
GM-CSF produced by the airway epithelium is
required for sensitization to cockroach allergen
A Sheih1,2, WC Parks3 and SF Ziegler1,4

Airway epithelial cells are among the first to encounter inhaled allergens and can initiate allergic responsesbyproducing

pro-Th2 innate cytokines. In this study, we investigated the role of epithelial-derived cytokines in sensitization to a

clinically relevant allergen, cockroach allergen (CRA). Among the epithelial-derived cytokines, granulocytemacrophage

colony-stimulating factor (GM-CSF) had a central role in the initiation of Th2 allergic responses to CRA. We show that

initial exposure toCRAdirectly activated airway epithelial cells through a TLR4-MyD88-dependent pathway andMyD88

signaling in epithelial cells induced upregulation of GM-CSF during sensitization. Epithelial-derived GM-CSF was

required for allergic sensitization and selectively restored Th2 responses in the absence of MyD88. Thus, we

demonstrate that epithelial-derived GM-CSF is a critical early signal during allergic sensitization to CRA.

INTRODUCTION

Allergic asthma is a chronic lung disease driven by an immune
response against allergens, which results in reversible airflow
obstruction, mucus hypersecretion, and the recruitment of
eosinophils and Th2 cells to the airway.1 Airway epithelial cells
are among the first to detect the presence of inhaled allergens
through pattern recognition receptors,2 and in response to
allergens, produce cytokines that can initiate type 2
responses.3,4 Although transgenic overexpression of epithe-
lial-derived cytokines such as thymic stromal lymphopoietin
(TSLP), IL-25, IL-33, and granulocyte macrophage colony-
stimulating factor (GM-CSF) are each sufficient to induce aTh2
allergic response against an antigen,5–8 mounting evidence
suggests that the requirement for these cytokines in allergic
responses to various allergens is distinct.

TSLP is induced in a large number of allergic responses9–14

and is required in ragweed-driven allergic inflammation. Yet
TSLPhas been shown to be dispensable for allergic sensitization
to house dust mite (HDM), in which IL-33 appears to have a
more central role.10,15 GM-CSF, which can be produced by a
number of different cell types including epithelial cells, has also
emerged as an important regulator of allergic inflammation.15

Patients with asthma have increased levels of GM-CSF
expression; in mice, transgenic overexpression of GM-CSF
serves as a potent adjuvant that permits sensitization to

ovalbumin8 and sub-threshold levels of HDM.16 Antibody
blockade of GM-CSF during sensitization reduces allergic
inflammation to HDM and Blomia tropicalis mite aller-
gen,15,17,18 suggesting an important role for GM-CSF early
in the allergic response.

In this study, we focus on cockroach allergen (CRA), an
important allergen associated with allergic asthma and asthma
morbidity, especially in low-income urban populations.19–21

CRA can activate protease-activated receptor 2 (PAR2)22–24 and
toll-like receptors (TLRs)25 to induce the release of inflammatory
cytokines. However, TSLP is not required for allergic responses
to CRA,26 whereas IL-25 is only required for chronic allergic
responses to CRA.27 Our studies demonstrate that MyD88-
dependent induction of GM-CSF in epithelial cells was required
for sensitization to inhaled CRA. Epithelial-derived GM-CSF
specifically promoted Th2-mediated allergic responses, but not
Th17-associated neutrophilia, downstream of the MyD88-
signaling pathway. Interestingly, although induction of GM-
CSF has been shown to occur downstream of IL-1 in response to
HDM, CRA-induced GM-CSF was IL-1 independent. In
contrast to the requirements for IL-33 inHDM-induced asthma,
IL-33 only had a minimal role in response to CRA. Overall, our
study demonstrates that epithelial-derived GM-CSF is a key
mediator of sensitization to CRA, but that induction of GM-CSF
by CRA is mediated by pathways distinct from HDM.
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RESULTS

Intranasal sensitization and challenge with CRA results in
airway inflammation with features of allergic asthma

We first established a model of CRA-mediated allergic airway
disease in which mice were sensitized and challenged with the
allergen in the absence of an adjuvant (Figure 1a). Following
CRA challenge, mice developed airway inflammation with
eosinophils representing the main infiltrating cell type
(Figure 1b). There was also a significant increase in the
recruitment of CD4 T cells, DCs, and neutrophils to the airway
(Figure 1b). Consistent with an allergic response, histological
analysis of lung sections showed extensive goblet cell
metaplasia and mucus production (Figure 1c). In addition,
we detected elevated levels of CRA-specific IgE antibodies in
the serum (Figure 1d) as well as increased lung mRNA
expression of TH2 and TH17 cytokines, with no effect on IFNg
(Figure 1e). Depletion of CD4 T cells prior to sensitization and
challenge protected mice from the development of allergic
inflammation in response to CRA (Supplementary Figure 1
online). These results show that sensitization and challenge
with CRA leads to the development of airway inflammation
that closely resembles allergic asthma.

MyD88 is required for the development of allergic airway
inflammation to CRA

A previous study showed that MyD88 is required in bone
marrow (BM)-derived DCs for production of IL-6 and IL-23
after exposure to CRA, but it is unknown if MyD88 is required
for allergic responses to CRA.25 Myd88� /� mice sensitized

and challenged with CRA developed markedly less airway
inflammation compared with wild-type (WT) mice; the
number of eosinophils, neutrophils, and CD4 T cells were
strongly reduced in the bronchoalveolar lavage (BAL)
(Figure 2a). Histological analysis confirmed this reduction
in immune cell infiltrates and revealed less mucus production
in the lung (Figure 2b). Furthermore, both TH2 and TH17
cytokine levels were significantly lower in the BAL fluid of
Myd88� /� mice (Figure 2c). These results reveal an
important role for the MyD88 signaling pathway in the
development of allergic airway inflammation to CRA.

Next, we investigated the role of individual TLRs in sensing
CRA and found no significant differences in airway eosino-
philia between WT and Tlr2� /� mice (Supplementary
Figure 2a). In contrast, TLR4-deficient mice exhibited signi-
ficantly reduced airway eosinophilia, mucus production, and
TH2 cytokine production (Supplementary Figure 2b–d).
Because lipopolysaccharide (LPS) is a TLR4 agonist that
can promote TH2 responses at low doses,28 we measured the
concentration of contaminating LPS in CRA. We found that
each dose of CRA contained 11 ng of LPS (data not shown) and
asked if this low level of LPS was sufficient to drive sensitization
to an antigen. In contrast to CRA-treated mice, mice sensitized
and challenged with 11 ng of LPS plus ovalbumin failed to
develop airway eosinophilia (Supplementary Figure 3). This
suggests that, while LPS might contribute, it alone does not
drive sensitization to CRA.

In addition to TLRs, MyD88 is also required for signaling
pathways downstream of the IL-1 receptor family. Members of

Figure1 Intranasal sensitization andchallengewithCRA results in airway inflammationwith featuresof allergic asthma. (a)Ondays0–2,C57BL/6mice
were intranasally sensitized with CRA and challenged with CRA on days 17–18. Allergic airway inflammation was assessed 72 h after the last challenge.
(b) BAL differential cell counts were determined by flow cytometry. (c) PAS staining of formalin-fixed and paraffin-embedded lung sections. PAS-positive
cells (purple) representmucus-producing goblet cells. Original magnification, �40. (d) Serum levels of CRA-specific IgEwere determined by ELISA. (e)
RNA was isolated from the lungs of PBS-versus CRA-challenged mice and mRNA expression of IL-4, IL-5, IL-13, IL-17A, and IFNg was determined by
qPCR. All expression values are relative to PBS control samples and normalized to the housekeeping gene GAPDH. Data represent mean±s.e.m.
(n¼ 4–8 mice per group). Comparisons were made using unpaired Student’s t-test. *Po0.05, **Po0.01, ***Po0.001.
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the IL-1 cytokine family, such as IL-1a and IL-33, have been
shown to be important for sensitization to HDM.15When IL1R
signaling was blocked with anakinra, an IL-1 receptor
antagonist, levels of airway eosinophilia were similar to that
of the control group (Supplementary Figure 4a). These results
demonstrate that IL-1a and IL1b are not required for allergic
response to CRA. Consistent with this data, we also found that
IL-1a was not upregulated in response to low or high dose of
CRA (data not shown). Next, we comparedWTand casp1� /�
mice to determine the role of IL-18 and IL-1b. Caspase 1 is
required for processing pro-IL-1b and pro-IL-18 into their
active forms. Again, we found no significant differences in
eosinophil numbers between WT and casp1� /� mice after
CRA challenge (Supplementary Figure 4b). However, when
IL-33-deficient mice were sensitized and challenged with CRA,
there was a significant decrease in airway eosinophilia
compared with WT mice. Surprisingly, the numbers of
CD4 T cells, DCs, and neutrophils remained elevated in
IL-33-deficient mice (Supplementary Figure 4c). These results
show that among the IL-1 cytokines, IL-33 had a limited role in
CRA-induced airway eosinophilia.

MyD88 is required in lung epithelial cells for allergic
inflammation to CRA

MyD88 is expressed broadly in both immune and structural
cells. To determine which of these cellular compartments were
responsible for MyD88-dependent responses to CRA, we

established reciprocal BM chimeras in which WT or
Myd88� /� BM cells were transferred into irradiated WT
orMyd88� /� hosts.WT-WTBMchimericmice developed
a robust allergic response to CRA. In contrast,Myd88� /�-
Myd88� /� BM chimeric mice developed reduced eosino-
philia, which confirmed the critical role of MyD88 in CRA-
induced allergic inflammation (Supplementary Figure 5). A
similar reduction in eosinophilia was observed when MyD88
was absent in structural cells (WT-Myd88� /� ). In contrast,
absence of MyD88 in the radiosensitive, hematopoietic
compartment (Myd88� /�-WT) did not affect the
degree of allergic inflammation to CRA (Supplementary
Figure 5). These results indicate that MyD88 expression is
required in lung radioresistant cells for a TH2 allergic response
against CRA.

MyD88 is expressed by various structural cells in the lung
such as epithelial cells and fibroblasts.29 Because epithelial cells
are uniquely positioned to sense inhaled allergens and can
initiate TH2 allergic responses, we hypothesized that MyD88
expression is required in epithelial cells to promote sensitiza-
tion to CRA. To test this hypothesis, we generated mice that
lacked MyD88 specifically in lung epithelial cells by crossing
Myd88fl/fl mice with mice expressing Cre recombinase under
the control of the 3.7-kb human surfactant protein C (SPC)
promoter.30,31 The SPC promoter is expressed in the primary
lung buds starting at E10.5 and directs recombination in all
airway and alveolar epithelial cells.30,32–34 When SPC-Cre/

Figure 2 MyD88 is required for the development of allergic airway inflammation to CRA. C57BL/6 and Myd88� /� mice were sensitized and
challengedwithCRAas described in theMethods. (a) BALdifferential cell countswere determined by flow cytometry 72 hafter the last challenge. (b) PAS
staining of formalin-fixed and paraffin-embedded lung sections. Original magnification, � 10. (c) Concentration of IL-4, IL-5, IL-13, and IL-17A from BAL
fluid was determined by ELISA. Data represent combined data of two independent experiments, mean±s.e.m. (n¼4–9 mice per group). Comparisons
were made using unpaired Student’s t-test. *Po0.05, **Po0.01.
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Myd88fl/fl mice were sensitized and challenged with CRA, they
developed significantly reduced airway eosinophilia and goblet
cell metaplasia (Figure 3a and b). In addition, restimulation of
cells isolated from the lungs of these mice revealed a significant
decrease in the percentage and number of IL-5þ and IL-13þ

CD4 T cells (Figure 3c). On the other hand, deletion ofMyD88
in CD11cþ cells and CD4 T cells had no effect on the degree of
airway inflammation following sensitization and challenge
with CRA (Supplementary Figure 6). Altogether, these results

demonstrate that MyD88 signaling in lung epithelial cells, but
not hematopoietic cells, is important for initiation of allergic
responses against CRA.

GM-CSF is produced by lung epithelial cells in a
MyD88-dependent manner

Following allergen exposure, epithelial cells can initiate and
regulate TH2 responses through production of prototypical
cytokines such as TSLP, IL-25, and IL-33.2 However, we found

Figure 3 MyD88 is required in lung epithelial cells for allergic inflammation to CRA. SPC-Cre/Myd88fl/fl and Myd88fl/fl littermate control mice were
sensitized and challenged with CRA. (a) BAL cell differentials were determined by flow cytometry. (b) PAS staining of formalin-fixed and paraffin-
embedded lung sections.Originalmagnification, �20. (c) Percent and number of lungCD4Tcells positive for IL-5 and IL-13 after restimulationwith PMA
and ionomycin. Data represent combined data of two independent experiments,mean±s.e.m. (n¼4–9mice per group). Comparisonsweremade using
unpaired Student’s t-test. *Po0.05, **Po0.01.
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no significant differences in CRA-induced airway eosin-
ophilia between WT, Tslp� /� , and Il17rb� /� mice
(Supplementary Figure 7), whereas IL-33-deficient mice
only displayed a reduction in eosinophilia (Supplementary
Figure 4c).

When we examined additional epithelial-derived cytokines
induced by CRA, we found elevated levels of GM-CSF in the
BAL as early as 2 h post sensitization (Figure 4a). To assess if
upregulation of GM-CSF was dependent on MyD88 signaling
in lung epithelial cells, we analyzed the expression of GM-CSF
in SPC-Cre/Myd88fl/fl mice after sensitization with CRA.
SPC-Cre/Myd88fl/fl mice failed to upregulate GM-CSF in
response to CRA, suggesting that MyD88 signaling in lung
epithelial cells triggers the release of GM-CSF (Figure 4b).

To confirm that epithelial cells produced GM-CSF in
response to CRA, we established organotypic air-liquid
interface (ALI) cultures of primary epithelial cells from WT
and Myd88� /� tracheas. When WT ALI cultures were
stimulated with CRA, there was a significant increase in
GM-CSF levels in the culture medium on the basolateral
side (Figure 4c). In contrast, ALI cultures established from
Myd88� /� mice failed to upregulate GM-CSF after
stimulation with CRA (Figure 4c). Altogether, these
results demonstrate that airway epithelial cells produce
GM-CSF in a MyD88-dependent manner following
exposure to CRA.

GM-CSF is required during allergic sensitization, but not
challenge, in CRA-driven allergic airway disease

To investigate the role of epithelial-derived GM-CSF in
regulating CRA-driven allergic airway disease, mice were
treated with a neutralizing aGM-CSF antibody at either
sensitization or challenge. Blocking GM-CSF at sensitization
strongly reduced airway inflammation after CRA challenge,
with eosinophil numbers in the BAL significantly lower
compared with isotype control treatment (Figure 5a).
There was also a reduction in the number of CD4 T cells,

DCs, and neutrophils (Figure 5a). Furthermore, mRNA
expression of type 2 cytokines and serum CRA-specific IgE
levels were also significantly reduced (Figure 5c and d). In
contrast, blocking GM-CSF at challenge failed to reduce airway
eosinophilia in mice sensitized and challenged with CRA
(Figure 5e). These results reveal a crucial role for GM-CSF
during sensitization, but not challenge, inCRA-induced allergic
airway disease.

GM-CSF is required for optimal dendritic cell function and
Th2 priming

Given that the allergic response to CRA is CD4T cell driven, we
postulated that GM-CSF had a role in DC function during
priming. To explore this possibility, we asked how neutraliza-
tion of GM-CSF affected the maturation of DCs after exposure
to CRA.Mice were sensitized with fluorescently labeled CRA in
the presence or absence of the aGM-CSF antibody, and the
number of CRAþ DCs in the draining lymph node was
determined by flow cytometry. Neutralization of GM-CSF
significantly reduced the delivery of fluorescently labeled CRA
to the draining lymph node. There was a reduction in both the
percentage and total number of A647-CRAþ DCs in the lung-
draining lymph node 24 h after CRA administration
(Figure 6a). In addition, surface expression of the
costimulatory molecule CD80 was markedly decreased on
A647þ DCs (Figure 6b). These findings suggest that GM-CSF
regulates the ability of DCs to acquire antigen, upregulate
costimulatory molecules, and migrate to the draining
lymph node during sensitization. To examine if GM-CSF
blockade affected the ability of DCs to prime TH2 cells, we
sensitized mice with CRA and collected lung-draining lymph
node cells on day 3. When these cells were restimulated
withCRA, therewas a significant reduction in the production of
TH2 cytokines from aGM-CSF-treated mice (Figure 6c).
Overall, these results demonstrate that GM-CSF is required
for optimal function of DCs and Th2 priming during
CRA sensitization.

Figure 4 GM-CSF is produced by lung epithelial cells in aMyD88-dependentmanner. (a) C57BL/6micewere intranasally treatedwith CRA. Two hours
later, lung tissue was collected andmRNA expression of GM-CSFwas determined by qPCR. Expression values are relative to PBS control samples and
normalized to the housekeeping gene GAPDH. BAL fluid was also collected and GM-CSF protein level was measured by ELISA. Data represent
combined data of two independent experiments, mean±s.e.m. (n¼ 7–15 mice per group). (b) SPC-Cre/Myd88fl/fl andMyd88fl/fl mice were intranasally
treatedwithCRA. Two hours later, lung tissuewas collected andmRNAexpression ofGM-CSFwasdetermined by qPCR.Data represent combined data
of two independent experiments, mean±s.e.m. (n¼ 4–10 mice per group). (c) Tracheas from C57BL/6 and Myd88� /� mice were harvested and
primary epithelial cells were cultured at air-liquid interface. Cells were exposed to 15 mg of CRA or PBS for 24 h andmedium from the basal compartment
was collected. GM-CSF levels were measured by ELISA. Data represent mean±s.e.m. of one experiment and are representative of two independent
experiments. Comparisons were made using unpaired Student’s t-test. *Po0.05, **Po0.01, ***Po0.001.
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GM-CSFselectively rescuesTH2allergic airway response to
CRA in Myd88� /� mice

To determine the function of GM-CSF downstream of
MyD88 signaling, GM-CSF was administered intranasally to
Myd88� /� mice during CRA sensitization. Treatment with
GM-CSF largely restored airway inflammation inMyd88� /�
mice to levels observed in WT mice. This was due to a
significant increase in the number of eosinophils and CD4 T
cells, whereas recruitment of neutrophils to the BAL was not
recovered by GM-CSF treatment (Figure 7a and b).
Furthermore, GM-CSF selectively restored TH2, but not
TH17 responses, in Myd88� /� mice. In vitro
restimulation of lung cells with PMA/ionomycin revealed a
significant increase in the number of IL-5þ and IL-13þ CD4 T
cells, but not IL-17Aþ or IFNgþ CD4 T cells (Figure 7d).
Consistent with the recovery of TH2 responses, CRA-specific
IgE levels were also restored byGM-CSF treatment (Figure 7c).
These results demonstrate that epithelial-derived GM-CSF

specifically promotes TH2-mediated eosinophilic inflammation
following exposure to CRA.

DISCUSSION

The airway epithelium coordinates allergic responses by
producing pro-Th2 cytokines such as TSLP, IL-25, IL-33,
and GM-CSF. Although studies using HDM allergen have
provided valuable insights into the role of epithelial-derived
cytokines in mucosal sensitization, understanding pathways of
sensitization initiated by other clinically relevant allergens
remain important given that allergens are structurally and
functionally distinct. Here, we focused on CRA, an important
factor in the development of asthma for inner-city children.We
uncovered a critical role for epithelial-derived GM-CSF in
allergic sensitization to CRA, in which GM-CSF specifically
promotedTh2 priming by regulating the functionalmaturation
of DCs. Interestingly, although IL-1a initiates the release of

Figure 5 GM-CSF is required during allergic sensitization, but not challenge, in CRA-driven allergic airway disease. C57BL/6 mice were treated with
rIgG2a or a neutralizing anti-GM-CSF antibody, 5 h prior to sensitization. Mice were then sensitized and challenged with CRA and airway inflammation
wasanalyzed72 h later. (a) BALdifferential cell countsweredeterminedby flow cytometry. (b) PASstainingof formalin-fixedandparaffin-embedded lung
sections. Original magnification, � 20. (c) Serum levels of CRA-specific IgE. (d) RNAwas isolated from the lung andmRNA expression of IL-4, IL-5, and
IL-13 was determined by qPCR. All expression values are relative to PBS control samples and normalized to the housekeeping gene GAPDH. Data
represent combined data of two independent experiments, mean±s.e.m. (n¼ 3–10 mice per group). (e) C57BL/6 mice were treated with rIgG2a or a
neutralizing anti-GM-CSF antibody, 5 h prior to challenge. After allergen challenge, BAL differential cell counts were determined by flow cytometry. Data
represent combined data of two independent experiments, mean±s.e.m. (n¼ 5–9 mice per group). Comparisons were made using unpaired Student’s
t-test. *Po0.05, **Po0.01, ***Po0.001.
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GM-CSF in response to HDM, IL-1a was not required for
CRA-induced GM-CSF. In addition, IL-33 only had a minor
role in allergic response to CRA, whereas IL-33 is critical for
allergic sensitization to HDM. Thus, our study demonstrates
that epithelial-derived GM-CSF is a critical early signal for the
initiation of Th2 allergic responses to CRA.

Activation of PAR2 by CRA-derived proteases is important
for initiation of allergic responses to CRA. However, in the
absence of PAR2, allergic response to CRA is partially reduced
but nonetheless intact, which suggests a role for other pattern
recognition receptors in the recognition of CRA.35 In this study,
we have identified TLR4-MyD88 as a major signaling pathway
that promotes sensitization to CRA. We show that MyD88
signaling was required in lung epithelial cells for upregulation
of GM-CSF during sensitization. Previous studies have
shown that CRA-derived proteases can also induce GM-
CSF production by epithelial cells through a PAR2-dependent
mechanism.36 Our findings suggest that in addition to PAR2,
TLR4-MyD88 signaling pathway is another important
signaling pathway that mediates production of GM-CSF in
response to CRA.

TLR4 stimulation with a low dose of LPS can promote Th2
responses to inhaled antigens.28 Here we show that the TLR4-
mediated response to CRA extends beyond an immune
response to LPS and antigen since the low level of contam-
inating LPS in CRA was not sufficient to induce Th2 allergic
responses. Instead, it is possible that other components of
CRA or the release of endogenous ligands mediates this

TLR4-dependent response to CRA. Bla g 1, a major CRA,
contains a hydrophobic cavity that binds to lipids known to
activate TLR4.37 Therefore, Bla g 1 may lower the threshold of
LPS needed to generate a TH2 allergic response by enhancing
TLR4 binding. Alternatively, TLR4 may be activated by an
endogenous ligand released in response to CRA such as high
mobility group box 1.38 This ability to trigger TLR4 is a
characteristic shared by many allergens, and our findings
further support the idea that TLR4 signaling is essential for the
development of allergic inflammation.

Previous studies have shown that CRA contains a TLR2
agonist.39 However, we found that TLR2 was not required for
allergic responses to CRA. This finding is consistent with a
study by Page et al.40 in which TLR2� /� mice displayed
increased airway inflammation against CRA. Although we did
not find a protective role for TLR2, which could be due to
differences in the route of sensitization and administration
protocol, our data demonstrates that TLR2 is not required for
allergic sensitization to CRA.

Activation of airway epithelial cells is a critical first step in the
initiation of responses to aeroallergens. In this study, we
demonstrate that MyD88 expression in radioresistant cells was
necessary and sufficient for allergic airway response to CRA.
Furthermore, we determined that MyD88 signaling in lung
epithelial cells, but not in CD11cþ alveolar macrophages or
DCs, was required for sensitization to CRA. Our findings
indicate that MyD88 signaling in epithelial cells has a
predominant role in facilitating allergic responses to CRA.

Figure 6 GM-CSF is required for optimal dendritic cell function andTh2-priming. C57BL/6micewere treatedwith rIgG2a or a neutralizing anti-GM-CSF
antibody, 5 h prior to intranasal administration with A647-CRA. The draining lymph node was collected 24 h later and cells were analyzed by flow
cytometry to assess the uptake of CRA andmaturation of DCs. DCswere gated as CD11cþ andMHCIIþ . (a) Total number of A647þ DCs and percent
of A647þ DCswithin theDCpopulation. (b)Mean fluorescent intensity (MFI) of costimulatorymoleculeCD80onA647þ DCs.Data represent combined
data of two independent experiments,mean±s.e.m. (n¼9mice per group). (c)On days0–2,C57BL/6micewere sensitizedwithCRA.Onday3, the lung
draining lymph nodewas collected and cells were restimulatedwith CRA.Onday 7, culture supernatantwas collected and concentration of IL-4 and IL-13
were determined by ELISA. Data represent mean±s.e.m. of one experiment (n¼3–5 mice per group) and are representative of two independent
experiments. Comparisons were made using unpaired Student’s t-test. *Po0.05, **Po0.01, ***Po0.001.
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In contrast, a recent study inHDM showed that TLR4 signaling
in both lung epithelial cells and hematopoietic cells contributes
to the allergic response.41 It is likely that this difference in the
contribution of epithelial cells to CRA- versus HDM-driven
allergic responses leads to further differences in the induction
and requirement of epithelial-derived cytokines.

In this study, we found key differences in the requirement for
epithelial-derived cytokines in allergic response to CRA,
compared with other allergens. We show that TSLP and IL-
25 were dispensable for the development of CRA-induced
airway inflammation. Although TSLP has been considered a
master regulator of Th2 responses, our data indicate a
redundant role for TSLP and IL-25 in airway sensitization
and is consistent with studies in HDM and peanut allergy.10 In
addition, IL-33 only had a minor role in allergic responses to
CRA; in stark contrast, IL-33 is essential for allergic sensitiza-
tion to HDM10,15 and many other clinically relevant allergens
such as Alternaria alternata, peanut allergen, cypress pollen,
and bee venom.10,42–44 Although the current paradigm
considers TSLP, IL-25, and IL-33 to be critical drivers of
Th2 allergic responses, we present a novel pathway in which all

three epithelial-derived cytokines are not crucial for sensitiza-
tion to CRA.

Inhaled allergens and other noxious stimuli such as
viruses, cigarette smoke, and diesel exhaust fumes can
upregulate the expression of GM-CSF in the airway.45–48

Increased levels of GM-CSF amplifies the risk of allergic
sensitization by lowering the threshold of allergen required for
allergic responses.16 In addition, neutralizing GM-CSF at
sensitization reduces allergic inflammation to HDM and B.
tropicalismite allergen.15,17,18 However, in contrast to HDM in
which both IL-33 and GM-CSF are required for allergic
responses, we found that epithelial-derived GM-CSF
was the primary driver of allergic sensitization to CRA.
Furthermore, in the absence of MyD88, delivery of exogenous
GM-CSF was sufficient to initiate an allergic response to CRA,
which suggests that IL-33 is not required for GM-CSF-
mediated responses to CRA. Interestingly, we also show that
GM-CSF selectively initiates the Th2, but not the Th17,
arm of the immune response to CRA, which indicates a
directed role for GM-CSF that extends beyond a proinflam-
matory action.

Figure 7 GM-CSF selectively rescues TH2 allergic airway response to CRA in Myd88� /� mice. C57BL/6 and Myd88� /� mice were intranasally
treated with or without 50 ng of GM-CSF during sensitization, which was administered along with CRA.Mice were challenged with CRA as usual. (a) BAL
differential cell counts were determined by flow cytometry. (b) PAS staining of formalin-fixed and paraffin-embedded lung sections. Original magnif-
ication, � 10. (c) SerumCRA-specific IgE levels were determined by ELISA. (d) Number of lung CD4 T cells positive for IL-5, IL-13, IL-17A, or IFNg after
restimulation with PMA and ionomycin. Data represent combined data of two independent experiments, mean±s.e.m. (n¼7–11 mice per group).
Comparisons were made using one-way ANOVA with Tukey post hoc test. *Po0.05, **Po0.01.
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Although epithelial-derived GM-CSF has an important role
in sensitization to both HDM and CRA, there are key
differences in the pathways that lead to production of GM-
CSF by these distinct allergens. Willart et al.15 showed that
sensitization to HDM is driven by epithelial-derived IL-1a,
which acts upstream in the cytokine cascade to initiate the
release of GM-CSF in an autocrine manner. However, the
requirement for IL-1a in HDM-driven allergic responses
depends the allergen dose and administration protocol.49 In
contrast, IL-1a was not upregulated in response to CRA and
was not required for allergic responses to CRA, suggesting that
GM-CSF production is independent of IL-1a. Despite differ-
ences in the pathways of sensitization initiated by CRA versus
HDM, these pathways converge on GM-CSF, which suggests a
central role for GM-CSF in allergic sensitization.

In conclusion, we have determined the role of epithelial-
derived cytokines in CRA-driven allergic responses. We
uncovered a novel pathway in which epithelial-derived
GM-CSF, but not TSLP, IL-25, or IL-33, is essential for
allergic sensitization to CRA. Upregulation of GM-CSF in lung
epithelial cells occurs through a MyD88-dependent pathway
that does not require IL-1a. Downstream of MyD88, GM-CSF
selectively initiates a Th2 allergic response, but not Th17-
mediated responses. Overall, our findings establish a central
role for epithelial-derived GM-CSF in allergic sensitization to
CRA and suggest that GM-CSF might be an important
therapeutic target.

METHODS

Mice. C57BL/6 mice were purchased from Jackson (Bar Harbor, ME)
or Charles River Laboratories (Wilmington, MA). Tlr2� /� mice
were provided by John Gebe (Benaroya Research Institute). Tlr4lps-del

mice on the C57BL/6 background were obtained from The Jackson
Laboratory; Myd88� /� mice were provided by Tobias Hohl
(Memorial Sloan Kettering Cancer Center); Myd88flox/flox mice were
provided by Mohamed Oukka (Seattle Children’s Hospital);
casp1� /� mice were provided by Michael Gale (University of
Washington); Il33� /� mice were provided by Dirk Smith (Amgen,
Seattle, WA); SPC-Cre mice were provided by Brigid Hogan (Duke
University); Il17rb� /� mice were provided by Xiaoxia Li (Cleveland
Clinic Lerner Research Institute). TSLPR� /� mice were described
previously.50 All animals were housed in specific pathogen-free
conditions in the Benaroya Research Institute animal facility and all
experiments were approved by the Benaroya Research Institute
Animal Care and Use Committee.

Reagents. Lyophilized whole body German cockroach extract was
purchased from Greer laboratories (XPB46D3A4, Lot # 259066,
Lenoir, NC) and resuspended in phosphate-buffered saline (PBS) to a
protein concentration of 2mgml-1. Low endotoxin ovalbumin was
purchased from Worthington Biochemical Corporation (LS003061,
Lakewood, NJ). LPS from E. coli 026:B6 was purchased from Sigma
(L2654, St. Louis, MO). Human IL-1ra (anakinra) was purchased from
the Virginia Mason hospital pharmacy (Seattle, WA). Recombinant
GM-CSF was purchased from Peprotech (315-03, Rocky Hill, NJ).

CRA induced allergic airway model. On days 0–2, mice were
anesthetized with isoflurane and sensitized intranasally with 40 mg of
CRA (Greer, B46) in a total volume of 20 ml PBS. After 15 days, mice
were challenged intranasally with 40 mg of CRA on 2 consecutive days
and airway inflammation was assessed 72 h later. Control mice were
treated with PBS under the same protocol. For neutralization

experiments, anti-GM-CSF antibody (Clone MP1-22E9, Biolegend,
San Diego, CA) was injected 5 h before the first sensitization or
challenge dose. In total, 120 mg of antibody was administered i.p. and
30 mg of antibodywas administered intranasally. Anakinra, IL-1ra, was
i.p. administered at 25mg kg-1 with each dose of CRA for a total of five
times. To deplete CD4 T cells, 150mg of anti-CD4 antibody (GK1.5,
Bio XCell,West Lebanon, NH)was i.p. administered on days -1, 2, and
16. To determine whether GM-CSF can recover TH2 allergic
inflammation in Myd88� /� mice, mice were intranasally treated
with 50 ng of GM-CSF plus CRA during sensitization and were only
challenged with CRA.

Evaluation of airway inflammation. Mice were euthanized by i.p.
injection with 1ml of 2.5% Avertin. BAL was performed four times,
each time with 1ml of PBS. Next, BAL was centrifuged at 250� g for
5min to collect the cell pellet. Cells were resuspended in FACS
(fluorescence-activated cell sorting) buffer and counted using a
hemocytometer. Differential cell counts were performed by flow
cytometry. The first ml of BAL fluid collected for enzyme-linked
immunosorbent assay (ELISA).
After BAL, lungs were perfused by injecting 3ml of PBS into the

right ventricle of the heart until the lungs turnedwhite. The right upper
lobe of the lung was placed in 1ml of RNALater and stored at � 80 1C
for later analysis by qPCR. The remaining lung tissue was fixed in 10%
neutral buffered formalin. Tissues were embedded in paraffin,
sectioned, and stained with hematoxylin and eosin and periodic
acid-Schiff. Serum was collected and analyzed for CRA-specific
antibodies by ELISA.
To determine differential cell counts in the lung, single cell

suspensions were prepared by cutting the lung into fine pieces using a
scissor. Next, lung tissue was digested in 50 mgml-1 of Liberase TM
(Roche, Indianapolis, IN) and 10Uml-1 of DNase I (Sigma) in
Rosewell Park Memorial Institute RPMI-1640 at 37 1C for 30min.
Digested lung samples were filtered through a 100-mmcell strainer and
washed with equal volumes of Rosewell Park Memorial Institute plus
20% FBS. Red blood cells were lysed with ACK lysis buffer and lung
cells were centrifuged at 250� g for 5min. Cells were resuspended in
FACS buffer and counted using a hemocytometer. Differential cell
counts were performed by flow cytometry. Lung cells were stimulated
for 4 hwith PMA(50 ngml-1), ionomycin (500 ngml-1), andGolgiPlug
(BD Biosciences, San Jose, CA) at the recommended concentration.

A647-CRAandmigration of DCs. A647 was conjugated to CRA using
the Alexa Fluor 647 microscale protein labeling kit per manufacturer’s
instructions (Life Technologies, Carlsbad, CA). DC uptake of A647-
CRA and migration to the draining lymph node was assessed by
administering 11 mg of A647-CRA plus 39 mg of unconjugated CRA
intranasally. Twenty-four hours later, lung draining lymph node was
collected and single cell suspension was prepared. Lymph nodes were
teased apart using needles and digested in 1ml of digest solution
containing 50 mgml-1 of Liberase TM (Roche) and 10Uml-1 of DNase
I in Rosewell Park Memorial Institute 1640. After digesting for 25min
at 37 1C, 100 ml of 0.1 M ethylenediaminetetraacetic acid was added to
each sample and digested for 5 additional minutes at 37 1C. Next,
digested lymph nodes were crushed with a 1ml syringe and filtered
through a 100-mM cell filter. Cells were resuspended in FACS buffer
and analyzed by flow cytometry.

Evaluation of sensitization to CRA. On days 0–2, mice were sen-
sitized with 40 mg of CRA intranasally. On day 3, lung draining lymph
nodes were collected and single-cell suspensions were prepared as
described above. Cells were plated in a 96-well flat bottom plate at
5� 106 cellsml-1 and restimulated with 0 or 10 mgml-1 of CRA. The
cell culture supernatant was collected on day 7 and cytokine levels were
analyzed by ELISA.

BM chimeras. Mice were irradiated twice with 4.5Gy and at least
2� 106 BM cells were transferred intravaneously by retro-orbital
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injection.Mice were used for experiments after 8–10weeks to allow for
BM reconstitution.

Flow cytometry. To prevent nonspecific binding of antibodies,
cells were incubated with anti-CD16/CD32 (Clone: 2.4G2) in FACS
buffer for 15min at room temperature. The following
antibodies were purchased: anti-Ly6G FITC (1A8), anti-IFNg FITC
(XMG1.2), anti-Ly6C PerCpCy5.5 (HK1.4), anti-CD103 Pacific Blue
(2E7), anti-Foxp3 e450 (FJK-16 s), anti-CD4 BV605 (RM4-5),
anti-CD80 BV605 (16-10A1), anti-CD45R BV650 (RA3-6B2),
anti-IL-5APC (TRFK5), anti-MHCIIA700 (M5/114.15.2), anti-CD44
A700 (IM7), anti-CD11b APC-e780 (M1/70), anti-TCRb APC-e780
(H57-597), anti-Siglec F PE (E50-2440), anti-IL-13 PE (eBIo13A),
anti-CD3 PECy5 (145-2C11), anti-CD11c PE-Cy7 (N418), anti-IL-4
PECy7 (BVD6-24G2). Cells were stained with surface antibodies
for 12min at room temperature. For intracellular staining of
cytokines, cells were fixed, permeabilized, and stained using the Foxp3
fix/perm buffer set (Biolegend) according to manufacturer’s
instructions. Samples were analyzed with BD LSR II flow cytometer
(BD Biosciences).

Real-time PCR. Lung tissues were homogenized in RNA lysis buffer
and RNA was isolated using the Nucleospin RNA kit (Clontech,
Mountain View, CA). RNA was reverse-transcribed into cDNA using
PrimeScript Reverse Transcriptase (Takara, Mountain View, CA)
according to themanufacturer’s instructions. cDNAwas amplified in a
7900HT Sequence Detection System (Applied Biosystems, Foster City,
CA, USA) using SYBR Premix Ex Taq II (Takara). The following
primer pairs were used: csf2 forward, 50-GGCTAAGGTCCTGAGG
AGGAT-30; csf2 reverse, 50-ACCTCTTCATTCAACGTGACAGG-30;
Il4 forward, 50-TCATCGGCATTTTGAACGAG-30; Il4 reverse,
50-TTTGGCACATCCA TCTCCG-30; Il5 forward, 50 -TGCCTGGA
GCAGCTGGAT-30; Il5 reverse, 50-TGGCTGGCTCTC ATTCAC
ACT-30; Il13 forward, 50-ATTCCCTGACCAACATCTCCAA-30; Il13
reverse, 50-CGGTT ACAGAGGCCATGCAA-30; Il17a forward,
50-ATCAGGACGCGCAAACATGAGT-30; Il17a reverse, 50-ACGC
TGAGCTTTGAGGGATGAT-30; Ifng forward, 50-CCTGCGGCCTA
GCTCTGAG-30; Ifng reverse, 50 -GCCATGAGGAAGAGCTGCA-30;
Gapdh forward, 50-TCCATGACAACTT TGGCATTG-30; Gapdh
reverse, 50-CAGTCTTCTGGGTGGCAGTGA-30.

ALI cultures. Primary airway epithelial cells were cultured as pre-
viously described.51 Mice were euthanized by CO2 and the trachea was
collected and digested in 0.2% pronase at 4 1C overnight. Mouse
tracheal epithelial cells were isolated and cultured on collagen-coated
transwells. After 1 week, mouse tracheal epithelial cells cultures were
transitioned to ALI by removing medium from the upper com-
partment and maintained at ALI for 2 weeks. Cells were exposed to
15 mg of CRA for 24 h and medium from the basal compartment was
collected for ELISA.

ELISA. To detect CRA-specific IgE, plates were coated overnight
with 6.25 mgml-1 CRA in PBS at 4 1C. Plates were washed and blocked
with 1% BSA in PBS for 2 h at room temperature. Serum samples
were added to the plates and incubated for 2 h at room temperature.
Plates were washed and biotin-conjugated anti-mouse IgE (R35-118)
was added at 1:250 dilution and incubated for 2 h at room
temperature. Plates were washed and incubated with streptavidin-
HRP for 30min. 1-StepUltra TMB-ELISA substrate (Pierce, Rockford,
IL) was added and incubated at room temperature in the dark.
The reaction was stopped with 2N H2SO4 and OD was measured at
450 nm.
To detect cytokines, the following capture and detection anti-

body pairs were used: anti-IL-4 Purified (11B11) and anti-IL-4
Biotin (BVD6-24G2), anti-IL-5 Purified (TRFK5) and anti-IL-5
Biotin (TRFK4), anti-IL-13 Purified (eBio13A) and anti-IL-13 Biotin
(eBio1316H), anti-IL-17A Purified (eBio17CK15A5) and anti-IL-17A
Biotin (eBio17B7), anti-GM-CSF Purified (MP1-22E9) and anti-GM-

CSF Biotin (MP1-3G6). The concentration of cytokines in the
BAL fluid were detected using these antibodies and the protocol
described above.

Statistics. Statistical analysis was performed using GraphPad Prism 5.
Comparisons were made using either unpaired Student’s t-test or one-
way ANOVA with a Tukey post hoc test. *Po0.05, **Po0.01,
***Po0.001.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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