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Editorial on the Research Topic 


Novel Strategies for Cancer Immunotherapy: Targeting Immune-Mediated Suppressive Mechanisms


Over the past decade, novel forms of cancer therapies, collectively referred to as cancer immunotherapies, have emerged and yielded spectacular results, unfortunately in what still remains to date a minority of cancer patients. Immunotherapies mobilize the immune system to promote or restore effective anti-tumor immune responses. Pioneer approaches targeting the CTLA-4/B7 and PD1/PDL1 immune checkpoints (so-called Immune Checkpoint Inhibitors or ICIs) have now broad clinical applications. Although ICIs often offer durable benefits, complete or nearly complete tumor responses occur in only a minority of cases, and resistance is observed in a substantial fraction of patients. Primary or acquired resistance to ICIs are common, with predictive markers of efficacy or resistance remaining difficult to identify. Major efforts are currently made to identify new alternative or complementary targets that activate, unleash or enhance antitumor immune responses.

In this context, developing strategies to target the immunosuppressive tumor microenvironment (TME) is of utmost importance. Current challenges are to decipher at molecular and cellular levels the immunosuppressive mechanisms that most significantly contribute to primary or acquired resistance of cancer cells to anti-tumor immune responses, and provide proof-of-concept that targeting these mechanisms exerts therapeutic anti-tumor activity. A better understanding of the interplay between cancer cells and immune cells is required to develop novel strategies to improve the outcome and increase the proportion of patients responding to cancer immunotherapy. For example regulatory T cells (Tregs), which are important modulators of adaptive immunity and are indispensable to maintain self-tolerance, are well-known to favor local immunosuppression within tumors. Nevertheless, due to the diversity of the immunosuppressive mechanisms used by these cells to exert their functions, the multiplicity of the various Treg subpopulations identified to date, and the existence of many other cell types endowed with immunosuppressive functions, original investigations are required to identify and better define novel therapeutic targets that could help to achieve effective anti-tumor immunity.

The aim of this special issue is to provide an overview of the immunosuppressive mechanisms that seem to prevail within the TME as well as the identification of novel, therapeutically targetable immunosuppressive mechanisms. The various articles illustrate how far the field has advanced, but also remind us of the extent of its complexity.

Thus, in this issue Guo et al. start by reviewing the state-of-the-art on clinical studies and patent applications for PD1/PD-L1 targeted therapies, discussing advantages and disadvantages of new classes of PD1/PD-L1 interaction inhibitors.

Next, many articles concentrate on immune evasion mechanisms as potential new predictive biomarkers of resistance to immunotherapy or targets for novel combination strategies.

Two review articles focus on immunosuppressive cell subsets found in the TME. Chabab et al. describe the mechanisms of action and the role of regulatory γδ T cells, whereas Ngiow and Young summarize key approaches to target immunosuppressive cells such as Tregs and tumor associated macrophages to induce changes in the TME and reinvigorate anti-tumor immune responses.

Metabolic reprogramming of cancer cells is recognized as a well-established hallmark of cancer (1), and emerges as a key immunosuppressive mechanism of the anti-tumor immune response. This topic is reviewed by Mathew and Torres, focusing on the role of lysophosphatidic acid as an inflammatory lipid that binds to the LPA5 receptor on CD8 T cells, as well as by Jacobs et al., describing how 5’-deoxy-5’-methylthioadenosine, an oncometabolite often present in TME, impairs NK cell activity and function.

Several articles or case reports bring interesting data providing rationale for novel combinations to increase ICI efficacy. Guida et al. describe the potential of combining a somatostatin analog with checkpoint inhibitor immunotherapy in Merkel-cell Carcinoma. Qu et al. report that when combined with IL-36, anti-CTLA-4 mAbs increase the proliferation and IFN-γ production by CD4+ and CD8+ T cells and reduce lung metastasis in murine mammary carcinoma, by comparison to single therapies. Burke et al. report benefits of combining histone deacetylase inhibitors with ICIs in bladder cancer. They show that the inhibition of histone deacetylase renders bladder cancer cells more visible, recognizable and destructible by T cells. Ireland et al. investigate the effects of stromal GAS6 protein in pancreatic ductal adenocarcinoma and showed that it alters cancer cell plasticity, activates NK cells and inhibits pancreatic cancer metastasis. Finally, a case report by Shui et al. describes durable responses and tolerance to a triple combination with a novel PD-1 inhibitor plus two chemotherapy agents (Gemcitabine and nab-paclitaxel) in metastatic pancreatic ductal adenocarcinoma. Novel combinations to increase response rates to ICIs are also discussed in three reviews. In the first, Chuang et al. describe the mechanism of action and impact of a monotherapy with TLR-9 agonists and discuss the rationale and the current status to combine them with ICIs as a novel strategy to treat cancer. In a second review, Skeate et al. discuss the effects of LIGHT (Tumor necrosis factor superfamily member 14) delivered or expressed in tumors on the vascular reorganization and generation of tertiary lymphoid structures, and how this can greatly improve immunotherapeutic strategies against cancer. In a third review, Goruganthu et al. discuss the effects of Notch ligand receptor recruitment on anti-tumor immune responses, as well as major clinical and preclinical findings that highlight the potential therapeutic activity of targeting this pathway.

Finally, mining GEO and TCGA databases, Li et al. identify an immune risk signature that could serve as a predictor of survival and immune activity in colon cancer.

Thanks to this collection of articles, this issue provides insightful perspectives on immunosuppressive mechanisms at play in the TME, their impact on anti-tumor immunity, and the identification of novel targets for the immunotherapy of cancer.
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Pancreatic ductal adenocarcinoma (PDA) is one of the deadliest cancers due to its aggressive and metastatic nature. PDA is characterized by a rich tumor stroma with abundant macrophages, fibroblasts, and collagen deposition that can represent up to 90% of the tumor mass. Activation of the tyrosine kinase receptor AXL and expression of its ligand growth arrest-specific protein 6 (Gas6) correlate with a poor prognosis and increased metastasis in pancreatic cancer patients. Gas6 is a multifunctional protein that can be secreted by several cell types and regulates multiple processes, including cancer cell plasticity, angiogenesis, and immune cell functions. However, the role of Gas6 in pancreatic cancer metastasis has not been fully investigated. In these studies we find that, in pancreatic tumors, Gas6 is mainly produced by tumor associated macrophages (TAMs) and cancer associated fibroblasts (CAFs) and that pharmacological blockade of Gas6 signaling partially reverses epithelial-to-mesenchymal transition (EMT) of tumor cells and supports NK cell activation, thereby inhibiting pancreatic cancer metastasis. Our data suggest that Gas6 simultaneously acts on both the tumor cells and the NK cells to support pancreatic cancer metastasis. This study supports the rationale for targeting Gas6 in pancreatic cancer and use of NK cells as a potential biomarker for response to anti-Gas6 therapy.

Keywords: Gas6, pancreatic cancer, metastasis, macrophages, fibroblasts, NK cells


INTRODUCTION

Growth arrest-specific gene 6 (Gas6) is a multifunctional factor that regulates several processes in normal physiology and pathophysiology (1). Gas6 binds to the Tyro3, Axl, and Mer (TAM) family of receptor tyrosine kinases (TAM receptors) with the highest affinity for Axl (2). Gas6 supports erythropoiesis, platelet aggregation, angiogenesis, efferocytosis and inhibits the immune response (3). Gas6 is critical for the maintenance of immune homeostasis and mice deficient in Gas6 or TAM receptors experience severe autoimmune diseases (4). Gas6 and its main receptor Axl are overexpressed in several cancer types including, breast, ovarian, gastric, glioblastoma, lung, and pancreatic cancer and their expression correlates with a poor prognosis (5). Axl is ubiquitously expressed in all tissues (6) but is particularly notable in cancer cells, macrophages, dendritic cells and natural killer cells for its role in driving immunosuppression and tumor progression (7–9). Several cancer studies have focused on the role of Gas6-Axl signaling on the tumor cells and have demonstrated that Axl activation supports tumor cell proliferation, epithelial-mesenchymal transition (EMT), drug resistance, migration and metastasis (5). Factors secreted within the tumor microenvironment are able to sustain Gas6/Axl signaling. Hypoxia Inducible Factor (HIF) has been shown to bind to the Axl promoter region and upregulate its expression on renal cell carcinoma cells (10). Secretion of IL-10 and M-CSF by tumor cells induces tumor associated macrophages to secrete Gas6 (11). However, only a few studies have investigated the role of Gas6-Axl signaling in the immune response to breast cancer, ovarian cancer and melanoma (7, 9).

In solid tumors such as breast or pancreatic cancer, the tumor stroma can represent up to 80% of the tumor mass and actively influences cancer progression, metastasis (12–14) and resistance to therapies (15–17).

Pancreatic ductal adenocarcinoma (PDA) is one of the most lethal cancers worldwide and better therapies are urgently needed (18). Metastasis, therapy resistance, and immunosuppression are key characteristics of pancreatic tumors (19, 20). The Gas6–Axl pathway is activated in 70% of pancreatic cancer patients (21) and is associated with a poor prognosis and increased frequency of distant metastasis (22). Blocking Gas6-Axl signaling inhibits cancer progression (23, 24) and several Axl inhibitors and warfarin (a vitamin K antagonist that blocks Gas6 signaling) are currently being tested in cancer patients, including PDA patients. While the cancer cell autonomous functions of Gas6 are well-documented, the effect of Gas6 signaling in the stroma/immune compartment in pancreatic cancer has not been fully explored. In these studies, we sought to understand the effect of Gas6 blockade in both the tumor and the stroma/immune compartments, in vivo, in pancreatic cancer. Gaining a better understanding of how blockade of Gas6 signaling affects pancreatic cancer is important because it will help design and interpret the results of the recently launched clinical trials that are testing anti-Gas6/TAM receptors therapies in pancreatic cancer patients (25).



RESULTS


Pharmacological Blockade of Gas6 Inhibits Spontaneous Pancreatic Cancer Metastasis

To investigate the effect of Gas6 blockade in pancreatic cancer growth and metastasis, we used an orthotopic syngeneic pancreatic cancer model, in which pancreatic cancer cells derived from the gold standard genetic mouse model of pancreatic cancer (LSL-KrasG12D; LSL-Trp53R172H; Pdx1-Cre mice; KPC model), transduced with a reporter lentivirus expressing zsGreen/luciferase, were orthotopically implanted into the pancreas of syngeneic immuno-competent mice. This model faithfully recapitulates features of the human disease, and tumors are highly infiltrated by macrophages and are rich in fibroblasts (16, 26, 27). Importantly, pancreatic tumors from this mouse model also showed expression and activation of Axl receptor (Supplementary Figure 1A). These mice were then treated with isotype control IgG antibody or an anti-Gas6 neutralizing antibody (Figure 1A). This anti-Gas6 neutralizing antibody has previously been shown to block Gas6 signaling through the AXL receptor to a similar extent as an anti-AXL antibody (28). Thirty days after implantation, pancreatic tumors, lungs, livers, and mesenteric lymph nodes were surgically removed and analyzed. As expected, control treated mice showed high levels of Axl receptor activation in tumors, whereas the anti-Gas6 treated group showed markedly reduced levels of Axl receptor activation, confirming that anti-Gas6 antibody has reached the tumor and has blocked Axl signaling (Supplementary Figures 1A,B). No differences were seen in primary pancreatic tumor growth (Figure 1B) between the control and anti-Gas6 treatment groups. However, mice treated with the anti-Gas6 antibody showed reduced metastasis to lungs, livers, and mesenteric lymph nodes, compared to control treated mice, as assessed by biolumiscence ex-vivo imaging of these organs (Supplementary Figures 1C,D). Since lungs showed the highest level of metastasis in this model, lung tissues were further assessed for metastasis by H&E and cytokeratin 19 (CK19) staining. We observed that both the number of metastatic foci, as well as the size of the metastatic lesions were significantly reduced in control vs. anti-Gas6 treated mice (Figures 1D,E, Supplementary Figures 1E–G). As a consequence the overall metastatic burden was very significantly reduced in the mice treated with anti-Gas6 blocking antibody compared to control mice (Figure 1F). These data suggest that blockade of Gas6 affects the metastatic cascade at different stages, affecting the metastatic spreading and/or initial seeding as well as the metastatic outgrowth of disseminated pancreatic cancer cells.
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FIGURE 1. Pharmacological blockade of Gas6 inhibits pancreatic cancer metastasis. (A) KPCluc/zsGreen (zsGreen) -derived pancreatic tumor cells (FC1242luc/zsGreen) were orthotopically implanted into the pancreas of syngeneic C57BL/6 recipient mice, and mice were treated, starting at day 14 after tumor implantation, twice a week i.p., with either isotype control IgG antibody or Gas6 blocking antibody (2 mg/kg). Primary pancreatic tumors, livers, lungs, and mesenteric lymph nodes were harvested at day 30. (B) Tumor weights (n = 11 mice for control IgG treatment group; n = 12 mice for anti-Gas6 treatment groups). (C) Representative IVIS images of metastatic lungs from control IgG and anti-Gas6 treated mice. (D) Representative images of H&E staining of metastatic lungs from control IgG and anti-Gas6 treated mice. Scale bar 50 μm. (E) Quantification of number of lung metastatic foci per 100 mm2 in mice treated with control IgG or anti-Gas6 antibody identified by H&E. *p ≤ 0.05, using unpaired student T-test, error bars represent SEM (n = 7). (F) Average size of pulmonary metastatic lesions in mice treated with control IgG or anti-Gas6 antibody identified by H&E. *p ≤ 0.05, using unpaired student T-test, error bars represent SEM (n = 7). (G) Quantification of total metastatic burden in mice treated with control IgG or anti-Gas6 antibody identified by H&E. **p ≤ 0.01, using unpaired student T-test, error bars represent SEM (n = 7).




Tumor Associated Macrophages and Fibroblasts Are the Main Sources of Gas6 in Pancreatic Cancer

Gas6 is a multifunctional protein that is secreted by different cell types. Gas6 has been shown to be produced by macrophages in pre-malignant lesions of a mammary tumor model (29) and in xenograft and orthotopic models of colon and pancreatic cancer (11). Gas6 can also be produced by tumor cells (30) and fibroblasts (31). To determine which cell types produce Gas6 in pancreatic tumors, tumors were harvested at day 23, and tumor cells (CD45–/zsGreen+), non-immune stromal cells (CD45–/zsGreen–), M1-like macrophages (CD45+/F4/80+/CD206–) and M2-like macrophages (CD45+/F4/80+/CD206+) were isolated by flow cytometry (Figure 2A, Supplementary Figure 2A) and analyzed for the expression of gas6 (Figures 2A,B). We found that both F4/80+/CD206+ (M2-like macrophages) and αSMA+ stromal cells (Supplementary Figure 2B) are the main sources of Gas6 in pancreatic tumors (Figure 2B). Ex-vivo, bone-marrow derived macrophages and pancreatic fibroblasts also produce Gas6 (Figures 2B,C). In agreement with these findings, we observed that tumor areas with activated Axl receptor were often surrounded by TAMs and CAFs (Figure 2D). Analysis of Axl expression and activation in pancreatic cancer patient samples has been correlated with a poor prognosis (21, 22) and Axl activation in cancer cells has been shown to support EMT, cell proliferation, metastasis and drug resistance (5). While these studies have mainly focused on analyzing the expression and function of Axl on the cancer cells, Axl is also expressed in immune cells, endothelial cells and stromal cells and regulates innate immunity (3, 4), angiogenesis (32–34), and fibrosis (31). In agreement with this multi-functional role for Axl, we found that Axl is activated in both the tumor and the stromal/immune compartment in biopsies from pancreatic cancer patients (Figures 3A,B).
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FIGURE 2. TAMs and CAFs are the main sources of Gas6 in pancreatic tumors. (A) KPCluc/zsGreen (zsGreen) -derived tumor cells (FC1242luc/zsGreen) were orthotopically implanted into the pancreas of syngeneic recipient (C57/BL6) mice. Tumors were harvested and digested at day 23 after implantation and tumor cells, non-immune stromal cells, M1-like and M2-like macrophages were sorted by flow cytometry. Gas6 mRNA levels were quantified in CD45–/zsGreen+ tumor cells, CD45–/zsGreen– non-immune stromal cells, CD45+/F4/80+/CD206– M1-like macrophages and CD45+/F4/80+/CD206+ M2-like macrophages sorted by flow cytometry from murine pancreatic tumors. Values shown are the mean and SD (n = 3). (B) Quantification of Gas6 mRNA expression levels in ex vivo mouse primary isolated macrophages and pancreatic fibroblasts from naïve mice. Values shown are the mean and SD (n = 3). (C) Immunoblotting analysis of Gas6 secreted protein present in mouse macrophage conditioned media (MCM) and pancreatic fibroblast conditioned media (FCM). (D) Images show phospho-Axl, αSMA (fibroblast marker) and CD68 (pan-macrophage marker) staining in naïve mouse pancreas and in serial sections of mouse PDA tissues. Scale bar = 50 μm.
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FIGURE 3. AXL receptor is activated in both the tumor and stromal compartment in biopsies from PDA patients. (A) Immunofluorescent staining of human PDA biopsies with CK11 (tumor cell marker, in green), phospho-Axl receptor (in red), and nuclei (in blue). Scale bar, 50 μm. Yellow arrow indicates presence of phosphorylated Axl in the stromal compartment. White arrow indicates presence of phosphorylated Axl in the tumor cells. (B) Serial sections of biopsies from human PDA samples immunohistochemically stained for phospho-Axl, CD163 (macrophages) and αSMA (fibroblasts). Cancer cells are indicated by a purple asterisk and tumor stroma is indicated by a pink asterisk. Scale bars, 50 and 100 μm.




Gas6 Blockade Alters EMT of Pancreatic Cancer Cells but Does Not Affect Angiogenesis or Collagen Deposition in Pancreatic Tumors

Previous studies have shown that Gas6-Axl signaling promotes tumor cells' EMT (35, 36). To determine whether the reduced metastasis observed when we block Gas6 was caused by an effect on tumor cell EMT, we evaluated the expression of EMT markers and transcription factors on tumor cells from pancreatic tumors treated with isotype control antibody or Gas6 blocking antibody. Tumor cells isolated from pancreatic tumors were analyzed for the expression of the EMT transcription factors Snail 1, Snail 2, Twist 1, Twist 2, Zeb 1, and Zeb 2 (Figure 4A), the epithelial markers E-cadherin, b-catenin, and Epcam and the mesenchymal markers Vimentin and N-cadherin (Figure 4B). We found that blocking of Gas6 significantly decreased the expression of the EMT transcription factors Snail 1, Snail 2, and Zeb 2, while twist 1 and Zeb 1 levels remained unchanged and twist 2 was not expressed in pancreatic cancer cells (Figure 4A). In agreement with this observation, Gas6 blockade also decreased the expression of the mesenchymal marker Vimentin, while N-cadherin levels were very low and remained unchanged. E-cadherin and B-catenin levels were also decreased though upon anti-Gas6 treatment, suggesting that Gas6 signaling partially regulates cancer cell plasticity, a phenomenon previously described in cancer (37, 38). Kirane et al. (23) previously showed that blocking Gas6 signaling with warfarin decreases vimentin expression in a xenograft model of pancreatic cancer.


[image: Figure 4]
FIGURE 4. Gas6 blockade in pancreatic tumors partially affects EMT of tumor cells. (A) Quantification of the expression levels of the EMT transcription factors: Snail 1, Snail 2, Twist 1, Twist 2, Zeb 1, and Zeb 2 in tumor cells (zsGreen+) isolated by flow cytometry from mouse PDA tumors. Values shown are the mean and SD (n = 3). (B) Quantification of the expression levels of the epithelial markers: E-cadherin, b-catenin, EpCAM, and the mesenchymal markers vimentin and N-cadherin in tumor cells FACS sorted from mouse PDA tumors. Values shown are the mean and SD (n = 3). *p ≤ 0.05, using unpaired student T-test; **p ≤ 0.01, using unpaired student T-test; ***p ≤ 0.005, using unpaired student T-test. (C) Representative immunofluorescent images of vimentin staining at the periphery of mouse pancreatic tumors treated with control IgG or anti-Gas6 antibody. The dashed lines highlight the areas quantified in the tumor tissues. (D) Quantification of vimentin protein expression levels in pancreatic cancer cells. Data are displayed as mean and SEM and represent 5 images per mouse, with 7 animals per treatment group. n.s. no statistically significant differences, using unpaired student T-test.


To further investigate the effect of anti-Gas6 on vimentin expression in pancreatic cancer cells in our in vivo tumor model, we analyzed vimentin protein expression in pancreatic tumor tissues from control and anti-Gas6 treated mice (Figures 4C,D). We found that blockade of Gas6 partially reduces vimentin protein expression in cancer cells, although this decrease was not statistically significant.

Pancreatic tumors are usually poorly vascularized but since Gas6 signaling can support endothelial cells proliferation and vascularization (33, 39, 40) we next evaluated whether anti-Gas6 therapy could affect angiogenesis in pancreatic tumors. Pancreatic tumor tissues from control and anti-Gas6 treated mice were stained with the endothelial marker CD31. Whole tumor tissues were scanned and quantified for CD31 expression which remained unchanged in both treatment groups (Supplementary Figures 3A,B). Fourcot et al. (31) showed, in a liver fibrosis model, that Gas6 is secreted by macrophages and fibroblasts and that Gas6 deficiency decreases TGFb and collagen I production by hepatic fibroblasts. Gas6 also stimulates the proliferation of cardiac fibroblasts (41). Since fibrosis and collagen deposition have been suggested to re-strain the metastatic spreading of pancreatic cancer cells (42–45), we next investigated whether Gas6 blockade could affect fibroblasts and collagen deposition in pancreatic tumors. Pancreatic tumor tissues from control and anti-Gas6 treated mice were stained with picrosirius red to assess collagen deposition (Supplementary Figures 3C,D) and for αSMA+ cells (Supplementary Figures 3E,F). Whole tumor tissues were scanned and quantified for collagen deposition (Sirius red positive areas) and αSMA+ cells. We observed a slight increase in collagen deposition in tumors from mice treated with anti-Gas6 antibody compared to control but this increase was not statistically significant (Supplementary Figures 3C,D). αSMA levels remained the same in both treatment groups (Supplementary Figures 3E,F). These findings suggest that the anti-metastatic effect of Gas6 blockade in pancreatic cancer is not due to changes in angiogenesis or fibrosis.



Gas6 Blockade Does Not Affect Myeloid Cells or T Cells Populations at the Primary Tumor Site, in Peripheral Blood or at the Metastatic Site

TAM receptors are also expressed by immune cells and regulate myeloid cell and T-cell functions (3, 46). Thus, next, with the aim to understand the systemic effect of Gas6 blockade in myeloid cells and T cells in pancreatic cancer, we evaluated the number and activation status of myeloid cells and T cells in pancreatic tumors, blood and metastatic tissues using mass and flow cytometry. Mass cytometry analysis of myeloid (CD11b+) cells, neutrophils/MDSCs (CD11b+/Ly6G+), monocytes (CD11b+/Ly6C+), macrophages (CD11b+/F4/80+), MHC-II+, CD206+, and PD-L1+ macrophages (Figure 5A) and T cells (CD3+), helper T-cells (CD3+/ CD4+), regulatory T cells (CD3+/CD4+/CD25+), cytotoxic T cells (CD3+/CD8+), activated/exhausted cytotoxic T cells (CD8+/CD69+; CD8+/PD-1+) (Figure 5B) from pancreatic tumors from control vs. anti-Gas6 treated mice did not show any significant differences (Figures 5A,B, Supplementary Figures 4A,B). Similarly, myeloid cell and T cell numbers in blood (Supplementary Figures 5A,B) and metastatic lungs from mice treated with control or anti-Gas6 antibody remained the same (Supplementary Figures 6A,B).


[image: Figure 5]
FIGURE 5. Gas6 blockade does not affect the composition or activation status of myeloid cells and T cells in pancreatic tumors. (A) Mass cytometry quantification of CD11b + myeloid cells, Ly6C high/Ly6C low monocytes/MDSCs, Ly6G high/Ly6C low neutrophils/MDSCs, F4/80+ macrophages, MHCII+ macrophages, CD206+ macrophages, and PD-L1+ macrophages in mouse pancreatic tumors treated with control IgG (n = 3) or anti-Gas6 neutralizing antibody (n = 4). Values shown are mean and SEM. n.s. no statistically significant differences, using unpaired student T-test. (B) Mass cytometry quantification of CD3+ T cells, CD4+ T cells, CD4+/CD25+ regulatory T cells (Tregs), CD8+ T cells, CD69+/CD8+ T cells and PD-1+/CD8+ T cells in mouse pancreatic tumors treated with control IgG (n = 3) or anti-Gas6 neutralizing antibody (n = 4). Values shown are mean and SEM. n.s. no statistically significant differences, using unpaired student T-test. Graphs were generated with ViSNE data using Cytobank software.




Gas6 Blockade Restores NK Cell Activation and Infiltration in Metastatic Lesions

TAM signaling is involved in the development of natural killer (NK) cells (47). In an elegant study, Paolino et al. (9) demonstrated that TAM receptor inhibition activates NK cells cytotoxic function and thereby decreases metastasis in mouse models of breast cancer and melanoma. Thus, we next hypothesized that the anti-metastatic effect of Gas6 blockade we observe in our pancreatic cancer model could be due to a re-activation of NK cells. To test this hypothesis we evaluated NK cells in primary pancreatic tumors, tumor draining lymph nodes, and metastatic lesions of mice treated with control IgG or anti-Gas6 antibody. NK cells were almost absent in all primary tumors from both anti-Gas6 and control treated mice (except for one anti-Gas6 treated pancreatic tumor, Supplementary Figure 7). However, the number of NKp46+ NK cells in lung metastatic lesions was significantly higher in mice treated with anti-Gas6 antibody compared to control treated mice (Figures 6A,B). The number of NK cells, and in particular the number of proliferating NK cells, was also increased in tumor draining lymph nodes from anti-Gas6 treated mice compared to control treated mice (Figures 6C,D).


[image: Figure 6]
FIGURE 6. Gas6 blockade increases NK cell numbers in metastatic lungs and in tumor draining lymph nodes. (A) Immunohistochemical staining of NK cells in metastatic lungs from pancreatic tumor bearing mice treated with control IgG or anti-Gas6 antibody. Lesions indicated by dashed line and NK cells by red asterisk. Scale bar, 50 μm. (B) Quantification of NK cells in metastatic lung tissues from control IgG and anti-Gas6 treated mice. Values shown are the mean and SEM (n = 6 mice in IgG treatment group, n = 7 mice in anti-Gas6 treatment group). **p ≤ 0.01, using unpaired student T-test. (C) Immunofluorescent staining of NK cells in mesenteric lymph nodes from pancreatic tumor bearing mice treated with control IgG or anti-Gas6 antibody. NK marker NKp46 is shown in red, Ki67 is shown in green and nuclei were stained with DAPI (in blue). Scale bar, 50 μm. (D) Quantification of NK cells in tumor draining lymph nodes from control IgG and anti-Gas6 treated mice. Values shown are the mean and SEM (n = 6 mice IgG treatment group and n = 7 mice anti-Gas6 treatment group, 3–6 fields/ mouse tissue were quantified). *p ≤ 0.05, using unpaired student T-test.


To further investigate the effect of inhibiting Gas6-Axl signaling in pancreatic cancer progression and metastasis, we performed another in vivo experiment, using our syngeneic orthotopic KPC model (described in Figure 1) using warfarin (instead of a neutralizing anti-Gas6 antibody). Warfarin is a vitamin K antagonist that inhibits the vitamin k dependent γ-carboxylation of Gas6 and prevents it from activating TAM receptors (23, 48). Warfarin is currently being tested in pancreatic cancer patients (NCT03536208). Similar to what we observed with the anti-Gas6 treatment, warfarin reduced pancreatic cancer metastasis to the lungs (Figures 7C,D, Supplementary Figures 8A–C) and increased the number and activation of NK cells in lungs (Figures 7E,F) and mesenteric lymph nodes (Figures 7G,H), as shown by the increase in NKp46+ and granzyme B expression. Warfarin treatment also decreased vimentin expression in pancreatic cancer cells, suggesting that warfarin also acts on the cancer cells altering their plasticity (Supplementary Figures 8D,E).


[image: Figure 7]
FIGURE 7. Warfarin decreases pancreatic cancer metastasis and increase NK cell numbers and activation in lymph nodes and at the metastatic site. (A) KPCluc/zsGreen (zsGreen) -derived pancreatic tumor cells (FC1242luc/zsGreen) were orthotopically implanted into the pancreas of syngeneic C57BL/6 recipient mice. At day 14 the mice were treated with either control drinking water or warfarin sodium in drinking water (0.5 mg/L). Warfarin water was replenished every 3–4 days. Primary tumors, livers, lungs and lymph nodes were harvested at day 29/30. (B) Tumor weights from control (n = 7) or warfarin (n = 6) treated mice. (C) Immunohistochemical staining of CK19+ in mice with lung metastases. (D) Quantification of the total area of lung metastasis per mouse as a percentage of the total lung area for control (n = 4) or warfarin (n = 3) treated mice. *p ≤ 0.05 using unpaired student T-test. Values shown are mean and SEM. (E) Immunohistochemical staining of NKp46+ NK cells in the lungs from pancreatic tumor bearing mice. (F) Quantification of the number of NKp46+ NK cells per cm2 in the lungs of control (n = 7) or warfarin (n = 6) treated mice. (G) Immunoflourescence staining of NK cells in the mesenteric lymph nodes from pancreatic tumor bearing mice. The NKp46 marker is shown in red, granzyme B is shown in green and the nuclei were stained with DAPI (in blue). Scale bar 50 μm. (H) Quantification of the number of NKp46+ and granzyme b+ cells in tumor draining lymph nodes for control (n = 7) and warfarin (n = 6) treated mice. Values shown are the mean and SEM and 3-10 fields/mouse tissue were quantified.





DISCUSSION

The data presented in this study describe a dual anti-tumor effect of Gas6 blockade in pancreatic tumors, shedding light on the anti-cancer mechanism of action of inhibitors of the Gas6-Axl pathway and supporting the rationale for using anti-Gas6 therapy in pancreatic cancer patients. In these studies we show that blockade of Gas6 in pancreatic tumors, with either an anti-Gas6 neutralizing antibody or with warfarin, acts simultaneously on both the tumor cells, altering their epithelial-mesenchymal phenotype, as well as on NK cells, promoting their activation and recruitment to the metastatic site (Figures 6, 7). These findings suggest that anti-Gas6 therapy decreases pancreatic cancer metastasis by not only affecting cancer cells' plasticity but also by activating NK cells and supporting their tumoricidal function.

So far many studies have focused on the cancer-cell autonomous role of Gas6 and based on their effect on tumor cell proliferation and plasticity several inhibitors of the Gas6-Axl pathways, including warfarin (clinical trial ID: NCT03536208) are currently being tested in pancreatic cancer patients.

Our studies show that inhibition of Gas6 signaling in pancreatic cancer not only affects the tumor cells but notably affects the NK cells (Figure 8). Our findings suggest that the activation status of NK cells should also be assessed in cancer patients and could be used as a biomarker to monitor response to anti-Gas6/Axl therapies.


[image: Figure 8]
FIGURE 8. Schematics depicting the multifunctional role of stroma-derived Gas6 in pancreatic cancer. In vivo blockade of Gas6 signaling with a neutralizing anti-Gas6 antibody or warfarin, partially reverses tumor cells EMT and activates NK cells, leading to a decrease in pancreatic cancer metastasis.


Gas6/Axl signaling is a negative regulator of the immune system and inhibition of the Gas6-Axl signaling leads to autoimmunity (4). While the function of Gas6-Axl signaling on tumor cell proliferation, EMT, migration and drug resistance has been extensively studied (5), only a few studies have investigated the role of Gas6/Axl signaling in the immune system in the context of cancer (7, 9, 24). Guo et al. (7) found that the Axl inhibitor R428 inhibited tumor growth of subcutaneously implanted murine 4T1 breast cancer cells and intra-peritoneally implanted murine ID8 ovarian cancer cells by activating CD4+ and CD8+ T cells. Inspired by this study, we investigated whether, in our pancreatic cancer model, Gas6 blockade supports the activation of T cells. Unlike Guo et al. (7) we did not observe any statistically significant difference in CD4+ or CD8+ T cells in pancreatic tumors, blood or metastatic tissues, in control vs. anti-Gas6 treated mice. Ludwig et al. (24) found that treating mouse pancreatic tumors with the Axl inhibitor BGB324 decreased the number of tumor associated macrophages (TAMs) in some but not all tumor models. In our study, blocking Gas6 did not significantly affect TAMs, other myeloid cell populations or T cells in primary tumors, blood or metastatic organs. These different results observed in these studies may be explained by the differences in the tumor models used (breast cancer vs. pancreatic cancer; xenograft vs. syngeneic models) and the differences in the therapies used (inhibition of AXL receptor vs. inhibition of Gas6 ligand which binds all TAM receptors). In another study, Paolino et al. (9) showed that TAM receptor inhibition activates NK cells in mouse tumor models of melanoma and breast cancer leading to decreased tumor growth. In agreement with these findings, we found that blocking Gas6 in mice bearing pancreatic tumors, increases NK cell number and activation in tumor draining lymph nodes and lungs, and decreases pancreatic cancer metastasis.

Inhibition of the Gas6-Axl pathway has been shown to reverse EMT, tumor migration and intra-tumoral micro-vessel density in pancreatic cancer (23). In agreement with these findings, we found that inhibition of Gas6 signaling decreases the expression of the EMT transcription factors Snail 1, Snail 2, Zeb2, and vimentin expression in pancreatic cancer cells. E-cadherin and b-catenin levels were also decreased upon anti-Gas6 treatment suggesting that blockade of Gas6 signaling leads to a partial MET or hybrid E/M phenotype. Partial EMT is a phenomenon often observed in cancer, where cancer cells that originate from epithelial cells exhibit both mesenchymal and epithelial characteristics. The ability of cancer cells to undergo partial EMT, rather than complete EMT and to maintain the expression of both E-cadherin and vimentin poses a higher metastatic risk (37, 44). Pancreatic tumors are usually hypo-vascularized compared to a normal pancreas and anti-angiogenic therapies have not been successful in pancreatic cancer (49). Similar to the human disease, in our pancreatic mouse tumor model, tumors are poorly vascularized and blocking Gas6 did not show any further decrease in tumor vascularization. Loges et al. (11) previously showed that tumor associated macrophages (TAMs) produce Gas6 in various mouse tumor models. In our study we found that both TAMs and CAFs are the main sources of Gas6 in pancreatic tumors. These findings suggest that the abundance of TAMs and CAFs in pancreatic cancer patients could be used to determine which patients would benefit the most from anti-Gas6 therapy.

In conclusion, our studies suggest that in pancreatic cancer, Gas6 is secreted by both TAMs and CAFs and blockade of Gas6 signaling has a dual anti-metastatic effect by acting on both the tumor cells and the NK cells. Thus, inactivation of Gas6 signaling can promote anti-tumor immunity, via NK cell activation, in pancreatic tumors. Since this Gas6-dependent immune regulation of NK cells is also conserved in humans, anti-Gas6-Axl therapies are likely to promote anti-tumor immunity, via NK cell activation, in pancreatic cancer patients. This study provides further mechanistic insights into the mode of action of anti-Gas6 therapies and suggests the use of NK cells as an additional biomarker for response to anti-Gas6 therapies in pancreatic cancer patients.



MATERIALS AND METHODS


Generation of Primary KPC-Derived Pancreatic Cancer Cells

The murine pancreatic cancer cells KPC FC1242 were generated in the Tuveson lab (Cold Spring Harbor Laboratory, New York, USA) isolated from PDA tumor tissues obtained from LSL-KrasG12D; LSL-Trp53R172H; Pdx1-Cre mice of a pure C57BL/6 background as described previously with minor modifications (50).



Generation of Primary Macrophages, Primary Pancreatic Fibroblasts, Macrophage (MCM, and Fibroblasts (FCM) Conditioned Media

Primary murine macrophages were generated by flushing the bone marrow from the femur and tibia of 6–8 week-old C57BL/6 mice followed by incubation for 5 days in DMEM containing 10% FBS and 10 ng/mL murine M-CSF (Peprotech). Primary pancreatic stellate cells were isolated from the pancreas of C57BL/6 mice by density gradient centrifugation, and were cultured on uncoated plastic dishes in IMDM with 10% FBS and 4 mM L-glutamine. Under these culture conditions pancreatic stellate cells activated into myofibroblasts.

To generate macrophage and fibroblast conditioned media, cells were cultured in serum free media for 24–36 h, supernatant was harvested, filtered with 0.45 μm filter, concentrated using StrataClean Resin (Agilent Technologies) and immunoblotted for Gas6 (R&D Systems, AF885).



Immunoblotting

FC1242 cells were plated in DMEM media with 10% FBS for 24 h, harvested and lysed in RIPA buffer (150 mM NaCl, 10 mM Tris-HCl pH 7.2, 0.1% SDS, 1% Triton X-100, 5 mM EDTA) supplemented with a complete protease inhibitor mixture (SIGMA), a phosphatase inhibitor cocktail (Invitrogen), 1 mM PMSF and 0.2 mM Na3VO4. Immunoblotting analyses was performed using phospho-Axl antibody (R&D systems, AF2228).



Syngeneic Orthotopic Pancreatic Cancer Model

1 × 106 primary KPCluc/zsGreen cells (FC1242luc/zsGreen) isolated from a pure C57Bl/6 background were implanted into the pancreas of immune-competent syngeneic C57Bl/6 six- to 8 week-old female mice, and tumors were established for 2 weeks before beginning treatment. Mice were administered i.p. with Gas6 neutralizing antibody (R&D systems, AB885) (2 mg/kg), or IgG isotype control antibody, every 3–4 days or warfarin sodium in drinking water (0.5 mg/L) which was replenished every 3–4 days, for 15 days before harvest.



Analysis and Quantification of Immune Cells in Pancreatic Tumors by Mass Cytometry

Pancreatic tumors were resected from the mice and mechanically and enzymatically digested in Hanks Balanced Salt Solution (HBSS) with 1 mg/mL Collagenase P (Roche) Cell suspensions were centrifuged for 5 min at 1,500 rpm, resuspended in HBSS and filtered through a 500 μm polypropylene mesh (Spectrum Laboratories). Cells were resuspended in 1 mL 0.05%Trypsin and incubated at 37°C for 5 min. Cells were filtered through a 70 μm cell strainer and resuspended in Maxpar cell staining buffer (Fluidigm). The samples were centrifuged for 5 min at 450 x g and supernatant removed. The cells were subsequently stained with Cell-ID 195-Cisplatin (Fluidigm) viability marker diluted 1:40 in Maxpar PBS (Fluidigm) for 5 min. Cells were centrifuged at 450 x g for 5 min and washed twice in Maxpar cell staining buffer. Samples were blocked for 10 min on ice with 1:100 diluted FC Block (BD Pharmingen, Clone 2.4G2) and metal-conjugated antibody cocktail added and incubated for 30 min at 4°C. Antibodies were used at the concentrations recommended by manufacturers. Cells were washed twice in cell staining buffer and stained with 125 μM 191-Intercalator-Ir (Fluidigm) diluted in 1:2,000 Maxpar fix and perm buffer (Fluidigm) overnight at 4°C. The cells were washed twice in Maxpar cell staining buffer and centrifuged at 800 x g for 5 min. A post-fix was performed by incubating the cells in 1.6% PFA for 30 min at RT. Cells were washed twice in 18Ω distilled water (Fluidigm), mixed 1:10 with EQTM Four Element Calibration Beads (Fluidigm) and acquired on the Helios CyTOF system (Fluidigm). Samples were acquired at a rate of around 200 cells/s. All generated FCS files were normalized and beads removed (51). All analysis was performed in Cytobank: Manual gating was used to remove dead cells (195Pt+) and debris and to identify single cells (191 Ir+).

viSNE analysis was performed on the data utilizing t-stochastic neighbor embedding (t-SNE) mapping based on high dimensional relationships. CD45+ population selected by manual gating was used as the starting cell population and using proportional sampling viSNE unsupervised clustering was performed. Manual gating was then performed on the viSNE map created to determine cell population percentages. Spanning-tree Progression Analysis of Density-normalized Events (SPADE) analysis was performed in Cytobank using manually gated CD45+ cells, 200 target number of nodes and 10% down sampled events, to equalize the density in different parts of the cloud. In Cytobank SPADE analysis edge number between nodes indicates levels of similarity, with more steps indicating less similarity across channels used to create the tree. Node localization and edge length cannot be used to infer similarity in this analysis. Event number is indicated by both color scale and node size (which is proportional to the number of cells present in each cluster). Gating of cell populations was performed to identify major cell populations and percentages.



FACS Sorting and Analysis of Blood and Lungs by Flow Cytometry

Single cell suspensions from murine primary pancreatic tumors and pulmonary metastasis were prepared by mechanical and enzymatic disruption and tumor cells, tumor associated macrophages and stromal cells were analyzed and sorted using flow cytometry (FACS ARIA II, BD Bioscience). Samples were digested as outlined above, the cells were then filtered through a 70 μm cell strainer and resuspended in PBS + 1% BSA, blocked for 10 min on ice with FC Block (BD Pharmingen, Clone 2.4G2) and stained with Sytox® blue viability marker (Life Technologies) and conjugated antibodies anti-CD45-PE/Cy7 (Biolegend, clone 30-F11) and anti-F4/80-APC (Biolegend, clone BM8).

Blood was collected from mice via tail vein bleed in EDTA-tubes. Red blood cell lysis was performed and resulting leukocytes were resuspended in PBS + 1% BSA and blocked for 10 min on ice with FC block and stained with Sytox® blue viability marker and conjugated antibodies anti-CD45-APC/Cy7 (Biolegend, 103115), anti-CD11b-APC (Biolegend, 101212), anti-Ly6G-PerCP-Cy5.5 (Biolegend, 127616), anti-Ly6C-PE (Biolegend, 128008), anti-CD3-PE-Cy7 (Biolegend, 100320), anti-CD4-PE (Biolegend, 100408), and anti-CD8-PerCP-Cy5.5 (Biolegend, 100734). Cell analysis was performed using FACS Canto II.



Gene Expression

Total RNA was isolated from FACS sorted tumor cells, tumor associated macrophages and non-immune stromal cells from primary pancreatic tumors as described in Qiagen Rneasy protocol. Total RNA from the different cell populations was extracted using a high salt lysis buffer (Guanidine thiocynate 5 M, sodium citrate 2.5 uM, lauryl sarcosine 0.5% in H2O) to improve RNA quality followed by purification using Qiagen Rneasy protocol. cDNA was prepared from 1 μg RNA/sample, and qPCR was performed using gene specific QuantiTect Primer Assay primers from Qiagen. Relative expression levels were normalized to gapdh expression according to the formula <2∧– (Ct gene of interest—Ct gapdh) (52).



Quantification of Metastasis
 
By IVIS Imaging

IVIS spectral imaging of bioluminescence was used for orthotopically implanted tumor cells expressing firefly luciferase using IVIS spectrum system (Caliper Life Sciences). Organs were resected for ex vivo imaging coated in 100 μL D-luciferin (Perkin Elmer) for 1 min and imaged for 2 min at automated optimal exposure. Analysis was performed on the Living Image software (PerkinElmer) to calculate the relative bioluminescence signal from photon per second mode normalized to imaging area (total flux) as recommended by the manufacturer.



By H&E Staining

FFPE lungs were serially sectioned through the entire lung using microtome at 4 μm thickness. Sections were stained with H&E and images were taken using a Zeiss Observer Z1 Microscope (Zeiss) to identify metastatic foci. The number of foci were counted, and the total area of metastatic foci was measured using Zen imaging software. Metastatic burden was calculated by the following equations:

No. of foci per 100 mm2: (Average no. foci per section/ average tissue area per section (mm2) *100

Average metastatic lesion size (mm2): Average total area of metastasis (mm2)/ average number of foci per section

Total metastatic burden: Sum of area of each foci of each section.



By CK19 Staining

FFPE Lung tissue sections were also stained for cytokeratin 19 (CK19). The slides were scanned with an Aperio slide scanner and the whole lung tissue was quantified for CK19 expression using Image J.




Immunohistochemistry and Immunofluorescence

Deparaffinization and antigen retrieval was performed using an automated DAKO PT-link. Paraffin-embedded pancreatic tumors, lymph nodes, and lung metastasis tissues were immuno-stained using the DAKO envision+ system-HRP.


Antibodies and Procedure Used for Immunohistochemistry

All primary antibodies were incubated for 2 h at room temperature: αSMA (Abcam, ab5694 used at 1:200 after low pH antigen retrieval), CD31 (Cell signaling technology, CST 77699 used at 1:100 after low pH antigen retrieval), NKp46 (Biorbyt, orb13333 used at 1:200) and AF2225 (used at 1:50 after low pH antigen retrieval), CK19 (ab53119 used at 1:100 after low pH antigen retrieval), and CD68 (Abcam, ab31630 used at 1:400 after low pH antigen retrieval). Subsequently, samples were incubated with secondary HRP-conjugated antibody (from DAKO envision kit) for 30 min at room temperature. All antibodies were prepared in antibody diluent from Dako envision kit. Staining was developed using diamino-benzidine and counterstained with hematoxylin.

Human paraffin-embedded PDA tissue sections were incubated overnight at RT with the following primary antibodies: phospho-Axl (R&D, AF2228, used 1:500 after high pH antigen retrieval), CD163 (Abcam, ab74604 pre-diluted after low pH antigen retrieval), αSMA (Abcam, ab5694 used 1:100 after low pH antigen retrieval).



Antibodies and Procedure Used for Immunofluorescence

After low pH antigen retrieval, lymph node tissue sections derived from mice bearing pancreatic tumors were incubated overnight at RT with the following primary antibodies: NKp46 (R&D systems AF2225, used at 1:25), Ki67 (Abcam ab15580, used at 1:1000), vimentin (Abcam ab92547, used at 1:400), and Granzyme B (ab4059, used at 1:600). Vimentin expression was quantified on cancer cells located at the edge of pancreatic tumors. Samples were washed with PBS and incubated with donkey anti-goat 594 (Abcam ab150132) and donkey anti-rabbit 488 (Abcam ab98473) secondary antibodies, respectively, all used at 1:300 and DAPI at 1:600 for 2 h at RT. Slides were washed with PBS, final quick wash with distilled water and mounted using DAKO fluorescent mounting media.

After low pH antigen retrieval, mouse tissue sections derived from paraffin embedded pancreatic tumors were incubated with vimentin (ab92547, used at 1:400) overnight at 4c. Goat anti-rabbit 594 (ab150080) secondary was used at 1:300 and DAPI at 1:600 for 2 h at RT.

Human PDA frozen tissue sections were fixed with cold acetone, permeabilized in 0.1% Triton, blocked in 8% goat serum and incubated overnight at 4°C with anti-phospho-Axl (R&D, AF2228, diluted 1:200) CK11 (Cell signaling, CST 4545, diluted 1:200), followed by fluorescently labeled secondary antibodies goat anti mouse 488 (Abcam ab98637), goat anti-rabbit 594 (Abcam ab98473) used at 1:300 for 2 h at RT slides were washed with PBS, final quick wash with distilled water and mounted using DAKO fluorescent mounting media.




Picrosirius Red Staining

FFPE PDA tumor sections were deparaffinized in two 5 min xylene washes and through decreasing alcohol washes of 100, 75, and 65% each 5 min. The slides were washed for 5 min in distilled water and incubated in 0.2% phosphomolybdic acid for 5 min. After washing in PBS, were stained with 0.1% Sirius red F3B in saturated picric acid solution for 90 min. After two rinses in acidified water the slides were stained with fast green (0.01%) for 1 min. The sections were rinsed twice in acidified water were rapidly dehydrated using three steps of 100% ethanol and two xylene incubations of 30 s.



Statistical Methods

Statistical significance for in vitro assays and animal studies was assessed using unpaired two-tailed Student t-test and the GraphPad Prism 5 program. All error bars indicate SD for in vitro studies and SEM for animal studies.
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Despite the great impact on long-term survival of some cancer patients, the immune checkpoint blockade (ICB) therapy is limited by its low response rates for most cancers. There is a pressing need for novel combination immunotherapies that overcome the resistance to current ICB therapies. Cytokines play a pivotal role in tumor immunotherapy by helping initiating and driving antitumor immune responses. Here, we demonstrated that, besides conventional CD4+ and CD8+ T cells, IL36 surprisingly increased the number of tumor-infiltrating regulatory T (Treg) cells in vivo and enhanced proliferation of Tregs in vitro. Administration of CTLA-4 monoclonal antibodies (mAbs) strongly enhanced IL36-stimulated antitumor activities through depletion of Tregs. In addition, a cancer gene therapy using the IL36-loaded nanoparticles in combination with CTLA-4 mAbs additively reduced lung metastasis of breast tumor cells. We further showed that the combined therapy of CTLA-4 mAbs and IL36 led to an increase in proliferation and IFN-γ production by CD4+ and CD8+ T cells when compared to single therapy with CTLA-4 mAbs or IL36. Collectively, our findings demonstrated a new combination therapy that could improve the clinical response to ICB immunotherapy for cancer.
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INTRODUCTION

Immune checkpoint blockade (ICB) immunotherapy has revolutionized cancer treatment by increasing the overall survival rates of cancer patients. However, clinical response rates are still low for most cancers (1). Higher response rates are achieved when CTLA-4 and PD-1 inhibitors are administered concurrently, demonstrating rational combination therapy will allow more patients to benefit from immunotherapy (2, 3). The antitumor activities of the checkpoint inhibitors are dependent on the number of tumor antigen-specific T cells, which are only abundant in immunogenic tumors. Because inflammatory cytokines play a key role in promoting tumor immunogenicity (4–9), synergistic integration of cytokine- and ICB-based immunotherapy has potential to greatly advance immunotherapy of cancer.

Many recent studies have established a critical role Interleukin 36 (IL36) plays in promoting adaptive and innate immune responses. IL36 consists of IL36α, IL36β, and IL36γ, also known as IL-1F6, IL-1F8, and IL-1F9, respectively, which are members of the IL-1 family of cytokines (10). They share the same receptor complex, which is composed of the IL36 receptor (IL36R) and IL-1RAcP. IL36 can be induced in keratinocytes, bronchial epithelia, brain tissues, and macrophages and is believed to be an “alarmin” in the damaged tissue (10, 11). IL36 exerts its functions directly on multiple cell types including tissue stromal cells, dendritic cells (DCs), CD4+ T cells, CD8+ T cells, NK cells, and γδ T cells (12–16). Ample evidence supports a crucial role of IL36 cytokines in promoting autoimmunity (17–20). IL36R-deficient mice were protected from imiquimod-induced psoriasiform dermatitis (21). Accumulating evidence supports an important role of IL36γ in driving Th1 immune responses. Pseudomonas, aeroginosa, or TLR3 ligands, induce high levels of IL36γ expression (22, 23) and T-bet is required for the induction of IL36γ in myeloid cells (24). In addition, IL36γ stimulates Th1 differentiation in vitro and IL36R is required for protective immune responses to aspergillus and Bacillus Calmette-Guerin infection (14, 25). Recent studies also show that IL36γ promotes antitumor immune responses through enhancing the effector function of type 1 lymphocytes (16, 26–31). All these data have firmly established an important role of IL36 in promoting immune responses. Nonetheless, whether IL36 can participate in immune regulation and enhance the function of immune checkpoint molecules has not been investigated.

Here, we set out to gain a further mechanistic insight of IL36-mediated antitumor immune responses by focusing on its effect on Treg. We first examined whether IL36 promoted Treg proliferation. We also quantified the number of tumoral Treg in IL36-expressing tumors and control tumors. Since one of the antitumor mechanisms of CTLA-4 mAbs is through depletion of tumor infiltrating Treg, we studied the effect of combination therapy of CTLA-4 mAbs and IL36. Our studies further elucidated the cellular mechanisms of IL36-mediated immune responses and also shed light on novel combination immunotherapy of cancer.



MATERIALS AND METHODS

Tumor Cell Culture and Generation of IL36-Expressing Cell Lines

B16 and 4T1.2 cells were cultured in RPMI1640 medium plus 10%FCS. The IL36γ-expression vector was transfected into B16 cells using Lipofectamine 2000 (Invitrogen Life Technologies) according to the manufacturer's instructions to generate B16 stably expressing IL36. Anempty vector (pcDEF3) was transfected into B16 cells as a control.



Animals

C57BL/6 and BALB/c were purchased from the Jackson Laboratory. All mice were maintained under specific pathogen-free conditions. All mouse experiments were approved by the Institution Animal Care and Use Committee at University of Pittsburgh.



Synthesis of PEG2k-Fmoc Conjugated With IL36 Plasmid

The construction of IL36 expression plasmid has been described before (12–16). Briefly, the IL-36γ expression construct was generated by fusing the nucleotide sequence encoding the human CD8αsignal sequence to the 5' end of IL-36γ (G13-S164) sequence downstream the elongation factor alpha promoter. The detailed procedure of synthesis of POEG-st-Pmor polymer was described previously (29). Briefly, POEG-st-Pmor micelles were prepared by the dialysis method. 10 mg of polymer was dissolved in 5 mL of DMSO. The solution was lyophilized and resolubilized in 1 mL PBS. For plasmid DNA complexation, polymeric micelles were diluted to different concentrations in water and mixed with plasmid DNA solution to obtain the desired N/P ratios. The mixture was filtered and the filtrate was precipitated by ice-cold ether/ethanol twice. The crude product was dissolved in water and filtered through a 450 nm filter, followed by lyophilization to yield the powder of purified POEG-st-Pmor-IL36 (29). Mice were treated intravenously with IL-36γ plasmid/POEG-st-Pmor micelles every 3 days for four times.



Mouse Tumor Experiments

B16 cells were injected intradermally into B6 mice, and the size of tumor was monitored every 2–3 days. B16 and IL36-B16 bearing mice were randomized into two treatment cohorts: (i) control IgG or (ii) CTLA4 monoclonal antibodies (mAbs) (clone 9H10, BioXCell). All antibodies were administered at a dose of 200 μg/mouse through intraperitoneal (i.p.) injection twice per week. Mice were euthanized when the tumor volume reached 2,000 mm3. The day of euthanasia was used to calculate survival.

To established murine breast tumor lung metastasis model, BALB/c mice were injected i.v. with 4T1.2. Treatments with CTLA-4 mAb, POEG-st-Pmor-IL36 nanoparticles or combination were initiated 24 h after tumor cell injection once every 3 days for 4 times i.v. On day 15 post tumor cell injection, all mice were sacrificed. Metastatic 4T1.2 tumor nodules were enumerated after the India ink staining procedure, as reported previously. Briefly, India ink solution was injected through the trachea to inflate the lungs, and the lungs were stained for 5 min. The lungs were then removed and placed in Fekete's solution (70% alcohol, 10% formalin, and 5% acetic acid) for destaining. Tumor nodules did not absorb India ink, which resulted in the normal lung tissue staining black and the tumor nodules remaining white. Tumor nodules were counted blindly by two independent investigators (16).



Analysis of Tumor-Infiltrating Lymphocytes

Tumors were dissected and transferred into RPMI medium. Tumors were disrupted mechanically using scissors, digested with a mixture of 0.3 mg/ml DNase I (Sigma-Aldrich) and 0.25 mg/ml Liberase TL (Roche) in serum-free RPMI medium for 25 min, and dispersed through a 40-mm cell strainer (BD Biosciences). Flow cytometric analysis was performed using a FACS flow cytometer (BD Biosciences). Combinations of the following fluorochrome-conjugated antibody were used for cell surface or intracellular staining to define populations of CD8, and subsets of CD4 T cells: CD45, CD8 (clone 53-6.7), CD4 (clone GK1.5), Foxp3, PD-1, Tim-3, CD69, Ki-67, CTLA-4. For ex vivo restimulation, freshly isolated single-cell suspension was cultured in complete RPMI 1,640 medium containing PMA (50 ng/ml) and ionomycin (500 ng/ml) for 3 h before it was analyzed for IFN-γ production by intracellular staining with IFN-γ mAbs (XMG1.2). Multi-colored flow cytometry analyses were performed on LSR II (BD). Data were analyzed with FlowJo software (Tree Star).



Determination of IL36R Expression by RT-Quantitative-PCR

To determine IL36R expression, single-cell suspensions were made from spleens and lymph nodes of C57BL/6 mice. Naive CD4+T (CD44low CD62Lhigh), CD8+ T, Treg (CD4+CD25+) cells were purified by fluorescence-activated cell sorting (FACS). Total RNA was extracted using the TrIzol reagent (Invitrogen Life Technologies) according to the manufacturer's protocol. Total RNA was reverse transcribed using SuperScript II Reverse transcriptase (Invitrogen Life Technologies). The mRNA levels for genes of interest were examined by quantitative RT-PCR using SYBR Green PCR Master Mix (Applied Biosystems). Values obtained with the SDS 2.2 (Applied Biosystems) were imported into Microsoft Excel for analyses and gene expression was calculated using the comparative method (2−δCt) for relative quantification by normalization to GAPDH gene expression.



Primary Lymphocyte Culture and Stimulation

Total CD4+ T cells were washed twice with staining buffer (PBS0.1% BSA), resuspended in staining buffer containing 5 μM CFSE (Molecular Probes), and incubated at 37°C for 15 min. Five volumes of ice-cold culture medium were added to stop labeling, and cells were washed once with culture medium. Cells were then activated with plate-bound anti-mouse CD3 and CD28 antibodies and stimulated with or without IL36 (100 ng/mL), IL-2 (50 U/mL). After 3 days of incubation, the cell division was determined by measuring CFSE fluorescence by flow cytometry.



Statistical Analysis

Data (mean ± SEM) are representative of independent experiments. We used the two-tailed unpaired Student's t-test, Mann-Whitney U test or the log-rank test (survival studies). P < 0.05 was considered as being significant.




RESULTS

Tumoral Expression of IL36 Increased the Tumor Associated Treg

We have shown that IL36 potently enhanced the effectors function of Th1, CD8+ T, NK, and T cells when over-expressed in the tumor tissues. Whether IL36 can exert direct effect on Treg cells is not known. Interestingly, the percentage of tumoral Treg cells was increased greatly in IL36-B16 when compared to B16 tumors (Figure 1A). This was likely due to increases in local proliferation because the percentage of Ki-67+Treg cells was greater in IL36-B16 when compared to B16 tumors (Figure 1B). These data indicated that IL36 also induced a self-limiting mechanism through Treg.


[image: Figure 1]
FIGURE 1. IL-36 increased tumor infiltrated Treg cells and upregulated Ki-67 in Treg cells. A total of 104 B16 or IL-36-B16 cells was injected i.d. into C57BL/6j mice (n = 3 mice/group). On day 10–12, tumors were resected and processed to generate single cell suspension. Percentages of Foxp3+CD4+ T cells (A) in tumor infiltrating immune cells and percentages of Ki-67+Foxp3+ cells (B) within the CD4+ TIL population were shown. Results are mean ± SEM of three independent experiments.




IL36 Promoted the Treg Proliferation in vitro

In order to further determine whether IL36 can directly increase Treg proliferation, we examined the expression of IL36R in Treg. Similar to results from previous studies, IL36R could be readily detected in both naïve CD4+ and CD8+T cells (Figure 2A). Interestingly, IL36R was also expressed in Treg (Figure 2A). This was surprising because it was shown that IL36R inhibits generation of the induced Treg (32). We then tried to determine whether IL36 could enhance proliferation of natural Treg in vitro with cultured in the presence of CD3 and CD28 mAbs. We found that IL36 indeed promoted Treg proliferation but did not affect the ratio between Treg and conventional CD4+ T cells after co-culture (Figure 2B). These data suggest that IL36 could enhance the proliferation of both Treg and conventional T cells. The IL36/Treg axis is likely a natural negative feedback mechanism that limits an overzealous IL36-driven T cell immune response. Such mechanism, although fit for limiting autoimmunity, poses an obstacle for utilization of IL36 in tumor immunotherapy.


[image: Figure 2]
FIGURE 2. IL-36R was expressed and functional in Treg cells. (A), naïve CD4+T cells (Th0 cells), naïve CD8+ T cell and Treg were purified by FACS. Total mRNA was isolated for analyses by quantitative RT-PCR. Results represented IL-36R mRNA expression levels relative to GAPDH. (B), flow cytometric analysis of Treg cells proliferation responses induced by IL-36-stimulated splenic CD4+T cells. Splenic CD4+T cells were stimulated with anti-CD3 and anti-CD28 antibodies with or without IL36 for 72 h. CFSE dilution was used to evaluate T cell proliferation responses 72 h following co-culture. Flow cytometry plot is representative of four independent experiments. Results are mean ± SEM of three independent experiments.




IL36 Combined With CTLA-4 mAbs Additively Eradicated Tumors

One of the antitumor mechanisms of CTLA-4 mAbs is depletion of tumoral Treg (33–35). We therefore hypothesize that combination of tumoral expression of IL36 and CTLA-4 mAbs might additively increase antitumor activities. We administered CTLA-4 mAbs 4 days after subcutaneous implantation of B16 cells or IL36-B16 cells, when tumors were established with an average diameter of 2 mm. We used the B16 melanoma cells because they represent an aggressive murine tumor model and are highly resistant to various immunotherapies. Consistent with previous studies, CTLA-4 mAbs failed to control tumor growth, and tumoral expression of IL36 had pronounced antitumor functions. Combination of CTLA-4 mAbs and IL36 expression produced much greater antitumor efficacy with reduced tumor growth rates and much prolonged survival (Figures 3A–C).


[image: Figure 3]
FIGURE 3. Additively increased antitumor activities with combination of IL36 and CTLA-4 mAbs. (A), Schematic drawing of the experimental setup of IL36 and CTLA-4 mAbs treatment. (B), Individual growth curves of B16 and IL36-B16 tumors with or without CTLA-4 mAbs treatment (n = 5 mice/group). (C), Long-term survival of different treatment groups was shown (n = 5 mice/group). (D,E), Therapeutic studies were conducted using the 4T1.2 metastatic lung cancer model [n = 5 mice/group, (E) a, IgG plus Carrier group; b, IgG plus IL36-Carrier group; c, CTLA-4 mAbs plus Carrier group; d, CTLA-4 mAbs plus IL36-Carrier group]. Treatment with CTLA-4 mAbs, PEG2k-Fmoc-IL36 nanoparticles or combination was initiated after tumor cell injection. The presented is representative of samples in one out of three independent experiments. Data (mean ± SEM) are representative of three independent experiments.


Our previous data show that drug-loaded PEG2k-Fmoc micelles are stable in the blood and are highly effective in selective delivery gene expressing constructs to the lung tumor tissues (29). Our nanocarrier was designed to target both lungs and distant solid tumors (29). Selective accumulation of the nanocarrier is largely attributed to the leaky tumor vasculature. On the other hand, the effective accumulation in the lung is likely due to the interaction of tertiary amine moiety with negatively charged cell membrane in the lung (36). Amine-containing basic compounds have been reported to be predominantly accumulated in the lung due to the specific binding to acidic phospholipids on the cell membrane, which is abundantly distributed in lung tissue. Using this approach, IL36 is locally specifically expressed in tumor cells and lung tissue cells to avoid potential toxicity of i.v. injection of a recombinant IL36 protein. We then determine the effectiveness of this gene therapy strategy for delivery of IL36 expression plasmids to tumor and synergy between the IL36 gene therapy and CTLA-4 mAbs. The therapeutic studies were conducted in a 4T1.2 lung metastatic model using a nanomicellar carrier that is based on a prodrug conjugate of PEG, Fmoc with the IL36 plasmid (PEG2k-Fmoc-IL36) (29). We evaluated the lungs of these mice for metastatic nodules and found that numerous tumor nodules were visible on the surface of the lungs of control mice, whereas only mice received both PEG2k-Fmoc-IL36 and CTLA-4 mAbs had significantly fewer lung nodules (Figures 3D,E). These results suggest that local IL36 expression in combination with CTLA-4 mAbs was sufficient to inhibit the growth of metastatic colonies in the lung.



CTLA-4 mAbs Administration Led to Treg Cell Depletion in Tumor Tissues

Consistent with previously data (37), administration of CTLA-4 mAbs after tumor challenge resulted in a reduced frequency of Foxp3+ cells in the B16-IL36 tumor (Figure 4A). This is due to the fact that approximately 70% of the tumoral Treg expressed CTLA-4 (Figure 4A). Interestingly, CTLA-4+Treg expressed higher levels of inhibitory molecules PD-1 and Ki-67 than their CTLA-4− counterparts (Figure 4B). These data together suggested thatCTLA-4+Treg cells are a more activated Treg subset. Therefore, administration of CTLA-4 mAbs likely resulted in depletion of the activated CTLA-4+Treg subset.
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FIGURE 4. Administration of CTLA-4 mAbs decreased Treg cell population in tumors. (A), Representative flow cytometry plot showing percentages of Foxp3+CD4+ TIL and CTLA-4+Foxp3+ TIL in IL-36-B16 tumors after CTLA-4 mAbs treatment (n = 3 mice/group). (B), Representative flow cytometry plot showed PD-1 and Ki-67 expression on CTLA-4+Foxp3+ and CTLA-4−Foxp3+ T cell subsets in IL-36-B16 tumors. Data (mean ± SEM) are representative of three independent experiments.




Combination of IL36 and CTLA-4 mAb Resulted in Higher Type 1 Immune Responses in Tumor

In order to further investigate the protective mechanism, we characterized the immune cells from the tumor tissues by flow cytometry. Compared to control tumors, which were infiltrated with low numbers of immune cells, anti-CTLA-4 mAbs treatment alone did not increase the number of CD45+ immune cells (Figure 5). Consistent with our prior report, we found that CD45+ immune cells were significantly increased in IL36-B16 tumors when compared to B16 tumors. Combination of IL36 and CTLA-4 mAbs resulted in even greater increases in CD45+ immune cells in tumor (Figure 5). Despite increases in the total CD45+ tumor infiltrating immune cells, the percentage of CD4+ and CD8+ T cells were not changed by IL36 or combined administration of IL36 and CTLA-4 mAbs (Figure 5). These data suggest that IL36 and CTLA-4 mAbs additively increase the tumor inflammation.
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FIGURE 5. Combination of tumoral expression of IL-36 and anti-CTLA-4 mAbs additively enhanced CD45+immune cell infiltration in the tumor microenvironment. C57BL/6 mice were injected i.d. with 104 B16 or B16-IL-36 cells and were subsequently treated with CTLA-4 or control mAbs (n = 3 mice/group). Tumors were resected after treatment and subjected to flow cytometry analysis. Representative flow cytometric plots showed CD45+ cells (A,C), CD4+T and CD8+T cells (B,C) in tumor. Results are mean ± SEM of 3 independent experiments.


We then examined whether these treatments resulted in alteration of T cell functions and proliferation. Compared to IL36 or CTLA-4 mAbs alone, combination of the two led to further increase of percentages of IFN-γ+ CD4+ and CD8+ T cells (Figure 6). Likewise, combination of IL36 or CTLA-4 mAbs led to an increase of proliferating CD4+ and CD8+ T cells (Figure 6). These data indicated that IL36 and CTLA-4mAbs additively increased the effector function and expansion of type 1 T cells in the TME.


[image: Figure 6]
FIGURE 6. Combination of tumoral expression of IL-36 and anti-CTLA-4 mAbs additively enhanced type 1 immune responses in the tumor microenvironment. C57BL/6 mice were injected i.d. with 104 B16 or B16-IL-36 cells and were subsequently treated with CTLA-4 or control mAbs (n = 3 mice/group). Tumors were resected after treatment and subjected to flow cytometry analysis. Representative flow cytometric plots showed IFN-γ+Foxp3−CD4+T cells (A), Ki-67+Foxp3−CD4+T cells (B), Ki-67+CD8+ T cells (C), IFN-γ+CD8+ T cells (D). Results are mean ± SEM of three independent experiments.





DISCUSSION

In this study, we found that IL36R was expressed in Treg cells. IL36 promoted Treg proliferation in vitro and expansion in tumors in vivo. In addition, we showed that CTLA-4 mAbs treatment led to a drastic reduction in Treg in IL36-expressing tumors. Furthermore, we demonstrated that IL36 and CTLA-4 mAbs additively promoted antitumor immune responses and greatly prolonged survival of tumor-bearing mice. Collectively, our data indicate that combination of IL36 and CTLA-4 mAbs is a more effective immunotherapy for tumor than individual treatment with IL36 or CTLA-4 mAbs.

Our study has revealed that IL36 regulates a complex cellular network involving both effector and regulatory T cells. We showed previously that IL36R was expressed on both conventional CD4 and CD8 T cells. We and other have shown that IL36 promotes proliferation and IFN-γ of Th1 and CD8 T cell (14, 16). Besides Th1 cells, IL36 has been shown to promote Th9 differentiation. Interestingly, IL36 was shown to inhibit generation of the induced Treg in culture (32). The role of IL36 on natural Treg is not known. In this study, we showed that Treg also expressed IL36R. In addition, IL36 increased Treg proliferation in culture. Moreover, we observed an increase in the percentage and proliferation of Treg in IL36-expressing tumors when compared to control tumors. These data suggest that IL36 induces a self-limiting mechanism mediated by activation of natural Treg cells to contain immune pathology.

It was initially thought the antitumor mechanism of CTLA-4 mAbs was by removing inhibitory signals in the costimulatory pathway (38, 39). CTLA-4 was established as the first negative checkpoint regulatory molecule expressed on activated conventional CD4+ and CD8+ T cells through a set of experiments using CTLA-4 mAbs (40–43). This concept was further supported by evidence came from analysis of the CTLA-4−/− mice (44–46). CTLA-4−/− mice developed a severe lymphoproliferative disorder and mice die between 18 and 28 days of age. In CTLA-4−/− mice, most of peripheral T cells displayed activated phenotype and secreted effector cytokines and massive lymphocytic infiltration into non-lymphoid tissues are observed. Besides effector T cells, CTLA-4 is also expressed on Treg cells. Ample evidence supports a critical role of CTLA-4 in mediating the function of Treg through downregulating B7/CD28 costimulation (47, 48). Importantly, recent data demonstrated that the antitumor activity of CTLA-4 mAbs seems to be dependent on its Treg-depleting activities (33–35). Therefore, likely both Treg-depletion and reverse of checkpoint inhibition are involved the antitumor function of CTLA-4 mAbs. Our studies support the mechanism of combinatorial effect between IL-36 and CTLA-4 mAbs is at least through Treg. We would expect complete Treg deletion is additive with IL36 treatment and further enhances the antitumor activity of IL36. We have decided to focus on using CTLA4 mAbs in this study due to a clearer pathway for clinical application because there is no other Treg-depletion drug that has been FDA-approved.

Our study suggests that IL-36-based immune therapy of cancer should provide new opportunities for enhancing the immune “checkpoint”-based approach. Our data further demonstrated that depletion of Treg by CTLA-4 mAbs unleashed the power of IL36-mediated tumor immunotherapy. Since CTLA-4 mAbs has been approved for immunotherapy of melanoma and is in clinical trial for combination with PD-1 mAbs (49–51) our data suggest combination of IL36 with CTLA-4 mAbs might be of clinical significance to further increase its efficacy.
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Tumor necrosis factor superfamily member 14 (LIGHT) has been in pre-clinical development for over a decade and shows promise as a modality of enhancing treatment approaches in the field of cancer immunotherapy. To date, LIGHT has been used to combat cancer in multiple tumor models where it can be combined with other immunotherapy modalities to clear established solid tumors as well as treat metastatic events. When LIGHT molecules are delivered to or expressed within tumors they cause significant changes in the tumor microenvironment that are primarily driven through vascular normalization and generation of tertiary lymphoid structures. These changes can synergize with methods that induce or support anti-tumor immune responses, such as checkpoint inhibitors and/or tumor vaccines, to greatly improve immunotherapeutic strategies against cancer. While investigators have utilized multiple vectors to LIGHT-up tumor tissues, there are still improvements needed and components to be found within a human tumor microenvironment that may impede translational efforts. This review addresses the current state of this field.
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INTRODUCTION

Cancer remains as one of the most significant medical challenges for human beings and accounts for 1 out of every 6 deaths (1). In the United States it is estimated that 39% of people will develop cancer, and given the aging population we can assume that the cancer incidence rate will remain a significant burden for humankind (2). As such, the need for new therapies that target cancer remains at the epicenter of medical research. Compared to current standards of care such as chemotherapy, surgery, and radiation; immunotherapies have brought to the table a new set of tools and strategies that have expanded the scope of cancer treatment options. The main goals of cancer immunotherapy can be broken down into three separate approaches: generation of de novo anti-cancer immune responses, bolstering/amplification of ongoing immune responses, and the prevention of cancers from shutting down/manipulating anti-tumor responses. While there has been significant progress made in our understanding of how tumors evade immune-based interventions, the generation of specific anti-tumor responses alone remains to be insufficient to clear solid tumors as T cells often fail to traffic to and infiltrate tumor sites. These shortcomings are compounded by the immunosuppressive nature of the tumor microenvironment itself and by associated immune suppressor cells, which makes it difficult for even checkpoint inhibitor-based therapies to be entirely effective. This review addresses how Tumor Necrosis Factor Superfamily member 14 (TNFSF14/CD258), otherwise known as LIGHT, could potentially be used to counteract these aforementioned shortcomings.

Intratumoral LIGHT expression is highly effective in driving anti-tumor immune responses while also eliciting significant changes to the tumor microenvironment. In this review, we will summarize the known effects that LIGHT has on tumor immunobiology and highlight the findings, expression vectors strategies, and immunotherapy combinations researchers have used over the years to “LIGHT-up” the tumor microenvironment as well as provide considerations that should be taken into account for future LIGHT-based vector designs.


LIGHT

LIGHT (homologous to lymphotoxin, exhibits inducible expression and competes with Herpes Simplex Virus glycoprotein D for Herpes Virus Entry Mediator, a receptor expressed by T cells), is a protein primarily expressed on activated T cells, activated Natural Killer (NK) cells, and immature dendritic cells (DC) (3, 4). Approximately 29 kD in size, LIGHT can function as both a soluble and cell surface-bound type II membrane protein and must be in its homotrimeric form to interact with its two primary functional receptors: Herpes Virus Entry Mediator (HVEM) and Lymphotoxin-β Receptor (LTβR) (3, 5, 6). LIGHT signaling through these receptors have distinct functions that are cell-type dependent, but interactions with both types of receptors have immune-related implications in tumor biology.

LIGHT-HVEM interaction is responsible for a majority of the immune-stimulating properties of LIGHT (7). Expressed on lymphocytes, NK cells, smooth muscle, and epithelium, HVEM serves as an important T cell costimulatory agent leading to activation, proliferation, and survival (4, 8, 9). HVEM can also trigger NK cells to produce IFNγ through LIGHT-mediated nuclear factor-κB (NFκB) RelA/p50 signaling (7, 8, 10, 11). Furthermore, LIGHT produced by tumor-sensing NK cells is a critical component in the NK-DC crosstalk that occurs in the priming of de novo anti-tumor responses (12). To activate T effector cells, HVEM is necessary for LIGHT's costimulatory effect in a CD28-independent T cell to T cell manner (4). Such pro-inflammatory HVEM interactions increase the expression of Th1 cytokines IFNγ and GM-CSF. As such, LIGHT-HVEM mediated T cell co-stimulation and NK-DC crosstalk both play a vital role in generating anti-tumor immunity in a therapeutic context (13).

The other receptor, LTβR, is found on the surface of epithelial, stromal, immature DC, and myeloid cells, but not on lymphocytes (14). During normal biological development LIGHT-LTβR interactions have been identified as a component of lymphoid structure development and maintenance (15). In the context of anti-tumor immune support, LIGHT-LTβR signaling has a wide range of roles that span from influencing cancer cells' susceptibility to immune responses, functioning to repair chaotic tumor vasculature, and to supporting effector cells cell trafficking to and infiltration into tumors. If we consider LIGHT-HVEM the primary driver of anti-tumor immune activity, then LIGHT-LTβR functions to build-out, repair, and maintain the infrastructure needed to support these immune responses.




EFFECTS OF LIGHT ON TUMOR BIOLOGY

The expression of LIGHT within tumors has profound effects on host immune responses against tumors and remodeling of the TME (Figure 1). In addition to sensitizing tumor cells to IFNγ-mediated apoptosis, LIGHT induces tumor vasculature normalization, and drives the formation of high endothelial venules which subsequently encourage generation of tertiary lymphoid structures (TLS) (16–18). In addition, LIGHT stimulates effector cell function and antitumor CD8+ T cell entry into tumors, which aids in establishing anti-tumoral memory (19–22). In this section, we will summarize the critical roles that LIGHT can play in remodeling tumor architecture while also driving anti-tumor immunity.


[image: Figure 1]
FIGURE 1. Delivery of LIGHT through different methods modifies the tumor microenvironment.



Tumor Vascular Normalization Occurs With Targeted LIGHT Treatments

Healthy vasculature allows constant blood flow, oxygen perfusion, and circulation of immune cells; features which tumor vasculature lacks (23). As tumor cells divide, hypoxic pockets develop within the tumor mass. Tumor cells within these hypoxic zones respond by overexpressing pro-angiogenic factors such as members of the vascular endothelial growth factor (VEGF) family to modify nearby stromal cells (endothelial cells, pericytes, vascular smooth muscle cells, fibroblasts) (24, 25). Through this mechanism tumors accommodate their increasing metabolic requirements by extending existing healthy blood vessels through angiogenesis, however tumor cells can also undergo trans-differentiation into an endothelial-like phenotype. They use this phenotypic switching mechanism to create a blood circulation network through a process known as vascular mimicry (26). Furthermore, production of VEGF-protein family members downregulates effector lymphocyte attachment molecules such as intracellular adhesion molecules (ICAMs) and vascular cell adhesion molecules (VCAMs), supporting direct elimination of effector cells by T regulatory (Treg) cells through FAS/FASL interactions due to changes in the ratio of effector to suppressor cells, a problem that is further exacerbated by the tumor recruiting suppressive cells through the release of molecules such as CCL28 and CCL2 (Treg and myeloid derived suppressor cell chemo-attractants) (27–29). The combined effect of this less perfuse, transfigured vascular basement membrane, and enhanced level of suppressive cell recruitment creates a significant barrier that prevents effector cell infiltration and function (24).

When the vasculature within a tumor is normalized toward a non-pathogenic phenotype, it has been shown to alleviate hypoxia, intra-tumoral pressure, and improves almost all treatment options whether they are immunotherapy, radiotherapy, or chemotherapies (30). LIGHT-based therapies developed by Johansson-Percival et al. were found to combat tumor vasculature not by destroying tumor stroma, but by reversing their pathogenic effects through vascular normalization (21–23). Although the exact mechanisms remain unclear, evidence has shown LIGHT, when delivered as a fusion protein linked to a tumor vascular targeting peptide (VTP), can normalize intra-tumoral blood vessels via increased expression of the LTβR dependent pericyte contractile markers ICAM-1, VCAM-1, smooth muscle actin (SMA), calponin, and caldesmon (21–23). Such contractile markers make tighter cellular junctions, thus creating a less “leaky” phenotype. The intra-tumoral macrophages activated by LIGHT were found to secrete TGF-β, which induced a vascular smooth muscle cell (vSMC) phenotype switch and increased adhesion maker expression in a Rho-kinase dependent manner (21). TGF-β is also responsible for the differentiation of pericytes, explaining the increased pericyte contractile markers found in LIGHT treated tumors (8, 31, 32). The researchers hypothesized that the secreted TGF-β was unable to cause pro-tumor effects because macrophage-secreted TGF-β is released so closely to stromal cells that it is unable to diffuse throughout the tumor. Overall, this LIGHT-driven vascular normalization has been shown to improve pericyte and/or vSMC markers in murine pancreatic insulinoma, breast cancer, glioblastoma, melanoma, Lewis Lung carcinoma (LLC), and metastatic B16 melanoma models, in addition to human glioblastoma and astrocytoma models, rendering them more susceptible to cancer treatments (21–23, 33).



Presence of LIGHT Gives Rise to a More Inflamed Tumor Microenvironment

The tumor microenvironment (TME) is the result of biological crosstalk between stromal, cancer, and immune cells within a given tissue (34, 35). Based on the heterogeneity that tumors develop, they take on a sub classification of being either “hot” or “cold,” which is ultimately dictated by the ability of the immune system to recognize, infiltrate, and function against their growth. The inability to recognize cold tumors arises from a set of compounding factors in the TME: lack of response to tumor antigens, homing, maturation, and function of antigen presenting cells, or failure of effector responses to infiltrate or function against tumors due to immunosuppressive cell populations [reviewed in Bonaventura et al. (36)]. Immunologically cold tumors are populated with a myriad of immune suppressor cells such as tumor-associated macrophages (TAM), Tregs, and myeloid derived suppressor cells (MDSC). Each of these populations can impair effector cell generation or function through either direct interaction, the production of immunosuppressive cytokines (e.g., TGF-β and IL-10), or a combination of the two (37–39). Additionally, the tumor itself may influence effector cell function through the expression of signals such as PD-L1 in response to exposure of elevated IFNγ levels (39, 40).

As a hallmark of successful LIGHT therapy designs, researchers have repeatedly shown a LIGHT-dependent increase in intratumoral IFNγ, TNFα, MIG, and IP-10, all of which are indicative of effector cell responses and are cytokines that profile tumors as “hot” (10, 19, 20). This direct change of the tumors immunological phenotype is driven by the effects LIGHT exerts on the TME. First, the normalizing of the tumor vasculature through LIGHT-LTβR signaling described in the last section allows for decreased levels of tumor hypoxia and intra-tumoral pressure. This directly limits the tumors ability to recruit and generate immune suppressor cells within the TME while at the same time encouraging effector cell recruitment and ability to function. Second, LIGHT-LTβR signaling is responsible for creating High Endothelial Venules (HEVs), the primary sites for leukocyte extravasation into target tissues (15). Cells that make up LIGHT-driven HEV structures express mucosal vascular addressin cell adhesion molecule 1 (MAdCAM1) as well as peripheral node addressins (PNAd), which bind L-selectin on lymphocytes and facilitate effector cell entry (22). Additionally, the production of CCL21 by the HEV endothelial cells recruits naïve CCR7+ T cells to tumor sites, which are essential in the generation of anti-tumor immunity (15, 41). Given that the presence of tumor infiltrating lymphocytes (TIL) have been posited with better outcomes in cancer models such as melanoma, breast, ovarian, colorectal, and lung (42, 43), LIGHT-LTβR induced construction of HEVs are clinically relevant. Staining for MECA 79 expression (a PNAd marker) to reveal de novo generation of these structures has occurred in pancreatic, breast, and glioblastoma models that have undergone LIGHT-based treatments (24). This increased lymphoid penetration also leads to other structural changes in the tumor microenvironment, such as the development of TLSs (16).

Johansson-Percival et al. demonstrated that one of the indicators of successful anti-tumor immunity in LIGHT therapy was the formation of TLSs within a rat insulin promoter (RIP)1-Tag5 pancreatic insulinoma mouse model (22, 44). TLS (sometimes referred to as tertiary lymphoid organs), are a subset of lymphoid tissues that arise in sites of chronic inflammation and have been associated with autoimmune diseases (45). TLS are similar to secondary lymphoid organs (SLO), such as lymph nodes, as they are made up of compartmentalized T and B cell germinal centers. But unlike SLOs, TLSs are not encapsulated and lack afferent lymph vessels, allowing them to directly interact with external antigens within the immediate environment (8, 45). TLS are formed in association with the overexpression of lymphocyte and DC chemokines CCL21 and CCL19 as well as HEV markers MAdCAM1 and PNAd: all of which are dependent on LTβR signaling (15, 45, 46). Once formed, TLS within or around tumors function as sites for processing tumor antigens, which are released by dying tumor cells or those that are killed by NK cells activated through LIGHT-HVEM interactions (8, 46). Presentation of these tumor antigens by activated DC then results in the generation and expansion of tumor-specific CD8+ effector cells, the population of cells responsible for LIGHT-driven tumor regression. Importantly, mice that received LIGHT-based therapy rejected distal tumors and were resistant to re-challenges after primary tumor clearance, highlighting the existence of memory responses (10, 19, 20, 47, 48). It is worth noting that outside of LIGHT-based therapies the de novo generation of TLS in murine tumor models has been limited [reviewed in (49, 50)]. Importantly, however, the presence of TLS has been associated with positive clinical outcomes in a large number of human cancers and has can serve as a biomarker for successful immunotherapeutic approaches (51, 52).

Taken together, LIGHT-mediated correction of tumor vasculature along with generation of sites for lymphocyte entry and effector cell expansion can work together to shift a cold TME to one that is immunologically hot and may be susceptible to proper therapy interventions. In the next section we review the approaches that investigators have taken to deliver LIGHT to tumor sites as well highlight successful combination approaches.




LIGHT DELIVERY SYSTEMS

Over the past two decades, researchers have investigated the use of gene transduction, adoptive transfers, viral vectors, and peptides as delivery systems for LIGHT therapies. Through the development and utilization of these vectors, researchers have been able to piece together how LIGHT mediates its anti-tumor effects and the extent to which it may be combined with other treatment options to overcome challenging tumor models. The details, including the vector, tumor models tested, delivery route, results, and whether the vectors were used in combination with another modality of treatment are summarized in Table 1.


Table 1. Systems used to deliver LIGHT to tumors with tumor models, delivery routes, combinations, and summary outcomes.

[image: Table 1]


Gene Transduction to Create LIGHT-Expressing Tumors

Researchers first assessed LIGHT's in vivo abilities to reduce cancer burden via direct transfection of tumor cells and adoptively transferring them into mice. Ag104Ld is an aggressive fibrosarcoma that is unaffected by most immunotherapies, and has been a popular model for testing the effects of LIGHT (57). Papers by Yu et al. and Fan et al. demonstrated that Ag104Ld tumors expressing LIGHT are rejected in an immunocompetent setting and mice become resistant to re-challenge with the parental Ag104Ld cell line at 8-weeks post initial tumor clearance (10, 20, 48). Intratumoral anti-tumor T cell priming and expansion, most likely due to TLS formation, was seen by Yu et al. through the usage of a T cell receptor (TCR)-transgenic cell line, 2C, that can only be activated by interaction with the Ld antigen directly on Ag104Ld tumors. In a primary Ag104Ld or Ag104Ld LIGHT+ tumor challenge followed by a distal Ag104Ld challenge, Yu et al. found up to 100x more intra-tumoral 2C T cells in distal metastasis sites of Ag104Ld LIGHT+ mice than the control (20). This influx of 2C T cells in distal tumor sites demonstrated direct Ag104Ld T cell priming via LIGHT stimulation within primary tumors.

Fan et al. established an additional layer in the priming process that highlights the vital role of LIGHT-HVEM interaction in the Ag104Ld LIGHT+ model. They found that LIGHT activates NK cells through the HVEM receptor, leading to the activation of CD8+ cells in an IFNγ-dependent manner (10). Furthermore, Zhai et al. forced LIGHT expression in MDA-MB-231 human breast carcinoma cells via a retroviral vector and found significant inhibition of tumor growth when compared to controls (58). Qiao et al. transfected CT26 colorectal cancer models to express LIGHT constitutively, resulting in a stunted tumor growth, lower distal liver metastasis burden, and prevention of tumor take in re-challenge events (47). Further investigation showed a marked increase in tumor infiltrating lymphocytes, increased IFNγ levels, and higher concentrations of the DC activation marker CD86 in LIGHT-expressing tumors when compared to control (47). With the literature establishing that the expression of LIGHT by tumors leads to a CD8-dependent clearance of the primary tumor and generates long-lasting memory against LIGHT-negative parental cell lines, additional methods were sought to specifically deliver LIGHT to tumor sites or force express LIGHT in tumors.



Adenovirus Vectors

The use of replication-deficient viruses, such as the adeno-associated virus, have been used to generate potent immunogenic responses with minimal toxicity (59, 60). Given their promiscuity in cell binding, as well as their ability to force cellular expression of target proteins, they represent viable vectors for the forced expression of proteins of interest within targeted sites (8). Following in vitro success of adenoviruses carrying LIGHT (Ad-LIGHT) to inhibit tumor growth, researchers have been able to elicit robust anti-tumor responses in vivo (61). In 2007, Yu et al. showed rejection of established tumors as well as distal metastases with an intra-tumoral adenovirus injection that resulted in the expression of LIGHT (Ad-LIGHT) (20). The tumor models that have been successfully treated through this modality include the aggressive fibrosarcoma Ag104Ld and mammary carcinoma 4T1 cell lines. Within the tumors, researchers found increased tumor specific CD8+ T cell infiltration and high levels of IFNγ and TNFα when compared to an adenovirus control and no treatment. Our group has specifically shown successful therapy through adenovirus delivery of LIGHT within the HPV-transformed cervical cancer model C3.43 as well as in the TRAMP-C2 prostate cancer model (19, 55). While this vector was able to show gene-transduction of LIGHT and subsequent anti-tumor responses, it relies on direct injection of the vector into primary tumor sites and lacks the ability to be delivered systemically due to target cell binding promiscuity.



Cell-Based Vectors for LIGHT

Adoptive cell transfer methods offer a unique approach to delivering a payload to tumor sites. One such method of LIGHT-delivery that has been investigated took advantage of the tumor targeting properties of Salmonella. Specific strains of this bacterium have been shown to colonize and grow within tumors; most likely due to the tumors' hypoxic nature. Low oxygen regions within the TME can nurture the growth of facultative anaerobes and, given the ease in which genetic material of Salmonella can be manipulated, this vector has seen success as a drug or payload delivery system in multiple mouse models and has even been used in clinical trials as a method to target IL-2 to metastatic melanoma (53, 62, 63). As a proof of concept study, Loeffler et al. designed an attenuated strain of Salmonella typhirium that expresses LIGHT and took advantage of the tumor-targeting characteristics to deliver the vector (53). BALB/c mice bearing 14-day D2F2 breast cancer tumors revealed significant reduction in tumor growth for mice that received Sal+LIGHT, an effect that was also observed in the metastasized D2F2 model through reductions in metastatic scores and lung tumor burden. Additionally, the authors were able to show that multiple treatments with i.v. Sal+LIGHT were effective 9-days post subcutaneous (s.c.) challenge in the CT-26 colon carcinoma model. The group then showed this therapeutic efficacy extended to other tumor models through significant reductions in tumor burden in C57BL/6 mice that had been challenged s.c. with LLC cells 7-days prior to the start of treatment. Mechanistic involvement of the LIGHT receptors HVEM and LTβR was indicated by including anti-LTβR and anti-HVEM antibodies in control groups that led to the loss of the anti-tumor effects of the vector (53).

Other methods that rely on engineered cells to target and deliver LIGHT to tumors have focused on the mesenchymal stem cell (MSC) population. Taking advantage of cancer endothelial cells' ability to attract MSCs (64, 65), Zou et al. developed a technique that utilizes MSCs expressing LIGHT, which resulted in LIGHT-expressing MSC trafficking to tumor sites (56). By inducing LIGHT expression in MSCs through lentiviral delivery of the vector ex vivo, Zou et al. utilized MSC-LIGHT in both a prophylactic (injection of MSC-LIGHT 13 days before challenge) and therapeutic manner (injection of MSC-LIGHT 7 days post challenge) in the TUBO mammary cancer model (56). Profound increases in the intra-tumoral CD4+ and CD8+ T cells were found in both treatment schedules as they repressed tumor growth compared to the controls. While tumors were unable to establish growth in the prophylactic setting, therapeutic intervention only controlled tumor growth (64). Interestingly, removing CD4+ T cells ablated MSC-LIGHT's prophylactic efficacy while removing CD8+ T cells removed MSC-LIGHT's therapeutic efficacy, suggesting different roles for each subset within this method of therapy (56). Anti-tumor memory was subsequently demonstrated through the inability of TUBO re-challenged mice to grow tumors. Importantly, this group established the role of LIGHT-LTβR signaling in tumor clearance by showing that an anti-LTβR antibody prevented therapeutic functioning of MSC-LIGHT, directly implicating LIGHT-LTβR interactions.



Antibody and Peptide Fusion Proteins

Rather than using direct injection of virus, tumor homing cells, or bacteria, LIGHT has also been developed in recombinant peptide and fusion protein platforms that aim to combine the immunostimulatory effects of LIGHT with the ability to target tumor tissues. These moieties have used different strategies of fusing LIGHT to short tumor vasculature targeting peptide sequences (VTPs) or single-chain Fragment variable (scFv) antibodies that have historically been used as stand-alone treatments of cancer. In this manner, researchers can not only induce an anti-tumor immune response through LIGHT function, but also benefit from the targeting capabilities of VTP- or scFv-fused LIGHT moieties.

VTPs have been developed in such a manner that they preferentially interact with tumor angiogenic vessels, which are fundamentally different from healthy vasculature. VTP-fusion protein delivery has shown some limited success in clinical trials when the amino acid sequence CNGRCG (known as NGR) was fused to human TNFα. Specifically, when used in refractory solid tumors such as ovarian cancer in combination with doxorubicin, there was a measurable improvement in patient survival (66–72). Researchers sought to use this feature in an effort to deliver LIGHT systemically, thus eliminating the need for invasive delivery strategies such as intra-tumoral injection (32). Through the use of phage libraries, short peptide sequences were discovered that specifically target tumor angiogenic vasculature. Each VTP contains distinct tumor-specific vascular targets, potentially allowing functional delivery of LIGHT in multiple tumor types. As an example of the specificity that VTPs have in binding aberrant vasculature, the amino acid sequence CGKRK has been shown to preferentially bind tumor blood vessels as opposed to healthy vasculature, theoretically via heparan sulfates, phosphatidylserine, VEGF related extracellular matrices, or a combination of the three (69, 73).

Cancer models demonstrating the utility of LIGHT fused to CGKRK (LIGHT-CGKRK) include murine glioblastoma, murine pancreatic insulinoma, human astrocytoma and human grade I meningioma (22, 23, 74). Recently, the LIGHT-CGKRK fusion peptide was utilized to establish vascular normalization and improved perfusion in s.c. LLC and B16 melanoma models. Interestingly, the authors also showed that intravasation of LLC tumor cells into the bloodstream was decreased through early LIGHT- CGKRK interventions while establishment of visual lung metastatic events could be reduced with late LIGHT-CGKRK therapy that begins after surgical removal of primary tumors. They took this research even further by establishing that vascular normalization could occur within B16 lung metastases, and that LIGHT-CGKRK therapy was able to induce TLS formation at metastatic sites while also reducing metastatic burden (33). Another VTP with amino acid sequence CRGRRST (abbreviated RGR within the literature), binds specifically to platelet-derived growth factor receptor β (PDGFRβ), and is also successful in targeting LIGHT to murine pancreatic insulinoma and murine breast cancer. One additional benefit of the RGR peptide is that it also has the ability to bind to human glioblastoma tumor sections, which is an important finding for future translational efforts (21–23, 75, 76).

Additional approaches to engineering LIGHT-peptide proteins include fusing multiple monomers of LIGHT to tumor targeting antibodies. Tang et al. found success in this method by combining three units of modified LIGHT (hmLIGHT) that are able to bind and signal through both murine and human receptors with a functional chain (Fc) of immunoglobulin G (IgG) recognizing Epidermal Growth Factor Receptor (EGFR) (57). The product (anti-EGFR-hmLIGHT) was used to treat mice bearing Ag104Ld fibrosarcoma and MC38 colon adenocarcinoma (57). Anti-EGFR-hmLIGHT treatment induced complete tumor regression of small (7-days post s.c. injection) Ag104Ld-EGFR+ primary tumors as well as protected against re-challenge, but had little success as a monotherapy when the parental Ag104Ld tumor line was not over-expressing EGFR or tumors were older than 14 days (57). Tang et al. also reaffirmed that treatment was T cell dependent based on the 300 - 500% increase of intratumoral CD8+ T cells as well as increased IFNγ and TNFα levels. LIGHT-LTβR interaction was found to be the principle driver for this therapy due to the complete loss of anti-tumor effects when an anti-LTβR Ig was included.




LIGHT COMBINATION THERAPIES

Although some groups have shown that LIGHT can be used to a reasonable extent as a monotherapy, the most effective LIGHT-based interventions have come out of combinatory LIGHT-vector treatments together with either therapeutic vaccinations or checkpoint inhibitors.


LIGHT + Therapeutic Vaccinations

Tumor vaccines are therapeutic vaccines that are given with the intent to stimulate an immune response directed against identified or neo-antigens occurring within tumors (77). Alone, they have not historically resulted in significant improvements to survival outcomes, however combining them with LIGHT has been shown to enhance effector cell function within tumors (42). To this end, multiple groups have demonstrated the benefits of combining therapeutic vaccines with LIGHT-based therapies (19, 22, 55).

Within the TRAMP-C2 prostate cancer tumor model, our group was able to show that the combination treatment of Ad-LIGHT with a prostate tumor associated antigen tumor vaccine (PSCA trivax) performed much better than Ad-LIGHT treatment alone (55). Mechanistically it was shown that Ad-LIGHT + PSCA trivax combination therapy increased intra-tumoral CD8+ T cells and prevented the maturation and functioning of intra-tumoral Tregs, ultimately creating a more immunologically hot tumor (55). Additional work from our group has illustrated the efficacy of Ad-LIGHT therapy in conjunction with anti-tumoral vaccines against human papillomavirus type (HPV)-transformed cancers (19). Within the HPV16 transformed tumor line, C3.43, the combination treatment of intra-tumoral Ad-LIGHT and HPV16-E7 expressing Venezuelan equine encephalitis virus replicon particles (VRP) as a tumor vaccine yielded significant regression of established tumors compared to Ad-LIGHT alone or HPV-VRP alone. This combination treatment lead to increased intra-tumoral anti-E7 CD8+ T cells as well as the presence of intra-tumoral inflammatory cytokines and activation markers IFNγ, IL-1a, MIG, and MIP-2. Furthermore, mice treated with Ad-LIGHT and the VRP vaccine were able to generate memory as 75% of mice remained tumor-free upon contralateral tumor re-challenge post-surgical resection of primary tumors (19).



LIGHT + Checkpoint Inhibitors

Given that LIGHT-mediated changes to the TME facilitate the shift from a cold to a hot tumor phenotype, IFNγ levels also rise. Exposure to increased IFNγ mediates tumor upregulation of PD-L1 as a way to shut down immune responses (40). Taking advantage of this, researchers have found synergy with the combination treatment of LIGHT and anti-PD-L1 antibodies (78, 79). Tang et al. found that the combination treatment of anti-PD-L1 antibodies with anti-EGFR-hmLIGHT conferred the best treatment outcomes within their cancer models (57). As tumor size increased, LIGHT based therapy lost efficacy due to the tumor's elevated PD-L1 levels. Inhibiting PD-L1 allowed for further functioning of T cells via anti-EGFR-hmLIGHT within the Ag104Ld and MC38 tumor models, inducing complete rejection of established tumors in a therapeutic setting. Notably, monotherapy with either anti-EGFR-hmLIGHT construct or PD-L1 checkpoint inhibitor was ineffective at eliminating tumors (57, 80).

Combining LIGHT-VTP with anti-PD-1 and anti-CTLA-4 checkpoint inhibitors (dual checkpoint therapy) has also shown efficacy in combatting the tumor microenvironment (22). By utilizing LIGHT-VTP (CGKRK) and dual checkpoint therapy, Johansson-Percival et al. were able to confer a 6-week survival advantage along with vascular normalization and production of TLSs containing HEVs using the murine pancreatic insulinoma model (22). Furthermore, by including an anti-Tag-CpG-ODN tumor vaccine within Tag+ tumors, the triple treatment regimen elicited a 13-week survival improvement compared to LIGHT-VTP and dual checkpoint therapy (22). This was the first time LIGHT-VTP was utilized with both checkpoint inhibitors as well as a tumor vaccine. More recently, the effectiveness of LIGHT-VTP combined with an anti-PD-1 antibody was shown to dramatically improve long-term survival of mice bearing metastatic B16 lung tumors through significant reductions in quantifiable metastatic events. In line with the findings from primary tumor studies, the researchers found dramatic increases in HEV and TLS formation in metastatic tumors (33). Given the multiple promising outcomes from this work, further study of checkpoint inhibitor and tumor vaccine combination therapies are necessary for the future of LIGHT-based cancer therapies.




LIGHT-BASED THERAPY CONSIDERATIONS AND FUTURE DIRECTIONS

The autoimmune consequence of LIGHT overexpression is loss of peripheral tolerance, which has several implications for disorders such as inflammatory bowel disease, diabetes, asthma, graft vs. host disease, and even atherosclerosis (14, 81–87). Foundational studies have clearly shown that transgenic mice constitutively expressing LIGHT have a hyper-activated T cell population putting them at increased risk for spontaneous autoimmunity hallmarked by severe infiltration of effector cells within peripheral tissues. Because of this, it is of the utmost importance that measures be taken to ensure proper targeting of LIGHT vectors to desired sites and apply controlled dosages to prevent initiation of self-recognition. This may be especially important in future studies of LIGHT therapies if blood cancers are considered. One specific example of how this may be an issue is in the case of multiple myeloma (MM). Patients experiencing osteolytic lesions as a result of disease progression have shown significantly elevated levels of circulating LIGHT driven by activated CD8+ T cell, CD14+ monocytes, and neutrophils. When overproduced in MM patients, LIGHT synergizes with receptor activator of nuclear factor kappa-B ligand (RANKL) in driving osteoclast formation, resulting in a breakdown of long bones within the immediate areas of bone marrow (88). These recent results suggest that there are going to be certain cancers or individuals with autoimmune-related diseases that do not qualify for LIGHT-based immunotherapies as it may exacerbate disease manifestations.

Methods that will be most effective at minimizing harm from systemic LIGHT treatment will be enhanced targeted delivery to or controlled release of LIGHT treatments within target tissues. Forced expression of LIGHT by tumor tissues through the usage of viral vectors (e.g., Adenovirus) will almost certainly face issues of neutralizing immunity generated against the vector itself after the first treatment, therefore multiple serotypes or vectors will be required for this route of therapy to be effective. Other studies discussed within this review have shown the evolution of delivering LIGHT to the tumor from LIGHT-expressing bacterial cells to fusion protein constructs that have bimodal functions at tumor sites. These targeting strategies have shown great progress as they have the additional benefit of being combined, often successfully, with other immunotherapeutic interventions. It remains, however, that a significant factor needs to be considered in the application of LIGHT-based therapies in humans: decoy receptor 3 (DcR3). DcR3, also known as tumor necrosis factor receptor superfamily member 6b, is a functional attenuator of LIGHT signaling that is found in the genomes of humans but is absent in both mice and rats (89). While DcR3 serum levels are nearly undetectable in healthy individuals, those experiencing inflammatory disease and/or cancer see significant increases within the bloodstream. In the context of cancer, DcR3 has been found to be upregulated in astrocytoma and gliomas (90, 91). Furthermore, a positive correlation exists between expression of DcR3 and the severity of pancreatic carcinoma, colorectal cancer, breast, cervical, and ovarian cancers (89–93). These findings suggest that even if LIGHT therapy does move into the clinic, its effects may be dampened by a DcR3+ TME. As such, future methods that examine forced expression of DcR3 within mouse tumor models may serve to more appropriately represent a human TME and set up LIGHT-based therapies for a successful clinical transition, specifically informing whether a combination with an anti-DcR3 antibody would prevent attenuation of LIGHT functions.

LIGHT has not yet been used as a treatment in clinical trials. As such, translational studies that aim to move these constructs into humans will need to be considerate of the following: usage of human instead of murine LIGHT, validation of successful homo-trimerization of targeted LIGHT expression or recombinant LIGHT constructs, and verification of biological activity both in vivo and in vitro through the usage of anti-HVEM, anti-LTβR, soluble DcR3, or a combination of the three. The construct created by Tang et al. has made significant strides in these areas as they linked three repeats of a reengineered form of LIGHT that has an affinity for and shows functionality with both mouse and human receptors, a feature lacking in other LIGHT-based designs. Additionally, they were able to show that their fusion protein had direct effects on the activation of relevant immune cell populations in vitro. These controls have been lacking in other peptide-based delivery vectors and should not be overlooked. It is the opinion of our group that this design is superior to its predecessors and is more likely to produce a functional LIGHT construct that will function in both mouse and human studies.

Future approaches such as engineered exosomes containing LIGHT decorated with tumor-targeting moieties may provide a method of shielding LIGHT protein from degradation within the blood stream while allowing transport to tumor sites for delivery. This method may effectively deliver LIGHT payloads to tumor sites. However, there may be significant hurdles in maintaining surface expression on target cells as it is not known to what degree exosome endocytosis will occur in different tumor models. Additionally, in combination with next generation chimeric antigen receptor (CAR) T cells, delivery of LIGHT to the TME may finally provide a breakthrough in CAR-T infiltration and activity in solid tumors. Either an effective delivery system combined with CAR-T therapy or generation of an armored CAR-T cell that produces a LIGHT-related construct once engaged with its target should be investigated. Strategies such as this will also see benefits from the generation of neo-antigen responses by the patient's immune system as LIGHT stimulates NK cell activity, DC antigen presentation, and T cell expansion (12). Given the efficacy of CAR-T therapies for blood-based cancers it may be required to include a negative feedback switch, such as a tyrosine-kinase inhibitor (ex. dasatanib), alongside treatment to control responses or the usage of lower-affinity TCRs (94, 95).



CONCLUSIONS

Despite improvements in immunotherapy, eliciting a robust anti-tumor immune response with the ability to infiltrate clear established tumors remains a challenge. LIGHT-based therapies have shown great effectiveness in reducing tumor burden and generating lasting anti-tumor memory by modifying the TME through normalizing tumor vasculature, driving TLS neo-genesis at tumor sites that contain HEV, and dramatically improving effector TIL infiltration. The insights that LIGHT research has provided in the recent decades warrants continued investigation of its use as a cancer therapeutic, especially since the effects of LIGHT-supported immunotherapy combinations can be seen in both the primary and metastatic settings of multiple tumor types when the vector for delivery functions as intended.
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Inhibitory checkpoint blockade therapy is an immunomodulatory strategy that results in the restoration of T cell functions, and its efficacy depends on the recognition of tumor cells for destruction. Considering the factors at play, one could propose that anti-tumor responses will not occur if tumor cells are immunologically invisible to T cells. In this study, we tested a strategy based on the modulation of cancer cell's immunovisibility through HDAC inhibition. In a model (heterotopic and orthotopic) of mouse urothelial bladder cancer, we demonstrated that the use of intratumoral or intravesical HDACi in combination with systemic anti-PD-1 was effective at inducing curative responses with durable anti-tumor immunity capable of preventing tumor growth at a distal site. Mechanistically, we determined that protective responses were dependent on CD8 cells, but not NK cells. Of significance, in an in vitro human model, we found that fully activated T cells fail at killing bladder cancer cells unless tumor cells were pretreated with HDACi. Complementary to this observation, we found that HDACi cause gene deregulation, that results in the upregulation of genes responsible for mediating immunorecognition, NKG2D ligands and HSP70. Taken together, these data indicate that HDAC inhibition results in the elimination of the tumor cell's “invisibility cloak” that prevents T cells from recognizing and killing them. Finally, as checkpoint blockade therapy moves into the adjuvant setting, its combined use with locally administrated HDACi represents a new approach to be included in our current therapeutic treatment toolbox.
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INTRODUCTION

Bladder cancer is the sixth most common malignancy in the United States, and it is estimated that 81,190 patients received a new diagnosis of bladder cancer in 2018 (1). Approximately 80% of these patients will be found to have superficial bladder tumors at the time of diagnosis (2). Following transurethral resection, the gold standard adjuvant therapy for patients with intermediate and high risk non-muscle invasive bladder cancer is intravesical Bacillus-Calmette Guerin (BCG) (3). While BCG has been shown to reduce the risk of recurrence and delay disease progression, ~50% of patients will fail to respond to therapy (4–6). Further intravesical therapy options are limited in patients with BCG refractory and recurrent non-muscle invasive bladder cancer, and many of these patients will go on to require radical cystectomy or chemoradiotherapy (4–7). Therefore, the investigation into novel approaches in the management of high-grade, noninvasive bladder cancer is imperative.

Checkpoint blockade derives from the immune system's anti-tumor capabilities through the blocking of inhibitory signals that prevent the proper function of T cells (8). Currently, the use of monoclonal antibodies targeting cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4), PD-1, and Program Cell Death Ligand 1 (PD-L1) has remained limited to unresectable, locally advanced and metastatic disease. The recent advent of checkpoint blockade immunotherapy in the treatment of urothelial cell carcinoma has provided new avenues for therapy in patients with urothelial cell carcinoma (9). Checkpoint blockade alone has provided a needed therapeutic venue for patients with advanced disease; however, clinical response occurs in only 20–30% of patients (10, 11).

On February 2020, the Food and Drug Administration (FDA) granted accelerated approval checkpoint blockade therapy for the treatment of some patients with for BCG-unresponsive, high-risk non-muscle invasive bladder cancer. However, clinical responses are expected to occur in only 20–30% of patients. It is possible that the anti-tumor effects of checkpoint blockade alone are limited if T cells are unable to recognize tumor cells as targets for destruction. In order to enhance clinical responses, we propose a therapeutic venue that could increase tumor recognition by the host immune system. Physiologically, cells must control the coiling and uncoiling of DNA around histones. This is accomplished in part by two families of enzymes, histone acetyl transferases (HAT), which promote transcription, and histone deacetylases (HDAC) which condense and transcriptionally silence chromatin. Thus, inhibition of HDAC results in an increase in acetylation of histone tails resulting in chromatin remodeling (12). While HDACi were first conceived as cytotoxic chemotherapeutic agents, further examination in several tumor models indicate that HDACi also enhanced tumor immunogenicity (13–22). These studies raised the possibility that HDACi could improve the efficacy of checkpoint inhibition through direct and indirect mechanisms. This hypothesis was tested in several clinical trials with encouraging results (15, 17, 19, 20, 23, 24). In this study, we evaluated the combined use of local HDACi (CI994 or SAHA) and systemic checkpoint blockade therapy (anti-PD-1 mAb) for the treatment of urothelial cell carcinoma of the bladder.

Studies have shown that certain HDAC family members are aberrantly expressed in urothelial bladder cancer (25–30). For example, studies have shown that high-grade tumors and high expression levels of HDAC1 are more likely to progress compared to all other patients (p < 0.05) (29). Based on these observations, we first sought to target HDAC1, hence the use CI994 (Tacedinaline), a selective inhibitor of HDAC1 with significant activity in a number of in vivo tumor models (31–33). Moreover, studies have shown high HDAC expression levels are found in 40–60% of all investigated urothelial carcinomas (HDAC-1: 40%, HDAC-2: 42%, HDAC-3: 59%) compared to normal urothelium (29). Based on this data, we also tested SAHA, a broad inhibitor of HDACs (class I and II HDACs) (34, 35). In our study, using models of mouse and human bladder cancer, we demonstrated that the combined use of local HDACi and systemic anti-PD-1 blockade was effective at inducing anti-tumor responses with durable anti-tumor immunity that was associated with the upregulation of genes responsible for mediating immunorecognition, NKG2D ligands and HSP70.



MATERIALS AND METHODS


Bladder Cancer Cell Lines

Human bladder cancer cell line SW780 was purchased from ATCC. Mouse bladder cancer cell line MB49 was purchased from Sigma-Aldrich. MB49-luciferase (MB49-luc), was generated by first transfecting HekT cells with the F-luciferase plasmid using Lipofectamine 2000 (ThermoFisher). Supernatant from successful transfection (positive GFP signal under a fluorescent microscope) combined with polybrene was applied to wells plated with MB49 and centrifuged at 2,000 rpm for 2 h at 32°C. Transduced GFP-positive cells were cell-sorted, expanded and frozen in freezing media [heat-inactivated fetal bovine serum (Seradigm), 10% (DMSO)]. All bladder cancer cells were cultured in DMEM (Corning) supplemented with 10% heat-inactivated fetal bovine serum, 1% Penicillin/Streptomycin, and 2 mM L-glutamine (Corning).



RNA Isolation and Microarray Analysis

To assess changes in gene expression, mRNA was extracted using mirVana mRNA Isolation Kit (Invitrogen) followed by cDNA conversion using SuperScript IV First-Strand Synthesis System at 500 ng/reaction (Invitrogen). Array-based gene expression analysis was performed using the NextSeq 550 System (Illumina).



Anti-CD3-Activated Human T Cells

Healthy donor PBMCs (Key Biologics) were cultured with 100 ng ml-1 anti-CD3 (clone OKT3) for 5 days with IL-2 (300 IU ml-1) and IL-15 (100 ng ml-1). T cell enrichment and activation were corroborated by flow cytometry.



In vitro T Cell Killing Assay

SW780 cells were incubated with or without SAHA at 5 μM. After 12 h, cells were extensively washed to remove traces of HDACi. Treated SW780 cells were incubated with or without OKT3-activated human T cells at a 5:1 (Effector: Target) ratio. Following 24 h, wells were washed, and floating cells removed. Remaining bound cancer cells were stained with DAPI. Each well was photographed under a fluorescence microscope for nuclear staining, DAPI+ cells. The enumeration of the remaining cells per well was conducted by using a computer-based automatic counting algorithm (Image J, NIH).



Mice

Animal experiments were conducted in accordance with Loyola University Chicago Institutional Animal Care and Use Committee guidelines. Six to eight week-old C57BL/6 male and female mice were purchased from The Jackson Laboratory. All mice were housed in a specific-pathogen-free facility at Loyola University Chicago, Cardinal Bernardin Cancer Center.



Intradermal Mouse Tumor Model

Tumor cells were implanted through flank intradermal injection of 2 × 105 MB49 cells. Mice bearing tumors of 0.5 cm in any direction were treated i.p. with 200 μg IgG, 200 μg anti-PD-1 (BioXcell) once per week, intratumoral SAHA (50 of 10 μM SAHA), or combination (SAHA+anti-PD-1). Control mice were intratumorally injected with 50 μL DMSO-PBS. CD8 and NK cell depletions were conducted by i.p injection of 250 μg Clone 2.43 or 250 μg anti-Asialo GM1 antibody (36). Depletion was confirmed by flow cytometry in sentinel mice. Control groups received hamster IgG. To assess for long-term tumor immunity, mice that rejected tumors were rested for an additional 30 days and received a second MB49 tumor challenge in the contralateral flank alongside a control group.



Intravesical Mouse Tumor Model and Intravesical Tumor Treatment

Tumor implantation was conducted as previously described (37). Briefly, Female B6 mice were intravesically catheterized via a 24G catheter while under constant 3% isoflurane gas anesthesia. After bladder emptying, 80 microliters of 0.125% trypsin in DMEM base medium were instilled in the bladder. After 15 min, trypsin was removed and 50 microliters of PBS containing 2 × 105 MB49-Luc cells were intravesically instilled for 50 min. Intravesical and systemic treatments were conducted in anesthetized mice once tumor take has been confirmed by bioluminescence (~3–5 days after implantation). Briefly, tumor-bearing mice were separated in groups, emptied bladder and simultaneously treated for 45 min with PBS-DMSO (control) or CI-994 in DMSO in 50 microliters. Tumor growth was followed every 5 days by in vivo bioluminescent imaging, IVIS Spectrum in vivo Imaging System (Perkin Elmer). Control mice received 200 μg IgG or 200 μg anti-PD-1, i.p. once per week. Mice were only treated once.



Histopathologic Assessment of Bladder Integrity Following Treatment

Treated mice underwent surgical removal of the urinary bladder. The bladders were subsequently sectioned in the midsagittal plane and embedded in paraffin. Sections of 5-μm were obtained from tissue blocks and stained with hematoxylin and eosin (H&E). Cell infiltration and the presence of residual tumors were assessed.


Flow Cytometry

Mouse bladders bearing MB49 tumors were surgically excised followed by mechanical and enzymatic (Liberase, Sigma) dissociation. Fluorochrome-conjugated antibodies against Fc-receptor, CD3, NK1.1, CD4, CD8, CD11c, CD19, F4-80 and Gr-1 (eBioscience) were used. Stained cells were analyzed by flow cytometry on LSR Fortessa (BD Biosciences). For all the flow cytometry data analysis, dead cells were excluded from the analysis by using Zombie Aqua viability dye (BioLegend).




Statistical Analysis

Differences in gene expression were determined by ANOVA analysis. Statistical differences in flow cytometric analysis were determined by Student two-tailed t-test. Kaplan-Meier curves were generated using GraphPad Prism 8 to detect differences in tumor regression and tumor-free survival.




RESULTS


Local HDACi Treatment in Combination With Systemic Anti-PD-1 Induces Immune-Mediated Tumor Regression and Durable Tumor Immunity

Because of HDACi's role in increasing tumor immunogenicity, we tested if the use of local (intratumoral) HDACi could enhance the systemic effects of anti-PD-1 therapy. Only male mice were used as immune responses against the Y antigen by female mice has been reported in the MB49 model (38). Mice bearing 0.5 cm intradermal tumors received (i.p.) IgG, anti-PD-1, intratumoral SAHA (or DMSO/PBS), or combination anti-PD-1 (systemic)/SAHA (intratumoral) Figures 1A–C show that all mice that received control antibody underwent rapid tumor growth. Significant alterations in the tumor growth slope were observed in mice treated with anti-PD-1 antibody or intratumoral SAHA alone (p < 0.05); however, no tumor regression was observed. Of the mice that received systemic anti-PD-1 antibody alone, only one developed an effective anti-tumor response. Of the group treated with SAHA alone, 10 of 10 mice developed tumors without regression. In contrast, 10 of 10 mice that received a combination of intratumoral SAHA and systemic anti-PD-1 therapy had complete regression of their tumors and 100% survival (p < 0.05).


[image: Figure 1]
FIGURE 1. Intratumoral HDACi enhances systemic anti-PD-1 anti-tumor immunity. (A) MB49-bearing male B6 mice (10 per group) with tumors of 0.5 cm, were treated as follows: IgG control, systemic anti-PD-1, intratumoral SAHA, combination SAHA and anti-PD-1. Tumor growth was depicted as LxW in mm and plotted against time in days. The number of mice presenting tumor are represented in blue and tumor-free mice in green. Tumor free vs. total mice are indicated inside the circle. (B) Tumor growth slopes (L × W mm) are shown comparing the different groups, **p < 0.001. (C) Kaplan-Meier curves for each treated group are shown. Survival is defined as the tumor reaches 1.5 cm in any direction. Mice were monitored for 30 days. These data are representative of two independent experiments.




Anti-Tumor Immunity After Combined HDACi Treatment With Systemic Anti-PD-1 Is Dependent on CD8 T Cells, but Independent of NK Cells

We next sought to determine if the anti-tumor immune responses observed following treatment with the combination of HDACi and anti-PD-1 antibody were mediated by CD8 T cells or NK cells. Tumor-bearing male mice receiving intratumoral SAHA and systemic anti-PD-1 were also treated with CD8 or anti-Asialo GM1 antibody depleting mAbs. We found that none of the ten mice that had undergone CD8-immune depletion derived benefit from combined therapy. All mice that were CD8 depleted developed tumors with a slope that was indistinguishable from the control group (p > 0.05). In contrast, all mice that were NK depleted maintained strong anti-tumor immunity (Figures 2A–C) (p < 0.05). NK depletion was confirmed by flow cytometry (Supplementary Figure 1).


[image: Figure 2]
FIGURE 2. Protective anti-tumor responses by HDACi and PD-1 are CD8-mediated and NK independent. Tumor-bearing mice treated as Figure 1, also received depleting anti-Asialo GM1 or anti-CD8. (A) Tumor growth was depicted as L × W in mm and plotted against time in days. The number of mice presenting tumor are represented in blue and in tumor-free mice in green. (B) Tumor growth slopes (L × W) are shown comparing the different groups, **p < 0.001. (C) Kaplan-Meier curves for each group are shown. Survival is defined as the tumor reaches 1.5 cm in any direction. Mice were monitored for 30 days. These data are representative of two independent experiments. The number of mice presenting tumor are represented in blue and tumor-free mice in green. Tumor free vs. tumor-bearing mice are indicated inside the circle.




Intratumoral HDACi and Systemic Anti-PD-1 Induce Durable Immunity Against a Distal Tumor

To test if the observed anti-tumor immunity was durable and capable of affecting a tumor at a distal site, mice from the combination therapy arm that had undergone complete tumor regression were challenged again, but in the contralateral flank with intradermal MB49 cells after 30 days of resting. These mice received no further therapy after the second inoculation, therefore, changes in tumor growth could be only be attributed to the previously generated immunity. A group of naïve and untreated mice was also challenged to establish MB49 cells de novo tumor growth. Not surprisingly, all mice (5 of 5) in the control group rapidly developed tumors. In contrast, seven of 10 in the previously treated mice (HDACi + anti-PD-1 mAb) rejected a second tumor challenge and remained tumor-free 3 months after initial tumor inoculation (p < 0.05) (Figures 3A,B).


[image: Figure 3]
FIGURE 3. Combined treatment with systemic anti-PD-1 and intratumoral HDACi results in durable anti-tumor immunity that protects against a second tumor challenge. Surviving mice treated with HDACi and anti-PD-1 mAb were rested for 30 days and challenged in the opposite flank with MB49 cells. Non-treated group = 5 mice; treated mice that rejected the first MB49 tumor challenge = 10 mice. (A) Five of five non-treated mice developed tumors. In the group of mice that rejected the first tumor (10:10), only three developed secondary tumors. (B) Kaplan-Meier curves, surviving mice were monitored for 80 days. Survival is defined as tumor reaching 1.5 cm in any direction. The number of mice presenting tumors are represented in blue and tumor-free mice in green. Tumor free vs. total mice are indicated inside the circle.




Intravesical HDACi in Combination With Systemic Anti-PD-1 Induces Tumor Regression

To assess the feasibility of intravesical delivery of HDACi for the treatment of bladder cancer, we used an orthotopic bladder cancer model, MB49-luc. In this case, we used female mice given the possibility of catheterizing the urethra. We confirmed intravesical tumor take by in vivo bioluminescent visualization (Figure 4A). Tumor take was typically observed at day 3–4 after intravesical instillation. As observed in the intradermal model, 10 of 10 female mice treated with the combination of intravesical HDACi (CI-994) and systemic PD-1 blockade developed curative anti-tumor responses in their bladders (p < 0.05). Ten of 10 mice that received sham treatment developed tumors. Mice that were treated with CI-994 or anti-PD-1 antibody alone, although generated a tumor size reduction, failed at achieving curative tumor regression (Figure 4B). A comparison between the combination treatment and monotherapies indicates no statistically significant differences (p > 0.005). MB49-luc maintained luciferase expression for the duration of the in vivo experiment (>30 days), as shown by luminescence in tumor-bearing mice that received no treatment. The presence or absence of tumor tissue was corroborated by macro and microscopic analysis of the bladder.


[image: Figure 4]
FIGURE 4. In vivo bladder cancer regression following combined intravesical HDACi treatment and systemic T cell immune activation by PD-1 blockade. Once tumor take was confirmed by in vivo imaging (day 4), MB49-bearing female B6 mice were treated. Mice were randomized in groups: untreated, intravesical CI-994, systemic anti-PD-1, combination CI-994 and anti-PD-1. Mice were monitored for at least 30 days. These data are representative of two independent experiments. (A) In vivo imaging examples of intravesical bladder cancer tumor progression in individual mice. (B) Graphical representation of intravesical tumor growth (total flux in photons per second) in treated mice. Ten mice per group were used, data are representative of two independent experiments. *p < 0.05.




HDAC Inhibitor in Combination With Anti-PD-1 Induce Immune Infiltration and Tumor Destruction in situ

Following the completion of intravesical therapy, the bladders of these mice were macroscopically visualized (Figure 5A) and surgically removed for histopathologic analysis (H&E) (Figures 5B,C). Untreated bladders showed extensive invasive carcinoma. Mouse bladders treated with intravesical CI-994 demonstrated a mild or no reduction in invasive carcinoma. Those treated with anti-PD-1 alone showed immune infiltration, but prominent invasive carcinoma remained. Mouse bladders that had received combination therapy demonstrated immune infiltration with minimal or no residual carcinoma. Next, we sought to determine if intravesical HDACi exposure and systemic PD-1 blockade treatment result in alteration in bladder integrity that could preclude their clinical use. We microscopically analyzed (H&E) the bladders of treated mice that received combination therapy. Histopathology analysis revealed no deleterious changes in the integrity of bladders of mice treated with CI-994 and PD-1 blockade compared with mice receiving no treatment (Figure 5C, center). To gain further information regarding the cellular composition among the different treatment groups, we analyzed the bladder of tumor-bearing mice 6 days after treatment by flow cytometry. We determined the frequency of T cells, B, macrophages, dendritic cells (DCs) and neutrophils in bladder tumor of mice treated with HDACi, anti-PD-1, combination or no treatment. In Figure 6 and Table 1, we show that treatment with HDACi alone was insufficient to cause significant changes in the immune composition of the bladder. In contrast, mice treated with aPD-1 mAb, the frequency of CD3 and CD8 T cells was higher than in untreated or HDACi-treated mice (P < 0.005). These effects of a-PD1 mAb were also observed in the group of mice treated with both aPD-1 and HDACi (P < 0.05).


[image: Figure 5]
FIGURE 5. Intravesical HDACi in combination with systemic anti-PD-1 induce immune infiltration and tumor destruction in situ. Bladders from treated mice were surgically resected and prepared for H&E staining and histological analysis after tumors were not present by in vivo imaging (~d12). Groups: mice were not tumor challenged but received combined treatment; tumor-bearing mice received sham treatment; tumor-bearing mice received intravesical CI-994 or anti-PD-1 or their combination. (A) Bladder macroscopic view are shown of representative mice. (B) Bladders of mice treated intravesically with CI-994 show the presence of tumor cells. (C) Anti-PD-1 alone induces immune infiltration, but tumor cells were also present. Bladder of mice treated intravesically with HDACi (CI-994) and systemic PD-1 antibody combination show immune infiltrate with substantial or complete tumor cell clearance. Combination treatment caused no apparent changes in the bladder integrity.



[image: Figure 6]
FIGURE 6. Bladder cancer gating strategy for flow cytometry analysis. Tumor-bearing bladders from treated mice were surgically resected at day after treatment, dissociated and prepared for flow cytometry analysis. Live lymphocytes were analyzed for T cells subdivided into CD4 and CD8 cells, NK, NKT, DCs, macrophages, neutrophils and B cells. Example of one tumor-bearing bladder is shown.



Table 1. Frequency of immune cells in tumor-bearing bladders.
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Exposure to HDACi Results in Increased Recognition and T Cell-Mediated Tumor Cell Killing in Human Bladder Cancer Cells

To establish relevance in the human setting, we next examined if exposure of a human bladder cancer cell line SW780 to HDACi (SAHA) would impact their recognition and killing by fully activated human T cells. To do this, T cells and SW780 were both HLA-A2.1 matched. Exposure of SW780 to SAHA alone resulted in a modest cytotoxic effect with a 22% reduction in viable tumor cells compared to control-treated cells (p < 0.05). Incubation of SW780 (DMSO treated) with activated T cells alone showed some direct T cell-mediated cytotoxicity with a 30.4% reduction in tumor cells when compared to SW780 cells alone (p < 0.05). Notably, tumor cell pretreatment with SAHA augmented activated T cell-mediated cytotoxicity with a 73.9% reduction in viable tumor cells compared to cells treated with DMSO and T cells (p < 0.05) (Figures 7A,B). Visual analysis of the combined shows fully activated T cells failing to engage tumor cells (SW780 + T cells group), Figure 7A. Notably, in the SW780 SAHA treated + T cells group, T cells are clearly seen swarming around tumor cells.


[image: Figure 7]
FIGURE 7. Pretreatment with SAHA enhances T cell-mediated cytotoxicity in human bladder cancer cells. (A) SW780 human bladder cancer cells were treated with either DMSO or SAHA and activated T cells were then added to culture (left). T cells were then washed, and remaining cells were stained for DAPI (right). Dotted circles indicate T cells and T cells swarming around a tumor cell. (B) Remaining cells following treatment were also counted to determine viability following treatment.




HDACi Causes Gene Deregulation in Human Bladder Cancer Cells

In order to provide a tentative explanation to the effects observed and perhaps a potential intersection with T cell-mediated anti-tumor pathways, we examined the capacity of HDACi to alter gene expression in human bladder cancer. In vitro exposure of the human bladder cancer cell line, SW780 to HDACi (SAHA) results in the alteration of gene expression compared with DMSO-treated cells (Figure 8). Baseline gene expression was normalized to 0. Sixty-nine genes were found to have a 2-fold increase or greater, and 19 genes were found to have a 2-fold decrease or greater (p < 0.05), (Supplementary Table 1). Notably, an in-depth analysis indicates that among the group of genes that were upregulated, the immunologically relevant genes encoding ligands for NKG2D, MICA and ULBP2 and the heat shock protein 70 (HSP70) were among those upregulated.


[image: Figure 8]
FIGURE 8. HDACi induces gene expression changes. Global gene array comparing human SW780 cells treated with SAHA vs. DMSO. Volcano plots of genes were created by plotting Log2 fold change in relationship with Log10 (p-value). Significance was considered if p < 0.01 was shown. Genes in the upper and left quadrant changed ±2 folds and p < 0.01.





DISCUSSION

Using a mouse and human model of bladder cancer, we demonstrated that the combined use of local HDACi and systemic anti-PD-1 was effective at inducing curative CD8 T cell immune responses against primary lesions with durable anti-tumor immunity against a secondary and distal tumor. We also demonstrated the relative safety and applicability of this strategy in an orthotopic intravesical bladder tumor model. We show that inhibition of HDAC in a human bladder cancer cell line facilitates their recognition and killing by T cells. Moreover, we show that HDACi causes tumor cell gene deregulation, characterized by upregulated genes responsible for mediating cellular stress, as shown by the increased expression of NKG2D ligands and HSP70.

HDAC inhibitors were first conceived with the idea of using them as chemotherapeutic/cytotoxic agents. Indeed, some of them, Romidepsin (Istodax; Celgene) and Belinostat (Beleodaq; Spectrum Pharmaceuticals) are FDA approved for the treatment of cutaneous T cell lymphoma (CTCL) and peripheral T cell lymphoma (PTCL) (39), and multiple myeloma (40, 41). HDACi act by affecting the DNA repair machinery, altering gene expression leading to post-translational modifications to proteins HDACi have been shown to stop the proliferation of cancer cells, stimulate apoptosis and induce cell cycle arrest. Moreover, inhibition of HDACs in tumor cells offers additional potential benefits, namely augmentation of cancer immunogenicity (13–22).

Studies have shown that certain HDACi can increase the expression of tumor-shared antigens and the expression of MHC class I and class II in melanoma cells (42, 43), or expression of HSP70 and HSP90 on various hematopoietic cancer cells (13, 44). In a panel of NSCLC cell lines in vitro, mocetinostat (inhibitor of class I/IV histone deacetylases) upregulated PD-L1 and antigen presentation genes including class I and II human leukocyte antigen (HLA) family members. In a syngeneic tumor model, mocetinostat decreased intratumoral regulatory T cells (Tregs) and potentially myeloid-derived suppressor cell (MDSC) populations and increased intratumoral CD8 T cell populations (20).

Studies have shown that co-treatment with HDACi and checkpoint inhibitors improved treatment outcomes against colorectal carcinoma, CT-26 and breast cancer 4T1 tumors (16). In these studies, protective responses were associated with the depletion of myeloid-derived suppressor cells (MDSCs). More recently, a study using a mouse model of hepatocellular carcinoma showed that systemic HDACi (Belinostat) combined with the simultaneous blockade of CTLA-4 led to the decrease of regulatory T cells and complete tumor rejection (22). Recently, a study showed that HDAC6 inhibitors improve anti-PD-1 immune checkpoint blockade therapy by decreasing the anti-inflammatory phenotype of macrophages and down-regulation of immunosuppressive proteins in tumor cells (21). A study using prostate (LNCAP) and breast (MDA-MB-231) carcinoma cells demonstrates that treatment with either the pan-HDAC inhibitor vorinostat or the class I HDAC inhibitor entinostat results in T-cell mediated lysis in vitro. Moreover, the authors show that part of the mechanisms responsible for the recognition of HDACi-treated cells is mediated by the ER stress-responsive element (45). Additional studies have shown that the effects of HDACi can extend to changes in the antigen processing machinery. Using melanoma B16 cells, the authors demonstrate that the HDACi, TSA increases the expression of several components of the antigen processing machinery, including TAP-1, TAP-2, LMP-2, and Tapasin (46, 47). Importantly, HDACi have also been shown to increase the expression of costimulatory molecules on the surface of tumor cells, such as CD40, CD80, and 4–1BB. For example, the HDACi, panobinostat, has been shown to enhance immune recognition of melanoma by immune cells. In this study, the effects were correlated to the upregulation of costimulatory molecules CD40 and CD80 (43). Moreover, a study using leukemia cells found that HDAC inhibition results in the upregulation of 4-1BBL/TNFSF9 (48). In our study, we found that, indeed, inhibition of HDACs in bladder tumor cells results in their recognition and killing by CD8 T cells. Giving a possible explanation for the mechanisms, our study suggests that HDACi induces cellular stress in bladder cancer cells, as shown by the increased expression of NKG2D ligands and HSP70.

Physiologically, NKG2D ligands serve as signals to the immune system of catastrophic cell damage and the need for immune-mediated destruction. This is consistent with prior work from separate studies by L. Lanier and D. Raulet groups where genetically-driven expression of NKG2D ligands in tumors was sufficient to cause tumor rejection (49, 50). Given the canonical function of NKG2D, which is to recognize cells undergoing genotoxic stress response, one can speculate that HDAC inhibitor-treated tumor cells expressing NKG2D ligands would be visible to cytolytic cells for destruction, namely by NK and CD8 T cells. Consistent with this possibility, a study in myeloma cells shows that valproic acid (VPA) upregulates both protein and mRNA expression of NKG2D ligands (MICA/B) and ULBP2 (51). Based on these studies, the increase of NKG2D ligands suggests that HDAC inhibitor-treated cells triggers tumor cell destruction through a suicide by proxy mechanism. Our data support this assumption, as only HDAC inhibitor-treated tumor cells are recognized and killed by CD8 T cells. Interestingly, our data also indicate that HDAC inhibition modulates the expression of HSP70 and ligands for NKG2D in bladder cancer cells. This dual effect is mechanistically consistent, as the expression of both genes is controlled by the heat shock factor 1 (HSF1). This is a transcriptional factor that activates the transcription of genes coding for proteins that protect the cell against harmful stresses (52). Based on studies on the role of HSPs in the cell stress response (13), we interpret the increase in levels of HSP70 as a cellular attempt to survive. However, the function of HSP70 also extends to their participation as a peptide-chaperone to be taken by professional antigen-presenting cells (APC), leading to T cell priming (53). Studies have shown that immunization with a lymphocytic choriomeningitis virus peptide mixed with HSP70 results in protective antiviral immunity and antigen-reactive CD8 T cells (54). Similar results have been shown that vaccination with HSP preparations elicits a CD8 T cell responses in vivo (55). Based on these studies and our observations, one can propose that HDACi-related immunity is first mediated by the recognition of NKG2D ligands on the surface of treated tumor cells, and then followed by HSP70-mediated priming of T cells. Moreover, our groups recently demonstrated that NKG2D signaling in CD8 T cells at the time of the effector killing phase results in the acquisition of a transcriptional program that poised T cells with the potential to become long term memory T cells, we termed this process memory certification (56).

We show that the HDACi treated human bladder cancer cell line (SW780) can be recognized by human T cells. In this experiment, it is important to note that while the tumor and T cells were HLA-A2.1 matched, other histocompatibility proteins are expected to be different, leading to some level of allo-responses. However, our data demonstrate that even under these conditions, cancer cells are poorly recognized and destroyed by T cells. Our data clearly show that in contrast with the results observed in HDACi treated cancer cells, killing by T cells was negligible in non-HDACi treated cells. These data indicate that modulation of HDAC in tumor cells is sufficient to render them visible and susceptible to T cells. While our in vitro experiments demonstrate that HDACi have similar effects on bladder cancer cell lines, this has yet to be shown in highly heterogeneous tumors, which comprise the vast majority of in situ human bladder tumors. As in most preclinical models, a mouse cancer cell line may not completely reflect human bladder cancer patients. However, we believe the benefits of this model are novel as well as practical.

In our therapy experiments, some mice failed to develop curative responses upon combined therapy. However, anti-tumor responses were not absent, the tumor growth curves were significantly different to non-treated mice, tumors appeared later and grew slower. These data indicate the existence of anti-tumor response, however, insufficient to mediate tumor rejection.

However, the mechanisms mediating the tempering of the anti-tumor response could be multiple. It is possible that in this mice, inadequate number of anti-tumor T cells were generated or that immune suppressive mechanisms (i.e., TGF-b or Tregs) dominated the response (57, 58). In any case, it would be uncommon to see any therapy that provides 100% curative responses. We provide non-tangential data demonstrating that CD8 T cells mediate the anti-tumor response. We show that depletion of CD8 T cells results in the complete abrogation of anti-tumor responses upon combined treatment. These data indicate that the cellular mediators of tumor rejection upon combined treatment are CD8 T cells and that responses depend of the combined use of HDACi and anti-PD-1 mAb.

We observed differences in immune infiltration overserved during the flow cytometry and the histologic analysis. This can be explained by the differences in the time points when the samples where studied. The flow cytometry analysis of tumor-bearing bladders was conducted 3 days after the initiation of treatment. What is seen in the flow cytometry represents the active response to treatment. The histology was conducted 12 days after treatment, once tumors have disappeared in the combination group. The response seen in the histology represents the overall outcome of the treatment (after tumor were no longer detectable by in vivo imaging). Under this perspective, the data presented are consistent with the expansion phase, followed by the tumor clearance and contraction phase.

Analysis of the flow cytometry pattern in the bladder shows a population of T cells that are express CD3 but not CD8 or CD4 markers (DN). Studies have shown that these T cells are found in the thymus. In the peripheral, DN T cells have been shown to be involved in immune regulation and tolerance, as well as in host defense and inflammation. While we do not know the function of these population in the observed responses, current literature shows dual effects, inflammatory and suppressor. For example, DN cells have been shown to prevent allograft rejection, graft-vs.-host disease, and autoimmune diabetes (59). In contrast, studies have shown that DN T cells can protect against infections (60, 61). It is plausible that HDACi may also affect the DN cell population, by making less suppressive or more pro-inflammatory. Given these observations and their high frequency in tumor-bearing bladders, we believe that this population merits further studies.

While HDACi are currently available for systemic use in other cancer types, toxicity remains an issue (62, 63). The use of intravesical delivery of this agent may avoid the risks of systemic toxicity while allowing for local delivery directly to target tissue. Furthermore, this reduces the possibility of compounding adverse immune-related events with the administration of both therapeutic agents. It should also be noted that the anti-tumor effects of combination therapy are not only effective in inducing tumor regression but are also long-lasting. This provides a potential advantage in a malignancy with high rates of local recurrence.

The data presented in this study support the hypothesis that HDAC modulation in cancer cells can remove the tumor cells “invisibility cloak” that prevents T cells from recognizing and killing them. Furthermore, these data support a therapeutic route that could increase tumor recognition by the host immune system. Our preclinical investigation of the use of local HDACi in combination with systemic anti-PD-1 provides clinical investigators with an applicable approach that mediates anti-tumor activity with durable clinical response while mitigating the risk of side effects. This novel therapeutic treatment may provide new opportunities for patients with localized bladder cancer and should be further explored in the context of a clinical trial.
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Supplementary Figure 1. Anti-Asialo GM1 antibody depletes NK cells in vivo. (A) Dot plot of spleens from sentinel mice that were treated with anti-Asialo GMI antibody. Cells were analyzed for CD3 and NK1.1 marker expression 3 days later by flow cytometry. (B) Representative plot of eight mice. ****p < 0.0001.

Supplementary Table 1. Gene expression changes by HDAC inhibitor on the human bladder cancer cell line (SW780). Baseline gene expression was normalized to 0. Sixty-nine genes were found to have a 2-fold increase or greater, and 19 genes were found to have a 2-fold decrease or greater (p < 0.05).
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Immunotherapy using checkpoint blockade has revolutionized cancer treatment, improving patient survival and quality of life. Nevertheless, the clinical outcomes of such immunotherapy are highly heterogeneous between patients. Depending on the cancer type, the patient response rates to this immunotherapy are limited to 20–30%. Based on the mechanism underlying the antitumor immune response, new therapeutic strategies have been designed with the aim of increasing the effectiveness and specificity of the antitumor immune response elicited by checkpoint blockade agents. The activation of toll-like receptor 9 (TLR9) by its synthetic agonists induces the antitumor response within the innate immunity arm, generating adjuvant effects and priming the adaptive immune response elicited by checkpoint blockade during the effector phase of tumor-cell killing. This review first describes the underlying mechanisms of action and current status of monotherapy using TLR9 agonists and immune checkpoint inhibitors for cancer immunotherapy. The rationale for combining these two agents is discussed, and evidence indicating the current status of such combination therapy as a novel cancer treatment strategy is presented.
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INTRODUCTION

Major advances have been made in the field of cancer immunotherapy in the past two decades (1, 2). Imiquimod, a toll-like receptor (TLR)7 agonist, was FDA-approved in 1997 under the brand Aldara for treating genital warts and later approved for treating superficial basal cell carcinoma in 2004 (3–5). Three anti-cancer vaccines have been approved by the FDA. BCG (TheraCys), was first approved in 1990 for non-muscle invasive bladder carcinoma (6). Subsequently, Sipuleucel-T (Provenge) was approved for metastatic castration-resistant prostate cancer, and talimogene laherparepvec (T-VEC or Imygic), an oncolytic-virus–based vaccine was approved for advanced melanoma (7, 8). The components of BCG and oncolytic viruses activate TLRs in cells to elicit immune responses (9, 10). Further developments include anti-cancer adoptive cell transfer, including dendritic cell and cytotoxic T-cell therapies, in which patients are treated with ex vivo expanded autologous immune cells (11, 12). Studies of T-cell activation and suppression mechanisms have led to the discovery of key checkpoints for immune suppression, including the cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) (13–15), programmed cell death protein 1 (PD-1), and the PD-1 ligands programmed death-ligand (PD-L)1 and PD-L2 (16–19). The use of antibody (Yervoy, ipilimumab) for immune checkpoint blockade to increase the anti-cancer effect of T-cells was first approved by the FDA in 2011, and several additional checkpoint blockage drugs were subsequently approved (20–22). These immunotherapies have effectively improved the survival and life quality of cancer patients, resulting in their acceptance as the fourth standard treatment for cancers after surgery, chemotherapy, and radiation therapy. In 2016, the American Society of Clinical Oncology (ASCO) announced “Immunotherapy” as the year's top cancer advance. Further, in 2017, the ASCO named “Immunotherapy 2.0” as advance of the year, emphasizing the recent, rapid progress of research into new agents that enhance the innate abilities of immunity to fight cancers (23). Although cancer immunotherapy is a major achievement in fighting cancer, the efficacy for patient treatment is still limited and unsatisfactory. For example, the response rate of patients with solid tumors to checkpoint inhibitors is only 20–30% (24, 25). Therefore, novel strategies to improve the efficacy of cancer immunotherapy are needed.

Cancer cells are targeted by immune surveillance through a process similar to the host immune response to microbe-infected cells. The human immune system is capable of discriminating and destroying cancer cells that display tumor antigens. These tumor antigens originate from self molecules but exhibit antigenic mutations and/or ectopic expression during tumor development (26, 27). Many cellular and molecular factors are involved in this process of immune suppression of tumor growth. Innate immune cells, including natural killer (NK) cells, monocytes/macrophages, and dendritic cells, mediate direct innate antitumor responses and activate adaptive immune cells such as T and B cells to develop memory and long-term responses to tumor cells. In the innate immune arm, cells release a variety of cytokines to support the immunological activities in the tumor microenvironment. NK cells directly lyse abnormal cells. Monocytes/macrophages and dendritic cells take up debris from dead cancer cells to present peptide fragments of tumor antigens to T-cells through the major histocompatibility complex (MHC) molecules. Such antigen presentation activates the subpopulation of B and T-cells that express tumor antigen recognition receptors to proliferate and differentiate. B cells generate a humoral response by secreting antibodies specific to tumor antigens. T-cells are classified into two major subsets: CD4+ helper T-cells release immunomodulatory cytokines, and CD8+ cytolytic T-cells act as effector cells to directly lyse tumor cells during the adaptive antitumor immune response (28–31).

Thus, the immune system employs coordinated innate immunity and adaptive immunity to fight tumors. This observation provides the rationale for boosting the efficacy (including strength and precision) of an adaptive antitumor immunotherapy such as checkpoint blockade by targeting innate immune cells to activate of the adjuvant response or priming effect (28–31). TLRs are broadly expressed in immune cells for the detection of microbial pathogens to initiate host responses to infection (32–34). Synthetic TLR agonists such as imiquimod have been approved for anti-virus and cancer therapies, and others are being investigated for mono- or combination cancer therapies (10, 35–37). In the following discussion, we will focus on advances in the use of CpG-oligodeoxynucleotide (CpG-ODN), a synthetic TLR9 agonist to increase the efficacy of cancer immunotherapy with checkpoint blockade.



TLR9 FUNCTION, CELLULAR LOCALIZATION, AND SIGNALING

The innate immunity is essential for host defense against microbial infections. Innate immune cells use a diverse variety of pattern recognition receptors (PRRs), including TLRs, to detect various microbial pathogen-associated molecular patterns (PAMPs). Such recognition initiates immediate innate immune responses, leading to the development of adaptive immune responses (33, 38–40). Thirteen TLRs (TLR1–13) have been identified in mammals, and ten (TLR1–10) are expressed in humans. These TLRs recognize a diverse variety of microbial PAMPs via their extracellular domain consisting of multiple leucine-rich repeats (LRRs) (41–45). TLR1, TLR2, TLR6, and TLR10 comprise a subfamily. TLR2 recognizes a broad range of microbial products, including lipoproteins, lipoteichoic acids, lipoarabinomannan, peptidoglycan, glycophosphatidylinositol anchors, zymosan, and prions. TLR2 and TLR1 form a complex that selectively recognizes bacterial lipoproteins and triacyl lipopeptides, whereas a heterodimer composed of TLR2 and TLR6 preferentially recognizes mycoplasma macrophage-activating lipopeptide 2 (46–51). The natural ligand of TLR10 is not yet well characterized; however, a recent study showed that this TLR recognizes double-stranded RNA (dsRNA) (52). TLR4 and TLR5 are closely related. TLR4 recognizes lipopolysaccharides from gram-negative bacteria, and TLR5 recognizes bacterial flagellin (53, 54). The members of the TLR3, TLR7, TLR8, and TLR9 subfamilies recognize nucleic-acid–derived structures. TLR3 detects double-stranded RNA (dsRNA) generated from viral replication in infected cells (55). TLR7 and TLR8 interact with single-stranded RNA viruses such as influenza virus and the vesicular stomatitis virus (56, 57). TLR9 responds to unmethylated CpG-DNA, including microbial DNA from DNA viruses (58, 59). In addition, TLRs recognize a wide variety of endogenous danger-associated molecular patterns (DAMPs) released from dead cells in damaged tissues. These DAMPs are cellular components and stress-induced gene products such as extracellular matrix components, extracellular proteins, intracellular proteins, and nucleic acids (60, 61).

Of the TLRs, TLR9 has the narrowest cell expression profile. In humans, this TLR is constitutively expressed in B cells and plasmacytoid dendritic cells (pDCs) and to some extent is also expressed in activated neutrophils, monocytes/macrophages, cDCs, and T-cells. In addition, TLR9 has been shown to be expressed in some non-immune cells, including keratinocytes and gut, cervical, and respiratory epithelial cells (37, 62, 63). Distinct from other TLRs, TLR3, TLR7, TLR8, and TLR9 are located in intracellular vesicles (64–66). In resting cells, TLR9 is localized in the endoplasmic reticulum (ER) and must be trafficked to endosomes for activation by its agonist. The intracellular trafficking of this TLR is regulated by accessory proteins such as UNC-93 homolog B1 (UNC93B1) and specific adaptor proteins (APs). UNC93B1 interacts with TLR9 in the endoplasmic reticulum (ER) and follows the secretory pathway through the Golgi apparatus to the plasma membrane via coat protein complex II (COPII) vesicles. At the cell membrane, UNC93B1 recruits the adaptor protein AP-2 for the endocytosis of TLR9 via clathrin-containing vesicles. In the endosome, TLR9 interacts with its agonist CpG-DNA, which also enters cells via endocytosis [Figure 1A, (67–69)].
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FIGURE 1. TLR9 signaling to produce inflammatory cytokines and type I IFNs. (A) TLR9 synthesized in the endoplasmic reticulum traffics through the ER, Golgi to endosome with the aid of UNC93B and AP2, where TLR9 interact with CpG-ODN, recruits MyD88 and downstream signaling molecules to activate NF-κB and IRF-7, resulting in the production inflammatory cytokines and type I IFNs (B,C). Two proposed models for the spatiotemporal activation of NF-κB and IRF-7 at different type of endosomes. In the first model, TLR9 triggers NF-κB activation from the VAMP3+ endosomal compartments within minutes after activation and initiates IRF-7 activation in the LAMP1/2 endosomal compartment in 30 min to hours (B). In the second model in plasmacytoid dendritic cells, class A CpG-ODNs activate IRF-7 to produce type I IFNs from the EEA1+, TfR+ early endosomes. In contrast, class B CpG-ODNs activate NF-κB for inflammatory cytokine production in LAMP1+ and lysoTracker+ late endosomes/lysosomes (C). The capability of class C CpG-ODNs to activate production of type I IFNs and inflammatory cytokines is in between the capabilities of CpG-ODNs in class A and class C.


This engagement culminates in two outcomes: activation of NF-κB to produce inflammatory cytokines and activation of interferon regulatory factors (IRFs) to produce type I interferons (IFNs). Myeloid differentiation primary response 88 (MyD88) is required for TLR9 signal transduction, as MyD88 deficiency abolishes downstream signaling for cytokine productions following TLR9 activation (70). Following recruitment by TLR9, MyD88 in turn interacts with interleukin-1 receptor-associated kinase-1 (IRAK-1) and IRAK-4 through its death domain. IRAK-4 phosphorylates IRAK-1, up-regulating its kinase activity, which leads to the recruitment of tumor necrosis factor associated factor 6 (TRAF6) and the activation of transforming growth factor-β associated kinase 1 (TAK1). This cascade results in activation of the transcription factors NF-κB, which are responsible for the transcription of pro-inflammatory cytokine genes, including IL-6, IL-12 and TNF-α (71–74). Other than this, the transcription factor IRF5 is reported to be indispensable for TLR9-mediated production of pro-inflammatory cytokines. IRF5 interacts with MyD88, and TLR activation induces nuclear translocation of this transcription factor to promote gene expressions (75). In addition to inducing pro-inflammatory cytokine expression, TLR9 activation results in the production of type I IFNs, which are composed of multiple IFN-αs and a single IFN-β. These IFNs play a critical role in TLR9-mediated antitumor responses because they are involved in activation of the adaptive immune response required for tumor-cell killing (76–78). IRF-7 is a transcription factor expressed in pDCs that regulates the expression of type I IFN genes. IRF-7 associates with the complex of MyD88, IRAK1, IRAK4, and TRAF6, where IRF-7 becomes phosphorylated and translocates into the nucleus to induce transcription of type I IFNs (79, 80). In mice, TLR9-mediated production of IFNs is abrogated in cells deficient in osteopontin (Opn) and TRAF3, whereas the production of IL-12 unaffected, suggesting that Opn and TRAF3 are involved in the signaling pathway that mediates TLR9-induced activation of type I IFN production [Figure 1A, (81, 82)].

Two different mechanisms have been proposed for this signal-bifurcated process. One model suggests that TLR9 from the Golgi enters endosomes and then the VAMP3+ (vesicle-associated membrane protein 3) endosomes, leading to inflammatory cytokine expression. Subsequently, with the aid of AP-3, TLR9 is shuttled to LAMP1/2+ (lysomal associated membrane protein 1/2) lysosome-related organelles (LROs) to promote the production of type I IFNs [Figure 1B, (83, 84)]. In contrast, another model suggested that TLR9 activation, signalings leading to gene transcription of inflammatory cytokines and type I IFNs come from different type of endosomes. In this model, TLR9 activation in the TfR (transferrin receptor) and EEA1 (early endosomal antigen 1) expressed early endosomes results in IRF-7 activation and production of type IFNs, whereas activation of TLR9 in the LAMP1 and LysoTracker positive late endosome/lysosome lead to the activation of NF-κB and production of inflammatory cytokines [Figure 1C, (85–87)]. Although the location of TLR9 required to trigger such signaling is uncertain, the acidic pH of the endolysosomal compartments is thought to be required for ligand recognition of TLR9, as compounds that interfere with endosomal acidification, such as bafilomycin A1 and chloroquine, are inhibitors of TLR9 activation (88).



SYNTHETIC CPG-ODNS FOR TLR9 ACTIVATION

The immunostimulatory activity of microbial DNA was first observed in a DNA fraction of bacillus Calmette–Guerin (89, 90). Further studies revealed that the presence of unmethylated CpG deoxynucleotides in a particular context called the CpG motif is required for such DNA activity (91, 92). In vivo studies of gene knockout mice and in vitro studies of cell-based TLR9 activation assay later showed that TLR9 is the cellular receptor for CpG-DNA (58, 59, 93). The presence of CG dinucleotides in eukaryotic DNA is lower than in the prokaryotic DNA sequences. Further more the frequency of methylation on CpG sites are higher within eukaryotic DNA than in microbial DNA (94, 95). This difference in CpG-methylation provides a molecular base for TLR9 to distinguish self from non-self DNA in the host defense immune response to microbial infections (91, 96). Synthetic CpG-ODNs mimicking the immunostimulatory nature of microbial CpG-DNA were developed for therapeutic use (77, 96, 97). Natural microbial DNA contains a phosphodiester backbone that is easily degraded by nucleases in vivo. Replacement of the oxygen in the nucleic acid phosphate group with sulfur creates CpG-ODNs with a phosphorothioate backbone, making them more resistant to nucleases (98, 99).

CpG-ODNs are classified into three major classes based on their structure. The Class A CpG-ODNs (also known as type D) consist of a central phosphodiester palindromic region with one or more CpG-motifs and contain poly (G) sequences with a phosphorothioate backbone attached to both of the 5' and 3' ends. Class B (type K) CpG-ODNs contain several CpG-motifs and a phosphorothiolate backbone throughout the entire sequence. Class C CpG-ODNs contain one or two CpG-motifs, an entire phosphorothioate backbone, and a palindromic sequence at the 3' end (100–103). More recently, CpG-ODNs with different structural features have been developed to improve their effectiveness and reduce their toxicity. For example, IMO-2125 is generated by linking two CpG-ODN together through their 3' ends (104). MGN1730 contains two loops of CpG-ODN, each containing three CpG-motifs linked by a double-stranded linker (105). Another design employs CpG-ODN conjugated with an antisense oligonucleotide of signal transducer and activator of transcription (STAT3), an oncogenic transcription factor. The first generation of this CpG-STAT3 inhibitor (CSI-1) uses RNA interference for STAT3 silencing. The second generation of this molecule (CSI-2) uses a decoy oligodeoxynucleotide to increase its nuclease resistance (106, 107).

The immunostimulatory activity of a CpG-ODN is dependent on its structure. Class A CpG-ODNs induce maturation of pDCs, have little effect on B cells, and activate the production of large amounts of IFN-α. Class B CpG-ODNs strongly induce B-cell proliferation, activate pDC and monocyte maturation, NK cell activation, and inflammatory cytokine production. These CpG-ODNs also stimulate the production of IFN-α, but to a lesser extent than do the class A CpG-ODNs. The capability of class C CpG-ODNs to induce B-cell proliferation and IFN-α production is between that of class A and B CpG-ODNs (100–103). The distinct abilities of class A and class B CpG-ODNs in induction of type I IFNs is resulted from their higher order structures. Class A CpG-ODNs are able to form multimeric aggregates with a diamteter of about 50 nm. In contrast, Class B CpG-ODNs are monomeric and do not have such a feature (108). Further, a model of spatiotemporal regulation of TLR9 as shown in the Figure 1C has been suggested to explain the differential immunostimulatory activities of CpG-ODNs. According to this model, Class A CpG-ODNs activate TLR9 in early endosomes to trigger IRF7 activation, inducing the production of large amounts of IFNs. Class B CpG-ODN is quickly transported to late endosomal/lysosomal compartments for TLR9 activation to activate NF-κB and produce inflammatory cytokines. In contrast, class C CpG-ODNs can be retained in these endosomal compartments, where they activate the production of IFNs and inflammatory cytokines (85–87). In line with these, encapsidation of class B CpG-ODNs into particles allow their retention in eraly endosomes for induction of higer level of type I IFNs (109).

The structure–function relationship of class B CpG-ODNs has been extensively investigated to enable their clinical use. The immunostimulatory activity of class B CpG-ODNs depends on their nucleotide sequence, CpG-dideoxynucleotide–containing hexamer motifs (CpG motif), and the number, spacing, position, and bases surrounding these CpG-motifs (100, 110, 111). Moreover, the activity of these CpG-ODNs differs between species, a phenomenon known as “species-specific activity.” This activity of a CpG-ODN is determined by the nucleotide context of its CpG-motifs. For example, CpG-2007, which contains 22 nucleotides and three copies of the GTCGTT-hexamer motif, is more potent in activating human cells than is CpG-1826, which contains 20 nucleotides and two copies of the GACGTT-hexamer motif. In contrast, CpG-1826 is more potent in activating murine cells than is CpG-2007 (93, 100, 110–112). The nucleotide length of CpG-ODN also plays a significant role in determining its species specificity. In rabbit cells, CpG-C4609, which contains 12 nucleotides and one AACGTT-hexamer motif, generates a stronger immune response than does CpG-2007 or CpG-1826 (113).



CPG-ODNS AS CANCER THERAPEUTICS

The activation of TLR9 by CpG-ODNs induces the immune response in two phases, innate immune and adaptive immune responses (96, 114, 115). Within hours of CpG-ODN stimulation, an antigen-independent innate immune response is elicited for an early immune response and for priming the subsequent adaptive immune responses. During this first innate immune response phase, DCs and B cells are activated. DCs are the most effective antigen-presenting cells (APCs). In addition to presenting extracellular antigens on MHC Class II molecules to CD4+ T-cells, DCs also mediate cross-presentation of extracellular antigens on MHC Class I molecules to CD8+ cytotoxic T-cells. These activities are crucial for establishing effective anti-cancer immunity (116–118). DCs produce inflammatory cytokines and type I IFNs through the activation of NF-κB and IRF. B cells produce cytokines, including IL-6 and IL-12, and chemokines via NF-κB activation. In turn, macrophages and NK cells are activated by IFNs released from pDCs. The macrophages and DCs are major IFN-γ-producing cells and APCs, and NK cells are capable of direct tumor killing during the CpG-ODN-induced antitumor response (119–122). These CpG-ODN–activated early immune responses are followed by a second phase of antigen-specific immune response that occurs several days later. B-cell stimulation by CpG-ODNs increases their sensitivity to antigen stimulation and promotes their differentiation into antibody-secreting plasma cells, increasing their production of antigen-specific antibodies (123, 124). Further, during this stage, CpG-ODN-activated APCs become competent for antigen presentation and the production of Th1-response–promoting cytokines. Increased expression of costimulatory molecules such as cluster of differentiation 80 (CD80), CD86, and molecules of the MHC increases the antigen-presenting activity of these cells to naïve T cells. The produced cytokines (TNF-α, IL-12, and IFNs) promote the T-helper-1 polarization of CD4+ T cells. These result in expension of antigen-specific CD8+ T cells (96, 114, 115, 125–127).

Because these immune responses facilitates eradication of cancer cells from bodies, the antitumor effect of CpG-ODNs has been investigated (76–78). In mouse tumor models, CpG-ODN monotherapy showed modest activity in inducing T-cell-mediated tumor regression. Injection of CpG-ODN into tumor exerted better anti-tumor activity than administration of the CpG-ODN at distant sites such as via intraperitoneal injection or intravenous injection (128, 129). Combining CpG-ODN with other therapeutics such as radiotherapy, chemotherapy, antitumor antibody, or DNA-based vaccination usually achieves greater tumor eradication (130–136). The effects resulting from combination therapy and local administration indicate that CpG-ODN exerts an adjuvant effect in the tumor microenvironment. Because tumor destruction by other therapies promotes the release of tumor antigens into the tumor microenvironment, injection of CpG-ODN into the site where tumor antigen is released has a greater effect on DC activation and antigen presentation to elicit a tumor-specific T-cell response (76–78).

Based on the positive results of preclinical studies showing that TLR9 activation can induce adjuvant effects to promote T-cell activation and reduce tumor burden, CpG-ODNs have been investigated in clinical trials as therapeutic antitumor agents (10, 35, 137, 138). The most widely investigated CpG-ODN is the B class agent PF-3512676 (also known as CpG-2006, CpG-7909, Agatolimod). Monotherapy with PF-3512676 has been investigated for treating basal cell carcinoma, renal cell cancer, melanoma, and cutaneous T-cell lymphoma via different routes, including subcutaneous, intravenous, and intratumoral injection. In patients, this CpG-ODN elicits cytokine production and antitumor T-cell responses with minimal toxicity beyond the local injection site reaction; however, its efficacy in reducing tumor growth is relatively low (139–142). Therefore, the efficacy of combination therapies using CpG-ODN with existing cancer therapeutics were investigated. In a phase II randomized trial with 184 stage IIIb/c or stage IV melanoma patients, the effect of subcutaneous PF-3512676 in monotherapy and combination therapy with intravenous dacarbazine (DITC) was investigated. Patients received either 10 mg of PF-3512676, 40 mg of PF-3512676, 40 mg of PF-3512676 plus DITC, or DITC alone as a control. The object response rate (ORR) was greatest in patients treated with 40 mg of PF-3512676 plus DITC. Nevertheless, no significant difference in overall survival (OS) or median time to progression was observed between treatment groups. Thus, the phase III portion of this study was not continued (143). Another randomized phase II trial evaluated the activity of subcutaneous PF-3512676 in combination with first-line taxine/platinum chemotherapy in 111 patients with non-small-cell lung cancer. The ORR (confirmed and unconfirmed) was 38% in the PF-3512676 arm (n = 74) and 19% in the chemotherapy-alone arm (n = 37). The median survival was 12.3 months in the PF-3512676 arm and 6.8 months in the chemotherapy-alone arm, with one-year survival of 50 and 33%, respectively (144). The combination of PF-3512676 with standard chemotherapy was further evaluated as a first-line treatment for advanced non–small-cell lung cancer in phase III trials. In one trial with 828 patients, the combination of subcutaneous PF-3512676 with intravenous paclitaxel/carplatin was compared with paclitaxel/carplatin alone. No significance improvement in OS or progression-free survival (PFS) was observed for PF-3512676 combination therapy. In another trials, comparison of PF-3512676 combined with gemcitabine/cisplatin and gemcitabine/cisplatin alone revealed a similar median OS and PFS in these two treatments (145, 146). To date, no CpG-ODN has been approved for cancer treatment, but a wide variety of clinical studies exploring the potential of CpG-ODNs including in combinational use with immune checkpoint inhibitors for cancer therapy are still ongoing (138, 147).



COMBINATION THERAPY WITH CPG-ODNS AND IMMUNE CHECKPOINT INHIBITORS

Immune checkpoints are regulators of the immune system that maintain the immune response in a normal physiologic range and prevent inflammatory or autoimmune disorders resulting from over-activation of immune system. CTLA-4 and PD-1 are the two best-characterized immune checkpoint regulators (148–151). The expression of CTLA-4 is upregulated immediately following engagement of the T-cell receptor. This protein competes with the costimulatory receptor CD28 for its B7 ligands, CD80 (B7-1) and CD86 (B7-2), thereby interfering with the activation of CD28-mediated costimulatory signaling by these two ligands and attenuating T-cell activation. Because the negative regulatory function of CTLA-4 involves the expression of B7 ligands and CD28 signaling, CTLA-4 limits the early immune responses of T cells in lymphoid tissue (13, 152–154). In addition, CTLA-4 attenuates T-cell activation in peripheral tissues, as B7 ligands are constitutively expressed at differing levels in APCs and activated T cells. These observations suggest that CTLA-4 plays a central role in the regulation of T-cell activation and is critical for immune tolerance (14, 15, 149). In contrast to CTLA-4, PD-1 is expressed in activated and also exhausted T cells, B cells, and myeloid cells (16, 155, 156). Two ligands of PD-1, PD-L1 and PD-L2 are identified. Of them, PD-L2 induces IL-12 production in DCs. Given that IL-12 is important for T-cell differentiation into Th1-type cells, PD-L1 is a better target for inhibition to elicit antitumor immune response than is PD-L2 (18, 19, 157). PD-1 mainly regulates the late immune response of T cells in peripheral tissues, as its ligands are widely expressed in non-lymphoid tissues. Engagement of PD-1 with its ligand negatively regulates T-cell activation by activating the tyrosine phosphatase SHP2, which dephosphorylates and inactivates molecules involved in TCR signaling. SHP2 was also shown to regulate CD28 signaling through its phosphatase activity (17, 149, 158–160). These observations suggest that CTLA-4 and PD-1 regulate T-cell activation by distinct but somewhat overlapping molecular mechanisms (148–151).

Because CTLA-4 and PD-1 act through ligand-receptor interactions, their activity can be blocked by specific monoclonal antibodies. Indeed, a variety of CTLA-4 and PD-1/PD-L1 monoclonal antibodies have been developed for immune checkpoint blockade. The anti-CTLA-4 antibody ipilimumab was approved by the FDA in 2011 for treating metastatic melanoma. Since then, six additional antibodies targeting PD-1 or PD-L1 have been approved for immunotherapy of different cancer types (Table 1). These checkpoint blockade therapies demonstrate notable efficacy for cancer treatment, nevertheless a large fraction of patients still fails to response to this treatment, indicating a tremendous need to improve the efficacy of therapies employing immune checkpoint inhibitors (149, 186, 187). The resistance of patients to immune checkpoint therapies may be caused by deficiencies in various aspects of T-cell activation for the antitumor response. Possibilities include poor immunogenicity of the tumor resulting from insufficient formation of tumor antigen and antigen presentation, inadequate T-cell activation and killing activity, and altered T-cell trafficking. Therefore, combining an immune checkpoint inhibitor with other treatment may increase the efficacy of such therapies (188–192).


Table 1. FDA-approved antibodies targeting immune checkpoints for treating different type of cancers.
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A process of T-cell mediated antitumor response includes a priming phase which mainly involves with innate immune responses and an effector phase of an adaptive immunological tumor killing by T cells as shown in Figure 2. In the priming phase, activated APCs, such as dendritic cells, produce IL-12 and type 1 IFNs to facilitate a CD4+ T-cell-mediated Th 1 response. In addition, the dendritic cells produce costimulatory molecules and present antigen from a patient's cancer cells to promote proliferation of tumor-specific cytotoxic CD8+ T cells. These T cells then migrate to tumor sites, displaying their tumor-killing effects during the effector phase (29–31, 193–195). According to this mechanism, combination therapy including a TLR9 agonist and immune inhibitor is promising because these two agents use different and complementary mechanisms to up-regulate the T-cell-mediated antitumor response (138, 189–192). Activation of TLR9 in dendritic cells by CpG-ODN initiates the immune response via production of the costimulatory molecules CD80 and CD86 and cytokines TNF-α, IL-6, IL-12, and type I IFNs. Moreover, injection of CpG-ODN into the tumor site can induce local tumor-cell death, releasing more tumor antigens into the tumor microenvironment and activating antigen uptake and presentation by dendritic cells. These events promote effective generation of tumor-specific cytotoxic CD8+ T cells during the priming phase (86, 87, 120, 122). In contrast, the immune checkpoint inhibitors release the inhibition of T-cell activity to promote tumor-cell killing during the effector phase (148–151). Thus, cancer therapy using a combination of TLR9 activation and immune checkpoint blockade can result in more robust and more specific tumor killing (Figure 2).


[image: Figure 2]
FIGURE 2. Complementary mechanisms of TLR9 activation and checkpoint blockade in combinational cancer immunotherapy. DCs and T cells play key roles in the antitumor immune response. These two types of cells are major target for TLR9 agonists and immune checkpoint inhibitors, respectively. (A) Activation of TLR9 by CpG-ODN triggers innate immune responses, including cytokine production and the uptake and presentation of tumor antigen in DCs. These adjuvant effects, particularly the production of IL-12 and type I IFNs, facilitate a Th1 response of T cells and expansion of tumor-specific T cells during the priming phase. Immune checkpoint blockade by anti-PD-1/anti-PD-L1 antibody release inhibition of CD8+ cytotoxic T-cell activation during the effector phase. In contrast, anti-CTLA-4 inhibition activates T cells during both of the priming and effector phases. These events lead to a more effective and more specific adaptive immune response for tumor-cell killing. (B) DCs and T cells involved in the antitumor immune response serve different immunological functions in different locations, as illustrated.


Studies using melanoma mouse models have shown that a synergistic effect on tumor regression results from combining CpG-ODN-mediated activation of APCs with immune checkpoint inhibitor-mediated T-cell activation (136, 196). Similar synergy resulting in longer survival was also observed in murine bladder cancer when CpG-ODN was combined with CTLA-4 or PD-1 inhibitors (197). Another studies revealed that CpG-ODN can revert resistence to PD-1 blockade therapy by expending CD8+ T cells in colon cancer animal model, enhances the efficacy of anti-PD-1 in head and neck cancer animal model (198, 199). CpG-ODN modulates tumor microenvironment, turns “cold” tumor into “hot” tumor, enhances the anti-tumor effect of immune checkpoint blockade in colon cancer animal model (200). Moreover, CpG-ODN delivered by inhalation is capable of priming T-cell responses against a poorly immunogenic lung tumor (201). The encouraging results in these animal studies provided the rationale for combined clinical regimens using CpG-ODNs and immune checkpoint inhibitors simultaneously. Several clinical investigations of such combination therapy are presently underway. CMP-001 is a class A CpG-ODN encapsulated into virus-like particles to render it stable. In a study of 69 patients with advanced melanoma and resistance to pembrolizumab therapy, CMP-001 and pembrolizumab were directly injected into the accessible lesions. The response rate was 21.7%, and an abscopal effect was observed, with shrinkage occurring in non-injected cutaneous, nodal, hepatic, and splenic metastases (202). In a study of SD-101/pembrolizumab combination therapy in 9 advanced melanoma patients naïve to anti-PD-1 therapy, a response rate of 78% was observed (203). Similar to the study of CMP-001, the SD101 exerted an abscopal effect, with tumor shrinkage observed in both the injected and non-injected lesions (202, 203). A clinical study of IMO-212 (Tilsotolimod), another TLR9 agonist, was conducted in a cohort of 26 patients with PD-1-inhibitor– refractory advanced melanoma. Combined therapy with IMO-2125 and ipilimumab resulted in an ORR of 38.1%, an increase over the 13% reported in a previous study of ipilimumab treatment alone. The disease control rate was 71.4% for the combination therapy, and an abscopal effect was observed with no synergistic toxicity. A global phase III randomized study comparing IMO-2125 plus ipilimumab to ipilimumab alone for treating PD-1-inhibitor refractory cancer is underway (204, 205). Combination therapy using TLR9 agonists and different immune checkpoint inhibitor are under clinical investigation for treating melanoma and other types of tumors (Table 2).


Table 2. Current clinical trials of combination cancer immunotherapies using a TLR9 activation agonist and a checkpoint blockade agent.
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CONCLUSION AND PERSPECTIVES

The field of cancer immunotherapy has progressed significantly since the approval of ipilimumab in 2011. Therapy with immune checkpoint blockade has revealed benefits to cancer patients, improving their survival and quality of life. Despite breakthroughs in the field, the pool of patients benefiting from this therapy is relatively small. Thus, investigating combinations of immune checkpoint inhibitors with other currently available or novel cancer therapeutics is needed to maximize the benefits of this cancer immunotherapy. Activation of TLR9 by CpG-ODN elicits the antitumor immune response. A wide variety of clinical trials are presently investigating the use of CpG-ODNs in antitumor therapy. Although no CpG-ODN has been approved for use as a cancer therapeutic agent, one such agent (CpG-1018) is used as an adjuvant in a Hepatitis B vaccine (HEPLISAV-B) approved by the FDA in 2018. This vaccine is proven more effective against Hepatitis B than those using aluminum salt as the adjuvant (206, 207). This observation suggests that CpG-ODN is a potent adjuvant and that is safe for therapeutic use. The mechanism of action of CpG-ODNs in activating the antitumor immune response is distinct and complementary to that underlying immune checkpoint blockade. Thus, the rationale for combining these agents for cancer therapy is sound. A number of clinical trials of therapies combining these two agents are presently underway for a variety of cancer types. The results will reveal whether combining these agents improves the efficacy of cancer immunotherapy using immune checkpoint inhibitors. Worth to note, although this review is focused on the antitumor effect of TLR9 activation, agonists of other TLRs were also shown to have antitumor activities. Imiquimod, a TLR7 agonist had FDA approved for treatment of superficial basal cell carcinoma in 2004 (3–5). Others including CADI-05 (TLR2 agonist), BO-112 (TLR3 agonist) and G100 (TLR4 agonist) were investigated in clinical trials for their antitumor effects (208–210). Whether these TLR agonists can improve the efficacy of immune checkpoint inhibitors in combinational therapies is also received attention.
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Background: The performance of immune checkpoint inhibitor (ICI) monotherapy was proved to be disappointing in pancreatic ductal adenocarcinoma (PDAC). Increasing evidence has shown the promising efficacy of ICIs combined with systemic therapy in the first-line treatment in solid tumors.

Case presentation: We reported a case of a metastatic PDAC patient who had a long-term partial response and good tolerance to the combined approach of toripalimab (a novel PD-1 inhibitor) and gemcitabine plus nab-paclitaxel (GA). PD-L1 positive expression was detected in his liver metastases. Besides, we described a phenomenon of pseudo-progression of this patient during the course of therapy.

Conclusion: As the first-line treatment of metastatic PDAC patients, GA plus toripalimab may provide a novel combined approach with favorable response and manageable toxicity. Further clinical trials are needed to confirm the results. Pseudo-progression requires special attention and to be differentiated with true progression in patients undergoing immunotherapy.

Keywords: PD-1 inhibitor, chemotherapy, combination therapy, metastatic pancreatic ductal adenocarcinoma, durable response, good tolerance, case report


BACKGROUND

Metastatic pancreatic ductal adenocarcinoma (PDAC) is one of the most fatal diseases with increasing incidence and mortality. Between 2009 and 2016, the 5-year survival rate for PDAC fluctuated <9% (1). Insufficient selections are efficacious in this refractory disease due to its poor response. Since the MPACT trial indicated prolonged overall survival in first-line treatment of gemcitabine plus nab-paclitaxel (GA) compared to gemcitabine alone (2, 3), GA has substituted gemcitabine as the standard of care at the expense of the high possibility of side effects (4). Therefore, GA was recommended as the first choice to metastatic PDAC patients with Eastern Cooperative Oncology Group performance status (ECOG PS) 0 to 1, as well as on the condition of patients' preference and available support system (5). Despite some attempts of novel regimen, significant improvement in clinical outcomes of PDAC patients has remained absent.

Recently, immune checkpoint inhibitors (ICIs) have been approved in patients with mismatch repair-deficient (dMMR) (6) or microsatellite instability-high (MSI-H), irrespective of which types of tumor (7). Unfortunately, the success of ICIs has not been replicated in PDAC: no objective response was observed in either anti-PD-1/PD-L1 antibody or anti-CTLA-4 (cytotoxic T lymphocyte antigen-4) monotherapy in any research (8, 9). Plausible explanations contributing to poor efficacy of ICIs in PDAC mainly involve the tumor cell-intrinsic characteristics, including the low immunogenicity, such as low mutational burden and fewer neoantigens, as well as the prominent desmoplastic stroma surrounding PDAC tumors, which may impede the ability of CD8+ T effector cells to infiltrate into the tumor to exert their killing effect.

Herein, we report a case of a metastatic PDAC patient with high PD-L1 expression who had a partial response and good tolerance to combination of toripalimab, a novel PD-1 blockade, and GA chemotherapy. We also review relevant literature about combination therapy of ICIs and chemotherapy in PDAC.



CASE PRESENTATION

A 58-year-old man was found with some liver lumps by abdominal ultrasonography in his regular physical check-up in May 2019. Without any symptoms before, he went to the hospital for further examination. A test of tumor markers showed that serum CA125 was 1,898 U/ml and the CA199 level was out of the upper limit of detection (>1,000 U/ml). A computed tomography (CT) scan and magnetic resonance imaging (MRI) of the abdomen both indicated multiple liver lesions and a pancreatic tail mass at a size of 3.9 × 2.6 cm. He was referred to the Department of General Surgery and underwent a laparoscopic liver biopsy. Intraoperative findings showed multiple scattered nodules on the surface of the liver, whose diameters were <2 cm. Pathology showed metastatic ductal adenocarcinoma. Given these findings, his final diagnosis was pancreatic adenocarcinoma with multiple liver metastases (cT2N+M1, stage IV). The next-generation sequencing of his tumor showed an intermediate tumor mutation burden with 5.65 mutations/megabase and microsatellite stable (MSS) status. The immunohistochemistry (IHC) data of the tumor tissue of this patient indicated the positive expression of PD-L1 protein (30%), and the tumor proportion score (TPS) was 20% and combined positive score (CPS) was 30 (Figure 1). Additionally, deleterious alterations occurred in CDKN2A, KRAS, TP53, and VEGFA genes. There were not any applicable targeted drugs for these gene mutations.


[image: Figure 1]
FIGURE 1. The histopathology and immunohistochemistry (IHC) of metastatic tumor tissues of this patient. (A) The H&E staining in the microscopic observation (100×). (B) Immunohistochemical staining for PD-L1 expression (400×) showed that the tumor cells were positive for PD-L1. (C) The positive control of the IHC of PD-L1 expression (200×). (D) The negative control of the IHC of PD-L1 expression (200×).


With his content, he was eligible for a clinical trial about the combination of doublet chemotherapy (gemcitabine 1,000 mg/m2 and nab-paclitaxel 125 mg/m2) and toripalimab (a novel PD-1 inhibitor, 240 mg) for the first-line treatment of metastatic PDAC conducted by our department. Therefore, he received gemcitabine 1,700 mg and nab-paclitaxel (Abraxane) 200 mg at day 1 and day 8, along with toripalimab 240 mg at day 1 every 3 weeks. After 2 cycles of the combination therapy, his metastatic liver lesions almost disappeared with an evaluation of partial response (PR) by Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 (Figure 2). Surprisingly, he did not suffer any serious side effects except mild nausea and loss of appetite (grade 1, CTCAE 3.0), which was self-cured at the interstitial period of therapy. The treatment continued and repeated CT scans after four cycles showed shrinkage of the primary lesion but an increase in the number of the liver metastases. However, the CA199 level plummeted from 8,015 to 553.7 U/ml after the first four cycles of treatment (Figure 2). He was still asymptomatic but had grade 1 myelosuppression, which was successfully treated with a recombinant human interleukin-11. Through multidisciplinary therapy (MDT) and communication with the patient, we thought that it was highly possible for him to have radiological pseudo-progression and suggested he continue the therapy regimen. As we expected, the subsequent two-cycle treatment brought new clinical benefits to this patient, which in turn confirmed the previous diagnosis of pseudo-progression. The patient's continuous PR is still ongoing at the time of this report (eight cycles after the initial of the combination therapy). Primary and metastatic lesions were significantly decreased or shrank to nearly invisible status as the last evaluation showed, and the level of CA 199 has maintained within the normal for a long period but a little increase at the last test (Figure 2). All treatment-related adverse events (TRAEs) of this patient throughout the clinical course were listed in Table 1. The most serious TRAEs he had was grade 2 leukocytopenia, which was recovered under drug intervention before the next cycle treatment. Overall, he did not suffer any grade 3 or higher toxicities and maintained good tolerance. With a history of hypertension and type II diabetes, the patient also kept his blood pressure and blood glucose under good control.


[image: Figure 2]
FIGURE 2. Response evaluation during the clinical course. (A) Trends in the level of tumor markers, including CA 199, CA 125 (left Y-axis), and CEA (right Y-axis) corresponding to the treatment timeline. X-axis showing the date of the disease course. The loss of the first value of CA 199 was due to the out of range of detection. (B) Representative images of the CT scan showed that both primary and metastatic lesions were shrunk and decreased after two cycles of gemcitabine plus nab-paclitaxel combined with a PD-1 antibody (toripalimab). Red circles indicate the primary pancreatic lesions.



Table 1. Hematologic and non-hematologic adverse events in the therapeutic course presented in this patient, which were graded using CTCAE 3.0.
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DISCUSSION

Many cases of exceptional or durable responses to ICIs have been reported. To our knowledge, however, this is the first report showing the striking long-term response and safety of doublet chemotherapy combined with toripalimab in the first-line treatment of PDAC.

Toripalimab is the first recombinant humanized anti-PD-1 monoclonal antibody which was independently developed by Chinese companies. It was approved by the National Medical Products Administration (NMPA) of China in December 2018 for locally advanced or metastatic melanoma after systemic treatment failure. It has a high binding affinity, which enables it to bind its specific antigen PD-1 receptor more firmly and compete better with PD-L1 and PD-L2 binding on tumor cells. After binding, it can induce strong endocytosis of PD-1 receptor, thus reducing the expression of PD-1 on the cell membrane surface. A study revealed the different binding orientation of toripalimab compared to other PD-1 blockade, which binds PD-1 mainly on a loop that contributes multiple interactions with PD-L1 (10). The distinct biomolecular characteristics of toripalimab might result in different properties. Recently, increasing studies about various malignancies has proven the potential superiority of toripalimab, especially good tolerability, which may provide an opportunity to use concurrently with other anti-tumor drugs (11). In a phase II study, toripalimab combined with capecitabine and oxaliplatin (CapeOX) as the first-line treatment to treat patients with advanced gastric cancer, and the overall response rate (CR and PR) was 66.7% and the disease control rate (CR, PR, and SD) was 88.9%. Besides, nearly 38.9% of patients experienced grade 3 or 4 TRAEs (12). Compared to the ATTRACTION-4 trial, the encouraging efficacy of toripalimab was not inferior to Nivolumab with an ORR of 76.5%, but much more grade 3 or greater TRAEs occurred in 66.7% of patients with Nivolumab plus CapeOX (13).

This patient may not be sensitive to PD-1 blockade according to ASCO clinical practice guideline, which approved PD-1 blockade for patients with dMMR (6) or MSI-H (14). Given the predictive role of PD-L1 overexpression in PDAC was still controversial, our case suggested that PD-L1 overexpression may have the potential to select population. Moreover, emerging evidence supported combining systemic therapy on an ICIs backbone to overcome resistance due to the superior safety of ICIs (15). Theoretically, systemic chemotherapy was regarded as an immunogenic approach by stimulating anti-cancer immune effectors or inhibiting immunosuppressive factors (16). It may increase the expression or presentation of tumor-associated antigens on the surface of cancer cells, inducing signal emission to trigger immune response. As a method for priming the quiescent tumor microenvironment, chemotherapy has the potential to potentiate immunogenicity and antigenicity of tumors, thus enhancing the likelihood of recognition and killing of tumor cells by immune effector (17). For example, gemcitabine may upregulate the expression of class I human leukocyte antigen and promote the cross-presentation of tumor antigen, therefore selectively eliminating myeloid-derived suppressor cells (MDSCs) to overcome the immunosuppression. Paclitaxel was proved to stimulate antigen-presenting cells and improve the release of granzyme B by effector cells (18). Some phase I/II studies have confirmed the synergetic effects of cytotoxic chemotherapy with ICIs in other types of cancer (18–20). There are limited data about the safety and efficacy of combination of ICIs and chemotherapy in metastatic PDAC (Table 2). Results from a phase Ib/II study conducted in metastatic PDAC suggested that the efficacy of combined chemo-immunotherapy appears to be slightly improved over conventional standard chemotherapy (27). Others have highlighted the importance of combination therapy in the first-line treatment to obtain initial remission. The impressive results of this case need to be further confirmed by a large-scale randomized controlled study.


Table 2. Efficacy and safety of combined therapeutic approaches of immune checkpoint inhibitors and chemotherapy in pancreatic cancer.
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Interestingly, the patient presented rare pseudo-progression on the CT scan in the treatment course. Pseudo-progression is defined as temporarily enlarging lesions or the appearance of new lesions detected by imaging tests undergoing cancer immunotherapy (28). As the term suggests, pseudo-progression is not a real progression of the disease, whereas it may be linked with a durable response to immunotherapy (29). Presentation of pseudo-progression may be explained as edema and necrosis of tumor tissues caused by the infiltration of immune cells (30), resulting in morphologically similar mass around the original lesions in the imaging. Besides, with the characteristics of a late response, immunotherapy may not induce tumor regression until CT evaluation after the next few cycles of treatment. Instead of treatment failure, this kind of transient tumor growth before the onset of immune response needs to be distinguished with the real progression. Exaggerating the occurrence of pseudo-progression is not advisable because over-treatment may damage life quality, especially for metastatic cancer patients whose main purpose is to alleviate their symptoms. In this case, the patient was found to have new liver lesions after four cycles of treatment (Figure 3). Given he was not accompanied by clinical deterioration and the continuously falling CA-199 level, we inferred that the emergence of new lesions may result from the pseudo enlargement of small lesions that were invisible on the baseline CT scan. As we expected, the newly presented lesions disappeared and original lesions shrank after the continuation of this therapy, which verified our diagnosis of pseudo-progression.


[image: Figure 3]
FIGURE 3. Pseudo-progression of liver metastases after four cycles of toripalimab combined with gemcitabine and nab-paclitaxel, which was confirmed by favorable outcomes at the next assessment of six cycles. Red arrows indicate the appearance of new lesions that were invisible at previous CT evaluation and then disappeared after the continuation of therapy.


Besides impressive efficacy, he also had a good tolerance to these triple anti-tumor drugs, especially PD-1 inhibitors whose immune-related adverse events need special attention. After the first 2 cycles of therapy, he encountered grade 1 myelosuppression, which was successfully treated with a recombinant human interleukin-11, along with a self-cured gastrointestinal tract reaction. Subsequently, he experienced no more overt toxicities and was well-tolerated to a total of 8 cycles of combination therapy. Taking concurrent anti-hypertensive drugs and metformin with this highly intensive anti-tumor regimen, his liver and renal function were still within the normal range.

In summary, combined therapy of toripalimab and standard chemotherapy is potentially effective and well-tolerated as the first-line treatment in metastatic PDAC. Although the data are limited to conclude, we presented a patient who had a striking response to this combination as well as a manageable safety profile. The favorable clinical outcome may be attributed to safer toripalimab or the synergistic function of chemotherapy and PD-1 blockade. Furthermore, this case also displayed the possibility of the phenomenon of pseudo-progression under this regimen, which needed to be taken into consideration in the design and process of clinical trials.
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Targeting PD-L1 and PD-1 interactions is a relatively new therapeutic strategy used to treat cancer. Inhibitors of PD-1/PD-L1 include peptides, small molecule chemical compounds, and antibodies. Several approved antibodies targeting PD-1 or PD-L1 have been patented with good curative effect in various cancer types in clinical practices. While the current antibody therapy is facing development bottleneck, some companies have tried to develop PD-L1 companion tests to select patients with better diagnosis potential. Meanwhile, many companies have recently synthesized small molecule inhibitors of PD-1/PD-L1 interactions and focused on searching for novel biomarker to predict the efficacy of anti-PD-1/PD-L1 drugs. This review summarized clinical studies and patent applications related to PD-1/PD-L1 targeted therapy and also discussed progress in inhibitors of PD-1/PD-L1.
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INTRODUCTION

Programmed cell death protein 1, also referred to as cluster of differentiation 279 (CD279), is a surface protein that can regulate the immune system by inhibiting T-cell activity. PD-1 is constitutively expressed on activated T-cells, B cells, natural killer (NK) cells, macrophages, and dendritic cells (DCs) (1). Programmed death-ligand 1 (PD-L1), also referred to as B7-H1 or CD274, is constitutively expressed on antigen-presenting cells, lymphoid, endothelial, and epithelial cells (2). Interferon gamma (IFN-γ) and tumor necrosis factor (TNF-α) secreted by activated T-cells can also induce PD-L1 expression on tumor cells and antigen-presenting cells (APCs) (3). Figure 1 shows that naïve T-cells are activated through binding between T cell receptors (TCR) and the peptide-MHC complex presented by (APC); T-cell activation can lead to transient upregulation of PD-1, which is the receptor of PD-L1. Binding between PD-1 and PD-L1 negatively regulates downstream signaling mediated by co-activation of TCR and CD28 (4). When PD-L1 interacts with PD-1, the immunoreceptor tyrosine-based inhibitory motifs (ITIM) and immunoreceptor tyrosine-based switch motifs (ITSM), which are on the intracellular domain of PD-1, can be phosphorylated. The Src homology 2 domain-containing protein tyrosine phosphatase 1 (SHP-1) and Src homology 2 domain-containing protein tyrosine phosphatase 1 (SHP-2) are then recruited and bind to ITIM to further inhibit the signaling downstream of the TCR (5). After inhibiting the TCR-mediated signaling pathway, PD-1 prevents the activation of the pathway mediated by PI3K/Akt or Ras/MEK/Erk. This further inhibits the function of CD8+ T-cells (6). Programmed cell death 1 ligand 2 (also known as PD-L2, B7-DC), which is the second ligand of PD-1, is expressed on tumor cells, APCs, cancer associated fibroblasts, and macrophages (7–9). PD-L2 plays an inhibitory role on the functioning of T-cells, which is similar to that of PD-L1. Meanwhile, PD-L1 also interacts with the surface protein CD80 (B7-1) expressed on activated T-cells. Interacting with PD-L1, CD80 could induce increased expression of Bim, which contributes to the apoptosis of CD8+ T-cells (10). As a result, the PD-1/PD-L1 signaling pathway promotes tumor cells escaping immune surveillance by inhibiting cell survival and activation of T-cells.


[image: Figure 1]
FIGURE 1. PD-1/PD-L1 or PD-1/PD-L2 in the tumor microenvironment. PD-1 is expressed on T-cells and NK cells. PD-L1 is expressed in tumor cells, antigen presenting cells, cancer associated fibroblasts, and in several immune cells (myeloid cells, endothelial cells, M2 macrophages). The binding of PD-L1 or PD-L2 to PD-1 could inhibit the functioning of T-cells and NK cells. IFN-γ secreted by activated T-cells mediates the up-regulation of tumor PD-L1. The blockade of PD-1/PD-L1 or PD-1/PD-L2 interaction by PD-1 or PD-L1 inhibitors could restore T-cell or NK cell activation.


Targeting PD-L1 and PD-1 interactions is a novel therapeutic strategy used for cancer treatment. Antibodies targeting PD-1 or PD-L1 have marked a breakthrough in cancer immunotherapy and have become a hot topic in cancer therapy. Many companies have therefore begun studies on cancer immunotherapy and applied a series of related patents and patent applications in this field. To date, there have been about 5,000 patents published, and the number of patents continues to increase (Figure 2). In this review, we demonstrate the development of PD-1/PD-L1 directed immunotherapy and progress in inhibitors disrupting PD-1/PD-L1 binding. Moreover, patents or patent applications related to PD-1/PD-L1 signaling pathway and its inhibitors will also be discussed in this review, which will provide an update on PD-1/PD-L1 targeted cancer therapy.
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FIGURE 2. Numbers of international patent applications published per year containing the word “PD-1” or “PD-L1” in the title, claim, or abstract.




HISTORICAL OVERVIEW OF RELEVANT PATENTS OF PD-1/PD-L1 TARGETING CANCER IMMUNOTHERAPY

The PD-1 protein was discovered by Tasuku Honjo in 1992, and he was awarded the Nobel Prize in physiology and medicine in 2018. The patent published in 1995 by Honjo firstly proposed the sequence of PD-1 protein and gene encoded PD-1 (11). Honjo's discovery also showed that PD-1 is a protein that negatively regulates the immune system (12). Later, Gordon Freeman identified B7–4 as one of the ligands to PD-1 (13). Meanwhile, Dr. Lieping Chen and his team independently discovered B7-H1. The sequence of B7-H1 protein and gene encoded B7-H1 was published in 1999 by Dong et al. (14). However, they did not mention the correlation between B7-H1 and PD-1. Based on his own findings of B7-H1, Chen et al. applied a series of patents related to B7-H1 protein. Meanwhile, in 2000, Freeman et al. published a paper mentioning that B7-4 was renamed to PD-L1 and is the same as B7-H1 protein discovered by Freeman et al. (15). Freeman also mentioned that PD-L1 is one of the members of the CD28/B7 immunoglobulin superfamily that could inhibit the T-cell function through PD-1/PD-L1 interactions (15). Table 1 shows patents and patent applications for the finding of PD-1 and PD-L1 proteins and the development of PD-1/PD-L1 blockade therapy.


Table 1. Patents and patent applications naming Honjo, Freeman, and Dr. Chen as inventors that are related to PD-1 and PD-L1.
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Honjo's studies suggested that suppression of the PD-1 protein could be effective in cancer treatment (12). Studies have shown that expression of PD-1 and PD-L1 was enhanced in cancer cells and was related to defective immune responses (24). These studies suggested that two immune checkpoint molecules may be important therapeutic targets for cancer and infectious disease treatment. Thus, the blockade of PD-1/PD-L1 interactions using inhibitors may be a novel and effective strategy for immunotherapy. Additionally, a previous study showed that blockade of the PD-1/PD-L1 pathway using PD-L1 antibody could inhibit T-cell apoptosis (25). This study also showed that PD-L1 antibody affected the survival of tumor cells in vivo (25). These results proved that PD-L1 antibodies can enhance T-cell growth to further inhibit tumor growth—this suggests that inhibition of the PD-1/PD-L1 interaction could be a new method of cancer treatment.

Honjo cooperated with Ono Pharmaceutical Co. and Medarex to develop an anti-cancer medication targeting PD-1, named nivolumab. Two studies of nivolumab conducted in Phase III trials showed impressive efficacy for this antibody in advanced melanoma (26, 27). The results of a phase III trial showed that the overall survival rate at 1 year was significantly different between the nivolumab group (72.9%) and dacarbazine group (42.1%) of previously untreated patients who had advanced melanoma without a BRAF mutation (26). In addition, nivolumab showed higher response rates and lower toxicity rates than ipilimumab and chemotherapy (27). Following the results of these two clinical trials, the Food and Drug Administration (FDA) approved nivolumab for the treatment of advanced melanoma in 2014. The discovery of the PD-1/PD-L1 signaling pathway attracted researchers' attention on developing antibodies against this pathway. The PD-1 protein has led to breakthroughs in cancer immunotherapies in the past decades. Many companies have filed patents related to antibodies during these past 20 years. Table 2 shows the core patents related to FDA-approved antibodies while Table 3 shows patents related to antibodies.


Table 2. The key patents related to FDA-approved anti-PD-1/L1 antibodies.
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Table 3. The patents related to currently developed anti-PD-1/L1 antibodies.
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STRUCTURE ANALYSIS OF ANTIBODIES TARGETING PD-1 AND PD-L1

Several structures and classes of antibodies inhibiting the PD-1/PD-L1 interaction have been published recently. Most of these anti-PD-1 antibodies are fully human immunoglobulin G4 (IgG4) antibodies with the S228P mutation, including nivolumab, pembrolizumab, cemiplimab, dostarlimab, MEDI-0680, and SSI-361. These antibodies have similar binding properties to the natural IgG4, which reduce ADCC function and eliminate CDC function, but they still retain function in binding to FcγRI and FcγRIIb. Spartalizumab is a humanized IgG4κ monoclonal antibody with S228P mutations and K447 deletion (44). Tislelizumab was generated via the introduction of several mutations (including S228P, E233P, F234V, L235A, D265A, and R409K) in IgG4 antibodies (45). AMP-224 is an anti-PD-1 recombinant fusion protein that contains the extracellular domain of PD-L2 and Fc domain of human IgG1 (46).

Moreover, the crystal structures of PD-1/Anti-PD-1 antibodies have also been explored. The N-terminal extension, BC-loops, and FG-loops are crucial for binding of nivolumab and PD-1. The VL chain of nivolumab and PD-L1 residues shared an overlapping binding surface on the FG loop (47). The C'D loop of PD-1 mainly contributes to the interaction with pembrolizumab (48). Anti-PD-1 antibodies inhibit the PD-1/PD-L1 interaction by competing with PD-L1 while binding to PD-1. The epitopes of these antibodies directly occupy the partial binding site of the PD-L1 protein. In addition, the binding of PD-1 and its antibodies induces optimal conformational changes in the PD-1 protein, which blocks PD-1/PD-L1 interactions, because PD-1 also interacts with PD-L1 in distinct conformations. Tislelizumab interacts with an IgV-like domain of PD-1 and is different from pembrolizumab and nivolumab, as shown by its unique binding epitopes, including Gln75, Thr76, Asp77, and Arg86 (45). Although SHR-1210 was reported to have unspecific interactions with some human receptors driving angiogenesis, the optimization of complementary determining region (CDR) domains successfully eliminated off-target binding (49). Meanwhile, the binding properties of SHR-1210 have not been reported.

Unlike anti-PD-1 antibodies, three approved anti-PD-L1 antibodies include human IgG1 antibodies. Atezolizumab and durvalumab are antibodies of eliminated FcγR-binding and effector functions while avelumab was designed to retain intact Fc functions (50). BMS-936559 is differentiated from three approved PD-L1 antibodies and is an IgG4 mAb with S228P mutations (50). KN035 is a fusion protein containing a single domain of the humanized anti-PD-L1 antibody and the Fc of an IgG1 (51). CX-072 is a human PD-L1 specific protease-activatable antibody prodrug. CX-072 was designed by linking the masking peptide links to the targeted antibody (52).

Recently, the crystal structures of the PD-L1/avelumab complex revealed that avelumab/atezolizumab/BMS-936559 binds to the IgV domain of PD-L1 through its heavy chain (VH) and light chain (VL). These are dominated by the VH chain (53). A comparison of the PD-L1/antibody and human PD-1/PD-L1 complexes demonstrates that antibodies directly occupy the partial binding site of the PD-1 protein. In contrast, the PD-L1/durvalumab Fab complex demonstrated that the binding sites of the antibody are in the N-terminal region of the PD-L1 protein (53). The KN035/PD-L1 complex showed a different pattern. The paratope of KN035 is limited to only two complementary determining regions (CDRs)—one of which contributes to binding with high-affinity (54). This narrow binding area provides an opportunity for rationally designing peptides or small-molecule inhibitors that imitate the nanobody/PD-L1 interface.



CLINICAL APPLICATION OF PD-1/PD-L1 TARGETING CANCER IMMUNOTHERAPY

There have been more than 2,000 clinical trials of anti-PD-1 antibodies and over 1,000 clinical trials of anti-PD-L1 antibodies (Figure 3). Based on the data from several clinical trials, some of these drugs have been approved by the FDA, the National Medical Products Administration (NMPA), and the European Medicines Agency (EMA) for use in the treatment of various cancers. Nivolumab and pembrolizumab, two anti-PD-1 antibodies, obtained approval for cancer therapy in 2014. After that, more PD-1 and PD-L1 drugs got FDA approval following positive results from clinical trials. There are currently several FDA-approved antibodies, including nivolumab (trade name: Opdivo), pembrolizumab (trade name: Keytruda), cemiplimab (trade name: Libtayo), atezolizumab (trade name: Tecentriq), durvalumab (trade name: Imfinzi), and avelumab (trade name: Bavencio) (Table 4) (50). In addition, camrelizumab and toripalimab were approved by NMPA for marketing.
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FIGURE 3. Clinical trials related to anti-PD-1/PD-L1 antibodies. (A) Numbers of clinical trials of anti-PD-1 antibodies. (B) Numbers of clinical trials of anti-PD-L1 antibodies. Antibodies that obtained approval for cancer therapy are indicated by an asterisk.



Table 4. Drugs approved by FDA, NMPA, and EMA for cancer immunotherapy.
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Clinical trials of most antibodies have just started, and the results require further updating. Table 5 summarizes several clinical trials of anti-PD-1/PD-L1 antibodies that are currently being developed with the latest data. The data from clinical trials revealed that newly developed antibodies also showed a durable response. Table 5 also demonstrates that anti-PD-1/PD-L1 antibodies can cause treatment-related adverse effects (TRAEs) and immune-related adverse effects (IRAEs). In some patients, these AEs led to treatment discontinuation and treatment interruption. The Objective response rate (ORR) is 47% among the 75 patients with metastatic CSCC who received cemiplimab-rwlc. Complete response was achieved in 4% of patients (81). Among patients with relapsed/refractory cHL (NCT02961101 and NCT03250962), the response duration rate at 6 months was 76% in patients treated with camrelizumab monotherapy (n = 19) compared to 100% in those treated with decitabine plus camrelizumab (n = 42) (95). Among the 127 patients with advanced melanoma (NCT03013101), the ORR is 17.3% in overall population after treatment with toripalimab. The disease control rate (DCR) was 57.5% and median progression free survival (PFS) was 3.6 months (96). Based on the clinical results shown above, cemiplimab, camrelizumab, and toripalimab were approved for clinical use.


Table 5. Results of clinical evaluation of selected anti-PD-1 or anti-PD-L1 antibodies.
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THE CURRENT OPTIMIZATION OF ANTI-PD-1/PD-L1 TREATMENT STRATEGY

Several clinical trials using antibodies targeting the interaction of PD-1 and PD-L1 for cancer treatment have shown promising abilities in prolonging survival, but not all patients respond to PD-1/PD-L1 inhibitors (97). In addition, clinical results have also shown that anti-PD-1 or anti-PD-L1 treatment caused TRAEs and IRAEs, although anti-PD-1/PD-L1 drugs have shown lower toxicity than standard chemotherapy (98). Most seriously, AEs caused by these antibodies sometimes could lead to treatment discontinuation and treatment interruption (98). Due to the limited success and disadvantages of anti-PD-1/PD-L1 antibodies, effective strategies are needed to improve the efficacy of PD-1/PD-L1 targeted immunotherapy. Detecting PD-L1 expression in tumor cells and tumor infiltrated T-cells would be useful for targeting patients with a big likelihood of responding to PD-1/PD-L1 treatment. Meanwhile, it is also crucial to search for potential biomarkers that could selectively reflect the efficacy and feasibility of anti-PD1/PD-L1 therapy. Furthermore, small molecule inhibitors targeting PD-1 and PD-L1 are emerging as their potential advantages are realized vs. monoclonal antibodies.


The Application of PD-L1 Immunohistochemistry (IHC) Assays

Some clinical trials have shown that more than half of patients had no response to anti-PD-1 drugs, and some responders even experience tumor relapse within 2 years after treatment of anti-PD-1 drugs (26, 99). Studies suggest that clinical efficacy of PD-1/PD-L1 targeted immunotherapies may be predicted by PD-L1 expression on tumor cells and tumor-infiltrating immune cells (100). Developing PD-L1 IHC test compounds have begun to attract scientists' attention during the past 5 years. Several companies have designed commercially available PD-L1 IHC tests, including 22C3, 28-8, SP263, SP142, E1L3N, and 73-10 assays. Merck developed a PD-L1 IHC test using 22C3 antibody and also applied for a patent (US9709568B2), which claimed the use of the 22C3 antibody for diagnostic purposes (101). In addition, BMS designed a different companion assay for PD-L1 expression using its 28-8 antibody and had a patent application (WO2013173223A1) that described a method of detecting PD-L1 expression using the clone 28-8 antibody (102). The SP142 assay was developed by Ventana and was described in patent application WO2015181343A2 (103).

These PD-L1 IHC assays are currently being tested in clinical trials, and some of them have been approved by the FDA as companion diagnostics for PD-1/PD-L1 targeted immunotherapies. Table 6 shows that PD-L1 expression was first reported to be associated with higher response rates to pembrolizumab/atezolizumab and was approved by the FDA to guide the selection of patients for anti-PD-1/PD-L1 treatment. For example, the DAKO 22C3 IHC assay is approved for use as a companion diagnostic with pembrolizumab immunotherapy in NSCLC, gastric cancer, cervical cancer, HNSCC, and ESCC (68, 104–108). In addition, the Ventana PD-L1 (SP142) assay has also been approved as a companion diagnostics test for atezolizumab in UC and TNBC (109, 110). IHC 28–8 and SP263 (nivolumab and durvalumab, respectively) are complementary diagnostics and have not been approved by the FDA. Recent studies (e.g., shown in the meta-analysis) have also confirmed that efficacy of PD-1/PD-L1 inhibitors was more sensitive in PD-L1 positive patients compared to negative groups (111). Each PD-L1 IHC assay, performed in different IHC staining platforms, is independently developed for a specific anti-PD-1 or anti-PD-L1 drug. As is shown in Table 7, differences between six commonly used PD-L1 IHC assay were shown by detection system, staining platform, and antibody epitope. Thus, each assay potentially displayed different staining sensitivities. Different PD-L1 IHC assays and different PD-L1 tumor expression cut-off points are used in clinical trials, which raises concerns about whether the tests can be used interchangeably. The Blueprint PD-L1 IHC Assay Comparison Project was founded to enable a better understanding of the similarities and differences between these four PD-L1 IHC systems. This project is an industrial-academic partnership seeking to harmonize IHC PD-L1 testing. The result from phase I of the Blueprint project showed that the 22C3, 28-8, and SP263 assays displayed comparable sensitivity and the SP142 assay showed significantly less sensitivity (112). The phase I of the Blueprint project detect PD-L1 expression on TCs using four PD-L1 IHC assays performed in different staining platforms, and the result of staining was evaluated independently by three pathologists (112). Phase 2 of the Blueprint project compares 73-10 assay with four other PD-L1 IHC assay (including 22C3, 28-8, SP263). The results from phase 2 showed highly comparable sensitivity between 22C3, 28-8, and SP263 assays, less sensitivity with SP142 assay, and higher sensitivity with 73-10 assay when detecting PD-L1 expression on TC (113). The high concordance was observed between scorings by glass slide and scorings by digital image (113). Most importantly, a recent study has investigated the cause of distinct immunohistochemical staining generated by SP142 assay. The results suggested that discordances are more likely caused by differences of staining platform rather than antibody epitope (114).


Table 6. Summary of studies on the PD-L1 IHC assay.
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Table 7. The comparison of commonly used PD-L1 IHC assay.
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The Current Potential Biomarkers Used to Evaluate the Feasibility of Anti-PD-1/PD-L1 Therapy

PD-1/PD-L1 inhibitors represent a breakthrough in cancer therapy. However, the response rates of PD-1/PD-L1 inhibitors in patients is, overall, unsatisfactory and results in limited applications in clinical practice. Therefore, searching for biomarkers predicting the efficacy of PD-1/PD-L1 inhibitors is crucial for patient selection. There are several biomarkers associated with the response to anti-PD-1/anti-PD-L1 therapy (Table 8) including PD-L1 expression, lactate dehydrogenase (LDH), mismatch-repair (MMR) deficiency, gene alteration, tumor mutational burden, etc. A clinical study conducted by Diem showed that patients with an elevated baseline LDH showed a significantly shorter OS (P = 0.0292) and lower response rate compared with patients with normal LDH at baseline and during treatment. This suggests that LDH could predict early response or progression in advanced melanoma patients with anti-PD-1 therapy (115, 116). In addition, patients who achieved clinical benefit after treatment of anti–PD-1 therapy were detected with a higher percentage of Bim+PD-1+CD8+ T-cells in the peripheral blood (117). The levels of Bim in PD-1+CD11ahiCD8+ T-cells (also indicated tumor reactive T cell) could be a predictive factor of clinical benefit in patients with metastatic melanoma treated with anti–PD-1 therapy (117). High pretreatment lymphocyte count (LC) and relative eosinophil count (REC) were associated with improved overall survival of melanoma patients with pembrolizumab treatment (118). Patients with T-cells expressing SRY-Box 2 (SOX-2) experienced disease regression following the treatment of nivolumab, suggesting that SOX-2 is associated with a clinical response upon immunotherapy with anti-PD-1 monoclonal antibodies (119). A retrospective study showed that the median PFS of patients with a neutrophil-lymphocyte ratio (NLR) of ≥3 was shorter than that in patients with a NLR of < 3 (2.0 vs. 5.3 months, p = 0.00515) at 4 weeks after treatment (120). The clinical data suggested that the NLR ratio might be an indicator of a poor prognosis in patients with advanced NSCLC receiving nivolumab (120). Patients with a 1.5-fold increase in circulating soluble PD-L1 (sPD-L1) concentrations were more likely to achieve partial responses to anti–PD-1 antibodies after 5 months upon anti-PD-1 therapy. This shows the predictive effect of sPD-L1 on clinical response to anti-PD-1 therapy (121). Among 36 EGFR-mutated metastatic NSCLC patients, compared with patients detecting decreased levels of sPD-1, patients with an increased or stable sPD-1 level achieved longer PFS (p = 0.004) and OS (p = 0.002) after two cycles of nivolumab (122). In melanoma, the pre-treatment tumors in responding patients were detected with higher expressions of IFN-γ and IFN-γ-inducible genes, including indoleamine 2,3-dioxygenase 1 (IDO1) and C-X-C motif Chemokine Ligand 9 (CXCL9) (123). These associations were also found in NSCLC or renal cell carcinoma patients (123). In addition, genetic aberrations within tumors were also found to be associated with clinical efficacy in anti-PD-1/PD-L1 therapy. For example, among 155 patients, six patients with MDM2/MDM4 amplification and seven of eight patients with Epidermal Growth Factor Receptor (EGFR) alterations were found to have time-to-treatment failure (TTF) <2 months (124). Meanwhile, hyper-progressors harbored MDM2/4 amplifications or EGFR alterations (124). A retrospective analysis showed that EGFR-mutant and ALK-positive NSCLC patients receiving anti-PD-1/PD-L1 therapy showed lower ORR (P = 0.053) (125). Immunotherapeutic analysis and prospective observation suggested that patients harboring TP53 or KRAS mutations—especially co-mutations of TP53/KRAS—showed significantly better clinical responses to anti-PD-1 therapy (126). Among the 174 lung adenocarcinoma (LUAC) patients with KRAS mutations, patients harboring (Serine/Threonine Kinase 11) STK11 alterations showed lower ORR to PD-1 inhibitors vs. LUAC patients with mutant KRAS and wildtype STK11 (P < 0.001) (127). Another study evaluated the clinical efficacy of PD-1 inhibitors in patients with MMR-deficient tumors across 12 tumor types. ORR was achieved in 53% of patients, disease control was achieved in 77% of patients, and complete responses were achieved in 21% of patients (71). The MMR deficiency was defined by the presence of either MSI-H or by loss of MutL Homolog 1 (MLH1), MutS Homolog 2 (MSH2), MutS Homolog 6 (MSH6), or PMS1 Homolog 2 (PMS2) protein expression. Among the 35 patients with clear cell renal cell carcinoma (ccRCC), a clinical benefit was associated with loss-of-function mutations in the Polybromo 1 (PBRM1) gene (p = 0.012) after treatment of pembrolizumab and nivolumab (128). The presence of DNA damage response gene (DDR) alteration was associated with a higher response rate (P < 0.001) (129). The most commonly altered genes were ATM (n = 7), DNA Polymerase Epsilon (POLE) (n = 3), and BRCA2, ERCC2, FA Complementation Group A (FANCA), and MutS Homolog 6 (MSH6) (n = 2) (129). Gene variations that occur in at least 1% of the population used to be called polymorphism. Single nucleotide polymorphisms (SNPs) of tumor microenvironment-related genes (including CCL2, NOS3, IL1RN, IL12B, CXCR3, and IL6R) were significantly associated with ORR of patients treated with anti-PD-1/PD-L1 therapies (130). And safety of anti-PD-1/PD- L1 targeted therapies was significantly associated with gene SNPs including UNG, IFNW1, CTLA4, PD-L1, and IFNL4 genes (130). Besides that, rs17388568, which maps to a locus of IL2 gene and IL21 gene, was correlated with a higher response to anti-PD-1 targeting therapy (131). CD8, PD-1, and PD-L1 expression in the tumor and at the invasive margin significantly correlated with treatment outcome (P = 0.001) (132). Versus the progression group, the response group had significantly higher numbers of CD8+, PD-1+, and PD-L1+ cells (CD8, P = 0.0001; PD-1, P = 0.0002; PD-L1, P = 0.006) (132). Among HNSCC patients treated with pembrolizumab, PD-L2-positive patients showed higher ORR compared with PD-L2-negative patients (133). And longer PFS and OS were observed in PD-L2–positive patients (133).


Table 8. Current investigational biomarkers for PD-1/PD-L1 targeting therapy.
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Except for the biomarkers mentioned above, the tumor mutation burden/load (TMB) also served as a predictive or prognostic factor for response to anti-PD-1/PD-L1 immunotherapy. TMB is an estimate of somatic mutations by accessing the data from whole exome sequencing (WES) or sequencing a select panel of genes. Foundation Medicine has developed clinical testing platforms to measure TMB using hybrid capture-based next generation sequencing. FDA has approved FoundationOne CDx to be used as a companion diagnostic for therapy selection. Several studies have shown that TMB is associated with a clinical response to anti-PD-1/PD-L1 treatment in melanoma and NSCLC (Table 9). Recently, a novel blood-based TMB (bTMB) assay was developed for cell-free DNA by researchers from Foundation Medicine. A retrospective analysis using bTMB assay showed that bTMB is correlated with significant PFS benefit (P = 0.013) and TMB (Spearman rank correlation = 0.64) in patients with NSCLC treated with atezolizumab (139). Neoantigens derived from mutated genes are tumor-specific and show significant correlation with the clinical response to anti-PD-1/PD-L1 treatment. A significantly higher candidate neoantigen burden was detected in patients with CB vs. those with NCB and associated with improved PFS (median 14.5 vs. 3.5 months, log-rank P = 0.002) (134). The PFS in patients with a higher non-synonymous burden were higher than those with low non-synonymous burden (median PFS 14.5 vs. 3.7 months, log-rank P = 0.01) (134). These data suggested that higher non-synonymous mutation or candidate neoantigen burden in tumors were associated with improved PFS of anti-PD-1-treated NSCLC patients. A recent study has shown that a minority of somatic mutations in tumors could lead to neoantigens and TMB could be used to estimate tumor neoantigen load (140).


Table 9. Studies on the predictive effect of TMB on anti-PD-1/PD-L1 immunotherapy.
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Discovery of Small Molecule Compounds Inhibiting PD-1/PD-L1 Interactions

The limited success and disadvantage of antibodies prompted researchers to search for more effective strategies for PD-1/PD-L1 targeted therapy and improve the efficacy of cancer immunotherapy. Thus, studies on the discovery of low-molecular-weight compounds inhibiting PD-1/PD-L1 interaction have begun to attract scientist's attention. During the past 5 years, many companies, such as Arising International Inc, Chemocentryx Inc, Institute of Materia Medica, Guangzhou Maxinovel Pharmaceuticals Co, Incyte Corporation, Bristol Myers Squibb (BMS), and Aurigene, have discovered a series of small molecule chemical compounds and peptides.

Meanwhile, these companies have applied for a series of patents related to inhibitors (Table 10). Most of these patents presented not only the structure of PD-1/PD-L1 inhibitors, but also the method of compound synthesis and the use of inhibitors as immunomodulators. In addition, the patents showed verified inhibitory effects of these inhibitors. Some of these inhibitors could only block PD-L1/PD-1 interactions. Other inhibitors, such as the peptides discovered by BMS company, could inhibit interactions of PD-L1 with PD-1 or CD80. All inhibitors discovered by Aurigene, including small molecule chemical compounds and peptides, showed an inhibitory effect on the PD-1 signaling pathway.


Table 10. Patents and patent applications of small molecule inhibitors of PD-1 and PD-L1.
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BMS has published biphenyl derivatives as immunomodulators, and these are the first reported small compounds inhibiting PD-1/PD-L1 interaction. Interestingly, most of the inhibitory compounds showed IC50 values of 1 μM or even 0.018 μM as measured by the PD-1/PD-L1 homogenous time-resolved fluorescence (HTRF) binding assay (141). Further modification of the BMS compounds, such as hydrophobic modifications, enhanced the potency of compounds (lowest IC50 = 0.48 nM) (143). Moreover, the introduction of symmetric biaryl scaffolds could also improve binding affinities (lowest IC50 = 0.04 nM)(144). Arising International LLC published symmetric or semi-symmetric compounds as immunomodulators (IC50 values from 0.1 to 25 μM) (146, 147). ChemoCentryx reported 4-phenyl-2,3-dihydro-1H-inden-1-ol derivatives as inhibitors of the PD-1/PD-L1 interaction (147). The Institute of Materia Medica at the Chinese Academy of Medical Sciences has also discovered a series of bromo benzyl ether derivative and phenylate derivative blocking PD-1/PD-L1 interaction (IC50: 1 × 10−4 nM−1 nM) (149–151). Guangzhou Maxinovel Pharmaceuticals Co., Ltd reported that aromatic acetylene or aromatic ethylene compounds had a significant inhibitory effect on PD-1 and PD-L1 (152). A series of oxadiazole- and thiadiazole- compounds have been developed to inhibit the PD-1/PD-L1 pathway by Aurigene Discovery Technologies Limited (153–160). Incyte Corporation identified a series of heterocyclic compounds as inhibitors for PD-1/PD-L1 protein/protein interaction (IC50 values range from the nanomolar to micromolar) (161–169). Meanwhile, Aurigene Discovery Technologies Limited has designed a series of tripeptide peptidomimetics and developed cyclopeptides and macrocyclic-peptides based on peptidomimetics (171–176). Furthermore, BMS developed a series of macrocyclic peptides against the PD-1/PD-L1 pathway (177–184).

However, the discovery of PD-L1/PD-1 inhibitors has only just started. Nearly all inhibitors are still being investigated in preclinical studies. Only CA-170, a PD-L1 inhibitor discovered by Aurigene and Curis, has entered Phase I clinical trial (No: NCT02812875). This has shown acceptable safety of CA-170 (185). The phase II study of CA-170 showed a positive response in two patients with Hodgkin's lymphoma, and the clinical benefit rate is 68.18% (186). Due to its short half-life (6–8 h) vs. other long-lasting antibodies, CA-170 showed less sequalae after being permanently discontinued (186). In addition, preclinical data of the compound CCX4503, published by ChemoCentryx, markedly reduced tumor growth in a human melanoma/peripheral blood mononuclear cell co-implantation model. This preclinical result suggested that the small molecule inhibitors may offer effective anti-tumor therapy (187).




DISCUSSION AND PERSPECTIVE

Anti-PD-1/PD-L1 antibodies have achieved success in the field of cancer immunotherapy during the past decade and mark a breakthrough in oncology. Eight antibodies blocking PD-1 and PD-L1 interactions have been approved for several indications. Despite the promising results reported in some clinical trials, limited drug efficacy caused by IRAEs has been observed and durable responses have been found in only a limited number of patients. In addition, immune-related adverse events caused by anti-PD-1 drugs have been reported in several clinical trials. Due to the limited successes and disadvantages of anti-PD-1/PD-L1 antibodies, more attention has been given to developing more effective strategies to improve clinical response rates. However, using PD-L1 expression as a biomarker of response is important in identifying patients who could obtain a positive clinical response from PD-1/PD-L1 targeted immunotherapy. The use of a single PD-L1 IHC assay with immunotherapy using a specific anti-PD-1/PD-L1 antibody would be one strategy for improving clinical trial outcomes. However, responses were also seen in patients with negative or low PD-L1 expression. For example, in three trials (CheckMate 017, CheckMate 025, and OAK), favorable long-term outcomes were achieved in PD-L1-negative patients (26, 188, 189). The CheckMate 227 trial among NSCLC patients with a high tumor mutational burden showed that progression-free survival was significantly longer with first line nivolumab plus ipilimumab than with chemotherapy, regardless of PD-L1 status (190). These studies also suggested that a higher mutation or neoantigen load could potentially result in a higher likelihood of response to PD-1 or PD-L1 inhibitors. Apart from TMB, there are several other biomarkers including LDH, MMR-deficiency, gene alteration, and IFN-γ related gene. These are useful biomarkers for the response to anti-PD-1/PD-L1 cancer therapy in solid tumors. Some studies have shown dynamic PD-L1 expression in the tumor cells further limits the feasibility of PD-L1 IHC (191). PD-L1 expression could be regulated through extrinsic and intrinsic signaling pathways such as mitogen-activated protein kinase (MAPK) signaling pathway, Janus kinase/signal transducers and activators of transcription (JAK/STAT) signaling pathway, miRNA-related pathway, as well as IFN-γ and TNF-α (192–194). An understanding of the mechanism of regulation of dynamic PD-L1 expression may be useful for developing novel strategies to improve the efficacy of anti-PD-1/PD-L1 drugs. On the other hand, small molecules are expected to reduce immune-related adverse events and promote higher efficacy. Studies on small molecule PD-1/PD-L1 inhibitors have just begun within the preclinical stage. CA-170 is the first PD-1/PD-L1 inhibitor successfully entering clinical trial, and it is potentially a small molecule PD-1/PD-L1 inhibitor in cancer therapy. Future clinical trial results of CA-170 would be important for developing small molecule inhibitors.



AUTHOR'S NOTE

This review has made a summary about clinical studies and patent application of PD-1/PD-L1 targeted therapies. The paper has also shown the promising result of anti-PD-1/PD-L1 drug in various cancer types and several kinds of strategies improving efficacy of anti-PD-1/PD-L1 drug have been mentioned in the paper, including developing companion PD-L1 test, searching for biomarkers, and discovering small molecule PD-1/PD-L1 inhibitors. The paper has shown the development of anti-PD-1/PD-L1 therapies and provided broad knowledge of PD-1/PD-L1 targeted therapies.
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Background: Merkel-cell carcinoma (MCC) is a rare, highly aggressive skin cancer typically involving elderly people. Surgery is usually the first treatment for primary tumor. In adjuvant setting, radiotherapy is effective in reducing local recurrence and in improving overall survival. Regarding advanced disease, systemic chemotherapy ended up disappointing results whereas antiPD1/antiPD-L1 immunotherapy recently gave relevant clinical benefits. Interestingly, about the half of MCC patients expresses high somatostatin receptors (SRs) to possibly represent a target for the therapeutic use of somatostatin analogs (SSAs). Nevertheless, SSAs have been little studied in MCC and cases treated with SSAs in association with checkpoint inhibitor immunotherapy have not been published yet.

Case Report: We report the case of a 73-year-old man affected by metastatic MCC of right arm previously treated with surgery and adjuvant radio and chemotherapy. Three years later the patient presented loco-regional relapse involving lateral-cervical, mediastinal, and submandibular lymph nodes with high value of chromogranin A and neuron specific enolase. Due to the high expression of SRs at octreoscan and immunoistochemistry, patient started octreotide 30 mg i.m. every 28 days with a good control of disease for about 2 years. A widespread progression of disease was reported afterwards. The patient started the antiPD-L1 avelumab immunotherapy, only recently available in Italy, while still taking SSA. The patient showed an impressive regression of the disease after only four cycles of avelumab until complete remission.

Conclusions: SSA could be a valid therapeutic option in patients with MCC with high SR expression. When combined with PD-1/PD-L1 immune-checkpoint inhibition, SSA is likely to enhance antiproliferative activity. Our case report provides the rationale to conduct a prospective trial and translational research to verify the efficacy and safety of combined SSA and checkpoint inhibitors for advanced MCC.

Keywords: immunothearpy, somatostatin analog, Merkel cell carcinoma (MCC), Merkel carcinoma, somatostatin—receptor


INTRODUCTION

Merkel-cell carcinoma (MCC) is a rare but highly aggressive skin cancer typically involving elderly people, although it has been also described in young adult and exceptionally in childhood (1).

Factors involved in the pathogenesis of MCC included age over 65 years, ultraviolet radiation exposure, immunosuppression, and infection by Merkel cell polyomavirus (MCPV) which is detected in almost 80% of MCC cases. Other primary cancers seem to increase the risk of MCC incidence, especially prior multiple myeloma, chronic lymphocytic leukemia, and malignant melanoma (2). Ultraviolet light exposure has been reported to induce an extremely high genome mutation rate, whereas MCPV-infected Merkel carcinoma cells show low rates of genome mutation (3).

MCC typically tends to grow locally, but soon it spreads to the locoregional lymph nodes and than through the blood circulation to distant organs, particularly to liver, lung, brain, and to bone (4).

Therapeutic management of MCC is controversial. Early diagnosis and adequate treatment of primary MCC are important prognostic factors. Surgery and radiotherapy are usually chosen in localized forms. Adjuvant radiotherapy showed effective in reducing the local recurrence and in increasing the overall survival (5).

Systemic chemotherapy has been used to treat advanced disease with disappointing results. First-line chemotherapy with platinum-based regimens produced high response rates of about 50–60%. The main therapeutic regimens included cis-platinum or carboplatin in association with etoposide or ifosfamide or anthracyclines. CAV regimen (cyclophosphamide + Adriamycin + Vincristine) was used in patients unfit for platinum-based regimens. Unfortunately, response duration was only a few months with PFS of 3–4 months. Moreover, treatment was associated to significant toxicity (6, 7).

Checkpoints inhibitors antiPD1/antiPD-L1 (Programmed Death Ligand1) immunotherapy have been recently investigated in the metastatic setting and positive results were reported (8–10). The antiPD-L1 avelumab was first tested in a multicentre phase 2 trial involving 88 patients with stage IV chemotherapy-refractory MCC. The response rate was 31.8%, including eight complete responses and 20 partial responses (8). Based on these results, the U.S. Food and Drug Administration granted accelerated approval of the antiPD-L1 avelumab to treat adults and children above 12 years with metastatic MCC.

Other two antiPD-1 antibodies have also been investigated in advanced MCC. Pembrolizumab was tested as first-line treatment in advanced MCC (9) whereas nivolumab was proposed as neoadjuvant therapy in patients with resectable MCC (10). In both studies, an objective response rate over 50% was reported. Of note, responses were observed in both patients with virus-positive tumors and those with virus-negative tumors (9–11).

Due to these new therapeutic options, chemotherapy is now indicated just for patients who are not candidates for immunotherapy or after immunotherapy failure.

About half of MCC expresses highly somatostatin receptors (SRs) that could represent a potential target for both imaging and treatment purposes (12). Somatostatin analogs (SSAs) have been used in the past with palliative intent for functioning neuro-endocrine tumors and remarkable results were reported. More recently, direct anti-proliferative effects of SSAs have also been demonstrated in neuroendocrine neoplasms (13). The use of SSA in MCC has been little studied (14) and cases of MCC treated with SSA in combination with checkpoint inhibitor immunotherapy have not been published yet.

We report for the first time the case of a metastatic MCC successfully treated first with SSA and then, when disease progressed, with SSA plus anti PD-L1 avelumab.



CASE REPORT

A 73-year-old man affected by metastatic MCC on the right arm treated with surgery and adjuvant radio and chemotherapy came to our observation in December 2015. At the diagnosis, immunohistochemistry reported a Ki67 of 25% and a positivity for synaptophysin, chromogranin A, CK20, nuclear polyomavirus marker, and SSTR2A, whereas SSTR5A, PD-L1, and p63 (a transcription factor often associated with worse prognosis) were negative (Figure 1A). The tumor infiltrating lymphocytes (TILs) in the tumor microenvironment were moderate as was the infiltration of intra-tumor lymphocytes.


[image: Figure 1]
FIGURE 1. (A) Sample of lymph node metastasis performed before SSA therapy showing an epithelioid feature of cells with “salt and pepper” nuclei (EE40x). Immunohistochemistry showed (a) positivity for Ki67 in 25% of cells (20×); (b) positivity for CK20 with nuclear dot (20×); (c) positivity for chromogranin A with nuclear dot (20×); (d) nuclear positivity for poliomavirus Merkel cells carcinoma associated/CMV (40×); (e) diffuse and strong membranous positivity for somatostatin receptor 2A (SSTR2A) (20×); (f) negativity for p63 (10×); and (g) for PDL-1 (20×). (B) Sample of lymph node metastasis performed after disease progression to SSA therapy showing cells having smaller size than those of pre-treatment and a round shape with dark nuclei (40×). Immunohistochemistry showed (a) Ki67 positivity in 85% of cells (20×); (b) reduction of positivity for chromogranin (20×); (c) diffuse nuclear positivity for p63 (40×); (d) strong positivity for PDL-1 in 35% of neoplastic cells (10×).


Three years later the patient presented relapse involving loco-regional lymph nodes and the right lung with high value of chromogranin A (CgA) and neuron specific enolase (NSE).

Due to the high expression of SRs at octreoscan with 99mTc-EDDA/HYNIC-TOC (Figure 2) and at immunohistochemistry (Figure 1A), the patient started the SSA octreotide at the dose of 30 mg intramuscularly every 28 days obtaining a progressive decrease of serum markers and a partial regression of disease lasting over 2 years. After this long period, the patient presented disease progression in all known sites and new lesions at lung middle lobe and left adrenal gland. At this time, circulating CgA remained under normal value whereas NSE increased rapidly (Figure 4). A new lymph node biopsy was performed revealing a profound changing in the morphology of the neoplastic cells. Immunohistochemistry also showed a Ki67 of 85% compared to 25% of the first biopsy, whereas p63 and PD-L1 became strongly positive (Figure 1B). At this time, peritumoral TILs were very scarce and completely absent the intra-tumor lymphocytes component.


[image: Figure 2]
FIGURE 2. Octreoscan showing high uptake of 99mTc-EDDA/HYNIC-TOC in the right axillary and thoracic wall, in the left sub-mandibular and latero-cervical region, and at right superior pulmonary lobe in the sub-pleurical region. On the right is shown the membranous diffuse expression of SSTR2A on immunohistochemistry.


Considering the disease progression and the recent availability in Italy of the antiPD-L1 avelumab, the patient started this drug at the dose of 10 mg/kg intravenously every 2 weeks continuing octreotide at the same dose and timing. After four administrations of avelumab, an impressive response was observed until achieving a complete remission (Figures 3A,B). Also circulating NSE level progressively decreased until normal value (Figure 4).


[image: Figure 3]
FIGURE 3. CT scan performed before therapy with the association octreotide plus avelumab (A) and after 10 months of therapy (B).
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FIGURE 4. Behavior of chromogranin A (CgA), Neuron-Specific Enolase (NSE), and peripheral lymphocytes count during octreotide and then during the association of octreotide plus avelumab.


Peripheral lymphocytes remained quite under normal value during all SSA therapy period without significant variations. Nevertheless, when avelumab was started, a sudden and rapid increase just after the first administration of avelumab was noted reaching the maximum value at the second month of therapy. Then, lymphocytes progressively decreased until pre-treatment value (Figure 4).

Treatment was well tolerated by the patient with only mild hyposthenia reported.

At present, after 17 months of therapy, the patient is in good clinical status with complete remission of disease. He is continuing avelumab in combination with octreotide without remarkable side effects.



DISCUSSION

Avelumab was the first-ever drug approved in advanced MCC after showing meaningful efficacy. In the second line setting after chemotherapy, the response rate reaches 33% with responses occurring on average after about 6 weeks of therapy. Early objective response to avelumab was associated with significant improved overall survival. Moreover, in patients who responded, about two-third remained relapse free after 2 years with half of patients and one-third of patients still alive at 1 and 2 years, respectively. When used in a first-line setting, PD-1/PD-L1 inhibitors including avelumab, pembrolizumab, and nivolumab are even more promising as objective responses were observed in ~50–70% of patients with a 2-year survival rate of about 70%. Due to these results, PD-1/PD-L1 inhibitors are considered the standard of care in advanced MCC and are currently being investigated in the adjuvant and neoadjuvant settings (9–11).

Somatostatin is a hormone with multiple actions such as endocrine, paracrine, and antiproliferative. The direct antiproliferative effects of somatostatin are mediated by its high affinity for somatostatin specific receptors (SRs) present on neuroendocrine neoplasms (15–17). Five sub-types of specific membrane receptors have been found in a lot of normal tissues as brain and leptomeningeal tissue, anterior pituitary gland, endocrine and exocrine pancreas, gastrointestinal mucosa, immune system cells (16, 17). Of note is that each type of tumor shows different sub-types of SRs and the amplitude of the antiproliferative activity of somatostatin analogs (SSAs) seems to correlate with the number of receptors present on the cellular surface (16, 17).

SSTR2A and 5 have been recently reported to be expressed in MCC in about 60 and 45%, respectively (12). Overall, at least one SR was expressed in 76.5% of cases and no association was found either with the severity of the disease, nor with clinical features, proliferative index of Ki 67, relapse-free survival, and overall survival. SRs expression between the primary skin tumor and the corresponding metastases was consistent in 43 and 86% for SRs 2A and SRs 5, respectively. The expression of SSTR2A but not SRs 5 was finally associated with MCPyV status (12).

Considering the expression of these receptors, this tumor may be candidate for SSAs therapy. To our knowledge, the use of SSAs in MCC has been little investigated with only three cases published in English literature and disappointing results were reported (14). No cases treated with SSAs plus checkpoints inhibitors have been published until now.

We obtained a good control of the disease for about 2 years using octreotide alone. Of note, when the patient presented a widespread progression of the disease, a radical change in terms of cell morphology and higher proliferative index were noted, whereas p63 and PD-L1 became strongly positive (Figure 1B). The behaviors of tumor markers also confirmed the biological switch of disease with CgA remaining within normal values and NSE slowly increased (Figure 4).

We obtained an impressive regression of the disease with avelumab in association with octreotide until complete remission lasting over 10 months without relevant side effects with only mild hyposthenia reported by our patient. Data from literature regarding the toxic profile of avelumab reported that this drug is associated with a very good toxicity profile. No treatment-related grade 4 adverse events or treatment-related deaths were reported. Moreover, grade 3 treatment-related adverse events occurred in only 6% of patients with lymphopenia, blood creatine phosphokinase increase, aminotransferase increase, and blood cholesterol increase being more common side effects. Finally, serious treatment-related adverse events included enterocolitis, infusion-related reaction, aminotransferases increased, chondrocalcinosis, synovitis, and interstitial nephritis. All side effects were effectively addressed with prompt recognition and appropriate management (8).

Interestingly, peripheral lymphocytes which showed no significant variation during SSA therapy, increased significantly after the first administrations of avelumab with the maximum value at the second month of therapy and then progressively decreased.

Although considerable therapeutic progress has been made in the MCC with the arrival of checkpoint inhibitors, about 50% of patients with advanced disease do not respond to immunotherapy. Unfortunately, no clear predictors of response are available yet. Regarding PD-L1, its prognostic value is controversial as well as its predictive role of response to checkpoint inhibitors. Although more remarkable responses have been reported in cancer overexpressing PD-L1 levels regardless of histology, as the case of our patient, even patients with low PD-L1 levels can have an important clinical benefit with immunotherapy. Our patient showed high expression of PD-L1 on tumoral cells before starting therapy with avelumab. Therefore, using PD-L1 as predictive factor is questionable for its weak and unreliable capability to discriminate responder from no-responder patients. Thus, PD-L1 could constitute one of the partners when associated with other finer and more specific parameters such as mutational load, tumor neoantigen burden, cytotoxic activity, and IFN gamma signature. It is urgent to identify new predictive factors of response to immunotherapy. It is thought that better understanding of tumor microenvironment and use of combined biomarkers are necessary to better identify patients who will benefit from PD-1/PD-L1 checkpoint blockade therapy. Moreover, new immunotherapeutic strategies are now being investigated both alone or in combinations to enhance the immune antitumoral response against (18, 19).

Our case demonstrates that SSA represents a valid therapeutic option in MCC patients expressing high SRs levels. When combined with check point inhibitors immunotherapy, SSA can safely enhance the anti-proliferative activity of immunotherapy with final strengthen results. Thus, it provides a rationale to conduct a prospective trial with an adequately powered sample to test the efficacy and safety of this combination and to optimize the schedule and timing of the two drugs. Furthermore, translational research is also recommended to better characterize the potential immune activation properties and the synergistic activity of SSA and to verify the predictive value of SRs to response to this therapeutic combination.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material.



ETHICS STATEMENT

Written informed consent was obtained from the patient for the publication of this case report.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



REFERENCES

 1. Heath M, Jaimes N, Lemos B, Mostaghimi A, Wang LC, Peñas PF, et al. Clinical characteristics of Merkel cell carcinoma at diagnosis in 195 patients: the AEIOU features. J Am Acad Dermatol. (2008) 58:375–81. doi: 10.1016/j.jaad.2007.11.020

 2. Howard RA, Dores GM, Curtis RE, Anderson WF, Travis LB. Merkel cell carcinoma and multiple primary cancers. Cancer Epidemiol Biomarkers Prev. (2006) 15:1545–9. doi: 10.1158/1055-9965.EPI-05-0895

 3. Wong SQ, Waldeck K, Vergara IA, Schröder J, Madore J, Wilmott JS, et al. UV-associated mutations underlie the etiology of MCV-negative Merkel cell carcinomas. Cancer Res. (2015) 75:5228–34. doi: 10.1158/0008-5472.CAN-15-1877

 4. Emge DA, Cardones AR. Updates on Merkel cell carcinoma. Dermatol Clin. (2019) 37:489–503. doi: 10.1016/j.det.2019.06.002

 5. Hasan S, Liu L, Triplet J, Li Z, Mansur D. The role of postoperative radiation and chemoradiation in merkel cell carcinoma: a systematic review of the literature. Front Oncol. (2013) 3:276. doi: 10.3389/fonc.2013.00276

 6. Tello TL, Coggshall K, Yom SS, Yu SS. Merkel cell carcinoma: an update and review: current and future therapy. J Am Acad Dermatol. (2018) 78:445–54. doi: 10.1016/j.jaad.2017.12.004

 7. Nghiem P, Kaufman HL, Bharmal M, Mahnke L, Phatak H, Becker JC. Systematic literature review of efficacy, safety and tolerability outcomes of chemotherapy regimens in patients with metastatic Merkel cell carcinoma. Future Oncol. (2017) 13:1263–79. doi: 10.2217/fon-2017-0072

 8. Kaufman HL, Russell J, Hamid O, Bhatia S, Terheyden P, D'Angelo SP, et al. Avelumab in patients with chemotherapy-refractory metastatic Merkel cell carcinoma: a multicentre, single-group, open-label, phase 2 trial. Lancet Oncol. (2016) 17:1374–85. doi: 10.1016/S1470-2045(16)30364-3

 9. Nghiem P, Bhatia S, Lipson EJ, Sharfman WH, Kudchadkar RR, Brohl AS, et al. Durable tumor regression and overall survival in patients with advanced Merkel Cell Carcinoma receiving pembrolizumab as First-Line Therapy. J Clin Oncol. (2019) 37:693–702. doi: 10.1200/JCO.18.01896

 10. Topalian SL, Bhatia S, Kudchadkar RR. Nivolumab as neoadjuvant therapy in patients with resectable Merkel cell carcinoma in CheckMate 358 [Abstract]. J Clin Oncol. (2018) 36:9505. doi: 10.1200/JCO.2018.36.15_suppl.9505

 11. Samimi M. Immune checkpoint inhibitors and beyond: an overview of immune-based therapies in Merkel cell carcinoma. Am J Clin Dermat. (2019) 20:(3):391–407. doi: 10.1007/s40257-019-00427-9

 12. Gardair C, Samimi M, Touzé A, Coursaget P, Lorette G, Caille A, et al. Somatostatin receptors 2A and 5 are expressed in Merkel Cell Carcinoma with no association with disease severity. Neuroendocrinology. (2015) 101:223–35. doi: 10.1159/000381062

 13. Rinke A, Wittenberg M, Schade-Brittinger C, Aminossadati B, Ronicke E, Gress TM, et al. Placebo-controlled, double-blind, prospective, randomized study on the effect of octreotide LAR in the control of tumor growth in patients with metastatic neuroendocrine midgut tumors (PROMID): results of long-term survival. Neuroendocrinology. (2017) 104:26–32. doi: 10.1159/000443612

 14. Slovacek L. Merckel cell carcinoma of the skin treated with somatostatin analogue and mTOR inhibitor exhausted after primary surgery, adjuvant radiotherapy and palliative chemotherapy. Bratisl Lek Listy. (2014) 115:663–5. doi: 10.4149/BLL_2014_128

 15. Lamberts SW, Van der Lely AJ, de Herder WW, Hofland LJ. Octreotide. NEJM. (1996) 334:246–54. doi: 10.1056/NEJM199601253340408

 16. Culler MD, Oberg K, Arnold R, Krenning EP, Sevilla I, Díaz JA. Somatostatin analogs for the treatment of neuroendocrine tumors. Cancer Metastasis Rev. (2011) 30(Suppl 1):9–17. doi: 10.1007/s10555-011-9293-0

 17. Hofland LJ, van Koetsveld PM, Wouters N, Waaijers M, Reubi JC, Lamberts SW. Dissociation of antiproliferative and antihormonal effects of the somatostatin analog octreotide on 7315b pituitary tumor cells. Endocrinology. (1992) 131:571–7. doi: 10.1210/endo.131.2.1322274

 18. Wang X, Teng F, Kong L, Yu J. PD-L1 expression in human cancers and its association with clinical outcomes. Onco Targets Ther. (2016) 9:5023–39. doi: 10.2147/OTT.S105862

 19. Tétu P, Baroudjian B, Madelaine I, Delyon J, Lebbé C. Update in treatment for Merkel cell carcinoma and clinical practice guide. Bull Cancer. (2019) 106:64–72. doi: 10.1016/j.bulcan.2018.11.009

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.

Copyright © 2020 Guida, D'Alò, Mangia, Di Pinto, Sonnessa, Albano, Sciacovelli, Asabella and Fucci. 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.












	
	MINI REVIEW
published: 28 July 2020
doi: 10.3389/fimmu.2020.01633






[image: image2]

Re-education of the Tumor Microenvironment With Targeted Therapies and Immunotherapies

Shin Foong Ngiow1,2,3*† and Arabella Young3,4*†


1Department of Systems Pharmacology and Translational Therapeutics, University of Pennsylvania, Philadelphia, PA, United States

2Institute for Immunology, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, United States

3Department of Immunology, QIMR Berghofer Medical Research Institute, Herston, QLD, Australia

4Diabetes Center, University of California, San Francisco, San Francisco, CA, United States

Edited by:
Sophie Lucas, Université Catholique de Louvain, Belgium

Reviewed by:
Connie Jackaman, Curtin University, Australia
 Robert J. Canter, University of California, Davis, United States

*Correspondence: Shin Foong Ngiow, sngiow@pennmedicine.upenn.edu
 Arabella Young, arabella.young@ucsf.edu

†These authors have contributed equally to this work

Specialty section: This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology

Received: 14 April 2020
 Accepted: 18 June 2020
 Published: 28 July 2020

Citation: Ngiow SF and Young A (2020) Re-education of the Tumor Microenvironment With Targeted Therapies and Immunotherapies. Front. Immunol. 11:1633. doi: 10.3389/fimmu.2020.01633



The clinical success of cancer immunotherapies targeting PD-1 and CTLA-4 has ignited a substantial research effort to improve our understanding of tumor immunity. Recent studies have revealed that the immune contexture of a tumor influences therapeutic response and survival benefit for cancer patients. Identifying treatment modalities that limit immunosuppression, relieve T cell exhaustion, and potentiate effector functions in the tumor microenvironment (TME) is of much interest. In particular, combinatorial therapeutic approaches that re-educate the TME by limiting the accumulation of immunosuppressive immune cells, such as Foxp3 regulatory T cells (Tregs) and tumor-associated macrophages (TAMs), while promoting CD8+ and CD4+ effector T cell activity is critical. Here, we review key approaches to target these immunosuppressive immune cell subsets and signaling molecules and define the impact of these changes to the tumor milieu. We will highlight the preclinical and clinical evidence for their ability to improve anti-tumor immune responses as well as strategies and challenges for their implementation. Together, this review will provide understanding of therapeutic approaches to efficiently shape the TME and reinvigorate the immune response against cancer.
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INTRODUCTION

The clinical validation of key conceptual developments in the field of tumor immunology has engendered much interest in strategies to initiate immune cell function within the tumor microenvironment (TME). Central to effective anti-tumor immunity induced by cancer immunotherapies is the ability to re-educate and re-activate immune effector and cytotoxic T cells to eliminate cancer cells. As such, immunotherapies targeting T cell immune checkpoint receptors cytotoxic T-lymphocyte associated protein 4 (CTLA-4) and/or programmed death-1 (PD-1)/programmed death-ligand 1 (PD-L1) have ascended to first-line therapies for a number of solid malignancies (1). Combinatorial anti-tumor efficacy of ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1) in advanced stage melanoma and renal cell carcinoma (RCC) highlights the importance of targeting multiple immune pathways to unleash a more robust anti-tumor immune response (2, 3). In addition, FDA-approval of pembrolizumab (anti-PD-1) for the treatment of microsatellite instability-hi (MSI-h) and deficient DNA mismatch repair (dMMR) tumors, the first cancer-site agnostic treatment approval, as well as the correlation between tumor mutational burden and survival outcome sheds light on the significance of tumor genetics in initiating an immune response (4–6). Similarly, PD-L1 status has been shown to impact therapeutic outcome to PD-1/PD-L1 targeting immunotherapies (7). This highlights that a better understanding of the immune contexture and its interaction with surrounding tumor, stroma, and their derivatives (e.g., chemokines and other soluble factors) is crucial to developing novel therapeutic targets to efficiently shape and re-condition the TME, reinvigorating the immune response against cancer.

Functional anti-tumor immunity relies on both the quality (effector and cytotoxic function) and quantity (numbers and localization) of tumor-infiltrating lymphocytes (TILs) in the TME. Targeting CTLA-4 and PD-1 non-redundantly mobilizes and activates alternate T cell components, with CTLA-4 shown to inhibit priming and generation of antigen-specific T cells in the lymph nodes whereas PD-1 limits CD8+ T cell numbers in the tissue, for superior anti-tumor outcomes (8, 9). The concept of targeting two or more non-redundant immune regulatory pathways for enhanced anti-tumor immunity is not limited to adaptive immunity. A combination of anti-DR5, anti-CD40, and anti-CD137 agonistic antibodies aiming to induce apoptosis in tumor cells, activate antigen presenting cells (innate immunity), and co-stimulate CD8+ T cells (adaptive immunity), respectively, has been shown to eradicate both established transplantable and spontaneous tumors (10). Similarly, it has been shown that a combination of recombinant interleukin (IL)-2, anti-PD-1, a tumor-antigen targeting antibody, and an additional vaccine targeting three individual tumor antigens is able to eradicate a poorly immunogenic murine melanoma, via the activation of both innate and adaptive immunity (11). Here, we review key approaches to target pathways alternative to mainstream T cell checkpoint receptors to re-educate the TME and alleviate immune suppression and highlight challenges for therapy selection and implementation in the clinic.



IMPROVING TUMOR CONTROL WITH MYELOID CELLS IN THE TME

Myeloid cells predominate the TME and in many cases evolve to display an immunosuppressive phenotype and ineffective antigen presenting cells (APCs) due to the inflammatory milieu (Figure 1). Tumor-associated macrophages (TAMs) are innate immune cells of heterogeneous origins that have been shown to accumulate in the TME as tumors progress (12–14). The presence of immunosuppressive TAMs can interfere with T cell-mediated anti-tumor immune responses (15, 16). Given the absence of a universal definition for TAMs, we have listed relevant markers used in individual studies. It has been reported that an accumulation of monocyte-derived TAMs (CD11blo MHC-II−/lo) positively correlates with the proportion of tumor-infiltrating exhausted PD-1+ CD8+ T cells in a mouse model of mammary cancer (12), illustrating a potential mechanism by which TAMs promote tumor escape by modulating the CD8+ T cell response. More recently, it has been shown that TAMs (CD11b+ MHC-II+) are capable of stripping anti-PD-1 bound to PD-1+ T cells by binding to the antibody Fc domain, abrogating the anti-tumor activity of this immune checkpoint inhibitor (17). It remains unclear if a similar resistance mechanism also exists in the context of anti-PD-L1 therapy. However, in preclinical mouse models Fc engagement is critical for anti-PD-L1 (clone 10F.9G2) therapeutic efficacy by enabling depletion of immunosuppressive TAMs (CD11b+ F4/80+) (18). Therefore, defining the functionality of an antibodies Fc region for optimal therapeutic activity in the context of both T cells and myeloid cells is an important consideration. Additionally, modulating TAMs via targeted depletion, inhibiting active migration, and promoting activation and differentiation, as a means to re-educate the TME may increase permissiveness to immune checkpoint inhibitor therapy.
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FIGURE 1. Immunosuppressive targets in the tumor microenvironment. Re-educating the tumor microenvironment to improve the response to cancer immunotherapies can be performed through targeting many cellular and immunosuppressive factors. These include (A) tumor-infiltrating myeloid cells such as tumor-associated macrophages and dendritic cells, (B) tumor-infiltrating Tregs, and (C) tumor-derived immunosuppressive factors. Therapeutically altering these immunomodulatory components may promote anti-tumor immunity either alone or synergize with FDA-approved immune checkpoint inhibition.


The colony stimulating factor 1 (CSF1)/CSF1 receptor (CSF1R) axis is crucial for TAM differentiation (19). Selective depletion of TAMs by targeting CSF1R using monoclonal antibodies or small molecule inhibitors has been shown to restrict CSF1R+ TAM accumulation in the TME, leading to reduced tumor growth in a number of mouse models (20–23). Depletion of CSF1R+ TAMs demonstrated efficacy in improving a wide range of existing cancer therapies, including chemotherapy, oncogene-targeted therapy, and immunotherapy (21, 23, 24). In preclinical BRAF-mutant melanoma, co-administration of PLX3397 (CSF1R inhibitor) together with PLX4720 (mutant BRAF inhibitor) effectively sensitizes a PD-1-resistant tumor model to anti-PD-1/PD-L1 therapies (23). However, CSF1R inhibition induces the expansion of polymorphonuclear myeloid-derived suppressor cells (PMN-MDSC) that may abrogate the efficacy of combination CSF1R inhibition and anti-PD-1 treatment (23, 25). Evidence that targeting CSF1R and CXCR2 signaling to inhibit TAM and PMN-MDSC expansion, respectively, alongside anti-PD-1 facilitates improved anti-tumor immune responses than either doublet combination (25). Alternatively, targeting the CCL2/CCR2 axis, a key chemokine pathway involved in macrophage migration to inflammatory sites, to limit their entry into the TME enabled numerical and functional improvement of intratumoral lymphocyte infiltrate (26–29). Wu et al. demonstrated improved survival outcomes in cutaneous T-cell lymphoma-bearing mice treated with a CCR2 inhibitor and anti-PD-1 (28). Collectively, these studies highlight that inhibition of pro-tumor TAMs in the TME reinvigorates the anti-PD-1-driven T cell response. Of note, a phase I/II clinical trial accessing the combinatorial effect of nivolumab, GVAX (a cancer vaccine expressing GM-CSF) and BMS-813160 (a CCR2/CCR5 dual antagonist) in pancreatic ductal adenocarcinoma (PDAC) is currently underway (NCT03767582).

It is worth highlighting that not all tumor-infiltrating myeloid cells promote tumor growth. The production of CXCL9 and CXCL10, predominantly by TAMs (CD11b+ Ly6Cint CD11c+ F4/80+), enhances CD8+ T cell infiltration and tumor control in response to combination anti-PD-1 and anti-CTLA-4 in a mouse model of mammary adenocarcinoma (30). High production of these chemokines within the TME is associated with better survival outcomes in melanoma patients receiving combination treatment (30). In light of these findings, reprogramming these innate immune cell subsets may be beneficial due to their antigen presenting properties promoting infiltration of an effective anti-tumor T cell response. In KPC (LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre) PDAC TAMs (CD11b+ Gr1− F4/80+) enable T cell exclusion and consequently, resistance to immune checkpoint therapy is likely driven by the absence of effector T cells that can be modulated (31, 32). Independent studies of mouse pancreatic models have demonstrated the remodeling activity of the agonistic CD40 antibody by overcoming T cell exclusion in the TME, leading to improved therapeutic response to anti-CTLA-4, and/or anti-PD-1 (33–35). Using a T cell-rich but anti-PD-1 resistant mammary carcinoma model, we have recently demonstrated that IL-12 induced by an agonistic CD40 antibody could render terminally exhausted PD-1hi tumor-infiltrating CD8+ T cells into their PD-1int progenitor state (36), leading to improved anti-tumor immunity in response to anti-PD-1 following sensitization by anti-CD40 agonism.

An additional therapeutic approach to re-educate the TME and bolster the efficacy of immune checkpoint therapy is combination treatment with FMS-like tyrosine kinase 3 ligand (FLT3L) and poly I:C treatment, to expand and enhance maturation of anti-tumor CD103+ dendritic cells (DCs) resulting in a dramatic increase of intratumoral T cells (37). Notably, T cell-activating IL-12 producing CD103+ DCs diminish over time (37–41), suggesting that they may facilitate tumor control during tumor initiation. Beavis et al. also reported a role for anti-PD-1/CTLA-4 activated CD4+ Foxp3− cells in enhancing IL-12 production by CD103+ DCs, which in turn promoted T cell-mediated anti-tumor immunity in mice (42). The persistence of intratumoral stimulatory DCs (CD103+ BDCA-3+) defined by gene expression profiles corelated with improved overall survival outcomes and was associated with higher TIL measurements in metastatic melanoma (43). Mediating the abundance of intratumoral stimulatory DCs was the presence of tumor-infiltrating natural killer cells and expression of FLT3L, together these components may assist in determining anti-PD-1 therapeutic response and identify therapeutic strategies to potentiate efficacy (43). More recently, a cluster of DCs named mregDCs (mature DCs enriched in immunomodulatory molecules) co-expressing immunoregulatory genes (Cd274, Pdcd1lg2, and Cd200) and maturation genes (Cd40, Ccr7, and Il12b) was found in single cell analysis of mouse and human non-small cell lung cancer (NSCLC) DC infiltrate (44). Of note, neutralizing IL-4 was shown to enhance mregDC IL-12 production, repressing lung adenocarcinoma in mice (44). With advances in high-throughput single-cell analysis to provide fine-detail of immune infiltrate in tumors, it is likely to facilitate an expansion of our repertoire of novel targets that will assist to re-educate DCs and other myeloid cells specifically in the TME.



RE-EDUCATING SUPPRESSIVE AND UNCONVENTIONAL T CELLS IN THE TME

Regulatory T cells (Tregs) serve as a barrier to limit inflammation, however, their enrichment in the TME of established cancer correlates with poor prognosis and a dampened anti-tumor immune response (Figure 1). Clinical studies have resolved that a higher effector/Treg ratio is associated with favorable outcomes in multiple solid cancers (45, 46). In addition to Treg-induced suppression of effector T cells by manipulating their migration, activation, functionality and/or survival (47, 48), Tregs are able to form an immunosuppressive barrier capable of limiting the trafficking of activated antigen-specific CD8+ T cells into the TME (49). Importantly, Foxp3+ Tregs promote effector CD4+ and CD8+ TIL dysfunction, with improved cytokine-producing capacity upon Treg depletion and reinvigorated T cell responses to immune checkpoint blockade (50–52). However, systemic Treg depletion introduced transiently can still increase susceptibility of mice to autoimmunity (53), indicative that identifying an appropriate target to specifically remove intratumoral Foxp3+ Tregs will be advantageous for maintaining therapeutic safety.

Intratumoral Foxp3+ Tregs are highly suppressive, with an activated phenotype marked by the expression of several classes of immune receptors [ENTPD1 (CD39), CTLA-4, OX40, and GITR], and chemokine receptors (CCR4). Studies using preclinical mouse models showed that anti-CTLA-4 (clone 9H10, 9D9, and H11; antagonist), anti-OX40 (clone OX86; agonist) and anti-GITR (clone DTA-1; agonist) exhibited varying levels of intratumoral Treg depleting activity in vivo that was critical to their efficacy (54–59). Anti-CTLA-4 (clone 9D9, mouse IgG2a) and anti-OX40 were shown to specifically deplete intratumoral Tregs but not peripheral Tregs (56, 57). Tumor-infiltrating Treg depletion by anti-CTLA-4 enhanced anti-PD-1 sensitivity to the previously resistant AT3 mouse mammary carcinoma (36). In the clinic, mogamulizumab (an anti-human CCR4 antibody, engineered for ADCC activity) was developed to specifically deplete CCR4+ suppressive Tregs found in the TME (60), and is undergoing testing in combination with T cell checkpoint targets in Phase I/II clinical trials (NCT02301130, NCT02705105, NCT02476123, and NCT02946671). While it remains unclear whether combining anti-CCR4 and anti-PD-1 provides favorable survival benefits, an increase in the proportion of CD8+ T cells and a reduction in activated Foxp3hi Tregs was observed in TILs from patients, along with an acceptable safety profile [(61); NCT02476123]. With advances in antibody engineering, we should expect refinement of antibodies for both existing and novel targets to modulate TME-specific Tregs to enhance anti-tumor immunity (51, 62, 63). Revisiting targeting CD25-expressing Tregs, Vargas et al. found that by altering the IgG backbone (from rat IgG1 to mouse IgG2a) greater specificity was afforded toward intratumoral Treg depleting activity by an Fc-optimized version of CD25 antibody (64). Anti-CD25-mediated intratumoral Treg depletion synergized with PD-1 blockade therapy in a number of mouse cancer models (64), highlighting the importance of remodeling the Treg dynamics within the TME to enhance checkpoint blockade therapy. Translation of this combination needs to be thoroughly examined, to limit the depletion of alternate CD25-expressing cell types including effector T cells and NK cells.

Given the critical role of Tregs in maintaining immune homeostasis, attenuating intratumoral Treg suppressive function may be a safer approach to remodel the TME while minimizing the risk of systemic autoimmunity. Studies from a series of experimental modeling showed that the disruption of Foxp3, the critical transcription factor to maintain Treg lineage, altered their suppressor function (65–67). This also resulted in the generation of pathogenic effector T cells (67, 68). However, disruption of intratumoural Treg suppressive function has been shown without the loss of its Foxp3+ Treg identity. Neuropilin-1 (NRP1) appears crucial to maintain intratumoural Treg stability without aberrant loss of Foxp3 identity, and anti-NRP1 displayed therapeutic efficacy in suppressing tumor growth (69). Notably, using a co-transfer model of NRP1-intact and NRP1-deficient Tregs, interferon (IFN)-γ produced by NRP1-deficient Tregs is capable of causing fragility to the suppressive capacity of NRP1-intact Tregs, resulting in improved host anti-tumor immunity (70). Similar to the role of NRP1 to maintain Treg stability, the histone H3K27 methyltransferase enhancer of zeste homolog 2 (EZH2) has been recently shown to be critical for the maintenance of activated Foxp3+ Tregs (71). EZH2 inhibition destabilizes Foxp3 expression and inhibits tumor growth in vivo (72, 73). While targeting these pathways may be able to provide an opportunity to dismantle Treg suppression within the TME, these therapies still lack specificity to this cell type. Understanding the role of these molecules in multiple cell types and disease settings is likely to dictate their applicability for utility in cancer immunity.

Besides Tregs, unconventional T cells have also received considerable interest in tumor immunology for their immunoregulatory role. In contrast to CD8+ and CD4+ T cells that interact with MHC class I and II molecules, unconventional T cells such as natural killer T (NKT) cells interact with non-classical MHC CD1d molecules (74). α-GalCer (a glycoplipid molecule derived from a marine sponge extract) is a known ligand for NKT cells, and has been widely used to experimentally modulate NKT cells (75). α-GalCer-activated NKT cells are capable of producing high levels of cytokines (including IFN-γ and IL-21), anti-tumor effector and cytotoxic molecules (perforin and granzymes), and elicit direct tumor lysing properties (76–78), which assists to alleviate immunosuppression and enhances DC maturation, leading to improved anti-tumor T cell immunity (79–81). Song et al. demonstrated that NKT cells specifically kill monocytes pulsed with neuroblastoma cell lysate and reduce tumor-infiltrating monocytes in a non-classical MHC-dependent manner (82), highlighting a role for NKT cells in shaping the immune infiltrate in the TME. Studies in mice reported superior anti-tumor activity when α-GalCer therapy to drive NKT cell activity was combined with anti-PD-1 (83, 84). However, most clinical trials assessing the anti-tumor effect of α-GalCer-related compounds have not yet yielded promising outcomes (74). Discoveries of novel NKT cell agonists (β-mannosylceramide) and improved α-GalCer analogs (α-C-GalCer) (74, 85), as well as greater understanding of tumors where this cell type is prominent may assist in harnessing the potential of NKT cells to improve T cell checkpoint therapy.

Mucosal-associated invariant T (MAIT) cells are another class of unconventional T cell that have gained much attention, given their relative abundance in humans and their association to a number of inflammatory diseases (74). MAIT cells primarily recognize a number of microbial vitamin B metabolites (such as riboflavin metabolized to 5-OP-RU) (86–89) presented by the unconventional non-polymorphic MHC I-like molecule, MR1 (90). Additional MR1-independent IL-12/18-induced activation has been reported (91, 92). Upon activation, MAIT cells are capable of producing cytokines [(IL-17, IL-2, IFN-γ, and tumor necrosis factor (TNF)], proliferate and gain cytotoxic function (93–95). In the absence of defined tumor antigens binding to tumor-derived MR1, it is reasonable to speculate that MAIT cells may be regulated by microbial antigens and may be more frequent in tumors with a microbial presence. Circulating levels of MAIT cells were reduced in patients with mucosal-originated cancers (gastric, colon, and lung), but appeared normal in patients with breast, liver, or thyroid cancer (96). In colon cancer patients, MAIT cells were shown to be preferentially enriched in the TME in comparison to unaffected tissue (96–99). Poor survival prognosis has been associated to increased levels of tumor-infiltrating MAIT cells in colon cancer patients (98). In contrast, MAIT cells did not show a correlation to patient survival in esophageal adenocarcinoma (100). In concordance with the activation of MAIT cells (TCR-MR1 or IL-12/18 cytokine), they likely elicit direct (MAIT cell to tumor cell) and indirect (MAIT cell to non-MAIT cell or IL-12/18 cytokine competition) effects, regulating host anti-tumor immunity in a TME-specific manner (74, 101). Yan et al. recently reported MR1-deficient mice (which lack MAIT cells) showed improved anti-tumor immunity when assessed using models of experimental lung metastasis, subcutaneous tumor growth, and de novo carcinogenesis (102). In light of these findings, a further assessment of MAIT cells in the cancer setting and their relationship to prognosis and therapeutic outcome should be determined. In addition, given a great interest in microbial modification of the TME (103–105) determining whether microbes can be used to initiate metabolic functions that promote anti-tumor immunity is also of interest.



LIMITING IMMUNOSUPPRESSIVE FACTORS IN THE TME

As well as initiation of immunosuppression by immune cell subsets, the tumor itself produces a range of molecules to enable tumor progression and facilitate immune escape (Figure 1). Many of these are soluble factors that prevent overzealous inflammation during tissue damage and infection, however also mediate tumor immune evasion. Transforming growth factor (TGF)β plays an essential role in mediating immune homeostasis, however, in the context of tumor, TGFβ has been shown to both directly promote tumor progression and initiate a broad range of immune responses. These include enhancing suppressive myeloid cell infiltrate (106, 107), disabling NK cell function, and promoting transition to group 1 innate lymphoid cells in the TME (108), as well as altering the functionality of effector T cell populations while promoting Treg immune suppression (109–111). SMAD-3, which acts downstream of TGFβ1 signaling, directly induces PD-1 expression in adoptively transferred tumor antigen-specific CD8+ T cells isolated from the TME (112). This suggests that PD-1-upregulation that facilitates tumor immune escape may in part be dependent on TGFβ. In addition, TGFβ is associated with excluding CD8+ T cell entry into the tumor core, which is known to diminish immunotherapy efficacy (113). Correspondingly, TGFβ1 gene expression is significantly higher in patients that show stable or progressive disease, compared to those with complete or partial responses (113). Targeting TGFβ and therapies directed toward PD-1/PD-L1 or CTLA-4 amplifies tumor control by enabling a robust T cell response with improved CD4+ and CD8+ T cell activation and CD8+ T cell cytokine and cell killing capacity (113–116). By inhibiting TGFβ in combination with PD-1/PD-L1 blockade, CD8+ T cells also display enhanced capacity to infiltrate the tumor periphery and core, promoting T cell inflammation, and resolving T cell exclusion (113, 117). This highlights that targeting TGFβ may be most effective in tumor types in which TGFβ signaling mediates immune exclusion from the TME.

Impeding the clinical utility of pan-TGFβ inhibitors (blocking isoforms TGFβ1,−2, and−3) is the potential for significant toxicity, particularly pertaining to cardiac function. Development of galunisertib (LY2157299), a TGFβRI inhibitor, has shown promise for both its anti-tumor activity and ability to modulate the TME to provide improved anti-tumor control to immunotherapies (118). However, due to toxicity concerns, intermittent administration of galunisertib has been performed in clinical trials [(119) NCT01246986]. Whether intermittent drug exposure provides selective pressure for tumor escape is unclear. As TGFβ1 appears to be the predominantly enriched in human cancers, targeting this isoform specifically may prove advantageous. Development of TGFβ1-specific inhibitors that promote synergistic anti-tumor immune responses when combined with anti-PD-1, but lack cardiovascular pathologies have been identified and may lead to greater clinical utility (120). Downstream targets of tumor-derived TGFβ activation may also be more desirable and in some cases are already being assessed for therapeutic potential alongside immune checkpoint inhibitors and other immunomodulatory compounds in the clinic.

Angiogenesis in the TME is an important component to enable nutrient accessibility and maintain tumor growth, this is driven in part by TGFβ induction of vascular endothelial growth factor (VEGF). While VEGF inhibitors have been approved for a number of indications in both oncology and vascular-related diseases, in the cancer setting interest in both anti-angiogenic and immunomodulatory properties for this target are increasing. Notably, VEGF-A promotes inhibitory checkpoint expression and transcriptional reprogramming relating to exhaustion in CD8+ T cells (121, 122). TOX, the transcription factor that mediates CD8+ T cell exhaustion, was shown to be tightly regulated by VEGF-A (122). In addition, both VEGF-A and TOX expression levels were significantly reduced in MSI-h colon cancer patients compared to patients with microsatellite stability (122). MSI-h patients have better survival outcomes in response to cancer immunotherapies, which is predominantly attributed to higher tumor mutational burden (123, 124), but may also be in part be due to reduced angiogenic factors and relieved T cell exhaustion. By combining VEGF-targeted therapies and anti-PD-1, improved anti-tumor immune response was achieved (121, 122). However, TGFβ and VEGF are not completely redundant, and co-targeting these molecules together either therapeutically or through tumor-specific genetic ablation provides additional therapeutic benefit to overcome immune tolerance in the TME (125). As clinical cohorts involving combination VEGF/TGFβ and immune checkpoint blockade treatment mature, determining which patients respond to this therapy, but also which patients are refractory and the mechanism that initiates tumor escape is of importance.

Generation of immunosuppressive adenosine limits anti-tumor immunity (126). Both CD39, which catabolizes ATP to AMP, and CD73, the enzyme that generates adenosine from ATP, are expressed by and relate to poor prognosis in a number of cancer types (127–130). Regulation of tumor-derived CD73 remains complex with multiple mediators identified, including TGFβ (131, 132). Additional evidence that CD73 expression is driven by adenosine-sensing through host-A2A adenosine receptor (A2AR) expression (133, 134), TNF (135), and hypoxia within the TME (136, 137). In melanoma, CD73 levels have been linked to low MITF expression and highly invasive tumors (135). CD73 expression appears to increase with adaptive resistance in anti-PD-1-treated melanoma patients as well as MART-1 adoptive T cell therapy (135), suggesting that tumor expression may facilitate therapeutic resistance in response to active anti-tumor immunity. In melanoma patients with innate therapeutic resistance, CD73 is not present or induced with exposure to anti-PD-1 treatment (135), likely due to a lack of inflammatory stimuli in the TME. Therapies targeting the adenosinergic pathway have been shown preclinically to potentiate the response of chemotherapies (127), immune checkpoint inhibitors (138, 139), chimeric antigen receptor T cells (140) and oncogenic BRAF inhibitors (141). This can also be through indirectly targeting the adenosine pathway, with both systemic oxygenation which relieves hypoxia-driven adenosine production, and blockade of an alternate mechanism of adenosine-production by inhibiting CD38, with both shown to potentiate the therapeutic efficacy of immune checkpoint blockade (137, 142, 143). Similarly, targeting upstream CD39 has been shown preclinically to promote therapeutic activity of immune checkpoint inhibitors (144), chemotherapies (145), and even can potentiate CD73 blockade in suboptimal concentrations (146). This highlights the complex regulatory network and the multi-faceted combination strategies involving adenosine-related molecules that may add benefit to patient care.

Targeting adenosine production and signaling have both moved forward to early phase clinical trials with promising results (NCT02403193, NCT02503774, NCT03454451). Notably, citforadenant (an A2AR inhibitor) in combination with atezolizumab (anti-PD-L1) initiated therapeutic response in both patients naïve to immunotherapies and those refractory to prior immunotherapy exposure, highlighting the potential for this combination to reinvigorate anti-tumor immunity (147). Analysis of tumor biopsies from renal cell carcinoma (RCC) preceding therapeutic intervention revealed an adenosine signature that may predict patients who will benefit from adenosine-related therapies (147). The adenosine signature was consistent with myeloid inflammation and reduced angiogenesis, both of which have been defined as poor prognostically for atezolizumab and sunitinib (tyrosine kinase inhibitor) treatment. This identifies a patient group for which adenosine may be most applicable, that inadvertently are less responsive to current clinically approved therapies for RCC. In addition, an extended disease control rate in response to citforadenant, with or without atezolizumab, was linked to improved CD8+ T cell infiltration (147). Adenosine has previously been shown to limit the proliferation and maturation of lymphocytic immune cell subsets (126, 134), and increased immune infiltrate in to the tumor core has been observed in response to co-targeting CD73 and A2AR in preclinical models (133). Understanding the regulation of the adenosinergic pathway in particular tumor types and in response to cancer therapies, including immunotherapy, may identify patient populations where adenosine-related therapies may be implemented with greatest success.

With increasing examination of the TME it is clear that a number of therapeutic regimens may be successfully repurposed in the treatment of cancer. For instance, targeting adenosine has been utilized previously in the setting of neurodegeneration, but has increasingly shown merit for initiating anti-tumor immunity. Additionally, aspirin may provide a combinatorial approach to overcome therapeutic resistance to immune checkpoint inhibitors. Increasing evidence demonstrates that cyclooxygenase (COX)-driven production of prostaglandins mediates anti-PD-1 resistance and limits the proinflammatory tumor milieu (148). COX enzymatic activity is disrupted by high-dose aspirin, which valuably may be repurposed to the cancer setting alongside immunotherapies to promote anti-tumor immunity. Regular aspirin users with colorectal cancer patients displaying low tumor PD-L1 expression are also afforded significantly improved survival outcomes (149). This survival advantage was not identified in PD-L1 high tumors, suggesting that engagement of the PD-1/PD-L1 axis in the TME may abrogate aspirin-mediated anti-tumor benefit and the potential utility of combination treatment. Genetic ablation of prostaglandin-endoperoxide synthase 2 (PTSG2), which encodes COX-2, has been shown to promote CD8+ T cells and decrease the frequency of Tregs within the TME (150), both of which are predictive markers of good prognosis. Induction of COX-2 may be in part regulated by TGFβ, highlighting the complex nature of direct and indirect regulatory pathways that the tumor elicits to subdue the anti-tumor immune response. Clinical trials to develop an understanding of prostaglandin/COX-2 inhibition and immune checkpoint blockade therapeutic responses are underway in multiple tumor types [(151) NCT03396952, NCT03638297, NCT03864575, NCT03926338].



IMPLEMENTING COMBINATION THERAPEUTIC REGIMENS

While preclinical studies have identified a number of clinically relevant therapeutic strategies to reinvigorate the immune response against cancer, their successful clinical utility has been difficult to implement (Figure 2). Combining indoleamine 2,3-dioxygenase (IDO) inhibition, an enzyme upregulated in human cancers that initiates the breakdown of tryptophan leading to multi-faceted immunosuppression within the TME (152), alongside immune checkpoint inhibitors showed promise for enhancing anti-tumor immunity in mice (153, 154). However, in a phase 3 clinical trial assessing the survival benefit for stage III/IV unresectable melanoma patients treated with epacadostat (selective IDO1 inhibitor) and pembrolizumab (anti-PD-1), this combination failed to provide additive therapeutic potential compared to pembrolizumab alone (155). Improved understanding of the TME is necessary to assist rational selection of immunotherapies required for optimal treatment outcomes. Of course, this remains a challenge even for clinically approved agents, where aside from tumor PD-L1 expression and genetic stablility of the tumor, no biomarkers for efficacy or toxicity of immune checkpoint inhibitors are approved for clinical use. Significant investment to establish biomarkers to denote responders and non-responders should be performed in early phase clinical trials to identify subgroups for which combination therapies may show greatest activity, an important first-step to facilitate response, mitigate toxicity, and minimize unnecessary cost.
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FIGURE 2. Growing challenges in the implementation of immunotherapeutic strategies. Decision-making for the most efficacious immunotherapeutic combination for cancer patients presents multiple layers of challenges. These include those surrounding the patient's tumor microenvironment, the potential risk for initiation of immunotoxicities, and the sequence for appropriate timing of therapeutic interventions. Surrounding each of these challenges are multidimensional considerations that relate to improving anti-tumor immunity and targets that influence the selection of immunomodulatory agents.


In the same vein, examining optimal timing for immunotherapeutic combinations is often not well-defined. In most cases, therapeutic benefit for novel clinical agents are tested either alone or alongside concurrent anti-PD-1/PD-L1 treatment, often in cancer patients refractory to previous immune checkpoint inhibitor exposure. Preclinical evidence suggests synchronous administration of multiple immunotherapies can in some circumstances be detrimental. Two independent studies identified that concurrent administration of anti-OX40 to anti-PD-1 therapy either with or without a tumor vaccine diminished the anti-tumor immune response compared to addition of anti-OX40 alone in preclinical mouse models (156, 157). Notably, staggering the timing of these therapies where anti-OX40 preceded anti-PD-1 treatment facilitated greatest tumor control (156). Using a preclinical PDAC model, the use of gemcitabine and nab-paclitaxel, a standard chemotherapy combination for PDAC, impaired the efficacy of anti-CD40, anti-PD-1, and anti-CTLA-4 (34). Additionally, transient treatments preceding immune checkpoint inhibition can also significantly re-educate the immune response to promote anti-tumor immunity. In an anti-PD-1-resistant mouse model, a single-dose of agonistic anti-CD40 sensitized the TME to anti-PD-1 treatment in a synergistic manner (36). Strongly activating or agonistic therapies may provide greatest benefit as sensitizing agents to remodel the TME and promote entry of anti-tumor immune cells that are then targetable by immune checkpoint blockade. Alternating timing of treatments or reducing the therapeutic window for largely inflammatory combinations may also assist to potentiate therapeutic response and minimize immunotherapy-induced immune-related adverse events (irAEs).



CHALLENGES FOR RE-EDUCATING THE TME

With the advent of high-throughput screening to delineate critical components that prevent immune infiltrate or disable active anti-tumor immunity, a growing understanding of rational targets to re-ignite a therapeutic response is becoming increasingly available (158–161). This aims to equip patients who develop adaptive or acquired resistance with greater tools to re-engage the immune response against cancer and for patients with innate resistance to enable visibility of tumors (162, 163). New subgroups of cancer patients that present distinct challenges to the efficacy of immunotherapies are emerging. Of growing interest, is the relationship between metastatic site and therapeutic outcome, in which liver metastasis appears to be a major obstacle even for combination anti-PD-1 and anti-CTLA-4 treatment (164, 165). Most prominently, melanoma patients bearing liver metastasis have reduced CTLA-4 and PD-1 co-expression in CD8+ T cells (164), which has been shown to stratify therapeutic response to immune checkpoint inhibitor treatment (166). Efforts to provide mechanistic insight as to whether therapeutic resistance is due to myeloid cell dysfunction, Treg suppression, and immunosuppressive factors accumulating in the TME are essential, highlighting the need for tailored immunotherapies.

As the number and type of combination immunotherapies expands, the risk for increasing irAEs may also become more prevalent. Combination nivolumab (anti-PD-1) and ipilimumab (anti-CTLA-4) clearly exhibits greater levels of severe grade 3-4 immunotoxicities than either therapy alone (3, 167). Surprising levels of irAEs have been observed with other rational combinations. For instance, targeted therapies (such as BRAF inhibitors and MEK inhibitors) have been shown to potentiate immune checkpoint inhibitor activity in preclinical models (168), but when used together in melanoma patients severe irAEs were observed forcing closure of the study (169, 170). This highlights a need for improved preclinical models that emulate clinical conditions and allow for simultaneous assessment of tumor control and development of irAEs (171). Developing tumor models in autoimmune-prone mice or lowering the threshold for self-tolerance in mice with available syngeneic tumors that are resistant to autoimmune responses may facilitate improved therapeutic modeling (53, 171, 172). With the expanding use of cancer immunotherapies in more diverse populations of cancer patients, including those with pre-existing autoimmune diseases or previous immunotherapy-induced irAEs (173), or under persistent immunosuppression due to chronic viral infections (174) and allogeneic transplantation (175), developing preclinical models that incorporate multiple elements relating to tumor origin, patient history, and environment that assist in providing a more informed understanding of the clinical impact of therapeutic combinations will be essential.

As the number of immunotherapeutic targets expands, initiating smarter multi-modal strategies, to provide greater efficacy with lower toxicity will be appealing. Advancement in engineering therapies to have delayed release or greater tissue and cellular specificity have great promise. As mentioned, depletion of intratumoral Tregs without impacting peripheral Tregs would be advantageous for inducing TME-specific modulation of the CD8+ to Treg ratio, while avoiding toxicity induced by systemic depletion. Notably, the development of a dual variable domain anti-CTLA-4 antibody, which exhibits an outer tumor antigen-binding site that hides the CTLA-4 binding region of the antibody until reaching the TME has been shown to reduce immunotherapy-induced toxicity without impeding anti-tumor immunity (176). Similarly, bispecific or trispecific antibodies that target multiple markers upregulated in the TME on both immune cell subsets and the tumor may also lead to greater efficacy (177, 178). One such example, is the bispecific antibody combination targeting OX40 and CTLA-4, which significantly enhanced CD8+ T cells and reduced Tregs specifically within the TME, leading to better tumor control than either therapy alone (178). In addition to modifying the target antigen, antibodies may also be conjugated to biomaterials or nanoparticles, to ensure sustained, local release (179). Refinement made to antibodies by factoring TME properties, such as pH activation and PD-1 glycosylation (180–182), should also significantly improve the specificity and potency of immunotherapies and limit unwanted toxicity.



FUTURE DIRECTIONS

While determining the optimal immunotherapy for an individual TME remains a challenge, encouraging is the range of available strategies to re-educate the immune response against tumor. Refinement of therapeutic targets against cellular and immunomodulatory molecules within the TME are increasing, and their promise for clinical utility is growing. Importantly, greater effort in defining the therapeutic setting where each may be applicable will be essential for clinical success. Since anti-PD-1/PD-L1 has shown value in multiple modalities, examining tumor types where anti-PD-1 activity is limited may yield greatest therapeutic breakthroughs in identifying strategies to remodel inert immune circumstances in the tumor. In deciding on the use of these therapies, a cost-benefit analysis relating to the purported immunotoxicity and likelihood for the immunotherapy strategy to enhance anti-tumor immunity is necessary. This emphasizes a need for rational and selective combination immunotherapies to be utilized within a defined TME in order to re-educate the anti-tumor immune response.
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Understanding and targeting Notch signaling effectively has long been valued in the field of cancer and other immune disorders. Here, we discuss key discoveries at the intersection of Notch signaling, cancer and immunology. While there is a plethora of Notch targeting agents tested in vitro, in vivo and in clinic, undesirable off-target effects and therapy-related toxicities have been significant obstacles. We make a case for the clinical application of ligand-derived and affinity modifying compounds as novel therapeutic agents and discuss major research findings with an emphasis on Notch ligand-specific modulation of immune responses.
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INTRODUCTION

Notch signaling plays a variety of physiological roles including, but not limited to, cell proliferation, cell fate decisions, cellular differentiation and angiogenesis (1). The role and importance of Notch signaling in hematopoietic compartment now stands undisputed. Despite the improved clinical response compared to standard chemotherapy, the efficacy of immune checkpoint inhibitors (ICI) across a variety of solid tumors is limited to a fraction of patients (2, 3). It is therefore essential to develop therapeutic agents that show promise as single agent immunomodulators or can be used in combination with ICIs to elicit antitumor immune responses.

Developing and utilizing agents that could support the induction of antitumor T cell functions while also precluding effector immune cells from immunosuppression offers great promise. Findings from murine models of solid tumors, allergic responses and autoimmune disorders indicate great potential for the clinical application of Notch ligands and their derivatives as immunomodulatory agents for the management of malignant cancers (4, 5). Engineered Notch ligand-derived moieties could be used to induce desired immune responses and boost antitumor immunity (6, 7).

Activating mutations in Notch1 have been described in lung, breast, colorectal and pancreatic cancers to name a few. On the other hand, loss of function mutations in Notch in hepatocellular carcinomas and melanomas have established its role as a tumor suppressor (8). Notch can play a highly contextual role in tumoral, stromal and immune compartments, which adds to the signaling complexity and warrants the need to pursue its therapeutic targeting with great prudence.

In the following sections, we report findings that revealed the varied effects of Notch signaling in immune compartments driving T cell development, activation, differentiation, and regulation of effector immune responses. Non-canonical Notch signaling and its crosstalk with other signaling pathways, impact of Notch post-translational modifications on T cell differentiation, consensus and controversies and open questions in the field are discussed. We highlight how knowledge obtained by structural studies and studying the mechanisms of various steps involved in Notch activation and signal transduction offer therapeutic opportunities that enable its targeting with high specificity.



BRIEF OVERVIEW OF NOTCH SIGNALING

Canonical Notch signaling is unique in being driven by juxtracrine cell membrane bound receptor-ligand interactions (9). The mammalian Notch system is comprised of four Type I transmembrane receptors (Notch1-4) and two classes of ligands – Delta-like (DLL 1,3,4) and Jagged (JAG 1,2). Upon ligand binding, a mechanical force triggers sequential proteolytic cleavages in the intracellular portions of the receptor, ultimately releasing the Notch intracellular domain (NICD) into the cytoplasm. NICD then migrates into the nucleus where it acts along with a host of other transcriptional coactivators, including RBP-Jκ and MAML1-3 (10). To ensure tight regulation of Notch signaling, C-terminal PEST domain provides a proteolytic target for degradation of active Notch (11–13). Recent developments have indicated that Notch can also exert its functions non-canonically by interacting with members of other signaling pathways such as Wnt/β-catenin, NF-κB, TGFβ and many others (14–19).



ROLE OF NOTCH SIGNALING IN HELPER AND EFFECTOR T CELLS

Select Delta-like ligands have been shown to induce differentiation of hematopoietic stem cells (HSCs) into T cells. These findings were obtained using OP9 bone marrow stromal cells expressing DLL1 or DLL4 and similar effects were also observed using purified plate-bound ligands (20, 21). T cell differentiation of HSCs is dependent on both ligand identity and level of expression where low-level expression of the Delta-like ligands attenuates but does not eliminate the myeloid potential of HSCs. Such fine tuning of dose responses is a recurring theme in Notch signaling, faithful artificial recapitulation of which has eluded us so far.

Antigen presenting cells (APCs) expressing Delta-like ligands activate and polarize naïve CD4+ T cells to a Th1 phenotype, while JAG1/2 expressing APCs lead to Treg/Th2/Th17 polarization (22–24). Convincing results in this direction showed that the intracellular domain of Notch1 is directly involved in interactions with and expression of Th1 master transcriptional factor T-bet and production of cytokine IFNγ in CD4 T cells. Notch signaling promoted the development of CD8+ terminal effector T cells and suppressed memory-precursor fate in effector-memory T cell (TEM) subsets (25). Activation of the Notch pathway in TEM cells also suppressed memory-precursor fate. Transcription factors such as eomesodermin (EOMES) and T-bet were found to be directly regulated by Notch, further supporting the importance of Notch signaling in driving effector T cell responses (26–28).

The tumor microenvironment (TME) also plays a major role in influencing T cell responses. Notch1 and Notch2 were found to be downregulated in tumor infiltrating T cells but not in splenic T cells of tumor-bearing mice (29). This attenuation of infiltrating T cell responses was driven by Jag1/2 expressed by immunosuppressive myeloid-derived suppressor cells (MDSCs) which could be overcome by ectopic expression of Notch1 intracellular domain (N1ICD) in antigen specific T cells, indicating that the TME is programmed with mechanisms to suppress Notch signaling and evade T cell-mediated tumor cell death. This reveals another interesting aspect of Notch: the spatio-temporal regulation of Notch ligand and receptor expression.

While several studies demonstrated the involvement of Notch signaling in driving effector and helper T cell responses (summarized in Figure 1), the precise regulatory mechanisms behind cell surface expression of Notch ligands and receptors are only partly known. TCR stimulation has been shown to induce expression of Notch1, Notch2 and Hes1 (Notch target) in T cells (30) but T cell activation using CD28 beads alone or low-dose CD3 and CD28 stimulation induces expression of Notch ligands on T cells (31). Notch ligands were not expressed by T cells during in vitro activation with mature bone-marrow derived dendritic cells. The induced ligands also co-localized with Notch receptors on the surface indicating cis-inhibition. Notch ligand expression was abrogated in the presence of NF-κB inhibitor, demonstrating the combined role of Notch and NF-κB pathways in driving T cell functions downstream of TCR stimulus. The observations suggest additional regulatory mechanisms, possibly to prevent erroneous T cell activity in the absence of both TCR and co-stimulatory CD28 signals.


[image: image]

FIGURE 1. Notch interactions between antigen-presenting cells and T cells influence helper and effector T cell activity. T cells express T cell receptor (TCR) complex and Notch receptors. Antigen-presenting cells (APCs) express costimulatory molecules and Notch ligands. During T cell activation, the identity of Notch ligand present on the cell surface of APCs can influence T cell polarization and differentiation. Changes in expression levels of fringe glycosyl transferases can influence the process by modifying Notch receptor affinity to different ligands. Notch signaling in T cells regulates expression of transcription factors and cytokines (indicated within []) involved in helper and cytotoxic T cell functions. APCs with high expression levels of DLL1 or DLL4 can polarize CD4+ T cells into aTh1 phenotype and drive CD8+ T cell differentiation into memory cells. Increase (↑) in LFNG and MFNG expression and downregulation/loss (↓) of RFNG expression can enhance Th1 differentiation; identity of ligands involved in fringe-mediated Th1 differentiation are yet to be investigated (represented by ?ligand?). APCs with high JAG2 and low DLL1,4 expression drive helper T cell differentiation into Th2 or Th17 phenotypes. Expression of MFNG and downregulation of RFNG can block Th2 differentiation. Loss of LFNG in uncommitted T cells as well as Th2 polarized cells inhibits Notch interactions with DLL4 and attenuates Th2 responses. APCs with high JAG1 expression can induce T cell polarization into regulatory T cells (Treg). CD40 blockade together with JAG1 expression on APCs enhances immunosuppressive functions of Treg cells. APC, antigen presenting cell; DLL, Delta-like ligand; JAG, Jagged ligand; LFNG, lunatic fringe; MFNG, manic fringe; MHC, major-histocompatibility complex; TCR,; Th1, T helper type 1, Th2: T helper type 2; Th17, T helper type 17; Treg, T regulatory cell; TEM, effector-memory T cell; TCM, central-memory T cell; RFNG, radical fringe.


Notch extracellular domain (NECD) binding to cognate ligands is influenced by a variety of post-translational modifications, prominent among them being O-linked glycosylation by Fringe glycosyl transferases (32, 33). The three mammalian fringe proteins, Lunatic (Lfng), Manic (Mfng) and Radical (Rfng) extend O-Fucose moieties with GlcNAc at conserved serine or tyrosine residues in EGF repeats of NECD (34, 35). Glycosylation of Notch by Lfng and Mfng enhances interactions with Delta-like ligands while suppressing interactions with Jagged ligands. On the other hand, Notch glycosylation by Rfng enhances receptor interactions with both classes of ligands.

Tumor-mediated decrease in Lfng and Mfng expression levels have been shown to promote metastasis and poor survival (36, 37). Lfng interacts cooperatively with p53 to suppress tumors and Mfng suppresses tumorigenic activity of JAG1 and Notch3 (38–40). Lfng and Mfng thus appear to have a tumor-suppressive role in solid tumors and restoring their expression levels can be pursued as a therapeutic strategy to achieve tumor regression.

Fringe-mediated changes in Notch ligand-receptor interactions lead to dysregulations in thymic and ectopic T cell development resulting in altered T/B cell population ratios (41–44). Tumor burden and tumor-derived immunosuppressive cytokines also cause abnormalities in intrathymic T cell differentiation and development (45–47). Notch glycosylation by fringes influence the differentiation of mature T cell populations as well. It was found that Lfng and Mfng were downregulated and Rfng was upregulated in naïve CD4+ T cells in asthmatic rats (48). This was associated with more active Notch signaling in asthmatic naïve CD4+ T cells compared to control naïve T helper cells. Restoring Lfng and Mfng expression and silencing Rfng enhanced the number of Th1 cells while lowering Th2 cell differentiation. Lfng overexpression in naïve CD4+ T cells was able to drive Th1 and Th2 differentiation in a Notch-independent and dependent manner, respectively. These findings indicate that modulating Fringe expression levels can be potential therapeutic strategies for the management of allergic diseases. Moreover, the observation that fringe expression levels vary even in naïve CD4+ T cells under asthmatic conditions provide a basis for the hypothesis that there might be molecular factors that can alter T cell programs, which need to be elucidated. While Gu et al., were able to demonstrate the role of fringe glycosylation in influencing T helper cell differentiation, the source and identity of Notch ligands involved in this process were not identified.

Using a mouse airway allergic disease model, another study found that transcription of Lfng was driven by STAT5 in Th2 helper cells (49). Th2-mediated airway hyper-reactivity, mucus production and IL4 production was driven by DLL4-mediated Notch activation. Specifically, deletion of Lfng but not Mfng or Rfng in Th2 and CD4+ T cells resulted in reduced Th2 responses and inflammation. While STAT5 and GATA3 were previously known to drive Th2 differentiation independent of Notch signals (50, 51), the regulation of Lfng expression by STAT5 in Th2 subsets is a novel and interesting finding. It is likely that other inflammatory factors that can influence STAT5 signaling can potentially alter fringe expression levels. Notch activity in T cells thus can be profoundly influenced by complex intracellular networks of cytokines and signaling pathways involved in fine-tuning immune responses (52, 53).



CONTRASTING OBSERVATIONS AND AN ARGUMENT FOR NON-CANONICAL NOTCH SIGNALING IN T CELLS

Differentiation of complete T cell effector program has been observed to be dictated by the identity of Notch ligand expressed on APCs, which in turn is dictated by the type of antigenic stimulus encountered (22, 23). This is in stark contrast to observations from in vitro T cell differentiation by polarizing cytokines even in the absence of Notch ligands (54). In some in vitro experiments, Notch activity was shown to confer a proliferative effect in T cells but could not drive Th1/Th2 differentiation in the absence of polarizing cytokines (55). While some studies have demonstrated that DLL1/4 ligands can promote a Th1 polarization, others have argued that the Th1 phenotype is not acquired as a consequence of Notch signaling but by suppression of the alternative Th2/17 fate (56, 57). The disease model used, type of antigenic responses, stimuli involved in DC maturation and the relative expression levels of different Notch ligands are all factors that could potentially influence T cell polarization by APCs. Most studies, however, have produced convincing data in favor of Notch1-ICD binding directly to promoters of genes and transcription factors driving Th1 and cytotoxic responses. Non-canonical Notch signaling and crosstalk with NF-κB pathway is also observed in activated T cells (58). γ-secretase inhibitors reduced IFNγ production in in vitro activated CD8+ T cells but not in CD4+ cells, which can indicate that helper and cytotoxic T cells respond differently to Notch stimuli at least in vitro. It is likely that DC-borne ligands could orchestrate T cell survival and proliferation within an existing cytokine milieu instead of having an instructive role in naïve T cell differentiation (59–61).

These observations prompt a question: do Notch ligands play a deterministic/instructive role or do they simply enhance pre-existing T cell programs in an unbiased manner? It could be possible that Notch serves as a costimulatory signal that can set in motion any of the numerous downstream signaling pathways (62, 63). It might also be possible that Notch signaling might have different effects before, during and after T cell activation and differentiation. Majority of the studies on the role of Notch in immune cell functions have looked at Hes/Hey/Deltex family members, which are themselves transcriptional factors effecting expression of several genes. T cell functions might be ultimately dictated by a combinatorial framework in which terminal effector molecules are further regulated by Notch targets.



UNANSWERED QUESTIONS

Notch signaling does not always appear to operate as a simple ON/OFF switch. It has been shown to be regulated by a complex system of fine-tuning and crosstalk of input signals including relative expression levels of ligands and receptors, numerous post-translational modifications and a combination of cis- and trans- interactions (64–67). While attempts are being made to target Notch in various disease settings, a large number of therapies developed so far have led to undesirable side-effects and toxicities (7). To address these shortcomings, it is important to study the mechanistic and physical aspects of ligand-receptor interactions (68) and role of post-translational modifications such as ligand glycosylation and ubiquitination (32, 33, 35). It is also necessary to understand how the physiological consequences of ectopic Notch expression are similar to and differ from ligand-specific receptor activation and how different sources of ligands can influence differences in immunological outcomes. Redundancies in receptor and ligand paralogs also need to be resolved.



THERAPEUTIC STRATEGIES TO TARGET NOTCH SIGNALING

Knowledge-based approaches on the activation mechanisms of Notch have led to the development of several Notch inhibitory agents. These include selective ligand/receptor-specific decoys, agents that block receptor cleavage, molecules that inhibit formation of Notch-CSL activator complex, antibodies, and post translational modifications influencing ligand-receptor interactions (Table 1 and Figure 2). In addition to being used as single agents in various clinical and preclinical studies, Notch inhibitors are also being studied in combination with current chemotherapeutic drugs. Despite being uncharacterized for the active component, some natural compounds show promising anti-proliferative effects on cancer cell lines and have traditionally been used as part of dietary modifications as chemo-preventative measures (69–71). Inhibition of the γ-secretase complex is the most widely employed method of blocking Notch signaling but has been fraught with toxicities (72, 73). There is a need to focus on Notch activators in the management of cancers like lung squamous cell carcinoma, where Notch acts as a tumor suppressor. The development of Notch modulators should be guided at every stage by the biological and physiological effects of the compounds being tested. Mechanism-based combinatorial regimens, biomarkers of response and contextual frameworks need to be developed and evaluated on a case by case basis.


TABLE 1. Strategies to target Notch signaling.
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FIGURE 2. Mechanistic basis for therapeutic targeting of ligand-specific Notch signaling. Agents targeting Notch signaling can be grouped by the step or process in the Notch signaling pathway that is being affected. Soluble decoys comprise of extracellular portions of Notch ligands or receptors that can competitively inhibit multivalent receptor-ligand interactions. Soluble multivalent ligands comprise of clustered ligands that provide and/or augment ligand-specific Notch activation. Blocking antibodies block receptor interactions with ligands and are paralog-specific antagonists with high selectivity. γ-secretase inhibitors prevent NICD release by inhibiting S3 cleavage of Notch receptors at the juxtamembrane domain. L-fucose analogs (solid red triangles) are taken up by cells from media and incorporated into receptor extracellular domains. Fucose analogs on Notch receptors alter ligand-binding affinities and can be used to block selective ligand interactions. Blocking peptides target protein-protein interface in the nuclear Notch transcriptional complex and prevent transcription of Notch target genes. In vitro, pre-clinical and clinical studies demonstrating Notch-modulatory activities and anti-tumor efficacy of various classes of Notch therapeutics are presented in Table 1.


While most reagents presented in Table 1 were initially used to alter Notch signaling in stroma and the tumor microenvironment, recent focus has shifted to targeting Notch in tumor-infiltrating and circulating immune compartments. This has been done using agents directly targeting Notch receptors expressed by immune cells or in in vitro settings where Notch ligand-based agents are employed to activate, prime, and expand helper and effector T cell populations.



NOTCH-BASED REAGENTS FOR ADOPTIVE T CELL THERAPY

As the biology of Notch signaling in driving T cell development began to be better understood, the system was applied to generate antigen-specific T cells in vitro. By coculturing with DLL1-expressing bone marrow stromal cells, embryonic and hematopoietic stem cells could be differentiated into immunocompetent T lymphocytes (74). NY-ESO-1–specific and human p53–specific, HLA-A2–restricted human TCR vectors were used to transduce human umbilical cord HSCs, which were then cultured on OP9-GFP or OP9-DL1 cells and expanded (75). The T cells thus generated displayed very little endogenous TCR and had a high expression of antigen-restricted tumor-reactive TCR. They were also less differentiated than in vitro expanded lymphocytes that are currently employed in clinic. The differentiated and expanded HSCs in this study expressed the NK cell markers CD56 and CD16 as well as the T cell markers CD3 and CD7 but did not express IFNγ and IL-4 as NK-T cells do. Both NY-ESO1 and p53 TCR-transduced and differentiated cells exhibited antigen-specific lysis of target cells indicating T cell properties. The p53-TCR transduced HSCs, however, lysed both specific and non-specific tumor cells, indicating an NK cell-like behavior. While these cells could be useful candidates for adoptive cell transfer in both HLA-restricted and HLA-independent settings, safety evaluations and detailed characterization of the observed dual T and NK cell behavior is needed. Activated and differentiated effector T cells possess enhanced tumor reactivity in vitro but they demonstrate reduced tumor attenuation compared to naïve and early effector cells in vivo (76). This was overcome by the generation of stem cell memory T cells [TSCM], a class of highly proliferative memory T cells, again using the OP9-DL1 coculture system, to generate ova-specific reactive T cells (77). Of note, the iTSCM cells displayed a loss of PD1 and CTLA4 expression, which contributed in part to enhanced cytolytic activity of the adoptively transferred naïve-like stem cell memory T cells. While Notch1 activity could upregulate PD-1 expression on CD8+ T cells activated with artificial APCs expressing both Delta-like and Jagged ligands (78), expression of inhibitory receptors was not seen with the OP9-DL1 coculture system. This indicates the advantage of employing ligand-specific T cell stimulation and expansion for therapeutic applications.



NOTCH AS A TARGET OF OTHER THERAPEUTIC AGENTS AND PATHWAYS

Notch signaling has the unique feature of integrating signals from several pathways. This leads to an extensive “hyper-network” situation within a cell as well as at the multicellular level (18, 79). From a therapeutic standpoint, it becomes important to identify key regulatory nodes between different pathways. This will enable the development therapeutic agents with high specificity and prevent cross-pathway side effects. Some studies have identified how Notch in immune cells can be altered by therapeutic and experimental interventions targeting molecules in other signaling pathways.

While T cells can upregulate Notch expression a few hours after TCR stimulation, the exact molecular crosstalk between the two pathways is only partially known (30, 80). PKCθ has been linked to actin regulation as well as Notch induction, leading to the discovery of a spatio-temporal link between T cell stimulation by professional APCs and Notch activity (81). p38 MAPK was shown to induce Jagged1 as well as Notch1 during the maturation of macrophages (82).

Adenosine is an immunosuppressive ATP metabolite that is increased in the extracellular space in response to hypoxia and tissue injury, which can have profound effects on both lymphoid and myeloid cells that express adenosine receptors, predominantly, A2AR by T cells. A2AR agonists have been used in the treatment of inflammatory diseases while A2AR antagonists are being developed as novel cancer immunotherapeutics (83). Notch1 was identified as a target of A2AR-mediated immunosuppression. This is believed to be orchestrated by Cbl-mediated ubiquitination of Notch1 modulated by A2AR via cAMP. CD8+ T cells exposed to an A2AR agonist prior to TCR stimulation lowered Notch1 expression, heterodimer cleavage and reduced transcripts of Notch1 target genes Hes1 and Myc (84).

Thus, disparate pathways could potentially converge to drive Notch expression and function. This makes it all the more important to fully understand the fundamental cellular and molecular levels at which Notch signaling is regulated.



NOVEL NOTCH MODULATORY AGENTS


Engineered Ligand-Specific Therapeutics

An important feature of Notch signaling is the stoichiometry of interactions: activation of Notch receptors requires polyvalent interactions between multiple receptors and ligands. On the other hand, interfering with even a few of the productive multivalent interactions can lead to disruption of Notch signaling. Therefore, soluble monovalent forms of Notch ligands or receptors can potentially act as efficient competitive inhibitors. In contrast, presenting Notch ligands in a multivalent form can provide or enhance ligand-specific stimulus. This mechanistic detail of Notch receptor-ligand interaction can be exploited to design ligand-based reagents that can uniquely stimulate or block Notch signaling.

Studies have demonstrated that endogenous Notch ligand-receptor interactions can be selectively blocked or enhanced to influence signaling in tumoral, stromal and immune compartments (5, 6, 85, 86). Although receptor-ligand interactions can be abrogated using blocking antibodies, this presents some limitations including high costs, low tissue penetration, unclear mode of action in vivo, cytotoxicity, and affinity for inhibitory Fc receptors which reduces their overall efficacy (87). Soluble decoys that can interfere with specific ligand-receptor interactions and are small enough to achieve good biodistribution in solid tumors present more attractive options. Extracellular domains of Notch1 that uniquely interact with Delta-like or Jagged classes of ligands have been used to develop Notch decoys achieving ligand-specific inhibition (28, 86, 88). A fragment of Notch1 ECD comprised of EGF repeats 10 to 24 (N110–24) could selectively inhibit Notch1-JAG interactions without interfering with Notch1-DLL interactions indicating competitive binding to Jagged ligands. N110–24 demonstrated potent antitumor effects in various murine tumor models by reducing angiogenic sprouting and disruption of tumor endothelium, both of which are phenotypes associated with JAG1-driven Notch signaling. Similarly, the Notch1 ECD fragment comprised of EGF repeats 1 to 13 (N11–13) could specifically inhibit DLL4-mediated Notch signaling effects leading to hyper-sprouting and poor perfusion. On the other hand, a larger Notch1 decoy, N11–24, recapitulated the effects of inhibiting either JAG1 or DLL4 or both, depending on the tumor microenvironment and in vitro angiogenesis model used.

Soluble inhibitory receptor-derived decoys have been reported for Notch3 as well. Distinct, short peptides derived from EGF repeats 7–10 and 21–22 of Notch3 bound directly to JAG1 (89). The ligand-binding domains of Notch3 were distinct from those of Notch1 despite the high sequence similarity in conserved EGF repeats. The peptide forms as well as recombinant immunoglobulin Fc chimeras (IgG-Fc) of Notch3-derived peptides were able to induce apoptosis in tumor cells, preferentially reduced Notch3 activation and the expression of Notch3-specific target Hey1. Peptide-IgGFc chimeras could also suppress tumor growth in a Notch3-driven human lung cancer xenograft model.

Thus, certain regions of Notch receptor extracellular domains that uniquely interact with different ligand classes and paralogs can be used to design soluble inhibitory decoys with high specificity.

Full-length or partial extracellular domains of Notch ligands could be also be used to modulate ligand-specific Notch signaling events. Soluble monomeric fragments comprised of the DSL and first two EGF repeats of DLL1 (sDLL1) and the first five N-terminal domains of JAG1 (sJAG1N–E3) could selectively inhibit Notch1-DLL1 and Notch1-JAG1 interactions, respectively (6). The sDLL1 fragment attenuated in vitro T cell proliferation in cocultures with DLL1-bearing dendritic cells, indicating its potential ability to impair T cell responses by blocking endogenous DLL1. A short synthetic peptide derived from DSL region of JAG1 spanning residues 188–204 demonstrated Notch activation driving keratinocyte differentiation in vitro in its soluble form (90). Portions of the DSL domain of human JAG1 as well as the complete extracellular region of human JAG1 ligands could function as activators affecting differentiation of myeloid progenitors (91). In contrast, soluble purified human Jagged1-immunoglobulin IgG1 Fc chimera protein inhibited growth of myeloid colonies and macrophage progenitors from human cord blood, indicating its inhibitory properties (92). Therefore, the exact sequence of Notch ligand extracellular domains used (partial fragment versus full length ECD, specific portions of extracellular domains) could determine whether the soluble ligand forms act as activators or inhibitors. This might be driven by the area and structural conformation of ligand-receptor interface being bound by the soluble ligands. Detailed structural and binding studies need to be done to evaluate the mechanistic aspects of soluble ligands as Notch modulators.

Ligand multivalency is commonly mimicked by immobilizing the ligands on culture plates prior to seeding cells or by pre-clustering of ligand immunoglobulin Fc fragment chimeras by anti-Fc antibodies (2, 93). While plate-bound ligands can provide multimeric ligand stimulus, their use is restricted to in vitro applications. For in vivo administration, pre-clustered ligands provide a more suitable format. Further complexing anti-Fc antibodies is possible by tagging them with biotin, FLAG or other non-immunogenic short peptides or affinity tags (94) and using anti-tag antibodies to in turn complex those. This would greatly increase the valency of ligand being provided and could be used for pharmacological stimulation of ligand-specific responses. A multiplexed reagent called clustered DLL1 (cDLL1) was developed which is comprised of three components: a chimera of full length murine or human DLL1 and Fc region of IgG2A, biotinylated anti-IgG2Fc antibody, and NeutrAvidin (a deglycosylated version of avidin with unaltered affinity to biotin) (1). This produces a tertiary complex with multiple ligand extracellular domains being available for Notch activation. cDLL1 administration to tumor-bearing mice improved antigen-specific CD8+ T cell responses and attenuated tumor growth in preclinical murine models of lung cancer. Multivalent DLL1 stimulus provided by cDLL1 could enhance CD8+ T effector-memory cells and reduce the number of regulatory T cells in spleen.

Apart from providing in vitro therapeutic agents, plate-bound, cell-expressing, and multimerized Notch ligands could thus be used in various multivalent formats for cancer treatment.



Affinity-Modifying Compounds

Carbohydrate moieties at the ligand-receptor interface in trans interactions can influence canonical ligand-mediated Notch receptor activation via steric effects (95–97). L-fucose analogs that could be directly incorporated into Notch EGF repeats can be exploited to manipulate Notch receptor binding to cognate ligands. Peracetylated forms of O-Fucose, 6-alkynyl and 6-alkenyl fucose, act as substrates by Pofut-1 and can differentially modulate ligand binding (98). Fucose analogs incorporated into Notch1 EGF repeats inhibit trans interactions with DLL1 and DLL4 whereas interactions with JAG1 remain unaffected. Mutational and structural analysis revealed that fucosylation at Notch EGF8 is the site contributing to steric clashes and subsequent ablation of interactions with Delta-like ligands. This can be explained by a higher sensitivity of Delta-like ligands to Notch post-translational modifications compared to the Jagged class of ligands.

Notch ligand-based and affinity-modifying reagents thus offer the benefit of specific targeting along with fine-tuning and versatility to activate or inhibit Notch activity in a ligand-specific manner.

The following sections summarize evidence from preclinical and clinical studies that provided substantial evidence in favor of Notch ligand-based moieties as immunomodulatory agents driving anti-tumor T cell functions.



RESTORING DLL1-SPECIFIC NOTCH SIGNALING CAN REVERSE IMPAIRED T CELL DEVELOPMENT IN TUMOR-BEARING MICE

Tumor presence alters a number of cytokine-mediated intracellular signaling pathways, expression of chemotactic ligands and receptors by thymic populations (99–101). This results increased apoptosis of TECs, dysregulated lineage-commitment checkpoints, diminished TCR repertoire and low thymic output, all of which ultimately dampen immunosurveillance and promote tumor escape. In immature DN2 T cell subsets, CCR7 is a target of Notch1 and is important for the migration of developing T cell precursors through the thymic cortex to medulla (102–104). Reduction in expression levels of Notch1 and its targets in thymic pre-T cells of tumor-bearing mice is mediated by IL-10 produced by thymic epithelial cells (TECs) (45). This is associated with an upregulation in of Ikaros and IRF8 signaling which shunts the developing pre-T cell toward differentiating into dendritic cells. A network of interactions between Notch, Wnt, Ikaros, and IL10 (among several others) is involved in determining the balance between T and myeloid lineage commitment under normal physiologic conditions (105–108). Given the indispensable role of Notch in ensuring normal thymic T cell development, therapeutic interventions to restore Notch activity in thymic and peripheral T cells can promote antitumor immunity (109, 110).

Advanced stage cancer patients have high mean serum levels of vascular endothelial growth factor (VEGF) compared to healthy humans. Mice infused with VEGF to mimic this pathophysiology showed thymic atrophy and decreased percentage of peripheral T cells in their spleen and lymph nodes (46, 111). This effect was coupled to a significant decrease in the number of CD4+CD8+ thymic populations. The reduction in CD4+CD8+ numbers was not due to an induction of thymocyte apoptosis or inhibition of thymocyte development, as the VEGF-exposed thymic cells could develop normally in mice without tumors and in in vitro fetal thymic organ cultures. Administration of anti-VEGFR2 but not anti-VEGFR1 antibody restored normal hematopoiesis revealing a mechanistic link between tumor derived VEGF and impaired peripheral immunity (112). The thymic atrophy observed in tumor-bearing mice could be a consequence of a pre-thymic event such as a VEGF-mediated block in emigration of thymic progenitors from the bone marrow.

Compared to age-matched controls, tumor-bearing mice have low DLL1 and DLL4 expression levels in bone marrow cells as well as low splenic T:B cell ratios. When VEGF-infused mice were irradiated and received bone marrow progenitors overexpressing DLL1, the inhibitory effects on T cell development were reversed, indicating that DLL1 stimulus alone is sufficient to resuscitate VEGF-driven impaired antitumor immunity. In order to mimic the effects of BM transplantation with DLL1-overexpressing hematopoietic precursors, the more pharmacologically relevant multivalent DLL1 form (cDLL1 – described in the previous section) was employed (5). Administration of cDLL1 significantly lowered tumor burden in treated mice compared to untreated tumor-bearing controls. Tumor regression was T-cell mediated, as was seen with the loss of cDLL1 efficacy in tumor-bearing Rag1–/– mice and mice receiving anti-CD8 antibody to deplete CD8+ T cells. This was associated with increased number of antigen-specific memory T cells, improved IFNγ production, and higher intracellular pSTAT1&2 in differentiated T cells. Additionally, the transcript levels of T-bet were significantly higher in CD4+ T cells after cDLL1 administration, providing direct evidence of tumor attenuating Th1 responses being enhanced (112–115). Stimulation of Notch signaling in effector CD8+ T cells was also able to achieve tumor regression in mutant EGFRL858R oncogene-driven tumor models. Patients with EGFR-driven non-small cell lung cancers treated with tyrosine kinase inhibitors (TKI) such as erlotinib eventually acquire drug resistance (116–118). The TKI treatment also shapes the tumor microenvironment leading to an upregulation of PD-L1 expression (119–121). Given the low response rate of EGFR-mutant tumors to ICI treatment (122–124), DLL1-mediated enhancement of Type I immune responses might provide therapeutic benefit when used in combination with ICI.

Different Notch ligand-receptor interactions can result in distinct downstream outcomes hence while DLL4 stimulation promotes angiogenesis, DLL1 signaling does not (125–127). Concurrently, the administration of cDLL1 to tumor-bearing mice did not result in vascular defects and, in fact, significantly decreased tumor vascularization.

In this manner, Notch ligand-based therapeutics can selectively stimulate helper and effector immune functions with high ligand and contextual specificity. Multivalent DLL1-derived Notch activators could thus potentially provide clinically relevant immunotherapeutic agents to overcome thymic atrophy and impaired T cell functions.



REGULATORY T CELL FUNCTIONS CAN BE MODULATED IN A JAG1-SPECIFIC MANNER

Interaction of T cells with APCs is necessary to induce effector T cell function and differentiation by providing TCR stimulus from cognate peptide-bound MHC (signal 1) and costimulatory CD28 (signal 2) (128–130). Several findings have revealed the additional role of interactions between specific Notch ligands presented by DCs and Notch receptors on T-cells in providing critical activation, differentiation, and polarization signals.

Adoptive transfer of antigen-pulsed, Jagged1 (JAG1)-expressing DCs inhibited established immune responses in immunized mice. This inhibition was CD4+ T cell-specific and long lived (131). With JAG1-expressing DC administration, peripheral naive CD4+ T cells were found to differentiate into regulatory cells. These cells could induce antigen-specific tolerance when transferred into naïve hosts. Similar effects were seen in human peripheral naïve blood cells; stimulation of CD45RA+ naïve T cells by allogeneic antigen-presenting cells overexpressing JAG1 resulted in reduced production of IFNγ, IL-2 and IL-5. The activated cells upregulated TGFβ and inhibited proliferative and cytotoxic immune responses in freshly stimulated lymphocyte cultures (132). This reveals the molecular basis of regulatory T cell induction when naïve cells are activated by JAG1-borne APCs. Further investigation revealed that the immunosuppression was antigen-specific and affected both CD4+ and CD8+ T cells (133).

Mouse bone marrow cells could be differentiated into tolerogenic dendritic cells by culturing them in the presence of GM-CSF (GM-BMDCs). GM-BMDCs were found to express JAG1, essential for induction of regulatory T cell phenotype in CD4+ T cells (134). Abrogating JAG1-Notch interactions by using anti-JAG1 blocking antibodies suppressed Treg proliferation. Similar results were obtained by shRNA-mediated knockdown of JAG1 in murine bone marrow mesenchymal stromal cells (MSC) (135). CD4+ T cells cocultured with JAG1-expressing MSC differentiated into tolerogenic Treg cells capable of producing anti-inflammatory cytokine, IL-10. Tregs thus obtained could also protect against inflammation in vivo in a mouse model of allergen-induced airway pathology.

Since DCs expressing JAG1 exhibit a tolerogenic potential, they could be used in a transplantation setting to inhibit immune responses and prolong allograft survival. Indeed, when JAG1-overexpressing DCs were used in along with CD40 blocking antibody, murine allograft heart transplants were better tolerated in recipient mice (136). This was achieved by induction of alloantigen-specific T cell suppression and upregulation of TGFβ and FoxP3-expressing Treg numbers driven by JAG1-Notch interactions expressed by transferred DCs and host T cells, respectively. While JAG1-driven Notch activation of host T cells could attenuate Th1 responses, it did not effect Th2 differentiation. By employing JAG1-transduced DCs, this study could provide mechanistic insights into the specific source and functions of Notch ligands. It is worth noting that overexpression of JAG1 could lead to ligand being in far in excess of receptors available on T cells and can diminish Notch activation owing to reduced ligand trans-endocytosis (137, 138).

Further evidence that Treg -mediated suppression of effector T cell responses was mediated by Notch came from a systematic lineage-specific deletion of Notch pathway components in Tregs. Targeted deletion of Pofut1, Rbpj and Notch1 enhanced Treg cell frequency and decreased CD4+ and CD8+ T-cell immune responses (139). On the other hand, overexpression of a constitutionally active Notch1 intracellular domain in Treg cells resulted in autoimmunity, skewing to a Th1 phenotype and apoptosis of regulatory T cells. Notch inhibition appears to dictate the balance between inflammatory effector T cells and tolerant regulatory T cells.

Tissue tissue-specific genetic ablation of Jagged1 and systemic administration of soluble inhibitory JAG1 provided further proof of ligand-mediated Notch activation in Tregs (6). CD11c-specific ablation of JAG2 did not have any effects on IFN-γ production but significantly decreased IL-4 production by activated T cells. On the other hand, CD11c-specific deletion of DLL1 resulted in accelerated tumor growth in murine tumor models coupled to a reduction in CD8+ T cell activation and reduced differentiation of antigen-specific cytotoxic T cells and memory cells. Tumor-bearing mice treated with inhibitory monomeric soluble JAG1 (sJAG1) showed a significant reduction in tumor burden concurrent with a decrease in splenic Treg cell numbers. This was associated with low tumor infiltration of CD11c+Gr1+ cells, thereby providing further evidence of JAG1 as a factor mediating immunosuppressive tolerogenic responses. In vitro T:DC coculture experiments in the presence of sJAG1 could also downregulate the expression of PD-1 on CD8+ T effector memory cells.

Taken together, these studies provide a strong evidence in favor of specifically targeting JAG1 to modulate regulatory T cell functions. The use of well designed, soluble inhibitory JAG1 decoys could provide a therapeutic edge in the context of enhancing antitumor immune responses and attenuating immunosuppression. Distinct ligand-specific effects provide a great opportunity to avoid undesirable effects associated with pan-Notch inhibition.



CONCLUDING REMARKS AND FUTURE PERSPECTIVES

From the perspective of both basic and applied immunology, study of Notch signaling in immune subsets can provide valuable insights into the management and cure of metastatic solid tumors that are recalcitrant to conventional treatments. As the field of immunology progresses, so will our understanding of the role that Notch plays in immune cell function and regulation. This can be accomplished by interdisciplinary and complementary techniques such as tissue and lineage-specific genetic ablation, biochemical and molecular modulation of ligand-receptor interactions, evaluation of antigen specific immune responses and computational analysis of large patient datasets. More fundamental approaches such as investigating ligand/receptor redundancies, effector differentiation by cytokines in combination with ligand-specific Notch activation and non-canonical Notch signaling are also needed. Outcomes from current therapeutic regimens can be improved by using Notch-ligand based reagents in combination with or prior to checkpoint blockade to prime the immune system. Preclinical studies using Notch ligand-derived selective activators and inhibitors also provide mechanistic insights into how the immune system can be modulated in a ligand-specific manner in cancer and other immunopathological conditions. Such agents constitute a novel class of immunomodulatory drugs addressing unmet medical needs.
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Increasing studies have highlighted the effects of the tumor immune micro-environment (TIM) on colon cancer (CC) tumorigenesis, prognosis, and metastasis. However, there is no reliable molecular marker that can effectively estimate the immune infiltration and predict the CC relapse risk. Here, we leveraged the gene expression profile and clinical characteristics from 1430 samples, including four gene expression omnibus database (GEO) databases and the cancer genome atlas (TCGA) database, to construct an immune risk signature that could be used as a predictor of survival outcome and immune activity. A risk model consisting of 10 immune-related genes were screened out in the Lasso-Cox model and were then aggregated to generate the immune risk signature based on the regression coefficients. The signature demonstrated robust prognostic ability in discovery and validation datasets, and this association remained significant in the multivariate analysis after controlling for age, gender, clinical stage, or microsatellite instability status. Leukocyte subpopulation analysis indicated that the low-risk signature was enriched with cytotoxic cells (activated CD4/CD8+ T cell and NK cell) and depleted of myeloid-derived suppressor cells (MDSC) and regulatory T cells. Further analysis indicated patients with a low-risk signature harbored higher tumor mutation loads and lower mutational frequencies in significantly mutated genes of APC and FBXW7. Together, our constructed signature could predict prognosis and represent the TIM of CC, which promotes individualized treatment and provides a promising novel molecular marker for immunotherapy.
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INTRODUCTION

Colon cancer (CC) is one of the most common cancers and remains one of the leading causes of cancer death worldwide (1). Despite continuous achievements in early CC detection, treatment, and management leading to reductions in the incidence and mortality, 30–50% of patients develop recurrence or metastasis within five years of treatment (2). Therefore, in addition to the current clinical and pathological factors for determining the disease prognosis and patient survival, reliable and robust new molecular markers are urgently needed to improve the personalized therapy for CC patients.

Numerous studies have recently highlighted the effects of the immune microenvironment on cancer tumorigenesis, development, and metastasis (3–5). Indeed, assessment of the enrichment of tumor-infiltrating lymphocytes (TIL) was demonstrated to be an important complement role to the TNM staging system for relapse and mortality prediction in CC (6–8). Besides, recent immunotherapies targeting specific immune checkpoints such as PD-1/L1 have demonstrated a remarkably durable response in CC treatment (9, 10). Patients with certain histopathologic patterns, such as intratumoral infiltration by cytotoxic lymphocytes and tumor neoepitope burden, have also been reported with a better clinical prognosis (11–13). Conventional methods for detecting the tumor immune infiltrate, such as flow cytometry or immunohistochemistry (IHC), cannot comprehensively evaluate the immune effects due to the limitation of the number of immune markers. As an alternative, continuously accumulating transcriptomics data provides an ideal resource for large-scale immune landscape analysis (14). However, there has been no appropriate signature that can systematically evaluate the tumor immune micro-environment (TIM) based on immune-related genes and predict the patients’ survival or response to immunotherapies of CC patients. Therefore, it’s essential to develop a reliable immune signature on the basis of a comprehensive list of immune-related genes to represent the immune status of TIM and have the prognostic ability of CC.

In this study, we concentrated on constructing an immune signature with survival prediction and lymphocyte infiltration estimation ability based on the comprehensive list of immune-related genes curated from The Immunology Database and Analysis Portal (ImmPort) database (15). The microarray data from the gene expression omnibus database (GEO) database and RNA sequencing (RNA-seq) data from the cancer genome atlas (TCGA) database were used for analysis and validation. We then evaluated whether this signature was associated with survival outcomes and clinicopathological factors in the CC subgroups. Furthermore, we tried to figure out the relationship between the signature and tumor immune-related indexes including TIL and tumor mutation load (TML) in CC. And finally, we evaluated the effects of this risk signature in identifying the immune responders from immune check-point inhibitors (ICI) therapy. Findings gleaned from this study may be valuable for predicting patients’ prognosis and guiding immunotherapy treatment for CC.



MATERIALS AND METHODS


Publicly Attainable Expression Datasets and Immune-Related Genes

Gene expression data and clinical features of CC samples were retrospectively collected from publicly available datasets at the NCBI GEO database1 and at TCGA2. The selection criteria of CC datasets were adopted from the workflow of the Dai et.al study (16). A total of 1430 patients were enrolled for analysis, including GSE39582 (N = 557) (17), GSE17538 (N = 200) (18), GSE37892 (N = 130) (19), and GSE33113 (N = 90) (20), and TCGA (N = 453). The GSE14333 (21) dataset was excluded from this analysis owing to the fact that its probe cell intensity (CEL) files overlapped extensively with the GSE17538 series. Among these cohorts, GSE39582 was the largest set consisting of 557 CC samples, and hence, it was marked as a discovery series and used for constructing the gene signature. Considering the small sample sizes of the GSE17538, GSE33113, and GSE37892 cohorts, and the fact that they shared the same microarray sequencing platform (Affymetrix HG-U133 plus 2.0), we integrated the three datasets into a combined large cohort and regarded this as external validation. The ComBat method from the SVA R package was used to remove the batch effects among different GEO datasets (16). The clinical and survival information of the included datasets was summarized in Supplementary Table S1. An immunotherapeutic cohort of advanced urothelial cancer (IMvigor210 cohort) treated with atezolizumab (anti-PD-L1 McAb) were utilized to further validate the efficiency of the immune risk signature (22). The detailed clinical annotations and complete gene expression profile of the anti-PD-L1 cohort were obtained from http://research-pub.gene.com/IMvigor210CoreBiologies. The comprehensive list of immune-related genes, containing a total of 1508 genes, was downloaded from the ImmPort database3 (15).



Tumor Mutational Load and Neoantigen Analysis

The somatic mutational profile of colon adenocarcinoma (COAD) in the Cancer Genome Atlas (TCGA) mutation annotation format (MAF) were downloaded from Genomic Data Commons (GDC)4. Non-synonymous mutations counts were recognized as TML and used for investigating the relationship with the immune signature. Non-synonymous mutations included splice site mutation, missense mutation, nonsense mutation, in-frame mutation, and frameshift mutation. Neoantigens of COAD were collected from previously published studies (23). The antigen peptides resulting from non-synonymous mutated HLA sequences with predicted binding affinities below 500 nM are defined as neoantigens (24).



Gene Set Enrichment Analysis

The R packages limma (25) were used to evaluate differential expression of more than 21,000 genes in samples with different risk groups. To specify, the expression data were background corrected and quantile normalized and probe sets were summarized using RMA with the affy R package. Subsequently, the normalized expression data were then fed into lmFit and eBayes functions to calculate the differential statistics with the limma package. The logFC produced by limma was used as an input to perform gene set enrichment analysis (GSEA) (26) against the REACTOME reference gene set (MSigDB database v7.1). The fast GSEA algorithm implemented in the Bioconductor R package fgsea was used.



Immune Cell Infiltration Estimation With ssGSEA

The relative infiltration of 28 immune cell types in the CC tumor microenvironment were quantified by the single sample gene set enrichment analysis (ssGSEA) (27). Special feature gene panels for each immune cell subset were curated from a recent research (4, 28). The relative abundance of each immune cell type was represented by an enrichment score in the ssGSEA analysis. The ssGSEA score was normalized to unify distribution from 0 to 1 for each immune cell type. The bio-similarity of the immune cell filtration was estimated by multidimensional scaling (MDS) and a Gaussian fitting model.



Quantify the Immunotherapy Response Predictor: Immunophenoscore

The superior immune response molecular marker, Immunophenoscore (28), was used to characterize the intratumoral immune landscapes and the cancer antigenomes. The scoring scheme was created from a panel of immune-related genes belonging to the four clusters: major histocompatibility complex (MHC)-related molecules, checkpoints or immunomodulators, effector cells, and suppressor cells. For each class, a sample-wise Z score from gene expression data was extracted and calculated. The weighted averaged Z score was then calculated by averaging the Z scores within the respective category leading to four values, and the sum of the weighted averaged Z score of the four categories.



Significantly Mutated Genes

We identified significantly mutated genes (SMG) by using the MutSigCV algorithm (29). MutSigCV measures the significant enrichment of non-silent somatic mutations in a gene by addressing mutational context-specific background mutation rates. Candidate SMGs were required to meet these criteria: statistically significant (q < 0.1) and expressed in the human cancer cell lines Encyclopedia (CCLE) (30).



Deciphering Mutational Signature Operative in the Genome

The R package Maftools proposed by Mayakonda et al. (31) was used to extract mutational signatures from the TCGA genomic data. The ExtractSignatures function based on Bayesian variant non-negative matrix factorization, factorized the mutation portrait matrix into two non-negative matrices “signatures” and “contributions,” where “signatures” represented mutational processes and “contributions” represented the corresponding mutational activities. Specifically, the number of columns of matrix “signatures” indicated the number of extracted signatures and the rows indicated the 96 mutational contexts (i.e., C > G, C > A, C > T, T > C, T > A, T > G and combined their 5′ and 3′ adjacent bases). The SignatureEnrichment function can automatically determine the optimal number of extracted mutational signatures and assign them to each sample based on the mutational activities. The extracted mutational portrait of CC was compared and annotated by cosine similarity analysis against the Catalogue of Somatic Mutations in Cancer (COSMIC) (32).



Statistical Analysis

The statistical analysis in this study was generated by R-3.6.1. For quantitative data, statistical significance for comparisons of two groups or more than two groups was estimated by the Wilcoxon rank-sum test or the Kruskal–Wallis H test, respectively. Fisher’s exact test was employed for comparisons of qualitative variables. Logistic regression analysis was used to test the association between TML and risk signature. For the genes with prognostic ability, the Cox proportional hazards model with a Lasso penalty (iteration = 1000) was employed to find the best gene model utilizing the R package “glmnet.” The immune signature was based on the linear combination of the selected mRNA expression level and weighted by their Lasso-Cox regression coefficients. The association between immune signature and prognosis were analyzed by the Cox proportional hazards model and the Kaplan-Meier survival analysis with the R survival package (Survminer 0.4.7). The receiver operating characteristic (ROC) curve was used to assess the prognosis classification performance of the immune risk signature and tumor stage, and the area under the curve (AUC) was compared by DeLong’s test. All comparisons were two-sided with an alpha level of 0.05, and multiple hypothesis testing with the Benjamini-Hochberg method was used to control false discovery rate (FDR) (33).



RESULTS


Construction of Immune Risk Signature

After removing samples without necessary clinicopathological or follow-up data, a total of 1430 CC patients were included for this analysis, including GSE39582 (N = 557), GSE17538 (N = 200), GSE37892 (N = 130), and GSE33113 (N = 90), and TCGA (N = 453). Considering that the GSE39582 cohort from the Marisa et al. contained the largest sample size (N = 557) and included detailed clinical features, we therefore selected it as the discovery dataset to identify the immune risk signature that is associated with CC patients’ prognosis. The univariate analysis was performed in all of the 1508 immune-related genes for the discovery dataset (GSE39582). Through the univariate analysis and log-rank test, a total of 161 genes with prognostic ability were identified (P < 0.05). The 161 immune-related genes were then subjected to the Lasso-Cox proportional hazards regression and tenfold cross-validation to generate the best gene model. The Lasso coefficient profile plot was produced against the log(k) sequence, and the minimize k method resulted in 10 optimal coefficients (Figures 1A,B). Finally, a gene model with 10 immune-related genes reached the optimal regression efficiency to speculate the prognostic ability.
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FIGURE 1. Construction of the immune risk signature model. (A) Lasso coefficient profiles of the 161 prognosis-associated immune genes from the discovery (GSE39582 microarray) dataset. (B) Partial likelihood deviance of variables revealed by the Lasso regression model. The red dots represented the partial likelihood of deviance values, the gray lines represented the standard error (SE), the two vertical dotted lines on the left and right represented optimal values by minimum criteria and 1-SE criteria, respectively. (C) Heatmap of the signature consisting of 10 immune-related genes and the risk score curve based on the Lasso coefficients. Patients were divided into high-risk and low-risk groups and the median risk score was utilized as the cutoff value.


The identified immune-related genes included antigen processing and presentation related genes (LAG3, PSMD11, TAP2), defense response to infection (CEBPB, CXCL9, IRF8, RNASE7), epithelial cell migration (ITGB1, SPARC), and MCFD2. Furthermore, we constructed an immune risk signature to estimate the risk score of each patient based on the linear combination of the 10 mRNA expression levels weighted by their Lasso-Cox regression coefficients: Immune Risk Score = (0.1979) × CEBPB + (−0.2140) × CXCL9 + (−0.0927) × IRF8 + (0.5896) × ITGB1 + (0.2108) × LAG3 + (0.2489) × MCFD2 + (−0.2909) × PSMD11 + (0.5255) × RNASE7 + (0.0881) × SPARC + (−0.1490) × TAP2 (Figure 1C, Supplementary Table S1). A heatmap of the identified 10-gene expression level and the scatterplot of relapse-free survival (RFS) with corresponding risk score were illustrated in Figure 1C.



The Prognostic Value of 10-mRNA Immune Signature

To identify the immune signature responsible for CC survival prediction, we divided the discovery cohort samples into a low-risk group (N = 279) and a high-risk group (N = 278) by using the median risk score as a cutoff point. Patients with low-risk were significantly associated with better RFS compared with those of high-risk (P < 0.001, log-rank test; Figure 2A). This association remained markedly significant in the multivariate Cox model after controlling for age, gender, clinical stage, and mismatch repair (MMR) status (HR, 0.41 [95% CI: 0.30–0.57], P < 0.001; Figure 2B).
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FIGURE 2. Immune risk signature was associated with CC survival. Kaplan-Meier curves of relapse-free survival according to immune signature groups in the GSE39582 discovery cohort (A), TCGA cohort (C), and another combined-GEO validation cohort (E). Forest plot representation of the multivariate Cox regression model delineated the association between immune risk signature and survival in the three cohorts (B,D,F). Age, gender, clinical stage, or dMMR were taken into account.


To confirm that the 10-mRNA-based immune signature classifier had similar prognostic value in different populations, we further corroborate this association in the TCGA dataset and another combined-GEO microarray dataset (including GSE17538, GSE33113, and GSE37892; “Materials and Methods” section). Heatmaps of the signature consisting of 10 immune-related genes and the scatterplot of RFS time with corresponding risk score in two external validation cohorts were shown in Supplementary Figure S1. In the TCGA and combined-GEO datasets, we also found that patients with low-risk scores demonstrated a better prognosis than those with high-risk scores (TCGA: P = 0.003, Figure 2C; Combined-GEO cohort: P = 0.013, Figure 2E; log-rank test). Multivariate Cox proportional hazards regression analysis further revealed that the signature could serve as an independent predictor of patients’ survival outcome after being adjusted for clinicopathologic features in two validation cohorts (TCGA: HR, 0.57 [95%CI, 0.39–0.85], P = 0.005, Figure 2D; Combined-GEO cohort: HR, 0.67 [95%CI, 0.45–0.98], P = 0.039. Figure 2F). Further analysis confirmed that the higher immune risk signature score was associated with significantly worse tumor staging in CC cohorts (Kruskal–Wallis H test, GSE39582, and TCGA cohorts, both P < 0.001, Supplementary Figures S2A,B). Moreover, we found the risk scoring model could improve the accuracy of predictions of survival when combined with the tumor staging system (AUC of GSE39582: Stage vs Risk score + Stage, 67.44 vs 71.56, P = 0.002; Risk score vs Risk score + Stage, 67.63 vs 71.56, P = 0.071; AUC of TCGA: Stage vs Risk score + Stage, 69.27 vs 72.26, P = 0.035; Risk score vs Risk score + Stage, 64.65 vs 72.26, P = 0.004; DeLong’s test, Supplementary Figures S2C,D).



Extracted Immune Risk Signature Associated With Leukocytes Infiltration and Tumor Immunogenicity

Since the prognosis-related risk signature was extracted from the immune-related genes database, we speculated that its status may regulate the leukocyte infiltration and gene pathways enrichment. Therefore, we composed a heatmap with ssGSEA to visualize the relative abundance of 28 immune infiltrating cell subpopulations from the discovery dataset (Figure 3A). Anti-tumor lymphocyte cell subpopulations, like activated CD4+/CD8+ T cells, effector memory CD4+/CD8+ T cells, and natural killer T cells were enriched in the low-risk signature group (P < 0.05). Nevertheless, myeloid-derived suppressor cells (MDSC), immature dendritic cells, neutrophils, and regulatory T cells, which belonged to pro-tumor leukocytes, were elevated in the high-risk signature group (P < 0.05). We also further characterized the immune infiltration profile in TCGA and the combined-GEO validation cohort, and a similar tendency was observed in these cohorts of such risk signature stratification (Supplementary Figure S3).
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FIGURE 3. Immune risk signature was associated with the immune infiltration. (A) Single-sample gene set enrichment analysis identified the relative infiltration of 28 types of immune cell subpopulations with different risk signature subgroups. The relative infiltration of each cell type was normalized into a Z score. (B,C) Top enriched gene pathways in distinct immune risk signature groups (low vs high, left panel; high vs low, right panel) from discovery cohort were assessed by using the GSEA algorithm.


Furthermore, GSEA on the CC gene expression profile against REACTOME reference datasets revealed the risk signature related biological signaling pathway. Genes involved in antigen processing cross-presentation, B cell/T cell receptor and immune cytokine signaling pathways were significantly enriched in the low immune risk signature group (Figure 3B, Supplementary Figure S4A). However, chromatin organization and RNA processing and modification were enriched in the high-risk group (Figure 3C, Supplementary Figure S4B).

Immunophenoscore (IPS) was known to determine the tumor immunogenicity and predict response to ICI therapy in multi-types of tumors. Here, we utilized IPS to investigate the relationship between the newly identified signature and immune response. In the discovery cohort, the low-risk signature group had a significantly higher IPS compared with the high-risk group (Wilcoxon rank-sum test, P < 0.001, Figure 4A), and this association was also verified in TCGA and the combined-GEO cohort (TCGA, P < 0.001, combined-GEO cohort, P = 0.001; Figures 4B,C). These findings indicated that CC patients with the immune signature may be more sensitive to ICI treatment.
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FIGURE 4. Distribution of immunophenoscore (IPS) in high-risk versus low-risk colon cancer subtypes. Boxplot representation of IPS in the high-risk versus low-risk groups in discovery cohort (A), TCGA cohort (B), and another combined-GEO cohort (C). P values as indicated (Wilcoxon rank-sum test).




Immune Signature Determined the Colon Cancer Genomic Landscape

Genomic characteristics, such as tumor non-synonymous mutation load (TML) and mutational signatures (e.g., MMR, POLE signature) have shown a strong correlation with clinical response to ICI treatment (34). Therefore, we investigated the association between the immune signature and the genomic mutational landscape. Patients with a low-risk immune signature exhibited a higher mutation load than those with a high-risk signature in the TCGA dataset (P = 0.030, Figure 5A). We further compared the tumor neoantigen counts and observed similar results in the group classification (P = 0.005, Figure 5B). As high microsatellite instability (MSI-H) tumors accumulated substantial numbers of somatic mutations and significantly affected the TML, we removed the samples with MSI-H and obtained a significantly higher TML in the low-risk signature (P < 0.001, Figure 5C).
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FIGURE 5. Immune signature was associated with the TML in colon cancer. Tumor mutation load (A) and neoantigen counts (B) in colon cancer samples were compared with the immune risk signature group. (C) Distribution of mutational load in non-MSI samples were also assessed between high-risk and low-risk subtypes. (D) Mutational exposures (number of mutations) were attributed to each mutation signature. (E) The mutational activities of corresponding extracted mutational signatures (signature 1, 6, and 10, named as COSMIC database). (F) Multivariate Logistic regression analysis of TML with respect to immune signature was adjusted by taking into account age, gender, stage, and mutational signatures. P values as indicated (Wilcoxon rank-sum test).


To gain further insights into the mutational processes operative in CC samples, we extracted the mutational signatures (i.e., signatures 1, 6, 10, Supplementary Figure S5) against the COSMIC database with varying numbers of somatic mutations from the genomic data (Figure 5D). The extracted mutational signatures included defects in DNA proofreading owing to recurrent somatic mutations in POLE (signature 10, 79524 of 264763 [30.0%]), clock-like accumulation of C > T at cytosine-phosphate-guanine dinucleotide (signature 1, 46,106 of 264,763 [17.4%]), and defective MMR (signature 6, 139,133 of 264,763 [52.6%]) (Figure 5E). Hence, mutational counts attributed to signature 6 were significantly higher than other signatures (Kruskal–Wallis H test, P = 0.019). To rule out the possibility that associations between immune signature and TML were affected by these confounding factors, we included all mutational signatures and clinical factors in the multivariate logistic regression model. Associations between the immune risk signature and TML remained statistically significant (OR, 0.15 [95% CI, 0.06–0.24], P < 0.001, Figure 5F).

We also performed SMG analysis for CC samples in the low-risk versus the high-risk subgroup. The SMG mutational landscapes of these two subgroups (Figure 6) exhibited a distinct mutation ratio in APC [138 of 200 (69.0%) vs 154 of 194 (79.4%); P = 0.021], TP53 [111 of 200 (55.5%) vs 83 of 194 (42.8%); P = 0.012], FBXW7 [19 of 200 (9.5%) vs 50 of 194 (25.7%); P < 0.001], and MSH6 [24 of 200 (12.7%) vs 9 of 194 (7%); P = 0.010]. The mutation plot of the four SMGs with different immune signature status were shown in Supplementary Figure S6. Besides, we also explored the mutational rate of the aforementioned 10-immune genes, and observed RNASE7 mutation was enriched in the high-risk subgroup [1 of 200 (0.5%) vs 3 of 194 (3.1%); P = 0.014].
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FIGURE 6. Mutational landscape of SMGs and immune-genes in TCGA COAD cohort stratified by high-risk and low-risk signature groups. The middle panel depicts the mutation relation of SMGs across analyzed cases with mutation types color-coded differently. SMGs with significantly different mutation rates between subgroups were highlighted in upper left asterisk.




The Immune Risk Signature in the Role of ICI Treatment

Immune checkpoint inhibitors (ICI) therapy represented by anti-PD-1/L1 agents have undoubtedly made a great breakthrough in anti-tumor therapy. Therefore, we curated the gene expression profile and clinical features from an immunotherapy cohort (Imvigor210) of urothelial cancer (UC) treated by anti-PD-L1 agent, so as to investigate the relationship between the constructed risk signature and immune response. In this anti-PD-L1 cohort, patients with a low-risk immune signature score exhibited markedly clinical benefits and a significantly prolonged survival rate (HR, 0.71 [95% CI: 0.55–0.92], P = 0.009, Figure 7A). The significant therapeutic advantages and immune response to PD-L1 blockades were observed in samples with a low-risk score compared to those with a high-risk score (Fisher extract test, P = 0.008, Figure 7B; Kruskal-Wallis H test, P < 0.001, Figure 7C). Further analysis revealed that TML and neoantigen burden were significantly elevated in tumors with low-risk score, which closely linked to immunotherapeutic efficacy (Figures 7D,E). Besides, the association between immune risk score and immunotherapy survival remained statistically significant after taking into account gender, smoking, ECOG score, immunophenotype and, TML status (HR, 0.60 [95%CI, 0.40–0.90], P = 0.015; Figure 7F).
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FIGURE 7. The immune risk signature in the role of ICI treatment. (A) Survival analysis of the high versus low immune risk subgroup in the anti-PD-L1 cohort (IMvigor210 cohort) was created using Kaplan-Meier curves. (B) The proportion of immune response to anti-PD-L1 treatment in high versus low immune risk score subgroups. CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease. (C) Distribution of immune risk score in different immune response statuses. Tumor mutation load (D) and neoantigen burden (E) in the immunotherapy cohort were compared among distinct immune risk signature subgroups. (F) Multivariate Cox regression analysis of immune risk signature with gender, smoking, ECOG score, immunophenotype, and TML status were taken into account. P values as indicated (Kruskal–Wallis H test).




DISCUSSION

Although it has long been recognized that immune contexture plays a vital role in tumor initiation and development (35), these insights have not formed a significant impact on routine clinical application. This highlights the important role of TIM estimation in predicting clinical development and progression of CC patients. In this investigation, we established a reliable prognostic risk signature based on 10 immune-related genes in an independent microarray dataset and proved its efficacy in the TCGA and combined GEO datasets across different platforms. This signature stratified the patients into subgroups with different immune risk, representing distinct tumor immune infiltration level and neoantigen burden. Therefore, the newly identified immune risk signature presumably represented the status of TIM for CC patients and served as a potential biomarker for prognosis estimation and clinical response prediction to immunotherapy.

This study confirmed that the immune risk signature was significantly associated with CC patients’ RFS, and this association remained significant after controlling for clinical-pathological features. More importantly, our signature was based on immune-related genes and revealed a correlation with non-synonymous mutation load and neoantigen counts. Considering the importance of mutational load in predicting the response to anti-PD-1/L1 treatment (12, 36), we speculated that patients with a low-risk immune signature may be more sensitive to ICI therapy. Actually, the IPS and neoantigen load, which determined the tumor immunogenicity and antitumor immune response, also demonstrated a strong connection with this signature. To clarify the effects of this immune signature, we took TML and IPS as the confounding factors into the multivariate Cox regression models, and identified that the immune risk score remained statistically significant in the TCGA cohort (HR, 0.59 [95%CI, 0.39–0.87], P = 0.008; Supplementary Figure S7). These findings further indicated its practical implication in precision immunotherapy.

In recent years, numerous studies focused on the immune landscape have brought attention to biological and clinical cancer research. Individual immune cell markers such as CD3+ and CD8+ T cells have shown prognostic impacts in patients suffering from CC (6). The immune cell subpopulations estimation algorithm (e.g., ssGSEA, CIBERSORT) was frequently utilized to characterize the immune infiltration profiles and analyze the association with clinical therapy (37). Our research also leveraged the aforementioned method and demonstrated enhanced effector T-cells (CD4/CD8+ T cell, NK cells), reduced suppressive regulatory T-cells, and MDSC infiltration in low immune risk signature. Meanwhile, signaling pathways involved in the antigen processing and presentation, B cell/T cell receptor and immune cytokine were significantly altered in different risk subgroups, suggested that our signature was a superior prediction determinant of tumor immune infiltration.

Comprehensive knowledge of the mutated driver genes underlying human cancers is a critical foundation for cancer diagnostics, therapeutics, and selection of rational therapies. Here, we used MutSigCV algorithms followed by further filter criteria and identified that SMGs of APC and FBXW7 mutations were enriched in high-risk groups, TP53 and MSH6 were enriched in low-risk groups. APC was the most common mutational gene in colorectal cancer, and its mutation has indicated a highly significant association with immune resistance (38). FBXW7 is a critical tumor suppressor of human cancers, missense mutations in this gene show a shorter overall survival rate when compared with wild-type patients in CC (39). TP53 and MSH6 mutations may lead to a higher TML owing to the dysregulation of DNA damage repair function (40). Recent research suggested that TP53 mutations significantly induced the expression of immune checkpoint molecules and activated T-effector and interferon-γ signatures, indicating TP53 mutation patients would be more sensitive to checkpoint blockade (41).

Nevertheless, there were several limitations in our investigation. The main limitation stemmed from using a public dataset for different cohorts which can be somewhat heterogeneous in data processing and patient population. The risk signature was identified by using retrospective datasets, therefore, the expression profiles of the 10 genes combined with clinical validation in the patients of CC prospective cohort are needed to prove its efficacy. Besides, mutational results derived from the TCGA COAD genomic landscape were not validated in independent datasets owing to the unavailability of mutation data. Finally, due to a lack of CC cohorts being treated by ICIs, we are unable to verify the association between the signature and the immunotherapeutic responsiveness and believe further research is needed.

To summarize, this study identified a new immune risk signature that can not only predict CC patients’ survival outcomes but also represent the immune infiltration status. This signature can be clinically utilized for the improvement of CC patients’ survival, personalize therapy methods based on the risk score, and provide new clues for enrolling CC patients in ICI treatment. However, further randomized control trials are required to validate the significance of the generated signature.
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FIGURE S1 | Heatmap of the signature consisting of 10 immune related genes and the risk score curve in the TCGA and combined-GEO colon cancer cohort.

FIGURE S2 | Immune risk score associated with tumor stage. Distribution of immune risk score with respect to clinical tumor stage was shown in the GSE39582 (A) and TCGA (B) cohort. A receiver operating characteristic (ROC) curve was used to assess the prognosis classification performance of the immune risk signature vs tumor stage vs risk signature plus stage in the GSE39582 (C) and TCGA (D) cohort. The area under the curve (AUC) in different subgroups was calculated by DeLong’s test.

FIGURE S3 | Estimation of the relative infiltration of 28 types of immune cell subpopulations with different immune signature groups in the external TCGA and combined-GEO cohort.

FIGURE S4 | GSEA enrichment plots show enriched gene sets against REACTOME datasets in low-risk vs high-risk (A) and high-risk vs low-risk (B). NES, Normalized Enrichment Score.

FIGURE S5 | Mutational signatures extracted from the TCGA COAD genomic dataset. (A) The progress of automatically determining the optimal number of mutational signatures (N = 3). (B) Cosine similarity analysis of extracted mutational signatures against the 30 identified signatures in the Catalog of Somatic Mutations in Cancer (COSMIC, v2) with heatmap illustration.

FIGURE S6 | Lollipop plot showing the protein change of four novel SMGs with respect to risk signature in the COAD cohort.

FIGURE S7 | Multivariate Cox regression analysis of immune risk signature by taking into account confounding factors, such as age, gender, stage, MSI status, TML, and IPS.

TABLE S1 | Lasso Cox regression coefficients of the 10 immune signature genes.

TABLE S2 | Clinical characteristics of patients with colon cancer in five datasets.


FOOTNOTES

1https://www.ncbi.nlm.nih.gov/geo/

2https://cancergenome.nih.gov/

3https://immport.niaid.nih.gov

4https://portal.gdc.cancer.gov/
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The tumor immune microenvironment contributes to tumor initiation, progression and response to therapy. Among the immune cell subsets that play a role in the tumor microenvironment, innate-like T cells that express T cell receptors composed of γ and δ chains (γδ T cells) are of particular interest. Indeed, γδ T cells contribute to the immune response against many cancers, notably through their powerful effector functions that lead to the elimination of tumor cells and the recruitment of other immune cells. However, their presence in the tumor microenvironment has been associated with poor prognosis in various solid cancers (breast, colon and pancreatic cancer), suggesting that γδ T cells also display pro-tumor activities. In this review, we outline the current evidences of γδ T cell pro-tumor functions in human cancer. We also discuss the factors that favor γδ T cell polarization toward a pro-tumoral phenotype, the characteristics and functions of such cells, and the impact of pro-tumor subsets on γδ T cell-based therapies.
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INTRODUCTION

Within a tumor, the malignant features of cancer cells are tightly regulated by their local environment and the reciprocal network they form with host cells (e.g., immune cells, angiogenic vascular cells, endothelial cells, and cancer-associated fibroblasts) and that define the cancer ecosystem. The tumor immune microenvironment is a critical determinant of cancer evolution and outcome. In this context, the nature and frequency of tumor-infiltrating immune cells are considered to be prognostic factors in many cancers. A better knowledge of this dynamic immune environment is required to improve prognosis, choose therapies, and evaluate the response to treatments.

Among the tumor-infiltrating immune cells, T cell sub-populations, especially CD8+ T lymphocytes, are a key anti-tumor immune component. γδ T cells, a subgroup of T cells that belong to the non-conventional or innate lymphocyte family, also are found in the tumor microenvironment and are involved in tumor surveillance. Although they share many properties with αβ T cells, such as cytotoxic activity and pro-inflammatory cytokine production, the structure of their T cell receptor (TCR; composed of γ and δ chains) is different as well as their activation mechanisms that are independent of major histocompatibility complex (MHC) molecules. Human γδ T cells can be divided in three main populations, based on their TCR δ chain (δ1, δ2, δ3) (1, 2). Vδ2 T cells, also known as Vγ9Vδ2 T cells, are the main γδ T subtype (90%) in peripheral blood. The Vδ1 and Vδ3 subsets are mostly found in tissues and mucosa, respectively.

Vγ9Vδ2 T cells display specific properties, such as the TCR-dependent recognition of non-peptidic phosphorylated antigens, called phosphoantigens. Phosphoantigens are molecules produced by the isoprenoid synthesis pathways of prokaryotic pathogens and by infected or transformed eukaryotic cells. Although phosphoantigen recognition does not require MHC molecule presentation, several studies brought evidences of the involvement of the cell surface butyrophilin 3A (BTN3A) (3) and the requirement of butyrophilin 2A1 (BTN2A1) (4). Phosphoantigen-induced TCR activation of Vγ9Vδ2 T cells triggers their proliferation, cytokine production, and cytotoxic activity (5). Vγ9Vδ2 T cells also express natural killer (NK) receptors, such as NKG2A and NKG2D, and their activation is modulated by the presence of their ligands in the environment (6, 7).

Vδ1 T cells recognize the stress-inducible MHC class I-related chain A and B (MICA and MICB) proteins that are expressed by some tumor and virus-infected cells (8), as well as glycolipid antigens presented by the CD1c (9) and CD1d proteins (10, 11), and the algal protein phycoerythrin (12). Additionally, Vδ1 T cells can be activated independently of their TCR, via ligation of stimulatory receptors, including NKG2C, NKG2D, NKp30, toll-like receptors, and the β-glucan receptor dectin 1 (13–17). To date, little is known on the activation mechanisms of the Vδ3 T cell subset.

Although the human Vδ1, Vδ2 and Vδ3 T cell subsets display a strong reactivity against tumor cells, γδ T cell-based immunotherapies primarily target the Vδ2 subset because they are easily expanded and activated by synthetic clinical-grade phosphoantigens (e.g., bromohydrin pyrophosphate) or by pharmacological inhibitors (e.g., zoledronate) of the isoprenoid synthesis pathway that produces these metabolites (18, 19).

Many clinical trials using Vγ9Vδ2 T cells have been carried out. Although their safety have been proven, response rate was moderate and only in 10–33% of patients with hematologic and solid malignancies benefit from Vγ9Vδ2 T cell-based immunotherapies (20–25). This suggests the presence in the tumor microenvironment (TME) of suppressive mechanisms that inhibit/divert Vγ9Vδ2 T cell functions and/or their ability to infiltrate tumors. New tools to target and boost Vγ9Vδ2 T cell anti-tumor functions are currently under study (26), while other γδ T cell subtypes (e.g., Vδ1 T cells) are now tested as new therapeutic candidates (27). Although therapies using γδ T cells received a new burst of interest due to these new research axes, the existence of γδ T cell subsets with pro-tumor functions has also been suggested.

In this review, we will discuss the evidences concerning γδ T cell pro-tumor functions in human cancer, and the factors that could favor γδ T cell polarization toward a pro-tumoral phenotype, the characteristics and functions of these cells, and also the possible consequences for γδ T cell-based therapies.



EVIDENCE OF PRO-TUMORAL γδ T CELLS IN HUMAN CANCER (TABLE 1)

In line with the potent anti-tumor properties of γδ T cells, a large study of publicly available gene expression data from bulk tumors showed that the γδ T cell signature is associated with the most significant favorable prognosis in 25 malignancies (37). However, it was later demonstrated that the sorting algorithm used in this study could not accurately differentiate γδ T cells from CD8+ and NK cells due to the transcriptome overlaps in these three cell types (38). Using a refined signature for the Vγ9Vδ2 T cells subset based on sorted cells, the authors found that a high-level infiltration of γδ T cells in tumors was not always associated with a positive outcome (38). In line with these results, recent studies suggested that these cells may also have a pro-tumor role in some cancers.


Table 1. Pro-tumoral characteristics of infiltrating γδ T cells in human cancer.
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In breast cancer, high Vδ1 T cell prevalence has been associated with immunosuppressive functions, such as inhibition of naive T cell proliferation and the impairment of dendritic cell (DC) maturation and function (28). Moreover, γδ T cell infiltration level in breast cancer was the most significant independent prognostic factor of disease severity, in terms of survival and relapse (29).

In colorectal cancer, CD39+ Vδ1 T cell infiltration establishes an immunosuppressive microenvironment through the adenosine pathway and the recruitment of myeloid-derived suppressive cells (MDSCs). The presence of these cells has been associated with the disease severity (31). Another study demonstrated the pro-tumor functions of IL-17-producing γδ T cells in colon cancer through their capacity to recruit MDSCs (33). Moreover, pro-inflammatory Vδ2 T cells might participate in colorectal cancer pathogenesis by supporting chronic inflammation (39). Besides breast and colon cancer, several studies have shown a potentially deleterious role of γδ T cell subsets in pancreatic, ovarian, gallbladder and renal cancer (32, 34–36).



POLARIZATION OF γδ T CELLS TOWARD A PRO-TUMOR FUNCTIONAL PHENOTYPE (FIGURE 1)

Although γδ T cells have been originally described as pro-inflammatory cells with a Th1-like phenotype, they display high plasticity and can be polarized toward different functional phenotypes, depending on their environment (40). Understanding precisely the influence of different environmental factors, such as cytokines, on γδ T cells and the limits of their plasticity is crucial to determine how the TME can skew γδ T cells toward a pro-tumor function that will directly or indirectly impair the anti-tumor immune response and support tumor growth. Although studying T cell functional plasticity within tumors is a complex endeavor, several ex vivo studies involving the activation of naive γδ T cells in the presence of various cytokines have brought some insights into how γδ T cells can be skewed toward a pro-tumoral activity. Specifically, it has been shown that TGF-β, IL-4 and more recently IL-21 favor the acquisition of pro-tumoral properties by human and mouse γδ T cells. Moreover, various cytokine combinations can polarize γδ T cells into Th17-like cells with pro-tumor effects.
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FIGURE 1. γδ T cell polarization into pro-tumor cells. Cytokines present in the tumor microenvironment induce the differentiation of γδ T cells into pro-tumor cells: (A) Th17-like γδ T cells (Th17 γδ), (B) FOXP3+γδ T cells (FOXP3+γδ), (C) IL-10-producing γδ T cells (IL-10+ γδ), and (D) regulatory γδ T cells that express CD39 and/or CD73 (Supp γδ).



TGF-β

TGF-β is a pleiotropic cytokine that is produced by most cells in a latent form. TGF-β1 (subsequently referred to as TGF-β), the most studied isoform, is a potent suppressor of the immune system. It can be secreted in a complex with latent TGF-beta binding proteins (LTBP) and deposited in the extracellular matrix, or tethered to the surface of cells when bound in a covalent manner to glycoprotein A repetitions predominant (GARP) or leucine-rich-repeat-containing protein 33 (LRRC33). Active TGF-β needs to be released from the latent complex through the interaction with other partners, such as integrins, to act on its target cells through binding to TGF-β receptors (41, 42). TGF-β can induce the differentiation of naive CD4+ T cells into regulatory T cells (Tregs) or Th17 cells, depending on the context, and is often enriched in tumors. Therefore, TGF-β could play a crucial role in γδ T cell polarization toward pro-tumoral cells in the TME (43, 44). In vitro, human peripheral blood mononuclear cells (PBMCs) can be stimulated with phosphoantigens and cultured with IL-2 to selectively expand Vγ9Vδ2 T cells. Addition of TGF-β to the culture increases FOXP3 expression in these cells. FOXP3 expression remains stable for at least 10 days. Sorted FOXP3+ Vγ9Vδ2 T cells inhibit the proliferation of TCR-stimulated PBMCs (45). Another study confirmed TGF-β role in the development of FOXP3+ Vγ9Vδ2 T cells and demonstrated that decitabin, a DNA hypomethylating agent, promotes the generation and the immunosuppressive activity of FOXP3+ Vγ9Vδ2 T cells induced by TGF-β (46). Importantly, the relevance of FOXP3 as a regulatory marker depends on the type of stimulation. Indeed, Vδ2 cell activation using anti-CD3 and anti-CD28 antibodies instead of phosphoantigens leads to transient FOXP3 expression that does not correlate with the regulatory phenotype (47, 48). Interestingly, vitamin C increases the stability of TGF-β-induced FOXP3 expression in Vδ2 cells through an epigenetic modification of the FOXP3 gene, and enhances their suppressive capacities (49). Li et al. demonstrated that upon TCR stimulation Vδ1 T cells can be polarized toward a suppressive phenotype in the presence of IL-2 and TGF-β. These Vδ1 cells express FOXP3 and suppress the proliferation of activated CD4+ T cells (50). In human colorectal cancer, tumor-infiltrating CD39+ γδ T cells were described as regulatory γδ T cells that express FOXP3 and act mainly through the adenosine pathway (31). The authors found that TGF-B1 mRNA level is higher in the tumor than in the associated normal tissue. Moreover, CD39+ γδ T cells from normal tissue incubated with tumor supernatant acquire a potent suppressive capacity through increased adenosine production. This effect can be abrogated by incubation with an anti-TGF-β antibody, and can be reproduced by stimulating cells with recombinant TGF-β. TGF-β-induced polarization of γδ T cells toward FOXP3+ suppressive cells was also demonstrated in the mouse (51). Additionally, TGF-β is required for the polarization of Vγ9Vδ2 into IL-17-producing γδ T cells, together with IL-1β, IL-6 and IL-23, as described below (52). Overall, these results suggest that TGF-β could be one of the key factors responsible for conversion of γδ T cells into suppressive and/or IL-17-producing cells.



IL-4

IL-4 is a potent regulator of the humoral response and more generally of the adaptive immunity, particularly through the differentiation of naive T cells into Th2 cells. In cancer, IL-4 has been associated with tumor aggressiveness, and IL-4 pathway blockade is currently investigated as anti-cancer strategy (53). IL-4 is often enriched in the microenvironment of human solid tumors, notably in cancers with high γδ T cell infiltration, such as breast cancer (54). In vitro, human Vδ2 cells isolated from peripheral blood and activated by phosphoantigens in the presence of IL-4 produce low levels of interferon γ (IFN-γ) and high levels of IL-4, although this production is not stable over time (55). In a more recent study, Mao et al. showed that IL-4 inhibits in vitro the activation of blood γδ T cells induced by TCR stimulation (54). Nevertheless, IL-4 promotes the growth of activated γδ T cells and increases the levels of Vδ1 T cells, which in turn inhibit Vδ2 T-cell growth via significant IL-10 secretion (54). IL-4 inhibits γδ T cell activation when present at the moment of the stimulation, but enhances their proliferation when added later. Moreover, concanavalin A-stimulated Vδ1 T cells cultured with IL-4 retain their cytotoxic properties against tumor cells. This suggests a complex and context-dependent role of IL-4 in γδ T cell polarization (56).



IL-21

IL-21 is a potent immunomodulatory cytokine, mainly produced by activated CD4+ T cells and NKT cells. IL-21 enhances the effector functions of NK cells, helper CD4+ T cells and cytotoxic T cells (CTL), but also inhibits Tregs (57). Therefore, it is often defined as a pro-inflammatory cytokine. In colorectal cancer, IL-21 is strongly associated with chronic inflammatory colitis that precedes the malignant disease (57–59). A similar pro-inflammatory effect of IL-21 on γδ T cells was initially described. Upon in vitro expansion with IL-21, human Vγ9Vδ2 cells display increased levels of granzyme B and increased production of IFN-γ after activation, resulting in enhanced cytotoxic activity toward tumor cells (60). However, IL-21 modulatory role may depend on the cell type and the duration of the exposure. For example, IL-21 enhances IL-10 production by regulatory B cells and their proliferation. Similarly, our group recently found that IL-21 is implicated in the polarization of human Vγ9Vδ2 T cells and Vδ1 T cells toward a regulatory phenotype (30, 61). We isolated a subpopulation of CD73+ regulatory Vγ9Vδ2 T cells following their expansion in the presence of IL-21. We demonstrated that this subset can synthetize adenosine through CD73 enzymatic activity, and produces the suppressive cytokine IL-10 and the chemokine IL-8 (also known as CXCL8) that is involved in the recruitment of polymorphonuclear leukocytes (PMN)-MDSCs. This CD73+ cell subpopulation can suppress the T cell immune response directly in an adenosine- and IL-10-dependent manner, and indirectly by impairing DC antigen presentation (61). We then extended these observations to Vδ1 T cells. We identified in the blood of healthy donors a Vδ1 T cell subpopulation that expresses CD73 and displays immunosuppressive phenotype and functions (i.e., production of immunosuppressive molecules, such as IL-10, adenosine and IL-8). As shown for Vγ9Vδ2 T cells, incubation with IL-21 favors the development and amplification of this Vδ1 subset. Importantly, we detected CD73+ γδ T cells in breast cancer biopsies, suggesting that they could interfere with the anti-tumor response (30). Moreover, in mouse γδ T cells, CD73 expression is increased after exposure to IL-21, suggesting that this polarization could be a common mechanism among different species (61). Interestingly, after infection with Mycobacterium bovis Bacillus Calmette-Guerin (BCG), the number of IL-17-producing γδ T cells was higher in IL-21 receptor knockout mice than wild type animals. IL-21 induces the apoptosis of these cells, suggesting the existence of a balance between IL-21-induced regulatory γδ T cells and IL-17-producing γδ T cells, at least in some contexts (62).



Polarization Into Th17-Like Cells

IL-17 production was first described in helper CD4+ cells, called Th17 cells. Th17 cell cytokine secretion, transcription regulation and effects on the immune system are now well-characterized. Their development is controlled by the transcription factors RORγt (63) and STAT3, and also by IRF4 in some cases when the differentiation is induced by cytokines (64). In mice, TGF-β, IL-6, IL-21 and IL-23 play a critical role in the differentiation or polarization of CD4+ cells into Th17 cells. In humans, IL-1 and IL-23 seem to have the most important role in Th17 cell differentiation, followed by TGF-β and IL-6 (65–67). IL-17 is produced by murine γδ T cells (68) and also by human γδ T cells (69). In both species, IL-7 strongly promotes the expansion of IL-17-producing γδ T cells (Th17 γδ T cells) (70). Moreover, several studies have shown that when cultured in the presence of various cytokine combinations, naive Vγ9Vδ2 T cells acquire an IL-17-secreting Th17-like phenotype or a mixed Th1/Th17 phenotype, and produce both IFN-γ and IL-17 (52, 71, 72). Human cord blood-derived Vγ9Vδ2 T cells stimulated with the phosphoantigen (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) require IL-6, IL-1β and TGF-β to differentiate into Th17 γδ cells, and also IL-23 for differentiation into γδ Th1/Th17 cells (71, 72). In adults, differentiation of naive γδ T cells into memory γδ Th1/Th17 T cells and Th17 γδ T cells requires IL-23, IL-1β and TGF-β, but not IL-6. γδ Th17 cells can also produce IL-22 (especially cells in the cord blood) (71, 72). The pro-tumor role of IL-17 has been well established in some contexts, and the pro-tumor role of Th17 γδ T cells will be developed in the next part.




PRO-TUMORAL FUNCTIONS OF γδ T CELLS (FIGURE 2)
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FIGURE 2. Pro-tumor functions of γδ T cells. (A) Th17-like γδ T cells. Th17γδ cells promote angiogenesis indirectly by inducing the production of angiogenic factors by cancer cells (a), or directly by producing angiogenic factors (b). They also induce myeloid-derived suppressor cell (MDSC) recruitment through GM-CSF and IL-8 production (c), and recruit or polarize M2 macrophages (d) and suppressive neutrophils (e). (B) Pro-tumor γδ T cells. CD39+/CD73+ γδ T cells produce adenosine that inhibits αβ T cell proliferation and anti-tumor functions (a). γδ T cells can express PD-L1 and inhibit the function of PD1-expressing cells, such as CD8 + cells (b). IL-10 produced by γδ T cells inhibits CD8 + cell proliferation and cytotoxicity (c). They also favor MDSC recruitment via IL-8 (d) and inhibit dendritic cell (DC) maturation and functions through not identified mechanisms (e). NK, natural killer cells; Mϕ, macrophages, APC, antigen-presenting cell.



Th17 γδ T Cells

IL-17 is detected in mice and human tumor (73–75), and αβ Th17 cells are not the only source of IL-17. Indeed, NK cells, neutrophils and γδ T cells also produce IL-17. Notably, Th17 γδ T cells are the first and major source of IL-17 at sites of inflammation or infection, and also in tumors.

Although Ma et al. showed that IL-17-producing γδ T cells (Vγ4 and Vγ6) contribute to the chemotherapy-induced anti-cancer immune response (76), many studies found that Th17 γδ cells display pro-tumor functions in mouse models and human solid cancers.

In mouse models of fibrosarcoma (77), ovarian (78) and breast cancers (79), γδ T cells are the main IL-17 producers at the tumor site, and promote tumor growth. Th17 γδ T cells increase the expression of the angiogenic factors VEGF-2 and ANG-2 at the tumor sites, suggesting that tumor-infiltrating IL-17-producing γδ T cells promote tumor development by enhancing angiogenesis (77). They also participate in the establishment of an immunosuppressive TME through the recruitment, expansion and polarization of neutrophils that can suppress cytotoxic T lymphocyte (CTL) activities (79), and the recruitment of MDSCs or small peritoneal macrophages in ovarian cancer. All these cells also induce the expression of pro-tumor and pro-angiogenic factors that promote tumor growth.

In human solid cancers, Wu et al. were the first to demonstrate the pro-tumor role of IL-17-producing γδ T cells in human colorectal cancer (33). They showed that the main IL-17 producers in colon cancer are γδ T cells (up to 83% of Vδ1 T cells). In this cancer, Th17 γδ T cell differentiation and activation are triggered by IL-23 produced by activated DCs present at the tumor site. Colon cancer-infiltrating Th17 γδ T cells produce also IL-8 that participates in tumor progression through its role in angiogenesis and in MDSC recruitment. These MDSCs contribute to establishing an immunosuppressive microenvironment that favors tumor development. Interestingly, the strong and positive correlation between tumor-infiltrating Th17 γδ T cells and TNM stage (tumor size, lymphatic invasion, and metastases) strengthens the pro-tumor activities of Th17 γδ T cells in human colorectal cancer (33). Studies in patients with gallbladder cancer showed an increase of Th17 γδ T cells in the blood (compared with healthy individuals), and also of tumor-infiltrating lymphocytes in patients who did not receive any treatment. They confirmed the implication of Th17 γδ T cells in angiogenesis promotion (induction of VEGF production by gallbladder cancer cells) and tumor progression. Moreover, the presence of Th17 γδ T cells in the blood of patients is associated with poor survival compared with patients with few or without Th17 γδ T cells (34). Lo Presti et al. showed that γδ T cells are increased in the blood and at the tumor site in patients with squamous cell carcinoma. Interestingly, tumor-infiltrating γδ T cells are functionally different depending on the tumor stage (80). At early stages, γδ T cells produce mainly IFN-γ, while at late stages, they produce IL-17. Indeed, higher numbers of IL-17-producing cells (both Vδ1 and Vδ2 γδ T cell subsets) are found in advanced-stage squamous cell carcinoma compared with early stage tumors. They also showed that both Vδ1 and Vδ2 cell subsets produce high levels of IL-17 at the tumor site. Moreover, Vδ2 T cells produce IFN-γ in the blood, suggesting that Th17 γδ T polarizing factors are present in the TME (80).

Overall, many reports demonstrated the pro-tumor functions of γδ T cells with a Th17 γδ T phenotype. To date, it is not possible to say whether this Th17 γδ T cell sub-population is recruited at the tumor site or is polarized in situ toward IL-17-producing cells due to the presence of Th17-polarizing cytokines in the TME (e.g., IL-1β, IL-23, TGF- β, IL-6). Nevertheless, it is now well-established that Th17 γδ T cells favor tumor growth by promoting angiogenesis, metastasis development, and the recruitment of other immunosuppressive cells, such as suppressive neutrophils and MDSCs.



Production of Suppressive Cytokines

As discussed in the polarization section, upon exposure to specific stimuli γδ T cells can acquire potent regulatory functions, particularly through the production of IL-10 and TGF-β, two strongly suppressive cytokines.

IL-10 is a key anti-inflammatory cytokine that inhibits the production of pro-inflammatory cytokines and the expression of co-stimulatory molecules by Th1 and antigen-presenting cells (81). In vitro, IL-4-polarized Vδ1 T cells produce IL-10 and inhibit the growth of Vδ2 T cells in an IL-10-dependent manner. Similarly, Vδ1 T cells activated with anti-TCR antibodies strongly secrete IL-10 (54, 82). In the presence of IL-21, the CD73+ Vδ2 and Vδ1 T cell subsets secrete high levels of IL-10 upon activation (30, 61). In human colorectal cancer, infiltrating CD39+ γδ T cells, which are mainly Vδ1+ cells, produce more IL-10 than CD39- γδ T cells and CD39+ γδ T cells from the tumor-adjacent normal tissue. However, after several days of culture ex vivo, these cells do not maintain IL-10 production and lose their ability to suppress the proliferation of activated T cells (31). In mice, IL-10-producing γδ T cells have been identified in tumors. In a breast cancer model, supernatant from infiltrating γδ T cells suppresses the proliferation of anti-tumor CTLs in an IL-10-dependent manner (83). In a syngeneic model of OVA-expressing EL4 tumors (lymphoma), IL-10-producing γδ T cells suppress the CD8-dependent anti-tumor response, and their depletion significantly reduces tumor growth (84). Similarly, IL-10+ γδ T cells are observed in the spleen and tumors of mice grafted with TC1 cells (transformed lung epithelial cells) (61). IL-10-producing γδ T cells are also observed in other conditions, for instance during pregnancy (both human and mouse), and in oral tolerance and infection in the mouse (85–87). Collectively, these results suggest that Vδ1 and Vδ2 T cells can produce IL-10; however, the amount and the impact of this production in human tumors has not been clearly established yet.

TGF-β is a potent immunosuppressive factor that is tightly regulated, particularly at the post-translational level. To be active, the mature part of the protein needs to be released from the latent peptide (LAP) through interaction with the integrin αvβ6 or αvβ8, the main activating partners of TGF-β. In vitro, TGFβ mRNA level and LAP surface expression are increased in Vδ1 T cells sorted from PBMCs and activated with anti-CD3 and anti-CD28 antibodies (88). High TGF-β level has also been detected in the supernatant of PBMCs stimulated with an anti-TCR Vδ1 antibody (82), and in the supernatant of Vδ2 T cells stimulated with the ligand isopentenyl pyrophosphate and expanded with TGF-β and IL-15 (45). In colorectal cancer, TGF-β surface expression is higher in γδ T cells isolated from tumors than from normal tissue (31). Interestingly, in the mouse tumor model MM2, infiltrating γδ T cells suppress the anti-MM2 CTLs through TGF-β in addition to IL-10 (83). However, it is unclear whether total or active TGF-β was measured in these studies. While total TGF-β is a measure of the whole TGF-β production by the cells, only active TGF-β quantification indicates the actual suppressive potential of such cells through TGF-β. Indeed, in these studies, γδ T cell suppressive properties were not affected by a neutralizing anti-TGF-β antibody, despite their supposed high level of TGF-β production, or the impact of TGF-β neutralization was not explored. A possible explanation for this discrepancy is that only total TGF-β was measured and not active TGF-β. This argument is supported by the reported high concentration that is more consistent with the measurement of total TGF-β. These results suggest that human γδ T cells, particularly Vδ1 T cells, can produce and present latent TGF-β at their surface in some contexts. However, because of the lack of αvβ6 or αvβ8 integrin expression, γδ T cells might not be able to produce active TGF-β on their own, unlike conventional Tregs (89, 90). Nonetheless, the presence of latent TGF-β at the γδ T cell surface is highly relevant because they represent a new source of latent TGF- β that may be activated by integrin-expressing partners within the tumor.

Besides the production of directly suppressive cytokines, γδ T cells also support the establishment of a suppressive TME through the production of other cytokines, such as IL-8 and granulocyte macrophage-colony stimulating factor (GM-CSF) that favor PMN-MDSC accumulation and expansion in colorectal cancer (33). Interestingly, IL-21, which is highly expressed in this cancer type, increases the production of IL-8 by CD73+ Vδ2 T cells and Vδ1 T cells in vitro (30, 61).



Involvement of the Adenosine Pathway

Extracellular ATP and adenosine are considered potent modulators of the anti-tumor immune response. Extracellular ATP, released by apoptotic cells for example, induces inflammation and promotes strong anti-tumor responses because it increases the immunogenicity of dying cancer cells (91, 92). It favors the recruitment of phagocytes, the recruitment and maturation of DC, inhibits the proliferation of tumor cells but not of healthy cells, and promotes cancer cell death (91, 93, 94). Conversely, extracellular adenosine inhibits the anti-tumor immune response and induces the establishment of an immunosuppressive microenvironment (95). The adenosine pathway involves the ectonucleoside triphosphate diphosphohydrolase 1 (ENTPD1 or CD39) that catalyzes the phosphohydrolysis of extracellular ATP into ADP and of ADP into AMP, and the ecto-5′-nucleotidase CD73 that completes AMP conversion into adenosine (92, 96, 97). It has been shown that γδ T cells express CD39 and/or CD73 during inflammation and in the TME. Their expression is associated with suppression or inhibition of the immune response (98–100). In murine pancreatic cancer, Daley et al. found that tumor-infiltrating γδ T cells upregulate CD39 expression (among other immunosuppressive molecules) and promote tumor progression by restricting αβ T cell activation (36). Hu and colleagues described in human colorectal cancer a subpopulation of regulatory γδ T cells that express CD39 (31). CD39+ γδ T cells are enriched at the tumor site and produce high levels of adenosine in the TME, compared with other regulatory cells such as conventional Tregs. Furthermore, they showed that infiltration of CD39+ γδ T cells is positively correlated with the TNM stage, suggesting that these cells participate in the establishment of an immunosuppressive TME, thus promoting tumor growth (31). In vitro, our group identified subpopulations of regulatory γδ T cells isolated from peripheral blood that express CD73 and can produce adenosine. These CD73+ populations (Vγ9Vδ2 or Vδ1) also express CD39 and catalyze the transformation of ATP into adenosine, thus displaying immunosuppressive functions, as revealed by their capacity to inhibit αβ T cell proliferation (30, 61). These regulatory CD73+ γδ T cells are found in human breast cancer samples, suggesting that they could interfere with the anti-tumor immune response and favor tumor progression (30). Altogether, these studies indicate that the CD39/CD73/adenosine pathway is a major component of γδ T cell regulatory/immunosuppressive functions in the TME.



Other Suppressive Mechanisms of γδ T Cells

The previously described regulatory γδ T cells can contribute to the establishment of an immunosuppressive microenvironment and to the inhibition of the anti-tumor response in different manners, for instance by producing inhibitory factors (e.g., IL-10, IL-8, TGF-β and adenosine) or by recruiting immunosuppressive cells (e.g., MDSCs and neutrophils). γδ T cells can also exert their regulatory functions by providing negative co-stimulatory signals to T cells in the TME through expression of immune checkpoint proteins. Programmed cell death 1 (PD1) and its ligand programmed cell death 1 ligand 1 (PD-L1) play a major role in the negative regulation of cell-mediated immune responses. Indeed, PD1 is expressed by T cells, and upon binding to its ligand (expressed by B cells, macrophages and cancer cells), it inhibits T cell activation, thus impairing the anti-tumor T cell response. Peters et al. showed that Vδ2 T cells obtained from the blood of healthy donors can express PD-L1 following activation (47). These cells inhibit αβ T cell proliferation in co-culture experiments, and this effect can be abrogated by PD-L1 blockade (47). This could be another mechanism by which regulatory γδ T cells exert their immunosuppressive activities and promote tumor growth. In agreement, Daley et al. showed in a pancreatic cancer mouse model that PD-L1 expression is higher in tumor-infiltrating γδ T cells than in splenic γδ T cells (36). In co-culture experiments, they found that tumor-infiltrating γδ T cells prevent αβ T cell activation and that this inhibition is reversed by an anti-PD-L1 antibody (36). Interestingly, the same regulatory phenotype is observed in pancreatic ductal adenocarcinoma (PDAC). Indeed, PD-L1 is strongly expressed in γδ T cells from the blood of patients with pancreatic cancer compared with healthy donors. Tumor-infiltrating γδ T cells also express PD-L1 in human PDAC (50% of infiltrating γδ T cells), suggesting that γδ T cells can promote tumor progression through the PD1/PD-L1 axis (36).

T-cell immunoglobulin mucin receptor 3 (TIM-3) and its ligand galectin-9 (GAL-9) are other immune checkpoint molecules that participate in T cell response inhibition. TIM-3 interaction with GAL-9 limits T cell expansion and effector function in the TME (101, 102). GAL-9 expression is upregulated on tumor-infiltrating γδ T cells in human and mouse PDAC, and γδ T cell-mediated suppression is dependent on GAL-9 (36).

Little is known about the expression of other immune checkpoint molecules, such as PD-L2, CD80/86 and CTLA-4, by γδ T cells in cancer. More studies are needed to investigate the expression of these and other suppressive molecules to fully understand the mechanisms of action of regulatory γδ T cells.




IMPLICATIONS FOR γδ T CELL-BASED TUMOR IMMUNOTHERAPY

The discovery of γδ T cell-mediated tumor immune surveillance has led to much research to understand the underlying mechanisms and to harness their potent anti-tumor properties. It is now firmly established that γδ T cells are well-equipped to recognize and eliminate malignant cells (20, 103). Thus, much effort has focused on the development of therapeutics using γδ T cells, especially the Vγ9Vδ2 subset because they can be easily obtained and expanded from the blood (104, 105). Two main strategies were first investigated: (i) in vivo expansion of Vγ9Vδ2 T cells by injection of phosphoantigens and low-dose IL-2 in the patient, and (ii) adoptive transfer of ex vivo expanded Vγ9Vδ2 T cells. Clinical trials using both strategies in patients with hematological or solid cancers confirmed the safety of this immunotherapy (well-tolerated and no toxicity), but showed moderate clinical success (106–109). Indeed, the results were not as good as expected because only few patients showed complete response to the therapy. Among the reasons of these relatively modest clinical results were the skewing of γδ T cells toward a non-reactive or even a pro-tumor phenotype. For example, Hoeres et al. showed that incubation of PBMCs from patients with leukemia with IL-2 and/or zoledronic acid, which are used to activate γδ T cells, induces PD-1 expression by γδ T cells and impairs their anti-tumor functions (110). Similarly, Castella et al. reported PD-1 expression by γδ T cells in patients with myeloma after phosphoantigen activation (111). Several in vitro and in vivo studies, summarized here, have demonstrated that γδ T cell polarization toward suppressive and/or IL-17-producing cells is a real possibility and that anti- and pro-tumor γδ T cells might co-exist in the tumor.

After these first clinical trials, new refined approaches based on recent discoveries are currently being developed. Aminobisphosphonate activation of γδ T cells in combination with chemotherapy or with FDA-approved antibodies is one of these axes. Hoeres et al. and Castella et al. showed that incubation with an anti-PD-1 antibody restores the proliferative and anti-tumor properties of Vγ9Vδ2 T cells from patients with leukemia or lymphoma (110, 111). However, Castella et al. then found that phosphoantigen stimulation of anergic PD-1+ Vγ9Vδ2 combined with PD-1 blockade increases the expression of PD-1 and of two other immune checkpoint molecules (TIM-3 and LAG-3), leading to a “super-anergic” state (112). Thus, although the combination of γδ T cell stimulation and immune checkpoint blockade is an interesting and easily feasible therapeutic alternative, it still needs to be improved, by combining for example two or more antibodies against immune checkpoint molecules. The use of bi-specific T-cell engagers (BITEs), tribodies, and engineered T cells harboring a chimeric antigen receptor (CAR) are other interesting options. For instance, the redirection of Vγ9Vδ2 T cells against tumor cells using bispecific antibodies or tribodies is efficient in HER-2-positive PDAC and ovarian cancer (113). TEGs are αβ T cells engineered to express tumor-specific Vγ9Vδ2 TCRs. In in vitro models and in humanized mouse cancer models, TEGs reduce colony formation of progenitor cells of primary acute myeloid leukemia blasts and inhibit leukemia growth (114). TEGs engineered from patients with myeloma can recognize and efficiently kill myeloma cells in a 3D bone marrow niche model. Phase 1 clinical trials are currently in development to test TEGs, CAR γδ T cells, and antibodies (bispecific antibodies or anti-BTN3A antibodies) to specifically “engage” γδ T cells in the anti-tumor immune response (26).

Another strategy would be to focus on Vδ1 T cells, the main subpopulation that infiltrates the TME of solid tumors. Despite their potent anti-tumor properties, Vδ1 T cells had never been tested in the clinic due to lack of suitable expansion/differentiation protocols. Recently, Silva-Santos' team developed a new and robust clinical-grade method for selective and large-scale expansion and differentiation of cytotoxic Vδ1 T cells, and showed that these cells can inhibit tumor growth and dissemination in preclinical models of chronic lymphocytic leukemia (27).

On the basis of reports demonstrating γδ T cell pro-tumor functions, regulatory γδ T cell subsets could be a thorn in the side of these newly developed therapies and need to be taken into account. Unfortunately, no clear phenotypic marker of such cells has emerged yet. Vδ1 cells have been associated with pro-tumor T cells, but when cultured in proper conditions they show very high potential for anti-tumor therapies due to their strong reactivity and cytotoxicity toward tumor cells. Adenosine pathway markers (e.g., CD39 and CD73) are interesting, but do not characterize pro-tumor γδ T cells on their own. Indeed, CD39 can be considered as an activation marker for T cells (115, 116), and CD73 is also expressed by naive γδ T cells (117, 118). More studies are needed to better characterize γδ T cell pro-tumor phenotypes and to identify markers or marker combinations that will allow the depletion of pro-tumor subsets in the whole γδ T cell population.

In the absence of such specific phenotypic markers to deplete or sort out the pro-tumor γδ T cells before cell therapy, targeting polarizing cytokines or pro-tumor cytokines produced by pro-tumor γδ T cells could be of interest. While IL-21 expression might favor the emergence of a regulatory γδ T cell population, its positive role on the cytotoxicity of other cell types, such as CTL and NK cells, might be important for the anti-tumor response. Alternatively, targeting TGF-β as a pro-tumor cytokine and a polarizing factor for γδ T cells toward both suppressive and IL-17-producing cells might be of interest. Newly developed highly selective approaches targeting the TGF-β-anchoring protein GARP or the latent TGF-β peptide LAP could be employed in pro-tumor γδ T cell-rich tumors, such as colorectal cancer, or with γδ T cell-based therapies to avoid their polarization (119, 120). While no anti-human IL-10 antibody has been approved for cancer treatment, the production of IL-17A and adenosine could be targeted in tumors that are highly infiltrated by pro-tumor γδ T cells, such as breast and colorectal cancer.



CONCLUDING REMARKS

Although γδ T cells offer interesting perspectives for clinical applications in cell-based immunotherapy, their pro-tumor functions have to be taken into account. Indeed, environmental factors can polarize or repolarize γδ T cells, leading to loss of the anti-tumor function. Moreover, important advances in γδ T cell immunobiology have revealed a large diversity in functionality and activation modes of these cells. The new challenge is to better characterize and understand the role of the various γδ T cell subsets in function of the specific context.
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Tumor cells develop various mechanisms to escape immune surveillance. In this context, oncometabolites secreted by tumor cells due to deregulated metabolic pathways, have been in the spotlight of researchers during the last years. 5′-Deoxy-5′-methylthioadenosine (MTA) phosphorylase (MTAP) deficiency in tumors results in the accumulation of MTA within the tumor microenvironment and thereby negatively influencing immune functions of various immune cells, including T and NK cells. The influence of MTA on T cell activation has been recently described in more detail, while its impact on NK cells is still largely unknown. Therefore, we aimed to illuminate the molecular mechanism of MTA-induced NK cell dysfunction. NK cell cytotoxicity against target cells was reduced in the presence of MTA in a dose-dependent manner, while NK cell viability remained unaffected. Furthermore, we revealed that MTA blocks NK cell degranulation and cytokine production upon target cell engagement as well as upon antibody stimulation. Interestingly, the immune-suppressive effect of MTA was less pronounced in healthy donors harboring an expansion of NKG2C+ NK cells. Finally, we demonstrated that MTA interferes with various signaling pathways downstream of the CD16 receptor upon NK cell activation, including the PI3K/AKT/S6, MAPK/ERK, and NF-κB pathways. In summary, we revealed that MTA blocks NK cell functions like cytotoxicity and cytokine production by interfering with the signaling cascade of activating NK cell receptors. Specific targeting of MTA metabolism in MTAP-deficient tumors therefore could offer a promising new strategy to reverse immune dysfunction of NK cells within the tumor microenvironment.

Keywords: NKG2C, CD16 signaling, 5′-deoxy-5′-methylthioadenosine, NK cells, tumor escape mechanism


INTRODUCTION

Altered tumor cell metabolism is able to contribute to various tumor escape mechanisms to evade destruction by the immune system. An elevated glycolysis rate leads to increased lactic acid production, resulting in its accumulation within the tumor microenvironment (TME), where it blocks IFNγ production and reduces survival of CD8+ T and NK cells in vitro and in vivo (1). Moreover, tumor cells often favor metabolic pathways leading to the accumulation of intermediate metabolites; one example for these so-called oncometabolites is 2-hydroxyglutarate (2-HG), which is released by tumor cells harboring a gain-of-function mutation of the isocitrate dehydrogenase (IDH). Accumulation of 2-HG results in increased uptake by T cells, reprogramming their metabolism toward oxidative phosphorylation, leading to an increased frequency of regulatory T cells (Treg) and impaired polarization of T helper 17 (Th17) cells (2). Furthermore, various tumor entities have shown a reduced activity of the 5′-deoxy-5′-methylthioadenosine phosphorylase (MTAP), an important enzyme of the polyamine and methionine salvage pathway, either due to promoter hypermethylation or deletion of the chromosomal 9p21 region (3–5). MTAP is the only human enzyme that converts 5′-deoxy-5′-methylthioadenosine (MTA), a by-product of the polyamine pathway, into adenine and 5′-methylthioribose-1-phosphate. The latter one is then further metabolized to methionine within the methionine salvage pathway, which assures a sufficient production of S-adenosyl-methionine (SAM/AdoMet), the most important methyl donor within eukaryotic cells. Proper removal of MTA by MTAP is essential to guarantee an effective performance of the polyamine synthesis pathway and of methylation processes (6). We have previously demonstrated that accumulation of MTA due to MTAP deficiency is able to suppress proliferation, activation, and differentiation of human T cells (7, 8). In addition, an immune-suppressive effect of MTA has been demonstrated as well within cells of the innate immune system including macrophages (9, 10) and NK cells (11).

NK cells are innate lymphocytes, which, in contrast to T and B cells, recognize their targets through a variety of germline-encoded activating and inhibitory receptors. In this regard, tumor or virus-infected cells often down-regulate human leucocyte antigen (HLA) molecules on their surface in order to escape the adaptive immune system. However, HLA molecules like HLA-C1, C2, Bw4, or E are all ligands for inhibitory NK cell receptors like killer immunoglobulin-like receptor (KIR; HLA-C1, C2, Bw4) or NKG2A (HLA-E). Thus, down-regulation of HLA molecules with resulting predominance of activating receptors on target cells renders these cells susceptible toward NK cell cytotoxicity, a mechanism called “missing-self” (12). In addition, NK cells produce proinflammatory cytokines like interferon gamma (IFNγ) and tumor necrosis factor alpha (TNF) upon encountering a target cell, thereby inducing direct as well as indirect anti-tumor effects like the activation and differentiation of naïve T cells (13). NK cells are characterized by the lack of a TCR and its CD3 co-receptor while expressing the FcγRIII receptor CD16 and CD56; density and expression are both used for the additional division into the immature CD56brightCD16+/− and the mature CD56dimCD16+ NK cell subsets (14). The latter one can be further divided based on the expression of NKG2A, KIR, and CD57 (15). Recently, a NK cell subset with adaptive immune features has been described in CMV-infected individuals. These cells demonstrate longevity, clonal expansion, and enhanced effector function and were transplantable into other individuals. They exhibited increased expression of the activation receptor NKG2C and of the terminal differentiation marker CD57 (16–18).

The current project aimed to explore the underlying mechanism of how MTA is blocking NK cell cytotoxicity in order to further understand this process in detail and develop new strategies to circumvent this tumor escape mechanism.



MATERIALS AND METHODS


Reagents and Cell Lines

Antibodies were purchased for CD16 biotin from BioLegend; LFA-1 open conformation isoform was from Abcam; pZAP/Syk, pS6, pSLP76, pAKT (S473), pPLCγ2, pERK1/2, and NF-κB pp65 were from BD; KIR2DL1/S1 was from Miltenyi; KIR2DL2/3/S2 was from Beckman Coulter; KIR3DL1/2 was from BioLegend; CD57 was from BioLegend; NKG2A was from Beckman Coulter; NKG2C was from Miltenyi; CD56 was from Beckman Coulter; CD16 was from BioLegend; 7AAD was from BD; dead-cell marker was from Life Technologies; and CD107a was from BioLegend. Pacific Orange and Blue Succinimidyl Ester were bought from Thermo Fisher Scientific. 5-Methylthioadenosine (MTA) and 3-deazaadenosine (3-Deaza) were purchased from Sigma-Aldrich, 5-azacytidine (5-Aza) was from Biomol/Cayman, and 2-chloroadenosine (CADO) and EPZ015666 (EZH) were from Sigma. Avidin was purchased from Sigma. K562 cell line from ATCC was cultured in RPMI 1640 media with antibiotics (penicillin/streptomycin; Invitrogen) and 10% heat-inactivated fetal calf serum (Sigma) at 37°C.



Blood Donors and PBMC Isolation

Blood from healthy volunteer donors were obtained from the Erlangen and Oslo University Hospital Blood Bank with written donor informed consent. Peripheral blood mononuclear cells (PBMCs) were isolated using density gravity centrifugation (Lymphoprep; Axis-Shield). Isolated PBMCs were frozen down in freezing media [90% fetal calf serum and 10% DMSO] at −80°C and transferred into a liquid nitrogen tank for long-term storage.



NK Cell Isolation and Culture

Frozen PBMCs were thawed and washed before they were used for NK cell isolation. NK cell isolation from fresh or frozen PBMCs was performed using a NK cell isolation kit and magnetic column separation technology (Miltenyi Biotec). Isolated NK cells were either directly used for functional assays (phospho-epitope analysis) or rested overnight in complete medium containing RPMI 1640 media with antibiotics (penicillin/streptomycin; Invitrogen) and 10% heat-inactivated fetal calf serum (Sigma) plus 100 U/ml IL-2 (Proleukin) at 37°C.



51Cr Cytotoxic Assay

A total of 1 × 106 K562 cells were incubated with 100 μCi 51Cr for 2 h at 37°C. Afterwards, K562 cells were intensively washed and co-incubated at a 5:1 ratio with NK cell, which has been rested overnight with 100 U/ml IL-2 and pre-incubated with different concentrations of MTA. Cells were incubated for 4 h in the presence of increasing MTA concentrations at 37°C. At the end of the culture, cells were pelleted and 100 μl of supernatant was taken away for measuring radioactivity at a Liquid Scintillation counter (Perkin Elmer). NK cell cytotoxicity was calculated as % specific lysis = [(sample cpm–spontaneous cpm)/(maximal cpm–spontaneous cpm)]*100 (19). Maximum release was achieved by incubating K562 cells in perchloric acid and spontaneous release by incubation in complete medium alone.



Annexin V Staining Assay

NK cells rested overnight with 100 U/ml IL-2 were incubated with increasing concentrations of MTA in complete medium without additional IL-2 for 4 h at 37°C. Cells were harvested, washed, and labeled in 100 μl of 1 × Annexin V Binding Buffer (BD Biosciences) with 5 μl of Annexin V-FITC and 7AAD at room temperature for 15′. Afterwards, 400 μl of 1 × Annexin V buffer was added and cells were analyzed at a FACSCanto II machine (BD Biosciences). FlowJo software was used for analyzing FACS data (FlowJo LLC).



Flow Cytometry-Based Functional NK Cell Assays

Isolated NK cells from thawed PBMCs were rested overnight with 100 U/ml IL-2 at 37°C and pre-incubated with various concentrations of MTA or other inhibitors for 30′ at 37°C. Afterwards, NK cells were stimulated for 4 h with either plate-bound CD16 antibodies (10 μg/ml CD16-biotin antibodies were attached to an Avidin-coated 96-flat bottom plate for 15′ at room temperature) or K562 cells at a 1:1 ratio at 37°C in complete medium. CD107a was directly pipetted into the culture medium. After 1 h, GolgiPlug™/ Stop™ (BD) were added to the culture. After 4 h, cells were harvested and stained for surface epitopes. Afterwards, cells were fixed, permeabilized, and stained for intracellular cytokines using the fixation/permeabilization solution kit (BD).



Conjugate Formation Assay

Overnight rested NK cells were labeled with the VPD450 dye (BD) for 10′. K562 cells were labeled with the PKH26 dye according to the manufacturer's instruction (Sigma-Aldrich). VPD450-labeled NK cells were pre-incubated with or without 100 μM MTA for 30′ at 37°C. Afterwards, VPD450-labeled NK cells and PKH26-labeled K562 cells were put together into a FACS tube and spin down for 1′ at 100g. Cells were then incubated in a water bath at 37°C for 10′ and directly fixed in 300 μl of paraformaldehyde on ice. Finally, cells were washed and analyzed at a FACSCanto II machine (BD Biosciences).



Inside-Out Signaling Assay

Isolated NK cells from thawed PBMCs were rested overnight with 100 U/ml IL-2 at 37°C and pre-incubated with or without 100 μM MTA for 30′ at 37°C. NK cells were then stimulated with K562 cells for 10′ at 37°C at a 1:1 ratio. Afterwards, cells were harvested and stained for NK cell surface markers and the LFA-1 open conformation isoform.



Fluorescent Cell Barcoding and Phospho-Epitope Staining

NK cells isolated from fresh PBMCs were pre-incubated with or without 100 μM MTA in complete medium at 37°C for 30′. NK cells were then labeled with 10 μg/ml CD16-biotin antibodies for 2′ in a water bath at 37°C. Afterwards, 50 μg/ml avidin was added to cross-link the antibodies and induce the CD16 signaling cascade. After 0, 1, 5, 10, and 30′, NK cells were fixed in 4% paraformaldehyde for 7′ at 37°C, pelleted, washed, and stored in 100% methanol at −20°C. After overnight storage, cells were thawed, washed, and labeled with different concentrations of different dilution combinations of the two fluorescent dyes pacific blue and orange (Life Technologies). Afterwards, all cells were collected, labeled with surface and different phospho-epitope specific antibodies, and analyzed at a FACSCanto II machine (BD Biosciences).



Microarray Analysis

The dataset GSE23695 containing expression profiles of CD56dimCD16+CD57+ and CD57− NK cells was downloaded into R version 3.6.1 using the package GEOquery 2.54.1 (20). Subsequent differential expression analysis was carried out with limma 3.42.2. Gene set enrichment analysis (GSEA) was performed with GSEA v4.0.3 on gene set M10911 (KEGG_CYSTEINE_AND_METHIONINE_METABOLISM).



Statistical Analysis

For comparing single paired samples, a Wilcoxon test was used, while a Mann–Whitney test was used for single unpaired samples. For significance analysis for multiple matched groups with each other, a one- or two-way ANOVA test was done. Statistical significance: *p < 0.05. Analysis was performed using the GraphPad Prism software.




RESULTS


MTA Blocks NK Cells' Cytotoxic Activity Without Affecting Their Viability

Since NK cells are known for their cytotoxic activity against various tumor cell lines, we were interested if MTA is capable of suppressing this effect. Using the well-established NK cell target cell line K562 in a classical 51Cr release assay, we observed a reduction of NK cell cytotoxic activity at a MTA concentration of 100 μM, with no suppressive effect at 10 μM. In contrast, a nearly complete block of cytotoxicity was found at a concentration of 1 mM MTA (Figure 1A). To rule out a cytotoxic effect of MTA on NK cells' viability as a reason for this reduced cytotoxic activity, we stained NK cells for Annexin V and 7AAD expression after a 4 h incubation period with increasing concentrations of MTA. Interestingly and importantly, even at a MTA concentration of 1 mM, no increased Annexin V (Figure 1B) or 7AAD (Supplementary Figure 1A) expression was observed. Overall, NK cell cytotoxic activity against K562 cells is reduced with increasing MTA concentrations which is not due to a cytotoxic MTA effect on NK cells' viability however.
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FIGURE 1. NK cells' cytotoxic activity is reduced upon MTA co-incubation without affecting NK cell viability. Isolated NK cells were incubated overnight with 100 U/ml IL-2 and pre-incubated for 30′ with various concentrations of MTA at 37°C. NK cells were further incubated for 4 h with the prior MTA concentration in the presence (A) or absence (B) of 51Cr-labeled K562 cells at a 5:1 ratio. For evaluating NK cells' cytotoxic activity against K562 cells (A; n = 4), the % specific lysis was calculated as followed: [(sample cpm–spontaneous cpm)/(maximal cpm–spontaneous cpm)]*100. To analyze the effect of MTA on NK cells' viability, they were harvested and stained for Annexin V expression (B; n = 8). Significance was calculated using a one-way ANOVA test (p value: * <0.05).




NK Cell Degranulation and Cytokine Production Are Reduced by MTA

Upon tumor cell recognition, NK cells release the content of their cytotoxic granules by a process called degranulation and produce pro-inflammatory cytokines like IFNγ. Since we observed a reduced cytotoxic activity at 100 μM MTA, we investigated if this was due to a reduced NK cell degranulation upon contact with K562 cells. Indeed, CD107a surface expression—a degranulation marker—on NK cells was significantly reduced in the presence of 100 μM MTA (Figure 2A); this could be observed even at lower MTA concentrations (Figure 2B). In accordance to our cytotoxicity experiments, NK cell degranulation in the presence of target cells was almost completely blocked at 1,000 μM MTA (Supplementary Figure 2A) and, in addition, IFNγ production was significantly reduced as well (Figure 2C).
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FIGURE 2. NK cell degranulation and cytokine production are reduced by MTA. Overnight IL-2-activated NK cells were pre-incubated with different concentrations of MTA for 30′ at 37°C and then stimulated with K562 cells at a 1:1 ratio (A–C,F) or plate-bound CD16 (D,E,G) for additional 4 h at 37°C. Afterwards, the cells were harvested and CD107a or IFNγ expression was analyzed in bulk NK cells. CD107a and IFNγ expression were indicated either as absolute values (A–E) or as the percentage decrease (F,G) due to MTA co-incubation [(absolute value with MTA/absolute value without MTA)*100]. Significance was calculated using a Wilcoxon test for analyzing paired samples (A,C–G; n = 12) or a one-way ANOVA (B; n = 6) test (p value: * <0.05).


As NK cells can also be activated by binding of antibodies to their CD16 receptor, we also investigated this stimulatory pathway. MTA was able to significantly reduce CD107a expression and IFNγ production upon CD16 stimulation (Figures 2D,E), while CD16 surface expression remained unchanged (Supplementary Figure 2B).

Of note, IFNγ production was more impaired by MTA than degranulation, independently if stimulated by either K562 cells (Figure 2F) or anti-CD16 (Figure 2G). Altogether, MTA-induced suppression of NK cells' cytotoxic activity is due to a reduced NK cell degranulation; in addition, MTA blocks IFNγ production upon various stimuli.



Adenosine Derivates and PRMT5 Inhibitor Reduce NK Cell Function

In other immune cell populations, it has been shown that MTA exerts its suppressive effect by different mechanisms. One supposed mechanism is the interaction with adenosine receptors due to the adenosine residue in MTA and another one due to its intracellular inhibition of the protein arginine methyltransferase 5 (PRMT5) (8, 21, 22).

We therefore investigated NK cell degranulation upon K562 cell stimulation in the presence of the stable adenosine analog 2-chloroadenosine (CADO) (23) and a synthetic PRMT5 inhibitor, EPZ015666 (EPZ). CD107a surface expression was significantly reduced in the presence of 100 μM CADO (Figure 3A) and 100 μM EPZ (Figure 3B). A similar effect was observed using the protein methyltransferase inhibitor 3-deazaadenosine (Supplementary Figure 3A), whereas no significant reduction was observed using the DNA methyltransferase inhibitor 5-azacitidine (Supplementary Figure 3B).
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FIGURE 3. An adenosine derivate and a PRMT5 inhibitor reduce NK cell function. Overnight IL-2-activated NK cells were pre-incubated for 30′ with 100 μM 2-chloroadenosine (CADO) or EPZ015666 (EPZ) (A,B; n = 6) and then stimulated with K562 cells at a 1:1 ratio for additional 4 h at 37°C. Afterwards, the cells were harvested and CD107a expression was analyzed in bulk NK cells. CD107a expression was indicated as absolute values (A,B). Significance was calculated using a Wilcoxon test for analyzing paired samples (p value: * <0.05).




MTA Elicits Different Inhibitory Effects Within the Different NK Cell Subsets

Next, we aimed to analyze the suppressive MTA effects within the different NK cell subsets. We first analyzed the MTA-induced reduction of CD107a and IFNγ expression upon K562 cell stimulation within CD56bright and CD56dim NK cells. While the suppressive MTA effect on NK cell degranulation was similar between both subsets (Figure 4A), the effect on IFNγ production was significantly more pronounced within the CD56dim subset (Figure 4B). Recently, it has been demonstrated that the CD56dim subset can be further divided into functional distinct subsets based on the expression of NKG2A, KIR, and CD57 (15). In terms of NK cell degranulation, the suppressive MTA effect was similar between the distinct subsets, independent if K562 cells (Figure 4C) or CD16 antibodies (Figure 4E) were used for stimulation. The same was observed for IFNγ production upon K562 cell stimulation (Figure 4D). In contrast, IFNγ production upon CD16 stimulation was less reduced in CD56dim NK cells expressing CD57 on their surface (Figure 4F). CD57+ NK cells produced significantly more IFNγ upon CD16 (Figure 4G) or K562 stimulation (Supplementary Figure 4B) than CD57− ones, while no difference in CD107a expression was observed (Supplementary Figures 4A,C). Interestingly, IFNγ production upon CD16 stimulation was significantly less effected by MTA in CD57+ than CD57− NK cells (Figure 4H), while no difference was observed upon K562 cell stimulation (Supplementary Figure 4E) and for CD107a expression (Supplementary Figures 4D,F). These differences in IFNγ production upon CD16 stimulation could be due to the significantly higher CD16 expression levels on CD57+ NK cells resulting in a stronger activation of this NK cell subset (Supplementary Figure 4G). In summary, the suppressive MTA effect on IFNγ production is present in all studied NK subsets with varying extent between the distinct NK cell subsets; CD57+ NK cells in particular seem less sensitive than CD57− NKs.
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FIGURE 4. MTA's inhibitory effect varies within the different NK cell subsets. Overnight IL-2-activated NK cells were pre-incubated with 100 μM MTA for 30′ at 37°C and then stimulated with K562 cells at a 1:1 ratio (A–D) or plate-bound CD16 (E–H) for additional 4 h at 37°C. Afterwards, the cells were harvested and CD107a or IFNγ expression were analyzed in various NK cell subsets based on their CD56, CD57, NKG2A, and KIR expression. CD107a and IFNγ expression were indicated either as absolute values (G) or as the percentage decrease (A–F,H) due to MTA co-incubation [(absolute value with MTA/absolute value without MTA)*100]. Significance was calculated using a Wilcoxon test for analyzing paired samples (A,B,G,H) or a one-way ANOVA (C–F) test (p value: * <0.05; n = 12).




Gene Expression of MTA's Metabolic Pathway and Targets Is Similar in CD57+/− NK Cells

In order to identify potential mechanisms for the differential MTA susceptibility of the two subsets, we analyzed the publicly available microarray dataset GSE23695 of CD56dimCD16+CD57+ and CD57− sorted NK cells (20). A GSEA of the methionine and cysteine pathway, including MTAP as the first degradation step of MTA, revealed no significant enrichment in any of the two subsets (Figure 5A). In addition, none of the four known adenosine receptors nor any of the most important methyl transferases, including PRMT5, were differentially expressed between the two groups (Figure 5B and Supplementary Table 1). All in all, CD57+ and CD57− NK cells do not differ in their gene expression profile concerning known MTA targets or enzymes of the methionine (MTA) metabolic pathway.
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FIGURE 5. Gene expression of MTA's metabolic pathway and targets is similar in CD57+/− NK cells. Analysis of publicly available microarray data (GSE23695) (20) of CD56dimCD16+CD57+ and CD57− sorted NK cells performing a gene set enrichment analysis of the methionine and cysteine metabolism pathway (A) and a differential gene expression analysis of adenosine receptors and various methyltransferases (B). For the gene set enrichment analysis, the normalized enrichment score (NES) was 0.8 and the nominal p value 0.6.




Donors Haboring a NKG2C+ NK Cell Expansion Are Less Sensitive Against MTA-Induced Suppression of IFNγ Production

Since we observed varying degrees of MTA-induced suppression of IFNγ production within the different NK cell subsets, we were interested if similar effects could be observed within the NKG2C+ NK cell subset. This highly differentiated subset typically expands during CMV infection, demonstrates long-term survival, has increased capacity of IFNγ production, and is transplantable (24, 25). We identified 6 out of 12 healthy donors with an expansion of NKGC2+ NK cells, defined as >10% of total NK cells. Their NKG2C surface density was significantly higher compared to those donors without a NKG2C+ expansion (Figure 6A). In accordance with other reports (25) these NKG2Chi NK cells expressed significantly less NKG2A (Figure 6B) and higher levels of CD57 (Figure 6C) on their surface than their NKG2C− counterparts within the same donor, as well as compared to NKG2C+ NK cells from donors without a NKG2C+ expansion. In addition, NKG2Chi NK cells demonstrated superior IFNγ production upon CD16 stimulation (Figure 6D). NK cells from donors exhibiting a NKG2C+ expansion were less susceptible toward MTA-induced suppression of IFNγ production upon CD16 stimulation than NK cells from donors without one (Figure 6E). However, when comparing the suppressive MTA effect between NKG2C+/− NK cells in both donor groups, no significant differences were observed (Figure 6F). Interestingly, independent of their NKG2C expression, all NK cells from donors harboring a NKG2C+ expansion tend to be less susceptible toward MTA-induced suppression compared to those without an expansion. In addition, no differences between donors with or without a NKG2C+ expansion were observed for K562-induced IFNγ production (Supplementary Figure 5B) or CD107a expression independent of the used stimuli (Supplementary Figures 5A,C). Moreover, no significant differences in CD16 expression levels were observed between these two groups of donors (Supplementary Figure 5D). Overall, we observed a reduced susceptibility toward MTA-induced suppression of IFNγ production upon CD16 stimulation in donors harboring a NKG2C+ expansion. Strikingly, this effect was not due to a reduced susceptibility of NKG2C+ NK cells toward MTA compared to NKG2C− ones, but rather donor dependent.
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FIGURE 6. MTA-induced suppression of IFNγ production is less pronounced in donors harboring an expansion of NKG2C+ NK cells. Healthy donors were divided into two groups based on the presence of an expansion of NKG2C+ expressing NK cells (>10%). Overnight IL-2-activated NK cells were stained for the surface expression of NKG2C, NKG2A, and CD57 (A–C) or pre-incubated with 100 μM MTA for 30′ at 37°C and then stimulated with plate-bound CD16 for additional 4 h at 37°C (D–F). Afterwards, the cells were harvested and IFNγ expression was analyzed in NKG2C+/− NK cells. IFNγ expression was indicated either as absolute values (D) or as the percentage decrease (E,F) due to MTA co-incubation [(absolute value with MTA/absolute value without MTA)*100]. Significance was calculated using a Mann–Whitney test for analyzing unpaired samples (A,E) or a two-way ANOVA (B–D,F) test (p value: * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001, n = 6).




Conjugate Formation and Inside-Out Signaling Is Reduced by MTA

Our next aim was to investigate if MTA is already inhibiting early events during NK cell activation, ultimately leading to a reduced NK cell degranulation and IFNγ production. We first tested if MTA reduces the amount of conjugate formations between NK and K562 cells during their initial contact. In the presence of 100 μM MTA, NK:K562 cell conjugate formation was significantly reduced (Figure 7A).
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FIGURE 7. Conjugate formation and inside-out signaling are reduced by MTA. Overnight IL-2-activated NK cells (VPD450) and K562 cells (PKH-26) were labeled with different fluorescent dyes. NK cells were pre-incubated with or without 100 μM MTA and afterwards co-incubated with K562 cells for 10′. Conjugate formation was calculated as the percentage of double positive events (VPD450/PKH-26 positive cells) of all NK cells (VPD450 positive cells) (A). In addition, expression of the open conformation LFA-1 isoform on NK cells was analyzed as well (B). Significance was calculated using a Wilcoxon test for analyzing unpaired samples (p value: * <0.05; n = 6).


Another early event during NK cell activation is the formation of the so-called inside-out signal. It is attributed to the conformation change of LFA-1, an adhesion molecule, upon NK cell activation resulting in the “open-conformation” LFA-1 isoform, which has a higher binding affinity and increases the NK cell's attachment to its target cell (26). In the presence of MTA, expression of the LFA-1 open conformation isoform upon K562 cell stimulation was significantly reduced (Figure 7B). Altogether, we demonstrate that MTA suppresses early events during NK cell activation, like conjugate formation and inside-out signaling.



MTA Inhibits the NF-κB, PI3K/AKT/S6, and MAPK/ERK Pathways Downstream of the CD16 Receptor

Finally, we investigated how early the suppressive MTA effect on NK cells was evident during their activation. Therefore, we analyzed the expression of various phospho-epitopes upon CD16 stimulation in the presence or absence of 100 μM MTA. Freshly isolated NK cells were stimulated for up to 60′ and subsequently analyzed using fluorescent cell barcoding and phospho-flow technologies (Supplementary Figures 6A,B). Interestingly, MTA had no effect on the phosphorylation of the proximal signaling molecules ZAP70/Syk upon CD16 stimulation (Figure 8A). Similarly, phosphorylation of SLP76 (Figure 8B) and PLCγ2 (Figure 8C) remained mostly unaffected by MTA co-incubation. However, the NF-κB (Figure 8D), PI3K/AKT/mTOR (Figures 8E,F) and MAPK/ERK (Figure 8G) pathways, which are involved in NK cell degranulation and cytokine production, were all negatively influenced by MTA. Additionally, we further investigated the negative MTA effect on the PI3K/AKT/mTOR pathway in CD57+ and CD57− NK cells. We observed a tendency that S6 phosphorylation upon CD16 stimulation was stronger inhibited by MTA in CD57− than in CD57+ NK cells (Supplementary Figure 6C). Together, these data demonstrate that the suppressive MTA effect on the cytotoxic activity of NK cells is due to its early inhibitory effect on various signaling pathways of activating NK cell receptors.
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FIGURE 8. MTA inhibits the NF-κB, PI3K/AKT/S6, and MAPK/ERK pathways downstream of the CD16 receptor. Freshly isolated NK cells were pre-incubated with or without 100 μM MTA for 30′ at 37°C and then stimulated with anti-CD16 antibodies for 0, 1, 5, 10, and 30′. Cells were labeled with a fluorescent bar cell code and stained for various phospho-epitopes of the CD16 signaling cascade. The fold increase of phospho-epitope staining was calculated for the different time points compared to baseline staining at 0′ (A–G; n = 6). Significance was calculated using a two-way ANOVA test (p value: * <0.05).





DISCUSSION

Loss of MTAP expression in tumor cells results in the accumulation of MTA (27). MTAP deficiency has been reported for several tumor entities, with high frequency in mesothelioma, T cell acute lymphoblastic leukemia (T-ALL), gliomas, metastatic melanoma, and non-small cell lung cancer (NSCLC) (28). It has been demonstrated that MTAP-deficient tumors exhibit a more aggressive clinical course with increased proliferation, invasiveness, and metastasis (29). In NSCLC, loss of MTAP is associated with poor overall and disease-free survival (30). In addition, MTAP deficiency is a predictive marker for the response to adjuvant interferon therapy in melanoma patients (31). However, to the best of our knowledge, no data are available on NK cell numbers and functions in these entities stratified by MTAP expression levels.

In the current study, we demonstrated that MTA suppresses several NK cell functions, which is in line with observations in other immune cells. Our group discovered that MTA blocks T cell metabolism and proliferation, thereby suppressing the induction of antigen-specific CD8 T cells and cytokine production by CD4 T cells. Interestingly, the MTA effect was reversible since T cells regained their proliferative capacity after removal of MTA from the culture medium (7, 8). Moreover, TNF production in macrophages upon toll-like receptor (TLR) stimulation, e.g., with LPS, is sufficiently suppressed by MTA in an adenosine A2 receptor-dependent manner (9, 10). These results have been demonstrated successfully in a mouse model in vivo where LPS-induced lethality was completely prevented by MTA injection due to reduced TNF and increased IL-10 levels (32). Similar results have been observed in an autoimmune encephalomyelitis (EAE) and a colon cancer mouse model, in which MTA treatment prevented acute EAE and reduced the inflammation-induced tumor load in treated mice, respectively (33, 34). Overall, these results clearly demonstrate a suppressive effect of MTA on innate and adaptive immune cells.

However, an important question is whether the used MTA concentrations are physiological. MTA concentrations within MTAP-deficient human melanoma cell lines have been reported to be up to 140 nM (29) and up to 1,000 nM within the supernatant (7). However, due to the close proximity and narrow space between a tumor and NK cell during immunological synapse formation, effective in situ MTA concentrations are to be expected significantly higher than those measured under in vitro cell culture conditions. We used a MTA concentration of 100 μM in our experiments, but also observed a suppressive effect on NK cells at lower concentrations. This is in line with the MTA concentration that has been used in other publications that investigated MTA's suppressive effect on immune cells in vivo and in vitro (7, 9–11, 35).

MTA is known to execute its effect by different mechanisms. In melanoma cells, MTA activates the transcription factor AP-1, potentially leading to increased expression of metalloproteases and growth factors (29). The activation is dependent on the adenosine receptor ADORA2B, since blocking or knockdown of the receptor resulted in reduced AP-1 signaling. Interestingly, MTA did not cause an increase in cyclic adenosine monophosphate (cAMP) or intracellular calcium levels (21). This is in line with previous reports demonstrating that incubation with MTA concentrations ≥100 μM did not cause an increase of cAMP levels in human peripheral lymphocytes, whereas NK cell cytotoxicity was significantly reduced at these concentrations, confirming our observations (11).

Importantly, MTA led to an accumulation of S-adenosyl-homocysteine (AdoHcy), due to its inhibitory effect on the AdoHcy hydrolase (36, 37). AdoHcy is a by-product during methylation reactions involving S-adenosyl-methionine (AdoMet) as a methyl-group donor, and, if not properly removed, inhibits methylation reactions (38, 39). The role of MTA in interfering in protein methylation processes has been proposed for a long time (40) and, besides its indirect effect via inhibiting AdoHcy hydrolase, recent works demonstrated a direct inhibition of several protein arginine methyltransferases (PRMT). MTA selectively inhibits PRMT5 at low concentrations (≤ 10 μM), whereas other PRMTs were inhibited only at higher concentrations. MTAP-deficient tumor cells accumulate high levels of MTA leading to a reduced PRMT5 activity, which renders these cells more susceptible toward additional PRMT5 inhibition compared to MTAP-competent cells (8, 22, 41, 42). Cell signaling events are mediated by different protein–protein interactions, which are regulated through post-translational modification (PTM) of which phosphorylation is the best studied one (43). However, in recent years, modification of proteins by methylation during signal transduction has stepped into the spotlight of research. We revealed that distinct signaling pathways downstream of the CD16 receptors were suppressed by MTA. Several groups demonstrated that MTA is able to suppress the PI3K/AKT/mTOR axis by reducing AKT and S6 phosphorylation (7, 8, 44), which is in line with our observation. Interestingly, a current work demonstrated that, upon activation, AKT is methylated by the histone methyltransferase SETDB1, resulting in sustained AKT phosphorylation and signaling (45). In addition, the NF-κB pathway is known as well to be regulated by methylation of arginine and lysine residues of the p65 subunit of NF-κB (46). Upon activation with IL-1β, PRMT5 dimethylates arginine 30 (R30) of the p65 subunit, leading to increased expression of NF-κB-induced genes (47). Although we did not observe a suppressive MTA effect on SLP-76 or PLCγ2 phosphorylation, another member of this signaling pathway, Vav-1, is known to be regulated by protein methylation. Upon CD28 engagement, Vav-1 was R-methylated, which could be blocked by incubation with 300 μM MTA (35). In summary, our results indicate that MTA blocks phosphorylation and methylation of distinct signaling pathways downstream of activating NK cell receptors by its suppressive effect on protein methylation rather than by the suppressive ability of its adenosine residue.

Here, we discovered that MTA blocks NK cell effector functions by interfering with NK activation to the end that IFNγ production was significantly stronger affected than degranulation. It has been demonstrated that signals of different strengths are needed for the individual NK cell functions including degranulation, chemokine, and cytokine production. While the signal of a single activating receptor is sufficient to induce chemokine production, NK cell degranulation needs the coordinated engagement of two activating receptors. Moreover, IFNγ production depends on the activation of several receptors, pointing to high regulatory demands for sufficient IFNγ production and therefore to a higher susceptibility toward MTA suppression (48, 49).

In addition, we observed that IFNγ production upon CD16 stimulation was significantly higher in CD57-expressing NK cells and less susceptible toward MTA suppression. This is in line with previous reports demonstrating that during terminal differentiation, which is accompanied by CD57 expression, NK cells produced higher levels of IFNγ upon activation. Mechanistically, terminal differentiated NK cells show a higher NF-κB activation upon stimulation, higher IFNG and TBX21 transcripts, as well as demethylation of the IFNG promoter (50). Given the fact that MTA reduces NF-κB signaling in NK cells upon CD16 engagement, it is likely that the stronger NF-κB activation in CD57+ NK cells upon activation is sufficient to partially overcome MTA suppression. This is further supported by our observation of a stronger MTA-induced inhibition of S6 phosphorylation upon CD16 stimulation in CD57− than in CD57+ NK cells, since the PI3K/AKT/mTOR pathway contributes to IFNγ production in NK cells as well (51). Importantly, we observed differences within the CD16 expression levels between these two subsets, an indication that CD57+ are probably receiving a stronger initial activation signal upon CD16 stimulation, which is sufficient to partly overcome MTA suppression. In addition, the data from the microarray analysis between CD57+ and CD57− NK cells demonstrate that neither the expression of adenosine receptors, various methyltransferases (including PRMT5), nor enzymes of the methionine salvage pathway (including MTAP) differ between those two subsets.

Furthermore, IFNγ production was less affected by MTA suppression in healthy donors, harboring a NKG2C+ expansion. These NKG2C+ cells have been demonstrated to be major IFNγ producers upon CD16 stimulation due to epigenetic modulation of their IFNG locus (52). Additionally, CD16-induced phosphorylation of signaling molecules like SLP-76, ERK1/2, and S6RP was stronger in NKG2C+ NK cells compared to NKG2C− ones (25).

Surprisingly, when comparing NKGC2+/− NK cells in donors with a NKG2C+ expansion with each other, we only detected a small, non-significant difference in the susceptibility toward MTA. Moreover, NKG2C− NK cells of NKG2C+ expansion donors demonstrated superior IFNγ production compared to NKG2C+/− NK cells in donors without an expansion. Therefore, the difference between the two donor groups might rely not only on the existence of a NKG2C+ expansion but also on the whole NK cell population. One explanation could be the higher frequency of CD57-expressing NK cells within NKG2C+ and NKG2C− NK cells compared to their counterparts in donors without an expansion. Another effect could be that our group of NKG2C+ expansion donors are harboring a polymorphism of their CD16 receptor resulting in a higher affinity to human IgG1 and therefore superior activation upon stimulation (53). Importantly, no significant differences were observed within the CD16 expression levels of these two groups of donors. All in all, we observed differences in MTA-induced suppression of distinct NK cell functions and subsets, which could be explained due to differences in the strength of activating signaling pathways within the various subsets upon stimulation.

Overall, the current work demonstrates additional mechanisms by which tumor cells are able to escape NK cell surveillance, illustrating the necessity for new strategies to counteract these escape mechanisms. MTAP-deficient tumor cells are more susceptible toward PRMT5 inhibition than MTAP-competent ones, so using PRMT5 inhibitors is an opportunity to specifically target this tumor cell group (22, 41, 42). Although we demonstrated that PRMT5 inhibition is also able to reduce NK cell degranulation, a very high concentration of the inhibitor was needed to observe an effect. Based on our results, another opportunity to overcome MTA suppression is to increase the strength of the activation signal in NK cells. In the case of adoptive NK cell transfer treatments, a possibility would be to increase the percentage of CD57-expressing NK cells within the cell product as we demonstrated that these cells were less susceptible toward MTA suppression than CD57− ones. This could be achieved, for example, by expanding NKG2C+ NK cells from donors harboring a NKG2C+ expansion, as these cells express high levels of CD57. Liu et al. demonstrated that specific expansion of NKG2C+ NK cells is feasible by stimulating NK cells with HLA-E, the ligand for NKG2C, and IL-15. NKG2C+ NK cells expanded within 14 days, expressed high levels of CD57, and demonstrated superior effector cell functions against PHA and pediatric ALL blasts (54). In addition, genetic manipulation of these NK cells to overexpress MTAP before using them for adoptive cell transfer could prove beneficial.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Local Ethics committee of the University of Erlangen and Oslo. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

BJ, AM, and MA contributed to the conception and design of the study. DM advised on the topic of metabolomics. SV advised on the topic of phospho-epitope staining. K-JM advised on the topic of NK cell subsets and adaptive NK cells. BJ, SS, CS, and AS performed the experiments and the statistical analysis. BJ wrote the first draft of the manuscript. MA revised and wrote sections of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the DFG-funded KFO 262 Tumor metabolism as modulator of immune response and tumor progression Project P3 (to AM, MA, BJ, and CS).



ACKNOWLEDGMENTS

The Core Unit Cell Sorting and Immunomonitoring Erlangen, Germany, supported this work. We specially thank Frederik Henrich, Evelyn Ullrich, and Kerstin Poller for their support during the early phase of this project. We acknowledge our use of the gene set enrichment analysis, GSEA software, and Molecular Signature Database (MSigDB; http://www.broad.mit.edu/gsea/). The KEGG database was the source of the used gene set (55–59).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.02128/full#supplementary-material

Supplementary Figure 1. NK cells' cytotoxic activity is reduced upon MTA co-incubation without affecting NK cell viability. Isolated NK cells were incubated overnight with 100 U/ml IL-2 and then incubated for 4 h with various concentrations of MTA at 37°C. NK cells were then harvested and stained for 7AAD expression (A; n: 8). Significance was calculated using a one-way ANOVA test.

Supplementary Figure 2. NK cell degranulation and cytokine production is reduced by MTA. Overnight IL-2 activated NK cells were pre-incubated with different concentrations of MTA for 30′ at 37°C and then either stimulated with K562 cells at a 1:1 ratio (A; n: 6) or left alone (B; n: 12) with the prior MTA concentration for additional 4 h at 37°C. Afterwards the cells were harvested and CD107a (A) or CD16 (B) expression were analyzed in bulk NK cells. Significance was calculated using a Wilcoxon test for analyzing paired samples (p-value: * < 0.05).

Supplementary Figure 3. Adenosine derivates and PRMT5 inhibitor reduce NK cell function similar to MTA. Overnight IL-2 activated NK cells were pre-incubated for 30′ with 50μM 3-deazaadenosine (3-Deaza; A) or 5-azacitidine (5-Aza; B) and then stimulated with K562 cells at a 1:1 ratio for additional 4 h at 37°C (n: 6). Afterwards the cells were harvested and CD107a expression was analyzed in bulk NK cells. Significance was calculated using a Wilcoxon test for analyzing paired samples (p-value: * < 0.05).

Supplementary Figure 4. MTA's inhibitory effect varies within the different NK cell subsets. Overnight IL-2 activated NK cells were stimulated with K562 cells at a 1:1 ratio (A,B,D,E) or plate-bound CD16 (C,F) for 4h at 37°C with (D–F) or without (A–C) 100μM MTA. Afterwards the cells were harvested and CD107a or IFNγ expression was analyzed in NK cell subsets based on their CD57 expression. CD107a and IFNγ expression were indicated either as absolute values (A–C) or as the percentage decrease (D–F) due to MTA co-incubation [(absolute value with MTA/ absolute value without MTA)*100]. CD16 expression levels (MFI) were analyzed on CD57+/− NK cells (G). Significance was calculated using a Wilcoxon test for analyzing paired samples (p-value: * < 0.05, **** < 0, 0001; n: 12).

Supplementary Figure 5. MTA-induced suppression of IFNγ production is less pronounced in donors harboring an expansion of NKG2C+ NK cells. Healthy donors were divided into two groups based on the presence of an expansion of NKG2C expressing NK cells (>10%). Overnight IL-2 activated NK cells were pre-incubated with 100μM MTA for 30′ at 37°C and then stimulated with K562 cells at a 1:1 ratio (A,B) or with plate-bound CD16 (C) for additional 4 h at 37°C. Afterwards the cells were harvested and CD107a and IFNγ expression were analyzed in bulk NK cells. CD107a and IFNγ expression were indicated as the percentage decrease due to MTA co-incubation [(absolute value with MTA/ absolute value without MTA)*100]. CD16 expression levels (MFI) were analyzed on CD56dim NK cells within the two donor groups (D). Significance was calculated using a Mann-Whitney test for analyzing unpaired samples (n: 6).

Supplementary Figure 6. MTA inhibits the NF-κB, PI3K/AKT/S6 and MAPK/ERK pathways down-stream of the CD16 receptor. Freshly isolated NK cells were pre-incubated with or without 100 μM MTA for 30′ at 37°C and then stimulated with anti-CD16 antibodies for 0, 1, 5, 10, 30, and 60′. Bulk (A,B) or CD57+/- NK cells (C) were labeled with a fluorescent bar cell code (A) and stained for the phospho-epitope S6 (B,C, n:5).

Supplementary Table 1. Differential expression of adenosine receptors and methyltransferases in CD57+/− NK cells.
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Immunological tolerance has evolved to curtail immune responses against self-antigens and prevent autoimmunity. One mechanism that contributes to immunological tolerance is the expression of inhibitory receptors by lymphocytes that signal to dampen immune responses during the course of an infection and to prevent immune-mediated collateral damage to the host. The understanding that tumors exploit these physiological mechanisms to avoid elimination has led to remarkable, but limited, success in the treatment of cancer through the use of biologics that interfere with the ability of cancers to suppress immune function. This therapy, based on the understanding of how T lymphocytes are normally activated and suppressed, has led to the development of therapeutic blocking antibodies, referred to as immune checkpoint blockade, which either directly or indirectly promote the activation of CD8 T cells to eradicate cancer. Here, we highlight the distinct signaling mechanisms, timing and location of inhibition used by the CTLA-4 and PD-1 inhibitory receptors compared to a novel inhibitory signaling axis comprised of the bioactive lipid, lysophosphatidic acid (LPA), signaling via the LPA5 receptor expressed by CD8 T cells. Importantly, abundant evidence indicates that an LPA-LPA5 signaling axis is also exploited by diverse cancers to suppress T cell activation and function. Clearly, a thorough molecular and biochemical understanding of how diverse T cell inhibitory receptors signal to suppress T cell antigen receptor signaling and function will be important to inform the choice of which complimentary checkpoint blockade modalities might be used for a given cancer.
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Introduction

Lipid biology in the context of tumor immunity remains vastly unexplored. However its role in modulating inflammation has been used for centuries (1), which has led to pharmaceutical development of nonsteroidal anti-inflammatory drugs (NSAIDs), like COX-2 inhibitors, that inhibit the generation of prostaglandin and thromboxane lipids. Interestingly, COX-2 inhibitors also lower cancer promoting inflammation and drive type I immunity, demonstrating a unique role of lipids affecting the anti-tumor response (2). This review seeks to highlight another bioactive lipid, lysophosphatidic acid (LPA), and its role in dampening tumor immunity. Unlike COX-2, LPA suppresses the anti-tumor response in a cell intrinsic manner by signaling via an LPA receptor (LPAR) similar to checkpoint receptors. Furthermore, as LPA is found systemically, and in all tissues, we speculate mechanisms of suppression mediated by LPARs are similar to CTLA and PD-1 in inhibiting T cell antigen receptor (TCR) signaling, yet via distinct signaling pathways. Specifically, LPA signaling has been shown to suppress T cell TCR Ca2+ signaling which inhibits naïve T cell activation in secondary lymphoid organs. Additionally, as tumors can produce LPA at higher concentrations than adjacent tissue, this tumor-derived LPA also inhibits T cell effector function therefore representing a checkpoint in T cell function similar to that mediated by CTLA-4 and PD-1. Therefore, as a lipid, LPA/LPAR modulation of immune responses has functional similarities to other checkpoint molecules like PD-1/PD-L1 or CTLA-4/CD80 yet remains unique to other soluble or cell-associated protein-protein interactions.



CTLA-4: Suppression of Early T Cell Activation

CTLA-4 is a major inhibitory receptor expressed by CD8 T cells and was an initial therapeutic target given that CTLA-4 is expressed following TCR engagement by naïve T cells and continues to rise until maximum expression at 48 h (3). Compared to the CD28 T cell costimulatory receptor, CTLA-4 displays significantly higher affinity for the CD80 and CD86 co-receptors expressed by antigen presenting cells (APCs). Thus, when expressed, CTLA-4 effectively sequesters CD80 and CD86 away from CD28 and prevents co-stimulatory signaling activity for the T cell antigen receptor (TCR) (4). Furthermore, CTLA-4 interaction with CD80/CD86 can also lead to transendocytosis, the physical capture of these ligands and removal from the surface of APCs, thereby limiting total levels of available ligands for CD28 and subsequent co-stimulation (4). The physical sequestration of CD28 ligands ultimately prevents optimal TCR signaling by CD8 T cells and is an important mechanism by which CTLA-4 suppresses T cell function (5). This process of CTLA-4-mediated CD80/CD86 transendocytosis is seen in all T cell subsets but particularly in regulatory T cells contributing to the suppressive abilities of this T cell subpopulation (5). Notably, deletion of the CTLA-4 cytoplasmic tail has been reported not to change its ability to suppress T cell proliferation indicating CTLA-4 intracellular signaling is not necessary for all T cell inhibition (6). Furthermore, agonist signaling via CTLA-4 does not induce significant changes in T cell gene expression also suggesting a mechanism of inhibition that does not rely on intracellular signaling (7). However, coimmunoprecipitation of CTLA-4 in a T cell hybridoma reveals interaction with PKC-η (8). Tregs depleted of PKC-η have compromised suppressive function both in vitro and in vivo thus suggesting a cell-intrinsic signaling role for CTLA-4 (8). The significance of immune inhibition provided by CTLA-4 is highlighted by the fact that Ctla4–/– mice survive only for the first 3–4 weeks and then die as a result of massive lymphocytic infiltration and destruction of major organs (9–11). Thus, a CTLA-4-deficiency leads to uncontrolled expansion of CD4 T cells, including autoreactive T cells that subsequently damage host organs thus indicating that CTLA-4 is required for appropriate maintenance of peripheral tolerance.

Under normal conditions, T cells that develop in the thymus and recognize self-antigens with relatively high affinity are culled from development by mechanisms of central tolerance. Given that all tumors originate from normal cells, the (non-mutated) tumor antigens they express are essentially self-antigens and central tolerance similarly deletes host CD8 T cells able to recognize tumor antigens with high affinity. Nevertheless, central tolerance is not absolute and does not remove all self-reactive T cells, especially those that display weak affinity for self-antigens. These weakly autoreactive T lymphocytes emigrate to the periphery and are further restrained by mechanisms of peripheral tolerance. Indeed, early experiments designed to block the CTLA-4 inhibitory receptor to improve the endogenous self/tumor host response against a murine 51BLim10 colon cancer resulted in immediate rejection of the tumor (12). Accordingly, anti-CTLA-4 blockade therapy has shown success in the clinic, however, this approach also presents with treatment related toxicities such as nausea and fatigue seen in 70–80% of patients or dermatitis and enterocolitis seen in 5–25% of patients (13). Recently, anti-CTLA-4 antibodies have been engineered to behave differently during the endosomal trafficking of CTLA-4 to minimize these adverse events. Specifically, ipilimumab harboring tyrosine-to-histidine mutations display increased pH sensitivity and upon entering the endosomes bound to CTLA-4, disengages from CTLA-4 in the lysosomes allowing CTLA-4 to recycle to the surface in a LRBA dependent manner which still induces tumor regression with minimal associated adverse events (14). Of note, recent data has suggested that an alternate mechanism by which anti-CTLA-4 antibodies act is via the depletion of regulatory T cells (15, 16), thus questioning its mechanism of action as a checkpoint blockade therapy and suggesting it may instead act as an antibody depleting therapy. In contrast, while treatment of patients with either ipilimumab or tremelimumab anti-CTLA-4 monoclonal antibodies has led to increased (CD4 and CD8) T cell tumor infiltration, the number of tumor-infiltrating FOXP3+ regulatory T cells was not significantly altered (17). Thus, blocking CTLA-4 represents a form of checkpoint blockade that allows for greater primary expansion of effector T cells; however, the precise mechanism by which CTLA-4 modulates CD8 T cells in the tumor microenvironment is less certain.



PD-1: Co-Opted by the Tumor Microenvironment

As CTLA-4 expression is initiated soon after initial T cell antigen-recognition by naïve T cells, its mechanism of T cell suppression is considered to be primarily restricted to secondary lymphoid organs where T cells typically first encounter foreign antigens. However, additional inhibitory receptors are also expressed by CD8 T cells and able to suppress cytotoxic function at various stages. PD-1 is another inhibitory receptor expressed by activated CD8 T cells and able to dampen effector function and has received abundant attention as a target of immune checkpoint blockade. Unlike CTLA-4, PD-1 harbors both ITIM and ITSM tyrosine-based motif sequences in the cytoplasmic domain (18) that facilitate inhibitory function and arguing for a mechanism of suppression dependent on receptor signaling. While it is generally considered that inhibition mediated by PD-1 is promoted through the recruitment of cytosolic phosphatases, it remains unclear precisely which stimulatory signals are the targets of inhibition. Immunoprecipitation of CD3ζ shows a ~70% reduction of phosphotyrosine when TCR and PD-1 are co-ligated in comparison to TCR ligation alone (19). Furthermore, both SHP-1 and SHP-2 are thought to mediate this suppression as both were found to immunoprecipitate with the ITSM domain of PD-1 (17). However, as PD-1 preferentially clusters with CD28 rather than the TCR, this argues that CD28 is the preferential target of PD-1 signaling (20). In fact, using a cell-free FRET-based assay, it was determined that PD-1 selectively recruited SHP-2 which in turn dephosphorylated CD28.

Despite discrepancies in the described mechanism(s) of PD-1 inhibitory action, PD-1 blockade has enjoyed major success in the clinic. This is because a major ligand for PD-1 is PD-L1, whose expression is upregulated by diverse tumors in response to IFNγ. In fact when examined, ~98% of PD-L1 expressing melanocytes were co-localized with T cells as opposed to minimal co-localization of T cells with PD-L1-negative tumor cells, suggesting tumor cells express PD-L1 in response to infiltrating T cells (21). Thus, attenuating this inhibitory signal prevents T cell suppression and leads to increased cytotoxicity from tumor-specific CD8 T cells. Indeed, the success of anti-PD-1/PD-L1 signaling is highlighted by having garnered FDA approval for the treatment of kidney cancers, melanomas, prostate cancers, lung cancers, B cells lymphomas, Hodgkin’s lymphoma, urothelial carcinomas, gastric cancers, liver cancers, cervical cancers, and head and neck cancers in the last 5 years (22). Although the majority of evidence suggests the PD-1/PD-L1 signaling axis acts primarily at sites of chronic inflammation, recent data provides evidence for a role for PD-1 signaling during the early phases of T cell activation (23). Specifically, upon TCR-mediated activation, PD-1 expression by CD8 T cells is upregulated within 4 h, matching the kinetics of the CD25 activation antigen and preceding cell division, thus arguing for a physiological role for PD-1 during primary activation (23). PD-L1 blockade on day 0 and day 3 after LCMV Armstrong infection led to increased granzyme B and mTOR signaling two days later by CD8 T cells (23). Thus, PD-1 signaling appears to suppress T cell function at various stages representing another ‘checkpoint’ that tumors exploit to escape elimination.

Given the clinical success and limitations of these therapeutic interventions for cancer, additional effort is needed to better understand precisely how T cell function is regulated by both stimulatory and regulatory signals (24). Ongoing and new research has identified novel protein inhibitory receptors and below we further describe a lipid that signals via a cognate G-protein coupled receptor (GPCR) to deliver suppressive signals to CD8 T cells and which ultimately negatively-regulate T cell function.



Lysophosphatidic Acid

Lysophosphatidic acid (LPA) is a lysophospholipid structurally similar to sphingosine-1-phosphate (S1P), a lipid that has been well characterized to signal to immune cells and to orchestrate cell trafficking (25). Both lipids share a phosphate head group attached to a glycerol backbone; however, LPA differs by having a single ester linked aliphatic chain whereas S1P has a single amine linked aliphatic chain. On initial discovery both LPA and S1P were considered to be intracellular lipid metabolites and only later were characterized to function as extracellular bioactive lipids that signal to cells expressing cognate G-protein coupled receptors (GPCRs). Extracellular LPA is generated predominantly via the enzymatic activity of Autotaxin (ATX), a secreted ectoenzyme with lysophospholipase D activity that hydrolyzes the abundantly available lysophosphatidylcholine to produce LPA. Although five isoforms of ATX exist through alternative splicing of exons 12, 19, and 21, ATXβ is the form most expressed in tissue (26). Autotaxin is encoded by ENPP2 and is highly expressed in nervous system as well as considerable expression by stromal and endothelial cells with reduced general expression in most other tissues. Structural studies have indicated that Autotaxin harbors an exposed integrin binding motif and, as a secreted enzyme, Autotoxin is thought to associate with surface-bound integrins (27, 28). Thus, current models posit that in certain microenvironments integrin-bound Autotaxin hydrolyzes lysophosphatidylcholine to produce LPA where localized concentrations are able to signal via LPARs expressed by nearby cells, including cell types not producing the Autotaxin enzyme. Extracellular LPA production also appears tightly regulated with a half-life of approximately three minutes due to its rapid hydrolysis mediated by Lipid phosphate phosphatases (LPP) 1 and LPP3. The half-life of LPA increases 4 fold when intravenously introduced into mice deficient for LPP1 (lipid phosphate phosphohydrolase type 1), an enzyme that degrades LPA, and Lpp1–/– mice harbor higher levels of LPA (29).

Similar to S1P, LPA also signals via cognate GPCR receptors of which 6 LPA receptors (LPA1–6) have been characterized and that are variably expressed on all immune populations (Figure 1). Thus, given its ability to signal extracellularly and act as an intracellular second messenger (31, 32), it is not surprising that LPA has been associated with a number of physiological processes including smooth muscle contraction, platelet aggregation, and blood pressure (33–35). Systemic changes in LPA levels have been observed in pregnancy (36), aging (37), and between sexes where females have been reported to harbor significantly elevated LPA serum levels compared with males (37). Interestingly, all of these circumstances can be considered to require suppression of inflammation. However, its role in wound repair (38) would speak directly to the suppressive affect LPA signaling has on CD8 T cell function.




Figure 1 | Summary of Lpar expression in different leukocytes. Heatmap showing expression of LPA receptors across immune subsets. Data was compiled from Immune Genome Project microarray of sorted immune populations and scaled to columns (30). Color scale on the top left indicates level of mRNA expression. Unless specified, immune populations were sorted from 6-8 week C57BL/6 mice.



Resolution of a wound can be subdivided into 4 distinct phases: hemostasis, inflammation, proliferation, and remodeling (39) (Figure 2). Immediately after a physical trauma, platelets are first to arrive to help initiate the coagulation cascade and help activate fibroblasts and recruit both neutrophils and macrophages through the secretion of TGFβ (40). Interestingly, activated platelets are a potent source of LPA and soluble Autotaxin can associate with platelet integrins and produce LPA (41). Neutrophils are the initial immune cells to infiltrate wounds and help drive an inflammatory response to eliminate any microbes (42). Although short-lived cells, the infiltration of neutrophils is vital for the production of various growth factors like IL-17 and VEGF which help in the proliferation of fibroblasts, keratinocytes, and endothelial cells. Loss of early neutrophil recruitment delays epithelialization and decreases neovascularization at the site of injury (43). While LPA does not appear to have any direct effect on neutrophil migration per se, it is able to enhance the migratory response of neutrophils to suboptimal concentrations of N-formyl-L-methionyl-L-leucyl-phenylalanine (fMLP) (46) suggesting a role for LPA in aiding neutrophil migration to sites of inflammation. Monocyte recruitment, and subsequent differentiation into macrophages, occurs 5 to 6 h post injury. Anti- inflammatory macrophages are involved with the secretion of TGFβ, clearing cellular debris, helping reorganize the extracellular matrix (ECM) and contracting the wound. Macrophage-mediated degradation of the ECM leads to more endothelial proliferation and the release of angiogenesis factors such as FGF and placental growth factor (PIGF) (52). Of note, LPA is able to directly promote the conversion of monocytes to macrophages and is true in both humans and mice (47). In fact, culturing monocytes in media containing only LPA converts CD11b+F480- monocytes into CD11b+F480+ macrophages more so than only M-CSF (47). While the role of T cells in wound repair remains largely unexplored, depletion of CD8 T cells increases tensile strength across lesions suggesting some inhibitory role of CD8 T cells (44). Given this overlap of LPA-mediated effects and wound healing, it is not surprising that topical application of LPA to physical wounds in rats or mice promoted accelerated healing with increased neoepithelial thickness (53, 54), an effect further seen in aged rats compared to young rats (55). As the recruitment and proliferation of keratinocytes remains critical for skin repair, LPA signaling not only induced increased migration and expansion of keratinocytes but also induced a four to eight fold increase in TGFα production (45).




Figure 2 | The physiological role of LPA signaling in wound repair. A simplified version of the major biological processes that occur during each step of wound healing stratified across four major groups; Hemostasis, Inflammation, Proliferation, and Remodeling. Each group is further broken down to biological events that characterize each group (grey tile) and the role of LPA in each of those biological events (clear tile).





LPA as a Cancer Intrinsic Growth Factor

Tumors have been appreciated to rely on pathways used in wound repair and have often been described as wounds that never heal (56). For example, IL-1β, IL-6, and IL-8 are cytokines that are secreted during the early inflammatory response after tissue damage and are involved with re-epithelization. However, in breast cancer, these cytokines are associated with a poor prognosis as they have been linked to tumor growth and metastasis (57–59). Similarly, LPA has been exploited by cancers to promote growth in several non-redundant ways. LPA signaling has directly been linked to hTERT upregulation as ovarian cancer lines treated with LPA have increased telomerase activity as early as 12 h after co-culture (60). This replicative advantage mediated by LPA helps explain the increased expression of the gene encoding Autotaxin, ENPP2, observed in ovarian cancer stem cells; a population of long lasting malignant cells that seeds cancer growth (61). In fact, autocrine LPA signaling in these cells has been shown to promote sphere forming ability and upregulation of ALDH, markers associated with cancer stem cells. This dependence on LPA signaling by ovarian cancer cells provided rationale to explore the use of LPA as a potential biomarker in ovarian cancer progression and accounts for the high levels of LPA found in ascites fluid from individuals with ovarian cancer (62). LPA signaling can also directly affect several ‘hallmarks’ of cancer (63), including proliferation (64), or metastasis of colorectal cancers (65), increased angiogenesis in transformed NIH3T3 cells (66) and further demonstrated in chorio-allantoic membrane assays (50), resisting cell death by increasing insensitivity to chemotherapy in ovarian cancers (67), altered lipogenesis as LPA increases fatty acid synthase in ovarian cancers (68), and by modulating inflammation through activation of PPAR-γ in the tumor stroma (69).



LPAR SIGNALING as a ‘Checkpoint’ in the Anti-Tumor Response

Given the mechanisms by which CTLA-4 and PD-1 suppress T cell function, the LPA signaling axis can be considered as an additional form of suppression. However unlike CTLA-4, which inhibits activating signals of antigen presenting cells to CD8 T cells, or PD-1, which inhibits interactions of effector T cells and targets cells, we find LPA signaling disrupts T cell engagement with APCs and target cells (48, 49). In initial work from our lab, we demonstrated that LPA engagement with the LPA5 receptor induces a signal that inhibits TCR-induced Ca2+ release from intracellular stores in naïve CD8 T cells (48). This suppressive LPA signaling is dependent on the LPA5 receptor, as intracellular Ca2+ levels are not depressed in LPA5-deficient CD8 T cells after TCR signaling is induced in the presence of LPA (48, 49). Evidence in B lymphocytes strongly suggests LPA inhibition of antigen receptor signaling manifests via impaired IP3 receptor activity, thereby limiting the amount of Ca2+ released from ER stores after antigen receptor stimulation (70). Of note, the activity of antigen receptor proximal signaling molecules, e.g., tyrosine kinases and PLCγ, are unchanged in the presence of LPA (70). Thus, the mechanism of inhibition imposed by LPA5 on CD8 T cells differs from how PD-1 and CTLA-4 suppress CD8 T cells. We have documented that LPA5 signals via Gα12/13-assoicated heterotrimeric G-proteins in lymphocytes and subsequently relies on the ARHGEF1 intracellular signaling effector molecule for antigen receptor mediated suppression of LPA (70). This is in contrast to CTLA-4 which can inhibit T cell function in the absence of intracellular signaling and PD-1 which depends on the recruitment of SHP-1 or SHP-2 for its suppressive action. Given the pleiotropic downstream effects of Ca2+ dependent processes that result from TCR signaling, it is perhaps not surprising that TCR-stimulated CD8 T cells fail to appropriately activate and proliferate in the presence of LPA both in vitro and in vivo (48). Moreover, in vivo LPA-induced suppression was not observed with CD8 T cells harboring null Lpar5 alleles (48). Importantly, we have more recently determined that in addition to suppressing TCR-induced cytosolic calcium mobilization, LPA also inhibits TCR-driven ERK activation (49) and both calcium and ERK have been previously shown to be required for granule exocytosis (71–74). Accordingly, in the presence of an LPA5 agonist, effector CD8 T cells display impaired perforin localization to the immunological synapse upon cognate antigen stimulation (49). These data demonstrate LPA engagement of LPA5 is able to suppress cells at different stages of CD8 T cell maturation and characteristic of other checkpoint regulators. As a consequence, Lpar5–/– tumor-specific CD8 T cells are able to provide better control of tumor burden 8 days after adoptive transfer compared with wild type tumor-specific CD8 T cells (48, 49).

Given the negative regulation of CD8 T cells by an LPA-LPA5 axis, one might expect that a deficiency in LPA5 receptor expression or a reduction in systemic levels of LPA might lead to autoimmunity, as observed with CTLA-4-deficient mice (7–9). Interestingly, neither the Lpar5–/– nor Enpp2+/– (ATX heterozygous) mice, which harbor half the normal levels of systemic LPA, appear to present with any obvious systemic inflammatory conditions, raising questions about the role of LPA as a suppressive lipid. However, we note that PD-1-deficient mice develop significantly less severe immune pathologies compared to Ctla4–/– mice and neither the Tigit–/– nor CD96–/– mice present with spontaneous disease (75).

Together, these findings highlight the different functions displayed by inhibitory receptors. Furthermore, as postulated by the ‘tide model’ (76), the existence of multiple costimulatory and coinhibitory receptors on T cells suggest that T cell signaling is finely tuned and responds to the microenvironmental context in which TCR signaling occurs. Thus, while certain signals appear more paramount (e.g., CD28, CTLA-4, PD-1), certain contexts reveal the dominance of some (inhibitory) receptor signaling over other signals, as evident by the greater expansion of autologous CD8 T cells with DCs with anti-LAG3 blockade over anti-PD-1 blockade (77). Given that a majority of monotherapy checkpoint blockade fails to induce tumor remission, we propose that inhibition of the LPA signaling axis represents another potential ‘checkpoint’ to target in combinational therapy.

As all immune cells express at least one LPA receptor, it is reasonable to consider that this bioactive lipid has a role in modulating antitumor function in other tumor infiltrating leukocytes. (Figure 3) (78–80, 83). In fact, the suppression mediated by LPA signaling can extend beyond CD8 T cells to other cells in the adaptive arm. LPA can impair the migration of CD4 T cells and even causes chemorepulsion in vitro in a LPA2-dependent manner (82). Moreover, in the presence of LPA, stimulated human CD4 T cells can produce IL-13, a Th2 cytokine involved with the activation of myeloid derived suppressor cells; thus, the reduced CD4 T cells that do migrate to the tumor are still involved in maintaining a pro-tumor environment (84, 85). Unlike CD4 T cells, LPA can act as a chemoattractant to natural killer (NK) cells yet also impair effector function. LPA signaling though LPA2 can increase cAMP levels and activated protein kinase A which subsequently inhibits the release of perforin in NK cells (81). Inhibition of protein kinase A activation restores NK cell cytotoxicity in the presence of LPA, suggesting a mechanism by which tumor derived LPA can impair NK function. Similar to the of CD8 T cells, B cells signaling and function are also inhibited through LPA5 (70). Specifically, LPA signaling though an LPA5–Gα12/13–Arhgef1 axis results in reduced Ca2+ signaling, a mechanism similar to CD8 T cells. Functionally, LPA signaling reduced humoral responses to T1-2 antigens suggesting a conserved inhibitory signal in T and B cells mediated through LPA5 (70). Functional changes mediated through LPA signaling extends further than lymphocytes as dendritic cells, macrophages, and neutrophils are altered in the presence of this lipid. While LPA signaling does not affect endocytic function of dendritic cells, it does inhibit the secretion of IL-12 and TNFα while promoting the secretion of IL-10 (78). Thus, dendritic cells in the tumor microenvironment exposed to LPA would be poised for a tumor promoting function. Unlike CD4 T cells, LPA is a chemoattractant to neutrophils (46, 82). However this potenial influx of neutrophils has been linked to reduced overall survival in several cancers, presumably due to release of tumor promoting factors like VEGF or MMP9 (89). Futhermore, tumor infilitrating neutrophils can secrete TGFβ and have been implicated to changing the plasticity of macrophages to an M2-like state which promotes tumor growth (89). As LPA signaling though PPAR-γ can cause the differentiation of monocytes to macrophages, we speculate the LPA signaling is involved with the influx and differentiation of tumor promoting myeloid cells (47, 79, 80).




Figure 3 | Cancer derived LPA regulates immunity across all leukocytes. LPA (wavy line) originates from the tumor (center cellular mass) and suppresses the function of all leukocytes within the microenvironment creating a ‘checkpoint’ in the immune response against cancer. Each major leukocytes population is around the tumor mass with a specific example of how LPA signaling affects that immune cell, thereby generating a tumor promoting environment.



We believe LPA signaling has evolved to help with would repair to prevent an overactive immune response. Consistent with this, cancers exploit this very system to suppress immune cell function thereby representing a “checkpoint” in our endogenous antitumor response. We propose that manipulation of the LPA/LPAR axis should be considered for potentially synergizing with anti-PD1, anti-CTLA4 or other therapies to improve leukocyte function in the tumor microenvironment (51).
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Remark

First line

First line
First line

Second line

Second line

Second line
Second line

First line
First line

First line
First line
First line

First line
third line therapy or greater
Second line

First line
First line
First line

First line

Second-line therapy or greater
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Second line
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Hematologic adverse
events

CTCAE grades
Leukocytopenia
Thrombocytopenia
Hypohemia

Baseline

Maximum grade during
treatment

CTCAE, Common Terminology Criteria for Adverse Events.

Non-hematologic adverse
events

Nausea
Pruritus
Poor appetite

Baseline

Maximum grade during
treatment
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Phase

I/l

1l pilot

No. of patients

17

50

34

21

Disease

Metastatic 1st line

Metastatic 1st line

Locally advanced/
Metastatic 1st line

Metastatic 1t line

Metastatic 1st line

Gemcitabine-naive

1stand 2nd line

Treatment

Gemitabine +
Nab-Paclitaxel +
Pembrolizumab

Durvalumab +
tremelimumab +
gemcitabine +
nab-paciitaxel

Nivolumab +
nab-pacitaxel +
gemcitabine
Nivolumab +
nab-pacitaxel +
cisplatin + gemcitabine
+ paricalcitol
Tremelimumab +
gemcitabine

Ipiimumab +
gemcitabine

Am A

Nivolumab +
nab-pacitaxel (2nd line)
Am B:

Same as arm A with
gemcitabine (st fine)

Response

25% PR; 67% SD

PR8/11 (73%); DCR
(100%); Median PFS 7.9
months

2% CR; 16% PR; 46%
sD

80% PR; 100% DCR

PR 2/19 (10.5%)

ORR 14%; PR 2/16
(12.5%)

Am A: PR 2/9 (22.2%)
SD 4/9; Arm B: PR3/6
(50%)

SD3/6

CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; TRAEs, treatment-related adverse events; Pts, patients.

Adverse events

Any grade of TRAESs: all
(100%);

Grade 3 or 4 TRAES: 12
patients (70.6%)

Grade 8 or greater TRAES:
fatigue (27%), anemia
(36%), abnormal WBC
(27%), hyponatremia (27%),
hypoalbumineria (45%),
abnormal lipase (45%).
colits (9.1%)

Grade 8 or 4 TRAES: 48
patients (96%)

Grade 3 or 4 TRAES:
thrombocytopenia 76%,
anemia 44%,

colitis 12%

Any grade TRAEs:

12 pts (35.3%);

grade 3 or 4 TRAES: 2 pts
(5.9%)

Grade 3 or higher TRAEs:
16 pts (76%)

Grade 3/4 TRAEs:

Arm A: 2/11 pts (18%); Arm
B: 2/6 pts (33%)
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Biomarkers

LDH

Bim levels in circulating
T cells

REC,LC
SOX-2 reactive T-cells

NLR

sPD-L1

sPD-1

IFN-y,IDO1, CXCL9

Mutation of EGFR,
MDM2,
MDM4

ALK, EGFR

KRAS/TPS3

STK11

MMR deficiency

PBRM1

DDR gene

Single nucleotide
polymorphisms (SNPs)
of tumor
microenvironment-
related

genes

rs17388568

CD8-, PD-1-and
PD-L1-expressing cells

PD-L2

Population

Melanoma

Melanoma

melanoma

Melanoma
NSCLC

NSCLC

Melanoma

NSCLC

Melanoma,
NSCLC,
RCC

Adenocarcinoma of lung
Bladder carcinoma
Breast cancer
endometrial

stromal sarcoma

NSCLC

NSCLC

KRAS mutant -LUAC

12 different tumor types

ccRCC

Advanced urothelial
cancers

NSCLC
HNSCC
Melanoma

Metastatic
Melanoma

Metastatic
Melanoma

HNSCC

Drug

Ipiimumab
Pembrolizumab

Pembrolizumab
Nivolumab

Pembrolizumab

Pembrolizumab
Nivolumab

Nivolumab

Pembrolizumab

Nivolumab

Atezolizumab

Pembrolizumab
Nivolumab
Atezolizumab

PD-1/PD-L1
inhibitors
(Pembrolizumab,
Nivolumab,
Atezolizumab,
Durvalumab,
other)
Pembrolizumab
Nivolumab

PD-1/PD-L1
inhibitors
(Pembrolizumab,
Nivolumab,
Atezolizumab)

Pembrolizumab

Nivolumab
Atezolizumab
Nivolumab
Atezolizumab

PD-1/PD-L1
inhibitors
(Pembrolizumab,
Nivolumab,
Atezolizumab,
Durvalumab,
other)
Nivolumab
Pembrolizumab

Pembrolizumab

Pembrolizumab

End point result

LDH level

Elevated group vs. Normal group:
Median: 9.7 vs. not reached;
6-month OS: 60.8% vs. 81.6
12-month OS: 44.2% vs. 71.5%;

P =00202

LDH level

Elevated group:

22.3,95% CI (17.1-28.1)

Normal group

42.0,95% C (36.6-47.5)

In patients with 4 cycles of anti-PD-1 therapy with ciinical benef,
higher percentage of Bim*PD-1+CD8* T cells in the peripheral blood
was detected.

High REC and absolute LG were negatively related with OS. P < 0.001
Patients who responded to therapy (partial response, PR; n = 5)
showed significantly greater immune response against SOX2 as
compared non-responder (p = 0.02).

NLR of <3 vs. NLR of >3:

2 weeks after treatment

Median PFS: 5.3 vs. 2.1 months (P = 0.00528)

4 weeks after treatment

Median PFS: 6.3 vs. 2.0 months (P = 0.00515)

Eight patients with >1.5-fold increases in sPD-L1¥" after 5 months of
treatment experienced partial responses (Fisher exact test P = 0.007),
and four patients with > 1.5-fold increases in sPD-L1" after 5 months of
treatment experienced partial responses (Fisher exact test, P = 0.103)
Alter two cycles of nivolumab, an increased or stable sPD-1 level
independently correlated with longer PFS (HR: 0.49, p = 0.004) and
08 (HR: 0.39, p = 0.002).

Higher expression of IFN-y and IDO1 as well as CXCL9 were detected
in pretreatment tumors in responding patients. P = 0.024

Alteration of EGFR and MDM2/4 showed significance for correlation
with TTF <2 months (o = 0.02).

Objective response (OR):
EGFR-mutant or ALK-positive patients: 1/28 (3.6%);

EGFR wild-type and ALK-negative/unknown patients: 7/30 (23.3)
P=0053

Median PFS:

TP53-mutant vs. KRAS-mutant vs. wild-type:
14.5 vs. 14.7 vs. 3.5 months;

P=0012

KRAS-mutant LUAC: Objective response rates: KL vs. KP vs. K-only:
7.4% vs. 35.7 vs. 28.6%, P < 0.001;

Patients treated with nivolumab:

KL vs. KP vs. K-only:

0vs. 57.1 vs. 18.2%; P = 0.047.

Objective radiographic responses were noted in 53% of patients (95%
Cl, 42-64%). Disease control was achieved in 77% of patients (95%
Cl, 66-85%). complete radiographic response was achieved in 21%.

PBRM1 were enriched in tumors from patients in the CB vs. NCB
group (9/11 vs. 3/13; Fisher's exact p = 0.012, g = 0.086)

ORR: known or likely deleterious DDR alterations vs. unknown
significant DDR alterations vs. wildype DDR: 67.9 vs. 80 vs. 19%, P <
0.001

Objective response rate (complete or partial response) was significantly
correlated to tumor microenvironment-related SNPs concerning CCL2,
NOSS3, IL1RN, IL12B, CXCRS3, and IL6R genes.

1517388568 was associated with increased anti-PD-1 response (OR
0.26; 95% C1 0.12-0.63; p = 0.0002).

Compared to the progression group, the response group was detected
with significantly higher numbers of CD8+, PD-1+, and PD-L1+ cells.
(CD8, P = 0.0001; PD-1, P = 0.0002; PD-L1, P = 0.006)
PD-L2-positive patients showed an ORR of 26.5% and
PD-L2-negative patients showed an ORR of 16.7%, PD-L2 status was
also significantly associated with OS (P = 0.030) and PFS (P = 0.005)
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Approach for
detecting TMB

WES

Hybrid
capture-based
NGS —Foundat-
ionOne

assay

™B Population  Drug

Non-synonymous NSCLC Pembrolizumab
mutation burden

Non-synonymous Melanoma  Pembrolizumab.
mutations in genes on  NSCLC

the foundation medicine Melanorma
panel (FM-CGP) and

institutional panel

(HSLCGP)

Total number of somatic Small cell lung Nivolumab
missense mutations  cancer (SCLC)

Hybrid capture NGS
panel (315 gene)

Melanorma
(Pembrolizumab,

Nivolumab, Atezolizumab)

Hybrid-capture-based  NSCLC,
NGS (182,236, 0r 315 Melanoma,
genes, dependingon  Other tumors
the time period)

Anti-PD-1/PD-L1

Anti PD-1/PD-L1 antibodies

Cut-off value

High: > 200;
Low: < 200

FM-CGP:
High: >7;
Low: <7
HSL-GCP:
High: >13;
Low: <13

Low: 0-<143 mutations;
Medium: 143-247
mutations;

High: 248 mutations.
Low: <3.3 mutations/MB
Medium: 0.3-23.1
mutations/MB

High: >

231 mutations/MB

Low: 1-5 mutations/MB;
Medium: 6-19
mutations/MB;

High: >20 mutations/MB.

Result

High non-synonymous burden vs. low
non-synonymous burden ORR: 63
vs. 0%; Median PFS: 145 vs.

3.7 months P = 0.03

CGP-mutational load was significantly
associated with progression-free
survival (PFS) (FM-CGP P = 0.005;
HSL-CGP P = 0.008). and durable
clinical benefit (FM-CGP P = 0.03,
HSL-CGP P = 0.01) in patients
treated with PD-1 blockade.
ORR:High vs. medium vs. low:21.3
vs. 6.8 s, 4.8%

P = not reported

Mutation load: Initial cohort
Responders vs. non-responders:
median 45.6 vs. 3.9 mutations/MB; P
=0003

Validation cohort:

Responders vs. non-responders:
median 37.1 vs. 12.8 mutations/MB;
P=0002

High vs. low to medium:

P =0.001;
PFS:12.8 vs. 3.3 months
P < 0.0001
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Type Target

Patent number

Inventor

Small molecules PD-1/PD-L1 interaction Bristol-Myers Squibb Company
Interaction of PD-L1 with PD-1/CD80  Bristol-Myers Squibb Company

Avising International, LLG

Chemocentryx, Inc.
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Target

PD-1

PD-L1

Antibody

Cemiplimab (Libtayo)

Pidiizumab (CT-011)

Spartalizumab (PDR-001)

Gamrelizumab
(SHR-1210)

Tislelizumab (BGB-A317)

Toripalimab (TABOOT,

JS001)

Dostarlimab (TSR-042)

AGEN-2034

Sintilimab (IBI-308)

BCD-100

GLs-010

CX-072

WBP-3155 (CS1001)

Cosibelimab (CK-301)

Pivotal indications

Squamous cell cancer

Relapsed Folicular Lymphoma

BRAF VB00-mutant
unresectable or metastatic
melanoma.

Nasopharyngeal cancer

Nasopharyngeal cancer

Advanced melanoma

Advanced NSCLC and
microsatelite instability-high
(MSI-H)

Endometrial cancer (EC)

Cervical cancer; Solid tumors

Relapsedrefractory classical

Hodgkin's Lymphoma (HL)

Malignant melanoma

Hodgkin's disease

Solid tumors

Advanced solid tumors o
lymphomas

Cancer

Most advanced
phase

Phase Illl

Phase Il

Phase Il

Phase Il

Phase Ill

Phase Ill

Phase Il

Phase 1811

Phase Ill

Phase Ill

Phase Il

Phase Il

Phase Il

Phase |

Most recent result

Metastatic CSCC (81):
ORR: 47% (95% Cl, 34-61);
Median follow-up

months: 7.9

Pidiizumab + rituximab (32):
ORR: 66%

Complete response (CR): 52%
partial response (PR): 14%
Median follow-up months: 18.8
(95% Cl: 14.7 months to

not reached)

Spartalizumab () + dabrafenib (D)
+ trametinib (T) (83):

ORR: 75%

CR:33%

Median follow-up months:

12 (95% Cl, 47-79%)
Canelizumab monotherapy (84):
ORR: 34%; 95% Cl 24-44

Median follow-up months: 9.9

Tislelizumab (85):

PR: 15%

Stable disease (SD): 45%
Median follow-up months: 5.5
Toripalimab (86):

ORR: 20.7%

PR: 19.8%

SD: 39.6%

TSR-042 (87):

NSCLC group:

PR: 33.3%

SD: 28.6%

MSI-H EC group:

PR: 36.4%

SD: 18.2%

AGEN2034 (89):

PR: 12%

SD: 52%

Sintiimab (89):
ORR: 80.4%;
Median follow-u
months;
Six-month PFS: 77.6% (66.6-85.4)
BCD-100 1 mg/kg (90):

ORR: 34%

CR:6.7%

PR: 27.1%

DCR: 68%.

BCD-100 3 mg/kg:

ORR: 20%

CR:36%

PR: 26.4%

DCR: 55%.

GLS-010 (91):

ORR: 88.3%

CR:23.5%

PR: 64.7%

SD:5.9%

©X-072 (92):

5% C1 70.9-88.0
: 105 (9.2-1)

PD: 47%

CS1001 (93):

PR: 24%

SD: 28%

Cosibelimab (94):
NSCLC group:

ORR: 42%

DCR: 83%

©SCC group:

ORR: 43%,

DCR: 86%.

In melanoma and HL group:
ORR: 14%

DCR: 71%

Colorectal cancer group:
ORR: 10%

DCR: 60%

Most common adverse
effects (AEs)

The most common AEs were
diarthea (27%). 4 patients (7%)
had AEs leading to
discontinuation.

Anemia (14/29),

Fatigue (13/29).

27 (75%) had grade > 3 AEs. 6
patients (17%) had AEs leading
to discontinuation.

15 (16%) patients had AEs of
grade or 4

Hypothyroidism (3/20).
No AEs led to discontinuation.

Proteinuria (25%),
ALT increase (25%)

Diarrhea (22.4%)
Nausea (22.4%)

2 patients (6%) had AEs leading
to discontinuation.

93% patients had
treatment-related adverse
events. The most common AEs
were pyrexia (3%).

BCD-100 1 mg/kg:
TRAES (48%); IRAES (29%).
BCD-100 8 mg/kg: TRAES
(48%); IRAES (30%).

The most common treatment
related AEs were Neutrophil
(31.25%),

2 patients had AEs leading to
discontinuation.

Anemia (48%).
2 patients had AEs leading

to discontinuation.

Most common AEs were rash
(14%)
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Study information

PD-L1 IHC assay:
DAKO 22C3 IHC assay
Drug: Pembrolizumab

PD-L1 IHC assay:
Ventana SP142 IHC
assay

Drug: Atezolizumab

Population

NSCLG (104)

Gastric or gastroesophageal
junction adenocarcinoma
(105)

Cenvical cancer (106)

Uc (69)

HNSCC (107)

ESCC (108)

UC (109)

Triple-negative breast cancer
(TNBO) (110)

Cut-off value of PD-L1 expression

“Tumor proportion score (TPS)> 1%

Combined proportion score (CPS)z 1

CPS21

CPS>10

CPSz1

CPS=10

PD-L1 tumor infilrating immune el
(IC) expression =5%

PD-L1 IC expression >1%

Response

TPS<1%: 8.3% (ORR)
1%<TPS<49%: 17.3% (ORR)
TPS>50%: 51.9% (ORR)
CPS=1:16% (ORR)
CPS<1:6% (ORR)

CPS>1:14.3% (ORR)

CPS<1:0 (ORR)

CPS>10: 39% (ORR)

19%<CPS=10%: 20% (ORR)
CPS<1:11% (ORR)

Median overall survival:

Pembrolizumab vs. cetuximab plus
chemotherapy: 12.3:10.3

(HR 0.78; 95% Cl: 0.64, 0.96; p = 0.0086)
Median OS:

Pembrolizumab vs. chemotherapy: 10.3:
(HR 0.64; 95% CI: 0.46, 0.90);

ORR:

Pembrolizumab vs. chemotherapy: 22%: 7%
1C>5%: 26% (ORR)

1C<5%: 9.5% (ORR)

1021%:
12% (OR
IC<1%:

0% (ORR); 5% (DCR)

; 15% (DCR)
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Antibody clone

22C3,28-8,73-10

SP142, SP263

E1LAN

Manufacturer

Dako

Ventana/Roche

Cell Signaling
Technology

Detection systems

EnVision FLEX
visualization system

OptiView detection kit

Laboratory detection
system

Staining platform

Dako Autostainer Link 48

Ventana BenchMark ULTRA

Laboratory detection system

Species

Rabbit

Rabbit

Rabbit

Heat-induced epitope
retrieval

EnVision FLEX

CC1 Cell conditioning

Laboratory detection
system

Binding sites of antibody

extracellular domain of PD-L1

the cytoplasmic domain at the
extreme G-terminus of PD-L1

cytoplasmic domain of PD-L1
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Platform

Bacterial

Viral

Cells

Fusion
Protein

Fusion
Protein

Construct

Salmonelia typhimurium
expressing LIGHT

Adenovirus delivery of LIGHT
(Ad-LIGHT)

Mesenchymal stem cells
expressing LIGHT

LIGHT linked to a vascular
targeting peptide (LIGHT-VTP)

Three copies of LIGHT linked to
scfv targeting EGFR
(anti-EGFR-hmLIGHT)

‘Cancer models

D2F2 breast
carcinoma

cr2s
Lewis lung

carcinoma
Ag104Ld

4T1

MC38
B16-SIY
A20

C3.43HPV16
cervical cancer

TRAMPC2
prostate cancer

TUBO mammary
cancer

Pancreatic
insulinoma
(RIP1-TagS)

Lewis lung
Carcinoma

NFpp10-
Glioblastoma
multforme (GBM)

B16 melanoma

Agi04Ld

MC38

Administration Combinations
route

v -

v -

% -

Intratumoral -

injection (IT)

" -

" -

" -

T -

" Tumor Vaccine (VRP
WHPV16E7)

T Tumor Peptide vaccine

v -

v Tumor vaccine
(Tag-CpG-ODN) +
Anti-PD-1 & CTLA-4

v Anti-PD-1& CTLA-4

% ANti-VEGF + Anti-PD-1

% Anti-PD-1

v Anti-PD-L1

v Anti-PD-L1

Effects on tumor

Reduced tumor volume

Reduced tumor volume
Reduced tumor volume

Primary tumor elimination and distal
tumor clearance

Primary tumor clearance and
elimination of metastatic events

Primary tumor elimination
Primary tumor elimination

Primary tumor clearance and
protection from rechallenge

Tumor size regression, combination
showed enhanced efficacy.
Therapeutic treatment provided
protection from rechallenge

Tumor size regression, LIGHT
reduced effect of Tregs. Enhanced
anti-tumor effects with combination
treatments

LTbR and CD8-dependent
prophylactic protection against tumor
challenge as well as therapeutic
efficacy against day-7 tumor growth

Significant reduction in tumor burden
of mice receiving full combination
treatments. LIGHT-therapies
enhanced tumor vaccine + dual
checkpoint blockade

Reduced tumor burden in mice
receiving triple therapy compared to
controls. No necrosis in tumors
indicating improved vasculature

HEV formation, vasculature
normalization, enhanced levels of
CD3+ cell infitration into tumors,
upregulations of granzyme B, and
reduction in Tregs

Vascular normalization in both primary
and lung metastases. Reduced
number of metastases accompanied
by TLO and HEV formation at
metastatic sites. Sensitization to
anti-PD-1 treatments

Significant reduction in tumor size
within combination group showing
the ability to overcome
checkpoint-blockade resistance
Tumor clearance with combination
therapy
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TLRY Class Phase Treatment In combination Tumor type References
agonist with

CMP-001 A I [ Nivolumab Melanoma and lymph node cancer NCT03618641
| IT. Pembrolizumab Melanoma NCT02680184
| sC. Ipiimumab, and Metastatic GRC NCT03507699

nivolumab
i IT. Avelumab SCCHN NCT02554812
1 /8 Atezolizumab NSCLC NCT03438318

IMO-2125 1] IT. Ipiimurmab Anti-PD-1 refractory melanoma NCT03445533

(Tilsotolimod)

I IT. Ipiimumab, and Solid tumors NCT03865082
nivolumab

i IT. Ipiimurmab, or Metastatic melanoma NCT02644967
pembrolizumab

MGN1703 1 sC. Ipiimumab Advanced cancers NCT02668770

(Lefitolimod)

sD-101 c I IT. Pembrolizumab Prostate cancer NCT03007732

(Dynavax)
| IT. Nivolumab Chemotherapy-refractory metastatic NCT04050085

pancreatic adenocarcinoma
i IT. Pembrolizumab Metastatic melanoma or recurrent or NCT02521870
metastatic HNSCC

AST-008 i IT. Pembrolizumab Advanced sold tumors NCT03684785

DV281 c 1 Inhaled Nivolumab Advanced NSCLC NCT03326752

LT, Intratumoural; LV, Intravenous; S.C., Subcutaneous; CRC, colorectal cancer; SCCHN, squamous cell carcinoma of head and neck; NSCLC, non-small cell lung cancer; HNSCC,
head and neck squamous cell carcinoma.
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Inhibitor Target Approved Tumor type References

Ipiimumab oTLA4 2011 Advanced melanoma )
(Yervoy®)
2018 Metastatic RCG (in combination of nivolumab), and CRC (161, 162)
Pembrolizumab PD-1 2014 Advanced melanoma (163)
(Keytruda®)
2015 Metastatic NSCLG (164)
2016 Head and neck cancer (165)
2017 Classical Hodgkin lymphoma, urothelial carcinoma, any solid (166-169)

tumor with a spedific genetic feature, and advanced gastric and
gastroesophageal junction adenocarcinoma

2018 Advanced cervical cancer, and HCG (170,171)

2019 Advanced RGC (in combination of axitinib) (172)
Nivolumab PD-1 2014 Advanced melanoma (179)
(Opdivo®)

2015 Lung cancer, and metastatic RCG (174,175)

2016 Hodgkin lymphoma, and head and neck cancer (175,176)

2017 Advanced urothelial carcinoma, CRC, and HCC (previously treated (177,178)

with sorafeni)

Atezolizumab PD-L1 2016 Advanced urothelial carcinoma, and NSCLC progressed in (175,179
(Tecentrig®) platinum-containing therapy

2018 Advanced bladder cancer (180)

2019 PD-L1 positive TNBC (in combination of abraxane), and SCLC (in (181,182)

combination of carboplatin and etoposide)

Avelumab PD-L1 2017 Merkel cell carcinoma, and urothelial cancer (167, 183)
(Bavencio®)

2019 Genitourinary cancer (172)
Durvalumab PD-L1 2017 Advanced urothelial cancer (167)
(Imfinzi®)

2018 NSCLC (184)
Cemiplimab-rwic PD-1 2018 Advanced cutaneous squamous cel carcinoma (185)
(Libtayo®)

RCC, renal cell carcinoma; CRC, colorectal cancer; NSCLC, non-small cell lung cancer; HCC, hepatocellular carcinoma; TNBC, triple-negative breast cancer; SCLC, small cell
lung cancer.
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CD3+CD8+ CD3+CD4+ B cells DCs Macrophages Neutrophils NK NKT

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Untreated 1.847 08701 4493 08064 4097 08173 05567 02173 506 7.374 5103 07823 2217 008 1.805 0.755
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Bladders from treated mice were surgically resected, dissociated and prepared for flow cytometry analysis as shown in Figure 6. The frequency (the % positive cells of a specific
phenotype among 10,000 events) of CD3, CD4, CDS, NK, NK T, B cells, DCs, macrophages, and neutrophils are shown. Statistical significance was calculated by student t-test, P
< 0.05. Bold indicates statistical significance.





