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Abstract

Although a number of studies have recently explored the contribution of the adaptive immunity in
interleukin 33 (IL-33)-mediated antitumor effects, innate immune involvement has been poorly
characterized. Utilizing Ragl~~ mice (lacking T and B lymphocytes), we show here that either
systemic administration of recombinant 1L-33 or ectopic expression of IL-33 in melanoma cells is
sufficient to inhibit tumor growth independent of adaptive antitumor immunity. We have
demonstrated that 1L-33-mediated antitumor effects depend on expansion and activation of NK
cells. Interestingly, 1L-33 also promoted the expansion of active type 2 innate lymphoid cells
(ILC2s) via its receptor, ST2, which in turn inhibited NK activation and cytotoxicity. This IL-33-
induced ILC?2 activity coincided with greater expression of the immunosuppressive ecto-enzyme
CD73. Removal of CD73 from ILC2s in culture with NK cells resulted in markedly increased
activation levels in NK cells, offering a potential mechanism by which ILC2s might suppress NK
cell-mediated tumor killing. Thus, our data reveal an important contribution of I1L-33-induced
ILC2 to tumor growth by weakening NK cell activation and tumor killing, regardless of adaptive
immunity.
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Introduction

Methods

Interleukin 33 (IL-33) is a fairly new member of the IL-1 family of cytokines (1). IL-33 has
been characterized as being secreted by fibroblasts, epithelial cells, and endothelial cells as
an alarmin in response to cell injury (2, 3). Signaling through its receptor, ST2, IL-33 has
been shown to act as an early inducer of inflammation, stimulating a variety of immune cells
including T helper cells, mast cells, and eosinophils to secrete type 2 cytokines (1, 4).

Though type 2 immune responses have not typically been associated with favorable
antitumor effects, recent studies have also indicated 1L-33 can stimulate CD8* T cells and
NK cells and thereby inhibit tumor growth and/or metastasis (5-7). For decades,
accumulating data have characterized natural killer (NK) cells as powerful innate immune
effectors of antitumor responses (8, 9). Complex balancing of stimulatory and inhibitory
signaling can drive NK cells to lyse a wide repertoire of target cells (10-12). Through the
release of cytotoxic granules and the production of IFN-y, NK cells possess a number of
powerful tools for directly eliminating target cells, while simultaneously stimulating other
immune cells (13-16). The exact contribution of NK cells in IL-33 mediated antitumor
effects, however, has not been closely examined in the absence of adaptive immunity.

Type 2 innate lymphoid cells (ILC2) are a newly identified population of immune cells
expressing ST2 that expand in response to IL-33 (17-19). ILC2s are cytokine-secreting cells
of lymphoid morphology like CD4* and CD8* T cells; however, they lack rearranged
antigen-specific receptors (TCRs) and can be identified as lineage-negative
CD25"CD45*CD90*CD127*ST2* (20). ILC2s were originally observed to be involved in
stimulating type 2 immune responses against allergies and helminthes, secreting 1L-4, 5, 9,
and 13 (18, 20). Recently, ILC2s, that express ST2, are stimulated and expanded upon
exposure to IL-33, increasing IL5 and IL13 secretion (19, 21, 22). It is largely unknown
whether ILC2s play a role in 1L-33-mediated antitumor effects.

In this study, we report that IL-33 is capable of eliciting adequate antitumor responses
strictly though the innate immune system, largely dependent on expansion and activation of
NK cells. Further, we observed that I1L-33-induced ILC2s facilitated tumor growth by
suppressing NK cell function, providing the first evidence for the contribution of ILC2s to
tumor progression.

Mice and cancer cell lines

C57BL/6J WT and Rag1™~ mice were purchased from the Jackson Laboratory and bred in-
house. All mice used in experiments were between 2—-6 months old. Mice were used
according to the protocols approved by the Institutional Animal Use Committee at
Northwestern University. B16F10 melanoma and EL4 thymoma cells were obtained from
Dr. Hans Schreiber (University of Chicago). B16 cell clones designed to express IL-33
(B16-Vec and B16-1L33) were generated and kindly provided by Dr. Binfeng Lu (University
of Pittsburgh) (6). A tumor cell line was derived from a spontaneous tumor in Jackson lab’s
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BrafCA, Tyr::CreER and Pten!®*4-5 mouse model, which we have named BPS1 (23). All cell
lines were maintained in complete medium composed of RPMI 1640 containing 5% FBS.

Tumor challenge and treatments

B16F10, EL4, B16-Vec or B16-1L.33 cells in suspension were injected s.c. (1x109).
Treatment with recombinant IL-33 (1ug/mouse; Biolegend) began either 7 days (WT) or 3
days (Rag1~") after tumor challenge. In experiments requiring depletion of 1LC2s or NK
cells, depleting antibodies were first injected i.p. 3 days prior to tumor challenge. Anti-CD90
polyclonal antibodies (T24/31) were purchased from BioXCell and injected at 200 pug per
injection. Hybridoma-derived anti-NK1.1 antibodies (PK136) were collected from ascites
and routinely tested for NK cell depletion. Groups that did not receive depletion antibodies
were administered 1gG antibodies as a control. Both antibody depletion and IL-33 treatment
were given every other day and continued until completion.

Sample preparation and cell selection

Tumor samples and spleens were harvested and processed into single cell suspension and
prepared for flow cytometry as published previously (24). Tumor samples were digested in
collagenase D and DNase I. Samples were kept in RPMI 1640 with 10% FBS during
processing. Splenic NK cells were isolated using a 2-step labeling process (biotinylated
NKZ1.1 followed by anti-biotin microbeads, BD Biosciences and Stemcell Technologies).
ILC2s were purified from spleens of IL-33-treated Rag1~~ mice for /n vitro experiments
using positive magnetic selection for CD90 microbeads from BD Biosciences and Stemcell
Technologies. ILC2 selections first involved selection against NK1.1* cells prior to CD90
selection to increase purity.

Flow cytometry

The flow antibodies were purchased from Biolegend and eBioscience. Surface staining,
annexin V staining, nuclear GATA3 and Ki67 staining, and intracellular cytokine staining
were performed as published previously (24). Samples were run on either a MACSQuant
Analyzer (Miltenyi Biotec), an LSR Il (BD Biosciences), or a FACSCanto Il (BD
Biosciences). Analysis was done using FlowJo software (Tree Star).

NK cell-mediated cytolytic activity

Splenic NK1.1* NK cells purified from Ragl™~ or WT mice were incubated with B16F10
cells at a ratio of 20:1 in the presence of recombinant IL-33 (50 ng/ml) for 24h. B16F10
cells with or without 1L-33 treatment alone were used as controls. Tumor cell death was
measured with annexin V and 7-AAD staining by flow cytometry. To examine the effect of
ILC2 on NK cell-mediated tumor cell killing, splenic ILC2 cells were enriched from tumor-
bearing Ragl™/~ mice as described above. Alternatively, enriched CD90™ cells from naive
Rag1~/~ mice were activated and expanded with recombinant I1L-33 (1 pg/ml) and IL-2 for
48h in vitro. These ILC2 cells were added to the cocultures of NK and B16F10 cells as
descried above at a ratio of 1:20:20 (B16F10:NK:ILC2).
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ILC2-mediated suppression assay

Splenic NK1.1* cells were purified from WT~/~ mice and stimulated with 1L-15 (10ng/ml
and IL-33 (20 ng/ml) for 24 hours. NK cells were then co-cultured with ILC2s prepared
using methods described above. Cells were cultured at a 1:1 ratio in the presence of 20
ng/ml IL-33 and 100 uM AMP for 24 hours. NK cell activity was assessed by production of
CD107a.

ILC2 generation from bone marrow

ELISA

Tibias and femurs were removed from WT and CD73~/~ C57BL/6 mice using sterile
techniques and bone marrow cells (BM) were flushed. Lineage negative CD90™" cells were
then purified. ILC2s were generated from purified BM cells using methods similar to those
previously described (25). Purified BM cells were cultured in FIt3L (20ng/ml), stem cell
factor (20ng/ml), IL-7 (10ng/ml), IL-33 (20ng/ml), and I1L-2 (10ng/ml) for 7 days before
they were assessed for cytokine production. Generated ILC2s shared similar features with
ILC2s isolated from spleens (data not shown).

IL-33 was detected by ELISA performed using eBioscience’s kit according to the
manufacturer’s protocol. Serum was isolated from whole blood of tumor-bearing mice.
Tumor lysates were similarly analyzed following homogenization in RIPA buffer.
Fluorescence was measured using a GloMax-Multi Detection System by Promega and IL-33
was quantified using a standard curve derived from the manufacture’s IL-33 standard.

CD73 enzymatic activity assay

AMP consumption was measured using AMP-Glo Assay (Promega) using manufacturer’s
protocol. Relative AMP levels were determined by luminescence measured by a GloMax-
Multi Detection System by Promega.

Statistical analysis

Results

Mean values were compared using an unpaired two-tailed Student’s #test. P values >0.05
were not considered significant.

IL-33 inhibits tumor growth in Rag1™~ mice.

Consistent with other studies (5-7), our previously reported data suggest an important role
of the adaptive immune system in eliciting 1L-33-mediated antitumor responses (26). To
explore whether 1L-33 can inhibit tumor growth independent of an adaptive immune system,
B16F10 melanoma cells were s.c. injected into WT mice versus Ragl™~ mice that are
deficient in T and B cells followed by systemic administration of recombinant 1L-33. As
expected, IL-33 treatment significantly delayed the growth of the tumors in WT mice
(Figure 1A). Surprisingly, tumor growth was also greatly impaired with 1L-33 treatment in
Rag1~~ mice (Figure 1B), indicating systemic administration of 1L-33 can inhibit melanoma
growth solely through the innate immune system. Similar results were observed in Ragl™~
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mice challenged with EL4 lymphoma cells (Figure 1C), suggesting that such IL-33-
mediated antitumor effect is not restricted to the specific types of tumors. To further verify
our findings, we then utilized B16F10 cells engineered to express I1L-33 (B16-1L33) (6).
B16-1L.33 tumors grew significantly slower than control tumors (B16-Vec) in Rag1™~ mice
(Figure 1D), indicating local expression of 1L-33 is sufficient to inhibit tumor growth
independent of an adaptive immune system. Analysis of tumor lysates confirmed
significantly high levels of 1L-33 in B16-1L33 tumors while 1L-33 was undetectable in B16-
Vec tumors (Supplementary Figure 1A). Serum levels of IL-33 were detectable in two out of
four B16-1L33 tumor-bearing mice while no 1L-33 was observable in B16-Vec-bearing mice
(Supplementary Figure 1B). We found that I1L-33 failed to affect viability of B16F10
melanoma cells cultured in vitro using MTT assay (data not shown), indicating I1L-33 does
not illicit a direct cytotoxic effect on melanoma cells but presumably recruits other innate
immune cells to attenuate tumor growth.

NK cells are implicated in IL-33-mediated tumor suppression.

NK cells have long been implicated in antitumor immune responses and have recently been
shown to be stimulated in response to 1L-33 exposure in tumor-bearing conditions (5, 6).
Indeed, we observed an increase in the number and activation state of intratumoral NK cells
in B16-1L.33 tumor-bearing Ragl™~ mice (Figure 2A, B). The B16-1L.33 tumor-bearing mice
also exhibited elevated numbers of splenic NK cells (Figure 2C). To further examine the
importance for NK cells in 1L-33-mediated antitumor effect, NK cells were depleted by i.p.
administration of anti-NK1.1 antibodies prior to B16F10 tumor challenge. Tumors in NK
cell-depleted mice grew faster than in those receiving 1L-33 alone, though not as fast as
control mice receiving only PBS (Figure 2D), indicating NK cells are required for complete
IL-33-mediated tumor suppression. /17 vitro, NK cells treated by IL-33 displayed a greater
capacity to kill B16F10 cells than IL-33-untreated NK cells (Figure 2E). As expected, IL-33
alone did not affect the survival status of cultured B16F10 cells. These data suggest that
expansion of activated NK cells contributes to IL-33-mediated antitumor effect in the
absence of adaptive immunity.

IL-33 induces expansion of activated ILC2s in tumor-bearing mice

Type 2 innate lymphoid cells (ILC2s) are a subset of the most recently identified
constituents of the innate immune system (17-19). ILC2s in particular are known to express
ST2, the receptor for IL-33, and respond to IL-33 with the secretion of type 2 immune
factors like IL-5 and IL-13 (18, 20). Interestingly, ILC2s were enriched among tumor
infiltrates from B16F10 tumor-bearing Rag1 ™~ mice in response to systemic administration
of recombinant IL-33 (Figure 3A). ILC2s in Ragl™~ mice were identified as CD11b"CD11c
NK1.1"FceRI"CD25*CD45*CD90.2* (Supplementary Figure 1C). Similarly, EL4 tumor-
bearing Ragl~~ mice showed significantly elevated levels of ILC2s following IL-33
treatment compared to PBS-treated tumor-bearing Ragl~~ mice (Supplementary Figure
1D). Immunofluorescence verified an elevated presence of tumor-infiltrating CD90* cells in
IL-33-treated Rag1~/~ mice (Figure 3B). Given the significant expansion of ILC2s in tumor-
bearing mice following 1L-33 treatment, we suspected ILC2s might contribute to an IL-33-
mediated antitumor response. Surprisingly, depletion of CD90.2* cells further augmented
the IL-33-mediated tumor inhibitory effect (Figure 3C), indicating a tumor-promoting role
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for CD90* ILC2s following IL-33 treatment. CD90.2 antibody treatment was confirmed to
deplete mice of ILC2s in both tumors and spleens (Supplementary Figure 1E). In a separate
experiment, depletion of CD90.2* cells in Ragl™~ mice had no significant effect on tumor
growth in the absence of IL-33 treatment (Figure 3D), suggesting IL-33 elicits pro-tumor
behavior in ILCs. In line with these results, subcutaneous co-injection of B16F10 cells with
ILC2s isolated from IL-33-treated Rag1~/~ mice accelerated the time to tumor occurrence
and the time until tumors reached their end stage (Figure 3E, F).

Characterization of IL-33-induced ILC2s

Due to the novelty of innate lymphoid cells, characterization of the numerous subsets is still
in flux. Considering the shifting nature of current literature, it is important to characterize
the phenotype and function of our I1L-33-induced ILC2s. CD90* splenocytes were collected
from IL-33-treated Ragl™~~ mice and cultured with or without IL-33. Ex vivo treatment with
1L-33 promoted CD90* ILC2 activation and proliferation reflected by increased expression
of CD25 and Ki-67, respectively (Figure 4A). Increased proliferation was further verified
through efluor450 signal dilution and elevated cell numbers among treated ILC2s (Figure
4B). These cells also exhibited elevated levels of typical ILC2 cytokines IL-5 and IL-13, as
well as the critical ILC2 transcription factor GATA3 (Figure 4C). Examination of
intratumoral 1LCs revealed similar characteristics. B16-1L-33 tumors exhibited a dramatic
increase in IL-5-secreting ST2* ILCs compared to B16-Vec, indicative of functional ILC2s
(Figure 4D). This ILC2 population was preferentially expanded compared to other ILC
subsets based on cytokine production (Supplementary Figure 2A,B), further supporting the
fact that 1L-33 promotes the accumulation of intratumoral ILC2s. Interestingly, a subset of
IL-5-secreting intratumoral ILC2s also expressed produced IL-10 (Supplementary Figure
2C). ILC2s are the only ILC subset known to be stimulated by IL-33 and/or IL-25 (17, 27).
ST2 blockade completely abrogated activation of ILC2s induced by 1L-33 /n vitro, denoted
by the loss of CD25 expression (Figure 4E). These data support the notion that 1L-33 may
directly drive expansion and activation of ILC2s via ST2 during tumor growth.

Inhibition of NK activity by ILC2.

Given the tumor-promoting effect of ILC2s following IL-33 therapy, we examined whether
IL-33-induced ILC2 cells regulated NK cell activity during tumor growth. As expected, we
found that IL-33 treatment increased the proportion of NK cells in the spleens of tumor-
bearing Rag1~/~ mice (Figure 5A). Further, a larger proportion of these NK cells expressed
elevated levels of NKG2D (Figure 5B), one of the best-characterized activating receptors
expressed by NK cells (28). Importantly, depletion of ILC2 cells with anti-CD90 further
augmented IL-33-mediated NK cell infiltration and NKG2D expression. A similar trend was
observed within tumors; depletion of ILC2s resulted in a significant increase in the
infiltration of NKG2D* NK cells (Figure 5C). /n vitro, NK cells cocultured with 1LC2s
demonstrated an impaired ability to eliminate B16 cells (Figure 5D). ST2-blocked ILC2s
failed to suppress cytokine production by IL-33-stimulated NK cells (Figure 5E). These
results indicate ILC2s may promote tumor growth through suppression of NK cell expansion
and activity.
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CD73 involvement in ILC2-mediated NK cell suppression

CD73 is a widely expressed ecto-enzyme involved in regulating both innate and adaptive
immune responses (29-31). Together with CD39, CD73 facilitates the dephosphorylation of
ATP to adenosine, which has potent immunosuppressive effects and has been linked to
increased tumor growth and metastasis (32—-34). Notably, CD73 expression was dramatically
elevated on tumoral ST2* ILC2s in B16-1L33-bearing mice compared to B16-Vec tumors
(Figure 6A). Further, activated CD25* splenic ILC2s displayed increased expression of
CD73 from tumor-bearing Rag1 ™~ mice following 1L-33 treatment (Figure 6B).
Furthermore, we confirmed the preferential expression of CD73 in CD25*ST2*CD90™*
ILC2s induced by IL-33 /n vitro (Figure 6C). To explore the potential significance of ILC2-
derived CD73 in NK cell suppression, NK cells were cultured with either WT ILC2s or
CD73-deficient ILC2s collected from CD73 knock-out (CD7377) mice. NK cells that were
cultured with WT ILC2s displayed reduced expression of IFN-y and CD107a. Interestingly,
CD737/7 ILC2s failed to impair NK cell activity significantly (Figure 6D). WT ILC2s
successfully catabolized AMP in vitro, indicative of CD73-mediated adenosine production,
whereas CD73~/~ ILC2s failed to consume AMP (Supplementary Figure 3A). However,
CD737/~ ILC2s generated from bone marrow—using a previously described method (25)—
secreted comparable amounts of IL-5 compared to WT (Supplementary Figure 3B),
indicating CD73 does not directly affect ILC2 development or activity. Additionally, NK
cells did not express CD73 (confirmed by comparison with CD73~/~ mice) (Supplementary
Figure 4A), nor did CD73~/~ NK cells demonstrate any defect in tumor-killing capacity
(Supplementary Figure 4B), further substantiating the importance of ILC2-derived CD73 in
suppressing NK cell activity. Thus, these findings provide a possible mechanism by which
ILC2s inhibit NK cell-mediated antitumor effect.

Discussion

To date, studies exploring 1L-33/ST2 signaling in tumor growth have yielded mixed results
(35, 36). Here, we have clearly identified a robust antitumor effect of 1L-33 in established
preclinical tumor models consistent with previous studies(5-7). Further, as demonstrated
through the utilization of Rag1 ™~ mice, I1L-33 is capable of exerting its antitumor effect
solely through the innate immune system.

IL-33 is released as an alarmin by epithelial cells, endothelial cells, and fibroblasts in
responses to cellular damage and acts as an early inducer of inflammation(1-3). IL-33
coordinates a wide range of immune responses through direct activation of many different
cellular targets including T helper and regulatory cells, mast cells, eosinophils, and natural
killer cells (1, 4). Part of the confusion regarding IL-33s role in tumor development lies in
the far-reaching nature and context-specificity of 1L-33’s effects. One study demonstrated a
protumor role of IL-33 in breast cancer that involved the recruitment and activation of
immunosuppressive cells such as myeloid-derived suppressor cells and T regulatory
cells(36). Conversely, IL-33 has also been shown to impede melanoma development through
the activation of tumor-killing CD8* T cells and NK cells(5). Depending on the context, the
interplay between IL-33-mediated protumor and antitumor elements may yield different
outcomes for tumor development.

J Immunol. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Long etal.

Page 8

Our results, however, consistently demonstrate a potent antitumor role for IL-33. This
antitumor effect is observable in both systemic administrations of recombinant IL-33 and
local ectopic expression of 1L-33 within tumors. NK cells are crucial to I1L-33 mediated
tumor inhibition since antibody removal of NK cells significantly accelerated melanoma
growth in 1L-33-treated Rag™~ mice. NK cells have long been described as effective
mediators of innate antitumor immunity(8, 9). Our results support the previous reports of
NK cells contributing to antitumor immunity in tumors with ectopic expression of IL-33(5).
We further demonstrate an antitumor role of NK cells in treatment with exogenous
recombinant 1L-33.

This study has established the role of ILC2s by dissecting their contribution in IL-33-
mediated tumor suppression particularly in the absence of adaptive immune system.
Numerous studies have observed IL-33-driven activation and expansion of type 2 innate
lymphoid cells in in allergic inflammation (37, 38). However, the pathologic role of ILC2 in
type 2 inflammatory diseases might be detrimental in the context of tumors. Indeed, a recent
study reported that 1L-33 treatment facilitated the expansion of IL-13-producing Lin~Sca-1*
ILCs in spleens and mammary tumors (36). Similarly, we show that IL-33 induced the
expansion of IL-5/1L-13 producing Lin"CD25* ILC2s in spleens and melanomas likely
through ST2. As ILC2 produce type 2 cytokines, mainly IL-13 and IL-5, which are
correlated with an environment promoting tumor formation and progression. A recent study
supports this notion, reporting a link between the ILC2/IL-13 axis and human bladder cancer
recurrence (39). ILC2 were also reported to be implicated in an experimental model of
cholangiocarcinoma with an exogenous administration of 1L-33 (40). Though these studies
speculate ILC2s may facilitate tumor growth, no evidence to date has shown a direct tumor-
promoting role for ILC2s (41, 42). To our knowledge, through the depletion of ILC2s, we
provide the first evidence that ILC2s can act in a protumor growth manner. Beyond offering
further insight into the diverse effects of IL-33 in tumor development, our findings help
illuminate a novel role for a newly characterized immune cell subset. Further investigations
may evaluate whether IL-33 amplifies a preestablished immunosuppressive tumor contexture
through the interaction between ILC2 and other inhibitory cell populations such as myeloid-
derived suppressor cells (MDSCs), as was recently suggested (39).

A recent study asserts IL-33 actually elicits an anti-tumor roll from ILC2s, mediated by
CXCR2(25). However, with the ongoing characterization of innate lymphoid cells and their
numerous subtypes, careful consideration needs to be given to how ILC2s—and innate
lymphoid cells in general—are defined(43). Differing methods of ILC2 characterization and
selection could potentially yield different subsets of innate lymphoid cells. Here, we
identified ILC2s using characteristics consistent with current literature (20). The indication
of the existence of different ILC2 subsets (44) adds to our understanding of the complexity
of ILC2 biology and makes necessary an analysis of the relationship between the fate and
functionality of distinct ILC2 subsets during tumor progression.

The role of NK cells in anti-tumor immunity has been established. However, such a role for
other ILC populations in interacting with NK cells remains largely unknown. Our results
indicate ILC2s support tumor growth at least in-part by inhibiting NK cell activity. This
ILC2-mediated suppression of NK cells is significantly influenced by CD73 expressed on
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ILC2s, likely in a similar manner as CD73 expressed on tumor cells or other immune cell
populations. In this regard, CD73, in combination with CD39, catabolizes the breakdown of
ATP to adenosine to counteract anti-tumor immunity (32-34).

The detection of 1L-10 by tumoral ILC2s is a particularly interesting observation. IL-10
expression by ILC2s has recently been observed and has been described to downregulate
some proinflammatory genes (45). The impact of IL-10 on tumor development has long-
been the focus of intense study, and an immunosuppressive, pro-tumor role has been well-
described (46, 47). The role of ILC2-derived IL-10 on tumor progression, however, is
currently unknown and worthy of further investigation.

Collectively, our data present a new understanding of IL-33’s complex involvement in tumor
development. Whether by local expression or systemic administration, IL-33 consistently
played an overall inhibitory role in tumor growth, even in the absence of an adaptive
immune system. However, IL-33 regulation of ILC2s can antagonize the function of NK
cells during tumor growth via CD73, indicating a role of IL-33 in balancing anti- and pro-
tumor immune components within the tumor. In conclusion, our data indicate a close
interaction of ILC2s and NK cells in IL-33-mediated antitumor effects and emphasize the
biological activities of 1L-33 are cell context-dependent for tumor regression or progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IL-33 reduces tumor growth in Ragl‘/‘ mice.
(A) WT C57BL/6J mice were given s.c. injections of B16F10 tumor cells. After seven days,

1ug recombinant IL-33 was administered every other day and tumor growth was measured
every two days (n=5 mice per group). (B) Ragl~~ mice began recombinant IL-33 treatment
as described above 3 days after s.c. injection of B16F10 cells (n=5 mice per group) or (C)
EL4 cells (n=4 mice per group). (D) Ragl™~ mice (n=5 mice per group) were s.c. injected
with either control B16 cells (B16-Vec) or 1L-33-expressing B16 cells (B16-1L33). Data are
shown as mean + SEM. ** A< 0.01, *** £<0.001 as determined using a Student’s #test.
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Figure 2. NK cells contribute to 1L-33-mediated antitumor responses.
(A) Representative flow cytometry dot plots showed the frequencies of intratumoral NK1.1*

NK cells in Ragl™~ mice bearing B16-Vec versus B16-1L-33 tumors (B) and expression
levels of NKG2D and IFN-y that were summarized in the bar graph (n=5 mice per group).
(C) Representative flow cytometry analysis displaying frequencies of splenic NK cells in
B16-Vec and B16-1L.33 tumor-bearing Ragl~'~ mice with corresponding bar graphs (n=5
mice per group). (D) Ragl ™~ mice were injected with either IgG or anti-NK1.1 depletion
antibodies 3 days prior to B16F10 tumor challenge. 1pg IL-33 was administered every other
day starting 3 days after tumor challenge (n=5 mice per group). All NK cells were pregated
to exclude dead cells based on forward and side scatter. Intratumoral cells were further
pregated on CD45+ cells. (E) B16F10 cells were cultured without or with NK cells at 1:20
ratio treated by recombinant IL-33 or PBS for 24h. B16F10 cell death was determined by
flow cytometric analysis measuring annexin V and 7-AAD. Data are shown as mean + SEM.
* P<0.05, ** P<0.01, *** P<0.001 as determined using a Student’s #test.
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Figure 3. IL-33 treatment promotes expansion of tumor-promoting ILC2s during tumor growth.
(A) Representative flow dot plots showing intratumoral presence of CD90*Lin" ILC2s and

corresponding bar graphs illustrating the percentage of ILC2s among infiltrates from
B16F10-bearing Ragl™~ mice treated by PBS versus IL-33. ILC2s were pregated on
CD45*CD11bCD11c'NK1.1"FceRI". (n=5 mice per group). (B) Immunofluorescence of
BPS1 tumors (X20) of Rag1 ™~ mice illustrate presence of CD90+ cells among IL-33-treated
mice. (C) Tumor growth curves of B16F10 tumors demonstrating effects of IL-33 treatment
with or without concurrent depletion of ILCs by anti-CD90 antibodies in Ragl™~ mice (n=5
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mice per group). (D) Similar tumor experiment examining the impact of anti-CD90
treatment alone on tumor B16F10 tumor growth in Ragl™~ mice (n=4 mice per group). In
both experiments involving CD90 depletion, equivalent amounts of rat 1gG was injected in
control mice as an isotype control. (E) Following the co-injection of B16F10 cells and

ILC2s in Ragl™~ mice, mice were monitored until tumor occurrence and (F) until tumors
reached their endpoint. 5000 B16F10 cells were co-injected with 1*108 ILC2s (n=5 mice per
group). Tumor endpoint was determined when tumors reached 1cm3. Data are shown as
mean + SEM. * £<0.05 ** F< 0.01 as determined using a Student’s £test.
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Figure 4. 1L-33 drives ILC2 expansion and activity.
(A) CD25 and Ki-67 expression in ILC2s /n vitro measured by flow cytometry. (B) Flow

cytometric assessment of ILC2 proliferation indicated by efluor450 signal and cell number
after 24 hours. (C) Measurement of 1L-5, IL-13, and GATAS3 in ILCs /n vitro. (D) Evaluation
of ST2 and IL-5 expression by intratumoral ILC2s from B16-Vec or B16-1L33 tumor-
bearing Ragl~~ mice (n=4 mice per group). Cells were pregated on CD90* cells. (E) Flow
cytometric analysis of ILC2 activation /n vitro following blockade of 1L-33-ST2 signaling
by anti-ST2 (clone DJ8) antibodies. Rat 1gG was used as an isotype control. Data are shown
as mean + SEM. * A< 0.05, ** P< 0.01, *** P<0.001 as determined using a Student’s £test.
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Figure 5. ILC2s suppress NK cell function during IL-33 treatment.
) Flow cytometric analysis of NK cell presence and activation in spleens (A,B) and tumors

(C) following depletion of ILC2s using anti-CD90 antibodies in combination with 1L.-33
treatment. NK cells were identified by CD49b expression and activation was evaluated by
NKG2D. The difference between ‘1L-33+1gG’ and ‘IL-33+a.CD90’ in figure c is significant
only by one-tailed Student’s f-test. Experiment was performed in B16F10 tumor-bearing
Ragl™~ mice. Rat IgG was used as an isotype control. (n=4 mice per group). (D) Coculture
of B16F10, NK cells, and ILC2s with 10ng/ml recombinant IL-33 were assessed for B16F10
cell death measured by annexin V. Cells were cultured at a ratio of 1:20:20
B16F10:NK:ILC2. (E) IFN-y production by NK cells following coculture with ILC2s. NK
cells were pretreated with or without 20 ng/ml recombinant I1L-33 and 10 ng/ml IL-2. ILC2s
were pretreated with 20 ng/ml 1L-33 and 10 ng/ml IL-2 with or without anti-ST2 blocking
antibody (clone: DJ8). NK cells and ILC2s were then washed and co-cultured for 24 hours.
Rat IgG was used as an isotype control. Data are shown as mean + SEM. * A< 0.05, ** /<
0.01, *** £<0.001 as determined using a Student’s £test.
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Figure 6. ILC2 expression of CD73 is involved in ILC2-mediated suppression of NK cells.
(A) Evaluation of ST2 and CD73 expression by intratumoral ILC2s from B16-Vec or B16-

IL33 tumor-bearing Rag1 ™~ mice (n=4 mice per group). (B) Flow cytometric analysis of
CD73 expression on activated splenic CD25" ILC2 from PBS and IL-33-treated tumor-
bearing Rag1~~ mice (n=4 mice per group). (C) Enriched splenic CD90* ILCs from
Rag1~/~ mice were stimulated by PBS or recombinant IL-33 for 24h in vitro, and expression
of CD73 and ST2 on CD90* ILCs was determined by flow cytometry (/ef?). Expression of
CD73 and CD25 was further measured among ST2*CD90*, ST2"CD90" and ST2"CD90"
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subsets (righf). (D) CD107a expression among NK cells in coculture with WT or CD737/~
ILC2s. Control samples included BM cells cultured without I1L-33 to serve as “control”
ILC2s. ILC2s and NK cells were cocultured at a 1:1 ratio in 50uM AMP and 10ng/ml 1L-33.
Data are shown as mean + SEM. * A< 0.05, *** £<0.001 as determined using a Student’s #
test.
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