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ABSTRACT

Tumor-induced, myeloid-derived suppressor cells (MDSCs)-mediated immune dysfunction is an important
mechanism that leads to tumor immune escape and the inefficacy of cancer immunotherapy. Importantly,
tumor-infiltrating MDSCs have much stronger ability compared to MDSCs in the periphery. However, the
mechanisms that tumor microenvironment induces the accumulation and function of MDSCs are poorly
understood. Here, we report that Interleukin-33 (IL-33) — a cytokine which can be abundantly released in
tumor tissues both in 4T1-bearing mice and breast cancer patients, is crucial for facilitating the expansion
of MDSCs. IL-33 in tumor microenvironment reduces the apoptosis and sustains the survival of MDSCs
through induction of autocrine secretion of GM-CSF, which forms a positive amplifying loop for MDSC
accumulation. This is in conjunction with IL-33-driven induction of arginase-1 expression and activation of
NF-«B and MAPK signaling in MDSCs which augments their immunosuppressive ability, and histone
modifications were involved in IL-33 signaling in MDSCs. In ST2~/~ mice, the defect of IL-33 signaling in
MDSCs attenuates the immunosuppressive and pro-tumoral capacity of MDSCs. Our results identify IL-33
as a critical mediator that contributes to the abnormal expansion and enhanced immunosuppressive
function of MDSCs within tumor microenvironment, which can be potentially targeted to reverse MDSC-
mediated tumor immune evasion.

Abbreviations: BrdU, 5-bromo-2-deoxyuridine; ERK, extracellular regulated protein kinases; GM-CSF, granulocyte-
macrophage colony stimulating factor; IHC, immunohistochemistry; IL, interleukin; iNOS, inducible nitric oxide syn-
thase; INK, c-Jun N-terminal kinase; MDSC, myeloid-derived suppressor cells; NF-«B, nuclear factor «B; STAT3, signal
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Introduction

Immunosuppressive cells are the main obstacles leading to the
failure of antitumor immunity and cancer immunotherapy.
Among these cells, MDSCs are reported to be abnormally
expanded in multiple tumor types in mice and human and
have a remarkable ability to suppress T-cell response.' MDSCs
in mice and human are characterized by the phenotype of
CD11b"Gr-17 and CD11b"CD33 HLA-DR™"'~ respectively,”
and can be further subdivided into monocytic-MDSCs (M-
MDSCs) and granulocytic-MDSCs (G-MDSCs).” The inhibi-
tion of MDSC function is a promising strategy to overcome
tumor-induced immune defects, which might be a key step in
enhancing the efficacy of immune-based therapies.*

Under steady-state conditions, immature myeloid cells take
a small percentage of cells in peripheral blood and spleen with
modest or no immunosuppressive ability. However, in tumor-
bearing hosts they undergo abnormal expansion and acquire

the ability to suppress T cell responses. Importantly, tumor-
infiltrating MDSCs have much stronger suppressive ability
compared to MDSCs in the periphery.” Moreover, tumor-infil-
trating MDSCs have been reported to be more resistant to che-
motherapy-induced apoptosis than MDSCs in the spleen.®’
Thus, tumor microenvironment is very crucial for reeducating
MDSCs into potent immune suppressors, and understanding
how the tumor microenvironment influences MDSC function
is important to design novel strategies to reverse MDSC-medi-
ated immune dysfunction. However, current studies have
largely been restricted to peripheral MDSCs and there are few
reports investigating the factors that make the functional differ-
ences between tumor-infiltrating and peripheral MDSCs.”
Interleukin 33 (IL-33, accession number: NM_001164724) is
a newly described member of IL-1 cytokine family and mainly
expressed in structural cells such as epithelial, endothelial cells
and fibroblasts.>” The receptor of IL-33 constitutes ST2
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(accession number:NM_001025602) and IL-1 receptor acces-
sory protein (IL-IRAcP)' and ST2 is expressed on diverse
immune cells.” TL-33 has been implicated in various diseases
such as asthma, arthritis, viral infection and is thought to drive
Th2-immune responses.'"'* Unlike most interleukins, IL-33 is
rarely secreted under steady-state conditions, and its secretion
only occurs in necrotic cells or the cells exposed to environ-
mental stressors such as inflammation and mechanical stress,
therefore IL-33 is considered to be a danger-associated molecu-
lar pattern (DAMP) or “alarmin.”"?

The impact of IL-33 in tumor immunity has been reported
in several recent studies but the conclusions were controver-
sial.'*'> Here we found that IL-33 was expressed at high levels
in tumor microenvironment, which reduced the apoptosis of
MDSCs through induction of autocrine secretion of GM-CSF
thus formed an amplifying loop for MDSC accumulation. This
was in conjunction with IL-33-driven induction of arginase-1
expression, which augmented the immunosuppressive function
of MDSCs. The absence of IL-33 signaling in MDSCs reduced
their ability to promote tumor growth. Our results identify IL-

33 as a critical mediator that contributes to the enhanced func-
tion of MDSCs within tumor microenvironment, which can be
potentially targeted to reverse MDSC-mediated tumor immune
escape.

Results
Abundant IL-33 secretion was detected in tumor tissues

To determine the expression of IL-33 in tumor microenviron-
ments, 4T1 mammary carcinomas were inoculated subcutane-
ously into female BALB/c mice. We found that IL-33 was
expressed in 4T1 cells as well as in 4T1 tumors (Fig. 1A). The
mRNA level of IL-33 were dramatically upregulated in tumor
tissues when compared to that in 4T1 cells (Fig. 1B), however,
we found that “ex vivo” 4T1 cells selected by 6-thioguanine'®
from tumor tissues had similar IL-33 levels to 4T1 cell line
(data not shown), indicating that 4T1 cells might be not a main
source of IL-33 within tumor tissues. To investigate what types
of cells express IL-33, we prepared single-cell suspensions from
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Figure 1. Abundant IL-33 level is detected in tumor microenvironment. (A) 4T1 tumor cells (left) and tumor sections of 4T1-bearing mice (right) were stained with anti-IL-
33 antibody and examined by confocal microscopy. Scale bar: 50 xm. (B) IL-33 mRNA in 4T1 cell line and 4T1 tumor tissue were evaluated by qPCR. (C) Single cell suspen-
sions were prepared from tumor tissues of 4T1-bearing mice and IL-33 expression in indicated cell populations was examined. (D) IL-33 protein levels were determined in
tumor supernatant and serum of 4T1-bearing mice by ELISA. (E) Immunohistochemistry staining of IL-33 in the representative human breast cancer tissues and adjacent
normal tissues (scale bars: 50 ©M). Staining intensity of IL-33 (F) and the percentage of IL-33-positive cells (G) was compared between tumor (n = 148) and tumor-adja-
cent normal tissues (n = 40). Classification of specimens according to IL-33 staining intensity (H) and the percentage of IL-33-positive cells (I) were shown. (J) IL-33 levels
in tissue supernatant from nine cases of human breast cancer and serum IL-33 levels in breast cancer patients were measured by ELISA. Data are mean + SEM. *, p <

0.05; **, p < 0.01; n.s. = not significant.



4T1 tumors, IL-33 was positively stained in epithelial cells
(EpCAM™), endothelial cells (CD31%) and tumor-associated
fibroblasts (PDGFRa) (Fig. 1C), indicating that multiple types
of cells expressed IL-33 within tumor microenvironment.

Since IL-33 is rarely secreted by living cells under steady-
state conditions, we collected tumor supernatant to measure
the secreted IL-33 within tumor microenvironment.'” High lev-
els of IL-33 were detected in 4T1 tumor supernatant, indicating
that IL-33 was also abundantly secreted within tumor tissues.
However, IL-33 levels were very low in the serum of 4T1-bear-
ing mice and undetectable in serum of tumor-free mice
(Fig. 1D). Then we determined the expression of IL-33 receptor
— ST2 on MDSCs. Both splenic and tumor MDSCs from 4T1-
bearing mice expressed ST2 (Fig. S1A), interestingly, we found
that approximately 45% of ST2" cells in 4T1 tissues were also
Gr-1%, indicating that MDSCs might be important target cells
regulated by IL-33 within tumor microenvironment (Fig. S1B).
However, 4T1 cells did not express ST2 in vitro and in vivo,
and IL-33 had no influence on the proliferation and migration
of 4T1 cells (data not shown).

To address IL-33 expression in human breast cancer, we
examined IL-33 levels in breast cancer tissues containing 148
breast cancer specimens and 40 tumor-adjacent normal speci-
mens by immunohistochemistry (Fig. 1E). Elevated intensity of
IL-33 staining was observed in tumor tissues compared to
tumor-adjacent normal tissues, especially in cytoplasm and to a
lesser extent in nucleus (Fig. 1F). 40% (16/40) tumor-adjacent
normal tissues were positively-stained for IL-33 in cytoplasm
(IHC score > 1), while more than 74.3% (110/148) tumor tis-
sues have cytoplasmic expression of IL-33, with 14.2% cases
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(21/148) of strong staining (IHC score > 2) (Fig. 1H). More-
over, we analyzed the percentage of IL-33-positive cells in each
specimen, on average, approximately 30% cells have cyto-
plasmic expression of IL-33 in tumor-adjacent normal tissues,
this percentage increased to more than 60% in tumor tissues.
The percentage of nuclear-IL-33 positive cells was also higher
in tumor tissues compared to tumor-adjacent normal tissues
(Fig. 1G, I). Breast cancer patients were grouped based on
tumor grade (grade I/I, n = 72; and grade III, n = 63), and it
showed that the intensity of cytoplasmic IL-33 staining was
positively associated with breast tumor grade (r = 0.17, p =
0.047), through spearman rank correlation analysis (Table S1).

Similar to the results in mice, we detected high levels of IL-
33 in the supernatants of nine cases of breast cancer tissues, in
contrast, IL-33 was undetectable both in serum of healthy
donors and breast cancer patients, regardless of the tumor
grade (Fig. 1]).

ST2~/~ mice have reduced MDSC accumulation in tumor
microenvironment

To investigate whether IL-33 influences MDSC accumulation,
4T1 cells were injected subcutaneously into wild type and
ST2~'~ mice and 20 d later, MDSC percentages were measured
in bone marrow, blood, spleen and tumor tissues. WT and
ST2™'~ mice had similar MDSC percentages in BM and spleen,
however ST2™'~ mice had slightly lower MDSC percentages in
blood. Strikingly, MDSC percentages were significantly
decreased in ST2™/~ tumors than that in WT tumors (Fig. 24,
B). Furthermore, in size-matched tumors, ST2™/~ mice still
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Figure 2. ST2~/~ mice have reduced MDSC frequencies in tumor tissue but not in spleen and bone marrow. (A) and (B) WT and ST2~/~ mice (n = 6) were injected subcu-
taneously with 3 x 10° 4T1 cells. 21 d after tumor cell inoculation mice were sacrificed, the percentages of MDSCs in bone marrow, blood, spleen and tumor were ana-
lyzed by flow cytometry (gated on total live cells) (B). Representative plots were shown in (A). (C) WT and ST27/~ 4T1-bearing mice (n = 5) were sacrificed when the
tumor reached 8—10 mm in diameter. MDSC percentages in tumor tissues were analyzed by flow cytometry. (D) Percentages of G-MDSCs and M-MDSCs in spleen and
tumor tissues of WT and ST2™/~ mice (n = 5) were analyzed by flow cytometry. (E) WT and ST2™~'~ mice (n = 5) were intraperitoneally injected BrdU every 12 h. 48 h
later, the percentages of BrdU™ cells within MDSC population (Gr-1 gated) in tumors were analyzed. (F) Percentages of annexin V* cells within MDSC population in tumor
tissues were analyzed. Data are mean & SEM and are representative of three independent experiments.”, p < 0.05; **, p < 0.01; ***, p < 0.001.
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had lower MDSC percentages (Fig. 2C), demonstrating that it
was not due to slower tumor growth in ST2™/~ mice."” Lower
G-MDSC percentages and higher M-MDSC percentages were
observed in ST2™/~ tumors when compared to WT tumors,
whereas the percentages of mature myeloid cells (Ly6G™Ly6C™
cells within CD11b" populations) were significantly increased
in ST2™/~ tumors compared to WT tumors (Fig. 2D), suggest-
ing that MDSCs might be more prone to differentiate into
mature myeloid cells in ST2™/~ tumors. In contrast, tumor-free
WT and ST2™'~ mice had comparable MDSC percentages in
BM, spleen and blood (Fig. S2A).

Next we compared the proliferation and apoptosis of MDSC
in WT and ST27'~ 4T1-bearing mice. There were less MDSCs
labeled with BrdU in ST2/~ tumors than in WT tumors
(Fig. 2E), but the percentages of BrdU" MDSC did not signifi-
cantly differ in BM and spleens between WT and ST2™'~ mice
(data not shown). On the other hand, more annexin V'
MDSCs were detected in ST2™/~ tumor tissues when compared
to WT tumors (Fig. 2F).

Studies by us and others have shown that MDSCs are
recruited to tumor tissues primarily through CXCL5/CXCR2
and CXCL12/CXCR4 axes.'®'® We found comparable CXCL5
and CXCL12 mRNA levels in WT and ST27~/~ tumors, and
similar levels of CXCR2 and CXCR4 were observed on splenic
and blood MDSCs in WT and ST2™/~ tumor-bearing mice,

furthermore, IL-33 had no direct influence on MDSC chemoat-
traction, suggesting that the reduced MDSC accumulation in
ST2™'~ tumors was not resulted from MDSC recruitment
(Fig. S3A—C).

Taken together, the absence of IL-33/ST2 signaling reduced the
survival, proliferation and accumulation of MDSCs specifically
within tumor microenvironment but not in spleen and BM.

IL-33 facilitates the survival and accumulation of MDSCs
through induction of autocrine GM-CSF

To investigate whether IL-33 had direct effect on MDSC expan-
sion in vitro, MDSCs were purified from spleens of 4T1-bearing
mice (>95% purity) and treated ex vivo with IL-33 (Fig. 3A).
MDSCs underwent spontaneous apoptosis without any growth
factors, notably, IL-33 significantly reduced MDSC apoptosis.
We also observed obvious formation of cell colonies 48 ~72 h
after IL-33 treatment (Fig. S4A).

IL-33 has been reported to sustain the survival of BM cells
by triggering GM-CSF expression,” we found that IL-33 dra-
matically upregulated the expression of GM-CSF in MDSCs
both in mRNA and protein level. The expression of IL-6,
another cytokine involved in MDSC accumulation*' was also
upregulated by IL-33 (Fig. 3B). IL-33 did not alter the expres-
sion of G-CSF, TNF-«, VEGF, IL-18 and S100A8/A9 (data not
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Figure 3. IL-33 reduces the apoptosis of MDSC in GM-CSF-autocrine dependent manner. (A) Representative plots showing the MDSCs sorted from the spleen of 4T1-bear-
ing mice 2~3 weeks after tumor cell inoculation. (B) MDSCs were treated with different doses of IL-33 for 24 h. The mRNA levels of GM-CSF and IL-6 were determined by
gPCR (upper), the expression levels of untreated MDSCs were set as one. Protein levels were determined by ELISA (lower). (C) MDSCs were cultured in medium containing
40% (v/v) tumor supernatant in the presence of control IgG or anti-ST2 (40 «g/mL) for 24 h, mRNA levels of GM-CSF and IL-6 were evaluated by gqPCR. (D) MDSCs were
treated with IL-33 (50 ng/mL) in the presence of anti-GM-CSF (10 pg/mL) or anti-IL-6 (10 pg/mL) for 24, 48 and 72 h, then stained with annexin V and PI for analysis of
apoptosis by flow cytometry. (E) Isolated MDSCs were cultured with IL-33 for 6 d, in the presence of anti-IL-6 or control IgG. Cells were stained with anti-CD11b and anti-
Gr-1 antibodies, and the expression of Gr-1 on CD11b-gated cells was analyzed by flow cytometry. (F) GM-CSF mRNA levels in tumor tissues (/eft) and isolated MDSCs
(right) of WT and ST2~/~ mice were evaluated by gPCR. Data are mean + SEM and are representative of at least three independent experiments. *, p < 0.05; **,

p < 0.01; ", p < 0.001.



shown), which were also reported to mediate MDSC expan-
sion.”""** Further analysis showed that IL-33 induced GM-CSF
expression primarily in G-MDSC subset, while IL-6 was equally
induced in G-MDSC and M-MDSC populations (Fig. S5). Sim-
ilar results were obtained in MDSCs isolated from spleens of
3LL and CT-26 bearing mice as well as in vitro induced MDSCs
(Fig. S6), demonstrating that this effect of IL-33 was not 4T1
model specific.

Then we treated MDSCs with tumor supernatant and found
that GM-CSF and IL-6 expression were markedly upregulated
in MDSCs. Importantly, ST2 blockade dramatically reduced
this effect to basal levels (Fig. 3C), indicating IL-33 is crucial
for the autocrine action of GM-CSF and IL-6 in MDSCs in
tumor microenvironment.

To further address the role of GM-CSF and IL-6 on reduced
MDSC apoptosis induced by IL-33, we pretreated MDSCs with
GM-CSF and IL-6 blocking antibodies before IL-33 treatment.
GM-CSF neutralization completely abrogated the pro-survival
effect of IL-33, while neutralization of IL-6 had no obvious
effect (Fig. 3D). IL-6 has been reported to inhibit the differenti-
ation of myeloid progenitors into mature myeloid cells,”> unex-
pectedly, neutralization of IL-6 did not change the percentages
of both Gr-1"8" and Gr-1"" cells in cultured MDSCs in the
presence of IL-33 (Fig. 3E). These results indicated that IL-33
upregulation of IL-6 was not sufficient to block MDSC differen-
tiation to mature myeloid cells.

GM-CSF is a crucial mediator responsible for the genera-
tion and accumulation of MDSCs.*>** We detected signifi-
cantly lower GM-CSF expression in ST2™'~ tumor tissues
than that in WT tumors, and MDSCs isolated from ST2~/~
tumors had significantly lower GM-CSF expression com-
pared to MDSCs from WT tumors. It was noteworthy that
GM-CSF level in tumor MDSCs was higher than that in
4T1 cells, indicating that MDSCs were important contribu-
tors to GM-CSF production in tumor microenvironment,
while GM-CSF levels in splenic MDSCs were very low
(Fig. 3F). These results indicated that IL-33 triggered auto-
crine GM-CSF production by MDSCs, consequently formed
an positive feedback loop facilitating their survival and
accumulation in tumor microenvironment.

IL-33 significantly upregulates arginase-1 expression
in MDSCs

Two arginine metabolic enzymes — arginase-1 and inducible
nitric oxide synthase (iNOS) are well accepted to be a critical
mediator that contributes to the immunosuppressive function
of tumor-expanded MDSCs." We found that IL-33 significantly
upregulated arginase-1 and iNOS expression in splenic MDSCs.
By contrast, the expression of gp91-phox and p47-phox, two
subunits of the nicotinamide-adenine dinucleotide phosphate
oxidase complex (NOX complex) which are responsible for
ROS production in MDSCs,* were unaffected. Th2 cytokine
IL-13 but not IL-4 was increased by IL-33 treatment. In con-
trast, Thl cytokine IFNy and IL-12 was downregulated in
MDSCs upon IL-33 treatment (Fig. 4A). IL-33 also upregulated
arginase-1 expression in MDSCs derived from 3LL- and CT26-
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bearing mice as well as in vitro induced MDSCs (Fig. S6), and
this upregulation was more obvious in M-MDSC subpopula-
tion (Fig. S5).

Furthermore, IL-33 treatment also enhanced arginase-1 but
not iNOS enzymatic activity in MDSCs (Fig. 4B). ROS produc-
tion was not significantly altered upon IL-33 treatment
(Fig. 4C). It is noteworthy that there was no difference in cell
viability between control- and IL-33 treated- group at 24-h
time point. Moreover, ST2 blockade dramatically attenuated
the capacity of tumor supernatant to upregulate the expression
of arginase-1 but not iNOS in MDSCs (Fig. 4D).

We also determined various surface markers reported to be
associated with MDSC functions including MHC, CDB80,
CD86, CD40 and Fas,”**’ all markers were not influenced by
IL-33 (Fig. 4E). Thus, IL-33 strongly induces the immunosup-
pressive activity of tumor-associated MDSC mainly through
dramatic upregulation of arginase-1 level.

MDSCs in ST2~/~ tumor tissues have attenuated
immunosuppressive ability

To examine if IL-33 affected the immunosuppressive function
of MDSCs, ST2™/~ splenocytes were cultured alone or co-cul-
tured with MDSCs derived from spleens of 4T1-bearing mice
in the absence or presence of IL-33, and T cell proliferation was
determined by CFSE dilution. Since IL-33 also enhanced the
survival of MDSCs, exogenous GM-CSF (5 ng/mL) was added
to the co-culture system to offset the pro-survival function of
IL-33. Splenic MDSCs had moderate ability to suppress T cell
proliferation at 1:1 ratio (MDSCs: splenocytes), however, in the
presence of IL-33, these cells displayed significantly stronger
ability to inhibit the proliferation of both CD4* and CD8" T
cells. IL-33 alone had no direct influence on T cell proliferation
because we used ST2™/~ splenocytes as responders. The addi-
tion of arginase inhibitor, nor-NOHA, restored T cell prolifera-
tion and abrogated the effects of IL-33 on MDSCs (Fig. 5A),
supporting that enhanced activity of MDSCs upon IL-33 treat-
ment was due to increased expression of arginase-1.

Next we found that MDSCs isolated from ST2~'~ tumors
manifested significantly reduced ability to suppress the pro-
liferation of both CD4" and CD8" T cells, compared to
MDSCs from WT tumors. The differences in suppressive
ability between WT and ST27'~ tumor MDSCs were
completely abrogated when arginase-1 activity was inhibited
(Fig. 5B). Splenic MDSCs from WT and ST2™'~ mice both
failed to suppress T cell proliferation. Moreover, it showed
marked upregulation of arginase-1 and iNOS mRNA levels
in tumor MDSCs compared to their spleen counterparts,
whereas the upregulation of arginase-1 was less dramatic in
ST27/~ tumor MDSCs, iNOS was equally upregulated in
WT and ST2™'~ tumor MDSCs. The expression of gp9l
and p47 showed no decrease in ST2™'~ tumor MDSCs com-
pared to WT tumor MDSCs (Fig. 5C).

Next we observed that tumor-bearing ST2™/~ mice had
significantly higher percentages of both CD4" and CD8" T
cells in tumor tissues when compared to WT mice (Fig. 5D,
E), immunofluorescence imaging also demonstrated less
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significant.

MDSCs and more T cells in ST2™/~ tumors than those in
WT tumors (Fig. 5F). Tumor-free ST2™/~ and WT mice
had same CD4" and CD8" T percentages in spleen and
blood (Fig. S2B). These results suggested that the absence
of IL-33 signaling resulted in higher T cell frequencies in
tumor microenvironment rather than in periphery.

IL-33 does not influence MDSCs to induce Treg in vivo

Two reports have noted that MDSCs facilitate the generation
and proliferation of regulatory T cells (Tregs) through IL-10
and TGF-B and impair immune responses indirectly.”**’ IL-33
has been shown to expand CD4"CD25%Foxp3* Tregs in car-
diac allotransplatation model.”® We observed that IL-33 treat-
ment increased the expression of TGF- but not IL-10
(Fig. 6A). Treg percentages (in CD4" T cells) were increased
when co-cultured with MDSCs, but IL-33 failed to further
induce more Tregs despite its ability to enhance TGF-S expres-
sion (Fig. 6B). IL-33 has also been reported to induce DCs and
macrophages to produce CCL17 and CCL22,*' two chemokines
responsible for Treg recruitment into tumors.’> Both CCL17
and CCL22 were upregulated in splenic MDSCs upon IL-33
treatment (Fig. 6C), transwell experiments also showed that
supernatant of IL-33-stimulated MDSCs recruited more Tregs
compared to the supernatant of unstimulated MDSCs (data not
shown). Unexpectedly, ST2™/~ and WT 4T1-bearing mice had
comparable Treg percentages in spleen and tumor tissues

(Fig. 6D). Tumor-free WT and ST2™'~ mice also had similar
Treg percentages (Fig. S2C). Nevertheless, since IL-33 could
upregulate CCL17 expression in isolated MDSCs derived from
3LL- and CT26- bearing mice (Fig. S6), it was possible that IL-
33 may promote Treg recruitment in other tumor models, or in
other disease models such as transplantation.

ST2~/~ MDSCs have attenuated ability to promote tumor
growth

Consistent with previous study,'” we observed retarded 4T1
tumor growth in ST2™'~ mice (Fig. 6E). We performed adop-
tive transfer experiments to investigate the contribution of
MDSCs to the attenuated tumor growth in ST27™/~ mice.
MDSCs were purified from spleen of WT and ST27/~
4T1-bearing mice respectively and transferred intrave-
nously into ST27'~ 4T1-bearing mice 3, 6, 9 d after 4T1
inoculation. Mice which received WT MDSCs had signifi-
cantly faster tumor growth than those received PBS only
(Fig. 6F). Although ST2™/~ MDSCs also promoted tumor
growth, this effect was impaired compared to WT MDSCs.
30 d after tumor inoculation, mice received exogenous
MDSCs still had larger tumor volumes than mice received
PBS, however, the difference of tumor volume between
mice received ST2™'~ MDSCs and mice received PBS did
not reach statistical significance (Fig. 6G), it may be due
to that endogenous ST2™/~ MDSCs had been massively
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cytes). The proliferation of CD4" and CD8* T cells were analyzed by flow cytometry 72 h later. (C) mRNA levels of arginase-1, iNOS, gp91 and p47 in isolated MDSCs from
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lyzed by flow cytometry. Representative plots (D) and statistical chart (E) are shown. (F) Frozen sections of tumor tissues from WT and ST2~/~ mice were stained with anti-
(D3 and anti-Gr-1 antibodies and examined by confocal microscopy. Representative image (left) and statistical graph (right) were shown. Scale bar: 50.m. Data are mean
=+ SEM and are representative of three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

expanded and overwhelmed the transferred MDSCs in
number.

Furthermore, mice received ST27/~ MDSCs had pro-
longed survival time than those received WT MDSCs
(Fig. 6H). Only the adoptively transferred MDSCs can
respond to IL-33 in ST2™/~ mice, we concluded that the
absence of IL-33 signaling decreased the ability of MDSCs
to promote tumor growth.

NF-«B and ERK are crucial transcription factors for IL-33
signaling in MDSCs

We examined which transcription factors were activated in
MDSCs upon IL-33 stimulation. IL-33 strongly induced the
activation of NF-«B signaling in MDSCs and to a lesser extent,
p38 and ERK signaling, however the phosphorylation of JNK
and STAT3 was not affected (Fig. 7A). Inhibition of NF-«B
activation dramatically suppressed the upregulation of all five
genes, indicated that NF-«B activation is pivotal for IL-33 sig-
naling in MDSCs. Inhibition of ERK activation reduced the
upregulation of GM-CSF, IL-6, arginase-1, CCL17 but not
CCL22, and inhibition of p38 inhibited the upregulation of
arginase-1 and CCL22. Although JNK activation was not

observed in our results, JNK inhibitors reduced the upregula-
tion of CCL17. Inhibition of STAT3 activation had no influence
on the upregulation of all above genes (Fig. 7B).

Histone modifications play important roles in regulating
gene expression, we found that the level of histone H3 Lys-4 tri-
methylation (H3K4me3) dramatically increased in MDSCs
after IL-33 treatment, the level of histone H3 Lys-14 acetylation
(H3K14ac) also displayed a mild increase. The level of H3K9ac
was unchanged. In contrast, the level of H3K18ac dramatically
decreased in MDSCs upon IL-33 treatment. All these modifica-
tions are indicative of transcriptional activation. The level of
H3K27me3, which is a marker of transcriptional silencing, was
unaffected by IL-33 treatment (Fig. 7C). This pattern change
suggested that epigenetic events were involved in IL-33 signal-
ing in MDSCs. However, the contribution of specific modifica-
tions to the expression of an individual gene needs further
investigation.

Discussion

In this study, we identified alarmin IL-33 as a critical mediator
by which the tumor microenvironment regulates the function
of MDSCs. High level of IL-33 which can be released
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least three independent experiments. *, p < 0.05; **, p < 0.01;

accompanied with tumor growth was very crucial for facilitat-
ing the intratumoral accumulation of MDSCs. IL-33 acts as an
amplifier for MDSC autocrine GM-CSF signaling, and also a
critical player in potentiating the immunosuppressive ability of
MDSCs through induction of arginase-1 upregulation (Fig. 8).
The influences of MDSCs on antigen-nonspecific T cell
response are controversial, some studies have suggested that
MDSCs can suppress antigen-nonspecific T cell response™, but
there are also contradictory reports which indicate that MDSCs
from spleen could not suppress anti-CD3/CD28 stimulated T
cell proliferation.”** Compared with peripheral MDSCs, tumor
site-infiltrating MDSCs show a stronger ability to suppress
adaptive immune response, facilitate tumor cell invasion and
metastasis,””” indicating the tumor microenvironment has pro-
found influences on the function of MDSCs. However, the
molecular events controlling the activation of MDSCs in tumor
tissues are largely unknown, and it is also not clear what factors
are mainly involved in the functional difference. A previous
report has indicated that hypoxic environment can augment
the function of MDSCs through increasing arginase-1 and
iNOS expression.” In another study, TNFR-2 signaling has
been found to promote the accumulation of MDSCs.>® An
important finding of our study is the positive amplifying loop

, b < 0.001; n.s = not significant.

for MDSC autocrine GM-CSF induced by IL-33 in tumor
microenvironment. Tumor-derived GM-SCF reduces the apo-
ptosis of tumor-associated MDSCs and impairs the therapeutic
efficacy of tumor vaccines.>*>*” High-dose GM-CSF-producing
tumor vaccines have low therapeutic efficacy because of MDSC
recruitment.”® We demonstrated here that MDSCs in tumor
tissue had potent ability to produce autocrine GM-CSF, the
absence of IL-33 signaling in MDSCs resulted in lowered GM-
CSF levels in MDSCs as well as in tumor tissue, which impaired
the proliferation and survival of MDSCs within tumor micro-
environment. The induction of GM-CSF by IL-33 thus forms a
positive amplifying loop for MDSC accumulation. In addition,
we observed a slight decrease of MDSCs in the peripheral blood
of ST2™/~ mice compared to WT mice, while MDSC percen-
tages in bone marrow were comparable between ST2™/~ and
WT mice. We speculated that IL-33 might stimulate the process
of extramedullary hematopoiesis (EMH)** in peripheral blood
during tumor growth, because we observed detectable IL-33
level in the serum of tumor-bearing mice. However, since IL-33
levels were much higher in tumor microenvironment than in
blood, the decrease of MDSC percentage in ST2™'~ mice was
much more significant in tumor tissues than in blood and
spleen.
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The impact of IL-33 on antitumor immunity have controversial
reports,*'>***! different models were used in these studies, and they
mainly observed functional changes of nature killer cells and cytotoxic
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Figure 8. Working model shows that IL-33 regulates the accumulation and func-
tion of MDSCs within tumor microenvironment. Dotted box represents hypothesis
which has not yet been testified in our present study.

T cells in IL-33-administered mice or ST2™/~ mice without further
investigating the mechanisms of action of IL-33. IL-33 has been
reported to primarily regulate innate immune system** and we found
that the major cells regulated by IL-33 within tumor tissue were mye-
loid cells, particularly MDSCs. Studies by us and others have demon-
strated that MDSCs also facilitate tumor metastasis through
production of matrix metalloproteinases (MMPs)'®'® or differentiat-
ing into endothelial cells.” Our unpublished data showed that IL-33
could not alter the expression of MMP2,9, 13, 14 in MDSCs. Whether
IL-33 affects tumor metastasis remains an open question.

Our results also demonstrated that IL-33 upregulated the
expression and activity of arginase-1 in MDSCs and MDSCs
exposed to IL-33 had higher T cell suppression activity. The
absence of IL-33 signaling reduced the suppressive abilities of
MDSCs and resulted in higher T cell frequencies in tumor
microenvironment. We also found that the expression of IL-13
was upregulated in MDSCs in response to IL-33, while IL-12
expression was downregulated. This polarization may induce a
Th2-driven environment inside tumor tissue and favor the
polarization of M2-macrophages and Th2 cells, which have
been shown to be detrimental to antitumor immunity.

Human malignancies always evolve from chronic inflam-
mation or tissue injuries, both of these pathological processes
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may trigger the production of IL-33. In addition, cancer
patients who receive radiotherapy or chemotherapy often have
massive cell necrosis which can also lead to the secretion of
IL-33. A previous study has been reported that high levels of
serum IL-33 are associated with poor prognostic factors and
poor survival.** Therefore, reducing IL-33 concentration may
be beneficial to improving the efficacy of cancer immunother-
apy, especially when it is combined with radiotherapy or
chemotherapy.

Taken together, our present study might open new scenarios
about MDSC biology by identifying an alarmin — IL-33 as an
important regulator of MDSCs within tumor microenviron-
ment, and reveals a mechanism that how danger signal regu-
lates antitumor immune response. MDSCs play roles in diverse
pathological processes, it also reduces pathological injury in
organ transplantation or autoimmune diseases.*>*® Therefore,
IL-33 might be a promising target for MDSC function interven-
tion in diseases related to disorders of the immune response.

Materials and methods
Mice and cell lines

ST2™'~ mice were generously provided by Dr. Andrew N. J.
Mckenzie (MRC Laboratory of Molecular Biology, Cambridge).
6—8 week female ST2™/~ mice and their wild-type female litter-
mates were used for experiments. Mice on C57BL/6 back-
ground were purchased from Shanghai Slac Animal Center. All
mice were housed under specific pathogen-free condition,
experiments and animal care were performed according to pro-
tocols approved by the Zhejiang University Institutional Ani-
mal Care and Use Committee. The 4T1 breast cancer, 3LL
Lewis lung carcinoma, CT-26 colon cancer cell line were
obtained from American Type Culture Collection (ATCC) and
maintained according to standard culture conditions.

Human specimens

Blood serum samples from breast cancer patients and healthy
donors, 9 cases of tumor tissues from breast cancer patients were
obtained from Tissue Bank in Zhejiang Cancer Hospital, Hang-
zhou, China. All subjects provided informed consent for obtain-
ing the study specimens. The study protocol was approved by
the Clinical Research Ethics Commiittee of Zhejiang Cancer Hos-
pital. Human breast tumor tissue arrays, which contained 148
tumor and 40 tumor-adjacent normal tissues were obtained
from Shanghai Biochip Company (Shanghai, China). IL-33 in
tissues was evaluated by immunohistochemistry staining using
anti-human-IL-33 antibody from R&D Systems (Minneapolis,
MN, USA), each sample was given two immunohistochemical
scores based on the cytoplasmic and nuclear staining intensity of
IL-33, respectively. The percentage of cells that positively stained
for IL-33 in each sample was also analyzed.

Cell sorting

M-MDSCs and G-MDSCs were sorted on a FACSAria II cell
sorter (BD Biosciences, Franklin Lakes, New Jersey). To isolate
MDSCs from solid tumors, tumor tissues were minced into

small pieces, dissociated, prepared to single cell suspensions
and sorted.

Collection of tumor tissue supernatant

Tissue supernatant was prepared as previously reported,'” with
some modifications. Briefly, tumor tissues from breast cancer
patients or tumor-bearing mice were excised and cut into small
pieces by adding 500 L RPMI 1640 (per 400 mg tissue). Tissue
fragments were centrifuged at 400 g x 10 min. The supernatant
was transferred to a 5 mL syringe and filtered through a
0.22 pm filter unit.

RNA isolation and real-time quantitative-PCR

Total RNA was extracted using Trizol Reagent (Takara, Japan),
real-time PCR was conducted on CFX-Touch real-time PCR
machine (Bio-Rad, Hercules, CA, USA) using SYBR Green
reagent (Roche, Switzerland). All primer sequences were listed
in Table S2.

Western blot

Total cell lysates were subjected to SDS-PAGE and transferred
to PVDF membranes, followed by immunoblotted with indi-
cated antibodies.

T cell suppression assay

4 x 10° splenocytes from ST2™'~ mice were labeled with CFSE
(Invitrogen, China) and seeded into a flat-bottom 96-well plate
pre-coated with 1 pug/mL anti-CD3 (eBioscience, San Diego,
CA, USA) plus 5 ug/mL anti-CD28 (eBioscience) antibodies.
MDSCs, IL-33 (50 ng/mL, PeproTech), nor-NOHA (0.5 mM,
Merck Millipore, Germany) were added to some wells as indi-
cated. Cells were harvested 3 d later and stained with
anti-CD4"-APC and anti-CD8*-PE-Cy5.5, CFSE dilution was
analyzed by flow cytometry.

BrdU labeling

16 d after tumor inoculation, mice were injected intraperitone-
ally with 2 mg BrdU (Sigma, China) every 12 h. Each mouse
received a total of 4 injections. 48 h after the first injection,
mice were sacrificed and BrdU incorporation in MDSCs was
analyzed by flow cytometry.

Detection of arginase activity, NO and ROS production

Cell lysates were collected for measuring arginase activity using
QuantiChrom arginase assay kit (BioAssay Systems, Hayward,
CA, USA). Nitrites were measured in culture supernatants
using Greiss reaction kit (Invitrogen, China). For determina-
tion of ROS production, purified MDSC were stimulated with
IL-33 (50 ng/mL), resuspended and incubated in the absence or
presence of 50 nM PMA, along with 2.5 DCFDA (Beyotime,
China) for 25 min, fluorescence intensity of DCFDA was evalu-
ated by flow cytometry.



Adoptive transfer experiments

MDSCs were isolated from spleen of 4T1-bearing WT and
ST2™'~ mice. 5 x 10° MDSCs were injected intravenously into
ST27'~ mice 3, 6, 9 d after 4T1 tumor inoculation. Tumor
growth was monitored using a caliper and tumor volume was
calculated according to the formula: (L x W x W)/2.

Statistical analysis

Statistical analysis was performed using Student’s f test, analysis
of variance (anova) and log-rank test using SPSS, with a p <
0.05 considered statistically significant.
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