
Tumoral expression of IL-33 inhibits tumor growth and modifies 
the tumor microenvironment through CD8+ T and NK cells

Xin Gao*,‡,1, Xuefeng Wang*,‡,**,1, Qianting Yang*,§,1, Xin Zhao*,‡‡, Wen Wen‡, Gang Li*,‡, 
Junfeng Lu††, Wenxin Qin#, Yuan Qi*,‡, Fang Xie‡, Jingting Jiang||, Changping Wu||, 
Xueguang Zhang‡, Xinchun Chen§, Heth Turnquist¶, Yibei Zhu‡, and Binfeng Lu*,†

*Department of Immunology, University of Pittsburgh School of Medicine, 200 Lothrop Street, 
Pittsburgh, Pennsylvania 15261, USA

†University of Pittsburgh Cancer Institute, Pittsburgh, Pennsylvania, USA

‡Department of Immunology, Institute of Medical Biotechnology, Soochow University, Suzhou, 
People’s Republic of China

§Guangdong Key Lab for Emerging Infectious Disease, Shenzhen Key Lab of Infection and 
Immunity, Third People’s Hospital, Guangdong Medical College, Shenzhen, Guangdong 518112, 
China

¶Starzl Transplantation Institute and Department of Surgery, University of Pittsburgh School of 
Medicine, Pittsburgh, Pennsylvania 15261, USA

||The Third Affiliated Hospital, Soochow University, Changzhou 213003, China

#State Key Laboratory of Oncogenes and Related Genes, Shanghai Cancer Institute, Renji 
Hospital, Shanghai Jiao Tong University School of Medicine

**Department of Biochemistry and Molecular Biology, Soochow University, Suzhou, People’s 
Republic of China

††Key Laboratory of Cryogenics, Technical Institute of Physics and Chemistry, Chinese Academy 
of Sciences, 29 Zhongguancun East Road, Haidian District, Beijing, 100190, PR China

‡‡The First Affiliated Hospital, Soochow University, Suzhou, People’s Republic of China

Abstract

Cancer immunotherapy has shown great promise as a new standard cancer therapeutic modality. 

However, the response rates are limited for current approach that depends on enhancing 

spontaneous antitumor immune responses. Therefore, increasing tumor immunogenicity by 

expressing appropriate cytokines should further improve the current immunotherapy. 

Interleukin-33 is a member of the IL-1 family of cytokines and is released by necrotic epithelial 

cells or activated innate immune cells and is thus considered a “danger” signal. The role of IL-33 

in promoting type 2 immune responses and tissue inflammation has been well established. 

However, whether IL-33 drives antitumor immune responses is controversial. Our previous work 

established that IL-33 promoted the function of CD8+ T cells. Here, we showed that the 
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expression of IL-33 in two types of cancer cells potently inhibited tumor growth and metastasis. 

Mechanistically, IL-33 increased numbers and IFNγ production by CD8+ T and NK cells in tumor 

tissues, thereby inducing a tumor microenvironment favoring tumor eradication. Importantly, 

IL-33 greatly increased tumor-antigen-specific CD8+ T cells. Furthermore, both NK and CD8+ T 

cells were required for the antitumor effect of IL-33. Moreover, depletion of regulatory T cells 

(Treg) worked synergistically with IL-33 expression for tumor elimination. Our studies 

established “alarmin” IL-33 as a promising new cytokine for tumor immunotherapy through 

promoting cancer-eradicating type 1 immune responses.

Introduction

Tumor-antigen-specific immune responses are either present spontaneously in human cancer 

patients as a critical component of tumor immune surveillance or can be elicited by cancer 

vaccination or adoptive T-cell transfer (1–3). Type 1 immune responses, mediated by Th1, 

CD8+ T, NK, NKT, and γδ T cells, are thought to be a critical component of cell-mediated 

immunity against cancer (4). In humans, the presence of Th1 and CD8+ T within the tumor 

can be a favorable prognostic indicator (4). Blockade of immune checkpoint molecules as 

well as TIL-based immunotherapy have achieved great success with melanoma (5–7). It is 

well known, however, that many tumor infiltrating Th1 and CD8+ T cells are in a state of 

non-responsiveness due to local mechanisms of immune suppression in the tumor 

microenvironment (8, 9). Many mechanisms are responsible for the apparent failure of 

antitumor immunity including the active immunosuppression by the tumor 

microenvironment and the lack of sufficient immune stimulatory signals. Therefore, 

reversing immune suppression in the tumor microenvironment is a key step for a successful 

immunotherapy of cancer.

IL-33 is a member of the IL-1 family of cytokines (10). Its receptor complex consists of ST2 

(also known as IL1RL1) and IL-1RAcP (11, 12). IL-33 is constitutively produced by 

structural and lining cells, such as epithelial cells and endothelial cells, where the first line of 

host defense against pathogens normally arises (13). Besides in epithelial cells, IL-33 can 

also be induced in myeloid cells and tissue stromal cells during infection. These properties 

of IL-33 make it a likely candidate “alarmin” for tissue damage and infection (14). IL-33 has 

been well established as a potent cytokine that promotes Th2-mediated immune 

responses(10). Recent evidence also supports its role in type 1 immune responses defined by 

the predominant production of IFNγ. We have shown that IL-33 synergized with both TCR 

and IL-12 to enhance IFNγ production by CD8+ T and Th1 cells (15). In addition, IL-33 

promotes IFNγ production by NK cells and NKT cells (16–18). IL-33 signaling has also 

been shown to be required for eradication of viral infection through CD8+ T cells (19). 

Therefore, IL-33 is a candidate cytokine for reversing the immunosuppressive tumor 

microenvironment.

Since IL-33 is a danger signal released at the damaged tissue, we set out to determine 

whether tumoral expression of active IL-33 can render effective antitumor immune 

responses. In this study, we expressed IL-33 in two types of tumor cell lines and compared 

the growth upon transplantation to syngeneic mice. We found that overexpression of IL-33 
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in these tumor cells strongly inhibited tumor growth. IL-33 greatly increased numbers of 

tumor infiltrating NK cells and CD8+ T cells as well as their IFNγ production. In addition, 

we showed that the inhibition of tumor growth by IL-33 was dependent on CD8+ T cells and 

NK cells as well as IFNγ and perforin. Moreover, depletion of Treg further improved the 

antitumor effect of IL-33. Taken together, our study establishes IL-33 as a promising 

cytokine for improving tumor immunotherapy.

Materials and methods

Animals and tumor model

C57BL/6 (B6; H2Kb), BALB/c (H2Kd), and Rag2−/− IL2rg−/− mice were purchased from 

The Jackson Laboratory (Bar Harbor, ME). BALB/c St2−/−mice (20) and B6.CD4-cre T-bet

−/− Eomes−/− (DKO) mice were bred for experimental use at the University of Pittsburgh. 

All mice were housed in the specific pathogen-free facility of the University of Pittsburgh 

School of Medicine. Experiments were conducted under an institutional animal care and use 

committee-approved protocol and in accordance with National Institutes of Health 

guidelines.

B16 cells were injected intradermally to B6 mice and size of the tumor was monitored every 

two days. 4T1 cells were injected into the mammary fat pad of BALB/c mice and size of the 

tumor was monitored every two days. Five mice in each group were injected with 200 μg 

anti-CD8 (Clone: 53-6.72) (BioXcell, Lebanon, NH), or 15 μl anti-asialo GM1 (Wako 

chemicals) antibodies or control normal Rat IgG (Bioxcell) four times before and after 

tumor inoculation (day -2, 1, 7, 14). Metastatic 4T1 tumor nodules were enumerated after 

the India ink staining procedure, as previously reported (21). India ink solution was injected 

through the trachea to inflate the lung, and the lung was stained for 5 min. The lungs were 

then removed and placed in Fekete’s solution (70% alcohol, 10% formalin, and 5% acetic 

acid) for destaining. Tumor nodules did not absorb India ink, which resulted in the normal 

lung tissue staining black and the tumor nodules remaining white. Tumor nodules were 

counted blindly by two independent investigators.

Plasmid Construction

pcDEF3-Dap10 vector was obtained from Dr. Lawrence Kane (University of Pittsburgh). 

The full length IL-33 protein is a nuclear protein and only released by stressed cells. The 

mature peptide (S109 to I266) sequence of murine IL-33 was then amplified from cDNA 

generated from mouse lung RNA. The IL-33 expression construct was generated by fusing 

the nucleotide sequence encoding human CD8α signal sequence to the 5′ end of IL-33 (S109 

to I266) sequence, then ligated into pcDEF3-Dap10 vector via BamH1 and EcoR1. IL-12 

was generated by fusing the (G4S)3 linker sequence to the 3′ end of murine IL-12p40 

sequence and 5′ end of murine IL-12p35 sequence. And then this was ligated into 

pcDNA3.1+ vector or pcDEF3 via Kpn1 and Xba1 or BamH1 and Not I respectively. All of 

the constructs were confirmed to be correct by DNA sequencing analysis (available upon 

request).
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Cell culture

B16 cells and 4T1 cells were cultured in DMEM plus 10% FCS. IL-33 and IL-12 expression 

vectors were transfected into B16 cells and 4T1 cells, respectively, using Lipofectamine 

2000 (Invitrogen Life Technologies) per the manufacturer’s instructions. Empty vector 

(pcDNA3.1+ or pcDEF3) was transfected into B16 cells and 4T1 cells as control. 24 hours 

post-transfection, cells were diluted into culture plates and selected with G418 (Sigma) at a 

concentration of 600 mg/L. The stable cell lines were selected by further subcloning. 

Expression levels of IL-33 and IL-12 in the subclones were determined by ELISA. Three 

independently generated B16-IL-33 and three independently generated B16-IL-12 clones, 

which produced around 5 to 50 ng/ml/24h cytokines, were used in our experiments.

ELISA measurement of mouse IL-33

Purified anti-mouse IL-33 antibody (Goat Polyclonal IgG, Poly5165, Biolegend) was used 

as the capturing antibody. Biotin anti-mouse IL-33 antibody (Poly5165, Biolegend) was 

used as the detection antibody. Recombinant mouse IL-33 (ELISA Std., Biolegend) was 

used as standard.

Analysis of Tumor-infiltrating Lymphocytes

Tumor masses were removed, minced, and digested with collagenase and hyaluronidase 

digestion solution (2.5 mg/ml collagenase I, 1 mg/ml collagenase IV, 0.25 mg/ml 

hyaluronidase IV-S, 300 μg/ml DNase I, and 0.01% HEPES in RPMI 1640 medium) at 37°C 

for two hours. The pieces were then gently pressed between the frosted edges of two sterile 

glass slides, and the cell suspension was filtered through a 40-μm cell strainer (BD 

Biosciences). Tumor-infiltrating lymphocytes (TILs) were further purified by using a 

gradient as per manufacturer protocol, washed, and re-suspended in HBSS for analysis. The 

various cell populations were analyzed by flow cytometry. Flow cytometric analysis was 

performed using a FACS flow cytometer (BD Biosciences, San Jose, CA). For intracellular 

cytokine staining, harvested cells were stimulated with PMA (10 ng/ml) and ionomycin (1 

μg/ml) for 4 h and incubated for the last one hour with brefeldin A (10 μg/ml). Cells were 

subjected to intracellular cytokine analysis with anti–IFNγ antibody (clone XMG1.2; 

eBioscience).

Evaluation of specific CD8+ T cell responses ex vivo

CD8+ T cells were isolated from spleen of tumor bearing Balb/c mice by positive selection 

using immunomagnetic beads according to the manufacturer’s protocol (CD8α (Ly-2) 

MicroBeads, Miltenyi Biotec, Auburn, CA) and passed through a magnetic cell sorting 

column (Miltenyi Biotec, Auburn, CA). Antigen presenting cells (APC) were prepared from 

normal splenocytes by depleting CD4+ and CD8+ T cells and then irradiated at 3000 Gy. 

Purified CD8+ T cells (2 × 106/well) were co-cultured with 6000 Gy-irradiated 4T1 tumor 

cells (5 × 105/well) and irradiated APC (5 × 104/well) in presence of 20 IU/ml recombinant 

huIL-2 (obtained from the BRB Preclinical Repository) in 96-well round-bottom plates in a 

humidified incubator at 37°C and 5% CO2. After 96 hours, cell-free supernatants were 

harvested and assayed for IFNγ by a murine IFNγ ELISA kit (BD Biosciences Pharmingen, 

San Diego, CA).
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Results

IL-33 exerts a strong antitumor effect when expressed in the tumor cells

Our results, as well as others’, have shown that IL-33 enhanced the function of effector 

CD8+ T cells and NK cells (15). We then postulated that IL-33 might have potent antitumor 

effects in vivo through CD8+ T cells and NK cells. In order to test this hypothesis, we 

sought to determine whether expression of IL-33 in tumor cells could inhibit tumor growth 

in vivo. We used the B16 melanoma cells because they represent an aggressive murine 

tumor model and are highly resistant to various immunotherapies. Thus, cytokines that have 

a significant effect on B16 tumor growth should have greater efficacy on other more 

immunogenic tumor cell lines. We generated B16 cell clones that express mouse IL-33. As 

control for the therapeutic efficacy, we also generated B16 clones that express mouse IL-12. 

Because full-length IL-33 is normally expressed in the nucleus, with the exception of 

neutrophils and macrophage that secret IL-33 by unknown mechanisms (22), we designed a 

secretable IL-33 by adding a leader sequence to IL-33. This allowed for IL-33 secretion 

from tumor cells (data not shown). The expression plasmid was transfected into B16F0 cells 

to generate stable cell lines, which were subjected to the limiting dilution culture to obtain 

B16-IL-33 clones. IL-33 was not detected in B16 cells, but 2 to 50 ng/ml IL-33 was made by 

B16-IL-33 clones (supplementary figure 1). IL-33 did not inhibit B16 proliferation and 

survival in vitro during culture (supplementary figure 2). Expression of IL-33 did not 

increase levels of MHC class I on B16 cells either. We injected control B16, B16-IL12 or 

B16-IL-33 into C57/BL6 mice intradermally (i.d.) and monitored tumor growth every two 

days. Consistent with the established Th1-promoting function of IL-12, B16-IL-12 tumor 

grew much slower than the control B16 tumor (Figure 1A). Importantly, tumor growth was 

greatly inhibited upon IL-33 expression (Figure 1A). Thus, tumoral expression of IL-33 

showed a potent anti-tumor effect similar to that of IL-12.

In addition to B16, we also tested IL-33 on the growth of transplanted 4T1 breast cancer cell 

line in BALB/c mice. IL-33 did not inhibit 4T1 proliferation and survival in vitro during 

culture (supplementary figure 2). Nevertheless, similar to what we observed in the B16 

model, 4T1 cells overexpressing IL-33 grew at a much slower rate than 4T1-vector controls 

(Figure 1B). Thus, our data indicated that IL-33 exerted potent antitumor effects when 

expressed in tumor cells in BALB/c mice. 4T1 breast cancer cells metastasize mainly to the 

lung. We then examined lung metastasis after we sacrificed the mice around 31 days after 

tumor cell inoculation. Many tumor nodules were observed in lungs from 4T1-bearing mice. 

In sharp contrast, no tumor nodule was found in the lungs of 4T1-IL-33-bearing mice 

(Figure 1 C). These data support the idea that IL-33 has pronounced antitumor function 

when expressed and secreted from tumor cells.

The antitumor effect of IL-33 is dependent on ST2 expression on host cells and the 
presence of lymphocytes

Our RT-PCR analysis showed no ST2 expression on B16 cells or 4T1 cells (data not 

shown), thus supporting the hypothesis that IL-33 exerts its antitumor effect through direct 

action on host cells. To further confirm this, we inoculate WT and ST2−/− mice with 4T1 

and 4T1-IL-33 cells and examined tumor growth. In wild type mice, the growth of 4T1-
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IL-33 tumors was inhibited compared to 4T1 tumors. In contrast, 4T1 and 4T1-IL-33 grew 

at similar rates in ST2−/− mice. Additionally, there was no difference in the growth rate 

between 4T1 cells inoculated in WT and ST2−/− mice (Figure 2A) Thus, host cell ST2 

signaling was crucial for the antitumor effect of IL-33. In order to further determine the cell 

types that are important for the tumor-inhibitory function of IL-33, we inoculated WT and 

Rag2−/−IL2rg−/− mice, which lack T, B and NK cells, with 4T1 and 4T1-IL-33 cells. 4T1-

IL-33 tumors grew at a faster rate than that of 4T1 tumors in Rag2−/−IL2rg−/− mice (Figure 

2B). These data suggest that lymphoid cells were elicited by IL-33 to inhibit tumor growth. 

IL-33 accelerated tumor growth in the absence of lymphocytes.

IL-33 promotes type 1 immune responses in the tumor site

Type 1 lymphocytes, particularly CD8+ T cells and NK cells, are involved in tumor 

immunosurveillance. In order to further understand the underlying mechanisms of the tumor 

inhibitory effect of IL-33, we characterized tumor-infiltrating CD8+ and NK cells in B16-

vec and B16-IL-33 tumors by flow cytometry. We first examined the CD8+ and NK TILs 

from tumors around 10 days after inoculation. At this time point, the sizes of B16-IL-33 

tumors and control B16 tumors were similar. Strikingly, we found that CD45+ TIL were 

present at much greater number in B16-IL-33 tumors when compared to B16 tumors (Figure 

3A). This is consistent with a pro-inflammatory role of IL-33. In addition, within the CD45+ 

TIL, the percentage of NK cells was much greater in B16-IL-33 tumors when compared to 

control B16 tumors (Figure 3B). Although the percentage of CD8+ T cells was not 

significantly different between these tumors (Figure 3B), much higher percentages of CD8+ 

TIL in B16-IL-33 tumors produced IFNγ and granzyme B when compared to those in B16 

tumors (Figure 3C and D). This effect was local, as no systematic changes of CD8+ T or NK 

cells were found in the spleen, lymph nodes or tumor draining lymph nodes. Quantitative 

RNA analysis further revealed that the mRNA levels of type 1 effector genes such as IFNγ, 

IL-12, perforin, and granzyme B were highly up-regulated in B16-IL-33 tumors when 

compared to B16 tumors (Figure 3E). In addition, we found similar increases in CD8 and 

NK cells as well as IFNγ in B16-IL-33 tumors around 20 days after tumor cell inoculation 

(supplementary Fig 3). These data suggest that IL-33, when overexpressed in tumor cells, 

promotes type 1 immune responses in tumor tissues.

T-bet and Eomes are master transcriptional factors essential for the antitumor activities of 

CD8+ T cells (23–25). We have shown that T-bet and Eomes were critical for ST2 

expression in activated CD8+ T cells in vitro, suggesting ST2 expression is tightly linked to 

effector CD8+ T cell differentiation. In order to determine whether T-bet and Eomes 

regulate ST2 expression in vivo, particularly during antitumor immune responses, we 

inoculated WT and T-bet−/− Eomes−/− mice with 4T1-IL-33 cells and analyzed the 

expression of ST2 on tumor infiltrating CD8+ T cells. ST2 was highly upregulated in CD8+ 

TIL isolated from WT mice. In contrast, ST2 levels were greatly reduced in TIL from T-bet

−/− Eomes−/− (DKO) mice (Figure 4A). Thus, ST2 expression on CD8+ TIL required T-bet 

and Eomes.

We then further investigated whether ST2 expression was required for tumor infiltration by 

CD8+ T cells. We inoculated WT and ST2−/− mice with 4T1-IL-33 cells and analyzed the 
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tumor infiltrating CD8+ T cells by flow cytometry. We found both the percentage of 

lymphocytes as well as percentage of CD8+ T cells was greater in WT mice than that of 

ST2−/− mice (Figure 4B). In addition, the percentage of NK cells was also increased in 

tumors from WT mice when compared to those from ST2−/− mice (Figure 4B). These data 

are consistent with the idea that IL-33 signaling is required for the accumulation of CD8+ T 

and NK cells in tumor.

IL-33 elicits tumor antigen-specific adaptive immune responses

We showed that tumor cell expression of IL-33 elicited greatly increased tumor infiltrating 

CD8+ T and NK cells. These findings prompted us to explore whether systemic tumor-

antigen-specific T cells can be induced to a higher level upon tumoral expression of IL-33. 

To address this question, we isolated CD8+ T cells from the spleen of 4T1 or 4T1-IL-33-

tumor bearing mice. We then co-cultured these CD8+ T cells with irradiated tumor cells in 

the presence of APC isolated from non-tumor-bearing mice. We then measured the levels of 

IFNγ in these cultures by ELISA. We found less than 10 ng/ml IFNγ was produced by CD8+ 

T cells from 4T1-bearing mice. In contrast, approximately 60 ng/ml IFNγ was produced by 

CD8+ T cells isolated from 4T1-IL-33-bearing mice (Figure 5A). These data demonstrated 

that tumoral expression of IL-33 led to a significant increase of tumor-specific CD8+ T cells, 

supporting the role of IL-33 in eliciting a tumor-specific adaptive immune response.

IL-33 exerts its antitumor effects through CD8+ T cells and NK cells as well as IFNγ and 
perforin effector molecules

Since CD8+ T cells and NK cells were increased in 4T1-IL-33 tumors and tumor-specific 

CD8+ T cells were increased in 4T1-IL-33-bearing mice, we then determined whether CD8+ 

T cells and/or NK cells are required for the antitumor effect of IL-33. We used anti-CD8 and 

NK antibodies to deplete CD8+ T cells and NK cells respectively and then examined tumor 

progression in these mice compared to mice injected with control antibodies. 4T1-IL-33-

inoculated mice survived much longer compared to 4T1-inoculated mice (Figure 5B). 

Injection of either anti-NK or anti-CD8 mAbs shortened the survival of 4T1-bearing mice 

compared to mice injected with control mAbs. Importantly, injection of either anti-NK or 

anti-CD8 mAbs into 4T1-IL-33-bearing mice greatly reduced the survival of these mice 

(Figure 5B). Thus, both NK and CD8+ T cells are required for the antitumor function of 

IL-33.

Since IFNγ, perforin and granzyme B were all increased in B16-IL-33 tumors compared to 

B16 tumors during both acute and chronic phases, we sought to determine whether these 

type 1 effector molecules were required for the antitumor effect of IL-33. We injected 

control B16, or B16-IL-33 into WT, IFNγ −/−, or perforin −/− mice intradermally (i.d.) and 

monitored tumor growth every two days. The growth inhibition by IL-33 was partially 

reversed in IFNγ −/− mice. Perforin −/− mice also showed a more modest reversal of 

suppression (Figure 5C). Therefore, IFNγ played an important role in mediating antitumor 

effect of IL-33.
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IL-33 regulates tumor associated myeloid cells and promotes MHC II expression

In order to gain further insight into how IL-33 impacts the cellular network within tumor, we 

examined the myeloid compartment with particular focus on monocytes, neutrophils and 

macrophages using CD11b and Gr1 markers. We first examined cells from tumors that 

formed about ten days after inoculation and sizes were comparable between B16 and B16-

IL-33 tumors. We found that percentage of Gr1high CD11b+ cells, largely neutrophils, was 

much higher in B16-IL-33 tumors than B16 tumors (Figure 6A). The percentage of other 

CD11b+ myeloid subsets (Gr1intCD11b+ monocytic cells and Gr1-CD11b+ macrophages) 

was not different between these tumors. Taken into account of an increase in total CD45+ 

immune cells, all CD11b+ myeloid cells were increased in B16-IL-33 tumors compared to 

B16 control tumors. Our data support previous reports showing that tumor associated 

neutrophils in the type 1 environment inhibit tumor growth (26) (27). We also characterized 

the CD11b+ myeloid cells at a later time point (20 days after inoculation). Although we 

observed lower percentages of Gr1high CD11b+ myeloid cells within CD45+ immune cells in 

the B16-IL-33 tumor, the number of these cells was actually higher in B16-IL-33 tumors due 

to greater numbers of CD45+ TIL in B16-IL-33 tumors compared to B16 tumors. The 

percentage of other subsets of CD11b+ cells was also higher in B16-IL-33 tumors if taking 

into account of elevated levels of CD45+ immune cells in B16-IL-33 tumors compared to 

B16 tumors. In the mouse tumor microenvironment, many Gr1+CD11b+ (including both 

Gr1high and Gr1int) cells are considered myeloid-derived suppressor cells (MDSC) and these 

cells don’t express MHC II(28). Our analysis revealed that the level of MHC II was much 

higher in Gr1high and Gr1int cells in the B16-IL-33 tumor when compared to the B16 tumor, 

consistent with an increase of immunogenicity of the B16-IL-33 tumor microenvironment 

(Figure 6B and C). This is likely due to IFNγ produced by CD8+ T cells and NK cells. ST2 

was highly expressed in all sub-populations of CD11b+ cells isolated from B16-IL-33, 

suggesting that IL-33 might directly modulate the function of these cells (Figure 6D). Thus, 

we showed here that IL-33 promoted type 1 immune responses in the tumor 

microenvironment, increased the flux of myeloid cells and their MHC class II expression.

Elimination of Treg further improves antitumor function of IL-33

Despite the apparent presence of strong type 1 immune responses and inhibition of tumor 

growth, the B16-IL-33 tumor continues to increase in size. This prompted us to examine 

whether self-limiting immune regulatory mechanisms were also induced in the B16-IL-33 

tumor. We focused on CD4 T cells for two reasons. First, Th2 cells have been shown to be 

upregulated by IL-33 (29). Second, Treg are a dominant group of CD4+ T cells within the 

tumor and we showed that IL-33 promoted Treg proliferation in the spleen (30–32). Despite 

reports that IL-33 induces Th2 responses (11), we did not find significant numbers of IL-4+, 

IL-5+ or IL-13+ CD4+ TIL (not depicted). In contrast, we found more than 60% of CD4+ 

TILs were Foxp3+, presumably Treg (Figure 7A and supplementary figure 4). Interestingly, 

approximately 30% of these Treg from B16-IL-33 tumor were ST2+. Similar percentages of 

Treg from B16 tumor also expressed ST2. However levels seemed lower. The fact that many 

Treg express ST2 suggested that IL-33 might have a direct effect on these cells (Figure 7A), 

thus, the anti-tumor effect of IL-33 could be inhibited by IL-33-influenced Treg. To test this 

hypothesis, we depleted Treg in mice using anti-CD25 (PC61) antibody. We found B16 

grew at a similar rate in B6 mice regardless of anti-CD25 application, consistent with 
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previous findings (33). In contrast, Treg depletion resulted in a much greater shrinkage of 

B16-IL-33 tumors (Figure 7B). These data indicated that IL-33 induced type 1 antitumor 

immune responses, but such responses were kept in check by Treg.

Discussion

Tumor growth can trigger inflammatory responses by releasing danger signals and 

expression of tumor antigens. Tumor progression is inhibited by type 1 lymphocytes such as 

Th1, CD8+ T, NK, and γδ T cells, as well as collaborating innate cells such as dendritic cells 

(DC) and type 1 macrophages and neutrophils (M1 and N1) (4, 23) (26) (27). Nevertheless, 

tumors progress by enlisting and driving the dominance of immune suppressive cell types 

such as Treg and MDSC, as well as myeloid cells that produce cancer-promoting factors. 

Our study showed that high-level expression of IL-33 in tumors led to increases in antitumor 

immune responses and promoted the type 1 lymphocyte-dominated tumor immunogenic 

microenvironment. This was due to IL-33-induced increases in the production of type 1 

effector molecules, such as IFNγ and granzymes, by CD8+ and NK cells in the tumor 

microenvironment.

Our study establishes an antitumor function of IL-33. This finding is in keeping with recent 

studies that also show a potent function of IL-33 in driving type 1 immune responses in 

tumor, viral infection and autoimmune models. Published work by our lab and others 

showed that activated CD8+ T cells and Th1 cells produce larger amounts of IFNγ in 

response to IL-33 (15, 34). In addition, antiviral immune responses require IL-33 signaling 

in CD8+ T cells (19). Furthermore, Th1, NK and NKT cells respond to IL-33 in a similar 

fashion to increase their IFNγ production (16, 17, 35). Overexpression of IL-33 systemically 

in transgenic mice promotes NK and CD8+ T cell function globally and inhibits tumor 

growth (36). IL-33 has also been used to further boost antitumor vaccination (37). 

Additionally, in the ConA-induced hepatitis model, IL-33 has been shown to be pathogenic 

(38) by inducing type 1 immune responses. These studies clearly established a critical role 

of IL-33 in promoting type 1 immune responses. Nevertheless, there are studies that show an 

opposite function of IL-33. One study shows that systemic injection of low levels of IL-33 

leads to increases in tumor metastasis (39). In the ConA-induced hepatitis model, IL-33 has 

also been shown to be protective (40). In the transplantation setting, intraperitoneal (i.p.) 

injection of IL-33 protects cardiac allografts through expansion regulatory cells, particularly 

Treg (32). We believe that differences in the level of IL-33 and the primary target cells of 

IL-33 in these experiments are accountable for the different in vivo effects. Persistent and 

higher levels of IL-33 in tumor tissues, as well as during infection, promote type 1 immune 

responses. In addition, other cytokines, such as IL-2 and IL-12, both of which were shown to 

synergize with IL-33 to induce IFNγ, can help shape the nature of IL-33-driven immune 

responses (15, 34). In contrast, low-level and systemic delivery of IL-33 protein into resting 

or tumor-bearing mice resulted in immune tolerance (32, 39, 40). In the ConA-induced 

hepatitis model, IL-33 has been shown to be protective in one and pathogenic in another (38, 

40). In the conA-induced hepatitis model, higher doses and frequencies of IL-33 injection 

elicited strong type 1 immune responses, whereas lower doses of IL-33 resulted in immune 

tolerance. Thus, the immune phenotype of IL-33 is likely shaped by dose, the local 

environment, and the target cells. Regulatory effects may be achieved through the systemic 
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actions of IL-33 which expand and activate MDSC, tolerogenic DC, and Treg (32, 41). 

However, high-level and tumor-site delivery of IL-33 can mediate potent anti-tumor 

responses mediated by CD8+ T cells, NK and NKT and IFNγ. This knowledge will be key 

for the clinical application of this cytokine for cancer immunotherapy. This can potentially 

be achieved by inducible expression of IL-33 in tumor-specific T cells for enhancing 

adoptive T cell therapy or tumor-antigen-specific antibody-mediated IL-33 delivery (42).

CTLA-4 and PD-1 mAb-based immunotherapies have achieved great clinical success for 

melanoma (5–7). Nevertheless, the response rate for this type of therapy for other solid 

cancers will likely be limited due to its dependence on spontaneous T cell responses to 

tumor. Introducing the right inflammation to the tumor microenvironment should help 

further increase the response rate of immunotherapy in solid cancer by making the tumor 

more immunogenic. Cytokine-mediated immune therapy of cancer should provide new 

opportunities for enhancing the immune “check-point”-based approach, thus IL-33 should 

be a promising cytokine for enhancing cancer immunotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of IL-33 in tumor cell lines inhibited tumor growth and metastasis in vivo
(A) 2×105 B16-vector (B16), B16-IL-12, or B16-IL-33 cells were injected intradermally 

into B6 mice and the size of the tumor was monitored every two days. Data (mean ±SEM) 

are representative of three independent experiments. Five mice were in each group. ** 

P<0.01,*** P<0.001, determined by Mann-Whitney Test. Comparison was performed 

between the B16-vec and B16-IL-33 groups. (B) 1×105 4T1-vector or 4T1-IL-33 cells were 

injected into the mammary fat pad of BALB/c mice and the size of the tumor was monitored 

every two days. Data (mean ±SEM) are representative of three independent experiments. 

Five mice were in each group. ** P<0.01,*** P<0.001, determined by Mann-Whitney Test. 

(C) Metastatic tumor nodules in the lung were quantified 30 days post 4T1 and 4T1-IL-33 

tumor inoculation. Data (mean ±SEM) are representative of three independent experiments. 

Five mice were in each group. ** P<0.01,*** P<0.001, determined by Mann-Whitney Test.
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Figure 2. The antitumor effect of IL-33 is dependent on ST2 signaling and lymphocytes
(A) 1×105 4T1-vector or 4T1-IL-33 cells were injected into the mammary fat pad of 

BALB/c and ST2−/− mice and the size of the tumor was monitored every two days. Data 

(mean ±SEM) are representative of three independent experiments. Five mice were in each 

group. * P<0.05, **P<0.01, determined by Mann-Whitney Test. Significance difference was 

found between 4T1-IL-33: WT and 4T1: WT groups. (B) 1×105 4T1-vector or 4T1-IL-33 

cells were injected into the mammary fat pad of BALB/c and Rag2−/−IL2rg−/− mice and 

the size of the tumor was monitored every two days. Data (mean ±SEM) are representative 

of three independent experiments. Five mice were in each group. * P<0.05, **P<0.01, 
determined by Mann-Whitney Test. Significant difference was found between 4T1-IL-33: 

WT and 4T1: WT groups as well as between 4T1-IL-33: Rag2 −/− IL2rg −/− and 4T1: Rag2 

−/− IL2rg −/− groups.
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Figure 3. Expression of IL-33 in B16 cells enhanced type 1 immune responses in the tumor 
microenvironment
2×105 B16-vector or B16-IL-33 cells were injected i.d. into B6 mice. On day 10, tumors 

were resected and processed to generate single cell suspension. (A) Percentages of CD45+ 

cells in tumor cell suspension. (B) Flow cytometric plots showing NK and CD8+ T cells in 

tumor and percentage of CD8+ or NK1.1+ cells within the CD45+ population. (C) 

Representative flow cytometric plots showing IFNγ+CD8+ T cells in tumor and percentage 

of IFNγ+ cells in CD8+ TILs. (D) Representative flow cytometric plots showing Granzyme 

B+CD8+ T cells in tumor and percentage of Granzyme B+ cells in CD8+ TILs. (E) 

Quantitative RNA analysis of IFNγ, IL-12, perforin and granzyme B in B16-IL-33 tumors 

compared to B16 control tumors. Results are mean ± SEM of three independent 

experiments. ** P<0.01 and *** P<0.001, two-tailed unpaired Student’s t-test.
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Figure 4. ST2 expression was regulated by T-bet and Eomes in vivo and required for CD8+ T 
cells and NK cell infiltration of IL-33-expressing tumors
(A) 2×105 B16-IL-33 cells were injected i.d. into B6 and T-bet−/− Eomes−/− (DKO) mice. 

20 days after inoculation, tumors were harvested and processed to generate a single cell 

suspension. The surface expression of ST2 was analyzed by flow cytometry. Results are 

mean ±SEM of three independent experiments. ***P<0.001, two-tailed unpaired Student’s 

t-test. (B) 1×105 4T1-vector or 4T1-IL-33 cells were injected into the mammary fat pad of 

BALB/c and ST2−/− mice. 20 days after inoculation, tumors were harvested and processed 

to generate a single cell suspension. Representative flow cytometric plots showing CD8+ T 

and NK cells in tumor (TIL).
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Figure 5. NK and CD8+ T cells as well as IFNγ and perforin were required for the antitumor 
effect of IL-33
(A) 1×105 4T1-vector or 4T1-IL-33 cells were injected into the mammary fat pad of 

BALB/c mice. 30 days after inoculation, CD8+ T cells were purified from the spleens of 

these mice and re-stimulated with irradiated 4T1 cells for 72h. The level of IFNγ was then 

measured by ELISA. Results are mean ±SEM of three independent experiments. *P<0.05, 

two-tailed unpaired Student’s t-test. (B) Mice were inoculated i.d. with 1×105 4T1 tumor 

cells (n = 5). These mice were injected intraperitoneally with anti-CD8, or anti-asialo GM1 

antibodies, or control IgG four times before and after tumor inoculation (day -2, 1, 7, 14). 

Kaplan-Meier survival curves are shown and the Log-Rank test was performed. P=0.0018. 

(C) 2×105 B16-vector or B16-IL-33 cells were injected i.d. into WT B6, IFNγ−/− B6 or 

perforin−/− B6 mice and the size of the tumor was monitored every two days. Tumor 

diameters (mean ±SEM) were presented here. Five mice were in each group. * P<0.05, 
determined by Mann-Whitney Test. Comparison was performed between the B16-IL-33: 

WT and B16-IL-33: IFNγ−/− groups. The difference between the B16-IL-33: WT and B16-

IL-33: perforin−/− groups was significance from days 13 to 19.
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Figure 6. IL-33 regulated tumor associated myeloid cells and upregulated MHC II on tumor 
associated myeloid cells
2×105 B16-vector or B16-IL-33 cells were injected i.d. into B6 mice. On day 10 or 20, 

tumors were resected and processed to generate a single cell suspension. (A) Representative 

flow cytometric analysis of CD11b+ sub-populations and percentages of CD11b+ 

subpopulations within CD45+ cells on day 10. (B) Representative flow cytometric analysis 

of CD11b+ sub-populations on day 20. (C) Percentages of CD11b+ subpopulations in 

CD45+ cells and percentages of MHC class II expression on three CD11b+ sub-populations. 

Results are mean ±SEM of three independent experiments. (D) Surface ST2 expression on 

Gr1high CD11b+, Gr1int CD11b+, and Gr1low CD11b+ cells from spleen and tumor. Results 

are mean ±SEM of three independent experiments. **P<0.01 and ***P<0.001, two-tailed 

unpaired Student’s t-test.
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Figure 7. Synergistic effect of IL-33 expression and depletion of Treg for eliminating tumors
(A) Representative flow cytometric analysis of ST2 on Foxp3+CD4+ and Foxp3-CD4+ in 

B16 tumor and B16-IL-33 tumor. (B) B6 mice were injected with control Rat IgG or PC61, 

200 μg per mouse twice a week. One week after antibody injection, 2×105 B16-vector (B16) 

or B16-IL-33 cells were injected i.d. into these mice. Tumor sizes were measured every two 

days. Tumor diameters (mean ±SEM) were presented here. Five mice were in each group. * 

P<0.05, determined by Mann-Whitney Test. Comparison was performed between B16-IL-33 

and PC61 B16-IL-33 groups.
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