, T.J., and Laviolette, M.
Functional classes of bronchial mucosa genes that are differentially expressed in asthma. BMC Genomics.
2004;5(1):21]). Only the wild type B6-Kit*"* mice (A) and the WT BMCMCs->Kit" """ mice (C) were
found to be significantly (P < 0.05) enriched for increased expression of genes upregulated in human
asthma. By contrast, mast cell-deficient Kit"*""" mice (B) and Kit"*""*" mice that had been engrafted
with BMCMC:s lacking either FceR1y (D) or IFN-yR1 (E) were not significantly enriched for increased
expression of genes upregulated in human asthma.



Supplemental Figure 8

Heatmap of expression levels for the 67 mouse homologues of the genes up-regulated in human asthma
for the wild type mice as reported by GSEA. The gray columns represent samples taken from WT
C57BL/6 mice challenged with OVA (B6.None.OVA.1-4) and the yellow columns represent control
samples from WT C57BL/6 mice challenged with PBS (B6.None.PBS.5-8).

b.None.PBS. 8

B

SampleName

MUCSAC mUCin SAC, ollgomeric mucus/gel-forming

TFFZ trefoll factor Z (spasmolytic protein 1)

ALOKIS arachidonate I5-Ilpoxygenase

SLCI6AL  50l0te carrier family 36 (proton/amino acid SympoOrter), member 1
RAPGEF3 Rap guanine nucleotide exchange factor (GEF) 3

LEFTY1 Teft-right determination factor 1

LDBL LIM domain binding 1

TBL3 transducin (beta)-1ike 3

ILIRLI Iinterleukin 1 receptor-Iike I

CCDC coliled-coll domain containing

CPRI carboxypeptidase A3 (mast cell)

CTDF L CTD (carboxy-terminal domain, RENWA polymerase 11, polypeptide A) phosphatase, subunit T
DHAJIC T DnaJ (Hspd0) homolog, subfamily €, member 7

VGE VGF nerve growth factor inducible

BMELX amelogenin [amelogenesis imperfecta 1, K-linked)
TCFZ5 transcription factor Z5 (basic helix-Icop-helix)
BRD4 bromodomain contalning &

GATRZ GATE binding protein 2

ARHGEF1E Rho guanine exchange factor (GEF) 16

ANGEL: angel homolog (Drosophila)

PCYTIE PCYTIE phosphate cytidylyltransferase 1, choline, beta
FLHLZ0 FLHLZ0 kelch=Iike Z0 (Drosophila)

CHF CHF 27,3 =cyclic nucleotide 37 phosphodiesterase

BLCEP acid phosphatase, Prostate

TRINIG Tripartite motif-containing 16

SERPINBZ serpin peptidase inhibitor, clade B (ovalbumin), member Z
FOXD1 forkhead box DI

TBXRZR thromboXane AZ receptor

ANXATS ANXATS annexin A3

PIRA3 PIRA3 purinergic receptor F2ZX, ligand-gated ion channel, 3
TRAF3IP1 TRAF3IP1 THF receptor-associated factor 3 Interacting protein 1
SLCL7AZ SLCL/AZ solute carrier family 17 (sodium phosphate), Member 2

IRS5% Insulin receptor substrate &

DLGAFZ discs, large (Drosophila) homolog-assoclated protein Z

HOXDY homeoboX D9

OXT oxytocin, prepro- (neurophysin I)

CHRHB3 cholinergic receptor, nicotinic, beta 3

GPFR3 G protein-coupled receptor 3

MUC micin Z, ollgomeric mucus/gel-forming
KCHAT KCHAT potassium voltage-gated channel, shaker-related subfamily, member 1 (episodic ataxia with myokymia)
POUSF1 POUSF1 POU domain, class 3, transcription factor

GRMS glutamate receptor, metabotroplic S

GRM| glutamate receptor, metabotroplc

CFAL carboxypeptidase AL (pancreatic)

CACNAZDZ CACNAZDZ calcium channel, voltage-dependent, alpha Z/delta subunit 2
SLCBAS SLCBAS SolULe Carrier family 6 (NEUroLransmitter LransporCer, dopaminge), member 3

FTEN phosphatase and tensin homolog [mutated In multiple advanced cancers 1)
KCNCd potassium voltage-gated channel, shaw-related subfamily, member &
ESH. estrogen receptor (ER_beta)
RASGRFL Ras proteln-specific guanine nucleotide-releasing factor 1
ME3 malic enzyme 3, WADF (+)-dependent, mitochondrial
AFFZ AT4/FHMRZ family, member 2
TRAFPCOR TRAPPCOR trafficking proteln particle complex &R
MLLT4 myelolid/Lymphold or mixed-lineage leukemia (Lrithorax homolog, Drosophila); translocated to, 4
TPSABL Tryptase alpha/beta 1
FOSTH periostin, osteoblast specific factor
TSPAN tetraspanin
CAVZ CAVZ caveolin Z
ZFR ZFR zinc finger RWA binding protein
DTX. DTX. deltex homolog (Drosophila)
WAT W-acetyltransferase {camello Iike)

CDCA5L cDCi5 cell division cycle 45-1ike (5. cerevisiae)

REFSZ RALBFl associated Eps domain contalining 2

SERPIND1 serpin peptidase lnhibitor, clade D (heparln cofactor), Member L
POLRIF polymerase (RNA) L1l [DNA directed) polypeptide F, 39 KDa
SNAPC3 SNAPC3 Small nuclear RWA activating complex, polypeptide 3, S0KDa

MYLI MYLI myosin, 1ight chain 1, alkali; skeletal, fast
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Supplemental Figure 9

Heatmap of expression levels for the 67 mouse homologues of the genes up-regulated in human asthma
for mast cell-deficient C57BL/6-Kit" """ mice as reported by GSEA. The gray columns represent
samples taken from C57BL/6-Kit"*""*" mice challenged with OVA (KitWsh.None.OVA.30-33) and the
yellow columns represent control C57BL/6-Kit"*""*" mice challenged with PBS (KitWsh.None.PBS.34-
36).

SampleName

WIOCSAC muCcin SAC, Oligomeric mucus/gel-forming

TFFZ trefoil factor Z (spasmolytic protein 1)
LOB1 LIM domain binding I
HOXDY HOXDY homeobox DY

POLR3F POLR3F polymerase (RMA) II1I (DNA directed) polypeptide F, 39 kDa
COC45L COC45L CDC45 cell division cycle 45-1ike (5. cerevisiae)

TRAPPCE6A TRAPPLGA Ltrafficking protein particle complex 6A&

LEFTY1 LEFTT1 Teft-right determination factor I

TCFZ5 TCFZ5 transcription factor Z5 (basic helix-Icop-helix)

SLC36A1  solute carrier family 36 (proton/amino acid symMporter), member 1
SERFINDL serpin peptidase inhibitor, clade D (heparin cofactor), member 1
TBL3 fransdocin (beta)-like 3

CHF 27,3 =cyclic nuclectide 3™ phosphodiesterase

ILIRLI Interleukin 1 receptor-like 1

DHAJC 7 DnaJ (Hspd0) homolog, subfamily C, WMember 7

FZRX3 purinergic receptor PZX, ligand-gated ion channel, 3
CFPR3 carboxypeptidase A3 [mast cell)

TEXRIR thromboxXane RZ receptor

ZFR zinc finger ENA binding protelin

SLC17AZ solute carrier family 17 (sodium phosphate), Member 2
TRIMIE tripartite motif-containing 16

KCHAT potassium voltage-gated channel, shaker-related subfamily, member 1 (episcdic ataxia with myokymia)
RITZ AT4/THRZ family, member 2
IRSd Insulin receptor substrate 1

TPSRB1 tryptase alpha/beta 1
DLGAFZ discs, large (Droscphila) homelog-asscciated protein 2

OXT oXytocin, prepro- (neurophysin I)
CHRNEB3 cholinergic receptor, nicotinic, beta 3
ANXAI3 annexin Al3
GPR3 G protein-coupled receptor 3
MOCZ mucin 2, oligomeric mucus/gel-forming
AMELX amelogenin (amelogenesis imperfecta 1, X-linked)
GRM3 glutamate receptor, metabotropic 3
GRM glutamate receptor, metabotropic
VGF VGF nerve growth factor inducible
CPAL CPAL carboxypeptidase AT (pancreatic)

CACHAZDZ calcium channel, voltage-dependent, alpha Z/delta subunit Z

FPOUSFL POU domain, Class 3, Lranscription factor

FOXDI forkhead box DI

ESR. estrogen receptor (ER beta)

SHAFPCS small nuclear RNA activating complex, polypeptide 3, S0kDa

KLHLZD kelch-Iike 20 ([Droscphila)

SLCEAS SOLULEe Carrier family 6 (NeurotransmitLer Cransporter, dopamine), Member 3

DTRZ deltex homolog 2 (Droscphila)

CAV. caveolin

FOSTN periostin, ostecblast specific facteor
ANGELZ angel homolog 2 (Drosophila)

BRDZ bromodomain containing &

RAPGEF3 Rap guanine nucleotide exchange Factor (GEF) 3

RASGRF1 Ras protein-specific guanine nucleotide-releasing factor 1

ME3 malic enzyme 3, NADP(+)-dependent, mitochondrial

CTDFL CTD (carboxy-terminal domain, RWA polymerase 11, polypeptide A) phosphatase, subunit 1
CCOCZZ Ccoiled-coil domain containing Z2

ARHGEF16 Rho guanine exchange Factor (GEF) 16

TSPAN: tetraspanin
PTEN phosphatase and tensin homolog (mutated In multiple advanced cancers 1)
KCHC4 potassium voltage-gated channel, shaw-related subfamily, mes
MLLT# myeloid/lymphoid of mixed-lineage leukemia (Lrithorax homolog, Drosophila); translocated to, 4
REFSZ FRALBF1 assoclated Eps domain containing Z
TRAF3IP1 TNF receptor-associated factor 3 Interacting protein 1
GATRZ GATRZ GATE binding protein 2
HAT! HAT H-acetyltransferase {camello 1ike)
ECFP ACPP acid phosphatase, prostate

FCYT1E FCYTLE phosphate cytidylyltransferase 1, choline, beta

ALOX1S ALOX1S arachidonate 15-lipoxygenase

MYLI MYL1 myosin, light chain I, alkali; skeletal, fast

SERFINBZ serpin peptidase inhibitor, clade B (ovalbumin), member 2
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Supplemental Figure 10

Heatmap of expression levels for the 67 mouse homologues of the genes up-regulated in human asthma
for mast cell-deficient C57BL/6-Kit"*""*" mice engrafted with bone marrow-derived cultured mast cells
(BMCMCs) from C57BL/6 wild type mice. The gray columns represent samples taken from C57BL/6
BMCMC engrafted C57BL/6-Kit"*""*" mice challenged with OVA (KitWsh.MC.OVA.9-12), and the
yellow columns represent control WT C57BL/6 BMCMC engrafted C57BL/6-Kit"*""*" mice challenged
with PBS (KitWsh.MC.PBS.13-15).

SampleName

MUCSAC MUCSAC Tucin S5AC, olligomeric mucus/gel-forming

CER3 CER3 carboxypeptidase A3 [mast cell)

TFF2 TFF2 trefoil factor Z (spasmolytic protein 1)

TILIRLL Interleukin 1 receptor-like 1

COC45L CrC45 cell division cycle 45-1ike (5. cerevisiae)

RASGRF1 Ras protein-specific guanine nucleotide-releasing factor 1
SLC36Al  =solute carrier family 36 (proton/amino acid symporter), member 1
SERFINBZ serpin peptidase inhibitor, clade B (ovalbumin), member 2

FZRKS purinergic receptor PZK, ligand-gated ion channel, 3

TBL3 transducin (beta)-Iike 3

WAT W-acetyltransferase {camello 1ike)

KCHAL potassium voltage-gated channel, shaker-related subfamily, member 1 (episodic ataxia with myokymia)
SERFINDL serpin peptidase inhibitor, clade D (heparin cofactor), member 1
CCDCZZ colled-coil domain contalning ZZ

SLC17AZ solute carrier family 17 (sSodium phosphate), member 2

HOXDS homeobox DY

BRHGEF16 ROO guanine exchange factor (GEF) 16

FCHCE potassium voltage-gated channel, shaw-related subfamily, member 4

CTDFL CTD [carboxy-terminal domain, RNA polymerase 11, polypeptide &) phosphatase, subunit L

TPSABI tryptase alpha/beta 1

DHAJIC 7 DHAJC 7 DnaJ (Hspdl) homolog, subfamily C, member 7

DLGAFZ DLGAFZ discs, large (Droscphila) homelog-asscciated protein 2
CACNAZDZ CACHAZDZ calclium channel, voltage-dependent, alpha Z/delta subunit Z
FLALZ0 _ KLALZ0  kelch-1ike 20 [Drosophila)

BRD4 bromodomaln containing 4
AFF AF4/FMRZ family, member

TEXRZR thromboxane RZ receptor
FOUSFL POU domain, class 3, transcription factor 1

DTKZ deltex homolog Z (Drosophila)

RLOKLS arachidonate 15-lipoxygenase

CHP .3 =cyclic nucleotide 37 phosphodiesterase
IRSE IR54 insulin receptor substrate &

TRAFPCEA TRAPFCOA trafficking protein particle complex &R
BNGELZ angel homolog Z (Drosophila)

RCPP acid phosphatase, prostate

GRM5 glutamate receptor, metabotropic 5

SLCEAS solute carrier family 6 (neurotransmitter transporter, dopamine), member 3
OXT oXytocin, prepro- (neurophysin 1)

CHRNB3 cholinergic receptor, nicotinic, beta 3

ANXAIS annexin AL3

GPR3 G protein-coupled receptor 3

AMELX amelogenin [amelogenesis imperfecta 1, X-linked)
ESRZ estrogen receptor Z (ER beta)

VGE WGF Nerve growth factor inducible

CPRI carboxypeptidase AT (pancreatic)

FOXDI forkhead box DI

LEFTY1 Teft-right determination factor 1
RAPGEF3 Rap guanine nucleotide exchange factor (GEF) 3

MOCZ MUCin Z, oOligomeric mucus/gel-forming
MLLT4 myelolid/Iymphold or mixed-IIineage Ieukemia (trithorax homolog, Drosophila); translocated to, 4
TSEAN tetraspanin
ZFR zinc finger RNA binding protelin
GRM glutamate receptor, metabotropic
GATRZ GATA binding protein Z
TRIM1G TRIMI1G tripartite motif-containing 16
PTEN PTEN phosphatase and tensin homoleog (mutated In multiple advanced cancers 1)
ME3 malic enzyme 3, NADP(+)-dependent, mitochondrial
TCFZ5 TCFZ25 transcription facter 25 (basic helix-Ioop-helix)
TRAFSIP] THAFJIFL TNF receplor-associated factol 3 interacting protein 1
FOSTH periostin, osteoblast specific factor
CAV caveolin
REPSZ RARLBF]1 associated Eps domain containing 2

FCYTLE phosphate cytidylyltransferase 1, choline, beta
SHAPC3 sSmall nuclear RNA activating complex, polypeptide 3, SOKDa

LOB1 LIM domain binding I
POLR3F polymerase (RNA) III (DNAR directed) polypeptide F, 39 kDa
MYL1 myosin, light chain I, alkali; skeletal, fast
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Supplemental Figure 11

Heatmap of expression levels for the 67 mouse homologues of the genes up-regulated in human asthma
for mast cell-deficient C57BL/6-Kit"*""*" mice engrafted with bone marrow-derived cultured mast cells
(BMCM(Cs) from C57BL/6 mice deficient in the interferon gamma receptor (Ifngri™). The gray columns
represent samples taken from Ifngrl” BMCMC engrafted C57BL/6-Kit"*""*" mice challenged with
OVA (KitWsh.MCifngR.OVA.16-19) and the yellow columns represent control Ifngri” BMCMC
engrafted C57BL/6-Kit"*""*" mice challenged with PBS (KitWsh.MCifngR.PBS.20-22).

SampleName

CPAS CPAS CarboXypeptidase A3 (mast cell)

MUCSAC MUCSAC mucin SAC, oligomeric mucus/gel-forming

serpin peptidase inhibitor, clade B (ovalbumin), member
SERFINDL serpin peptidase inhibitor, clade D (heparin cofactor), member 1
RLOX1S arachidonate 15-Iipoxygenase

SLC36A1 _ sOlULe carfier family 36 (proton/aming acid sympOELer), member 1
MYL1 myosin, light chain I, alkali; skeletal, fast

ILIRLT Iinterleukin 1 receptor-l1ike 1

TFF2 trefoil factor Z (spasmolytic protein 1)

SHAFPCS small nuclear RNA activating complex, polypeptide 3, S0kDa
LRAGEF16 Rho guanine exchange factor [GEF) 16

ETR zinc finger RNA binding protein

HWAT! W-acetyltransferase {camello Iike)

TRIML1E tripartite motif-containing 16

TBL3 transducin (beta)-Iike 3

FOSTI periostin, osteoblast specific factor

SLC17AZ solute carrier family 17 (sodium phosphate), member 2
CAV caveclin

KLHLZ0 kelch-11ke Z0 (Drosophila)

COC45L CDC45 cell division cycle 45-1ike (5. cerevisiae)

TPSABL Tryptase alpha/beta L

CACHAZDZ calcium channel, voltage-dependent, alpha Z/delta subunit Z

DTX. deltex homolog (Drosophila)

MLLT4 myelolid/Iymphold or mixed-Iineage leukemia (trithorax homoleg, Drosophila); translocated to, 4
FCHCE potassium voltage-gated channel, shaw-related subfamily, member 4
TSPAN tetraspanin

HOXDF homeobox D3

GPR3 G protein-coupled receptor 3

REPSZ RRLBF]1 associlated Eps domalin contalining 2

POLR3F polymerase (RWA) III1 (DHA directed) polypeptide F, 39 kDa

TCFZ25 transcription factor 25 (basic helix-Ioop-helix)

GATRI GATR binding protein 2

GRMS glutamate receptor, metabotropic 5

CHRHNB3 cholinergic receptor, nicotinic, beta 3

BFF2 AF4/THRZ family, member 2

GRM glutamate receptor, metabotropic

TR5% insulin receptor substrate &

OXT OXyLOCin, prepro- (neurophysin 1)

ANXAIS annexin A13

HOCZ mucin 2, oligomeric mucus/gel-forming

ESRZ estrogen receptor Z (ER beta)

FPOUSFL POU domain, Class 3, transcription factor L

VGE WVGF nerve growth factor Inducible

CPAI carboxypeptidase A1 (pancreatic)

PTEN phosphatase and tensin homoleog (mutated In multiple advanced cancers 1)
SLCERT solute carrier family & (neurotransmitter transporter, dopamine), member 3
IMELX amelogenin_ (amelogenesis imperfecta 1, X-linked)

TRAFJIF1 TNF receptor-associated factor 3 Interacting protein 1

FOXDI forkhead box DI

PZRX3 purinergic receptor FZX, ligand-gated ilon channel, 3

DLGAFZ discs, large (Droscphila) homelog-asscciated protein 2

CHP Z ,3 -cyclic nucleotide 3 phosphodiesterase

TBXRZIR thromboxXane RZ receptor

CTDPL CTD (carboxy-terminal domain, RNA polymerase 11, polypeptide ) phosphatase, subunit 1T

TRAPPCER trafficking protein particle complex &R
CCDCZZ coiled-coil domain containing 237
ANGELZ angel homolog Z (Drosophila)

BRD4 bromodomaln containing 4

RCPP acid phosphatase, prostate

DHAJC 7 DnaJ (Aspd0) homolog, subfamily C, WMember 7

KCHAL potassium voltage-gated channel, shaker-related subfamily, member 1 (episodic ataxia with myokymia)

RAPGEF3 Hap guanine nucleotide exchange factor (GEF) 3

LEFTT1 Teft-right determination factor I

LDBI LIM domain binding 1

PCYTIE PCYTLB phosphate cytidylyltransferase 1, choline, beta

RASGRF1 RASGRF1 Ras protein-specific guanine nucleotide-releasing factor 1
ME3 malic enzyme 3, WADF(+)-dependent, mitochondrial
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Supplemental Figure 12

Heatmap of expression levels for the 67 mouse homologues of the genes up-regulated in human asthma
for mast cell-deficient C57BL/6-Kit"*""*" mice engrafted with bone marrow-derived cultured mast cells
(BMCMCs) from C57BL/6 mice deficient in the signaling y chain shared by FceRI and FcyRIII

-

(Fcerlg

). The gray columns represent samples taken from Fcerlg” BMCMC engrafted C57BL/6-Kit"

WS mice challenged with OVA (KitWsh.MCigeR.OVA.23-26) and the yellow columns represent
control Fcerlg” BMCMC engrafted C57BL/6-Kit"*""*" mice challenged with PBS
(KitWsh.MCigeR.OVA PBS.27-29).

SampleName

ALOXIS arachidonate 15-Iipoxygenase
MOCSAC HOCSAC mucin SAC, oligomeric mucus/gel-forming

CEA3 CFA3

carboxypeptidase A3 (mast cell)

TFF.

trefoll factor (spasmolytic protein 1)

SERFINB

serpin peptidase inhibitor, clade B (ovalbumin), member

TBL3

transducin (beta)-Iike 3

MLLT#

myeloid/Iymphold or mixed-Iineage leukemia (trithorax homoleg, Drosophila); translocated to, 4

LOBL LIM domain binding 1

FLHLZ0 kelch-Iike Z0 (Drosophila)
CTDP1 CTDP1 CTD (carboxy-terminal domain, RNA polymerase I1, polypeptide ) phosphatase, subunit T
DHAJCT DNAJCT DnaJ (Hepdl) homolog, subfamily C, member 7

GATRZ GATA binding protein Z

ARAGEF16 RNO guanine exchange factor [GEF) 16

POSTH periostin, ostecklast specific factor

POLR3F polymerase (RMA) I1I (DNAR directed) polypeptide F, 39 kDa

TRIM1E TRIMIG

tripartite motif-containing 16

TRAFSIFL TRAFSIFPL

THF receptor-assocciated factor 3 Interacting protein 1

TCEZ5 TCrZ3

franscription factor 25 (basic Nhelix-loop-helix)

CAVZ caveolin Z

PTEN phosphatase and tensin homolog (mutated In multiple advanced cancers 1)
TSEPAN tetraspanin

TRAFPPCOA trafficking protein particle complex &R

ANGELZ angel homolog Z (Drosophila)

REFSZ

FRALBF1 assoclated Eps domain containing Z

ZFR

zinc finger RNA binding protelin

SERPINDL

serpin peptidase inhibitor, clade D (heparin cofactor), member 1

DLGAFZ

discs, large (Droscphila) homelog-asscciated protein 2

SLC36AT

solute carrier family 36 (proton/amino acid symporter), member 1

BRDZ

bromodomaln containing 4

GRMS

glutamate receptor, metabotropic 5

ILIRLI

interleukin 1 receptor-like 1

SLC17AZ =solute carrier family 17 (sodium phosphate), member 2
TESABL tryptase alpha/beta 1

FOXDI forkhead box DI

PIRX3 purinergic receptor P2, ligand-gated ilon channel, 3
OXT OXyLocin, prepro- (neuarophysin 1)

CHRNE3 cholinergic recepteor, nicotinic, beta 3

ESRZ estrogen receptor Z (ER beta)

FPOUSFL POU domain, Class 3, transcription factor L

GRM glutamate receptor, metabotropic

VGF VGF nerve growth factor inducible

CPAL carboxypeptidase AT (pancreatic)

CRCHNAZDZ CACNAZDZ

calcium channel, wveltage-dependent, alpha Z/delta subunit 2

TBXRZR TBXRZR

THromboXane BZ YECEpLOL

CHP CHP

27,3 -cyclic nuclectide 37 phosphodiesterase

LEFTYL LEFTY1L

Teft-right determination factor

SHAFCS SHAFC3

small nuclear RHA activating complex, polypeptide 3, S0kDa

RAPGEFS  RAPGEF3

Fap guanine nucleotide exchange factor (GEF) 3

[ wenT HYLL

myosin, light chain 1, alkall; skeletal, fast

CTHZ DTEZ deltex homolog Z (Drosophila)
CCDC CCDC colled-coll domaln containing
HOXDY homeobox DF
RCFP acid phosphatase, prostate

ANERIS ANXRIS

annexin AL

FCYT1B FCYTLE

phosphate cytidylyltransferase 1, choline, beta

AMELX amelogenin (amelogenesis imperfecta 1, X-linked)

KCHAT potassium voltage-gated channel, shaker-related subfamily, member 1 (eplsodic ataxia with myokymia)
RASGRF1 Ras protein-specific guanine nucleotide-releasing factor 1

SLCEAT S0lULe carrier family 6 (neurotransmitier Cransporter, dopamine), Member 3
MUCZ mucin 2, olligomeric mucus/gel-forming

GPR3 G protein-coupled receptor 3

WAT H-acetyltransferase (camello 1ike)

CDC45L CDC45 cell division cycle 45-1ike (5. cerevisiae)

HE3 malic enzyme 3, WADF(+)-dependent, mitochondrial

IRS % Insulin receptor substrate %

AFF, AF4/THMRZ family, member

FCACE potassium voltage-gated channel, shaw-related subfamily, member 4
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Supplemental Table 1. Dependence of features of this mouse model of chronic asthma on mast

cells (MC) or on MC expression of IFN-yR1 (MC IFN-yR1) or FceRly (MC FceRly).

Increased in lungs of OVA- Dependence
sensitized and challenged
mice MC MC IFN-yR1 MC FceRly

IFN-y & IL-17 No 0 0
IL-6 & IL-13 +++ +++ 4+
IL-33 +++* ++ ++
CXCL1 +++ ++ 4+
CXCL2 +++ ++4 4+
CCL9 FHE* F+ F+
CCL11, CCL12 & CCL24 +++ F++ F++
Tissue mast cells N/A 0 4+
Tissue neutrophils +++ ++ ++
Tissue eosinophils +++* ++ ++
Leukocytes in BAL fluid ® - $or #% *or £+
Airway response to antigen +++ ¥ or ¥F+ *++ or #++
AHR to methacholine +++ *++ or #F+ ++ or #¥+
Collagen +++ 4+ 4+
Airway goblet cells +++ * F
TIPM-1 +++ £+ ++
Integrin o7 +++ 4+ +
MARCO +Ht+ . 0
Arginase-1 +++ +++ 4+
Saa3 mRNA +++ ++ +3+

A All listed features of the model except lung levels of IFN-y and 1L-17 were observed in OVA-sensitized
and challenged Kit*"* mice but were absent or only weakly expressed in OVA-sensitized and challenged
genetically mast cell-deficient Kit"*""*" mice. “MC dependence” is defined as the extent to which the
expression of a specific feature in OVA sensitized and challenged Kit"*""*" mice was restored to Kit"*
levels in Kit"*""=" mice which were engrafted with wild type Kit”* BMCMCs. “Mast cell IFNy-R1
dependence” is defined as the extent to which expression of that feature in OV A-sensitized and
challenged mice was stronger in wild type (WT) BMCMC-engrafted Kit"*""*" (WT BMCMC->Kit"*""
™ mice versus Ifngrl” BMCMC-engrafted (Ifngrl”- BMCMC->Kit"*""*") mice; “Mast cell FceRly
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dependence” is defined as the extent to which expression of that feature in OV A-sensitized and
challenged mice was stronger in WT BMCMC->Kit"*""*" mice versus Fcerlg” BMCMC-engrafted
mice (Fcerlg” BMCMC->KitVshWsh,

® Results were different for different types of leukocytes.

No: Values in OVA-sensitized and challenged WT mice were significantly elevated (P < 0.05) versus
corresponding values in PBS-treated mice, but not significant (N.S., P > 0.05) versus OVA-sensitized and
challenged Kit"*""*" mice.

+++ In OVA-sensitized and challenged mice, responses in WT BMCMC=>Kit"*""*" mice N.S. versus
those in WT Kit™* mice and significantly higher than those in MC-deficient Kit"*""*" mice.

F++ In OVA-sensitized and challenged mice, significant responses (versus corresponding values in PBS-
treated mice) in WT BMCMC->Kit"*""*" mice and responses in Ifngrl” or Fcerlg” BMCMC->Kit"
s"Wsh mice N.S. versus those in the corresponding PBS-treated controls.

F+ In OVA-sensitized and challenged mice, significant responses (versus corresponding values in PBS-
treated mice) in WT BMCMC->Kit"*""*" mice and responses in Ifngr1™ or Fcerlg” BMCMC- Kit"
s"Wsh mice significantly higher than those in the corresponding PBS-treated mice but < 50% those in WT
BMCMC->Kit"*""*" mice.

F In OVA-sensitized and challenged mice, significant responses (versus corresponding values in PBS-
treated mice) in WT BMCMC->Kit"*""*" mice and responses in Ifngr1” or Fcerlg” BMCMC->Kit"
"Wsh mice significantly higher than those in the corresponding PBS-treated mice and significantly lower
than but > 50% those in WT BMCMC->Kit"*""*" mice,

0 In OVA-sensitized and challenged mice, significant responses (versus corresponding values in PBS-
treated mice) in WT BMCMC->Kit"*""=" mice but N.S. versus those in Ifngrl” or Fcerlg™”
BMCMC>Kit" """ mice,

* Significant responses also seen in OVA sensitized and challenged mast cell-deficient Kit

versus values in the corresponding PBS-treated Kit"*""*" mice.

W-sh/W-sh mi ce
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Supplemental Table 2

Genes up-regulated in human asthma. The 96 genes found to be up-regulated in human asthma in the data
provided by Laprise, et al. (3), by Significance Analysis of Microarrays (SAM) at raw P value < 0.01.

ACPP GRM8 PMS2L1
AFF2 HOXD9 POLR3F
ALOX15 IL1IRL1 POSTN
AMELX IRS4 POU3F1
ANGEL2 KCNA1 PRRC1
ANXA13 KCNB2 PSG4
ARHGEF16 KCNC4 PSG7
ATP10B KIAA0408 PTEN
BRD4 KLHL20 RAPGEF3
C10ORF63 KLHL35 RASGRF1
CACNA2D2 KRT9 REPS2
CAV2 KRTAP26-1 SERPINB2
CCDC22 LDB1 SERPIND1
CD1C LEFTY1 SLC17A2
CDC45L LILRP2 SLC36A1
CHRNB3 LOC100134197 SLC6A3
CNP LOC81691 SNAPC3
CPAl LPAR4 TBL3
CPA3 ME3 TBXA2R
CST1 MLLT4 TCF25
CST2 MUC2 TFF2
CST4 MUC3A TPSAB1
CTDP1 MUCS5AC TPSB2
CYP2D6 MYL1 TPSD1
DLGAP2 NAT8 TRAF3IP1
DNAJC7 NOP14 TRAPPC6A
DTX2 NOS2 TRIM16
ESR2 OXT TRIM16L
FOXD1 P2RX3 TSPANS
GATA2 PART1 VGF
GPR3 PCYT1B ZFR
GRM5 PDX1 ZMIZ2

17



Supplemental Table 3 Legend

Gene Set Enrichment Analysis for genes up-regulated in human asthma (fold change). The fold change
(reported by GSEA as the rank metric) for the 67 mouse homologues of genes found to be up-regulated in
human asthma. A positive number indicates increased expression of that gene in mice exposed to OVA,
relative to mice in the same group (i.e., having the same genotype and mast cell engraftment status)
challenged only with PBS, a zero indicates no change, and a negative number indicates decreased
expression. “B6.None” mice are the C57BL/6 wild type control mice, not engrafted with in vitro-
generated mouse bone marrow-derived cultured mast cells (BMCMCs). “KitWsh.None” are genetically
mast cell-deficient C57BL/6-Kit"*""*" mice without engrafted mast cells. “KitWsh.MC” are C57BL/6-
Kit"*""=" mice engrafted with wild type (WT) C57BL/6 BMCMCs. “KitWsh.MCifngR” are C57BL/6-
Kit" """ mice engrafted with BMCMCs derived from C57BL/6 mice deficient in the interferon gamma
receptor (Ifngrl™). “KitWsh.MCigeR” are mast cell-deficient C57BL/6-Kit"*""*" mice engrafted with
BMCMC/:S from C57BL/6 mice deficient in the signaling y chain shared by the FceRI and FcyRIII
(Fcerlg™).
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Supplemental Table 3

Gene B6.None | KitWsh.None | KitWsh.MC | KitWsh.MCifngR | KitWsh.MCigeR
ACPP 0.025 -0.304 0.002 -0.088 -0.233
AFF2 -0.016 0.001 0.041 0.000 -0.494
ALOX15 0.502 -0.391 0.016 0.258 0.910
AMELX 0.077 0.000 0.000 -0.005 -0.342
ANGEL2 0.045 -0.036 0.003 -0.069 0.042
ANXA13 0.008 0.000 0.000 0.000 -0.255
ARHGEF16 0.051 -0.083 0.107 0.109 0.186
BRD4 0.067 -0.052 0.043 -0.076 0.005
CACNA2D2 0.000 0.000 0.052 0.032 0.000
CAV2 -0.072 -0.031 -0.167 0.049 0.095
CCDC22 0.153 -0.079 0.196 -0.067 -0.201
CDC45L -0.154 0.148 0.508 0.037 -0.420
CHRNB3 0.000 0.000 0.000 0.000 0.000
CNP 0.025 0.078 0.011 -0.055 -0.020
CPAl 0.000 0.000 0.000 0.000 0.000
CPA3 0.145 0.014 1.451 1.177 0.549
CTDP1 0.123 -0.076 0.097 -0.062 0.250
DLGAP2 0.000 0.000 0.058 -0.050 0.012
DNAJC7 0.101 0.020 0.089 -0.089 0.236
DTX2 -0.081 -0.029 0.031 0.024 -0.194
ESR2 -0.002 -0.008 0.000 0.000 0.000
FOXD1 0.009 -0.002 -0.003 -0.020 0.000
GATA2 0.061 -0.190 -0.077 0.001 0.191
GPR3 0.000 0.000 0.000 0.016 -0.417
GRM5 0.000 0.000 0.001 0.000 0.003
GRM8 0.000 0.000 -0.067 0.000 0.000
HOXD9 0.000 0.227 0.163 0.020 -0.233
IL1IRL1 0.171 0.065 0.516 0.143 0.002
IRS4 0.000 0.000 0.004 0.000 -0.449
KCNA1 0.000 0.003 0.223 -0.120 -0.360
KCNC4 -0.002 -0.111 0.098 0.021 -0.535
KLHL20 0.026 -0.021 0.046 0.047 0.305
LDB1 0.225 0.239 -0.240 -0.191 0.332
LEFTY1 0.270 0.123 -0.007 -0.145 -0.073
ME3 -0.005 -0.063 -0.114 -0.561 -0.448
MLLT4 -0.016 -0.116 -0.040 0.021 0.367
MUC2 0.000 0.000 -0.032 0.000 -0.390
MUC5AC 1.143 1.826 1.685 0.728 0.794
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MYL1 -0.382 -0.406 -0.503 0.184 -0.194
NAT8 -0.120 -0.263 0.243 0.103 -0.417
OXT 0.000 0.000 0.000 0.000 0.000
P2RX3 0.006 0.016 0.278 -0.025 0.000
PCYT1B 0.037 -0.308 -0.189 -0.370 -0.327
POLR3F -0.259 0.167 -0.336 0.008 0.163
POSTN -0.038 -0.031 -0.140 0.061 0.175
POU3F1 0.000 0.000 0.032 0.000 0.000
PTEN -0.001 -0.094 -0.088 -0.004 0.089
RAPGEF3 0.277 -0.061 -0.016 -0.128 -0.150
RASGRF1 -0.003 -0.061 0.369 -0.447 -0.364
REPS2 -0.158 -0.138 -0.176 0.010 0.041
SERPINB2 0.022 -0.565 0.305 0.430 0.462
SERPIND1 -0.159 0.103 0.208 0.430 0.021
SLC17A2 0.004 0.005 0.189 0.061 0.001
SLC36A1 0.311 0.119 0.328 0.255 0.007
SLC6A3 -0.001 -0.027 0.000 -0.004 -0.383
SNAPC3 -0.269 -0.012 -0.239 0.123 -0.131
TBL3 0.183 0.098 0.252 0.063 0.444
TBXA2R 0.008 0.008 0.033 -0.060 -0.012
TCF25 0.072 0.121 -0.118 0.002 0.099
TFF2 0.838 0.635 0.658 0.140 0.473
TPSAB1 -0.025 0.000 0.093 0.036 0.001
TRAF3IP1 0.005 -0.150 -0.118 -0.018 0.100
TRAPPCG6A -0.016 0.142 0.004 -0.065 0.064
TRIM16 0.023 0.003 -0.087 0.098 0.157
TSPANS8 -0.047 -0.087 -0.041 0.021 0.089
VGF 0.078 0.000 0.000 0.000 0.000
ZFR -0.074 0.006 -0.042 0.108 0.034
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