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SUMMARY

Naive CD4+ T cell differentiation into distinct subsets
of T helper (Th) cells is a pivotal process in the initi-
ation of the adaptive immune response. Allergens
predominantly stimulate Th2 cells, causing allergic
inflammation. However, why allergens induce Th2
cell differentiation is not well understood. Here we
show that group 2 innate lymphoid cells (ILC2s) are
required to mount a robust Th2 cell response to the
protease-allergen papain. Intranasal administration
of papain stimulated ILC2s and Th2 cells, causing
allergic lung inflammation and elevated immuno-
globulin E titers. This process was severely impaired
in ILC2-deficient mice. Whereas interleukin-4 (IL-4)
was dispensable for papain-induced Th2 cell differ-
entiation, ILC2-derived IL-13 was critical as it pro-
moted migration of activated lung dendritic cells
into the draining lymph node where they primed
naive T cells to differentiate into Th2 cells. Papain-
induced ILC2 activation and Th2 cell differentia-
tion was IL-33-dependent, suggesting a common
pathway in the initiation of Th2 cell responses to
allergen.

INTRODUCTION

Allergy is one of the most common health problems in the indus-
trialized world. A type 2 immune response is responsible for
most allergen-induced inflammation at mucosal surfaces and
is reflected in an overproduction of T helper 2 (Th2) cell-type
(type 2) cytokines and immunoglobulin E (IgE) (Pulendran and
Artis, 2012). Individuals might be sensitized to specific allergens,
which stimulate naive CD4+ T cells to differentiate into Th2 cells.
The reexposure of sensitized individuals to the same allergens
causes a robust stimulation of memory Th2 cells that secrete
the cardinal type 2 effector cytokines interleukin-4 (IL-4), IL-5,

IL-9, and IL-13 (Kim et al., 2010; Lloyd and Hessel, 2010). In
parallel, antigen crosslinking of IgE bound to Fc!RI on mast
cells and basophils leads to activation and degranulation, ampli-
fying allergic inflammation of the affected tissues. Currently, the
mechanisms by which allergens initiate the differentiation of
naive CD4+ T cells into Th2 cells during the sensitization phase
are not well understood. It is generally thought that the cytokine
environment dictates the differentiation of naive CD4+ T cells into
various populations of Th cells. IL-4 in particular is believed to be
critical for Th2 cell differentiation, and binding to its receptor
activates STAT6, which induces the expression of the key tran-
scription factor GATA3 and drives the production of type-2
cytokines. However, the initial source of IL-4 responsible for
the differentiation of naive CD4+ T cells into Th2 cells has been
unclear because multiple cell populations, including natural
killer T (NKT) cells, gd T cells, basophils, dendritic cells (DCs),
and naive CD4+ T cells can produce IL-4 (Weiss and Brown,
2001; Yamane and Paul, 2013). Moreover, Th2 cell differentiation
can also be induced in vitro in the absence of exogenous IL-4
by IL-2, which induces IL-4Ra expression (Liao et al., 2008).
Additionally, Th2 cell responses can be induced in vivo in IL-4-
or IL-4R-deficient mice, indicating that an IL-4-independent
pathway of Th2 cell differentiation exists. Currently, how IL-4-
independent development of Th2 cells occurs is not well
understood.
Notably, epithelial cell-derived cytokines, including IL-33,

thymic stromal lymphopoietin (TSLP), and IL-25, are known to
promote Th2 cell responses and allergic inflammation (Islam
and Luster, 2012). The receptors for these cytokines are ex-
pressed by a variety of cell types including DCs, basophils,
and NKT cells, but not naive CD4+ T cells. Mice deficient for
the IL-33 receptor, ST2, produce reduced amounts of IL-4 and
IL-5 in response to challenge with helminth antigen (Townsend
et al., 2000) and IL-33 has been reported to activate DCs and
induce allergic airway inflammation (Besnard et al., 2011). The
stimulation of DCs (Zhou et al., 2005) and basophils (Siracusa
et al., 2011) by TSLP is also thought to be critical for allergic
inflammation. Nevertheless, the exact mechanisms by which
these epithelial cell-derived cytokines promote Th2 cell differen-
tiation are still unclear.
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Allergy	  

• Allergy	  is	  one	  the	  most	  common	  health	  problems	  in	  the	  industrialized	  world.	  

• A	  type	  2	  immune	  response	  is	  responsible	  for	  most	  of	  the	  allergen-‐induced	  inflamma=on	  at	  

mucosal	  surfaces,	  and	  is	  characterized	  by	  the	  overproduc=on	  of	  Th2	  cytokines	  and	  IgE.	  

• In	  sensi=zed	  individuals,	  reexposure	  to	  the	  same	  allergens,	  induce	  a	  memory	  Th2	  response,	  

characterized	  by	  the	  secre=on	  of	  IL-‐4,	  IL-‐5,	  IL-‐9	  and	  IL-‐13.	  

• Mechanisms	  by	  which	  allergens	  ini=ate	  the	  differen=a=on	  of	  naïve	  CD4+	  T	  cells	  into	  Th2	  cells	  

during	  the	  sensi=za=on	  phase	  are	  not	  well	  understood.	  	  
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Innate	  lymphoid	  cells	  (ILCs)	  
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Another subset of group 1 ILCs that  
produces IFN! but not any of the TH2$cell-  
or TH17 cell-associated cytokines, and that  
is distinct from NK cells, has been identified 
in mice23 and humans24. Here, we introduce 
the term ILC1s for these group$1 ILCs, to 

discriminate between them and NK cells. 
In humans, the ILC1 subset lacks expres-
sion of KIT (also known as CD117) and 
expresses high levels of T-bet and low levels 
of ROR!t24 (TABLE!2). The classification of 
ILC1s as group 1 ILCs on the basis of their 

IFN! secretion is, however, not without 
debate, because there is evidence that IFN!-
producing ILCs develop under the influence 
of IL-12 from a subset of ROR!t-expressing 
ILCs (which are classified as group 3 ILCs). 
The development of these IFN!-producing 
ILCs was shown to be accompanied by the 
disappearance of ROR!t expression23 and 
a strong increase in T-bet expression24. 
More recently, it was observed that mice 
deficient for T-bet lack NKp46-expressing 
group 3 ILCs (which we term NCR+ ILC3s 
(see below)) that produce IFN! following 
activation with IL-12 (REF.!25). T-bet was 
found in another study to positively regulate 
IFN! production and negatively regulate 
IL-17 production by ILCs26. Together, these 
studies indicate that there is plasticity in 
group 1 and group 3 ILCs, as suggested 
previously23,27, and that T-bet and ROR!t 
are important regulators of the plasticity 
of ILC subsets. This ILC plasticity is very 
similar to the plasticity between TH1 and 
TH17 cells28,29. It is also possible that some 
ILC1s develop in a ROR!t-independent 
manner, but such a cell type has yet to be 
clearly defined. Further studies are needed 
to definitively categorize$ILC1s.

In summary, we propose here that NK 
cells and IFN!-producing non-cytotoxic 
ILC1s should be classified as group 1$ILCs.

!"#$%&'&()*+
Group 2 ILCs require IL-7 for their devel-
opment8 and produce TH2 cell-associated 
cytokines in response to stimulation with  
the cytokines IL-25 (also known as 
IL-17E)30,31, IL-33 (REF.!8) and thymic  
stromal lymphopoietin (TSLP)16 (FIG.!1).

ILCs that produce IL-5 in response to 
IL-25 were discovered in 2002 (REFS!30,31). 
Subsequently, these IL-25-responsive ILCs 
were found to mediate resistance to the 
helminth Nippostrongylus brasiliensis32.  
A series of studies published in 2010 fur-
ther characterized these cells and identified 
the IL-1 family member IL-33 as another 
stimulatory cytokine for group 2 ILCs. 
Koyasu and collaborators found IL-5- and 
IL-13-producing KIT+SCA1+ ILCs in fat-
associated lymphoid clusters and named 
these cells natural helper cells8. In addi-
tion, ILCs that produce IL-13 in response 
to IL-25 and IL-33 were identified by two 
groups in distinct IL-13-reporter mice 
and were named nuocytes18 and IH2 cells19, 
respectively (TABLE!1).

Group 2 ILC populations produce not 
only IL-5 and IL-13 but also IL-6 and IL-9 
(REF.!33) and are important in host resist-
ance against nematodes. Moreover, group 2 
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Tbet	  and	  express	  IFN-‐γ	  

ROR-‐α	  and	  GATA3	  and	  
express	  IL-‐5	  and	  IL-‐13	  

ROR-‐γt	  and	  in	  response	  
to	  IL-‐23	  s=mula=on	  
express	  IL-‐17A	  and	  IL-‐22	  	  

• Intranasal	  administra=on	  of	  papain	  induces	  lung	  IL-‐5	  and	  IL-‐13	  producing	  ILC2S	  in	  RAG	  deficient	  mice.	  

• ILC2	  ac=va=on	  can	  induce	  T	  cell	  and	  IgE	  independent	  acute	  allergic	  lung	  inflamma=on	  

• RORα	  deficient	  Staggerer	  (Rorasg/sg)	  bone	  marrow	  transplanted	  mice	  are	  specifically	  deficient	  in	  ILC2s	  and	  

fail	  to	  develop	  type	  2	  lung	  inflamma=on	  a^er	  sensi=za=on	  with	  papain.	  

Rapid	  and	  potent	  
producers	  of	  
type	  2	  cytokines	  
IL-‐5	  and	  IL-‐13	  

3	  



•  Since	  ILC2s	  are	  potent	  source	  of	  type	  2	  cytokines,	  
how	  do	  these	  cells	  influence	  the	  downstream	  
Th2	  response	  ?	  
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Innate	  and	  adap=ve	  immune	  response	  to	  protease-‐allergen	  papain	  

papain was further supported by the substantially lower amounts
of type 2 cytokines and the Th2 cell-associated chemokines
CCL22 and CCL17 (Bromley et al., 2008) in the BAL (Figures
2C and 2D) as compared to controls. Papain-challenged
Rorasg/sg BMT mice also displayed substantially reduced levels
of IgE in the serum (Figure 2E) and substantially lower numbers
of GATA3+ CD4+ T cells in the lung compared to WT BMT mice
(Figure 2F; Figure S2B). Furthermore, the in vitro restimulation
of lymphocytes from the lung and mLN of Rorasg/sg BMT mice
with recall-antigen resulted in substantially less type 2 cytokine
production than those from WT BMT mice (Figure 2G). Histolog-

ical analyses also revealed substantially less mucus production
and inflammation in the lungs of Rorasg/sg BMT mice than WT
BMTmice (Figure 2H; Figures S2C–S2E). Together, these results
clearly demonstrate a profound defect in Th2 cell immunity in the
absence of ILC2s.

IL-4 Was Not Required for an Efficient Adaptive Th2 Cell
Immune Response to Inhaled Protease Allergen
Because IL-4 is thought to play a critical role in the differentiation
of naive CD4+ T cells into Th2 cells (Pulendran and Artis, 2012),
the above results suggested that ILC2s might be a source of

A B

C

F G H

D E

Figure 1. ILC2s and CD4+ T Cells Collaborated in Protease Allergen-Driven Innate and Adaptive Type-2 Lung Inflammation
(A) Mice were sensitized by intranasal injection of 10 mg heat-inactivated (control) or active papain on days 0 and 1, followed by antigen challenge on days 13

and 20.

(B) Serum concentrations of IgE were quantified on the days indicated (C papain, B control).

(C–E) Mice injected with papain (-) or control (,) were sacrificed on days 2, 14, and 21, followed by the quantification of myeloid populations in the bron-

choalveolar lavage (BAL) and lung tissue by flow cytometry (C). Similarly, lung lymphoid populations were quantified. Cytokine concentrations in BAL were

quantified by ELISA (D). Lymphocytes from indicated tissues were restimulated in vitro with recall antigen, followed by measurement for cytokine production (E).

(F and G) Intracellular GATA3 was detected in CD4+ T cells from lung and mLN on day 21 following stimulation with papain (-) or control (,). Shown are percent

(F) and absolute numbers (G) of GATA3+ CD4+ T cells.

(H) Lung cells were stained for intracellular IL-5 and IL-13 and analyzed by flow cytometry. The percentage of total IL-5+IL-13+ lung cells wasmeasured in papain-

treated or control mice on days 2 and 21. Double-positive cells were gated (left) and analyzed for surface expression of CD3 and NK1.1 to distinguish

NK1.1!CD3+ T cells from NK1.1!CD3! ILC2s (for detailed analysis, see Figure S1). Cells were first gated for live (eFluor780!) CD45+ cells. The absolute numbers

of lung IL-5+IL-13+ ILC2s (,) or CD4+ T cells (-) in papain-treated mice, and IL-5+IL-13+ CD4+ T cells in control mice ( ) were calculated on days 2 and 21.

Data are representative of at least three independent experiments. Mean ± SEM in (B)–(H), mean percent gated in H, * = p % 0.05 ** = p % 0.01 (two-tailed

Student’s t test). See also Figure S1.
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(A) Mice were sensitized by intranasal injection of 10 mg heat-inactivated (control) or active papain on days 0 and 1, followed by antigen challenge on days 13

and 20.

(B) Serum concentrations of IgE were quantified on the days indicated (C papain, B control).

(C–E) Mice injected with papain (-) or control (,) were sacrificed on days 2, 14, and 21, followed by the quantification of myeloid populations in the bron-

choalveolar lavage (BAL) and lung tissue by flow cytometry (C). Similarly, lung lymphoid populations were quantified. Cytokine concentrations in BAL were

quantified by ELISA (D). Lymphocytes from indicated tissues were restimulated in vitro with recall antigen, followed by measurement for cytokine production (E).

(F and G) Intracellular GATA3 was detected in CD4+ T cells from lung and mLN on day 21 following stimulation with papain (-) or control (,). Shown are percent

(F) and absolute numbers (G) of GATA3+ CD4+ T cells.

(H) Lung cells were stained for intracellular IL-5 and IL-13 and analyzed by flow cytometry. The percentage of total IL-5+IL-13+ lung cells wasmeasured in papain-

treated or control mice on days 2 and 21. Double-positive cells were gated (left) and analyzed for surface expression of CD3 and NK1.1 to distinguish

NK1.1!CD3+ T cells from NK1.1!CD3! ILC2s (for detailed analysis, see Figure S1). Cells were first gated for live (eFluor780!) CD45+ cells. The absolute numbers

of lung IL-5+IL-13+ ILC2s (,) or CD4+ T cells (-) in papain-treated mice, and IL-5+IL-13+ CD4+ T cells in control mice ( ) were calculated on days 2 and 21.

Data are representative of at least three independent experiments. Mean ± SEM in (B)–(H), mean percent gated in H, * = p % 0.05 ** = p % 0.01 (two-tailed

Student’s t test). See also Figure S1.
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IL-4 in papain-treated mice. However, purified ILC2s produced
large amounts of IL-5 and IL-13 but very little IL-4 (Figures S3A
and S3B). To clarify the role of IL-4 in papain-induced Th2 cell
responses, we tested the activation of Th2 cells in Il4!/! mice.
Unexpectedly, Il4!/! mice mounted a strong Th2 cell response
to papain and they had comparable levels of eosinophils in the
BAL asWTmice, although lung eosinophil numbers were slightly
lower (Figure 3A). They also exhibited no substantial difference in
the numbers of CD4+ T cells in the lung and mLN (Figure 3B), the
amounts of IL-5 and IL-13 in the BAL (Figure 3C), or the number
of GATA3+ Th2 cells in the lung and mLN (Figure 3E; Figure S3C)
when compared to WT mice. As expected, Il4!/! mice had no
detectable IL-4 in the BAL (Figure 3C), and no detectable serum
IgE (Figure 3D), which is known to be IL-4-dependent (Finkelman
et al., 1988). Thus, IL-4 was dispensable for papain-induced
Th2 cell generation, suggesting that ILC2s promote Th2 cell
responses by an IL-4-independent mechanism.

ILC2sWere Instrumental for Induction of Th2Cells in the
mLN
To elucidate how ILC2s promote Th2 cell-mediated allergic re-
sponses to papain, we analyzed the initiation of Th2 cell differ-
entiation from naive CD4+ T cells (Figure S4A). Following papain
treatment on days 0 and 1, the numbers of B cells and CD4+

T cells in mLN steadily increased until day 4 (Figure 4A). The in-
duction of Th2 cells was observed by day 6 via intracellular
staining for type 2 cytokines in CD4+ T cells (data not shown).

CD11c+MHCIIhi activated DCs in the lung rapidly increased in
number, followed by their increase in the mLN (Figure 4A; Fig-
ures S4B and S4C). Thus, papain-activated lung DCs likely
migrated into the draining mLN where they stimulated naive
CD4+ cells. We then compared Th2 cell generation in the
mLN of WT BMT and Rorasg/sg BMT mice 6 days after the initial
papain administration. The in vitro restimulation of mLN lym-
phocytes resulted in substantially lower IL-4, IL-5, and IL-13
production by Rorasg/sg BMT mouse lymphocytes compared
to WT controls (Figures 4B and 4C). Intracellular cytokine stain-
ing also demonstrated that the numbers of CD4+ Th2 cells
expressing IL-5 and IL-13 in the mLNs and lungs of Rorasg/sg

BMT mice were substantially lower than those of WT BMT
mice on day 6 (Figure 4D). Similar results were obtained when
mice were stimulated with house dust mite (HDM) or a fungal
protease-allergen (Figure S4D). Importantly, the adoptive trans-
fer of ILC2s into papain-treated Rorasg/sg BMT mice restored
Th2 cell generation (Figures 4E; Figure S4E). These results
showed that ILC2s were critical for the differentiation of naive
CD4+ T cells into Th2 cells.
Lung ILC2 activation is contingent on stimulation via IL-33, an

alarmin produced in response to a broad range of allergens
(Hardman et al., 2013). We found that papain-driven IL-13 pro-
duction from ILC2, eosinophilic lung inflammation, and Th2 cell
differentiation were all impaired in intranasally challenged IL-
33-deficient mice (Figures S4F-H). Moreover, intranasal admin-
istration of IL-33 alone directly stimulated lung ILC2s without
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Figure 2. ILC2-Deficient Mice Were Incapable of Mounting an Effective Th2 Cell Response and Had Greatly Reduced Type 2 Lung
Inflammation
(A–G)WT (-) andRorasg/sg (,) BMTmice were treatedwith papain and analyzed on day 21 for myeloid cell numbers in themLN, lung, and BAL (A). Lymphoid cell

numbers were measured in the mLN and lung (B). The BAL was analyzed for concentrations of cytokines (C) and chemokines (D). Serum IgE concentrations were

measured (E). The absolute number of GATA3+ CD4+ T cells was determined in the lung and mLN (F). Cells were restimulated with recall antigen, followed by an

analysis for cytokine production in culture supernatant (G).

(H) Formalin-fixed tissue was analyzed by histology for mucus production in PAS stained sections.

Data are representative of at least three independent experiments. Scale bar represents 100 mm. Mean ± SEM in (A)–(G), * = p% 0.05 ** = p% 0.001 (two-tailed

Student’s t test). See also Figure S2.
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migrated into the draining mLN where they stimulated naive
CD4+ cells. We then compared Th2 cell generation in the
mLN of WT BMT and Rorasg/sg BMT mice 6 days after the initial
papain administration. The in vitro restimulation of mLN lym-
phocytes resulted in substantially lower IL-4, IL-5, and IL-13
production by Rorasg/sg BMT mouse lymphocytes compared
to WT controls (Figures 4B and 4C). Intracellular cytokine stain-
ing also demonstrated that the numbers of CD4+ Th2 cells
expressing IL-5 and IL-13 in the mLNs and lungs of Rorasg/sg

BMT mice were substantially lower than those of WT BMT
mice on day 6 (Figure 4D). Similar results were obtained when
mice were stimulated with house dust mite (HDM) or a fungal
protease-allergen (Figure S4D). Importantly, the adoptive trans-
fer of ILC2s into papain-treated Rorasg/sg BMT mice restored
Th2 cell generation (Figures 4E; Figure S4E). These results
showed that ILC2s were critical for the differentiation of naive
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Lung ILC2 activation is contingent on stimulation via IL-33, an
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differentiation were all impaired in intranasally challenged IL-
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and S3B). To clarify the role of IL-4 in papain-induced Th2 cell
responses, we tested the activation of Th2 cells in Il4!/! mice.
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T cells in mLN steadily increased until day 4 (Figure 4A). The in-
duction of Th2 cells was observed by day 6 via intracellular
staining for type 2 cytokines in CD4+ T cells (data not shown).

CD11c+MHCIIhi activated DCs in the lung rapidly increased in
number, followed by their increase in the mLN (Figure 4A; Fig-
ures S4B and S4C). Thus, papain-activated lung DCs likely
migrated into the draining mLN where they stimulated naive
CD4+ cells. We then compared Th2 cell generation in the
mLN of WT BMT and Rorasg/sg BMT mice 6 days after the initial
papain administration. The in vitro restimulation of mLN lym-
phocytes resulted in substantially lower IL-4, IL-5, and IL-13
production by Rorasg/sg BMT mouse lymphocytes compared
to WT controls (Figures 4B and 4C). Intracellular cytokine stain-
ing also demonstrated that the numbers of CD4+ Th2 cells
expressing IL-5 and IL-13 in the mLNs and lungs of Rorasg/sg

BMT mice were substantially lower than those of WT BMT
mice on day 6 (Figure 4D). Similar results were obtained when
mice were stimulated with house dust mite (HDM) or a fungal
protease-allergen (Figure S4D). Importantly, the adoptive trans-
fer of ILC2s into papain-treated Rorasg/sg BMT mice restored
Th2 cell generation (Figures 4E; Figure S4E). These results
showed that ILC2s were critical for the differentiation of naive
CD4+ T cells into Th2 cells.
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alarmin produced in response to a broad range of allergens
(Hardman et al., 2013). We found that papain-driven IL-13 pro-
duction from ILC2, eosinophilic lung inflammation, and Th2 cell
differentiation were all impaired in intranasally challenged IL-
33-deficient mice (Figures S4F-H). Moreover, intranasal admin-
istration of IL-33 alone directly stimulated lung ILC2s without
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IL-4 in papain-treated mice. However, purified ILC2s produced
large amounts of IL-5 and IL-13 but very little IL-4 (Figures S3A
and S3B). To clarify the role of IL-4 in papain-induced Th2 cell
responses, we tested the activation of Th2 cells in Il4!/! mice.
Unexpectedly, Il4!/! mice mounted a strong Th2 cell response
to papain and they had comparable levels of eosinophils in the
BAL asWTmice, although lung eosinophil numbers were slightly
lower (Figure 3A). They also exhibited no substantial difference in
the numbers of CD4+ T cells in the lung and mLN (Figure 3B), the
amounts of IL-5 and IL-13 in the BAL (Figure 3C), or the number
of GATA3+ Th2 cells in the lung and mLN (Figure 3E; Figure S3C)
when compared to WT mice. As expected, Il4!/! mice had no
detectable IL-4 in the BAL (Figure 3C), and no detectable serum
IgE (Figure 3D), which is known to be IL-4-dependent (Finkelman
et al., 1988). Thus, IL-4 was dispensable for papain-induced
Th2 cell generation, suggesting that ILC2s promote Th2 cell
responses by an IL-4-independent mechanism.
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To elucidate how ILC2s promote Th2 cell-mediated allergic re-
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T cells in mLN steadily increased until day 4 (Figure 4A). The in-
duction of Th2 cells was observed by day 6 via intracellular
staining for type 2 cytokines in CD4+ T cells (data not shown).

CD11c+MHCIIhi activated DCs in the lung rapidly increased in
number, followed by their increase in the mLN (Figure 4A; Fig-
ures S4B and S4C). Thus, papain-activated lung DCs likely
migrated into the draining mLN where they stimulated naive
CD4+ cells. We then compared Th2 cell generation in the
mLN of WT BMT and Rorasg/sg BMT mice 6 days after the initial
papain administration. The in vitro restimulation of mLN lym-
phocytes resulted in substantially lower IL-4, IL-5, and IL-13
production by Rorasg/sg BMT mouse lymphocytes compared
to WT controls (Figures 4B and 4C). Intracellular cytokine stain-
ing also demonstrated that the numbers of CD4+ Th2 cells
expressing IL-5 and IL-13 in the mLNs and lungs of Rorasg/sg

BMT mice were substantially lower than those of WT BMT
mice on day 6 (Figure 4D). Similar results were obtained when
mice were stimulated with house dust mite (HDM) or a fungal
protease-allergen (Figure S4D). Importantly, the adoptive trans-
fer of ILC2s into papain-treated Rorasg/sg BMT mice restored
Th2 cell generation (Figures 4E; Figure S4E). These results
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33-deficient mice (Figures S4F-H). Moreover, intranasal admin-
istration of IL-33 alone directly stimulated lung ILC2s without

A B C D

G H

E F

Figure 2. ILC2-Deficient Mice Were Incapable of Mounting an Effective Th2 Cell Response and Had Greatly Reduced Type 2 Lung
Inflammation
(A–G)WT (-) andRorasg/sg (,) BMTmice were treatedwith papain and analyzed on day 21 for myeloid cell numbers in themLN, lung, and BAL (A). Lymphoid cell

numbers were measured in the mLN and lung (B). The BAL was analyzed for concentrations of cytokines (C) and chemokines (D). Serum IgE concentrations were

measured (E). The absolute number of GATA3+ CD4+ T cells was determined in the lung and mLN (F). Cells were restimulated with recall antigen, followed by an

analysis for cytokine production in culture supernatant (G).

(H) Formalin-fixed tissue was analyzed by histology for mucus production in PAS stained sections.

Data are representative of at least three independent experiments. Scale bar represents 100 mm. Mean ± SEM in (A)–(G), * = p% 0.05 ** = p% 0.001 (two-tailed

Student’s t test). See also Figure S2.
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IL-4 in papain-treated mice. However, purified ILC2s produced
large amounts of IL-5 and IL-13 but very little IL-4 (Figures S3A
and S3B). To clarify the role of IL-4 in papain-induced Th2 cell
responses, we tested the activation of Th2 cells in Il4!/! mice.
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et al., 1988). Thus, IL-4 was dispensable for papain-induced
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fer of ILC2s into papain-treated Rorasg/sg BMT mice restored
Th2 cell generation (Figures 4E; Figure S4E). These results
showed that ILC2s were critical for the differentiation of naive
CD4+ T cells into Th2 cells.
Lung ILC2 activation is contingent on stimulation via IL-33, an

alarmin produced in response to a broad range of allergens
(Hardman et al., 2013). We found that papain-driven IL-13 pro-
duction from ILC2, eosinophilic lung inflammation, and Th2 cell
differentiation were all impaired in intranasally challenged IL-
33-deficient mice (Figures S4F-H). Moreover, intranasal admin-
istration of IL-33 alone directly stimulated lung ILC2s without
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Figure 2. ILC2-Deficient Mice Were Incapable of Mounting an Effective Th2 Cell Response and Had Greatly Reduced Type 2 Lung
Inflammation
(A–G)WT (-) andRorasg/sg (,) BMTmice were treatedwith papain and analyzed on day 21 for myeloid cell numbers in themLN, lung, and BAL (A). Lymphoid cell

numbers were measured in the mLN and lung (B). The BAL was analyzed for concentrations of cytokines (C) and chemokines (D). Serum IgE concentrations were

measured (E). The absolute number of GATA3+ CD4+ T cells was determined in the lung and mLN (F). Cells were restimulated with recall antigen, followed by an

analysis for cytokine production in culture supernatant (G).

(H) Formalin-fixed tissue was analyzed by histology for mucus production in PAS stained sections.

Data are representative of at least three independent experiments. Scale bar represents 100 mm. Mean ± SEM in (A)–(G), * = p% 0.05 ** = p% 0.001 (two-tailed

Student’s t test). See also Figure S2.
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papain treatment (Figure S4I) as reported (Barlow et al., 2012).
We then intranasally administered ovalbumin (OVA) antigen
together with IL-33 to WT BMT or Rorasg/sg BMT mice, which
were also intravenously injected with carboxyfluorescein succi-
nimidyl ester (CFSE)-labeled CD4+ T cells from the OVA-specific
T cell receptor transgenic OT-II mice. Very few OT-II T cells
(CFSE+) were recovered in the mLNs of Rorasg/sg BMT mice as
compared to WT, and the numbers of IL-4+ IL-13+ Th2 cells
generated in Rorasg/sg BMT mice were substantially lower than
those in WT BMTmice. Moreover, the impaired Th2 cell differen-
tiation was rescued by ILC2 transplantation (Figure 4F). These
results demonstrate that IL-33-mediated ILC2 activation was
critical for effective Th2 cell differentiation, likely in response to
the intranasal administration of a broad range of antigens.

IL-13 from ILC2 Promoted Th2 Cell Differentiation in the
Draining LN
The above results showed that ILC2s promoted Th2 cell differen-
tiation while producing a large amount of IL-13 but little IL-4.
Therefore, we tested whether IL-13 is involved in Th2 cell differ-
entiation in papain-treated mice. Intranasal papain treatment of
IL-13-deficient mice generated substantially fewer Th2 cells
(IL-5+ CD4+ T cells) in themLN compared toWTmice (Figure 5A).
Moreover, IL-13 neutralization also inhibited Th2 cell differentia-
tion in papain-treated WT mice (Figure 5B), whereas IL-13
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Figure 3. IL-4 Played aNonessential Role in the Allergic Response to
Protease Allergen and Induction of Type 2 Lung Inflammation
(A–E) WT (-) and Il4!/! (,) mice were treated with papain and analyzed on

day 21 for myeloid cell numbers in the lung and BAL (A), lymphoid cell numbers

in the lung and mLN (B), cytokine concentrations in the BAL (C), and IgE

concentration in serum (D). Intracellular GATA3 was detected in CD4+ T cells

from lung and mLN on day 21 following stimulation with papain, and absolute

numbers of GATA3+ CD4+ T cells were calculated (E).

Data are representative of three independent experiments. Mean ± SEM in

(A)–(E), * = p % 0.05 (two-tailed Student’s t test). See also Figure S3.
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Figure 4. ILC2 Were Instrumental for Induction of Th2 Cells in the
mLN
(A) WTmice received intranasal papain administration on days 0 and 1, and the

absolute numbers of CD4+ T cells, B cells, and MHChi DCs were measured in

the lung (C) or mLN (B) at various time-points by flow cytometry.

(B and C) On day 6, cells from papain-treated WT (-) or Rorasg/sg (,) BMT

mouse mLN were restimulated in aCD3! and aCD28 mAb coated wells, fol-

lowed by analysis for cytokine production in culture supernatant.

(D) Total numbers of IL-5+IL-13+ CD3+CD4+ Th2 cells from papain treated WT

(-) or Rorasg/sg (,) BMT mouse lung and mLN were measured on day 6.

(E) WT BMT, Rorasg/sg BMT, or ILC2-transplanted Rorasg/sg BMT mice were

stimulated with papain on days 0 and 1, and mLN lymphocytes were analyzed

for intracellular IL-5 and IL-13 on day 6 by flow cytometry (top plots). Gated

IL-5+IL-13+ lymphocytes were analyzed for CD3+CD4+ cells (bottom plots),

and the total numbers of Th2 cells in the mLN were calculated (bar graph).

(F) CFSE-labeled CD4+ T cells fromOT-II mice were transplanted intoWT BMT

and Rorasg/sg BMT mice (±ILC2 transplantation), followed by intranasal in-

jections of rmIL-33 + OVA on days 0 and 1. TCRVb5+CFSE+ OT-II T cells in the

mLN (top plots) were analyzed for intracellular IL-13 (bottom plots) by flow

cytometry on day 6, and the total numbers of IL-13+ OT-II T cells in the mLN

were calculated (bar graph).

Data are representative of at least three independent experiments. Mean ±

SEM in (A)–(F), mean percent gated in (E) and (F), * = p % 0.05 ** = p % 0.01

(two-tailed Student’s t test). See also Figure S4.
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papain treatment (Figure S4I) as reported (Barlow et al., 2012).
We then intranasally administered ovalbumin (OVA) antigen
together with IL-33 to WT BMT or Rorasg/sg BMT mice, which
were also intravenously injected with carboxyfluorescein succi-
nimidyl ester (CFSE)-labeled CD4+ T cells from the OVA-specific
T cell receptor transgenic OT-II mice. Very few OT-II T cells
(CFSE+) were recovered in the mLNs of Rorasg/sg BMT mice as
compared to WT, and the numbers of IL-4+ IL-13+ Th2 cells
generated in Rorasg/sg BMT mice were substantially lower than
those in WT BMTmice. Moreover, the impaired Th2 cell differen-
tiation was rescued by ILC2 transplantation (Figure 4F). These
results demonstrate that IL-33-mediated ILC2 activation was
critical for effective Th2 cell differentiation, likely in response to
the intranasal administration of a broad range of antigens.

IL-13 from ILC2 Promoted Th2 Cell Differentiation in the
Draining LN
The above results showed that ILC2s promoted Th2 cell differen-
tiation while producing a large amount of IL-13 but little IL-4.
Therefore, we tested whether IL-13 is involved in Th2 cell differ-
entiation in papain-treated mice. Intranasal papain treatment of
IL-13-deficient mice generated substantially fewer Th2 cells
(IL-5+ CD4+ T cells) in themLN compared toWTmice (Figure 5A).
Moreover, IL-13 neutralization also inhibited Th2 cell differentia-
tion in papain-treated WT mice (Figure 5B), whereas IL-13
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(A–E) WT (-) and Il4!/! (,) mice were treated with papain and analyzed on

day 21 for myeloid cell numbers in the lung and BAL (A), lymphoid cell numbers

in the lung and mLN (B), cytokine concentrations in the BAL (C), and IgE

concentration in serum (D). Intracellular GATA3 was detected in CD4+ T cells

from lung and mLN on day 21 following stimulation with papain, and absolute

numbers of GATA3+ CD4+ T cells were calculated (E).

Data are representative of three independent experiments. Mean ± SEM in

(A)–(E), * = p % 0.05 (two-tailed Student’s t test). See also Figure S3.
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Figure 4. ILC2 Were Instrumental for Induction of Th2 Cells in the
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(A) WTmice received intranasal papain administration on days 0 and 1, and the

absolute numbers of CD4+ T cells, B cells, and MHChi DCs were measured in

the lung (C) or mLN (B) at various time-points by flow cytometry.

(B and C) On day 6, cells from papain-treated WT (-) or Rorasg/sg (,) BMT

mouse mLN were restimulated in aCD3! and aCD28 mAb coated wells, fol-

lowed by analysis for cytokine production in culture supernatant.

(D) Total numbers of IL-5+IL-13+ CD3+CD4+ Th2 cells from papain treated WT

(-) or Rorasg/sg (,) BMT mouse lung and mLN were measured on day 6.

(E) WT BMT, Rorasg/sg BMT, or ILC2-transplanted Rorasg/sg BMT mice were

stimulated with papain on days 0 and 1, and mLN lymphocytes were analyzed

for intracellular IL-5 and IL-13 on day 6 by flow cytometry (top plots). Gated

IL-5+IL-13+ lymphocytes were analyzed for CD3+CD4+ cells (bottom plots),

and the total numbers of Th2 cells in the mLN were calculated (bar graph).

(F) CFSE-labeled CD4+ T cells fromOT-II mice were transplanted intoWT BMT

and Rorasg/sg BMT mice (±ILC2 transplantation), followed by intranasal in-

jections of rmIL-33 + OVA on days 0 and 1. TCRVb5+CFSE+ OT-II T cells in the

mLN (top plots) were analyzed for intracellular IL-13 (bottom plots) by flow

cytometry on day 6, and the total numbers of IL-13+ OT-II T cells in the mLN

were calculated (bar graph).

Data are representative of at least three independent experiments. Mean ±

SEM in (A)–(F), mean percent gated in (E) and (F), * = p % 0.05 ** = p % 0.01

(two-tailed Student’s t test). See also Figure S4.
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papain treatment (Figure S4I) as reported (Barlow et al., 2012).
We then intranasally administered ovalbumin (OVA) antigen
together with IL-33 to WT BMT or Rorasg/sg BMT mice, which
were also intravenously injected with carboxyfluorescein succi-
nimidyl ester (CFSE)-labeled CD4+ T cells from the OVA-specific
T cell receptor transgenic OT-II mice. Very few OT-II T cells
(CFSE+) were recovered in the mLNs of Rorasg/sg BMT mice as
compared to WT, and the numbers of IL-4+ IL-13+ Th2 cells
generated in Rorasg/sg BMT mice were substantially lower than
those in WT BMTmice. Moreover, the impaired Th2 cell differen-
tiation was rescued by ILC2 transplantation (Figure 4F). These
results demonstrate that IL-33-mediated ILC2 activation was
critical for effective Th2 cell differentiation, likely in response to
the intranasal administration of a broad range of antigens.

IL-13 from ILC2 Promoted Th2 Cell Differentiation in the
Draining LN
The above results showed that ILC2s promoted Th2 cell differen-
tiation while producing a large amount of IL-13 but little IL-4.
Therefore, we tested whether IL-13 is involved in Th2 cell differ-
entiation in papain-treated mice. Intranasal papain treatment of
IL-13-deficient mice generated substantially fewer Th2 cells
(IL-5+ CD4+ T cells) in themLN compared toWTmice (Figure 5A).
Moreover, IL-13 neutralization also inhibited Th2 cell differentia-
tion in papain-treated WT mice (Figure 5B), whereas IL-13
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Protease Allergen and Induction of Type 2 Lung Inflammation
(A–E) WT (-) and Il4!/! (,) mice were treated with papain and analyzed on

day 21 for myeloid cell numbers in the lung and BAL (A), lymphoid cell numbers

in the lung and mLN (B), cytokine concentrations in the BAL (C), and IgE

concentration in serum (D). Intracellular GATA3 was detected in CD4+ T cells

from lung and mLN on day 21 following stimulation with papain, and absolute

numbers of GATA3+ CD4+ T cells were calculated (E).

Data are representative of three independent experiments. Mean ± SEM in

(A)–(E), * = p % 0.05 (two-tailed Student’s t test). See also Figure S3.

A

B

E

F

C D

Figure 4. ILC2 Were Instrumental for Induction of Th2 Cells in the
mLN
(A) WTmice received intranasal papain administration on days 0 and 1, and the

absolute numbers of CD4+ T cells, B cells, and MHChi DCs were measured in

the lung (C) or mLN (B) at various time-points by flow cytometry.

(B and C) On day 6, cells from papain-treated WT (-) or Rorasg/sg (,) BMT

mouse mLN were restimulated in aCD3! and aCD28 mAb coated wells, fol-

lowed by analysis for cytokine production in culture supernatant.

(D) Total numbers of IL-5+IL-13+ CD3+CD4+ Th2 cells from papain treated WT

(-) or Rorasg/sg (,) BMT mouse lung and mLN were measured on day 6.

(E) WT BMT, Rorasg/sg BMT, or ILC2-transplanted Rorasg/sg BMT mice were

stimulated with papain on days 0 and 1, and mLN lymphocytes were analyzed

for intracellular IL-5 and IL-13 on day 6 by flow cytometry (top plots). Gated

IL-5+IL-13+ lymphocytes were analyzed for CD3+CD4+ cells (bottom plots),

and the total numbers of Th2 cells in the mLN were calculated (bar graph).

(F) CFSE-labeled CD4+ T cells fromOT-II mice were transplanted intoWT BMT

and Rorasg/sg BMT mice (±ILC2 transplantation), followed by intranasal in-

jections of rmIL-33 + OVA on days 0 and 1. TCRVb5+CFSE+ OT-II T cells in the

mLN (top plots) were analyzed for intracellular IL-13 (bottom plots) by flow

cytometry on day 6, and the total numbers of IL-13+ OT-II T cells in the mLN

were calculated (bar graph).

Data are representative of at least three independent experiments. Mean ±

SEM in (A)–(F), mean percent gated in (E) and (F), * = p % 0.05 ** = p % 0.01

(two-tailed Student’s t test). See also Figure S4.
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IL-‐4	  is	  dispensable	  for	  papain-‐induced	  Th2	  cell	  genera=on,	  sugges=ng	  that	  ILC2s	  
promote	  Th2	  responses	  by	  an	  IL-‐4	  independent	  mechanism	  

WT	   Il4-‐/-‐	  

papain was further supported by the substantially lower amounts
of type 2 cytokines and the Th2 cell-associated chemokines
CCL22 and CCL17 (Bromley et al., 2008) in the BAL (Figures
2C and 2D) as compared to controls. Papain-challenged
Rorasg/sg BMT mice also displayed substantially reduced levels
of IgE in the serum (Figure 2E) and substantially lower numbers
of GATA3+ CD4+ T cells in the lung compared to WT BMT mice
(Figure 2F; Figure S2B). Furthermore, the in vitro restimulation
of lymphocytes from the lung and mLN of Rorasg/sg BMT mice
with recall-antigen resulted in substantially less type 2 cytokine
production than those from WT BMT mice (Figure 2G). Histolog-

ical analyses also revealed substantially less mucus production
and inflammation in the lungs of Rorasg/sg BMT mice than WT
BMTmice (Figure 2H; Figures S2C–S2E). Together, these results
clearly demonstrate a profound defect in Th2 cell immunity in the
absence of ILC2s.

IL-4 Was Not Required for an Efficient Adaptive Th2 Cell
Immune Response to Inhaled Protease Allergen
Because IL-4 is thought to play a critical role in the differentiation
of naive CD4+ T cells into Th2 cells (Pulendran and Artis, 2012),
the above results suggested that ILC2s might be a source of
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Figure 1. ILC2s and CD4+ T Cells Collaborated in Protease Allergen-Driven Innate and Adaptive Type-2 Lung Inflammation
(A) Mice were sensitized by intranasal injection of 10 mg heat-inactivated (control) or active papain on days 0 and 1, followed by antigen challenge on days 13

and 20.

(B) Serum concentrations of IgE were quantified on the days indicated (C papain, B control).

(C–E) Mice injected with papain (-) or control (,) were sacrificed on days 2, 14, and 21, followed by the quantification of myeloid populations in the bron-

choalveolar lavage (BAL) and lung tissue by flow cytometry (C). Similarly, lung lymphoid populations were quantified. Cytokine concentrations in BAL were

quantified by ELISA (D). Lymphocytes from indicated tissues were restimulated in vitro with recall antigen, followed by measurement for cytokine production (E).

(F and G) Intracellular GATA3 was detected in CD4+ T cells from lung and mLN on day 21 following stimulation with papain (-) or control (,). Shown are percent

(F) and absolute numbers (G) of GATA3+ CD4+ T cells.

(H) Lung cells were stained for intracellular IL-5 and IL-13 and analyzed by flow cytometry. The percentage of total IL-5+IL-13+ lung cells wasmeasured in papain-

treated or control mice on days 2 and 21. Double-positive cells were gated (left) and analyzed for surface expression of CD3 and NK1.1 to distinguish

NK1.1!CD3+ T cells from NK1.1!CD3! ILC2s (for detailed analysis, see Figure S1). Cells were first gated for live (eFluor780!) CD45+ cells. The absolute numbers

of lung IL-5+IL-13+ ILC2s (,) or CD4+ T cells (-) in papain-treated mice, and IL-5+IL-13+ CD4+ T cells in control mice ( ) were calculated on days 2 and 21.

Data are representative of at least three independent experiments. Mean ± SEM in (B)–(H), mean percent gated in H, * = p % 0.05 ** = p % 0.01 (two-tailed

Student’s t test). See also Figure S1.
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papain treatment (Figure S4I) as reported (Barlow et al., 2012).
We then intranasally administered ovalbumin (OVA) antigen
together with IL-33 to WT BMT or Rorasg/sg BMT mice, which
were also intravenously injected with carboxyfluorescein succi-
nimidyl ester (CFSE)-labeled CD4+ T cells from the OVA-specific
T cell receptor transgenic OT-II mice. Very few OT-II T cells
(CFSE+) were recovered in the mLNs of Rorasg/sg BMT mice as
compared to WT, and the numbers of IL-4+ IL-13+ Th2 cells
generated in Rorasg/sg BMT mice were substantially lower than
those in WT BMTmice. Moreover, the impaired Th2 cell differen-
tiation was rescued by ILC2 transplantation (Figure 4F). These
results demonstrate that IL-33-mediated ILC2 activation was
critical for effective Th2 cell differentiation, likely in response to
the intranasal administration of a broad range of antigens.

IL-13 from ILC2 Promoted Th2 Cell Differentiation in the
Draining LN
The above results showed that ILC2s promoted Th2 cell differen-
tiation while producing a large amount of IL-13 but little IL-4.
Therefore, we tested whether IL-13 is involved in Th2 cell differ-
entiation in papain-treated mice. Intranasal papain treatment of
IL-13-deficient mice generated substantially fewer Th2 cells
(IL-5+ CD4+ T cells) in themLN compared toWTmice (Figure 5A).
Moreover, IL-13 neutralization also inhibited Th2 cell differentia-
tion in papain-treated WT mice (Figure 5B), whereas IL-13
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Figure 3. IL-4 Played aNonessential Role in the Allergic Response to
Protease Allergen and Induction of Type 2 Lung Inflammation
(A–E) WT (-) and Il4!/! (,) mice were treated with papain and analyzed on

day 21 for myeloid cell numbers in the lung and BAL (A), lymphoid cell numbers

in the lung and mLN (B), cytokine concentrations in the BAL (C), and IgE

concentration in serum (D). Intracellular GATA3 was detected in CD4+ T cells

from lung and mLN on day 21 following stimulation with papain, and absolute

numbers of GATA3+ CD4+ T cells were calculated (E).

Data are representative of three independent experiments. Mean ± SEM in

(A)–(E), * = p % 0.05 (two-tailed Student’s t test). See also Figure S3.
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Figure 4. ILC2 Were Instrumental for Induction of Th2 Cells in the
mLN
(A) WTmice received intranasal papain administration on days 0 and 1, and the

absolute numbers of CD4+ T cells, B cells, and MHChi DCs were measured in

the lung (C) or mLN (B) at various time-points by flow cytometry.

(B and C) On day 6, cells from papain-treated WT (-) or Rorasg/sg (,) BMT

mouse mLN were restimulated in aCD3! and aCD28 mAb coated wells, fol-

lowed by analysis for cytokine production in culture supernatant.

(D) Total numbers of IL-5+IL-13+ CD3+CD4+ Th2 cells from papain treated WT

(-) or Rorasg/sg (,) BMT mouse lung and mLN were measured on day 6.

(E) WT BMT, Rorasg/sg BMT, or ILC2-transplanted Rorasg/sg BMT mice were

stimulated with papain on days 0 and 1, and mLN lymphocytes were analyzed

for intracellular IL-5 and IL-13 on day 6 by flow cytometry (top plots). Gated

IL-5+IL-13+ lymphocytes were analyzed for CD3+CD4+ cells (bottom plots),

and the total numbers of Th2 cells in the mLN were calculated (bar graph).

(F) CFSE-labeled CD4+ T cells fromOT-II mice were transplanted intoWT BMT

and Rorasg/sg BMT mice (±ILC2 transplantation), followed by intranasal in-

jections of rmIL-33 + OVA on days 0 and 1. TCRVb5+CFSE+ OT-II T cells in the

mLN (top plots) were analyzed for intracellular IL-13 (bottom plots) by flow

cytometry on day 6, and the total numbers of IL-13+ OT-II T cells in the mLN

were calculated (bar graph).

Data are representative of at least three independent experiments. Mean ±

SEM in (A)–(F), mean percent gated in (E) and (F), * = p % 0.05 ** = p % 0.01

(two-tailed Student’s t test). See also Figure S4.

Immunity

ILC2 Regulates Th2 Cell Differentiation

Immunity 40, 1–11, March 20, 2014 ª2014 Elsevier Inc. 5

Please cite this article in press as: Halim et al., Group 2 Innate Lymphoid Cells Are Critical for the Initiation of Adaptive T Helper 2 Cell-Mediated Allergic
Lung Inflammation, Immunity (2014), http://dx.doi.org/10.1016/j.immuni.2014.01.011

D0	   D1	   D6	  

Papain	  	   Analysis	  

WT	   Rorasg/sg	  BMT	  mice	  

papain treatment (Figure S4I) as reported (Barlow et al., 2012).
We then intranasally administered ovalbumin (OVA) antigen
together with IL-33 to WT BMT or Rorasg/sg BMT mice, which
were also intravenously injected with carboxyfluorescein succi-
nimidyl ester (CFSE)-labeled CD4+ T cells from the OVA-specific
T cell receptor transgenic OT-II mice. Very few OT-II T cells
(CFSE+) were recovered in the mLNs of Rorasg/sg BMT mice as
compared to WT, and the numbers of IL-4+ IL-13+ Th2 cells
generated in Rorasg/sg BMT mice were substantially lower than
those in WT BMTmice. Moreover, the impaired Th2 cell differen-
tiation was rescued by ILC2 transplantation (Figure 4F). These
results demonstrate that IL-33-mediated ILC2 activation was
critical for effective Th2 cell differentiation, likely in response to
the intranasal administration of a broad range of antigens.

IL-13 from ILC2 Promoted Th2 Cell Differentiation in the
Draining LN
The above results showed that ILC2s promoted Th2 cell differen-
tiation while producing a large amount of IL-13 but little IL-4.
Therefore, we tested whether IL-13 is involved in Th2 cell differ-
entiation in papain-treated mice. Intranasal papain treatment of
IL-13-deficient mice generated substantially fewer Th2 cells
(IL-5+ CD4+ T cells) in themLN compared toWTmice (Figure 5A).
Moreover, IL-13 neutralization also inhibited Th2 cell differentia-
tion in papain-treated WT mice (Figure 5B), whereas IL-13
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Figure 3. IL-4 Played aNonessential Role in the Allergic Response to
Protease Allergen and Induction of Type 2 Lung Inflammation
(A–E) WT (-) and Il4!/! (,) mice were treated with papain and analyzed on

day 21 for myeloid cell numbers in the lung and BAL (A), lymphoid cell numbers

in the lung and mLN (B), cytokine concentrations in the BAL (C), and IgE

concentration in serum (D). Intracellular GATA3 was detected in CD4+ T cells

from lung and mLN on day 21 following stimulation with papain, and absolute

numbers of GATA3+ CD4+ T cells were calculated (E).

Data are representative of three independent experiments. Mean ± SEM in

(A)–(E), * = p % 0.05 (two-tailed Student’s t test). See also Figure S3.
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Figure 4. ILC2 Were Instrumental for Induction of Th2 Cells in the
mLN
(A) WTmice received intranasal papain administration on days 0 and 1, and the

absolute numbers of CD4+ T cells, B cells, and MHChi DCs were measured in

the lung (C) or mLN (B) at various time-points by flow cytometry.

(B and C) On day 6, cells from papain-treated WT (-) or Rorasg/sg (,) BMT

mouse mLN were restimulated in aCD3! and aCD28 mAb coated wells, fol-

lowed by analysis for cytokine production in culture supernatant.

(D) Total numbers of IL-5+IL-13+ CD3+CD4+ Th2 cells from papain treated WT

(-) or Rorasg/sg (,) BMT mouse lung and mLN were measured on day 6.

(E) WT BMT, Rorasg/sg BMT, or ILC2-transplanted Rorasg/sg BMT mice were
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for intracellular IL-5 and IL-13 on day 6 by flow cytometry (top plots). Gated

IL-5+IL-13+ lymphocytes were analyzed for CD3+CD4+ cells (bottom plots),

and the total numbers of Th2 cells in the mLN were calculated (bar graph).

(F) CFSE-labeled CD4+ T cells fromOT-II mice were transplanted intoWT BMT

and Rorasg/sg BMT mice (±ILC2 transplantation), followed by intranasal in-

jections of rmIL-33 + OVA on days 0 and 1. TCRVb5+CFSE+ OT-II T cells in the

mLN (top plots) were analyzed for intracellular IL-13 (bottom plots) by flow

cytometry on day 6, and the total numbers of IL-13+ OT-II T cells in the mLN

were calculated (bar graph).

Data are representative of at least three independent experiments. Mean ±

SEM in (A)–(F), mean percent gated in (E) and (F), * = p % 0.05 ** = p % 0.01

(two-tailed Student’s t test). See also Figure S4.
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those in WT BMTmice. Moreover, the impaired Th2 cell differen-
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results demonstrate that IL-33-mediated ILC2 activation was
critical for effective Th2 cell differentiation, likely in response to
the intranasal administration of a broad range of antigens.
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tion in papain-treated WT mice (Figure 5B), whereas IL-13
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(-) or Rorasg/sg (,) BMT mouse lung and mLN were measured on day 6.
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stimulated with papain on days 0 and 1, and mLN lymphocytes were analyzed

for intracellular IL-5 and IL-13 on day 6 by flow cytometry (top plots). Gated

IL-5+IL-13+ lymphocytes were analyzed for CD3+CD4+ cells (bottom plots),

and the total numbers of Th2 cells in the mLN were calculated (bar graph).

(F) CFSE-labeled CD4+ T cells fromOT-II mice were transplanted intoWT BMT

and Rorasg/sg BMT mice (±ILC2 transplantation), followed by intranasal in-

jections of rmIL-33 + OVA on days 0 and 1. TCRVb5+CFSE+ OT-II T cells in the

mLN (top plots) were analyzed for intracellular IL-13 (bottom plots) by flow

cytometry on day 6, and the total numbers of IL-13+ OT-II T cells in the mLN

were calculated (bar graph).

Data are representative of at least three independent experiments. Mean ±

SEM in (A)–(F), mean percent gated in (E) and (F), * = p % 0.05 ** = p % 0.01
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injection enabled the generation of Th2 cells in papain-treated
Rorasg/sg BMT mice (Figure 5C).
The role of ILC2-derived IL-13 for Th2 cell differentiation was

confirmed in a TCR-transgenic model, in which CFSE-labeled
OT-II T cells were injected into WT or Rorasg/sg BMT mice. The
mice then received intranasal administration of OVA and papain,
andOT-II T cells in themLNwere analyzed 6 days later. Although
OT-II T cells proliferated in both WT and Rorasg/sg BMTmice, the
differentiation of naive OT-II T cells into Th2 cells was substan-
tially impaired in Rorasg/sg BMT mice (Figure 5D). Notably, this
impaired Th2 cell differentiation in Rorasg/sg BMT mice was
rescued by the intranasal injection of IL-13 (Figure 5E). WT
ILC2 transplantation also rescued Th2 cell production whereas
IL-13-deficient ILC2s did not (Figure 5F). Interestingly, the intra-
nasal administration of OVA alone, without papain, into WT mice
that were injected with CD4+ OT-II T cells did not induce detect-
able Th2 cell differentiation in mLN, whereas the coadministra-
tion of OVA plus IL-13 efficiently induced Th2 cell differentiation
of OT-II T cells (Figure 5G).
Intracellular staining for IL-13 after papain stimulation identi-

fied ILC2 as the primary cellular source, and ILC2-deficient
mice did not produce IL-13 during the acute inflammatory
response (Halim et al., 2012a; 2012b). Analysis of Il13egfp/+ re-
porter mice also confirmed that ILC2s are the predominant Il13
expressing cells in papain-treated lungs (Figure S5A). Together,
these results indicated that ILC2-derived IL-13 was critical for
the differentiation of Th2 cells.

IL-13 Promoted CD40+ DC Migration to the Draining LN
We detected the IL-13 receptor on activated DCs, but not on
CD4+ T cells (Figure S6A), and exogenously added IL-13 did
not have a direct effect on in vitro Th2 cell differentiation (Fig-
ure S6B). Because DCs are known to play a critical role in Th2
cell induction to inhaled allergens (Kool et al., 2012), we hypoth-
esized that ILC2-derived IL-13 might influence DC function. We
first compared DCs in the lungs of WT mice treated with papain
and those treated with heat-inactivated papain and found no dif-
ferences in the expression of CD44, CD86, OX40L, and ICOSL
(data not shown). We then analyzed DCs in the lungs and
mLNs of WT and Rorasg/sg BMT mice treated with papain. No
substantial differences in the number of activated DCs or their
phenotype (CD40 and CCR7 expression) was observed in the
lung between WT BMT and Rorasg/sg BMT mice (Figures 6A-
6C). In contrast, a striking difference in the mLN DC populations
was seen between WT BMT and Rorasg/sg BMT mice. More than
50% of activated DCs in the mLNs of WT BMT mice expressed
CD40, which has been shown to be critical for efficient Th2 cell
differentiation (Jenkins et al., 2008; MacDonald et al., 2002).
Rorasg/sg BMT mice showed substantially reduced CD40+ DC
numbers in the mLN (Figure 6D). Importantly, this impairment
was rescued by IL-13 injection (Figures 6D), whereas IL-13
neutralization substantially reduced CD40+ DCs in the mLN of
papain-treated WT mice (Figure 6E). We also coadministered
papain and the synthetic antigen DQ-OVA, which becomes
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Figure 5. IL-13 Was Required for Induction of Th2 Cells
(A) WT (-) and Il13!/! (,) mice were treated with papain on days 0 and 1, and

the total numbers of IL-5+ CD3+CD4+ Th2 cells in the mLN on day 6 were

measured.

(B) IL-5+IL-13+ CD3+CD4+ Th2 cells were quantified on day 6 after papain stim-

ulation on days 0 and 1 in WTmice (-) or mice treated with anti-IL-13 mAb ( ).

(C) The induction of Th2 cells in WT BMT mice stimulated with papain (-) was

compared toRorasg/sg BMTmice stimulated with papain (,) or papain + rmIL-

13 ( ). The total numbers of IL-5+IL-13+ CD3+CD4+ Th2 cells in the mLN were

quantified on day 6.

(D) CFSE-labeled CD4+ OT-II cells were transplanted into WT and Rorasg/sg

BMTmice, followed by treatment with papain +OVA. On day 6,mLN cells were

analyzed by flow cytometry for CD4+TCRVb5+CFSE+ OT-II T cell proliferation

and intracellular IL-4 and IL-13.

(E)WT (-) andRorasg/sg (,) were treated as in (D). Some of the latter mice also

received rmIL-13 injection ( ). OT-II T cells positively stained for intracellular

IL-4 or IL-13 were quantified and the total numbers of cytokine positive OT-II in

the mLN were calculated.

(F) Rorasg/sg BMT mice were transplanted with CFSE-labeled CD4+ OT-II cells

plus none, WT, or Il13!/! ILC2s. These mice were treated on days 0 and 1 with

papain, and CD3+CD4+TCRVb5+CFSE+OT-II T cells in themLNwere analyzed

for intracellular IL-4 and IL-13 (plots) on day 6. The total numbers of IL-4+IL-13+

OT-II T cells in the mLN were calculated (bar graph).

(G) CFSE-labeled CD4+ OT-II cells were transplanted into WT mice. The mice

received intranasal administration of OVA + rmIL-13, OVA alone, or OVA +

papain on days 0 and 1. CD3+CD4+TCRVb5+CFSE+ cells were gated (data not

shown) and analyzed for intracellular IL-4 and IL-13 on day 6 (plots). The total

numbers of IL-4+IL-13+ OT-II T cells in the mLN were calculated (bar graph).

Data are representative of at least three independent experiments. Mean ±

SEM in (A)–(C) and (E)–(G), mean percent gated in (D), (F), and (G), * = p% 0.05

** = p % 0.01, ns = not significant (two-tailed Student’s t test). See also

Figure S5.
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differentiation of naive OT-II T cells into Th2 cells was substan-
tially impaired in Rorasg/sg BMT mice (Figure 5D). Notably, this
impaired Th2 cell differentiation in Rorasg/sg BMT mice was
rescued by the intranasal injection of IL-13 (Figure 5E). WT
ILC2 transplantation also rescued Th2 cell production whereas
IL-13-deficient ILC2s did not (Figure 5F). Interestingly, the intra-
nasal administration of OVA alone, without papain, into WT mice
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of OT-II T cells (Figure 5G).
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mice did not produce IL-13 during the acute inflammatory
response (Halim et al., 2012a; 2012b). Analysis of Il13egfp/+ re-
porter mice also confirmed that ILC2s are the predominant Il13
expressing cells in papain-treated lungs (Figure S5A). Together,
these results indicated that ILC2-derived IL-13 was critical for
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CD4+ T cells (Figure S6A), and exogenously added IL-13 did
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ure S6B). Because DCs are known to play a critical role in Th2
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esized that ILC2-derived IL-13 might influence DC function. We
first compared DCs in the lungs of WT mice treated with papain
and those treated with heat-inactivated papain and found no dif-
ferences in the expression of CD44, CD86, OX40L, and ICOSL
(data not shown). We then analyzed DCs in the lungs and
mLNs of WT and Rorasg/sg BMT mice treated with papain. No
substantial differences in the number of activated DCs or their
phenotype (CD40 and CCR7 expression) was observed in the
lung between WT BMT and Rorasg/sg BMT mice (Figures 6A-
6C). In contrast, a striking difference in the mLN DC populations
was seen between WT BMT and Rorasg/sg BMT mice. More than
50% of activated DCs in the mLNs of WT BMT mice expressed
CD40, which has been shown to be critical for efficient Th2 cell
differentiation (Jenkins et al., 2008; MacDonald et al., 2002).
Rorasg/sg BMT mice showed substantially reduced CD40+ DC
numbers in the mLN (Figure 6D). Importantly, this impairment
was rescued by IL-13 injection (Figures 6D), whereas IL-13
neutralization substantially reduced CD40+ DCs in the mLN of
papain-treated WT mice (Figure 6E). We also coadministered
papain and the synthetic antigen DQ-OVA, which becomes
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injection enabled the generation of Th2 cells in papain-treated
Rorasg/sg BMT mice (Figure 5C).
The role of ILC2-derived IL-13 for Th2 cell differentiation was

confirmed in a TCR-transgenic model, in which CFSE-labeled
OT-II T cells were injected into WT or Rorasg/sg BMT mice. The
mice then received intranasal administration of OVA and papain,
andOT-II T cells in themLNwere analyzed 6 days later. Although
OT-II T cells proliferated in both WT and Rorasg/sg BMTmice, the
differentiation of naive OT-II T cells into Th2 cells was substan-
tially impaired in Rorasg/sg BMT mice (Figure 5D). Notably, this
impaired Th2 cell differentiation in Rorasg/sg BMT mice was
rescued by the intranasal injection of IL-13 (Figure 5E). WT
ILC2 transplantation also rescued Th2 cell production whereas
IL-13-deficient ILC2s did not (Figure 5F). Interestingly, the intra-
nasal administration of OVA alone, without papain, into WT mice
that were injected with CD4+ OT-II T cells did not induce detect-
able Th2 cell differentiation in mLN, whereas the coadministra-
tion of OVA plus IL-13 efficiently induced Th2 cell differentiation
of OT-II T cells (Figure 5G).
Intracellular staining for IL-13 after papain stimulation identi-

fied ILC2 as the primary cellular source, and ILC2-deficient
mice did not produce IL-13 during the acute inflammatory
response (Halim et al., 2012a; 2012b). Analysis of Il13egfp/+ re-
porter mice also confirmed that ILC2s are the predominant Il13
expressing cells in papain-treated lungs (Figure S5A). Together,
these results indicated that ILC2-derived IL-13 was critical for
the differentiation of Th2 cells.

IL-13 Promoted CD40+ DC Migration to the Draining LN
We detected the IL-13 receptor on activated DCs, but not on
CD4+ T cells (Figure S6A), and exogenously added IL-13 did
not have a direct effect on in vitro Th2 cell differentiation (Fig-
ure S6B). Because DCs are known to play a critical role in Th2
cell induction to inhaled allergens (Kool et al., 2012), we hypoth-
esized that ILC2-derived IL-13 might influence DC function. We
first compared DCs in the lungs of WT mice treated with papain
and those treated with heat-inactivated papain and found no dif-
ferences in the expression of CD44, CD86, OX40L, and ICOSL
(data not shown). We then analyzed DCs in the lungs and
mLNs of WT and Rorasg/sg BMT mice treated with papain. No
substantial differences in the number of activated DCs or their
phenotype (CD40 and CCR7 expression) was observed in the
lung between WT BMT and Rorasg/sg BMT mice (Figures 6A-
6C). In contrast, a striking difference in the mLN DC populations
was seen between WT BMT and Rorasg/sg BMT mice. More than
50% of activated DCs in the mLNs of WT BMT mice expressed
CD40, which has been shown to be critical for efficient Th2 cell
differentiation (Jenkins et al., 2008; MacDonald et al., 2002).
Rorasg/sg BMT mice showed substantially reduced CD40+ DC
numbers in the mLN (Figure 6D). Importantly, this impairment
was rescued by IL-13 injection (Figures 6D), whereas IL-13
neutralization substantially reduced CD40+ DCs in the mLN of
papain-treated WT mice (Figure 6E). We also coadministered
papain and the synthetic antigen DQ-OVA, which becomes
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Figure 5. IL-13 Was Required for Induction of Th2 Cells
(A) WT (-) and Il13!/! (,) mice were treated with papain on days 0 and 1, and

the total numbers of IL-5+ CD3+CD4+ Th2 cells in the mLN on day 6 were

measured.

(B) IL-5+IL-13+ CD3+CD4+ Th2 cells were quantified on day 6 after papain stim-

ulation on days 0 and 1 in WTmice (-) or mice treated with anti-IL-13 mAb ( ).

(C) The induction of Th2 cells in WT BMT mice stimulated with papain (-) was

compared toRorasg/sg BMTmice stimulated with papain (,) or papain + rmIL-

13 ( ). The total numbers of IL-5+IL-13+ CD3+CD4+ Th2 cells in the mLN were

quantified on day 6.

(D) CFSE-labeled CD4+ OT-II cells were transplanted into WT and Rorasg/sg

BMTmice, followed by treatment with papain +OVA. On day 6,mLN cells were

analyzed by flow cytometry for CD4+TCRVb5+CFSE+ OT-II T cell proliferation

and intracellular IL-4 and IL-13.

(E)WT (-) andRorasg/sg (,) were treated as in (D). Some of the latter mice also

received rmIL-13 injection ( ). OT-II T cells positively stained for intracellular

IL-4 or IL-13 were quantified and the total numbers of cytokine positive OT-II in

the mLN were calculated.

(F) Rorasg/sg BMT mice were transplanted with CFSE-labeled CD4+ OT-II cells

plus none, WT, or Il13!/! ILC2s. These mice were treated on days 0 and 1 with

papain, and CD3+CD4+TCRVb5+CFSE+OT-II T cells in themLNwere analyzed

for intracellular IL-4 and IL-13 (plots) on day 6. The total numbers of IL-4+IL-13+

OT-II T cells in the mLN were calculated (bar graph).

(G) CFSE-labeled CD4+ OT-II cells were transplanted into WT mice. The mice

received intranasal administration of OVA + rmIL-13, OVA alone, or OVA +

papain on days 0 and 1. CD3+CD4+TCRVb5+CFSE+ cells were gated (data not

shown) and analyzed for intracellular IL-4 and IL-13 on day 6 (plots). The total

numbers of IL-4+IL-13+ OT-II T cells in the mLN were calculated (bar graph).

Data are representative of at least three independent experiments. Mean ±

SEM in (A)–(C) and (E)–(G), mean percent gated in (D), (F), and (G), * = p% 0.05

** = p % 0.01, ns = not significant (two-tailed Student’s t test). See also

Figure S5.
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Role	  of	  ILC2-‐derived	  IL-‐13	  on	  DC	  func=on	  

fluorescent upon processing by antigen-presenting cells, and
analyzed antigen processing by DCs. The processing of antigen
by lung DCs was not affected in Rorasg/sg BMT mice, whereas
the trafficking of DQ-labeled cells to the draining LN was
substantially reduced (Figure 6F). These data suggested that
ILC2-derived IL-13might be critical for the migration of activated

antigen-licensedCD40+DCs from the lung to the drainingmLN in
papain-treated mice.
To further investigate the effect of IL-13 on DC migration,

we prepared lung tissue explants from papain-treated WT or
Il13!/! mice and tested the migration of lung tissue-resident
DC toward a gradient of the DC chemokine CCL21 in transwell
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Figure 6. ILC2-Derived IL-13 Promoted DC Migration to the Draining LN
(A–C) Lungs fromWT (red) andRorasg/sg (blue) BMTmice treated on days 0 and 1with papain were analyzed on day 3 for DC activation. CD11c+MHCIIhi activated

DCs were detected by flow cytometry and the total numbers in the lung calculated (A). Activated DCs in (A) were analyzed for CD40 (B) and CCR7 (C) expression.

The red histograms represent WT BMT DCs, the blue histograms represent Rorasg/sg BMT and the solid gray histograms show the FMO control. Bar graphs are

color-coded in the same way show the total numbers of DCs in the lung.

(D) DCs in the mLN of WT and Rorasg/sg BMT mice (±rmIL-13 injection) were analyzed on day 3. Activated CD11c+MHCIIhi DCs gated by red boxes and

nonactivated DCs gated by blue boxes (top plots) were analyzed for CD40 expression (bottom histograms, color-coded in the same way). Number in histogram

shows the percent CD40+CD11c+ cells. Absolute numbers of CD11c+MHCIIhi CD40+ cells in mLN were calculated (bar graph).

(E) WTmice treated with papain (-), papain + anti-IL-13 mAb ( ), or control (,) were analyzed for absolute numbers of activated DCs in mLNs on day 3 as in (D).

(F) Traceable DQ-OVA was injected together with papain into WT (red) or Rorasg/sg (blue) BMTmice, followed by an analysis for DQ-positive CD11c+MHCIIhi DCs

in the lung and mLN on day 3 (histograms), and the total numbers of DQ+ DCs were calculated (bar graph).

(G) Lung tissue explants weremade from papain-stimulatedWT, Il13!/!, or Il13!/! + rmIL-13mice on day 3. Tissue explants were cultured in transwell inserts and

exposed to a CCL21 chemokine gradient for 14 hr. WT lung explants without a CCL21 gradient were used as control. The total number of activated DCs was

counted in both top and bottom compartments by flow cytometry, followed by a calculation of percent DC migration.

(H) Lung tissue explants from naiveWTmicewere stimulated ex vivowith papain for 14 hr in the presence of anti-IL-13 neutralizing antibody ± EP4-agonist or PBS

control. The percent of DC migration toward a CCL21 chemokine gradient was calculated.

(I) Lung explants were prepared, treated with papain in the presence of PBS (control), anti-IL-13 or EP4 antagonist, and DC migration was analyzed as in (H).

Data are representative of at least three independent experiments. Mean ± SEM in (A)–(I), mean percent gated in (A) and (D), ns = not significant * = p% 0.05, ** =

p % 0.01 *** = p % 0.001 (two-tailed Student’s t test). See also Figure S6.
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(A–C) Lungs fromWT (red) andRorasg/sg (blue) BMTmice treated on days 0 and 1with papain were analyzed on day 3 for DC activation. CD11c+MHCIIhi activated

DCs were detected by flow cytometry and the total numbers in the lung calculated (A). Activated DCs in (A) were analyzed for CD40 (B) and CCR7 (C) expression.

The red histograms represent WT BMT DCs, the blue histograms represent Rorasg/sg BMT and the solid gray histograms show the FMO control. Bar graphs are

color-coded in the same way show the total numbers of DCs in the lung.

(D) DCs in the mLN of WT and Rorasg/sg BMT mice (±rmIL-13 injection) were analyzed on day 3. Activated CD11c+MHCIIhi DCs gated by red boxes and

nonactivated DCs gated by blue boxes (top plots) were analyzed for CD40 expression (bottom histograms, color-coded in the same way). Number in histogram

shows the percent CD40+CD11c+ cells. Absolute numbers of CD11c+MHCIIhi CD40+ cells in mLN were calculated (bar graph).

(E) WTmice treated with papain (-), papain + anti-IL-13 mAb ( ), or control (,) were analyzed for absolute numbers of activated DCs in mLNs on day 3 as in (D).

(F) Traceable DQ-OVA was injected together with papain into WT (red) or Rorasg/sg (blue) BMTmice, followed by an analysis for DQ-positive CD11c+MHCIIhi DCs

in the lung and mLN on day 3 (histograms), and the total numbers of DQ+ DCs were calculated (bar graph).

(G) Lung tissue explants weremade from papain-stimulatedWT, Il13!/!, or Il13!/! + rmIL-13mice on day 3. Tissue explants were cultured in transwell inserts and

exposed to a CCL21 chemokine gradient for 14 hr. WT lung explants without a CCL21 gradient were used as control. The total number of activated DCs was
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(H) Lung tissue explants from naiveWTmicewere stimulated ex vivowith papain for 14 hr in the presence of anti-IL-13 neutralizing antibody ± EP4-agonist or PBS

control. The percent of DC migration toward a CCL21 chemokine gradient was calculated.

(I) Lung explants were prepared, treated with papain in the presence of PBS (control), anti-IL-13 or EP4 antagonist, and DC migration was analyzed as in (H).

Data are representative of at least three independent experiments. Mean ± SEM in (A)–(I), mean percent gated in (A) and (D), ns = not significant * = p% 0.05, ** =

p % 0.01 *** = p % 0.001 (two-tailed Student’s t test). See also Figure S6.
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color-coded in the same way show the total numbers of DCs in the lung.

(D) DCs in the mLN of WT and Rorasg/sg BMT mice (±rmIL-13 injection) were analyzed on day 3. Activated CD11c+MHCIIhi DCs gated by red boxes and

nonactivated DCs gated by blue boxes (top plots) were analyzed for CD40 expression (bottom histograms, color-coded in the same way). Number in histogram

shows the percent CD40+CD11c+ cells. Absolute numbers of CD11c+MHCIIhi CD40+ cells in mLN were calculated (bar graph).

(E) WTmice treated with papain (-), papain + anti-IL-13 mAb ( ), or control (,) were analyzed for absolute numbers of activated DCs in mLNs on day 3 as in (D).

(F) Traceable DQ-OVA was injected together with papain into WT (red) or Rorasg/sg (blue) BMTmice, followed by an analysis for DQ-positive CD11c+MHCIIhi DCs

in the lung and mLN on day 3 (histograms), and the total numbers of DQ+ DCs were calculated (bar graph).

(G) Lung tissue explants weremade from papain-stimulatedWT, Il13!/!, or Il13!/! + rmIL-13mice on day 3. Tissue explants were cultured in transwell inserts and

exposed to a CCL21 chemokine gradient for 14 hr. WT lung explants without a CCL21 gradient were used as control. The total number of activated DCs was

counted in both top and bottom compartments by flow cytometry, followed by a calculation of percent DC migration.

(H) Lung tissue explants from naiveWTmicewere stimulated ex vivowith papain for 14 hr in the presence of anti-IL-13 neutralizing antibody ± EP4-agonist or PBS

control. The percent of DC migration toward a CCL21 chemokine gradient was calculated.

(I) Lung explants were prepared, treated with papain in the presence of PBS (control), anti-IL-13 or EP4 antagonist, and DC migration was analyzed as in (H).

Data are representative of at least three independent experiments. Mean ± SEM in (A)–(I), mean percent gated in (A) and (D), ns = not significant * = p% 0.05, ** =

p % 0.01 *** = p % 0.001 (two-tailed Student’s t test). See also Figure S6.

Immunity

ILC2 Regulates Th2 Cell Differentiation

Immunity 40, 1–11, March 20, 2014 ª2014 Elsevier Inc. 7

Please cite this article in press as: Halim et al., Group 2 Innate Lymphoid Cells Are Critical for the Initiation of Adaptive T Helper 2 Cell-Mediated Allergic
Lung Inflammation, Immunity (2014), http://dx.doi.org/10.1016/j.immuni.2014.01.011

Traceable	  DQ-‐OVA	  +	  
	  papain	  

Analysis	  for	  	  
DQ+CD11c+MHCIIhi	  DCs	  

WT	   Rorasg/sg	  BMT	  mice	  

ILC2-‐derived	  IL-‐13	  promote	  DC	  migra=on	  to	  the	  
draining	  lymph	  node	  

Lung	  =ssue	  explants	  were	  made	  from	  papain	  
s=mulated	  mice	  on	  d3.	  Tissue	  explants	  cultured	  and	  
exposed	  to	  a	  CCL21	  chemokine	  gradient	  for	  14hr.	  

mLN	   mLN	  

DQ-‐OVA	  become	  fluorescent	  upon	  
processing	  by	  APC	  

10	  



Summary	  

•  ILC2s	  are	  required	  for	  efficient	  Th2	  cell	  mediated	  allergic	  lung	  inflamma=on.	  

•  Th2	  cell	  promo=ng	  effect	  of	  ILC2s	  appeared	  to	  be	  mediated	  by	  IL-‐13.	  

•  IL-‐13	  had	  no	  effect	  on	  Th2	  cell	  differen=a=on,	  indica=ng	  that	  IL-‐13	  is	  unlikely	  to	  act	  

directly	  on	  naïve	  T	  cells.	  

•  DCs	  are	  the	  main	  target	  of	  ILC2-‐derive	  IL-‐13	  in	  papain	  treated	  mice	  
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SUMMARY

T cell effector functions can be elicited by noncog-
nate stimuli, but the mechanism and contribution of
this pathway to the resolution of intracellular macro-
phage infections have not been defined. Here, we
show that CD4+ T helper 1 (Th1) cells could be rapidly
stimulated by microbe-associated molecular pat-
terns during active infection with Salmonella or Chla-
mydia. Further, maximal stimulation of Th1 cells by
lipopolysaccharide (LPS) did not require T-cell-
intrinsic expression of toll-like receptor 4 (TLR4),
interleukin-1 receptor (IL-1R), or interferon-g recep-
tor (IFN-gR) but instead required IL-18R, IL-33R,
and adaptor protein MyD88. Innate stimulation of
Th1 cells also required host expression of TLR4
and inflammasome components that together
increased serum concentrations of IL-18. Finally,
the elimination of noncognate Th1 cell stimulation
hindered the resolution of primary Salmonella infec-
tion. Thus, the in vivo bactericidal capacity of Th1
cells is regulated by the response to noncognate
stimuli elicited by multiple innate immune receptors.

INTRODUCTION

Pathogen-specific lymphocytes recirculate at low frequency be-
tween the blood and secondary lymphoid tissues and undergo
rapid expansion in response to infection (Kwok et al., 2012;
Moon et al., 2007). As clonal expansion occurs, responding
T cells integrate local instructional stimuli to acquire effector
functions tailored to combat different pathogen types (Obar
and Lefrançois, 2010; Zhu et al., 2010). The expansion and func-
tional maturation of individual T cell clones are tightly regulated
by pathogen-specific T cell receptors (TCRs) that recognize
microbial peptides in the context of host major histocompatibility
complex (MHC)molecules. Thus, the adaptive immune response
to infection produces a large population of antigen-specific

effector T cells with appropriate functional activities to combat
invading microbes.
Although the initial activation and expansion of pathogen-

specific T cells are controlled by TCR ligation, the subsequent
signals for inducing T cell effector functions are incompletely un-
derstood. In a noninfectious context, the elicitation of effector
functions by tissue-resident CD4+ T cells requires TCR recogni-
tion of cognate antigen presented by local antigen-presenting
cells (McLachlan et al., 2009). However, a lower threshold for
stimulating activated effector T cells might be advantageous
when the host confronts a replicating pathogen, especially one
that can manipulate host MHC expression (Griffin andMcSorley,
2011). Indeed, inflammatory cytokines, notably interleukin-12
(IL-12) and IL-18, cause noncognate stimulation of effector
CD8+ T cells (Beadling and Slifka, 2005; Berg et al., 2002;
Freeman et al., 2012). During bacterial infections, the production
of inflammatory cytokines can be initiated by host recognition of
conserved molecular patterns via multiple innate immune recep-
tors (Broz and Monack, 2011). Thus, bacterial flagellin can effi-
ciently drive noncognate stimulation of CD8+ memory T cells in
a process that involves dendritic cell sensing of cytosolic flagellin
by NLR family CARD-domain-containing protein 4 (NLRC4)
(Kupz et al., 2012). However, the role of toll-like receptor (TLR)
and inflammasome signaling in the elicitation of T cell effector
functions is currently unclear. Such noncognate stimulation
pathways might allow T cell effector functions to be induced
rapidly in an inflammatory context and provide an evolutionary
advantage for the host in combating bacterial pathogens.
The efferent phase of the CD4+ Th1 cell response to an intra-

macrophage pathogen has the potential to be relatively nonspe-
cific, given that it consists of macrophage activation by locally
produced interferon-g (IFN-g). Although cytokine secretion
might be restricted to the synapse during cognate (antigen
receptor agonist) stimulation, CD4+ Th1 cells can activate mac-
rophages in the absence of cognate stimuli and also provide
cross-protection against unrelated coinfecting microbes
(MacKaness, 1964; Müller et al., 2012; Poo et al., 1988). Even
though Th1 cell secretion of IFN-g can be induced by cognate
antigen and MHC class II molecules presented on infected
phagocytes, it can also occur in the presence of cytokines (Rob-
inson et al., 1997; Takeda et al., 1998) or TLR ligation (Caramalho

Immunity 40, 213–224, February 20, 2014 ª2014 Elsevier Inc. 213

12	  



Introduc=on	  

• Pathogen-‐specific	  lymphocytes	  recirculate	  at	  low	  frequency	  and	  undergo	  rapid	  expansion	  

in	  response	  to	  infec=on.	  

• The	  expansion	  of	  individual	  T	  cell	  clones	  are	  =ghtly	  regulated	  by	  pathogen	  specific	  TCRs	  
that	  recognize	  microbial	  pep=des	  on	  MHC	  molecules.	  

• However,	  a	  lower	  threshold	  for	  s=mula=ng	  ac=vated	  effector	  T	  cells	  might	  be	  

advantageous	  when	  the	  host	  confronts	  a	  replica=ng	  pathogen.	  

• IL-‐12	  and	  IL-‐18	  cause	  noncognate	  s=mula=on	  of	  effector	  CD8+	  T	  cells	  .	  

• CD4+	  Th1	  cells	  can	  ac=vate	  macrophages	  in	  the	  absence	  of	  cognate	  s=muli	  and	  also	  

provide	  cross-‐protec=on	  against	  unrelated	  co-‐infec=ng	  microbes.	  
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•  What	  are	  the	  signals	  that	  drive	  noncognate	  
s=mula=on	  of	  CD4+	  Th1	  cells	  ?	  

•  How	  do	  noncognate	  s=mula=on	  of	  CD4+	  Th1	  
cells	  contribute	  to	  bacterial	  clearance	  ?	  
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Figure 1. Expanded CD4+ Th1 and CD8+ T Cells Acquire the Ability to Respond to Innate Stimulation
C57BL/6 mice were infected intravenously (i.v.) with 5 3 105 Salmonella (BRD509) and at various times later, the proportion of spleen CD4+ and CD8+ T cells

expressing CD44 and IFN-g (as well as CD4+ T cells expressing T-bet) was assessed by flow cytometry. Four hours prior to analysis, mice were injected i.v. with

10 mg LPS or received no additional stimulus (‘‘no stim’’).

(A, B, and E) Graphs show the change in the percentage of CD44hi (A), T-bet+ (B), or IFN-g+T-bet+ (Th1 cells producing IFN-g) (E) CD4+ T cells and CD44hi (A) and

IFN-g+CD44hi (activated CD8+ T cells producing IFN-g) (E) CD8+ T cells in the spleen. Error bars represent the mean ± SEM.

(C and D) Representative flow cytometry plots showing the production of IFN-g at day 14 after infection of CD44+CD4+ and CD8+ T cells (C) or T-bet+CD4+ T cells

(D). Numbers show the percentage of IFN-g+ or IFN-g! T cells within the boxed gates. Experiments contained at least threemice per group at each time point, and

data are representative of at least three experiments.

See also Figure S1.
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See also Figure S1.
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5-‐10%	  T-‐bet+	  CD4+	  T	  
cells	  retained	  the	  ability	  
to	  respond	  rapidly	  to	  
innate	  s=muli	  	  

14	  days	  post-‐infec=on	  
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Amplifica=on	  of	  CD4+	  Th1	  and	  CD8+	  T	  cell	  responses	  occurs	  with	  mul=ple	  innate	  ligands	  

Figure 2. Amplification of CD4+ Th1 and CD8+ T Cell Responses Occurs with Multiple Innate Ligands and in Multiple Intramacrophage
Infections
C57BL/6 mice were infected i.v. with 1 3 107 Chlamydia muridarum EBs or 5 3 105 Salmonella. One (Chlamydia) or 2 (Salmonella) weeks later, infected or

uninfected mice were injected i.v. with LPS, flagellin, CpG DNA, Imiquimod, or Pam3CSK4 and spleens were harvested 4 hours later for determining IFN-g

production.

(legend continued on next page)
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Infec=on	  with	  5x105	  Salmonella	  (2	  weeks)	  	  
	   	  or	  

Infec=on	  with	  1x107	  Chlamydia	  muridarum	  (1	  
week)	  

4	  hrs	  prior	  to	  analysis,	  	  
10	  ug	  LPS	  or	  innate	  	  
receptor	  ligands	  i.v	  	  

T	  cell	  response	  	  
in	  the	  spleen	  

Salmonella	  infec=on	  
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(legend on next page)
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(legend on next page)
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T	  cells	  require	  expression	  of	  MyD88	  for	  innate	  amplifica=on	  

(legend on next page)
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CD90.2+CD45.1+	  
recipient	  

1:1	  mixture	  of	  BM	  from	  	  
WT	  (CD90.1+CD45.2+)	  and	  	  
gene	  deficient	  (CD90.2+CD45.2+)	  	  

(legend on next page)
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(legend on next page)
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Infect	  with	  	  
Salmonella	  

6-‐8	  	  
weeks	  
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CD4+	  T	  cell	  expression	  of	  IL-‐18R	  and	  IL-‐33R	  is	  required	  for	  maximal	  innate	  responses	  

significantly higher bacterial loads than did WT and heterozy-
gous littermate controls (Figures 6D and 6E). Thus, the ability
of T cells to respond to MyD88-dependent signals is an impor-
tant component in resolving infection with an intramacrophage
pathogen.

DISCUSSION

Approximately 50 years ago, George MacKaness reported that
Brucella-infected mice display transient cross-reactive protec-
tion against other intramacrophage pathogens and that this
effect correlates with the induction of a cellular immune re-
sponse (MacKaness, 1964). The mechanistic basis of this

cross-bacterial protection is usually understood to derive from
the indiscriminate killing activity of activated macrophages via
reactive oxygen and nitrogen species (Fang, 2004). A lack of
target specificity in the efferent phase of host defense against in-
tramacrophage pathogens is likely to have evolved to combat
superinfection or coinfections and is held in check by TCR-medi-
ated clonal expansion and effector development (Jenkins et al.,
2001). However, it has become apparent that after clonal expan-
sion, effector T cells can be activated by a variety of noncognate
stimuli (Beadling and Slifka, 2005; Berg et al., 2002; Freeman
et al., 2012; Guo et al., 2012; Kupz et al., 2012; Soudja et al.,
2012), suggesting that cognate stimulationmight not be required
in infected tissues. However, the role of noncognate T cell stim-
ulation in defense against intramacrophage pathogens is poorly
understood.
Several prior studies have documented the expansion of a

large population of activated CD4+ T cells in mice infected with
Salmonella (Mittrücker et al., 2002; Srinivasan et al., 2004; Srini-
vasan et al., 2007). Although antigen-specific T cells can be
visualized in this infection model with the use of tetramers (Lee
et al., 2012b; McSorley et al., 2002; Moon et al., 2007), these
populations account for a tiny fraction of the overall polyclonal
Th1 cell response to Salmonella. Our data show that a large pop-
ulation of T-bet+CD4+ T cells expands and contracts in concert

Figure 3. Innate Th1 Cell Stimulation by LPS Requires T-Cell-Intrinsic Expression of MyD88
CD45.1+ C57BL/6 mice were irradiated and reconstituted with a mixture of BM from wild-type (WT) (CD90.1+CD45.2+) and TLR4- or MyD88-deficient

(CD90.2+CD45.2+) mice. After immune reconstitution, BM chimeras were infected i.v. with 53 105 Salmonella and response to LPSwas determined in the spleen.

(A) Gating strategy used for examining donorWT and gene-deficient CD4+ T cells in mixed BM chimeras. Splenocytes were gated as live, singlet, and CD4+CD8!

cells and then gated as shown in the left panel for congenic markers. Each gated cell population was assessed for IFN-g production and either CD11a (TLR4) or

T-bet (MyD88).

(B and C) Representative flow cytometry plots and a graph of combined data are shown for TLR4-deficient (B) andMyD88-deficient (C) chimeras. All experiments

included at least threemice per group and were performed at least twice with similar results. Statistical analyses were performed by two-way repeated-measures

ANOVA with a Bonferroni posttest. Error bars represent the mean ± SEM. ***p < 0.005, **p < 0.01, *p < 0.05, and p > 0.05 (ns).

See also Figure S2.

Figure 4. Maximal Th1 Cell Stimulation by LPS Requires T-Cell-
Intrinsic Expression of IL-18R and IL-33R
Mixed BM chimeras were generated, infected, and stimulated as described in

Figure 3. A graph showing the percentage of IFN-g+ Th1 cells in WT versus

gene-deficient CD4+ T cells is shown for Il1r1!/! (A), Ifngr1!/! (B), Il18r1!/! (C),

and Il1rl1!/! (IL33R) (D) mixed BM chimeras. All experiments included at least

three mice per group and were performed at least twice with similar results.

Statistical analyses were performed by two-way repeated-measures ANOVA

with a Bonferroni posttest. Error bars represent the mean ± SEM. ***p < 0.005,

**p < 0.01, *p < 0.05, and p > 0.05 (ns).

See also Figure S3.

Table 1. LPS Stimulation Leads to IncreasedmRNAExpression of
IFN-g, IL-12, IL-18, and IL-33

C57BL/6 Mice

Effect of LPS (Relative to That
on Unstimulated Controls)

IFN-g IL-12 IL-18 IL-33

Spleen

Uninfected 1 1 1 1

Uninfected + LPS 8.67 0.99 1.30 1.60

Salmonella-infected 1 1 1 1

Salmonella-infected + LPS 22.02 4.52 2.26 5.35

Liver

Uninfected 1 1 1 1

Uninfected + LPS 11.07 1.47 1.96 6.16

Salmonella-infected 1 1 1 1

Salmonella-infected + LPS 27.9 5.36 2.6 16.2

C57BL/6 mice were infected i.v. with 5 3 105 Salmonella, and 2 weeks

later, infected or uninfected mice were injected i.v. with LPS. Spleens

and livers were harvested 4 hours later, and qRT-PCR was performed

on extracted mRNA. Numbers shown are normalized to Gapdh
expression and indicate the fold-change increase over unstimulated

mice. See also Table S2.
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CD90.2+CD45.1+	  
recipient	  

1:1	  mixture	  of	  BM	  from	  	  
WT	  (CD90.1+CD45.2+)	  and	  	  
gene	  deficient	  (CD90.2+CD45.2+)	  	  

Infect	  with	  	  
Salmonella	  

6-‐8	  	  
weeks	  
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LPS	  induc=on	  of	  IL-‐18	  requires	  inflammasome	  ac=vity	  in	  Salmonella-‐infected	  mice	  

Figure 5. Production of IL-18 and Amplification of CD4+ Th1 Cell Responses Requires Inflammasome Components
WT or mice deficient in NLRP3 and NLRC4 were infected i.v. with 5 3 105 Salmonella (BRD509 or flagellin-deficient BRD509), and 2 weeks later, the splenic

response to LPS, flagellin, Pam3CSK4, and Imiquimod injection was determined 4 hours after stimulation.

(A–E) Plots show serum cytokine concentrations as determined by ELISA for IFN-g (A and C) and IL-18 (B, D, and E). Data shown were pooled from two ex-

periments. nd, none detected.

(F) IFN-g production by Th1 cells in Salmonella-infected WT mice or mice lacking NLRP3 and NLRC4 after administration of LPS or flagellin. Data were pooled

from two experiments each with more than three mice per group. Error bars represent the mean ± SEM.

(legend continued on next page)
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In	  serum	  

Infec=on	  with	  	  
5x105	  Salmonella	  (2	  weeks)	  	  

4	  hrs	  prior	  to	  analysis,	  	  
10	  ug	  LPS	  or	  innate	  	  
receptor	  ligands	  i.v	  	  
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Noncognate	  s=mula=on	  of	  T	  cells	  contributes	  to	  bacterial	  clearance	  

with tissue bacterial loads and that these CD4+ T cells are
required for protective immunity. Furthermore, these expanded
Th1 cells transiently gain the ability to secrete IFN-g when the
host is confronted with innate stimuli such as bacterial LPS,

(G) IFN-g production by Th1 cells after LPS stimulation of mice infected with BRD509 (flagellin-expressing) or a flagellin-deficient mutant of BRD509 (DfliCDfljB).

Data are representative of at least two experiments with at least three mice per group. Statistical significance was determined by two-way ANOVA with a

Bonferroni posttest. Error bars represent the mean ± SEM.

***p < 0.005, **p < 0.01, *p < 0.05, and p > 0.05 (ns). See also Figure S4.

Figure 6. Mice Lacking T Cell Expression of
MyD88 Are More Susceptible to Salmonella
Infection
T-cell-depleted (A and B) or WT,Myd88fl/fl Lck-cre

homozygous, and Myd88fl/WT Lck-cre heterozy-

gous (C–E) mice were infected i.v. with 5 3 105

Salmonella.

(A and B) Mice given PBS, anti-CD4, anti-CD8,

both, or an isotype control antibody were sacri-

ficed at day 30 postinfection, and bacterial loads in

the spleen (A) and liver (B) were determined. For

Myd88fl/fl Lck-cre and Myd88fl/WT Lck-cre mice,

survival (C) or bacterial burdens in the spleen (D)

and liver (E) were monitored 5 weeks after infec-

tion. Error bars represent the mean ± SEM.

(C) Survival curve after Salmonella infection. The

graph shows combined data from at least three

experiments with at least ten mice per group. WT

and littermate controlMyd88fl/WT Lck-cremice are

grouped together. Statistical significance was

observed by the log-rank (Mantel-Cox) test.

(D and E) Bacterial loads in the spleen (D) and liver

(E) of individual mice 5 weeks postinfection with

BRD509 in Myd88fl/fl Lck-cre, Myd88fl/WT Lck-cre,

and WTmice. Gray plus signs show the number of

mice that became moribund prior to assessment

of bacterial burdens at the 5-week time point.

Statistical significance was determined on log-

transformed data by one-way ANOVA. Error bars

represent the mean ± SEM.

***p < 0.005, **p < 0.01, *p < 0.05, and p > 0.05 (ns).

flagellin, or Pam3CSK4. The fact that Imi-
quimod and CpG failed to induce effector
responses in this model could mean that
cell-surface TLRs are more efficient at
amplifying the Th1 cell response; how-
ever, it is also possible that endosomal
TLRs canmediate the same effect if these
ligands are internalized, as could occur
during infection. Indeed, given the data
above, it seems likely that numerous
TLR ligands will be capable of amplifying
CD4+ T cell responses and that the
individual microbe-associated molecular
patterns (MAMPs) involved will vary
depending on the infection model. The
ability of LPS to stimulate CD4+ T cells
during Chlamydia infection also supports
the concept that noncognate T cell stim-
ulation is common to intramacrophage
infection models.

An important feature of this CD4+ response to innate stimuli is
that it is maximally effective during the period of active infection.
Therefore, during active Salmonella infection, effector CD4+ Th1
cells have a reduced threshold for stimulation and IFN-g
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with tissue bacterial loads and that these CD4+ T cells are
required for protective immunity. Furthermore, these expanded
Th1 cells transiently gain the ability to secrete IFN-g when the
host is confronted with innate stimuli such as bacterial LPS,

(G) IFN-g production by Th1 cells after LPS stimulation of mice infected with BRD509 (flagellin-expressing) or a flagellin-deficient mutant of BRD509 (DfliCDfljB).

Data are representative of at least two experiments with at least three mice per group. Statistical significance was determined by two-way ANOVA with a

Bonferroni posttest. Error bars represent the mean ± SEM.

***p < 0.005, **p < 0.01, *p < 0.05, and p > 0.05 (ns). See also Figure S4.

Figure 6. Mice Lacking T Cell Expression of
MyD88 Are More Susceptible to Salmonella
Infection
T-cell-depleted (A and B) or WT,Myd88fl/fl Lck-cre

homozygous, and Myd88fl/WT Lck-cre heterozy-

gous (C–E) mice were infected i.v. with 5 3 105

Salmonella.

(A and B) Mice given PBS, anti-CD4, anti-CD8,

both, or an isotype control antibody were sacri-

ficed at day 30 postinfection, and bacterial loads in

the spleen (A) and liver (B) were determined. For

Myd88fl/fl Lck-cre and Myd88fl/WT Lck-cre mice,

survival (C) or bacterial burdens in the spleen (D)

and liver (E) were monitored 5 weeks after infec-

tion. Error bars represent the mean ± SEM.

(C) Survival curve after Salmonella infection. The

graph shows combined data from at least three

experiments with at least ten mice per group. WT

and littermate controlMyd88fl/WT Lck-cremice are

grouped together. Statistical significance was

observed by the log-rank (Mantel-Cox) test.

(D and E) Bacterial loads in the spleen (D) and liver

(E) of individual mice 5 weeks postinfection with

BRD509 in Myd88fl/fl Lck-cre, Myd88fl/WT Lck-cre,

and WTmice. Gray plus signs show the number of

mice that became moribund prior to assessment

of bacterial burdens at the 5-week time point.

Statistical significance was determined on log-

transformed data by one-way ANOVA. Error bars

represent the mean ± SEM.

***p < 0.005, **p < 0.01, *p < 0.05, and p > 0.05 (ns).

flagellin, or Pam3CSK4. The fact that Imi-
quimod and CpG failed to induce effector
responses in this model could mean that
cell-surface TLRs are more efficient at
amplifying the Th1 cell response; how-
ever, it is also possible that endosomal
TLRs canmediate the same effect if these
ligands are internalized, as could occur
during infection. Indeed, given the data
above, it seems likely that numerous
TLR ligands will be capable of amplifying
CD4+ T cell responses and that the
individual microbe-associated molecular
patterns (MAMPs) involved will vary
depending on the infection model. The
ability of LPS to stimulate CD4+ T cells
during Chlamydia infection also supports
the concept that noncognate T cell stim-
ulation is common to intramacrophage
infection models.

An important feature of this CD4+ response to innate stimuli is
that it is maximally effective during the period of active infection.
Therefore, during active Salmonella infection, effector CD4+ Th1
cells have a reduced threshold for stimulation and IFN-g
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30	  days	  pos=nfec=on	  
(Liver)	  

with tissue bacterial loads and that these CD4+ T cells are
required for protective immunity. Furthermore, these expanded
Th1 cells transiently gain the ability to secrete IFN-g when the
host is confronted with innate stimuli such as bacterial LPS,

(G) IFN-g production by Th1 cells after LPS stimulation of mice infected with BRD509 (flagellin-expressing) or a flagellin-deficient mutant of BRD509 (DfliCDfljB).

Data are representative of at least two experiments with at least three mice per group. Statistical significance was determined by two-way ANOVA with a

Bonferroni posttest. Error bars represent the mean ± SEM.

***p < 0.005, **p < 0.01, *p < 0.05, and p > 0.05 (ns). See also Figure S4.

Figure 6. Mice Lacking T Cell Expression of
MyD88 Are More Susceptible to Salmonella
Infection
T-cell-depleted (A and B) or WT,Myd88fl/fl Lck-cre

homozygous, and Myd88fl/WT Lck-cre heterozy-

gous (C–E) mice were infected i.v. with 5 3 105

Salmonella.

(A and B) Mice given PBS, anti-CD4, anti-CD8,

both, or an isotype control antibody were sacri-

ficed at day 30 postinfection, and bacterial loads in

the spleen (A) and liver (B) were determined. For

Myd88fl/fl Lck-cre and Myd88fl/WT Lck-cre mice,

survival (C) or bacterial burdens in the spleen (D)

and liver (E) were monitored 5 weeks after infec-

tion. Error bars represent the mean ± SEM.

(C) Survival curve after Salmonella infection. The

graph shows combined data from at least three

experiments with at least ten mice per group. WT

and littermate controlMyd88fl/WT Lck-cremice are

grouped together. Statistical significance was

observed by the log-rank (Mantel-Cox) test.

(D and E) Bacterial loads in the spleen (D) and liver

(E) of individual mice 5 weeks postinfection with

BRD509 in Myd88fl/fl Lck-cre, Myd88fl/WT Lck-cre,

and WTmice. Gray plus signs show the number of

mice that became moribund prior to assessment

of bacterial burdens at the 5-week time point.

Statistical significance was determined on log-

transformed data by one-way ANOVA. Error bars

represent the mean ± SEM.

***p < 0.005, **p < 0.01, *p < 0.05, and p > 0.05 (ns).

flagellin, or Pam3CSK4. The fact that Imi-
quimod and CpG failed to induce effector
responses in this model could mean that
cell-surface TLRs are more efficient at
amplifying the Th1 cell response; how-
ever, it is also possible that endosomal
TLRs canmediate the same effect if these
ligands are internalized, as could occur
during infection. Indeed, given the data
above, it seems likely that numerous
TLR ligands will be capable of amplifying
CD4+ T cell responses and that the
individual microbe-associated molecular
patterns (MAMPs) involved will vary
depending on the infection model. The
ability of LPS to stimulate CD4+ T cells
during Chlamydia infection also supports
the concept that noncognate T cell stim-
ulation is common to intramacrophage
infection models.

An important feature of this CD4+ response to innate stimuli is
that it is maximally effective during the period of active infection.
Therefore, during active Salmonella infection, effector CD4+ Th1
cells have a reduced threshold for stimulation and IFN-g
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with tissue bacterial loads and that these CD4+ T cells are
required for protective immunity. Furthermore, these expanded
Th1 cells transiently gain the ability to secrete IFN-g when the
host is confronted with innate stimuli such as bacterial LPS,

(G) IFN-g production by Th1 cells after LPS stimulation of mice infected with BRD509 (flagellin-expressing) or a flagellin-deficient mutant of BRD509 (DfliCDfljB).

Data are representative of at least two experiments with at least three mice per group. Statistical significance was determined by two-way ANOVA with a

Bonferroni posttest. Error bars represent the mean ± SEM.

***p < 0.005, **p < 0.01, *p < 0.05, and p > 0.05 (ns). See also Figure S4.

Figure 6. Mice Lacking T Cell Expression of
MyD88 Are More Susceptible to Salmonella
Infection
T-cell-depleted (A and B) or WT,Myd88fl/fl Lck-cre

homozygous, and Myd88fl/WT Lck-cre heterozy-

gous (C–E) mice were infected i.v. with 5 3 105

Salmonella.

(A and B) Mice given PBS, anti-CD4, anti-CD8,

both, or an isotype control antibody were sacri-

ficed at day 30 postinfection, and bacterial loads in

the spleen (A) and liver (B) were determined. For

Myd88fl/fl Lck-cre and Myd88fl/WT Lck-cre mice,

survival (C) or bacterial burdens in the spleen (D)

and liver (E) were monitored 5 weeks after infec-

tion. Error bars represent the mean ± SEM.

(C) Survival curve after Salmonella infection. The

graph shows combined data from at least three

experiments with at least ten mice per group. WT

and littermate controlMyd88fl/WT Lck-cremice are

grouped together. Statistical significance was

observed by the log-rank (Mantel-Cox) test.

(D and E) Bacterial loads in the spleen (D) and liver

(E) of individual mice 5 weeks postinfection with

BRD509 in Myd88fl/fl Lck-cre, Myd88fl/WT Lck-cre,

and WTmice. Gray plus signs show the number of

mice that became moribund prior to assessment

of bacterial burdens at the 5-week time point.

Statistical significance was determined on log-

transformed data by one-way ANOVA. Error bars

represent the mean ± SEM.

***p < 0.005, **p < 0.01, *p < 0.05, and p > 0.05 (ns).

flagellin, or Pam3CSK4. The fact that Imi-
quimod and CpG failed to induce effector
responses in this model could mean that
cell-surface TLRs are more efficient at
amplifying the Th1 cell response; how-
ever, it is also possible that endosomal
TLRs canmediate the same effect if these
ligands are internalized, as could occur
during infection. Indeed, given the data
above, it seems likely that numerous
TLR ligands will be capable of amplifying
CD4+ T cell responses and that the
individual microbe-associated molecular
patterns (MAMPs) involved will vary
depending on the infection model. The
ability of LPS to stimulate CD4+ T cells
during Chlamydia infection also supports
the concept that noncognate T cell stim-
ulation is common to intramacrophage
infection models.

An important feature of this CD4+ response to innate stimuli is
that it is maximally effective during the period of active infection.
Therefore, during active Salmonella infection, effector CD4+ Th1
cells have a reduced threshold for stimulation and IFN-g
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Summary	  

• During	  ac=ve	  Salmonella	  infec=on,	  effector	  CD4+	  Th1	  cells	  have	  reduced	  threshold	  for	  

s=mula=on.	  

• The	  ability	  to	  induce	  effector	  func=ons	  without	  a	  requirement	  for	  recognizing	  cognate	  

an=gen	  and	  MHC	  on	  an	  infected	  cell	  probably	  evolved	  to	  enhance	  the	  efficiency	  of	  

adap=ve	  response	  to	  infec=on.	  	  

• Inflammasome	  sensing	  of	  intracellular	  bacterial	  components	  synergizes	  with	  TLR	  

recogni=on	  of	  MAMPs	  to	  induce	  cytokine	  produc=on.	  	  
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