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Purpose

Clinical successes using current T-cell based immunotherapies have been limited in soft tissue sarcomas (STS), while pre-clinical studies have shown evidence of natural killer (NK) cell activity. Since tumor immune infiltration, especially tumor-infiltrating lymphocytes, is associated with improved survival in most solid tumors, we sought to evaluate the gene expression profile of tumor and blood NK and T cells, as well as tumor cells, with the goal of identifying potential novel immune targets in STS.



Experimental Design

Using fluorescence-activated cell sorting, we isolated blood and tumor-infiltrating CD3-CD56+ NK and CD3+ T cells and CD45- viable tumor cells from STS patients undergoing surgery. We then evaluated differential gene expression (DGE) of these purified populations with RNA sequencing analysis. To evaluate survival differences and validate primary DGE results, we also queried The Cancer Genome Atlas (TCGA) database to compare outcomes stratified by bulk gene expression.



Results

Sorted intra-tumoral CD3+ T cells showed significant upregulation of established activating (CD137) and inhibitory genes (TIM-3) compared to circulating T cells. In contrast, intra-tumoral NK cells did not exhibit upregulation of canonical cytotoxic genes (IFNG, GZMB), but rather significant DGE in mitogen signaling (DUSP4) and metabolic function (SMPD3, SLC7A5). Tumors with higher NK and T cell infiltration exhibited significantly increased expression of the pro-inflammatory receptor TLR4 in sorted CD45- tumor cells. TCGA analysis revealed that tumors with high TLR4 expression (P = 0.03) and low expression of STMN1 involved in microtubule polymerization (P < 0.001) were associated with significantly improved survival.



Conclusions

Unlike T cells, which demonstrate significant DGE consistent with upregulation of both activating and inhibiting receptors in tumor-infiltrating subsets, NK cells appear to have more stable gene expression between blood and tumor subsets, with alterations restricted primarily to metabolic pathways. Increased immune cell infiltration and improved survival were positively correlated with TLR4 expression and inversely correlated with STMN1 expression within tumors, suggesting possible novel therapeutic targets for immunotherapy in STS.
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Introduction

Soft tissue sarcomas (STS) comprise a diverse group of tumors of mesenchymal differentiation that together account for approximately 13,000 cancer cases per year in the United States (1). Significant challenges exist in the care of these patients, and patients with non-metastatic, locally advanced high grade tumors have a risk of distant recurrence and death as high as 50% within 5 years of diagnosis (2). Once metastatic, median survival is approximately 1 year, and 5-year survival for these patients is very poor at approximately 15% (1, 3, 4). Despite increased knowledge regarding the molecular biology and genetics of STS, few significant advances have been made in the treatment of these patients and novel therapeutic approaches are needed, including immunotherapy. Response rates with standard checkpoint blockade immunotherapy (using anti-PD-1, PD-L1, and CTLA-4 monoclonal antibodies) have been modest for STS, and as a result, these therapies remain unapproved for this family of diseases (5). Data from our lab and others have shown that natural killer (NK) cells home to STS tumors (especially when T cell infiltration is low) and that NK cells are active against STS in preclinical sarcoma models (6, 7). Overall, NK-based strategies appear promising in STS, but successful translation of NK cell therapeutics, which capitalize on endogenous NK tumor-targeting or adoptive therapy, have yet to be realized in most solid tumors (8).

Barriers to the successful translation of NK therapies, especially for solid tumors, include homing to the solid tumor microenvironment (TME), persistence within the TME, and development of NK dysfunction within the TME from immunosuppressive metabolic signals and cellular constituents (9). Efforts to overcome these barriers include novel mechanisms to augment the function of tumor-infiltrating lymphocytes and mechanisms to promote immune cell infiltration. While much progress has been made in the field of T-cell biology, a better understanding of extrinsic or tumor-specific drivers of NK cell dysfunction in the TME remains to be elucidated, especially in STS.

Therefore, the goal of our study was to assess purified NK and T cells from STS tumors and the blood to determine if gene signatures could be identified which distinguish intra-tumoral NK and T cells from those in the blood, which associate with greater TIL infiltration, and which may be correlated with survival.



Methods


Collection and Preparation of Human Tissues

The collection of matched whole blood and tumor specimens was approved by the IRB at the University of California, Davis (Protocol # 218204-9). Human peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using a density gradient centrifugation (Lymphocyte Separation Medium, Corning Life Sciences), followed by red blood cell lysis, as described previously (10). Tumor tissue from patients undergoing STS resection was collected in sterile RPMI-1640 (Invitrogen Life Technologies), diluted with PBS and passed through a 70 µm filter, and then subjected to red blood cell lysis.



Flow Cytometry

Human cells were washed with PBS and staining buffer, and then incubated with Human TruStain Fc receptor blocking solution (BioLegend, #422302) for 15 minutes. Cells were stained with the following fluorochrome-conjugated monoclonal antibodies: CD3-FITC (clone HIT3a, BioLegend), CD56-PE (clone HCD56, BioLegend), CD45-BV510 (clone HI30, BioLegend) and CD8-BV785 (clone RPA-T8, BioLegend). Live/dead staining was performed using Fixable Viability Dye 780 (eBioscience #65-0865-14). Data were acquired using a BD LSRFortessa flow cytometer (Becton Dickinson, San Jose, CA) and analyzed using FlowJo Software (Beckton Dickinson, San Jose, CA). Fluorescence-associated cell sorting (FACS) was performed using a BD inFlux cell sorter (Beckton Dickinson, San Jose, CA). Cells were sorted for blood and intra-tumoral NK cells (live CD45+CD3-CD56+), blood and intra-tumoral T cells (live CD45+CD3+CD56-), and tumor cells (live CD45-). Following FACS isolation, cells were cryopreserved and stored in liquid nitrogen for subsequent RNA extraction and sequencing.



RNA Sequencing of NK and T Cells

Cells were processed for RNA isolation using the Total RNA Purification Plus Micro Kit (Norgen Biotek, Ontario, Canada). RNAseq libraries were prepared by the University of California, Davis, Bioinformatics Core (11). Gene expression profiling was carried out using a 3’-Tag-RNA-Seq protocol. Up to forty-eight libraries were sequenced per lane on an Illumina HiSeq 4000 sequencer (Illumina, San Diego, CA) with single-end 100 base pair reads. Differential gene expression analysis was performed with the DESeq2 package for R. The Benjamini-Hochberg procedure was used to adjust for False Discovery Rate (FDR) ≤ 0.05.



Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) was performed using WebGestalt (12). The functional database used was Kyoto Encyclopedia of Genes and Genomes (KEGG). Log2 fold-change values comparing tumor NK cells to peripheral NK cells, and tumor T cells to peripheral T cells, for genes with p < 0.01 were loaded to WebGestalt. GSEA was run with default parameters.



TCGA

Clinicodemographic and RNA expression data were retrieved from The Cancer Genome Atlas (TCGA) SARC dataset using the UCSC Xena platform (retrieved July 5, 2021) (13). High and low expression groups were determined using median values, as described previously (7, 14, 15). Survival differences were estimated using Kaplan-Meier analysis with log-rank test. NK and CD8 signatures were generated as previously described (16). Correlations were compared using Spearman correlation test.



Statistical Analysis

Prism software (GraphPad Software Inc.), R 3.6.1 (R Foundation for Statistical Computing, Vienna, Austria), and Python 3.7.4 (Python Software Foundation, https://python.org/) for plot generation and statistical analysis. Data were expressed as mean ± SEM. Where appropriate, normality of distribution was evaluated using Shapiro-Wilk normality test. Differences between two groups were analyzed using the paired or unpaired Student’s t-test as appropriate for parametric data and the Mann-Whitney U-test or Wilcoxon signed-rank test for non-parametric data. For analysis of three or more groups, one-way analysis of variance (ANOVA) tests was performed with Tukey’s or Dunnett’s post-test as appropriate. Correlations between two variables were calculated using Spearman correlation test. Kaplan-Meier estimates and log-rank test were used to compare survival outcomes between subgroups. P ≤ 0.05 was considered statistically significant, and an adjusted P-value ≤ 0.05 was considered statistically significant for gene expression analyses.




Results


Clinicodemographic Information on Patients Utilized in Prospective Study

We prospectively collected blood and tumor tissue for transcriptomic analysis from four STS patients undergoing surgical resection with curative intent (Figure 1A). Peripheral blood was drawn on the day of surgery, and pertinent laboratory values are shown in Figure 1B. Neutrophil to lymphocyte (N:L) and platelet to neutrophil (P:N) ratios for the cohort were 4.2 (range 3.2 – 8.2) and 44 (range 38 – 48), respectively. Representative pre-operative cross-sectional imaging is shown for patient CCS24-003 (Figure 1C), highlighting the substantial disease burden for this cohort of patients. Representative H&E photomicrograph from tumor CCS24-003 shows infiltrating lymphocytes, which is typically variable in STS (Figure 1D) (7, 17, 18).




Figure 1 | Clinicodemographic information on patients used in this prospective study. (A) Clinical information regarding the four patients analyzed in this cohort. (B) Pre-operative peripheral blood laboratory values for each patient. (C) Pre-operative computed tomography (CT) imaging showing a locally advanced well-differentiated liposarcoma of the retroperitoneum from patient CCS24-003. (D) Photomicrograph of the tumor from patient CCS24-003 showing tumor infiltrating lymphocytes Representative H&E image showing tumor infiltrating lymphocytes (TILs) (H&E, 100x).





Peripheral Blood Immune Cells and Tumor Immune Infiltrate Shows Population Differences in Soft Tissue Sarcoma

We then isolated blood and tumor-infiltrating CD3-CD56+ NK and CD3+ CD56- T cells for flow phenotyping and RNA sequencing analysis. The schema for our experimental design is shown in Figure 2A. Results from conventional flow cytometry are shown in Figure 2B. Within the peripheral blood, as expected following mononuclear cell isolation, the vast majority of live cells were CD45+ leukocytes. Although CD3+ T cells standardly outnumbered NK cells, one patient notably showed a near equivalence of NK and T cells (Figure 2B). In contrast to the blood, CD45+ cells represented only approximately 10% of live cells within tumors, highlighting the generally low immune cell infiltrate in most STS (19). Blood and tumor specimens were also processed for fluorescence-activated cell sorting (FACS) of CD45+CD3-CD56+ NK cells, CD45+CD3+CD56- T cells, and CD45- tumor cells, with representative sorting gates shown in Figure 2C. Using the FACS gating schema and percent of parent population, relative percentage of leukocytes, NK cells and T cells for both peripheral blood and tumor are shown in Figure 2D. Within peripheral blood NK cells represented 11.7 ± 2.4% of viable CD45+ cells while they represented 9.5 ± 5.5% of live leukocytes in the tumor. In contrast, CD3+CD56- T cells represented 34.0 ± 21.4% and 16.8 ± 13.4% of live leukocytes in blood and tumor, respectively (Figure 2D). The quantification of tumor-infiltrating immune cells and corresponding tumor stage, grade, and neoadjuvant therapies are shown in Figure 2E. There was no apparent correlation between the receipt of neoadjuvant radiation therapy (CCS24-002, CCS24-003, SA-1556) and increased CD45+ immune cell infiltration. Similar observations were made for stage and tumor grade.




Figure 2 | Identification of immune populations and heterogeneity in immune infiltrates within soft tissue sarcomas. (A) Schema for experimental design and identification of pertinent peripheral and tumor-infiltrating immune populations. (B) Identification of peripheral and tumor-infiltrating NK and T cells by conventional flow cytometry. (C) Gating strategy to identify and isolate immune cells of interest by FACS for RNA sequencing analysis. (D) Quantification of CD45+, NK, and T cells shown as percent of parent populations as determined by FACS gating. (E) The tumor specific characteristics and quantification of tumor infiltrating immune cells for each patient analyzed in this study (shown as percent of parent population).





Transcriptomic Analysis of Peripheral and Tumor-Infiltrating Immune Cells Highlights Distinct Changes in Gene Expression Patterns Between NK and T Cells in Soft Tissue Sarcomas

There is currently a thorough and evolving understanding of the genetic and epigenetic changes in tumor-infiltrating T cells which distinguish them from naïve, circulating T cells that populate the peripheral blood (20, 21). In addition, the diversity of T cell populations within the solid tumor microenvironment (TME) is increasingly being recognized and characterized (22). Importantly, a similar understanding is not as well established for tumor-infiltrating NK cells, but significant advances have been made (23). Given this background, we set out to analyze the transcriptomic profile of tumor-infiltrating NK cells in STS compared to peripheral NK cells, particularly in the context of a side-by-side analysis of differential gene expression (DGE) from matched tumor-infiltrating and peripheral T cells. Genes with significant differential expression between the blood and the tumor for NK cells (Figure 3A) and T cells (Figure 3B) are shown as heatmaps in Figure 3. Globally, comparing expression in the blood to the tumor compartment, we detected 24 genes in NK cells and 32 genes in T cells with significant differential expression, likely representing true positive differences given the false discovery rate we employed in our statistical analysis. Within these differentially expressed genes, we identified 19 genes which were significantly downregulated and 5 which were significantly upregulated by NK cells in the tumor. In contrast, we identified nine genes which were significantly downregulated and 23 genes which were significantly upregulated by T cells in the tumor, compared to expression by the same cell populations in the blood.




Figure 3 | Transcriptomic analysis of peripheral and tumor-infiltrating immune cells highlights distinct changes in gene expression patterns between NK and T cells in soft tissue sarcomas. Heatmap showing log2 cpm (counts per million) of differentially expressed genes from comparison of peripheral and tumor-infiltrating NK cells (A, top panel) and T cells (B, bottom panel) isolated from patients with soft tissue sarcomas undergoing definitive surgery. Genes were arranged by hierarchical clustering using correlation distance and average linkage. (A) 24 genes had significant DGE within intra-tumoral NK cells compared to blood, of which only 20% were upregulated within the tumor. (B) In contrast, 32 genes had significant DGE within intra-tumoral T cells compared to blood, of which 72% exhibited upregulated expression within the tumor.



Tumor-infiltrating T cells significantly upregulated well-established co-stimulatory and inhibitory receptors TNFRSF9 (CD137, 4-1BB) and HAVCR2 (TIM-3). In contrast, intra-tumoral NK cells did not follow a comparable DGE pattern. Instead, as shown in Figure 3A, we observed significant upregulation of genes utilized in mitogen signaling and cell cycle processes (DUSP4, SLC7A5). Moreover, we did not observe transcriptional upregulation of any established checkpoint markers (PD-1, TIGIT, CTLA-4, TIM-3, LAG-3, etc.) in tumor NK cells, though this could be a function of measuring active RNA transcriptional differences by RNA sequencing as opposed to protein expression by other laboratory techniques. To ensure our sorting purity, we compared tumor-infiltrating NK and T cell gene expression, highlighting unequivocal differences in DGE of canonical NK and T cell genes among the respective subsets, specifically NCAM1 and IL2Rb in NK cells, and CD3, CD8 and CD28 in T cells (Supplemental Figure 1).

Gene Set Enrichment Analysis (GSEA) was performed with the NK and T cell populations comparing the tumor-infiltrating cells to the peripheral counterpart and is shown in Supplemental Figure 2. The most prominent pathways detected are shown for NK cells (Supplemental Figure 2A) and T cells (Supplemental Figure 2B).



Tumor-Intrinsic Transcriptomic Differences in Immune High vs Immune Low Soft Tissue Sarcomas

Tumor mutational burden (TMB) has been linked to neoantigen load and response to checkpoint blockade in solid tumor patients (24–26), but tumor-specific transcriptomic differences underlying immune cell infiltration and more favorable survival outcomes among cancer patients are currently unknown. We therefore set out to investigate tumor-intrinsic transcriptomic differences between STS tumors with high and low leukocyte infiltration (live CD45+ cells). We compared RNA expression in tumors with above median leukocyte infiltration (CCS24-002 and CCD24-003) to those with below median leukocyte infiltration (CCS24-011 and SA1556). DGE analysis identified 28 tumor-cell expressed genes which were significantly different (p < 0.05) between immune high and low tumors. These genes are shown in Figure 4A. The 17 genes in red had significantly increased expression in the immune rich tumors, while the 11 genes in blue were significantly increased in the immune poor tumors. These genes were then investigated for associations between expression and overall survival using The Cancer Genome Atlas (TCGA). The TCGA-SARC dataset was queried using the UCSC Xena platform to evaluate differences in tumor gene expression and clinical outcomes in 265 adults with varying histologic subtypes of STS. We observed that high tumor expression of TLR4 was associated with improved overall survival (p = 0.027) (Figure 4B), whereas low tumor expression of STMN1 was associated with improved overall survival (p < 0.001) (Figure 4C), both by Kaplan-Meier survival analysis. No other genes queried showed statistically significant survival differences within the TCGA-SARC dataset. Using the previously described NK and CD8 gene expression signatures (16), correlations were made with TLR4 and STMN1 expression (Supplemental Figure 3). For the NK signature, there was a strong direct correlation with TLR4 (r = 0.6, p < 0.0001) and indirect correlation with STMN1 (r = -0.2, p < 0.001) (Supplemental Figure 3A). As for the CD8 signature, there was also a strong direct correlation with TLR4 expression (r = 0.5, p < 0.0001), but not with STMN1 expression (Supplemental Figure 3B). These results show the correlation with NK and CD8 T cells and TLR4 expression within the tumor, though the TLR4-expressing cell type cannot be clearly delineated from this dataset.




Figure 4 | Tumor-intrinsic transcriptomic differences in immune high vs immune low soft tissue sarcomas. Tumors samples were segregated based on immune infiltrate (above or below median percent CD45+ infiltrate), and differential gene expression was performed using live CD45- tumor cells. (A) Genes in red were significantly upregulated in high immune infiltrate tumors while genes in blue were significantly downregulated in high infiltrate tumors. (B) TCGA data were then used to analyze survival differences from publicly available data based on DGE identified in our cohort which distinguished immune infiltrate high and low STS tumors. The pro-inflammatory pattern recognition receptor TLR4 was significantly increased in our series of immune rich tumors and associated with improved overall survival by Kaplan-Meier estimate of the TCGA data. (C) STMN1 was significantly increased in immune poor tumors and high STMN1 expression was associated with decreased overall survival the TCGA dataset.






Discussion

There is a growing appreciation that tumor-infiltrating immune cells are distinct from their peripheral, circulating counterparts. This is especially true for T cells, which must undergo a series of pivotal phenotypic and functional changes to transition from a circulating naïve T cell, to a tumor-infiltrating effector memory T cell (27). Although intra-tumoral T cells are clearly associated with superior oncologic outcomes, it is also established that tumor-infiltrating T cells are characterized by a spectrum of dysfunction which frequently permits immune escape and tumor progression (28–30). Efforts to target and reverse the exhausted subpopulation of intra-tumoral memory T cells have revolutionized cancer therapy. However, these paradigms have been less well characterized for intra-tumoral NK cells, in part because NK cells are less abundant in solid tumors, delineation of specific subsets has been less definitive, and therapeutic exploitation of NK cells for solid tumors has been difficult to realize to date (9, 31, 32). Additionally, the tumor-specific gene expression that may drive immune cell infiltration is an unanswered question in cancer biology and immunotherapy. Here, as with T cells, we show that intra-tumoral NK cells show a distinct transcriptional profile compared to their circulating counterparts. However, unlike T cells, the differences identified in NK cell DGE do not involve well-established checkpoint markers or cell surface receptors, but rather appear to be genes involved in basic metabolic processes. This observation would suggest that either the metabolic/environmental conditions of the TME are affecting NK cell gene expression to a greater extent than exposure to tumor targets or that NK effector-target interactions are causing alterations in metabolic gene expression pathways more than those involved in activation and immunoregulation, at least in STS. While we are unable to answer this question with the current data, our results do intriguingly show that gene expression alterations within intra-tumoral NK cells are distinct from those of intra-tumoral T cells, suggesting (somewhat provocatively) that strategies and techniques to augment NK cell function for greater anti-tumor effects in STS and perhaps other solid tumors will be different (8, 10, 33, 34).

One specific gene identified as upregulated in the tumor infiltrating NK population was SLC7A5. Also known as Large Amino Acid Transporter (LAT) 1, SLC7A5 is a critical component of a transporter complex involved in essential amino acid transport (35). Prior work has shown that SLC7A5 is critical for T lymphocyte clonal expansion and effector differentiation following TCR engagement (36). Extrapolating from this observation, it is likely that SLC7A5 is critical in other cytotoxic leukocytes, including NK cells. In fact, recent data from Almutairi et al. showed that several cytokines, including IL-12 and IL-18, led to the upregulation of amino acid transporters on NK cells, specifically including SLC7A5 (37). It is therefore likely that SLC7A5 is critical to NK function and represents an appropriate response for intra-tumoral NK cells.

Our results also identified a series of tumor-intrinsic genes which were differentially enriched in immune-rich compared to immune-poor tumors. Notably, the tumors with high immune cell infiltration had significantly increased expression of TLR4, a member of the Toll-like receptor family responsible for detecting lipopolysaccharide (LPS), a key component of Gram-negative bacteria (38). Apart from their expression on various immune cells, TLRs (including TLR4) are known to be expressed on various tumor cell lines and primary tumors from various sites within the body (39). Signaling through TLR4 induces various cytokines that have been associated with both tumor-promoting and tumor-resisting effects (39). Several studies have also shown a beneficial effect of TLR4 agonists in vivo to promote anti-tumor responses (40), with a recent publication highlighting the combination of PD-1 blockade and TLR4 stimulation with brucella lumazine synthase to increase the immune infiltrate and anti-tumor effects in B16 melanoma pre-clinical models (41). A recently completed phase I clinical trial of intratumoral TLR4 agonist G100 in ten patients with advanced Merkel cell carcinoma also showed promising results with partial and complete responders during a median follow up of 33 months, in conjunction with histologic evidence of increased cytotoxic immune cell infiltration (42). Our data are in alignment with these findings and suggest that increased tumor expression of TLR4 in STS may therefore represent a mechanism for driving immune cell infiltration, especially cytotoxic lymphocytes, and therapies to target this pathway may prove promising.

In contrast to TLR4, leukocyte-poor tumors in our cohort showed increased expression of a distinct set of genes. In particular, STMN1 (Stathmin1), a regulatory protein in cytoskeletal and microtubular processes, was significantly upregulated in immune-poor tumors and simultaneously associated with worse survival on analysis of the TCGA-SARC database. Similarly, a recent meta-analysis observed that high expression of Stathmin1 was associated with worse survival in diverse solid cancers (43). Apart from its role in cell division and mitosis, the role of STMN1 in limiting immune cell infiltration remains unclear, and the evidence we provide in support of this negative association between STMN1 expression, low immune infiltrate, and worse survival outcomes is worthy of further investigation.

Although our study is clearly limited by small sample size, a strength of this work is our focus of high throughput RNA sequencing on purified, flow-sorted NK and T cell populations from matched peripheral blood and tumor tissues of STS patients. RNA sequencing remains a powerful tool to evaluate the cellular and molecular factors which shape the TME, and strategies which rely on bulk RNA sequencing of tumors are unable to detect the contribution of specific immune subsets, whereas single cell RNA sequencing techniques can be less quantitatively rigorous than those of bulk RNA sequencing (44). In addition, our ability to validate our intra-tumoral NK and T cell sequencing data with data from the TCGA reinforces the clinical relevance of this work.

Despite these relevant strengths, it is nevertheless important to acknowledge the weaknesses of this study. Pre-clinical studies are needed to determine the influence of these immune-specific and tumor-specific genes on driving tumor infiltration and survival differences and dissect the direct versus indirect effects of these genes on immune infiltration, cancer growth, and survival. Moreover, as noted above, the small number of patients analyzed in this cohort introduces risks of bias and skewing which undermine the ability to derive concrete conclusions from this work. Nonetheless, we maintain that this hypothesis-generating work is a contribution to both STS cancer biology and NK immunobiology studies, especially given the current limitations in successful immunotherapeutic strategies for patients with this family of frequently aggressive diseases (45). An additional weakness is the use of CD3 as the sole positive marker for T cells. This may impact the results since specific T cell subsets were not analyzed and can have immunosuppressive (Treg) or cytotoxic (CD8+) effects. Further analysis of T cell subsets is expected to improve the translation of these findings, especially with respect to the similarities and differences between tumor-infiltrating NK and CD8+ T cells.

In summary, our data suggest that intra-tumoral NK cells exhibit a unique transcriptional profile which is distinct from both their circulating NK counterparts as well as from intra-tumoral T cells. In addition, we identified different transcriptional profiles in the tumor cells of STS tumors with high versus low immune infiltrates. Therefore, we conclude that further investigation into the role of NK-specific metabolic processes and tumor expression of TLR4 and STMN1 is indicated to increase understanding of the genes that drive immune cell infiltration into STS and how expression of these genes can be targeted to improve immunotherapy responses in STS.
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Supplementary Figure 1 | Transcriptomic analysis of tumor-infiltrating NK and T cells confirms sorting purity and identifies canonical gene expression profile of the immune cell types. Heatmap showing log2 cpm (counts per million) of differentially expressed genes from comparison of tumor-infiltrating NK cells (left side) and T cells (right side) isolated from patients with soft tissue sarcomas undergoing definitive surgery.

Supplementary Figure 2 | Gene set enrichment analysis (GSEA)of immune cells in patients with soft tissue sarcoma. GSEA was performed on purified NK and T cells, comparing the tumor-infiltrating cells to the peripheral counterpart. The most represented pathways are shown for NK cells (A) and T cells (B). Significantly enriched pathways were only detected in T cells, shown in solid blue and orange (FDR ≤ 0.05).

Supplementary Figure 3 | Association between NK and CD8 gene expression signatures and expression of TLR and STMN1. The TCGA SARC dataset was analyzed to identify a correlation between immune cells present within the tumor and expression of TLR4 and STMN1. (A) The NK gene expression signature showed a significant positive correlation with TLR4 (r = 0.6, p < 0.0001) and a significant negative correlation with STMN1 (r = -0.2, p < 0.001). (B) The CD8 gene expression signature also showed a significant positive correlation with TLR4 (r = 0.5, p < 0.0001), but an insignificant negative correlation with STMN1 (r = -0.1, p = 0.07).



References

1. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics, 2020. CA: A Cancer J Clin (2020) 70:7–30. doi: 10.3322/caac.21590

2. Brennan, MF, Antonescu, CR, Moraco, N, and Singer, S. Lessons Learned From the Study of 10,000 Patients With Soft Tissue Sarcoma. Ann Surg (2014) 260:416–22. doi: 10.1097/SLA.0000000000000869

3. Canter, RJ, Beal, S, Borys, D, Martinez, SR, Bold, RJ, and Robbins, AS. Interaction of Histologic Subtype and Histologic Grade in Predicting Survival for Soft-Tissue Sarcomas. J Am Coll Surgeons (2010) 210:191–98.e2. doi: 10.1016/j.jamcollsurg.2009.10.007

4. Gamboa, AC, Gronchi, A, and Cardona, K. Soft-Tissue Sarcoma in Adults: An Update on the Current State of Histiotype-Specific Management in an Era of Personalized Medicine. CA: A Cancer J Clin Am Cancer Soc (2020) 70:200–29. doi: 10.3322/caac.21605

5. Lee, A, Huang, P, DeMatteo, RP, and Pollack, SM. Immunotherapy for Soft Tissue Sarcoma: Tomorrow Is Only a Day Away. American Society of Clinical Oncology Educational Book. Am Soc Clin Oncol (2016) 36:281–90. doi: 10.1200/EDBK_157439

6. Tong, AA, Hashem, H, Eid, S, Allen, F, Kingsley, D, and Huang, AY. Adoptive Natural Killer Cell Therapy is Effective in Reducing Pulmonary Metastasis of Ewing Sarcoma. OncoImmunology (2017) 6:e1303586. doi: 10.1080/2162402X.2017.1303586

7. Judge, SJ, Darrow, MA, Thorpe, SW, Gingrich, AA, O’Donnell, EF, Bellini, AR, et al. Analysis of Tumor-Infiltrating NK and T Cells Highlights IL-15 Stimulation and TIGIT Blockade as a Combination Immunotherapy Strategy for Soft Tissue Sarcomas. J Immunother Cancer (2020) 8:e001355. doi: 10.1136/jitc-2020-001355

8. Myers, JA, and Miller, JS. Exploring the NK Cell Platform for Cancer Immunotherapy. Nat Rev Clin Oncol (2021) 18:85–100. doi: 10.1038/s41571-020-0426-7

9. Judge, SJ, Murphy, WJ, and Canter, RJ. Characterizing the Dysfunctional NK Cell: Assessing the Clinical Relevance of Exhaustion, Anergy, and Senescence. Front Cell Infect Microbiol (2020) 10:49. doi: 10.3389/fcimb.2020.00049

10. Judge, SJ, Dunai, C, Aguilar, EG, Vick, SC, Sturgill, IR, Khuat, LT, et al. Minimal PD-1 Expression in Mouse and Human NK Cells Under Diverse Conditions. J Clin Invest (2020) 130:3051–68. doi: 10.1172/JCI133353

11. Gingrich, AA, Reiter, TE, Judge, SJ, York, D, Yanagisawa, M, Razmara, A, et al. Comparative Immunogenomics of Canine Natural Killer Cells as Immunotherapy Target. Front Immunol (2021) 12:3721. doi: 10.3389/fimmu.2021.670309

12. Liao, Y, Wang, J, Jaehnig, EJ, Shi, Z, and Zhang, B. WebGestalt 2019: Gene Set Analysis Toolkit With Revamped UIs and APIs. Nucleic Acids Res (2019) 47:W199–205. doi: 10.1093/nar/gkz401

13. Goldman, M, Craft, B, Hastie, M, Repečka, K, McDade, F, Kamath, A, et al. The UCSC Xena Platform for Public and Private Cancer Genomics Data Visualization and Interpretation. bioRxiv (2019) 326470:1–39. doi: 10.1101/326470

14. Abeshouse, A, Adebamowo, C, Adebamowo, SN, Akbani, R, Akeredolu, T, Ally, A, et al. Comprehensive and Integrated Genomic Characterization of Adult Soft Tissue Sarcomas. Cell Elsevier (2017) 171:950–65.e28. doi: 10.1016/j.cell.2017.10.014

15. Thorsson, V, Gibbs, DL, Brown, SD, Wolf, D, Bortone, DS, Ou Yang, T-H, et al. The Immune Landscape of Cancer. Immunity (2018) 48:812–30.e14. doi: 10.1016/j.immuni.2018.03.023

16. Böttcher, JP, Bonavita, E, Chakravarty, P, Blees, H, Cabeza-Cabrerizo, M, Sammicheli, S, et al. NK Cells Stimulate Recruitment of Cdc1 Into the Tumor Microenvironment Promoting Cancer Immune Control. Cell (2018) 172:1022–37.e14. doi: 10.1016/j.cell.2018.01.004

17. D’Angelo, SP, Mahoney, MR, Van Tine, BA, Atkins, J, Milhem, MM, Jahagirdar, BN, et al. Nivolumab With or Without Ipilimumab Treatment for Metastatic Sarcoma (Alliance A091401): Two Open-Label, non-Comparative, Randomised, Phase 2 Trials. Lancet Oncol (2018) 19:416–26. doi: 10.1016/S1470-2045(18)30006-8

18. Pollack, SM, He, Q, Yearley, JH, Emerson, R, Vignali, M, Zhang, Y, et al. T-Cell Infiltration and Clonality Correlate With Programmed Cell Death Protein 1 and Programmed Death-Ligand 1 Expression in Patients With Soft Tissue Sarcomas. Cancer (2017) 123:3291–304. doi: 10.1002/cncr.30726

19. D’Angelo, SP, Shoushtari, AN, Agaram, NP, Kuk, D, Qin, L-X, Carvajal, RD, et al. Prevalence of Tumor-Infiltrating Lymphocytes and PD-L1 Expression in the Soft Tissue Sarcoma Microenvironment. Hum Pathol (2015) 46:357–65. doi: 10.1016/j.humpath.2014.11.001

20. Philip, M, Fairchild, L, Sun, L, Horste, EL, Camara, S, Shakiba, M, et al. Chromatin States Define Tumour-Specific T Cell Dysfunction and Reprogramming. Nature (2017) 545:452–6. doi: 10.1038/nature22367

21. Goronzy, JJ, Hu, B, Kim, C, Jadhav, RR, and Weyand, CM. Epigenetics of T Cell Aging. J Leukoc Biol (2018) 104:691–9. doi: 10.1002/JLB.1RI0418-160R

22. Liangtao, Z, Shishang, Q, Wen, Si, Anqiang, W, Baocai, X, Ranran, G, et al. Pan-Cancer Single-Cell Landscape of Tumor-Infiltrating T Cells. Science (2021) 374(6574):abe6474. doi: 10.1126/science.abe6474

23. Moreno-Nieves, UY, Tay, JK, Saumyaa, S, Horowitz, NB, Shin, JH, Mohammad, IA, et al. Landscape of Innate Lymphoid Cells in Human Head and Neck Cancer Reveals Divergent NK Cell States in the Tumor Microenvironment. Proc Natl Acad Sci U S A Natl Acad Sci (2021) 118:e2101169118. doi: 10.1073/pnas.2101169118

24. McGranahan, N, Furness Andrew, JS, Rosenthal, R, Ramskov, S, Lyngaa, R, Saini, SK, et al. Clonal Neoantigens Elicit T Cell Immunoreactivity and Sensitivity to Immune Checkpoint Blockade. Science (2016) 351:1463–9. doi: 10.1126/science.aaf1490

25. Le, DT, Uram, JN, Wang, H, Bartlett, BR, Kemberling, H, Eyring, AD, et al. PD-1 Blockade in Tumors With Mismatch-Repair Deficiency. N Engl J Med (2015) 372:2509–20. doi: 10.1056/NEJMoa1500596

26. Yarchoan, M, Hopkins, A, and Jaffee, EM. Tumor Mutational Burden and Response Rate to PD-1 Inhibition. N Engl J Med (2017) 377:2500–1. doi: 10.1056/NEJMc1713444

27. Smith-Garvin, JE, Koretzky, GA, and Jordan, MS. T Cell Activation. Annu Rev Immunol (2009) 27:591–619. doi: 10.1146/annurev.immunol.021908.132706

28. Zhang, L, Conejo-Garcia, JR, Katsaros, D, Gimotty, PA, Massobrio, M, Regnani, G, et al. Intratumoral T Cells, Recurrence, and Survival in Epithelial Ovarian Cancer. N Engl J Med (2003) 348:203–13. doi: 10.1056/NEJMoa020177

29. Bruni, D, Angell, HK, and Galon, J. The Immune Contexture and Immunoscore in Cancer Prognosis and Therapeutic Efficacy. Nat Rev Cancer (2020) 20:662–80. doi: 10.1038/s41568-020-0285-7

30. Thommen, DS, and Schumacher, TN. T Cell Dysfunction in Cancer. Cancer Cell (2018) 33:547–62. doi: 10.1016/j.ccell.2018.03.012

31. Wei, SC, Duffy, CR, and Allison, JP. Fundamental Mechanisms of Immune Checkpoint Blockade Therapy. Cancer Discov (2018) 8(9):1069–86. doi: 10.1158/2159-8290.CD-18-0367

32. Charap, AJ, Enokida, T, Brody, R, Sfakianos, J, Miles, B, Bhardwaj, N, et al. Landscape of Natural Killer Cell Activity in Head and Neck Squamous Cell Carcinoma. J Immunother Cancer BMJ Publishing Group (2020) 8:e001523. doi: 10.1136/jitc-2020-001523

33. Quamine, AE, Olsen, MR, Cho, MM, and Capitini, CM. Approaches to Enhance Natural Killer Cell-Based Immunotherapy for Pediatric Solid Tumors. Cancers (2021) 13:1–29. doi: 10.3390/cancers13112796

34. Miller, JS, and Lanier, LL. Natural Killer Cells in Cancer Immunotherapy. Annu Rev Cancer Biol (2019) 3:77–103. doi: 10.1146/annurev-cancerbio-030518-055653

35. Scalise, M, Galluccio, M, Console, L, Pochini, L, and Indiveri, C. The Human SLC7A5 (LAT1): The Intriguing Histidine/Large Neutral Amino Acid Transporter and Its Relevance to Human Health. Front Chem (2018) 6:243. doi: 10.3389/fchem.2018.00243

36. Sinclair, LV, Rolf, J, Emslie, E, Shi, Y-B, Taylor, PM, and Cantrell, DA. Control of Amino-Acid Transport by Antigen Receptors Coordinates the Metabolic Reprogramming Essential for T Cell Differentiation. Nat Immunol (2013) 14:500–8. doi: 10.1038/ni.2556

37. Almutairi, SM, Ali, AK, He, W, Yang, D-S, Ghorbani, P, Wang, L, et al. Interleukin-18 Up-Regulates Amino Acid Transporters and Facilitates Amino Acid-Induced Mtorc1 Activation in Natural Killer Cells. J Biol Chem (2019) 294:4644–55. doi: 10.1074/jbc.RA118.005892

38. Kawai, T, and Akira, S. TLR Signaling. Cell Death Differ (2006) 13:816–25. doi: 10.1038/sj.cdd.4401850

39. Yu, L, and Chen, S. Toll-Like Receptors Expressed in Tumor Cells: Targets for Therapy. Cancer Immunol Immunother (2008) 57:1271–8. doi: 10.1007/s00262-008-0459-8

40. Awasthi, S. Toll-Like Receptor-4 Modulation for Cancer Immunotherapy. Front Immunol (2014) 5:328. doi: 10.3389/fimmu.2014.00328

41. Farias, A, Soto, A, Puttur, F, Goldin, CJ, Sosa, S, Gil, C, et al. A TLR4 Agonist Improves Immune Checkpoint Blockade Treatment by Increasing the Ratio of Effector to Regulatory Cells Within the Tumor Microenvironment. Sci Rep (2021) 11:15406. doi: 10.1038/s41598-021-94837-7

42. Bhatia, S, Miller, NJ, Lu, H, Longino, NV, Ibrani, D, Shinohara, MM, et al. Intratumoral G100, a TLR4 Agonist, Induces Antitumor Immune Responses and Tumor Regression in Patients With Merkel Cell Carcinoma. Clin Cancer Res (2019) 25:1185. doi: 10.1158/1078-0432.CCR-18-0469

43. Mao, Q, Chen, Z, Wang, K, Xu, R, Lu, H, and He, X. Prognostic Role of High Stathmin 1 Expression in Patients With Solid Tumors: Evidence From a Meta-Analysis. Cell Physiol Biochem (2018) 50:66–78. doi: 10.1159/000493958

44. Chen, G, Ning, B, and Shi, T. Single-Cell RNA-Seq Technologies and Related Computational Data Analysis. Front Genet (2019) 10:317. doi: 10.3389/fgene.2019.00317

45. Birdi, HK, Jirovec, A, Cortés-Kaplan, S, Werier, J, Nessim, C, Diallo, J-S, et al. Immunotherapy for Sarcomas: New Frontiers and Unveiled Opportunities. J Immunother Cancer (2021) 9:e001580. doi: 10.1136/jitc-2020-001580




Conflict of Interest: The 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.


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 © 2022 Judge, Bloomstein, Sholevar, Darrow, Stoffel, Vick, Dunai, Cruz, Razmara, Monjazeb, Rebhun, Murphy and Canter. 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-13-893177-g003.jpg
>

Row Z-score

boo=
Noooh®

Row Z-score

LS

NK Cells

SO
oo

LS

— B3GNT7
NK1 NK2 NK3 NK4 NK1 NK2 NK3 NK4
. N "
T T
PBMC Tumor
T Cells

C220rf46
AC010168.2

T1 T2 T3 T4 T T2 T3 T4

T T
PBMC Tumor





OEBPS/Images/fimmu-13-893177-g001.jpg
Hemoglobin (g/dL)

A

Clinicodemographic information on patient samples utilized for collection and processing for RNA sequencing analysis

Stage at Neoadjuvant
Patient ID___ Collection _ Time of Collection Sample Grade Location Histologic Subtype Thera
CCS24-002 3 At surgery Resection High Extremity Myxofibrosarcoma Radiation
CCS24-003 1 At surgery Resection Low RP Liposarcoma Radiation
CCS24-011 3 At diagnosis Biopsy High Extremity Myxofibrosarcoma None
SA-1556 3 At surge Resection High Extremit UPS Radiation

RP, retroperitoneal; UPS, undifferentiated pleomorphic sarcoma.

15, 83£1.0 104 5712 3. 14507 300, 244 %39

_ ° 60
. — o | =
p | = =
3 s 8 5 & g z
=] (=) - o S o
= 10 = = 2 < 200 g— £ 40
2 o 6 3 = s 3
<, 5 B 2 = z
%) S 4 ] o = k]
S s g 2 1 2 100 & 2 2
> 3 e el g =
2 £ o = 8
3 z = 3 =
0 0 0 0 £ 0






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Transcriptome Analysis of Tumor-Infiltrating Lymphocytes Identifies NK Cell Gene Signatures Associated With Lymphocyte Infiltration and Survival in Soft Tissue Sarcomas

      

        		

          Purpose

        



        		

          Experimental Design

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Methods

        

          		

            Collection and Preparation of Human Tissues

          



          		

            Flow Cytometry

          



          		

            RNA Sequencing of NK and T Cells

          



          		

            Gene Set Enrichment Analysis

          



          		

            TCGA

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Clinicodemographic Information on Patients Utilized in Prospective Study

          



          		

            Peripheral Blood Immune Cells and Tumor Immune Infiltrate Shows Population Differences in Soft Tissue Sarcoma

          



          		

            Transcriptomic Analysis of Peripheral and Tumor-Infiltrating Immune Cells Highlights Distinct Changes in Gene Expression Patterns Between NK and T Cells in Soft Tissue Sarcomas

          



          		

            Tumor-Intrinsic Transcriptomic Differences in Immune High vs Immune Low Soft Tissue Sarcomas

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





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





OEBPS/Images/fimmu-13-893177-g002.jpg
A

/ PBMCs Conventional analysis e CHASICHAEHEE* NI Eail —
S & ive *CD3- i ells S sequencing
— Tumor FACS-based immune Live CD45*CD3*CD56" T Cells analysis
cell isolation

Conventional flow cytometry identification of immune cell populations of interest

PBMCs Tumor
3 99% k|
-
. o
5 4 2 3 2
A 7 Q @3 [=1
» 3 o wj s}
T T r e v T
CD45 CD45
Cc D
FACS-based Populations in Peripheral Blood and Tumor PBMCs
PBMCs - — 110%. 100163.8 + 17.8
i 2 g0 340+21.4
(Y]
£ 60
2
& 40
‘5 11.7+24
=
Viability
Tumor — 100
£ s0
0] 28.4 +£232
€ 60 16.8 + 13.4
o
& 40 9555
5
Fo{[] o
o =
o NG g
0’ (_'Q} 00\
. - B = < & 8
Viability cD3
E
Tumor specific characteristics and quantification of tumor infiltrating immune cells
Stage at Neoadjuvant
Patient ID___ Collection Grade Thera CD45 NK cells T cells Cohort
CCS24-002 3 High Radiation 50% 4% 36% Immune High

CCS24-003 1 Low Radiation 45% 15% 16% Immune High
CCS24-011 3 High None 18% 13% 6% Immune Low
SA-1556 3 High Radiation 0.4% 6% 10% Immune Low






OEBPS/Images/fimmu-13-893177-g004.jpg
10

7.5

5.0

Log Fold Change

8 >
S
3«

0.751

Survival Probability
o
<

0.251

RO -0 Y OONNS
orxgelaa a2
I wsJITogo g
Cso=FapgLs

a »n a2

RBMX

IER2

Differentially Expressed Genes (p < 0.05)

TCGA Analysis

TLR4 Expression

Log-rank p = 0.027

High TLR4
Low TLR4

0+
0

At risk
132
132

Low
High

v -
2000 3000

1000 4000
Days
58 22 " 3
69 26 7 3

LY 8O0 <90 n s @
ggiceogspdeggss
= T SEom Iy 8 Z28F 23
5 Z =20 o x =22
= Q
o £ o
4 <
Cc STMN1 Expression
1
Log-rank p < 0.001
0.75{ Low STMN1
z High STMN1
o
©
Q2
[<]
a 05
T
2
2
3
0.25{
o . .
0 1000 2000 3000 4000
Days
At risk
Low 133 75 31 12 3
High 132 52 17 6 3

Immune rich tumors

Immune poor tumors





OEBPS/Images/fimmu.2022.893177_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Transcriptome Analysis of Tumor-
Infiltrating Lymphocytes Identifies
NK Cell Gene Signatures Associated
With Lymphocyte Infiltration and
Survival in Soft Tissue Sarcomas





