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Background

New therapies are urgently needed for patients with osteosarcoma (OS). STAT3 and CD47 are potential therapeutic target in OS. Here we investigated the therapeutic activity of the orally bioavailable STAT3 inhibitor, WP1066, and anti-CD47 antibody using OS mouse models.





Methods

Cytotoxic effect of WP1066 against OS cell lines and its immunomodulatory effects were evaluated in vitro. Experimental metastasis and orthotopic syngeneic mouse models were used to investigate the therapeutic efficacy of WP1066 and anti-CD47 antibody. Further flow cytometric analysis was performed.





Results

STAT3 was constitutively activated in multiple human and mouse OS cell lines. WP1066 suppressed STAT3 activation and induced apoptosis. WP1066 reduced the viability and proliferation of MDSCs and increased the expression level of MHC-II, and CD80 in macrophages. We demonstrated that WP1066 monotherapy prolonged the survival of mice with OS lung metastasis using an experimental metastasis and an orthotopic model. The therapeutic effect was significantly increased when WP1066 was combined with anti-CD47. This was associated with increased frequency of activated CD8+ T cells, NK cells and macrophages in the lungs and LDLNs.





Conclusion

Our preclinical studies support further investigation of targeting STAT3 and CD47 as novel immunotherapeutic approach against OS lung metastasis.





Keywords: osteosarcoma lung metastasis, STAT3, CD47-SIRPα, anti-tumor immunity, WP1066





Background

Osteosarcoma (OS) is a highly aggressive malignant bone tumor, most common in children and young adults. Approximately 20% of newly diagnosed patients present with metastatic disease primarily in the lungs. With significant advances in diagnosis and aggressive chemotherapy the 5- year survival rate for patients with localized disease is approximately 60% but only 20% for patients with metastases or recurrent disease (1, 2). Because of the poor outcome of the patients with metastatic OS, which has not changed for decades, novel therapeutic approaches are critically needed to improve the outcomes (1–3).

Signal transducer and activator of transcription 3 (STAT3) is a member of STAT family that becomes activated in response to various growth factors and cytokines (4). Activated STAT3 (phosphoSTAT3Y705) functions as a transcription factor and regulates expression of multiple genes and plays critical role in fundamental processes including proliferation, differentiation, and survival (5, 6). While activation of STAT3 is tightly regulated in non-malignant cells, it is persistently activated in most hematologic malignancies and solid cancers, including osteosarcoma (5, 7, 8). STAT3 activation is critical for survival and proliferation of osteosarcoma (8–10). In fact, overexpression of STAT3 is correlated with poor prognosis of multiple cancers along with osteosarcoma (11). Furthermore, what makes STAT3 a promising target is that it plays a crucial role in tumor-stromal cells including immune cells in maintaining an immune-suppressive tumor immune microenvironment (TME) to support and promote tumor progression (4, 12–16).

Liposomal muramyl tripeptide-phosphatidyl ethanolamine (L-MTP-PE) is a muramyl dipeptide analog that activates macrophages through interaction with nucleotide-binding oligomerization domain containing protein 2 (NOD2) and promotes tumoricidal activity of macrophages (17). The liposomal formulation promotes phagocytosis by macrophages. When administered intravenously these liposomes are taken up in the liver, spleen and lungs. Activation of pulmonary macrophages activation by L-MTP-PE immunotherapy improved event-free and overall survival in patients with newly diagnosed and metastatic OS (18–20). This therapeutic success supports the concept of identifying agents that enhance macrophage functions such as phagocytosis. CD47, a glycoprotein also called an innate immune checkpoint, is a ligand to signal receptor protein α (SIRPα) expressed on innate immune cells including macrophages. Binding to SIRPα delivers “don’t eat me” signal that inhibits phagocytosis, thereby allowing tumor cells to evade immune clearance. A wide range of hematologic and solid tumors-including OS- upregulate CD47 as a mechanism of immune evasion. Notably, higher CD47 expression is associated with worse overall survival in OS patients (21–23). Moreover, CD47 expression is upregulated in response to chemotherapy in OS, and this therapy induced increase in CD47 levels has been linked to patient mortality (22). Beyond its role in suppressing phagocytosis, the CD47-SIRPα interaction also regulates the activation of innate immune cells, broadly dampening the anti-tumor immune response. Therapeutic blockade of the CD47-SIRPα axis has been shown to restore macrophage mediated phagocytosis, natural killer (NK) cells mediated cytotoxicity, and facilitate cross presentation by dendritic cells to promote robust T cell responses (24–28).

In this study, we hypothesized that overexpression of phosphoSTAT3Y705 and CD47 in OS are therapeutic targets and that blocking these two pathways will synergize and potentiate anti-tumor response. WP1066 (29–31) is an orally bioavailable STAT3 inhibitor that blocks phosphorylation of STAT3 in vitro and in vivo. WP1066 induces apoptosis in vitro as well as anti-tumor efficacy in vivo in multiple tumors (32–34). Here, we show that STAT3 inhibition by WP1066 induced cell apoptosis and reduced tumor cell proliferation in vitro. Using both syngeneic immune-competent orthotopic and experimental OS lung metastasis models, we demonstrated the in vivo therapeutic activity of WP1066 against OS lung metastasis. This efficacy was enhanced by combining WP1066 with CD47 neutralization resulting in a significantly prolonged median survival time.





Materials and methods




Cell lines and culture conditions

Human OS cell lines SAOS-2 (HTB-85), 143B (CRL-8303), MG63 (CRL-1427), human fetal osteoblastic cells (hFOB; CRL-11372) and mouse macrophage cell line RAW264.7 (TIB-71) cells were obtained from American Type Culture Collection (ATCC) (35). Human metastatic LM7 and MG63.2 were derived from SAOS-2 and MG63 respectively (35). CCH-OS-O and CCH-OS-D cells were derived from the primary tumor of patients (35). The OS17 cell line (36) was used to generate OS17-GFP cells and provided by Dr. Amer Najjar (MD Anderson). LM7-GFP was generated in our laboratory.

The mouse metastatic OS cell line K7M3 was derived from K7 (37) mouse OS cells (38). Dunn and DLM8 cell lines were obtained from Dr. Asai Tatsuya (39). Luciferase expressing K7M3 cells (K7M3-luc) were kindly provided by Dr. Timothy M. Fan (University of Illinois) originally generated by S.Y. Kim at NCI (40, 41). All cells except hFOB, were cultured and maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% heat-inactivated fetal bovine serum, 1% Penicillin/Streptomycin, 1% L-Glutamine, 1X nonessential amino acids, 1X minimal essential medium vitamin solution. The hFOB cells were maintained in DMEM/F12 (1:1) containing 10% FBS and 300 µg/ml neomycin (G418). All cells were regularly tested for mycoplasma contamination using MycoAlert mycoplasma detection kit (Lonza).





Animal studies and tumor models

Animal experiments performed in the study were in accordance with approved IACUC protocols. BALB/c female mice (6–8 weeks old) were used in the studies and were purchased from Charles River at NCI Frederick. Each group contained at least 5 mice. For the experimental OS-lung metastasis model, BALB/c mice were injected i.v with 0.25x106 K7M3-luc cells. Animals were randomized after tumor cells injection. Blinding was not done for the in vivo experiments. Mice were injected with D-luciferin (GoldBio, 150 mg/kg) for bioluminescence In vivo Imaging system (IVIS) imaging to assess tumor burden.

The orthotopic OS model was also employed to assess the therapeutic effect on established lung metastases that arose from the primary tumor (38). Briefly, the right leg of 7–8 weeks old BALB/c mice was dehaired 24 hrs before tumor cell injection. K7M3-luc cells (0.2x106 cells in 10 µl of PBS) were injected into the right tibial medullary cavity using a 27-gauze needle and 100 µl Hamilton syringe to establish an orthotopic primary OS tumor. The right leg bearing primary tumor was amputated at day 20 post intra-tibial tumor cell injection, a time when lung micrometastases are present (38).





Treatment

WP1066 (29, 42) was administered via oral gavage (50 mg/kg) in vehicle of DMSO/PEG300 (1:4) every day for 5 days a week for three weeks (29, 32, 43). Control cohorts received vehicle only. For anti-CD47 treatment, mice were treated with 400 µg of anti-CD47 antibody (Clone MIAP410; Bioxcell) in 200 µl PBS intra-peritoneally every 48 hrs three doses a week for total of eight doses as shown in experimental schema (44). In combination treatment, WP1066 treatment was initiated earlier than anti-CD47 antibody treatment to achieve stable plasma concentration that requires multiple administrations (29).





Spheroid model and WP1066 treatment

To generate tumor spheroids, OS17-GFP and LM7-GFP cells (1x104) were seeded in clear, round-bottom 96 well ultra-low attachment plates (Corning) in complete DMEM media. The plates were then centrifuged for 5 mins at 1000 g and incubated at 37°C. After 24 hrs, the spheroids were treated with the indicated concentration of WP1066 or DMSO only as control. Plates were incubated in the IncuCyte S3 live-imaging system (Essen Biosciences) and scanned every 6 hrs for 5 days.





In vitro generation of myeloid derived suppressor cells (MDSCs) and T cell suppression assay

MDSCs were generated from bone marrow isolated from naïve female BALB/c mice as described before (45). Single cells isolated from femur and tibia were plated (5x106 cells/plate) in non-tissue culture treated 10 cm plates in complete RPMI media (basal RPMI with 10% FBS and penicillin and streptomycin) supplemented with recombinant mouse GM-CSF (40 ng/ml; Biolegend) and IL6 (40 ng/ml; Biolegend). After 4 days in culture, Bone marrow derived MDSCs (BM-MDSCs) were harvested and washed with complete RPMI for assays. To determine the effect of WP1066 on BM-MDSCs, BM-MDSCs were replated in 10 cm non-TC plates (5x106 cell) and treated with the indicated concentration of WP1066. After 24 hrs cells were harvested and analyzed for surface markers including CD11b, Ly6G, Ly6C, and Ki67 (proliferation marker) expression by flow cytometer.

For T cell suppression assays (46), splenocytes harvested from naïve BALB/c mice were incubated in tissue culture treated plates for 45 mins to isolate T cells. T cells were labelled with 2.5 µM Cell Trace Carboxyfluorescein succinimidyl ester (CFSE, Thermofisher) and cocultured with BM-MDSCs and CD3/28 dynabeads (Thermofisher) at 1:1:1 ratio in 200 µl complete RPMI media for 72 hrs. Cells were harvested, stained for CD4 and CD8, and analyzed for proliferation in flow cytometer (BD Fortessa).





Bone marrow derived macrophage differentiation

In vitro macrophages were derived by culturing bone marrow cells in complete RPMI supplemented with recombinant mouse M-CSF (20 ng/ml; Biolegend) for 6 days with media replaced at day 4. At day 6 adherent cells were harvested with TrpLE (Thermofisher) and replated in 6 well plate (1x106 cells per well) in 2 ml complete RPMI media without M-CSF. After overnight culture, the cells were either treated with WP1066 (4 µM) or DMSO for 24 hrs. Cells were then harvested and stained for macrophage markers including CD11b, F4/80, MHC-II, and CD80 and analyzed by flow cytometer.





Flow cytometry

Lungs draining cervical lymph nodes (LDLN) and lungs were harvested from mice at day 16 post tumor cell injection for analysis. Single cells suspensions from the LDLN were prepared by mashing the tissue through 70 µm cell strainer. Single cells from lungs were prepared by enzymatic digestion of finely chopped lung tissues in complete RPMI supplemented with collagenase-IV (Worthington) and DNAse (Sigma) at 37°C for 30mins. Digested tissues were then mashed through 70 µm cell strainer to obtain single cell suspensions. Red blood cells were lysed using RBC lysis buffer (Biolegend). Single cells from lymph nodes and lungs were washed with PBS and stained with Fixable Zombie violet dye for 10 mins at 4 C in the dark. Cells were then stained with Fc block (CD16/32 antibody) and stained for surface markers with a combination of antibodies (Supplementary Table 1) diluted in FACS buffer (PBS supplemented with 1% BSA and 0.05% NaN3) with Brilliant Violet stain buffer for 30 mins at 4 C in the dark. After incubation, cells were washed in FACS buffer and fixed using fixation buffer (Thermofisher). For intracellular/intranuclear staining, fixed cells were washed with permeabilization buffer followed by staining with antibody in the buffer for 30 mins at 4 C. Cells were acquired using BD Fortessa and analyzed using FlowJo v. 10 software.





Cytokine analysis

Single cells from lungs and LDLNs (2x106) were activated with phorbol 12-myristate 13-acetate (PMA, 50 ng/ml) and Ionomycin (500 ng/ml) for 4 hrs in presence of Brefeldin (Biolegend) and Monensin (Biolegend). Cells were harvested after 4 hrs and stained as described before. Cells were stained for surface markers followed by intracellular for IFN-γ and TNF-α.





Statistical analysis

All statistical analysis was performed in Graph Pad Prism v. 9. Data are represented as mean ± standard error of the mean (SEM). For comparison between two groups, an unpaired two-tailed student’s t-test or Mann-Whitney test was used as indicated in figure legends. One way ANOVA followed by Tukey’s multiple comparison test was performed for comparing more than two groups. Survival analysis was performed using the log-rank (Mantel-Cox) test. p-value of <0.05 was considered statistically significant.





Data availability

Data generated in the study are included in the manuscript and the supplementary information file. The raw data are available upon request from the corresponding author.






Results




Effect of WP1066 on tumor cell proliferation, apoptosis, and phagocytosis by macrophages

First, we evaluated the status of activated STAT3 in OS cell lines. We performed western blot analysis on cellular lysates of multiple metastatic and non-metastatic mouse and human OS cell lines. In line with previous reported observations, phosphoSTAT3 (pSTAT3Y705) was detected at different intensities in all tested cell lines (Supplementary Figures 1A, B). We next investigated if WP1066 treatment inhibits STAT3 activation in OS cell lines. Mouse (K7M3 and DLM8) and human OS cells (OS17 and LM7) were treated with different concentrations of WP1066. WP1066 treatment for 24 hrs reduced the level of pSTAT3Y705 in a dose dependent manner as compared to DMSO-treated cells (Supplementary Figures 1C, D). This suggests that pSTAT3Y705 is constitutively expressed in OS cells and that WP1066 inhibits activated STAT3.

Given the critical role of STAT3 in cell proliferation in multiple tumor models, we investigated the effect of inhibiting STAT3 activation by WP1066 in OS cells. To determine if WP1066 had a cytotoxic effect, mouse (K7, K7M3, Dunn, DLM8) and human (OS17, LM7, MG63, MG63.2, 143B, HOS) OS cells were incubated with different concentrations of WP1066 for 72 hrs and analyzed for cell viability by resazurin assay (Figure 1A; Supplementary Figure S1E). WP1066 inhibited proliferation of both mouse and human OS cells in a concentration dependent manner (Figures 1A, B). The IC50 against mouse OS cells ranged from 2.79 µM to 6.01 µM with K7M3 being more sensitive than K7 (Figure 1B; Supplementary Figure S1E). The IC50 for human OS cells ranged from 2.3 µM to 3.5 µM with OS17 being more sensitive than LM7 (Figure 1B; Supplementary Figure S1E). Moreover, we assessed if WP1066 induced tumor cell apoptosis using a fluorescence-based assay to assess the kinetics of activation of caspase-3/7. WP1066 treatment activated caspase-3/7 across all tested cell lines. The higher dose of WP1066 (5 µM) induced swift activation of caspase-3/7, whereas a gradual increase over time was observed when cells were treated with the lower dose of WP1066 (2.5 µM) compared to DMSO (Figure 1C). As another measure for apoptosis, we also assessed the level of PS by Annexin V. Similar kinetics for the expression of PS (Annexin V+) was observed following treatment with WP1066, supporting the conclusion that WP1066 induced apoptosis (Figure 1D).




Figure 1 | WP1066 inhibited cell proliferation, induced apoptosis, and increased phagocytosis of OS cells. (A) Cell confluency assay. Mouse and human OS cells were incubated with the indicated concentration of WP1066 and assessed for confluency using the Incucyte S3 for 72 hrs. (B) Resazurin assay. After 72 hrs, cells from (A) were incubated with Resazurin for 2 hrs. Fluorescence of resorufin was measured to calculate the IC50 values. (C) Kinetics of Caspase-3/7 activation following WP1066 treatment. OS cells were cultured with various concentrations of WP1066 and caspase-3/7 green dye. Green fluorescence (indicating activated caspase-3/7) was measured with the Incucyte S3 for 72 hrs. (D) Annexin V kinetics assay. OS cells were cultured with WP1066 and Annexin V-green reagent for 72 hrs. Green fluorescence (indicating expression of Annexin V) was measured for 72 hrs. (E) Effect of WP1066 on OS tumor spheroids. OS17-GFP and LM7-GFP generated tumor spheroids were treated with different concentrations of WP1066. Green fluorescence (indicating the viability of the spheroids) was measured at 3 hr intervals for 72 hrs. (F) Phagocytosis of K7M3 OS cells by RAW264.7 cells. CFSE-labelled DMSO and WP1066 (2.5 μM) treated K7M3 cells were cocultured with RAW264.7 mouse macrophage cells for 4 hrs and analyzed by flow cytometry for CFSE+F4/80+ cells. Two-way ANOVA followed by Tukey’s multiple comparison test was used for statistical analysis in (A, C, D, E). Statistical significance compared to DMSO control is shown at 72 hrs time point for (A, E), and at 24, 48 and 72 hrs for (C, D). Mann-Whitney test was used in (F). Data points are shown as mean ± SEM, representative of two independent experiment. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



We also investigated WP1066-induced toxicity using tumor spheroids. Tumor spheroids were generated from OS17-GFP and LM7-GFP cells and were treated with different concentrations of WP1066. Without WP1066 treatment, OS17 and LM7 derived tumor spheroids remained stable and maintained strong GFP-mean fluorescence intensity (MFI) throughout the duration of the experiment, indicating viability. By contrast, the cytotoxicity of WP1066 against tumor spheroids was demonstrated by a significant drop in GFP-MFI in a concentration dependent manner (Figure 1E).

WP1066-induced apoptosis may upregulate the expression of “eat me signals” which have been shown to enhance phagocytosis (47). To determine if WP1066 enhanced tumor cell phagocytosis, K7M3 cells were treated with WP1066 (2.5 µM) for 24 hrs. CFSE-labelled WP1066- or DMSO-treated K7M3 cells were co-cultured with RAW264.7 mouse macrophages for 4 hrs. Flow cytometric analysis revealed that there was a significant increase in the phagocytosis of WP1066-treated K7M3 cells compared to those treated with DMSO (Figure 1F). This data supports that WP1066 treatment enhanced the ability of macrophages to phagocytose tumor cells. Taken together, these data suggest that WP1066 suppresses cell proliferation, induces apoptosis, and enhances phagocytosis.





WP1066 activates macrophages and inhibits the immunosuppressive activity of MDSCs

We next sought to investigate the effect of WP1066 on MDSCs and macrophages generated from bone marrow cells. First, we assessed the effect of WP1066 on viability and proliferation of MDSCs. In vitro generated BM-MDSCs were treated for 24 hrs with WP1066 and then analyzed by flow cytometry for the markers CD11b, Ly6C, and Ly6G to differentiate between monocytic MDSCs (M-MDSCs, CD11b+Ly6ChiLy6G-) and polymorphonuclear MDSCs (PMN-MDSCs, CD11b+Ly6C+Ly6G+) (45). WP1066 treatment significantly reduced the frequency of live M-MDSCs as compared with the DMSO treated control (Figure 2A). However, there was no statistical difference in percentage of live PMN-MDSCs between the treated and control groups. When analyzed for the expression of Ki67, a proliferation marker, WP1066 significantly reduced the mean fluorescence intensity (MFI) of Ki67 in both M-MDSCs and PMN-MDSCs (Figure 2B). These data indicate that M-MDSCs are more susceptible to the cytotoxic effect of WP1066 as compared to PMN-MDSCs. However, WP1066 suppressed the proliferation of both M-MDSCs and PMN-MDSCs.




Figure 2 | Effect of WP1066 on BM-MDSCs and BMDM. (A, B) WP1066 decreased the viability and inhibited the proliferation of BM-MDSCs. In vitro bone marrow-generated MDSCs were cultured with the indicated concentration of WP1066 for 24 hrs. Flow cytometric analysis was done to quantify viability (A) and Ki67 expression (B) of M-MDSCs (CD11b+Ly6C+Ly6G-) and PMN-MDSCs (CD11b+Ly6C+Ly6G+) cells. (C) Suppression of T-cell proliferation by WP1066-treated BM-MDSCs. BM-MDSCs were treated with DMSO or WP1066 for 24 hrs and co-cultured with CFSE labelled T-cells and CD3/CD28 dyna beads. After 72 hrs of co-culture, cells were analyzed for proliferation by flow cytometry. (D) Activation of BMDM by WP1066. Macrophages derived from bone marrow were incubated with DMSO or WP1066 for 24 hrs. Cells were then harvested and analyzed by flow cytometry for activation by expression of MHC-II and CD80. Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparisons test in (A-C), and the Mann-Whitney test in (D). Data points shown as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



Next, we evaluated whether the immunosuppressive capacity of MDSCs was affected by WP1066. BM-MDSCs were treated with WP1066 for 24 hrs and then evaluated for T cell suppression capacity by co-culture assay. DMSO treated BM-MDSCs suppressed the proliferation of CFSE-labelled T cells. CFSElow daughter generation was not observed as compared with T cells activated with dynabeads alone. In contrast, CD4 and CD8 T cell proliferation was increased when co-cultured with BM-MDSCs treated with WP1066 in a dose dependent manner (Figure 2C). These observations are in line with other studies where inhibition of STAT3 has been shown to induce apoptosis and attenuate the suppressive capacity of MDSCs (48, 49). Taken together, these data suggest that WP1066 significantly affects the viability, proliferation, and suppressive capacity of BM-MDSCs.

Given the significant role of STAT proteins in plasticity and differentiation of macrophages (50), we next determined the in vitro effect of WP1066 on BMDM. WP1066 treatment for 24 hrs significantly increased the frequency of macrophages expressing MHC-II (CD11b+F4/80+MHC-II+) and co-expressing MHC-II and CD80, markers associated with M1-like or proinflammatory phenotype (Figure 2D). In addition, WP1066 increased the MFI of CD80 and MHC-II in macrophages as compared with DMSO control (Figure 2D). The increase in MHC-II and co-stimulatory molecule CD80 on macrophages following WP1066 treatment suggests that STAT3 inhibition by WP1066 activates macrophages and enhances antigen presentation. Taken together, the described effects on MDSCs and macrophages indicates a potential positive immunomodulatory effect by WP1066 on myeloid cells through suppression of MDSCs and activation of anti-tumor macrophage function.





Effect of WP1066 on survival of mice with OS lung metastasis

The syngeneic K7M3 experimental metastasis model was used to determine the therapeutic effect of WP1066 on established lung metastases. K7M3-luc cells were injected intravenously (i.v) and lung metastases were validated by IVIS imaging before treatment on day 3 post tumor cell injection. Mice were treated with WP1066 (o.g) or vehicle control 24 hrs after imaging (Figure 3A). WP1066 treatment significantly reduced the tumor growth (Figures 3B, C) and improved the survival. The median survival time (MST) for WP1066-treated cohort was 48 days as compared to 42 days for the control group (p=0.037). Interestingly, 1 out of 17 mice treated with WP1066 survived more than 70 days, whereas all control mice died by day 50. This suggests the potential therapeutic activity of WP1066 against OS-lung metastases.




Figure 3 | Effect of WP1066 on OS lung metastasis. (A) Experimental schema. (B) Individual and average tumor growth over time. (C) IVIS imaging at day 3 and 30 after tumor cell injection. (D) Overall survival curves of mice treated with vehicle (n=15) or WP1066 (n=17). Survival curve comparison was done with log-rank test. Data points shown as mean ± SEM. *p<0.05.







Effect of combining anti-CD47 with WP1066 on survival

WP1066 treatment resulted in only a modest 6-day increase in MST, highlighting limited activity. We reasoned that combining WP1066 with immunotherapy could enhance therapeutic efficacy. The CD47-SIRPα axis, also referred to as an innate immune checkpoint, regulates the activation of innate immune cells (24). Neutralizing CD47-SIRPα axis with anti-CD47 antibody enhances tumor phagocytosis by macrophages, and activation of Natural Killer cells (NK), Dendritic cells (DCs), neutrophils and macrophages (24–26). In line with previous reports, flow cytometric and immunoblot analysis revealed that both human and mouse OS cells constitutively express CD47 (Supplementary Figure S2), suggesting a potential mechanism of immune evasion (51). These findings prompted us to investigate whether combining WP1066 with anti-CD47 antibody would improve the anti-tumor responses. Tumor bearing mice were treated with WP1066 alone, anti-CD47 alone or WP1066 + anti-CD47 (Figure 4A). No significant change in body weight was observed in any of the groups (Figure 4B). Combination therapy significantly inhibited tumor growth (p=0.028) and prolonged survival (p<0.0001) compared to the vehicle treated control cohort (Figures 4C–E). The MST for mice that received combination therapy was 63 days compared to 47 days for the control group. Monotherapy with anti-CD47 also resulted in a significant decrease in tumor growth (p=0.048, Figure 4D) and an increase in MST (p<0.001, Figure 4E) compared to control. While there was a significant increase in MST in mice treated with combination therapy compared to those treated with WP1066 alone (p=0.027), the improvement in MST between mice treated with combination therapy versus anti-CD47 alone did not reach statistical significance (MST: 63 days vs 50 days, p =0.083). However, using the hazard ratio (log-rank test) to compare the anti-CD47-treated group with the combinatorial therapy group indicated that the mice treated with the monotherapy had more than twice the risk of death compared to those receiving combination therapy (Hazard ratio: 2.237, 95% CI: 0.7257 to 6.894). This represents a ~55% reduction in risk with the combination therapy, which is biologically meaningful. These data suggest that combination therapy can improve the anti-tumor response of WP1066 against established lung metastases.




Figure 4 | Effect of combining WP1066 with anti-CD47 against OS lung metastasis. (A) Experimental schema. (B) Body weight (C) Tumor growth of individual mice as quantified by IVIS imaging. (D) Average tumor growth for each group. (E) Long-term survival curves (n=5-10). Statistical significance calculated for tumor growth at day 40 by Mann Whitney test in (D) and survival curves were compared using log-rank test in (E). Data points shown as mean ± SEM. *p<0.05, **p<0.01, ****p<0.0001.







Combination treatment increases infiltration of activated CD8+ T, NK, and macrophages

As the therapeutic efficacy of immunotherapy has been shown to be linked to immune cell infiltration into the tumor and tumor draining lymph nodes, we performed flow cytometric analysis of lungs and LDLNs at day 16 post tumor cell injection (Figure 5A; Supplementary Figure S3). Analysis of lungs revealed that the combination treatment increased central memory CD8+ T cells (CD8Tcm; CD8+CD44+CD62L+) (Figure 5A). In addition, combination treatment significantly reduced PD1 expressing CD8 T cells (CD8+PD1+), a marker of dysfunction when compared with vehicle treated control cohort (Figure 5A). While combination treatment also increased FoxP3+ expressing regulatory T cells (CD4+FoxP3+; Tregs) the CD4 Tem (CD4+CD44+CD62L-): Treg ratio, was increased suggesting increased number of effector memory CD4+T cells to Tregs. Furthermore, analysis of cytokine secreting cytotoxic CD8+ T cells revealed that combination treatment increased IFN-γ secreting CD8+ T cells, a marker of activated T-cells (Figure 5A). Analysis of cytotoxic NK cells in lungs suggested that combination therapy increased the level of differentiated mature NK cells (CD49b+CD11bhiCD27-CD62L+). Furthermore, IFN- γ expression in NK cells was significantly increased in mice that received both the treatments (Figure 5B). Interestingly, we observed a similar trend in animals treated only with anti-CD47 antibody (Figures 5A, B).




Figure 5 | Effect of WP1066 plus anti-CD47 on immune cell infiltrates in lungs. (A) Flow cytometric analysis on single cells from lungs for (A) central memory CD8 T cells (CD8+CD44+CD62L+), CD8+PD1+, IFN-g and TNF-a secreting CD8+ T cells, (B) NK cells (CD49b+CD11bhiCD27-CD62L+), FoxP3 expressing Tregs (CD4+FoxP3+), (C) Activated CD11b+F4/80+ macrophages and CD11b+CD11c+ dendritic cells co-expressing MHC-II and CD80. MFI of PDL1 and MHC-II in macrophages and dendritic cells in lungs. (D) Summary of changes in indicated effector cells in lungs and LDLNs. Statistical significance calculated using Mann-Whitney Test. Data points shown as mean ± SEM. *p<0.05, **p<0.01.



Analysis of antigen presenting cells (APCs) infiltrating the lungs revealed that combination treatment significantly increased the frequency of M1-like or proinflammatory activated macrophages (CD11b+F4/80+MHC-II+CD80+) versus control cohort (Figure 5C). Combination therapy also increased activated myeloid derived monocytic DCs co-expressing MHC-II and CD80 (CD11b+CD11c+MHC-II+CD80+). Furthermore, APCs infiltrating the lungs of animals in the combination cohort had significantly reduced expression of PDL1 (associated with immune suppression) and increased expression of MHC-II (Figure 5C).

These observations were consistent with the immune cell profile in the LDLNs. LDLN from animals treated with both agents had an increased CD8: Treg ratio with significantly increased CD8 Tcm and reduced CD4+ Tregs and reduced dysfunctional CD8+PD1+ (Supplementary Figure S3). Mice treated with combination therapy also had a significant increase in cytotoxic CD8 T cells co-secreting IFN-γ and TNF-α (Supplementary Figure S3A).

Taken together, as summarized in Figure 5D, these data suggest that the therapeutic efficacy of combination therapy was associated with an augmented pro-inflammatory anti-tumor immune response mediated by increased infiltration of activated immune cells into the lungs and LDLNs, including IFN-γ secreting cytotoxic CD8 T cells, NK cells and activated macrophages and monocytic DCs. These pro-inflammatory effects were paralleled with decreased immune suppression as observed by a decrease in Tregs and dysfunctional PD1 expressing CD8 T cells in combination treatment cohort.





Efficacy of combination therapy on established OS lung metastases using an orthotopic OS mouse model

Next, we evaluated the therapeutic effect of combination therapy using our orthotopic intra-tibial OS model in which lung metastasis form spontaneously from a primary tumor in the leg (38). This model better reflects how lung metastases develop in patients. For this purpose, K7M3-luc cells were injected into the right tibia of BALB/c mice. Mice were treated with the first cycle of therapy using WP1066, CD47 or combination therapy as shown in Figure 6A. Amputation of the leg-bearing primary tumor was performed 3 weeks after tumor cell injection to prevent further metastatic spread. This was followed by the treatment strategy shown in the schema (Figure 6A). Although the lung tumor burden, as represented by tumor flux, at day 45 post tumor cell injection was not statistically significant among the groups (Figure 6B), there was a significant difference in the survival time. In control group, 60% of mice died by day 45 and 100% had to be euthanized by day 70. By contrast the death rates were 10% and 30% in mice treated with WP1066 and anti-CD47 respectively. There were no deaths in the combination therapy group at 45 days. Survival at day 70 was 0%, 20%, 20% and 70% in control, WP1066, anti-CD47, and combination therapy treated mice respectively (Figure 6C). The MST of the mice treated with combination therapy was 78 days compared to 51 and 50 days for mice treated with WP1066 and anti-CD47 respectively. These data suggest that combined treatment with WP1066 and anti-CD47 is also more effective in prolonging survival in an orthotopic OS model.




Figure 6 | Therapeutic efficacy of combination treatment using the orthotopic lung metastasis model. (A) Experimental schema. (B) Representative bioluminescence images of lung metastases at day 45 and tumor flux. (C) Survival curve (n=10). Statistical significance for survival was determined using the log-rank test. Data points shown as mean ± SEM.








Discussion

The overall survival of recurrent and relapse osteosarcoma patients has not improved and remains a challenge. Addition of drugs to standard chemotherapy regimens has failed to improve the 60-65% survival rate and there has been no improvement in survival outcome of patients with lung metastases (3, 52, 53). Moreover, immunotherapy targeting T-cells showed disappointing response rates due to the immunosuppressive microenvironment (2, 54, 55). In this study, we showed that OS cells constitutively express phosphoSTAT3 and that the orally bioavailable STAT3 inhibitor WP1066 reduced STAT3 activation. WP1066 treatment induced activation of caspase-3/7 and PS expression on the outer leaflet of the cell membrane indicating its cytotoxic effect against both mouse and human OS cells. This cytotoxic effect was also observed on tumor spheroids. In addition to direct cytotoxic effect on tumor cells, WP1066 also inhibited the proliferative capacity of both M-MDSCs and PMN-MDSCs and induced apoptosis of M-MDSCs as quantified by flow cytometry. Finally, WP1066 decreased MDSC-immunosuppressive function against T cells. These changes can have a significant impact on decreasing the immunosuppressive TME, thereby improving response to T-cell directed therapy.

Activation of macrophage-mediated anti-tumor activity has been shown to correlate with improved survival in OS patients (18–20) and there is also a correlation between anti-tumor M1/proinflammatory macrophage content in OS lung metastases and improved survival (56). Phenotypic switching of intra-tumor macrophage from M2 to M1 has been shown to inhibit OS tumor growth in a mouse model (57). Therefore, inducing an increase in anti-tumor macrophage function is anticipated to be beneficial in improving the response to immunotherapy. WP1066 not only inhibited MDSCs but increased macrophage-mediated phagocytosis of tumor cells. Such changes are anticipated to contribute to an immune-supportive TME.

When evaluated in vivo, WP1066 monotherapy prolonged the survival of mice with established lung metastases. This therapeutic response was significantly improved when anti-CD47 antibody was added to the treatment. These results demonstrate that combining a STAT3 inhibitor that decreases MDSCs (48) with an anti-CD47 antibody that enhances macrophage function (28, 58) may produce a synergistic response resulting in a better therapeutic outcome.

Studies have confirmed that the dysregulated activation of STAT3 in multiple tumors plays a critical role in different aspects of oncogenesis and tumor-immune evasion (7, 15). STAT3 is consistently activated in multiple human tumors including osteosarcoma (4). Tumor cells upregulate activated STAT3 to enhance cell cycle progression, angiogenesis, and prevent apoptosis. STAT3 regulates epithelial mesenchymal transition and plays an important role in metastasis as well as chemotherapy sensitivity (12, 59, 60). WP1066 is a commercially available STAT3 inhibitor derived from caffeic acid (29, 30). WP1066 has been evaluated for its therapeutic efficacy against a wide range of tumors including gliomas, leukemia, melanoma, breast cancer, renal cancer and others (29, 43, 61–63). In line with previous reports, we show that STAT3 is constitutively activated in multiple OS cell lines and that WP1066 inhibits the activation. Our data show that WP1066 suppressed OS cell proliferation, induced apoptosis, and suppressed the growth of tumor spheroids. Besides tumor intrinsic effects, activated STAT3 also has been shown to inhibit the activity of T-cell directed immunotherapy by supporting T-regs, immunosuppressive macrophages and MDSCs in the TME. WP1066 has been reported to inhibit regulatory T cells (43). Our data suggest that targeting STAT3 will modulate the immunosuppressive TME and enhance anti-tumor immunity. We show here for the first time that in addition to its effect on T-regs, WP1066 was cytotoxic to M-MDSCs, inhibited their proliferation and attenuated the MDSC-suppressive capacity while increasing MHC-II, and CD80, markers of activated macrophages. These changes were accompanied by an increase in median and overall survival time.

The CD47-SIRPα pathway is an innate immune checkpoint that regulates activation of innate immunity. Tumor cells overexpress CD47 to inhibit macrophage phagocytosis and immune activation (25, 64, 65). Therefore, blocking the CD47-SIRPα axis potentially activates adaptive immunity by enhancing the cross-presentation of antigens (28). We hypothesized that combining WP1066 (which inhibits MDSCs and activates macrophages) with anti-CD47 antibody (which activates innate immunity) will further enhance anti-tumor immunity and therapeutic activity against OS lung metastases. Indeed, the addition of anti-CD47 to WP1066 significantly improved the survival as compared to monotherapy. The survival benefit from anti-CD47 monotherapy was comparable to WP1066 monotherapy and is in line with previously published investigations in OS (51, 58, 66). Importantly, combination therapy was significantly better than monotherapy. In addition to improving survival, the dual treatment altered the immune landscape by increasing the activated cytotoxic CD8+ T cells in lungs as well as the LDLNs. This was associated with a significant drop in CD8+PD1+ T cells associated with dysfunctional CD8+ T cells. Combination treatment increased the CD8:Treg and CD4Tem: Treg ratio in LDLN and lung respectively, indicating fewer Tregs in comparison to the number of CD4 and CD8 T cells. In addition, mice treated with combination therapy had a significant increase in activated macrophages and monocytic DCs in the lungs, consistent with inflammatory activated APCs with increased capacity for antigen presentation. In addition, these APCs had a significantly lower level of PDL1, an immunosuppressive ligand known to maintain a suppressive TME. Collectively, these data suggest that combining a STAT3 inhibitor with CD47-SIRPα blockade will positively modulate the TME and enhance the therapeutic response.

The combination therapy resulted in a low rate of long term (>100 days) survivals, potentially limited by the brief treatment regimen. The effect of extending the duration of treatment on survival rates is unknown and needs to be investigated. Future research should prioritize identifying the immune effector cells and the mechanisms driving the additive effect. Furthermore, it will also be important to investigate the impact of STAT3 inhibition on other cells in TME such as stromal cells, fibroblasts, and endothelial cells.

In summary, the data presented here demonstrated that STAT3 and CD47 are two potential therapeutic targets for the treatment of OS lung metastases. While inhibiting either pathway alone resulted in therapeutic benefits, combined treatment resulted in the best improvement in survival (MST and long-term survival). Furthermore, our data support the hypothesis that the improved therapeutic benefits in mice receiving combination therapy was secondary to the alteration of the TME with increased infiltration of cytotoxic anti-tumor immune cells including T cells, NK cells, and activated macrophages and DCs. To our knowledge, we are the first to evaluate this combination therapy in the context of OS lung metastases and to show that the positive changes in the immune landscape of the TME and LDLNs with regard to immune cell content, corresponds to the anti-tumor therapeutic activity. These studies provide pre-clinical justification for further exploring this combination for the treatment of patients with metastatic OS in the lungs.

Both WP1066 and anti-CD47 antibody therapies have demonstrated favorable safety profiles in preclinical and early-phase clinical studies. WP1066 was recently evaluated in Phase I clinical trial in pediatric patients with malignant brain tumors (NCT04334863); although the study has been completed, results have not yet been published (67). In adult patients, the most common adverse event in adult patients treated with WP1066 was grade 1 nausea and diarrhea in 50% of patients with no significant hematological toxicity (29). Notably, WP1066 has received FDA Rare Pediatric Disease Designation for three pediatric brain cancers, highlighting its potential use against pediatric cancers (68). Anti-CD47 therapy has been evaluated against hematologic and solid tumors in adult patients. The anti-CD47 therapy is associated with transient anemia, fatigue and no severe non-hematologic toxicities (69). The therapy has not yet been tested in clinical trials for pediatric patients. However, because of recent safety concerns FDA has placed hold on clinical trials evaluating anti-CD47 therapy (70). In our pre-clinical mouse model, the combination was well tolerated with no significant weight loss or observable effects. Although pediatric clinical data for this combination are limited, the existing evidence supports its translational potential in pediatric OS with appropriate safety monitoring.
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