Synergistic anti-tumor effects CpG Oligodeoxynucleotide
Synergistic anti-tumor effects of CpG oligodeoxynucleotide and STAT3 inhibitory agent JSI-124 in a mouse melanoma tumor model

Abstract

One of the major limitations for cancer immunotherapy is related to the frequent existence of an intra-tumoral immunosuppressive environment, to which STAT3 (Signal transducer and activator of transcription-3) activation in tumor and dendritic cells (DCs) is believed to contribute. In this study, we tested the hypothesis that the combination of CpG (a DC activator) and JSI-124 (a STAT3 inhibitor) may generate synergistic anti-tumor effects compared to CpG or JSI-124 alone. B16-F10, a mouse melanoma cell line that has constitutively active STAT3, was grafted in C57BL/6 mice and injected intra-tumorally with a) phosphate buffered saline, b) 10 μg CpG, c) 1 mg/kg JSI-124 or d) 10 μg CpG + 1 mg/kg JSI-124. Anti-tumor effects were assessed by measuring tumor size after treatment and the survival of the animals. The effect of treatments on anti-tumor immune responses was also evaluated. While significant anti-tumor effects were detected with the single-agent treatments, the CpG + JSI-124 treatment resulted in synergistic anti-tumor effects compared to CpG or JSI-124 alone. Correlating with these findings, the combination therapy resulted in significantly higher levels of several pro-inflammatory, TH1-related cytokines (including IL-12, IFN-γ, TNF-α and IL-2), increases in intra-tumoral NK cells, CD8+ and CD4+ effector T cells, and increases in activated DCs in the tumors and regional lymph nodes (LNs). Commitantly, the combination therapy led to a significantly decreased level of immunosuppression, as evidenced by lower intra-tumoral VEGF and TGF-β, and decreased CD4+CD25+Foxp3+regulatory T cells in the regional LNs. This study has provided the proof-of-principle for combining CpG and JSI-124 to enhance the anti-tumor immune responses.

During the last decade, various strategies have been developed to stimulate the generation of tumor-specific immune effector cells for cancer immunotherapy [26, 41]. While specific anti-tumor T-cell responses often can be induced by vaccination, effective eradication of establishedtumors in murine models or patients is rarely seen [39]. Accumulating evidence suggest that the limited success of this approach may be linked to the frequent existence of an immunosuppressive microenvironment within tumors, as evidenced by the presence of dysfunctional tumor-infiltrating immune effector cells [6]. Recent studies of the tumor-host interactions have led to the identification of important molecules that contribute to this tumor-induced immunosuppression and dominant toleragenic state. One of these molecules is STAT3 (Signal transducer and activator of transcription-3). In addition to its oncogenic effects on cell proliferation, angiogenesis and metastasis, STAT3 plays an important role in establishing the intra-tumoral immunosuppressive state by blocking the secretion of various pro-inflammatory mediators and increasing that of immunosuppressive factors [48]. These changes are believed to inhibit the recruitment and functions of various immune cell types. Much attention has been given recently to the dendritic cells (DCs) which play key roles in the initiation of anti-tumor immune responses. It has been postulated that several tumor-derived immunosuppressive factors, including vascular endothelial growth factor (VEGF) and Interleukin (IL)10, activate STAT3 in DCs and other immune cells, rendering them immunosuppressive or dysfunctional [17, 29, 46, 48]. Moreover, the lack of pro-inflammatory factors results in activation of tolerogenic DCs [42] which can be further inhibited from becoming mature effective DCs through up-regulation of STAT3 induced by tumor-secreted immunosuppressive factors [9, 50]. Tolerogenic DCs not only are unable to initiate anti-tumor immunity but they induce activation of regulatory T (Treg) cells which further inhibit the function of DCs and effector T cells [9, 48, 50].

In view of these concepts, blockade of STAT3 activation in DCs has been suggested as a strategy for enhancing the effectiveness of cancer immunotherapy. It has been shown that the maturation of DCs in tumors can be restored with STAT3 inhibition, as evidenced by a decrease in CD11c+MHC-IIlowCD86low immature DCs [46]. Moreover inhibition of STAT3 in DCs using a small molecule inhibitor of STAT3, JSI-124 [1], leads to improved function and activation of impaired STAT3-active DCs [28, 30]. Another approach for enhancing the efficacy of cancer immunotherapy is to stimulate DCs through their toll-like receptors (TLR). Among 10 different TLRs,TLR9 of plasmacytoid DCs and B cells recognizeoligodeoxynucleotides with unmethylated CpG motifs (CpG), a signaling pathway resulting in lowertoxicity compared with the other TLR pathways [13].Although TLR9 has been also shown to be expressed in mouse but not human myeloidDCs [15, 21], more recent studies suggest CpG oligodeoxynucleotides as a potential immunostimulatory agent of human myeloidDCs [3, 12, 25]. CpG oligodeoxynucleotides are potent stimulators of both innate(natural killer (NK) cells and macrophages) and adaptive immunologic responses [5]. CpG oligodeoxynucleotides are well recognized for the induction of T helper type 1 (TH1) responses [5] and accumulating evidence in experimental animals shows their anti-tumor activity against different types of tumors inboth preventive and therapeutic settings [18]. Giventhe potent TH1 adjuvant properties and anticancer activity of CpG oligodeoxynucleotides, they have been introducedinto various clinical trials and currently being tested in phase II and phase III human clinical trials as adjuvants to cancer vaccines and in combination with other therapies [19].

Considering the importance of DCs in mounting effective anti-tumor effects, and the role of STAT3 activation in rendering DCs ineffective, we hypothesized that the combination of DC activation induced by CpG and STAT3 inhibition induced by JSI-124 may result in synergistic anti-tumor effects. To test this hypothesis, we compared the tumor suppressive effects achieved by CpG alone, JSI-124 alone and the combination of CpG + JSI-124, in a mouse melanoma model. We believe that our findings provide the proof-of-principle of employing the combination of DC activation and STAT3 downregulation in cancer immunotherapy.

Materials and methods

Materials

JSI-124 was purchased from Calbiochem (San Diego, CA, USA). CpG (unmethylated CpG dinucleotides, ODN#1826) was obtained from InvivoGen (San Diego, CA, USA). Murine IL-2, Interferon-g (IFN-g), transforming growth factor-β (TGF-β) and tumor necrosis factor-a (TNF-a), enzyme-linked immunosorbent assay (ELISA) kits, FITC conjugated anti mouse CD3 (145-2C11) and CD86 (B7-2)(GL7), Phycoerythrin (PE) conjugated anti mouse NK1.1 (NKR-P1C-Ly-55), CD11a (M17/4), CD69 (H1.2F3) and major histocompatibility complex (MHC) II (M5/114.15.2), PE -Cy5 conjugated anti mouse CD8 mAb (53-6.7), CD4 (H129.19) and CD11c (N418), their respective isotype controls and mouse Treg cell Staining Kit were purchased from E-Bioscience (San Diego, CA, USA). Murine IL-12 ELISA kit and AnnexinV-FITC/PI apoptosis kit were purchased from BD Biosciences (Mississauga, ON, Canada). Mouse VEGF ELISA kit was from R&D systems, Inc (Minneapolis, USA). Anti-P-STAT3 (phosphorylated STAT3) antibody was purchased from Cell Signaling technology, Inc. (Danvers, MA, USA). Protease inhibitor and Sigma 104 phosphatase substrate were obtained from Sigma-Aldrich (Ontario-Canada).

Mice and tumor cells

C57BL/6 male mice,6 to 10 weeks old, were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and maintained under standard conditions.Procedures involving animals and their care were conducted inconformity with the University of Alberta Health Sciences Animal Policy and Welfare Committee. B16-F10, a melanoma of C57BL/6 origin was obtained from American Type Culture Collection, ATCC.

Tumor implantation and treatment

A total of 80 C57BL/6 mice were injected subcutaneously (s.c) at their left flank with 1 × 106 B16-F10 melanoma cells. Tumors were allowed to grow until they became palpable (7 days after tumor implantation) then animals were randomly assigned to four groups (20 mice per group). Control mice received 50 µL PBS (phosphate buffered saline, 154 mM NaCl, 1.9 mM NaH2PO4, 8.1 mM Na2HPO4, pH 7.3) containing 20% ethanol (PBS group) and experimental groupsreceived 1 mg/Kg JSI-124 (soluble in 50 µL PBS with 20% ethanol) and/or 10 mg CpG (suspended in 50 µLPBS). Tumor size was measured during treatment twice a week by vernier caliper and tumor volume (mm3) was calculated using the following equation: Tumor volume = (longer diameter) x (shorter diameter)2/2.

Flow cytometric analysis

At selectedtime-points after tumor inoculation, tumor bearing animals were sacrificed and tumors and LNs were collected. Tumors were weighed and equal amount of tumor from each group was homogenized by mechanic dispersion to a cell suspension in flow cytometry buffer (PBS with 5% FBS (Fetal bovine serum)). LNs were also dissociated and suspended in flow cytometry buffer. The resulting cell suspensions were filteredsequentially through 70 µm cell strainers (BDFalcon) stained with appropriate fluorescence conjugated antibodies or their respective isotype controls and incubated for 30 min at 4°C. Intracellular Foxp3 (forked-head transcription factor) (FJK-16s) staining was done according to the manufacturer's instructions. Cell suspensions of tumors isolated from animals was stained with Annexin V-FITCPI following the manufacturer's instructions. All samples were acquired on a Becton-Dickinson Facsort and analyzed by Cell-Quest software.

ELISA

The supernatant of cell suspension from harvested tumors were collected, filteredsequentially through 70 µm cell strainers and analyzed for the level of IL-12, IFN-g, IL-2, TNF-a, VEGF and TGF-β by ELISA using the commercially available ELISA kits in a 96 well microplate using a microplate reader (Powerwave with KC Junior software; Bio-Tek, Winooski, VT) at OD of 450 nm according to the manufacturer's directions. The minimum detection levels of the cytokines were: IL-12, 62 pg/mL; TNF-α, 7 pg/mL; IFN-g 15 pg/mL; VEGF 7.8 pg/mL; IL-2 2 pg/mL and TGF-B 62 pg/mL.

Immunohistochemical and western blot analysis of tumor tissues for P-STATImmunohistochemical staining was performed using standard techniques as previously described [14]. Briefly, formalin-fixed, paraffin-embedded tissue sections of 4 μm thickness were deparaffinized and hydrated. Heat-induced epitope retrieval was performed using citrate buffer (pH 6.0), a pressure cooker and microwave for 20 min. After cooling down, endogenous peroxidase activity was blocked by incubation with 3% H2O2 for 10 min. Tissue sections were incubated with anti-P-STAT3 antibody overnight in a humidified chamber at 4°C. They were then reacted with biotinylated MultiLink antibodies and labeled streptavidin horseradish peroxidase complex. The reaction was visualized using 3-3 diaminobenzidene (DAB) chromagen solution (Dako) resulting in brown precipitate. Slides were counter-stained in hematoxylin, rinsed inwater and dehydrated with increasing concentrations of EtOH (etomidate) and thenxylene. For western blotting tumor tissues were homogenized and lysed in a buffer containing 30 mM HEPES(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)) (pH 7.5), 2 mMNa3VO4 (sodium orthovanadate), 25 mM NaF (Sodium Fluoride), 2 mM EGTA (ethyleneglycotetraacetic acid), 1:100 protease inhibitor mixture, 0.5 mM DTT (dithiothreitol) and 6.4 mg/mL Sigma 104 Phosphatase Substrate. Then cell lysates were processed for western blot analysis as described previously [24].

Statistical analysis

The significance of differencesamong groups was analyzed either by one-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls post hoc test for multiple comparisons. Before executing the ANOVA, data were tested for normality and equal variance. If neither of the latter criteria were met, data were compared using a Kruskal-Wallis one-way ANOVA on ranks. A P value of ≤ 0.05 was setfor the significance of difference among groups. The statistical analysis was performed with SigmaStat software (Systat Software Inc. San Jose, California, USA).

Results

Intra-tumoral injection of CpG + JSI-124 suppressed P-STAT3 level and induced apoptosis in B16-F10 tumor in vivo

JSI-124 is a selective inhibitor of the Janus kinase (JAK)/STAT3 pathway and it has been shown to induce anti-tumor effects in a variety of human cancer cell lines [1]. Using Western blots, we previously confirmed that B16-F10 cells express a high level of P-STAT3 [24]. In this study, we assessed the expression of P-STAT3 in B16-F10 cells grafted to C57BL/6 mice using immunohistochemistry and Western blots. As shown in Fig. 1A and B, tumors isolated from the mice treated with PBS or CpG showed strong nuclear expression of P-STAT3. By contrast, there was a marked decrease in the expression of P-STAT3 in tumors injected with JSI-124 alone or CpG + JSI-124.

FITC-Annexin V/PI flow cytometric analysis of cell suspensions prepared from isolated tumor cells following 8 days of treatment revealed a significant increase in the percentage of late apoptotic cells (AnnV+/PI+) in tumors injected with JSI-124 + CpG as compared to the PBS group (P<0.05) (Fig. 1C). However we didn't find any statistically significant increase in the percentage of late apoptotic cells in tumors treated with either CpG or JSI-124 alone as compared to PBS group (Fig. 1C) (P>0.05). The percent of early apoptotic cells was small in all the groups and the total apoptotic cells were significantly different between CpG + JSI-124 and PBS group (not shown) (P<0.05).

Intra-tumoral injection of CpG + JSI-124 had synergistic effects on B16-F10 tumor growth and significantly improved the survival time of tumor-bearing mice

As shown in Fig. 2A, the average tumor size increased rapidly in the PBS group and it reached above 1,500 mm3 after 15 days of tumor implantation, whereas daily intra-tumoral injection of 10 mg CpG resulted in significantly slower tumor growth; the average tumor volume was below 500 mm3 during the same period of time (P<0.01). Daily intratumoral injection of 1 mg/kg JSI-124 alone or in combination with 10 mg CpG efficiently inhibited tumor growth as compared to PBS group or CpG injected tumors (P<0.001) (Fig. 2A). The average tumor volume on day 11-14 after tumor implantation in the mice received combination therapy was found to be significantly lower than that in JSI-124 group at the same period (13-19 mm3 in CpG + JSI-124 versus 43-106 mm3 in JSI-124 group) (P<0.05). Consistent with these data, the average tumor weight after 8 days of treatment with either JSI-124 (0.2 gram) or CpG + JSI-124 (0.09 gram) was significantly lower than that of the PBS group or CpG-injected tumors (P<0.001). The average tumor weight of CpG-injected tumors following 8 days treatment was also found to be significantly less than that of the PBS group (0.63 gram versus 1.15 gram, P<0.05)(Fig. 2B).

To further compare the effects of the CpG + JSI-124 combination therapy to those of JSI-124 and CpG monotherapy, animals in all treatment groups were monitored for tumor growth and survival after stopping drug injection on day 15. As shown in Fig. 2A and C, tumor rapidly grew in animals that received JSI-124 after stopping the treatment and survival dropped from 100% on day 17 to 11% on day 24 after tumor implantation. However, at the same time point, 45 % of the mice treated with CpG + JSI-124 were tumor-free and the survival was 100% (Fig. 2C and D). For mice received CpG alone, survival gradually went down from 78% on day 12 to 22% on day 24 (Fig. 2C). Among animals that received CPG + JSI-124, 1 of 9 mice remained tumor-free and did not develop tumor when it was re-challenged with 1 × 106B16 tumor cells on day 40 after the initial tumor implantation. As control group for tumor re-challenging study, the same number of tumor cells was grafted in 3 mice which had never been injected with tumor before. While mice in control group developed palpable tumors on day 8 after implantation, the mouse survived from CpG + JSI-124 didn't develop any tumor during 24 days monitoring after it was re-challenged with tumor.

B16-F10 primary tumors were infiltrated by NK cells, CD8+ and CD4+ effector T cells following intra-tumoral injection of JSI-124 + CpG in vivo

In an attempt to provide a biological explanation for the superior anti-tumor effects of JSI-124 + CpG, we analyzed the intra-tumoral lymphocyte infiltrates following 8 days of treatment. In comparison to the PBS group, intra-tumoral treatment with CpG + JSI-124 resulted in 75, 50 and 125-fold increase in the percentage of NK cells, CD8+ and CD4+ T cells in the tumor, respectively (Fig. 3A). On the other hand, only 2 to 5- fold increase in the percentage of NK cells and effector T cells was observed in the tumors received either CpG or JSI-124 (Fig. 3A). The increase in the percentage of T cells and NK cells in the CpG + JSI-124 group was statistically different from the PBS group and the mice received either CpG or JSI-124 alone (P < 0.01).

The CD3+/CD4+ and CD3+/CD8+ T cells were further analyzed for the expression of activation/memory markers using flow cytometry. In the CpG + JSI-124 group, CD11a, CD69 and CD44 were expressed in 31 %, 15 % and 92 % of CD3+/CD4+ T cells and 24 %, 27 % and 88 % of CD3+/CD8+ T cells, respectively (Fig. 3B). The proportions of cells showing these activation/memory markers were not significantly different from those in the monotherapy groups (not shown). The expression of these activation/memory markers was not detectable in the PBS group.

Intra-tumoral injection of CpG + JSI-124 resulted in a significant increase in the proportion of activated DCs in tumor and regional LNs

DCs play a key role in the activation of effector T cells, but they have been shown to be dysfunctional or tolerogenic in the tumor immunosuppressive microenvironment. Recruitment of a higher number of effector T cells in tumors injected with CpG + JSI-124 (as shown above) may reflect improved anti-tumor function of DCs in tumors and lymph nodes (LNs) in this group. To test this hypothesis, we evaluated the activation status of DCs in tumor and regional LNs following 6 days of intra-tumoral injections. To minimize the activation of DCs during experimental procedures thatmay artificially activate DCs [11], DCs were not purified from tumor or LNs but stained directly with DC maturation markers. The gating strategy for DCs using the CD11c+MHC-IIhigh immunophenotype has been previously reported [17]. CD11c+MHC-IIhigh DCs were gated and analyzed for CD86 expression, a marker known to be associated with activated DC [38]. The percentage of CD11c+MHC IIhigh DCs in tumor was found to be 2.6 %, 7 %, 9 %, and 15.7 % in PBS, CpG, JSI-124, and CpG + JSI-124 group, respectively (Fig 4A). Statistical analysis of data revealed no significant difference in the percentage of CD11c+MHC II high DCs among the PBS group and tumors injected with either CpG or JSI-124 alone (P>0.05). However, the proportion of activated DCs in the CpG + JSI-124 group was significantly higher than that in the PBS group (P = 0.01) as well as that of the CpG (P = 0.03) and JSI-124 (P = 0.04) monotherapy groups (Fig. 4A). While CD11c+MHC IIhigh DCs from PBS group were found to be negative for CD86 expression, CD86 was expressed on 3.6 %, 10.7 %, and 13.3 % of CD11c+MHC IIhigh DCs in CpG, JSI-124, and CpG + JSI-124 group, respectively (Fig 4B). The percentage of CD11c+MHC IIhigh DCs in LNs of PBS group, CpG-treated mice and JSI-124 group was found not to be statistically different from each other (P>0.05), but the percentage of CD11c+MHC IIhigh DCs significantly increased from 4.5-7 % in the PBS or other two excremental group (CpG and JSI-124) to 12 % in the mice that received JSI-124 + CpG (Fig. 4A) (P = 0.05). CD86 was expressed in only 8-9 % of CD11c+MHC II high DCs from the LN in either PBS, CpG alone or JSI-124 alone groups. In contrast, a significantly higher portion of of CD11c+MHC II high DCs (22.5 %) exhibited CD86 expression in the CpG + JSI-124 group (Fig. 4B).

Intra-tumoral injection of CpG + JSI-124 had synergistic effects in increasing the level of pro-inflammatory cytokines and reducing immunosuppressive factors

To further analyze the mechanisms by which the CpG + JSI-124 combination therapy induces DC activation and intra-tumoral recruitment of effector T-cells, tumors were evaluated for the level of a panel of effector and immunosuppressive cytokines. IL-12, IFN-g, IL-2 (cytokines involved in TH1-immune responses) and TNF-a have been shown to be capable of eliciting beneficial anti-tumoreffects through their dual function aspro-inflammatory and anti-angiogenic factors in a variety of experimentaltumor models [8, 31, 37, 47]. VEGF and TGF-β are potent immunosuppressive factors which promote and sustain nonresponsiveness of the immune system to growing tumors through negative regulation of DC maturation and induction of Treg cell activation [10, 22, 32, 33, 36, 48]. As shown in Fig. 5, intra-tumoral injection of CpG + JSI-124 resulted in a significant increase in the intra-tumoral level of IL12, TNF-a, IL2 (P<0.05), and IFN-g (P<0.001), as compared to that in the PBS group, CpG or JSI-124 monothapy group. Intra-tumoral injection of JSI-124 alone or in combination with CpG significantly reduced VEGF level in tumors as compared with the PBS or CpG group (Fig. 5) (P<0.001). Compared to the PBS group, treatment with either CpG or JSI-124 did not result in any significant change in the level of TGF-β (P>0.05); however, CpG + JSI-124 therapy significantly reduced TGF-β level in tumor as compared with PBS group and the mice received CpG or JSI-124 monotherapy (P<0.01)(Fig. 5).

The population of CD4+CD25+ T cells expressing Foxp3 decreased in regional LNs following intra-tumoral injection of CpG and JSI-124

Previous studies indicate that CD4+CD25+ Treg characterized by the expression of Foxp3 play a significant role in suppressing anti-tumor immunity [44, 45]. Thus, we tested whether treatment with JSI-124 and/or CpG inhibits induction of CD4+CD25+Foxp3+ Treg cells in the regional LNs. Because regulatory CD4+ T cell activity has been identifiedin the CD4+CD25+T-cell population, we first estimatedthe proportion of such CD4+CD25+ T cells in LNs. However, it is difficult to distinguish Treg cells based on CD25 expression, especially in LNs where T cell priming is going on and CD25 is also up-regulated on effector T cells upon T cell receptor engagement before clonal expansion. Therefore, we gated CD4+CD25+ T cells population and analyzed for Foxp3 expression. As Fig. 6 shows, there was no significant difference among frequencies of CD4+CD25+ T cells in LNs from different treatment groups (P>0.05). However 40% of CD4+CD25+ T cells from the PBS group were positive for Foxp3, consistent with Treg cell phenotype. On the other hand, only 3-6 % of CD4+CD25+ T cell from the groups received CpG and/or JSI-124 expressed Foxp3 (Fig. 6).

Discussion

As discussed, the induction and efficacy of the anti-tumor immune responses are often limited by the presence of immunosuppressive factors in the tumor microenvironment. STAT3 has been identified as one of the important mediators of tumor-induced immunosuppression [48]. Specifically, activation of STAT3 in DCs, often triggered by tumor cell-derived immunosuppressive factors (such as VEGF), inhibits the functional maturation of DCs [16, 20, 23, 48]. In support of this concept, a previous study shows that that tumor-infiltrating DCs in hematopoietically STAT3-ablated mice (STAT-/-) express a higher level of CD86 and MHC II after treatment with a TLR ligand as compared to those in STAT3+/+ mice [17]. DCs that fail to mature properly can turn into tolerogenic DCs, which are known to induce the production of immunosuppressive factors (such as TGF-β) as well as Treg cells, which further dampen the anti-tumor immune response [36, 48, 50]. Previous attempts have been made to disrupt this vicious cycle of immunosuppression, with a focus on restoring the functions of DCs. One approach is to inhibit STAT3 activation in DCs and the other approach is to activate DCs using CpG. Both of these two approaches have shown to be effective. For instance, JSI-124 has been shown to significantly inhibit tumor growth in the B16 mouse melanoma tumor model [1, 24]. Intra-tumoral injection of CpG has been also shown to inhibit tumor growth and increase the survival of mice bearing B16 melanoma tumors [40]. In this study, we demonstrated that the CpG + JSI-124 combination therapy exhibits synergistic anti-tumor cancer activity characterized by significantly lower tumor size and improved survival, as compared with the negative control groups, and the JSI-124 or CpG monotherpy groups.

Our data showed that intra-tumoral injection of CpG + JSI-124 resulted in tumor regression, associated with decreases in immunosuppresion within the tumors. Importantly, when we assessed the anti-tumor effects of the combination of CpG + JSI-124, we found profound and synergistic anti-tumor activity compared to the other experimental groups. These synergistic anti-tumor effects appear to stem from fundamental changes in the anti-tumor response, as reflected by significant changes in several parameters, including increases in the recruitment of effector T-cells and NK cells, enhanced activation and maturation of DCs, increases in the levels of several TH1-related pro-inflammatory cytokines, and decreases in intra-tumoral level of TGF-β and VEGF. The number of Treg cells was also found decreased in the regional LNs. While treatment with CpG alone or JSI-124 alone also resulted similar pattern of changes in the anti-tumor responses, the magnitudes observed were significantly less than those of the combination treatment.

While the exact mechanisms to explain the synergistic anti-tumor effects of the combination therapy require further studies, we made the following speculation based on the current concept and our findings regarding changes in the anti-tumor immune response. We believe that the combination of JSI-124 and CpG effectively disrupts the vicious cycle of immunosuppression, as described above. Specifically, JSI-124 + CpG induce apoptosis in the tumor cells that possess constitutively active STAT3 in our experimental model. Since STAT3 is known to upregulate VEGF expression [7], the decrease in the number of viable tumor cells likely results in a substantial decrease in VEGF, a potent immunsuppressive factor. Consequently, immune effectors cells can be recruited and their anti-tumor functions can be somewhat restored. For the DCs, the decrease in the tumor-derived suppressive factors (which can activate STAT3 in DCs), in conjunction with direct STAT3 inhibition by JSI-124 and CpG-induced activation, will likely greatly restore their maturation and anti-tumor functions, which in turn further promote an effective anti-tumor immune response. Both Treg cells and TGF-β, known to be upregulated by immature and tolerogenic DCs [48, 50], also will be greatly decreased. Thus, as a result of the combination treatment, the vicious cycle of immunosuppression is turned into a circuit of effective anti-tumor responses which is sustained by a positively feedback loop between the immune effector cells and the DCs. This scenario likely explains the observed synergistic anti-tumor effects and the magnitude of changes in the immune response induced by JSI-124 + CpG.

We believe that our experimental data support this hypothetical model. With regard to the recruitment of effector immune cells, we found that treatment using JSI-124 alone resulted in 2-5 fold increment in the number of effector T cells and NK cells within the tumors. These observations are in keeping with the results of previous studies that have shown that blocking STAT3 in STAT3-active tumor cells leads to secretion of soluble factors stimulating lymphocyte migration in vitro [4]. By immunohistochemistry, it also has been shown that STAT3 inhibition in B16 tumors results in an increase in tumor infiltration by T cells in vivo, although the immunophenotype of these T-cells were not further characterized [46]. In our study, CpG alone also induced a 2-5 fold increase in the number of infiltrating T-cells. By contrast, CpG + JSI-124 combination therapy resulted in a dramatic increase (75-150 folds) in the percentage of effector cells in the tumor. We believe that these observations are of great significance since inadequate trafficking of effector cells in tumor is considered one of the major determinants to effective cancer immunotherapy [6]. Several studies also suggest that increased tumor infiltration by immune effector cells is associated with an improved outcome in cancer patients [2, 27, 35, 49].

For the DCs, the proportion of activated DCs significantly increased with the combination treatment. Intratumoral injection of CpG alone did not result in any significant change in the number of activated DCs. This is consistent with other studies showing that CpG on its own cannot activate impaired DCs in tumor [43]. Intra-tumoral injection of JSI-124 was also found unable to significantly increase DC maturation in tumor and regional LNs. Others have shown that intraperitoneal injection of JSI-124 increases the number of mature myeloid DCs in LNs of the mice bearing tumor without hyperactive STAT3 [30]. The differences between our observation and the previous study may be related to the use of different cell line in particular when we have used a tumor with hyperactive STAT3.

The induction of T cell mediated immune responses in the mice treated with CpG + JSI-124 correlates well with higher levels of TH1-related pro-inflammatory cytokines including of IL12, IL-2 and IFN-g. Pro-inflammatory cytokines not only positively regulate the recruitment and function of immune effector cells, they also reduce immunosupression in tumors by blocking the activation of toleragenic DCs and Treg cells [42, 48].

To further support of the hypothetical model, we also found a significantly lower number of CD4+CD25+Foxp3+ Treg cells in tumor-draining LNs in all treated groups as compared to PBS group. Our result showing that CpG can exert an inhibitory effect on Treg cells activation is in line with the studies which have shown activation of murine DCs through their TLR9 can reverse the suppressive activity of Treg cells in vitro [34]. The inhibitory effect of JSI-124 on Treg cells is likely via blocking VEGF which plays an important role in activation of these cells [20].

One interesting observation in this study was that one mouse from the group received combination therapy remained tumor free and did not show any sign of tumor development when it was re-challenged with tumor. This observation may suggest the development of long-lasting tumor-specific immunity, which may be related to the intensity of the immune responses found in this group. Further studies are needed to characterize the mechanism of long-lasting immune responses elicited by this immunomodulation approach. In conclusion, we believe that our findings, for the first time, have provided the proof-of-principle of using DC activation and STAT3 inhibition for cancer immunotherapy.

Our data support the concept that the combination therapy is superior to JSI-124 or CpG alone by virtue of its effective disruption of the vicious cycle of immunosuppression within the tumors. As a result of these changes, the immune environment in the tumor favors effective recruitment and activation of anti-tumor effector cells. Since our experiments involved only in one cell line, further studies are needed to test the efficacy of our immunomodulation approach in other STAT3-active tumors. It is also of great interest to determine whether CpG + JSI-124 combination therapy can be effective in tumors without constitutively active STAT3.
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Legends to figures

Fig. 1 Analysis of B16-F10 tumor for P-STAT3 level and apoptosis in vivo. B16-F10 tumors, implanted to C57BL/6 mice, were treated intra-tumorally with either PBS containing 20 % ethanol (PBS group), CpG (10 mg), JSI-124 (1 mg/kg) or CpG + JSI-124 at the same dose for 8 days. Then tumor were then isolated and analyzed for: A) P-STAT3 by immunohistochemistry (P-STAT3 positive cells are stained brown); B) P-STAT3 level by Western blot; and C) Apoptosis by flow cytometry (Annexin V-FITCPI staining of tumor cells suspension). Images (1000X magnified) and blots are representative of two independent experiments. Apoptosis data represent the mean ± SD of three independent experiments (*significantly different from PBS group, P<0.05)

Fig. 2 Anticancer activity of CpG +JSI-124 combination therapy in vivo. On day 7 after tumor implantation, the mice assigned to four groups (20 per group) and intra-tumorally treated with either PBS containing 20 % ethanol (PBS group) or 10 mg CpG or 1 mg/kg JSI-124 or the same dose of CpG + JSI-124 and monitored for tumor growth and survival. A) Average tumor volume in animals (n=13-15, mean ± SE); B) Average tumor weight on days 15 after tumor injection (n=7, mean ± SD); C) % survival in a period of 30 days after tumor implantation (n=9); and D) % tumor-free mice (n=9). *significantly different form tumors treated with PBS (P<0.01 for CpG group and P<0.001 for JSI-124 and CpG + JSI-124), significantly different form tumors received only CpG (P<0.01), ° significantly different form tumors injected with JSI-124 (P<0.05).

Fig. 3 Recruitment of effector T cells and NK cells into tumor following treatment with CpG and/or JSI-124. Following 8 days intra-tumoral injection of either of the following PBS containing 20 % ethanol (PBS group), CpG, JSI-124, or JSI-124 + CpG, tumor were isolated and analyzed for T cells and NK cells surface markers using flow cytometry. A) Folds increased in the percentage of CD3+ CD4+ and CD3+ CD8+ T cells in tumors injected with CpG and/or JSI-124 as compared with tumor injected with PBS; B) CD11a, CD69 and CD44 expression (solid lines) in gated CD3+ CD4+ and CD3+ CD8+ T cells infiltrated in tumor received JSI-124/CpG combination therapy. Filled histograms represent isotype controls. The data are representative of the mean ± SD of three independent experiments. ٭significantly different form either PBS, CpG or JSI-124 group (P<0.01)

Fig. 4 Phenotypic analysis of DCs in tumor and regional LNs. Tumor-bearing mice received daily intratumoral injection of either PBS containing 20 % ethanol (PBS group) or CpG or JSI-124, or CpG + JSI-124. After 6 days treatment tumors and LNs were isolated and analyzed for the presence of activated DCs by flow cytometry. A) % CD11c+MHC II high DCs in tumor (black bars) and regional LNs (white bars). B) CD86 expression (solid lines) in gated CD11c+MHC II high DCs. Filled histograms represents isotype controls. The data represent the mean ± SD of three independent experiments. ٭significantly different form tumors treated with PBS or CpG or JSI-124 group (P<0.05).

Fig. 5 Evaluation of the level of pro-inflammatory cytokines and immunosuppressive factors in tumor. Supernatant of tumors isolated from the mice following 8 days intratumoral injection of either PBS containing 20 % ethanol (PBS group) or CpG or JSI-124 or CpG + JSI-124 was analyzed for the level of IL-12, TNF-α, IFN-g, IL-2, VEGF and TGF-β by ELISA. Each bar represents the mean ± SD of three independent experiments. *significantly different from tumor injected PBS (P<0.05 for IL-12, TNF-α, IL-2., P<0.01 for TGF-β., and P<0.001 for IFN-g and VEGF), significantly different from tumor injected with CpG (P<0.05 for IL-12 and P<0.001 for VEGF), ° significantly different from JSI-124 group (P<0.05).

Fig. 6 Phenotypic analysis of Treg cells in regional LNs. Cell suspension of LNs, isolated from tumor-bearing mice following 6 days treatment with either PBS containing 20 % ethanol (PBS group) or CpG or JSI-124 or CpG + JSI-124, were stained with CD4, CD25 surface markers and intracellular Foxp3 and analyzed by flow cytometry. CD4+CD25+ T cells were gated and analyzed for Foxp3 expression (solid lines). Filled histograms represent isotype controls. The data represent the mean ± SD of three independent experiments.

