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Abstract

The role of STAT2 in mediating the antigrowth effects of type I interferon (IFN) is well-

documented in vitro. Yet evidence of IFN-activated STAT2 as having tumor suppressor function

in vivo and participation in antitumor immunity is lacking. Here we show in a syngeneic tumor

transplantation model that STAT2 reduces tumor growth. Stat2−/− mice formed larger tumors

compared to wild type (WT) mice. IFN-β treatment of Stat2−/− mice did not cause tumor

regression. Gene expression analysis revealed a small subset of immunomodulatory genes to be

downregulated in tumors established in Stat2−/− mice. Additionally, we found tumor antigen

cross-presentation by Stat2−/− dendritic cells to T cells to be impaired. Adoptive transfer of tumor

antigen specific CD8+ T cells primed by Stat2−/− dendritic cells into tumor-bearing Stat2−/− mice

did not induce tumor regression with IFN-β intervention. We observed that an increase in the

number of CD4+ and CD8+ T cells in the draining lymph nodes of IFN-β-treated tumor-bearing

WT mice was absent in IFN-β treated Stat2−/− mice. Thus our study provides evidence for further

evaluation of STAT2 function in cancer patients receiving type I IFN based immunotherapy.
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Introduction

STAT2 is an essential component of type I interferon (IFN-I) signaling.1-3 IFN-I induces the

activation and assembly of STAT2/STAT1 heterodimers that, together with the DNA

binding protein IRF9, form the transcriptional complex ISGF3. ISGF3 activates the
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expression IFN-I target genes with antiviral, antiproliferative, and immunomodulatory

activities.3-5 In vitro studies conducted in multiple tumor cell lines have demonstrated that

STAT2 directly mediates the growth inhibitory and the pro-apoptotic effects of IFN-I (IFN-

α/β) 6-9 leading to the premise that STAT2 has tumor suppressor function. Yet limited

experimental data exist to confirm it.

The biological significance of STAT2-mediated IFN-I signaling in the immune response

comes from observations made in Stat2−/− mice.10 In these mice, the IFN-I autocrine/

paracrine loop that is critical in the increased production of IFN-I and subsequent antiviral

activity is impaired. IFN-I does not block the growth of proliferating T cells.10-12 The

expression of IFN-I target genes is also severely affected. Loss of STAT2, however, does

not cause spontaneous tumor formation, but can be promoted by carcinogen exposure.13

Evidence that STAT2 has tumor suppressor activity in vivo comes from one single study

using Stat2−/− transgenic mice with constitutive IFN-α production (GIFN/Stat2−/−) in the

central nervous system (CNS). These mice died prematurely due to spontaneous

development of medulloblastoma.14 In contrast, Stat1−/− mice with transgenic CNS

production of IFN-α did not develop tumors. These mice eventually died, but due to other

causes. These findings indicated that in the absence of STAT2, IFN-α was tumorigenic

independently of STAT1.

IFN-I is essential in tumor immunosurveillance. IFN receptor (IFNAR1) null mice show

enhanced tumor growth 15. IFN-I can target the tumor directly16, 17 but also indirectly. The

indirect antitumor effects of IFN are demonstrated in transplanted tumors lacking IFNAR1,

which are rejected by relying on the host hematopoietic compartment.18, 19 Recent studies

now show that IFN-I signaling in dendritic cells (DCs) is pivotal in the development of

antitumor immunity. Antigen cross-presentation by DCs to T cells is defective in Ifnar1−/−

DC.20, 21 Although STAT2 has not been studied for this function, there is some evidence

that STAT2 positively regulates the development and maturation of DCs22.

We now report that in the Stat2−/− mice, tumor growth was accelerated. These tumors

showed reduced expression of key immunomodulatory factors. Loss of STAT2 also

impaired the anti-tumorigenic effects of IFN-I in part via STAT2 signaling in DCs.

Together, our study highlights the importance of a host STAT2/IFN-I axis in antitumor

immunity.

Materials and Methods

Mice

129SvJ/Stat2−/− mice provided by Dr. Christian Schindler (Columbia University) were

backcrossed onto the C57/BL6 genetic background for 11 generations (>99.7% purity).

C57/BL6 wild type mice were purchased from the Animal Production Area of the Frederick

National Laboratory for Cancer Research (Frederick, MD). Mice were bred in our animal

facility and housed under a pathogen-free environment. C57/BL6/Pmel-1 transgenic mice

were purchased from The Jackson Laboratory (Bar Harbor, Maine). All animal protocols

were approved by Temple University Animal Care and Use Committee guidelines.
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Tumor cell lines

Murine B16-F1 melanoma and MC38 colon adenocarcinoma cell lines were maintained in

DMEM medium (Mediatech, Inc; Herndon, VA) supplemented with 5% heat-inactivated

FBS, 2 mM L-glutamine, 1mM sodium pyruvate, 100 U/mL penicillin and 100 μg/mL

streptomycin (Invitrogen Corp; Carlsbad, CA) at 37°C and 5% CO2.

Antibodies and cytokines

Anti-STAT1 antibody (E-23) and anti-STAT2 (07-140) antibody were purchased from Santa

Cruz Biotechnologies (Santa Cruz, CA) and Millipore (Billerica, MA), respectively. Anti-

STAT2 antibody for immunofluorescence analysis was provided by Dr. Christian Schindler.

Anti-STAT3 antibody was provided by Dr. Andrew Larner (Virginia Commonwealth

University). Anti-pY701-STAT1, anti-mouse CD16/CD32 (clone 2.4G2), anti-CD3-FITC

(Clone: 17A2), CD8α-APC (Clone: 53-6.7), CD4-PE-Cy7 (Clone: RM4-5), B220-PE

(Clone: RA3-6B2), Vβ13-FITC (clone: MR12-3) and CD25-Percp-Cy5.5 (Clone: P61) were

purchased from BD Biosciences (San Jose, CA). Anti-pY705-STAT3 antibody and anti-

Actin antibody were purchased from Cell Signaling (Danvers, MA) and Abcam (Cambridge,

MA), respectively. HRP-conjugated secondary antibodies were purchased from Invitrogen

(Carlsbad, CA). FITC-anti-Rabbit IgG antibody and PE-anti-Mouse IgG (Biolegend; San

Diego, CA) were used for immunocytochemistry and flow cytometry analysis. Foxp3-PE

(Clone: FJk-16s) was purchased from eBioscience (San Diego, CA). Recombinant murine

IFN-β was provided by Biogen-Idec.

Tumor transplantation

One million tumor cells in 200 μL of endotoxin free saline solution were injected

subcutaneously (s.c.) on the dorsal flank of 6-8 weeks old C57BL/6 WT or Stat2−/− mice.

Three days later mice received IFN-β (2×104U) in and around the site of tumor

transplantation twice weekly in 100 μL of PBS intratumorally. Tumor measurements were

started at day 7 using a digital caliper. Tumor volume was determined with the formula: V=

a2b, where a is the shorter diameter and b is the longer diameter of the tumor. For

pulmonary metastasis, 5×105 B16-F1 tumor cells were injected into the tail vein of C57BL/6

WT or Stat2−/− mice. On day 20, animals were sacrificed and lungs and livers were

harvested, preserved in Bouins fixative solution, and metastatic colonies counted. For

antibody mediated T-cell depletion, each mice received an intraperitoneal injection of 150

μg of anti-Thy-1 antibody (M5/49; BioXcell, West Lebanon, NH) three days prior to tumor

inoculation and every five days thereafter. T cell depletion was confirmed by flow

cytometry analysis.

Generation of bone marrow-derived dendritic cells (BMDCs)

Bone marrow precursors were harvested from femurs and tibias and depleted of red blood

cells with ACK lysis reagent. Bone marrow cells were differentiated into DCs with complete

IMDM medium (Iscove’s DMEM supplemented with 10% FBS, penicillin/streptomycin,

gentamicin, and β-ME) enriched with 3.3 ng/mL of GM-CSF (BD Biosciences)23. At day 6,

resting DC cultures were stimulated with 100 ng/mL of LPS 3755 (Sigma-Aldrich), and
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pulsed with 5 μg/mL of human peptide gp10025–33 (GenScript, Piscataway, NJ) for 2h at

37°C.

Antigen cross-presentation assay

Cells from spleens and peripheral lymph nodes from Pmel-1 transgenic (Tg) mice were

isolated by smashing onto a 100 μm cell strainer and depleted of red blood cells by ACK

treatment. Cells were washed, resuspended in complete IMDM and plated on 10 cm petri

dishes for 1h at 37°C. The non-adherent lymphocytes, enriched in Tg T cells, were re-plated

in 96-well U-bottom plates at 100,000 cells in 100 μL volume and co-cultured with BMDCs

(10,000 cells/100 μL). Culture supernatants were collected 5 days later and tested for

cytokine release. The primed Pmel-1 CD8+ T lymphocytes were subsequently used for

adoptive transfer.

Adoptive transfer of Pmel-1 Tg T lymphocytes

Five million Pmel-1 Tg T cells primed with gp100 peptide-loaded BMDCs, were

resuspended in endotoxin-free DPBS and injected i.v. in a volume of 500 μL in mice three

days after tumor cell injection. The next day, mice received IFN-β (2×104 U) as described

earlier, twice weekly. At the end of the study, draining inguinal and contralateral lymph

nodes were harvested for flow cytometry analysis.

Cytokine measurement

Supernatants were analyzed in triplicate for mouse IFN-γ and IL-2 release using ELISA (BD

OptEIA ELISA kits). Tumor-conditioned media collected from individual tumors (WT and

Stat2−/− mice) were analyzed using the CBA Mouse Inflammation Kit (BD Biosciences; San

Diego, CA).

Flow cytometry

Pmel-1 T Tg lymphocytes obtained before and after in vitro activation with BMDCs were

incubated with anti-CD16/CD32 to block Fcγ receptors. Cells were then stained for T and B

cell markers. Lymphocytes were also stained separately with anti-FITC-Vβ13 antibody to

quantify the percentage of transgenic lymphocytes. Lymph nodes were stained for CD4,

CD8α, CD25, and Foxp3 to analyze regulatory T cells. FlowJo software (Tree star) was

used for data analysis.

Western blot analysis

Tumor cells were disrupted in lysis buffer as described previously24. Protein extracts were

resolved on precast NuPAGE 4-12% gradient gels (Invitrogen) and transferred onto

polyvinylidene difluoride membranes. Membranes were probed with the indicated primary

antibody followed by incubation with HRP-conjugated secondary antibody. Membranes

were developed using enhanced chemiluminescence reagent (GE healthcare; Piscataway,

NJ) and images captured with Alpha-Innotech HD2 image system (San Leandro, CA).

Quantification was carried out using AlphaView software (San Leandro, CA).
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Quantitative real-time PCR

Total RNA was extracted using RNA Bee Reagent (Ambion; Lake Forest, CA). RT-PCR

was performed as a two-step process using High Capacity cDNA Reverse Transcription

(Applied Biosystems; Foster City, CA) and ran using a 7300 Real Time PCR system with

primer sets from Taqman Gene Expression Assays following the manufacturer’s

instructions. Quantitation of gene expression was calculated using the following equation for

determining fold changes: 2 –(CT target gene – CT β-Actin). Actin served as a housekeeping gene.

Immunocytochemistry

Tumors were embedded in tissue preserving compound (Sakura Finetek, Torrance, CA) and

snapped frozen in liquid nitrogen. Tissue sections of 5 μm thickness placed on glass slides

were fixed in 100% methanol. Slides were blocked in 10% normal goat serum and incubated

with anti-STAT1 (1:100) and anti-STAT2 antibody (1:2500). Signals were detected after

incubation with FITC-anti-Rabbit IgG and PE-anti-Mouse IgG. Nuclei were counterstained

with Vectashield mounting medium (Vector laboratories). Images were taken with a Nikon

Eclipse TE2000-U image system (Nikon; Melville, N.Y.)

Tumor-conditioned media

Tumors were individually minced, weighed, and 100 mg of tumor tissue was cultured in 1

mL of serum free DMEM. Supernatants free of cell debris were collected 24h later and

stored at –80°C.

Isolation of tumor cells

Tumors were minced into small pieces with scalpels. The dissociated tumor material was

passed through a 330 μm filter bag (Nasco). The tumor cell suspension was further subjected

to serial filtration through 100 μm and 40 μm cell strainers (Fisher). Cell debris was

removed by Ficoll gradient centrifugation. Viable tumor cells were resuspended in complete

DMEM medium and incubated at 37°C.

Microarray analysis

Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA) and further

purified by RNeasy kit (Qiagen, Valencia, CA). The quality of total RNA was assessed

using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA). RNA samples were labeled

and hybridized to the Affymetrix mouse whole-genome Gene 2.0 ST Array (Affymetrix,

Santa Clara, CA). For each condition, three individual tumor samples were used for

microarray experiments. Scanned microarray images were analyzed using the Affymetrix

Gene Expression Console with RMA (Robust Multi-array Average) normalization

algorithm. Further statistical Analyses were performed using BRB-ArrayTools 25. Gene

classification into ontology categories (OG) was performed using BLAST2GO® version

2.6.4 (Biobam Bioinformatics, Valencia, Spain). Gene expression was validated by qRT-

PCR using three independent samples different from the samples analyzed in Affymetrix

microarray.
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Proliferation assay

Tumor cells were incubated with medium or 1:2 diluted tumor-conditioned medium. Cell

proliferation was assessed every 24h using CellTiter 96-Aqueous One Solution Reagent

(Promega, Madison, WI). Absorbance was measured at 490 nm using a VictorX5 multilabel

plate reader (Perkin Elmer, Waltham MA). Background values were subtracted prior to data

analysis.

Statistical analysis

Prism software (GraphPad, San Diego) was used for statistical analysis. In vitro results were

analyzed using the Student’s t-test to assess significance. In vivo data were analyzed using

the Mann-Whitney U test. Values of p< 0.05 were considered statistically significant.

Results

Enhanced tumor growth and lung metastasis in Stat2−/− mice

To assess differences in tumor formation, wild type (WT) and Stat2−/− mice received a

single s.c. injection of B16-F1 melanoma cells. Stat2−/− mice developed progressively larger

tumors (4100 mm3 ± 480 mm3) compared to WT mice (1800 mm3 ± 400 mm3; Fig. 1A and

lower panel). Similarly, s.c. injection of MC38 colon adenocarcinoma cells in Stat2−/− mice

caused the formation of larger tumors (4434 mm3 ± 807 mm3) compared to WT mice (1493

mm3 ± 272 mm3; Fig. 1B and lower panel). We next examined whether Stat2−/− mice would

be more susceptible to metastasis. B16-F1 cells are poorly metastatic, and yet we observed a

significant increase in the number of metastatic colonies in the lungs of Stat2−/− mice (157 ±

62) as opposed to WT mice (2.5 ± 0.6; Fig. 1C and right panel). No metastatic colonies in

the livers were detected in both strains. Our findings indicate that STAT2 exhibits tumor

suppressor function as it restricts tumor growth and metastasis.

Requirement of STAT2 in the antitumor effects of IFN-I

STAT2 mediates the antigrowth effects of IFN-I. Hence we evaluated the antitumor capacity

of IFN-β in B16-F1 tumor-bearing WT and Stat2−/− mice. IFN-β treatment of WT mice

caused a significant reduction in tumor size compared to the vehicle control group (Fig. 2B

left panel; 1620 ± 325 mm3 vs. 5376 ± 470 mm3). In contrast, IFN-β treatment of Stat2−/−

mice caused no tumor regression (Fig. 2B right panel; 6936±1240 mm3 vs. 6990±930 mm3

in IFN-β). Similar effects were observed in MC38 tumor-bearing WT and Stat2−/− mice

(Fig. 2C). Thus our data show that STAT2 is critical in eliciting the antitumor effects of

IFN-I.

IFN-I targets tumor cells indirectly in a STAT2 dependent manner

IFN-I promotes antitumor activity directly by engaging surface IFN receptors present on

tumor cells and also indirectly by relying on the immune system.18, 26 Consequently, we

compared by Western blot analysis STAT2 and STAT1 protein levels in individual B16-F1

and MC38 tumors harvested from WT and Stat2−/− mice. Both STAT2 and STAT1 within

the tumors were similarly reduced in both strains of mice when compared against tumor

cells expanded in vitro (Fig. 3A-B). Immunofluorescence staining of B16-F1 tumor sections
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indicated that at day 7 (when tumors are palpable) and until the end of the study at day 20,

STAT2 and STAT1 proteins were barely detectable. (Fig. 3C). Images of the same tumor

sections showed that STAT2 and STAT1 proteins were expressed at the peripheral edges of

WT tumors indicative of host STAT1/2 expression (Fig. S1). Moreover, we found that

within the tumors established in Stat2−/− mice, mRNA levels of STAT1 were decreased by

50% whereas STAT2 mRNA levels remained unchanged (Fig. 3D). In contrast, no

significant changes were detected in tumors established in WT mice. IFN-β treatment,

however, restored STAT1 and STAT2 expression, but only in tumors established in WT

mice (Fig. S2). Thus our data show that loss of tumor STAT2 and STAT1 proteins in the

WT and Stat2−/− host are regulated differently.

Tumor-conditioned medium does not suppress STAT1 and STAT2 expression but contains
soluble factors that enhance STAT3 activation

To determine whether soluble factors released by the tumor suppressed STAT1 and STAT2

protein expression within the tumors, we generated tumor-conditioned medium (TCM) from

tumors established in WT and Stat2−/− mice. We cultured B16-F1 tumors cells expanded in

vitro in medium alone or in 50% diluted TCM for different times. First, Western blot

analysis revealed no reduction in the protein levels of STAT2 and STAT1 after incubation

with either WT or Stat2−/− TCM (Fig. 4A). Next, we observed STAT3 activation with WT

TCM, but the level of activation was not as pronounced as with Stat2−/− TCM in which

enhanced STAT3 activation was detected between 5h and 10h (Fig. 4B and 4C). While the

identity of the soluble factors present in Stat2−/− TCM that augmented STAT3 activation

remains to be determined, no differences in the secretion of inflammatory mediators IL-6

and MCP-1 were observed in WT and Stat2−/− TCM (Fig. S3).

Tumors established in Stat2−/− mice show downregulation of immunomodulatory genes

We next compared the mitogenic activity of Stat2−/− TCM and WT TCM given that STAT3

activation was enhanced with Stat2−/− TCM. We observed that B16-F1 cells proliferated

more rapidly with Stat2−/− TCM (Fig. 4D). In an effort to identify genes implicated in the

enhanced tumor growth observed in Stat2−/− mice, we performed comparative microarray

analysis on individual tumors established in WT and Stat2−/− mice. A small subset of genes

was downregulated in tumors formed in Stat2−/− mice. Many of these genes are involved in

immune cell differentiation and function (Fig. 4E and Table S1). The mRNA expression

level of the top two candidate genes, Ifi204 and Cxcl927, 28 were validated by qRT-PCR. In

agreement with our microarray data, we found the mRNA expression levels of IFIT2, an

IFN-I target gene, to be the same in the two tumor groups. These findings indicate that

tumors proliferate more efficiently in the Stat2−/− host due to impaired expression of key

genes involved in the development of antitumor immunity.

STAT2/IFN-I signaling in DCs is essential in tumor antigen cross-presentation and
restricting tumor growth

STAT2 was reported to participate in the development and differentiation of dendritic cells

(DCs)22. Most recently, IFN-I signaling in DCs was identified as crucial for antigen cross-

presentation.20, 21 Therefore, we evaluated potential defects in tumor antigen-cross
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presentation by Stat2−/− DCs. WT and Stat2−/− bone marrow-derived DCs were loaded with

gp100 peptide and incubated with Pmel-1 TCR transgenic (Tg) T cells, which recognize the

endogenous gp100 tumor antigen expressed by B16-F1 cells29. First, no differences in the

percentages of CD8α+ Pmel-1 Tg T cells before or after priming by WT or Stat2−/− DCs

were noted (Fig. S4A-B). Second, we found a significant reduction (~60-70%) in the levels

of IFN-γ and IL-2 produced by Pmel-1 Tg T cells stimulated with Stat2−/− DCs compared to

WT DCs (Fig. 5A).

We next determined in vivo the cytotoxic activity of Pmel-1 CD8+ Tg T cells primed by WT

or Stat2−/− DCs in vitro by measuring tumor regression with IFN-β administration. We must

emphasize that for Pmel-1 Tg T cells to cause tumor rejection, accessory help is required in

the form of immunomodulatory cytokines that include IL-2, IL-15, and IFN-I30-32. We

adoptively transferred the corresponding primed Pmel-1 T cells into WT and Stat2−/−

recipient mice that were injected with B16-F1 melanoma cells three days earlier. The next

day, mice received IFN-β twice weekly (Fig. 5B and 5C). Adoptive transfer of Pmel-1 T

cells primed by WT DCs with IFN-β treatment significantly reduced tumor growth in WT

mice when compared to WT mice treated with IFN-β alone (Fig. 5B). In contrast, Stat2−/−

mice with adoptive transfer of Pmel-1 T cells primed by Stat2−/− DCs did not cause tumor

shrinkage (Fig. 5C). These results suggest that tumor antigen cross-presentation to CD8+ T

cells by Stat2−/− DCs in vivo leads to impaired differentiation of CD8+ T cells.

IFN-I enhances the recruitment of T cells in a STAT2-dependent manner

We next examined the composition of CD4+ and CD8+ T cells in WT and Stat2−/− tumor-

bearing mice. The draining inguinal lymph nodes (LN, proximal to the tumor site) as

opposed to the contralateral LN (CTRL, distal from the tumor site) in both strains showed an

increase in the absolute number of both CD4+ and CD8+ T cell populations that was

statistically significant in WT mice. A further increase in T cells was only observed in IFN-β

treated WT mice (Fig. 6A). We also analyzed the same LNs for changes in the population of

regulatory T cells (Tregs). We found that the percentage and absolute number of the classic

regulatory CD4+Foxp3+ T cells were not significantly altered before or after IFN-β

treatment in WT and Stat2−/− tumor bearing mice.

Finally, we determined if the enhanced tumor growth observed in Stat2−/− mice could be

achieved by depleting T cells in WT mice. T-cell depleted WT mice formed larger tumors

when compared to control mice. These tumors, however, were smaller than those formed in

Stat2−/− mice (Fig. S5A-B). Together, these data demonstrate that a constitutive and IFN-I-

induced T cell- mediated antitumor response is impaired Stat2−/− mice. In addition, immune

cells other than T cells participate in tumor rejection via STAT2.

Discussion

Based on a tumor transplantation model, we conclude that IFN-I-activated STAT2 is

important in restricting tumor growth. Earlier studies showed a requirement of

transcriptionally-active STAT2 to directly mediate the antigrowth effects of IFN-I.6, 9

During the course of our study, we found unexpectedly that the protein expression of both

STAT2 and STAT1 within the tumors was markedly reduced. This is the first time, to our
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knowledge, that this effect has been reported in syngeneic tumor transplantation models.

This surprising finding explains, in part, why in several spontaneous and tumor

transplantation animal models, host IFN-I responsiveness and to a lesser degree a direct

effect on the tumor, has been reported to be critical in tumor rejection.18, 26, 33 We speculate

that in tumors established in Stat2−/− mice, microRNA-146a may be induced to suppress

STAT1 expression.34 In contrast, suppression of STAT1 and STAT2 in tumors established

in WT mice can be overcome with IFN-β treatment suggesting different mechanisms to

reduce IFN-I signaling.

Our results also support an earlier study in which tumor biopsies of patients with squamous

cell carcinoma showed a gradual reduction in the protein levels IFN-I signaling molecules

STAT1 and STAT2 during tumor progression35. In a different study, however, melanoma

biopsies taken from patients before and after IFN-α immunotherapy showed variable levels

of STAT1 and STAT2 protein. This report concluded a lack of correlation between the

levels of STAT proteins with outcome of IFN response26. Although STAT2 was found

localized in the nucleus or in the cytoplasm or both compartments, it remains to be

determined whether STAT2 was functional.

Another interesting observation we report is that Stat2−/− tumor-conditioned media

enhanced tumor cell proliferation and activation of STAT3. While the composition of

factors secreted by B16-F1 tumor cells is quite extensive36, we initially postulated that loss

of host STAT2 could lead to an increase in the secretion of mitogenic factors by the tumors.

However, whole genome microarray analysis indicated quite the opposite outcome. We

identified a small subset of genes with immunomodulatory function to be downregulated in

tumors established in Stat2−/− mice. The two top candidate genes were Ifi204 and Cxcl9.

Ifi204 is an IFN-I target gene important in cell growth inhibition and macrophage cell

differentiation. 27, 37 Cxcl9 is another IFN target gene induced by IFN-α/β and IFN-γ and

functions as a T-cell chemoattractant.38, 39 Recently, Cxcl9−/− mice were reported to form

large tumors due to immunosurveillance escape.28 Thus our findings indicate that STAT2

orchestrates the expression of genes that are important in the differentiation and recruitment

of immune effector cells to the tumor site.

Most tumors carry activated STAT3 including B16-F1 and MC38 tumor cell lines.

Consequently, one can speculate that loss of STAT2 and STAT1 within tumors may confer

tumor cells a survival advantage by relying on STAT3 to activate oncogenic survival

pathways in the presence of IFN-I. In fact, IFN-I has been shown to be mitogenic and

promote cell proliferation of Stat1−/− or Stat2−/− T cells11. Furthermore, transgenic

expression of IFN-α in the brain of Stat2−/− mice has been reported to be tumorigenic. Our

studies, however, did not show enhanced tumor growth in Stat2−/−mice treated with IFN-β

compared with untreated mice.

Our study also revealed that Stat2−/− DCs were defective in tumor antigen cross-presentation

in vivo, a feature for which Stat2−/− mice may have been more permissive to form tumors

due to its inherent IFN signaling defect10. The role of IFN signaling in maturation and

differentiation of DCs has been intensively studied.20, 21, 40-42 IFN-I signaling in DCs is

important for cross-presenting antigen to CD8+ T cells; the driving force behind tumor
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elimination. Similarly, STAT2 mutant mice with close functional likeness to Stat2−/− mice

were also shown to exhibit a deficiency in maturation and differentiation of DCs22. These

observations agree with the transcriptional signature of tumors established in Stat2−/− mice.

IFN-Is are known to enhance the proliferation of Pmel-1 Tg CD8+ T cells in a tumor

vaccination model and suppress B16 melanoma growth.32 In our study, adoptive transfer of

Pmel-1 Tg T cells primed by Stat2−/− DCs into Stat2−/− mice treated with IFN-β did not

cause tumor regression. This confirms that T cell-mediated antitumor immunity is important

for host IFN-I responsiveness33, and that IFN-I adjuvant immunotherapy of melanoma may

prove to be ineffective if DCs have reduced expression of STAT2 or impaired STAT2

signaling.

In summary, our study highlights a critical interplay between host STAT2 and the tumor. A

deficiency in STAT2 disables IFN-I-mediated antitumor immune response and reduces the

expression of key immunomodulatory factors thus allowing tumors to thrive. Consequently,

the efficacy of cytokine-based cancer immunotherapy may be compromised if STAT2

function is impaired.
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Novelty and Impact

We provide evidence of the in vivo role of STAT2 in the antitumor activity of type I

interferons (IFN-I). We found STAT2 to be critical in controlling tumor growth and in

tumor antigen cross-presentation. Microarray analysis identified a small subset of

STAT2-dependent genes that actively participates in antitumor immunity. T cell

recruitment is also enhanced by IFN-I via STAT2. Our findings indicate that impairment

in host STAT2 function can diminish the efficacy of IFN-I immunotherapy.
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Figure 1. Targeted deletion of host STAT2 enhances tumor growth and lung metastasis
WT or Stat2−/− mice were injected with 1 × 106 (A) B16-F1 or (B) MC38 tumor cells. Data

represent mean tumor volume ± SEM of one representative study conducted with wild type

(WT) and Stat2−/− mice. Representative images of individual B16-F1 melanoma tumors or

MC38 tumors harvested from WT and Stat2−/− mice at day 20 of the study. (C) WT and

Stat2−/− mice received a tail vein injection of 5×105 B16-F1 tumor cells. Mice were

sacrificed at day 20 and tumor colonies in the lungs were counted, (n=5). Representative

image of individual lungs from wild type (WT) and Stat2−/− mice are shown. *, p< 0.05; **,

p< 0.01; and ***, p< 0.001. n=8-10 animals/group.
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Figure 2. The antitumor effects of IFN-I are abrogated in Stat2−/− mice
(A) Animal study design and scheduling of IFN-β administration. WT and Stat2−/− mice

received 1 × 106 (B) B16-F1 tumor cells or (C) MC38 tumor cells. Three days later mice

received subcutaneous (s.c.) injections of PBS or IFN-β (2×104 U) around the site of tumor

implantation. Tumor size was measured three times weekly. Values are shown as mean

tumor volume ± SEM. *, p< 0.05; ***, p< 0.001. Data are representative of three

independent experiments. n=8/group.
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Figure 3. Dramatic decrease of STAT2/STAT1 within tumors
Western blot analysis of STAT1 and STAT2 in individual (A) B16-F1 and (B) MC38

tumors harvested from WT or Stat2−/− mice on day 20. Tumor cells expanded in vitro

represent the basal level of STAT proteins. (C) Tumors harvested on the indicated days were

evaluated for STAT1 (green) and STAT2 (red) by immunofluorescence staining. Nuclei are

blue. Images are representative of at least three sections from three individual tumors. (D)

mRNA levels of STAT1 and STAT2 measured in six individual B16-F1 tumors harvested

from WT and Stat2−/− mice on day 20 by qRT-PCR. Data are shown as the mean fold

change determined by normalization to the housekeeping gene Actin. ***, p< 0.001 and n.s.;

not significant.
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Figure 4. B16-F1 tumors established in Stat2−/− mice show reduced expression of
immunomodulatory genes
Tumor-conditioned medium (TCM) prepared from tumors harvested from WT and Stat2−/−

mice was incubated with B16-F1 cells. Western blot analysis of (A) STAT1 and STAT2

protein levels and (B) Activated forms of STAT1 (pY701) and STAT3 (pY705) are shown.

(C) The ratio of pY705-STAT3/Actin. (D) Cell proliferation measured by MTS assay every

24h; *, p< 0.05. (E) Heatmap of relative gene expression levels on a log2 scale comparing

transcriptional signatures of tumors explants from WT and Stat2−/− mice. (F) Validation of

select genes by qRT-PCR.
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Figure 5. Impaired tumor antigen cross-presentation by STAT2−/− DC
LPS-stimulated WT or Stat2−/− BMDCs were pulsed with gp100 peptide and co-cultured

with Pmel-1 T cells. (A) Supernatants were analyzed for IFN-γ and IL-2. (B-C) Antigen-

primed Pmel-1 T cells were adoptively transferred into recipient mice injected three days

before with B16-F1 tumor cells (T cells primed by WT-DCs → WT mice and T cells primed

by Stat2−/−DCs → Stat2−/− mice). The next day mice began IFN-β treatment. Mice treated

with vehicle or IFN-β alone served as controls; n=5/group. Values are shown as mean tumor

volume ± SEM. ***, p< 0.001 and *, p>0.05. Data are representative of two independent

experiments.
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Figure 6. Increase in T cells in IFN-β treated tumor-bearing mice is STAT2 dependent
Draining inguinal lymph nodes (LN) and contralateral LN (CTRL) from individual tumor-

bearing WT or Stat2−/− (S2KO) mice injected with PBS or IFN-β were analyzed by flow

cytometry. (A) Absolute numbers of CD4+ and CD8+ T cells. (B) Percentage and absolute

numbers of CD4+Foxp3+ T cells. Data of one representative experiment of two are shown.

Draining LNs; 5-8 mice/group. CTRL; 3-6 mice/group. *, p< 0.05; **, p< 0.01; and n.s., not

significant.
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