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Background

Neuroblastoma (NB) is considered an immunologically cold tumor and is usually less responsive to immune checkpoint blockade (ICB). Tumor-associated macrophages (TAMs) are highly infiltrated in NB tumors and promote immune escape and resistance to ICB. Hence therapeutic strategies targeting immunosuppressive TAMs can improve responses to ICB in NB. We recently discovered that spleen tyrosine kinase (Syk) reprograms TAMs toward an immunostimulatory phenotype and enhances T-cell responses in the lung adenocarcinoma model. Here we investigated if Syk is an immune-oncology target in NB and tested whether a novel immunotherapeutic approach utilizing Syk inhibitor together with radiation and ICB could provide a durable anti-tumor immune response in an MYCN amplified murine model of NB.





Methods

Myeloid Syk KO mice and syngeneic MYCN-amplified cell lines were used to elucidate the effect of myeloid Syk on the NB tumor microenvironment (TME). In addition, the effect of Syk inhibitor, R788, on anti-tumor immunity alone or in combination with anti-PDL1 mAb and radiation was also determined in murine NB models. The underlying mechanism of action of this novel therapeutic combination was also investigated.





Results

Herein, we report that Syk is a marker of NB-associated macrophages and plays a crucial role in promoting immunosuppression in the NB TME. We found that the blockade of Syk in NB-bearing mice markedly impairs tumor growth. This effect is facilitated by macrophages that become immunogenic in the absence of Syk, skewing the suppressive TME towards immunostimulation and activating anti-tumor immune responses. Moreover, combining FDA-approved Syk inhibitor, R788 (fostamatinib) along with anti-PDL1 mAb provides a synergistic effect leading to complete tumor regression and durable anti-tumor immunity in mice bearing small tumors (50 mm3) but not larger tumors (250 mm3). However, combining radiation to R788 and anti-PDL1 mAb prolongs the survival of mice bearing large NB9464 tumors.





Conclusion

Collectively, our findings demonstrate the central role of macrophage Syk in NB progression and demonstrate that Syk blockade can “reeducate” TAMs towards immunostimulatory phenotype, leading to enhanced T cell responses. These findings further support the clinical evaluation of fostamatinib alone or with radiation and ICB, as a novel therapeutic intervention in neuroblastoma.
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Introduction

Neuroblastoma (NB) is the most common pediatric extracranial solid tumor that arises from the sympathetic nervous system (1, 2). Patients with this disease are stratified into low, medium, and high-risk groups based on different molecular and histological parameters among which MYCN amplification is an important determinant of worse prognosis and high-risk disease (3–5). Even after extensive multimodal therapy, chances of long-term survival in the high-risk group are only 40-50% (6–9). Immune checkpoint blockade (ICB) using monoclonal antibodies directed against inhibitory T cell receptor, programmed death 1 (PD1), and its ligand, PDL1, have improved treatment regimens in various solid cancers (10). However, in high-risk NB, the outcome of these therapies is disappointing (11). Hence, novel combination therapies with ICB are needed to improve the outcomes of patients with high-risk disease.

The tumor microenvironment (TME) plays an important role in predicting responses to immunotherapy in solid tumors and our knowledge of the different components of NB TME just started emerging (12). Recently, various groups have utilized computational biology, multiplex immunohistochemistry, and sc-RNA seq approaches to define the immune landscape of NB tumors and have reported the presence of T cells, dendritic cells, B cells, myeloid cells, and natural killer cells (NK) in NB tumors (13–17). These studies have also shown that MYCN amplified (MYCN-A) tumors are immunologically cold with rare infiltration of immune cells. However, immunosuppressive myeloid cells including myeloid derived suppressor cells (MDSCs) and tumor associated macrophages are abundantly infiltrated in the MYCN-A NB tumors and are major mediators of immunosuppression in the tumor microenvironment (TME) of NB (16, 18–20). Among these myeloid cells, TAMs have recently garnered major interest as immunotherapeutic drug targets as they contribute to tumor progression and inhibition of innate and adaptive immune responses that lead to tumor immune escape and resistance to immunotherapies in NB (12, 15, 16, 19–21). Hence, “re-educating” immunosuppressive TAMs into immunogenic phenotype can improve responses to ICB or radiotherapy in high-risk NB (19, 20, 22–26).

Spleen tyrosine kinase (Syk) is a non-receptor tyrosine kinase and is mainly expressed in hematopoietic cells. Syk is an essential regulator of B cell receptor (BCR) and Fc gamma receptor(FcR)-mediated signaling (27–29) and plays a central role in the development of autoimmune diseases and in hematological malignancies such as B cell lymphomas (30). Thus, Syk inhibitors have been tested in several clinical trials for B cell malignancies, mainly chronic lymphoid leukemia (31). R788 (fostamatinib), a prodrug of active metabolite R406, is a specific Syk inhibitor that has shown great efficacy in the preclinical models of chronic lymphocyte leukemia, autoimmune diabetes, rheumatoid arthritis (32–34). R788 was also reported to reduce collagen-induced arthritis in the mouse model (33) that leads to its evaluation in phase 2 clinical trial for patients with rheumatoid arthritis (35). FDA recently approved R788 for the treatment of patients with chronic immune thrombocytopenia (36).

Recent emerging studies have shown that Syk also contributes to tumorigenesis; however, its role in the progression of solid tumors is complex (37–39). A recent report has shown that Syk acts as a tumor promoter in neuroblastoma and Syk inhibitors potentiate the effect of chemotherapeutic drugs on NB cells in vitro (40). However, this study did not reveal the presence of Syk in immune cells and the efficacy of Syk inhibitors in suppressing NB growth in vivo. Hence, mechanistic details explaining how Syk regulates immune responses in NB need to be further elucidated.

We have recently reported that Syk plays an important role in the immunosuppressive transcriptional programming of macrophages, leading to immune escape in lung adenocarcinoma (41). Herein, our objective was to evaluate the role of Syk in NB growth and anti-tumor immunity. We found that macrophage Syk is a driver of immunosuppression and neuroblastoma growth. Moreover, genetic deletion or pharmacological inhibition of Syk with R788 promotes immunostimulation, increases CD8+ T cells, and decreases tumor progression in a MYCN-driven mouse model of NB. Finally, we demonstrated that R788, in combination with anti-PDL1 mAb treatment, elicit robust anti-tumor effects in mice bearing small (50 mm3) NB9464 tumors and, when combined with radiation, prolonged survival of mice bearing large NB9464 tumors.





Methods




Human tissues and cell lines

Deidentified human neuroblastoma primary tumor samples were obtained under IRB approval (Protocol 071729) from Rady Children’s Hospital, San Diego, California, USA. NB9464 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS and M3 base special media as described before (18, 42). Human neuroblastoma cell lines, SKNBE2, IMR32, SKNSH, SH-SY-5Y cells were cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 0.4 mM sodium pyruvate, non-essential amino acids and penicillin/streptomycin as described before (18). All cell lines were routinely tested for mycoplasma.





Immunohistochemistry and immunofluorescence staining

Formalin-fixed paraffin-embedded (FFPE) tissue sections (4µm) of human NB were used for immunohistochemistry (IHC) or immunofluorescence (IF) studies. IHC and IF on paraffin-embedded human samples were performed by the UCSD Histology core facility. For IHC studies, human samples were stained with the following antibodies: anti-CD20 (ab64088, 1:100, Abcam), anti-CD68 (MA5-12407, 1:50, Invitrogen), anti-CD3 (ab16669, 1:500, Abcam) anti-CD4 (ab288724, 1:1000, Abcam), anti-CD8 (70306S, 1:50, Cell Signaling). Antigen retrieval was carried out in citrate buffer (pH 6.0, Vector Laboratories) at 95°C for 30 min. After antigen retrieval, tissue sections were incubated with BLOXALL (Vector Laboratories) for 10 min followed by blocking Blotto (Thermo) for 10 min. Sections were stained with primary antibodies at recommended dilutions in Blotto for 1 hr at room temperature. After washing primary antibodies, the samples were stained with anti-mouse or anti-rabbit secondary antibodies HRP Polymer (Cell IDX for 30 min at RT followed by DAB staining using DAB chromogen (VWR, 95041-478) for 5 min. The images with positive staining were captured using Olympus inverted microscope. The whole area of the tumor was selected as a field of interest, and the area with immunohistochemically positive staining within the field of interest was calculated by the Image J software after setting the thresholds. The results are expressed as the percentage of the positively immunolabelled area within the total area of the tumor. For immunofluorescence staining, antigen retrieval was carried out as described above followed by blocking with Blotto for 10 min. The tissues were then incubated with Syk (clone EP573Y, ab40781, 1:1000, Abcam) and CD68 (MA5-12407, 1:50, Invitrogen) antibodies in Blotto for 1 hr at room temperature. After two washings with 1X TBST buffer, samples were stained with anti-mouse or anti-rabbit HRP polymer-conjugated secondary antibodies (Cell IDX) for 30 min at RT. Tissues were then incubated with Alexa Fluor 488 and Alexa Fluor 594 Tyramide reagents (Thermo) for 10 min. DAPI was used to counterstain the nuclei. The images of fluorescent staining were captured using Keyence BZX-700 fluorescent microscope.





Mouse models and therapeutic treatments

The conditional myeloid Syk knock out mouse strain (SykMC-KO) and their wild type control (SykMC-WT) are from the C57BL/6 background and were generated by crossing floxed Syk mice with lysozyme M (LysM) Cre recombinase transgenic mice as described previously (41). 4-6-week-old C57BL/6 mice used in these experiments were obtained from Charles River Laboratories. NB9464 (4 x 106) cells were injected subcutaneously into syngeneic 4–6-week-old SykMC-WT or SykMC-KO or C57BL/6 mice. For inhibitor experiments, NB9464-bearing mice received 50 mg/kg R788, or 200 µg anti-PDL1 (clone 10F.9G2, Bio-X-cell) or isotype control LTF2 (Bio X cell) or one dose of 10Gy radiation using a SmART radiator.





Macrophage, B cell, and T-cell depletion experiments

For macrophage-depletion experiments, mice bearing NB9464 tumors were treated with 50 mg/kg anti-CSF-1R antibody (clone AFS 98, BioXcell), administered intraperitoneally (ip) every alternate day until tumors were harvested. For B-cell depletion experiments, mice received tail vein injection of 250 µg of ULTRA-LEAF purified anti-mouse CD-20 (clone SA271G2, Bio Legend). For CD8-depletion experiments, mice bearing NB9464 tumors were treated with 200µg of anti-CD8 (clone YTS169.4) from Bio-X-Cell administered ip on day 7, 10 and 13 of tumor inoculation as described before (41).





Single cell preparation and flow cytometric analysis

Single-cell suspensions of NB9464 tumors were prepared for flow cytometry as described before (18). Briefly, NB9464 tumors were isolated, minced, and incubated for 30-45 min at 37°C in a dissociation solution containing Hanks Balanced Salt Solution supplemented with 0.5 mg/ml collagenase IV (Sigma), 0.1 mg/ml hyaluronidase V (Sigma), 0.6 U/ml Dispase II (Roche) and 0.005 MU/ml DNAse I (Sigma). The undigested tissues were removed by passing through 70 µm nylon mesh and centrifuged at 1500 rpm for 5 min. The red blood cells were lysed using RBC lysis buffer (Pharm Lyse, BD Biosciences, San Jose, CA, USA). Myeloid cells, macrophages, and T cells were enriched using CD11b+, F4/80+, and CD90.2+ microbeads (Miltenyi Biotec, San Diego, CA) on MS columns using manufacturer’s instructions. For flow cytometry, single cells isolated from tumors were incubated with a fixable viability stain 510 (BD, Biosciences) followed by incubation with fluorescently labeled antibodies directed against mouse CD45 (30-F11; BD Biosciences), CD11b (M1/70; BD Biosciences), Gr1 (RB6-8C5; BD Biosciences), F4/80 (BM8; BD Biosciences), MHCII (AF6-120.1; BD Biosciences), PDL1 (MIH5, BD Biosciences), CD44 (IM7, BD Biosciences), CD62L (MEL-14, Biolegend), CD3 (145-2C11; eBioscience), CD4 (GK1.5,; eBioscience), CD8 (53-6.7,; eBioscience). Samples were acquired on LSR Fortessa (BD Biosciences) and analyzed withFlowJo 10 (Treestar).





Macrophage adoptive transfer experiments

For macrophage adoptive transfer experiments, CD11b+ F4/80+ TAMs were isolated from single cell suspensions of NB9464 tumors from SykMC-WT or SykMC-KO mice by magnetic bead isolation. Purified cells were mixed 1:1 with NB9464 tumor cells, and 2 x 106 total tumor cells were injected into naïve SykMC-WT or SykMC-KO mice.





Isolation of BMDMs and hypoxia experiments

Bone marrow derived macrophages (BMDMs) were generated from 6-8 week old C57BL/6 mice as described before (43). Briefly, the bone marrow derived cells were collected by flushing the femurs and tibias of the mice with PBS using a 30-gauge needle. Following treatment with red cell lysis buffer, purified cells were cultured in RPMI + 10% FBS + 50 ng/ml MCSF (Peprotech) for 5-7 days before use. For hypoxia experiments, BMDMs were placed in a modulator incubator chamber (Billups-Rothenberg) under 1% O2 conditions as previously described (41, 43).





Preparation of conditioned media and co-culture experiments

Tumor conditioned media (TCM) was prepared from confluent NB9464 cells. For this, cells were grown to 80% confluence, washed with PBS and media changed to DMEM without FBS for another 48 hrs. TCM was collected after 48 hrs. and used for co-culture experiments. BMDMs from C57BL/6 WT mice were incubated with TCM from NB9464 cells, followed by treatment with R788 for 24 hours and RNA isolation. For some experiments, BMDMs incubated with TCM from NB9464 were given hypoxia for six hrs. in the presence of 500 nM R788, followed by the preparation of nuclear extracts.





Cell viability assays

Cell viability assay was performed on R788-treated NB9464, SKNBE2, and IMR32 cells using AlamarBlue® (Roche) reagent according to manufacturer’s protocol. Briefly, 1x 104 cells were seeded in 96 well plates and different concentrations of R788 were added to the culture. After 48 hours, AlamarBlue® was added and plates were incubated at 37°C in 5% CO2 for 6 hours. Fluorescence signals were read as emission at 590 nm after excitation at 560 nm.





Immunoblotting

CD45- tumor cells, CD45+ immune cells, CD11b+F4/80+ TAMs from NB9464 tumors, BMDMs, CD90.2 + T cells, CD19+ B cells isolated from splenocytes of NB9464-bearing mice and in vitro cultured SKNBE2, IMR32, SKNBE2, SH-SY-5Y and NB9464 cells were solubilized in RIPA buffer containing protease and phosphatase inhibitors. Proteins were run on SDS-PAGE gels, electro transferred to nitrocellulose membranes and were immunoblotted with antibodies from Syk (Santa Cruz), β-actin (Santa Cruz).





qPCR analysis

Total RNA was isolated from BMDMs or TAMs from NB9464 tumors or bulk NB9464 tumors using the Qiagen RNAeasy kit (Qiagen, Hilden, Germany), and cDNA was synthesized using iscript cDNA synthesis kit (Bio-Rad, Hercules, CA) according to manufacturer’s instructions. SYBR green-based qPCR was performed using murine primers to immune-responsive genes as described earlier (41). The data were quantified with the comparative Ct method for relative gene expression. GAPDH was used as the housekeeping gene.





RNA-sequencing

RNA was harvested from WT BMDMs incubated with NB9464 TCM and TAMs isolated from SykMC-WT and SykMC-KO mice bearing NB9464 tumors, and R788-treated NB9464 tumors using Qiagen RNAeasy kit (Qiagen, Hilden, Germany). RNA libraries were prepared and sequenced using standard Illumina protocols. RNA sequencing was performed by Novagene Corporation Inc (Sacremento, CA). mRNA profiles were generated by single read deep sequencing, in triplicate, using Illumina HiSeq2000. FASTQ files from sequencing experiments were mapped to mouse genome build mm10 using STAR (44) with default parameters, with reads quantified by Salmon (45) in a standard BCBio RNAseq pipeline. Differential expression analysis was then performed using the DESeq2 R package (46). Apeglm was used for empirical shrinkage effect size estimation (47). P-values were multiple hypothesis corrected using the Benjamini-Hochberg method in the python stats models package (48). All heatmaps showing relative expression of selected genes were created using the seaborn python package (49) on the Z-scores of the TPM-normalized expression.





Sc-RNA-seq data acquisition, integration, and analyses

Single cell RNA-seq data from TH-MYCN murine tumors (n = 3) were downloaded from accession GSE180101 and analyzed in the R package Seurat. First, anchor genes were used to integrate and normalize all cells across all mice into a single data set that could be clustered and visualized as a UMAP, using default settings. Next, the CIPR package, combined with canonical marker genes in cases where the cluster identity was ambiguous, was used to assign cluster identities with the mmrnaseq reference. All clusters identified as non-immune cells were grouped together as “Tumor” for clarity. Finally, a violin plot of Syk expression across different cell types was generated.





Statistical analysis

Data is represented as mean ± SEM. Differences in survival were determined using Kaplan-Meier method and using the log-rank test. Statistical significance was determined by parametric or nonparametric student’s t-test when only two groups were compared or by one-way ANOVA with Tukey’s post-hoc testing for multiple pairwise testing with more than two groups. In all cases, * p < 0.05, ** p < 0.01 *** p < 0.001, **** p < 0.0001, ns = not significant. Statistical analysis was performed using GraphPad Prism V.9 software.






Results




High-risk MYCN-amplified tumors are ‘immunologically cold’ tumors with abundant infiltration of immunosuppressive macrophages

The immune microenvironment of NB plays an important role in disease progression and predicting responses to immunotherapy (12, 50). However, limited studies are available which exemplify the presence of immune cells in NB tumors (13, 15, 16). To delineate the immune composition of NB tumors, we performed IHC on 18 human patient samples {n = 5, early-stage NB; n = 7, non-MYCN amplified (MYCN-NA) late-stage NB, n = 6, MYCN amplified (MYCN-A) late-stage NB} collected under IRB protocol (071729) (Supplementary Table S1). IHC on human NB patient samples reveals the higher infiltration of CD20+ B cells, CD3+ T cells, CD4+ T cells, and CD8+ T cells in early-stage tumors, followed by decreased or rare infiltration of these cells in late-stage MYCN-NA tumors and MYCN-A tumors respectively (Figures 1A, B). Interestingly, we found increased infiltration of CD68+ macrophages in late-stage MYCN-A tumors compared to early-stage NB and late-stage MYCN-NA tumors (Figures 1A, B).




Figure 1 | MYCN amplified tumors are abundantly infiltrated with immunosuppressive macrophages. (A, B) Representative images (A) and quantification of positive IHC staining (B) for CD68, CD20, CD3, CD4, and CD8 in tissue sections from early-stage MYCN-NA (n = 5), late-stage MYCN-NA (n= 7) and MYCN-A (n = 6) human NB; scale bar = 50μm. (C) The percentages of intratumoral CD11b+ myeloid cells, CD11b+Gr1- monocytes and CD11b+Gr1+ granulocytes, CD3+ T cells, CD4+ T cells, and CD8+ T cells in early-stage and late-stage murine NB9464 tumors (n = 4). (D, E) Relative mRNA expression of immunostimulatory (D) and immunosuppressive genes (E) in TAMs isolated from early-stage and late-stage NB9464 tumors (n =3). * p < 0.05, ** p < 0.01 *** p < 0.001, **** p < 0.0001, ns, not significant.



We implanted murine MYCN-A (NB9464) cells in C57BL/6 mice to further study these dynamics using in vivo models. To evaluate the immune composition of these tumors, we used early-stage tumors (tumor volume = 100-200 mm3) and late-stage tumors (tumor volume = 800-1000mm3) and evaluated the immune infiltrates using flow cytometry. Like human tumors, late-stage murine MYCN-A tumors also showed decreased infiltration of CD3+ T cells, and CD8+ T cells (Figures 1C, S1, S2). Interestingly, we found higher infiltration of CD11b+ Gr1+ granulocytes and CD19+ B cells in late-stage tumors with no changes in the infiltration of CD11b+Gr1-F4/80+ TAMs (Figures 1C, S2). Considering the results from both human and murine tumors, we found that late-stage MYCN-A tumors showed high infiltration of macrophages and B cells. Hence, we investigated if the deletion of either of these cell types can impede NB tumor progression. For this, NB9464 cells were subcutaneously implanted into C57BL/6 mice and were treated with macrophage-depleting anti-CSF1R antibodies (clone AFS98) or B-cell depleting ULTRA-LEAF™ purified anti-CD20 mAb (SA271G2, Biolegend). We found that administration of anti-mouse CSF1R depleted macrophages from the treated mice and suppressed tumor growth in mice implanted with NB9464 tumors (Figures S3A–C). However, administration of ULTRA-LEAF™ purified mAb depleted B cells, but did not suppress NB9464 tumor growth (Figures S3A–C). Taken together, these results suggest that macrophages and not B cells play an important role in the progression of NB, and these results were also validated by other groups (19, 51).

Several studies have shown that macrophages promote tumor growth by facilitating immunosuppression in NB (52, 53). Verhoeven et al, have recently shown that macrophages with an immunosuppressive ‘M2’ phenotype significantly correlated with decreased survival, while monocytes and macrophages with an immunostimulatory ‘M1’ phenotype significantly correlated with increased survival (15). Similarly we found that TAMs isolated from late stage murine MYCN-A NB tumors exhibited decreased expression of proinflammatory genes like Il12, Ifng, and Tnfa and increased expression of immunosuppressive genes like Il1, Il10, and Arg (Figures 1D, E). Altogether, these results suggest that immunosuppressive macrophages predominate in late-stage MYCN-A NB tumors, and approaches that aim to polarize macrophages into immunostimulatory phenotype can be used as an effective strategy to treat high-risk NB.





Macrophage Syk fosters neuroblastoma growth

We have recently shown that Syk, a macrophage key kinase, promotes immunosuppression and tumor growth in different syngeneic murine tumor models (41). As macrophages predominate in the NB TME, we asked if Syk is expressed in the NB tumors. To study the accumulation of Syk-positive macrophages in NB, we immunostained human NB patient tissues with SYK and macrophage marker CD68. Immunofluorescence microscopy revealed the presence of SYK+ cells in the tissue sections of both MYCN-A and MYCN-NA NB human specimens and immunoreactivity of SYK in CD68+ TAMs (Figure 2A). A recent study has shown that Syk is abundantly present in both MYCN-A and MYCN-NA human NB tumors, but it is expressed explicitly in human MYCN-NA NB cell lines (40). Hence, we evaluated the protein expression of Syk in MYCN-A (SKNBE2, IMR 32) and MYCN-NA (SH-SY-5Y, SKNSH) human NB cell lines and immune cells isolated from the mice bearing NB9464 (MYCN-A) tumors. Contrary to a previous report (40), we did not find the expression of Syk in MYCN-A or MYCN-NA human NB cell lines or murine NB9464 cells (Figure 2B). We found that Syk is specifically expressed in the CD45+ immune cells isolated from the murine NB9464 (MYCN-A) tumors and not in CD45-tumor cells (Figure 2B). Most notably, we found that Syk is specifically expressed in CD11b+F4/80+ TAMs isolated from NB9464 tumors; BMDMs and CD19+ B cells isolated from splenocytes of mice bearing NB9464 tumors (Figure 2B). We found minimal expression of Syk in CD90.2+ T cells isolated from splenocytes of mice bearing NB9464 tumors (Figure 2B). We next analyzed the Syk expression in tumor cells and different immune cells in spontaneous TH-MYCN murine tumors, using the publicly available single cell RNAseq data set (GSE180101). We found that Syk is maximally expressed in macrophages, followed by granulocytes and lymphoid cells, but not in tumor cells and CD8+T cells (Figure 2C). Most notably, SYK expression is also positively correlated with expression of macrophage marker CD68 in a publicly available GEO dataset (GSE62564) (Figure 2D).




Figure 2 | Macrophage Syk promotes neuroblastoma growth. (A) Figure shows IF staining of SYK and CD68 in human MYCN-A and MYCN-NA NB tissue sections. The tissue sections were stained with DAPI to detect nuclei. The cells stained positive for SYK, and CD68 are shown in the merged figure; scale bar = 10μm. (B) Protein expression of Syk in human NB cell lines: SKNBE2, IMR32, SH-SY-5Y and SKN-SH; murine NB9464 cells, CD45- tumor cells, CD45+ immune cells, CD11b+F4/80+ TAMs isolated from NB9464 tumors, and CD19+ B cells, CD90.2+ T cells, BMDMs isolated from splenocytes of NB9464-bearing mice. (C) Syk expression in tumor cells and different immune cells in spontaneous TH-MYCN murine tumors, using the publicly available single cell RNAseq data set (GSE180101). (D) Correlation between SYK and CD68 was analyzed using a dataset containing 498 NB samples (Cohort SEQC, GSE62564). (E) Tumor volume of NB9464 tumors implanted in SykMC-WT and SykMC-KO mice (n=10), ****p≤ 0.0001. (F) Tumor volume of NB9464 tumors treated with 50mg/kg R788 (five times a week) (n = 5), **p≤ 0.01.



As Syk is present in both B cells and macrophages, and deletion of B cells has no impact on NB growth (Figure S3A), we hypothesized that Syk is a marker of neuroblastoma-associated macrophages and might have a functional role in NB growth. To study the contribution of macrophage Syk on immunosuppression and NB tumorigenesis, we studied the growth of subcutaneous NB9464 tumors in conditional myeloid Syk KO mice model, generated as described before (41). We observed that tumor growth of NB9464 was reproducibly and significantly reduced in SykMC-KO animals as compared to that in SykMC-WT animals (Figure 2E). We next asked if pharmacological inhibition of Syk can reduce NB growth. Like genetic deletion, pharmacological inhibition of Syk with FDA approved Syk inhibitor, Fostamatinib or R788 also reduced tumor growth in WT mice implanted with NB9464 tumors (Figure 2F). Most notably, we found that Syk inhibition didn’t directly affect the survival of MYCN-A NB cells in vitro (Figure S4).





Syk blockade can overcome NB-related immunosuppression and enhances T cell activation in situ

Since inhibition of myeloid Syk was protective against NB, we asked if blockade of Syk can overcome NB-induced immunosuppression. To explore how Syk blockade affected the immune responses in the tumor- bearing SykMC-WT and SykMC-KO mice, we analyzed immune response genes in these mice. We found elevated expression levels of proinflammatory mRNAs like Il12, Ifng, Tnfa in the tumors isolated from SykMC-KO mice as compared to SykMC-WT mice (Figure 3A). As Syk deletion, enhanced immune stimulation in the TME, we next analyzed if Syk blockade has any impact on the infiltration and activation of T cells. We found that Syk blockade stimulated T cell recruitment into NB tumors as CD3+ and CD8+ T cell content was significantly increased in the tumors implanted in SykMC-KO mice and in NB9464 tumors treated with R788 (Figures 3B–E). We found a significant decrease in the relative infiltration of CD4+ T cells in the R788-treated tumors (Figure 3E). Hence, we analyzed if R788 has any impact on Treg population in the NB tumors. We did not find any changes in the CD4+CD25+FoxP3+ Tregs in the vehicle and R788-treated tumors (Figure 3F). However, in addition to an increase in CD8 T cell frequency, NB-infiltrating CD8+ T cells were markedly activated with a CD44+CD62L- effector CD8+ T cells are highly infiltrated in R788-treated tumors (Figure 3G). Moreover, we also found high expression of the TH1 cytokine Ifng, and decreased expression of immunosuppressive cytokines, Il10 and Tgfb in CD90.2+ T cells isolated from R788 treated tumors (Figure 3H). Interestingly, consistent with a cytotoxic effector phenotype, the expression of Gzm and Prf was also upregulated in the T cells isolated from the R788-treated tumors (Figure 3H). Remarkably, Syk inhibition did not directly activate T cells as neither Syk deletion nor treatment of T cells with R788 affected T cell proliferation ex vivo (Figures S5A, B). Collectively these data suggest that targeting Syk can overcome NB-related immunosuppression and enhances cytotoxic CD8+ T cell responses in NB.




Figure 3 | Syk blockade can overcome NB-related immunosuppression and enhances T cell infiltration and activation in situ. (A) mRNA expression of Il12, Ifng, Tnfa in SykMC-WT and SykMC-KO NB9464 tumors. (B, C) The percentages of intratumoral CD3+ T cells (B) and CD4+ T cells and CD8+ T cells (C, left panel shows FACS plots and right panel shows CD8/CD4 ratio) in SykMC-WT and SykMC-KO NB9464 tumors. (D–G) FACS quantification of CD3+ T cells (D) CD4+, and CD8+ T cells (E, left panel shows FACS plots and right panel shows quantification), CD4+CD25+FOXP3+ T regs (gated on CD4+ T cells) (F), and CD44+CD62L- effector T cells (gated on CD8+ T cells (G, left panel shows FACS plots and right panel shows quantification) in R788 treated NB9464 tumors). (H) Relative mRNA expression of Ifng, Il10, Tgfb, Gzm and Prf in R788-treated NB9464 tumors. ns, not significant. *p < 0.05, ** p < 0.01 *** p < 0.001, **** p < 0.0001.







Syk inhibition induces immunostimulatory reprogramming of intratumoral macrophages

Since Syk deletion promoted recruitment and activation of T cells in NB tumors with no impact on T cell proliferation ex vivo (Figure S5), we hypothesized that myeloid Syk deletion reprograms macrophages to promote immunostimulatory responses in vivo. We observed no changes in the infiltration of CD11b+Gr1- monocytes, CD11b+Gr1+ granulocytes, and CD11b+Gr1-F4/80+ TAMs in SykMC-WT and SykMC-KO tumors (Figures 4A, B). Whereas genetic deletion of Syk didn’t alter the accumulation of TAMs in the tumors, it enhanced the expression of MHCII+ TAMs in SykMC-KO tumors (Figure 4C). In addition, Syk enhanced the expression of immunosuppressive cytokines like Arg, Tgfb, Il1, Mmp9, and Vegf in TAMs and inhibited expression of pro-inflammatory genes, Il12, Ifng, and Nos2 (Figure 4D). These results were also validated by RNA-seq on TAMs from NB9464 tumors which also revealed high expression of genes related to antigen presentation and immune stimulation in SykMC-KO mice (Figure 4E). These results indicate that Syk skews the macrophages towards an immunosuppressive phenotype in NB tumors.




Figure 4 | Syk inhibition induces immunostimulatory reprogramming of intratumoral macrophages. (A–C) The percentages of intratumoral CD11b+Gr1-, CD11b+Gr1+ cells (A), TAMs (B), and MHCII+ TAMs (C) in SykMC-WT and SykMC-KO NB9464 tumors. (D) Relative mRNA expression of immune response genes in TAMs isolated from SykMC-WT and SykMC-KO NB9464 tumors. (E) Relative mRNA expression of immune response genes in TAMs isolated from SykMC-WT (grey) and SykMC-KO (black) NB9464 tumors as determined by RNA sequencing. (F) Left panel shows schema of adoptive transfer experiments. Right panel shows tumor volumes of SykMC-WT and SykMC-KO NB9464 tumors adoptively transferred with SykMC-WT and SykMC-KO TAMs. (G) NB9464 tumor volumes of C57BL/6 mice treated with anti-CSF1R mAb and/or R788. (H). NB9464 tumor volumes from SykMC-WT and SykMC-KO mice treated with anti-CD8 or isotype control antibodies (n = 5). ns, not significant. * p < 0.05, ** p < 0.01 *** p < 0.001, **** p < 0.0001.



To confirm that macrophage Syk controls tumor growth and inhibits adaptive immune responses in NB, TAMs isolated from SykMC-WT and SykMC-KO were mixed in a 1:1 ratio with NB9464 tumor cells and were adoptively transferred into different SykMC-WT and SykMC-KO mice (Figure 4F). The adoptive transfer of WT macrophages into SykMC-KO mice showed an increase in tumor growth. In contrast, the transfer of Syk KO macrophages suppressed tumor growth in SykMC-WT mice (Figure 4F). Similarly, treatment of mice bearing NB9464 tumors with R788 or macrophage depleting anti-CSF1R antibody showed that anti-CSF1R ab or R788 treatment alone significantly blocked tumor growth, but together did not show additive effects on tumor regression (Figure 4G). Most notably, we found that Syk inhibition did not reduce tumor growth in CD8-depleted mice suggesting that Syk inhibition reduces tumor growth by promoting immunostimulatory transcriptional programming in macrophages leading to the recruitment and activation of CD8+ T cells (Figure 4H). These results implicate that Syk blockade remodels immune microenvironment towards immunostimulation, leading to enhanced CD8+ T cell responses in NB.





Syk signaling promotes stabilization of HIF1 alpha to control macrophage polarization

Since Syk induces polarization of macrophages into immunosuppressive phenotype in vivo, we investigated if Syk promotes transcriptional programming of macrophages in vitro. For this, we incubated BMDMs derived from SykMC-WT and SykMC-KO or C57BL6 WT mice with tumor-conditioned media (TCM) from NB9464 cells as shown in the schema (Figure 5A). We found that stimulation of SykMC-WT and SykMC-WT BMDMs with NB9464 TCM increases polarization of macrophages in immunosuppressive phenotype only in SykMC-WT BMDMs (Figure 5B). RNA-seq data revealed that incubation of WT BMDMs with NB9464 TCM enhanced the expression of immunosuppressive genes like Ido1, Arg1, Il1b, Mmp9, Il10, and treatment with R788 significantly decreased the expression of these genes (Figure 5C).




Figure 5 | Syk signaling promotes stabilization of HIF1 alpha to control macrophage polarization. (A) Schema showing TCM experimental details. (B) mRNA expression of immunosuppressive genes in BMDMs incubated with NB9464 TCM. **** p< 0.0001. (C) Relative mRNA expression of genes related to immune suppression in BMDMs incubated with NB9464 TCM and treated with 500 nM R788 as determined by RNA sequencing. (D, E) Western blot analysis of nuclear extracts for HIF1α from SykMC-WT and SykMC-KO BMDMs incubated with NB9464 TCM (D) or WT BMDMs incubated with NB9464 TCM and treated with 500 nM R788 (E) and exposed to hypoxic conditions (1% O2).



Next, we investigated the mechanism by which Syk regulates macrophage immune responses in neuroblastoma tumors. We have previously shown that Syk controls the stabilization of HIF1α to promote tumor growth and immunosuppression (41). We found that BMDMs from SykMC-WT mice, when exposed to NB9464 TCM and hypoxic conditions (1% O2) showed higher stabilization of HIF1α in SykMC-WT BMDMs only and not in SykMC-KO BMDMs (Figure 5D). Similarly, WT BMDMs incubated with NB9464 TCM and exposed to hypoxia showed higher stabilization of HIF1α and R788 destabilized HIF1α in these BMDMs (Figure 5E). Hence, these results suggest that Syk controls stabilization of HIF1α in macrophages to promote immunosuppression in MYCN-A tumors.





Syk inhibition with immune checkpoint blockade is effective in small NB9464 tumors

Unlike some adult cancers, most pediatric cancers are immunologically cold and resistant to ICB. As Syk inhibition has remodeled the TME towards immunostimulation, we next determined if Syk inhibition combined with ICB can improve survival outcomes in NB. In line with previous report (54), we found that CD45- tumor cells exhibited low expression of PDL1 (Figures 6A, S6). Interestingly, we found that PDL1 was expressed on CD11b+F4/80+ TAMs isolated from NB9464 tumors and the expression of PDL1 further increased on R788 treatment (Figure 6A). Hence, we hypothesized that combining anti-PDL1 mAb with R788 can improve anti-tumor immune responses in neuroblastoma. We found that the combination of R788 and anti-PDL1 blockade provided complete tumor regression in 50% (4/8) of the mice (Figures 6B, C) and exhibited disease-free survival past 80 days (Figure 6D). None of the control untreated mice survived after day 45 (Figure 6D). Four mice which were disease-free after treatment were rechallenged with NB9464 tumors after three months following the completion of the last dose of treatment, and 100% (4/4) of mice rejected the tumor growth, and none of these mice developed tumor growth (Figures 6E, F). In contrast, all 6/6 naïve mice challenged in parallel with NB9464 cells showed progressive tumor growth (Figure 6F). These results suggest that Syk inhibitor sensitized NB tumors to ICB and cured the mice bearing small NB9464 tumors.




Figure 6 | Syk inhibition synergizes with checkpoint blockade to enhance anti-tumor immune responses in small neuroblastoma tumors. (A) Select pseudo-color plots (left panel) and quantification (right panel) of PDL1 in CD45- tumor cells and CD11b+F4/80+ TAMs from vehicle and R788-treated NB9464 tumors. ns, not significant. *p < 0.05. (B) NB9464 tumors were implanted into C57 BL/6 mice and treated with different inhibitors according to the depicted schema. (C) Tumor volume of NB9464 tumors implanted in C57BL/6 WT mice treated with either R788 or PDL1 or in combination, as shown in (B). (D) Kaplan Meir survival curves of mice treated with R788 and anti-PDL1 mAb. (E) Schema showing the strategy to rechallenge the cured mice. (F) Tumor volume of NB9464 tumors implanted in naïve C57BL/6 mice (n = 6) and cured mice (n = 4) from Figure (C) **** p < 0.0001.







Radiation combined with Syk inhibition and checkpoint blockade is effective in big NB9464 tumors

Our results showed that R788, together with anti-PDL1 mAb, cured mice bearing small NB9464 tumors (Figure 6). Since, most of the neuroblastoma patients had metastatic disease at the time of diagnosis, we investigated if R788 and anti-PDL1 mAb could cure mice when treatment was initiated at later stage when the tumor volume reached 250 mm3. This treatment regimen was ineffective at a later-stage, and none of the treated mice was tumor-free (Figures 7A–C). Since, radiation therapy is an important modality in frontline treatment of high-risk NB (55) and previous studies have shown that radiation can enhance the efficacy of ICB in solid tumors (56, 57) by enhancing T cell infiltration in the TME and boosting IFN-gamma mediated immune responses (58–60), we evaluated if combined treatment of R788 along with radiation and anti-PDL1 can provide complete regression in large NB9464 tumors. We found that radiation together with anti-PDL1 or R788 was effective in regressing tumor growth, but the combination of R788 together with anti-PDL1 and radiation significantly decreased tumor burden and prolonged overall survival of mice bearing big NB tumors (Figures 7B, C). The median survival time of different treatment groups were: vehicle mice: 37 days, R788 + anti-PDL1 mAb: 44 days, Rad + R788: 57.5 days, Rad + PDL1: 58 days, and Rad + R788 + anti-PDL1: 84 days (Figures 7B, C). RNA-seq data also shows that Rad + R788 + anti-PDL1 treated NB9464 tumors showed increased expression of genes related to antigen presentation, T cell activation, immune stimulation, IFN gamma activation and decreased expression of immunosuppressive genes as compared to Vehicle, R788 + anti-PDL1 mAb treated tumors (Figure 7D). Taken together, these results suggest that R788 has a capacity to remodel the immune “cold” tumors into immune “hot” tumors by reprogramming the macrophages and together with anti-PDL1mAb and radiation it can regress tumor growth in high-risk MYCN-A NB (Figure 7E).




Figure 7 | Radiation combined with R788 and anti-PDL1 mAb improved survival in mice bearing large NB9464 tumors. (A) NB9464 tumors implanted in C57BL/6 mice and treated according to the depicted schema. (B) Tumor volume of NB9464 tumors treated as mentioned in (A), **** p < 0.0001. (C) Kaplan Meir survival curves of mice treated with the combination of R788 or anti-PDL1 mAb or radiation. *** p < 0.001. (D) Heat map of immune-related mRNA expression in bulk NB9464 tumors treated with R788, anti-PDL1 mAb and radiation. (E) Graphical abstract showing that R788 can turn immune “cold” tumors into "hot" inflamed tumors, thus enhancing the efficacy of anti-PDL1 blockade and radiation in high-risk NB.








Discussion

Tumor associated macrophages (TAMs) are abundantly infiltrated in human and murine NB tumors and play an instrumental role in NB progression and impeding responses to ICB (15, 19, 20). Based on our previous findings that macrophage Syk promotes immunosuppression in lung adenocarcinoma (41), herein, we investigated the functional significance of macrophage Syk in neuroblastoma tumorigenesis. We demonstrated that genetic deletion or pharmacological inhibition of Syk using R788, skews macrophages in a pro-inflammatory state that leads to further changes in the TME by recruitment of CD8+ T cells and increased cytotoxicity against neuroblastoma tumor cells. Furthermore, combination treatment of R788 and anti-PDL1 mAb leads to complete tumor regression in 50% mice with durable anti-tumor immunity in small NB9464 tumors but not larger NB9464 tumors. However, combining radiation with R788 and anti-PDL1 mAb extended the survival of mice bearing large NB9464 tumors. Taken together, these data support Syk inhibition alone and in concert with anti-PDL1 mAb and radiation as a novel therapeutic strategy in neuroblastoma.

Our present analysis of the TME in human patient samples and murine NB models revealed an immunosuppressive TME with decreased infiltration of CD8+ T cells and increased infiltration of immunosuppressive TAMs in late-stage tumors. This data is in line with recent sc-RNA seq analysis performed on human NB patient samples which shows that Mono 2 (monocytes with high expression of genes related to antigen presentation and immunostimulation) was associated with better survival in high-risk neuroblastoma (15). However, Macro 1 (macrophages with immunosuppressive M2 gene signature) was significantly correlated with decreased survival. Furthermore, previous studies have shown that targeting immunosuppressive macrophages by using anti-CSF1R antibodies (19, 25) or stimulating the effector macrophages by using anti-CD40 antibodies (23, 24) have significantly decreased neuroblastoma growth in MYCN driven NB mouse models, suggesting that “re-educating” TAMs into immunostimulatory phenotype can be an effective strategy to improve responses to immunotherapy in NB.

A recent study found that Syk inhibition decreases cell viability of NB tumor cells that express Syk and potentiates cytotoxicity of chemotherapy drugs in vitro (40). In contrast to this study, we found that Syk is not expressed by human and murine NB cell lines, and Syk inhibition has no or modest effect on the viability of these cells. We found that macrophage-Syk is sufficient to promote NB growth and immunosuppression.

Syk is also reported to be present in dendritic cells and has a role in priming cytotoxic T-cell responses (61, 62). While, we have not tested the impact of Syk inhibition on DC’s capacity to generate CD8+ T cell responses, we found the predominant role of macrophage Syk in controlling tumor growth and inhibition of adaptive immune responses in the neuroblastoma model. We further confirm that macrophage Syk controls HIF1α stabilization to promote tumor growth and immunosuppression. HIF1α is previously reported to be involved in immunosuppressive macrophage differentiation and suppression of T cell function (63). Hence, studies combining R788 with VEGF inhibitors are warranted in the near future.

While immune checkpoint inhibitors, such as PD1 or PDL1, have been shown to improve outcomes in various adult tumors, their efficacy in pediatric tumors has thus far been limited (11, 64). Several studies have shown that PDL1 is expressed in NB tumors and correlates with worse outcomes (65, 66). Interestingly, a recent study has shown that chemotherapy significantly increased expression of PDL1 in NB tumors and specifically increased the expression of PDL1 in TAMs (54). We also found that TAMs from NB9464 tumors highly express PDL1 and R788 treatment further increased the expression of PDL1 in TAMs.

Studies have also found that treatment with anti-PDL1 and/or PD-1 antibodies in concert with anti-CD4 antibody, anti-CTLA4 mAb, anti-GD2 antibody, or a CSF-R1 inhibitor can significantly decrease tumor growth compared to monotherapy alone in neuroblastoma models in vivo (19, 54, 67, 68). We found that combination treatment with R788 and anti-PDL1 antibody results in complete tumor regression with durable anti-tumor immunity with rechallenge experiments in vivo. However, this treatment regimen was ineffective in mice bearing large NB9464 tumors. In support of this data, a recent study has shown that treatment of small NB9464-GD2 tumors (50 mm3) with extensive treatment regimen including radiation, hu14.18-IL2 immunocytokine (IC), anti-CD40, CpG, anti-CTLA-4 cured the mice but the treatment of large tumors (100 mm3) with this regimen only prolonged the survival with no mice cured (22, 26). However, we found that using R788 with radiation and anti-PDL1 mAb was effective in prolonging the survival of mice bearing NB9464 tumors even when started treatment at a later stage. Radiation may be functioning here to cytoreduce tumor volume as well as modulate the residual TME. Future studies will aim to identify other immunotherapeutic combinations that can cure mice with large tumors.

In conclusion, our results provide evidence that Syk is a marker of NB-associated macrophages, and therapeutic targeting of Syk with R788 reshapes the TME and sensitizes NB tumors to anti-PDL1 mAb. The data presented in this manuscript suggest that FDA-approved Syk inhibitor, fostamatinib, in combination with anti-PDL1 mAb and radiation, may be an effective strategy for NB and should be further explored in clinical investigations.





Data availability statement

Data are available on reasonable request. The sequencing data and processed expression matrix have been deposited at the Gene Expression Omnibus with access number GSE224020, GSE224021, GSE224024, GSE224025. The code is avaialble on GitHub and can be accessed at: https://github.com/tpham2654/Neuroblastoma-SYK-RNAseq. The full list of differentially expressed genes for each experiment is available in Supplementary Table S2.





Ethics statement

The use of human tissues was approved under the auspices of UCSD Institutional Review (Protocol 071729). Informed consent was obtained from all the patients. The deidentified biological samples were used under “exempt category 4” for research. All procedures involving animals were approved by the Institutional Animal Care and Use Committee of the University of California San Diego (Protocol S09398).





Author contributions

SJ and DR conceived the idea and designed the study. DR, IP, TP, ET, and RJ performed experiments, analyzed, and interpreted data. IP and ET assisted in animal studies, including drug administration and tumor measurements. TP and PT assisted with RNA-seq data analysis and statistical analyses. RJ and AS assisted in designing radiation experiments. SJ, AS, AY, KL, and PT participated in the discussion of the data and contributed to the writing of the manuscript. All authors approved the final manuscript. SJ supervised the entire study and is the guarantor of this publication. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by NIH grants K22 CA229594, R01NS122835 to SJ and Pediatric Padres Pedal award to SJ and AS. KL is funded by the National Institutes of Health Loan Repayment Program L40 CA264321. This work was also supported by NIH grants: R01CA154480, R01CA121941, R01CA247551, U01CA176058, R01DE026870, U24CA220341, U24CA248457, R01CA226803, U01CA217885 and R01CA109467, a State of California Initiative to Advance Precision Medicine award (OPR18112) to PT and the GCBSR shared resources at the UCSD Moores Cancer center P30CA023100.




Acknowledgments

The authors thank Dr. Paul Sondel (University of Wisconsin, Madison) for NB9464 cells. Cartoon figures were created with the Bio Render online platform (BioRender.com).





Conflict of interest

AS reports being a paid consultant/advisory board member for AstraZeneca, Primmune, Merck, and Jounce Therapeutics; reports receiving commercial research grants from Varian Medical Systems and Pfizer; holds ownership interest in Toragen Inc. outside of submitted work.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1148317/full#supplementary-material



Abbreviations

TME, tumor microenvironment; TAM, tumor-associated macrophage; HIF, hypoxia-inducible factor; TGF beta, transforming growth factor; VEGF, vascular endothelial growth factor; BMDM, bone marrow-derived macrophages; MCSF, macrophage colony-stimulating factor.




References

1. Matthay, KK, Maris, JM, Schleiermacher, G, Nakagawara, A, Mackall, CL, Diller, L, et al. Neuroblastoma. Nat Rev Dis Primers (2016) 2:16078. doi: 10.1038/nrdp.2016.78

2. Brodeur, GM. Neuroblastoma: biological insights into a clinical enigma. Nat Rev Cancer (2003) 3:203–16. doi: 10.1038/nrc1014

3. Sokol, E, and Desai, AV. The evolution of risk classification for neuroblastoma. Children (Basel) (2019) 6. doi: 10.3390/children6020027

4. Pinto, NR, Applebaum, MA, Volchenboum, SL, Matthay, KK, London, WB, Ambros, PF, et al. Advances in risk classification and treatment strategies for neuroblastoma. J Clin Oncol (2015) 33:3008–17. doi: 10.1200/JCO.2014.59.4648

5. Seeger, RC, Brodeur, GM, Sather, H, Dalton, A, Siegel, SE, Wong, KY, et al. Association of multiple copies of the n-myc oncogene with rapid progression of neuroblastomas. N Engl J Med (1985) 313:1111–6. doi: 10.1056/NEJM198510313131802

6. Campbell, K, Gastier-Foster, JM, Mann, M, Naranjo, AH, Van Ryn, C, Bagatell, R, et al. Association of MYCN copy number with clinical features, tumor biology, and outcomes in neuroblastoma: a report from the children's oncology group. Cancer (2017) 123:4224–35. doi: 10.1002/cncr.30873

7. Park, JR, Kreissman, SG, London, WB, Naranjo, A, Cohn, SL, Hogarty, MD, et al. Effect of tandem autologous stem cell transplant vs single transplant on event-free survival in patients with high-risk neuroblastoma: a randomized clinical trial. JAMA (2019) 322:746–55. doi: 10.1001/jama.2019.11642

8. Mallepalli, S, Gupta, MK, and Vadde, R. Neuroblastoma: an updated review on biology and treatment. Curr Drug Metab (2019) 20:1014–22. doi: 10.2174/1389200221666191226102231

9. MacFarland, S, and Bagatell, R. Advances in neuroblastoma therapy. Curr Opin Pediatr (2019) 31:14–20. doi: 10.1097/MOP.0000000000000711

10. Joshi, S, and Durden, DL. Combinatorial approach to improve cancer immunotherapy: rational drug design strategy to simultaneously hit multiple targets to kill tumor cells and to activate the immune system. J Oncol (2019) 2019:5245034. doi: 10.1155/2019/5245034

11. Kabir, TF, Chauhan, A, Anthony, L, and Hildebrandt, GC. Immune checkpoint inhibitors in pediatric solid tumors: status in 2018. Ochsner J (2018) 18:370–6. doi: 10.31486/toj.18.0055

12. Joshi, S. Targeting the tumor microenvironment in neuroblastoma: recent advances and future directions. Cancers (Basel) (2020) 12. doi: 10.3390/cancers12082057

13. Wienke, J, Dierselhuis, MP, Tytgat, GAM, Kunkele, A, Nierkens, S, and Molenaar, JJ. The immune landscape of neuroblastoma: challenges and opportunities for novel therapeutic strategies in pediatric oncology. Eur J Cancer (2021) 144:123–50. doi: 10.1016/j.ejca.2020.11.014

14. Melaiu, O, Chierici, M, Lucarini, V, Jurman, G, Conti, LA, De Vito, R, et al. Cellular and gene signatures of tumor-infiltrating dendritic cells and natural-killer cells predict prognosis of neuroblastoma. Nat Commun (2020) 11:5992. doi: 10.1038/s41467-020-19781-y

15. Verhoeven, BM, Mei, S, Olsen, TK, Gustafsson, K, Valind, A, Lindstrom, A, et al. The immune cell atlas of human neuroblastoma. Cell Rep Med (2022) 3:100657. doi: 10.1016/j.xcrm.2022.100657

16. Costa, A, Thirant, C, Kramdi, A, Pierre-Eugene, C, Louis-Brennetot, C, Blanchard, O, et al. Single-cell transcriptomics reveals shared immunosuppressive landscapes of mouse and human neuroblastoma. J Immunother Cancer (2022) 10. doi: 10.1136/jitc-2022-004807

17. Masih, KE, Wei, JS, Milewski, D, and Khan, J. Exploring and targeting the tumor immune microenvironment of neuroblastoma. J Cell Immunol (2021) 3:305–16.

18. Ishfaq, M, Pham, T, Beaman, C, Tamayo, P, Yu, AL, and Joshi, S. BTK inhibition reverses mdsc-mediated immunosuppression and enhances response to anti-pdl1 therapy in neuroblastoma. Cancers (Basel) (2021) 13. doi: 10.3390/cancers13040817

19. Mao, Y, Eissler, N, Blanc, KL, Johnsen, JI, Kogner, P, and Kiessling, R. Targeting suppressive myeloid cells potentiates checkpoint inhibitors to control spontaneous neuroblastoma. Clin Cancer Res (2016) 22:3849–59. doi: 10.1158/1078-0432.CCR-15-1912

20. Liu, KX, and Joshi, S. "Re-educating" tumor associated macrophages as a novel immunotherapy strategy for neuroblastoma. Front Immunol (2020) 11:1947.

21. Hadjidaniel, MD, Muthugounder, S, Hung, LT, Sheard, MA, Shirinbak, S, Chan, RY, et al. Tumor-associated macrophages promote neuroblastoma via STAT3 phosphorylation and up-regulation of c-MYC. Oncotarget (2017) 8:91516–29. doi: 10.18632/oncotarget.21066

22. Voeller, J, Erbe, AK, Slowinski, J, Rasmussen, K, Carlson, PM, Hoefges, A, et al. Combined innate and adaptive immunotherapy overcomes resistance of immunologically cold syngeneic murine neuroblastoma to checkpoint inhibition. J Immunother Cancer (2019) 7:344. doi: 10.1186/s40425-019-0823-6

23. Buhtoiarov, IN, Sondel, PM, Wigginton, JM, Buhtoiarova, TN, Yanke, EM, Mahvi, DA, et al. Anti-tumour synergy of cytotoxic chemotherapy and anti-CD40 plus CpG-ODN immunotherapy through repolarization of tumour-associated macrophages. Immunology (2011) 132:226–39. doi: 10.1111/j.1365-2567.2010.03357.x

24. Lum, HD, Buhtoiarov, IN, Schmidt, BE, Berke, G, Paulnock, DM, Sondel, PM, et al. In vivo CD40 ligation can induce T-cell-independent antitumor effects that involve macrophages. J Leukoc Biol (2006) 79:1181–92. doi: 10.1189/jlb.0405191

25. Webb, MW, Sun, J, Sheard, MA, Liu, WY, Wu, HW, Jackson, JR, et al. Colony stimulating factor 1 receptor blockade improves the efficacy of chemotherapy against human neuroblastoma in the absence of T lymphocytes. Int J Cancer (2018) 143:1483–93. doi: 10.1002/ijc.31532

26. Aiken, TJ, Erbe, AK, Zebertavage, L, Komjathy, D, Feils, AS, Rodriguez, M, et al. Mechanism of effective combination radio-immunotherapy against 9464D-GD2, an immunologically cold murine neuroblastoma. J Immunother Cancer (2022) 10. doi: 10.1136/jitc-2022-004834

27. Berton, G, Mocsai, A, and Lowell, CA. Src and syk kinases: key regulators of phagocytic cell activation. Trends Immunol (2005) 26:208–14. doi: 10.1016/j.it.2005.02.002

28. Pradip, D, Peng, X, and Durden, DL. Rac2 specificity in macrophage integrin signaling: potential role for syk kinase. J Biol Chem (2003) 278:41661–9. doi: 10.1074/jbc.M306491200

29. Mocsai, A, Ruland, J, and Tybulewicz, VL. The SYK tyrosine kinase: a crucial player in diverse biological functions. Nat Rev Immunol (2010) 10:387–402. doi: 10.1038/nri2765

30. Geahlen, RL. Getting syk: spleen tyrosine kinase as a therapeutic target. Trends Pharmacol Sci (2014) 35:414–22. doi: 10.1016/j.tips.2014.05.007

31. Liu, D, and Mamorska-Dyga, A. Syk inhibitors in clinical development for hematological malignancies. J Hematol Oncol (2017) 10:145. doi: 10.1186/s13045-017-0512-1

32. Suljagic, M, Longo, PG, Bennardo, S, Perlas, E, Leone, G, Laurenti, L, et al. The syk inhibitor fostamatinib disodium (R788) inhibits tumor growth in the emu- TCL1 transgenic mouse model of CLL by blocking antigen-dependent b-cell receptor signaling. Blood (2010) 116:4894–905. doi: 10.1182/blood-2010-03-275180

33. Pine, PR, Chang, B, Schoettler, N, Banquerigo, ML, Wang, S, Lau, A, et al. Inflammation and bone erosion are suppressed in models of rheumatoid arthritis following treatment with a novel syk inhibitor. Clin Immunol (2007) 124:244–57. doi: 10.1016/j.clim.2007.03.543

34. Colonna, L, Catalano, G, Chew, C, D'Agati, V, Thomas, JW, Wong, FS, et al. Therapeutic targeting of syk in autoimmune diabetes. J Immunol (2010) 185:1532–43. doi: 10.4049/jimmunol.1000983

35. Weinblatt, ME, Kavanaugh, A, Genovese, MC, Musser, TK, Grossbard, EB, and Magilavy, DB. An oral spleen tyrosine kinase (Syk) inhibitor for rheumatoid arthritis. N Engl J Med (2010) 363:1303–12. doi: 10.1056/NEJMoa1000500

36. Connell, NT, and Berliner, N. Fostamatinib for the treatment of chronic immune thrombocytopenia. Blood (2019) 133:2027–30. doi: 10.1182/blood-2018-11-852491

37. Luangdilok, S, Box, C, Patterson, L, Court, W, Harrington, K, Pitkin, L, et al. Syk tyrosine kinase is linked to cell motility and progression in squamous cell carcinomas of the head and neck. Cancer Res (2007) 67:7907–16. doi: 10.1158/0008-5472.CAN-07-0331

38. Ghotra, VP, He, S, van der Horst, G, Nijhoff, S, de Bont, H, Lekkerkerker, A, et al. SYK is a candidate kinase target for the treatment of advanced prostate cancer. Cancer Res (2015) 75:230–40. doi: 10.1158/0008-5472.CAN-14-0629

39. Krisenko, MO, and Geahlen, RL. Calling in SYK: SYK's dual role as a tumor promoter and tumor suppressor in cancer. Biochim Biophys Acta (2015) 1853:254–63. doi: 10.1016/j.bbamcr.2014.10.022

40. Tummler, C, Dumitriu, G, Wickstrom, M, Coopman, P, Valkov, A, Kogner, P, et al. SYK inhibition potentiates the effect of chemotherapeutic drugs on neuroblastoma cells in vitro. Cancers (Basel) (2019) 11. doi: 10.3390/cancers11020202

41. Joshi, S, Liu, KX, Zulcic, M, Singh, AR, Skola, D, Glass, CK, et al. Macrophage syk-PI3Kgamma inhibits antitumor immunity: SRX3207, a novel dual syk-PI3K inhibitory chemotype relieves tumor immunosuppression. Mol Cancer Ther (2020) 19:755–64. doi: 10.1158/1535-7163.MCT-19-0947

42. Joshi, S, Singh, AR, Zulcic, M, Bao, L, Messer, K, Ideker, T, et al. Rac2 controls tumor growth, metastasis and M1-M2 macrophage differentiation in vivo. PloS One (2014) 9:e95893. doi: 10.1371/journal.pone.0095893

43. Joshi, S, Singh, AR, Zulcic, M, and Durden, DL. A macrophage-dominant PI3K isoform controls hypoxia-induced HIF1alpha and HIF2alpha stability and tumor growth, angiogenesis, and metastasis. Mol Cancer Res (2014) 12:1520–31. doi: 10.1158/1541-7786.MCR-13-0682

44. Dobin, A, Davis, CA, Schlesinger, F, Drenkow, J, Zaleski, C, Jha, S, et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics (2013) 29:15–21. doi: 10.1093/bioinformatics/bts635

45. Patro, R, Duggal, G, Love, MI, Irizarry, RA, and Kingsford, C. Salmon provides fast and bias-aware quantification of transcript expression. Nat Methods (2017) 14:417–9. doi: 10.1038/nmeth.4197

46. Love, MI, Huber, W, and Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15:550. doi: 10.1186/s13059-014-0550-8

47. Anqi Zhu, JGI, and Love, MI. Heavy-tailed prior distributions for sequence count data: removing the noise and preserving large differences. Bioinformatics (2019) 35:2084–92. doi: 10.1093/bioinformatics/bty895

48. Perktold, J, and Seabold, S. Statsmodels: econometric and statistical modeling with Python, in: PROC. OF THE 9th PYTHON IN SCIENCE CONF. (SCIPY 2010), .

49. Waskom, ML. Seaborn: statistical data visualization. J Open Source software (2021). doi: 10.21105/joss.03021

50. Blavier, L, Yang, RM, and DeClerck, YA. The tumor microenvironment in neuroblastoma: new players, new mechanisms of interaction and new perspectives. Cancers (Basel) 12 (2020). doi: 10.3390/cancers12102912

51. Weissenborn, C, von Lenthe, S, Hinz, N, Langwisch, S, Busse, M, Schumacher, A, et al. Depletion of Foxp3+ regulatory T cells but not the absence of CD19+IL-10+ regulatory b cells hinders tumor growth in a para-orthotopic neuroblastoma mouse model. Int J Cancer (2022) 151:2031–42. doi: 10.1002/ijc.34262

52. Van de Velde, LA, Allen, EK, Crawford, JC, Wilson, TL, Guy, CS, Russier, M, et al. Neuroblastoma formation requires unconventional CD4 T cells and arginase-1-Dependent myeloid cells. Cancer Res (2021) 81:5047–59. doi: 10.1158/0008-5472.CAN-21-0691

53. Larsson, K, Kock, A, Idborg, H, Arsenian Henriksson, M, Martinsson, T, Johnsen, JI, et al. COX/mPGES-1/PGE2 pathway depicts an inflammatory-dependent high-risk neuroblastoma subset. Proc Natl Acad Sci USA (2015) 112:8070–5.

54. Shirinbak, S, Chan, RY, Shahani, S, Muthugounder, S, Kennedy, R, Hung, LT, et al. Combined immune checkpoint blockade increases CD8+CD28+PD-1+ effector T cells and provides a therapeutic strategy for patients with neuroblastoma. Oncoimmunology (2021) 10:1838140. doi: 10.1080/2162402X.2020.1838140

55. Liu, KX, Naranjo, A, Zhang, FF, DuBois, SG, Braunstein, SE, Voss, SD, et al. Prospective evaluation of radiation dose escalation in patients with high-risk neuroblastoma and gross residual disease after surgery: a report from the children's oncology group ANBL0532 study. J Clin Oncol (2020) 38:2741–52. doi: 10.1200/JCO.19.03316

56. Gong, X, Li, X, Jiang, T, Xie, H, Zhu, Z, Zhou, F, et al. Combined radiotherapy and anti-PD-L1 antibody synergistically enhances antitumor effect in non-small cell lung cancer. J Thorac Oncol (2017) 12:1085–97. doi: 10.1016/j.jtho.2017.04.014

57. Dovedi, SJ, Adlard, AL, Lipowska-Bhalla, G, McKenna, C, Jones, S, Cheadle, EJ, et al. Acquired resistance to fractionated radiotherapy can be overcome by concurrent PD-L1 blockade. Cancer Res (2014) 74:5458–68. doi: 10.1158/0008-5472.CAN-14-1258

58. Lugade, AA, Sorensen, EW, Gerber, SA, Moran, JP, Frelinger, JG, and Lord, EM. Radiation-induced IFN-gamma production within the tumor microenvironment influences antitumor immunity. J Immunol (2008) 180:3132–9. doi: 10.4049/jimmunol.180.5.3132

59. Zhang, F, Manna, S, Pop, LM, Chen, ZJ, Fu, YX, and Hannan, R. Type I interferon response in radiation-induced anti-tumor immunity. Semin Radiat Oncol (2020) 30:129–38. doi: 10.1016/j.semradonc.2019.12.009

60. Chow, J, Hoffend, NC, Abrams, SI, Schwaab, T, Singh, AK, and Muhitch, JB. Radiation induces dynamic changes to the T cell repertoire in renal cell carcinoma patients. Proc Natl Acad Sci U.S.A. (2020) 117:23721–9.

61. Leibundgut-Landmann, S, Osorio, F, Brown, GD, and Reis e Sousa, C. Stimulation of dendritic cells via the dectin-1/Syk pathway allows priming of cytotoxic T-cell responses. Blood (2008) 112:4971–80. doi: 10.1182/blood-2008-05-158469

62. Chen, X, Kunda, PE, Lin, J, Zhou, M, Huang, J, Zhang, H, et al. SYK-targeted dendritic cell-mediated cytotoxic T lymphocytes enhance the effect of immunotherapy on retinoblastoma. J Cancer Res Clin Oncol (2018) 144:675–84. doi: 10.1007/s00432-018-2584-x

63. Doedens, AL, Stockmann, C, Rubinstein, MP, Liao, D, Zhang, N, DeNardo, DG, et al. Macrophage expression of hypoxia-inducible factor-1 alpha suppresses T-cell function and promotes tumor progression. Cancer Res (2010) 70:7465–75. doi: 10.1158/0008-5472.CAN-10-1439

64. Majzner, RG, Heitzeneder, S, and Mackall, CL. Harnessing the immunotherapy revolution for the treatment of childhood cancers. Cancer Cell (2017) 31:476–85. doi: 10.1016/j.ccell.2017.03.002

65. Melaiu, O, Mina, M, Chierici, M, Boldrini, R, Jurman, G, Romania, P, et al. PD-L1 is a therapeutic target of the bromodomain inhibitor JQ1 and, combined with HLA class I, a promising prognostic biomarker in neuroblastoma. Clin Cancer Res (2017) 23:4462–72. doi: 10.1158/1078-0432.CCR-16-2601

66. Ferdousi Chowdhury, SD. Simon Mitchell,Toby Mellows,Margaret Ashton-key &Juliet c Gray, PD-L1 and CD8+PD1+ lymphocytes exist as targets in the pediatric tumor microenvironment for immunomodulatory therapy. OncoImmunology (2015) 4. doi: 10.1080/2162402X.2015.1029701

67. Rigo, V, Emionite, L, Daga, A, Astigiano, S, Corrias, MV, Quintarelli, C, et al. Combined immunotherapy with anti-PDL-1/PD-1 and anti-CD4 antibodies cures syngeneic disseminated neuroblastoma. Sci Rep (2017) 7:14049. doi: 10.1038/s41598-017-14417-6

68. Siebert, N, Zumpe, M, Juttner, M, Troschke-Meurer, S, and Lode, HN. PD-1 blockade augments anti-neuroblastoma immune response induced by anti-GD2 antibody ch14. 18/CHO. Oncoimmunology (2017) 6:e1343775.




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Rohila, Park, Pham, Jones, Tapia, Liu, Tamayo, Yu, Sharabi and Joshi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1148317-g002.jpg
SYK

70

60

50

40

30

GSE62564 (n=498)
Correlation = 0.67

20 30 40 S50 60 70 80

CD68

Tumor Volume (mm®)

15001
1000{
500
<
&
N
AN

) NB9464 NB9464
Cell lines tumors tumors

SH-SY-5Y
SKNSH

o~N
LLI
m
=z
X
(%)

IMR32

(9]

Expression Level

P 1500
)
E ¥k
£ o
;)’ 1000
S
>
©
p
= 500
IS
=
'—

O 0 >
<
= & A
®0 © <
&\





OEBPS/Images/fimmu-14-1148317-g007.jpg
A B - Vehicle
25007 + IR+R788

+ anti-PDL1 + R788
-« IR + anti-PDL1
Radiation (10 Gy) l "E 2000 * IR+ anti-PDL1+R788
2 S
anti-PDL1 (200 pg) I 11 =
(0]
2 15004
R788 (50 mg/ko) HHL N 3
NB9464 < 10004 Treatment
4 X 10° g Started
20 5 30 3 40 S
Implant = 5004
0
c ® Vehide P PP RSP Y xR R RS
100 - IR+ R788 Days after Tumor implantation
- anti-PDL1 + R788
4 IR + anti-PDL1 D 85
= # IR + anti-PDL1 + R788 oo
Z 751 Sodms
E £ oSS
5 oN TN @©
1] > X + X+
= Cxcl10-
]
] Cd3
8 25 c €
o @ % Cd8a
0'1 T T T T o E L
O o o @ & A2 P Cl
Days after Tumor implantation Batf3-
i < Cd69
C S | H2-Eb2
Immune" cold" tumor Immune "hot" tumor 5 <
. «E 0}
"' e <
! x Radiation ~¢:’~ 8
o ——> -:",-|:(>?:,‘ 05 o <
£, anti-PDLT mAb i@ S-S
i * * %’DLH g ‘—:,“
i 4 T cell activation = g
(9]
4 Arg, Vegf, TgfB, 1110 42, 'an' Nos2 4 Antigen presentation S
ici T cell cytotoxicit =
y: 1 cell eytotaxicity el gatsiichy 4 Immune stimulation z 3
; }J Cancer Cell Immunosuppressive * IFN gamma activation (O“

Macrophages

Immunostimulatory ¥ Immunosuppression

:,'Activated Tcells Macrophages

Immune
suppression

Color Key

5 0 5





OEBPS/Images/fimmu-14-1148317-g005.jpg
Incubation of BMDMs with NB9464 TCM

___ 48hrs __ centrifuge  +/-Syki RNA-seq
— ) === = #‘ﬂ:{>0l’
= RTPCR
NB9464 TCM BMDMs
(o]

BMDIVP
BMDM + TCM
N.S. +TCM + R788

Color Key

-5 0 5

Relative Gene Expression

M SykMCWINS
M SykMCKONS
W syMCWTTCeMm
M sykMCKOTCM

%k %k %k %k

% %k %k %
% %k %k %k
1

%k %k % %
i

& o
S RGN
)
SykMCWT 5y MC-KO
- + - + TCM

. HIF1a

= = + + TCM
- + - + R788
A m.





OEBPS/Images/fimmu-14-1148317-g004.jpg
A B E
8 — TAMs
% SVkMC-WT s kMC-KO
: -
5 <4
= o l112rb2 c
8 ° o 2
o 2 Cdso =]
S g 32
o Tnfsfd - £ %
(}J“ Tnfrsf17
2 2 Lyz1
C c
.g 8 H2-M2
@ MC-WT
2 S o™ e MIAMCFOMSIMCKO 2 Ap1
< x Ly
= 1]
", 60 ® , H2-Aa C
= S
O 40 3 H2-Eb1 =
o2 c
= 90 % Ciita é
X © o
o 0 s
N H2-Q7 o
0 © « \\’@@%& N v“°"«e':,‘®<&4®‘> 5
§0’ $0 ltgb2 2
ns c
] 2 2 1566, " Aif1 - <
a e . Slamfo
Tumor & E *x%% ns ns
digestion **+ .:. — ¢ é o Ho-Eb2
e T NB9464 Naive SykMero 21000 o d
SykvenT TAMS  cells mice S 1 . H2-Q6 -
tumors ?* g ® 4 P
Tumor < - v iy |
digestion e e% S 5004
e A —’*ﬂ £ T h H2-Q10 -
isolation aps NB9464 Naive $ykM°'WT - A
SykMeko cells nice 0 . ; ; i Vegfc -
tumors [ =
O‘é& 0’190%"’00*0 & T9M3 29
NN S 8
SN oY a¥x Gﬁx@ Vegfa E 5
° " MC-WT vege e
150 1500, - SykVib-
)  SyKMICKO anti-CD8 Cgorrey
£ *kkk  ns ns + SykMC'WT e
51 oool & — “E =4 SykMC'KO +anti-CD8
o PP £ 1000} L
=} £
(o] 5 = e ek
> 500 ] ]]
o anl| A ¥ .
v o
L fe g
|_ O T QI~ T T Q. }E
F NP x (N
& oé( 3 &% c?(< 0 e —
& & O P R o o P

Days after Tumor implantation





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Targeting macrophage Syk enhances responses to immune checkpoint blockade and radiotherapy in high-risk neuroblastoma

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Human tissues and cell lines

          



          		

            Immunohistochemistry and immunofluorescence staining

          



          		

            Mouse models and therapeutic treatments

          



          		

            Macrophage, B cell, and T-cell depletion experiments

          



          		

            Single cell preparation and flow cytometric analysis

          



          		

            Macrophage adoptive transfer experiments

          



          		

            Isolation of BMDMs and hypoxia experiments

          



          		

            Preparation of conditioned media and co-culture experiments

          



          		

            Cell viability assays

          



          		

            Immunoblotting

          



          		

            qPCR analysis

          



          		

            RNA-sequencing

          



          		

            Sc-RNA-seq data acquisition, integration, and analyses

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            High-risk MYCN-amplified tumors are ‘immunologically cold’ tumors with abundant infiltration of immunosuppressive macrophages

          



          		

            Macrophage Syk fosters neuroblastoma growth

          



          		

            Syk blockade can overcome NB-related immunosuppression and enhances T cell activation in situ

          



          		

            Syk inhibition induces immunostimulatory reprogramming of intratumoral macrophages

          



          		

            Syk signaling promotes stabilization of HIF1 alpha to control macrophage polarization

          



          		

            Syk inhibition with immune checkpoint blockade is effective in small NB9464 tumors

          



          		

            Radiation combined with Syk inhibition and checkpoint blockade is effective in big NB9464 tumors

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2023.1148317_cover.jpg
& frontiers | Frontiers in Immunology

Targeting macrophage Syk enhances
responses to immune checkpoint blockade
and radiotherapy in high-risk neuroblastoma





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1148317-g001.jpg
A
. YCD68 staining CD20 staining CD3 staining CD4 staining _‘C_’DB staining
ool #2 < T 8 Early-Stage Tumors
g Qe 10, B Late-Stage MYCN-NA Tumors
0 g * @ Late-Stage MYCN-A Tumors
= o |7 *
T o 08 * —
w2z rt Ll ns * *
 © — — 1
s 29
k3 =
522 84
s 2 <
» S = 24
L E <
© T
4 Z| £ 0
g @ O P F P
Oo 00 [OEENE) @
C
Early-S T
,5. CDTIb*Cells 400 B Lot St Tumor. 160 - 20, CD19+ cells CD3+ T Cells
—
@ —— 480 80 2 — 2% :
o 5 2 31 3
il by o0 *x < 60 % 1 % 40
210 0401 c— e 40 2 2
3 < = < 5 - 20
< 5 s~ 20 i 20 X X
0 @ @ 0 ; x 0 2 0 @ @ g @ @
S ) N N 2 ) S O S
B B ¢ s s B S8 5SS
N QI o b: N Q)’ N ’ ®/
Q/q,«‘\@\,& S Q/g\/\o&@ R OSEA {(/Q,«XO\;;,\ QS
D E
CD4+ T cell
»n 50 ns eats »n5 Cogk Tieck O 1.5, M Early-Stage Tumor o
% 24 — % * 8) m Late-Stage Tumor 0)15— £ % % K
1 c
O 04 g T*f T e 1 *I* *I* g T M Early-Stage Tumor
|: 30 -3 O 1.0l 5 10/ M Late-Stage Tumor
© 20 é2 < =
L
<'c)> 10} o 0 0.5 e 51 * *
o\ =] O 2 g
0 % X > = 2 — —
05‘2?0" %‘Q(’?Z'O‘ . £0.0 3 o mll =l
‘ &, ) \Z ) @ o N Q
NI N O NN » © ¥

N
&






OEBPS/Images/fimmu-14-1148317-g003.jpg
(@)
1
| |
»
<
=
<
o
P
o

|

Relative Gene Expression
L

*

]*

*

*

o3

% CD3+ T Cells

°© o o

-

O 2
C D
25- % %k %k
i
10°] & 25
154
2 &
<r10 3 a 104
Q 0.4 O
107 ® 5
T ™ T T T T T ™ T "3 "4 ‘_5 O
o 10%10M0° o 10710710
cDgm ——
E F
Mehicls m Vehicle eres
1™ R788 fulububog ey
%ok ok ok 44
2]
g3
'_
X 21
i 1—
: : 0
0 10° 10 S
cD8—m ———— » o
G H
Vehicle R788 c
4 4] 28] avehicle
1079 1073 »100, *% ? | @mR788
3 96 *;’:* * ok %k
103- 103- !L_)SO |_|>oj- * ok Kok
] S 604 D4
CD8 cD8 Y 40/ 2
804 Em 01 EM % 2o l o 1
ot 68.0 82.2 § 204 = £
e e il v s B :
20 102 1020 102 108 10*

100 10° 10° 10
D44 —m—o 5






OEBPS/Images/fimmu-14-1148317-g006.jpg
Vehicle

PDL1
11.5

PDL1

0%,

R788

k
10%0 10316%10° 0 10%10M0°
CD45 F4/80

anti-PDL1 (200 ug)l l 1 l

NB9464
4 X108
0 20 25 30 35 40
Implant
D
=~ Vehicle + clgG
100 -~ R788 + anti-PDL1 Treated
75
2
=
=
501
X
254
0- T T T T T T 1
0 15 30 45 60 75 90 105 120
Days elapsed
E
rechallenge
L R788 + with
*/Znti-PDU hBda64 a
4/8 mice no tumor growt
C5,7BL/,6 tumor free
mice with —
NB9464 L NB9464 s
tumors */7 cells ’
naive tumor
mice growth

% PD-L1+ Cells

Rresomeik) [ LILL LLELL LY
T 1 177171

Tumor volume mm?

M Vehicle *

M R788

Tumor

1500+

10001

5001

TAMs

50 mm? Tumors

@ Vehicle + clgG
& anti-PDL1

- R788

¥ R788 + anti-PDL1

*kkk

0_|_|_|_|_|_I_I_

22 25 28 32 35 38 42
Days of treatment

@ Naive mice
4 Rechallanged mice

500

Tumor volume mm?

22 25 28 32 35 38 42
Days after tumor implantation






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





