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Immunotherapy using checkpoint inhibitor targeting PD-1 and PD-L1 revolutionized the treatment of microsatellite instable metastatic colon cancer. Such treatment is now a standard of care for these patients. However, when used as monotherapy checkpoint inhibitors targeting PD-1 and PD-L1 are not effective in metastatic colorectal cancer patients with microsatellite stable tumors. Recent advances in biology provide a rationale for this intrinsic resistance and support the evaluation of combination therapy to reverse resistance. This article will highlight recent findings on the mechanism of intrinsic resistance and recent advances in clinical trials for combination therapy.
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INTRODUCTION

Tumor microenvironment (TME) plays an important role in cancer progression and in the response to therapy. Increasing data in the literature underlines that CD8 T cells and tumor-infiltrating lymphocyte (TIL) accumulation in the tumor bed are biomarkers of good outcome in most types of cancers (1). In the context of colorectal cancer, the presence of CD8 T cells in the tumor bed and invasive margin is strongly associated with outcome. Jerome Galon's team's publications have shown that time to recurrence and overall survival strongly correlate with the strength of the in-situ adaptive immune reaction in the colon tumor core and invasive margin (2, 3). They proposed that solid tumors' intra-tumoral immune context (i.e., type, functional orientation, density, and location of immune cells) could be a dominant determinant of clinical outcome (4). These data underline that colorectal cancers are frequently widely invaded by immune cells and suggest that immunotherapy could be a suitable therapy for such patients. Based on this observation, anti PD-1 mAb was tested in advanced metastatic colorectal cancers. However, initial reports of phase I trials were very disappointing, with only 1 of 33 patients with colorectal cancer with objective clinical response to this treatment (5, 6). Importantly, the responding patient differed from others due to the mismatch-repair deficiency (dMMR). dMMR is a small fraction of whole colorectal cancer. dMMR status is due to a mutation in genes involved in DNA mismatch repair (MLH1, MSH2, MSH6, PMS2, EPCAM). Such mutations can be exclusively somatic or constitutional, in the context of Lynch syndrome. These tumors represent around 15% of localized colorectal tumors and about 3–4% of metastatic colon cancers (7). Recently, Le et al. reported a phase 2 clinical trial to evaluate the efficacy of pembrolizumab, an anti PD-1 immune checkpoint blocker, in colorectal cancer patients with either dMMR or proficient MMR (pMMR status). In this trial, only treatment-refractory metastatic colon cancer patients were included. Objective response was 40% in patients with dMMR tumors, while no patient had an objective response in the pMMR group. The median progression-free survival reached 5 months in dMMR patients but only 2 months in pMMR patients (8). Such data support that checkpoint inhibitors targeting PD-1 are only effective in dMMR tumors. In this review, we will explain why dMMR tumors are sensitive to checkpoint inhibitors and we will study the different mechanisms of pMMR tumors' intrinsic resistance and how to circumvent them.



RATIONALE OF CHECKPOINT INHIBITORS' EFFICACY IN MICROSATELITE INSTABLE TUMORS

dMMR status relies on epigenetic silencing or mutations in DNA mismatch repair genes (9, 10). This anomaly induces genetic aberrations due to DNA replication errors in microsatellites, short tandemly repeated DNA sequences. Such an anomaly is called microsatellite instability (9) and is classically diagnosed by the variable length of DNA microsatellites, some mononucleotide and dinucleotide repeats. dMMR mutations induce accumulation of DNA replication errors in both coding and non-coding DNA regions, which can be point or frameshift mutations (9). This mechanism induces mutation accumulation at a 10- to 50-fold higher rate than in pMMR tumors. The inactivation of MMR increased the mutational burden and led to dynamic mutational profiles, which resulted in the persistent generation of neoantigens, whereas MMR-proficient cells exhibited stable mutational load and neoantigen profiles over time (11). Consequently, when present in the coding sequence such mutations induce the generation of a large number of neoantigens, which could be presented as neoantigenic peptides by HLA molecules of both tumor and antigen presenting cells and be recognized as foreign antigens by T cells (12). Such a mechanism could explain why dMMR tumors present higher CD8 cytotoxic T and Th1 helper cells infiltration, resulting in a better prognosis when tumors are non-metastatic (10). Mutant neoantigens are recognized by tumor-antigen-specific T cells, present in growing tumors, and able to limit both tumor growth and metastatic process. In experimental settings, these CD8 T cells can be reactivated following treatment with anti-PD-1/anti-CTLA-4 and mediate tumor rejection (13). So, we can hypothesize that a high level of neoantigens in localized tumor dMMR tumors might explain their better prognosis via a more robust immunoediting. In the metastatic setting, we could hypothesize that CD8 and Th1 infiltrating dMMR tumors are exhausted and could be reactivated by checkpoint inhibitors (14).

In dMMR tumors, CD8 and Th1 express high levels of multiple checkpoints inhibitors such as programmed death-1 (PD-1), cytotoxic T lymphocyte–associated antigen 4 (CTLA4), and lymphocyte activation gene 3 (LAG3) in comparison to pMMR tumors (15). These markers underline that intratumoral T cells present an exhausted status. Exhausted CD8 T cells are T cells that emerge during chronic antigen stimulation. These cells are initially effector cells, which produce a high level of cytotoxic molecules and interferon gamma (IFNγ). In the absence of complete tumor eradication, the sustained antigen stimulation restrains T cells' capacity to produce cytotoxic molecules and inflammatory cytokines such as IFNγ (16). In addition, dMMR colorectal cancer (CRC) may present an increased expression of tumor PD-L1, which has been correlated with checkpoint inhibitor efficacy in different tumor types in a retrospective study (17). Such data might explain both checkpoint inhibitors' efficacy in such tumors and absence of spontaneous tumor eradication due to T cell exhaustion [(12); Figure 1].
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FIGURE 1. Immune response against dMMR tumors.





MECHANISM OF INTRINSIC RESISTANCE IN MICROSATELITE STABLE TUMORS


Immunoexclusion

Immunohistological analysis of colon cancer revealed that CD8 infiltration is mainly located in the invasive margin around tumors (18). Among dMMR tumors, T cells were more abundant at the invasive margin than in the tumor core, thus suggesting that a mechanism of immunoexclusion could be involved in the absence of T cells in the tumor core. Absence of T cells in the tumor core may blunt the efficacy of checkpoint inhibitors (19).

Some experimental data on mice preclinical models of pMMR colon cancer summarize this phenomenon. Transforming growth factor–β (TGFβ), an immunosuppressive cytokine associated with bad prognosis, was observed in the tumor bed of preclinical models of colon cancer (20, 21). TGFβ acts on the fibroblastic stroma, increases fibrosis and limits tumor core T cell invasion. Inhibition of TGFβ using a pharmacological inhibitor or a mAb promotes T cell recruitment to the tumor bed and efficacy of checkpoint inhibitors (22). Recently bifunctional checkpoint inhibitor, the fusion protein M7824, comprising the extracellular domain of human TGFβRII linked to the C-terminus of human anti-PD-L1, was developed and showed important efficacy in preclinical models. M7824 treatment promoted CD8+ T cell and NK cell activation, and both of these immune populations were required for optimal M7824-mediated tumor control. M7824 was superior to TGFβ- or αPD-L1-targeted therapies when in combination with a therapeutic cancer vaccine (23).

Immunoexclusion could also be related to tumor cells' intrinsic mechanism. pMMR tumors are characterized by the presence of the activation of WNT/β-catenin signaling. In contrast, this pathway is rarely activated in dMMR colon tumors (24). Previous data obtained in melanoma underline that WNT/β-catenin signaling activation is involved in the mechanism of immune exclusion. WNT/β-catenin signaling induces transcriptional repression of chemokine genes such as CCL4, essential for intratumoral homing of dendritic cells to the tumor bed. In particular, CCL4 expression induces recruitment of Batf3 positive dendritic cells which are essential for T cell priming, activation and recruitment to the tumor site (25, 26). Activation of tumor-intrinsic WNT/β-catenin signaling was also tested in TCGA pan cancer data (27). This analysis across 31 tumors determined that 28 (90%), including colon cancer, showed activated β-catenin signaling in the non-T cell-inflamed subset, demonstrating this observation is relevant in most cancer types. Targeting WNT/β-catenin could be a strategy to improve immunotherapy efficacy (28).



Lack of Antigens

To induce an antitumor immune response, tumor cells must contain antigens detected by cytotoxic T cells. pMMR tumors have fewer mutations than dMMR tumors. Recent literature shows that there is a strong association between mutation presence and response rate to checkpoint inhibitors used as monotherapy (29). The number of non-synonymous mutations is called the tumor mutational burden (TMB). The median TMB of a pMMR tumor is 4 mutations/MB, which classifies this tumor as a low TMB tumor. In comparison, TMB mean of dMMR tumor is 30 mutations/MB (30). However, the median number of mutations in pMMR is similar to the one found in ovarian cancer or hepatocellular carcinoma, which present some response to checkpoint inhibitor used as monotherapy. Such data suggest that additional mechanisms other than TMB explain resistance to checkpoint inhibitors in pMMR tumors.

Despite the lack of antigens in pMMR tumors most colon cancer tumors are infiltrated by CD8 T cells. There is evidence that tumor-specific T cells targeting neoantigens play a role in tumor control (13, 14, 29, 31), but in most tumor types antigen specificities are unknown. A hypothesis to explain the lack of efficacy could be that CD8 tumor infiltrating cells are non-tumor specific cells and classify as bystander cells. In a recent Nature paper (29), the authors studied the antigen specificity of CD8 tumor infiltrated cells in human lung and colorectal cancer. They observed that only very few CD8+ TILs are specific for tumor antigens. Most TILs recognize a wide range of infectious epitopes such as Epstein–Barr virus, cytomegalovirus or influenza virus. Similarly, specific T cell response was tested in another report concerning melanoma, colon cancer and ovarian cancer (32). While in melanoma tumors specific T cells represent 60% of tumor infiltrated CD8, in ovarian cancer and colon cancer they represent only 5 and 9%, respectively. Such data underlines that only a minority of CD8 TILs recognize tumor antigens in pMMR tumors, therefore a lack of antigen specificity may at least partly explain resistance to immunotherapy.

Activation of the mitogen activated protein kinase (MAPK) pathway is found in around 60% of pMMR colon cancers due to a constitutive activation of the small GTPase K-Ras (Kirsten rat sarcoma viral oncogene homolog) or other N-RAS (neuroblastoma rat sarcoma viral oncogene homolog). Such mutations are more frequent in pMMR than in dMMR tumors and lead to a constitutive activation of the downstream pathway effectors molecules MEK (Mitogen/Extracellular signal regulated Kinase) and ERK1 and/or ERK2 (33, 34). Activation of the MAPK pathway reduces MHC class I molecule expression on tumor cells of different cancer types such as melanoma, breast cancer and colon cancer (35–37). Pre-clinical experiments showed that MAPK inhibition, using MEK inhibitors, resulted in MHC class I molecules upregulation in tumor cells and increased CD8 T infiltration in tumor core (38). Such data provide a rationale to combine MEK inhibitors and checkpoint inhibitors in RAS mutated tumors to enhance MHC class I molecule expression and to enhance tumor recognition by infiltrated CD8 T cells (39). Based on these results a phase I with cobimetinib and atezolizumab was started and confirmed biological activity of this combination in CD8 T cells recruitment and induction of HLA expression (40). Subsequently, a phase III trial was then started in patients with pMMR advanced treatment-refractory colorectal cancer and compared the combination of cobimetinib and atezolizumab with atezolizumab alone or regorafenib (41). Neither atezolizumab monotherapy nor combination atezolizumab and cobimetinib demonstrated significantly improved OS compared to regorafenib.




IMMUNOSUPPRESSION

In addition to effector populations, like CD8 T cells and antigen presenting cells, the presence of immunosuppressive cells may control antitumor immune response and could blunt the efficacy of checkpoint inhibitors. The two main immunosuppressive cells are FOXP3 regulatory T cells (Tregs) and the myeloid derived suppressor cells (MDSC).

Tregs have the capacity to inhibit most immune cells. These cells accumulate during tumor growth and are frequently associated with poor prognosis in various types of cancers (42–46). However, in colorectal cancers their role is complex. Indeed, some studies looking at FOXP3 positive cell accumulation in colorectal tumors suggest that a better prognosis is associated with the presence of such infiltrates (30, 45–48). This event probably relies on the fact that T cell infiltration is a strong surrogate marker of good prognosis in colorectal cancer and that Foxp3 accumulation is strongly correlated with accumulation of other immune cells (15, 49). The role of Treg infiltration in colorectal cancer became even more complex with the discovery of two types of Tregs in colon cancer. These two types of cells could be differentiated by their level of Foxp3 expression (low vs. high) (50). Only FOXP3 high cells are immunosuppressive and their accumulation in colon cancer is a surrogate marker of poor prognosis. In contrast, Foxp3 low non-suppressive Treg cells are not a factor of bad prognosis. These cells are associated with the presence of Fusobacterium nucleatum which is also associated with dMMR status (51). Together, such data raise the hypothesis that dMMR tumors are infiltrated with Foxp3 low non-suppressive Tregs, which are recruited due to the presence of Fusobacterium nucleatum and also probably due to other chemoattractant agents, while pMMR tumors are mainly invaded by Foxp3 high immunosuppressive Tregs which blunt immune response. Depletion of FOXP3 high Treg cells from tumor tissues may augment antitumor immunity and should be tested in combination with checkpoint inhibitors in pMMR tumors.

Myeloid-derived suppressor cells (MDSC) are a heterogeneous population of myeloid cells with monocytic and neutrophilic phenotypes. These cells are blocked at immature stages of differentiation and exert an immunosuppressive role in both innate and adaptive immune cells. These cells are absent in healthy humans but accumulate in blood, lymph nodes, bone marrow, and tumors during cancer growth (52, 53). The accumulation of MDSC was tested in colon cancer and a high level of MDSC was found in the blood of patients with metastatic colorectal cancers (54). This MDSC accumulation is associated with poor prognosis. Preclinical data underline that MDSC elimination could induce CD8 T cell accumulation and reactivation at the tumor site (55), thus suggesting that elimination of such immunosuppressive cells could enhance the efficacy of checkpoint inhibitors.

Secondary immunosuppression due to induction of checkpoint inhibitor expression might also be relevant. We recently reported higher expression of immune checkpoints in dMMR tumors in comparison to pMMR tumors. Immune checkpoint expression is associated with intrinsic poor prognosis in dMMR tumors while its expression does not have an impact on pMMR tumor prognosis (15). Such data suggest that immune checkpoints may be clinically more relevant in dMMR tumors, providing a rationale for a better efficacy of these therapies in this category of colorectal cancer.



ROLE OF ANGIOGENESIS

Neoangiogenesis has a major role during tumor development. Several oncogenic pathways lead to the production of Vascular Endothelial Growth Factor (VEGF), the main proangiogenic factor during cancer growth (56–58). VEGF acts as a specific proliferating agent for endothelial cells through interaction with its specific receptors, VEGFR1 and R2. Both VEGF and its receptors are expressed at high levels in human colon carcinomas and in tumor associated endothelial cells (59–61). However, few data compare angiogenesis in dMMR and pMMR colorectal cancer. A recent biological study (62) tested the presence in the blood of healthy volunteers and patients bearing metastatic dMMR or pMMR colorectal cancers of endothelial progenitor cells and VEGF. Both parameters were increased in patients with dMMR tumors, suggesting a more important dependency of these tumors to angiogenesis.

VEGF is known to have an important and deleterious effect on the immune system. Notably, VEGF could blunt dendritic maturation through STAT3 induction in myeloid cells. VEGF is also known to affect immunosuppression. VEGF could promote MDSC accumulation (63). In patients with cancer, a correlation between disease stage, VEGF-A levels and MDSC accumulation was observed (64, 65). This accumulation is related to the positive effect of VEGFR2 on STAT3 activation, which induces expansion and activation of MDSCs (66, 67). VEGF could also promote Treg cell expansion. In particular, dendritic cell and MDSC activation by VEGF induces IL-10 and TGF-β. These events promote Treg cell expansion (66, 68, 69). VEGF-A could also directly induce Treg proliferation due to their high expression level of VEGFR2 (70). Finally, VEGF is also produced by type 2 tumor-associated macrophages (TAM), which accumulate in colorectal cancer and are associated with poor prognosis (71–74).

VEGF production in the tumor bed induces pathological vascularization which could lead to insufficient vascularization and hypoxia. Such hypoxia is well-known to impede CD8 TILs-mediated lysis of tumor cells (75). VEGF-A neutralization induces tumor vasculature normalization and restores CD8 TILs' effector functions. Taken together, these results show a direct link between tumor vasculature normalization and enhanced immune cell infiltration.

The above-described data provide a rationale to use anti-VEGF therapies to limit immunosuppression and to restore an effective antitumor immune response. In mice, anti-VEGF antibody could enhance dendritic cell maturation, resulting in an increase in number and functions of tumor infiltrating dendritic cells (76). Anti VEGF-A or tyrosine kinase inhibitor like sunitinib also led to a significant reduction of MDSCs in peripheral blood in animal models (77–79). Moreover, anti-VEGF could also decrease Treg accumulation due to a direct effect on VEGFR2 and an indirect effect on dendritic cells and MDSCs (70). In patients with colorectal cancer, treatment with chemotherapy and bevacizumab was shown to decrease Treg accumulation and proliferation [(70); Figure 2].
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FIGURE 2. Strategies of immunoescape in pMMR tumors.





HOPE, SUCCESS, AND FAILURE OF CURRENT CLINICAL TRIALS FOR PMMR COLORECTAL CANCER

First, clinical trials in patients with advanced disease show that monotherapy with anti PD-1 is not effective in pMMR colon cancer. The seminal report from Le et al. observed no RECIST objective response in pMMR patients. Nevertheless, two patients with stable disease were observed and a progression-free survival rate of 11% at 20 weeks was found (2 of 18 patients; 95% CI, 1–35) (8). Recently, Chen et al. (80), reported the efficacy of the combination of durvalumab and tremelimumab in heavily pretreated pMMR colorectal cancer in a randomized phase II study. One hundred and twenty patients were included. Patients in an immunotherapy group presented a median OS of 6.6 months vs. 4.1 months in the control arm (0.70; 90% CI (0.53–0.92); p = 0.03). In contrast, no difference was observed in terms of progression-free survival. Treatment toxicity was classical for such therapy. This trial suggests that anti-PD-L1 plus anti-CTLA4 combination therapy could have a modest effect in patients previously pretreated for colorectal cancer with a pMMR tumor.

Regorafenib, a potent inhibitor of angiogenic and oncogenic kinases, reduced TAM in tumor models. The combination of regorafenib plus a PD1 exhibited superior tumor growth suppression compared to either treatment alone in murine models. Consequently, a phase 1B study tested the combination of regorafinib and nivolumab in 25 pMMR previously-treated colorectal cancer patients. Regorafenib dose was reduced to 80 mg due to skin toxicities. Objective tumor response was observed in 7 pMMR colon cancer patients given 29% of response rate. The blood immunomonitoring showed a reduction of the FoxP3hiCD45RA−Tregs fraction at the tumor response (81) NCT03406871.

Chemotherapy could be used to promote immune response via a mechanism called immunogenic cell death (82). Oxaliplatin is known to induce this process. Cancer cells killed by oxaliplatin express calreticulin on the cell surface and release HMGB1, ATP, and Type I interferon. Calreticulin is recognized by dendritic cells which then phagocyte dead bodies. HMGB1 and ATP promote antigen presentation and activation of dendritic cells, resulting in optimal activation of CD8 T cells. Then Type I interferon induces an important recruitment of CD8 to the tumor bed (83). Our group showed that 5-fluorouracil could induce MDSC elimination (55, 84). Therefore, combination of oxaliplatin and 5-Fluorouracil could target both MDSC dependent immunosuppression and activation of effector T cells via immunogenic cell death. However, in preclinical models, FOLFOX regimen was also shown to induce PD-1 expression in CD8 T cells and PD-L1 expression in macrophage and myeloid cells, in a type II interferon dependent manner (85), suggesting that FOLFOX combination with an anti-PD-1 mAb (86) might be useful.

A phase II trial involving 30 patients tested the combination of FOLFOX with pembrolizumab in untreated, unresectable pMMR colorectal cancer. A total of 53% of patients had a RECIST objective response at 24 weeks, with a disease control rate of 100% at 8 weeks (87). Survival data are awaited to determine if such combination is better than FOLFOX alone. Our group also initiated a trial, in first line pMMR patients with RAS mutated colorectal cancer, to test the combination of FOLFOX plus durvalumab and tremelimumab (88). This study is still ongoing.

As with chemotherapy, preclinical data support the capacity of radiotherapy to induce immunogenic cell death and promote activation of antitumoral immune response. However, the radiotherapy schedule may modulate its immune effect. Conventional or hypofractionated radiotherapy induces the release of DNA in the cytoplasm of cancer cells. Such cytoplasmic DNA is recognized by a DNA sensor, STING, which induces Type I IFN production. Without this Type I IFN production, no immune effect of radiotherapy or combination therapy with radiotherapy and checkpoint inhibitor could be observed (89, 90). Surprisingly, a high dose of hypofractionated radiotherapy induced exonuclease TREX1 expression. This exonuclease degrades cytoplasmic DNA and limits Type I IFN production. These data strongly support that the schedule of radiotherapy must be adapted to boost immune response.

In the setting of colorectal cancer, some small trials currently test the combination of checkpoint inhibitors and radiotherapy. A phase II, study test pembrolizumab plus radiotherapy vs. pembrolizumab and surgical ablation of metastases in patients with advanced, refractory pMMR CRC. One partial response in a total of 11 patients was observed in the radiotherapy plus immunotherapy group (91). Many clinical trials are ongoing with external radiotherapy or radioembolization of liver metastases (NCT03104439, NCT03007407, NCT03102047, NCT02837263, NCT03005002, NCT02888743).

Since VEGF has immunosuppressive functions, it can be hypothesized that the use of immunotherapy in combination with anti-VEGF therapies might be useful. Combination of atezolizumab with FOLFOX and bevacizumab was tested in first-line metastatic CRC. This treatment led to a 53% objective response and a median progression-free survival of 14.1 months (92). Survival data are awaited to determine if such combination is better than FOLFOX bevacizumab. Biological data show an induction of cytotoxic T cell signatures and PD-L1 expression as well as CD8+ T-cell accumulation. Based on these data, a maintenance trial called MODUL was initiated in patients with pMMR RAS mutated colorectal cancer. Fist line induction therapy with FOLFOX and bevacizumab was initiated, and if patients had a good response then they were randomized between capacitabine plus bevacizumab with or without atezolizumab maintenance regimen (93). No difference was observed in terms of progression-free survival and overall survival.

Mab targeting EGFR could promote antibody-dependent cytotoxicity and CD8 infiltration as well as antitumor immune response in colorectal cancer (94). Based on these results, association of cetuximab and pembrolizumab was tested in RAS wild-type pMMR colorectal cancer previously pretreated by chemotherapy. In the first treated patients, durable (>16 weeks) disease control was observed in 6/9 patients (95). Trials testing FOLFOX cetuximab plus avelumab in first line (NCT03174405) and nivolumab, ipilimumab with panitumumab in patients with metastatic, refractory, RAS wild-type, pMMR colon cancer (NCT03442569) are ongoing.



RATIONALE FOR NEW COMBINATION THERAPIES

New emerging therapies are currently in development. The first strategy targets the poor antigenicity of pMMR colorectal cancer. Vaccination represents a valuable strategy to artificially induce an antitumor immune response and enhance T cell recruitment to tumor bed. The classical strategy uses shared cancer antigens as tumor vaccines. Vaccines can use whole proteins, specific peptides or whole allogeneic cells. As an example, a vaccine called GVAX was developed for colorectal cancer. This vaccine consists of irradiated allogeneic colon cells modified to express granulocyte-macrophage colony-stimulating factor (GM-CSF). A trial currently tests this therapy with pembrolizumab for advanced pMMR tumors (NCT02981524). An alternative strategy is the usage of a personalized peptide vaccine. Next-generation sequencing on tumor tissue is performed to detect the specific neoantigen of patients' tumors. Then, specific peptides which bind to patient human leukocyte antigen (HLA) and coding for the neoantigen are synthetized. Trials are ongoing to test the combination of this strategy with checkpoint inhibitors (NCT03794128, NCT03480152).

Alternative strategies to enhance immunogenicity could rely on oncolytic vaccines. Such a virus could kill cancer cells and induce a local immune response. Multiple viral platforms are currently under evaluation. Recently, a phase II trial of FOLFOX plus bevacizumab with or without an oncolytic reovirus was performed in RAS mutated colon cancer. An increased response was observed with the virus, but with a shorter median duration of response. Decreased treatment intensity with standard agents occurred and may contributed to the lack of benefit of the virotherapy (96). To induce T cell recruitment, T cell bispecific antibodies could be another solution. An antibody which recognizes both CD3 and a surface tumor antigen induces T cell activation and forces them to detect and kill cancer cells. A drug called TCB-CEA was developed and targets the carcinoembryonic antigen (CEA), which is frequently expressed by colon cancer (97). Evidence of antitumor activity in advanced colorectal cancer was reported in a phase 1 trial which tested CEA-TCB plus atezolizumab (97). Increased intratumoral CD3 T cell infiltration was observed, but some major side effects such as cytokine storm were reported, which raised some caution on the development of this drug.

Another strategy relies on elimination of immunosuppressive cells or molecules. To target MDSC and immunosuppressive macrophages, some inhibitors of CSF1R are currently in development in combination with anti PD-1/PDL1 (i.e., NCT02777710, NCT02452424, NCT02829723, NCT02880371). Some other drugs targeting STAT3 (NCT02851004, NCT03647839) or Bruton's Kinase (NCT03332498) or CCR5 (NCT03631407, NCT03274804) are also in development with anti PD-1/PD-L1 to fight against immunosuppressive myeloid cells. Adenosine is also a major immunosuppressive molecule produced by both MDSC and Tregs. This molecule is generated by CD73 and CD39 molecules which degrade extracellular ATP. Therefore, combination of CD39 or CD73 inhibitors with checkpoints to reduce immunosuppression might be relevant. Clinical trials with anti PD1/PDL1 and anti-CD73 or anti-adenosine receptor are ongoing (NCT02503774, NCT03207867, NCT03549000).



CONCLUSION AND FUTURE DIRECTIONS

pMMR tumors are complex for immunotherapy. Despite CD8 T cell infiltration and clear demonstration that CD8 infiltrates are associated with tumor outcome, anti-PD-1 monotherapy is ineffective. Mechanisms such as lack of antigen, RAS, WNT pathway activation and immunosuppression could explain this observation. Recent advances in the understanding of immune responses generated several hypotheses to overcome resistance to checkpoint inhibitors in this pathology. While some disappointing results were observed with MEK inhibitors and antiangiogenic agents, some promising results are observed with radiotherapy or chemotherapy in first line.

New strategies involving vaccination, bispecific mAbs, STAT3 inhibitors and drugs targeting immunosuppression are tested and will probably change the face of pMMR cancer treatments.
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Interleukin (IL)-24 plays a potential anti-tumor activity in colorectal cancer in a dose-dependent manner. However, the immunoregulatory role of IL-24 to peripheral and tumor-infiltrating T cell function in colorectal cancer was not fully elucidated. In this study, twenty-nine colorectal adenocarcinoma patients and fifteen healthy individuals were enrolled. IL-24 expression and IL-24 receptor (IL-20R1, IL-20R2, and IL-22R1) mRNA relative level was measured by ELISA and real-time PCR, respectively. CD4+ and CD8+ T cells were purified from peripheral bloods and cancer specimens, and were stimulated with low (10 ng/ml) and high (100 ng/ml) concentration of recombinant IL-24. CD4+ T cells activity was assessed by measurement of Th cell percentage, transcriptional factors, and cytokine production. CD8+ T cells activity was evaluated by investigation of cytotoxic molecules, target cell death, and interferon-γ (IFN-γ) secretion. IL-24 was decreasingly expressed in both peripheral bloods and cancer tissues in colorectal adenocarcinoma patients. However, IL-20R1 and IL-20R2 was comparable between healthy controls and colorectal adenocarcinoma patients. Low concentration of IL-24 suppressed CD4+ T cell proliferation. In contrast, high concentration of IL-24 not only promoted CD4+ T cell proliferation, but also enhanced CD4+ T cell activity, which mainly presented as up-regulation of Th1/Th17 frequency, T-bet/RORγt mRNA, and IFN-γ/IL-17 production but down-regulation of Treg percentage, FoxP3 mRNA, and IL-10/IL-35 secretion. Moreover, high concentration of IL-24 also increased perforin and granzyme B expression in CD8+ T cells, and elevated cytolytic and non-cytolytic activity of CD8+ T cells, which presented as induction of target cell death and elevation of IFN-γ expression. However, low concentration of IL-24 did not affect bioactivity of CD8+ T cells. The current data indicated that IL-24 might regulate T cell function in a dose-dependent manner. High-concentration of IL-24 might promote anti-tumor immune responses in development novel therapeutic approaches to colorectal adenocarcinoma.
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INTRODUCTION

Colorectal cancer is the third most commonly diagnosed malignancy and the fourth leading cause of tumor-related death all over the world, accounting for ~1.4 million newly diagnosed cases and almost 0.7 million deaths annually (1–3). Although colorectal cancer incidence and mortality rates have been stabilizing or declining in a number of high human development index countries, the rapid increases in incidence and mortality of colorectal cancer are observed in medium or low income countries (4) and in patients <40 years old (5, 6). Moreover, most cases of colorectal cancer develop slowly over several years through adenocarcinoma sequence despite strong hereditary components (7). The therapeutic approaches for colorectal cancer are surgery, neoadjuvant radiotherapy (for rectal cancer), and adjuvant chemotherapy (for stage III/IV and high-risk stage II colon cancer) (7). However, the 5-year survival rate for colorectal cancer patients ranges from more than 90% in stage I patients to slightly higher than 10% in stage IV patients (8). Thus, it is pivotal to better understand the biological and immunological mechanism for colorectal cancer progression and clinical relevant insights for management of the disease.

Interleukin (IL)-24, which is also called melanoma differentiation associated gene-7, is a IL-20 cytokine family member and is expressed primarily in T cells and marcophages (9, 10). IL-24 receptor belongs to type II cytokine receptor family, and consists of two heterodimeric receptor complexes, IL-20R1/IL-20R2 and IL-22R1/IL-20R2 (11). IL-24 is a potential anti-tumor agent and affects a broad array of cancers, which selectively inhibits tumor cell growth, invasion, metastasis, and angiogensis, induces cancer-selective apoptosis, stimulates anti-cancer immune response, sensitizes cancer call to therapies (12, 13). Importantly, IL-24 is a dose-dependent cytokine, and different concentrations of IL-24 may present completely contrary bioactivity. Low concentration of IL-24 promotes inflammatory cytokine expression, leading to the proinflammatory response. In contrast, high concentration of IL-24 strongly induces apoptosis of cancer cells (12, 14). IL-24 expression was remarkably correlated with histological differentiation, but inversely correlated with the degree of lymph node involvement in rectal cancer (15), which played an important anti-tumor role for colon cancer therapy (16, 17) and even reversed multidrug resistance to chemotherapy in human colorectal cancer cells (18). However, few studies focused on the regulatory activity of IL-24 to immune cell function in colorectal cancers. Thus, we hypothesized that IL-24 also modulates CD4+ and CD8+ T cell activity in colorectal adenocarcinoma patients in a dose-dependent manner. To test this possibility, the effects of different concentrations of recombinant IL-24 stimulation on CD4+ and CD8+ T cells from colorectal adenocarcinoma patients were investigated in cell culture system in vitro.



MATERIALS AND METHODS


Enrolled Subjects

The current study protocol was approved by the Ethics Committee of The First Hospital of Jilin University, and written consent form was obtained from each enrolled subjects. A total of 24 colorectal adenocarcinoma patients, who were hospitalized and underwent surgery between July 2107 and December 2018 in Department of Gastrointestinal Surgery of The First Hospital of Jilin University, were enrolled in this study. Blood samples, fresh colorectal adenocarcinoma specimens and patient-matched normal tissues were obtained. No patients received chemotherapy, radiotherapy, or immunomodulatory therapy prior to surgery. The tumor-node-metastasis (TNM) stages were evaluated according to the American Joint Committee on Cancer/Union for International Cancer Control TNM classification (7th ed.). For healthy controls, 15 healthy individuals with matched age and sex ratio, who received routine medical health test in our hospital, were also enrolled for blood sampling. The clinical characteristics of enrolled subjects were shown in Table 1.


Table 1. Clinical characteristics of enrolled subjects.
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Peripheral Blood Mononuclear Cells (PBMC) and Tumor-Infiltrating Lymphocytes (TIL) Isolation

PBMCs were isolated using Ficoll-Hypaque (Sigma, St. Louis, MO, USA) density gradient centrifugation from anticoagulant peripheral bloods of all enrolled subjects. TILs were isolated from tissue specimens, which were passed through 70 μm-pore strainers. Cells were treated with Collagenase D (0.5 mg/ml) at 37°C for 30 min, and then were resuspended in 44% Percoll in RPMI 1640 (vol/vol). The resuspended cells were layered over 56% Percoll in PBS (vol/vol), and were centrifuged at 850 × g for 30 min. The interphase, which contained TILs, was collected and washed twice. TILs were cultured in RPMI 1640 supplemented with 10% fetal bovine serum at a concentration of 106/ml.



CD4+ and CD8+ T Cells Purification

CD4+ and CD8+ T cells were purified from PBMCs and TILs using human CD4+ T Cell Isolation Kit (Miltenyi, Bergisch Galdbach, Germany) and human CD8+ T Cell Isolation Kit (Miltenyi), respectively, according to the instructions from manufacturer. The purity of enriched cells was more than 95% as determined by flow cytometry analysis.



Cell Culture

Purified CD4+ T cells or CD8+ T cells were stimulation with recombinant human IL-24 (R&D System, Minneapolis, MN, USA; final concentration: 10 ng/ml or 100 ng/ml) for 24 h in the presence of anti-CD3/CD28 (eBioscience, San Diego, CA, USA; final concentration: 1 μg/ml). In certain experiments, 5 × 104 of IL-24 stimulated CD8+ T cells from HLA-A2 restricted patients were co-cultured in direct contact and in parallel in indirect contact system with 2.5 × 105 of colorectal adenocarcinoma cell line CACO-2, which was also HLA-A2 restricted (19), for 48 h in the presence of anti-CD3/CD28 (Invitrogen eBioscience; final concentration: 1 μg/ml). Briefly, in direct contact co-culture system, CD8+ T cells and CACO-2 cells were mixed directly in a cell culture plate. In indirect contact co-culture system, CD8+ T cells and CACO-2 cells were separated by a 0.4 μm-pore membrane in a Transwell culture plate (Corning, Corning, NY, USA), which allowed the passage of soluble factors only (20). Cells and supernatants were harvested for further experiments.



Enzyme Linked Immunosorbent Assay (ELISA)

The cytokine expression in the plasma or cultured supernatants was measured using commercial ELISA kits (R&D System) according to the instructions from manufacturer.



Real-Time Polymerase Chain Reaction (PCR)

Total RNA was isolated from cells or tissues using RNeasy Minikit (Qiagen, Hilden, Germany) according to the instructions from manufacturer. RNA was reversely transcribed using PrimeScript RT Master Mix (TaKaRa, Beijing, China) with random hexamers. Real-time PCR was performed using TB Green Premix Taq (TaKaRa). The relative gene expression was quantified by 2−ΔΔCT method using ABI7500 System Sequence Detection Software (Applied Biosystems, Foster, CA, USA). To normalize the absolute quantification according to a single reference gene, kinetic PCR reactions has to be performed for β-actin on all experimental samples and the relative abundance values are calculated for internal control as well as for the target gene. For each target gene sample, the relative abundance value obtained is divided by the value derived from the control sequence (β-actin) in the corresponding target gene. The normalized values for different samples can then directly be compared. The primer sequences were shown in Table 2.


Table 2. Primer sequences for real-time PCR.
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Cellular Proliferation Assay

Cellular proliferation was measured using Cell Counting Kit-8 (CCK-8; Beyotime, Wuhan, Hubei Province, China) according to the instructions from manufacturer.



Flow Cytometry

CD4+ T cells were stained with anti-CD3-APC Cy7 (clone SK7; BD Pharmingen, San Jose, CA, USA), anti-CD4-PerCP (clone S3.5; Invitrogen eBioscience) along with anti-interferon-γ (IFN-γ)-FITC (clone 4S.B3; Invitrogen eBioscience; for intracellular staining), anti-FoxP3-PE (clone 150D/E4; Invitrogen eBioscience; for intracellular staining) and anti-IL-17A-APC (clone eBio64DEC17; Invitrogen eBioscience; for intracellular staining). CD8+ T cells were stained with anti-CD3-APC Cy7 (clone SK7; BD Pharmingen), anti-CD8-APC (clone 17D8; Invitrogen eBioscience) along with anti-perforin-PE (clone delta G9; Invitrogen eBioscience; for intracellular staining), anti-granzyme B-PE (clone GB11; Invitrogen eBioscience; for intracellular staining), or anti-Fas ligand (FasL, CD178)-PE (clone NOK-1; Invitrogen eBioscience; for surface staining), respectively. Acquisitions were performed using Cell Quest Pro Software (BD Biosciences Immunocytometry Systems, San Jose, CA, USA) in a FACS Aira II analyzer (BD Biosciences Immunocytometry Systems). Data were analyzed using FlowJo Software Version 8.4.2 for Windows (Tree Star, Ashland, OR, USA).



Cytotoxicity of Target CACO-2 Cells

The cytotoxicity of target CACO-2 cells was assessed by measurement of lactate dehydrogenase (LDH) expression in cultured supernatants at the end of incubation period using LDH Cytotoxicity Assay Kit (Beyotime) according to the instructions from manufacturer. A low-level LDH control was represented as LDH expression in CACO-2 cells, while a high-level LDH control was represented as LDH expression in Triton X-100-treated CACO-2 cells. The percentage of target cell death was calculated using the following equation: (experimental value – low-level LDH control)/(high-level LDH control – low-level LDH control) × 100%.



Statistical Analysis

Data were analyzed using SPSS 21.0 Version for Windows (SPSS, Chicago, IL, USA). Shapiro-Wilk test was used for normal distribution assay. The parameters following normal and skewed distribution were shown in Table S1. Variables following normal distribution were presented as mean ± standard deviation. Student's t-test was used for comparison between two groups. One-way ANOVA followed by Tukey test for multiple comparison was used for comparison among groups. Variables following skewed distribution were presented as median [Q1, Q3]. Mann-Whitney test was used for comparison between two groups. Kruskal-Wallis test followed by Dunn's multiple comparison test was used for comparison among groups. A P < 0.05 was considered as statistical difference.




RESULTS


IL-24 Was Decreasingly Expressed in Colorectal Adenocarcinoma

We firstly screened the protein and mRNA expression profile of IL-24 in colorectal adenocarcinoma patients. IL-24 concentration in the plasma was measured by ELISA. Plasma IL-24 expression was robustly reduced in colorectal adenocarcinoma patients when compared with healthy controls (20.21 ± 8.15 ng/ml vs. 98.51 ± 18.94 ng/ml; Student's t-test, P < 0.0001, Figure 1A). However, there were no significant differences of IL-24 concentration among colorectal adenocarcinoma patients with different tumor site (One-way ANOVA, P > 0.05), different differentiation (One-way ANOVA, P > 0.05), or in different TNM stages (One-way ANOVA, P > 0.05). IL-24 mRNA relative level was also semi-quantified in peripheral T cells by real-time PCR. IL-24 mRNA expression was also notably down-regulated in both peripheral CD4+ and CD8+ T cells from colorectal adenocarcinoma patients when compared with those from healthy individuals (Student's t-tests, all P < 0.0001, Figures 1B,C). Furthermore, IL-24 mRNA was also investigated in tumor tissue and tumor-infiltrating T cells from colorectal adenocarcinoma patients. IL-24 mRNA relative level in tumor tissue was decreased when compared with non-tumor tissue (Mann-Whitney test, P < 0.0001, Figure 1D). Similarly, IL-24 mRNA expression in tumor-infiltrating CD4+ and CD8+ T cells was also remarkably reduced when compared with those from non-tumor tissue (Mann-Whitney tests, all P < 0.0001, Figures 1E,F). However, there were no significant differences of peripheral or tissue resident IL-24 mRNA relative level among colorectal adenocarcinoma patients with different tumor site (Kruskal-Wallis test, P > 0.05), different differentiation (Kruskal-Wallis test, P > 0.05), or in different TNM stages (Kruskal-Wallis test, P > 0.05).
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FIGURE 1. IL-24 expression profile in colorectal adenocarcinoma patients. Plasma IL-24 concentration was measured by ELISA in all enrolled subjects (29 of colorectal adenocarcinoma patients and 15 of healthy controls). IL-24 mRNA relative level was measured by real-time PCR in tumor tissue, peripheral and tumor-infiltrating CD4+ and CD8+ T cells. (A) IL-24 expression in the plasma was reduced in colorectal adenocarcinoma patients. (B) IL-24 mRNA expression was down-regulated in peripheral CD4+ T cells from colorectal adenocarcinoma patients. (C) IL-24 mRNA expression was also down-regulated in peripheral CD8+ T cells from colorectal adenocarcinoma patients. (D) IL-24 mRNA expression was decreased in colorectal adenocarcinoma tissue. (E) IL-24 mRNA expression was down-regulated in tumor-infiltrating CD4+ T cells from colorectal adenocarcinoma tissue. (F) IL-24 mRNA expression was down-regulated in tumor-infiltrating CD8+ T cells from colorectal adenocarcinoma tissue. Individual level of each subject was shown. Student's t-test, One-way ANOVA, or Mann-Whitney test was used for comparison.




IL-20R1 and IL-20R2 Did Not Significantly Changed in Colorectal Adenocarcinoma

mRNA expression corresponding to the component of IL-24 receptor, including IL-20R1, IL-20R2, and IL-22R1, was semi-quantified in peripheral and tumor-infiltrating CD4+ and CD8+ T cells. IL-20R1 mRNA relative level was comparable in peripheral CD4+ and CD8+ T cells between colorectal adenocarcinoma patients and healthy individuals (Student's t-tests, P < 0.05, Figures 2A,B). IL-20R2 mRNA relative level was also comparable in peripheral T cells between two groups (Student's t-tests, P < 0.05, Figures 2C,D). IL-20R1/IL-20R2 expression presented similar trends in tumor-infiltrating T cells. IL-20R1 and IL-20R2 mRNA was also comparable in tumor-infiltrating CD4+ and CD8+ T cells between colorectal adenocarcinoma tissue and non-tumor tissue (Student's t-tests, P < 0.05, Figures 2E–H). However, IL-22R1 mRNA was undetectable in either CD4+ or CD8+ T cells.
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FIGURE 2. IL-24 receptor component expression in colorectal adenocarcinoma patients. IL-20R1, IL-20R2, and IL-22R2 mRNA relative level was semi-quantified in peripheral and tumor-infiltrating CD4+ and CD8+ T cells from all enrolled subjects (29 of colorectal adenocarcinoma patients and 15 of healthy controls). (A) IL-20R1 mRNA in peripheral CD4+ T cells. (B) IL-20R1 mRNA in peripheral CD8+ T cells. (C) IL-20R2 mRNA in peripheral CD4+ T cells. (D) IL-20R2 mRNA in peripheral CD8+ T cells. (E) IL-20R1 mRNA in tumor-infiltrating CD4+ T cells. (F) IL-20R1 mRNA in tumor-infiltrating CD8+ T cells. (G) IL-20R2 mRNA in tumor-infiltrating CD4+ T cells. (H) IL-20R2 mRNA in tumor-infiltrating CD8+ T cells. IL-20R1 and IL-20R2 mRNA was comparable in peripheral and tumor-infiltrating CD4+ and CD8+ T cells between colorectal adenocarcinoma patients and healthy individuals, and between tumor tissue and non-tumor tissue. Individual level of each subject was shown. Student's t-test was used for comparison.




High Concentration of IL-24 Stimulation Enhanced CD4+ T Cell Activity in Colorectal Adenocarcinoma

105 of peripheral or tumor-infiltrating CD4+ T cells from colorectal adenocarcinoma patients were stimulated with low concentration (10 ng/ml) or high concentration (100 ng/ml) of recombinant human IL-24 for 24 h. CCK-8 results showed that 10 ng/ml of IL-24 stimulation slightly inhibited both peripheral and tumor-infiltrating CD4+ T cells proliferation (Tukey tests, P = 0.024 and P = 0.041, respectively, Figure 3A). In contrast, 100 ng/ml of IL-24 stimulation significantly promoted CD4+ T cells proliferation (Tukey tests, P < 0.0001, Figure 3A). The percentage of Th1 (CD4+IFN-γ+), Th17 (CD4+IL-17+), and regulatory T cells (Treg, CD4+FoxP3+) was assessed by flow cytometry. The gating strategy for CD4+ T cells was shown in Figure S1. The representative flow dots was shown in Figures 3B–D, respectively. Low concentration of IL-24 stimulation did not affect the peripheral Th1 percentage (Tukey test, P = 0.642, Figure 3B), however, significantly down-regulated tumor-infiltrating Th1 percentage (1.30 ± 0.19% vs. 1.67 ± 0.28%, Tukey test, P < 0.0001, Figure 3B). In contrast, high concentration of IL-24 robustly increased both peripheral and tumor-infiltrating Th1 frequency (Tukey tests, P < 0.0001, Figure 3B). However, IL-24 did not influence either peripheral or tumor-infiltrating Th17 percentage in either low or high concentration manner (One-way ANOVA, P > 0.05, Figure 3C). Furthermore, low concentration of IL-24 slightly up-regulated tumor-infiltrating Treg frequency, but this difference failed to achieve statistical significance (10.01 ± 2.24% vs. 8.97 ± 2.08%, Tukey test, P = 0.098, Figure 3D). However, low concentration of IL-24 did not affect peripheral Treg frequency (Tukey test, P = 0.217, Figure 3D). Importantly, high concentration of IL-24 remarkably reduced both peripheral and tumor-infiltrating Treg frequency (Tukey tests, all P < 0.0001, Figure 3D).
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FIGURE 3. Influence of recombinant IL-24 stimulation on peripheral and tumor-infiltrating CD4+ T cell activity in colorectal adenocarcinoma. 105 of purified CD4+ T cells from colorectal adenocarcinoma patients (n = 29) were stimulated with low concentration (10 ng/ml) or high concentration (100 ng/ml) of recombinant human IL-24 for 24 h. (A) Cellular proliferation was measured by CCK-8, and was compared among groups (One-way ANOVA, P < 0.0001). (B) Representative flow dots of CD4+IFN-γ+ Th1 cells were shown in unstimulated, 10 ng/ml of IL-24 stimulated, and 100 ng/ml of IL-24 stimulated cells. Percentage of Th1 cells was compared among groups (One-way ANOVA, P < 0.0001). (C) Representative flow dots of CD4+IL-17+ Th17 cells were shown in unstimulated, 10 ng/ml of IL-24 stimulated, and 100 ng/ml of IL-24 stimulated cells. Percentage of Th17 cells was compared among groups (One-way ANOVA, P > 0.05). (D) Representative flow dots of CD4+FoxP3 + Treg were shown in unstimulated, 10 ng/ml of IL-24 stimulated, and 100 ng/ml of IL-24 stimulated cells (One-way ANOVA, P < 0.0001). Percentage of Treg was compared among groups. Individual level of each subject was shown. One-way ANOVA and Tukey test for multiple comparison was used for comparison.


mRNA expression of transcriptional factors of CD4+ T cells, including T-bet (Th1 transcriptional factor), retinoic acid receptor-related orphan receptor-γt (ROR-γt, Th17 transcriptional factor), and FoxP3 (Treg transcriptional factor), was semi-quantified by real-time PCR. Low concentration of IL-24 did not affect T-bet mRNA relative level in either peripheral or tumor-infiltrating CD4+ T cells (Tukey tests, P > 0.05, Figure 4A). In contrast, high concentration of IL-24 robustly elevated T-bet mRNA relative level in CD4+ T cells (Tukey tests, P < 0.0001, Figure 4A). IL-24 stimulation did not influence ROR-γt mRNA expression in CD4+ T cells (One-way ANOVA, P > 0.05, Figure 4B), which were similar to the trends of Th17 percentage. Moreover, low concentration of IL-24 promoted FoxP3 mRNA expression in tumor-infiltrating CD4+ T cells (Tukey test, P = 0.012, Figure 4C). However, high concentration of IL-24 notably down-regulated FoxP3 mRNA relative level in both peripheral and tumor-infiltrating CD4+ T cells (Tukey tests, P < 0.0001, Figure 4C). Cytokine production in the cultured supernatants was measured by ELISA. Th1-secreting cytokine IFN-γ was comparable between unstimulated and 10 ng/ml of IL-24 stimulated CD4+ T cells (Dunn's multiple comparison tests, P > 0.05, Figure 4D). One hundred Nanograms per milliliter of IL-24 stimulation enhanced IFN-γ expression in both peripheral and tumor-infiltrating CD4+ T cells (Dunn's multiple comparison tests, P < 0.0001, Figure 4D). IL-24 stimulation did not affect Th17-secreting cytokine IL-17 production by CD4+ T cells (One-way ANOVA, P > 0.05, Figure 4E). Expression of Treg-secreting cytokine, IL-35 and IL-10, presented similar trends of Tregs frequency and FoxP3 mRNA. Low concentration of IL-24 did not influence IL-35 and IL-10 production by CD4+ T cells (Tukey tests, P > 0.05, Figures 4F,G), while high concentration of IL-24 dampened IL-35 and IL-10 expression in cultured CD4+ T cells (Tukey tests, P < 0.0001, Figures 4F,G).
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FIGURE 4. Influence of recombinant IL-24 stimulation on transcriptional factor and cytokine production of peripheral and tumor-infiltrating CD4+ T cells in colorectal adenocarcinoma. 105 of purified CD4+ T cells from colorectal adenocarcinoma patients (n = 29) were stimulated with low concentration (10 ng/ml) or high concentration (100 ng/ml) of recombinant human IL-24 for 24 h. mRNA expression of transcriptional factors, including (A) T-bet (One-way ANOVA, P < 0.0001), (B) ROR-γt (One-way ANOVA, P > 0.05), and (C) FoxP3 (One-way ANOVA, P < 0.0001), were semi-quantified by real-time PCR, and were compared among groups. Expression of cytokines in cultured supernatants, including (D) IFN-γ (Kruskal-Wallis test, P < 0.05), (E) IL-17 (One-way ANOVA, P > 0.05), (F) IL-35 (One-way ANOVA, P < 0.0001), and (G) IL-10 (One-way ANOVA, P < 0.001), was measured by ELISA, and were compared among groups. Individual level of each subject was shown. One-way ANOVA, Tukey test for multiple comparison, Kruskal-Wallis test, Dunn's multiple comparison test was used for comparison.




High Concentration of IL-24 Promoted CD8+ T Cell Function in Colorectal Adenocarcinoma

105 of peripheral or tumor-infiltrating CD8+ T cells from colorectal adenocarcinoma patients were stimulated with low concentration (10 ng/ml) or high concentration (100 ng/ml) of recombinant human IL-24 for 24 h. CCK-8 results showed that 10 ng/ml of IL-24 stimulation did not affect CD8+ T cells proliferation (Tukey tests, P > 0.05, Figure 5A). However, 100 ng/ml of IL-24 stimulation significantly increased CD4+ T cells proliferation (Tukey tests, all P < 0.05, Figure 5A). Cytotoxic molecules in CD8+ T cells, including perforin, granzyme B, and FasL, were assessed by flow cytometry. The gating strategy for CD8+ T cells was shown in Figure S2.The representative histograms were shown in Figures 5B–D, respectively. Perforin and granzyme B was expressed in almost all CD8+ T cells. Mean Fluorescence Intensity (MFI) corresponding to perforin and granzyme B was then analyzed. As shown in Figures 5B,C, low concentration of IL-24 did not affect either perforin or granzyme B expression in CD8+ T cells (Tukey tests, P > 0.05), while high concentration of IL-24 promoted perforin and granzyme B expression in both peripheral and tumor-infiltrating CD8+ T cells (Tukey tests, P < 0.05). Furthermore, ~60% of CD8+ T cells expressed FasL. However, there were no significant differences of either FasL+ cell frequency or FasL MFI among unstimulated and IL-24 stimulated CD8+ T cells (Tukey tests, P > 0.05, Figure 5D).


[image: Figure 5]
FIGURE 5. Influence of recombinant IL-24 stimulation on peripheral and tumor-infiltrating CD8+ T cell activity in colorectal adenocarcinoma. 105 of purified CD8+ T cells from colorectal adenocarcinoma patients (n = 29) were stimulated with low concentration (10 ng/ml) or high concentration (100 ng/ml) of recombinant human IL-24 for 24 h. (A) Cellular proliferation was measured by CCK-8, and was compared among groups (One-way ANOVA, P < 0.05). (B) perforin, (C) granzyme B, and (D) FasL expression was assessed by flow cytometry, and representative histograms were shown. MFI corresponding to (B) perforin (One-way ANOVA, P < 0.01), (C) granzyme B (One-way ANOVA, P < 0.05), and (D) FasL (One-way ANOVA, P > 0.05) was compared among groups. Individual level of each subject was shown. One-way ANOVA and Tukey test for multiple comparison was used for comparison.


CD8+ T cells, which were purified from twelve HLA-A2 restricted colorectal adenocarcinoma patients, were stimulated with recombinant IL-24 for 24 h, and were then co-cultured with CACO-2 cells (effector: target = 1: 5) in both direct contact and indirect contact manner. Supernatants were harvested 48 h post co-culture. In direct contact co-culture system, high concentration of IL-24 (100 ng/ml), but not low concentration, stimulated CD8+ T cells induced higher percentage of target CACO-2 cell death (Tukey tests, P < 0.001, Figure 6A). However, neither high nor low concentration of IL-24 promoted CD8+ T cells-induced cell death in indirect contact co-culture system (Tukey tests, P > 0.05, Figure 6B). Furthermore, high concentration of IL-24, but not low concentration, treated CD8+ T cells enhanced IFN-γ production in both direct and indirect contact co-culture system (Tukey tests, P < 0.05, Figures 6C,D).
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FIGURE 6. Influence of recombinant IL-24 stimulation on cytolytic and non-cytolytic function of CD8+ T cells in colorectal adenocarcinoma. CD8+ T cells were purified from HLA-A2 restricted colorectal adenocarcinoma patients (n = 12), and were stimulated low concentration (10 ng/ml) or high concentration (100 ng/ml) of recombinant human IL-24 for 24 h. 5 × 104 of IL-24 stimulated CD8+ T cells were co-cultured in direct contact and in parallel in indirect contact system with 2.5 × 105 of colorectal adenocarcinoma cell line CACO-2 for 48 h. Cytotoxicity of target CACO-2 cells was calculated by measurement of LDH expression in the cultured supernatants. IFN-γ and TNF-α expression in the cultured supernatants was measured by ELISA. (A) Cytotoxicity of target CACO-2 cells in direct contact co-culture system (One-way ANOVA, P < 0.01). (B) Cytotoxicity of target CACO-2 cells in indirect contact co-culture system (One-way ANOVA, P > 0.05). (C) IFN-γ expression in direct contact co-culture system (One-way ANOVA, P < 0.001). (D) IFN-γ expression in indirect contact co-culture system (One-way ANOVA, P < 0.0001). Individual level of each subject was shown. One-way ANOVA and Tukey test for multiple comparison was used for comparison.





DISCUSSION

In the current study, IL-24 was decreasingly expressed in both peripheral bloods and cancer tissues in colorectal adenocarcinoma, but did not correlate with either histological differentiation or TNM staging. IL-24 receptor component, IL-20R1 and IL-20R2, was comparable in CD4+/CD8+ T cells between normal controls and colorectal adenocarcinoma. However, IL-22R2 was undetectable in T cells. Furthermore, low concentration (10 ng/ml) of IL-24 stimulation dampened CD4+ T cell proliferation, but not affected bioactivity of either CD4+ or CD8+ T cells. In contrast, high concentration (100 ng/ml) of IL-24 stimulation promoted both CD4+ and CD8+ T cell function, which presented as increase of Th1/Th17 cells and elevation of cytolytic and non-cytolytic activity of peripheral and tumor-infiltrating CD8+ T cells. The current results suggested an important immunomodulatory function of IL-24 to T cells in a dose-dependent manner in colorectal adenocarcinoma.

It was well accepted that IL-24 mediated cancer cell-specific death and apoptosis via multiple signaling pathways (21–23). Significantly lower IL-24 expression predicted poorer prognosis in lung adenocarcinoma (24), breast cancer (25), head and neck squamous cell carcinoma (26), and lymphoma (27, 28). IL-24high adenocarcinoma patients showed a notably higher incidence of apoptotic tumor cell death, and displayed favorable post-therapy prognosis as compared with IL-24low patients (24). Similarly, colorectal cancer tissue revealed significantly lower IL-24 level, which was associated with 5-year survival rate (17). This was consistent with our present findings, which indicated a robust decline of IL-24 in colorectal adenocarcinoma tissues, as well as in peripheral and tumor-infiltrating T cells from colorectal adenocarcinoma patients. However, down-regulation of IL-24 level did not correlate with either histological differentiation or TNM staging, which diversely reported previously (15). This might partly due to the differences in detection and semi-quantification methods. Collectively, reduced expression of circulating and tissue-resident IL-24 might contribute to pathogenesis and progression of colorectal adenocarcinoma.

Controversy remains as to the regulatory activity of IL-24 to immune systems in infectious diseases. Parasite-specific CD4+ and CD8+ T cells expressing IL-19 and IL-24 was significantly increased in human lymphatic filariasis (29), and the elevation of IL-19 and IL-24 in turn modulated CD4+ and CD8+ T cell function during filarial infections, which presented as down-regulation of Th1/Tc1 and Th17/Tc17 cells (30). Similarly, the increased expression of IL-19 and IL-24 in active pulmonary tuberculosis patients also mediated decreased expression of Th1/Tc1 and Th17/Tc17 cytokine in CD4+ and CD8+ T cells (31). In contrast, IL-24 stimulated neutrophils to produce IFN-γ and IL-12, subsequently activating CD8+ T cells during Salmonella typhimurium infection both in vitro and in vivo (32). However, IL-24 was originally identified as a tumor suppressor cytokine. Thus, modulation of IL-24 to immune cells from cancer patients might be completely different. Adenovirus-mediated IL-24 vaccinated mice showed increased production of IFN-γ and higher proliferative activity in spleonocytes, which was mainly elevated in CD8+ T cells, but not CD4+ T cells (33). Importantly, IL-24 also enhanced IFN-γ secretion by T cells and promoted cytotoxicity of CD8+ T cells in a colon cancer mouse model (34). But the role of direct regulatory activity of IL-24 to tumor-infiltrating T cells in colorectal adenocarcinoma patients still needed further elucidation.

We firstly investigated the expression profile of IL-24 receptor in T cells. There were no significant differences of IL-20R1 and IL-20R2 in peripheral and tissue-resident T cells between healthy individuals and colorectal adenocarcinoma patients, as well as between normal and tumor tissues. However, IL-22R1 could not be detected in either CD4+ or CD8+ T cells. This was consistent with the previous findings, which demonstrated that IL-22 receptor was strictly expressed on the tissue but absent on immune cells (35). Thus, signaling through IL-24 in regulation of T cells was dependent on the expression of IL-20R1/IL-20R2 heterodimeric complex, which was also the receptor for IL-20 (11). Furthermore, since anti-tumor property of IL-24 was dose-dependent, we also chose two different concentration (10 ng/ml as low concentration and 100 ng/ml as high concentration) of recombinant IL-24 for stimulation based on the plasma IL-24 level in colorectal adenocarcinoma patients and healthy individuals. Low concentration of IL-24 inhibited CD4+ T cell proliferation and dampened tumor-infiltrating Th1 response. In contrast, high concentration of IL-24 robustly promoted CD4+ T cell proliferation, enhanced Th1 and Th17 response, and inhibited Treg response in colorectal adenocarcinoma patients. This was similar to the in vivo findings that administration of 50 μg recombinant IL-24 promoted CD4+ T cells response, especially increased IFN-γ production in colon cancer mouse model (34). This was partly due to the sufficient ligation of high concentration IL-24 to IL-20R1/IL-20R2, which fully activated down-stream signaling pathways in CD4+ T cells. However, the current results suggested low percentages of Th1 and Th17 cells in both peripheral and tumor-infiltrating CD4+ T cells from colorectal adenocarcinoma patients. This was contrast with the previous reports which showed ~45% of Th1 (36) and 5% of Th17 (37) within colorectal cancer-infiltrating CD4+ T cells. The difference might be due to different antibody clones used for staining or variations in geographic location and host genetic background, because several studies on Chinese population also revealed similar and low frequency of Th1 and Th17 cells (38, 39).

CD8+ T cells induced tumor rejection via both cytolytic (direct target cell cytotoxicity) and non-cytolytic (cytokine production) function (20, 40, 41). There were two independent pathways, perforin/granzyme B pathway and Fas/FasL interaction, which contributed to the cytolytic activity of CD8+ T cells (42). Low concentration of IL-24 did not affect the bioactivity of CD8+ T cells. However, high concentration of IL-24 also notably increased CD8+ T cell proliferation, and elevated perforin/granzye B, but not FasL expression in CD8+ T cells from peripheral and tumor-infiltrating CD8+ T cells from colorectal adenocarcinoma patients. This indicated that high concentration of IL-24 mainly influenced perforin/granzyme B pathway for cytolytic function of CD8+ T cells in colorectal adenocarcinoma. The cytolytic and non-cytolytic function of CD8+ T cells was also distinguished in direct contact and indirect contact co-culture system. High concentration of IL-24 promoted both peripheral and tumor-infiltrating CD8+ T cells-induced cytotoxicity only in direct contact co-culture system, while IFN-γ production was elevated in both systems. The current results demonstrated that non-cytolytic activity of CD8+ T cells was insufficient for colorectal ademocarcinoma rejection, although IL-24 promoted both cytolytic and non-cytolytic function of CD8+ T cells.

The limitation of the current study was that the majority of enrolled patients was in stage I and stage II (26 out of 29). This was due to the fact that we need to analyze the TILs from colorectal carcinoma patients who underwent surgery. However, most patients in stage IV already lost the opportunity for operation, while biopsy samples were insufficient for TILs isolation. Thus, no patients in stage IV was enrolled.

In conclusion, down-regulation of circulating and tissue-resident IL-24 in colorectal adenocarcinoma was inadequate for developing anti-tumor activity. IL-24 regulated T cell function in a dose-dependent manner. High-concentration of IL-24 promoted peripheral and tumor-infiltrating CD4+ and CD8+ T cell function, which provided novel therapeutic approaches to colorectal adenocarcinoma.
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Pancreatic ductal adenocarcinoma (PDAC) is a fatal disease with rising incidence and a remarkable resistance to current therapies. The reasons for this therapeutic failure include the tumor's extensive infiltration by immunosuppressive cells such as myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs). By using light sheet fluorescent microscopy, we identified here direct interactions between these major immunoregulatory cells in PDAC. The in vivo depletion of MDSCs led to a significant reduction in Tregs in the pancreatic tumors. Through videomicroscopy and ex vivo functional assays we have shown that (i) MDSCs are able to induce Treg cells in a cell-cell dependent manner; (ii) Treg cells affect the survival and/or the proliferation of MDSCs. Furthermore, we have observed contacts between MDSCs and Treg cells at different stages of human cancer. Overall our findings suggest that interactions between MDSCs and Treg cells contribute to PDAC immunosuppressive environment.

Keywords: pancreatic cancer, immunosuppression, MDSC, Tregs, immune cell interactions


INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignancy projected to become the 2nd leading cause of cancer-related death in 2030 (1). With more than 337,000 new cases worldwide in 2012, it represents a major public health issue. The time-delayed diagnosis is due to the non-specific symptoms, as well as the lack of early detection markers (2). The median survival after diagnosis of PDAC is 4–6 months. The main reason of this poor prognosis is the resistance to most therapies, including current modalities of immune checkpoint blockade (1, 2). The therapeutic failure might result from the low level of immunogenicity of neoplastic cells, the tumor's robust immunosuppressive mechanisms, or both (2, 3). There is indeed a uniquely immunosuppressive tumor microenvironment (TME) dominant in most human PDAC. Increasing evidence suggests that the TME supports cancer initiation, progression and the development of metastasis (4, 5). The major drivers of the pro-tumorigenic microenvironment in PDAC include a highly fibrotic stroma and an extensive infiltration by immunosuppressive cell populations such as tumor-associated macrophages (TAMs), regulatory T cells (Tregs), and myeloid-derived suppressor cells (MDSCs). These tumor characteristics provide a barrier to the delivery of cytotoxic agents and limit effector T cell infiltration at the tumor site (4, 5). In addition, the presence of immunosuppressive cells hamper effector T cell recruitment and activation leading to a profound immune dysfunction (6). Thus, it is essential to understand the mechanisms of pancreatic cancer's immune evasion to translate effective immunotherapy in this disease. In this study, we have been particularly interested in MDSCs and Treg cells which represent an essential class of immunoregulatory cells in PDAC.

MDSCs are key regulators of immune responses in many pathophysiological conditions, including cancer (7, 8). MDSCs are a heterogeneous population of cells characterized by their myeloid origin and immature state (9). These cells are endowed with highly suppressive machinery and hamper both innate and adaptive immune responses via different mechanisms. For instance, MDSCs are able to inhibit effector T cells leading to the failure of efficient anti-tumor responses (7–9). In the context of PDAC, it has been shown that primary and metastatic PDAC cells secrete factors involved in the induction, recruitment and survival of myeloid cells leading to accumulation of MDSCs (10, 11). These cells are indeed expanded significantly in cancer patients and tumor-bearing animals in PDAC (12). Furthermore, the targeted depletion of an MDSC subset in mouse models of PDAC is shown to unmask the tumor to adaptive immunity (13). Last, but not least the accumulation of MDSCs in the peripheral circulation of patients has been related to the extent of disease, correlates with stage and is associated with a poor prognosis (14–16).

Treg cells are crucial in mediating immune homeostasis and promoting the establishment and maintenance of peripheral tolerance. These cells regulate a diverse array of immune responses in the context of autoimmunity, allergies, microbial infections, and cancers (17, 18). While generally beneficial in the former conditions, their inhibitory activity often antagonizes protective immunity in the latter settings (19). In the context of PDAC an increased Treg prevalence has been demonstrated to be a prognostic factor (12, 20). The recruitment of Tregs occurs early, as demonstrated by their presence in pre-malignant lesions, and their prevalence increases with pancreatic tumor progression (12, 20). Moreover, it has been shown that the depletion of Treg cells in PDAC slows tumor growth and prolongs survival (21, 22).

Recently a degree of crosstalk between these 2 major populations of suppressor cells has been suggested, but incompletely defined in different cancer models (23–26). A variety of mechanisms for these interactions have been proposed, including the ability of MDSCs to promote the de novo development/expansion/recruitment of Treg cells (23–26). Although a strong influx of MDSCs and Treg cells has been described in PDAC (12, 20–22), there is no evidence yet on the presence of interactions between these major immunoregulatory cells in pancreatic tumors. Moreover, many unresolved questions remain. For instance, whether Tregs act on MDSCs and shape their functional differentiation remains unclear. All in all, the mechanisms of immunosuppression in different cancers, including PDAC, have not been yet fully studied from the perspective of the interplay between these major immunoregulatory cell populations. In the current study, we have identified and characterized a crosstalk between MDSCs and Treg cells in murine and human PDAC tumors. Our results further revealed that the in vivo depletion of MDSCs led to a significant reduction of Treg cells in the pancreatic tumors. We have next investigated the cellular mechanisms of these interactions in PDAC. Our results show that (i) MDSCs are able to induce Treg cells in a cell-cell dependent manner, (ii) Treg cells affect the survival and/or the proliferation of MDSCs. Overall, the modulation of MDSC and Treg cell interactions to alleviate tumor-induced immunosuppression might suggest a new therapeutic solution for the PDAC.



MATERIALS AND METHODS


Ethics Statement

The investigation was conducted in accordance with the French guidelines for animal care and the 2010/63/EU directive of the European Parliament, and was approved by the local ethics committee of Aix-Marseille University and by the Ministère de l'Enseignement Supérieur, de la Recherche et de l'Innovation. The protocols were registered under numbers APAFIS#4396-2016030709341791 and APAFIS#21966-2019091116114397. Mice were daily monitored for any behavioral and physical changes.



Mice and Cell Lines

Eight to 10 week-old C57BL/6J Rj (H-2b) mice were purchased from Janvier (Le Genest-St. Isle, France). The syngeneic tumorigenic murine pancreatic carcinoma cell line Panc02 was cultured in RPMI 1640 10% FCS 100 units/mL penicillin (Invitrogen), 100 μg/mL streptomycin and were tested negative for mycoplasma contamination.



Immunohistofluorescence

Frozen tissue sections were subjected to immunodetection after saturation with PBS 4% BSA. Sections were incubated with primary antibodies diluted in PBS 1% BSA. Gr-1+ and Foxp3+ and TCRγδ+ cells were detected by incubation with the rat anti-Gr-1 (BD Pharmingen), the rabbit anti-Foxp3 (Abcam), and the armenian hamster anti-TCRγδ (Biolegend) antibodies, respectively. After three washes in PBS, samples were incubated for 1 h with either Alexa Fluor 488-, Alexa Fluor 594- (life technologies) or Cy3-conjugated goat (Jackson Immunoresearch) immunoglobulin [Ig], raised against rat, rabbit and armenian hamster Igs, respectively, then washed in PBS. Nuclei were labeled with Draq5 and sections were mounted in ProLong Gold (Invitrogen). Confocal microscopy acquisitions were performed using a Leica SP5 microscope coupled with a Leica scanning device (Leica Microsystems, Mannheim, Germany). Images were recorded with LAS AF Lite acquisition software and were analyzed with the publicdomain ImageJ software (NIH; http://rsb.info.nih.gov/nih-image/).



Immunohistochemistry
 
Mouse Tissues

Mouse pancreatic tumors were harvested, frozen in liquid nitrogen and cut into 8 μm thick sections. Frozen slides were incubated 20 min at room temperature (RT), fixed with cold acetone for 10 min at 4°C, air-dried at RT and proceed to staining. Briefly, slides were rehydrated in TBS and endogenous peroxidase activity was blocked with Bloxall solution (Vector laboratories) for 20 min at RT. Primary antibodies (CD4, CD8, Gr-1, and Foxp3 purchased from Abcam) were incubated for 2 h at RT. After washes in TBS, slides were incubated with avidin/biotin/peroxidase complex (Vectastain kit from Vector Laboratories). Antigen detection was performed by incubation with substrate-chromogen 3,3-diaminobenzidine (DAB, Vector Laboratories). Sections were counterstained with Mayer' hematoxylin and mounted with Faramount Mounting Medium, Aqueous (Agilent). Images were captured using a BH-2 Olympus microscope with X20 objective.



Human Tissues

Some tumor samples (n = 19) were obtained after pancreatic resection (duodeno-pancreatectomy) from patients diagnosed with PDAC (Gastroenterology and Digestive Surgery departments, Timone Hospital, Marseille, France; CRO2 Agreement DC20131857) between February 2007 and February 2016. All specimens were evaluated by an expert pathologist. Additionally, a pancreas adenocarcinoma tissue array (#PA484; 24 cases) was purchased from Pantomics (Euromedex, France) to complete the collection. This TMA was composed of 3 normal pancreas tissues, 1 islet cells tumor and 20 pancreatic adenocarcinoma (5 stage 1; 11 stage 2; 2 stage 3; and 2 stage 4). All those samples were in duplicate. Overall we analyzed 43 human samples.

Sections (5 μm) of formalin-fixed paraffin embedded tissue were used. After paraffin removal and antigen retrieval, pancreatic tissue sections were incubated with an anti-CD4, anti-CD8, anti-CD15, anti-CD11b, and anti-Foxp3 for 2 h at RT. After washing, slides were proceed as described in the section Mouse tissues. For double staining, we used the Polink DS-MR-Hu C1 Kit (GBI Labs) to detect the anti-Foxp3 in GBI-Permanent Red (Red) and the anti-CD11b in Emerald (Green).




Orthotopic Tumor Induction

Subconfluent cultures of Panc02 cells were harvested using a 10% trypsin solution, washed twice in PBS and resuspended as single-cell suspension in matrigel. The pancreas of anesthetized mice was exposed after laparotomy. Panc02 cells were injected directly into the pancreas (0.8 × 106 cell/100 μl matrigel) using a tuberculin syringe. After suturing, mice received sub-cutaneous injections of analgesic (Buprenorphine 0.1 mg/kg) after the operation and again a few hours later.



Cell Suspension Preparation

Tumors were harvested 3 weeks after tumor cell inoculation and dissected into fragments with scissor followed by incubation with collagenase Type I-A from clostridium histolyticum (1 mg/ml in RPMI-2% FCS, Sigma Aldrich) for 30 min at 37°C under agitation. Cell suspensions were mixed every 10 min during agitation. The suspension was filtered through 70 μm strainer to remove macroscopic debris. Red blood cells were lysed using ACK Lysis buffer (Invitrogen) and cell suspension was filtered through a 30 μM strainer before flow cytometry staining and cell isolation.



Antibodies and Flow Cytometry

The following antibodies were used for flow cytometry analysis: CD45-A700, CD3-A488, CD25-APC/eFluor780, LY6C-A488, CD11b-PE/Cy5, Ly-6G(Gr-1)-APC, CD69-APC/eFluor780, CD62L-PE/Cy5, LAP(TGF-β1)-PE/Cy7, CD115-APC/eFluor780, CD127-APC/eFluor780, CCR5-PE, and isotype controls (Rat IgG1 K Isotype Control PE/Cy7, Rat IgG2b K Isotype Control PE, Rat IgG2a K Isotype Control eFluor450, Rat IgG2a K Isotype Control PE) were purchased from eBioscience; Ly-6G-PE, CD4-PE/CF594, CD8a-V450 from BD Biosciences, CD124-PE/Cy7, CD40-PB, B7H1-BV421, CD103-APC/Cy7, CTLA4-BV421, CD45-PB, F4/80-PE/Dazzle™ 594 from Ozyme.

For intracellular staining of cytokines, cells were incubated for 4 h at 37°C with monensin (GolgiStop, BD Pharmingen) before the staining. Isolated cells from the spleens or tumors were incubated with anti-CD16/CD32 antibody (BD Pharmingen) to prevent non-specific antibody binding. Surface antigens were stained with the antibodies diluted in PBS 5% FCS 2 mM ETDA and incubated for 20 min at 4°C. Dead cells were excluded using LIVE/DEAD Fixable Aqua Dead Cell Stain (Invitrogen). Intracellular stainings were performed using the Foxp3/Transcription Factor Staining Buffer Set (Ebioscience). Annexin V (Ozyme) and 7AAD (Beckman Coulter) stainings was performed according to the manufacturer's recommendations. Multiparameter analysis were performed on a Gallios flow cytometer (Beckman Coulter) and analyzed with FlowJo software (Tree Star). All flow cytometric analysis of immune cells was performed on live CD45+ cells after excluding doublets.



Immune Cells Isolation

MDSCs were purified either from the spleen or the tumor using the Myeloid-Derived Suppressor Cell Isolation mouse Kit (Miltenyi Biotec) according to the manufacturer's protocol. CD4+CD25+ and CD4+CD25− T cells were magnetically enriched from either the spleen or the tumor using CD4+CD25+ Regulatory T Cell Isolation Kit, mouse (Miltenyi Biotec). CD4+ T cells were harvested after the first step of CD4+CD25+ cell's isolation. CD8+ T cells were isolated from the spleen of naive mice with EasySep™ Mouse Naïve CD8+ T Cell Isolation Kit (StemCell) according to manufacturer's instructions.



T Cell Proliferation Assay

Responder cells (CD8+ or CD4+CD25− T cells) were labeled with 2.5 μM CFSE (5 × 106 cell/ml RPMI; 10 min at 37°C under agitation). CFSE labeled cells were then plated onto round bottom 96-well plates coated with CD3 antibodies (8 μg/ml; BD biosciences) in culture medium RPMI- PS-10% heat inactivated FCS, 50 μM β-Mercaptoethanol, 1% non-essential amino acids, and 1% sodium pyruvate. Purified suppressor cells (MDSCs or CD4+CD25+) were added in indicated ratios and plates were incubated at 37°C. The proliferation was measured by assessing dilution of CFSE by flow cytometry after 48 h (CD8+) or 72 h (CD4+CD25−) with CD3/CD28 stimulation (CD28 1 μg/ml). Controls were wells with responder cells without suppressor cells. Treg suppression assay were performed in the presence of IL-2 (50 U/ml).



Detection of ROS and Arginase-1 Activity

The cell permeant reagent 2′,7′-dichlorofluorescin diacetate (DCFDA; Thermo Fisher Scientific) was used for the measurement of ROS production by MDSCs. 1 × 105 purified MDSCs or CD8+ cells were incubated at 37°C in PBS without serum in the presence of DCFDA (2 μM) for 10 min, washed twice with cold PBS, before flow cytometry staining and analysis. Since the non-labeled cells cultured alone showed some auto-fluorescence, the ratio between the mean DCFDA fluorescence and the mean of cells auto-fluorescence was calculated.

For measuring arginase 1 activity, 2 × 105 purified MDSCs were lysed on ice in 50 μl lysis buffer (0.1% Triton X100, 100 μg/ml pepstatin, 100 μg/ml aprotinin, and 100 μg/ml antipain). Arginase 1 activity was assessed in supernatant of frozen cell lysates using QuantichromTM Arginase assay kit (cat# DARG-100, BioAssays Systems) according to manufacturer' instructions.



Videomicroscopy Acquisitions

A Lab-Tek chambered coverglass was coated with FCS. Purified CD4+CD25+ cells are loaded by 20 μM of green cell tracker during 30 min at 37°C. These cells are deposit with purified tumoral MDSCs with a 1/2 ratio in a same lab-tek well. Cells were then placed in a temperature- and CO2-controlled chamber mounted on an Olympus IX83 inverted microscope and incubated for 10 h. Images were captured every 20 min using an orca-flash4 camera [Hamamatsu] with a ×40 objective. All interactions persistent more than for 40 min, as well as transient interactions for 3 wells were quantified.



Light Sheet Microscopy
 
Immunofluorescence Tumor Wholemount Stainings

Tumors were dissected and fixed overnight in 0.4% PFA/PBS at 4°C. Prior antibody staining, tumors were permeabilized (0.4% Triton X100, 1% milk/PBS) and subsequently blocked in block solution (0.4% Triton X100, 1% milk, 5% serum/PBS). Wholemount stainings were performed by using anti-alpha smooth muscle actin directly coupled with Alexa488, anti-Foxp3, and anti-Gr-1 as primary antibodies and Alexa-dye coupled secondary antibodies diluted in block solution. Following each staining step, samples were washed several times in PBS-Tx (0.42% Triton X100/PBS) and in PBS.



Optical Clearing and Wholemount Acquisition

Tumors were cleared before acquisition on the La Vision Ultramicroscope II (LaVision BioTec, Bielefeld, Germany). After dehydration in methanol (20, 40, 60, 80, 100%, each step 1 h and overnight in 100%, samples were optically cleared first in methanol/BABB (ratio 1:1) (benzyl alcohol:benzyl benzoate, ratio 1:2) 8 h and finally in BABB overnight. Stacks were captured with a step size of 4 μm and magnification 1X. 3D reconstruction, cell counting and analysis of cell interactions are performed by using IMARIS software (Version 9.1.0, Bitplane). The Matlab function associated with Imaris software quantified the number of cells in interaction. Since lymphocytes are 8–10 μm in diameter and myeloid cells are ~20–30 μm in diameter, here we considered that MDSCs and Treg cells are in interaction if the distance between their centroids is ≤ 20 μm.




T Cell/MDSC Coculture
 
CD4+ T Cell/MDSC Coculture

MDSCs isolated from tumor were cocultured with CD4+ T cells purified from TB mice spleen at ratio (MDSCs:CD4+ T cells) 3:1 for 4 days in culture medium with CD3/CD28 stimulation. Co-cultures were performed in conventional dishes (96 wells U-bottom plate) or using Transwell chamber (0.4 μm pore) to separate the 2 cell populations; MDSCs and CD4+ T cells were added in the upper and lower chambers, respectively. The percentage of CD4+Foxp3+ cells was evaluated by flow cytometry.



CD4+CD25+ Treg Cell/MDSC Coculture

MDSCs isolated from tumor were cocultured with CD4+CD25+ cells purified from spleen or tumor onto round bottom 96-well plates in culture medium with CD3/CD28 stimulation at indicated ratios. The viability of MDSCs was analyzed by flow cytometry after 24 and 48 h of co-culture and the percentage of CD4+Foxp3+ cells was evaluated after 4 days.




MDSC Depletion

To deplete MDSCs in vivo, mice received 2 i.p. injections of RB6-8C5 antibody (anti-Gr-1, 200 μg/mice diluted in sterile PBS, BioXCell) 11 and 14 days after tumor cells inoculation. Control mice received PBS or isotype control antibody (clone LTF-2, BioXCell). Animals were euthanized 3 days after the second injection, spleens and tumors were harvested to determine the efficiency of Ab-mediated depletion. For comparisons between two groups, statistical analyses were performed using a Student's t-test and p < 0.05 was considered significant.




RESULTS


PDAC Is Characterized by a Strong Accumulation of Immunosuppressive Cell Populations

An orthotopic mouse model of pancreatic cancer (27), which mimics human PDAC with regard to histological appearance, and the pattern of the disease, was used in this study. By using immunohistochemistry and multiparametric flow cytometry methods, we have performed a detailed phenotypical analysis of the immune cell populations following tumor induction (Figure 1). A strong influx of immune cells characterized by an extensive infiltration of MDSCs and Treg cells in the pancreas (Figure 1) and the spleen (Supplementary Figure 1) of tumor-bearing (TB) mice was observed.
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FIGURE 1. A detailed phenotypical analysis of the immune cell populations in orthotopic mouse model of pancreatic cancer. Panc02 cells were injected in the pancreas of C57BL/6 mice (n = 5) and tumors were harvested 3 weeks post- inoculation. (A) Representative IHC analysis of Gr-1 (granulocytes), CD4, CD8, and Foxp3 (regulatory T cells) on normal pancreas (n = 3) and on pancreatic tumor (n = 5) frozen sections. Original magnification x100. Flow cytometry analysis (B) of CD45+ immune cells in normal pancreas and pancreatic tumors, (C) of surface molecules F4/80, CD124, CD40, and B7H1 on Gr-MDSC (CD11b+Gr-1+Ly6G+Ly6Clow) and Mo-MDSC (CD11b+Gr-1+Ly6G−Ly6Chigh) in pancreatic tumors, (D) of surface molecules CD25, CD127, CCR5, CTLA4, TGF-β, and CD103 on Treg cells (CD45+CD4+Foxp3+) in tumors, (E) of activation markers CD62L and CD69, as well as the intracellular expression of IFN-γ on CD4+ and CD8+ T cells in tumors. Gray histograms represent isotype control and red histograms specific staining as indicated. Percentage of positive cells are shown. Three independent experiments have been performed with similar results. Representative dot plots and histograms for one of these experiments are shown. See also Supplementary Figures 1, 2.


MDSCs consist of two major subsets based on their phenotypic and morphological features: granulocytic Gr-MDSCs (Ly6G+Ly6Clow) and monocytic Mo-MDSCs (Ly6G−Ly6Chigh). At first, we examined the expression of surface molecules either associated with MDSCs (F4/80 and CD124) or involved in MDSCs-mediated immunosuppression (B7H1 and CD40) on CD11b+Gr-1+ cells in tumors (Figure 1C) and spleens (Supplementary Figure 1). We could observe a strong expression of B7H1 and CD40 on both MDSC subsets derived from tumors. However, the upregulation of F4/80 and CD124 was more substantial on Mo-MDSCs (Figure 1C). In order to study the systemic immune response following tumor induction, we analyzed the phenotype of these MDSC subsets. Splenic Mo-MDSCs derived from TB mice upregulated F4/80, CD124, and CD40 compared to Gr-MDSCs (Supplementary Figure 1B). Both subsets showed a strong expression of B7H1 at their cell surface (Supplementary Figure 1B).

As shown in the Figure 1D and Supplementary Figure 2, the expression of Treg-associated molecules and functional markers was then analyzed. The transcriptional factor Foxp3 serves as a lineage specification factor of murine Treg cells. Currently the most commonly used markers for Treg identification and characterization are CD4, Foxp3, CD25 (IL-2R alpha), and CD127 (IL-7R alpha). Figure 1D demonstrates that most of tumoral CD4+Foxp3+ Treg cells were CD25highCD127low. Tregs manifest their immunosuppressive function through the secretion of immunosuppressive soluble factors such as TGF-β, as well as cell contact mediated regulation via molecules like CTLA-4 (17, 18). Our data shows that Treg cells derived from tumors have an increased expression of CTLA4 and TGF-β at their surface as compared with splenic counterparts (Figure 1D and Supplementary Figure 2A). We have then studied the amounts of CD103 (Integrin αE) that has been reported to be a hallmark of tumor-infiltrating regulatory T cells in colon cancer (28). Recent studies have described CD103+ Tregs as potent suppressors of anti-tumor immune responses in TB mice (28). In our model of murine PDAC, 70% of tumoral Treg cells expressed high levels of CD103 (Figure 1D). It has been shown that chemokine receptors CCR5 could mediate trafficking of Treg to PDAC tumors (21). Cells within the TME, such as pancreatic stellate cells and tumor-infiltrating MDSCs, have also been reported to express high levels of Treg cell chemotactic factors, including CCL5 (20). We examined the expression of these chemokine receptors on CD103+ Tregs in the tumors and spleen of PDAC mice. As show in Figure 1D, 20% of tumoral Treg cells up-regulated CCR5 at their surface as compared with splenic counterparts. Moreover, we have observed that at least 60% of CD4+Foxp3+CCR5+ cells exhibited high surface amounts of CD103, while at least 30% of those cells upregulated CTLA4 (data not shown). In contrast, the expression levels of CTLA4, CD103 and CCR5 on splenic Treg cells from TB mice (Supplementary Figure 2A) were reduced as compared with tumor infiltrating Treg cells (Figure 1D).

In parallel, the recruitment and the activation of CD4+ T and CD8+ T cells was analyzed (Figure 1E). A low infiltration of both cell populations was observed in the tumors of PDAC mice. To determine whether the intratumoral T lymphocytes show evidence of activation and thus potentially contributed to efficient antitumor immunity, we further assessed the surface marker expression (CD62L and CD69) and the production of IFN-γ (Figure 1E). The latter is an essential cytokine in anti-tumoral immunity. While the expression of CD62L is rapidly lost upon activation, the CD69 molecule is induced on activated T cells. More than 88% of intratumoral CD4+ T and CD8+ T cells from PDAC mice strongly down-regulated CD62L (Figure 1E). Moreover, the expression of CD69 at the surface of 24% of CD4+ lymphocytes and 33% of CD8+ T cells was detected. Since phenotypic markers cannot conclusively determine if infiltrating T cells are truly naive or functionally inactivated, we have then measured the intracellular levels of effector molecule IFN-γ. Our data show that 10% of CD4+ T and 18% of CD8+ T cells from tumor produce IFN-γ suggesting an activated phenotype (Figure 1E). In contrast, splenic CD4+ T and CD8+ T cells showed low levels of CD69 expression (Supplementary Figure 2B). Furthermore, the production of IFN-γ by tumoral CD4+ T cells was higher as compared to their splenic counterparts (Figure 1E and Supplementary Figure 2B).

Overall, our data indicate a strong influx of immune cells (CD45+) following tumor induction in the pancreas of PDAC mice. We could observe an extensive myeloid cell (CD11b+Gr-1+) infiltration, as well as a strong recruitment of functionally active Treg cells into the pancreas of tumor-bearing mice. Furthermore, we identified different phenotypes of Treg cells for the expression of functional molecules depending whether the local or systemic immune responses were studied. Small numbers of activated effector T cells were present in the PDAC mice.

Thus, consistent with previous data in the genetically engineered mouse model of pancreatic cancer (KPC mice) (12), we have found that PDAC is characterized by a strong accumulation of immunosuppressive cell populations (MDSCs, Treg cells) associated with low levels of activated CD4+ and CD8+ T cells.



MDSCs and Treg Cells From Pancreatic Tumors Are Able to Suppress Effector Responses

MDSCs have been shown to enhance tumor growth by inhibiting immune responses and T cell proliferation (9). To determine the suppressive potential of this population, isolated CD11b+Gr-1+ cells either from the spleen of naïve mice (MDSC SN) or the spleen (MDSC STB) and pancreas (MDSC PTB) of tumor-bearing mice were incubated with CD8+ T cells in both proliferation and apoptosis assays. As shown in the Figure 2A, at a 2:1 myeloid-to-T cell ratio, MDSCs derived from tumors (MDSC PTB) slightly decreased T cell proliferation. Moreover, at the higher myeloid-to-T cell ratios observed ex vivo in mice with PDAC, tumoral MDSCs exhibited a strong ability to suppress T cell proliferation in a dose-dependent manner (Figure 2A). In contrast, CD11b+Gr-1+ cells isolated from the spleen of naïve or TB mice did not show any suppressive capacity (Figure 2A). Tumoral MDSCs also induced apoptosis of activated T cells (Figure 2B). Thus, MDSCs from pancreatic tumors can both suppress T cell proliferation and promote T cell death.


[image: Figure 2]
FIGURE 2. Functional characterization of MDSCs and Treg cells in PDAC. CD8+ T cells proliferation is suppressed by tumoral MDSCs. (A) CFSE labeled CD8+ T cells were cultured with MDSCs isolated either from naive spleen (MDSC SN) or from tumor-bearing mice spleen (MDSC STB) or from tumor (MDSC PTB) at different ratios. The percentage of CD8+ daughter cells was evaluated by flow cytometry after 48 h of culture with CD3/CD28 stimulation. (B) Tumoral MDSCs induce the death of CD8+ T cells ex vivo. CD8+ T cells were stimulated by CD3/CD28 and cultured with MDSCs isolated from tumor (MDSC PTB). Lymphocytes were then stained with cell death markers such as 7AAD and Annexin V. (–) no stimulation; (+) CD3/CD28 stimulation. (C) Production of ROS and arginase by MDSCs isolated either from the spleen (MDSC STB) or the tumor (MDSC PTB) of PDAC mice. CD8+ T cells were used as control. Cell lysates were analyzed for arginase 1 activity by measuring the ability to convert L-arginine to urea as describe in Materials and Methods. ROS production was determined by the production of fluorescent DCFDA as described in Materials and Methods. (D) Naive CD4+CD25− T cells (Target cells) proliferation is suppressed by tumoral Tregs. CFSE labeled CD4+CD25− T cells were cultured with Treg (CD4+CD25+) cells isolated from tumor. After 72 h of culture in presence of CD3/CD28 stimulation the percentage of CD4+ daughter cells was evaluated by flow cytometry.


We next examined the presence of MDSCs functional molecules (arginase-1, ROS) which are essential for the immunosuppressive capacity of these cells (Figure 2C). We could observe an important up-regulation of ROS by MDSCs from PDAC tumors in contrast to CD11b+Gr-1+ cells isolated either from the spleen of naïve or TB mice (Figure 2C). Moreover, the tumoral MDSCs showed 3-fold more arginase-1 activity than their splenic counterparts (Figure 2C).

We then investigated the suppressive function of the other major immunoregulatory population in PDAC, the Treg cells (Figure 2D). Isolated CD4+CD25− splenic T cells from PDAC mice were used as responders after in vitro CD3/CD28 stimulation. We then added isolated autologous tumoral CD4+CD25+ T cells and found that they were able to suppress CD3-induced proliferation of responder cells in a dose-dependent manner (Figure 2D). In these suppression assays, we identified Treg as CD4+CD25+ cells rather than CD4+Foxp3+ cells, because staining cells for Foxp3, a transcription factor, requires permeabilization. Since CD25 is also expressed by activated T cells, we evaluated CD25 expression on non-Treg populations (i.e., CD4+Foxp3− T cells) in the pancreas of TB mice. In contrast to the majority of CD4+Foxp3+ T cells from the tumoral pancreas that expressed CD25, <30% on average of CD4+Foxp3− T cells were CD25+ in these mice (data not shown). These findings confirm the minimal activation status of effector T cells in these pancreatic neoplasms.

To summarize, our findings reveal that tumoral MDSCs display a strong suppressive capacity characterized by the inhibition of effector CD8+ T cells proliferation, the induction of CD8+ T cell death, as well as the production of functional molecules (arginase 1, ROS). Moreover, we have shown that Treg cells isolated from the tumors were able to suppress the proliferation of CD4+ T cells.



Direct Interactions Between MDSCs and Treg Cells in PDAC

The interactions between Treg cells and MDSCs in different cancer models have been proposed to play a critical role in shaping the tumoral immunosuppressive environment. However, there is no evidence so far whether this crosstalk involves direct interactions between the two classes of immunoregulatory cells. To determine whether there are interactions between MDSCs and Treg cells in PDAC, we employed multicolor immunofluorescence imaging on tumor sections (Figure 3). We first determined the prevalence within the TME of cells expressing Foxp3, the lineage specification transcription factor of Treg cells, as well as of cells expressing Gr-1, defining the MDSC populations (Figure 3A). Gr-1+ and Foxp3+ cells were absent in the normal pancreas, but abundantly present within the neoplastic lesions of PDAC mice. The immune staining of tumor sections showed that some Foxp3+ cells are located in close proximity to cells expressing Gr-1 (Figure 3A).
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FIGURE 3. Direct interactions between MDSCs and Treg cells in orthotopic mouse model of pancreatic cancer. Panc02 cells were injected in the pancreas of C57BL/6 mice and tumors were harvested 3 weeks post-inoculation. (A) Representative IHF (confocal microscopy) analysis of Gr-1 (MDSCs in green) and Foxp3 (Treg cells in red) on normal pancreas and on pancreatic tumor frozen sections. The nuclei (in blue) are stained with Draq5, a fluorescent DNA marker. Zooms show proximity between the different immune cells. Scale bar 25 μm. (B) Light sheet microscopy analysis of Gr-1 (MDSCs in blue) and Foxp3 (Treg cells in red) on whole cleared pancreatic tumor. Zooms show closed contacts between the two populations. Blood vessels are stained with a pericyte marker, the alpha-smooth actin (in green). Scale bar 500 μm. (C) Histogram represents quantification of interactions whole cleared tumors calculated with a matLab function associated with the Imaris software. See also Supplementary Figure 3 and Supplementary Videos 1–3.


To further study MDSCs/Tregs interplay, we have used light sheet fluorescent microscopy (LSM), which allows long-term live 3D imaging of organism models. In our study, we have used LSM for the 3D imaging of cell interactions in whole tumors which is technically challenging and has never been reported. Since only 4% of tumor-infiltrating CD45+ cells are positive for CD4 (Figure 1E) and only 50% of those are Treg cells (Figure 1D), the interactions between MDSCs and Treg cells are rare events to record and quantify. LSM technology applied to the whole pancreatic tumors allowed us to observe some of Foxp3+ Treg cells to directly contact Gr-1+ cells (Figure 3B and Supplementary Video 1). The quantification of these interactions has been performed on 3 different tumors (ex vivo) by using IMARIS software (Figure 3C). Consistent with the co-localization pattern observed on tumor sections (Figure 3A), we could observe more than 15 interactions between Treg cells and MDSCs in each analyzed PDAC tumor (Figure 3C). To highlight the real significance of MDSC and Treg interactions, we have to analyze their dynamic during tumor formation and progression. We have therefore quantified these interactions 1, 2, 3, and 4 weeks post-tumor induction. To do so, the tumors have been harvested at these different time points and both immunofluorescence and LSM imaging (ex vivo tumors) were performed. The immunofluorescence data (Supplementary Figure 4A) and LSM videos (Supplementary Videos 4–7) show an increase of MDSC and Treg cell interactions 2 weeks post-tumor induction (Supplementary Figures 4A,B, Supplementary Videos 4, 5). The numbers of co-localizing cell populations reach a peak 3 weeks after tumor inoculation (Supplementary Figures 4A,B, Supplementary Video 6). Interestingly, at later time points (4 weeks post-tumor inoculation) we have observed an accumulation of MDSC in clusters and outside of the core tumor, while Treg cells are still found inside the tumor (Supplementary Figures 4A, 5, Supplementary Video 7). There were fewer MDSC and Treg interactions at this stage of tumor progression. These qualitative LSM observations were quantified and confirmed as illustrated in the Supplementary Figure 4B. Moreover, no similar interactions were observed between MDSCs and γδT cells in the TME by using the same methodology (Supplementary Figure 6). Overall, our findings revealed a direct physical contact between MDSC and Treg cell in whole murine pancreatic tumors.

In order to evidence these physical interactions between Treg cells and MDSCs, we have performed videomicroscopic analysis (Supplementary Figure 3, Supplementary Videos 2, 3). Treg (CD4+CD25+) cells purified both from spleen and pancreas of tumor-bearing mice were incubated with tumoral MDSCs and the co-cultures monitored every 20 min (Supplementary Figure 3A). Moreover, the persistent or transient interactions were quantified (Supplementary Figure 3B). Our data demonstrates physical interactions between Treg (CD4+CD25+) cells and MDSCs in PDAC.

To evaluate the influence of MDSCs on accumulation of Tregs cells in vivo, we depleted Gr-1+ cells in PDAC mice (Figure 4). The injection of anti-Gr-1+ antibody resulted in near complete elimination of MDSCs in spleens and pancreas of PDAC mice as assessed by flow cytometry (Figure 4A). Tumor masses did not generally decrease in size during this treatment window (not shown). Remarkably, in vivo depletion of Gr-1+ cells in tumor-bearing mice led to a significant reduction in Treg cells (CD4+Foxp3+) in the pancreatic tumors (Figure 4B). In summary, our findings show that the systemic depletion of MDSCs inhibits the recruitment and/or induction of Foxp3+ Tregs in pancreatic tumors.
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FIGURE 4. Systemic depletion of MDSCs inhibits the recruitment of Foxp3+ Tregs in pancreatic tumors. Mice were injected with Panc02 tumor cells on day 0 and Gr-1+ cells were depleted on day 15 and 18 with intraperitoneal injection of anti-RB6 antibody (RB-6 mice). Control mice received injection of PBS (PBS mice) or isotype control antibody. Spleens and tumors were harvested 3 weeks after PDAC induction. The percentage of splenic and pancreatic MDSCs (CD11b+Gr-1+), MDSC sub-populations (A) and Treg cells (CD4+Foxp3+) (B) was evaluated by flow cytometry. Percentage of positive cells are shown. The results represent one of three independent experiments with similar data, *p < 0.05.




A Cell-Cell Dependent Crosstalk Between Tumoral MDSCs and Treg Cells

We further investigated the cellular mechanisms of MDSC and Treg interactions in PDAC (Figure 5). Several studies have described the ability of MDSCs to promote the de novo development/expansion/recruitment of Treg cells in different tumor settings (23–26). To determine whether MDSCs in PDAC possess this ability, ex vivo co-culture assays were carried out (Figures 5A,B). We incubated either purified CD4+ T cells or Treg cells with tumoral MDSCs at 1:3 ratio (Figure 5A). After 4 days of co-culture, we could observe in both conditions tested an increase of Treg cells in presence of tumoral MDSCs (Figure 5A). These data are consistent with our in vivo observations of MDSCs-dependent Treg cell recruitment and/or induction in PDAC (Figure 4). To identify whether soluble molecules or cell-cell interaction are involved in this process, we incubated purified CD4+ T cells and MDSCs in conventional dishes or using Transwell system (0.4 μM) to separate these 2 immune cell populations (Figure 5B). The induction of Treg cells by MDSCs was lost in the Transwell system suggesting that MDSC-mediated development/expansion of Treg cells was due to cell-to-cell interactions (Figure 5B).
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FIGURE 5. A cell-cell dependent crosstalk between tumoral MDSCs and Treg cells. (A) Purified CD4+ T cells or Treg cells (CD4+CD25+) from TB mice were cocultured with tumoral MDSCs. The percentage of CD4+Foxp3+ cells was evaluated by flow cytometry after 4 days of culture in the presence of CD3/CD28 stimulation. (B) Purified CD4+ T cells from TB mice were cocultured with tumoral MDSCs at 1:3 ratio in conventional dishes or using Transwell chamber to separate the 2 cell populations. The percentage of CD4+Foxp3+ cells was evaluated after 4 days by flow cytometry. (C) Purified Treg cells (CD4+CD25+) from spleen of tumor-bearing mice (Treg STB) or tumor (Treg PTB) were cocultured with tumoral MDSCs for 24 or 48 h. The viability of MDSCs was then assessed by flow cytometry using LIVE/DEAD Fixable Aqua Dead stain.


Little is known on the converse impact of Treg cells on MDSCs. A novel strategy was described during the development of murine melanomas whereby Tregs shape the functional differentiation of MDSCs through the B7H1 pathway (23). Furthermore, it has been shown in B16 melanoma model that the expansion, recruitment, and activation of MDSCs occur in a Treg-dependent manner (29). In order to determine the impact of Treg cells on MDSCs in PDAC, we have performed ex vivo assays (Figure 5C). Purified Treg cells (CD4+CD25+) from spleen of tumor-bearing mice (Treg STB) or tumor (Treg PTB) were co-cultured with tumoral MDSCs. After 24 and 48 h of co-culture the percentage of alive MDSCs strongly increases in the presence of Treg cells isolated from TB mice (Figure 5C). Our findings reveal that Treg cells affect the survival and/or the proliferation of tumoral MDSCs.

Our results show that (i) MDSCs are able to induce Treg cell proliferation and/or development in a cell-cell dependent manner, (ii) Treg cells affect the survival and/or the proliferation of MDSCs.



Identification of MDSC and Treg Cell Crosstalk in Human PDAC

To determine whether the MDSC and Treg cell interactions are present also in the human pancreatic cancer, we have studied the expression of different immune markers (CD4, CD8, CD15, CD11b, Foxp3) in a cohort of PDAC patients (Figure 6). Similar to mouse, there are also two types of human MDSCs. Both types express CD11b; however, there is no equivalent to the mouse Gr-1 marker. Instead, human M-MDSCs are characterized by their expression of CD14 and PMN-MDSCs by their expression of CD15 (8, 9). We could not observe any immune cell infiltration in normal human pancreas (not shown). As shown in the Figure 6A, almost 100% of the human PDAC tissues were infiltrated by CD4+ T cells, CD8+ T cells, and CD15+ myeloid cells. Moreover, CD11b+ cells were observed in 60% of studied samples. Since the Foxp3 staining was weak, we have used GBI Labs Kit to amplify the signal. We could observe the presence of Foxp3+ cells in more than 70% of tested samples (Figure 6B). By using the same experimental approach, we have identified and quantified the proximity between human CD11b+ and Foxp3+ cells. In more than 50% of analyzed PDAC patients, we have observed contacts between these cells (Figure 6B). Taken together these results suggest that MDSC and Treg interplay could also be present in human PDAC.
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FIGURE 6. Identification of MDSCs and Treg cells crosstalk in human PDAC. (A) Formalin-fixed, paraffin-embedded tissue sections of human pancreatic cancer were stained with anti-CD4, anti-CD8, anti-CD15, and anti-CD11b antibodies. All immunohistochemistry experiments were performed with the Vector Kit. Histograms show the quantification of the different immune markers expression in PDAC. Original magnification x100. (B) Formalin-fixed, paraffin-embedded tissue sections of human pancreatic cancer were stained with anti-Foxp3 (in Emerald) and anti-CD11b (in Permanent-red) antibodies. All immunohistochemistry experiments were performed with the GBI Labs Kit. A visual evaluation of interactions between Foxp3+ and CD11b+ cells was performed on human PDA tissues. Histograms show the quantification of the markers expression in PDAC and the presence of their interactions.





DISCUSSION

A complex relationship between the immune system and the development of pancreatic cancer has been largely described in patients and animal models. The progress in basic and translational immunology has confirmed the importance of these interactions in PDAC's prevention and prognosis (30). Neoplastic cells activate tumor-specific immune responses, but simultaneously trigger a strong immunosuppression, which is considered to be one of the main reasons for current immune-based therapy's failure (2, 5). Among the hallmarks of the immune dysfunction observed in PDAC is the recruitment and activation of immunosuppressive cells such as myeloid-derived suppressor cells and regulatory T cells. These latter shield neoplastic cells from immune detection and inhibit anti-tumoral effector responses (31).

Since the interactions between MDSCs and Treg cells are proposed to be a powerful barrier against anti-tumoral immunity in different cancer models (23–26), we have been particularly interested to study this interplay in the context of PDAC. Consistent with previous data in the genetically engineered mouse model of pancreatic cancer (KPC mice) (12), we have found that PDAC is characterized by a strong accumulation of immunosuppressive cell populations (MDSCs, Treg cells) associated with low levels of activated effector T cells. By using the innovative approach of light sheet fluorescent microscopy in whole pancreatic tumors, we have identified for the first time in a tumoral context the interactions between MDSCs and Treg cells which occurs via a direct physical contact. Our results further revealed that this interplay had a biological relevance since the in vivo depletion of MDSCs led to a significant reduction of Treg cells in the pancreatic tumors. Our findings on the biological relevance of these interactions are in concert with a previous study showing that the combination of Listeria vaccination and Treg depletion in a mouse model of PDAC shapes the functional differentiation of MDSCs.

Another new aspect of our study was MDSC/Treg interplay's contribution to the establishment and/or development of the immunosuppressive environment in PDAC. To better understand the mechanisms of PDAC-infiltrating MDSC and Treg crosstalk, we have used a Transwell system which allows to separate the two major immunoregulatory cell populations. Our results show that tumoral MDSCs are able to induce Treg cell proliferation and/or development in a cell-cell dependent manner. Moreover, we could observe that Treg cells affect the survival and/or the proliferation of MDSCs in PDAC. At present the molecular partners involved in the MDSC/Treg interplay are not fully understood and further studies will be needed to investigate these pathways. One candidate to consider could be the B7H1 pathway (23). It has been proposed during the development of murine melanomas whereby Tregs shape the functional differentiation of MDSCs through the B7 family molecules (23). Moreover, investigating the role of CD40 and CD80 molecules in the MDSCs/Treg crosstalk in PDAC could be promising. Indeed, the presence of these co-stimulatory molecules on MDSCs in the mouse colon and ovarian carcinomas models, respectively, is associated with Treg cells accumulation and/or functions (32, 33). Although inquiring the role of these candidates in the interactions between MDSCs and Treg cells in PDAC should be elucidated, it is important to highlight that they have an ectopic expression on different immune cell populations. This is a major obstacle for a future targeting of the crosstalk via their blocking by inhibitory antibodies for example. A broad transcriptomic approach might be a better tool to identify new and specific molecules involved in MDSC/Treg cell interplay in PDAC. In addition, the latter has also been reported in lung, colorectal and breast cancers, as well as in melanoma and B-cell lymphoma, suggesting that a contact-based crosstalk between these cell populations may be a general feature of tumor immune evasion (23–26). Moreover, based on our data and several other indications of a concerted immunosuppressive activity of Tregs and MDSCs in different cancer models, we expect the interactions between these major immunoregulatory cells to play a key role in PDAC development and progression.

The ability to effectively engage cancer immunity in therapies is highly promising and very challenging. The limitations encountered thus far in applying immunomodulatory strategies such as αCTLA4 and αPD1/PDL1 in PDAC to stimulate an endogenous T cell response may be the result of the profoundly suppressive effects of MDSCs and Treg cells (30, 31). Moreover, it is becoming increasingly clear that to improve the effects of conventional immune strategies in PDAC it may be necessary to target multiple forms of immune suppression simultaneously. On the other hand, safety becomes a counterbalancing concern, lest autoimmunity and organ dysfunction ensue. In summary, our study provides insights into MDSC/Treg cell crosstalk in PDAC which may help to explain the highly immunosuppressive nature of the pancreatic tumors. Should the interactions between MDSCs and Treg cells impact the tumoral progression, it will be highly promising to target/modulate this interplay to reverse tumor-induced immunosuppression and provide an efficient therapeutic strategy for the treatment of PDAC.
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The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.03070/full#supplementary-material

Supplementary Figure 1. Characterization of MDSCs, Treg cells and effector T cells in the spleen of PDAC mice. C57BL/6 mice were injected with Panc02 cells in the pancreas and spleens were harvested 3 weeks post-inoculation. Spleens from naive mice were used as controls. Flow cytometry analysis of (A) MDSC recruitment and (B) of the expression of surface molecules F4/80, CD124, CD40, and B7H1 on Gr-MDSCs (CD11b+Gr-1+Ly6G+Ly6Clow) and Mo-MDSCs (CD11b+Gr-1+Ly6G−Ly6Chigh) was performed. Gray histograms represent isotype control and red histograms specific staining as indicated. Percentage of positive cells are shown. Three independent experiments have been performed with similar results. Representative dot plots and histograms for one of these experiments are shown.

Supplementary Figure 2. Characterization of Treg cells and effector T cells in the spleen of PDAC mice. C57BL/6 mice were injected with Panc02 cells in the pancreas and spleens were harvested 3 weeks post-inoculation. Spleens from naive mice were used as controls. Flow cytometry analysis of (A) the surface molecules CD127, CCR5, CTLA4, TGF-β, and CD103 on Treg (CD45+CD4+ Foxp3+), (B) the activation markers CD62L and CD69, as well as the intracellular expression of IFN-γ on CD4+ and CD8+ T cells. Gray histograms represent isotype control and red histograms specific staining as indicated. Percentage of positive cells are shown. Three independent experiments have been performed. Representative dot plots and histograms for one are shown.

Supplementary Figure 3. Assessment of MDSC and Treg interactions in pancreatic tumors by videomicoscopy. Treg (CD4+CD25+) cells purified both from spleen or pancreas of tumor-bearing mice were loaded with FITC cell tracker and incubated with tumoral MDSCs for 10 h. Microscopic acquisition was performed every 20 min (A) and the percentage of total CD4+CD25+ cells bound to MDSCs was quantified 5 and 10 h post-co-culture. The ratio of persistent interactions (more than 40 min) and transient interactions was also reported (B). ***Mann and Whitney analysis with p value < 0.001%.

Supplementary Figure 4. Dynamic interactions between MDSCs and Treg cells in orthotopic mouse model of pancreatic cancer. Panc02 cells were injected in the pancreas of C57BL/6 mice and tumors were harvested 1, 2, 3, and 4 weeks post-inoculation (three tumors per week). (A) Representative IHF (confocal microscopy) analysis of Gr-1 (MDSCs in green) and Foxp3 (Treg cells in red) on pancreatic tumor frozen sections for each week. The nuclei (in blue) are stained with Draq5, a fluorescent DNA marker. Zooms show proximity between the different immune cells. Scale bar 25 μm. (B) Light sheet microscopy analysis of Gr-1 (MDSCs) and Foxp3 (Treg cells) on whole cleared pancreatic tumor. Histogram represents quantification of interactions from three whole cleared tumors calculated with a matLab function associated with the Imaris software. See also Supplementary Video 4 (1 week post-tumor inoculation), Supplementary Video 5 (2 weeks post-tumor inoculation), Supplementary Video 6 (3 weeks post-tumor inoculation), and Supplementary Video 7 (4 weeks post-tumor inoculation).

Supplementary Figure 5. Direct interactions between MDSCs and Treg cells in the center and boundary of tumors harvested at 3 and 4 weeks post-inoculation (three tumors per week). Representative IHF (confocal microscopy) analysis of Gr-1 (MDSCs in green) and Foxp3 (Treg cells in red) on pancreatic tumor frozen sections for each week. The nuclei (in blue) are stained with Draq5. Zooms show proximity between the different immune cells. Scale bar 50 μm. See also Supplementary Video 6 (3 weeks post-tumor inoculation) and Supplementary Video 7 (4 weeks post-tumor inoculation).

Supplementary Figure 6. Assessment of interactions between MDSCs and γδT cells in orthotopic mouse model of pancreatic cancer. Panc02 cells were injected in the pancreas of C57BL/6 mice and tumors were harvested 1, 2, 3, and 4 weeks post-inoculation (three tumors per week). Representative IHF (confocal microscopy) analysis of Gr-1 (MDSCs in green) and TCRγδ (γδT cells in red) on pancreatic tumor frozen sections for each week. The nuclei (in blue) are stained with Draq5. Scale bar 25 μm.

Supplementary Video 1. A direct physical contact between MDSC and Treg interactions in pancreatic tumors. Tumor 1's 3D video from LSM analysis. This video was done with the Imaris software. In green are the blood vessels stained with an anti-alpha SMA (smooth muscle actin), a pericyte marker. The blue and red spots represent, respectively, the Gr-1 and the Foxp3 positive cells. The pink and yellow spots are the Gr-1 and Foxp3 positive cells in interaction (determined with a MatLab plugin associated with Imaris software).

Supplementary Video 2. Assessment of MDSC and Treg interactions in pancreatic tumors by videomicoscopy. Example of film showing persistent interactions.

Supplementary Video 3. Assessment of MDSC and Treg interactions in pancreatic tumors by videomicoscopy. Example of film showing transient interactions.

Supplementary Video 4. One week post-tumor inoculation. 3D video from LSM analysis to determine dynamic interactions between MDSC and Treg cells in pancreatic tumors at 1 week post-tumor inoculation. In green are the blood vessels stained with an anti-alpha SMA. The blue and red spots represent, respectively, the Gr-1 and the Foxp3 positive cells. The yellow spots are the Gr-1 and Foxp3 positive cells in interaction. Three tumors have been analyzed with similar results. Representative 3D video for one of these tumors are shown.

Supplementary Video 5. Two weeks post-tumor inoculation. 3D video from LSM analysis showing dynamic interaction between MDSC and Treg cells in pancreatic tumors at 2 weeks post-tumor inoculation. Three tumors have been analyzed with similar results. Representative 3D video for one of these tumors are shown.

Supplementary Video 6. Three weeks post-tumor inoculation. 3D video from LSM analysis showing dynamic interaction between MDSC and Treg cells in pancreatic tumors at 3 weeks post-tumor inoculation. Three tumors have been analyzed with similar results. Representative 3D video for one of these tumors are shown.

Supplementary Video 7. Four weeks post-tumor inoculation. 3D video from LSM analysis showing dynamic interaction between MDSC and Treg cells in pancreatic tumors at 4 weeks post-tumor inoculation. Three tumors have been analyzed with similar results. Representative 3D video for one of these tumors are shown.



ABBREVIATIONS

PDAC, Pancreatic ductal adenocarcinoma; TME, Tumor microenvironment; TAMs, Tumor-associated macrophages; Tregs, Regulatory T cells; MDSCs, Myeloid-derived suppressor cells; TB mice, Tumor-bearing mice; ROS, Reactive Oxygen Species; RT, Room temperature; FCS, Fetal calf serum.
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To evaluate the expression of immune checkpoint genes, their concordance with expression of IFNγ, and to identify potential novel ICP related genes (ICPRG) in colorectal cancer (CRC), the biological connectivity of six well documented (“classical”) ICPs (CTLA4, PD1, PDL1, Tim3, IDO1, and LAG3) with IFNγ and its co-expressed genes was examined by NGS in 79 CRC/healthy colon tissue pairs. Identification of novel IFNγ- induced molecules with potential ICP activity was also sought. In our study, the six classical ICPs were statistically upregulated and correlated with IFNγ, CD8A, CD8B, CD4, and 180 additional immunologically related genes in IFNγ positive (FPKM > 1) tumors. By ICP co-expression analysis, we also identified three IFNγ-induced genes [(IFNγ-inducible lysosomal thiol reductase (IFI30), guanylate binding protein1 (GBP1), and guanylate binding protein 4 (GBP4)] as potential novel ICPRGs. These three genes were upregulated in tumor compared to normal tissues in IFNγ positive tumors, co-expressed with CD8A and had relatively high abundance (average FPKM = 362, 51, and 25, respectively), compared to the abundance of the 5 well-defined ICPs (Tim3, LAG3, PDL1, CTLA4, PD1; average FPKM = 10, 9, 6, 6, and 2, respectively), although IDO1 is expressed at comparably high levels (FPKM = 39). We extended our evaluation by querying the TCGA database which revealed the commonality of IFNγ dependent expression of the three potential ICPRGs in 638 CRCs, 103 skin cutaneous melanomas (SKCM), 1105 breast cancers (BC), 184 esophageal cancers (ESC), 416 stomach cancers (STC), and 501 lung squamous carcinomas (LUSC). In terms of prognosis, based on Pathology Atlas data, correlation of GBP1 and GBP4, but not IFI30, with 5-year survival rate was favorable in CRC, BC, SKCM, and STC. Thus, further studies defining the role of IFI30, GBP1, and GBP4 in CRC are warranted.

Keywords: colorectal cancer, IFNγ gradient, immune checkpoint genes, co-expression network, novel immune checkpoint related genes


INTRODUCTION

CRC is the second leading cause of cancer-related mortality in the United States1 (1) and, disturbingly, an increased incidence of CRC in patients <40 years of age has been reported (2). In recent years, immunotherapeutic approaches have opened important treatment options in a small subset of CRC patients with microsatellite instability high (MSI-H) tumors (3). Most CRC, however, are microsatellite stable (MSS) (4). In MSI-H CRC patients, the high response rate to the ICP blockade appears due to a higher tumor mutational burden, the presence of neoantigens and consequent infiltration by CD8+ (TC, cytotoxic T lymphocyte) CTL and higher expression levels of ICPs (5). In this regard, IFNγ has been identified as the lynchpin factor in the induction and sustained expression of ICPs on tumor and infiltrating T cells in several tumor types and thus, qPCR detection of IFNγ has been considered a potential marker of response to ICP blockade in several cancer studies including in non-small cell lung cancer (NSCLC) and cutaneous melanoma (SKCM) (6–8). However, the role of IFNγ in establishing the immunological profile of CRC has not been thoroughly investigated. This prompted us to use NGS to evaluate expression of IFN-γ in CRC tumors, its link to known IFNγ-dependent ICPs, and to identify novel ICPRGs. In this study, we evaluated expression levels of six well-known immune checkpoint genes [six ICPs (CTLA4, PD1, PDL1, Tim3, IDO1, and LAG3)] as well as potential immune checkpoint related genes (ICPRGs) also induced by IFNγ by next generation sequencing (NGS) in 79 stringently collected and preserved primary human CRCs and their patient matched normal colonic tissues. Expression levels of six ICPs were evaluated as were their relationships to expression levels of IFNγ and other immunologically pertinent genes. Based on the ICP co-expression network, we searched for potential ICP related genes (ICPRGs) in IFNγ positive tumors that may function as novel ICPs and consequently identified IFI30, GBP1 and GBP4. Based on the identified literature (9–22), IFI30, GBP1, and GBP4 suppress mouse primary T cell activation in vitro and mouse innate immune response in vivo while IFI30 and GBP1 appear to increase cell proliferation in a glioma cell line and two breast cancer cell lines but diminish cell proliferation in a colon cancer cell line. Intriguingly, however, IFI30 RNA expression is associated with better patient survival in breast cancer (12) and diffuse large B cell lymphomas (DLBCL) (14) while GPB1 RNA is associated with better patient survival in melanoma (20) but poorer prognosis in human glioblastoma (21).



MATERIALS AND METHODS


Cohort

Seventy-nine paired-tissues (79 tumor and 79 normal controls, Table S1) of pretreatment CRCs were collected from 38 male and 41 female patients by Indivumed GmbH (Germany) for mRNA sequencing. The purchase of these de-intified samples was exempted by FDA IRB/RIHSC. To evaluate tumor content, hematoxylin and eosin stained microscopic slices were examined by pathologists to determine the tumor cell and normal cell areas, respectively. Histologically, tumor samples had 50–70% content of cancer cells while normal samples had 0% content of cancer cells. Normal tissues were collected from a site at a minimum of 5 cm from the tumor margin. Ischemia time was 6–11 min. This short cold ischemia reduces post-surgical tissue processing artifacts (23). According to the medical pathology reports, tumors were classified as well, moderately, and poorly differentiated tumors following international guideline UICC TNM-classification (24). For the convenience of analysis, 26 stage I and II tumors were considered as low stage tumors (LSTs), while 53 stage III and IV tumors were considered as HSTs (25). In this study, a normal control adjacent to a low stage tumor is referred to as LSN. The ratio of high stage tumors vs. low stage tumors is 2–1. Among 26 low stage tumors, there were two either lymph node (LN) or lymphatic vessel (LV) positive tumors while among 53 high stage tumors, there were 28 either LN/LV positive tumors. For tumor grades, there were 17 well (low grade) differentiated, 36 moderately (medium grade) differentiated, and 26 poorly (high grade) differentiated tumors. Clinical and histopathological characteristics of the patients as well as tumor location are summarized in Table S1. Among these 80 tumor pairs, 79 pairs were sequenced (all except the T7/N7 pair). The information for the cohort of 50 CRC tumor pairs, 588 CRCs, 103 SKCMs, 1105 BCs, 184 ESCs, 416 STCs, and 501 LUSC for validation of six ICPs and three ICPRGs was extracted from TCGA_B38 through OncoLand (Tables S2–S4). As for tumor stage information of validating cohort, there were 57 LST and 82 HSTs (Tables S1, S2).

For protein and survival data, The Clinical Proteomic Tumor Analysis Consortium (CPTAC) (https://cptac-data-portal.georgetown.edu/) which contains Mass spectroscopy (MS) analyses of 95 CRCs (Table S5) and The Pathology Atlas (https://www.proteinatlas.org/humanproteome/pathology) were used.



mRNA Sequencing

RNA quality was assessed using the Agilent 2100 Bioanalyzer, with cellular RNA analyzed using the RNA 6000 Nano Kit (Agilent). Samples with an RNA Integrity Number (RIN) of 7 or higher were processed to generate libraries for mRNA sequencing following the Illumina® TruSeq Stranded mRNA Sample Preparation Guide. In this method, poly-A mRNAs were purified from 0.5 μg total RNA, fragmented and reverse-transcribed into cDNAs. Double strand cDNAs were adenylated at the 3′ ends and ligated to indexed sequencing adaptors, followed with amplification for 15 cycles. One femtomole of the sequencing libraries (median size ~260 nt) were denatured and loaded onto a flow cell for cluster generation using the Illumina cBot. Every six samples were loaded onto each lane of a rapid run flow cell. Paired-end sequencing was carried out on a HiSeq 2500 sequencer (Illumina, San Diego, CA, USA) for 100 × 2 cycles (26). For each sample, we obtained ~50 million 100-bp reads that passed preset filtering parameters (27).



Sequencing Data Analysis

For mRNA sequencing, Tophat V.2.0.11 was used to align reads in fastq files to the UCSC human hg19 reference genome. Cufflinks V.2.2.1 was used to assemble the transcriptome based on the hg19 reference annotation, and Cuffquan/Cuffnorm (part of Cufflinks) were used in calculating relative abundance of each transcript reported as FPKM. Gene co-expression analyses were carried by Partek NGS & microarray data analysis software (25, 28, 29). Integrated Discovery (DAVID) v6.7 (https://david.ncifcrf.gov/) was used for biological pathway determination and Cytoscape (2.8.2) was used for gene co-expression networks construction.



Initial Expression Landscape of CRC

A total of 25,761 genes were detected. Because genes with higher FPKM values may have greater biological impact, we focused on genes with FPKM > 1 (25, 28). Ten thousand two hundred fifty-five genes (40% of total genes) had an average FPKM > 1 and differential expression between tumors and normal controls (False Discovery Rate (FDR) < 0.05 in ANOVA). A total of 3,893 genes (15% of total genes) with average FPKM > 1 showed no differential expression between tumor and normal controls with FDR (ANOVA) > 0.05 (25, 29).



NGS Evaluation of Immune Gene Expression

NGS is a technology that accurately quantifies gene expression and does not necessarily require further validation, as supported by the literature (25). To more fully establish NGS as a “stand alone” technology for gene quantification, we reasoned that NGS quantification of a critical hub gene should be reflected in the consequent up/downregulation of highly interconnected genes and thus examined the co-expression of IFNγ genes with T and NK cell specific genes based on the fact that IFNγ and granzymes are produced by T cells and NK cells (30). IFNγ was highly correlated (cc > 0.80) with 9 classical T and NK cell gene markers and two granzymes in IFNγ positive tumors, as assessed by NGS: CD8A [0.97], CD69 [0.93], CD52 [0.86], CD160 [0.85], CD3E [0.84], CD96 [0.83], CD8B [0.82], CD2 [0.82], CD7 [0.80], GZMA [0.80], and GZMM [0.80]) (Table S6). These data indicate that NGS expression profiles of immune related genes do not necessarily require validation by other gene quantification technologies, especially for hypothesis-generating studies.




RESULTS


Upregulation of Six Established ICPs Associated With Higher Expression of IFNγ in CRC

Because IFNγ has been strongly implicated in the induction of PDL1 expression in tumors, and PD1 expression in tumor infiltrating T cells (6–8), we divided 79 CRCs into those with potentially significant IFNγ expression (abundance level of FPKM > 1; 32 CRCs), designated IFNγ+ (positive), and those expressing lower levels of IFNγ expression (FPKM < 1; 47 CRCs), designated IFNγ− (negative) (Figure 1A). The log2 FPKM plot of tumor and normal showed that IFNγ and all six well-documented ICPs were significantly upregulated (p < 0.01) in IFNγ positive CRCs compared to their patient matched normal tissue controls [Figure 1B: IFNγ (24.1-fold), IDO1 (7.8-fold), CTLA4 (2.9-fold), Tim3 (2.3-fold), PDL1 (3.0-fold), PD1 (2.1-fold) and LAG3 (1.6-fold)] while only 4 ICPs were significantly upregulated (P < 0.05) in IFNγ negative CRCs compared to their matched controls (Figure 1C): IFNγ (4.4-fold), IDO1 (1.4-fold), CTLA4 (1.7-fold), Tim3 (1.4-fold), PDL1 (1.3-fold), and PD1 (1.0-fold). Intriguingly, LAG3 (0.54-fold) was significantly downregulated (p = 1.7E-0.5) in IFNγ negative CRCs (Figure 1C). These data suggest that differential expression of ICPs, especially LAG3, may pertain to levels of IFNγ expression in CRCs. Regarding the quantitative relationship between IFNγ and the six ICPs, the expression levels of these six were 1.9 to 6.4 -fold higher in IFNγ positive vs. IFNγ negative tumors (Table S7), though even in the IFNγ positive tumors, these ICPs were expressed at relatively low abundance (average FPKM = 3–12) compared to oncogenes such as MYC, CDK4, and CCND1 (average FPKM = 105) (25), with the exception of IDO1 which is robustly upregulated (average FPKM = 89). These data suggest a positive effect of IFNγ with respect to consequent upregulation of ICPs but potentially at levels still insufficient to promote significant expression of ICP proteins on tumor and infiltrating T cells in CRC, supporting the lack of response of most of these tumors to ICP inhibitor therapeutics.


[image: Figure 1]
FIGURE 1. Expression of IFNγ in 79 CRC pairs. (A) Subtyping of 79 CRCs into CRC with high IFNγ (FPKM > 1) and CRC with low IFNγ (FPKM < 1). (B) Box and Whisker plot of six ICPs in INFγ positive CRC. More upregulation of all six ICPs and IFNγ (IDO1, 7.8-fold; Tim3, 2.3-fold, LAG3, 1.6-fold; CTLA4, 2.9-fold; PDL1, 3.0-fold; PD1, 2.1-fold; and IFNγ, 24.1-fold) in tumor vs. normal (P < 0.01). (C) Box and Whisker plot of six ICPs in INFγ negative CRC. Less upregulation (P < 0.05) of four ICPs and IFNγ (IDO1, 1.4-fold; Tim3, 1.4-fold; CTLA4, 1.7-fold; PDL1, 1.3-fold; and IFNγ, 4.4-fold), downregulation of LAG3 (0.54-fold) (P = 1.7E-05), and no dysregulation of PD1 (1.0-fold) (P = 0.57) in tumor vs. normal.




ICP Co-expression Profile in IFNγ Positive and Negative Tumors

We then performed a Pearson correlation analysis to evaluate the co-expression profile of IFNγ and the six ICPs in IFNγ positive and negative CRC, as well as in normal controls using a stringent correlation coefficient (cc) > 0.8. In IFNγ positive CRC, the following was observed: (i) IFNγ, CD8A, CD8B, and CD4 co-expression with all six ICPs genes within one network (190 genes); (ii) IFNγ and three ICPs (LAG3, Tim3, and IDO1) were defined as potential hub genes due to their substantial number of co-expressed genes (n > 45); and (iii) co-expression of IFNγ and six ICPs with 129 immune cell related genes (pale blue dots in Figure 2A) and 54 signaling genes (red dots in Figure 2A; Table S8).
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FIGURE 2. Co-expression (cc > 0.8) of IFNγ with six ICPs in CRC. (A) IFNγ and all six ICPs co-expressed with CD8A/CD8B/CD4 within one 190 gene network in 32 IFNγ positive CRCs. (B) Tim3 and PDL1 co-expressed with CD4 within one 83 gene network in 47 IFNγ negative CRCs. (C) CTLA4 co-expressed with PD1 within one 88 gene expression network, but not Tim3, in normal colon without CD8/CD4.


In contrast, in IFNγ negative CRC, co-expression of Tim3, PDL1, and CD4 was found within one network comprised of 83 genes, but without linkage to IFNγ or other immune checkpoint genes including PD1, CTLA4, IDO1 and LAG3. Genes co-expressed with Tim3 and PDL1 consisted of 77 immune related genes (pale blue dots in Figure 2B) as well as six signaling genes (red dots in Figure 2B; Table S8).

In control normal colonic tissues, co-expression of two ICPs (CTLA4 and PD1) was observed but also was not linked to IFNγ and CD4, CD8A, and CD8B, or co-expression with PDL1, Tim3, LAG3, and IDO1. However, expression of CTLA4 and PD1 was noted within an 88-gene network including 63 immune related genes (pale blue dots in Figure 2C) as well as 25 signaling genes (red dots in Figure 2C; Table S8).



Identification of Three Novel ICPRG Genes in CRC

We next explored whether there were potential novel ICPRGs from the IFNγ co-expression network that potentially factored into the refractoriness of CRC to immunotherapy. Three genes, IFI30, GBP1, and GBP4, were identified by two criteria: co-expressed (cc > 0.8) with known ICPs and upregulated by a minimum 2-fold average over normal (T/N). In IFNγ positive tumors, IFI30, GBP1, and GBP4 were significantly upregulated (p < 0.0001) at 2.7-, 4.2-, and 6.2-fold, respectively (Figure 3A) while only IFI30 and GBP1 were upregulated (p < 0.05) at 1.4- and 1.2-fold, respectively in IFNγ negative tumors compared to their matched normal controls (Figure 3B). Notably, the abundance of IFI30, GBP1 and GBP4 was substantially higher in IFNγ positive tumors (362, 51, 25 FPKM, respectively) than in IFNγ negative tumors (207, 18, 7 FPKM, respectively) (Table S9). These three genes have documented immune suppressive function and pro or anti-tumor roles in different types of cancers (9–23).
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FIGURE 3. Characterization of three ICPRGs in CRC. (A) Box and Whisker plot of three ICPRGs in IFNγ positive CRC. More upregulation (P < 6.0E-09) of all three ICPRGs (IFI30: 2.3-fold; GBP1: 3.1-fold, GBP4; 12.9-fold in tumor vs. normal). (B) Box and Whisker plot of three ICPRGs in IFNγ negative CRC. Less upregulation (P < 0.05) of two ICPRGs (IFI30: 1.4-fold and GBP1: 1.2-fold) and GBP4 (1.1-fold) (P = 0.23) in tumor vs. normal. (C) Co-expression of IFI30, GBP1, and GBP4 with IFNγ, IDO1, Tim3, LAG3 and CD8A within a 119 gene network in IFNγ positive CRCs. (D) Co-expression of IFI30 with PDL1 and Tim3 within a 101 network without CD8/CD4 in IFNγ negative CRCs. (E) GBP1 co-expressed with GBP4 within an eight-gene network in normal colon. (F) Identification of unique genes co-expressed with 10 genes (INFγ, six ICPs, and three ICPRGs) between INFγ positive and negative tumors. There are 151 unique genes in IFNγ positive tumors, 73 unique genes in IFNγ negative tumors, and 67 unique genes in normal tissue.


We then employed a Pearson correlation analysis to study the co-expression of IFNγ with the three newly identified potential ICPRGs in IFNγ positive and negative tumors as well as in normal controls. In IFNγ positive tumors, all three novel ICPRGs were co-expressed with IFNγ/CD8A and three known ICPs (IDO1, Tim3, and LAG3) within one network (total 119 genes: GBP1 and GBP4 correlated with IDO1, LAG3, and CD8A; IFI30 correlated Tim3) (Figure 3C). Moreover, GBP1 and GBP4 were identified as potential hub genes due to their substantial number of co-expressed genes (n > 70). In IFNγ negative tumors, IFI30 was co-expressed with 97 genes including Tim3 and PDL1 (but not with CD8/CD4) while GBP1 and GBP4 were only co-expressed with STAT1 (signal transducer and activator of transcription 1) but not with IFI30 or with IFNγ (Figure 3D). In normal colonic tissue, GBP1 and GBP4, were co-expressed within an 8 gene network, including STAT1 and GBP5 but not in association with IFNγ or IFI30 (Figure 3E), though IFI30 is strongly expressed in normal tissue (Table S9).

To address whether protein expression correlates with quantification of identified genes, we took advantage of two critical databases: Clinical Proteomic Tumor Analysis Consortium and The Pathology Atlas. The Clinical Proteomic Tumor Analysis Consortium CPTAC) (https://cptac-data-portal.georgetown.edu/) contains mass spectroscopy (MS) analyses of a cohort of 95 CRCs. By analysis of these data, we found that IFI30, GBP1, and GBP4 proteins are more abundantly expressed than are IDO1 and PD1 in this 95 CRC cohort (Figure S1A) (data pertaining to PDL1, Tim3, LAG3, CTLA4, and IFNγ are not available from this database) which is consistent with our findings that IFI30, GBP1, and GBP4 mRNAs (Table S9) were more abundant than six classical ICPs in our Indivumed and TCGA cohorts (Table S7).

Regarding the Pathology Atlas (https://www.proteinatlas.org/humanproteome/pathology), comprised of 5 million immunohistochemistry (IHC) images of different types of cancer, we compared the IHC data of the three novel ICP related genes and 5 classical checkpoint genes (ICPs) (CTLA4 is not available in this database) in CRC, breast cancer (BC), stomach cancer (STC) and skin cutaneous melanoma (SKCM). While 5 classical ICP proteins had low percentage staining (5–11%), the three ICP related proteins had high percentage staining (60–78%) in CRC and three other types of cancer (Figure S1B). This conclusion supports our findings that the proteins pertaining to the novel ICP related genes (Table S9), are not only markedly upregulated but are much more abundantly expressed than are the classical ICPs (Table S7) within tumor tissue, thus strongly supporting our gene expression data.

To gain insight into potential function of such genes in CRC, we sequenced six colon cancer cell lines (HCT15, SW480, SW620, SW116, HT29, HCT116, Colo205) and two normal colon cell lines (CCD841, HCoEpiC) and found that all 8 cell lines (both tumor and normal) had low expression of these three ICP related genes, IFNγ and six classical ICPs compared to primary tumors and normal tissues in HCA and PCA analyses (Figures S2A,B). The data again emphasize key differences between cell lines and primary tumors and that future functional studies, such as RNA silencing or over-expression of IFI30, GPB1, and GBP4 should be performed in primary tumors to evaluate the function of such factors in the tumor microenvironment context.



Identification of Uniquely Co-expressed Genes in IFNγ Positive vs Negative Tumors as Well as Normal Control Tissues

Because IFNγ, the six ICPs and the three ICPRGs were co-expressed with different numbers of genes in IFNγ positive and negative tumors, as well as in normal controls, we identified non-overlapping as well as overlapping genes among these groups (Figures 2A–C, 3C–F) and consequently determined their related pathways with David Bioinformatics (25, 29). The results demonstrate that (i) in IFNγ positive tumors, 10 ICP and ICPRG genes (IFNγ, six ICPs and three ICPRGs) were uniquely co-expressed with 151 genes mainly related to CD8 T cell activation, inactivation, cytotoxicity, co-stimulation, response to vitamin A (TH differentiation) and Wnt/β-catenin signaling (T cell development); (ii) in IFNγ negative tumors, three ICP and ICPRG genes (PDL1, Tim3, and IFI30) were uniquely co-expressed with 73 genes mainly related to B cell and macrophage activation, B cell antigen presentation, B cell response to lipopolysaccharide, wound healing/B cell maturation and EGFR signaling/B cell differentiation; (iii) in normal controls, 5 ICP and ICPRG genes (PD1, CTLA4, Tim3, GBP1, and GBP4) were uniquely co-expressed with 67 genes mainly related to T cell inhibition/MDSC2, lymph node development, induction of apoptosis, B cell proliferation and endoplasmic reticulum signaling/cell cycle (Tables 1A–C, Table S8). These data suggest the possible presence of distinct ICP/ICPRG involved in pathological and physiological pathways among IFNγ positive and negative tumors (two CRC subtypes) as well as in normal colonic tissues.


Table 1. IFNγ dosage dependent immune checkpoint gene related pathways.
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Close Association of IFNγ With T Cell Gene Expression in IFNγ Positive CRC

As indicated in our evaluation of NGS for gene quantification (see Methods above), in IFNγ positive tumors, higher expression levels of IFNγ correlated specifically with higher expression levels of T cell related genes including CD8α (3.5-fold), CD3ε (2.0-fold), CD4 (1.3-fold), and FOXP3 (1.5-fold) compared to IFNγ negative tumors (p < 0.05) but not with expression levels of genes pertaining to other immune cells (p > 0.05), including B cells (CD19), neutrophils (CD11b), M1 macrophages (ARG1 and ARG2), and M2 macrophages (ARG2 and CCR7) (Figure 4A). In contrast, there were no differences (p > 0.05) in expression of the above 9 immune cell specific genes in normal tissues from patients with IFNγ positive vs. negative CRC (Figure 4B). As for T cell related cytotoxins, essential in tumor killing, stacked FPKM of 8 genes (PRF1, GZMM, GZMK, GZMH, GZMB, GZMA, FASLG, and FAS) demonstrated that these genes were more highly expressed 1.7-fold (P = 0.037) in IFNγ positive tumors compared to IFNγ negative tumors (Figure S3A). Eleven co-stimulatory genes (C10orf54 [B7-H5], BTLA4, CD86, CD80, ICOS, CD28, CD27, CD40, TNFRSF9 [4-1BB], TNFRSF18 [GITR], TNFRSF4 [OX40]) (30, 31) were expressed at higher (1.5-fold) levels in IFNγ positive vs. IFNγ negative CRC, but this did not reach statistical significance (p = 0.30) (Figure S3B). Moreover, stacked FPKM of 9 caspases (CASP2 to CASP10) (Figure S3C) and 9 cell cycle related genes (PRKDC, H2AFX, FANCD2, BRCA2, BRCA1, CHEK1, ATR, ATM) (Figure S3D) demonstrated that these genes were not significantly upregulated in IFNγ positive vs. negative tumors. These findings suggest that although IFNγ may upregulate CTL-associated proteins, it does not directly affect expression of co-stimulatory molecules (required for full T cell activation), caspases and cell cycle related genes, critical factors contributing to T cell activation and function.
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FIGURE 4. Close association of IFNγ with T cells in tumor but not in normal tissues. (A) Box and Whisker plot of immune cell genes in IFNγ positive CRCs. Upregulation (P < 0.05) of T cells (CD8A, 3.5-fold; CD3E, 2.0-fold; CD4, 1.3-fold; FOXP3, 1.5-fold) but not B cell (CD19) (1.2-fold, P = 0.38), neutrophil (CD11b) (1.4-fold, P = 0.079), M1 (ARG1) (0.68-fold, P = 0.62), (ARG2) (1.0-fold, P = 0.87), or M2 (ARG2, CCR7) (1.2-fold, P = 0.30) leukocyte-related genes in IFNγ positive CRC vs. negative CRC. (B) Box and Whisker plot of immune cell genes in normal colon tissue. No upregulation (P > 0.05) of T cells (CD8A, 0.93-fold; CD3E, 1.0-fold; CD4, 1.0-fold; FOXP3, 1.1-fold), B cell (CD19) (1.4-fold), neutrophil (CD11b) (1.1-fold), MDSC1 (ARG1) (1.0-fold), (ARG2) (0.97-fold), or MDSC2 (ARG2, CCR7) (1.2-fold) leukocytes related genes in tissues adjacent to IFNγ positive and negative CRCs.


In exploring further correlates of immune activation in tumors, we examined the relationship between IFNγ expression and thirteen DNA mismatch repair enzymes (MMR) (PMS2P5, PMS2P4, PMS2P3. PMS2P1, PMS2CL, PMS2, PMS1, MSH6, MSH4, MSH3, MSH2, MLH3, and MLH1), because the loss of DNA MMR function is associated with increased expression of neoantigens, immune cell recruitment and induction of ICPs (32). We did not find a difference between IFNγ expression and expression of 13 DNA MMRs (1.0-fold) (p = 0.86) in IFNγ positive vs. negative tumors (Figure S3E). Although the MSS/MSI status was available for only 7 CRCs in our cohort, 5 MSS CRCs, and two MSI CRC (Table S1), we found that all 10 genes (IFNγ, six ICPs, and three ICPRGs) were upregulated in MSI CRC compared to MSS CRC but this did not reach statistical significance (P = 0.31) in this small sample size (Figure S3F). Thus, the relationship between IFNγ upregulation and the presence or loss of the MMRs and MSI/MSS status needs to be studied further.



Validation of IFNγ Dependent Expression of Six Classical ICPs and Three ICPRGs in a Larger CRC Cohort

To further define the dosage impact of IFNγ on the expression of six ICPs and three ICPRGs, we generated six IFNγ expression level gradients 1 IFNγ: FPKM > 5 (4 CRCs); (1) IFNγ: FPKM = 4.9–2 (20 CRCs); (2) IFNγ: FPKM = 1.99–1(44 CRCs); (3) IFNγ: FPKM = 0.99–0.5 (73 CRCs); (4) IFNγ: FPKM = 0.49–0.01 (467 CRC); and (5) IFNγ: FPKM < 0.009 (107 CRCs) in 716 CRCs (Indivumed [79 CRCs] and TCGA [637 CRCs]) (Figure 5A) and examined the impact of the levels on expression of the ICPs and ICPRGs examined in our more limited cohort. We found that the expression level of IFNγ was highly co-related (cc > 0.94) with expression levels of the six ICPs and three ICPRGs across the six IFNγ gradients (Figure 5B).
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FIGURE 5. IFNy dependent expression of six ICPs (PDl, PDLl, CTLA4, IDOl, LAG3, Tim3) and three ICPRGs (IFI30, GBPl, GBP4) in 716 CRCs. (A) Classification of INFγ into six expression gradients in 716 CRCs. (B) IFNγ dosage dependent expression positive correlation (cc > 0.94) with six ICPs and three ICPRGs across six IFNγ expression level gradients (six CRC subsets).


Regarding expression of ICPs and ICPRGs in matched normal control tissues, we found no differential expression of IFNγ, six ICPs and three ICPRGs between normal tissues adjacent to IFNγ positive vs. negative tumors (Tables S10, S11).



Further Confirmation of IFNγ Dependent Expression of Six Classical ICPs and Three ICPRGs Among Five Other Solid Cancer Types

To evaluate whether our findings regarding IFNγ-associated expression of six classical ICPs and three ICPRGs in CRC also applied to distinct tumor types, we compared the overall stacked log2 expression of the six ICP genes and three ICPRGs in the following tumor types: 103 skin cutaneous melanomas (SKCMs); 1,105 breast cancers (BCs); 184 esophageal cancers (ESCs); 416 stomach cancers (STCs); and 501 lung squamous carcinomas (LUSC) all from the TCGA database. Similar to the CRC findings, the overall stacked log2 FPKM expression levels of six classical ICPs [CRC: (1.73-fold, p = 0.58), SKCM: (3.2-fold/p = 0.10), BC: (27.8-fold/P = 0.051), ESC: (2.1-fold/p = 0.39)], STC: (1.9-fold/ p = 0.51) and LUSC: (4.4-fold/ p = 0.10)] (Figure S4A) and three ICPRGs [CRC: (4.3-fold/ p = 0.29), SKCM: (5.4-fold/ p = 0.27), BC: (3.6-fold/ p = 0.33), ESC: (2.8-fold/ p = 0.36), STC: (3.1-fold/ p = 0.36) and LUSC: (2.9-fold/ p = 0.47)] (Figure S4B) were increased (1.7 to 27.8-fold) in IFNγ positive (FPKM > 1) tumors vs. IFNγ negative (FPKM < 1) tumors across these cancers but without statistical significance.

Because these three ICPRGs have the potential to be novel actionable targets in cancer therapy, we further examined these individual genes by Box and Whisker plots of log2 FPKM expression levels in IFNγ positive and negative tumors of CRC, SKCM, BC, ESC, STC, and LUSC. IFI30, GBP1 and GBP4 were upregulated 2-8-fold (p < 0.0001) in IFNγ positive tumors vs. IFNγ negative tumors (Figure 6) in each of the six tumor types. Among these six cancers, only STC had a higher abundance (average FPKM) of IFI30, GBP1, and GBP4 (469, 78, 54) than did CRC (334, 47, 25) in the IFNγ positive tumors (Table S12). These three ICPRGs were also 24-fold more abundant than six ICPs in 5 types of normal tissues adjacent to BC, STC, LUSC, ESC, and CRC (Table S13) again raising the issue of whether these three genes are involved in a universal tolerance mechanism for normal tissues.
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FIGURE 6. IFNγ dependent expression of three ICPRGs among five other solid cancers in Indivmed and TCGA cohort. Box and Whisker analysis of three ICPRGs in six types of cancer. Higher three ICPRGs and IFNγ expression in IFNγ (+) 69 CRCs (IFI30, 2.9-fold; GBP1, 4.6-fold; GBP4, 7.9-fold; and IFNγ, 44-fold), 13 SKCMs (IFI30, 4.6-fold; GBP1, 8.5-fold; GBP4, 8.3-fold; and IFNγ, 55-fold), 85 BCs (IFI30, 2.3-fold; GBP1, 4.9-fold; GBP4, 4.5-fold; and IFNγ, 19-fold), 13 ESCs (IFI30, 2.0-fold; GBP1, 4.5-fold; GBP4, 4.1-fold; and IFNγ 28-fold), 71 STCs (IFI30, 2.5-fold; GBP1, 4.5-fold; GBP4, 6.2-fold; and IFNγ 23-fold), and 68 LUSCs (IFI30, 2.6-fold; GBP1, 3.4-fold; GBP4, 4.1-fold; and IFNγ 17-fold), vs. IFNγ (–) 647 CRCs, 90 SKCMs, 1,020 BCs, 171 ESCs, 345 STCs, and 433 LUSCs.


Strikingly in LUSC, all 68 IFNγ positive tumors had high expression of PD1 (FPKM > 1) while all 434 IFNγ negative tumors had low expression of PD1 (FPKM < 1) with a statistically significant 4.8-fold difference (Figure S5). These data suggest a dosage effect of IFNγ with respect to consequent expression of the six ICPs as well as for the three ICPRGs in six solid tumor types.



Correlation of Immune Genes With Clinical Parameters in CRC

To address this issue, we separated by stage the 129 CRC pairs (79 CRC pairs as well as 50 CRC pairs/TCGA_38 cohort) into 57 low stage tumors (TNM stage I/II) and 82 high stage tumors (TNM stage III/IV) and found that there was no significant difference (p = 0.81) in the expression of IFI30, GBP1, GBP4, PD1, PDL1, CTLA4, Tim3, LAG3, IFNγ, and IDO1 between low and high stage CRCs (Figure S6). Because the tumor genetic profile may impact survival, we analyzed the Pathology Atlas data and found that (i) higher expression of IFI30, GBP1 and GBP4 was associated with better 5-year survival rate in breast cancer as well as in skin cutaneous melanoma, (ii) higher expression of GBP1 and GBP4 was associated with better 5-year survival rate in colorectal and stomach cancer, and (iii) higher expression of IFI30 was associated with worse 5-year survival rate in colorectal and stomach cancer (Table S14). These data suggest that any impact of IFI30, GBP1, and GBP4 on tumor response to diverse therapeutics is likely tumor type and context- dependent, clearly warranting further study.




DISCUSSION

Although IFNγ secreted by immune cells promotes growth arrest of tumors by augmenting MHC class I expression, contributing to the recruitment of effector cells, mediating Treg fragility and coordinating innate and adaptive antitumor responses (33, 34), IFNγ signaling can also compromise antitumor immunity by blocking these activities through the induction of immune checkpoint inhibitory molecules on T and tumor cells (35). The overall balance and timing of IFNγ expression over the course of tumor development and the downstream consequences likely critically determine an effective vs. suppressive immune response and an immunologic profile of consideration for immunotherapeutic approaches to treatment (36). In this study, we first demonstrated the specific upregulation and co-expression of six ICPs associated with higher expression of IFNγ in CRC. These data provide the molecular basis of using more than one ICP blocker in CRC with higher IFNγ expression but not lower IFNγ expression. Then, by analysis of genes co-expressed with IFNγ, we discovered three IFNγ associated ICPRGs. These three ICPRGs are expressed at higher abundance in CRC compared to the classical ICPs (except IDO1). Furthermore, there was differential co-expression of IFNγ with other immunologically pertinent genes between IFNγ positive and negative CRCs. IFNγ, the six ICPs, and the three ICPRGs were mainly co-expressed with T cell genes related to T cell activation, cytolysis and co-stimulation in IFNγ positive tumors while 2 ICPs and one ICPRG, but not IFNγ, were mainly co-expressed with B cell genes related to B cell activation, antigen presentation and response to lipopolysaccharide in IFNγ negative tumors. These data indicate dosage dependence of IFNγ on immune regulatory mechanisms in CRC. Finally, the co-upregulation of IFNγ with six ICPs as well as three ICPRGs was strongly supported by findings in the TCGA cohorts of melanoma, colon, breast, esophageal, stomach, and lung cancer. Thus, in addition to factors such as microsatellite stability status, tumor mutational burden, and expression of checkpoint inhibitory molecules, high IFNγ expression levels could potentially be investigated as a predictive biomarker for the potential for immune responsiveness of a tumor.

In our evaluation of the six classical ICPs, LAG3 appears to be a critical hub gene with the greatest number of co-expressed genes and though upregulated in IFNγ positive tumors, was downregulated and lacking co-expressed genes in IFNγ negative tumors. Thus, LAG3 may be a marker of biologically meaningful expression levels of IFNγ and an important drug target for CRC therapy in IFNγ positive CRC. The molecular mechanisms of LAG3 immune suppression have not been extensively defined. An additional ICP expressed at higher abundance compared to the other well-known ICP was IDO1, a rate-limiting metabolic enzyme that converts tryptophan into immune suppressive kynurenines (37). IDO1 is highly expressed in multiple types of human cancer (38) and studies indicate that while single-agent treatment with IDO1 enzyme inhibitor may not substantially decrease the established cancer burden, approaches combining select therapies with IDO1 blockade may have additive or synergistic effects, as shown in animal studies (39).

Based on their co-expression with six classical ICPs and with T cell markers, it is likely that the newly identified IFNγ related proteins, IFI30, GBP1, and GBP4 are immunomodulatory and may serve, in some tumors, as ICPs. That GBP1 and GBP4 are directly co-expressed with CD8A suggests the correlation of the three ICPRGs with a higher basal level of CD8A related infiltration in IFNγ positive CRC. It is well known that CD8+ T-cell infiltrates predict favorable prognosis in the majority of cancer types (40). In fact, GBP1 and GBP4 were associated with a favorable prognosis in 4 types of cancer (CRC, SKCM, BC, and STC) according to the Pathology Atlas analysis. These data are consistent with the evidence [KEYNOTE-001 trial/pembrolizumab (anti-PDL1) treatment] (41, 42) that high expression of PDL1, a classical immune suppressive check point molecule was associated with better survival among pembrolizumab-treated NSCLC and melanoma patients.

The immune and tumor related nature of these three genes are supported by the following published data: (i) IFI30 suppresses mouse primary T cell reactivity in vitro and mouse autoimmunity through cellular redox chemistry and ERK1/2 phosphorylation in vivo, promotes cell proliferation of a glioma cell line, but IFI30 RNA has been associated, with better patient survival rate in breast cancer and diffuse large B cell lymphoma (DLBCL) (9–14), (ii) GBP1 suppresses TCR signaling through lymphocyte cell-specific protein-tyrosine kinase and IL2 production in a human T cell line promotes cell proliferation/anti-apoptosis of a glioblastoma and two breast cancer cell lines, but inhibits cell proliferation of a colon cancer line. Furthermore, GBP1 reduces radioresistance of two human oral and liver cancer cell lines and correlates with better prognosis in melanoma but with poorer prognosis in human glioblastoma (15–21), (iii) GBP4 inhibits innate responses to viral infection (22) but lacks known tumor related functions to date. Thus, both knock-down and overexpression of these three genes should be tested in the future experiments to define the exact roles of these proteins within specific contexts. Additionally, there is the potential that inhibiting or stimulating them could change responses to infection and autoimmunity given their abundant expression in normal colonic tissues.

The co-expression of CTLA4 and PD1 with predominantly B cell markers and the co-expression of GBP1/GBP4 with six genes mainly related to anti-viral and microbial infection in normal intestinal epithelium [CXCL9, GBP5, STAT1, PARP9 (Poly ADP-Ribose Polymerase 9), TRAFD1 (Type Zinc Finger Domain Containing 1), and UBE2L6 (ubiquitin conjugating enzyme E2 L6)] suggest that maintenance of homeostasis, challenged by commensal bacteria, food antigens and potential autoantigens, may be maintained by B regulatory cell induction of ICPs (43–45). The relationship of these factors to mechanisms of intestinal tolerance and immunity clearly requires further study.

In summary, by applying NGS to study the expression of six classical ICPs and their co-expression networks, we found not only the well-established connection between IFNγ and the expression of ICPs in CRC, a relatively immunotherapy-refractory tumor type, but also, a novel set of ICPRGs as well as potential new hub genes which may be potential therapeutic targets. This study also provides comprehensive ICP co-expression information and fortifies the importance of NGS profiling in CRC and other tumors. The expression of higher abundance and novel ICPRG genes, including IFI30, GBP1, and GBP4, requires further evaluation of protein expression levels and immune inhibitory function in tumors.
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CD73, a cell surface 5′nucleotidase that generates adenosine, has emerged as an attractive therapeutic target for reprogramming cancer cells and the tumor microenvironment to dampen antitumor immune cell evasion. Decades of studies have paved the way for these findings, starting with the discovery of adenosine signaling, particularly adenosine A2A receptor (A2AR) signaling, as a potent suppressor of tissue-devastating immune cell responses, and evolving with studies focusing on CD73 in breast cancer, melanoma, and non-small cell lung cancer. Gastrointestinal (GI) cancers are a major cause of cancer-related deaths. Evidence is mounting that shows promise for improving patient outcomes through incorporation of immunomodulatory strategies as single agents or in combination with current treatment options. Recently, several immune checkpoint inhibitors received FDA approval for use in GI cancers; however, clinical benefit is limited. Investigating molecular mechanisms promoting immunosuppression, such as CD73, in GI cancers can aid in current efforts to extend the efficacy of immunotherapy to more patients. In this review, we discuss current clinical and basic research studies on CD73 in GI cancers, including gastric, liver, pancreatic, and colorectal cancer, with special focus on the potential of CD73 as an immunotherapy target in these cancers. We also present a summary of current clinical studies targeting CD73 and/or A2AR and combination of these therapies with immune checkpoint inhibitors.

Keywords: CD73, adenosine, gastrointestinal cancers, immunosuppression, immunotherapy


INTRODUCTION

Gastrointestinal (GI) cancers are some of the most common cancers worldwide and a major cause of cancer-related deaths (1–5). Immune checkpoint inhibitors (ICIs), including pembrolizumab (Keytruda) and nivolumab (Opdivo), antibodies against programmed death-1 (PD-1), recently gained Food and Drug Administration (FDA) approval for use in GI cancers (Table 1) (6–11). While their approval has been a significant step forward in advancing clinical care, currently, few patients benefit (12). Patients benefiting the most tend to have tumors harboring deficient DNA mismatch repair (dMMR) and high microsatellite instability (MSI-H) (8, 13). dMMR and MSI-H occur together at a consistency of 90–95% (referred to as dMMR/MSI-H) (14, 15). MMR deficiency leads to high mutational rates and subsequently high presence of neoantigens, making tumor cells more likely to be recognized and destroyed by antitumor immune cells (8, 13, 16–18). Tumor-infiltrating lymphocytes are abundant in dMMR/MSI-H tumors and associate with favorable prognosis (19, 20). For comparison, the somatic mutation frequency of dMMR/MSI-H tumors is 10–100-fold to that of proficient MMR tumors (21). In contrast, ICIs as single agents have not shown meaningful benefit for proficient MMR tumors (8), which are the vast majority of GI cancer cases. MSI-H tumors account for 6–22% of gastric, 1% of pancreatic, 3% of liver, and 14–16% of colorectal cancers (22–27). Antibodies against PD-1/programmed death-ligand 1 (PD-L1) or cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) are the most clinically advanced immunotherapy in cancer (12). The PD-1/PD-L1 axis promotes adaptive immune resistance by suppressing effector T cells and promoting the differentiation of regulatory T cells (Tregs). CTLA-4 also is a negative regulator of T cells; its engagement of B7-1 or B7-2 on antigen-presenting cells inhibits T cell activation (12). Preclinical and clinical efforts are pushing forward with combination ICI therapy as well as ushering in different approaches to harness the immune system to extend immunotherapy efficacy to more patients, including vaccines and viral therapy, adoptive cell transfer, and cytokine treatment (12, 28). Challenges with improving efficacy include overcoming immunosuppression activity by the tumor microenvironment, unmasking pre-existing immune cell activity, and the ability to stimulate de novo immunogenicity (29). In recent years, antibodies and small molecular inhibitors against CD73 have made their way into clinical trials as an attractive target for restoring antitumor immunity (30–44). This review provides a summary of current literature for CD73 in GI cancers and its potential as an immunotherapy target. We also discuss current clinical trials targeting CD73 and adenosine receptors in combination with ICI and conventional therapy and the clinical implications to GI tumors.


Table 1. Summary of Food and Drug Administration approved immune checkpoint inhibitors in GI cancers.
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CD73 AND ADENOSINE RECEPTOR ACTIVITY PROMOTES IMMUNOSUPPRESSION

Ecto-5′nucleotidase (NT5E; CD73) serves as a pacemaker for generating extracellular adenosine. With tissue damage, inflammation, and hypoxic stress, ATP is released from stressed, necrotic, and/or apoptotic cells and is hydrolyzed stepwise by ectonucleoside triphosphate diphosphohydrolase-1 (CD39), converting ATP to AMP, and CD73, converting AMP to extracellular adenosine (Figure 1). ATP's activation of ATP receptors promotes inflammation, whereas subsequent breakdown of ATP to extracellular adenosine and activation of adenosine receptors dampens inflammation (Figure 1) (45–47). Extracellular adenosine signals though four adenosine receptors: A1R, A2AR, A2BR, and A3R (48). The earliest link of extracellular adenosine to immunosuppression include studies on the anti-inflammatory activity of methotrexate (49) and seminal studies revealing A2AR signaling as essential in suppressing tissue-devastating inflammation (50). Extracellular adenosine protects tissues by dampening inflammation with myocardial injury (51–53), acute lung injury (54–58), intestinal ischemia-reperfusion injury (59–61), and inflammatory bowel disease (62–65). Tumors exploit extracellular adenosine' to protect the cancer cells. Extracellular adenosine accumulates in tumors and suppresses cytotoxic T cells and natural killer cells (66–68). Multiple studies using syngeneic and/or spontaneous tumor models show tumor growth and metastasis is significantly reduced by genetic deletion or pharmacological blockade of CD73 or A2AR; this effect is largely due to restoring antitumor immunity (30–44, 67–70). These mice also benefit from increased chemotherapy sensitivity (36, 71) and reduced angiogenesis (71, 72). In line with these studies, many human tumors overexpress CD73 and associates with poor prognosis (36, 73–78). CD73 is also linked to drug resistance, epithelial-to-mesenchymal transition (EMT), and cancer cell proliferation and stemness (76, 79–84). Tumors also grow slower in A2BR-deficient mice and mice treated with A2BR antagonists (85–87). For the most part, activation of A2AR and to a lesser extent A2BR on several types of immune cells, summarized below, promotes immunosuppression (Figure 1).


[image: Figure 1]
FIGURE 1. Extracellular adenosine synthesis, adenosine receptor signaling, and adenosine-mediated immunosuppression. Extracellular adenosine and receptor signaling is part of a large cascade of ecto-enzymes (e.g., CD39, CD73), membrane transporters (e.g., ENTs), and G-protein-coupled (e.g., P2YR, adenosine receptors) and ionotrophic receptors (e.g., P2XR) known as the purinergic pathway. The purinergic pathway mediates both pro-inflammatory and anti-inflammatory responses. The breakdown of extracellular adenosine triphosphate (ATP) to extracellular adenosine is key to balancing tissue inflammation. Intracellular ATP is released by lytic (e.g., stressed and/or apoptotic/necrotic cells) and non-lytic (e.g., pannexin-1 and connexins) routes secondary to tissue damage, inflammation, and/or hypoxia. Once released, ATP activates ATP receptors (e.g., P2XR and P2YR) to promote pro-inflammatory responses, including the release of inflammatory cytokines promote lymphocyte proliferation, cell mobility, and phagocyte recruitment. ATP is dephosphorylated to extracellular adenosine by CD39, converting ATP and adenosine diphosphate (ADP) to adenosine monophosphate (AMP), and CD73, converting AMP to adenosine. Extracellular adenosine signaling through adenosine receptors (e.g., A1R, A2AR, A2BR, A3R) promotes anti-inflammatory responses, including the release of pro-tolerance cytokines, regulatory lymphocytes, and skewing toward M2 macrophages. Extracellular adenosine also can be taken up intracellularly by equilibrative nucleoside transporters (e.g., ENTs) or be further metabolized to inosine (e.g., ADA/CD26). A2AR and A2BR signaling stimulate adenylate cyclase to produce cyclic AMP (cAMP) which activates protein kinase A (PKA). A1R and A3R signaling inhibit adenylate cyclase. Adenosine receptors can activate multiple signaling pathways (e.g., MAPK, PI3K, PLC, PKC, ion channels), depending on cell and tissue types. Tumors exploit the anti-inflammatory actions of extracellular adenosine to evade antitumor immune cells. A3R activation on mast cells promotes tumor microenvironment (TME) remodeling and angiogenesis, increases the population of M2 macrophages, and promotes the accumulation of myeloid-derived suppressor cells (MDSCs) in tumors. A2AR activation on T regulatory cells (Tregs) enhances their immunosuppressive activity (e.g., suppressing effector T cells). A2AR and/or A2BR activation on natural killer (NK) cells, dendritic cells, and effector T cells dampens the antitumor activity of these cells. Abbreviations: ectonucleoside triphosphate diphosphohydrolase-1 (CD39), ecto-5′nucleotidase (CD73), adenosine deaminase (ADA), phospholipase C (PLC), protein kinase C (PKC), diacylglycerol (DAG), phosphatidylinositol 4,5-bisphosphate (PIP2), inositol trisphosphate (IP3), mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K).



Effector T Cells and T Regulatory Cells

A2AR is upregulated during inflammation on effector T cells. Its activation inhibits effector T cell proliferation, cytotoxic activity, and cytokine production [e.g., tumor necrosis factor-α (TNF-α), interferon-gamma (IFN-γ), interleukin-2 (IL-2)] (88–90). Whereas, A2AR activation on T regulatory (Treg) cells promotes Treg expansion and immunosuppressive activity [e.g., increasing forkhead box P3 (FoxP3) expression] (91). Mechanistically, these actions are linked together in a self-reinforcing loop. CD73 on Tregs generates extracellular adenosine and activates A2AR on effector T cells, suppressing effector T cell activity. Extracellular adenosine additionally activates A2AR on Tregs, promoting their expansion and activity (92). Human Tregs rarely express cell surface CD73 (93, 94), unlike mouse Tregs (92, 95). Instead, CD73 expression by surrounding cells or exosomes is considered to produce the extracellular adenosine. CD73 is expressed by populations of immune cells, stromal cells, epithelial and endothelial cells, cancer cells, and exosomes (96–98). Recently, CD39 co-expression with CD103 (integrin αE) was identified as a marker of antigen specific, tumor-reactive CD8+ T cells, having resident memory and a high capacity of recognizing and killing autologous tumor cells (99). These cells may be a strategy to improve adoptive cell therapy, which is limited by the ability to identify and expand tumor-reactive CD8+ T cells. Here, using CD39+ CD103+ to enrich the cells prior to in vitro expansion may increase therapy success (99). Many ongoing studies are directed at capturing and/or reinvigorating T cell-mediated antitumor responses. These studies will provide greatly to new approaches for extending and improving immunotherapy efficacy in cancer. A2AR activity also promotes peripheral T cell tolerance, skewing T cell differentiation from adaptive effector cells to adaptive FoxP3+ lymphocyte activation gene-3 (LAG-3)+ Tregs (100).



Natural Killer Cells

A2AR activation on natural killer (NK) cells inhibits NK cell maturation, proliferation, activation, production of cytotoxic cytokines (e.g., IFN-γ and TNF-α), and target cell killing (38, 101–107). Whereas, genetic deletion or pharmacological blockade of A2AR or respiratory hyperoxia restores NK cell maturation, proliferative capacity, and cytotoxic function, which improves control over tumor growth, delays tumor initiation and suppresses tumor metastasis (38, 101, 102). CD73 and/or A2AR blockade or supplemental oxygen in combination with therapies promoting NK cell activity may be relevant strategies to enhance antitumor immunity. Whole-body exposure to 60% oxygen reduces tumor growth by reversing hypoxia-extracellular adenosine-mediated immunosuppression. In these preclinical studies, extracellular adenosine levels and CD39, CD73, A2AR, and A2BR gene expression decreases and coincides with increased antitumor immunity (102, 108). Hypoxia-inducible factors (HIFs) are strongly linked to increasing CD73 (109), A2AR (110), and A2BR (111) gene expression and collaborates to increase extracellular adenosine/adenosine receptor signaling for dampening inflammation (46, 47). Interestingly, recent studies show tumor cells can reprogram NK cells to gain immunosuppressive functions [e.g., increase IL-10 and transforming growth factor-β (TGF-β) production via signal transducer and activator of transcription 3 (STAT3) transcriptional activity, suppressing IFN-γ production] (112). The effects are not mediated through adenosine receptors, suggesting other mechanisms are involved and may not involve the production of extracellular adenosine (112).



Myeloid-Derived Suppressor Cells and Tumor-Associated Macrophages

CD39 and CD73 are upregulated on CD11b+ CD33+ peripheral blood and tumor-associated myeloid-derived suppressor cells (MDSCs) via TGF-β, which their ectonucleotidase activity inhibits T cell and NK cell activity (113). Granulocytic MDSCs expressing high CD39 and CD73 are described in colorectal cancer patients. These cells were found to exert robust immunosuppressive features (e.g., high PD-L1 expression) and activity that could be dampened by blocking CD39/CD73 (114). A2BR activation preferentially promotes the expansion and intratumoral accumulation of CD11b+ Gr1+ MDSCs (115). CD11b+ Gr1+ MDSCs express high CD73, which limits T cell proliferation. CD73 is also considered to facilitate MDSC expansion by generating extracellular adenosine to activate A2BR on myeloid progenitors (115). Accordingly, blocking A2BR reduces CD11b+ Gr1+ MDSCs immunosuppression and accumulation in tumors (87). Extracellular adenosine generated by cancer cells can recruit tumor-associated macrophages (TAMs), which their endonucleotiase activity, in collaboration with CD73 expression on other cells of the tumor microenvironment, further contributes (e.g., suppressing antitumor CD4+ T cell proliferation) to extracellular adenosine-mediated immunosuppression in tumors (116).



Dendritic Cells

Dendritic cells (DCs) transport tumor antigens to cytotoxic T lymphocytes for mounting antitumor immunity. A2BR activation on DCs inhibits their mobility, due to chemokine receptor downregulation, and they become tolerigenic to the tumor microenvironment (117–119). For instance, A2BR activation on DCs results in impaired allostimulatory activity and the expression of high levels of angiogenic, immunosuppressive, and tolerigenic factors [e.g., vascular endothelial growth factor (VEGF), IL-8, IL-6, IL-10, TGF-β, and idoleamine 2,3-dioxygenase (IDO)] (118). These cells cannot prime CD8+ T cells and T helper type 1 (Th1) immune responses (118–121). A2BR binding also inhibits monocyte differentiation to DCs (118, 119). A2BR blockade promotes DC activation (e.g., increased CD86 expression on CD11b- DCs), increases CD4+ and CD8+ T cell IFN-γ production, and tumor cell IFN-γ and CXCL10 expression (86), which supports the therapeutic potential of A2BR antagonists in enhancing antitumor immunity. Pharmacological agents for blocking A2BR are in clinical trials (e.g., NCT03274479; see Clinical implications section).




PRECLINICAL STUDIES TARGETING CD73 AND ADENOSINE RECEPTORS

CD73's potential as an immunotherapy target has advanced rapidly within the last decade (30–44, 67–70). Current studies focus on combination strategies, including ICIs, adoptive transfer, chemotherapy, and targeted therapy. Preclinical studies show compelling evidence for both CD73 and A2AR blockade in enhancing anti-PD-1 and anti-CTLA-4 therapy. As single agents, both CD73 and A2AR blockade are effective in controlling tumor growth and metastasis. However, the combination of these therapies is far greater at reducing tumor growth, metastatic burden, and prolonging the life of mice. These effects depend on increased IFN-γ production and CD8+ T and NK cell activity (37, 38, 40, 43, 122, 123). Notably, anti-PD-1 therapy is particularly synergized by inhibiting CD73, (37) and studies report A2AR combined with anti-PD-1 therapy is most effective with cancer cells expressing high CD73. The latter suggests CD73 expression may stratify patients likely to benefit from anti-PD-1 therapy-A2AR blockade combination (122, 123). In melanoma, CD73 is a poor pretreatment biomarker for immunotherapy, however, its expression level in relapse tumors has predictive value (41). Therefore, CD73 as a biomarker may be tumor and sample (e.g., primary, metastasis, relapse) specific. Ciforadenant (formerly, CPI-444), an oral A2AR antagonist, recently completed a first-in-human study in patients with renal cell cancer (124). Preclinical studies have shown ciforadenant combined with anti-PD-L1 or anti-CTLA-4 therapy eliminates tumors in up to 90% of mice, restores antitumor immunity, and is effective in mice that failed prior anti-PD-L1 or anti-CTLA-4 therapy (68). Moreover, ciforadenant produced an antitumor memory response in which tumor growth was completely inhibited in mice with cleared tumors when later rechallenged (68). In clinical trials, cirforadenant combined with atezolizumab (anti-PD-L1 therapy) provide great disease control and survival benefit in patients, yet without high objective response rates (124). While reasons are unclear, the Fong and colleagues predict the response is due to persistent antitumor immunity that maintains durable control over tumor growth (124). Monotherapy ciforadenant also provided disease control in some individuals (124). Mechanistically, ciforadenant suppresses the expression of multiple checkpoint pathways on CD8+ effector T cells and CD4+ FoxP3+ Tregs and appears to have profound effects in restoring antitumor immunity at the draining lymph nodes by decreasing PD-1 and LAG-3 expression (69). Thus, a significant benefit of A2AR antagonism is its expansion of responsive cytotoxic T lymphocytes (69). A2AR and/or CD73 blockade also improves anti-CTLA-4 therapy efficacy in melanoma (43). Recently, anti-CD73 therapy combined with an agonist antibody to 4-1BB (4-1BB therapy) showed to restore antitumor immunity (125). 4-1BB is an activation-induced T cell costimulatory molecule that enhances cytotoxic T cell and NK cell activity (126, 127). 4-1BB therapy has entered into clinical trials involving GI cancer patients (NCT03330561). Poor efficacy and toxicity have been a concern in the past with 4-1BB therapy (128). Further preclinical studies are warranted.

Cancer vaccines educate the immune system to recognize cancer cells. Targeting A2AR in this setting also represents a promising strategy. Responses to melanoma and lymphoma tumor vaccines are increased in A2AR-deficient mice; these mice showed increased expansion of tumor-specific CD8+ T cells and increased survival compared to wild-type mice (129). The effectiveness of adoptive T cell transfer is also increased with genetic deletion or blockade of CD73 or A2AR. Tumor-bearing mice benefit from improved tumor control and survival due to increased infiltration and activation of adoptive T cells (30, 69, 70).

Additionally, preclinical studies show chimeric antigen receptor T (CAR T) cell efficacy is greatly increased by A2AR antagonism (130). CAR activation increases A2AR expression and suppression of mouse and human CAR T cells, which can be reversed by A2AR antagonism or genetic targeting, increasing the therapy benefit of CAR T cells. Efficacy is increased further by combination therapy (A2AR blockade and anti-PD-1 therapy) (130). Increased CD73 expression is seen in patients progressing under adoptive T cell transfer therapy (41). Accordingly, future approaches targeting CD73 in combination with A2AR blockade, anti-PD-1 therapy, and/or adoptive T cell transfer may prove beneficial. Head-to-head comparison studies blocking CD39 and CD73 (44) or CD73 and A2AR (39) also show promise for significantly increasing antitumor immunity. Co-targeting CD73 with A2AR inhibits the compensatory response of A2AR blockade to increase CD73 (39). Whereas, co-targeting CD39 with CD73 is beneficial by targeting two different mechanisms (44). Blocking CD39 elevates ATP levels. High ATP levels promote DC and macrophage antitumor activity, which adds to the antitumor immunity benefits of blocking CD73 (44). Combining CD73 anti-antibodies or small molecule inhibitors with chemotherapy or targeted therapies [e.g., antibodies against epidermal growth factor receptor (EGFR)] also shows merit in preclinical studies (36, 81). BRAF and MEK inhibitors combined with A2AR blockade show significant benefit in controlling melanoma tumor growth and metastasis in mice (42). A benefit of BRAF and MEK inhibitor combination is that it downregulates CD73 expression (42). Accordingly, this combination strategy provides the advantage of dampening CD73 expression without added drug/antibody therapy. Preclinical studies that focus on GI cancers will be essential in understanding the therapeutic potential of CD73 and/or adenosine receptor blockade in these tumors.



GASTRIC CANCER

Gastric cancer (GC) is the fifth and third most common cancer and cause of cancer deaths worldwide, respectively (1). Although incidence and death rates are declining (131), advancements in prevention and treatment remain a priority. Five year survival rates drop to 20–30% or less once the cancer moves beyond the lining of the stomach (132). The majority of GC cases are advanced stage (133). Treatment includes gastric resection, radiation, chemotherapy, and targeted therapy, including antibodies against (VEGF)/VEGF receptor 2 (VEGFR2), and HER2 (131). Recently, ICI therapy was approved for GC (Table 1) (6). However, most patients do not benefit. Other immunotherapies being studied in GC include combination ICI therapy, adoptive cell transfer, vaccines [e.g., melanoma-associated antigen (MAGE) A3 peptides; Bacillus Calmette-Guerin (BCG)], and agonist antibodies for costimulatory receptors [e.g., OX40 (also known as tumor necrosis factor receptor superfamily, member 4), 4-1BB] (134).

Few studies have assessed CD73 expression in GC (Table 2). CD73 expression is higher in GC vs. normal tissue and associates with poor tumor differentiation, increased depth of invasion, positive nodal status, presence of metastasis, advanced-stage disease, and poor overall survival (Table 2) (75, 135). Increased CD73 in GC may be due in part to hypoxia. Hypoxia-inducible factor-1α (HIF-1α) staining closely correlates with high CD73 expression in gastric tumors (75). In contrast, gene expression studies have shown high CD73 expression associates with favorable overall survival in GC (136). Notably, CD73 expression does not always correlate to protein expression, which may explain the differences between these studies (136). Additionally, significant heterogeneity for CD73 is seen in GC (75, 135). For example, 30–50% of advanced stage, deeply invasive, and lymph node-positive tumors express low or no CD73 (75). Significant heterogeneity for CD73 expression is also described for melanoma (41, 42). In melanoma, CD73 expression is influenced by sample type (e.g., primary, metastatic, or relapse tissue); therapy treatment; and presence of activating MAPK (e.g., BRAF) mutations, mitogenic and inflammatory signals [e.g., hepatocyte growth factor (HGF) and TNF-α], and necrosis (41, 42). Increased CD73 expression with BRAF mutation is also seen in serous ovarian cancer; these patients have better clinical outcomes (137). BRAF mutations are found in 10–20% of colorectal cancer and frequently are MSI-H (138–140). CD73 expression is also impacted by NT5E promoter methylation, described for both melanoma and breast cancer (141, 142). Suffice to say, multiple molecular and genetic factors can affect CD73 expression in human tumors.


Table 2. Summary of studies assessing CD73 expression in human GI cancers.
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Looking ahead, assessing CD73 expression to common molecular and/or genetic alterations of GC and The Cancer Genome Atlas (TCGA) may help to better understand CD73 in GC (23). Studies assessing the association of CD73 expression to immune checkpoints, such as PD-L1, may also be helpful. Forty percent of GC cases are PD-L1 positive (143), and preclinical studies suggest high CD73 expression in PD-1/PD-L1 expressing tumors may identify patients that would benefit from combination anti-PD-1/PD-L1 therapy and CD73 and/or A2AR blockade (122, 123). Few studies globally assess CD73 expression with other ecto-enzymes involved in ATP and adenosine synthesis and metabolism and its intracellular uptake (144), such as other E-NTPDases, ecto-nucleotide pyrophosphatases/phosphodiesterases (e.g., CD203a), nitcotinamide dinucleotide enzyme (e.g., CD38), prostatic acid phosphatase, alkaline phosphatase (45, 145, 146), adenosine deaminase, and equilibrative and concentrative nucleoside transporters (ENTs and CNTs, respectively). Reviewed recently by Boison and Yegutkin (144), this may present a major gap in developing effective adenosine-based therapies (144). Accordingly, a more global view of extracellular adenosine metabolism and signaling in GC may also prove significant.

Considering CD73/extracellular adenosine's role in immune cell escape, studies of CD73's association to H. pylori-mediated tumorigenesis may provide additional insight. H. pylori infection is responsible for up to 60% of GC cases and arises in the background of inflammation (147, 148). Immune cell evasion is important for H. pylori infection and supported by evidence of higher PD-L1 expression in H. pylori positive compared to negative gastric biopsies (149) and that H. pylori-induced PD-L1 expression on gastric epithelial cells converts naïve T cells to CD4+ FoxP3+ Tregs that inhibit T cell proliferation (150). CD73 expression by CD4+ CD25+ Tregs enhances H. pylori infection by increasing local extracellular adenosine, which suppresses IFN-γ production (151). Consistent with this, infected CD73-deficient mice experience worse gastritis and more severe inflammation (e.g., increased IL-2, TNF-α, and IFN-γ and impaired Treg function) (151). Taken together, these studies support that CD73/extracellular adenosine in collaboration with other immune checkpoints may downregulate immune cell responses necessary for recognizing and clearing transformed cells arising in chronically infected gastric tissues, thus supporting GC development. With H. pylori infection, CagA and VacA containing exosomes are released from gastric epithelial cells, stimulating pro-inflammatory responses and affecting the expression of tumor suppressor and oncogenic genes (152). Considering CD73 expression on exosomes promotes tumor immunosuppression (97, 98), it would be interesting to see if CD73 is also expressed on H. pylori-mediated exosomes and if its presence or increased presence is a biomarker for the onset of GC.

Additional studies show CD73 promotes tumor cell proliferation, migration, invasion, and stemness in GC cells (135, 153). Antitumor roles for extracellular adenosine are also reported, including AMP-kinase (AMPK)-mediated, caspase-independent apoptosis, via intracellular uptake of extracellular adenosine through ENTs, and caspase-dependent apoptosis, mediated by A1R and A3R (154, 155). ENTs passively transport nucleosides based on a concentration gradient (Figure 1) (156, 157). A1R and A3R signaling both inhibit adenylyl cyclase activity and can activate multiple downstream signaling pathways, including phospholipase C, producing inositol 1, 4, 5-triphosphate (IP3) and diacylglycerol (DAG), mitogen-activated protein kinase (MAPK), and phosphoinositide 3-kinase (PI3K) (Figure 1) (158–160). A3R agonist, CF102, is in clinical trials for antitumor benefit in liver cancer (NCT02128958). A3R is also reported to increase HIF-1α through a non-transcription-dependent, non-HIF-1α oxygen-dependent degradation mechanism in several cancer cell lines (161). Though the role of A3R-mediated upregulation of HIF-1α is unclear, these data suggest A3R may both suppress and promote tumor progression. A2AR expression is increased in human GC tissue and correlates with poor tumor differentiation, advanced stage, lymph node positivity, and worse patient outcomes (162). Studies show A2AR, via PI3K-AKT-mTOR signaling, promotes GC cell stemness, EMT, and tumor cell migration and invasion (162). Altogether, more work is necessary to understand the role of CD73/extracellular adenosine in GC. Targeting specific adenosine receptors (e.g., A2AR) may be promising, but represents an area in need of more research.



LIVER CANCER

Liver cancer is the fourth most common cause of cancer death and sixth in terms of incidence worldwide (2). Ninety percentage of liver cancers are hepatocellular carcinoma (HCC) (163). Chronic liver disease (e.g., cirrhosis and fibrosis) is a major risk factor and most commonly caused by hepatitis B or C infection or long-term alcohol abuse (2, 164, 165). The 5-year survival rate for HCC is 18% (2). Treatment includes tumor resection, liver transplant, and targeted therapy (e.g., multi-kinase inhibitor, sorafenib) (166). However, 70% of patients do not qualify for surgery, due to advance disease, and sorafenib therapy is limited in its benefit; patient survival is prolonged only by a few months (166). ICI therapy was recently approved as second-line therapy for HCC (Table 1) (7, 9). Other promising immunotherapies are in development and are aimed at boosting existing or de novo immune responses, including vaccines and oncolytic viruses, and combination ICI therapy (167). Anticipation awaits the results of NCT03298451, a phase 3 clinical trial assessing anti-PD-L1 and anti-CTLA-4 combination therapy vs. monotherapy as better first-line options than sorafenib [HIMALAYA trial, (NCT03298451)].

In recent years, HCC has been a platform for the discovery of novel biology for CD73 in human tumors (Table 2) (168, 169). Studies by Snider and colleagues (168) identified an alternative splicing variant of NT5E, NT5E-2 expressed in liver cirrhosis and HCC. NT5E-2 produces a protein product, CD73-short (CD73s), and is a human-specific isoform that lacks enzyme activity and is unable to dimerize due to the loss of exon 7 with splicing (168). CD73s expression is limited to the cytoplasm and complexes with CD73 to promote proteasome-dependent degradation of CD73 (168). In HCC human tissues, CD73s expression is 6–8-fold higher compared to normal liver, whereas CD73 expression is downregulated by more than 90% (168). Accordingly, these studies indicate CD73s may be the major source of “CD73” overexpression in HCC. In contrast, other studies (170, 171) report CD73 is overexpressed in HCC and associates with poor tumor differentiation, microvascular invasion, and poor overall and recurrence-free survival (Figure 1) (170, 171). NT5E-2 expression was not assessed in these studies, which is a limitation. In line with CD73s expression, Sciarra et al. (172) especially noted significant cytoplasmic CD73 expression in tumors, particularly with invasive tumors (172) (Table 2).

Many immunohistochemistry data for high CD73 expressing tumors, including gastric and pancreatic cancer, show significant cytoplasmic staining of CD73 (75, 77). Current commercial antibodies are not marketed to distinguish between CD73 and CD73s. Thus, other human tumors with CD73 overexpression may overexpress CD73s. Notably, NT5E-2 is expressed at low levels in most normal human tissues and its expression increases with the onset of disease (123, 159). Currently, NT5E-2 remains unstudied in other human tumors despite possible clinical implications. Similarly, recent studies by Alcedo et al. (169) report CD73 enzyme activity in HCC is significantly limited by aberrant glycosylation (169). The authors discovered that in HCC cells, unlike normal hepatocytes, CD73 carries abnormal N-linked glycosylation in its C-terminal catalytic domain, which greatly impairs the enzyme activity of CD73 (169). Aberrantly-glycosylated CD73 also showed to remain partially localized to the cytoplasm with golgi structural protein, GM130 (169). Importantly, these studies show that CD73 protein expression levels may not necessarily reflect its ability to generate extracellular adenosine. Studies by Snider et al. (168) and Alcedo et al. (169) are significant in that they demonstrate CD73 overexpression in human tumors can be misleading. Thus, CD73 immunohistochemistry may fall short in identifying patients likely to benefit the most from CD73 blockade therapy. As mentioned, commercial antibodies are unknown to be specific for recognizing CD73 vs. CD73s. Additionally, they are not primed for recognizing aberrant glycosylation. Instead, CD73 enzyme histochemistry is necessary, which is more challenging for clinical workups. These studies also raise questions as to how close preclinical studies of CD73/extracellular adenosine model human tumors. For instance, syngeneic and spontaneous mouse tumor models do not account for the biology of CD73s, which negatively regulates CD73 (168). A species-specific role of CD73 is also seen for arterial calcifications in humans and is not recapitulated in CD73-deficient mice (173, 174). CD73 downregulation in human tumors has been described in endometrial cancer. Its loss associates with more aggressive disease and poor overall survival (175). In normal endometrium, CD73-generated adenosine protects epithelial integrity, which CD73 loss and subsequently the loss of cell-cell adhesions promotes tumor progression (175). In contrast, in normal breast tissue, CD73 is expressed in myoepithelial cells as opposed to differentiated cells (e.g., acinar and ductal epithelial cells) (176). Myoepithelial cells are stem cell-like and exhibit highly invasive behavior similar to tumor cells (177). Consistent with this, CD73 is upregulated in cancer cells of triple-negative breast cancer (TNBC), which are tumors characterized by a gene expression signature similar to basal/myoepithelial cells (36, 177, 178). Accordingly, studies that reconcile tissue- and cell-specific roles for CD73 in normal GI tissues may help better understand CD73 in GI cancers (179, 180). Similar to endometrial cancer (175), CD73 is downregulated in cancer cells of bladder and prostate tumors and associates with poor prognosis (181, 182). The role of CD73 in bladder and prostate epithelium is unknown. Notably, CD39 deficiency promotes both induced and spontaneous autochthonous tumors in the liver (183).

For adenosine receptors, studies show A2AR signaling via PI3K-AKT promotes HCC tumor growth and metastasis and is reversed by A2AR antagonist treatment (170). A2BR expression is increased in human HCC tissue and correlates with tumor progression and is likely due to hypoxia (184). HIF-1α increases A2BR expression in HCC cells and cancer cell proliferation (184). Recent studies by Lan and colleagues (185) show HIF-1α's induced expression of A2BR is essential in enriching breast cancer stem cells for the onset of recurrent disease (185). Studies linking A2BR to tumor progression include work in bladder (86), breast (186), colon (187), and prostate (188) cancer and involves A2BR activity on both immune and tumor cells. A2BR antagonist, ATL801, reduces metastases by more than 80% in mice, which is due to increased IFN-γ, IFN-inducible chemokine CXCL10, a ligand for CXCR3, and tumor-infiltrating CXCR3+ T cells (86). Needless to say, interests in antagonizing A2BR in human tumors are rising. Studies by Vecchio et al. (188), in prostate cancer, describe a ligand-independent, constitutively active A2BR, which drives cancer cell proliferation (188). Importantly, these studies highlight an unappreciated view that adenosine receptors in tumors may not rely on CD73/extracellular adenosine. Aberrant ligand-independent G protein-coupled receptor constitutive activity is implicated in several cancers (188). In contrast, A3R expression is increased in human HCC and A3R promotes cancer cell apoptosis (189). A3R agonist, CF102, is being evaluated as second-line therapy for HCC (NCT02128958). Increased overall survival is reported with NCT02128958 and phase 3 studies are being planned (190). Taken together, adenosine receptors as opposed to CD73 may be better predictive targets for therapeutic benefit in HCC.



PANCREATIC CANCER

Pancreatic cancer is predicted to become the second leading cause of cancer-related deaths in the United States by 2030 (3, 4). Ninety percentage of pancreatic tumors are pancreatic ductal adenocarcinoma (PDAC) while 3–5% are neuroendocrine tumors (PNETs) (191). Smoking, heavy alcohol consumption, obesity, H. pylori infection, and chronic pancreatitis are risk factors (192). Prognosis is incredibly poor, approximately 70% of patients will succumb to the disease in the first year (193). The 5-year survival rate is 9% (193). Standard of care for pancreatic cancer includes radiation therapy, chemotherapy, and targeted therapy (e.g., EGFR inhibitors) (192). The prevalence of therapy resistance to these treatments is a persistent problem. PDAC patients have not benefited from single agent or combination ICI therapy (194–196) despite increased expression of PD-L1 in tumors (197–199). Significant efforts are underway to improve immunotherapy efficacy, including studies investigating regulatory B cell inhibition (e.g., Bruton's Tyrosine Kinase (BTK) inhibitors), IDO inhibition, and vaccine therapy (200). Though a predominant target in B cell malignancies, BTK in PDAC is shown to induce B cell- and macrophage-mediated T cell suppression, which BTK inhibitors (i.e., ibrutinib) restore T cell-dependent antitumor immunity and improve responsiveness to chemotherapy in preclinical studies (201). BTK inhibitors also produce an unexpected anti-fibrotic effect (202). PDAC cancers are rich in stromal cells and fibro-inflammatory reactions, which support chemotherapy resistance (203). A phase 3 clinical trial of ibrutinib in combination with chemotherapy in PDAC was recently completed (April 2019; NCT02436668) (204). Results are not yet publicly available.

Studies of CD73 in human PDAC tissue have only recently emerged (Table 2). CD73 is upregulated in PDAC compared to normal pancreatic tissue and correlates with increased tumor size, advanced stage, lymph node involvement, metastasis, and poor prognosis (77, 80, 172). While PDAC tumors are 100% positive for CD73 expression (172), interesting staining patterns for CD73 are seen. Well- and moderately-differentiated PDAC cells express mixed membrane and cytoplasmic CD73 staining. CD73 staining intensity is low to moderate in these tumors (172). In contrast, poorly-differentiated PDAC cells have aberrant CD73 staining, including very strong cytoplasmic CD73 expression (172). The increase of cytoplasmic CD73 expression in PDAC is unclear. We previously mentioned the discovery of CD73s in HCC (168). Studies assessing NT5E-2 (CD73s) expression may help to better understand CD73 in PDAC. CD73 expression in acinar cell carcinomas (ACC) is rare (172). ACC comprises 1–2% of pancreatic tumors and does not carry typical genomic alterations seen in PDAC, including KRAS and TP53 mutations (205), which is suggestive that CD73 expression in PDAC may be linked to KRAS and/or TP53 mutations. KRAS mutation occurs in nearly 100% of PDAC cases (206). In human colorectal cancer (CRC) and non-small cell lung cancer (NSCLC) tissue, CD73 staining is increased in KRAS mutant compared to wild-type tumor (207). KRAS alterations associate with increased CD73, CD39, A2AR, and A2BR gene expression in CRC and NSCLC cell lines, which correlates with anti-PD-1 resistance in KRAS mutant tumor models (207). Moreover, high CD73 expression and KRAS alterations associate with worse overall survival compared to patients with KRAS alterations and low CD73 expression tumors (207). EGFR alterations and high CD73 expression also associate with poor overall survival (TCGA pan-cancer) (207). EGFR alterations and KRAS mutations occur together in 67% of PDAC cases (208). Accordingly, EGFR alterations may also increase CD73 expression in PDAC. A positive association between CD73 expression and EGFR alterations is described in breast cancer (209).

CD73 expression (3+ staining) increases with aggressive disease in PDAC (172), which may be an indicator of an evolving or advancing immunosuppression phenotype. For instance, in PDAC, a decrease in CD8+ T cell infiltration into tumors is seen with the rise of infiltrating Tregs with disease progression (210). As mentioned, human Tregs rarely express cell surface CD73 (93, 94), and it is considered that CD73-generated extracellular adenosine from other sources [e.g., cells (96) or exosomes (97, 98)] activate adenosine receptors on immune cells for immunosuppression. Accordingly, the coinciding increase of CD73 in PDAC cells may be significant in promoting extracellular adenosine-mediated immunosuppression. Other cells and cell-derived products possibly contributing are CD4+ CD73+ T cells, B cells, and CD39+ CD73+ exosomes (211). CD73+ PDAC and NSCLC cell-derived exosomes activate A3R on intratumor and peripheral mast cells, which promotes remodeling of the tumor microenvironment through increasing the expression of angiogenic factors (212, 213). Additionally, in PDAC models, tumor-infiltrating CD11b+ CD103– DCs promote tumor growth by inducing expansion of FoxP3neg CD39+ CD73+ tumor-promoting Tregs (214).

Pancreatic neuroendocrine tumors and carcinomas (PanNET/PanNEC) account for 1–10% of pancreatic tumors (215, 216). Thirty to fifty percent of PanNET/PanNEC express mild to moderate CD73 expression and associates with increased malignant potential, which is similar to gastrointestinal (GI)-NET/NECs (80, 172, 217). In GI-NET/NECs, CD73 expression positively correlates with PD-L1 expression (217), which possibly anti-PD-1/PD-L1 therapy with CD73 and/or A2AR blockade may benefit these patients. Increased expression of CD73 with PanNET also associates with cancer cell stemness (e.g., aldehyde dehydroxygenase expression) and aggressive behavior (80). Filippini et al. (218) recently reported a transplantable model of mouse pancreatic tumor organoids into immunocompetent mice that recapitulate human PDAC progression and that the system serves as a suitable model for immunophenotypic studies (218). The organoid-derived isographs induce the expression of many immunosuppressive/aggressive biomarkers with tumor development and evolution, including CD73 (218). Studies using such models may provide a significant understanding of CD73/extracellular adenosine signaling in immunosuppression and the immunoevolution of PDAC.

CD73 also shows to promote drug resistance and tumor growth in PDAC cells. For instance, high CD73 expression and low miR-30a-5p expression in PDAC cells result in chemotherapy (e.g., gemcitabine) resistance (77), and CD73 knockdown inactivates AKT and extracellular signal-regulated kinase (ERK) signaling and slows cancer cell growth (77). In contrast, studies show extracellular adenosine treatment in combination with AKT inhibitor, GSK690693, reduces PDAC growth and induces tumor cell apoptosis and senescence in patient-derived xenografts (PDX). Mechanistically, the intracellular uptake of extracellular adenosine via ENTs (Figure 1) appears important for this response, as dipyridamole (pan-ENT inhibitor) treatment remarkably recovers cell viability (219). The difference between these studies likely relates to the subcutaneous transplanting of tumors (77) vs. tumors transplanted to the tail of the pancreas (219). Indeed, for example, CD39 deficiency can promote the development of both induced and de novo tumors in the liver, which is in contrast to its role in antitumor immunity of subcutaneous transplanted tumors (183, 220). It is considered that the surrounding microenvironment and interaction with these cells by the tumor likely produce different responses and outcomes. In the next several years, adopting in-depth and detailed characterization of CD73/extracellular adenosine in immunocompetent, autochthonous pancreatic cancer models, humanized models, and human organoids will be essential for better understanding the possible therapeutic benefit of targeting CD73 and adenosine receptors in pancreatic tumors.



COLORECTAL CANCER

Colorectal cancer (CRC) is the third most common cancer and the second cause of cancer-related deaths worldwide (5). CRC incidence rates are declining in the United States and are stable in most other Western countries, whereas rates are rising in Eastern Asia and Eastern Europe and likely reflect the adoption of a Western lifestyle (221, 222). CRC risk factors include obesity, Western diet, lack of physical activity, excessive alcohol use, hereditary syndromes (e.g., Lynch syndrome), and smoking (223). Treatment includes surgery, combination chemotherapy, radiation therapy, and targeted therapy, including antibodies against VEGF/VEGFR or EGFR (224). Although advances in better screening and treatment have been made in the last decade, long-term survival remains poor for metastatic CRC patients. The 5-year survival rate is <15% (225). ICI therapy was recently approved for refractory dMMR/MSI-H metastatic CRC (Table 1) (8, 10, 11). Of CRC cases that are dMMR/MSI-H, only 4% are metastatic. Accordingly, several approaches, including IDO inhibitors, vaccine therapy, and combination ICI therapy are being studied to extend immunotherapy efficacy to more patients (226). A better understanding of CD73/adenosine receptor signaling in CRC may help in these efforts.

Early studies assessing CD73 in CRC were part of larger efforts examining enzymatic patterns of key enzymes involved with purine metabolism and salvage, including ADA, alkaline phosphatase, hypoxanthine-guanine phosphoribosyltransferase (Table 2) (227, 228). Studies by Camici et al. (227) reported no difference with CD73 enzyme activity between CRC and normal tissue (227). In contrast, Eroglu et al. (228) showed higher CD73 enzyme activity in tumors compared to normal tissue (228). No associations were found with high CD73 enzyme activity and poor clinical features. Instead, high CD73 enzyme activity was associated with well-differentiated tumors and low CD73 enzyme activity associated with poorly-differentiated tumors (228). More recent studies show high CD73 expression correlates with poor tumor differentiation, lymph node involvement, advanced stage, and poor survival (78). In rectal cancer, CD73 expression in the different cell types carries different clinical prognosis (229). High CD73 expression in cancer cells and low CD73 expression in stromal cells associates with poor overall survival, whereas low CD73 expression in cancer cells and high CD73 expression in stromal cells is more favorable (229). Bladder cancer is similar. CD73 positive expression by epithelial cells predicts better progression-free survival and overall survival, whereas stromal cell CD73 positivity predicts poor outcome (230). Accordingly, these studies support that CD73 in tumors may suppress and promote tumor progression. Although unknown, targeting tumors with dual roles for CD73 may prove challenging for CD73 inhibitor therapy.

Tumor heterogeneity is likely one explanation for the reported differences of CD73 expression in CRC. CRC tumors carry significant inter- and intra-heterogeneity (231, 232), so much so that in recent years an international consortium was formed to establish a robust molecular and genetic classification scheme for CRC. These global efforts led to the development of the consensus molecular subtypes (CMS) (233). Accordingly, future efforts assessing CD73 expression to the CMS groups (e.g., CMS1, CMS2, CMS3, CMS4) may provide a better understanding of CD73 in CRC and the possible molecular and genetic alterations that drive its downregulation and/or overexpression. Indeed, high CD73 expression in CRC may be associated with CMS2 tumors. In CRC, CD73 is a predictive biomarker of patient response to anti-EGFR therapy (234). In line with this, the CMS2 group predicts tumors that are more responsive to anti-EGFR and anti-HER2 therapy (235). Also consistent is that CD73 promotes CRC cell proliferation and tumor growth through β-catenin (WNT)/cyclin D1 signaling (236) and CMS2 tumors are characterized by WNT and MYC signaling (233). KRAS mutations/alterations are likely also linked to CD73 expression in CRC; discussed previously in the section on PDAC (207). Thus, investigating CD73 expression in KRAS mutant tumors may provide additional insight. A focus on metastatic samples may also be important. Liver metastasis occurs in 50% CRC patients (237). Recently, studies have shown high CD73 expression associates with significantly shorter time to recurrence and poor survival (238). In renal cancer patients, an adenosine high (AdenoSighi) expression signature was identified in pretreatment biopsies and associated with clinical response to A2AR antagonism (124). Similar efforts in identifying biomarker signatures may provide greatly to improving immunotherapy efficacy in CRC.

In preclinical studies, CD73 deletion increases CD8+ T cells and IFN-γ production to suppress the growth of MC-38 mouse colon cancer (32). The depletion of CD73 on CD4+ Foxp3+ Tregs also is significant in restoring antitumor immunity in this model (32). Similarly, CD39-deficient mice are resistant to MC-38 metastasis (239, 240). Whereas, overexpression of CD39 increases MC-26 mouse colon cancer cell metastasis to the liver (220). CD39 deletion does not increase the development of primary MC-26 orthotopic transplant tumors in heterozygous CD39 mice or mice transgenic for human CD39 compared to wild-type mice (220). Recent studies show support for co-targeting CD39 and CD73 in combination with ICI therapy and/or chemotherapy (44). Tumor-bearing mice benefit from increased antitumor immunity in these studies, which is due to the recovery of DC, macrophage, and effector T cell antitumor activity (44). In line with these studies, inhibiting CD39 or CD73 on MDSCs from CRC patients is effective in dampening the immunosuppressive activity of these cells (114).

Adenosine receptors may also be possible therapeutic targets. High A2AR expression associates with larger tumor size, increased tumor invasion, and higher TNM (TNM Classification of Malignant Tumors) stage in CRC (241). High A2AR expression also predicts poor patient survival and is positively correlated with PD-L1 expression (241). Consistent with the possible benefit of combined A2AR antagonist and ICI therapy (43, 68, 122, 123), studies with MC-38 cells, show A2AR antagonist, ciforadenant, combined with anti-PD-L1 or anti-CTLA-4 therapy eliminates 90% of tumors in mice by restoring antitumor immunity (68). Notably, MC-38 cells are normally highly sensitive to ICI therapy (37, 123). Additionally, in many studies, MC-38 cells are grown subcutaneously. Accordingly, it is not known how close these preclinical studies model immunosuppression and immunotherapy efficacy for CRC. A2BR is also upregulated in CRC and likely is linked to tumor hypoxia and progression (187). In vitro studies show A2BR expression is upregulated in CRC cells by hypoxia and promotes cancer cell proliferation, which is dampened by A2BR antagonism (187). A2BR antagonism also dampens A2BR-mediated CD73 expression by cancer-associated fibroblasts (CAFs) and CAF-associated immunosuppression activity (242). A3R is overexpressed in human CRC tissue and stimulates tumor growth via extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) (243, 244). In contrast, studies also report A3R activity inhibits tumor growth by modulating glycogen synthesis kinase-3β (GSK-3β) and NF-Kappaβ (NF-κβ). A3R agonist treatment inhibits CRC cell proliferation, limits liver metastasis, and increases the cytotoxicity of chemotherapy (e.g., 5-fluorouracil) (245–247). Interestingly, treatment of CRC cells with caffeine, a non-selective adenosine receptor antagonist, inhibits A3R-mediated stabilization of HIF-1α (248). It is unclear if HIF-1α mediated by A3R promotes tumor progression or antitumor activity. HIFs are described to have pro- and antitumor activity in CRC (249). Moreover, overexpression of HIF-1α does not increase CRC tumorigenesis and does not result in spontaneous tumor formation in mice (250). Taken together, while many adenosine pathway members show evidence for possible therapeutic targeting in CRC, detailed studies in human tumors and relevant preclinical models are greatly needed.



CLINICAL IMPLICATIONS

Inhibiting CD73 (and/or A2AR) restores antitumor immunity in many preclinical studies with combination approaches showing superior efficacy. Accordingly, several clinical trials inhibiting CD73 (e.g., antibodies against CD73 or small molecule inhibitors) in combination with ICI therapy, A2AR antagonism, targeted therapy, and/or chemotherapy are underway (Table 3). Preliminary safety profiles report BMS-986179, an anti-CD73 humanized monocolonal antibody, and its combination with nivolumab (anti-PD-1 therapy) to be well-tolerated in patients (NCT02754141) (251). Recent studies in renal cell cancer (RCC) reported the feasibility and safety of A2AR antagonist, ciforadenant (124). Similar to preclinical studies, durable clinical benefit was associated with increased recruitment of CD8+ T cells (124). Additionally, combination therapy (ciforadenant and anti-PD-L1 therapy) showed benefit in patients who had progressed on anti-PD-1/PD-L1 therapy. Notably, patients in these trials were heavily pretreated (≥3 prior treatments) (124). It will be interesting in the future to see if CD73 and/or A2AR therapy efficacy is increased further when used in earlier lines of therapy (124). Moreover, the authors discovered responding patients carry an AdenoSighi signature (124). Assessing whether this signature can also be detected in pretreatment biopsies of other cancers and possibly primary tumors may be beneficial (124). Biomarkers or gene signatures will likely be key in identifying patients benefiting the most from CD73/adenosine receptor therapy. Clinical trials are underway for AB928, a dual A2AR/A2BR antagonist, and include a focus on GI cancers [e.g., esophageal cancer and CRC; NCT03720678 (Table 3)]. A favorable safety profile of AB928 combined with chemotherapy has been reported in patients (252). Future studies in GI cancers that focus on determining if adenosine-mediated resistance to immunotherapy therapy exists at diagnosis or evolves with therapy will also be of significant benefit. Encouraging early results for BMS-986179 combined with nivolumab report clinical benefit (partial response) in one or more patients with pancreatic and prostate cancer (NCT02754141) (251). Both are poorly immunogenic tumors. Preclinical studies show CD73/adenosine therapy (e.g., A2AR deletion) liberates CD8+ T cells for antitumor activity even against weakly immunogenic sarcomas (70). Therapy benefit in these studies is independent of the anatomical location of the tumor (70). Thus, therapeutic benefit across many tumors (immunogenic and non-immunogenic) is expected. Understanding factors preventing immune cells from recognizing and eliminating cancer cells will continue to be important in the advancement of immunotherapy strategies. Poor tumor immunogenicity can be a result of many features, including HLA class I molecule downregulation or loss (253); genetic, epigenetic, and chromosome alterations regulating presentation and processing of surface epitopes (254–256); expression and secretion of immunosuppressive factors (e.g., PD-1, TGF-β, adenosine) (257); and the inability of cancer cells to produce new surface epitopes that are different from what immune receptors have regularly experienced (258). Whether CD73 expression associates with dMMR/MSI-H in GI tumors and its blockade would further increase immunotherapy efficacy in these tumors is unknown. In NSCLC studies, tumor mutational burden and neoantigen burden does not associate with CD73 high or low expression (74).


Table 3. Summary of clinical trials for CD73, A2AR, and A2BR in cancer.
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Taking advantage of strong associations of CD73 with molecular and genetic alterations (e.g., KRAS mutation and EGFR alterations) may benefit GI cancers. Combination studies of CD73 inhibitors with anti-EGFR therapy and/or tyrosine kinase inhibitors are in clinical trials for managing resistance (Table 3). In CRC, high CD73 predicts patients benefiting from cetuximab (anti-EGFR therapy) (234). Benefits are the same for both wild-type and mutant KRAS tumors (234). It would be interesting to see the performance of combination cetuximab with CD73 inhibitors in preclinical CRC studies considering that inflammation is a mechanism of resistance to cetuximab (259). In melanoma, combination BRAF and MEK inhibitors with an A2AR antagonist induces significant tumor control in preclinical studies (41). MEK is a promising target for KRAS, NRAS, and BRAF mutant tumors and is being targeted in CRC (260). Recently, MEK inhibitor, cobimetinib, combined with anti-PD-L1 therapy (atezolizumab) failed to improve survival in microsatellite-stable metastatic CRC patients in a phase 3 clinical trial (261). Could the inclusion of A2AR antagonists be key to the success of these studies? AMG510, a selective inhibitor for KRAS (G12C) recently showed promising antitumor effects, including increasing ICI therapy sensitivity in preclinical models (262). Its combination with CD73/adenosine receptor blockade may be a promising future approach. AMG510 is in clinical trials (NCT03600883). Mentioned previously, hyperoxia induces antitumor immunity in preclinical studies, which involves the downregulation of many adenosine pathway genes (102, 108). With drug toxicity being a concern with studies pushing past two targets, approaches like this that can simultaneously dampen multiple immune checkpoints may be better tolerated and provide greater benefit (263). Although a drawback of hyperoxia therapy is that it may/does cause tissue damage (263, 264), it is interesting to consider whether this response also benefits in helping to recover antitumor immunity. Hyperoxia is in clinical trials for many conditions/diseases (ClinicalTrials.gov; hyperoxia, 87 studies).



CONCLUSIONS

Immunotherapy in GI cancers currently benefits only a few patients. Blocking adenosine signaling by inhibiting CD73 and/or A2AR/A2BR antagonism has the potential to improve antitumor immunity in these tumors. However, identifying which patients may benefit stands in the way. To aid in these efforts, a better understanding of CD73 in human GI cancers is greatly needed. This includes initiating studies that assess CD73 in addition to other ecto-enzymes involved in extracellular adenosine synthesis and metabolism as well as their association with key molecular and genetic features. A focus of CD73 expression in primary, pretreatment, and relapsed samples will also be of great value in addition to identifying predictive biomarkers or gene signatures relating to efficacy of CD73/adenosine receptor blockade. Mechanistically, studies assessing CD73/extracellular adenosine receptor activity in humanized and autochthonous tumor mouse models and patient-derived organoids will provide needed insight into the role of CD73/extracellular adenosine in these tumors. Moreover, studies in HCC have revealed CD73 overexpression in human tumors can be misleading. Future studies also incorporating this insight have the best chance of helping to better define CD73 in GI cancers.
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Background

Innate lymphoid cells (ILCs), so far studied mostly in mouse models, are important tissue-resident innate immune cells that play important roles in the colorectal cancer microenvironment and maintain mucosal tissue homeostasis. Plasmacytoid dendritic cells (pDCs) present complexity in various tumor types and are correlated with poor prognosis. pDCs can promote HIV-1–induced group 3 ILC (ILC3) depletion through the CD95 pathway. However, the role of ILC3s in human colon cancer and their correlation with other immune cells, especially pDCs, remain unclear.



Methods

We characterized ILCs and pDCs in the tumor microenvironment of 58 colon cancer patients by flow cytometry and selected three patients for RNA sequencing.



Results

ILC3s were negatively correlated, and pDCs were positively correlated, with cancer pathological stage. There was a negative correlation between the numbers of ILC3s and pDCs in tumor tissues. RNA sequencing confirmed the correlations between ILC3s and pDCs and highlighted the potential function of many ILC- and pDC-associated differentially expressed genes in the regulation of tumor immunity. pDCs can induce apoptosis of ILC3s through the CD95 pathway in the tumor-like microenvironment.



Conclusions

One of the interactions between ILC3s and pDCs is via the CD95 pathway, which may help explain the role of ILC3s in colon cancer.
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Introduction

Colon cancer is the third most commonly diagnosed cancer worldwide (1–3); furthermore, its incidence has significantly increased recently (4) and is expected to further rise by 50% in the next five years (5). Epidemiological studies show that the causes of colon cancer are related to environmental, lifestyle, and genetic factors, and that age, intestinal polyps, and ulcerative colitis also represent high-risk factors (6, 7); however, the specific pathogenesis of colon cancer remains unclear.

Currently, treatment of primary colon cancer is mainly surgical; however, postoperatively there is still a risk of recurrence and metastases (8). Therefore, it is important to fully understand the causes of colon cancer to promote the discovery of novel and effective therapeutic targets; this reflects an urgent clinical need from both a theoretical and a practical point of view.

With the rapid rate of discoveries in the field of immunology, cancer immunotherapy has attracted increasing attention (9). The immune system plays an important role in the protection of the host against tumor onset (i.e., tumor immunosurveillance) (10). In addition to tumor cells, stromal and immune cells are also present in the tumor microenvironment, where tumor cells often either recruit or locally induce their proliferation or differentiation to release an array of cytokines that participate in the immune response (10–12). In colon cancer, T and B lymphocytes have been found in proximal colon tumor tissue (5), and natural killer (NK) cells, monocytes/macrophages, dendritic cells (DCs), mast cells, and neutrophils have been detected in the colon tumor microenvironment (12). Notably, the differential distribution of these cells in the tumor microenvironment reflects the diversity of tumor biology (13).

Innate lymphoid cells (ILCs) are a characterized subset of innate lymphocytes (14) that includes three groups: group 1 ILCs (ILC1s) consist of NK cells that express the transcription factor T-bet and secrete interferon (IFN)-γ; group 2 ILCs (ILC2s) express the transcription factor GATA-binding protein 3 and secrete interleukin (IL)-5 and IL-13; and group 3 ILCs (ILC3s) express the transcription factor RAR-related orphan receptor-γt and secrete IL-17 and IL-22 (15–17). ILCs lack an antigen-specific receptor; however, they can still be activated by danger signals from injured mucosal tissue and quickly produce an array of effective cytokines to repel pathogens and tumor cells, thereby sustaining mucosal integrity (18, 19). A previous study has suggested that ILCs may exert both pro- and antitumor functions depending on the phase of cancer and environmental context (20). Until now, most studies on ILCs have focused on mouse models, and very few studies on human colon cancer. Recently, Salimi et al. investigated 13 patients with gastrointestinal (including esophageal, gastric, colon, and rectal) tumors and found a significantly higher frequency of group 1 ILCs (p value: 0.001) in malignant gastrointestinal tumors than in benign tissues (21). Ikeda et al. collected 28 samples from colon cancer patients and reported that the number of NKp44+ ILC3s from colorectal cancer tissue was decreased in T3/T4 tumors, with associated decreases in tertiary lymphoid structure induction (22). In this study, we expanded the number of research samples to further study the distribution characteristics of ILCs in colon cancer and their correlation with other immune cells. We investigated the role of ILCs in the colon tumor microenvironment to identify potential strategies for the induction of antitumor immune responses in colon cancer.



Materials and Methods


Patient Tissue Specimens

Fresh tumor specimens, including those from tumor-proximal and distal regions, were collected from 58 patients with colon cancer who did not receive radiotherapy or chemotherapy prior to surgery at the Department of Gastric Colorectal Anal Surgery, First Affiliated Hospital, Jilin University (Changchun, China). Patient clinicopathological characteristics were determined according to the National Comprehensive Cancer Network (NCCN) guidelines for colon cancer (Version 2.2018). Proximal tissue was defined as a 2-cm to 5-cm zone bordering the tumor margin. Distal tissue was located >5 cm from the tumor and was considered to be a normal tissue sample and used as a control. There were no restrictions on cancer subtype, age, or sex, and tumor types were identified by histological analysis.

Patients were divided based on TNM stage and tumor histological stage. The TNM staging system is based on the extent of the tumor (T), the extent of spread to the lymph nodes (N), and the presence of metastasis (M). Tumors were classified as stage I, II, III, or IV based on TNM stage and prognosis, where a higher number indicated a more advanced cancer and, likely, a worse outcome. Among them, stage III patients are the most common type. Additionally, the patients were classified as having either glandular or mucous carcinoma.

Tables 1 and 2 show the clinical characteristics of the patients included in this study. The relationship between these indicators and the frequency of ILCs and plasmacytoid dendritic cells (pDCs) in different patients were analyzed and have been shown in Tables 1 and 2.


Table 1 | Correlations between tumor infiltrating ILC3s and clinicopathological factors of colon cancer.




Table 2 | Correlations between tumor infiltrating pDCs and clinicopathological factors of colon cancer.





Tissue Digestion for Single-Cell Suspension

Freshly resected colon tissues from patients with colon cancer and tonsil tissues from children with tonsillar hypertrophy were minced into small pieces in RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 1% fetal calf serum (Lonza, Basel, Switzerland) and were sequentially digested with collagenase D (1 mg/ml; Sigma-Aldrich, St. Louis, MO, USA) and DNase I (50 μg/ml; Sigma-Aldrich) at 37°C for 40 min and 30 min, respectively. The cell suspensions were then passed through 100-μm and 40-μm cell strainers (BD Biosciences, Franklin Lakes, NJ, USA) to remove debris. The cell suspensions were resuspended in RPMI 1640 medium (Invitrogen) supplemented with 10% fetal calf serum (FCS; Lonza) and 1% penicillin/streptomycin (Sigma-Aldrich) before isolation of mononuclear cells (MNCs) by centrifugation over a Ficoll–Hypaque density gradient centrifugation for 30 minutes at 24°C for further analysis.



Isolation of ILC3s and pDCs

For further purification, MNCs from freshly resected patient tissue specimens were subjected to Ficoll‐Hypaque gradient centrifugation for 30 min at 24°C. Next, the MNC layer was transferred to a new tube, washed twice with phosphate-buffered saline (PBS), and suspended in PBS. ILCs were sorted using a BD FACSAria system (BD Bioscience) as Lin−-enriched MNCs as Lin cocktail− (CD3, CD19, CD20, and CD14), CD94− CD34− CD1a− TCRα/β− TCRγ/δ− CD45+ CD127+ CRTH2+/− CD117+/− cells using FITC anti-Lin (643510; BD Bioscience), CD94 (305504; Biolegend, San Diego, CA, USA), CD34 (343504; Biolegend), CD1a (300104; Biolegend), T cell receptor (TCR)α/β (306706; Biolegend), TCRγ/δ (331208; Biolegend), allophycocyanin (APC)-H7 anti-CD45 (56017; Biolegend), Percp-cy5.5 anti-CD127 (351322; Biolegend), phycoerythrin (PE)-Cy7 anti-CRTH2 (350118; Biolegend), and BV605 anti-CD117 (562687; Biolegend). pDCs were sorted as Lin− CD94− CD34− CD1a− TCRα/β− TCRγ/δ− CD45+ BDCA2+ cells using FITC anti-Lin, CD94, CD34, CD1a, TCRα/β, TCRγ/δ, APC-H7 anti-CD45, and APC anti-BDCA2 (17-9818-42; Biolegend). Purity was routinely >99%. Cell viability was determined by trypan blue staining and was >99% after isolation.



Flow Cytometric Analysis

ILCs and pDCs were identified as described. ILC3s were further divided into NKp44+ ILC3s, and NKp44− ILC3s were identified as Lin− CD94− CD34− CD1a− TCRα/β− TCRγ/δ− CD45+ CD127+ CRTH2− CD117+ NKp44+/− cells using AF647 anti-NKp44 (558564; BD Bioscience). Myeloid DCs (mDCs) were identified as Lin− CD45+ CD11b+ CD11c+ cells using FITC anti-Lin, APC-H7 anti-CD45, PE-conjugated anti-CD11b (555388; BD Bioscience), and AF700 anti-CD11c (561352; BD Bioscience). Treg cells were identified as CD45+ CD4+ CD25+ forkhead box (Fox) P3+ cells utilizing APC-H7 anti-CD45, PE-Cy7 anti-CD4 (557852; BD Bioscience), FITC anti-CD25 (555431; BD Bioscience), and Percp-cy5.5 anti-FoxP3 (561493; BD Bioscience). B regulatory (Breg) cells were identified as CD45+ CD19+ CD24+ CD38+ cells using APC-H7 anti-CD45, APC anti-CD19 (555415; BD Bioscience), BV605 anti-CD24 (562788; BD Bioscience), and PerCP-Cy5.5 anti-CD38 (551400; BD Bioscience). T cells were identified as CD45+ CD3+ cells utilizing APC-H7 anti-CD45 and PerCP-Cy5.5 anti-CD3 (560835; BD Bioscience). B cells were identified as CD45+ CD19+ cells using APC-H7 anti-CD45 and APC anti-CD19. NK cells were identified as CD45+ CD56+ cells using APC-H7 anti-CD45 and AF700 anti-CD56 (557919; BD Bioscience). Monocytes were identified as CD45+ CD14+ cells utilizing APC-H7 anti-CD45 and FITC anti-CD14 (555397; BD Bioscience). pDCs from tissue and blood were stained with the following monoclonal antibodies: PE-conjugated anti-HLA-DR, and PE-Cy7 anti-CD86 (BD PharMingen, San Jose, CA, USA). Viability was assessed with an Aqua system (BD PharMingen).

For surface marker staining, MNCs were incubated with antibodies at 4°C for 30 minutes and then washed twice before flow cytometric analysis. For the staining of apoptotic marker active caspase-3, cells were stained with a surface marker first and then permeabilised using a Cytofix/Cytoperm kit (BD Bioscience) and stained for intracellular protein caspase-3 with PE-conjugated anti-caspase 3 monoclonal antibodies (BD PharMingen). Fluorescence-associated cell sorting (FACS) plots depict the mean fluorescence intensity values of Ab staining after subtracting the mean fluorescence intensity of the respective isotype control (BD Bioscience).



Immunohistochemistry

Standard H&E staining was used for colon tissue localisation. Paraffin-embedded, 4-μm-thick tumor sections and tumor-proximal and distal tissue specimens from five patients with colon cancer were selected for immunohistochemistry analysis. Tissue sections were dewaxed and subjected to heat-induced epitope retrieval with preheated antigen-retrieval buffer (pH 9.0; Dako; Agilent Technologies, Santa Clara, CA, USA). Endogenous peroxidase activity was then blocked, and the sections were incubated overnight at 4°C with anti-human BDCA2 (10 μg/ml; clone 124B3.13; Dendritics, Lyon, France). After incubation with a horseradish peroxidase-conjugated secondary antibody (Invitrogen) and development with diaminobenzidine, sections were counterstained with hematoxylin. PBS was used in place of the primary antibody for the negative controls. Images of tissue slides were acquired with a light microscope (BX51N-34-FL-1-D; Olympus, Tokyo, Japan) and analyzed with CellSens Dimension software (Universal Imaging, Bedford Hills, NY, USA).



RNA-Seq and Analysis

We used freshly sorted ILC3s and pDCs from tumors, proximal and distal regions, and peripheral blood from three patients with stage III colon cancer for RNA-Seq analysis. A total of 200 sorted cells (ILCs or pDCs) were utilized. Cells were sorted into an Eppendorf tube containing 4 μl of lysis buffer (Beijing Genomics Institute, Shenzhen, China) and quickly transferred to liquid nitrogen. RNA-Seq analysis was performed by the Beijing Genomics Institute. The data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus (23) and are accessible through GEO Series accession number GSE127934 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE127934).

To remove low-quality data, adapters were trimmed using Cutadapt 1 and low-quality bases were removed by ERNE2. To analyse differentially expressed genes, the quality-checked reads were processed using TopHat version 2.0.0 (Bowtie 2 version 2.2.0) as FASTQ files. Reads were mapped to the human reference genome GRCh37/hg19. Read abundance was evaluated and normalized using Cufflinks 3 for each gene, and Cuffdiff from the Cufflinks 2.2.0 package was used to calculate the differential expression levels and to evaluate the statistical significance of these changes in expression. The number of reads per sample is shown in Tables S1 and S2. Only protein-coding genes were considered, and gene level expression values were determined as fragments per kilobase million mapped (FPKM). All genes with FPKM > 1 were designated as expressed and analyzed with an established p-value < 0.05. Pathway enrichment analysis based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) was performed and significantly enriched terms based on low p-values.



Preparation of Colon Tumor-Derived Supernatant

Single-cell suspensions isolated from three patients with stage III colon cancer were incubated at a final concentration of 2.5×106 cells/ml in complete RPMI in a 6-well tissue culture plate. Tumor supernatant (TS) was collected after 24 hours, filtered at 0.2 µm, and frozen at -80 °C until use.



Co-Culture of ILC3s and pDCs

ILC3s and pDCs from normal tonsil tissue were prepared and cultured separately at 1×106 cells/ml in complete RPMI (RPMI 1640 containing 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin sulfate, 100 U/ml IL-2, and 50 ng/ml IL-7, Cellgro) in the presence or absence of 25% TS, IFN-a (1,000 IU/ml, Millipore), and anti-IFNα (10 ug/ml, Millipore) for 72 hours. Cells and culture supernatant were then harvested for subsequent experiments. Flow cytometric analysis was used for the expression of apoptosis-related genes and the survival rate of ILC3s. ELISA was used to detect the secretion of IL-22 in co-culture supernatant. Giemsa staining was used to detect the morphology of ILC3s and pDCs.



ELISA

ELISA kits for hIFN-α and hIL-22 (R&D Systems, USA) were used according to the manufacturer’s instructions. For hIFN-α, pDCs were cultured at 2.5×106 cells/ml with TS, TLR7 ligand IMQ (1.5 μM, Invivogen) or anti-IFNα (10 ug/ml, Millipore) in RPMI medium supplemented with 10% FCS, 1% Pen/Strep, nonessential amino acids, sodium pyruvate, and β-mercaptoethanol. Supernatants were collected after 2 days and analyzed with ELISA. For hIL-22, culture supernatant was collected from co-cultured ILC3s and pDCs. All ELISA results are expressed in pg/ml.



Giemsa Staining

For Giemsa staining, ILC3s and pDCs were seeded on glass coverslips and co-cultured in the presence of 25% TS for 72 hours. Coverslips were air-dried, fixed in methanol, and stained with modified Giemsa stain GS500 (Sigma Diagnostics, USA). Each slide specimen was observed under a light microscope (BX51N-34-FL-1-D, Olympus Corporation, Tokyo, Japan).



Statistics

Continuous variables were reported as median with interquartile range (IQR), compared using Student’s t-test or Mann-Whitney u-test whenever appropriate. Categorical variables were assessed using the Chi-Square test. Correlation analysis was performed using the Spearman test. All statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software, San Diego, CA, USA). P < 0.05 was considered statistically significant.




Results


Number of ILC3s in Colon Cancer Tissue Specimens Is Negatively Correlated With Tumor Pathological Stage

In our study, following collection of tissue samples from 58 patients with colon cancer, flow cytometric analysis of MNCs isolated from the tissue showed that nearly 1% of CD45+ colon lymphocytes exhibited an ILC phenotype (Lin−CD127+) (Figure 1A and Figure S1). Further subtyping revealed that these ILCs comprised chemoattractant receptor-homologous molecules expressed on Th2 cells (CRTH2) + ILC2s, CRTH2− CD117+ NKp44+/− ILC3s, and CRTH2− CD117− NKp44− ILC1s (Figure 1A). Additionally, we found that the percentage of total ILCs among the CD45+ lymphocytes in the tumor tissue was lower than that in regions proximal and distal to the tumor (Figure 1B), with the ILC3 percentage lower than that in the proximal and distal regions (Figure 1C) and higher in the proximal region than in the distal region (Figure 1C). However, there was no difference in the percentage of ILC1s and ILC2s in the investigated tissue regions (Figure 1C). These findings are not consistent with the results of Salimi et al. (21), but consistent with the results of Ikeda et al., which may be due to differences in the investigated tissue samples. Additionally, variations in NKp44+/− ILC3 levels, especially those of NKp44+ ILC3s, among the CD45+ lymphocytes followed a similar pattern (Figure 1D). Because ILC3s can also be classified as CCR6+/−, NKp30+/−, and NKp46+/− (24), we investigated other subtypes and observed no significant differences in the percentages of the other ILC3 subtypes in the examined regions (Figure S2A).




Figure 1 | Tumor ILC3s, especially NKp44+ ILC3s are negatively correlated with pathological stage. Distribution of ILCs and ILC subtypes by FACS. MNCs from tumor, proximal, and distal regions of 58 patients with colon cancer were prepared. (A) The gating used to define ILC subtypes: MNCs were stained for Lin cocktail (CD3, CD14, CD19, and CD20), CD94, CD34, CD1a, TCRα/β, TCRγ/δ, CD45, CD127, CRTH2, and CD117. Total ILCs were identified as Lin− CD94− CD34− CD1a− TCRα/β− TCRγ/δ− CD45+ CD127+, ILC1s were identified as Lin− CD94− CD34− CD1a− TCRα/β− TCRγ/δ− CD45+ CD127+ CRTH2− CD117−, ILC2s were identified as Lin− CD94− CD34− CD1a− TCRα/β− TCRγ/δ− CD45+ CD127+ CRTH2+, and ILC3s were identified as Lin− CD94− CD34− CD1a− TCRα/β− TCRγ/δ− CD45+ CD127+ CRTH2− CD117+. ILC3s were further divided into NKp44+/− ILC3s. (B) ILC levels among the CD45+ cells in the indicated tissues. (C) Percentage of ILC1s, ILC2s, and ILC3s among CD45+ cells and total ILCs in the indicated tissues. (D) Percentage of NKp44+/− ILC3s among CD45+ cells in the indicated tissues. (E, F) Correlation between the percentage of ILC3s or NKp44+/− ILC3s in tumor (T) versus distal (D) tissue and the pathological stage of cancer. The distal tissue was considered normal tissue and was used for normalization to the background, here T/D. (G) Percentage of ILC3s among CD45+ cells in colon glandular cancer and mucous carcinoma tissue. In (B–D, G), each symbol represents the indicated tissue from one patient (circle, tumor; square, proximal region; triangle, distal region). In (A, E, F), each dot represents one patient. A paired t-test and Spearman test were used for statistical comparison. *P < 0.05; **P < 0.01; ***P < 0.001.



A major prognostic factor for the survival of patients with colon cancer is the pathological tumor stage; therefore, we analyzed possible correlations between ILC3s or NKp44+/− ILC3s and the pathological cancer stage, and observed a negative correlation with ILC3s, especially NKp44+ ILC3s, and stage (Figures 1E, F; Table 1). These data were consistent with previously reported results and showed that natural cytotoxicity receptor (NCR)+ ILC3s are more prevalent in stage I/II non-small cell lung cancer than in more advanced-stage tumors, and that they contribute to the formation of protective tumor-associated tertiary lymphoid structures (24). However, in the present study, we found no correlation between NKp44− ILC3s and the pathological stage (Figure 1F).

Su et al. (25) reported the clinical significance of circulating immune cells at different colon tumor locations. In the present study, our results showed no correlation between ILC3 percentage and the different tumor regions (Figure S2B and Table 1). Glandular and mucous carcinomas are common forms of colon cancer. We found similar variations in ILC3 levels among CD45+ lymphocytes in colon glandular cancer and mucous carcinoma with the percentage of tumor ILC3s lower than that of proximal and distal ILC3s and the percentage of proximal ILC3s higher than that of distal ILC3s (Figure 1G).



Decreased Numbers of ILC3s in Colon Cancer Tissues Are Correlated With Higher pDC Levels

pDCs have clinical importance in different tumor types (26) and play a critical role in the tumor microenvironment to promote cancer progression through stimulation of Th2 and regulatory immunity (27). Su et al. (28) showed that the percentage of ILC3s was negatively correlated with pDC levels in lymphoid organs of NRG humanized mice with a persistent HIV-1 infection. Because ILC3 depletion by HIV-1 infection is dependent upon pDCs and IFN-I activity, we hypothesised that the frequency of the two cell types is also correlated in colon cancer. To test this hypothesis, we detected the incidence of pDCs in colon cancer tissues. Flow cytometric analysis of MNCs isolated from colon cancer tissue specimens showed that nearly 0.5% of CD45+ colon leukocytes exhibited a pDC phenotype (Lin− CD45+ blood DC antigen 2, BDCA2+) (Figure 2B and Figure S3) with the percentage of pDCs higher than that in proximal and distal regions (Figure 2C); furthermore, the pDC percentage was higher in the proximal region than in the distal region (Figure 2C). Immunohistochemistry staining of BDCA2 revealed that pDCs were present in colon tumor tissue specimens in similar proportions to those obtained by flow cytometry (tumor > proximal > distal; Figure 2A).




Figure 2 | Tumor ILC3s are negatively correlated with tumor pDC levels. MNCs from tumor, proximal, and distal regions of 58 patients with colon cancer were prepared. (A) Representative H&E and immunohistochemistry staining of BDCA2 in tumor, proximal, and distal tissues from patients are shown (magnification, 400×). (B) The gating used to define pDCs: MNCs were stained for Lin, CD94, CD34, CD1a, TCRα/β, TCRγ/δ, CD45, BDCA2, and pDCs were identified as Lin− CD94− CD34− CD1a− TCRα/β− TCRγ/δ− CD45+ BDCA2+. (C) pDC levels among CD45+ cells in the indicated tissues. (D) Correlation between the percentage of pDCs in tumor (T) versus distal (D) tissue specimens and the pathological stage of colon cancer. (E) Correlation between the percentage of pDCs in tumor (T) versus distal (D) tissue specimens and the region of the tumor in the colon: 1, 2, 3, and 4 represent ascending, transverse, descending, and sigmoid colon, respectively. (F) Percentage of pDCs among CD45+ cells in colon glandular cancer and mucous carcinoma tissues. (G) Correlation between the number of ILC3s and pDCs among tumor infiltrating CD45+ cells. In (B, D, E, G), each dot represents one patient. In (C, F), each symbol (circle, tumor; square, proximal region; triangle, distal region) represents the indicated tissue specimen from one patient. A paired t-test and Spearman test were used for statistical comparisons. *P < 0.05; **P < 0.01; ***P < 0.001.



Additionally, we found a positive correlation between the number of pDCs and pathological tumor stage (Figure 2D and Table 2). Interestingly, there was also a positive correlation between the percentage of pDCs and the examined tumor region (Figure 2E and Table 2). Moreover, the variations in pDC levels among CD45+ cells in colon glandular cancer tissue and mucous carcinoma were similar, as the percentage of tumor pDCs was higher than that of pDCs in the proximal and distal regions, and the percentage of proximal pDCs was higher than that of distal pDCs (Figure 2F).

Next, we determined the correlation between ILC3 frequency and pDCs among tumor infiltrating CD45+ cells and observed a negative correlation between the number of ILC3s and pDCs in colon cancer tissues (Figure 2G). We then detected the percentage of other immune cells in colon tissues (tumor, proximal, and distal) and found that the percentage of Treg cells among the CD45+ cells was higher than that in the proximal and distal regions. However, there was no difference in the percentages of mDCs, CD4+ T cells, CD8+ T cells, Breg cells, B cells, NK cells, or monocytes among the CD45+ cells in the investigated regions (Figure S4). Additionally, there was no correlation between the change in the number of ILC3s and that of other immune cells.



Correlation Between ILC3s and pDCs at the Level of Differentially Expressed Genes (DEGs)

To investigate gene expression in ILC3s, and to further assess the correlation between ILC3s and pDCs in colon cancer tissues, we performed RNA-Seq. The experimental group was tumor-derived (T) ILC3s or pDCs and the control group was distal (D) ILC3s or pDCs.

For the ILC3s, >60 million clean reads were obtained from each sample group with a Q20 score >98% and a mapping rate to the reference genome of each sample varying from 73.89% to 91.40% (Table S1), indicating that the data were reliable and could be used for further analysis. A total of 14,943 and 4213 genes were upregulated and downregulated, respectively, in tumor ILC3s relative to distant ILC3s (Figure 3A); among them, 7352 genes were related to cancer (Figure 3B). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis confirmed a significant enrichment of genes involved in cancer-associated and RNA-degradation pathways (Figure 3C), with more upregulated than downregulated genes. These results show that the tumor environment altered the expression of many ILC3 genes.




Figure 3 | DEGs in ILC3s are associated with both tumor development and inhibition. Analysis of gene expression in tumor and distal ILC3s and identification of significant pathways regulated by the DEGs. (A) Scatter plot of DEGs: X and Y axes represent log10-transformed gene expression levels. Upregulated, downregulated, and unchanged genes are presented in red, blue, and gray, respectively. (B) Pathways regulated by the DEGs: The X-axis represents the number of DEGs, whereas the Y-axis represents the functional classification. (C) Pathway functional enrichment of DEGs: The X-axis represents the enrichment factor, and the Y-axis represents the pathway name. The color indicates the q-value (high: white; low: blue). A lower q-value signifies a more significant enrichment. Point size indicates the DEG number. Rich Factor refers to the value of the enrichment factor, which is the quotient of the foreground value (the number of DEGs) and the background value (total number of genes). The larger the value, the more significant the enrichment. (D) RNA-Seq analysis of DEGs in tumor versus distal ILC3s. Data from four separate tumor ILC3s (T, experimental group) versus data from four separate distal ILC3s (D, control group).



After removing genes which could not be confidently mapped to existing entries in any public sequence database, we calculated the log value and fragments per kilobase of transcript per million (FPKM) reads value for each sample. We identified tumor-related genes with significant differences, including 29 upregulated genes and 2 downregulated genes identified from the comparison of tumor and distal regions in four patients (Figure 3D). The upregulated genes included those associated with tumor development (PBX3, ARID3B, NID2, PRR11, COL23A1, TGIF2, SEMA4A, COL23A1, and SLC25A29) and inhibition of tumor development (LTBP4, KANK2, RTEL1, ANGPTL4, and SCIN) (Figure 3D), whereas the downregulated genes included one associated with tumor development (CSE1L) (Figure 3D). These data suggest that ILC3s in tumor tissue might play dual roles during tumor development, in agreement with a previous report (20).

In addition, we analyzed the expression of inflammatory factors and chemokines on ILC3s. The analysis showed that 22 inflammatory genes and 13 chemokines were significantly expressed on ILC3s (Figure 3D). Of the inflammatory factors, 19 upregulated genes and three downregulated genes were identified from the comparison of tumor and distal regions in three patients (Figure 3D). Of the chemokines, eight upregulated genes and five downregulated genes were identified from the comparison of tumor and distal regions in four patients (Figure 3D).

For the pDCs, we obtained >60 million clean reads with a Q20 score >97% and a mapping rate to the reference genome of each sample varying from 75.74% to 88.42% (Table S2). A total of 10,840 and 11,549 genes were upregulated and downregulated, respectively, in tumor pDCs as compared with distal pDCs (Figure 4A); among them, 6446 genes were related to cancer (Figure 4B). KEGG pathway analysis confirmed the enrichment of cancer-associated genes (Figure 4C), and as with the ILC3 results, the data show that the tumor environment altered the expression of multiple genes. We identified tumor-related genes with significant differences, including 14 upregulated and 10 downregulated genes from tumor versus distal pDCs in three patients (Figure 4D). We found that the upregulated genes were associated with tumor development (ARHGAP4, HSPD1, HNRNPA2B1, UBAP2L, STAG1, TUBB, GPX2, CD44, PEBP4, and CD274) (Figure 4D), and the downregulated genes were associated with tumor inhibition (SNAP23, PTPRE, RPS13, and OGT) (Figure 4D). These findings were consistent with previously reported results, showing that pDCs in the tumor microenvironment are associated with the development and maintenance of immunosuppression (27, 29–31).




Figure 4 | DEGs in pDCs are associated with tumor development. Analysis of gene expression in tumor and distal pDCs and identification of significant pathways regulated by the DEGs. (A) Scatter plot of DEGs: X and Y axes represent log10-transformed gene expression levels. Upregulated, downregulated, and unchanged genes are presented in red, blue, and gray, respectively. (B) Pathways regulated by the DEGs: The X-axis represents the number of DEGs, whereas the Y-axis indicates the functional classification. (C) Pathway functional enrichment of DEGs: The X-axis represents the enrichment factor and the Y-axis signifies the pathway name. The color indicates the q-value (high: white; low: blue). A lower q-value represents a more significant enrichment. Point size indicates DEG number. Rich Factor refers to the value of the enrichment factor, which is the quotient of the foreground value (the number of DEGs) and the background value (total number of genes). The larger the value, the more significant the enrichment. (D) RNA-Seq analysis of DEGs in tumor versus distal pDCs. Data from three separate tumor pDCs (T, experimental group) versus data from three separate distal pDCs (D, control group). Many of the DEGs in pDCs were associated with tumor development and metastases.



In addition, we analyzed the expression of inflammatory factors and chemokines on pDCs. Nine inflammatory genes and one chemokine were significantly expressed on pDCs (Figure 4D). Of the inflammatory factors, seven upregulated genes and two downregulated genes were identified from the comparison of tumor and distal regions in three patients (Figure 4D). Of the chemokines, one downregulated gene was identified from the comparison of tumor and distal regions in three patients (Figure 4D).

To assess correlations between ILC3s and pDCs in colon cancer tissues, we further analyzed the RNA-Seq data. Among the upregulated genes, 3,408 genes were co-expressed in ILC3s and pDCs (Figure 5A). Among the downregulated genes, 962 genes were co-expressed in ILC3s and pDCs (Figure 5B). Moreover, calculation of the Pearson correlation coefficient from RNA-Seq data from all tumor samples revealed an obvious correlation between ILC3s and pDCs in each tissue sample (Figure 5C). The analysis of DEGs in ILC3s (Figure 3C) versus pDCs (Figure 4C) revealed that most upregulated and downregulated ILC3 genes were associated with RNA degradation, metabolic, and apoptotic pathways, whereas most upregulated and downregulated pDC genes were associated with tumor development or inhibition (Figure 5D). In addition, some inflammatory factors and chemokines were highly expressed on ILCs or pDCs (Figure 5D), particularly ILC3s. These findings were consistent with our flow cytometry results, which showed a negative correlation between the numbers of ILC3s and pDCs in colon cancer tissues (Figure 2G).




Figure 5 | Inverse correlation between ILC3s and pDCs in colon cancer tissues as assessed by RNA-Seq. (A) The Venn diagram represents the overlap between the number of upregulated genes in tumor ILC3s versus distal ILC3s (red, left) and tumor pDCs versus distal pDCs (blue, right). (B) The Venn diagram represents the overlap between the number of downregulated genes in tumor ILC3s versus distal ILC3s (red, left) and tumor pDCs versus distal pDCs (blue, right). (C) Heatmap of Pearson correlations between samples. Both the X and Y axes represent each sample. The colors indicate the degree of the Pearson correlation (high: blue; low: white). (D) RNA-Seq analysis of DEGs in tumor ILC3s versus pDCs. Data are from three separate comparisons of tumor ILC3s versus distal ILC3s and tumor pDCs versus distal pDCs.





pDCs Can Induce Apoptosis of ILC3s in a Tumor-Like Microenvironment

Our results showed a negative correlation between the numbers of ILC3s and pDCs in colon cancer tissues; the number was low for ILCs and high for pDCs (Figure 2G). The RNA-Seq results showed that ILC3s showed high expression of apoptosis-related genes such as CD95, TNFRSF21, caspase 8, and caspase 3, and pDCs showed high expression of IFN-a-related genes such as IFNA1, IFNAR2, and IRF6 in tumors (Figure 5D). Su et al. (28) showed that ILC3 depletion by HIV-1 infection is dependent upon pDCs and IFN-I activity. Therefore, we tested whether the low number of ILC3s in the tumor microenvironment is related to pDCs.

First, we used flow cytometry to further verify the expression of apoptosis-related genes in ILC3s in the tumor tissues of colon cancer patients. The results showed that ILC3s overexpressed CD95 and caspase 3 in the tumor tissue compared with that in the distal tumor control group (Figures 6A, B). Secretion of cytokineIFN-a was detected in the TS (Figures 6A, D).




Figure 6 | pDCs can affect the survival of ILC3s in the tumor-like microenvironment. (A, B) MNCs from tumor and distal regions from three patients with colon cancer were prepared. Flow cytometric analysis was performed for the expression of apoptosis-related genes caspase 3 and CD95 on ILC3s in the tumor and distal tissue control groups. (C, D) pDCs from normal tonsil tissue were prepared. TS was added to the pDC culture system and the culture supernatant was collected to detect the secretion of cytokine IFN-a from pDCs by ELISA; IMQ was used as a positive control; anti-IFNα was used to neutralize IFN-a. TS is from tumors of three patients with colon cancer. (E–I) ILC3s and pDCs from normal tonsil tissue were prepared. TS, IFN-a, and anti-IFNα was added to the culture system of ILC3s and pDCs. Flow cytometric analysis of the expression of apoptosis-related genes (F) and the survival rate of ILC3s (G) are shown. ELISA was used to detect the secretion of IL-22 in co-culture supernatant (H). Giemsa staining was used to detect the morphology of ILC3s and pDCs (I) (magnification, 50×). Each experiment was repeated three times. A paired t-test and Spearman test were used for statistical comparisons. *P < 0.05; **P < 0.01.



Previous studies have reported that IFN-a is mainly secreted by pDCs (32). As such, we wanted to detect whether pDCs in the tumor microenvironment secrete IFN-a. Owing to the limited number of pDCs in colon tissue and peripheral blood, we isolated pDCs from normal tonsil tissue for subsequent in vitro culture experiments. We added TS to the pDC culture system and used IMQ as a positive control to detect the secretion of cytokine IFN-a. TS was able to promote the secretion of IFN-a from pDCs compared with the TS itself (Figures 6C, D). After added anti-IFNα to the pDC culture system with TS, the release of IFN-a is significantly reduced (Figures 6C, D).

To test whether pDCs can affect the survival of ILC3s through IFN-a in the tumor microenvironment, we co-cultured pDCs and ILC3s from normal tonsil tissue in the presence or absence of TS, IFN-a, and anti-IFNα to detect the expression of apoptosis-related genes and the survival rate of ILC3s. After co-culturing ILC3s and pDCs with TS or IFN-a, the expression of apoptosis-related genes caspase 3 and CD95 on ILC3s was significantly upregulated (Figures 6E, F); the survival rate of ILC3s was significantly reduced (Figures 6E, G); and the main factor secreted by ILC3s (IL-22) was also significantly downregulated (Figures 6E, H). After added anti-IFNα to neutralize IFN-a, the above effect is obviously weakened (Figures 6E–H). Giemsa staining results revealed that the ILC3 cell membrane was incomplete and there were scattered apoptotic bodies (Figure 6I), this result needs further verification. The above results indicate that pDCs can induce apoptosis of ILC3s through the CD95 pathway by releasing IFN-a in the tumor-like microenvironment.




Discussion

ILCs are important tissue-resident innate immune cells; the numbers and relative percentages of the three subtypes (ILC1, ILC2, and ILC3) vary in different organs (33, 34). In response to acute environmental challenges and as tissue-resident cells, ILCs can renew and expand in both lymphoid and non-lymphoid organs (34). A change in the ILC population in human tissues is associated with the pathogenesis and progression of chronic infections and inflammatory diseases (18, 28, 35). Recently, Ikeda et al. reported that the number of NKp44+ ILC3s from colorectal cancer tissue is associated with tumor-associated tertiary lymphoid structures (22). Our group collected 58 samples from colon cancer patients to further study the distribution characteristics of ILCs in colon cancer and their correlation with other immune cells.

Flow cytometry showed that the numbers of ILC3s and NKp44+ ILC3s in colon tumor tissues were lower than those in distal regions and negatively correlated with the pathological stage of cancer; however, there was no correlation between the number of ILC3s and patient age, sex, tumor location, tumor size, lymphatic metastases, or distant metastases. RNA-Seq showed that among the DEGs in tumor versus distal ILC3s, many were associated with tumor development or inhibition (Figure 3); however, most of the DEGs were involved in tumor suppression, especially SCIN, which was upregulated in tumor ILC3s. These data concur with previous studies suggesting that ILC3s in the tumor microenvironment might have dual functions depending on the cancer phase and environmental context (20, 36–38).

Human ILC3s are the most heterogeneous ILCs. In addition to conventional NK cells, the ILC3 population can also express NCRs and can be divided according to this expression into NKp44+/− ILC3s, NKp30+/− ILC3s, and NKp46+/− ILC3s (24). Additionally, ILC3s can be classified according to the C-C motif chemokine receptor (CCR) 6 expression into CCR6+ and CCR6− ILC3s (18). In the present study, changes in the NKp44+/− ILC3 population in tumors and proximal and distal regions were similar to those in total ILC3s, especially the NKp44+ ILC3 population; however, changes in the number of ILC1s and ILC2s among the analyzed locations were not significant. These results may be due to insufficient tissue sample size. In future investigations, we will expand the sample size and repeat this analysis.

pDCs are type-I IFN-producing cells that bridge the innate and adaptive immune systems (32) and are specialized in endosomal TLR7/9-mediated recognition of viral nucleic acids with their response involving massive secretion of type-I IFNs to promote virus removal (39). pDCs in the tumor microenvironment mainly exist in a non-activated state and are associated with the development and maintenance of an immunosuppressive environment (27, 29–31). Functional alterations of pDCs in the tumor microenvironment are associated with tumor immune-escape mechanisms (29, 40, 41). In the present study, the number of pDCs in flow cytometric analysis of colon tumor tissues was higher than that in distal regions and positively correlated with tumor location, pathological stage, lymphatic metastases, and especially distant metastases of colon cancer. However, we did not find any correlation between the number of pDCs and patient age, sex, or tumor size. Our RNA-Seq results showed that, among the genes upregulated in tumor pDCs (versus distal pDCs), many were associated with tumor development, whereas many of the downregulated genes were associated with tumor inhibition (Figure 4). These data suggest that pDCs might participate in tumor progression and immune escape.

Zhang et al. (28) reported that chronic HIV-1 infection induces ILC3 apoptosis via pDC activation, induction of type-I IFN expression, and CD95-mediated apoptosis. Additionally, Maazi et al. (42) showed that pDC activation alleviates airway hyperreactivity and inflammation by suppressing ILC2 function and survival. However, the relevance of ILCs and pDCs in the tumor microenvironment has not been reported. Our flow cytometric data showed a negative correlation between ILC3s and pathological stage and a positive correlation between pDCs and pathological stage. Additionally, we found a negative correlation between percentages of ILC3s and pDCs, with RNA-Seq analysis subsequently confirming this result. The analysis of ILC3 versus pDC DEGs showed that many tumor ILC3 DEGs were involved in RNA degradation, metabolic, and apoptotic pathways, whereas most tumor pDC DEGs were associated with tumor development or inhibition. Julieta et al. (43) reported mRNA degradation as an early apoptotic event in colon cancer, which is concordant with our findings.

In the in vitro experiments, after co-culturing ILC3s and pDCs with TS or IFN-a, the expression of apoptosis-related genes caspase 3 and CD95 on ILC3s was significantly upregulated; the survival rate of ILC3s was significantly reduced. In addition to molecules caspase 3 and CD95, other apoptosis-related genes on ILC3s may play important roles in the way pDCs affect ILC3s; this needs further verification. For pDCs, KEGG pathway analysis showed that many of the DEGs were associated with cancer. This supports the results reported by Zhang et al. (28) that pDCs might induce ILC3s apoptosis during chronic HIV-1 infection. Additionally, in the colon cancer environment, pDCs may induce ILC3 apoptosis and promote tumor progression, which would explain the difference in percentage of ILC3s and pDCs in tumor tissues (ILC3s, low; pDCs, high). Moreover, we found multiple upregulated and downregulated genes with similar patterns between ILC3s and pDCs. Pearson correlation analysis of all samples showed obvious correlations between ILC3s and pDCs in colon cancer tissue samples. In our future work, we will confirm these results using in vivo experiments.

Su et al. (25) reported that different levels of circulating immune cells are associated with tumor location, stage, differentiation status, and lymphatic metastases in patients with colon cancer. Additionally, they found that the epidemiology, pathogenesis, genetic and epigenetic alterations, molecular pathways, and prognoses differed in patients with left-sided and right-sided colon cancers. In the present study, we found that the percentage of pDCs in the tumor tissue was correlated with the region of the colon with the tumor and that the number of pDCs progressively decreased in the sigmoid, descending, transverse, and ascending colon. However, there was no correlation between the percentage of ILC3s and the region of the colon with the tumor or between the pathological stage and the tumor region (Figures S2B, C).

Interestingly, our results showed that the number of ILC3s in the tumor was lower than that in distal and proximal regions, but the number of ILC3s in the proximal region was higher than that in the distal region. Additionally, we found a negative correlation between ILC3s from proximal regions and the pathological stage of cancer (data not shown). RNA-Seq analysis revealed thousands of DEGs between proximal and distal ILC3s (data not shown), including oncogenes. In our future work, we plan to investigate the role of ILC3s in tumor and proximal regions in colon cancer.



Conclusions

In summary, our data reveal that ILC3s and pDCs represent important cellular components in colon cancer that may participate in tumor progression or inhibition. Specifically, pDCs may induce immune tolerance and promote tumor metastasis in the tumor microenvironment. Furthermore, our findings suggest that ILC3s and pDCs may represent novel therapeutic targets for the modulation of the immune response against colon cancer. Moreover, the identification of ILC3s and pDCs in tumor specimens may represent a new immune score factor to aid in prognostic determination for patients undergoing surgery for colon cancer.
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The induction of an anti-cancer immune responses is potentially associated with the efficacy of anti-cancer therapy. Recent studies have indicated that sinus macrophages in regional lymph nodes are involved in anti-cancer immune responses in the cancer microenvironment. In the present study, we investigated the correlation between lymphocyte infiltration in cancer tissues and macrophage activation in regional lymph nodes. We retrospectively identified 294 patients with gastric cancer who underwent surgery from 2008 to 2012. Using immunohistochemistry, we evaluated CD169-expression on CD68-positive macrophages, and the density of CD8-postive lymphocytes in tumor microenvironment. We statistically examined the correlation between CD169 and CD8 expression, and performed Cox regression analysis of potential prognostic factors, including CD169 and CD8 expression, for cancer-specific survival (CSS) in patients with total and advanced gastric cancer. CD169 overexpression in lymph node sinus macrophages (LySMs) was positively correlated to the density of CD8-positive lymphocytes in primary cancer tissues (R = 0.367, p < 0.001). A high density of CD8-positive T lymphocytes in the primary site and a high level of CD169 expression in LySMs were independently associated with greater CSS in patients with total and advanced gastric cancer (p < 0.05 for all). The expression on CD169 in LySMs is a predictor of a favorable clinical course in patients with gastric cancer, and might be useful for evaluating anti-cancer immune responses.
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Introduction

Gastric cancer is one of the most common cancers, with about 865,000 patients with this disease dying worldwide each year (1). Various treatments including cancer immunotherapies have been used to treat gastric cancer, but the prognosis remains poor. Recently, immune checkpoint inhibitors have been approved to treat patients with gastric cancer. Tumor-infiltrating lymphocytes (TILs) are involved in anti-cancer immune responses with a high density of such cells in cancer tissues associated with a favorable prognosis in various cancers, including gastric cancer (2–5). A high density of TILs in cancer tissues is suggested to be associated with a better clinical effect of chemotherapy in patients with advanced gastric cancer (6). Thus, the induction of an anti-cancer immune responses is necessary to improve the efficacy of anti-cancer therapy.

Lymph nodes, as immune organs, play an important role in the induction of specific immune responses to cancer (7, 8). Various antigens from peripheral tissues flow into lymph nodes, where dendritic cells and macrophages act as antigen-presenting cells (9, 10). It is well-known that dendritic cells have strong antigen-presenting ability. In addition to dendritic cells, lymph node sinus macrophages (LySMs) have also been suggested to have antigen-presenting capacity in animal studies.

CD169, also called sialoadhesin, is the foremost member of the sialic acid-binding lectin (Siglec) superfamily (7). It binds sialylated glycoproteins including CD43 (sialophorin) and MUC1 and is involved in cell–cell adhesion as well as cell–pathogen interactions (11–14). CD169 expression is found in splenic marginal metallophilic macrophages and in certain tissue macrophages in bone marrow, colon, liver, and lung, as well as in LySMs (11, 15). CD169-positive macrophages express both M1- and M2-related genes, and are considered as a unique subset that differ from M1/M2-like macrophages (16, 17). CD169-positive LySMs were involved in antigen presentation and the induction of cytotoxic T lymphocytes, in addition to dendritic cells, in a mouse model (18, 19). The downregulation of CD169 in pre-metastatic regional lymph nodes was associated with lymph node metastasis in a rat model (20). In histopathological studies using human resected samples, a correlation between a high CD169 expression level in LySMs and a favorable clinical course has been reported in several cancers including colorectal cancer (21). A correlation between anti-cancer immune responses and a high level of CD169 expression has also been suggested in these tumors. These findings indicated that LySMs in regional lymph nodes are closely associated with anti-cancer immune responses since they engulf dead cells and debris from tumor tissues (22). However, the direct mechanisms underlying the role of CD169 in the induction of immune responses have not yet been clarified. Because CD169 expression is up-regulated by type I interferons, CD169 expression has been considered a surrogate marker of active immune responses in lymph nodes (23).

No studies have yet examined the role of LySMs in patients with gastric cancer. In the present study, we aimed to elucidate the association between CD169 LySMs and prognosis in gastric cancer, including its pathological stage and subgroups: histology, tumor-stroma ratio, distant metastasis, and LN metastasis. In order to determine the significance of CD169 expression in patients with gastric cancer, we used tissue specimens to investigate the correlation between CD169 expression on LySMs and CD8+ T-cell infiltration in primary lesions. We also examined the relationship between CD169 expression and various clinicopathological factors.



Materials and Methods


Samples

We conducted a retrospective analysis in accordance with the Declaration of Helsinki and with the approval of the Hospital of the University of Environmental and Occupational Health (UOEH), and Wakamatsu Hospital of UOEH (H30-172). The present study utilized paraffin-embedded specimens of primary lesions and regional lymph nodes (RLNs) resected from 294 patients with gastric cancer who had undergone surgery at the Hospital of the UOEH from 2008 to 2012 and Wakamatsu Hospital of the UOEH from 2011 to 2012. We excluded patients who died from non-primary cancer causes or patients who were no longer available for follow-up within a year after surgery. We also excluded cases in which the lymph nodes were difficult to evaluate and in which no lymph node resection had been performed.



Histology

Samples from 294 gastric cancer cases were stained with hematoxylin and eosin (HE) and evaluated histopathologically by two or three pathologists (KK, TT, and TN) who were blinded to clinical outcomes. As previously published, the tumor-stroma ratio (TSR) was calculated as the percentage of stroma relative to tumor area; tumors were subgrouped as having a high (>50%) or low TSR (24–26). We selected the most invasive tumor area (0.25 -0.50 mm2 total area) for TSR evaluation, and excluded areas with necrosis or mucin deposition. TSR evaluation was also conducted by two or three pathologists (KK, TT, and TN) who were blinded to clinical outcomes.



Immunohistochemistry

Tumor tissues and RLNs were fixed in 10% neutral formalin and embedded in paraffin. Anti-CD169 (clone HSn 7D2; Santa Cruz Biotechnology, CA, USA), anti- CD68 (clone PG-M; Agilent Technologies, CA, USA), and anti-CD8 (clone C8/144B; Nichirei, Tokyo, Japan) antibodies were used as primary antibodies for immunohistochemistry (IHC). Antigen retrieval and IHC were performed as previously published (27). Lymph nodes without metastasis were used as controls for CD68 and CD169 expressions. For counting CD169+ and CD68+ cells in RLNs and CD8+ cells in tumors, we used the HALO 2.3 system (Indica Labs, Albuquerque, NM, USA). We selected four random fields (0.25 mm2 per field, total 1.00 mm2) from the primary tumor to count CD8+ T cells. To count CD68+ and CD169+ macrophages in RLNs, we delineated the RLN sinus with a line in two to four fields (0.10 to 0.25 mm2 per field, total 0.50 mm2) in serial sections. After counting cells and measuring these areas, we calculated the density of CD8+ T cell infiltration into the tumor, and the ratio of CD169+ cells in CD68+ LySMs. For double-IHC, HistoGreen substrate (green color; AYS-E109, Eurobio Scientific, Les Ulis, France) was used for peroxidase-based immunostaining.



Statistical Analysis

We carried out statistical analyses using SPSS 25 software (IBM, Chicago, IL, USA). Bivariate comparisons of clinicopathological features between patients with high (n = 135) and low (n = 159) ratios of CD169+ to CD68+ LySMs were performed using a χ2-test. The relationship between two numerical factors was analyzed using Spearman’s correlation analysis. The association of multiple prognostic factors with cancer-specific survival was assessed using univariate and multivariate Cox proportional hazard model analysis. Multivariate analysis included age, sex, histology, depth of invasion, LN metastasis, distant metastasis, lymphatic invasion, vascular invasion, tumor-stroma ratio, density of CD8+ T cells, and the ratio of CD169+ to CD68+ LySMs. Survival curves were calculated using the Kaplan-Meier method, and the difference between survival curves was analyzed using the log-rank test. Differences were considered statistically significant at P-values of < 0.05.




Results


CD169 Expression in LySMs Was Significantly Associated With the Density of Infiltrating CD8+ T Cells in Primary Cancer Lesion

Immunohistochemistry for CD68 and CD169 was performed using RLN specimens, and that for CD8 was done using primary cancer specimens in 294 gastric cancer cases. The density of positive cells was evaluated by the HALO 2.3 system as described in the Materials and Methods section (Figures 1A, B). As shown in Figure 1, the density of CD8-positive cells ranged from 8.33 to 2399.26 cells/mm2 (mean, 394.33 cells/mm2; median, 286.81 cells/mm2). The ratio of CD169+ to CD68+ cells ranged from 0.00% to 132.78% (mean, 62.14%; median, 71.38%; Figure 1D). Representative IHC images of samples of two patients are shown in Figure 2. Since it is well known that CD169 expression was restricted in CD68+ LySMs in the lymph node, the expression on CD169 in LySMs was evaluated as the ratio of CD169+ to CD68+ cells (Figure 2B). The direct cell-cell interaction between CD169+ LySM and CD8+ TIL was detected in sinus area of lymph node (Figure 2C). Next, we tested the correlation between CD8+ TILs in tumor tissues and CD169 expression in LySM. We found that the ratio of CD169+ to CD68+ cells was positively correlated to the density of CD8+ TILs in both total and advanced gastric cancer (total; R = 0.367, p < 0.001; advanced; R = 0.317, p < 0.001; Figures 2D, E). These observations indicated a significant correlation between high CD169 expression in LySMs and high immune responses in the tumor microenvironment.




Figure 1 | Immunohistochemistry and cell counting system. The numbers of CD169+ and CD68+ cells in regional lymph nodes (RLNs) and CD8+ cells in tumors were evaluated using HALO 2.3 as described in Materials and Methods. Scale bar = 100 μm. Representative immunohistochemistry (IHC) stains of CD169 (A) and CD8 (B) are shown. Positive cells in selected areas surrounded by yellow lines were counted automatically by HALO 2.3. (C) Number of CD169/CD68 ratio in lymph node sinus macrophages (LySMs). (D) Number of CD8 expressions in primary tumor. Patients were divided into two groups according to their CD169/CD68 ratio: < 0.65 was defined as low and ≥ 0.65 was defined as high. With regard to CD8+ cells, the patients were divided into two groups according to cell density: < 287/mm2 was defined as low and ≥ 287/mm2 was defined as high.






Figure 2 | Immunohistochemistry of CD169+ and CD68+ macrophage in regional lymph nodes (RLN), and CD8+ cells in primary tumor. Scale bar = 100 μm. (A) Representative figures of immunohistochemistry (IHC) images from CD169 high and low cases are shown. Lymph node sinus macrophages (LySMs) were positive for CD68 in both two patients, although, CD169 expression differed. High infiltration of CD8+ T cells in primary tumor tissues was seen in a CD169high case and low infiltration of CD8+ T cells in primary tumor tissues was seen in a CD169low case. (B) Double IHC of CD68(green) and CD169(brown) showed CD169 was expressed on CD68-positive macrophages. Correlation between the number of CD8+ T cells in primary tumor tissues and CD169/CD68 ratio in LySMs were tested by Spearman’s correlation test. (C) Double IHC of CD8(green) and CD169(brown) showed the direct cell-cell interaction between LySM and T cells in sinus area. Scatter plots of total (D) and in advanced (E) gastric cancer cases were shown. RLN, regional lymph node.





High CD169 Expression in LySMs and a High Density of Infiltrating CD8+ T Cells in Primary Cancer Lesion Were Associated With a Favorable Clinical Course

Patients were divided into CD169low and CD169high groups, with the cut-off value set to 65% (Figure 1) and the relationship with clinicopathological features analyzed. The expression on CD169 in LySMs was not associated with age, sex, histological subtype, depth of invasion, lymphovascular invasions or metastasis (Table 1). Next, we tested the correlation between cancer-specific overall survival time (CSS)/relapse-free survival time (RFS), and CD169 expression. The CD169high group showed greater overall survival as compared to the CD169low group; the 5-year CSS was 85.25% in the CD169high group and 72.46% in the CD169low group (p = 0.004; Figure 3A). In addition, a high density of CD8+ TILs was associated with a greater CSS; the 5-year CSS was 93.60% in the CD8high group and 65.36% in the CD8low group (p < 0.001; Figure 3C). High CD169 expression and a high density of CD8+ T cells were independent prognostic factors in a multivariate analysis respectively (Table 2; Figure 3E). A high density of CD8+ TILs was also associated with a greater RFS; the 5-year RFS was 95.61% in the CD8high group and 68.03% in the CD8low group (p < 0.001; Figure 3D), However, the CD169high group did not show a greater RFS compared to the CD169low group; the 5-year RFS was 86.47% in CD169high and 77.71% in CD169high (p = 0.112, Figure 3B) groups, respectively. Additionally, in multivariate analysis, a high density of CD8+ T cells was an independent prognostic factors, but high CD169 expression was not an independent prognostic factor (Table 3; Figure 3F).


Table 1 | Clinicopathological features and CD169+/CD68+ ratio in lymph node sinus macrophages (LySMs) from 294 patients with gastric cancer.






Figure 3 | Kaplan-Meier cancer-specific survival and relapse-free survival curves for total gastric cancer cases. The patients were divided into two groups according to their CD169/CD68 ratio: < 0.65 was defined as low and ≥ 0.65 was defined as high (A, B) or divided into two groups according to their density of CD8+ cells: < 287/mm2 was defined as low and ≥ 287/mm2 was defined as high (C, D). (A, C) Cancer-specific survival (CSS) curves for patients with total gastric cancer. (B, D) Relapse-free survival (RFS) curves for patients with total gastric cancer. (E) Forest plot analysis of CSS. (F) Forest plot analysis of RFS.




Table 2 | Univariate and multivariate Cox regression analysis of potential prognostic factors for cancer specific survival in patients with total gastric cancer (n = 294) and advanced gastric cancer (n = 159).





Table 3 | Univariate and multivariate Cox regression analysis of potential prognostic factors for relapse free survival in patients with total gastric cancer (n = 270) and advanced cancer (n = 135).






A Significant Association Between CD169 Expression in LySMs and Clinical Course in Advanced Gastric Cancer Cases

We divided all cases into two groups: early and advanced gastric cancer cases. The CD169high group showed greater CSS and RFS as compared to the CD169low group. The 5-year CSS was 76.19% for the CD169high group, and 48.92% for the CD169low group (p < 0.001; Figure 4A). The 5-year RFS was 77.58% for the CD169high group and 53.16% for the CD169low group (p = 0.004; Figure 4B) in advanced gastric cancer. In addition, high CD169 expression was an independent prognostic factor in multivariate analysis (Tables 2, 3, Figures 4E, F). However, in early gastric cancer, a significant difference between the ratio of macrophages and prognosis was not noted (Figures 4C, D). The 5-year CSS was 97.03% for the CD169high group and 98.48% for the CD169low group (p = 0.354; Figure 4C). The 5-year RFS was 98.48% for the CD169high group and 97.04% for the CD169low group (p = 0.354; Figure 4D).




Figure 4 | Kaplan-Meier cancer-specific survival and relapse-free survival curves for patients with advanced or early gastric cancer. For all Kaplan-Meier curves, the patients were divided into two groups according to their CD169/CD68 ratio: < 0.65 was defined as low and ≥ 0.65 was defined as high. (A) Cancer-specific survival (CSS) curves for patients with advanced gastric cancer. (B) Relapse-free survival (RFS) curves for patients with advanced gastric cancer. (C) CSS curves for patients with early gastric cancer. (D) RFS curves for patients with early gastric cancer. (E) Forest plot analysis of CSS in advanced gastric cancer. (F) Forest plot analysis of RFS in advanced gastric cancer.





Significant Association Between CD169 Expression in LySMs and Clinical Course Was Not Dependent on Histological Subtype, Distant Metastasis, Etc.

Because we found a more significant association between CD169 expression in LySM and a clinical course in advanced gastric cancer, we performed a prognostic study of advanced gastric cancer cases only. The CD169high group showed better cancer specific survival in advanced gastric cancer with various subgroups, such as histology, and LN metastasis, in Kaplan-Meier analysis. The 5-year CSS was 76.49% for the CD169high group and 52.54% for the CD169low group for the intestinal type group (p = 0.024; Figure 5A), and 75.85% in the CD169high group and 45.60% in the CD169low group for the diffuse type group (p < 0.001; Figure 5B). The 5-year CSS was 67.48% for the CD169high group and 28.27% for the CD169low group for the LN metastasis-positive group (p < 0.001; Figure 5D); however, no significant difference was seen in cases without LN metastasis (Figure 5C). The 5-year CSS was 85.59% for the CD169high group and 59.35% for the CD169low group in a group without distant metastasis (p < 0.001; Figure 5E). Although a significant difference in cases with distant metastasis was not observed, the CD169high group tended to have a more favorable prognosis. The 5-year CSS was 11.11% for the CD169high group and 0% for the CD169low group (p = 0.050, Figure 5F). With regards to the RFS, a similar observation that high CD169 expression was associated with a more favorable clinical course tended to be seen. A significant correlation was seen in the diffuse type group but not in the intestinal type group (Figures 6A, B). A significant association between high CD169 expression and a more favorable clinical course was seen in a group, with or without LN metastasis, or with or without distant metastasis (Figures 6C–F).




Figure 5 | Kaplan-Meier cancer-specific survival (CSS) curves of CD169+/CD68+ ratios in lymph node sinus macrophages (LySMs) of advanced gastric cancer patients with various tumor subtypes: intestinal type (A) or diffuse type (B); lymph node (LN) metastasis negative (C) and positive (D); distant metastasis negative (E) and positive (F).






Figure 6 | Kaplan-Meier relapse free survival (RFS) curves of CD169+/CD68+ ratios in lymph node sinus macrophages (LySMs) of advanced gastric cancer patients with various tumor subtypes: intestinal type (A) and diffuse type (B); lymph node (LN) metastasis negative (C) and positive (D); distant metastasis negative (E) and positive (F), tumor-stroma ratio; low (G) and high (H).





Tumor-Stroma Ratio (TSR) Affected the Correlation Between CD169 Expression in LySMs and the Density of TILs

Because the TSR is a recognized prognostic factor for various solid tumors, we divided advanced gastric cancer into two groups: low and high TSR (Figure 7A) as described in the Materials and Methods section. Interestingly, the density of TILs was lower in the high compared with low TSR group (Figure 7B). A correlation between CD169 expression and CD8-positive T lymphocytes in the low TSR group was not noted (p = 0.140; Figure 7C), whereas CD169 expression was positively correlated with the density of CD8-positive T lymphocytes in the high TSR group (R = 0.325, p = 0.014; Figure 7D). The CD169high group showed greater CSS as compared to the CD169low group for both low and high TSR groups. The 5-year CSS was 90.00% in the CD169high group and 71.84% in the CD169low group for the low TSR group (p = 0.031; Figure 7E), and 58.33% for the CD169high group and 28.34% for the CD169low group for the high TSR group (p = 0.001; Figure 7F). Although, a significant difference in the low TSR group in RFS was not observed (p = 0.887; Figure 6G), the CD169high group showed a superior RFS in high TSR group (p < 0.001; Figure 6H).




Figure 7 | (A) Hematoxylin and eosin staining of tumor-stroma ratio (TSR)- low and high. Scale bar = 100 μm. (B) Number of CD8+ T cells in TSR-low or high advanced cancer tissues. Correlation between the number of CD8+ T cells in TSR-low or high tumor tissues and the CD169/CD68 ratio in lymph node sinus macrophages (LySMs) were tested by Spearman’s correlation test. Scatter plot in TSR-low advanced gastric cancer cases (C) and in TSR-high advanced gastric cancer cases (D) were shown. (E) Kaplan-Meier cancer-specific survival (CSS) curves in patients with TSR-low advanced gastric cancer. (F) Kaplan-Meier CSS curves in patients with TSR-high advanced gastric cancer.






Discussion

In the present study, we found that a high CD169 expression level was associated with a more favorable overall survival. The observation that CD169 expression was positively associated with the density of CD8-positive cytotoxic T cells (TILs) indicated a significant association between CD169 expression in LySMs and anti-cancer immune responses. These findings are consistent with our previous research findings in colorectal cancer, melanoma, esophageal cancer, and bladder cancer (21, 28–30). Since CD169 overexpression has been suggested to be linked to interferon production (21), this might indicate an inflammatory reaction in lymph nodes.

Immune checkpoint blockade targeting programmed death 1 (PD-1)/programmed death ligand 1 (PD-L1) and cytotoxic T lymphocyte-associated protein 4 (CTLA-4) has become a promising approach for anti-cancer immunotherapy (31). The ATTRACTION-2 study was conducted in patients with gastric cancer who had become resistant to second- and third-line treatments. A significant difference in overall survival (OS) was observed between nivolumab and placebo groups (32). PD-1 ligands are expressed not only on cancer cells, but also on immune cells. Among immune cells, antigen-presenting cells, such as macrophages and dendritic cells, express high levels of PD-1 ligands (33, 34). Recently, it was reported that PD-L1 expression was significantly elevated in myeloid cells in the lymph nodes of cancer-bearing mice, and anti-PD-1 therapy induced T cell activation and proliferation in the lymph nodes (35). The study also demonstrated that resection of draining lymph nodes completely abrogated anti-tumor immune responses that were induced by PD-1/PD-L1 blockade therapy. These data indicated that PD-1/PD-L1 signals work as a negative regulator at regional lymph nodes, and that lymph nodes are pivotal sites for the induction of anti-tumor T cells.These findings suggest that CD169 positive macrophages may involve the mechanisms that are described in Figure 8.




Figure 8 | A schema of the anti-cancer immune response associated with regional lymph nodes. Dead cells and debris, including tumor-specific antigens, drain into lymph node sinuses via lymphatic vessels (LV). Antigen-presenting cells, such as macrophages and dendritic cells, capture and engulf these antigens and activate antigen-reactive T lymphocytes. Programmed death ligand 1 (PD-L1; and potentially PD-L2) expressed on antigen-presenting cells may negatively regulate the activation of T lymphocytes.



Interestingly, the CD169high group had greater CSS than the CD169low group in the TSR high group. Because the stromal component of tumors has been proven to have a significant impact on tumor development (36), it has been recognized as a potential prognostic factor for various solid tumors (37). Cancer-associated fibroblasts (CAFs), which produce a desmoplastic stromal component, are thought to be important in considering the TSR (38). It is possible that CD169-positive cells have some effect on CAFs. The CD169high group also had a significantly greater RFS in patients with gastric cancer in a high recurrence group, including diffuse type, LN metastasis, distant metastasis, and high TSR, suggesting a better prognosis because of reduced recurrence.

Regardless of CD169 expression in LySMs, significant high density of CD8-lymphocytes was counted in some cases. Some of these cases were suggesting medullary carcinoma or gastric carcinoma with lymphoid stroma. It is speculated that these cases could potentially contain EBV-positive or MSI-high gastric carcinoma, although these were not sufficiently investigated in this study.

In conclusion, CD169 overexpression in LySMs is a predictor of a more favorable clinical course in association with anti-cancer immune responses. In addition, CD169 expression in LySMs as well as the density of TILs were identified as independent prognostic factors in the multivariate analysis. The evaluation of CD169 in RLNs might enable us to predict the anti-cancer immune responses in gastric cancer.
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Background

PD-1/L1 inhibitor-based immunotherapy is currently under investigation in biliary tract cancer (BTC). Apatinib combined with camrelizumab has achieved promising results in various tumor types. The aim of this study was to assess the safety and efficacy of apatinib plus camrelizumab for advanced biliary tract cancer patients who have received previously treatments.



Methods

This prospective, non-randomized, open-label trial was conducted at Peking Union Medical College Hospital (PUMCH). All included patients received apatinib orally at 250 mg per a day and camrelizumab intravenously at 200 mg every three weeks until disease progression or intolerable toxicity occurred. Efficacy was evaluated based on the Response Evaluation Criteria in Solid Tumors RECIST Version 1.1 (RECIST 1.1). Adverse events (AEs) were assessed by the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE version 4.0).



Results

A total of 22 patients were consecutively enrolled from 1st December, 2018 until 1st August, 2020. Among 21 patients for whom we could conduct efficacy evaluations, no patients achieved a complete response (CR), 4 patients (19%) achieved partial response (PR), and 11 patients had stable disease with a disease control rate of 71.4%. The median overall survival was 13.1 months (95% CI, 8.1-18.2), and the median progression-free survival was 4.4 months (95% CI, 2.4-6.3). All patients experienced treatment related AEs, and grade 3 or 4 AEs occurred in 14 (63.6%) of 22 patients. No treatment related deaths were observed.



Conclusions

This is the first report focusing on the efficacy and safety of camrelizumab plus apatinib in pretreated biliary tract cancer patients. The finding suggests this regimen has favorable therapeutic effects with relatively manageable toxicity. Further trials with a control arm are required to investigate.



Clinical Trial Registration

identifier NCT04642664.
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Introduction

Biliary tract cancers (BTCs) are a heterogeneous group of cancers derived from the epithelial cells lining the biliary tree, which generally divided into intrahepatic and extrahepatic cholangiocarcinomas (ICC, ECC) and gallbladder cancers (GBC) (1). Even though BTC are traditionally regarded as rare malignant neoplasms, it is the second most common primary liver tumor and accounts for approximately 10%-15% of all hepatobiliary malignancies (2). Consistent with other gastrointestinal neoplasms, radical surgery with negative resection margins is the only potentially curative therapy. However, approximately 60-70% patients are diagnosed at late disease stages and are ineligible for surgical resection (3). Moreover, the treatment regimens for advanced BTC patients are extremely scarce with limited efficacy. Only a few chemotherapies including gemcitabine plus cisplatin or another platinum derivative have been approved as first-line interventions, with only modest efficacy, and there are no consensus standard regimens for second-line and later therapy (4, 5). Given these factors, effective treatments are needed to fill in gaps in current BTC treatment approaches and prolong the survival of patients (6).

Programmed cell death protein 1 or ligand 1 (PD-1/L1) blockades are relatively novel therapeutics which have been tested for a variety of tumors and have found to have robust, durable antitumor activity. However, the efficacy of PD-1/L1 inhibitor monotherapy in gastrointestinal malignancies is not ideal owing to the complex tumor microenvironment, for example the presence of abundant fibrotic stroma that surrounds and infiltrates the tumor structures can hinder the antitumor functions of T cells (7). For BTCs, the objective response rate (ORR) of PD-1 blockade monotherapy is approximately 4%-18%, although accumulating findings demonstrate patients with cholangiocarcinoma with specific pathological and genomic characteristics might benefit from immunotherapy (8, 9). As such, immunotherapeutic research in this field has tended to focus on seeking combinations which destroy stroma while promoting tumor antigens presentation and enabling immune recognition (7). With the substantial progress in research regarding the tumorigenesis and genetic landscape of BTCs, targeted drugs including multiple small-molecule tyrosine kinase inhibitors are also being actively explored. Current evidence indicates that 53% intrahepatic cholangiocarcinoma harbor vascular endothelial growth factor (VEGF) overexpression which is related to poorer prognosis (10). Preclinical models appear to suggest that agents targeting VEGF, FEGF, EGFR and other signaling pathways can convert the tumor microenvironment and reprogram the immune responses to suppress tumorigenesis (11).

Apatinib, a multitarget tyrosine kinase inhibitor (TKI) that selectively inhibits VEGFR-2, has proven beneficial for various solid tumors including gastric cancer and hepatocellular carcinoma (12). A small sample study of patients with unresectable intrahepatic cholangiocarcinoma revealed that apatinib has manageable toxicities with a median progression-free survival (PFS) of 4.5 months and overall survival (OS) of 6.5 months (13). Meanwhile, another study include patients with primary liver cancer showed that apatinib achieved 16% ORR (14). Camrelizumab (SHR-1210), a PD-1 inhibitor, has been shown to block the binding of PD-1 to PD-L1 and consequently inhibit the immune escape of tumour cells. Therefore, considering the potential synergistic efficacy of targeted therapy combined with immune checkpoint inhibitor, apatinib plus camrelizumab might be a potentially effective combination for various tumors (15). For patients with advanced HCC, apatinib combined with camrelizumab achieved a 34.3% objective response as the first-line and 22.5% as the second-line therapy (16). Similar results were also observed in osteosarcoma, gastric cancer, advanced triple-negative breast cancer and a variety of other tumors (17–19). Nevertheless, thus far, no studies have reported results regarding this regimen in patients with BTC. As such, we conducted this prospective clinical trial to evaluate the efficacy and safety of apatinib in previously treated patients with advanced BTC in hopes of providing an alternative treatment regimen.



Methods


Study Design and Participants

This was a prospective, single institution, open-label, nonrandomized trial designed to evaluate the efficacy and safety of apatinib in combination with camrelizumab for advanced BTC patients. The study protocol adhered to the principles of the Declaration of Helsinki and was approved by the Institutional Review Board and Ethics Committee of Peking Union Medical College Hospital (PUMCH-JS-2160). The clinical trial is registered at ClinicalTrials.gov (NCT04642664).

All patients were required to provided written informed consent before participating. Patients were enrolled from 1st December, 2018 until 1st August, 2020. The primary inclusion criteria were patients older than 18 years with either histologically or cytologically confirmed BTC diagnosis, including ICC, ECC and GBC. The patients had at least one measurable tumor lesion at baseline per the Response Evaluation Criteria in Solid Tumors, version 1.1 (RECIST v1.1) and had received at least a previous systemic anti-tumor therapy. Patients had Child Pugh A or B liver function status (score ≤7) and presented with an Eastern Cooperative Oncology Group performance status (ECOG PS) value of 0-2.

The exclusion criteria mainly included intolerance to apatinib or PD-1 blockade, life expectancy of ≤3 months and inadequate organ function including Child-Pugh liver function class C, active or prior autoimmune disease, concurrent use of immunosuppressive medicaments and other contraindicators associated with apatinib or camrelizumab. Patients with severe esophageal varices or those who presented with positive fecal occult blood were also excluded. The detailed study criteria are available in the Supplement.



Assessment of Efficacy and Treatment Related Adverse Events (AEs)

Patients received apatinib orally at 250 mg per day, irrespective of body mass. During treatment, apatinib could be reduced to a half dose or administered once every other day considering the grade of treatment-related AEs. Camrelizumab was administered intravenously at a dosage of 200mg over 30 minutes every 3 weeks. The interruption period of camrelizumab was no longer than six weeks. All patients continued combination treatment until disease progression, unacceptable toxicity or discontinuation for any reasons.

Tumor were assessed using enhanced computed tomography, magnetic resonance imaging (MRI) or other available imaging technologies at baseline and every 4-8 weeks until disease progression or treatment discontinuation. The therapeutic efficacy assessment included the ORR, disease control rate (DCR), PFS, OS and clinical benefit rate (CBR) according to RECIST 1.1. The CBR was defined as the proportion of patients who achieved a radiologically confirmed objective response (CR or PR) or those who encountered stable disease longer than 6 months. Patients who had progressive disease could continue treatment, if the investigator determined patients would benefit from continuing. When patients discontinued treatment, follow-up was conducted every month to assess survival.

During the observation period, tolerability and toxicity were collected in detail and assessed according to the National Cancer Institute Common Terminology Criteria for Adverse Events version 4.0 (CTCAE 4.0). Patients who received at least one dose of camrelizumab plus apatinib were included in the safety assessment set, and AEs were collected until 30 days after the last dose. According to the study protocol, when grade 3 or more severe AEs occurred, dose reduction was implemented or a temporary interruption commenced until symptoms subsided to pharmaceutically manageable grades 1 or 2. Patients with grade 3 or more severe AEs were followed up to 90 days after the lase dose or until the new anticancer treatment.



Multivariate Analysis of Characteristics and Therapeutic Response Predictions

Baseline characteristics including age, sex, hepatitis B virus (HBV) infection status, ECOG performance score, histopathological grade, site of metastases and number of previous treatments were analyzed using multivariate method to explore the potential factors affecting PFS or OS. Patients who were evaluated as having stable disease were further divided into two groups: those with a reduction in tumor size and those with an increase in tumor size. Carbohydrate antigen 19-9 (CA19-9) values were recorded before and after treatment within first evaluation period to develop response predictions for tumor size changes. On the basis of the previous studies, patients who are Lewis-antigen-negative (7% of the general population) have undetectable CA 19–9 levels. If patient’s CA199 level was within the normal range before and after treatment, we excluded these patients from the further analysis.

In addition, we assessed PD-L1 expression in this BTC population. Tumor tissue samples for analyzing PD-L1 expression were collected from patients. Preserved tumor specimens were formalin-fixed, paraffin-embedded (FFPE) and then cut into 4-5 μm thick sections for further staining. The primary antibody used was anti-PD-L1 (IHC 22C3 pharmDx, Dako North America, Agilent Technologies). Specimens in which PD-L1 was expressed in 1% or more tumor cells and 1% or more tumor-associated immune cells were defined as positive for PD-L1 expression.



Statistical Analysis

Baseline data were calculated and presented as the means with corresponding standard deviations or as simple numbers and percentages. Categorical variables in the different subgroups were compared using the Fisher’s exact test. The Kaplan-Meier method was applied to generate PFS and OS curves, and the log-rank test was used to compare curves from different PD-L1 expression subgroups. Two tailed P values of less than 0.05 were considered to be indicative of statistical significance. Sensitivity was calculated as the number of correctly classified divided by total true decreased individuals, and specificity was calculated as the number of true negatives divided by all non-decreased individuals. Univariate and multivariate analysis of baseline characteristics for overall survival and progression-free survival were conducted by Cox proportional hazards regression. All statistical analyses were performed using IBM SPSS 22.0 and R software (version 3.6.5).




Results


Patients Characteristics

From December 01, 2018 to August 01, 2020, the study totally evaluated 28 patients and six patients were excluded according to the inclusion criteria; at last, 22 patients were consecutively enrolled for drug administration, one patient was excluded from the study due to the lack of necessary evaluations (Figure 1). The median patient age was 58 years (range, 39-72) and 11 patients (52%) were male. Most patients (16 [76.2%]) had an Eastern Cooperative Oncology Group performance status of 1 and 7 patients (33.3%) presented with HBV infection. Fifteen patients (71%) had intrahepatic cholangiocarcinoma, 4 patients (19%) had extrahepatic cholangiocarcinoma, and 2 (9%) patients had gallbladder cancer. Regarding the histopathological grade of cholangiocarcinoma, 4 patients (19%) had undetermined grade, eight patients (38.1%) had poorly differentiated tumors, seven patients (33.3%) had moderately differentiated tumors, and two patients (9.5%) had well differentiated tumors. Of the 21 patients, 20 patients (95.2%) presented with metastatic disease, and 12 patients (57.2%) experienced recurrence after radical resection. Regarding the site of metastases, most patients (17, 80.9%) had intrahepatic or lymph nodes metastases, and the lung metastases occurred in 8 patients (38.1%). Twenty patients (95.2%) underwent systemic chemotherapy, and 10 patients (47.6%) received at least two kinds of treatment regimens. In addition, CA19-9 levels exceeding 150 ng/ml were observed in twelve patients (57.1%) (Table 1).




Figure 1 | Flow diagram of study population.




Table 1 | Patient baseline demographics and disease characteristics.





Assessment of Efficacy and AEs During the Entire Treatment Period

Among the 21 patients who had evaluation data with imaging examination, ten patients (47%) exhibited a reduction in tumor size as the best response during the treatment period, while 11 patients (52%) exhibited an increase in tumor size, of which two patients experienced new lesions (Figure 2). According to the RECIST 1.1, no CR was observed, 4 patients (19%) achieved a partial response (PR) with an ORR of 19%, and 11 patients had stable disease with a DCR of 71.4% (Table 2). An objective response was observed in 3 of 15 patients (25%) with intrahepatic cholangiocarcinoma, and a PR was observed in one patient with gallbladder cancer. As of the data cut-off date of August 01, 2020, the median duration of follow-up was 13.4 months (IQR 11.9-14.8), the median duration of treatment was 4.9 (IQR, 3.8-5.9) months, and 4 (19%) of 21 patients were still receiving treatment (Table 3). In the entire cohort, the median OS was 13.1 months (95% CI, 8.1-18.2), and the median PFS was 4.4 months (95% CI, 2.4-6.3) (Figure 1).




Figure 2 | Changes in tumor burden from baseline of the response-evaluable patients and survival plot (A). Kaplan-Meier curves of the progression-free survival (PFS) (B) and overall survival (OS) (C) of patients with biliary tract cancer (BTC) treated with apatinib plus camrelizumab.




Table 2 | Clinical efficacy in BTC patients treated with apatinib plus camrelizumab.




Table 3 | Clinical characters of BTC patients treated with Apatinib plus Camrelizumab.



The observed treatment-related AEs are summarized in Table 4. All patients experienced at least one kind of adverse event, and grade 3 or 4 AEs occurred in 14 (63.6%) of 22 patients. The most common treatment-related AEs of any grade were asthenia (15, 68.2%), decreased appetite (10, 45.5%) and hypertension (7, 31.8%). The most common grade 3 or 4 AEs were hypertension (3, 13.6%), blood bilirubin increase (3, 13.6%) and platelet count decrease (3, 13.6%). Eighteen patients (81.8%) experienced treatment interruption or modification and three patients (13.6%) discontinued combination therapy due to treatment related AEs. No deaths related to treatment were observed.


Table 4 | Treatment-related AEs in all patients with biliary tract cancer.





Subgroup Analyses and Therapeutic Response Predictions

Among 21 available tumor samples, 4 patients (19%) were positive for PD-L1 staining in tumor cells or immune cells (Figure 3). Of the four PD-L1-positive patients, three patients experienced tumor reduction, but only one patient had experienced PR. Median PFS and OS were not significantly different (p=0.58, p=0.83) between the patients with PD-L1 expression ≥1% and those with PD-L1 expression <1% (Figure 4). Although the limited sample in current study, considering the heterogeneity of biliary tract cancer, we analyzed the efficacy and safety of different tumor subtypes. The results showed that there was no significant difference among intrahepatic cholangiocarcinoma, extrahepatic cholangiocarcinoma and gallbladder carcinoma regarding the ORR (χ2 = 2.666, p=0.264), grade 3-4 AEs (χ2 = 0.649, p=0.723) and PFS (p=0.958), OS (p=0.725) (Supplement Table 1). The Cox-regression analysis results regarding the relationship between baseline characters and PFS or OS were summarized in the forest plot (Figure 5) and Supplement Table 2. The CA19-9 serum value decreased in 10 patients (47.6%) after treatment (Supplement Table 3). The decrease in CA19-9 value was able to predict the tumor size reduction with a sensitivity and specificity of 63.6% and 66.7%, respectively.




Figure 3 | Typical photomicrographs of PD-L1 immunohistochemistry in patents’ archived pretreatment formalin-fixed and paraffin-5 embedded tumor tissue: (A) HE staining, 100×; (B)PD-L1 negative, 200×; (C) PDL1-stained tumor cell (3%) 100×; (D) positive PD-L1 expression (50%) 400×.






Figure 4 | Kaplan-Meier plot for progression-free survival (PFS) and overall survival (OS) based on programmed cell death 1 ligand-1 (PD-L1) immunohistochemical expression.






Figure 5 | Multivariate analyses of the overall survival (A) and progression free survival (B) for patients treated with apatinib plus camrelizumab. ECOG PS, Eastern Cooperative Oncology Group performance status; CA19-9, carbohydrate antigen 19-9.






Discussion

Currently, the exploration of immune monotherapy faces many challenges in terms of various gastrointestinal malignancies. The efficacy of PD-1/L1 inhibitor monotherapy in BTC remains significantly uncertainty (ORR range 3%-22%) (20). Combining PD1/L1 inhibitor with other available anticancer therapies can improve the efficacy of immunotherapies has reached a general consensus (7). In the Makoto et al. study, only one of 30 patients who received nivolumab monotherapy achieved an objective response, with a median OS of 5.2 months and a median PFS of 1.4 months. However, in the combined therapy cohort (nivolumab and cisplatin plus gemcitabine), 11 of 30 patients achieved an objective response, the median OS and PFS were 15.4 months and 4.2 months, respectively (21). In this study, apatinib in combination with camrelizumab also showed a potent efficacy in terms of the ORR, PFS and OS and had manageable toxicity. This is the first report of this regimen in advanced BTC, and these results were superior to the previously reported efficacy of apatinib alone in BTC (13, 14).

Although camrelizumab combined with apatinib has achieved promising results in the treatment of various tumors, including hepatocellular carcinoma, osteosarcoma and triple-negative breast cancer, this regimen has not been reported in cholangiocarcinoma (16, 17, 19). Currently, most trials combining multitarget TKIs with PD-1 blockade for BTC are in the recruitment phase, and few studies have reported detailed results. A study evaluating lenvatinib plus pembrolizumab as a non-first-line treatment in 32 patients with advanced BTC demonstrated that the ORR could reach 25% with a PFS of 4.9 months (95% CI: 4.7-5.2) and OS of 11.0 months (95% CI: 9.6-12.3) (22). In this study, almost all the patients (95.2%) were previously treated with at least one kind of systemic chemotherapy, and 47.6% of patients had received two or more anticancer treatments, which demonstrated that the population of this study was not similar to that of other previous studies regarding immunotherapy for BTC. In spite of this, 19% patients in this study achieved a partial response with a favorable survival. 42.8% patients who were confirmed progressive disease continued other immunotherapy or targeted drugs, which might explain this prolonged OS.

Higher PD-L1 expression is related to the favorable efficacy of immunotherapy have been reported by several studies (7, 8). In BTCs, Kabir Mody et al. analyzed the PD-L1 expression of 652 tumors by immunohistochemistry (IHC) and found that 8.6% of specimens [GBC, 12.3% (25/203); ICC, 7.3% (27/372); and ECC, 5.2% (4/77)] had PD-L1-positive tumor cells. In addition, recently published results from a BTC patient cohort receiving immunotherapy reported a positive rate of PD-L1 expression of between 9% and 11.6% (23, 24). In our present study, PD-L1 expression was found in four patients (19%), and there was no significant difference between the PD-L1-positive and PD-L1-negative patients, which is consistent with the results for advanced biliary cancer in the Keynote 158 study (25). After careful analysis of the treatment regimens of the PD-L1 positive patients and their clinical characteristics, we found that the ECOG PS of these two patients differed and that they had both received multiline treatment, which potentially affected the efficacy of immunotherapy. The limited sample size of this study may also explain the lack of significance regarding efficacy in PD-L1 positive patients. In the Kim et al. study, nivolumab treatment in a single group of patients with refractory BTCs resulted in a 22% ORR with a median PFS of 4.0 months. Although the PD-L1 expression rate of tumor cells was 43% higher than that in previous studies, which potentially means that PD-L1 expression in BTC remains a good prognostic biomarker for immunotherapy, a more comprehensive evaluation of efficacy is required for future clinical trials (26). As reported in BTC patients undergoing chemotherapy, pretreatment CA19-9 levels and the decrease in CA19-9 after treatment are of prognostic relevance. In our study, CA19-9 may be another predictive biomarker for potentially judging the response to the current treatment. But it’s important to note that patients who are Lewis-antigen-negative (7% of the general population) have undetectable CA 19–9 levels (27, 28). In addition, although apatinib has various tumor targets, the strong inhibitory effect mainly focus on VEGFR-2. Monitoring the expression of VEGFR-2 will also contribute to the prediction and evaluation of therapeutic efficacy.

The safety profile and tolerance of apatinib combined with camrelizumab in this study were similar to those in previous studies exploring apatinib, camrelizumab or combination regimens in gastroenteric neoplasms (14). Based on previous studies regarding the AEs of apatinib, this study excluded patients who had potential risk of gastrointestinal bleeding (29). Although every patient had experienced at least one kind of treatment related adverse event, most of these AEs were grade 1-2 and were well tolerated. Moreover, there were no treatment related deaths, and 63.6% of patients reporting treatment related grade 3-4 AEs had well control after stopping drug delivery. As reported in a study regarding nivolumab monotherapy for BTC (26), among the 3-4 grade AEs in this study, hepatic toxic effects were prominent and included an increase in ALT, AST and serum bilirubin levels and a decrease in platelet counts. These results demonstrate that immunotherapy alone or in combination with targeted drugs probably leads to a decrease in liver function because certain types of treatment related AEs may be affected by disease sites (30). The targets of apatinib are VEGFR-2, PDGFRβ, SRC, c-KIT and RET, and its IC 50 is lower than that of other VEGF inhibitors, which suggest that it has more AEs than some other targeted drugs applying to liver cancer. However, this study administered the lowest dose of apatinib, 250mg, and the regimens of administration were flexible, allowing patients to take the medicine every other day, take half of the 250 mg dose or take the drug for five days and stop for two days if the patients experienced 3-4 grade AEs. This flexible regimen can effectively prevent the further escalation of AEs when apatinib is readministered. In addition, the rate of reactive cutaneous capillary endothelial proliferation (27.3%) was reduced in this study compared with that reported in previous camrelizumab monotherapy studies (67%) (31).

BTC is a group of relatively rare heterogeneous cancers. In various clinical studies, the number of patients with cholangiocarcinoma is still one of the main factors that prevent a better interpretation of the results and a more scientific design of the trial. Similar to other previous studies, the main limitation of this study was its small sample size, which may lead the bias of the multivariate analysis and subgroup analysis of tumor types. Moreover, the study was a single center-initiated clinical trial that lacked a control cohort. Up to now, most studies on immunotherapy for cholangiocarcinoma are in an exploratory stage, and no phase III clinical data have been published. In general, this study was a tentative first step to explore the safety and efficacy of apatinib combined with camrelizumab in heavily pretreated BTC patients, and offers detailed clinical trial experience that can be applied to subsequent investigations.
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In the recent decade, gut microbiota has received growing interest due to its role in human health and disease. On the one hand, by utilizing the signaling pathways of the host and interacting with the immune system, the gut microbiota is able to maintain the homeostasis in human body. This important role is mainly modulated by the composition of microbiota, as a normal microbiota composition is responsible for maintaining the homeostasis of human body, while an altered microbiota profile could contribute to several pathogenic conditions and may further lead to oncogenesis and tumor progression. Moreover, recent insights have especially focused on the important role of gut microbiota in current anticancer therapies, including chemotherapy, radiotherapy, immunotherapy and surgery. Research findings have indicated a bidirectional interplay between gut microbiota and these therapeutic methods, in which the implementation of different therapeutic methods could lead to different alterations in gut microbiota, and the presence of gut microbiota could in turn contribute to different therapeutic responses. As a result, manipulating the gut microbiota to reduce the therapy-induced toxicity may provide an adjuvant therapy to achieve a better therapeutic outcome. Given the complex role of gut microbiota in cancer treatment, this review summarizes the interactions between gut microbiota and anticancer therapies, and demonstrates the current strategies for reshaping gut microbiota community, aiming to provide possibilities for finding an alternative approach to lower the damage and improve the efficacy of cancer therapy.
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Introduction

Cancer is one of the leading causes of death worldwide. It arises as a result of accumulated genetic disorders that leads to dysregulations in cell cycle, having the potential to undergo unlimited times of division and imposing a strong negative impact on the normal physiological functions of the host (1). As the mutations accumulate, the life quality of the patient is largely impaired, and most importantly the life span is reduced (2).

Finding a cure for cancer to prolong the lifespan has long been the greatest challenge during the development of medical research. Over the years, researchers have worked out a variety of therapeutic methods against cancer, including chemotherapy, radiotherapy, immunotherapy, surgery and so on. Although these methods are able to inhibit the progression or even eliminate some types of cancer cells, there are still limitations due to acquired resistance as well as undesirable side effects caused by the low selectivity of anti-cancer agents between normal cells and cancer cells (3). For example, previous research findings suggest that collateral damage in the abdominopelvic region caused by radiotherapy can lead to bowel injury (4), and 80% of cancer patient suffer from chemotherapy-induced gastrointestinal toxicity (CIGT), with symptoms of diarrhea and abdominal pain (5). As these adverse effects seriously interfere with the anticancer therapy, finding an adjuvant method to ultimately overcome these complications becomes urgent for the clinical research.

The human microbiota consists of microoganisms (bacteria, archaea, fungi and viruses) present in the epithelial barriers of the host (6), with the most abundant being the commensal bacteria that coexist with human cells in the gastrointestinal tract (7). With the development of high-throughput sequencing technology, the composition of gut microbiota can be clearly identified. It mainly consists of 5 bacteria in healthy individuals: Firmicutes, Bacteriodes, Actinobacteria, Proteobacteria and Fusobacteria (8). This microbiota profile stays relatively unchanged throughout life once established (9), forming a unique “signature” in each individual with important functions associated with both innate and adaptive immune systems (9). In recent years, the gut microbiota has increasingly come under focus due to its impact on many human diseases, including diabetes, obesity, psychiatric disorders and gastrointestinal diseases (10). They regulate the balance between health and disease by maintaining local homeostasis to systematically regulating metabolism, hematopoiesis, inflammation, immunity and preventing pathogen infection (9), and the host can in turn “communicate” with the microbiota with the aid of several host molecules such as host microRNA (miRNA), hormones, cytokines, metabolites and metabolic signaling pathways (11). Additionally, recent insights importantly highlighted the impact of gut microbiota on responses across several cancer therapies (12), suggesting that regulating gut microbiota may improve the effectiveness of many cancer treatments, with a reduced cytotoxic activity.

This article reviews how the gut microbiota, as an adjuvant therapy, affect the efficacy of four anti-cancer therapies including chemotherapy, radiotherapy, immunotherapy and surgery, at the same time reduce the adverse effects. These manipulations may be conducive to the promotion of personalized medicine and effective anti-cancer treatment.



The Impact of Gut Microbiota on Oncogenesis and Tumor Progression

There are many factors contributing to the oncogenesis of cancer, and the study of these oncogenic pathways have clearly given us insight into the nature of this devastating disease. In 2000, Hanahan and Weinberg presented six hallmarks of cancer, and updated in 2011 with two emerging hallmarks (13). By acquiring these properties, normal cells can undergo tumorigenic transformation and, in the end, become cancer cells. The hallmarks are: i) self-signaling for proliferation, ii) evading anti-growth signals, iii) invasion and metastasis, iv) immortality, v) angiogenesis, vi) resisting apoptosis, vii) deregulating energy metabolites, viii) evading immune system. The main mechanism by which normal cells gaining these cancer hallmarks are accumulated mutations in the genome, including somatic structural variants (SVs) and copy number alterations (CNAs), that interfere with the normal regulatory controls (14). In recent years, increasing researches have revealed the relation between microbiota (especially the gut microbiota) and carcinogenesis, suggesting that the gut microbiota can be involved as an environmental factor and contribute to genetic alterations as well.

The indirect bacterial mechanism of oncogenesis is represented in the process of chronic inflammations induced by bacterial infection. In this case, the microbiota chronically generates several inflammation mediators such as Tumor Necrosis Factor-α (TNF- α) and Interleukin-1 (IL-1), which further lead to the induction of transcription factor nuclear factor-κB (NF-κB) and contribute to carcinogenesis (15). In addition, the bacteria-induced oncogenesis could also be direct through the effect of microbial metabolites or toxins. Previous studies have shown that several strains of gut microbiota are responsible for the tumorigenesis of different cancer types, such as gastric cancer, colorectal cancer (CRC) and hepatocellular carcinoma (15, 16). Their carcinogenic processes are all linked to the production of microbial metabolites. the carcinogenic process of gastric cancer, CagA proteins produced by H. pylori are transferred into gastric epithelial cells and interact with pro-oncogenic phosphatase SHP2 and the polarity-regulating kinase PAR1/MARK, driving the host signaling pathways that favors carcinogenesis (17). Bacteroides fragilis is a strong risk factor of CRC, which could act as an opportunistic pathogen (15). In antigen-presenting cell (APC) mutant mice model which are predisposed to intestinal cancer formation, the enterotoxigenic B. fragilis (ETBF), one of the two subtype of B. fragilis, can induce colitis and inflammatory bowel disease (IBD) through the pathway of β-catenin/Wnt/NF-κB signaling, and further lead to the oncogenesis of CRC (15). On the other hand, B. fragilis toxin (Bft) can up-regulate spermine oxidase (SMO) in colon epithelial cells, causing reactive oxygen species (ROS) production and indirect DNA damage (18, 19). Other microbial metabolites associated with carcinogenesis include Pasteurella multocida toxin, cytolethal distending Toxin (CDT) (15) and inositol phosphate phosphatase D (IpgD) (16). These could all contribute to the cell transformation, in which the normal cell responses are altered, and further elevate the risk for developing cancer.

Given the association between the gut microbiota and carcer development, it should be considered that a healthy gut microbiota profile is both sufficient and necessary for maintaining a healthy microenvironment. Therefore, by targeting dysbiosis, the efficacy of some anti-cancer therapies may be improved, with a better prognosis and reduced side effects.



The Interplay Between Gut Microbiota and Cancer Therapy


Microbiota and Chemotherapy

Chemotherapy is one of the most potent approach to treat cancer systematically at present. As the chemotherapy drugs can be delivered through blood circulating system, it can act on hematopoietic malignancies or tumor with metastasis (20), targeting DNA, topoisomerase or tubulin to prevent the growth and proliferation of cancer cells (21). However, due to the lack of specific targets of chemotherapy drugs, there are still unavoidable complications caused by cytotoxic effect. In further studies, the mechanisms of chemotherapy toxicity revealed a bidirectional interaction between gut microbiota and cytotoxic drugs.


The Influence of Chemotherapy on the Gut Microbiota: Composition and Translocation

The chemotherapy-induced change in microbiota composition has been widely studied in a considerable number of pre-clinical models, demonstrating a decreased total number and diversity. Although different chemotherapy drugs may exert different influences (22, 23), the overall impact was concluded as a reduced Lactobacillus and Bifidobacterium, together with an increased Escherichia coli (E. coli) and Staphylococcus, consisting with the result of clinical studies (5). This disruption in microbiota composition is associated with an activated inflammatory pathway and an impaired barrier function, which makes the host more vulnerable to pathogens (5, 22).

In addition to changes of microbiota composition, chemotherapy can also induce microbiota translocations, which is often due to the injured epithelium of the gut (24). During this process, the gram-positive bacteria strains, such as Lactobacillus johnsonii, Lactobacillus murinus and Enterococcus hirae, are transferred by the circulation system to peripheral lymphoid organs such as mesenteric lymph nodes and spleen (25). There, the microbiota facilitates the stimulation of memory T helper 1 (Th1) and the conversion of naïve CD4+ T cells to T helper 17 (Th17) that secrete IL-17, together with an increased production of other secreting molecules such as interferon gamma (IFN-γ) which further contribute to the healing of mucosa and anticancer responses (25).



The Direct Influence of Microbiota on Chemotherapy: Drug Pharmacokinetics and ROS Production

As the influence between gut microbiota and chemotherapy is bidirectional, the microbiota can in turn affect the efficacy of chemotherapy (Figure 1). One of the mechanisms is that, orally administrated drugs and some injected drugs depend on gut microbiota to be converted into active form to exert the anticancer function (6, 26). For example, CPT-11 (Irinotecan) is a prodrug administrated intravenously in CRC treatment, and is converted into its active form SN-38 by carboxylesterase (26). The active drug works as topoisome-1 inhibitor, which induces single and double strand breaks of the DNA by blocking DNA ligation, leading to tumor cell death (26). Then the drug is detoxified by uridine diphosphate-glucuronosyl transferase (UDP-transferase) (26). However, experiment showed that the amount of SN-38 was elevated from 2% of administered dose to 12% in feces (27), because the intestinal microbiota-produced β-glucuronidases are able to convert the detoxicated SN-38-glucurone back to its active form SN-38 by deconjugation, and the increased concentration of SN-38 in the colon could cause diarrhea and intestinal injury (28). The result verified the role of microbiota in drug pharmacokinetics, providing a potential target for reducing side effects.




Figure 1 | The direct influence of microbiota on chemotherapy: drug pharmacokinetics and ROS production. By several mechanism pathways, the gut microbiota can directly act on the drug conversion and gene transcription, leading to an either enhanced therapeutic effect or enhanced side effect.



On the other hand, gut microbiota can facilitate the production of drug metabolite which inhibits a critical enzyme used for the detoxification of another drug, leading to enhanced side effects. Many studies have focused on the toxicity of 5-fluorouracil (5-FU) induced by microbiota, for example if Sorivudine and 5-FU are taken together by rats, Sorivudine would be metabolized to bromovinyluracil, and further inhibit the enzyme dihydropyrimidine dehydrogenase responsible for the detoxification of 5-FU (26). As 5-FU is an inhibitor of thymidylate synthase critical in DNA replication, the increased duration and concentration of 5-FU in the body will cause serious systemic effects including diarrhea and even reduction in leukocytes and platelets (29–31). Interestingly, this conversion only happened in vivo, especially in the intestinal contents, and it was then confirmed by experiment that gut microbiota species was responsible for the production of bromovinyluracil (32), indicating the key role of gut microbiota in the chemotherapy-induced toxicity.

Moreover, in contrast to increasing chemotherapy-induced toxicity, the gut microbiota could also facilitate the anticancer activity of chemotherapy drugs. This is achieved through inducing the expression of enzymes which are responsible for ROS production. Oxaliplatin, a commonly used chemotherapeutic agents, can generate ROS in tumor cells to induce cell apoptosis by damaging DNA (33). According to experiment results, the anticancer effect will be reduced in germ free mice or if the mice are treated with antibiotic cocktail (ABX), as the impaired microbiota function could lead to reduced expression levels of Nox1 and Cybb genes coding for NADPH oxidase 2 (Nox2) (34). This altered gene expression would contribute to compromised therapeutic effect, as Nox2 can transfer electrons to generate superoxide   and further lead to H2O2 production by an enzyme called compartment-specific superoxide dismutase (SOD), having the ability to induce DNA damage in tumor cells and permit cell apoptosis (33). Furthermore, there is also a second pathway by which gut microbiota could facilitate the myeloid cell-produced ROS through Toll-like receptor (TLR) agonist releasing and the downstream expression of myeloid differentiation primary response gene 88 (MyD88) (34). This pathway further activates NF-κB õand MAPKs and induces the expression of several genes coding for inflammatory cytokines, including granulocyte colony-stimulating factor, Interleukin-1β (IL-1β), Interleukin-6 (IL-6) and TNF-α (35). This study substantiated the ROS-generating pathway used by microbiota to modulate tumor microenvironment and further affect the outcome of chemotherapy, highlighting a mechanism for obtaining optimal anticancer responses.



The Indirect Influence of Microbiota on Chemotherapy: The Immune System

As the microbiota and chemotherapy drugs can both act on the immune system, they could use it as a medium to interact with each other. When the component of gut microbiota is changed by the chemotherapy as a side effect of the treatment, the alteration can further influence the function of innate immune system by reducing APCs (36) and produce inflammatory cytokines (37), which lead to the progression of Chemotherapy-induced gastrointestinal toxicity (CIGT) (5). Furthermore, certain phyla of microbiota could play an indispensable role in anticancer chemotherapy by regulating the immune response. One of the chemotherapeutic agents, Cyclophosphamide (CTX), is able to exert systemically anticancer effect through inducing naïve CD4+ T cells to Th1 and Th17 fate (25). This process is microbiota-dependent: the entry of symbiotic bacteria (such as Lactobacillus johnsonii and Enterococcus hirae) into mesenteric lymph nodes promotes the induction of Th17 and Th1 memory responses in the spleen in the presence of bone marrow-derived dendritic cells, performing tumor antigen cross-presentation with the help of TLR and its adaptor MyD88 (25). It is critical for achieving successful therapeutic outcome of CTX (25). Similarly, another experiment demonstrates that the colonization of Barnesiella intestinihominis in the colon is able to modulate tumor microenvironment, promoting Interferon-γ (IFN-γ) production and reducing Treg cells (38). In this research, the immunogenic microbiota is referred to as “oncomicrobiotics”, cooperating with CTX against many types of cancers by unknown mechanisms (38).



Gut Microbiota Induces Chemoresistance

Resistance and heterogeneous responses to chemotherapeutic drugs are a major challenge in cancer treatment (39). Currently, researchers have identified several different intrinsic cellular mechanisms involved in chemotherapeutic resistance, and the microbiota-induced drug resistance has gradually received attention in recent years.

Based upon the fact that in recurrent CRC patients the microbiota Fusobacterium nucleatum (Fn) is especially enriched (40), it is found that this microbiota phyla is able to induce chemoresistance in a FadA-dependent manner: the oncogenic and inflammatory pathway are stimulated by the binding of FadA and E-cadherin and the downstream β-catenin signaling, which further elevated the expression of transcription factors and genes including oncogenes and Wnt, resulting in increased inflammation and tumor cell growth (41). This study pointed to the potential role of Fn in chemoresistance, indicating that the colonization of specific phyla of microbiota could be a general characteristic of cancer patients.

In addition to utilizing the signaling pathways of the host, the gut microbiota could also induce chemoresistance by inactivating the chemotherapy drug. For example, Gammaproteobacteria is a microbiota species especially abundant in the duodenum, and could convert the chemotherapy drug gemcitabine (a chemotherapy drug used to treat cancers of pancreatic, lung, breast or bladder) to its inactive metabolite by expressing a long isoform of the enzyme cytidine deaminase (CDDL), contributing to the drug resistance.

Altogether, these research findings underline the importance of gut microbiota in the development of chemoresistance, which may provide an alternative target to deal with this obstacle.




Microbiota and Immunotherapy

Immunotherapy is a promising therapeutic method for cancer treatment, acting on cancer types which develop resistance to conventional anti-cancer therapies (6). It targets cancer cells with the aid of host immune system, and has already proved to be effective in many clinical trials (42). The first attempt of cancer immunotherapy dates back to 1890s when Coley developed the first cancer vaccine, and the approval of the first immune checkpoint inhibitor in 2011 represents a new era of anti-cancer treatment (43). The recent decades witnessed a surge in exploring various methods for anti-cancer immunotherapy. Some of the promising immunotherapy methods include adoptive T cell transfer (i.e., transferring cytotoxic T cells which are tumor-specific to patients), CpG-oligodeoxynucleotide (i.e., a TLR9 agonist, containing unmethylated CG dinucleotide and has immune stimulation similar to bacterial DNA, which triggers the body’s defense mechanism and causes obvious and diversified immune response through a series of signal cascade transduction), immune checkpoint inhibitors (i.e., antibodies that target immune checkpoints to prevent tumor cells from escaping antitumor immunity, which has proved to be effective in advanced and metastatic cancer) (6). The US Food and Drug Administration has approved three immune checkpoint inhibitors: cytotoxic T lymphocyte-associated antigen-4 monoclonal antibody (CTLA-4), programmed cell death protein-1 (PD-1), and programmed cell death-ligand 1 (PD-L1) (44). Though they act via different mechanisms, the rationale is the same: to block the protective signaling pathway of Tregs hijacked by tumor cells, and reactivate the suppressed immune effectors. This can further restore the immune responses against cancerous cells when T cells are exhausted by the chronic activation of tumor antigen, achieving a better therapeutic outcome (45). As the gut process a great number of innate and adaptive immune cells, the interactions between immune cells and the commensal gut microbes could contribute to a robust immune response which protect the body from pathogens (46).


Gut Microbiota Influences the Immune System and Immunotherapy

In general, the impact of gut microbiota on the immune system can be involved in all anticancer therapies. The effects can be local, which is restricted to the gut mucosa, or can be systemic, which is due to primed dendritic cell that travel through circulation system (47). The local tolerance is mediated by the induction of Tregs via several signaling pathways, including interleukin 10 (IL-10), polysaccharide A and TLR (47). Short chain fatty acids (SCFAs) produced by microbiota are also able to affect local immunity via IgA, contributing to an enhanced immunity (48). In contrast to the local effect, the distant effects of gut microbiota on immunity requires another mechanism named “cancer-immunity cycle” model, which depends on the tumor antigen-activated T cells for recognizing and killing tumor cells (49).

There are also associations between specific strains of gut microbiota and the development of immune cells. Segmented filamentous bacterium (SFB) can induce CD4+ T helper cell fate as well as an increased resistance against Citrobacter rodentium (50), and Clostridium strain contributes to the differentiation of CD4+ T regulatory cells (51). Similarly, dendritic cells can also be regulated by gut microbiota, through the process of cytokine secretion, antigen presentation and T cell activation (52).

In addition to the impact on host’s original immune responses, it is also suggested that the composition of intestinal microbiota may influence the response of several immunotherapies such as immune checkpoint inhibitors (52, 53). Previous studies have indicated that the anti-CTLA activity is related to Bacteroides, while the effect of anti-PD-L1 is Bifidobacterium-dependent (54). The anti-CTLA therapy could not exert its function in germ-free mice or mice treated with antibiotics, but this situation could be improved by orally feeding the mice with Bacteroides thetaiotaomicron, Bacterooides fragilis or Burkholderia cepacia to induce dendritic cell and IL-12-dependent Th1 cell responses. One of the mechanisms that contribute to restoration of anti-CTLA activity is that Bf could utilize the TLR2/TLR4 signaling pathways to activate immunoprotection. The distribution of Bf on the intestinal mucosa is also responsible for the microbiota-dependent immunomodulatory effects of CTLA-4 antibody (53). In 2019, 11 strains of bacteria isolated in the gut of human were shown to possess the ability to facilitate immune checkpoint inhibitors by inducing IFN-γ+ CD8+ T cells, which strains include Parabacteroides spp., Alistipes senegalensis, five Bacteroides spp., Eubacterium limosum, Ruminococcaceae bacterium cv2, Phascolarctobacterium faecium and Fusobacterium ulcerans (55). Collectively, these research findings suggest that the immunostimulatory function of immunotherapy is strongly microbiota dependent.



The Immunotherapy Affects Gut Microbiota

From another point of view, the immunotherapy can in turn alter the composition of gut microbiota. The anti-CTLA-4 treatment is able to induce decrease in Bacteroidales and Burkholderiales and increase in Clostridiales, whereas the amount of Bacteroides fragilis is relatively unchanged (6). Similarly, in a study using anti-PD-1 to treat patients with melanoma, the abundant of different strains of gut microbiota was altered after the therapy, with an increase in Clostridiales/Ruminococcaceae in responders and an increase in Bacteroidales in non-responders (56). Other immunotherapy methods like allogeneic stem cell transplant (allo-HSCT) can also alter the abundance of Enterococcus, Streptococcus and Proteobacteria (57). As a result, the altered composition of gut microbiota caused by the exposure to immunotherapy can induce a negative impact on the effectiveness of further treatment, including colitis, thyroid dysfunction and even autoimmune disease in which the enteric bacteria become the target of host antibodies (53).




Microbiota and Surgery

For solid cancers, especially in the situations which the tumor is in the early stage or with no metastasis, performing surgery to remove the neoplasm lesion can be an effective treatment (58). In these cases, the potential influence of intestinal microbiota on surgical outcomes is possibly due to the direct interaction between intestinal microbiota and the site of resection. This association has been demonstrated mostly in CRC. Although the therapy for CRC is usually multidisciplinary, the major surgical treatment for non-metastatic or locally advanced rectal cancer is total mesorectal excision (TME) (59). The research findings have shown that after surgery, the amount of some obligate anaerobes which are responsible for gastrointestinal homeostasis such as Clostridium coccoides, C. leptum, B. fragilis, Bifidobacterium, Atopobium and Prevotella are reduced, together with an increase in pathogens including the Facultative anaerobes, Enterobacteriaceae, Enterococcus, Staphylococcus and Pseudomonas (60). In turn, this disturbed gut microbiota community could affect the outcome of the therapy, responsible for an increased recurrence rate and a decreased disease-free survival (60).

In addition to dysbiosis, anastomotic leak (AL) is also a most common life-threatening complication after CRC. Despite improvements in perioperative medical care, the AL rate has remained between 1% and 19% over the past few decades (61, 62) while little is known about the microbial characteristics and mechanisms associated with AL. Then in 2013, Stern et al. first demonstrated that harmful intestinal factors (such as bacteria) may invade the intestinal tissue when the epithelial barrier is impaired, which may delay the healing of the anastomosis and lead to AL (63). This suggests that anastomotic healing after colorectal surgery is greatly depend on the restoration of epithelial barrier integrity. Recently, van Praagh et al. employed 16S MiSeq sequencing on colorectal anastomosis tissue samples and reported that AL development was associated with a low microbial diversity, which was characterized by a high abundance of the dominant Lachnospiraceae and Bacteroidaceae families and a low abundance of Prevotella oralis (64). Collectively, these experimental phenomena shed light on the importance of gut microbiota manipulation during post-operative care, suggesting that it is the part that should not be ignored.



Microbiota and Radiotherapy

Radiotherapy is a commonly used anticancer therapy using ionizing irritation to generate reactive chemical species such as ROS or reactive nitrogen (RNS). It directly induces DNA damage, including single-strand breaks and double-strand breaks, through energy transfer (6, 65–67). Radiotherapy is also commonly associated with immunogenic process, as it can induce immunogenic cell death (ICD) which evokes subsequent immune responses by antigen presenting cells and cytotoxic T cells. The close association of radiotherapy and immunotherapy allows radiotherapy to not only deal with local lesions, but also have a systemic effect for treating distant malignancies via migrating DC and cytotoxic T cells, known as abscopal effect. Therefore, radiotherapy and immunotherapy are often combined to achieve a better efficacy (67).

The side effects induced by total body irritation (TBI) mainly result from the fact that radiotherapy could affect tumor cells and surrounding normal cells alike. Inflammation is a common consequence of radiation irritation not only due to weakened immune system, but also caused by altered gut microbiota. The reduced integrity of gut epithelium leads to microbiota translocation to mesenteric lymph nodes, together with an increased lipopolysaccharide (LPS) derived by microbiota (68). Similarly, the radiotherapy used for treating head and neck cancer such as nasopharyngeal carcinoma can lead to oral mucositis, compromising the anticancer therapy (69). On the other hand, several studies have also proved that radiation irritation is able to induce reduction in microbiota diversity (70–72). In a pilot study of three pediatric cancer patients with pelvic rhabdomyosarcoma, the radiotherapy and antibiotic treatment caused a decreased abundant of Firmicutes and increased Proteobacteria (73).Compared to the healthy controls and the patients who didn’t undergo microbiota change after radiotherapy, the patients with dysbiosis are prone to develop pathologic conditions like diarrhea (72), inflammatory bowel disease (IBD) and type 2 diabetes (T2D) (70). Moreover, the gut microbiota could also affect the therapeutic effects of radiotherapy. A preclinical study revealed the presence of gut microbiota is responsible for increased radio-sensitivity of the intestinal endothelium, showing that the production of angiopoietin type 4 in germ free mice model could lead to reduced endothelial cell apoptosis and lymphocyte infiltration (74, 75). Further explorations are promising for discovering the mechanisms and potential therapeutic modulation of gut microbiota on the therapeutic effects of ionizing radiation.




Manipulating Gut Microbiota to Achieve Better Therapeutic Efficacy

There are lines of evidence implicating that different patients respond differently to anticancer therapy. The reasons are concluded as different host genes, different tumor mutations, different environmental factors, and to some extent the different gut microbiota composition (52). Therefore, the manipulation of gut microbiota could be an effective method to improve the efficacy of conventional anticancer therapy.


Probiotics

According to the research findings discussed in previous sections, those mechanism pathways could be considered in combination therapy for cancer treatment. On the one hand, reducing the amount of genus that could impair the efficacy of anticancer therapy, for example providing antibiotics to target the strains that could induce resistance, is a goal of microbiota-targeted combination therapy. On the other hand, as dysbiosis is one of the side effects brought by anticancer therapy, targeting the abnormal microbiota profile by providing patients with beneficial bacterial strains can also effectively reestablish the microbiota community, and further restore the abilities of microbiota involved in drug-microbiota interaction (76, 77).

Given these notions, the use of probiotics has become a significant research field. Probiotics refer to the live bacterial species introduced into human body, exerting their beneficial effects by reestablishing the normal microbiota community (78). Much attention has been paid to the effect of probiotics on tumor-treatment-related toxicity (79) and its potential in improving the efficiency of cancer treatment (80). According to research findings, the preoperative administration of probiotics, prebiotics and synbiotics (the combination of probiotics and prebiotics) effectively attenuates the post-operational infection, with a reduced inflammation, morbidity and hospital stay (81, 82). This is achieved by modulating the composition of microbiota and improve the intestinal barrier (82). Additionally, the use of probiotic nutrition strategies has also been proved to be effective against radiotherapy-induced side effects through enhancing immune response, including the administration of probiotic Bifico against chemoradiotherapy-induced oral mucositis (69) and the use of “designer probiotics” in CRC and breast cancer (47). Notably, there is emerging evidence suggesting that the administration of specific bacteria strains, such as Lactobacillus spp. and Bifidobacteriales, is associated with better anticancer efficacy. A recent clinical trial showed that providing probiotics containing Lactobacillus and Bifidobacteria to post-operative CRC patients for six mouths effectively reduced the expression of many pro-inflammatory cytokines, including TNF-α, IL-6, IL-10 and IL-12, but the level of IFN-γ is relatively unchanged (83). In mice with adverse intestinal microbiota, oral probiotics containing Bifidobacterium could restore the anti-tumor effect of PD-L1 blockade, mainly by promoting the maturation of dendritic cells so as to improve the activity of tumor-specific CD8+ T cells (52). Similarly, the decreased Firmicutes/Baxteroides ratio also leads to a decreased tumorigenic outcome (84).

Looking into the mechanisms, it is found that Bifidobacteria could act on the host immune system through the IFN-γ pathway (52). By treating the mice with probiotic Bifidobacteria, the number of major histocompatibility complex-II (MHC-II) dendritic cells within the tumor were elevated due to the secreted costimulatory molecules (85), together with the tumor specific T cells, both in periphery and in tumor. On the other hand, Bifidobacterium spp. can activate the transcription of up to 760 genes in tumor-infiltrating dendritic cells which are related to antitumor responses, such as Cd70 and Icam1 gene for CD8+ T cell activation, Relb for dendritic cell maturation, and Rab27a for antigen processing and cross presentation (52).

In addition to the direct interaction of bacteria and immune system, the probiotics can also exert its function by secreting several probiotic-derived molecules. The effector molecules that have been shown to be associated with anticancer property are competence and sporulation factor (CSF), inorganic polyphosphates, ferrichrome, and some other peptides such as P75 and P40 (86). These secreting molecules can act through different mechanisms and pathways. CSF is a type of quorum-sensing pentapeptide, and is able to induce the upregulation of heat shock proteins (Hsps). This further activates epithelial cell survival pathway of protein kinase B/Akt and p38 MAP kinase by organic cation transporter 2 (OCTN2). The inorganic polyphosphate can also induce Hsps expression and act on the integrin β1-p38 MAPK pathway, and the peptides P75 and P40 is associated with the activation of Akt cell survival pathway. The molecule ferrichrome, derived from probiotic Lactobacillus casei, can selectively act on colon cancer cells to induce the cleaving of Caspase-3 and PARP and activate the apoptosis pathway through DDIT3-JNK signaling-mediated ER stress response pathway, with a therapeutic effect even better than cisplatin and 5-FU (86).



Fecal Microbiota Transplantation (FMT)

The concept of fecal microbiota transplantation (FMT) was initially established for treating Clostridium difficile infection (CDI). In 1958, Eiseman and colleagues first described this therapeutic method for presumed severe CDI in a case series, which is to transplant functional microbiota from healthy individuals into the gastrointestinal tract of patients to rebuild the normally functioning intestinal microbiota (87, 88). It was not until 2012 that FMT was first linked to cancer treatment by Neemann et al., and in this case by performing FMT, a patient with acute lymphocytic leukemia (ALL) successfully recovered from severe CDI induced by the immunocompromised condition after allogeneic hematopoietic stem cell transplant (89). Later, this therapy was put into practice in the treatment of many other hematological malignancies, in which immunocompromised condition and dysbiosis often occurred as a post-transplantation complication, leading to C. difficile overgrowth and symptoms like diarrhea, abdominal pain and hematochezia (90, 91). Clinical trials of the use of FMT in the treatment of cancer patients are still in their early stages, but has proved its effect on many types of complications during anticancer treatment, including CDI that are resistant to traditional therapies (92), graft-versus-host disease after allogeneic stem cell transplantation (93), inflammatory bowel disease (94) and active ulcerative colitis (95). However, in some cases post‐FMT complications such as bacteremia may occur (91), and the mechanism is still unclear. Further studies are required to identify the risk factors for FMT and improve the safety.



Dietary Factors


Short Chain Fatty Acids (SCFA)

Dietary factors have been considered to play a vital role in human health and disease for centuries. Over the last decade, there have been increasing interests in the research on the interplay between diet and the gut microbiota, and it is now widely accepted that gut microbiota can be shaped by dietary factors, leading to enriched beneficial microbiota strains and the production of SCFA. Generally, SCFA has an anti-inflammatory and anti-tumorigenic effect, but there are also exceptions in which specific SCFA could induce different outcomes. For example, being the focus of many studies, the butyrate, one of the SCFA, has a tumor suppressing effect (96), while acetate is a metabolite that has shown to be potentially oncogenic.

Being one of the dietary factors, dietary fibers have shown to effectively prevent CRC with an anti-inflammatory property due to its effect of maintaining the amount of microbiota that produce butyrate (47, 97). Another dietary factor is resistant starch, also a contributing factor of decreased risk of CRC and colitis. It can be converted to SCFA by fermentation in the large intestine, and can lead to reduction in gene expression associated with immune responses and inflammatory conditions including cyclooxygenase 2 (COX-2), NF-κB, IL-1β and TNF-α, having an anti-tumorigenic effect by either activating the expression of G-protein coupled receptor 43 (GPR43) which induces anti-inflammatory property, or inhibiting histone deacetylase (97). In addition, it can inhibit the cell proliferation by inhibiting the translocation of β-catenin from the membrane into the nucleus, preventing the downstream expression of growth factors related to cell growth (97). These findings have strong implications in searching an alternative approach to shape gut microbiota with dietary factors, which can be easily controlled by patients even in everyday life.



Vitamin D

Previous studies have demonstrated that vitamin D has an important immunomodulatory function. Several immune cells (such as T cells, B cells, neutrophils and APCs) express vitamin D receptor, allowing vitamin D to regulate the balance between pro-inflammatory and anti-inflammatory state (98). It can also mediate the antimicrobial peptide (CAMP) expression downstream of TLR activation, leading to phagosome formation and antimicrobial activity against pathogens (98).

In addition, vitamin D has shown to be effective against complications caused by radiotherapy via restoring the population of gut microbiota and reducing the number of opportunistic pathogens (99). In induced colitis, the vitamin D deficient mice have the characteristics of a reduced antimicrobial activity of angiogenin-4 protein (Ang4) (100).The relationships among vitamin D, gut microbiota and radiation-induced resistance were described as a “love-hate triangle”, indicating that these three factors could interact with each other during the process of the anticancer therapy (99). However, further studies are still needed for the understanding of the molecular mechanisms.





Conclusions and Future Directions

As cancer is the leading cause of death worldwide, finding a cure for this devastating disease has long been a challenge for the research field. The current anticancer therapies mentioned above have proved to be effective in providing curative or palliative managements against cancer, but there are still several side effects during this process, leading to reduced efficacy and prognosis. Reports on the role of microbiota in cancer, combined with preclinical and clinical research, have led to the revelation of this topic as a potentially dominant mediator in response to cancer treatment. With the rapid development of the understanding of human gastrointestinal microbiota, there exists a close symbiotic relationship between the gastrointestinal microbiota and the host. In the context of many diseases of the digestive system, the disturbance of the composition of the gastrointestinal microbiota can be observed. Whether gastrointestinal microbiota imbalance is the cause or outcome of the disease, it may exacerbate the disease progression and influence the associated treatment strategies. In addition, it is demonstrated that the cancer treatment response can be enhanced by modulating the intestinal microbiome such as providing beneficial bacteria strains as probiotics or preforming FMT, and future therapy could utilize these methods to achieve a precise regulation of the microbiota composition, such as the specific amount of a particular microbiota genus. However, it is not clear which intestinal microbiome composition is best suited to promote the anti-tumor immune response, which needs to be carefully tested through clinical trials. It is also necessary to find out other important factors to modulate the intestinal microbiome, such as adjustment of preparation before the use of antibiotics. Only by fully understanding these mechanisms can we better optimize the regulation of the intestinal microbiota, and improve the potential for immune surveillance and cancer treatment.



Author Contributions

TC conceived the idea for the review and designed its framework. WL and XD conducted the research and wrote the manuscript. All authors edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Natural Science Foundation of China (Grant no. 82060638, 81960103), Academic and technical leaders of major disciplines in Jiangxi Province (Grant no. 20194BCJ22032), and Double thousand plan of Jiangxi Province (high end Talents Project of scientific and technological innovation).



References

1. Inaki, K, and Liu, ET. Structural mutations in cancer: mechanistic and functional insights. Trends Genet (2012) 28(11):550–9. doi: 10.1016/j.tig.2012.07.002

2. Samuel, SR, Maiya, AG, Fernandes, DJ, Guddattu, V, Saxena, PUP, Kurian, JR, et al. Effectiveness of exercise-based rehabilitation on functional capacity and quality of life in head and neck cancer patients receiving chemo-radiotherapy. Support Care Cancer (2019) 27(10):3913–20. doi: 10.1007/s00520-019-04750-z

3. Chen, T, Zhao, X, Ren, Y, Wang, Y, Tang, X, Tian, P, et al. Triptolide modulates tumour-colonisation and anti-tumour effect of attenuated Salmonella encoding DNase I. Appl Microbiol Biotechnol (2019) 103(2):929–39. doi: 10.1007/s00253-018-9481-8

4. Kumagai, T, Rahman, F, and Smith, AM. The Microbiome and Radiation Induced-Bowel Injury: Evidence for Potential Mechanistic Role in Disease Pathogenesis. Nutrients (2018) 10(10):1045. doi: 10.3390/nu10101405

5. Secombe, KR, Coller, JK, Gibson, RJ, Wardill, HR, and Bowen, JM. The bidirectional interaction of the gut microbiome and the innate immune system: Implications for chemotherapy-induced gastrointestinal toxicity. Int J Cancer (2019) 144(10):2365–76. doi: 10.1002/ijc.31836

6. Roy, S, and Trinchieri, G. Microbiota: a key orchestrator of cancer therapy. Nat Rev Cancer (2017) 17(5):271–85. doi: 10.1038/nrc.2017.13

7. Gori, S, Inno, A, Belluomini, L, Bocus, P, Bisoffi, Z, Russo, A, et al. Gut microbiota and cancer: How gut microbiota modulates activity, efficacy and toxicity of antitumoral therapy. Crit Rev Oncol Hematol (2019) 143:139–47. doi: 10.1016/j.critrevonc.2019.09.003

8. AlHilli, MM, and Bae-Jump, V. Diet and gut microbiome interactions in gynecologic cancer. Gynecol Oncol (2020) 159(2):299–308. doi: 10.1016/j.ygyno.2020.08.027

9. Rodriguez, JM, Murphy, K, Stanton, C, Ross, RP, Kober, OI, Juge, N, et al. The composition of the gut microbiota throughout life, with an emphasis on early life. Microb Ecol Health Dis (2015) 26:26050. doi: 10.3402/mehd.v26.26050

10. Aarnoutse, R, Ziemons, J, Penders, J, Rensen, SS, de Vos-Geelen, J, and Smidt, ML. The Clinical Link between Human Intestinal Microbiota and Systemic Cancer Therapy. Int J Mol Sci (019) 20(17):4145. doi: 10.3390/ijms20174145

11. White, JR, Dauros-Singorenko, P, Hong, J, Vanholsbeeck, F, Phillips, A, and Swift, S. The role of host molecules in communication with the resident and pathogenic microbiota: A review. Med Microecology (2021) 4:100005. doi: 10.1016/j.medmic.2020.100005

12. Kroemer, G, and Zitvogel, L. Cancer immunotherapy in 2017: The breakthrough of the microbiota. Nat Rev Immunol (2018) 18(2):87–8. doi: 10.1038/nri.2018.4

13. Hanahan, D, and Weinberg, RA. Hallmarks of cancer: the next generation. Cell (2011) 144(5):646–74. doi: 10.1016/j.cell.2011.02.013

14. Ewing, A, and Semple, C. Breaking point: the genesis and impact of structural variation in tumours. F1000Research (2018) 7:1814. doi: 10.12688/f1000research.16079.1

15. Dejea, C, Wick, E, and Sears, CL. Bacterial oncogenesis in the colon. Future Microbiol (2013) 8(4):445–60. doi: 10.2217/fmb.13.17

16. Tsvetikova, SA, and Koshel, EI. Microbiota and cancer: host cellular mechanisms activated by gut microbial metabolites. Int J Med Microbiol (2020) 310(4):151425. doi: 10.1016/j.ijmm.2020.151425

17. Hatakeyama, M. Structure and function of Helicobacter pylori CagA, the first-identified bacterial protein involved in human cancer. Proceedings of the Japan Academy Series B. Phys Biol Sci (2017) 93(4):196–219. doi: 10.2183/pjab.93.013

18. Goodwin, AC, Destefano Shields, CE, Wu, S, Huso, DL, Wu, X, Murray-Stewart, TR, et al. Polyamine catabolism contributes to enterotoxigenic Bacteroides fragilis-induced colon tumorigenesis. Proc Natl Acad Sci USA (2011) 108(37):15354–9. doi: 10.1073/pnas.1010203108

19. Raza, MH, Gul, K, Arshad, A, Riaz, N, Waheed, U, Rauf, A, et al. Microbiota in cancer development and treatment. J Cancer Res Clin Oncol (2019) 145(1):49–63. doi: 10.1007/s00432-018-2816-0

20. Blagosklonny, MV. How Avastin potentiates chemotherapeutic drugs: action and reaction in antiangiogenic therapy. Cancer Biol Ther (2005) 4(12):1307–10. doi: 10.4161/cbt.4.12.2315

21. Winkler, GC, Barle, EL, Galati, G, and Kluwe, WM. Functional differentiation of cytotoxic cancer drugs and targeted cancer therapeutics. Regul Toxicol Pharmacol (2014) 70(1):46–53. doi: 10.1016/j.yrtph.2014.06.012

22. Lin, XB, Dieleman, LA, Ketabi, A, Bibova, I, Sawyer, MB, Xue, H, et al. Irinotecan (CPT-11) chemotherapy alters intestinal microbiota in tumour bearing rats. PloS One (2012) 7(7):e39764. doi: 10.1371/journal.pone.0039764

23. Imaoka, A, Setoyama, H, Takagi, A, Matsumoto, S, and Umesaki, Y. Improvement of human faecal flora-associated mouse model for evaluation of the functional foods. J Appl Microbiol (2004) 96(4):656–63. doi: 10.1111/j.1365-2672.2004.02189.x

24. Hekmatshoar, Y, Rahbar Saadat, Y, Hosseiniyan Khatibi, SM, Ozkan, T, Zununi Vahed, F, Nariman-Saleh-Fam, Z, et al. The impact of tumor and gut microbiotas on cancer therapy: Beneficial or detrimental? Life Sci (2019) 233:116680. doi: 10.1016/j.lfs.2019.116680

25. Viaud, S, Saccheri, F, Mignot, G, Yamazaki, T, Daillère, R, Hannani, D, et al. The intestinal microbiota modulates the anticancer immune effects of cyclophosphamide. Science (New York NY) (2013) 342(6161):971–6. doi: 10.1126/science.1240537

26. Klaassen, CD, and Cui, JY. Review: Mechanisms of How the Intestinal Microbiota Alters the Effects of Drugs and Bile Acids. Drug Metab Dispos (2015) 43(10):1505–21. doi: 10.1124/dmd.115.065698

27. Kaneda, N, and Yokokura, T. Nonlinear pharmacokinetics of CPT-11 in rats. Cancer Res (1990) 50(6):1721–5. doi: 10.1016/S1872-2075(08)60042-4

28. Takasuna, K, Hagiwara, T, Hirohashi, M, Kato, M, Nomura, M, Nagai, E, et al. Involvement of beta-glucuronidase in intestinal microflora in the intestinal toxicity of the antitumor camptothecin derivative irinotecan hydrochloride (CPT-11) in rats. Cancer Res (1996) 56(16):3752–7. doi: 10.1002/(SICI)1097-0142(19960815)78:4<912::AID-CNCR31>3.0.CO;2-W

29. Desgranges, C, Razaka, G, De Clercq, E, Herdewijn, P, Balzarini, J, Drouillet, F, et al. Effect of (E)-5-(2-bromovinyl)uracil on the catabolism and antitumor activity of 5-fluorouracil in rats and leukemic mice. Cancer Res (1986) 46(3):1094–101. doi: 10.1016/0304-3835(86)90058-3

30. Nishiyama, T, Ogura, K, Okuda, H, Suda, K, Kato, A, and Watabe, T. Mechanism-based inactivation of human dihydropyrimidine dehydrogenase by (E)-5-(2-bromovinyl)uracil in the presence of NADPH. Mol Pharmacol (2000) 57(5):899–905.

31. Okuda, H, Nishiyama, T, Ogura, K, Nagayama, S, Ikeda, K, Yamaguchi, S, et al. Lethal drug interactions of sorivudine, a new antiviral drug, with oral 5-fluorouracil prodrugs. Drug Metab Dispos (1997) 25(2):270–3. doi: 10.1016/S1359-6446(96)10051-9

32. Nakayama, H, Kinouchi, T, Kataoka, K, Akimoto, S, Matsuda, Y, and Ohnishi, Y. Intestinal anaerobic bacteria hydrolyse sorivudine, producing the high blood concentration of 5-(E)-(2-bromovinyl)uracil that increases the level and toxicity of 5-fluorouracil. Pharmacogenetics (1997) 7(1):35–43. doi: 10.1097/00008571-199702000-00005

33. Schieber, M, and Chandel, NS. ROS function in redox signaling and oxidative stress. Curr Biol (2014) 24(10):R453–62. doi: 10.1016/j.cub.2014.03.034

34. Iida, N, Dzutsev, A, Stewart, CA, Smith, L, Bouladoux, N, Weingarten, RA, et al. Commensal bacteria control cancer response to therapy by modulating the tumor microenvironment. Science (New York NY) (2013) 342(6161):967–70. doi: 10.1126/science.1240527

35. Chang, CW, Lee, HC, Li, LH, Chiang Chiau, JS, Wang, TE, Chuang, WH, et al. Fecal Microbiota Transplantation Prevents Intestinal Injury, Upregulation of Toll-Like Receptors, and 5-Fluorouracil/Oxaliplatin-Induced Toxicity in Colorectal Cancer. Int J Mol Sci (2020) 21(2):386. doi: 10.3390/ijms21020386

36. Xu, C, Ruan, B, Jiang, Y, Xue, T, Wang, Z, Lu, H, et al. Antibiotics-induced gut microbiota dysbiosis promotes tumor initiation via affecting APC-Th1 development in mice. Biochem Biophys Res Commun (2017) 488(2):418–24. doi: 10.1016/j.bbrc.2017.05.071

37. Schirmer, M, Smeekens, SP, Vlamakis, H, Jaeger, M, Oosting, M, Franzosa, EA, et al. Linking the Human Gut Microbiome to Inflammatory Cytokine Production Capacity. Cell (2016) 167(4):1125–36.e8. doi: 10.1016/j.cell.2016.10.020

38. Daillère, R, Vétizou, M, Waldschmitt, N, Yamazaki, T, Isnard, C, Poirier-Colame, V, et al. Enterococcus hirae and Barnesiella intestinihominis Facilitate Cyclophosphamide-Induced Therapeutic Immunomodulatory Effects. Immunity (2016) 45(4):931–43. doi: 10.1016/j.immuni.2016.09.009

39. Wang, Y, Li, Y, Shang, D, and Efferth, T. Interactions between artemisinin derivatives and P-glycoprotein. Phytomedicine (2019) 60:152998. doi: 10.1016/j.phymed.2019.152998

40. Kostic, AD, Gevers, D, Pedamallu, CS, Michaud, M, Duke, F, Earl, AM, et al. Genomic analysis identifies association of Fusobacterium with colorectal carcinoma. Genome Res (2012) 22(2):292–8. doi: 10.1101/gr.126573.111

41. Rubinstein, MR, Wang, X, Liu, W, Hao, Y, Cai, G, and Han, YW. Fusobacterium nucleatum promotes colorectal carcinogenesis by modulating E-cadherin/β-catenin signaling via its FadA adhesin. Cell Host Microbe (2013) 14(2):195–206. doi: 10.1016/j.chom.2013.07.012

42. Couzin-Frankel, J. Breakthrough of the year 2013. Cancer immunotherapy. Science (New York NY) (2013) 342(6165):1432–3. doi: 10.1126/science.342.6165.1432

43. Billan, S, Kaidar-Person, O, and Gil, Z. Treatment after progression in the era of immunotherapy. Lancet Oncol (2020) 21(10):e463–e76. doi: 10.1016/S1470-2045(20)30328-4

44. Hahn, AW, Gill, DM, Pal, SK, and Agarwal, N. The future of immune checkpoint cancer therapy after PD-1 and CTLA-4. Immunotherapy (2017) 9(8):681–92. doi: 10.2217/imt-2017-0024

45. Peggs, KS, Quezada, SA, Korman, AJ, and Allison, JP. Principles and use of anti-CTLA4 antibody in human cancer immunotherapy. Curr Opin Immunol (2006) 18(2):206–13. doi: 10.1016/j.coi.2006.01.011

46. Cohen, I, Ruff, WE, and Longbrake, EE. Influence of immunomodulatory drugs on the gut microbiota. Trans Res J Lab Clin Med (2021) S1931-5244(21):00023–2. doi: 10.1016/j.trsl.2021.01.009

47. Gopalakrishnan, V, Helmink, BA, Spencer, CN, Reuben, A, and Wargo, JA. The Influence of the Gut Microbiome on Cancer, Immunity, and Cancer Immunotherapy. Cancer Cell (2018) 33(4):570–80. doi: 10.1016/j.ccell.2018.03.015

48. Pabst, O. New concepts in the generation and functions of IgA. Nat Rev Immunol (2012) 12(12):821–32. doi: 10.1038/nri3322

49. Chen, DS, and Mellman, I. Oncology meets immunology: the cancer-immunity cycle. Immunity (2013) 39(1):1–10. doi: 10.1016/j.immuni.2013.07.012

50. Ivanov, II, Atarashi, K, Manel, N, Brodie, EL, Shima, T, Karaoz, U, et al. Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell (2009) 139(3):485–98. doi: 10.1016/j.cell.2009.09.033

51. Atarashi, K, Tanoue, T, Shima, T, Imaoka, A, Kuwahara, T, Momose, Y, et al. Induction of colonic regulatory T cells by indigenous Clostridium species. Science (New York NY) (2011) 331(6015):337–41. doi: 10.1126/science.1198469

52. Sivan, A, Corrales, L, Hubert, N, Williams, JB, Aquino-Michaels, K, Earley, ZM, et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy. Science (New York NY) (2015) 350(6264):1084–9. doi: 10.1126/science.aac4255

53. Vetizou, M, Pitt, JM, Daillere, R, Lepage, P, Waldschmitt, N, Flament, C, et al. Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science (New York NY) (2015) 350(6264):1079–84. doi: 10.1126/science.aad1329

54. Huang, J, Jiang, Z, Wang, Y, Fan, X, Cai, J, Yao, X, et al. Modulation of gut microbiota to overcome resistance to immune checkpoint blockade in cancer immunotherapy. Curr Opin Pharmacol (2020) 54:1–10. doi: 10.1016/j.coph.2020.06.004

55. Tanoue, T, Morita, S, Plichta, DR, Skelly, AN, Suda, W, Sugiura, Y, et al. A defined commensal consortium elicits CD8 T cells and anti-cancer immunity. Nature (2019) 565(7741):600–5. doi: 10.1038/s41586-019-0878-z

56. Gopalakrishnan, V, Spencer, CN, Nezi, L, Reuben, A, Andrews, MC, Karpinets, TV, et al. Gut microbiome modulates response to anti-PD-1 immunotherapy in melanoma patients. Science (New York NY) (2018) 359(6371):97–103. doi: 10.1126/science.aan4236

57. Holler, E, Butzhammer, P, Schmid, K, Hundsrucker, C, Koestler, J, Peter, K, et al. Metagenomic analysis of the stool microbiome in patients receiving allogeneic stem cell transplantation: loss of diversity is associated with use of systemic antibiotics and more pronounced in gastrointestinal graft-versus-host disease. Biol Blood marrow Transplant (2014) 20(5):640–5. doi: 10.1016/j.bbmt.2014.01.030

58. Gao, Y, Shang, Q, Li, W, Guo, W, Stojadinovic, A, Mannion, C, et al. Antibiotics for cancer treatment: A double-edged sword. J Cancer (2020) 11(17):5135–49. doi: 10.7150/jca.47470

59. Mari, GM, Achilli, P, Maggioni, D, Crippa, J, Costanzi, ATM, Scotti, MA, et al. Creation of a rectal cancer registry in Italy by the Advanced International Mini-Invasive Surgery (AIMS) academy clinical research network. F1000Research (2019) 8:1736. doi: 10.12688/f1000research.20702.1

60. Gaines, S, Shao, C, Hyman, N, and Alverdy, JC. Gut microbiome influences on anastomotic leak and recurrence rates following colorectal cancer surgery. Br J Surg (2018) 105(2):e131–e41. doi: 10.1002/bjs.10760

61. Alves, A, Panis, Y, Trancart, D, Regimbeau, JM, Pocard, M, and Valleur, P. Factors associated with clinically significant anastomotic leakage after large bowel resection: multivariate analysis of 707 patients. World J Surg (2002) 26(4):499–502. doi: 10.1007/s00268-001-0256-4

62. Borowski, DW, Bradburn, DM, Mills, SJ, Bharathan, B, Wilson, RG, Ratcliffe, AA, et al. Volume-outcome analysis of colorectal cancer-related outcomes. Br J Surg (2010) 97(9):1416–30. doi: 10.1002/bjs.7111

63. Stern, JR, Olivas, AD, Valuckaite, V, Zaborina, O, Alverdy, JC, and An, G. Agent-based model of epithelial host-pathogen interactions in anastomotic leak. J Surg Res (2013) 184(2):730–8. doi: 10.1016/j.jss.2012.12.009

64. van Praagh, JB, de Goffau, MC, Bakker, IS, van Goor, H, Harmsen, HJM, Olinga, P, et al. Mucus Microbiome of Anastomotic Tissue During Surgery Has Predictive Value for Colorectal Anastomotic Leakage. Ann Surg (2019) 269(5):911–6. doi: 10.1097/SLA.0000000000002651

65. Baskar, R, Dai, J, Wenlong, N, Yeo, R, and Yeoh, KW. Biological response of cancer cells to radiation treatment. Front Mol Biosci (2014) 1:24. doi: 10.3389/fmolb.2014.00024

66. Shuryak, I. Review of microbial resistance to chronic ionizing radiation exposure under environmental conditions. J Environ Radioact (2019) 196:50–63. doi: 10.1016/j.jenvrad.2018.10.012

67. Derer, A, Deloch, L, Rubner, Y, Fietkau, R, Frey, B, and Gaipl, US. Radio-Immunotherapy-Induced Immunogenic Cancer Cells as Basis for Induction of Systemic Anti-Tumor Immune Responses - Pre-Clinical Evidence and Ongoing Clinical Applications. Front Immunol (2015) 6:505. doi: 10.3389/fimmu.2015.00505

68. Nelson, MH, Diven, MA, Huff, LW, and Paulos, CM. Harnessing the Microbiome to Enhance Cancer Immunotherapy. J Immunol Res (2015) 2015:368736. doi: 10.1155/2015/368736

69. Jiang, C, Wang, H, Xia, C, Dong, Q, Chen, E, Qiu, Y, et al. A randomized, double-blind, placebo-controlled trial of probiotics to reduce the severity of oral mucositis induced by chemoradiotherapy for patients with nasopharyngeal carcinoma. Cancer (2019) 125(7):1081–90. doi: 10.1002/cncr.31907

70. Nam, YD, Kim, HJ, Seo, JG, Kang, SW, and Bae, JW. Impact of pelvic radiotherapy on gut microbiota of gynecological cancer patients revealed by massive pyrosequencing. PloS One (2013) 8(12):e82659. doi: 10.1371/journal.pone.0082659

71. Manichanh, C, Varela, E, Martinez, C, Antolin, M, Llopis, M, Doré, J, et al. The gut microbiota predispose to the pathophysiology of acute postradiotherapy diarrhea. Am J Gastroenterol (2008) 103(7):1754–61. doi: 10.1111/j.1572-0241.2008.01868.x

72. Wang, A, Ling, Z, Yang, Z, Kiela, PR, Wang, T, Wang, C, et al. Gut microbial dysbiosis may predict diarrhea and fatigue in patients undergoing pelvic cancer radiotherapy: a pilot study. PloS One (2015) 10(5):e0126312. doi: 10.1371/journal.pone.0126312

73. Sahly, N, Moustafa, A, Zaghloul, M, and Salem, TZ. Effect of radiotherapy on the gut microbiome in pediatric cancer patients: a pilot study. PeerJ (2019) 7:e7683. doi: 10.7717/peerj.7683

74. Crawford, PA, and Gordon, JI. Microbial regulation of intestinal radiosensitivity. Proc Natl Acad Sci USA (2005) 102(37):13254–9. doi: 10.1073/pnas.0504830102

75. Tonneau, M, Elkrief, A, Pasquier, D, Paz Del Socorro, T, Chamaillard, M, Bahig, H, et al. The role of the gut microbiome on radiation therapy efficacy and gastrointestinal complications: A systematic review. Radiother Oncol (2020) 156:1–9. doi: 10.1016/j.radonc.2020.10.033

76. Bhatt, AP, Pellock, SJ, Biernat, KA, Walton, WG, Wallace, BD, Creekmore, BC, et al. Targeted inhibition of gut bacterial β-glucuronidase activity enhances anticancer drug efficacy. Proc Natl Acad Sci USA (2020) 117(13):7374–81. doi: 10.1073/pnas.1918095117

77. Zhou, Z, Chen, X, Sheng, H, Shen, X, Sun, X, Yan, Y, et al. Engineering probiotics as living diagnostics and therapeutics for improving human health. Microb Cell Fact (2020) 19(1):56. doi: 10.1186/s12934-020-01318-z

78. Gareau, MG, Sherman, PM, and Walker, WA. Probiotics and the gut microbiota in intestinal health and disease. Nat Rev Gastroenterol Hepatol (2010) 7(9):503–14. doi: 10.1038/nrgastro.2010.117

79. Hendler, R, and Zhang, Y. Probiotics in the Treatment of Colorectal Cancer. Medicines (Basel Switzerland) (2018) 5(31):101. doi: 10.3390/medicines5030101

80. Górska, A, Przystupski, D, Niemczura, MJ, and Kulbacka, J. Probiotic Bacteria: A Promising Tool in Cancer Prevention and Therapy. Curr Microbiol (2019) 76(8):939–49. doi: 10.1007/s00284-019-01679-8

81. Kinross, JM, Markar, S, Karthikesalingam, A, Chow, A, Penney, N, Silk, D, et al. A meta-analysis of probiotic and synbiotic use in elective surgery: does nutrition modulation of the gut microbiome improve clinical outcome? JPEN J Parenter Enteral Nutr (2013) 37(2):243–53. doi: 10.1177/0148607112452306

82. Polakowski, CB, Kato, M, Preti, VB, Schieferdecker, MEM, and Ligocki Campos, AC. Impact of the preoperative use of synbiotics in colorectal cancer patients: A prospective, randomized, double-blind, placebo-controlled study. Nutrition (Burbank Los Angeles County Calif) (2019) 58:40–6. doi: 10.1016/j.nut.2018.06.004

83. Zaharuddin, L, Mokhtar, NM, Muhammad Nawawi, KN, and Raja Ali, RA. A randomized double-blind placebo-controlled trial of probiotics in post-surgical colorectal cancer. BMC Gastroenterol (2019) 19(1):131. doi: 10.1186/s12876-019-1047-4

84. Zhu, Q, Jin, Z, Wu, W, Gao, R, Guo, B, Gao, Z, et al. Analysis of the intestinal lumen microbiota in an animal model of colorectal cancer. PloS One (2014) 9(6):e90849. doi: 10.1371/journal.pone.0090849

85. López, P, Gueimonde, M, Margolles, A, and Suárez, A. Distinct Bifidobacterium strains drive different immune responses in vitro. Int J Food Microbiol (2010) 138(1-2):157–65. doi: 10.1016/j.ijfoodmicro.2009.12.023

86. Konishi, H, Fujiya, M, Tanaka, H, Ueno, N, Moriichi, K, Sasajima, J, et al. Probiotic-derived ferrichrome inhibits colon cancer progression via JNK-mediated apoptosis. Nat Commun (2016) 7:12365. doi: 10.1038/ncomms12365

87. Eiseman, B, Silen, W, Bascom, GS, and Kauvar, AJ. Fecal enema as an adjunct in the treatment of pseudomembranous enterocolitis. Surgery (1958) 44(5):854–9.

88. Grigoryan, Z, Shen, MJ, Twardus, SW, Beuttler, MM, Chen, LA, and Bateman-House, A. Fecal microbiota transplantation: Uses, questions, and ethics. Med Microecology (2020) 6:100027. doi: 10.1016/j.medmic.2020.100027

89. Neemann, K, Eichele, DD, Smith, PW, Bociek, R, Akhtari, M, and Freifeld, A. Fecal microbiota transplantation for fulminant Clostridium difficile infection in an allogeneic stem cell transplant patient. Transplant Infect Dis (2012) 14(6):E161–5. doi: 10.1111/tid.12017

90. de Castro, CG Jr, Ganc, AJ, Ganc, RL, Petrolli, MS, and Hamerschlack, N. Fecal microbiota transplant after hematopoietic SCT: report of a successful case. Bone marrow Transplant (2015) 50(1):145. doi: 10.1038/bmt.2014.212

91. Lee, MSL, Ramakrishna, B, Moss, AC, Gold, HS, and Branch-Elliman, W. Successful treatment of fulminant Clostridioides difficile infection with emergent fecal microbiota transplantation in a patient with acute myeloid leukemia and prolonged, severe neutropenia. Transplant Infect Dis (2020) 22(1):e13216. doi: 10.1111/tid.13216

92. Borody, TJ, Warren, EF, Leis, SM, Surace, R, Ashman, O, and Siarakas, S. Bacteriotherapy using fecal flora: toying with human motions. J Clin Gastroenterol (2004) 38(6):475–83. doi: 10.1097/01.mcg.0000128988.13808.dc

93. Kakihana, K, Fujioka, Y, Suda, W, Najima, Y, Kuwata, G, Sasajima, S, et al. Fecal microbiota transplantation for patients with steroid-resistant acute graft-versus-host disease of the gut. Blood (2016) 128(16):2083–8. doi: 10.1182/blood-2016-05-717652

94. Ding, X, Yang, X, and Wang, H. Methodology, efficacy and safety of fecal microbiota transplantation in treating inflammatory bowel disease. Med Microecology (2020) 6:100028. doi: 10.1016/j.medmic.2020.100028

95. Moayyedi, P, Surette, MG, Kim, PT, Libertucci, J, Wolfe, M, Onischi, C, et al. Fecal Microbiota Transplantation Induces Remission in Patients With Active Ulcerative Colitis in a Randomized Controlled Trial. Gastroenterology (2015) 149(1):102–9.e6. doi: 10.1053/j.gastro.2015.04.001

96. Zitvogel, L, Daillère, R, Roberti, MP, Routy, B, and Kroemer, G. Anticancer effects of the microbiome and its products. Nat Rev Microbiol (2017) 15(8):465–78. doi: 10.1038/nrmicro.2017.44

97. Hu, Y, Le Leu, RK, Christophersen, CT, Somashekar, R, Conlon, MA, Meng, XQ, et al. Manipulation of the gut microbiota using resistant starch is associated with protection against colitis-associated colorectal cancer in rats. Carcinogenesis (2016) 37(4):366–75. doi: 10.1093/carcin/bgw019

98. Malaguarnera, L. Vitamin D and microbiota: Two sides of the same coin in the immunomodulatory aspects. Int Immunopharmacol (2020) 79:106112. doi: 10.1016/j.intimp.2019.106112

99. Huang, R, Xiang, J, and Zhou, P. Vitamin D, gut microbiota, and radiation-related resistance: a love-hate triangle. J Exp Clin Cancer Res (2019) 38(1):493. doi: 10.1186/s13046-019-1499-y

100. Assa, A, Vong, L, Pinnell, LJ, Rautava, J, Avitzur, N, Johnson-Henry, KC, et al. Vitamin D deficiency predisposes to adherent-invasive Escherichia coli-induced barrier dysfunction and experimental colonic injury. Inflamm Bowel Dis (2015) 21(2):297–306. doi: 10.1097/MIB.0000000000000282



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 © 2021 Li, Deng and Chen. 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.




ORIGINAL RESEARCH

published: 05 October 2021

doi: 10.3389/fimmu.2021.687874

[image: image2]


Suppression of Transmembrane Tumor Necrosis Factor Alpha Processing by a Specific Antibody Protects Against Colitis-Associated Cancer


Hongping Ba 1, Rui Jiang 1, Meng Zhang 1, Bingjiao Yin 1, Jing Wang 1, Zhuoya Li 1, Baihua Li 1* and Xiaoxi Zhou 2*


1 Department of Immunology, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China, 2 Department of Hematology, Tongji Hospital, Huazhong University of Science and Technology, Wuhan, China




Edited by: 

Catherine Sautes-Fridman, INSERM U1138 Centre de Recherche des Cordeliers (CRC), France

Reviewed by: 

Virginia Tirino, Università della Campania Luigi Vanvitelli, Italy

Tiziana Schioppa, University of Brescia, Italy

*Correspondence: 

Xiaoxi Zhou
 cello316@163.com

Baihua Li
 libaihua1986@126.com

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


Received: 30 March 2021

Accepted: 16 September 2021

Published: 05 October 2021

Citation:
Ba H, Jiang R, Zhang M, Yin B, Wang J, Li Z, Li B and Zhou X (2021) Suppression of Transmembrane Tumor Necrosis Factor Alpha Processing by a Specific Antibody Protects Against Colitis-Associated Cancer. Front. Immunol. 12:687874. doi: 10.3389/fimmu.2021.687874



Soluble tumor necrosis factor-α (sTNF-α) plays an important role in colitis-associated cancer (CAC); however, little is known about transmembrane TNF-α (tmTNF-α). Here, we observed an increase in sTNF-α mainly in colitis tissues from an azoxymethane/dextran sodium sulfate (DSS)-induced CAC mouse model whereas tmTNF-α levels were chiefly increased on epithelial cells at the tumor stage. The ratio of intracolonic tmTNF-α/sTNF-α was negatively correlated with the levels of pro-inflammatory mediators (IL-1β, IL-6, and NO) and M1 macrophages but positively correlated with the infiltration of myeloid-derived suppressor cells, regulatory T cells, and the level of the anti-inflammatory cytokine IL-10, suggesting an anti-inflammatory effect of tmTNF-α. This effect of tmTNF-α was confirmed again by the induction of resistance to LPS in colonic epithelial cell lines NCM460 and HCoEpiC through the addition of exogenous tmTNF-α or transfection of the tmTNF-α leading sequence that lacks the extracellular segment but retains the intracellular domain of tmTNF-α. A tmTNF-α antibody was used to block tmTNF-α shedding after the first or second round of inflammation induction by DSS drinking to shift the time window of tmTNF-α expression ahead to the inflammation stage. Antibody treatment significantly alleviated inflammation and suppressed subsequent adenoma formation, accompanied by increased apoptosis. An antitumor effect was also observed when the antibody was administered at the malignant phase of CAC. Our results reveal tmTNF-α as a novel molecular marker for malignant transformation in CAC and provide a new insight into blocking the pathological process by targeting tmTNF-α processing.
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Introduction

Up to 20% of all human cancers result from chronic inflammation and persistent infection. Patients who suffer from inflammatory bowel disease (IBD) have a high risk of developing colitis-associated colorectal cancer (CAC) and have a high mortality from the disease (1, 2). Chronic inflammation contributes to the development of low- and high-grade dysplasia that further converts colitis into colorectal cancer (CRC). Proinflammatory cytokines and tumor-infiltrating myeloid and immune cells play critical roles in the initiation, promotion, and progression to malignant transformation (3–8).

Tumor necrosis factor-α (TNF-α) exists in two bioactive forms: 26-kDa transmembrane TNF-α (tmTNF-α) and 17-kDa soluble TNF-α (sTNF-α). tmTNF-α on the cell surface is cleaved by a metalloproteinase, TNF-α-converting enzyme (TACE), to release sTNF-α. Both forms of TNF-α are bioactive and display distinct functions. sTNF-α, a proinflammatory factor, plays a pivotal role in the pathogenesis of IBD. The expression of TNF-α is elevated in biopsies and peripheral blood cells (PBC) obtained from patients with ulcerative colitis (UC) and Crohn’s disease (CD) (9, 10). Serum levels of sTNF-α are markedly increased by 1.7-fold in patients with active UC (11), which contributes to the mucosal damage and chronic inflammation responsible for the signs and symptoms of active UC. The release of sTNF-α also increases in the mouse colon following azoxymethane/dextran sodium sulfate (AOM/DSS) treatment, and ablation of TNF receptor (TNFR) 1 results in reduced mucosal damage, macrophage and neutrophil recruitment, and tumor formation in mouse colon, suggesting a tumor-promoting role of TNF-α in CAC (12). In addition, TNF-α also promotes CRC metastasis. The efficacy of blocking TNF-α signaling by anti-TNF-α agents has been reported in the treatment of IBD (13, 14). TNF-α antagonists not only inhibit CAC induction in mice by limiting TNF-induced infiltration of neutrophils and macrophages (12) but also reduce the risk of both dysplasia and CAC when combined with other anti-inflammatory medications in the clinic (15).

The role of tmTNF-α in IBD has been clarified in studies on the mechanisms of anti-TNF-α agents. Although the affinity of anti-TNF-α agents for tmTNF-α is lower than that for sTNF-α, the binding and neutralization of tmTNF-α by these agents is presumed to be crucial for their different clinical efficacies, as the neutralization of sTNF-α alone or transferring T cells expressing a non-cleavable tmTNF-α mutant that does not produce sTNF-α did not protect the mice from intestinal inflammation (16, 17). However, a deficiency in both IL-10 and TNF-α exacerbates enterocolitis in mice, indicating some protective effects of TNF-α on this condition (18). Selective inhibition of sTNF-α by XPro1595-DN-TNF significantly prevents chemical-induced carcinogenesis (19), indicating a possible protective effect of tmTNF-α. In addition, tmTNF-α functions not only as a ligand that binds TNFRs to induce forward signaling but also as a receptor to transduce outside-to-inside signals, namely, reverse signaling. The mechanisms underlying the benefit of anti-TNF agents in patients with IBD are not limited to the neutralization of both forms of TNF-α, as these agents activate reverse signaling from tmTNF-α. Binding of infliximab to tmTNF-α not only induces apoptosis but also downregulates proinflammatory mediators and upregulates the anti-inflammatory cytokines IL-10 and TGF-β (20–23), indicating that tmTNF-α-mediated reverse signaling promotes the resolution of inflammation. However, little is known about tmTNF-α expression and its function during the development of CAC. Here, we found that sTNF-α levels increased in the inflammation phase, while tmTNF-α expression was enhanced in colon tissues during malignant transformation in AOM/DSS-induced CAC mice. The administration of a tmTNF-α antibody to shift the time window of tmTNF-α expression ahead to the inflammation phase significantly suppressed inflammation and limited subsequent tumor formation.



Materials and Methods


Mouse Model

All animal experiments were approved by the Animal Care and Use Committee of Huazhong University of Science and Technology. Male C57BL/6 mice, 4 to 6 weeks old, were purchased from Beijing HFK Bioscience Company (Beijing, China) and housed under specific pathogen-free conditions with free access to food and water. Mice were intraperitoneally injected with 10 mg/kg AOM (Sigma-Aldrich, St. Louis, MO, USA) on day -7, followed by three 5 day cycles of administration of 2.5% DSS (MP Biomedicals, Santa Ana, CA) in the drinking water with a 14 day intercycle interval starting 1 week after the AOM injection (day 0). Mice were sacrificed 13 days after the end of the last cycle. Mice were weighed every three days. Colon tissues were dissected from the mice, flushed and cleaned with PBS, and cut open longitudinally to examine tumor nodules. The tumor diameter was measured with Vernier calipers.



Disease Activity Index (DAI)

Body weight, stool consistency, and occult or gross blood were analyzed every three days. The disease activity index score was assessed in a blind manner as follows (24): (1) Body weight loss: 0: none; 1: 1–5%; 2: 6–10%; 3: 11–20%; 4: > 20%; (2) Stool consistency: 0: normal; 2: loose stool; 3 and 4: diarrhea (adhering to the anus); and (3) Hematochezia: 0: negative; 2: positive hemoccult; and 4: gross bleeding.

The hemoccult test was performed using a solution composed of 1% o-tolidine in 80 ml of glacial acetic acid, 20 ml of absolute ethanol, and 3% hydrogen peroxide (25).



Cell Culture, Transfection, and Stimulation

Two human colonic cell lines - NCM460, a gift from Prof. Junbo Hu (Department of Gastrointestinal Surgery Center, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China) and HCoEpiC (Otwo Biotech, Shenzhen, China) were cultured at 37°C in a 5% CO2 atmosphere with DMEM medium (Life Technologies, USA) supplemented with 10% heat-inactivated, pyrogen-free fetal calf serum (FCS, Sijiqing, Hangzhou, China), 1 mM sodium pyruvate, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin.

The full-length human TNF-α cDNA and its leader sequence (LS) mutant were generated by PCR from the pCDNA 3.0 plasmid containing TNF-α or TNF-LS (26) and cloned into the pHAGE-CMV-MCS-PGK puro vector at the Bam HI and Xho I sites. The primers were synthesized by TSINGKE Biological Technology (Beijing, China), and their sequences are listed in Supplementary Table 1. The two constructs were verified by DNA sequencing (TSINGKE Biological Technology, Beijing, China). Recombinant lentiviruses were produced by transient four-plasmid cotransfection into 293T cells and purified by ultracentrifugation (27). NCM460 cells were transfected with the lentivirus in antibiotic-free growth medium containing 2 µg/ml polybrene (Sigma-Aldrich, St. Louis, MO, USA) and incubated overnight. Cells were selected with 2 µg/ml puromycin for 2 weeks and subcloned using the limiting dilution method. The expression of TNF-α and TNF-LS on the cell surface was monitored for positive clone selection. HCoEpiC cells were transiently transfected with pCDNA 3.0 plasmid containing TNF-α or TNF-LS using polyethylenimine Max, Linear, MW 40,000 (Polysciences Inc., Illinois, USA) for 48 h.

For the detection of tmTNF-α−mediated forward signaling, 293T cells stably transfected with human tmTNF-α were fixed with 4% paraformaldehyde for 30 min at room temperature (RT) and used as the source of exogenous tmTNF-α (28). 100 ng/ml sTNF-α (Peprotech, Rocky Hill, NJ) or tmTNF-α-overexpressing 293T cells as effector cells were cocultured with NCM460 or HCoEpiC cells as target cells at an effector/target (E/T) ratio of 10:1 in the presence of 10 ng/ml LPS (from Escherichia coli 026:B6, no. L2654, Sigma-Aldrich, St. Louis, MO, USA) for different times.



Preparation of the Single-Cell Suspension and Flow Cytometry

Cell suspensions from mouse spleen were prepared as previously described (29). Cell suspensions were prepared from mesenteric lymph nodes (MLNs) by mechanically disrupting MLNs, and colonic epithelial cell suspensions were prepared by digesting colon tissues with 1 mM EDTA and 1 mm dithiothreitol (30). Single-cell suspensions were obtained by filtering the aforementioned cell suspensions through a 75 μm 200 mesh filter (24).

Splenic or MLN cells were stained with the following fluorescent dye-conjugated antibodies (eBioscience, San Diego, CA, USA) for 30 min at 4°C: APC-F4/80 (Cat# 17-4801), PE-CD11b (Cat# 12-0122), FITC-Gr1 (Cat# 11-6041), FITC-CD4 (Cat# 11-0041), APC-IL-17 (Cat# 17-7177), APC-CD25 (Cat# 17-0251) and PE-Foxp3 (Cat# 12-4771). For the analysis of tmTNF-α expression, NCM460 cells, HCoEpiC cells  or colonic epithelial cells were stained with a monoclonal antibody against tmTNF-α (31) for 30 min at 4°C, followed by a FITC-conjugated secondary antibody (FeiYi, Wuhan, China, Cat# ZF-0312). The stained cells were analyzed using an LSRII flow cytometer (Becton Dickinson, San Jose, CA, USA).



Culture of Colonic Tissue for the Detection of Both Forms of TNF-α

Fifty milligrams of tissue from the distal portion of the colon were washed with 1x PBS and then cut into segments of ≈ 1 cm2. Colonic tissue samples were cultured in RPMI 1640 containing 5% fetal bovine serum in a 24-well culture plate for 24 h (24). Supernatants were collected for the detection of sTNF-α; and membrane proteins were extracted according to the manufacturer’s protocol (Biovision, Milpitas, CA, USA) for the detection of tmTNF-α. Concentrations of both forms of TNF-α in colonic tissue or serum sTNF-α were detected using a TNF-α ELISA kit (eBioscience, San Diego, CA, USA). The ratio of tmTNF-α and sTNF-α in colonic tissue was calculated.



Detection of Cytokines and Nitric Oxide (NO)

For the preparation of tissue homogenates, distal colons (2 cm in length; 1 cm away from the anus) were cut and flushed with 1x PBS to remove gut contents and homogenized in RIPA buffer (Beyotime Biotechnology, Shanghai, China), followed by centrifugation at 12000 rpm for 20 min.

The concentrations of IL-1β, IL-6, IL-10, and TGF-β in colonic homogenates or in supernatants of cultured cells were detected using ELISAs (eBioscience, San Diego, CA, USA) according to the manufacturer’s instructions. NO was quantified using a spectrophotometric assay based on the Griess reaction with a commercial NO assay kit (Beyotime Biotechnology, Shanghai, China).



Western Blot Analysis

Total protein was extracted by lysing cells in lysis buffer (20 mM HEPES, pH 7.4, 20 mM NaCl, 10% glycerol, and 1% Triton X-100). Colonic membrane proteins were prepared using a Membrane Protein Extraction Kit (Biovision, Milpitas, CA, USA) and soluble proteins were isolated from colon homogenates using methanol and chloroform (28). All protein samples were subjected to 12% SDS-polyacrylamide gel electrophoresis and transferred to PVDF membranes (Millipore, Merck KGaA, Darmstadt, Germany). Immunoblotting was performed with the following primary antibodies: anti-tmTNF-α (home-made) (31), anti-TNF-α (Cat# 3707s), anti-PARP (Cat# 9532s), anti-cleaved caspase 3 (Asp175) (Cat# 9661s) from Cell Signaling Technology (Danvers, MA, USA), anti-IκB-α (Santa Cruz, CA, USA, Cat# sc-1643), anti-p65 (Cat# A19653), anti-p-p65 (Cat# AP0475), anti-caspase 3 (Cat# A17900), anti-Na+/K+ ATPase (Cat# A12405), and anti-β-actin (Cat# AC026) from Abclonal (Wuhan, China). HRP-conjugated secondary antibodies (Cell Signaling Technology, Danvers, MA, USA, Cat# 7074) were subsequently applied to the membrane. Bands were visualized using an enhanced chemiluminescence system (ECL; TIANGEN, Beijing, China).



Real-Time PCR

Total RNA was extracted from NCM460 cells using TRIzol reagent (Invitrogen, USA). The cDNA templates were reverse transcribed from 1 μg of RNA with a HiFiScript cDNA Synthesis Kit (Yeasen, Shanghai, China) according to the manufacturer’s instructions. Relative mRNA levels of IL-6 and iNOS were determined using real-time PCR with UltraSYBR Mixture (Yeasen, Shanghai, China). PCR was performed using the following conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The results were analyzed using the 2−△△Ct method and normalized to the corresponding levels of GAPDH. The primers were synthesized by Sangon Biotech (Shanghai, China) and are listed in Supplementary Table 1.



Histopathology and Immunohistochemistry

Colonic tissue sections (4 μm) were deparaffinized, rehydrated, and stained with hematoxylin and eosin (H&E). Colonic tissue sections (4 μm) were dewaxed with xylene and rehydrated in graded ethanol solutions. Antigen retrieval was performed on the sections using Antigen Unmasking Solution (Boster Biological Technology, Wuhan, China). Immunohistochemical staining was performed using the avidin–biotin complex method with anti-mouse TNF-α (Boster Biological Technology, Wuhan, China, Cat# BA0131), anti-mouse F4/80 (eBioscience, San Diego, CA, USA, Cat# 14-4801), anti-mouse CD16/32 and anti-mouse IL-17 (BD Biosciences, San Jose, CA, USA, Cat# 553141 and Cat# 559501), anti-mouse CD206 (AbD Serotec, Kidlington, UK, Cat# MCA2235GA), anti-mouse Foxp3 (Cat# 12653s), and anti-mouse Gr1 monoclonal antibodies (Cat# 31469s) from Cell Signaling Technology (Danvers, MA, USA), followed by HRP-conjugated universal anti-mouse IgG/anti-rabbit IgG antibody (Boster Biological Technology, Wuhan, China, Cat# SA1052/Cat# SA1055). Signals were visualized using an ImmPACT DAB peroxidase substrate (Boster Biological Technology, Wuhan, China), followed by counterstaining with hematoxylin (Sigma Aldrich, St. Louis, MO). Images were viewed and captured with an Olympus BH-2 light microscope (Olympus, Tokyo, Japan) attached to a computerized imaging system. The positive cells in five randomly selected fields were counted at 200× or 400× magnification with Image-Pro Plus Version 6.0 software (Media Cybernetics, Bethesda, MD, USA).



Apoptosis Detection

In situ TUNEL staining was performed using an In Situ Cell Death Detection Kit (Roche Diagnostics, Basel, Switzerland) according to the manufacturer’s instructions. In brief, sections of colonic tissue were deparaffinized, repaired with proteinase K at 37°C for 25 min, and permeabilized at RT for 20 min. Sections were incubated with TdT and fluorescent dye-labeled dUTP for 1 h at 37°C, followed by DAPI staining at RT for 10 min. Apoptotic cells were observed using a laser scanning confocal microscope (Nikon D-Eclipse CI, Tokyo, Japan).



Statistical Analysis

Student’s t-test and one-way or two-way analysis of variance followed by Tukey’s post hoc test were used to compare data from two or multiple groups with GraphPad Prism 6.0 software (San Diego, CA, USA). P values less than 0.05 were considered statistically significant.




Results


sTNF-α Levels Increase in the Inflammatory Phase, While tmTNF-α Levels Are Elevated in the Tumor Phase of the Mouse AOM/DSS-Induced CAC Model

Mice were intraperitoneally injected with AOM (10 mg/kg) on day -7, followed by three cycles of drinking 2.5% DSS-containing water for 5 days with an interval of 14 days (Figure 1A) to determine the dynamical changes in the levels of both forms of TNF-α during the transformation from colitis to tumors. After the first round of drinking DSS-containing water (day 8), the mice developed acute colitis, showing diarrhea, weight loss (Figure 1B), fecal occult blood (Figure 1C) and even rectal bleeding, an increased DAI score (Figure 1D), and an obvious hyperemic, shortened colon filled with bloody stools (Figure 1E). The histopathological changes included the infiltration of a large number of inflammatory cells into the lamina propria of the colon and significant damage to the intestinal epithelial barrier (Figure 1F). These symptoms and pathological changes were markedly alleviated after a two-week interval (day 19), and the body weight and intestinal structure were close to normal. After the second round of DSS administration (day 25), repeated inflammation was induced, inflammatory cells infiltrated the submucosal layer, and the intestinal glands significantly proliferated (day 38). After the third round of DSS administration (day 44), adenomas were observed with dysplastic cells, and later (day 70) tumors developed (Figure 1F).




Figure 1 | AOM/DSS induced CAC. (A) Schematic treatment of mice with AOM and DSS. Mice were intraperitoneally administered with AOM (10 mg/Kg) at day -7, followed by three cycles of drinking 2.5% DSS-containing water for 5 days with interval of 14 days (n = 6, each group). Time course for body weight (B), score of occult blood test (OBT) (C) and disease activity index (DAI) (D). (E) Representative images and quantitative data of colon length. (F) Colons tissue sections were stained with hematoxylin and eosin. Representative histopathological images (×100, ×400). All quantitative data are expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus control.



In this animal model, serum sTNF-α levels increased gradually and peaked on day 19, followed by a relative decrease, but slightly raised again at the tumor stage (Figure 2A). We cultured colon tissue for 24 h to measure the levels of sTNF-α released in the supernatant and tmTNF-α in the membrane proteins using an ELISA in order to accurately evaluate and compare the changes between the levels of both forms of TNF-α in the colon tissue. sTNF-α levels increased significantly in mice with DSS-induced inflammation but then declined during 2-week intervals, and were enhanced again to a certain degree at the tumor stage (Figure 2B). In contrast, tmTNF-α levels remained unchanged and began to increase in the second round of inflammation and peaked at the tumor stage (Figure 2C). The ratio of tmTNF-α to sTNF-α was approximately 0.85 in the normal group but decreased significantly during the first and second rounds of DSS consumption (Figure 2D), indicating that sTNF-α predominated in the inflammation phases. In contrast, this ratio was significantly increased at the uncontrolled inflammation stage and the tumor stage, suggesting that increased tmTNF-α expression was associated with malignant transformation. Western blot analysis showed similar results: intracolonic sTNF-α levels increased dominantly in the inflammation phase, but tmTNF-α levels in the membrane protein fraction were significantly elevated in the tumor phase (Figure 2E). Immunohistochemical staining using a tmTNF-α-specific antibody that is not cross reactive to sTNF-α (28) revealed that tmTNF-α was expressed on infiltrated leukocytes on day 38 but expressed on glandular epithelial cells or tumor cells in addition to infiltrated leukocytes in the tumor stage (Figure 2F). We further isolated diseased colonic epithelial cells and found that tmTNF-α expression did not significantly increase in colonic epithelial cells until malignant transformation and peaked in the tumor stage (Figure 2G).




Figure 2 | sTNF-α levels are increased at the inflammation stage, but tmTNF-α expression is enhanced at the tumor stage. Mice were treated with AOM and DSS as described in Figure 1A (n = 6, each group). (A) Serum concentrations of sTNF-α detected by ELISA. Levels of sTNF-α released in supernatants (B) and tmTNF-α expression in the membrane protein (C) of 24-h-cultured colonic tissues detected by ELISA and their ratios (D). (E) Western blot analysis of sTNF-α in colonic homogenates and tmTNF-α in colonic membrane protein. (F) Representative immunohistochemical staining for intracolonic expression of tmTNF-α (x200, ×400) and their quantitative data. (G) Representative cytogram for tmTNF-α expression on colonic epithelial cells isolated from AOM/DSS-treated mice analyzed by flow cytometry and their quantitative data. All quantitative data are expressed as means ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001 versus control.





The tmTNF-α/sTNF-α Ratio Is Associated With the Accumulation of MDSCs and Treg Cells in a Mouse AOM/DSS-Induced CAC Model But Negatively Correlates With Macrophages

Next, we measured changes in immune cells, such as macrophages and Th17 cells, and immunosuppressive cells, including CD4+CD25+ regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), using flow cytometry and immunohistochemistry to determine potential relationships between both forms of TNF-α and these cells in the mouse AOM/DSS-induced CAC model. The number of F4/80+ macrophages increased during inflammation and peaked on day 19 and day 44, but returned to baseline levels in the spleen and mesenteric lymph nodes at the tumor stage (Supplementary Figures S1A, B). However, in the colonic tissue, infiltrated F4/80+ macrophages were detected at approximately all time-points, except the first interval in which the infiltration significantly decreased (Figure 3A). Moreover, the number of CD16/32+ M1 macrophages significantly increased when mice drank DSS-containing water but decreased during the intervals (Figure 3B), while the number of CD206+ M2 type macrophages began to increase on day 25 and peaked at the tumor stage (Figure 3C). The number of CD4+CD17A+Th17 cells with proinflammatory and tumor-promoting effects increased slightly and peaked on day 19 in the spleen, but did not increase until day 70 in the mesenteric lymph nodes (Supplementary Figures S1C, D), while the number of Th17 cells in the colonic tissue was significantly enhanced on day 25 and peaked on day 70 (Supplementary Figure S1E). Importantly, the ratio of intracolonic tmTNF-α/sTNF-α negatively correlated with the infiltrated F4/80+ macrophages and M1 macrophages in the colon (Figure 3D), but not with M2 macrophages or Th17 cells (Figure 3D and Supplementary Figure S1F).




Figure 3 | The tmTNF-α/sTNF-α ratio negatively correlates with the accumulation of macrophages but positively associates with the infiltration of MDSCs and Treg cells in the colonic tissue of CAC. Mice were treated with AOM and DSS as described in Figure 1A (n = 6-8, each group). Representative immunohistochemistry images of F4/80+ macrophages (A), CD16/32+ M1 type (B) or CD206+ M2 type macrophages (C), Gr1+ MDSCs (E) and Foxp3+ Treg cells (F) infiltrated in colonic tissues (×400) and their quantitative data. The correlation of the tmTNF-α/sTNF-α ratio with percentages of F4/80+ macrophages, CD16/32+ M1 type or CD206+ M2 type macrophages (D), MDSCs (G) and Treg cells (H) (n = 18). All quantitative data are expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus control.



The number of CD11b+Gr1+MDSCs, a heterogeneous population of immature myeloid cells with a remarkable ability to suppress T cell responses that are characterized by co-expression of CD11b and GR1 in mice (32–34), peaked on day 19 in the spleen and on day 25 in mesenteric lymph nodes and then decreased significantly with disease progression (Supplementary Figures S1G, H). In contrast, the number of MDSCs in the colonic tissue was augmented on days 8 and 25 in animals with DSS-induced inflammation, further increased with the disease development, and reached a peak at the tumor stage (Figure 3E). The number of another type of immunosuppressive cell, CD4+CD25+Foxp3+Treg cells, increased in the spleen at all time points, except at the tumor stage (Supplementary Figure S1I), but the number of Treg cells increased during DSS drinking and returned to baseline levels in mesenteric lymph nodes during intervals between DSS consumption (Supplementary Figure S1J). However, a certain number of Treg cells was present in the lamina propria of colonic tissue of normal mice but did not increase during the inflammation stage until malignant transformation (Figure 3F). Interestingly, the ratio of intracolonic tmTNF-α/sTNF-α positively correlated with the infiltration of both MDSCs and Treg cells in the colonic tissues (Figures 3G, H). Based on these data, tmTNF-α expression in the colon was closely associated with intracolonic infiltration of MDSCs and Treg cells.



The tmTNF-α/sTNF-α Ratio Is Negatively Correlated With Proinflammatory Mediators but Positively Correlated With the Anti-inflammatory Cytokine IL-10

We detected cytokines and NO in colonic tissue homogenates from the AOM/DSS mouse model to analyze the correlations between both forms of tmTNF-α and pro- and anti-inflammatory factors. The concentrations of IL-1β and IL-6 were increased while animals drank DSS-containing water and were reduced in the intervals between DSS consumption (Figures 4A, B); the release of NO peaked on day 8 (Figure 4C). In contrast, IL-10 and TGF-β levels increased when animals were drinking DSS-containing water compared to the control, but were further enhanced in the intervals between DSS consumption, with the exception of TGF-β at the tumor stage (Figures 4D, E). Interestingly, the ratio of tmTNF-α/sTNF-α was negatively correlated with the levels of proinflammatory mediators, including IL-1β, IL-6, and NO (Figures 4F, G), but was positively correlated with the level of the anti-inflammatory cytokine IL-10 (Figure 4H) in colonic tissues from mice with AOM/DSS-induced CAC. However, this ratio was not associated with the secretion of TGF-β (Figure 4H). Our data suggested an association of tmTNF-α with inflammation resolution during disease progression.




Figure 4 | The tmTNF-α/sTNF-α ratio negatively correlates with proinflammatory mediators but positively correlates with IL-10. Mice were treated with AOM and DSS as described in Figure 1A (n = 5-8, each group). Concentrations of IL-1β (A), IL-6 (B), IL-10 (D), and TGF-β (E) in colonic tissue homogenates detected at indicated time points by ELISA. The levels of NO (C) in colonic tissue homogenates measured by Griess method. The correlation of tmTNF-α/sTNF-α ratio with concentrations of IL-1β and IL6 (F), or NO (G), or IL-10 and TGF-β (H) [n = 26, except IL-10 (n = 25)]. All values represent the mean ± SEM. **P < 0.01, ***P < 0.001 versus control.





Increasing tmTNF-α Expression by Treatment With an Antibody in the Inflammation Stage Suppresses Inflammation and Tumor Formation

Our results indicate an association of tmTNF-α with the inhibition of inflammation; however, tmTNF-α expression began to increase in the later stage of colitis. If the tmTNF-α expression time window can be shifted beforehand to the early stage of inflammation, disease progression may be interrupted. Previously, we developed a monoclonal antibody specific to human tmTNF-α and a polyclonal antibody specific to murine tmTNF-α. Both antibodies inhibit tmTNF-α shedding by competing with TACE that is responsible for tmTNF-α processing (28), increasing tmTNF-α expression and decreasing sTNF-α release. To test our hypothesis, mice were intraperitoneally injected with 600 μg of the murine tmTNF-α polyclonal antibody twice a week beginning on the day after the first cycle of drinking DSS water (Figure 5A). The effects of the antibody were detected at the inflammation stage on day 38 and at the tumor stage on day 70. Indeed, the antibody decreased sTNF-α levels in serum and cultured colonic tissue supernatant (Figures 5B, C), while the antibody increased tmTNF-α expression in colonic tissues (Figure 5D) with an elevated ratio of intracolonic tmTNF-α/sTNF-α (Figure 5E) observed on day 38 and on day 70. In addition, immunohistochemical staining revealed that the antibody increased tmTNF-α expression in both infiltrated cells and glandular epithelial cells on day 38 and day 70 (Supplementary Figure S2A). Importantly, antibody treatment remarkably suppressed the formation of inflammation-associated tumors, as the number and size of tumors were significantly reduced (Figures 5F, G). TUNEL staining showed that the antibody induced apoptosis mainly in tumor cells (Figure 5H), and the western blot analysis of diseased colonic tissue revealed that the antibody induced caspase 3 activation and cleavage of its substrate PARP (Figure 5I).




Figure 5 | tmTNF-α antibody treatment in the first inflammation stage suppresses tmTNF-α shedding and tumor growth. (A) Schematic treatment of mice with tmTNF-α polyclonal antibody (pAb) in AOM/DSS-induced CAC. Mice were intraperitoneally injected with 600 μg of tmTNF-α pAb twice a week, and the treatment was from day 5 to day 70. Normal rabbit serum IgG served as a control. (n = 5, each group) (B) Serum concentrations of sTNF-α detected by ELISA. Levels of sTNF-α released in supernatants (C) and tmTNF-α expression in the membrane protein (D) of 24-h-cultured colonic tissues detected by ELISA and their ratios (E) on day 38 and day 70. (F, G) Tumor number and size. (H, I) Representative images of apoptosis in diseased colons detected by TUNEL (×200), and western blot analysis for cleavage of caspase 3 and PARP on day 70. G: glands; LP: lamina propria. All quantitative data represent the mean ± SEM. *P < 0.05, **P < 0.01 versus serum IgG.



Next, we observed whether the antibody suppressed inflammation in the inflammation stage on day 38 and the tumor stage on day 70. Although a significant improvement in weight loss or DAI score was not observed (Supplementary Figures S2B, C), treatment with the tmTNF-α antibody significantly inhibited the production of proinflammatory mediators, including IL-1β, IL-6, and NO, but prompted the release of the anti-inflammatory cytokine IL-10 in colonic tissue homogenates at both the inflammation and tumor stages (Figures 6A–D). Interestingly, the antibody induced apoptosis mainly in infiltrated cells on day 38 (Figures 6E, F), which might contribute to inhibiting inflammation. Furthermore, the tmTNF-α antibody markedly reduced the intracolonic infiltration of F4/80+ macrophages and M1 type macrophages (Figures 6G, H), rather than M2 type macrophages (Figure 6I) at inflammation and tumor stages. However, the antibody promoted the infiltration of immunosuppressive Treg cells and MDSCs at the inflammation stage but reduced their accumulation at the tumor stage (Figures 6J, K). The data indicate that the tmTNF-α antibody not only suppressed inflammation at the inflammation stage but also inhibited tumor-associated inflammation.




Figure 6 | tmTNF-α antibody treatment in the first inflammation stage inhibits inflammation. tmTNF-α pAb was administered in the inflammation stage as described in Figure 5A (n = 5, each group). Concentrations of IL-1β (A), IL-6 (B), and IL-10 (D) in colonic tissue homogenates detected by ELISA. The levels of NO (C) in colonic tissue homogenates measured by Griess method. (E, F) Representative images of apoptosis in diseased colons detected by TUNEL (×200), and the western blot analysis for cleavage of caspase 3 and PARP on day 38. G: glands; LP: lamina propria. (G–K) Representative immunohistochemistry images of F4/80+ Macrophages, CD16/32+ type 1 or CD206+ type 2 macrophages, Foxp3+ Tregs and Gr1+ MDSCs in colonic tissues (×400) and their quantitative data. All quantitative data represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus serum IgG.



In addition, we treated mice with tmTNF-α antibody twice a week starting at the end of the second cycle of drinking DSS water (Supplementary Figure S3A), and found that the tmTNF-α antibody inhibited tmTNF-α shedding, decreased sTNF-α levels in the serum and cultured colonic tissue supernatant (Supplementary Figures S3B, C), increased the expression of the transmembrane molecule in the diseased colonic tissue (Supplementary Figures S3D, F), and increased the ratio of intracolonic tmTNF-α/sTNF-α (Supplementary Figure S3E). The tmTNF-α antibody also remarkably reduced the number and size of tumors and increased apoptosis in both tumor cells and infiltrated leukocytes (Supplementary Figures S3G–I) through the activation of caspase 3 and cleavage of PARP (Supplementary Figure S3J). Similarly, the tmTNF-α antibody suppressed the production of proinflammatory mediators (Supplementary Figures S4A–C), promoted the release of IL-10 (Supplementary Figure S4D), and inhibited the infiltration of macrophages, Treg cells, and MDSCs at the tumor stage (Supplementary Figures S4E–G). Thus, suppressing tmTNF-α processing at the inflammation stage might attenuate inflammation and limit subsequent tumor formation.



Treatment With the tmTNF-α Antibody at the Tumor Stage Suppresses Tumor Growth

To observe the effect of the antibody on CRC, we treated mice with the tmTNF-α antibody twice a week starting at the end of the third cycle of drinking DSS-containing water (Figure 7A). Administration of the tmTNF-α antibody decreased sTNF-α release (Figures 7B, C) and increased tmTNF-α expression (Figures 7D, F) with a raised ratio of tmTNF-α/sTNF-α in colonic tissue (Figure 7E). The antibody remarkably reduced the number and size of tumors (Figures 7G, H) by promoting apoptosis (Figures 7I, J). Moreover, the tmTNF-α antibody significantly inhibited the production of IL-1β, IL-6, and NO and increased IL-10 release in colonic tissue homogenates (Figures 7K–N). The antibody also significantly reduced the intracolonic infiltration of macrophages, Tregs, and MDSCs (Figures 7O–Q). The data indicate an antitumor effect of the antibody through the induction of apoptosis and inhibition of inflammation.




Figure 7 | tmTNF-α antibody treatment in the tumor stage inhibits inflammation and tumor growth. (A) Schematic treatment of mice with tmTNF-α pAb in AOM/DSS-induced CAC. Mice were intraperitoneally injected with 600 μg of tmTNF-α pAb twice a week, and the treatment was from day 43 to day 89. Normal rabbit serum IgG served as a control (n = 5, each group). (B) Serum concentrations of sTNF-α detected by ELISA. Levels of sTNF-α released in supernatants (C) and tmTNF-α expression in the membrane protein (D) of 24-h-cultured colonic tissues detected by ELISA and their ratios (E). Representative immunohistochemical staining of tmTNF-α positive cells in colons (×400) and their quantitative data (F). (G, H) tumor number and size. (I, J) Representative images of apoptosis in colonic tissues detected by TUNEL (×200), and western blot analysis for cleavage of caspase 3 and PARP. G: glands; LP: lamina propria. Concentrations of IL-1β (K), IL-6 (L) and IL-10 (N) in colonic tissue homogenates detected by ELISA. The levels of NO (M) in colonic tissue homogenates measured by Griess method. (O–Q) Representative immunohistochemistry images of F4/80+ Macrophages, Foxp3+ Tregs and Gr1+ MDSCs in colonic tissues (×400) and their quantitative data. All quantitative data represent the mean ± SEM. *P < 0.05, **P < 0.01 versus serum IgG.





tmTNF-α, Rather Than sTNF-α, Actively Suppresses LPS-Induced Production of Inflammatory Mediators

To further explore the mechanism by which the tmTNF-α antibody exerted anti-inflammatory effects and therefore inhibited inflammation-associated cancer, a human colon mucosal epithelial cell line NCM460 was stimulated with LPS (10 ng/ml) to induce tmTNF-α expression. LPS-induced tmTNF-α expression at 6 h was significantly enhanced by treatment with the human tmTNF-α monoclonal antibody (mAb, Figure 8A). Consistent with the results obtained from the mouse model, the antibody effectively suppressed LPS-induced mRNA expression of proinflammatory factors, including IL-6 and iNOS (Supplementary Figure S5A), and the release of IL-6 and NO (Figure 8B). In addition, LPS-induced IκBα degradation and phosphorylation of NF-κB p65 were effectively blocked by the antibody (Figure 8C). In line with the in vitro results, treatment of AOM/DSS mice with the tmTNF-α antibody significantly inhibited IκBα degradation and phosphorylation of NF-κB p65 on day 8 and day 38 (Figures 8D, E), indicating that the anti-inflammatory effects of the tmTNF-α antibody were mediated by suppressing the NF-κB pathway.




Figure 8 | tmTNF-α actively suppresses LPS-induced production of inflammatory mediators via dual signaling. NCM460 cells were stimulated with 10 ng/ml LPS combined with 2 μg/ml of tmTNF-α mAb for 6 h. Isotype IgG served as a control. (A) tmTNF-α expression on the cell surface assessed by flow cytometry and quantitative data. (B) Concentrations of IL-6 and NO in culture supernatants at 10 h after stimulation. (C) Representative western blot of three independent experiments for IκBα degradation and p65 phosphorylation at 1 h after stimulation. (D, E) Mice were intraperitoneally injected with 600 μg tmTNF-α pAb twice a week starting on day 5 followed by AOM/DSS treatment. Normal rabbit serum IgG served as a control. Western blot analysis of the NF-κB pathway on day 8 and day 38. (F–H) NCM460 cells were cocultured with 100 ng/ml sTNF-α or tmTNF-α stably expressed on the cell surface of fixed 293T cells at a ratio of 1:10 in the presence of 10 ng/ml LPS (F). Concentrations of IL-6 and NO in culture supernatants at 10 h after stimulation (G), and representative western blot of three independent experiments for the NF-κB pathway at 1 h after stimulation (H). (I–K) TNF-α and TNF-LS stably transfected NCM460 cells (I) and their parental cells were stimulated with 10 ng/ml LPS for 10 h (J) Levels of IL-6 and NO. (K) Representative western blot of three independent experiments for the NF-κB pathway at 1 h after LPS stimulation. All quantitative data represent as means ± SEM of four independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus control for (A, B, G), versus parental for (J).



The suppressive effect of the tmTNF-α antibody on the LPS response might be due to increased tmTNF-α expression and reduced sTNF-α release. We stably transfected 293T cells with tmTNF-α (Supplementary Figure S5B) and fixed these cells as effector cells to determine whether tmTNF-α was responsible for this anti-inflammatory effect of the antibody. tmTNF-α-overexpressing cells or sTNF-α were added to NCM460 cells to compare the effect of the two forms of exogenous TNF-α on the LPS response (Figure 8F). As expected, LPS-induced expression of IL-6 mRNA and iNOS mRNA (Supplementary Figure S5C) and release of IL-6 and NO (Figure 8G) were suppressed by tmTNF-α but increased by sTNF-α. Additionally, LPS-induced activation of NF-κB was also suppressed by tmTNF-α but promoted by sTNF-α (Figure 8H).

Since tmTNF-α functions as a receptor and transmits outside-to-inside (reverse) signals to tmTNF-α-bearing cells, we transferred the full-length gene encoding TNF-α or its leading sequence (LS) mutant into NCM460 cells. The transfectants overexpressed tmTNF-α and TNF-LS on the cell surface (Supplementary Figure S5D). TNF-α-overexpressing cells secreted high levels of sTNF-α; however, TNF-LS-overexpressing cells did not secrete sTNF-α (Supplementary Figure S5E) because of the lack of an extracellular sTNF-α segment. Therefore, TNF-LS cannot bind to the TNF-α receptor (excluding forward signaling) but retains the intracellular segment of tmTNF-α for reverse signaling (Figure 8I). Interestingly, LPS-induced IL-6 and NO production and activation of NF-κB were significantly inhibited by the transfection of TNF-α but completely blocked by the transfection of the TNF-LS mutant (Supplementary Figure S5F and Figures 8J, K). Although TNF-α transfectants secreted a large amount of sTNF-α, tmTNF-α overexpression still blocked the LPS response of colonic epithelial cells. The inhibitory effect of TNF-LS indicates an active anti-inflammatory role of tmTNF-α-mediated reverse signaling. Similar phenomena were observed in another human colon mucosal epithelial cell line, HCoEpiC (Supplementary Figures S6A-H).




Discussion

Here, we described dynamic changes in the ectodomain shedding of tmTNF-α during AOM/DSS-induced CAC, namely, the processing of tmTNF-α was markedly increased during the inflammation phase but decreased during malignant transformation (Figures 9A, B). The ratio of intracolonic tmTNF-α/sTNF-α was associated with increased anti-inflammatory responses and decreased release of pro-inflammatory mediators, indicating an anti-inflammatory effect of tmTNF-α. The administration of a tmTNF-α antibody that prevents the ectodomain shedding of tmTNF-α at the inflammation stage significantly suppressed inflammation and subsequent tumor formation (Figures 9C, D).




Figure 9 | Schematic summary of the protective effect of tmTNF-α on CAC by a specific antibody that prevents tmTNF-α shedding. In AOM/DSS-induced CAC, tmTNF-α is rapidly processed into sTNF-α that is mainly released by inflammatory cells in the inflammation phase to promote colitis (A), while tmTNF-α expression is increased on epithelial cells in addition to infiltrated leukocytes in malignant transformation to facilitate CAC development. Increased tmTNF-α expression promotes the accumulation of MDSCs and Treg cells, which leads to immune evasion (B). Using a specific antibody to prevent tmTNF-α shedding and increase tmTNF-α expression in the inflammation phase inhibits the production of inflammatory mediators (IL-1β, IL-6, and NO) and the infiltration of M1 macrophages, induces apoptosis of inflammatory cells, and promotes intracolonic accumulation of MDSCs and Treg cells (C). As a result, inflammation resolution is facilitated and subsequent tumor formation is suppressed. In addition, the antibody induces apoptosis of tmTNF-α-positive tumor cells by ADCC and CDC (D).



Although TNF-α expression is increased at the mRNA and protein levels in IBD and AOM/DSS-induced CAC (12), the changes in TNF-α at the posttranslational level in this pathological process remain unclear. Our results originally revealed that sTNF-α levels were increased in the inflammation phase, while tmTNF-α levels were enhanced during malignant transformation and peaked in the tumor phase. These findings suggest that tmTNF-α was rapidly processed into sTNF-α that promoted colitis, since sTNF-α, a pro-inflammatory cytokine, promotes colonic inflammation by inducing the expression of IL-1β and IL-6 in colonic epithelial cells through activating the NF-κB pathway (35). In contrast, the ectodomain shedding of tmTNF-α was decreased during malignant transformation, as evidenced by the elevated tmTNF-α expression levels and reduced sTNF-α release in the colonic tissue. Consequently, the ratio of tmTNF-α/sTNF-α was significantly increased. Interestingly, the ratio of tmTNF-α/sTNF-α was positively correlated with the production of the anti-inflammatory cytokine IL-10 and intracolonic infiltration of immunosuppressive MDSCs and Treg cells but negatively correlated with the release of inflammatory mediators, including IL-1β, IL-6, and NO, and M1 macrophage accumulation, suggesting an anti-inflammatory effect of tmTNF-α. As shown in our previous study and studies from other researchers, tmTNF-α functions in the resolution of inflammation by suppressing LPS/TLR4 signaling and the production of IL-1β and IL-6 in macrophages (28, 36). Furthermore, in addition to the different expression windows of both forms of TNF-α during CAC development, the cell types expressing these proteins were not quite the same. sTNF-α has been reported to be mainly released from infiltrated myeloid cells (12), and our results revealed that tmTNF-α was expressed at high levels on enterocytes, including intestinal adenomatous cells, in addition to infiltrated immune cells. Notably, tmTNF-α expression by colonic epithelial cells did not increase until the precancerous stage, indicating that it might be a biomarker for the malignant transformation of CAC. Based on our findings and those from other researchers, tmTNF-α expressed by tumor cells not only promotes proliferation, transformation, chemoresistance, and metastasis (31, 37, 38) but also facilitates immune evasion by promoting the suppressive activities of MDSCs and accumulation of Treg cells (39, 40). tmTNF-α expression in intestinal epithelial cells likely facilitates malignant transformation and tumor formation. Therefore, tmTNF-α functions as a double-edged sword, an anti-inflammatory molecule and a tumor promoter, in CAC.

Although tmTNF-α exerts an anti-inflammatory effect, its expression was too low because of high-level processing of tmTNF-α in the inflammation phase. We assumed that if the time window of tmTNF-α expression was shifted ahead to the inflammation stage, malignant transformation might be suppressed. We used a specific antibody that prevents tmTNF-α ectodomain shedding to treat mice in the inflammation phase and successfully increased tmTNF-α expression and decreased sTNF-α release, along with a raised tmTNF-α/sTNF-α ratio. As expected, the antibody significantly reduced the infiltration of M1 macrophages and the production of IL-1β, IL-6, and NO but promoted IL-10 release and the accumulation of Treg cells and MDSCs in the diseased colonic tissue during the inflammation phase. Importantly, the subsequent tumor formation was effectively inhibited, as the number and size of the tumors were significantly decreased. The benefit of the antibody was attributed to increased tmTNF-α expression that suppressed the release of inflammatory mediators. This was supported by the following evidence: 1) The antibody increased tmTNF-α expression and exerted anti-inflammatory effects by inhibition of the NF-κB pathway in vivo and in vitro; 2) Direct addition of exogenous tmTNF-α or sTNF-α to the culture of colonic epithelial cell lines NCM460 and HCoEpiC led to the opposite effects on the response to LPS via TNFR. In contrast to the proinflammatory effect of sTNF-α, tmTNF-α actively suppressed LPS-induced activation of the NF-κB pathway and production of IL-6 and NO, indicating tmTNF-α-induced LPS resistance through its forward signaling; and 3) Transfection of TNF-α or TNF-LS (lack of sTNF-α and TNFR binding but retention of the intracellular fragment of tmTNF-α to transduce reverse signaling) into NCM460 and HCoEpiC suppressed LPS-induced activation of the NF−κB pathway and production of IL-6 and NO, indicating tmTNF-α-induced LPS resistance through its reverse signaling. Second, the anti-inflammatory effect of the tmTNF-α antibody was activation of immunosuppressive cells by increased tmTNF-α expression. This was supported by our original evidence that the antibody significantly promoted intracolonic infiltration of MDSCs and Tregs at the inflammation stage. We have previously found that MDSCs exert a cardioprotective effect in heart failure (41) and tmTNF-α promotes suppressive activities of MDSCs (39). Furthermore, tmTNF-α is a primary ligand for TNFR2 (42) and the interaction of tmTNF-α with TNFR2 results in activation of Tregs and induction of their expansion (40). Thus, the resolution of inflammation through tmTNF-α was the main mechanism by which the antibody suppressed tumor formation in the mouse AOM/DSS-induced CAC model.

Another important mechanism of the tmTNF-α antibody was the induction of apoptosis. Our results revealed that the antibody induced apoptosis not only in infiltrated cells but also in tumor cells; the former led to inflammation resolution and the latter resulted in inhibition of tumor formation and growth. The tmTNF-α density on leukocytes is associated with the primary response to infliximab, including apoptosis of peripheral blood mononuclear cells in IBD. Additionally, infliximab induces apoptosis of monocytes from patients with active Crohn’s disease in a caspase-dependent manner (20). Namely, anti-TNF-α agents, such as infliximab, can bind to tmTNF-α and induce apoptosis of tmTNF-α-bearing cells via reverse signaling (43). Although our antibody is unable to directly activate tmTNF-α-mediated reverse signaling as its recognized epitope does not exist in TNFR binding site, it was possible that sTNFR or membrane TNFR, as a ligand, bound to tmTNF-α (as a receptor) that was upregulated by the antibody, which activated tmTNF-α-mediated reverse signaling, and thus induced apoptosis. Moreover, our previous study documented that the tmTNF-α antibody is cytotoxic to tmTNF-α-expressing breast cancer cells via antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) (31). In this study, antibody treatment during the tumor stage also effectively suppressed the growth of tmTNF-α-expressing adenoma by inducing apoptosis and inhibiting tumor-associated inflammation.

In summary, in a mouse AOM/DSS-induced CAC model, sTNF-α was mainly released in the inflammation phase to promote colitis, while tmTNF-α was expressed by adenoma cells to facilitate tumor development. We have not yet clearly determined whether this phenomenon also exists in patients with CAC, although a report has shown that tmTNF-α is expressed in colorectal cancer (37). Since tmTNF-α functions as a double-edged sword in AOM/DSS-induced CAC, changing its expression window to the inflammation stage may benefit the patients by promoting inflammation resolution via tmTNF-α-mediated signaling. The tmTNF-α antibody that targets tmTNF-α processing, unlike selective inhibitors of sTNF-α, anti-TNF antibodies, or soluble TNFR, not only reduced sTNF-α levels but also increased tmTNF-α expression and thus effectively prevented AOM/DSS-induced CAC through the inhibition of inflammation and induction of apoptosis, which provides a new insight into the blockade of this pathological process.
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Tumor type Study Findings # of patients Test method(s) CD73 high advance  Clinical Reference
stage tumors significance (PMID)
Gastric Cancer  Luetal. CD73 expression s higher in gastric cancer vs. normal tissue; 68 IHC 50% Poor prognosis 23569336
High CD73 expression is positively correlated with turmor
differentiation, histology, depth of invasion, nodal status,
metastasis, American Join Committee on Cancer (AJCC) stage,
and poor survival
Jiang et al. High CD73 expression associates with favorable overall survival Oncomine database  mRNA, IHC - Better overall survival 29514610
in gastric cancer; (meta-analysis)
Meta-analysis study reports large heterogeneity for high CD73
expression for tumors (tumors: ovarian, breast, colorectal,
gastric, gallbladder, prostate, rectal, renal, bladder, head and
neck cancer, and NSCLC)
Huetal. CD73 expression is higher in gastric cancer vs. normal; 408 (gastric cancer;  mRNA (TCGA), IHC, ~ 69% Poor prognosis 30992388
High CD73 associates with advanced clinical stage, deep TCGA) Western Blot
tumor invasion, lymph node metastasis, distant metastasis, and 131 (gastric cancer;
poor survival FFPE)
Liver Cancer Shresthaetal.  CD73 associates with poor overall survival and recurrence-free 1,170 (combined mRNA - Poor prognosis; 30057891
survival; datasets; GSE10143; Poor recurrence free
Patients with tumors expressing high PD-L1 and high CD73 sunvival in patients
have poor prognosis with high PD-L1
Liver Cancer)
Shaliet al. CD73 expression s higher in tumor vs. normal tissue; 30 IHC - - 30417547
CD73 expression is positively correlated with epidermal growth
factor receptor (EGFR) expression
Maetal. CD73 expression is higher in hepatocellular carcinoma (HCC) 232 (mixed: primary ~ mRNA, IHC, Western ~ 57% Poor prognosis 30971294
vs. nomal tissue; tumors, recurrence  Blot
High CD73 expression correlates with microvascular invasion,  lesions, and
poor differentiation increased time to recurrence, shorter overall -metastases)
survival, increased circulating tumor cells, and to
epithelial-to-mesenchymal transition in HCC
Sciaraetal.  Immunohistochemistry study of CD73 expression in normal and 24 IHC CD73+ Staining - 30807549
hepatobiliopancreatic tissues; Intensity = 3: 63%
CD73 expression s present in all HCC, staining for CD73
ranges from intensity of 1+ to 3+ with a median intensity of 2+;
Aberrant membranous and/or high/strong cytoplasmic
expression for CD73 is seen in invasive HCC
Snider et al. NTSE is regulated by alternative splicing, producing a second 6 (HCC) mRNA, mRNA Expression HCC: - Human specific 26298408
transcript, NTSE-2 in liver cirthosis and HCC; 4 (Cirthosis) 2 Immunofluorescence,  NTSE-2 = 6-8-fold isoform for CD73,
NTSE-2is specific to humans and produces a protein product  (Normal Liver) Western Blot, Enzyme  increase; NTSE-2 (CD73s) that
known as CD73 short (CD73s) that lacks enzyme activity (lacks Activity NTSE = 90% decrease  lacks enzyme activity
exon 7) and is localized to the cytoplasm; GD73s increases in
NTSE-2is expressed at baseline in many normal human tissues; HCC, whereas CD73
CD73s expression is 6-8-fold higher in HCC compared to decreases in HCC.
normal liver tissues, whereas CD73 (NT5E) mRNA is CD73s is restricted to
dramatically deceased (>90%) in HOC the cytoplasm
Alcedoetal.  CD73 exhibits aberrant N-linked glycosylation in HOC cells and - HCC samples from  mRNA, CD73 Enzyme Activity: ~ CD73isaberanty 31592495
is independent of HCC etiology, tumor stage, or fibrosis PanCancer Allas Immunofiuorescence,  aberrant glycosylation of - glycosylated which
presence. Aberrant glycosylation of CD73 resultsina 3-fold  Consortium (MRNA)  Western Blot, Enzyme  CD73 = 3-fold decrease ~significantly
decrease in enzyme activity; and 33 HCC (all other  Activity, Mass in enzyme activity decreases its enzyme
CD73 does not correlate with tumor immune subtype in HOC  assays) Spectrometry activity
Pancreatic Cancer  Zhou et al. CD73 expression s higher in pancreatic ductal 14 mRNA, IHC 40% (TMN stage) Poor prognosis 30027045
‘adenocarcinoma (PDAC) vs. normal tissues;
High CD73 expression associates with increased tumor size,
tumor stage, TMN stage, and poor prognosis
Sciaraetal.  Immunohistochemistry study of CD73 expression in normal and 42 (PDAC) 5 (MCA)  IHC CD73+ Staining PDAG: poor tumor 30607549
hepatobiliopancreatic tissues; 13 (IPMN) Intensity = 3: 62% differentiation and
CD73 is negative in acinar and islet epithelial cells, variable in 23 (PanNET/PanNEC) (PDAC) 0% (MCA) 0% poor overall survival
pancreatic ducts, and mildly localized to stromal cells of normal ~ 19 (ACG) (IPMN) 4%
and inflamed tissues; (PanNET/PanNEC) 5%
CD73 is expressed in 100% of PDAG; (AcC)
CD73 is expressed in a subset of pancreatic neuroendocrine
neoplasms (PanNET/PanNEC) and almost absent in acinar cell
carcinoma;
Different staining patterns for CD73 are observed in PDAG,
well- and moderately-differentiated tumors (grade 1 and grade
2) express apical CD73 staining similar to pancreatic ducts or
express mixed membrane and cytoplasm staining;
Poorly-differentiated PDACs express aberrant CD73 staining;
PDAC, pancreatic ductal adenocarcinoma; MCA, mucinous
cystadenoma; IPMN, intraductal papillary mucinous neoplasm;
PanNET/PanNEC, pancreatic neuroendocrine tumor/pancreatic
neuroendocrine carcinoma; ACC, acinar cell carcinoma
Katsutaetal.  PanNET/PanNEC express mild to moderate CD73 and a4 IHC 54% Invasion into adjacent 26691441
‘associates with invasion into adjacent organs organ
Colorectal Cancer W et al. CD73 expression is higher in colorectal cancer (CRC) vs. 223 (cohort 1) IHC, Western Blot - Poor prognosis 22287455
normal tissue; 136 (cohort 2)
High CD73 expression associates with poor tumor
differentiation, advanced tumor stage, metastasis, and poor
overall survival
Zhangetal.  CD73 expression in rectal cancer only samples; 0 IHC - High CD73 25677906
CD73 expression s increased in both tumor and stromal cells; expression cancer
High CD73 expression in cancer cells associates with poor cells = poor
patient prognosis; prognosis;
High CD73 expression in stromal cells associates with favorable High CD73
characteristios (early T and tumor-node-metastasis (TMN) expression stromal
stages) and overall survival; cels = favorable
Patients with high CD73 expression in both the cancer cells outcomes
and stromal cells have similar good outcomes. No CD73
expression in both cell compartments is also favorable
Erogluetal.  CD73 enzyme activity is higher in CRC vs. normal tissue; 38 Enzyme CD73 Enzyme Activity: ~ CD73 enzyme activity 11114712
CD73 enzyme activity is higher in well-differentiated tumors Histochemistry CD73 enzyme activity is high in tumors,
compared moderately/poorly differentiated; high in well-differentiated associates with
No differences in CD73 enzyme activity seen with tumor stage, CRC compared to well-differentiated
extent of invasion, metastasis, or tumor morphology moderately and poorly  tumors
differentiated CRC
Camicietal.  CD73 enzyme activity: no difference in CRC vs. normal tissue 16 Enzyme - No association 2126239
Histochemistry
Jiang et al. Several types of tumors (cervical, liver, colorectal, prostate Oncomine database  MRNA, IHC - No association 29514610
invasive ductal breast, small cell lung cancer and lung (meta-analysis)
squamous cell carcinom) showed similar CD73 expression vs.
matched normal tissue
Cushman etal.  High CD73 expression associates with longer progression free 103 mRNA - Biomarker for 26520391

sunvival from cetuximab (anti-EGFR therapy) in patients with
KRAS-wild-type and mutant tumors.
Epidermal growth factor receptor (EGFR)

cetuximab
(anti-EGFR therapy)
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Drug(s)

1¥3475070
Pembrolzuma

Oleclumab
(MEDIO44T)
Ounvalumab
(MEDI4736)
Olectumab

(MEDIH4T)
Dunaiumab

Olecluma
(MEDIH4T)
Dunvaiumab

TH004309
Atezoizumab

Olectumab
(MEDIH4T)
Ounaiumab
AZDOI50
AZD6738
Vistusertio
Olapari>
Trasutzumab
Cedrani
Olecumab
(MEDIOA4T)
Dunvalumab
Gepivasertiv
Danvatesen
Pacitaxel
Olecumab
MEDIA4T)
Dunvalumab
Gomitabino
Neb-paciitaxel
Oxalpiatin
Levcovorin
5FU
Olecumab
(MEDIA4T)
Dunaiumab
BMS-986179
Nvoumab
FHUPH2O

Oleciumab
(MEDIA4T)
MEDIOS62
Dunalumab
Tromeliumab

cPrO0s
Cioradenant
(CP-444)
Pembrolzumab

Otectuma
(MEDIS47)
AZDA35

Dunvalumab

Olectuma
(MEDIS447)
AZDA635

Osimertinio

NZvO30
NR178
POROOT

Olectuma
(MEDIS447)
AZDA635
Dunvalumab
Abiraterone
Acetate
Enzalutamide
Docetarel

NR178
PDROOT

PBF-500
PDROOT

NR178
Spartaizumald
LAGS25
Capmatinib
mcs110
Canakinumab.
Gioradenant
(CPaas)
Atezoizumab

(CPraas)
Atezoizumab
Cobimetinb
R06958688.

Pometrexed
Carboplatin
Gomitabine
Lnaglptn
Tociizumab
Ipatasert>
Idasanutin

P840
Doxonubicin
Pacitaxel

mFOLFOX

Zmbersima
8122

#8928
sgiss
Zimbereima
wvei22)

8928
Zmbersima
ne122)
Carboplatin
Pemetroxed
Pembrolzumab

PBF-1120

Target(s)

cors
PD-1

co78
PDLY

cors
PDLI

co78
POLY

co7s
PDLY

cors
PDL1
STAT3
ATR

mTOR
PARP.
HER2

cors
PDLY

STAT
Chemotherapy

cors
PDL1
Chemotherapy

cors
PDLI

co78
PD-1
Hyauronidase

cors
oxa0
PDLT
CTA

cor3
ey
FO-1

co73
AR
PO

co73

EGFR

co73
2R

cor3
DL

Therapy
Chemotherapy

PD-1

PD-1

PD-1
Les
oMot
MOSF
L1p

PDLI

ROARI2BR
Py
Chemotherapy

ROARIAOBR
Chomotharapy

RoARIOBR
PD-1

RoARIA2BR
e
PD-1

RoARIP2BR
PD-1
Chemotharapy

28R

‘Therapy modality
(adenosine pathway)

LY3475070:
Co73 Smal
Molecule Inibitor

Oleclumab:
CO78 Humanized
Monacional
Antibody
Olectumab:
CO73 Humanized
Monodional
Antivody
Oleclumb

CO78 Humanizod
Monodional
Aatibody
TI004300:

CD73 Humanized
Monacional
Antibody
Olectuma;

CO73 Humanized
Monacional
Antibody

Oloclumab:
CD78 Humanized
Monadional
Antivody

Oleclumab:
CO73 Humanized
Monodional
Aotivody

Olectumb
CD73 Humanized
Monacional Antibody
Oleclumb

CD78 Humanizod
Monadional
Antibody

Olectumab:

CD73 Humanized
Monadional
Antivody

CPL00B:
CD73 Humanized

Antibody
Gloradenant:
A2AR Antagorist

Olectumab:
CD78 Humanized
Monocional
Aniibody
AZDA635:

A2AR Antagonist
Oleclumab:

CD73 Humanized
Monocional
Antibody
AZDA83S:

A2AR Antagorist
NZvoao:

CD73 Humanized
Manoconal
Antibody
NRI78:

A2AR Antagorist

Oloctumab:
CD73 Humanized
Monocional

Antibody
AZD4835:
A2AR Antagonist

NR178:
A2AR Antagonist

APAR Antagonist

NRI78:
A2AR Antagorist

Gioradenant
A2AR Antagorist

Gioradenant:
A2AR Antagorist

Dual A2AR and
A2BR Antagonist

AB928:
Dual A2AR and
A2BR Antagonist

Asoz:
Dual A2AR and
A2BR Antagonist

ABgz8:
Dual A2AR and
AZBR Antagonist

Asozs:
Dual A2AR and
A2BR Antagonist

PBE-1129: AZBR Antagonist

Phase

Prase 1
Prase2

Prase 1

Prase 1
Phase2

Prase 1
Prase2

Prase 1
Phaso2

Prase 1

Prase2

Phase 1
Phase2

Phase 1

Praso 1
Prase2

Prase 1
Phase2

Prase 1

Prase 1

Details

‘Cohort A LY3475070 adminstered oraly

‘Cohort B; LYB475070 + Pembroizumab acmistered V-

‘Cohort G1: LYB475070 + Pembrolzumab administered NV

‘Cohort G2 LY3475070 administered orally

‘Cohort D1 LY3475070 + Pembroizumab administeredt IV

‘Cohort D2: LY8475070 admiistered orally

‘Cohort E: LYB475070 + Pembrofzumab acmistored N

Phase | and Phase Il A A: Pacitaxel, Carboplatin, Durvalumab, + Oleciumab
Phase Il Amm B Packaxel, Carbopiatin, + Durvamab

‘Experimental: Chemotherapy and radiation
‘Experimental: Chemotherapy and pre-operative raciotherapy + Durvalumab
‘Experimental: Chemotherapy and pre-operative racioherapy + Durvakumab.
‘and Olecluma

‘Experimental: Monotherapy, Oleckimab

‘Experimentai: Combiation, Oleckmab and Durvalumal

Dose escalated TJ004309 + Atezolzumab

Experimental: Durvalumab + Olaparib
Experimental: Durvalumab + AZDI1S0.
‘Experimentai; Durvalumab + AZD6738.
Experimental: Durvalumab + Vistusert
‘Experimental: Durvalumab + Oleciumab
‘Experimental: Durvalumab + Trastuzumab
Experimentai: Durvalumab + Ceciranib.

‘Experimental: Duvalumab + Pacitaxel
‘Experimental: Durvalumab + Pacitaxel + Caphvasert
‘Experimental: Durvalumab + Pacitaxe + Darvatirsen
‘Experimental: Durvalumab + Pacitaxel + Oleckumab

A A1: Gemcitabine + Nab-pacitaxel
A A2: Olectumab + Gemcitabine + Nab-pacitaxel

A A3: Oleclumab + Durvalumab + Gemaitabine/Nabpecitaxel
A B1: Oxaliplatin + Loucovorin + 5-FU (TFOLFOX)

A B2: Oleciumab + MFOLFOX.

‘Experimental: Monotherapy, Dunvalumab
‘Experimentai: Combination, Durvalumab + Oleclumab

A Ax Monotherapy, BMS-986179
A B: Combination Therapy, BMS-086179 + Nvolumalo
A C: Combination Therapy, BMS-986179 + HUPH20

‘Gohort A: Oleckumab + Durvalumab
‘Gohort 8: MEDIOS62 + Duvalumab
‘Cohort C: MEDIOS62 + Tremelimumab

‘Cohort 12 (escalating doses) CPL-006
‘Cohort 1 (escalating doses) GPI-006 + Giforadenant
‘Cohort 1 (escalating doses) CPL-006 + Pembroizumab
‘Conort 22 (sslective Gose) CPI006

‘Cohort 2b: (slective dose) GPI-006 -+ Giforadenant
‘Cohort 2; (solectiv Goses) CP1-006 + Pombrolizumab

Mode 1: Drug: AZD4635; Drug: Durvalumab
Mode 2: Drug: AZD4635; Drug: Oleciumab

A A MEDIOA47 + Osimertints
e B: MEDIOA47 + AZD4635

Experimental; NZVOS0
Experimental: NZVS30 + PDRO0T
Experimental; NZVO30 + NR178
Experimental: NZVO30, NIR178, POROO

Experimental; Arm A: AZD4635 monotherapy as nanopartice suspension
125mg BO

Experimental; A B: AZD4635 monotherapy as nanopartce suspension
75mg QD

Experimental: A C: AZD4635 monatherapy as nanopartc suspension
100mg CD

Experimental: A D: AZD4635 as nanoparticl suspension 75mg QD pls.
Dunvalumab

Experimental; A E: AZD4635 as nanopartice suspension 100mg D phis
Dunvalumab

Experimental: Anm EA: AZD4G3S5 as nanoparticl suspension pius Enzaiutamide
Experimental: A AA: AZDAG35 as nanoparticl suspension plus Abiratercne
Acetate

Experimental; A F: AZD4635 as nanopartice suspension pus Dunvaluamb in
patients post immunotherapy with non-smail cell lung cancer

Experimental; A G: AZD4635 monotherapy as nanopartice suspension in
patients post immunotherapy with non-small cell lung cancer

Experimental: A H: AZD4635 monotherapy as nanopartc suspensionin
patients post immunotherapy with other sold tumors

Experimental: Anm I: AZD4635 as nanopartice suspension plus Durvalumab in
immunotherapy naive patients with metastatc casiration resistant prostate
cancer

Experimental; Arm J: AZDA635 as nanoparticie suspension pus Durvalumab in
immunotherapy naive patients with metastatc caslration resistant prostate:
cancer

‘Experimental: Arm K: AZD4635 monatherapy as nanoparticle suspension in
immunotheragy naive pationts with colorectal carcinoma

‘Experimentai: Arm KD AZDA635 a5 nanopartice suspension pius Durvaiumab
inimmunotherapy-naive patients with colorectal carcinoma

‘Experimentai: A L: AZD4635 monotherapy as nanopartice suspersion in
immunotherapy naive palients with other solid tumours

‘Experimental: Arm CA: AZDA635 capsule formuiation monatherapy 75mg QD
‘Experimentaiz Arm C8: AZDAG35 capside formuation 50mg D plus
Dunvalumab and Oleciumab

‘Experimentai: A CC: AZD4635 capsule formulation 50mg QD plus Doostael
Experimental (1) NIR178 + PDRO0Y

Experimental (2) NIR178 81D Intermittent + PDROOT

‘Experimental (3) Part 3, intiation of part 3 wil depend on results from parts 1
and2

‘Experimental (&) Japanese safty run-in par, o diferent dosing schedues of
NIR178 wil be explorect

Ong: PBF-509_80mg
Ong: PBF-509_160mg

Ong: PBF509_320mg

Ong: PBF-509_640mg

Org: Gombo PEF-509 (160mo) + POROOT

Drug: Combo PBF-509 (320mg) + PDRO0T

Org: Gombo PEF-509 (640mo) + POROOT

Org: AP2D (PBF-5084PDROOT)_Fmmuno nave

Orug: Expormental: RP2D (PBF-5004 PDROD1) mmuno trested
Experimental: Spartalizumab + LAG525 + NIR178
Experimental: Spartalizumab + LAG525 + Capmatinib.
Expeineniat: spartaizumcb + LAGSZS + MCST10
Experimental: spartalizumab + LAG525 + Canakinumab

‘Experimental: Cforadenant, 100mg oraly twice daly for the frst 14 days of
‘each 28-day cycle

‘Experimentai: Cforadenant, 100mg oraly twice daiyfor 28 days of each
28-day oycle

‘Experimontal: Giforadenant, 200mg orally onco dally for the frst 14 days of
each 28-day cycle

‘Experimental: Cforadenant + Atezoizumab

‘Experimentai: Coradenant, start wih 150mg oraly twice daly for 28-day
‘oycles; then, increase increments by 100 m/day for 6 cose levels

Active Comparator: Stage 1: Cohort 1: Atezolzumab

‘Experimentat: Sage 1: Cohort 1: Atezoizumab + Cobimetiny
‘Experimentai: Stage 1: Cohort 1: Atezolizumab + ROB958698

Active Comparator: Stage 1: Gonort 2: Docetaxel

‘Experimentai: Stage 1: Cohort 2: Atezoizumab + Cobimetin
‘Experimentai: Sage 1: Cohort 2: Atezoizumab + Cloradenant
‘Experimentai: Stage 1: Cohort 2: Atezoizumab + RO6958658
Experimental:
‘Experimentai: Stage 1: Cohort 2: dasanutin + Docstaxel

‘Experimentai: Stage 2 Cohort 1: Atezoizumab + Pemetrexed + Carboplatin

‘Experimental: Dose Escalation-Arm A, AB928 + Pegyated Liposomal
Doxonubicin

Experimentai: Dos Escalation-Arm B, AB928 + Nanopartice Albumin-bound
Pacitaxel

‘Experimental: Doss Escalation-Arm O, AB928 + Pegylated Liposomal
Doxonubicin + Nanopartcle Aburmin-bound Pacitaxe!
‘Experimentsi: Dose Expansion-TNBC-Arm 1, dosa flom Arm A for ABO2S +
Pegylated Liposomal Doxorubicin

‘Experimental: Dose Expansion-Ovarian-Am 2, doso from A A for AB92S +
Pegylated Liposomal Doxorubicin

Experimentai: Dose Expansion-TNBC-Amm 3, doss fiom Am 8 for AB928 +
Nanoparticlo Albumin-bound Pacitaxol

‘Experimental: Dose Expansion-TNBC-Am 4, dosa flom A G for AB92S +
1P1-549 + Pegyiated Liposomal Doxorubic

‘Experimental: Dose Escalation, AB928 + mFOLFOX Experimental: Dose
‘Expansion:GE, doss from escaltion for ABO28 + mFOLFOX Experimental
Dose Expansion-GRG, dose from escaation for AB328 + MFOLFOX

‘Experimental: Dose Escalation, AB928 + fxed dose of Zimbersimab (AB122)
‘Experimentai: Dose Expansion-Renal Cell Carcinoma, recommended doss for
‘oxpansion AB928 + Zimbereimab (AB122)

‘Experimentai: Dose Expansion, recommended doss for xpansion ABJ28 +
Zimbersimab (AB122)

‘Experimental: Am 1, Zmbereiima
Experimental: A 2, AB154 + Zmbereimab
Experimentai: A 3, ABIZ8 + AB1S4 + Zimberelimab

‘Experimentai: Doss Escalation A A, ABO28 + Carboplatin + Pemetrexed
Experimental: Dose Escalation A B, ABY28 + Carbopiatn + Pemetrexed +
Pombrofzumab

‘Experimentai: Dose Expansion A 1, recommended dose for expansion
AB925 + Carbopatin + Pemetrexed in patients harboring sensiizng EGFR
mutation

‘Experimentai: Dose Expansion Arm 2, recommended dos for expansion
AB92B + Carbopatin + Pomatroxod + AB122 i palionts harboring sensiizing
EGFR mutation

Experimental: PBF-1129_40mg

‘Experimental: PBF-1129_80mg

Experimentai: PBF-1129_180mg

‘Experimental: PBF-1129_320mg
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ClinicalTrials.gov
Identifior
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Drug(s)

Pembrolizumab
(Keytruda)

Nivolumab

(Opdivo)

Nivolumab

(Opdivo)
Ipiimumab
(Yervoy)

Target(s)  Therapy modality

PD-1 Humanized
monocolonal
antibody

PD-1 Humanized
monocolonal
antibody

PD-1 Humanized

CTLA-4  monocolonal
antibodies

Tumor type

Gastric Cancer

Liver Cancer

Colorectal
Cancer

Liver Cancer

Colorectal
Cancer

Colorectal
Cancer

Details

Pationts with recurrent locally
advanced or metastatic
gastric or gastroesophageal
junction adenocarcinoma
whose tumors express PD-L1
Patients with hepatocellular
carcinoma who previously
received sorafenib

Patients with microsatelite
instability-high (MSI-H) or
deficient mismatch repair
(dMMR) unresectable or
metastatic colorectal cancer
that has progressed following
treatment with
fluoropyrimidine, oxaliplatin,
and irinotecan

Also approved for any solid
tumor that has tested positive
for MSI-H or dMMR in
patients who have had prior
treatment and have no
satistactory altemative
treatment options

Patients with advanced
hepatocelular carcinoma. The
approval covers the use of
nivolumab in patients who
have previously received
sorafenib

Pationts with MSI-H or dMMR
metastatic colorectal cancer
that has progressed following
treatment with
fluoropyrimidine, oxaliplatin,
and irinotecan

Patients with MSI-H or dMMR
metastatic colorectal cancer
that has progressed following
treatment with
fluoropyrimidine, oxaliplatin,
and irinotecan.

Objective response rate
(%)

60.0% (combination with
cisplatin) 25.8% (single
agent)

17%

Colorectal Cancer: 40%

(AMMR) 0% (proficient MMR)

Non-colorectal Cancers
70% (MMR)

15,20%

68.9%

56%

FDA approved
Year

2017

2018

2017

2017

2017

2018

KEYNOTE-059

KEYNOTE-224

KEYNOTE

CheckMate
040

CheckMate
142

CheckMate
142

ClinicalTrials.gov
identifier

NCT02335411

NCT02702414

NCT01876511

NCT01658878

NCT02060188

NCT02060188
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