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SUMMARY

Type 2 T helper (Th2) cells and group 2 innate lymphoid cells (ILC2s) provide protection against
helminth infection and are involved in allergic responses. However, their relative importance and
crosstalk during type 2 immune responses are still controversial. By generating and utilizing
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mouse strains that are deficient in either ILC2s or Th2 cells, we report that interleukin (IL)-33-
mediated ILC2 activation promotes the Th2 cell response to papain; however, the Th2 cell
response to ovalbumin (OVA)/alum immunization is thymic stromal lymphopoietin (TSLP)
dependent but independent of ILC2s. During helminth infection, ILC2s and Th2 cells collaborate
at different phases of the immune responses. Th2 cells, mainly through IL-4 production, induce
the expression of IL-25, IL-33, and TSLP, among which IL-25 and IL-33 redundantly promote
ILC2 expansion. Thus, while Th2 cell differentiation can occur independently of ILC2s, activation
of ILC2s may promote Th2 responses, and Th2 cells can expand ILC2s by inducing type 2
alarmins.
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In brief

ILC2s and Th2 cells are involved in a variety of type 2 immune responses. Gurram et al. report
that the crosstalk between ILC2s and Th2 cells varies among mouse models and is mediated by
type 2 alarmins and IL-4.

INTRODUCTION

Type 2 immune responses provide protection against helminth infection and induce allergic
inflammatory diseases; both processes can be driven by type 2 T helper (Th2) cells

and group 2 innate lymphoid cells (ILC2s), with ILC2s serving as an innate counterpart

of adaptive effector Th2 cells.1~* Th2 cell differentiation requires T cell receptor (TCR)-
mediated signaling triggered by the major histocompatibility complex (MHC) class II-
peptide complex on dendritic cells (DCs)°; however, ILC2s are preexisting tissue-resident
type 2 lymphocytes.5-8 While inducing adaptive immune responses, allergen exposure or
helminth infection may first upregulate the release of alarmins such as interleukin (IL)-33
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by non-hematopoietic cells to activate and expand ILC2s.2 The commitment of effector Th2
cell differentiation is controlled by the master transcription factor GATA-binding protein 3
(GATAR3).10-14 Fate determination and maintenance of ILC2s are also under the control of
GATA3.15-17

Although ILC2s and Th2 cells exhibit similar effector functions, their relative contributions
and interdependency have been controversial. ILC2s were previously reported to induce
Th2 cell response directly by cell-cell interactions'820 and indirectly by secreting 1L-13

to induce DC migration to the draining lymph node.21:22 1LC2s were also shown to be
dispensable for Th2 cell differentiation during helminth infection.23 Th2 cells may induce
ILC2 expansion through the production of 1L-21824 or 1L-4.25 However, the potential

roles of ILC2-activating alarmins during this process remain unclear. Finally, the relative
importance of Th2 cells and ILC2s during type 2 immune responses is still elusive.

Some controversies regarding the relative importance of and crosstalk between 1LC2s

and Th2 cells could be partly due to the use of different animal models and procedures.
Most importantly, specific ILC2- or Th2-deficient mouse strains without affecting the other
compartment are still lacking. Here, we report mouse strains that are deficient in either
ILC2s or Th2 cells with a high degree of specificity. By using these mice, we investigated
the crosstalk between ILC2s and Th2 cells in various models involving type 2 immune
responses. Our results demonstrate that the division of labor and crosstalk between ILC2s
and Th2 cells in orchestrating type 2 immune responses are model and stage dependent and
that type 2 alarmins play critical roles during both the initiation and expansion phases of
type 2 immune responses.

Klrg1Cre-mediated Gata3 deletion specifically depletes ILC2s

Killer cell lectin like receptor G1 (KLRG1), a c-type lectin inhibitory receptor expressed

on CD8" T cells and natural killer (NK) cells, 2627 is also highly expressed by most
ILC25.15:28 |n the type 2 pulmonary inflammation mouse model chronically challenged
with the protease papain (Figure 1A), KLRG1 was also found to be expressed by the
majority of ILC2s, whereas only a small subset of Th2 cells expressed KLRG1 (Figure
S1A). Other immune cells involved in type 2 immune responses did not express KLRG1.
Because KLRG1 was preferentially expressed by ILC2s (Figure 1B) and GATAS3 is required
for the maintenance of 1LC2s,15-17 K/rg1Ce-mediated Gata3 deletion could eliminate 1LC2s
without affecting Th2 cells. Indeed, ILC2s in the lung of naive K/rg1€"Gata3f/fl mice were
depleted, while other lymphoid subsets, including ILC1s, ILC3s, NK cells, and CD4* T
(both Foxp3™ and Foxp3~ populations) cells, were intact (Figures 1C and S1B). ILC2s,

but not ILC3s, in the small intestine lamina propria (siLP) of naive K/rg1C" Gata3™/fl mice
were also undetectable (Figure S1C). In wild-type (WT) mice chronically challenged with
papain, known to induce type 2 lung inflammation,2° less than 5% of Th2 cells and CD8*

T cells expressed KLRG1, whereas ~40% of NK cells expressed KLRG1 (Figures S1D

and S1E). Fate-mapping experiments showed that less than 5% of Th2 cells, ~12% of NK
cells, and virtually no CD8" T cells expressed the fate mapping marker tdTomato in the
KirgICre Gata3Tfl pogdTomato mice (Figures S1F and S1G). Thus, K/rgICe-mediated Gata3
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gene deletion had a minimal effect on Th2 cells, CD8" T cells, and NK cells at least in the
papain system examined.

ILC2s promote the generation of Th2 cells induced by papain

Short-term (acute) papain challenges of mice activate lung ILC2s without inducing
effector Th2 cells, whereas prolonged (chronic) papain challenges also induce Th2 cell
differentiation. Therefore, we performed experiments with mice intranasally challenged with
papain on days 0, 1, and 2 (acute phase), followed by papain re-challenge on days 13,

14, and 15 (chronic phase) (Figure 1A). The gating strategy for identifying and analyzing
ILC2s, Th2 cells, and eosinophils is shown in Figures S2A and S2B. Although both acute
and chronic challenges induced eosinophilia, chronic papain challenges induced markedly
increased eosinophils in the lung and bronchoalveolar fluid (BAL) fluid (Figures S3A and
S3B). As expected, acute papain challenges induced ILC2 activation but not Th2 response
(Figures S3C and S3D). By contrast, chronic papain challenges not only induced Th2 cells
but also further expanded ILC2s (Figures S3C and S3D).

In the ILC2-deficient (K/rgIC" Gata3™/M) mice, diminished numbers of eosinophils in
BALF and lungs were noted during acute papain challenges (Figure 1D). However,

the K/rg1C" Gata3"f mice chronically challenged with papain only exhibited reduced
eosinophilia (Figure 1E) compared with the Gata3f/fl mice. The K/rg1CreGata3/f mice
also exhibited lower numbers of Th2 cells (Figure 1F). In addition, the K/rgIC"e Gatz3/M
displayed reduced inflammation with significantly fewer eosinophils and a reduced trend of
overall lung histopathology (Figures 1G and 1H).

We then used the OVA-induced Th2 model (Figure 11). In this model, both Gatz3™/fl and
Kirg1Cre Gata8™M mice exhibited equal severity of eosinophilia and same numbers of Th2
cells (Figure 1J). Some activated regulatory T cells (Tregs) may express high levels of
KLRG1,30 and thus K/rg1Ce-mediated Gata3gene deletion in this Treg population could
indirectly affect Th2 cell responses. However, the Foxp3'e GataFVf mice displayed more
severe eosinophilia and generated more Th2 cells (Figures S3E-S3H), consistent with

the current notion that Gata3-deficient Tregs are defective in limiting Th2 responses.31:32
Finally, transfer of ILC2s into the K/rgIC" Gata3™/ mice followed by chronic papain
challenges partially rescued the Th2 response in ILC2-deficient mice (Figure 1K).

To further investigate the role of ILC2s in antigen-specific Th2 response, we used papain
as an adjuvant in immunizing mice with the 2W1S peptide (Figure 1L), an I-AP-binding
peptide variant derived from the murine I-E9 MHC class Il a chain, which is highly
immunogenic in C57BL/6 mice.33 2W1S:1-Ab tetramer-positive CD4* T cells were induced
in the 2W1S-immunized Gata3f/fl mice that also received papain as an adjuvant but not

in mice that received 2W1S alone (Figures 1M and 1N). The adjuvant effect of papain
requires ILC2s since the ILC2-deficient K/rg1c" Gata3™f mice failed to generate 2W1S-
specific CD4* T cells in response to 2W1S-papain immunization. Antigen-induced airway
inflammation with alum as the adjuvant shown in Figure 11 was also tested with the 2W1S
peptide. In the alum model, both Gata3™/fl and K/rg1Cre Gata3Mf mice generated similar
numbers of 2W1S:1-AP tetramer-specific CD4* T cells (Figures 1M and 1N), and these
antigen-specific cells expressed high levels of GATA3 (Figure 10).
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IL-33 plays an essential role in the initiation of ILC2-mediated Th2 cell generation

Since type 2 alarmins (IL-33, IL-25, and TSLP) play an important role in the activation of
ILC2s, we first measured the production of these alarmins in both papain and ovalbumin
(OVA)/alum-induced airway inflammation models. While papain primarily induced the
expression of 1L-33 during the acute phase, it induced the production of all three alarmins
during the chronic phase (Figure 2A). On the other hand, in the OVA/alum model, TSLP
was first induced 2 days after OVA challenges (Figure 2B); after 4 consecutive days of OVA
challenges, all three alarmins were induced.

We then performed acute and chronic papain challenges with mice deficient in CIKS,

an adaptor molecule required for IL-25-mediated signaling,3* IL-33-deficient (IL-33 trap)
mice,3° or Cr/fZ7!~ (a TSLP receptor subunit knockout) mice.38 Interestingly, mice deficient
in either CIKS or Cr/fZ”/~ had similar severity of eosinophilia as WT mice during acute
papain challenge. By contrast, IL-33-deficient mice had far fewer eosinophils in the BALF
and lungs (Figure 2C). Furthermore, the ILC2s from IL-33-deficient mice were poor IL-13
producers (Figure 2D).

In the chronic papain challenge model, CIKS knockout (KO) mice and Cr/f2”~ mice also
showed similar levels of eosinophilia in BALF and lungs as WT mice (Figure 2E), but
IL-33-deficient mice had fewer eosinophils. Accordingly, while the Th2 cell response was
greatly reduced in 1L-33-deficient mice, normal numbers of Th2 cells were detected in the
absence of IL-25 or TSLP signaling (Figure 2F). Furthermore, IL-33 trap mice had far fewer
ILC2s in response to chronic papain challenges compared with mice in other groups (Figure
2G), and the histopathological analysis of lung tissues revealed that IL-33-deficient mice
had lower histopathological scores and fewer eosinophils in the tissue compared with their
WT counterparts in both acute and chronic papain challenge models (Figures 2H and 2I).
Therefore, 1L-33, but not IL-25 or TSLP, is required for the activation of ILC2s in response
to acute papain challenge and for ILC2-mediated promotion of Th2 cell lung accumulation
during chronic papain challenge.

The inability of IL-33-deficient mice to mount a strong Th2 response to chronic papain
challenges was further demonstrated by the lack of activated CD40*™ DC migration into

the mediastinal lymph node during acute papain challenges (Figures S4A and S4B).
Furthermore, the 1LC2-deficient K/rg1C Gata3™/f! mice acutely challenged with papain also
had significantly fewer numbers of CD40* DCs in the mediastinal lymph node than the
Gata3MM mice (Figures S4C and S4D). These results are consistent with an earlier report
that 1L-13 produced by ILC2s promotes the migration of activated DCs to the draining
lymph nodes.?1

TSLP is the major alarmin for ILC2-independent Th2 cell induction by OVA/alum
immunization

In contrast to the results with the papain model, in the OVA-alum immunization model in
which ILC2-independent Th2 cell differentiation was observed, IL-33 trap mice showed
significantly higher eosinophilia (Figures 3A and 3B) with increased numbers of effector
Th2 cells (Figure 3C). The enhanced Th2 response in IL-33-deficient mice may have
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resulted from the requirement of 1L-33 signaling in Tregs to suppress effector T cell
responses.37:38 The CIKS KO mice also had more eosinophils and Th2 cells in the OVA/
alum model (Figures 3D-3F). By contrast, OVA/alum-induced type 2 immune response
in the Cr/f2”~ mice was significantly reduced compared with the WT mice (Figures 3G—
31). Furthermore, preconditioning the mice with TSLP (200 ng) intranasally (Figure 3J)
significantly enhanced Th2 responses during OVA intranasal (i.n.) challenges in both WT
(Figure 3K) and ILC2-deficient mice (Figure 3L). These results indicate that TSLP is a
major promoter of ILC2-independent Th2 cell response in the OVA/alum model.

ILC2 pre-activation promotes the Th2 cell response in the OVA/alum model

To gain more insights into the differential dependence of ILC2s between the papain- and
OVA/alum-induced airway inflammation, we tested whether ILC2 activation induced by
cytokine stimulation could promote the ILC2-independent Th2 cell response in the OVA/
alum model. Therefore, we first used IL-33 i.n. challenges on days 8 and 9 during the OVA/
alum-induced airway inflammation model (Figure S4E). WT Gata3"/f! mice that received
IL-33 had significantly higher eosinophilia and higher Th2 cell numbers compared with

the mice that did not receive 1L-33 (Figure S4F). However, the Th2 cell response in the
ILC2-deficient K/rg1C™ GataF'f mice was not enhanced by 1L-33 administration (Figure
S4G). Pre-treating Gata3/f mice with IL-25 intraperitoneally (i.p.) for 3 days (Figure S4H)
also induced more eosinophils and Th2 cells compared with without pre-treatment (Figure
S41). However, the ILC2-deficient K/rg1C" Gatafl mice failed to show such a response to
IL-25 (Figure S4J). Therefore, even in a Th2 model where ILC2s are not required, ILC2
activation may further promote the Th2 response.

The adaptive lymphocyte compartment is necessary for a robust expansion of ILC2s

Dramatically increased total ILC2 number during the chronic stage of papain challenges
(Figure S3C) was correlated with enhanced production of IL-25, TSLP, and IL-33 (i.e., all
three type 2 alarmins; Figure 2A). Since Th2 cells were induced during this chronic stage
(Figure S3D), we further investigated the role of effector Th2 cells in ILC2 expansion. We
first performed the acute and chronic papain challenges using RagZ~'~ mice. RagZ™'~ mice
acutely challenged with papain (i.n.) showed an increase in eosinophilia in BALF and lungs
(Figures 4A and 4B). Possibly because of the lymphopenic environment in the Ragz~/~
mice, they had more ILC2s than WT mice at steady state and upon acute papain challenges
(Figure 4C). By contrast, WT mice chronically challenged with papain exhibited much
greater eosinophilia than did similarly treated RagZ~/~ mice (Figures 4A and 4B). Although
additional Th2 cells in the WT mice may contribute to the eosinophilia, WT mice also had
more ILC2s after chronic papain challenge compared with the RagZ~'~ mice (Figure 4C).
Nevertheless, a similar percentage of IL-5- and IL-13-expressing ILC2s was observed in the
WT and RagZ~/~ animals, suggesting that these ILC2s might be functionally similar (Figure
4D). These results indicate that adaptive immune cells may positively regulate the expansion
of ILC2s.

Th2 cells are necessary and sufficient in inducing ILC2 expansion

To test whether Th2 cells in the adaptive lymphocyte compartment are responsible for
ILC2 expansion, we generated hCDZX"e Gata3"/f (Th2-deficient) mice. Naive CD4* T

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gurram et al.

Page 7

cells from the hCDZX"e Gata3 mice showed a similar ability, compared with WT naive
cells, to differentiate into effector Th1 and Th17 cells /n vitro, judged by interferon y
(IFN'y) and 1L-17 expression, respectively (Figures S5A and S5B). As expected, hCDZ"®
Gata3™M cells were markedly defective in differentiating into IL-13-producing Th2 cells
(Figure S5C). Furthermore, RagZ~'~ mice that received naive CD4* T cells from either

WT (Gatad'f) or Th2-deficient mice (hCDXe Gatad VM) developed equivalent colitis as
judged by their weight loss (Figure S5D), and CD4* T cells from both groups express
similar levels of IFN+y (Figures S5E and S5F). We then challenged these Th2-deficient mice
with papain. Although both Gata3™/f! and hCDXe Gata3™V mice had similar numbers of
eosinophils (Figures 4E and 4F) and ILC2s during acute papain challenges (Figure 4G),
the hCDX"e Gata3™/f mice chronically challenged with papain showed a milder type 2
immune pathology with significantly fewer eosinophils compared with similarly treated
Gata3™M mice. Notably, the hCDZ"e Gata3™fl mice had much fewer 1LC2s compared with
the Gata3™/l mice after chronic papain challenge. However, ILC2s from both groups were
equally capable of expressing type 2 cytokines (Figure 4H). Furthermore, histopathological
analyses of lung tissues revealed that although the hCDXe Gata3f/fl mice exhibited similar
severity of eosinophilia and inflammation compared with the Gata3f/fl mice during acute
papain challenge, the hCDXe Gata3M/fl mice were unable to mount a severe inflammation
during the chronic stage of papain challenges (Figures 41 and 4J).

As shown above, mice sensitized with OVA-alum i.p. followed by OVA i.n. challenges could
elicit an ILC2-independent Th2 response (Figures 1J and 1K). However, during this process,
ILC2s also expanded (Figures 4K and 4L). To provide direct evidence to support the notion
that Th2 cells can induce ILC2 expansion, we adoptively transferred /in- vitro-differentiated
OT-11-Th2 cells and then i.n. challenged these mice with OVA (Figure 4M). Mice receiving
in-vitro-differentiated OT-11 Th2 cells elicited a type 2 immune response upon i.n. OVA
challenges (Figure 4N). Even in this transfer model, endogenous ILC2s were expanded and
activated with an increased capacity in IL-5 and IL-13 production (Figure 4N), suggesting
that Th2 cells are capable of inducing the expansion and activation of ILC2s.

Adaptive lymphocytes do not affect the transcriptome of ILC2s

To further understand the impact of adaptive lymphocytes on ILC2s at the genome-wide
level, we performed RNA sequencing (RNA-seq) analyses on ILC2s from WT and RagZ/~
animals chronically challenged with papain. Based on the principal-component analysis
(PCA), the ILC2s from WT and RagZ~'~ mice had a similar transcriptomic profile (Figure
5A), with very few genes significantly differing in their expression in ILC2s from WT
versus RagI™~ animals (Figure 5B). In addition, the type 2-related genes were similarly
upregulated by papain challenges in both WT and RagZ~/~ ILC2s (Figure 5C).

Th2 cells induce the expression of type 2 alarmins

ILC2s proliferate and produce IL-5 and IL-13 in response to I1L-25, IL-33, or TSLP
stimulation.3%40 To assess whether Th2 cells are required for inducing the expression

of type 2 alarmins, we performed papain challenges using the Th2-deficient mice
(hCDXre GataB™M). As expected, similar levels of 1L-33 release were detected in
hCDZe Gata3"/f and their WT counterpart Gata3™/fl mice acutely challenged with papain
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(Figure 5D). By contrast, hCDZC Gata3/fl mice chronically challenged with papain
showed diminished levels of all three type 2 alarmins in the BALF compared with the
Gata3M mice.

Interestingly, OVA-induced pulmonary inflammation caused by Th2 cells generated in the
periphery also upregulated the type 2 alarmin levels in the BALF (Figure 2B). To exclude
the possibility that adjuvant was responsible for the induction of type 2 alarmins, we injected
in-vitro-differentiated OT-11-Th2 cells into recipient mice and i.n. challenged them with
OVA antigen. The levels of all three type 2 alarmins were significantly increased by the
adoptive transfer of antigen-specific Th2 cells (Figure 5E), confirming an important function
of Th2 cells for their induction.

IL-25 and IL-33 redundantly mediate ILC2 expansion induced by Th2 cells

To test whether Th2 cells activate and expand ILC2s by inducing the release of type 2
alarmins, we used a Th2 cell transfer model to assess the expansion of ILC2s in the mice
deficient in either individual type 2 alarmin or its receptor. Notably, ILC2s in mice deficient
for either CIKS, IL-33, or TSLPR expanded similarly to ILC2s in WT mice (Figure 5F),
indicating that no individual alarmin is absolutely required for this function. By injecting
the WT and IL-33-deficient mice with various combinations of neutralizing anti-1L-25 and
anti-TSLP antibodies to block these signaling pathways separately or together, we found that
ILC2 expansion driven by Th2 cells was significantly reduced when both IL-33 and IL-25
signaling pathways were blocked (Figure 5G). Blockade of TSLP signaling did not result

in a further reduction. Indeed, treatment with either IL-25 or I1L-33, but not TSLP, was able
to activate pulmonary ILC2s isolated from naive mice /n vitro (Figure 5H). Collectively,
our results demonstrate that Th2 cells have a profound effect on ILC2 expansion, which is
redundantly mediated by IL-25 and IL-33.

IL-4 is critical for the induction of type 2 alarmins by Th2 cells

ILC2 expansion induced by chronic papain challenges in the //4///13"~ mice was
significantly reduced compared with the WT mice (Figures S6A and S6B). Furthermore,
such reduction was observed in the //47/~ mice, suggesting that IL-4 itself plays an important
role (Figures S6C and S6D). To minimize the effect of IL-4 during /n vivo Th2 cell
differentiation, which may indirectly affect type 2 alarmin induction and thus ILC2 cell
expansion, we treated the mice that received WT OT-1I /r+vitro-differentiated Th2 cells

with an anti-1L-4 neutralizing antibody (Figure 6A) and found that I1L-4 neutralization
significantly reduced the amounts of all type 2 alarmins in the BALF fluid (Figure 6B).
Furthermore, IL-4 neutralization also reduced eosinophilia and limited ILC2 expansion and
activation (Figure 6C).

To test whether IL-4 is sufficient to induce ILC2-mediated type 2 responses, we challenged
naive mice i.n. with 1L-4 and IL-13 for 6 consecutive days (Figure 6D). Mice challenged
with IL-4 showed a significant increase of eosinophils in the BALF accompanied by
increased ILC2 cell number and their enhanced ability to produce IL-5 and IL-13 (Figure
6E, top panel). On the other hand, mice that received IL-13 showed much less eosinophilia
and ILC2 activation compared with I1L-4-treated mice, suggesting that IL-4 is the key
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cytokine in mediating feedback from Th2 cells to ILC2s. A similar result was obtained
using the RagZ~'~ mice (Figure 6E, bottom panel), indicating that the IL-4 effect on ILC2s
bypasses the need for Th2 cells. Furthermore, IL-4, but not 1L-13, treatment significantly
induced the expression of I1L-33 and TSLP (Figure 6F, top panel). Similar regulation of type
2 alarmin expression by IL-4 was also observed in the RagZ~~ mice (Figure 6F, bottom
panel).

To test the role of ILC2s in mediating IL-4-induced eosinophilia, we compared WT
(Gatad'™) and 1LC2-deficient (K/rg1C™ Gata3™) mice in response to IL-4 i.n. challenges.
The results showed that ILC2-deficient mice did not develop eosinophilia (Figure 6G),
indicating that ILC2s are critical for inducing eosinophilia in response to IL-4-induced type
2 alarmins. IL-4 has been reported to directly activate ILC2s.4! To assess the importance of
type 2 alarmins in activating ILC2s in this IL-4 challenge model, we tested the IL-33 trap
and CrlfZ”"~ mice. While both WT and Cr/f2/~ mice elicited similar levels of eosinophils
in the BALF and equivalent ILC2 expansion in the lung tissue (Figure 6H), the 1L-33 trap
mice failed to show eosinophilia in response to IL-4 i.n. challenges, with no obvious ILC2
expansion and activation (Figure 61). These data indicate that IL-4 induces ILC2 expansion
and activation largely through upregulating type 2 alarmins.

ILC2s and Th2 cells function at different stages of host defense against N. brasiliensis

infection

Nippostrongylus brasiliensis (N. brasiliensis) is a murine gastrointestinal parasite whose
virulent L3 stage larvae complete part of their life cycle in the lung (L4 stage) before

they migrate to the intestine to mature into adult worms (L5 stage). The adult worm has a
reproductive life cycle in the intestine to produce eggs. Eggs produced by adult worms in
the intestine are excreted through the fecal matter.37 Infection with L3 stage larvae elicits a
strong type 2 immunity; however, the role of ILC2s in host defense against N. brasiliensis
infection and their functions in inducing Th2 responses are still controversial, and it is
unknown whether Th2 cells are necessary for the sustained activation and functions of
ILC2s during infection.

Both Th2 cells and ILC2s are capable of producing type 2 cytokines; however, it has been
reported that ILC2s are poor IL-4-producing cells. Indeed, in response to N. brasiliensis
infection, ILC2s showed significantly higher IL-13-producing capacity than Th2 cells
(Figure S7A). By contrast, Th2 cells preferentially express IL-4 relative to ILC2s (Figure
S7B).

To investigate the crosstalk between ILC2s and Th2 cells during N. brasiliensis infection, we
infected the WT (Gata3™/fl), Th2-deficient (hCDX Gata3M/M), and ILC2-deficient (K/rgI1Cre
Gata3M/T) mice with 500 virulent L3 stage larvae. The egg count was monitored daily
throughout the infection, whereas worm burden and immune responses at the cellular level
were measured on days 0, 7, 11, and 15 post-infection (Figure 7A). Egg counts revealed

that all mice in different groups started excreting eggs 5 days post-infection (dpi) (Figure
7B). While egg release from Gata3™/fl mice reached the peak level on 7 dpi and stopped
completely on 10 dpi, both K/rg1C™ Gata3™/f mice and hCDZe Gata3V mice excreted
more eggs than Gata3™/f mice starting from 7 dpi and had a maximum production on 10 dpi.
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While the egg release started to reduce on 11 dpi and stopped on 14 dpi in K/rgICTe Gata3fl/fl
mice, hCDZ"e Gata3MT mice continuously released high numbers of eggs in the fecal
matter.

The enumeration of adult worms in the small intestine demonstrated that the numbers

of adult worms in the intestine correlated well with the egg counts (Figure 7C). Seven

days after infection, K/rg1C"Gata3™/f mice had higher worm burden than Gata3™/f and
hCDZCe Gata3™M mice, indicating that ILC2s are required for early host defense against
helminth infection. Eleven days after infection, when Gat3™/fl mice had completely
expelled the worms, K/rg1C" Gata3MTl and hCDZe Gata3™/l mice still had a high worm
burden. Notably, while K/rg1€ Gata3™/fl mice expelled worms by 15 dpi, hCDX"e Gara3f/fl
mice failed to expel worms (Figure 7C).

To test whether Th2 cells are absolutely required for worm expulsion, we monitored egg
production in infected mice for a prolonged period of time. The results showed that egg
production from the infected hCDZ"e Gata3™/fl mice started to reduce 15 dpi, and no eggs
were detected after 28 dpi (Figure 7D). In addition, while WT mice and RagZ~/~ mice
stopped releasing eggs on 10 and 30 dpi, respectively, the Rag2~'~//[2rg”'~ mice continued
to release eggs even after 150 days (Figure 7E). These data indicate that ILC2s may play an
important role in worm expulsion in the absence of Th2 cells.

Crosstalk between ILC2s and Th2 cells during N. brasiliensis infection

To better understand the type 2 immune response to . brasiliensis infection in the absence
of ILC2s or Th2 cells, we measured the numbers of eosinophils, ILC2s, and Th2 cells in

the BALF, lung, mediastinal lymph node, and mesenteric lymph node. A milder eosinophilia
was observed in the BALF and lung tissues of the K/rg1¢" Gata3™ and hCDXTe Gata3/M
mice throughout the infection compared with the Gaza3™/fl mice (Figure 7F). Notably, while
Th2 cells in the lungs and mediastinal lymph nodes were fewer in the K/rgIC" Gata3f/fl
mice than that in the Gata3™/ mice on day 11 (Figure 7G), more Th2 cells in the mesenteric
lymph nodes of the K/rg1C€"e Gata3/f mice were detected compared with Gata3™/fl mice on
days 11 and 15 (Figure 7G). These results indicate that Th2 cell differentiation does not
require ILC2s. However, ILC2s may promote and/or accelerate this process.

Similarly, fewer numbers of ILC2s in the lung, mediastinal lymph node, and mesenteric
lymph node were detected in the hCDZ"e Gata3™f mice compared with the Gata3/f mice,
especially on day 11 post-infection (Figure 7H). Although similar numbers of ILC2s were
found in both groups of mice on day 15, by then, the Gata3f/fl mice had already expelled
the worms, and thus the type 2 immune response was probably in the contraction phase. The
contraction phase of the immune responses between day 11 and 15 was supported by the
reduction of both Th2 cells and ILC2s in the WT mice. Overall, we demonstrated that there
is a crosstalk between ILC2s and Th2 cells during . brasiliensis infection.

DISCUSSION

The relative contributions of Th2 cells and ILC2s, as well as crosstalk between these cells,
particularly on how Th2 cells influence ILC2s, during /n vivotype 2 immune responses
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are still controversial and incompletely understood.18:21.2342 ||_C2s and Th2 cells share

the common hallmark transcription factor GATA3 for their development, maintenance,

and functions.14:17:43-46 Because of the essential role of GATA3 in these cells, it is an

ideal target for creating ILC2- or Th2-deficient animal models. Based on the preferential
expression pattern of certain molecules in ILCs (i.e., KLRG1 for ILC2s) and T cells, we
took advantage of the Cre-loxP system in deleting the Gata3 gene in either ILC2s or mature
T cells. Specifically, we generated the K/rgC™ GataFf mice that are deficient in ILC2s but
not Th2 cells and the hCDX"e GataF mice that fail to generate Th2 cells, yet ILC2s in
these mice are intact. By using these mouse strains, we systematically assessed the functions
of ILC2s and Th2 cells, and their crosstalk in a variety of type 2 immune response models.

ILC2-independent Th2 cell differentiation can occur in response to OVA/alum
immunization. However, ILC2s may promote Th2 cell responses in other settings, including
in the papain-induced type 2 immune response at the chronic stage. During helminth
infection, although Th2 cell differentiation seemed to be delayed, we did observe Th2 cell
differentiation in the absence of ILC2s, consistent with a previous report.23 These results
indicate that Th2 cell differentiation itself does not require ILC2s. However, whenever
ILC2s are activated by type 2 alarmins, they could potentiate and/or promote Th2 cell
responses.

In all the models that we have tested, Th2 cells can expand the total numbers of ILC2s,

and the expansion of ILC2s is diminished in either RagZ~/~ or Th2-deficient mice. Such
ILC2 expansion is correlated with the induction of type 2 alarmin expression. Th2 cells

are necessary and sufficient for promoting the expression of type 2 alarmins. We also show
that the induction of IL-25, 1L-33, and TSLP expression by Th2 cells was IL-4 dependent.
Furthermore, IL-4 was sufficient to induce IL-33 and TSLP in the absence of T cells. The
fact that IL-4 was required for IL-25 induction but not sufficient for inducing IL-25 implies
that other Th2 molecules and/or cell-cell interaction, in addition to IL-4, may be required for
regulating IL-25 expression.

Interestingly, while blocking signaling of individual type 2 alarmins has no significant effect
on ILC2 expansion, blocking both IL-25 and IL-33 severely hampers Th2 cell-induced
ILC2 expansion. Thus, Th2 cells can indirectly influence the expansion of ILC2s through
promoting the release of type 2 alarmins, among which 1L-25 and IL-33 play a redundant
role. By contrast, TSLP has a minimal effect if any on activating ILC2s, although it plays
an important role in the Th2 cell response induced by OVA/alum immunization. It has
been reported that 1L-25 produced by tuft cells mediates a positive feedback loop between
type 2 lymphocytes and tuft cells in the gut.4” Our results further expand this notion that
crossregulation between type 2 effector cytokines and alarmins may mediate the crosstalk
between Th2 cells and ILC2s. However, depending on the amounts of IL-33 and IL-25
that can be induced in different tissues, these alarmins may play a redundant role. The
non-redundant function of IL-25 in mediating Th2-ILC2-tuft cell crosstalk in the gut is
possibly due to its relative abundance in the gut tissue and the lack of IL-33 receptor
expression by gut ILC2s.
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The crosstalk between ILC2s and Th2 cells was also observed in a helminth . brasiliensis
infection model. It has been shown that ILC2 deficiency may impair the host’s ability

to clear worms and that transferring 1LC2s rescues such a defect.*2 On the other hand,
transferring T cells into either ILC2-sufficient or ILC2-deficient mice on the RagZ™/~
background results in an equally efficient worm expulsion.23 However, in both cases, it
might be difficult to determine whether the transferred cells truly behave as endogenous
ILC2s or Th2 cells under physiological conditions. In fact, expansion of ILC2s in Rag™~
mice via cytokine injection is sufficient to expel worms.1848 Consistent with a previous
report,*? our results strongly suggest that 1LC2s and Th2 cells function at the different stages
of host defense during helminth infection. While our article was under final review, another
study reported that 1LC2s have a non-redundant function in worm expulsion.5° However,
this conclusion was largely based on their result, similar to our observation, that on day

11, when the WT mice completely expelled the worms, the worms were still present in

the ILC2-deficient mice. We further demonstrated that on day 15, our ILC2-deficient mice
were able to expel worms; whether this is also the case with the other recently generated
ILC2-deficient mouse strain remains to be tested. Nevertheless, our current study indicates
that ILC2s play an important role at an early stage and that without ILC2s, worm expulsion
is delayed. On the other hand, Th2 cells function at a relatively late stage even in the absence
of ILC2s. Conversely, in the absence of Th2 cells, ILC2s alone can still expel worms but
with a long delay. Thus, while ILC2s and Th2 cells function at different stages, they have
overlapping functions and can cooperate to mount an efficient immune response against
helminth infection.

In summary, our results indicate that ILC2s and Th2 cells have a mutual crosstalk

while establishing and executing an effective and robust type 2 immune response. Initial
activation of the ILC2s by type 2 alarmins may promote Th2 cell differentiation, although
ILC2-independent Th2 cell differentiation also occurs. Th2 cells, in turn, may induce

the production of type 2 alarmins to promote the expansion of ILC2s. Thus, the relative
importance of ILC2s and Th2 cells during a type 2 immune response may depend on the
timing, the tissue distribution of these type 2 lymphocytes, and the nature of the extrinsic
signals that activate these cells. Our notion of model-dependent crosstalk between ILC2s
and Th2 cells during type 2 immune responses may help to explain mechanisms underlying
different forms of human allergic inflammatory disorders and helminth infections.

Limitations of the study

While we have shown that IL-4 was important for Th2 cell-mediated alarmin expression,

the target cells for IL-4 were not investigated in this study. For the mouse models, although
Th2 cells are not significantly affected by K/rgzC"-mediated Gata3 deletion, the subset of
KLRG1-expressing Tregs could be defective in our ILC2-deficient mice. Nevertheless, this
limitation should not alter the conclusions of our current study since, unlike ILC2s, Tregs
usually limit rather than promote Th2 cell responses. K/rgIC' is also active in effector CD8*
T cells and NK subsets; thus, for investigating the role of ILC2s during viral infections, our
ILC2-deficient mice should be used with caution because activated CD8* effector T cells
and a portion of NK cells would be GATA3 deficient in these settings.
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STARMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Jinfang Zhu (jfzhu@niaid.nih.gov).

Materials availability—K/rg1Cre Gata3f/fl (ILC2-deficient) and hCDXe Gata3 M (Tha-
deficient) mouse strains are generated in this study.

Data and code availability

. The RNA-Seq datasets have been deposited and are now publicly available at the
Gene Expression Omnibus database under the accession no. GSE166779, which
is also listed in the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The K/rg1°™ mice?’ on C57BL/6 background, kindly provided by Dr. Richard Flavell

of Yale University, were bred to Gata3f/fl micel4 to generate Klrg1CeGata3™/fl (1LC2-
deficient) mice. The hCDZETe Gata3f/fl (Th2-deficient) mice were generated by crossing
Gata3"f mice with h€DZ" mice,®! kindly provided by Dr. Paul Love of NICHD (now
also available as Stock No: 027406 at the Jackson Laboratories). The CIKS KO mice (line
290),34 //4/11137~ mice (line 242), /4"~ mice (line 46) and OT-I1 (line 361) were obtained
from the NIAID-Taconic repository. TSLPR KO (Cr/f2~) mice were previously reported.36
IL-33-trap mouse strain3® was kindly provided by late Dr. William E. Paul of NIAID. Mice
were bred and/or maintained in the NIAID specific pathogen-free animal facilities. Both
female and male mice were used for experiments. Mice in each experimental group were
sex and age matched (8-12 wk). All the animal studies were carried out under a protocol
approved by the National Institute of Allergy and Infectious Diseases (NIAID) Animal Care
and Use Committee.

For genotyping, tail or ear pinna samples were incubated with lysis buffer (100 mM Tris-
HCI, pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl and 1 mg/mL of proteinase K)
overnight at 55°C overnight, followed by a 1:10 dilution with distilled water and 1 puL was
then used as template for PCR. The genotyping of K/rg1€" 27 Crifz-/=,36 1L-33-trap,3® and
Gata3"fl micel4 was performed as previously described.

METHOD DETAILS

T helper cell differentiation in vitro—Naive CD4* T cells were enriched from
peripheral lymph nodes with naive CD4* T cell isolation kit according to the manufacturer
instruction (STEMCELL Technologies). Enriched cells were cultured for 4 days under Thl
polarizing conditions (anti-CD3, 1 yg/mL, anti-CD28, 3 ug/mL, anti-IL-4, 10 pg/mL, I1L-12,
10 ng/mL, IL-2, 100 U/mL), Th2 polarizing conditions (anti-CD3, 1 pg/mL, anti-CD28, 3
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pg/mL, anti-IFN-vy, 10 ug/mL, anti-IL-12, 10 ug/mL, IL-4, 10 ng/mL, IL-2, 100 U/mL),
and Th17 polarizing conditions (anti-CD3, 1 pg/mL, anti-CD28, 3 pg/mL, anti-IFN-y,

10 pg/mL, anti-1L-4, 10 pg/mL, anti-1L-12, 10 pg/mL, TGFB, 1 ng/mL, IL-6, 10 ng/mL,
IL-1B, 10 ng/mL). Mitomycin-C treated T-depleted splenocytes were used as APCs at 5:1
ratio. Differentiated cells were re-stimulated with PMA/ionomycin for cytokine expression
analysis.

Generation of OVA-specific Th2 cells in vitro—Naive OT-11-CD4* T
(CD4*CD44-CD25") cells were enriched from peripheral lymph nodes and spleen with
naive CD4* T cell isolation kit according to the manufacturer instruction (Miltenyi Biotech).
Enriched cells were cultured under Th2 conditions (Dynabeads mouse T activator CD3/
CD28, 12 uL/mL; IL-4, 20 ng/mL; anti-IFN-y, 10 pg/mL; anti-1L-12, 10 pg/mL; IL-2, 100
U/mL) for 4 days. Later, the Dynabeads were separated from the culture by passing through
LS columns (Miltenyi Biotech). Effector Th2 cells were cultured in the RPMI 1640 medium
supplemented with 10% FBS and hlL-2 (100 U/mL) for 3 days before injecting into the
mice.

Mouse models of airway inflammation—For protease papain induced airway
inflammation, mice were anesthetized with isoflurane and 40 pg of papain (in 20 pL of
PBS) was intranasally (7.n.) administrated into mice on day 0, 1, and 2. Mice were either
sacrificed on day 3 for acute studies or rested for 10 days before challenged with papain on
day 13, 14 and 15 for chronic studies.

For OVA-induced airway inflammation, mice were immunized with intraperitoneal (/.p.)
injection of 20 ug of OVA emulsified in Imject Alum (1:3) in 100 uL of PBS on day 0, and
booster on day 7. Mice injected only with Imject Alum were considered as the PBS control
group. After four days these mice were intranasally challenged with 20 pL. OVA (2 mg/mL)
onday 11, 12, 13 and 14.

For adoptive cell transfer induced airway inflammation, RagZ~'~ or C57BL/6 mice
intranasally administrated with 20 L of OVA (2 mg/mL) one day before one million of

in vitro-differentiated OT-11 Th2 cells were injected intravenously (/.v.) into these mice. The
mice were further challenged with intranasally with OVA on day 1, 2, 3, 4, and 5.

For IL-4-induced airway inflammation, mice were anesthetized with isoflurane and /...
challenged with 1 pg IL-4 or 1L-13 for 6 consecutive days.

In all these models, mice were sacrificed 24 h after the final /... challenge. BAL fluid, lungs,
and mediastinal lymph nodes were analyzed.

ILC2 activation in vitro—The lung cell suspension from WT mice was prepared

as described above. The prepared lung suspension was stained with viability dye,

lineage markers, CD127, and T1/ST2. The ILC2s were purified by gating on live
lineage"CD127*T1ST2* cells. Sorted ILC2s were then cultured in 96 well U bottom plates
in RPMI11640 + 10% FBS with TSLP (40 ng/mL), IL-25 (10 ng/mL), or IL-33 (10 ng/mL)
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along with IL-2 (100 U/mL) and IL-7 (10 ng/mL) for 3 days. Cells were then stimulated
with PMA/ionomycin and stained for IL-5 and IL-13 expression.

N. brasiliensis infection—Mice were subcutaneously inoculated with 500 infective
third-stage larvae (L3) of N. brasiliensis. The enumeration of eggs in the feces and adult
worms in the intestine was performed as previously described.3’

Cell preparation and flow cytometry analysis—BALF was obtained by flushing lung
twice with 0.8 mL of PBS using a syringe cannula. The lung lobes were chopped into small
pieces and digested with collagenase type IV (1 mg/mL) and DNase | (100 U/mL) in plain
PBS for 20 min at 37°C. The digestion was terminated by adding ice-cold RPMI 1640 +
10% FBS, then the entire digested tissue was mashed through 40um cell strainer to obtain
single cell suspension. ACK lysis buffer was used to lyse RBCs in BALF and lung cell
suspension.

Cells obtained from BALF, lung and lymph nodes were stained with different

antibody cocktails for identifying eosinophils, Th2 cells, and ILC2s and then

analyzed by FACS LSR-II or Fortessa (BD Bioscience). Intracellular staining was
performed by using Foxp3/transcription factor staining buffer set (eBioscience).
Eosinophils were identified as CD457CD11¢~Gr1 Siglec F*CD11b*; Th2 cells

were identified as CD45"CD4*Foxp3~GATA3*T1/ST2*; ILC2s were identified as
CD45*Lin"IL-7TRa*GATA3*T1/ST2*. All flow cytometric data analysis was performed on
FlowJo software (BD Bioscience).

IL-25, IL-33, and TSLP levels in the BALF were measured by ELISA Kits (Cat# DY 1399,
DY 3626, and MTLPOO; R&D Biosystem). All the procedures were performed according

to the manufacturers’ instructions. Briefly, ELISA plates were coated with the appropriate
concentration of specific primary antibody in PBS overnight at 4°C. The plates were then
blocked for 1 h to eliminate nonspecific binding before they were incubated with isolated
BALF samples or appropriate standards for 2 h. These plates were incubated for another 2 h
with appropriate biotin-conjugated secondary antibody, followed by streptavidin-HRP. Each
step was followed by an appropriate number of washings with PBS buffer +0.05% Tween
20. The plates were developed with the TMB substrate solution (Cat# 421101; Biolegend).
The stop solution for TMB substrate (Cat# 423001; Biolegend) was used to terminate the
reaction. Final absorbance was measured at 450 nm. The concentration of cytokines in the
BALF was calculated based on the standard curve fitting method with GrapPad Prism.

Histological analysis of lung tissue—Lung sections were prepared and analyzed by
Histoserve, Inc (Germantown, MD). Briefly, after cardiac perfusion, lungs were removed
and fixed in 10% buffered formaldehyde and stored. The lung tissue was paraffin-embedded,
and sections were stained with H&E or periodic acid-Schiff (PAS) for the quantification of
cellular infiltration and bronchial mucus gland hypertrophy. The severity of inflammation
was analyzed by blinded histopathological scoring.
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T cell transfer-mediated colitis model—Naive CD4* T cells from pooled lymph
nodes and spleen of the Gata3V/!l mice or hCDX"e Gata3Vf mice were sorted as the live
CD4*CD45RBNCD25™ population. To induce colitis, RagZ~'~ mice were injected /.v. with
300,000 naive CD4* T cells. Body weight of these mice was measured before transfer and
every three days after transfer until they reduced 10% of their body weight. Mice were then
euthanized and Th1 cells in the mesenteric lymph node were analyzed.

RNA-seq analysis—ILC2s (Lin"IL-7Ra*T1/ST2%) from inflamed lung tissue after
chronic papain challenges were sorted for RNA-Seq experiments. The RNA-Seq was
performed as described previously.>2 Briefly, the total RNAs were harvested and purified
by using Qiagen’s RNeasy micro kit (74004; Qiagen). Qiagen’s DNase set (79,254; Qiagen)
was used for on-column DNase digestion. Poly A-tailed RNA was purified from total
RNA by using Dynabeads mRNA DIRECT kit (61,012; Ambion Life Technologies). The
libraries were sequenced with Illumina HiSeq system, and 50 bp reads were generated

by the National Heart, Lung, and Blood Institute DNA Sequencing and Genomics Core.
The RNA-Seq analysis was performed by Partek Flow. Briefly, the sequence reads were
mapped to mouse genome (mm10) by using STAR with default settings. Read length <10
bp were discarded to eliminate the mapping to multiple positions. Partek E/M was used for
the quantification of reads, and reads normalization was done by count per million reads.
Differentially expressed genes were identified by using GSA method with the following
criteria, p value < 0.05, fold change < -1.7 or > 1.7.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis was performed with GraphPad Prism (GraphPad Software). Differences
between two groups were determined by two-tailed unpaired or paired Student’s #test. Data
were presented as mean + SEM. A p value <0.05 was considered statistically significant and
indicated as *; p < 0.01 was indicated as **; p < 0.001 was indicated as ***; and p < 0.0001
was indicated as ****. Not statistically significant was indicated as ns.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

IL-33-mediated ILC2 activation promotes the pulmonary Th2 cell response to
papain

Th2 cell response to OVA immunization is ILC2 independent but TSLP
dependent

IL-25 and IL-33 are redundantly important in Th2 cell-mediated ILC2
expansion

IL-4 is necessary for Th2 cell-mediated induction of IL-33 and TSLP
expression
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Figure 1. ILC2-dependent and -independent Th2 cell differentiation
(A) Experimental procedure for acute and chronic papain models.

(B) Flow cytometric histogram overlay showing the expression of KLRG1 on lung ILC2s
(CD45*Lin"IL-7TRa*GATA3*T1/ST2*) and Th2 cells (CD45*CD4*Foxp3 GATA3*T1/
ST2%) from WT mice chronically challenged with papain.

(C) ILC2s in the pulmonary tissue were compared between Gata3™/fl and Kirg1Ce Gata3f/
mice at the steady state by flow cytometry.

(D) Gata3fl (WT) and Kirg1Cre Gata3™f! (1LC2-deficient) mice were acutely challenged
with papain. The total numbers of eosinophils infiltrated into BALF and lung were counted
and plotted (mean £ SEM; n = 9-14; ****p < 0.0001, Student’s t test).
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(E) Mice were chronically challenged with papain followed by flow cytometric analysis of
eosinophilic infiltration in BALF. The total numbers of eosinophils infiltrated into BALF
and lung were counted and plotted (mean £ SEM; n = 7-14; ****p < 0.0001, Student’s t
test).

(F) Mice were chronically challenged with papain. The total numbers of Th2 cells in lung
were counted and plotted (mean + SEM; n = 4-6; ****p < 0.0001, Student’s t test).

(G) Shown are the microscopic images of periodic acid-Schiff-stained lung tissue sections.
(H) Eosinophilic scores and total lung histopathology scores were plotted (mean = SEM; n =
5-10; *p < 0.05, Student’s t test).

(1) Experimental procedure for OVA-induced pulmonary allergy model.

(J) The total cell number of eosinophils and Th2 cells in mice treated in (1) were measured
by flow cytometry, and the values were plotted (mean £ SEM; n = 4-6; ns, not significant,
Student’s t test).

(K) The ILC2-deficient mice were injected with ILC2s followed by chronic papain
challenges. Th2 cells in the lung were analyzed by flow cytometry, and the total Th2 cell
numbers were counted and plotted (mean + SEM; n = 3-4; *p < 0.05, **p < 0.01, Student’s t
test).

(L) Experimental procedure for the generation of antigen-specific Th2 cells by papain:2W1S
immunization.

(M) 2W1S-specific 2W1S:1-AP tetramer™ CD4* T cells were assessed by flow cytometry.
(N) The total numbers of 2W1S:1-AP tetramer™ CD4* T cells from (M) were counted and
plotted (mean + SEM; n = 3-5; ns, not significant, **p < 0.01, Student’s t test).

(O) Flow cytometric analysis of GATA3 expression by 2W1S:1-AP tetramert CD4* T cells.
Results are representative of two (M-0) and three (B—H, J, and K) independent experiments.
See also Figures S1-S3.
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Figure 2. 1L-33 is required for ILC2-mediated enhancement of Th2 cell response
(A) WT mice were challenged i.n. with PBS or papain and then sacrificed on day 3 (acute)

or 16 (chronic). IL-25, IL-33, and TSLP were measured by ELISA (mean + SEM; n = 8-14;
ns, not significant, **p < 0.01, ****p < 0.0001, Student’s t test).

(B) WT mice sensitized with OVA/alum or alum alone on days 0 and 7, followed by four
doses of OVA i.n. challenges on days 11-14. These mice were sacrificed on days 11, 13,
and 15. IL-25, IL-33, and TSLP were measured by ELISA (mean = SEM; n = 8-11; ns, not
significant, *p < 0.05, **p < 0.01, ****p < 0.0001, Student’s t test).

(C and D) WT mice and mice deficient for CIKS, IL-33, and TSLPR are acutely challenged
with PBS or papain, and mice were sacrificed on day 3.
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(C) Eosinophils in BALF and lung were analyzed by flow cytometry. The total numbers
were counted and plotted (mean £ SEM; n = 6; ****p < 0.0001, ns, not significant,
Student’s t test).

(D) Lung cells were stimulated with PMA/ionomycin, and then IL-13-producing ILC2s
were analyzed by flow cytometry. Percentages of IL-13* ILC2s were calculated and plotted
(mean £ SEM; n = 5-6; ****p < 0.0001, ns, not significant, Student’s t test).

(E-G) Mice were chronically challenged with papain or PBS and sacrificed on day 16.

(E) Eosinophils in BALF and lung were analyzed by flow cytometry. The total numbers
were counted and plotted (mean £ SEM; n = 5; ****p < 0.0001, ns, not significant,
Student’s t test).

(F) Th2 cells in the lung were analyzed by flow cytometry. The total numbers were counted
and plotted (mean £ SEM; n = 5; *p < 0.05, ns, not significant, Student’s t test).

(G) ILC2s in the lung were analyzed by flow cytometry. The total numbers were counted
and plotted (mean £ SEM; n = 5; ****p < 0.0001, ns, not significant, Student’s t test).

(H) Shown are the microscopic images of lung tissue sections stained with periodic acid-
Schiff.

(1) Eosinophilic scores and total lung histopathology scores were plotted (mean £ SEM; n =
4-10; *p < 0.05, **p < 0.01, Student’s t test).

Results are representative of at least two independent experiments. See also Figures S2 and
S4.
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Figure 3. TSLP is important for ILC2-independent Th2 cell response
(A-1) OVA/alum-induced airway inflammation model was used as described in Figure 11.

The total cell numbers of eosinophil and Th2 cells were measured by flow cytometry, and
the values were plotted (mean + SEM; n = 4-12; **p < 0.01, ***p < 0.001, ****p < 0.0001,
Student’s t test).

(J) A modified experimental procedure for OVA-induced pulmonary allergy model for
testing the effect of TSLP administration.

(K and L) The total cell numbers of Th2 cells in mice treated in (J) were measured by flow
cytometry, and the values were plotted (mean + SEM; n = 5-6; *p < 0.05, **p < 0.01,
Student’s t test).
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Results are representative of two (G-I and K-L) to three (A—F) independent experiments.
See also Figure S4.
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Figure 4. ILC2 expansion during chronic papain challenges requires Th2 cells
(A-D) WT and RagZ™"~ mice were intranasally challenged with PBS or papain and then

sacrificed on days 3 (acute) and 16 (chronic).

(A-C) Eosinophils in the BALF and lung and ILC2s in the lung were analyzed by flow
cytometry. The total numbers of eosinophils in BALF (A) and lung (B) were counted and
plotted (mean = SEM; n = 7-12; ***p < 0.001, ****p < 0.0001, Student’s t test). The total
numbers of ILC2s (C) were counted and plotted (mean £ SEM; n = 9-15; *p < 0.05, ****p
< 0.0001, Student’s t test).

(D) Lung cells were stimulated with PMA/ionomycin, and then IL-5/IL-13-producing ILC2s
were analyzed by flow cytometry. The percentage of ILC2s expressing I1L-5/IL-13 were
counted and plotted (mean = SEM; n = 7-13; ns, not significant, Student’s t test).

(E-H) GataB"M mice and hcDXe Gata3™/f mice were challenged i.n. with PBS or papain
and then sacrificed on days 3 (acute) and 16 (chronic).
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(E and F) Eosinophils in BALF (E) and lung (F) were analyzed by flow cytometry. The total
numbers were counted and plotted (mean + SEM; n = 9-20; ns, not significant, ****p <
0.0001, Student’s t test).

(G) ILC2s in the lung were analyzed by flow cytometry. The total numbers were counted
and plotted (mean £ SEM; n = 7-16; *p < 0.05, ****p < 0.0001, Student’s t test).

(H) Lung cells were stimulated with PMA/ionomycin, and then IL-5/IL-13-producing ILC2s
were analyzed by flow cytometry. The percentage of ILC2s expressing IL-5/IL-13 were
counted and plotted (mean £ SEM; n = 5-14; ns, not significant, Student’s t test).

(1) Shown are the microscopic images of periodic acid-Schiff-stained lung tissue sections.
(J) Eosinophilic scores and total lung histopathology scores were plotted (mean + SEM; n =
4-10; ns, not significant, ***p < 0.001, Student’s t test).

(K) OVA-induced airway inflammation was performed with WT mice. ILC2s in the lung
were analyzed by flow cytometry.

(L) The total numbers of ILC2s in (K) were counted and plotted (mean = SEM; n = 6-7, **p
< 0.01, Student’s t test).

(M) Experimental procedure for pulmonary inflammation induced by 7+ vitro-differentiated
OT-11-Th2 cell adoptive cell transfer.

(N) Eosinophils, ILC2s, and I1L-5/1L-13-expressing ILC2s were analyzed by flow cytometry.
The total numbers were then counted and plotted (mean + SEM; n = 6; ***p < 0.001, ****p
< 0.0001, Student’s t test).

Results are representative of three independent experiments. See also Figure S5.
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Figure 5. Type 2 alarmins induced by Th2 cells play a redundant role in ILC2 expansion
(A) PCA of RNA-seq data from sorted lung ILC2s after chronic papain challenges on day 16

(highlighted by pink) or with PBS as controls (highlighted by blue).

(B) Volcano plot showing few differentially expressed genes after papain challenges.

(C) Heatmap showing the expression of selected genes that are associated with type 2
immune responses. Heatmap color indicates the Zscore.

(D) Type 2 alarmins in the BLAF of papain challenged mice on days 3 (acute) and 16
(chronic) were measured by ELSIA and plotted (mean £ SEM; n = 6-14; ****p < 0.0001,
ns, not significant, Student’s t test).

(E) Type 2 alarmins in the BLAF of WT mice that received OT-Il Th2 cells and were
challenged with OVA for 5 days were measured by ELISA (mean + SEM; n = 12-15; ****p
< 0.0001, Student’s t test).

(F) The total cell numbers of ILC2s from mice that received OT-11 Th2 cells and were
challenged with OVA for 5 days were counted and plotted (mean £ SEM; n = 5-6; ns, not
significant, Student’s t test).
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(G) The total cell numbers of ILC2s from mice that received OT-11 Th2 cells and were
challenged with OVA with or without indicated antibody treatment for 5 days were counted
and plotted (mean £ SEM; n = 6; ****p < 0.0001, Student’s t test).

(H) Flow cytometric analysis of IL-5 and IL-13 expression by pulmonary ILC2s from WT
naive mice treated with various type 2 alarmins /in vitro.

Results for RNA-seq experiment (A—C) are representative of one single experiment with
biological duplicates (PBS) or triplicates (chronic papain). Results are representative of two
(F and G) and three (D, E, and H) experiments.
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Figure 6. IL-4 is necessary and sufficient to induce ILC2 expansion and activation via regulating

type 2 alarmins

(A) A modified experimental procedure for pulmonary inflammation induced by adoptive
transfer of in-vitrodifferentiated OT-11-Th2 cells when IL-4 was neutralized.
(B) The type 2 alarmin levels in the BALF were measured by ELISA, and the values were
plotted (mean + SEM; n = 10; ****p < 0.0001, Student’s t test).
(C) The cell numbers of eosinophils and ILC2s measured by flow cytometry and plotted
(mean £ SEM; n = 10; ***p < 0.001, ****p < 0.0001, Student’s t test).
(D) Mouse model to study I1L-4 and IL-13 effect on ILC2 response.
(E) The cell numbers of eosinophils and ILC2s for WT (top panel) and RagZ~'~ (bottom
panel) mice were measured by flow cytometry, and the values were plotted (mean = SEM; n
=5; *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Student’s t test).
(F) The type 2 alarmin levels in the BALF were measured by ELISA. The values for WT
(top panel) and RagZ~'~ (bottom panel) mice were plotted (mean + SEM; n = 5; ns, not
significant, **p < 0.01, ***p < 0.001, ****p < 0.0001, Student’s t test).
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(G) The cell numbers of eosinophils and ILC2s in mice challenged i.n. with IL-4 were
measured by flow cytometry, and the values were plotted (mean £ SEM; n = 8; ****p <
0.0001, Student’s t test).

(H) The cell numbers of eosinophils and ILC2s in mice challenged i.n. with I1L-4 were
measured by flow cytometry, and the values were plotted (mean £ SEM; n = 6-7; ns, not
significant, Student’s t test).

(1) The cell numbers of eosinophils and ILC2s in mice challenged i.n. with 1L-4 were
measured by flow cytometry, and the values were plotted (mean £ SEM; n = 4-5; ****p <
0.0001, Student’s t test).

Results are representative of two independent experiments. See also Figure S6.
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Figure 7. Temporally specific functions of ILC2s and Th2 cells and their crosstalk during N.
brasiliensisinfection

(A) Mice model of N. brasiliensis infection, egg enumeration, and worm counts.

(B—H) Mice were infected with L3 stage larvae. The fecal egg count was monitored
throughout the study. Some mice were sacrificed on the indicated days to assess cellular
phenotype in different organs. The number of adult worms was enumerated in the small
intestine.

(B) The excreted eggs were enumerated and plotted as eggs per gram of fecal matter (EPG)
(mean £ SEM; n = 4-10).

(C) Worm burden in the small intestine (worm count/SI) on different days post-infection
(mean; n = 6, **p < 0.01, ****p < 0.0001, Student’s t test).

(D) The excreted eggs were enumerated up to 30 days.

(E) The excreted eggs were enumerated up to 200 days.

(F) The total number of eosinophils in the BALF and lung was measured by flow cytometry
and plotted (mean; n = 3-6).
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(G) The total number of Th2 cells in different organs was measured by flow cytometry and
plotted (mean; n = 3-6).

(H) The total number of ILC2s in different organs was measured by flow cytometry and
plotted (mean; n = 3-6). Results are representative of two (D and E) and three (B, C, and
F-H) independent experiments. See also Figure S7.
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