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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.

Graphical abstract

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.1–4 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)5; however, ILC2s are preexisting tissue-resident 

type 2 lymphocytes.6–8 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.9 The commitment of effector Th2 

cell differentiation is controlled by the master transcription factor GATA-binding protein 3 

(GATA3).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 interactions18–20 and indirectly by secreting IL-13 

to induce DC migration to the draining lymph node.21,22 ILC2s were also shown to be 

dispensable for Th2 cell differentiation during helminth infection.23 Th2 cells may induce 

ILC2 expansion through the production of IL-218,24 or IL-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 ILC2s 

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.

RESULTS

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,26,27 is also highly expressed by most 

ILC2s.15,28 In 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 GATA3 is required 

for the maintenance of ILC2s,15–17 Klrg1Cre-mediated Gata3 deletion could eliminate ILC2s 

without affecting Th2 cells. Indeed, ILC2s in the lung of naive Klrg1CreGata3fl/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 Klrg1CreGata3fl/fl mice 

were also undetectable (Figure S1C). In wild-type (WT) mice chronically challenged with 

papain, known to induce type 2 lung inflammation,29 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 

Klrg1CreGata3fl/flR26tdTomato mice (Figures S1F and S1G). Thus, Klrg1Cre-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 (Klrg1CreGata3fl/fl) mice, diminished numbers of eosinophils in 

BALF and lungs were noted during acute papain challenges (Figure 1D). However, 

the Klrg1CreGata3fl/fl mice chronically challenged with papain only exhibited reduced 

eosinophilia (Figure 1E) compared with the Gata3fl/fl mice. The Klrg1CreGata3fl/fl mice 

also exhibited lower numbers of Th2 cells (Figure 1F). In addition, the Klrg1CreGata3fl/fl 

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 1I). In this model, both Gata3fl/fl and 

Klrg1CreGata3fl/fl 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 Klrg1Cre-mediated Gata3 gene deletion in this Treg population could 

indirectly affect Th2 cell responses. However, the Foxp3CreGata3fl/fl 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 Klrg1CreGata3fl/fl 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-Ab-binding 

peptide variant derived from the murine I-Ed MHC class II α chain, which is highly 

immunogenic in C57BL/6 mice.33 2W1S:I-Ab tetramer-positive CD4+ T cells were induced 

in the 2W1S-immunized Gata3fl/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 Klrg1CreGata3fl/fl 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 1I was also tested with the 2W1S 

peptide. In the alum model, both Gata3fl/fl and Klrg1CreGata3fl/fl mice generated similar 

numbers of 2W1S:I-Ab tetramer-specific CD4+ T cells (Figures 1M and 1N), and these 

antigen-specific cells expressed high levels of GATA3 (Figure 1O).
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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 IL-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,34 IL-33-deficient (IL-33 trap) 

mice,35 or Crlf2−/− (a TSLP receptor subunit knockout) mice.36 Interestingly, mice deficient 

in either CIKS or Crlf2−/− 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 Crlf2−/− 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 IL-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, IL-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 ILC2-deficient Klrg1CreGata3fl/fl mice acutely challenged with papain also 

had significantly fewer numbers of CD40+ DCs in the mediastinal lymph node than the 

Gata3fl/fl mice (Figures S4C and S4D). These results are consistent with an earlier report 

that IL-13 produced by ILC2s promotes the migration of activated DCs to the draining 

lymph nodes.21

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 IL-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 Crlf2−/− mice was significantly reduced compared with the WT mice (Figures 3G–

3I). 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 Gata3fl/fl mice that received 

IL-33 had significantly higher eosinophilia and higher Th2 cell numbers compared with 

the mice that did not receive IL-33 (Figure S4F). However, the Th2 cell response in the 

ILC2-deficient Klrg1CreGata3fl/fl mice was not enhanced by IL-33 administration (Figure 

S4G). Pre-treating Gata3fl/fl 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 

S4I). However, the ILC2-deficient Klrg1CreGata3fl/fl 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 Rag1−/− mice. Rag1−/− 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 Rag1−/− 

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 Rag1−/− 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 Rag1−/− mice (Figure 4C). 

Nevertheless, a similar percentage of IL-5- and IL-13-expressing ILC2s was observed in the 

WT and Rag1−/− 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 hCD2Cre Gata3fl/fl (Th2-deficient) mice. Naive CD4+ T 

Gurram et al. Page 6

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells from the hCD2CreGata3fl/fl mice showed a similar ability, compared with WT naive 

cells, to differentiate into effector Th1 and Th17 cells in vitro, judged by interferon γ 
(IFNγ) and IL-17 expression, respectively (Figures S5A and S5B). As expected, hCD2Cre 

Gata3fl/fl cells were markedly defective in differentiating into IL-13-producing Th2 cells 

(Figure S5C). Furthermore, Rag1−/− mice that received naive CD4+ T cells from either 

WT (Gata3fl/fl) or Th2-deficient mice (hCD2CreGata3fl/fl) developed equivalent colitis as 

judged by their weight loss (Figure S5D), and CD4+ T cells from both groups express 

similar levels of IFNγ (Figures S5E and S5F). We then challenged these Th2-deficient mice 

with papain. Although both Gata3fl/fl and hCD2CreGata3fl/fl mice had similar numbers of 

eosinophils (Figures 4E and 4F) and ILC2s during acute papain challenges (Figure 4G), 

the hCD2CreGata3fl/fl mice chronically challenged with papain showed a milder type 2 

immune pathology with significantly fewer eosinophils compared with similarly treated 

Gata3fl/fl mice. Notably, the hCD2CreGata3fl/fl mice had much fewer ILC2s compared with 

the Gata3fl/fl 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 hCD2CreGata3fl/fl mice exhibited similar 

severity of eosinophilia and inflammation compared with the Gata3fl/fl mice during acute 

papain challenge, the hCD2CreGata3fl/fl mice were unable to mount a severe inflammation 

during the chronic stage of papain challenges (Figures 4I 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-II-Th2 cells and then i.n. challenged these mice with OVA (Figure 4M). Mice receiving 

in-vitro-differentiated OT-II 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 Rag1−/− 

animals chronically challenged with papain. Based on the principal-component analysis 

(PCA), the ILC2s from WT and Rag1−/− mice had a similar transcriptomic profile (Figure 

5A), with very few genes significantly differing in their expression in ILC2s from WT 

versus Rag1−/− animals (Figure 5B). In addition, the type 2-related genes were similarly 

upregulated by papain challenges in both WT and Rag1−/− ILC2s (Figure 5C).

Th2 cells induce the expression of type 2 alarmins

ILC2s proliferate and produce IL-5 and IL-13 in response to IL-25, IL-33, or TSLP 

stimulation.39,40 To assess whether Th2 cells are required for inducing the expression 

of type 2 alarmins, we performed papain challenges using the Th2-deficient mice 

(hCD2CreGata3fl/fl). As expected, similar levels of IL-33 release were detected in 

hCD2CreGata3fl/fl and their WT counterpart Gata3fl/fl mice acutely challenged with papain 
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(Figure 5D). By contrast, hCD2CreGata3fl/fl mice chronically challenged with papain 

showed diminished levels of all three type 2 alarmins in the BALF compared with the 

Gata3fl/fl 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-II-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-IL-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 IL-33, but not TSLP, was able 

to activate pulmonary ILC2s isolated from naive mice in 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 Il4/Il13−/− mice was 

significantly reduced compared with the WT mice (Figures S6A and S6B). Furthermore, 

such reduction was observed in the Il4−/− mice, suggesting that IL-4 itself plays an important 

role (Figures S6C and S6D). To minimize the effect of IL-4 during in 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-II in-vitro-differentiated Th2 cells 

with an anti-IL-4 neutralizing antibody (Figure 6A) and found that IL-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 IL-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 IL-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 Rag1−/− mice (Figure 6E, bottom panel), indicating that the IL-4 effect on ILC2s 

bypasses the need for Th2 cells. Furthermore, IL-4, but not IL-13, treatment significantly 

induced the expression of IL-33 and TSLP (Figure 6F, top panel). Similar regulation of type 

2 alarmin expression by IL-4 was also observed in the Rag1−/− mice (Figure 6F, bottom 

panel).

To test the role of ILC2s in mediating IL-4-induced eosinophilia, we compared WT 

(Gata3fl/fl) and ILC2-deficient (Klrg1CreGata3fl/fl) 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.41 To assess the importance of 

type 2 alarmins in activating ILC2s in this IL-4 challenge model, we tested the IL-33 trap 

and Crlf2−/− mice. While both WT and Crlf2−/− mice elicited similar levels of eosinophils 

in the BALF and equivalent ILC2 expansion in the lung tissue (Figure 6H), the IL-33 trap 

mice failed to show eosinophilia in response to IL-4 i.n. challenges, with no obvious ILC2 

expansion and activation (Figure 6I). 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 (Gata3fl/fl), Th2-deficient (hCD2CreGata3fl/fl), and ILC2-deficient (Klrg1Cre 

Gata3fl/fl) 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 Gata3fl/fl mice reached the peak level on 7 dpi and stopped 

completely on 10 dpi, both Klrg1CreGata3fl/fl mice and hCD2CreGata3fl/fl mice excreted 

more eggs than Gata3fl/fl 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 Klrg1CreGata3fl/fl 

mice, hCD2CreGata3fl/fl 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, Klrg1CreGata3fl/fl mice had higher worm burden than Gata3fl/fl and 

hCD2CreGata3fl/fl mice, indicating that ILC2s are required for early host defense against 

helminth infection. Eleven days after infection, when Gata3fl/fl mice had completely 

expelled the worms, Klrg1CreGata3fl/fl and hCD2CreGata3fl/fl mice still had a high worm 

burden. Notably, while Klrg1CreGata3fl/fl mice expelled worms by 15 dpi, hCD2CreGata3fl/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 hCD2CreGata3fl/fl mice started to reduce 15 dpi, and no eggs 

were detected after 28 dpi (Figure 7D). In addition, while WT mice and Rag1−/− mice 

stopped releasing eggs on 10 and 30 dpi, respectively, the Rag2−/−/Il2rg−/− 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 N. 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 Klrg1CreGata3fl/fl and hCD2CreGata3fl/fl 

mice throughout the infection compared with the Gata3fl/fl mice (Figure 7F). Notably, while 

Th2 cells in the lungs and mediastinal lymph nodes were fewer in the Klrg1CreGata3fl/fl 

mice than that in the Gata3fl/fl mice on day 11 (Figure 7G), more Th2 cells in the mesenteric 

lymph nodes of the Klrg1CreGata3fl/fl mice were detected compared with Gata3fl/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 hCD2CreGata3fl/fl mice compared with the Gata3fl/fl 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 Gata3fl/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 N. 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 in vivo type 2 immune responses 
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are still controversial and incompletely understood.18,21,23,42 ILC2s 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 Klrg1CreGata3fl/fl mice that are deficient in ILC2s but 

not Th2 cells and the hCD2CreGata3fl/fl 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 Rag1−/− 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, IL-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 IL-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 IL-25 produced by tuft cells mediates a positive feedback loop between 

type 2 lymphocytes and tuft cells in the gut.47 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 N. brasiliensis 
infection model. It has been shown that ILC2 deficiency may impair the host’s ability 

to clear worms and that transferring ILC2s rescues such a defect.42 On the other hand, 

transferring T cells into either ILC2-sufficient or ILC2-deficient mice on the Rag1−/− 

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.18,48 Consistent with a previous 

report,49 our results strongly suggest that ILC2s 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 ILC2s have a non-redundant function in worm expulsion.50 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 Klrg1Cre-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. Klrg1Cre 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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STAR⋆METHODS

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—Klrg1CreGata3fl/fl (ILC2-deficient) and hCD2CreGata3fl/fl (Th2-

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 Klrg1Cre mice27 on C57BL/6 background, kindly provided by Dr. Richard Flavell 

of Yale University, were bred to Gata3fl/fl mice14 to generate Klrg1CreGata3fl/fl (ILC2-

deficient) mice. The hCD2CreGata3fl/fl (Th2-deficient) mice were generated by crossing 

Gata3fl/fl mice with hCD2Cre mice,51 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 Il4/Il13−/− mice (line 242), Il4−/− mice (line 46) and OT-II (line 361) were obtained 

from the NIAID-Taconic repository. TSLPR KO (Crlf2−/−) mice were previously reported.36 

IL-33-trap mouse strain35 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-

HCl, 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 μL was 

then used as template for PCR. The genotyping of Klrg1Cre,27 Crlf2−/−,36 IL-33-trap,35 and 

Gata3fl/fl mice14 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 Th1 

polarizing conditions (anti-CD3, 1 μg/mL, anti-CD28, 3 μg/mL, anti-IL-4, 10 μg/mL, IL-12, 

10 ng/mL, IL-2, 100 U/mL), Th2 polarizing conditions (anti-CD3, 1 μg/mL, anti-CD28, 3 
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μg/mL, anti-IFN-γ, 10 μg/mL, anti-IL-12, 10 μg/mL, IL-4, 10 ng/mL, IL-2, 100 U/mL), 

and Th17 polarizing conditions (anti-CD3, 1 μg/mL, anti-CD28, 3 μg/mL, anti-IFN-γ, 

10 μg/mL, anti-IL-4, 10 μg/mL, anti-IL-12, 10 μg/mL, TGFβ, 1 ng/mL, IL-6, 10 ng/mL, 

IL-1β, 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-II-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 μL/mL; IL-4, 20 ng/mL; anti-IFN-γ, 10 μg/mL; anti-IL-12, 10 μg/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 hIL-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 μg of papain (in 20 μL of 

PBS) was intranasally (i.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 (i.p.) 

injection of 20 μg of OVA emulsified in Imject Alum (1:3) in 100 μL 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 μL OVA (2 mg/mL) 

on day 11, 12, 13 and 14.

For adoptive cell transfer induced airway inflammation, Rag1−/− or C57BL/6 mice 

intranasally administrated with 20 μL of OVA (2 mg/mL) one day before one million of 

in vitro-differentiated OT-II Th2 cells were injected intravenously (i.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 i.n. 

challenged with 1 μg IL-4 or IL-13 for 6 consecutive days.

In all these models, mice were sacrificed 24 h after the final i.n. 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 RPMI1640 + 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.37

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 I (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 40μm 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 CD45+CD11c−Gr1−Siglec F+CD11b+; Th2 cells 

were identified as CD45+CD4+Foxp3−GATA3+T1/ST2+; ILC2s were identified as 

CD45+Lin−IL-7Rα+GATA3+T1/ST2+. All flow cytometric data analysis was performed on 

FlowJo software (BD Bioscience).

ELISA

IL-25, IL-33, and TSLP levels in the BALF were measured by ELISA Kits (Cat# DY1399, 

DY3626, and MTLP00; 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 Gata3fl/fl mice or hCD2CreGata3fl/fl mice were sorted as the live 

CD4+CD45RBhiCD25− population. To induce colitis, Rag1−/− mice were injected i.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-7Rα+T1/ST2+) from inflamed lung tissue after 

chronic papain challenges were sorted for RNA-Seq experiments. The RNA-Seq was 

performed as described previously.52 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 t-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-7Rα+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 Gata3fl/fl and Klrg1CreGata3fl/fl 

mice at the steady state by flow cytometry.

(D) Gata3fl/fl (WT) and Klrg1CreGata3fl/fl (ILC2-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).

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

(J) The total cell number of eosinophils and Th2 cells in mice treated in (I) 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:I-Ab tetramer+ CD4+ T cells were assessed by flow cytometry.

(N) The total numbers of 2W1S:I-Ab 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:I-Ab tetramer+ CD4+ T cells.

Results are representative of two (M–O) and three (B–H, J, and K) independent experiments. 

See also Figures S1–S3.
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Figure 2. IL-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.

(I) 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–I) OVA/alum-induced airway inflammation model was used as described in Figure 1I. 

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 Rag1−/− 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 IL-5/IL-13 were 

counted and plotted (mean ± SEM; n = 7–13; ns, not significant, Student’s t test).

(E–H) Gata3fl/fl mice and hCD2CreGata3fl/fl 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).

(I) 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 in-vitro-differentiated 

OT-II-Th2 cell adoptive cell transfer.

(N) Eosinophils, ILC2s, and IL-5/IL-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 Z score.

(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-II 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-II 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-II 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-vitro-differentiated OT-II-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 IL-4 and IL-13 effect on ILC2 response.

(E) The cell numbers of eosinophils and ILC2s for WT (top panel) and Rag1−/− (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 Rag1−/− (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 IL-4 were 

measured by flow cytometry, and the values were plotted (mean ± SEM; n = 6–7; ns, not 

significant, Student’s t test).

(I) 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 = 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. 
brasiliensis infection
(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.

Gurram et al. Page 35

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gurram et al. Page 36

K
E

Y
 R

E
SO

U
R

C
E

S 
TA

B
L

E

R
E

A
G

E
N

T
 o

r 
R

E
SO

U
R

C
E

SO
U

R
C

E
ID

E
N

T
IF

IE
R

A
nt

ib
od

ie
s

Pu
ri

fi
ed

 a
nt

i-
m

ou
se

 C
D

16
/3

2 
an

tib
od

y 
(C

lo
ne

# 
93

)
B

io
L

eg
en

d
C

at
#1

01
30

2;
 R

R
ID

: A
B

_3
12

80
1

C
D

45
 A

nt
ib

od
y 

(C
lo

ne
# 

30
–F

11
),

 B
ri

lli
an

t V
io

le
t 6

50
™

B
io

L
eg

en
d

C
at

#1
03

15
1;

 R
R

ID
: A

B
_2

56
58

84

C
D

45
 A

nt
ib

od
y 

(C
lo

ne
# 

30
–F

11
),

 B
ri

lli
an

t V
io

le
t 7

85
™

B
io

L
eg

en
d

C
at

#1
03

14
9;

 R
R

ID
: A

B
_2

56
45

90

Si
gl

ec
-F

 A
nt

ib
od

y 
(C

lo
ne

# 
E

50
–2

44
0)

, A
le

xa
 F

lu
or

®
 6

47
B

D
 B

io
sc

ie
nc

es
C

at
#5

62
68

0;
 R

R
ID

: A
B

_2
68

75
70

IL
-5

 A
nt

ib
od

y 
(C

lo
ne

# 
T

R
FK

5)
, A

PC
B

D
 B

io
sc

ie
nc

es
C

at
#5

54
39

6;
 R

R
ID

: A
B

_3
98

54
8

IL
-4

 M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

11
B

11
),

 P
E

eB
io

sc
ie

nc
e

C
at

#1
2–

70
41

–8
2;

 R
R

ID
: A

B
_4

66
15

6

IL
-1

3 
M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

# 
eB

io
13

A
),

 P
E

-C
ya

ni
ne

7
eB

io
sc

ie
nc

e
C

at
#2

5–
71

33
–8

2;
 R

R
ID

: A
B

_2
57

35
30

IL
-1

3 
M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

# 
eB

io
13

A
),

 P
er

C
P-

eF
lu

or
 7

10
eB

io
sc

ie
nc

e
C

at
#4

6–
71

33
–8

2;
 R

R
ID

: A
B

_1
12

18
49

6

IF
N

-γ
 A

nt
ib

od
y 

(C
lo

ne
# 

X
M

G
1.

2)
, B

ri
lli

an
t V

io
le

t 6
05

™
B

io
L

eg
en

d
C

at
#5

05
84

0;
 R

R
ID

: A
B

_2
73

44
93

C
D

4 
A

nt
ib

od
y 

(C
lo

ne
# 

R
M

4–
5)

, V
50

0
B

D
 B

io
sc

ie
nc

es
C

at
#5

60
78

2;
 R

R
ID

: A
B

_1
93

73
27

C
D

4 
A

nt
ib

od
y 

(C
lo

ne
# 

G
K

1.
5)

, B
ri

lli
an

t V
io

le
t 6

05
™

eB
io

sc
ie

nc
e

C
at

#1
00

45
1;

 R
R

ID
: A

B
_2

56
45

91

C
D

4 
A

nt
ib

od
y 

(C
lo

ne
# 

G
K

1.
5)

, A
le

xa
 F

lu
or

®
 7

00
B

io
L

eg
en

d
C

at
# 

10
04

30
; R

R
ID

: A
B

_4
93

69
9

C
D

45
R

B
 A

nt
ib

od
y 

(C
lo

ne
# 

C
36

3.
16

A
),

 A
PC

eB
io

sc
ie

nc
e

C
at

# 
17

–0
45

5–
81

; R
R

ID
: A

B
_2

56
54

31

C
D

25
 M

on
oc

lo
na

l A
nt

ib
od

y 
(P

C
61

.5
),

 P
E

-C
ya

ni
ne

7
eB

io
sc

ie
nc

e
C

at
# 

25
–0

25
1–

82
; R

R
ID

: A
B

_4
69

60
8

C
D

11
b 

A
nt

ib
od

y 
(C

lo
ne

# 
R

M
4–

5)
, B

ri
lli

an
t V

io
le

t 6
05

™
B

io
L

eg
en

d
C

at
#1

01
25

7;
 R

R
ID

: A
B

_2
56

54
31

C
D

11
b 

M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

M
1/

70
),

 e
Fl

uo
r™

 4
50

eB
io

sc
ie

nc
e

C
at

#4
8–

01
12

–8
2;

 R
R

ID
: A

B
_1

58
22

36

C
D

10
3 

A
nt

ib
od

y 
(C

lo
ne

# 
2E

7)
, B

ri
lli

an
t V

io
le

t 7
85

™
B

io
L

eg
en

d
C

at
#1

21
43

9;
 R

R
ID

: A
B

_2
80

05
88

Pu
ri

fi
ed

 a
nt

i m
ou

se
 I

L
-2

5 
an

tib
od

y 
(C

lo
ne

# 
35

B
)

B
io

L
eg

en
d

C
at

#5
14

40
1;

 R
R

ID
: A

B
_2

04
39

54

Pu
ri

fi
ed

 a
nt

i m
ou

se
 T

SL
P 

an
tib

od
y 

(C
lo

ne
# 

28
F1

2)
B

io
L

eg
en

d
C

at
#5

15
20

2;
 R

R
ID

: A
B

_2
56

13
23

C
D

40
 A

nt
ib

od
y 

(C
lo

ne
# 

3/
23

),
 P

E
/C

ya
ni

ne
5

B
io

L
eg

en
d

C
at

#1
24

61
8;

 R
R

ID
: A

B
_2

07
59

22

C
D

40
 A

nt
ib

od
y 

(C
lo

ne
# 

1C
10

),
 P

E
eB

io
sc

ie
nc

e
C

at
#1

2–
04

01
–8

2;
 R

R
ID

: A
B

_4
65

64
9

K
L

R
G

1 
(M

A
FA

) 
A

nt
ib

od
y 

(C
lo

ne
# 

2F
1/

K
L

R
G

1)
, B

ri
lli

an
t V

io
le

t 7
11

™
B

io
L

eg
en

d
C

at
#1

38
42

7;
 R

R
ID

: A
B

_2
62

97
21

C
D

45
R

/B
22

0 
A

nt
ib

od
y 

(C
lo

ne
# 

R
A

3–
6B

2)
, P

er
C

P
B

io
L

eg
en

d
C

at
#1

03
23

4;
 R

R
ID

: A
B

_8
93

35
3

C
D

45
R

 (
B

22
0)

 M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

R
A

3–
6B

2)
, e

Fl
uo

r™
 4

50
eB

io
sc

ie
nc

e
C

at
#4

8–
04

52
–8

2;
 R

R
ID

: A
B

_1
54

87
61

C
D

49
a 

M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

H
M

α
1)

, P
E

B
io

L
eg

en
d

C
at

#1
42

60
4;

 R
R

ID
: A

B
_1

09
45

15
8

C
D

49
b 

M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

H
M

α
2)

, P
E

/C
ya

ni
ne

7
B

io
L

eg
en

d
C

at
#1

03
51

8;
 R

R
ID

: A
B

_2
56

61
03

N
K

-1
.1

 M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

PK
13

6)
, B

ri
lli

an
t V

io
le

t 6
05

B
io

L
eg

en
d

C
at

#1
08

75
3;

 R
R

ID
: A

B
_2

68
69

77

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



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gurram et al. Page 37

R
E

A
G

E
N

T
 o

r 
R

E
SO

U
R

C
E

SO
U

R
C

E
ID

E
N

T
IF

IE
R

C
D

33
5 

(N
K

p4
6)

 M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

29
A

1.
4)

, B
ri

lli
an

t V
io

le
t 7

11
B

io
L

eg
en

d
C

at
#1

37
62

1;
 R

R
ID

: A
B

_2
56

32
89

T
1/

ST
2 

(I
L

-3
3 

R
) 

M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

D
J8

),
 P

E
M

D
 B

io
pr

od
uc

ts
C

at
#1

01
00

1P
E

T
1/

ST
2 

(I
L

-3
3 

R
) 

M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

D
J8

),
 F

IT
C

M
D

 B
io

pr
od

uc
ts

C
at

#1
01

00
1F

C
D

12
7 

M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

A
7R

34
),

 F
IT

C
eB

io
sc

ie
nc

e
C

at
#1

1–
12

71
–8

2;
 R

R
ID

: A
B

_4
65

19
5

C
D

12
7 

M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

A
7R

34
),

 A
le

xa
 F

lu
or

 7
00

eB
io

sc
ie

nc
e

C
at

#5
6–

12
71

–8
2;

 R
R

ID
: A

B
_6

57
61

1

C
D

12
7 

M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

eB
io

R
D

R
5)

, P
E

-C
ya

ni
ne

7
eB

io
sc

ie
nc

e
C

at
#2

5–
12

78
–4

2;
 R

R
ID

: A
B

_1
65

96
72

C
D

11
c 

M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
 #

N
41

8)
, e

Fl
uo

r 
45

0
eB

io
sc

ie
nc

e
C

at
#4

8–
01

14
–8

2;
 R

R
ID

: A
B

_1
54

86
54

C
D

3e
 M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

# 
14

5–
2C

11
),

 e
Fl

uo
r™

 4
50

eB
io

sc
ie

nc
e

C
at

#4
8–

00
31

–8
2;

 R
R

ID
: A

B
_1

07
35

09
2

T
C

R
 g

am
m

a/
de

lta
 M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

# 
eB

io
G

L
3)

, e
Fl

uo
r™

 4
50

eB
io

sc
ie

nc
e

C
at

#4
8–

57
11

–8
2;

 R
R

ID
: A

B
_2

57
40

71

C
D

5 
M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

 5
3–

7.
3)

, e
Fl

uo
r™

 4
50

eB
io

sc
ie

nc
e

C
at

#4
8–

00
51

–8
0;

 R
R

ID
: A

B
_1

60
32

52

Ly
-6

G
/L

y-
6C

 M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

R
B

6–
8C

5)
, e

Fl
uo

r™
 4

50
eB

io
sc

ie
nc

e
C

at
#4

8–
59

31
–8

2;
 R

R
ID

: A
B

_1
54

87
88

Ly
-6

G
/L

y-
6C

 M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

R
B

6–
8C

5)
, A

PC
-e

Fl
uo

r 
78

0
eB

io
sc

ie
nc

e
C

at
#4

7–
59

31
–8

2;
 R

R
ID

: A
B

_1
51

88
04

Fc
εR

Iα
 M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

# 
M

A
R

-1
),

 P
ac

if
ic

 B
lu

e
B

io
L

eg
en

d
C

at
#1

34
31

4;
 R

R
ID

: A
B

_1
06

13
29

8

FO
X

P3
 M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

# 
FJ

K
-1

6s
),

 e
Fl

uo
r™

 4
50

eB
io

sc
ie

nc
e

C
at

#4
8–

57
73

–8
2;

 R
R

ID
: A

B
_1

51
88

12

FO
X

P3
 M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

# 
FJ

K
-1

6s
),

 P
E

eB
io

sc
ie

nc
e

C
at

#1
2–

57
73

–8
2;

 R
R

ID
: A

B
_4

65
93

6

FO
X

P3
 M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

# 
M

F2
3)

, R
71

8
B

D
 B

io
sc

ie
nc

es
C

at
#5

67
09

5

G
at

a3
 M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

# 
T

W
A

J)
, A

le
xa

 F
lu

or
™

 4
88

eB
io

sc
ie

nc
e

C
at

#5
3–

99
66

–4
2;

 R
R

ID
: A

B
_2

57
44

93

G
at

a3
 M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

# 
T

W
A

J)
, e

Fl
uo

r™
 6

60
eB

io
sc

ie
nc

e
C

at
#5

0–
99

66
–4

2;
 R

R
ID

: A
B

_1
05

96
66

3

G
at

a3
 M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

# 
T

W
A

J)
, P

E
-e

Fl
uo

r™
 6

10
eB

io
sc

ie
nc

e
C

at
#6

1–
99

66
–4

2;
 R

R
ID

: A
B

_2
57

46
86

R
O

R
 g

am
m

a 
(t

) 
M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

# 
B

2D
),

 P
E

-e
Fl

uo
r 

61
0

eB
io

sc
ie

nc
e

C
at

#6
1–

69
81

–8
2;

 R
R

ID
: A

B
_2

57
46

50

R
O

R
 g

am
m

a 
(t

) 
M

on
oc

lo
na

l A
nt

ib
od

y 
(C

lo
ne

# 
Q

31
–3

78
),

 B
V

65
0

B
D

 B
io

sc
ie

nc
es

C
at

#5
64

72
2;

 R
R

ID
: A

B
_2

73
89

15

T-
be

t M
on

oc
lo

na
l A

nt
ib

od
y 

(C
lo

ne
# 

eB
io

4B
10

 (
4B

10
))

, P
E

-C
ya

ni
ne

7
eB

io
sc

ie
nc

e
C

at
#2

5–
58

25
–8

2;
 R

R
ID

: A
B

_1
10

42
69

9

A
nt

i-
C

D
3e

 (
C

lo
ne

 2
C

11
)

H
ar

la
n

L
ot

#A
20

22
93

1

A
nt

i-
C

D
28

 (
C

lo
ne

 3
7.

51
)

H
ar

la
n

L
ot

#A
20

22
92

9

A
nt

i-
IF

N
-γ

 (
C

lo
ne

 X
M

G
1.

2)
H

ar
la

n
L

ot
#A

20
22

93
0

A
nt

i-
IL

-4
 (

C
lo

ne
 1

1B
.1

1)
H

ar
la

n
L

ot
#A

20
22

93
0

A
nt

i-
C

D
16

/C
D

32
 (

C
lo

ne
 2

.4
G

2)
H

ar
la

n
L

ot
#A

20
83

01
5

D
yn

ab
ea

ds
™

 M
ou

se
 T

-A
ct

iv
at

or
 C

D
3/

C
D

28
 f

or
 T

 c
el

l E
xp

an
si

on
 a

nd
 A

ct
iv

at
io

n
T

he
rm

oF
is

he
r

C
at

#1
14

52
D

C
he

m
ic

al
s,

 p
ep

tid
es

, a
nd

 r
ec

om
bi

na
nt

 p
ro

te
in

s

Pe
pt

id
e:

 2
W

1S
 (

E
A

W
G

A
L

A
N

W
A

V
D

SA
)

G
en

Sc
ri

pt
C

at
#S

C
12

08

Te
tr

am
er

: 2
W

1S
: I

A
b 

(I
-A

(b
):

 E
A

W
G

A
L

A
N

W
A

V
D

SA
-P

E
)

N
IH

 T
et

ra
m

er
 F

ac
ili

ty
N

/A

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



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gurram et al. Page 38

R
E

A
G

E
N

T
 o

r 
R

E
SO

U
R

C
E

SO
U

R
C

E
ID

E
N

T
IF

IE
R

A
lb

um
in

 f
ro

m
 c

hi
ck

en
 e

gg
 w

hi
te

Si
gm

a-
A

ld
ri

ch
C

at
#A

55
03

Im
je

ct
™

 A
lu

m
 A

dj
uv

an
t

T
he

rm
oF

is
he

r
C

at
#7

71
61

Pa
pa

in
, C

ar
ic

a 
pa

pa
ya

Si
gm

a-
A

ld
ri

ch
C

at
#5

12
5

U
ltr

aC
om

p 
eB

ea
ds

™
 P

lu
s 

C
om

pe
ns

at
io

n 
B

ea
ds

eB
io

sc
ie

nc
e

C
at

#0
1–

33
33

–4
2

R
ec

om
bi

na
nt

 M
ou

se
 I

L
-1

 β
R

&
D

 S
ys

te
m

s
C

at
#4

01
-M

L

R
ec

om
bi

na
nt

 M
ou

se
 I

L
-2

 p
ro

te
in

R
&

D
 S

ys
te

m
s

C
at

#4
02

-M
L

R
ec

om
bi

na
nt

 M
ou

se
 I

L
-4

 P
ro

te
in

R
&

D
 S

ys
te

m
s

C
at

#4
04

-M
L

R
ec

om
bi

na
nt

 M
ou

se
 I

L
-6

 P
ro

te
in

Pe
pr

oT
ec

h
C

at
#2

16
–1

6

R
ec

om
bi

na
nt

 M
ou

se
 I

L
-7

 P
ro

te
in

R
&

D
 S

ys
te

m
s

C
at

#4
07

–M
L

–0
05

R
ec

om
bi

na
nt

 M
ou

se
 I

L
-1

2 
Pr

ot
ei

n
Pe

pr
oT

ec
h

C
at

#2
10

–1
2

R
ec

om
bi

na
nt

 M
ou

se
 I

L
-1

3 
Pr

ot
ei

n
R

&
D

 S
ys

te
m

s
C

at
#4

13
–M

L
–0

05

R
ec

om
bi

na
nt

 M
ou

se
 I

L
-2

5 
(I

L
-1

7E
)

B
io

L
eg

en
d

C
at

#5
87

30
2

R
ec

om
bi

na
nt

 M
ou

se
 I

L
-3

3 
Pr

ot
ei

n
R

&
D

 S
ys

te
m

s
C

at
#3

62
6–

M
L

R
ec

om
bi

na
nt

 M
ou

se
 T

SL
P 

Pr
ot

ei
n

R
&

D
 S

ys
te

m
s

C
at

#5
55

–T
S–

01
0/

C
F

R
ec

om
bi

na
nt

 M
ou

se
 T

G
F-

P1
 P

ro
te

in
R

&
D

 S
ys

te
m

s
C

at
#7

66
6–

M
B

SY
B

R
™

 S
af

e 
D

N
A

 G
el

 S
ta

in
T

he
rm

oF
is

he
r

C
at

#S
33

10
2

Pl
at

in
um

™
 H

ot
 S

ta
rt

 P
C

R
 M

as
te

r 
M

ix
 (

2X
)

T
he

rm
oF

is
he

r
C

at
#1

30
00

01
2

D
N

A
 G

el
 L

oa
di

ng
 D

ye
T

he
rm

oF
is

he
r

C
at

#R
06

11

10
0 

bp
 D

N
A

 L
ad

de
r

T
he

rm
oF

is
he

r
C

at
#1

56
28

01
9

H
B

SS
, c

al
ci

um
, m

ag
ne

si
um

T
he

rm
oF

is
he

r
C

at
#2

40
20

11
7

A
C

K
 L

ys
in

g 
B

uf
fe

r
T

he
rm

oF
is

he
r

C
at

#A
10

49
20

1

C
ol

la
ge

na
se

, T
yp

e 
IV

, p
ow

de
r

T
he

rm
oF

is
he

r
C

at
#1

71
04

01
9

D
N

as
e 

I 
re

co
m

bi
na

nt
 g

ra
de

 I
, f

ro
m

 b
ov

in
e 

pa
nc

re
as

, e
xp

re
ss

ed
 in

 P
ic

hi
a 

pa
st

or
is

R
oc

he
C

at
#4

53
62

82
00

1

PB
S,

 p
H

 7
.4

T
he

rm
oF

is
he

r
C

at
#1

00
10

03
1

A
lb

um
in

, B
ov

in
e 

Fr
ac

tio
n 

V
M

P
C

at
#1

60
06

9

R
PM

I 
16

40
 M

ed
iu

m
T

he
rm

oF
is

he
r

C
at

#2
18

70
–0

76

Fe
ta

l B
ov

in
e 

Se
ru

m
R

&
D

 S
ys

te
m

s
C

at
#S

12
45

0

Pe
ni

ci
lli

n-
St

re
pt

om
yc

in
T

he
rm

oF
is

he
r

C
at

#1
51

40
12

2

L
-G

lu
ta

m
in

e 
(2

00
 m

M
)

T
he

rm
oF

is
he

r
C

at
#2

50
30

08
1

M
E

M
 N

on
-E

ss
en

tia
l A

m
in

o 
A

ci
ds

 S
ol

ut
io

n 
(1

00
X

)
T

he
rm

oF
is

he
r

C
at

#1
11

40
05

0

So
di

um
 P

yr
uv

at
e

T
he

rm
oF

is
he

r
C

at
#1

13
60

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



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gurram et al. Page 39

R
E

A
G

E
N

T
 o

r 
R

E
SO

U
R

C
E

SO
U

R
C

E
ID

E
N

T
IF

IE
R

2-
M

er
ca

pt
oe

th
an

ol
T

he
rm

oF
is

he
r

C
at

#2
19

85
02

3

E
-G

el
™

 S
iz

eS
el

ec
t™

 I
I 

A
ga

ro
se

 G
el

s,
 2

%
T

he
rm

oF
is

he
r

C
at

#G
66

10
12

N
ys

ta
tin

Si
gm

a-
A

ld
ri

ch
C

at
#N

62
61

–5
00

K
U

A
ct

iv
at

ed
 c

ha
rc

oa
l

Si
gm

a-
A

ld
ri

ch
C

at
#C

27
64

–5
00

G

Ph
or

bo
l 1

2-
m

yr
is

ta
te

 1
3-

ac
et

at
e

Si
gm

a-
A

ld
ri

ch
C

at
#P

81
39

–5
M

G

Io
no

m
yc

in
Si

gm
a-

A
ld

ri
ch

C
at

#4
07

95
2–

5M
G

B
re

fe
ld

in
 A

 S
ol

ut
io

n
B

io
L

eg
en

d
C

at
#4

20
60

1

Q
ia

zo
l l

ys
is

 r
ea

ge
nt

Q
IA

G
E

N
C

at
#7

93
06

D
M

SO
Si

gm
a-

A
ld

ri
ch

C
at

#D
26

50

10
00

 M
L

 P
R

E
FI

L
L

E
D

 F
O

R
M

A
L

IN
 C

O
N

TA
IN

E
R

A
ze

r 
Sc

ie
nt

if
ic

C
at

#P
FN

B
F-

10
00

eB
io

sc
ie

nc
e™

 F
ox

p3
/T

ra
ns

cr
ip

tio
n 

Fa
ct

or
 S

ta
in

in
g 

B
uf

fe
r 

Se
t

eB
io

sc
ie

nc
e

C
at

#0
0–

55
23

–0
0

Fi
xa

bl
e 

V
ia

bi
lit

y 
D

ye
 e

Fl
uo

r™
 7

80
eB

io
sc

ie
nc

e
C

at
#6

5–
08

65
–1

4

C
ri

tic
al

 c
om

m
er

ci
al

 a
ss

ay
s

M
ou

se
 I

L
-1

7E
 D

uo
se

t E
L

IS
A

R
&

D
 S

ys
te

m
s

C
at

#D
Y

13
99

M
ou

se
 I

L
-3

3 
D

uo
Se

t E
L

IS
A

R
&

D
 S

ys
te

m
s

C
at

#D
Y

36
26

–0
5

M
ou

se
 T

SL
P 

Q
ua

nt
ik

in
e 

E
L

IS
A

 k
it

R
&

D
 S

ys
te

m
s

C
at

#M
T

L
P0

0

Q
ub

it™
 R

N
A

 H
ig

h 
Se

ns
iti

vi
ty

 (
H

S)
, A

ss
ay

 K
it

T
he

rm
oF

is
he

r
C

at
#Q

10
21

0

Q
ub

it™
 d

sD
N

A
 B

ro
ad

 R
an

g 
(B

R
) 

A
ss

ay
 K

it
T

he
rm

oF
is

he
r

C
at

#Q
32

85
0

R
N

ea
sy

 M
ic

ro
 K

it 
(5

0)
Q

IA
G

E
N

C
at

#7
40

04

M
in

E
lu

te
 G

el
 E

xt
ra

ct
io

n 
K

it 
(5

0)
Q

IA
G

E
N

C
at

#2
86

04

M
in

E
lu

te
 R

ea
ct

io
n 

C
le

an
up

 K
it

Q
IA

G
E

N
C

at
#2

82
06

R
N

as
e-

Fr
ee

 D
N

as
e 

Se
t

Q
IA

G
E

N
C

at
#7

92
56

O
va

tio
n®

 R
N

A
-S

eq
 S

ys
te

m
 V

2
T

E
C

A
N

C
at

#7
10

2–
32

K
A

PA
 L

T
P 

L
ib

ra
ry

 P
re

pa
ra

tio
n 

K
it

R
oc

he
C

at
#K

K
82

32

N
ai

ve
 C

D
4 

T
 c

el
l i

so
la

tio
n 

K
it 

m
ou

se
M

ilt
en

yi
 B

io
te

c
C

at
#1

30
–1

04
–4

53

E
as

yS
ep

™
 M

ou
se

 I
L

C
2 

E
nr

ic
hm

en
t K

it
ST

E
M

C
E

L
L

C
at

#1
98

42

D
ep

os
ite

d 
da

ta

R
N

A
-S

eq
 R

aw
 a

nd
 a

na
ly

ze
d 

da
ta

T
hi

s 
pa

pe
r

G
E

O
: G

SE
16

67
79

E
xp

er
im

en
ta

l m
od

el
s:

 O
rg

an
is

m
s/

st
ra

in
s

M
ou

se
: K

Ir
g1

C
re

; s
tr

ai
n 

ba
ck

gr
ou

nd
: C

57
B

L
/6

D
r. 

R
ic

ha
rd

 F
la

ve
ll 

of
 

Y
al

e 
U

ni
ve

rs
ity

H
er

nd
le

r-
B

ra
nd

st
et

te
r 

et
 a

l.27

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



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gurram et al. Page 40

R
E

A
G

E
N

T
 o

r 
R

E
SO

U
R

C
E

SO
U

R
C

E
ID

E
N

T
IF

IE
R

M
ou

se
: G

at
a3

fl
/f

l ; 
st

ra
in

 b
ac

kg
ro

un
d:

 C
57

B
L

/6
N

IA
ID

-T
ac

on
ic

 
re

po
si

to
ry

Z
hu

 e
t a

l.14
 (

L
in

e 
35

5)

M
ou

se
: h

C
D

2C
re

; s
tr

ai
n 

ba
ck

gr
ou

nd
: C

57
B

L
/6

D
r. 

Pa
ul

 L
ov

e 
of

 
N

IC
H

D
, N

IH
V

ac
ch

io
 e

t a
l.51

 (
al

so
 a

va
ila

bl
e 

as
 J

A
X

 
lin

e:
 0

27
40

6)

M
ou

se
: C

rl
f2

−/
− ;

st
ra

in
 b

ac
kg

ro
un

d:
 C

57
B

L
/6

D
r. 

W
ar

re
n 

J.
 L

eo
na

rd
 

of
 N

H
L

B
I,

 N
IH

A
l-

Sh
am

i e
t a

l.36

M
ou

se
: I

L
-3

3 
K

O
 (

IL
-3

3 
tr

ap
);

 s
tr

ai
n 

ba
ck

gr
ou

nd
: C

57
B

L
/6

L
at

e 
D

r. 
W

ill
ia

m
 E

. 
Pa

ul
 o

f 
N

IA
ID

, N
IH

Pi
ch

er
y 

et
 a

l.35

M
ou

se
: C

IK
S 

K
O

; s
tr

ai
n 

ba
ck

gr
ou

nd
: C

57
B

L
/6

N
IA

ID
-T

ac
on

ic
 

re
po

si
to

ry
L

in
e:

 2
90

M
ou

se
: R

ag
1−/

− ;
 B

6.
SJ

L
-[

K
O

]R
A

G
1

N
IA

ID
-T

ac
on

ic
 

re
po

si
to

ry
L

in
e:

 1
65

M
ou

se
: R

ag
2−/

− I
I2

rg
−/

− ;
 C

57
B

L
/1

0S
gS

nA
i-

[K
O

]R
A

G
2-

[K
O

]g
am

m
a 

c
N

IA
ID

-T
ac

on
ic

 
re

po
si

to
ry

L
in

e:
 1

11

M
ou

se
: O

T-
II

; B
6.

SJ
L

-P
tp

rc
a  

R
ag

1tm
1  

T
g(

T
cr

aT
cr

b)
42

5C
bn

N
IA

ID
-T

ac
on

ic
 

re
po

si
to

ry
L

in
e:

 3
61

M
ou

se
: C

57
B

L
/6

 (
B

6N
Ta

c)
Ta

co
ni

c
C

57
B

L
/6

N
Ta

c

M
ou

se
: I

I4
−/

− ;
 s

tr
ai

n 
ba

ck
gr

ou
nd

: C
57

B
L

/6
N

IA
ID

-T
ac

on
ic

 
re

po
si

to
ry

L
in

e:
 4

6

M
ou

se
: I

I4
/I

I1
3−/

− ;
 s

tr
ai

n 
ba

ck
gr

ou
nd

: C
57

B
L

/6
N

IA
ID

-T
ac

on
ic

 
re

po
si

to
ry

L
in

e:
 2

42

O
lig

on
uc

le
ot

id
es

pl
ea

se
 s

ee
 T

ab
le

 S
1 

fo
r 

O
lig

o 
se

qu
en

ce
s

ID
T

N
/A

So
ft

w
ar

e 
an

d 
al

go
ri

th
m

s

Fl
ow

Jo
 V

10
Fl

ow
Jo

 L
L

C
ht

tp
s:

//w
w

w
.f

lo
w

jo
.c

om

Pa
rt

ek
 F

lo
w

Pa
rt

ek
ht

tp
s:

//w
w

w
.p

ar
te

k.
co

m

G
ra

ph
Pa

d 
Pr

is
m

G
ra

ph
Pa

d
ht

tp
s:

//w
w

w
.g

ra
ph

pa
d.

co
m

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

https://www.flowjo.com
https://www.partek.com/
https://www.graphpad.com

	SUMMARY
	Graphical abstract
	In brief
	INTRODUCTION
	RESULTS
	Klrg1Cre-mediated Gata3 deletion specifically depletes ILC2s
	ILC2s promote the generation of Th2 cells induced by papain
	IL-33 plays an essential role in the initiation of ILC2-mediated Th2 cell generation
	TSLP is the major alarmin for ILC2-independent Th2 cell induction by OVA/alum immunization
	ILC2 pre-activation promotes the Th2 cell response in the OVA/alum model
	The adaptive lymphocyte compartment is necessary for a robust expansion of ILC2s
	Th2 cells are necessary and sufficient in inducing ILC2 expansion
	Adaptive lymphocytes do not affect the transcriptome of ILC2s
	Th2 cells induce the expression of type 2 alarmins
	IL-25 and IL-33 redundantly mediate ILC2 expansion induced by Th2 cells
	IL-4 is critical for the induction of type 2 alarmins by Th2 cells
	ILC2s and Th2 cells function at different stages of host defense against N. brasiliensis infection
	Crosstalk between ILC2s and Th2 cells during N. brasiliensis infection

	DISCUSSION
	Limitations of the study

	STAR⋆METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	METHOD DETAILS
	T helper cell differentiation in vitro
	Generation of OVA-specific Th2 cells in vitro
	Mouse models of airway inflammation
	ILC2 activation in vitro
	N. brasiliensis infection
	Cell preparation and flow cytometry analysis

	ELISA
	Histological analysis of lung tissue
	T cell transfer-mediated colitis model
	RNA-seq analysis

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	KEY RESOURCES TABLEREAGENT or RESOURCESOURCEIDENTIFIERAntibodiesPurified anti-mouse CD16/32 antibody (Clone# 93)BioLegendCat#101302; RRID: AB_312801CD45 Antibody (Clone# 30–F11), Brilliant Violet 650™BioLegendCat#103151; RRID: AB_2565884CD45 Antibody (Clone# 30–F11), Brilliant Violet 785™BioLegendCat#103149; RRID: AB_2564590Siglec-F Antibody (Clone# E50–2440), Alexa Fluor® 647BD BiosciencesCat#562680; RRID: AB_2687570IL-5 Antibody (Clone# TRFK5), APCBD BiosciencesCat#554396; RRID: AB_398548IL-4 Monoclonal Antibody (Clone# 11B11), PEeBioscienceCat#12–7041–82; RRID: AB_466156IL-13 Monoclonal Antibody (Clone# eBio13A), PE-Cyanine7eBioscienceCat#25–7133–82; RRID: AB_2573530IL-13 Monoclonal Antibody (Clone# eBio13A), PerCP-eFluor 710eBioscienceCat#46–7133–82; RRID: AB_11218496IFN-γ Antibody (Clone# XMG1.2), Brilliant Violet 605™BioLegendCat#505840; RRID: AB_2734493CD4 Antibody (Clone# RM4–5), V500BD BiosciencesCat#560782; RRID: AB_1937327CD4 Antibody (Clone# GK1.5), Brilliant Violet 605™eBioscienceCat#100451; RRID: AB_2564591CD4 Antibody (Clone# GK1.5), Alexa Fluor® 700BioLegendCat# 100430; RRID: AB_493699CD45RB Antibody (Clone# C363.16A), APCeBioscienceCat# 17–0455–81; RRID: AB_2565431CD25 Monoclonal Antibody (PC61.5), PE-Cyanine7eBioscienceCat# 25–0251–82; RRID: AB_469608CD11b Antibody (Clone# RM4–5), Brilliant Violet 605™BioLegendCat#101257; RRID: AB_2565431CD11b Monoclonal Antibody (Clone# M1/70), eFluor™ 450eBioscienceCat#48–0112–82; RRID: AB_1582236CD103 Antibody (Clone# 2E7), Brilliant Violet 785™BioLegendCat#121439; RRID: AB_2800588Purified anti mouse IL-25 antibody (Clone# 35B)BioLegendCat#514401; RRID: AB_2043954Purified anti mouse TSLP antibody (Clone# 28F12)BioLegendCat#515202; RRID: AB_2561323CD40 Antibody (Clone# 3/23), PE/Cyanine5BioLegendCat#124618; RRID: AB_2075922CD40 Antibody (Clone# 1C10), PEeBioscienceCat#12–0401–82; RRID: AB_465649KLRG1 (MAFA) Antibody (Clone# 2F1/KLRG1), Brilliant Violet 711™BioLegendCat#138427; RRID: AB_2629721CD45R/B220 Antibody (Clone# RA3–6B2), PerCPBioLegendCat#103234; RRID: AB_893353CD45R (B220) Monoclonal Antibody (Clone# RA3–6B2), eFluor™ 450eBioscienceCat#48–0452–82; RRID: AB_1548761CD49a Monoclonal Antibody (Clone# HMα1), PEBioLegendCat#142604; RRID: AB_10945158CD49b Monoclonal Antibody (Clone# HMα2), PE/Cyanine7BioLegendCat#103518; RRID: AB_2566103NK-1.1 Monoclonal Antibody (Clone# PK136), Brilliant Violet 605BioLegendCat#108753; RRID: AB_2686977CD335 (NKp46) Monoclonal Antibody (Clone# 29A1.4), Brilliant Violet 711BioLegendCat#137621; RRID: AB_2563289T1/ST2 (IL-33 R) Monoclonal Antibody (Clone# DJ8), PEMD BioproductsCat#101001PET1/ST2 (IL-33 R) Monoclonal Antibody (Clone# DJ8), FITCMD BioproductsCat#101001FCD127 Monoclonal Antibody (Clone# A7R34), FITCeBioscienceCat#11–1271–82; RRID: AB_465195CD127 Monoclonal Antibody (Clone# A7R34), Alexa Fluor 700eBioscienceCat#56–1271–82; RRID: AB_657611CD127 Monoclonal Antibody (Clone# eBioRDR5), PE-Cyanine7eBioscienceCat#25–1278–42; RRID: AB_1659672CD11c Monoclonal Antibody (Clone #N418), eFluor 450eBioscienceCat#48–0114–82; RRID: AB_1548654CD3e Monoclonal Antibody (Clone# 145–2C11), eFluor™ 450eBioscienceCat#48–0031–82; RRID: AB_10735092TCR gamma/delta Monoclonal Antibody (Clone# eBioGL3), eFluor™ 450eBioscienceCat#48–5711–82; RRID: AB_2574071CD5 Monoclonal Antibody (Clone 53–7.3), eFluor™ 450eBioscienceCat#48–0051–80; RRID: AB_1603252Ly-6G/Ly-6C Monoclonal Antibody (Clone# RB6–8C5), eFluor™ 450eBioscienceCat#48–5931–82; RRID: AB_1548788Ly-6G/Ly-6C Monoclonal Antibody (Clone# RB6–8C5), APC-eFluor 780eBioscienceCat#47–5931–82; RRID: AB_1518804FcεRIα Monoclonal Antibody (Clone# MAR-1), Pacific BlueBioLegendCat#134314; RRID: AB_10613298FOXP3 Monoclonal Antibody (Clone# FJK-16s), eFluor™ 450eBioscienceCat#48–5773–82; RRID: AB_1518812FOXP3 Monoclonal Antibody (Clone# FJK-16s), PEeBioscienceCat#12–5773–82; RRID: AB_465936FOXP3 Monoclonal Antibody (Clone# MF23), R718BD BiosciencesCat#567095Gata3 Monoclonal Antibody (Clone# TWAJ), Alexa Fluor™ 488eBioscienceCat#53–9966–42; RRID: AB_2574493Gata3 Monoclonal Antibody (Clone# TWAJ), eFluor™ 660eBioscienceCat#50–9966–42; RRID: AB_10596663Gata3 Monoclonal Antibody (Clone# TWAJ), PE-eFluor™ 610eBioscienceCat#61–9966–42; RRID: AB_2574686ROR gamma (t) Monoclonal Antibody (Clone# B2D), PE-eFluor 610eBioscienceCat#61–6981–82; RRID: AB_2574650ROR gamma (t) Monoclonal Antibody (Clone# Q31–378), BV650BD BiosciencesCat#564722; RRID: AB_2738915T-bet Monoclonal Antibody (Clone# eBio4B10 (4B10)), PE-Cyanine7eBioscienceCat#25–5825–82; RRID: AB_11042699Anti-CD3e (Clone 2C11)HarlanLot#A2022931Anti-CD28 (Clone 37.51)HarlanLot#A2022929Anti-IFN-γ (Clone XMG1.2)HarlanLot#A2022930Anti-IL-4 (Clone 11B.11)HarlanLot#A2022930Anti-CD16/CD32 (Clone 2.4G2)HarlanLot#A2083015Dynabeads™ Mouse T-Activator CD3/CD28 for T cell Expansion and ActivationThermoFisherCat#11452DChemicals, peptides, and recombinant proteinsPeptide: 2W1S (EAWGALANWAVDSA)GenScriptCat#SC1208Tetramer: 2W1S: IAb (I-A(b): EAWGALANWAVDSA-PE)NIH Tetramer FacilityN/AAlbumin from chicken egg whiteSigma-AldrichCat#A5503Imject™ Alum AdjuvantThermoFisherCat#77161Papain, Carica papayaSigma-AldrichCat#5125UltraComp eBeads™ Plus Compensation BeadseBioscienceCat#01–3333–42Recombinant Mouse IL-1 βR&D SystemsCat#401-MLRecombinant Mouse IL-2 proteinR&D SystemsCat#402-MLRecombinant Mouse IL-4 ProteinR&D SystemsCat#404-MLRecombinant Mouse IL-6 ProteinPeproTechCat#216–16Recombinant Mouse IL-7 ProteinR&D SystemsCat#407–ML–005Recombinant Mouse IL-12 ProteinPeproTechCat#210–12Recombinant Mouse IL-13 ProteinR&D SystemsCat#413–ML–005Recombinant Mouse IL-25 (IL-17E)BioLegendCat#587302Recombinant Mouse IL-33 ProteinR&D SystemsCat#3626–MLRecombinant Mouse TSLP ProteinR&D SystemsCat#555–TS–010/CFRecombinant Mouse TGF-P1 ProteinR&D SystemsCat#7666–MBSYBR™ Safe DNA Gel StainThermoFisherCat#S33102Platinum™ Hot Start PCR Master Mix (2X)ThermoFisherCat#13000012DNA Gel Loading DyeThermoFisherCat#R0611100 bp DNA LadderThermoFisherCat#15628019HBSS, calcium, magnesiumThermoFisherCat#24020117ACK Lysing BufferThermoFisherCat#A1049201Collagenase, Type IV, powderThermoFisherCat#17104019DNase I recombinant grade I, from bovine pancreas, expressed in Pichia pastorisRocheCat#4536282001PBS, pH 7.4ThermoFisherCat#10010031Albumin, Bovine Fraction VMPCat#160069RPMI 1640 MediumThermoFisherCat#21870–076Fetal Bovine SerumR&D SystemsCat#S12450Penicillin-StreptomycinThermoFisherCat#15140122L-Glutamine (200 mM)ThermoFisherCat#25030081MEM Non-Essential Amino Acids Solution (100X)ThermoFisherCat#11140050Sodium PyruvateThermoFisherCat#113602-MercaptoethanolThermoFisherCat#21985023E-Gel™ SizeSelect™ II Agarose Gels, 2%ThermoFisherCat#G661012NystatinSigma-AldrichCat#N6261–500KUActivated charcoalSigma-AldrichCat#C2764–500GPhorbol 12-myristate 13-acetateSigma-AldrichCat#P8139–5MGIonomycinSigma-AldrichCat#407952–5MGBrefeldin A SolutionBioLegendCat#420601Qiazol lysis reagentQIAGENCat#79306DMSOSigma-AldrichCat#D26501000 ML PREFILLED FORMALIN CONTAINERAzer ScientificCat#PFNBF-1000eBioscience™ Foxp3/Transcription Factor Staining Buffer SeteBioscienceCat#00–5523–00Fixable Viability Dye eFluor™ 780eBioscienceCat#65–0865–14Critical commercial assaysMouse IL-17E Duoset ELISAR&D SystemsCat#DY1399Mouse IL-33 DuoSet ELISAR&D SystemsCat#DY3626–05Mouse TSLP Quantikine ELISA kitR&D SystemsCat#MTLP00Qubit™ RNA High Sensitivity (HS), Assay KitThermoFisherCat#Q10210Qubit™ dsDNA Broad Rang (BR) Assay KitThermoFisherCat#Q32850RNeasy Micro Kit (50)QIAGENCat#74004MinElute Gel Extraction Kit (50)QIAGENCat#28604MinElute Reaction Cleanup KitQIAGENCat#28206RNase-Free DNase SetQIAGENCat#79256Ovation® RNA-Seq System V2TECANCat#7102–32KAPA LTP Library Preparation KitRocheCat#KK8232Naive CD4 T cell isolation Kit mouseMiltenyi BiotecCat#130–104–453EasySep™ Mouse ILC2 Enrichment KitSTEMCELLCat#19842Deposited dataRNA-Seq Raw and analyzed dataThis paperGEO: GSE166779Experimental models: Organisms/strainsMouse: KIrg1Cre; strain background: C57BL/6Dr. Richard Flavell of Yale UniversityHerndler-Brandstetter et al.27Mouse: Gata3fl/fl; strain background: C57BL/6NIAID-Taconic repositoryZhu et al.14 (Line 355)Mouse: hCD2Cre; strain background: C57BL/6Dr. Paul Love of NICHD, NIHVacchio et al.51 (also available as JAX line: 027406)Mouse: Crlf2−/−;strain background: C57BL/6Dr. Warren J. Leonard of NHLBI, NIHAl-Shami et al.36Mouse: IL-33 KO (IL-33 trap); strain background: C57BL/6Late Dr. William E. Paul of NIAID, NIHPichery et al.35Mouse: CIKS KO; strain background: C57BL/6NIAID-Taconic repositoryLine: 290Mouse: Rag1−/−; B6.SJL-[KO]RAG1NIAID-Taconic repositoryLine: 165Mouse: Rag2−/−II2rg−/−; C57BL/10SgSnAi-[KO]RAG2-[KO]gamma cNIAID-Taconic repositoryLine: 111Mouse: OT-II; B6.SJL-Ptprca Rag1tm1 Tg(TcraTcrb)425CbnNIAID-Taconic repositoryLine: 361Mouse: C57BL/6 (B6NTac)TaconicC57BL/6NTacMouse: II4−/−; strain background: C57BL/6NIAID-Taconic repositoryLine: 46Mouse: II4/II13−/−; strain background: C57BL/6NIAID-Taconic repositoryLine: 242Oligonucleotidesplease see Table S1 for Oligo sequencesIDTN/ASoftware and algorithmsFlowJo V10FlowJo LLChttps://www.flowjo.comPartek FlowPartekhttps://www.partek.comGraphPad PrismGraphPadhttps://www.graphpad.com

