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Abstract

Background—Innate lymphoid cells (ILCs) play important roles in innate immunity and tissue

remodeling via production of various cytokines and growth factors. Group 2 ILCs (ILC2s) were

recently shown to mediate the immune pathology of asthma even without adaptive immunity.

However, little is known about possible interactions between ILC2s and other immune cells. We

sought to investigate the capacity of ILC2s to regulate effector functions of T cells.

Methods—We isolated ILC2s from the lungs of naïve mice. We cultured CD4+ T cells with

ILC2s in vitro and examined the functions of these cell types. The mechanisms were investigated

by using blocking antibodies and cells isolated from cytokine-deficient mice. For the in vivo study,

we adoptively transferred ILC2s and CD4+ T cells into Il7ra−/− mice and subsequently exposed

the mice to ovalbumin and a cysteine protease.

Results—Lung ILC2s enhanced CD4+ T cell proliferation and promoted production of type 2

cytokines in vitro. The interaction between ILC2s and CD4+ T cells involved costimulatory

molecule OX40L and cytokine IL-4, which was mainly derived from ILC2s. Adoptive transfer of

both ILC2 and CD4+ T cell populations, but not each population alone, into Il7ra−/− mice resulted

in induction of a robust antigen-specific type 2 cytokine response and airway inflammation.

Conclusion—Lung ILC2s function to promote adaptive immunity in addition to their

established roles in innate immunity. This novel function of ILC2s needs to be taken into account

when considering the pathophysiology of asthma and other allergic airway diseases.

INTRODUCTION

Innate lymphoid cells (ILCs) are emerging as important effector cells in innate immunity

and tissue homeostasis (1). Type 2 ILCs (ILC2s) produce Th2 cytokines, such as IL-5 and

IL-13, and play important roles in a variety of immune responses, including immunity to
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helminths, airway and skin inflammation, and tissue remodeling (2). However, we have

limited knowledge about the ability of ILC2s to work together with other immune cells.

Several prior reports provide evidence suggesting that “crosstalk” may occur between ILC2s

and T cells. For example, ILC2 numbers were not maintained in Rag2−/− mice after

helminth infection (3), suggesting a role for T cells in the survival of ILC2s. Conversely,

ILC2s from IL-13-deficient mice restored IL-13 production, presumably from T cells, in

mice infected with helminths (3). In addition, multipotent progenitor type 2 (MPPtype2) cells

promoted Th2-type CD4+ T cell differentiation (4), although MPPtype2 cells may comprise a

population that is distinct from ILC2s (5). In this study, to address possible interactions

between ILC2s and CD4+ T cells directly, we performed a series of in vitro and in vivo

experiments using isolated lung ILC2s and CD4+ T cells. Our findings indicate that

synergistic interactions between innate immune and adaptive immune cell populations may

generate robust type 2 immune responses.

MATERIALS AND METHODS

Mice and reagents

BALB/cJ, C57BL/6, Il4−/− and Il7ra-/- mice were from the Jackson Laboratory. Il5−/− mice

were from Dr. James Lee (Mayo Clinic Arizona, AZ). Female mice ages 6-12 weeks were

used in all experiments. Antibodies to CD3 (145-2C11), CD25 (PC61; 7D4), CD44 (IM7),

CD14 (M5E2), CD16/CD32 (2.4G2), CD45R/B220 (RA3-6B2), ICOS (7E.17G9), CD28

(37.51), IL-4Rα (mIL4R-M1), OX40 (ACT35), and OX40L (ik-1) were from BD

Biosciences. Anti-OX40L mAb (RM134L) and polyclonal anti-OX40L Ab were from

eBioscience and R&D Systems, respectively. Anti-ST2 mAb (97203) was from R&D

Systems. Bromelain was from Sigma-Aldrich. Endotoxin-free ovalbumin (OVA) was

prepared as described previously (6).

Lung ILC2 isolation for in vitro study

ILC2s were isolated as described previously (7). Briefly, lungs were minced and digested

with a cocktail of collagenases (Roche Diagnostics) and DNase I (StemCell Technologies)

to obtain lung single cell suspensions. To isolate ILC2s, lineage-negative (Lin−) cells were

enriched first by magnetically depleting lineage-positive (Lin+) cells with PE-conjugated

antibodies to CD3, CD14, CD16/CD32 and B220 and EasySep® magnetic particles

(StemCell Technologies). Lin− cell-enriched lung cells were then stained with fluorescence-

labeled antibodies to CD3, CD14, CD16/CD32, B220, CD25 and CD44. ILC2s were

isolated as the Lin− CD25+CD44hi cell population by sorting on a fluorescence-activated

cell sorter (FACS, BD FACSAria®). Sorted ILC2s were cultured with a cocktail of IL-33

(10 ng/ml) and IL-7 (10 ng/ml) for up to 10 days. Before use, ILC2s were washed once to

remove residual IL-33 and IL-7. In some experiments, purity of ILC2s was verified by

staining them with anti-ST2 and FACS analysis.

CD4+ T cell isolation and culture

Splenic CD4+ T cells were isolated using the Negative Selection EasySep® CD4+ T cell

enrichment kit (StemCell Technologies). CD4+ T cells were cultured with plate-bound anti-

CD3 (2 μg/ml) and soluble anti-CD28 (1 μg/ml) in a 96-well plate at 2×104 cells/well with
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or without ILC2s at 104 cells/well unless specified otherwise. Four days later, cytokine

levels in culture supernatants were analyzed by ELISA. For the Transwell® culture system

(Costar, 0.4 μm pore size; Corning) experiments, CD4+ T cells (2x105 cells/well) and ILC2s

(105 cells/well) were added to anti-CD3-coated lower and upper chambers, respectively. In

some experiments, IL-4 or IL-12 and neutralizing antibodies to IL-4 or IFN-γ (all from R&D

Systems) were added to the co-culture of ILC2s and CD4+ T cells.

Quantitative RT-PCR

ILC2s and CD4+ T cells were co-cultured in a 24-well plate at 5×105 cells/well for 20 h and

then FACS sorted as CD4+CD25+ T cells and CD4−CD25+ ILC2s. RT-PCR was performed

using Taqman Universal PCR Master Mix and IL-4, IL-5, IL-13 and housekeeping gene 18S

primers (Applied Biosystems). Cytokine mRNA expression was normalized to the

expression of 18S.

Adoptive cell transfer and antigen-induced airway inflammation

Naïve mice were injected i.p. with IL-25 and IL-33 (400 ng/mouse) daily for 4 days to

expand ILC2s in vivo. Lung ILC2s were isolated by FACS sorting as the Lin-ICOS+ cell

population (7). ILC2s (105 cells/mouse), CD4+ T cells (2×106 cells/mouse), or a

combination of the two were adoptively transferred to recipient Il7ra−/− mice by i.v.

injection. One day and 5 days after the transfer, mice were intranasally (i.n.) administered

with OVA (100 μg) plus bromelain (10 μg). Nine days after the transfer, bronchoalveolar

lavage (BAL) fluids were analyzed for inflammatory parameters. Lung cells were cultured at

105 cells/well with OVA antigen (100 μg/ml) for 7 days or anti-CD3/CD28 for 5 days for

measurement of cytokine production in vitro.

Statistical analysis

Statistical significance was assessed with Student's t test. A p-value of < 0.05 was

considered significant.

RESULTS

Co-culture of ILC2s and CD4+ T cells promotes proliferation of CD4+ T cells and type 2
cytokine production in vitro

To investigate the possible interaction between ILC2s and CD4+ T cells directly, we used an

in vitro culture system. ILC2s were isolated from the lungs of naïve BALB/c mice,

expanded and maintained with IL-33 plus IL-7, and washed before use. FACS analysis

revealed that, similar to naïve ILC2s (7), these in vitro expanded ILC2s were lineage

negative, CD44+CD25+ and ST2+ (Supplemental Fig. 1). CD4+ T cells were isolated from

spleens of naïve BALB/c mice and were cultured alone or together with ILC2s. As expected,

CD4+ T cells proliferated following stimulation with anti-CD3/CD28 antibodies (Fig. 1A).

When lung ILC2s were added to the culture, proliferation of CD4+ T cells was clearly

enhanced. Furthermore, the numbers of CD4+ T cells were 2.1±0.7-fold higher after 4 days

when cultured with ILC2s as compared to when cultured without ILC2s (mean±SEM, n=4)
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To investigate whether ILC2s affect cytokine production, CD4+ T cells were stimulated with

anti-CD3/CD28 in the presence of increasing numbers of ILC2s. When cultured alone,

CD4+ T cells produced both IL-4 and IFN-γ but negligible amounts of IL-5 and IL-13 (Fig.

1B). ILC2s alone produced small amounts of IL-5 and IL-13 but only at the highest cell

number examined (1×104 cells/well); IL-4 and IFN-γ were undetectable. Notably, co-culture

of CD4+ T cells with ILC2s resulted in robust increases in IL-4, IL-5, and IL-13 levels in the

supernatants. In contrast, CD4+ T cell and ILC2 co-culture did not affect IFN-γ levels (Fig.

1B). Furthermore, when CD4+ T cells were cultured in Th1-skewing condition, addition of

ILC2s enhanced production of IL-5 but not IFN-γ (Supplemental Fig. 2). These data suggest

that co-culture of ILC2s and CD4+ T cells enhances proliferation of T cells and type 2

cytokine production.

Cytokine production is enhanced in both ILC2s and CD4+ T cells

Because both CD4+ T cells and ILC2s are capable of producing type 2 cytokines (1, 2), we

sought to determine which cell type is affected by co-culture. To this end, we cultured CD4+

T cells with ILC2s and then separated the cells into the CD4+ T cell and ILC2 populations

by sorting. Following ILC2/CD4+ T cell co-culture, IL-4 mRNA levels were upregulated in

ILC2s (mean 13.2-fold increase) but not in CD4+ T cells (Fig. 2A). IL-5 mRNA was

increased dramatically in CD4+ T cells (29.7-fold increase) and modestly in ILC2s (2.1-fold

increase). A modest (2.6-fold) increase and a minimal (1.6-fold) increase in IL-13 mRNA

levels were observed in CD4+ T cell and ILC2 populations, respectively.

To examine whether the increased IL-5 mRNA expression in both cell populations reflected

the cytokine protein levels, we utilized CD4+ T cells derived from Il5−/− mice. These T cells

are unable to produce IL-5; therefore, IL-5 production should be limited to ILC2s in the co-

culture, allowing us to estimate the source of the protein. ILC2s cultured alone

spontaneously produced modest amounts of IL-5, while CD4+ T cells alone produced

minimal IL-5 irrespective of whether the cells were derived from wild-type (WT) or Il5−/−

mice (Fig. 2B). When WT CD4+ T cells were cultured with ILC2s, IL-5 levels in the

supernatants increased synergistically. When IL-5-deficient CD4+ T cells were cultured with

ILC2s, IL-5 levels in the supernatants were significantly decreased as compared to levels

observed following co-culture of ILC2 and WT CD4+ T cells (Fig. 2B), suggesting that

CD4+ T cells mostly account for the increased IL-5 levels in the co-culture. Nonetheless,

IL-5 levels did not decrease to baseline levels (i.e., the levels observed in cultures of ILC2s

alone), suggesting that IL-5-deficient CD4+ T cells modestly enhance IL-5 production by

ILC2s. Thus, when cultured together, ILC2s and CD4+ T cells likely enhance IL-5

production mutually in each population; CD4+ T cells are affected more than ILC2s.

Cellular contact through OX40L plays a key role in the ILC2 and CD4+ T cell interaction

These observations led us to speculate that a bidirectional interaction or “crosstalk” between

ILC2s and CD4+ T cells may be occurring. For Th2-type immune responses in general, IL-4

is critical for differentiation of CD4+ T cells and production of Th2-type cytokines in vitro

(8). Furthermore, the OX40/OX40L interaction is critical in initiating IL-4 transcription and

differentiation of naïve T cells to a Th2-type (9) and in the induction of inflammatory Th2

cells mediated by thymic stromal lymphopoietin-activated dendritic cells (10).
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To investigate whether the ILC2 and CD4+ T cell interaction requires direct contact or close

proximity, we used a Transwell® culture system with CD4+ T cells in the bottom chamber

and ILC2s in the upper chamber separated by a culture insert. Co-culture in the Transwell®

system significantly reduced IL-4, IL-5, and IL-13 levels compared to co-culture without

Transwell® separation (Fig. 3A). IL-4 levels were affected less than those of IL-5 or IL-13.

We investigated whether OX40L is involved in the interaction between ILC2s and CD4+ T

cells by using blocking antibodies. Addition of polyclonal anti-OX40L antibody

significantly inhibited IL-4, IL-5, and IL-13 production in the ILC2/CD4+ T cell co-culture

(Fig. 3B). In contrast, anti-OX40L antibody did not significantly inhibit IL-4 and IL-13

production when T cells were stimulated with anti-CD3/CD28 without ILC2s (Fig. 3C).

Similarly, a monoclonal anti-OX40L antibody also significantly inhibited IL-4, IL-5, and

IL-13 production in the ILC2/CD4+ T cell co-culture (Supplemental Fig. 3A). By FACS

analyses, OX40 was expressed on CD4+ T cells but not on ILC2s (Supplemental Fig. 3B);

OX40L was detectable within ILC2s. These findings suggest that cellular contact through

OX40L plays a key role in the interaction between CD4+ T cells and ILC2s; however, other

co-stimulatory molecules may also be involved because anti-OX40L antibody only partially

inhibited cytokine production in the ILC2/CD4+ T cell co-culture.

ILC2-derived IL-4 also plays a key role in the ILC2 and CD4+ T cell interaction

To investigate whether IL-4 is involved in the enhanced cytokine production detected in the

ILC2/CD4+ T cell co-culture, we initially used a blocking antibody to IL-4 receptor. As

described above, co-culture of CD4+ T cells and ILC2s resulted in a synergistic increase in

the production of IL-5 and IL-13; anti-IL-4Rα significantly inhibited production of these

cytokines (Fig. 4A). To further verify the involvement of IL-4 in the ILC2 and CD4+ T cell

interaction and to identify the source of IL-4, we used a genetic approach. We isolated lung

ILC2s and CD4+ T cells from Il4−/− mice and cultured these cells with CD4+ T cells or

ILC2s obtained from WT mice. Co-culture of IL-4-deficient CD4+ T cells with WT ILC2s

produced large amounts of IL-5 protein, similar to the levels measured in co-culture of WT

CD4+ T cells and WT ILC2s (Fig. 4B). Production of IL-13 was partially inhibited when

IL-4-deficient CD4+ T cells were used in place of WT CD4+ T cells in culture with WT

ILC2s (Fig. 4B). Importantly, co-culture of IL-4-deficient ILC2s with WT CD4+ T cells

resulted in significant decreases in both IL-5 and IL-13 levels as compared to levels from

cultures of WT ILC2s with WT CD4+ T cells (Fig. 4C). Thus, ILC2-derived IL-4 likely

plays a key role in type 2 cytokine upregulation in CD4+ T cell/ILC2 co-cultures.

ILC2s and CD4+ T cells synergize to mediate airway inflammation in vivo

To examine whether this synergistic interaction between ILC2s and CD4+ T cell operates in

vivo, we used an antigen-induced airway inflammation model in mice. Inhalation of

innocuous protein is generally tolerogenic, and co-administration of adjuvants, such as

proteases, is necessary to sensitize naïve animals via the airways (11, 12). We isolated lung

ILC2s and CD4+ T cells from non-sensitized WT mice and immediately transferred these

cells to naïve Il7ra−/− mice that are deficient in both T cells and ILC2s (7, 13). These mice

were then exposed i.n. to OVA antigen plus bromelain (a cysteine protease) as an adjuvant

to induce an antigen-specific immune response (Fig. 5A). Papain (another cysteine protease)
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was used previously as an adjuvant to induce adaptive type 2 immune responses (12);

however, we found in a preliminary study that bromelain was more potent than papain (data

not shown).

In this model, Il7ra−/− mice reconstituted with CD4+ T cells alone showed minimal airway

inflammation and no increases in cytokine levels in the BAL fluids (Fig. 5B and 5C).

Il7ra−/− mice reconstituted with ILC2s alone showed a modest increase in eosinophil

numbers and IL-13 levels (Fig. 5B and 5C), likely reflecting an innate ILC2 response to

cysteine protease as previously described (12, 14). Importantly, Il7ra−/− mice reconstituted

with both CD4+ T cells and ILC2s developed robust airway eosinophilia and displayed a

marked increase in IL-13, but not IFN-γ, levels in BAL fluids. The magnitude of the

response after transfer of both CD4+ T cells and ILC2s was apparently greater than the

expected additive effects of CD4+ T cells alone and ILC2s alone, suggesting synergistic

effects of CD4+ T cells and ILC2s.

The antigen-specific immune response in CD4+ T cells is enhanced when ILC2s are
transferred together with CD4+ T cells

To address the mechanisms of enhanced immune response in this model, we investigated

whether development of antigen-specific CD4+ T cells is affected by ILC2s. Lung cells from

the Il7ra−/− mice that were reconstituted with CD4+ T cells, ILC2s or both and exposed to

OVA plus bromelain were stimulated with OVA antigen in vitro. First, we stimulated lung

cells with a polyclonal T cell agonist, namely anti-CD3/CD28 antibodies. Il7ra−/− mice

reconstituted with CD4+ T cells alone and those reconstituted with CD4+ T cells plus ILC2s

produced roughly comparable levels of Th1- and Th2-type cytokines, including IL-5, IL-13

and IFN-γ (Fig. 6A), suggesting successful reconstitution of these mice with CD4+ T cells.

As expected, the Il7ra−/− mice reconstituted with ILC2s alone did not produce detectable

cytokines in response to anti-CD3/CD28.

Second, to examine the antigen-specific immune response, we stimulated the lung cells with

OVA antigen. Mice reconstituted with both CD4+ T cells and ILC2s produced high levels of

IL-5 and IL-13 when they were cultured with OVA in vitro (Fig. 6B). IFN-γ was

undetectable, suggesting that an antigen-specific Th2-type, but not Th1-type, immune

response to OVA had been established in these mice. In contrast, mice reconstituted with

CD4+ T cells alone or ILC2s alone produced minimal amounts of IL-5 or IL-13 (Fig. 6B).

Taken together, these results suggest that the presence of ILC2s promotes development of

Th2-type antigen-specific CD4+ T cell responses in vivo in the lungs following inhaled

antigen exposure.

DISCUSSION

Type 2 immune responses are orchestrated by several cell types (15). In this study, we

investigated the possible interaction between two major players in type 2 immunity, namely

ILC2s and CD4+ T cells. Our data demonstrate that lung ILC2s enhance effector functions

of Th2-type CD4+ T cells when they are cultured together in vitro. The interaction between

ILC2s and CD4+ T cells appears bidirectional and likely requires both OX40L and IL-4 and

perhaps other molecules. Furthermore, when adoptively transferred into immune deficient
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Il7ra−/− mice, ILC2s and CD4+ T cells synergistically promoted airway inflammation and

type 2 cytokine responses in vivo. Interestingly, the antigen-specific response of CD4+ T

cells was enhanced when ILC2s were transferred together with CD4+ T cells. Altogether,

these findings suggest that lung ILC2s and CD4+ T cells cooperate to mediate robust Th2-

type immune responses in mice.

The interaction between ILCs and CD4+ T cells has been demonstrated in other

experimental systems using MPPtype2 cells and group 3 ILCs (4, 16). In those studies, ILCs

affected CD4+ T cell function by presenting antigens to them. In contrast, our experimental

model of CD4+ T cell and ILC2 co-culture does not involve any soluble antigens (Fig. 1),

suggesting that ILC2s can affect CD4+ T cells by the mechanism(s) other than antigen

presentation. Instead, the model revealed the role for a co-stimulatory molecule OX40L

(Fig. 3B). Previous studies have shown that engagement of OX40 on CD4+ T cells by

OX40L preferentially drives Th2-type differentiation in CD4+ T cells (9, 10, 17). Thus, the

interaction between ILCs and CD4+ T cells may involve antigen presentation, engagement

of co-stimulatory molecules or both, depending on the experimental conditions. We detected

OX40L expression intracellularly but were not able to detect it on the cell surface of ILC2s

(Supplemental Fig. 3B). Perhaps, similarly to CTLA-4 (18), which is primarily localized in

intracellular vesicles, OX40L in ILC2s may remain sequestered intracellularly and may be

transiently expressed on the cell surface when ILC2s encounter CD4+ T cells. Alternatively,

OX40L molecules may be present at a level below detection by FACS analysis. In any

event, ILC2s and CD4+ T cells likely need to be in contact or in close proximity to work

together because cytokine production was markedly attenuated when they were separated by

a culture insert (Fig. 3A).

Our study also suggests roles for IL-4, in particular ILC2-derived IL-4. The expression of

IL-4 mRNA and protein in mouse and human ILC2s has been reported previously in several

other studies (4, 19-24), while a functional role for ILC2-derived IL-4 has not been

demonstrated. Our data suggest that upon interaction with CD4+ T cells, ILC2s upregulate

their expression of IL-4 mRNA (Fig. 2A). This IL-4 likely plays a critical role in robust

production of IL-5 and IL-13 when CD4+ T cells and ILC2s are cultured together, as IL-4-

deficient ILC2s were considerably less potent than WT ILC2s in mediating the cytokine

response (Fig. 4C).

Although production of IL-4, IL-5 and IL-13 proteins was upregulated by ILC2 and CD4+ T

cell co-culture, there was little difference in IL-13 mRNA expression (Fig. 2). In contrast,

IL-5 mRNA expression by CD4+ T cells was clearly enhanced by co-culture. These findings

suggest that upregulation of type 2 cytokine production in co-culture may involve several

stages of cytokine production, including mRNA expression, post-transcriptional

modification and secretion of the proteins. Further studies will be necessary to elucidate the

molecular mechanisms involved in the enhanced cytokine production in ILC2 and CD4+ T

cell co-culture.

The interaction between ILC2s and CD4+ T cells also likely occurs in vivo during allergic

airway inflammation. In mouse models of allergic airway inflammation, ILC2s have been

shown to be an important innate source of type 2 cytokines when mice are exposed to fungal
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or protease allergens even in mice deficient in T cells or B cells (7, 12, 14, 25). In this study,

as shown by enhanced airway eosinophilia and IL-13 levels in BAL fluid (Fig. 5), ILC2s

and CD4+ T cells likely work synergistically in vivo during allergic airway inflammation

that is induced by exposure to OVA antigen plus an adjuvant. Importantly, the antigen-

specific cytokine production by CD4+ T cells is upregulated when ILC2s are co-transferred

with CD4+ T cells, suggesting the capacity of ILC2s to promote Th2-type antigen-specific T

cell immune responses.

These findings are consistent with a recent report by others demonstrating that both innate

and adaptive immunity contribute to maximum allergic airway inflammation when mice are

exposed to protease allergens (12). Therefore, we propose that ILC2s possess the activities

to bridge innate and adaptive immunity during allergic airway inflammation. Indeed, a

recent report suggests that ILC2-derived IL-13 promotes dendritic cell (DC) function,

resulting in enhanced adaptive type 2 immune response to protease allergens (26). Thus,

ILC2s may promote type 2 adaptive immunity by affecting several cell types, including

CD4+ T cells and DCs. One potential weakness in our study is that immune-deficient mice

were used as recipients of ILC2s and CD4+ T cells. These mice may allow homeostatic

proliferation of transferred immune cells and thus may exaggerate the function of particular

immune cells. Therefore, additional studies to verify these results by using mice that are

specifically deficient in ILC2s in the presence of otherwise intact immune components are

warranted when these research tools become available.

In summary, the major observation in this study that ILC2s can work together with CD4+ T

cells both in vitro and in vivo will provide a novel understanding of the underlying

mechanisms of diseases mediated by type 2 immunity. Recent human studies suggest

increased infiltration of ILC2s in tissues from patients with chronic type 2 inflammation,

such as those with atopic dermatitis and nasal polyps (27, 28). The possible synergistic

interaction between ILC2s and CD4+ T cells may explain the severity and chronicity of

these diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BAL bronchoalveolar lavage

DCs dendritic cells

FACS fluorescence-activated cell sorter
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ILCs innate lymphoid cells

ILC2s type 2 ILCs

i.n. intranasal

Lin− lineage-negative

Lin+ lineage-positive

MPPtype2 multipotent progenitor type 2

OVA ovalbumin

WT wild-type
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Figure 1. Co-culture of ILC2s and CD4+ T cells enhances proliferation of CD4+ T cells and type
2 cytokine production
(A) CFSE-labeled CD4+ T cells (2×104 cells/well) were stimulated with anti-CD3/CD28

with or without isolated lung ILC2s (104 cells/well) for 4 days. Cells were analyzed by

FACS by gating on CD4+ T cells. Data are representative of three experiments. (B) CD4+ T

cells (2×104 cells/well) were stimulated with anti-CD3/CD28 with the indicated numbers of

ILC2s for 4 days. Cytokine levels in the supernatants were analyzed by ELISA. *, p<0.05;

**, p<0.01 as compared to no ILC2s in the culture. Data (mean±SEM, n=3) are

representative of 2-3 experiments.
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Figure 2. The interaction between ILC2s and CD4+ T cells is likely bidirectional
(A) CD4+ T cells (5×105 cells/well) and ILC2s (5×105 cells/well) were cultured alone or

together for 20 h and then sorted by FACS. Cytokine mRNA expression in each cell

population was analyzed. Data are presented as the ratio of mRNA copy numbers in co-

cultured cells divided by mRNA copy numbers in cells cultured alone. Data are from three

experiments. (B) CD4+ T cells derived from WT or Il5−/− mice were stimulated with anti-

CD3/CD28 with or without ILC2s from WT mice for 4 days. *, p<0.05; **, p<0.01 between

the groups indicated by horizontal lines. Data (mean±SEM, n=3) are representative of two

experiments.
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Figure 3. Cellular contact through OX40L plays a key role in the ILC2 and CD4+ T cell
interaction
(A) ILC2s (105 cells/well) and CD4+ T cells (2×105 cells/well) were cultured in the

Transwell® system for 4 days. Cytokine levels in the supernatants were analyzed by ELISA.

Data were normalized to the values from co-culture without the Transwell® system as 100%

(control). *, p<0.05; **, p<0.01 as compared to the control. Data (mean±SEM) are a pool of

three experiments. (B) ILC2s (104 cells/well) and CD4+ T cells (2×104 cells/well) were

stimulated with anti-CD3/CD28 with or without anti-OX40L (10 μg/ml) for 4 days. *,

p<0.05 versus no antibody. (C) CD4+ T cells (2×104 cells/well) were stimulated with anti-

CD3/CD28 with or without anti-OX40L (10 μg/ml) for 4 days. Data (mean±SEM, n=3) are

representative of five experiments.
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Figure 4. ILC2-derived IL-4 plays a key role in the ILC2 and CD4+ T cell interaction
(A) ILC2s (104 cells/well) and CD4+ T cells (2x104 cells/well) were stimulated with anti-

CD3/CD28 with or without anti-IL-4Rα(10 μg/ml) for 4 days. Cytokine levels in the

supernatants were analyzed by ELISA. *, p<0.05 versus no antibody. (B) ILC2s from WT

mice and CD4+ T cells from WT or Il4−/− mice were cultured alone or together for 4 days. *,

p<0.05 between the groups indicated by horizontal bars. (C) CD4+ T cells from WT mice

and ILC2s from WT or Il4−/− mice were cultured alone or together for 4 days. *, p<0.05

between the groups indicated by horizontal bars. Data (mean±SEM, n=3) are representative

of three experiments.
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Figure 5. ILC2s and CD4+ T cells synergize in antigen-induced airway inflammation in vivo
(A) Experimental protocol. Naïve Il7ra−/− mice were adoptively transferred with CD4+ T

cells, ILC2s or both. Mice were then exposed i.n. to OVA plus an adjuvant protease

(bromelain) on days 1 and 5 and analyzed on day 9. (B) Cell numbers and differentials in

BAL fluids were analyzed and presented as mean±SEM (n =3-4). *, p<0.05 between the

groups indicated by horizontal lines. Data are representative of two experiments. (C)

Cytokine levels in BAL fluids were analyzed by ELISA and presented as mean±SEM (n

=3-4). *, p<0.05 between the groups indicated by horizontal lines. Data are representative of

two experiments.
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Figure 6. Antigen-specific immune response in CD4+ T cells is enhanced when ILC2s are
transferred together with CD4+ T cells
(A) Naïve Il7ra−/− mice were treated as described in Fig. 5A. Lung cells were collected on

day 9 and cultured with medium alone or anti-CD3/CD28 antibodies for 5 days. Cytokine

levels in the supernatants were analyzed by ELISA. (B) Lung cells were cultured with

medium alone or OVA antigen (100 μg/ml) for 7 days. Cytokine levels in the supernatants

were analyzed by ELISA. **, p<0.01 between the groups indicated by horizontal lines. Data

are representative of two experiments.
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