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Pancreatic cancer is one of the most malignant tumors with increased incidence rate. The effect of surgery combined with chemoradiotherapy on survival of patients is unsatisfactory. New treatment strategy such as immunotherapy need to be investigated. The accumulation of desmoplastic stroma, infiltration of immunosuppressive cells including myeloid derived suppressor cells (MDSCs), tumor associated macrophages (TAMs), cancer‐associated fibroblasts (CAFs), and regulatory T cells (Tregs), as well as tumor associated cytokine such as TGF-β, IL-10, IL-35, CCL5 and CXCL12 construct an immunosuppressive microenvironment of pancreatic cancer, which presents challenges for immunotherapy. In this review article, we explore the roles and mechanism of immunosuppressive cells and lymphocytes in establishing an immunosuppressive tumor microenvironment in pancreatic cancer. In addition, immunotherapy strategies for pancreatic cancer based on tumor microenvironment including immune checkpoint inhibitors, targeting extracellular matrix (ECM), interfering with stromal cells or cytokines in TME, cancer vaccines and extracellular vesicles (EVs) are also discussed. It is necessary to identify an approach of immunotherapy in combination with other modalities to produce a synergistic effect with increased response rates in pancreatic cancer therapy.
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Introduction

Pancreatic cancer is one of the most malignant digestive system tumors, ranking the fourth most common cause of cancer death with increased incidence rate (1). Surgical treatment is one of the most effective way, but the rate of radical resection is less than 20%. The main causes of death following operation are the recurrence and metastasis. Moreover, pancreatic cancer is striking resistance to radiotherapy and chemotherapy (2). It is necessary to explore a new therapeutic approach. Therefore, immunotherapy has been given high hopes and now become a key pillar of cancer treatment alongside chemoradiotherapy. In pancreatic cancer, cytotoxic T lymphocytes are suppressed by immunosuppressive interaction between cancer cells with stromal cells in tumor microenvironment (TME) like cancer‐associated fibroblasts (CAFs), myeloid derived suppressor cells (MDSCs), regulatory T cells (Tregs), and tumor associated macrophages (TAMs). Although various immunotherapy methods are different, it is suggested to use a combination of immunotherapeutic approaches for helping active cytotoxic T lymphocytes (CTLs) infiltrate the pancreatic TME or rescuing the exhausted CTLs (3). Therefore, maintaining the activated state of CTLs in TME is the key to tumor immunotherapy. The TME of pancreatic cancer is characterized by low oxygen, acid, high permeability, a large number of growth factors and hydrolases, resulting in insensitivity to apoptosis, resistance to growth inhibition, immune tolerance and immune escape (4). Immune microenvironment remodeling in pancreatic cancer plays an important role in the development of malignant tumors, which poses a challenge to the immunotherapy of pancreatic cancer. First, pancreatic cancer lacks the expression of immunogenic antigens, and their major histocompatibility antigens (MHC) I molecules are significantly downregulated. Secondly, the activities of effector T cells including natural killer (NK) cells, dendritic cells (DCs) and macrophages are significantly decreased, while inhibitory immune cells including Tregs, MDSCs and M2-TAMs aggregate in TME. Meanwhile, TGF-β, IL-10, IL-35, CCL5, CXCL12 and other immune regulatory factors together form an immunosuppressive microenvironment (5). It is obvious that TME, including a heterogeneous composition of immunosuppressive cells and cytokines, is the critical factor that limits the efficacy of immunotherapy (6). Therefore, exploring the formation of tumor immunosuppressive microenvironment and the underlying molecular mechanisms are of great significance in elucidating the immune tolerance of pancreatic cancer and developing new methods of immunotherapy. In this review, we will focus on the role and the mechanisms of stromal cells in the formation of immunosuppressive TME, as well as the potential clinical application of immunotherapy strategies currently under investigation in targeting tumor microenvironment, aiming to explore new research strategies for pancreatic cancer immunotherapy.





Formation of immunosuppressive tumor microenvironment in pancreatic cancer

Various types of immune cells exist in the TME of pancreatic cancer, but these immune cells present abnormality quantity and function, leading to the disorder of the immune function and decrease of anti-tumor ability. The number of CD4+, CD8+ effector T cells, NK cells and DCs with anti-tumor effects are reduced, and they present nonfunctional status or immature phenotypes. Tregs, CAFs, MDSCs and TAMs with immunosuppressive ability are active and present in large quantities (7). Immunosuppressive cells, cytokines and effector cells’ disability form the immunosuppressive microenvironment of pancreatic cancer, which is an important reason for the insensitivity of pancreatic cancer to immunotherapy. Pancreatic cancer cells secret of various cytokines (such as IL-10, TGF-B and IL-23) and chemokines (such as CXCL1-3, CXCL5, CXCL12, CCI2 and VEGF) to enhance the activation of stromal cells and the accumulation of immunosuppressive cells (8). Activated stromal cells then produce a large number of extracellular matrix and form fibrous basement around pancreatic cancer cells, which hinders the infiltration of effector T cells into tumor (9). Immunosuppressive cells including Tregs, MDSCs and TAMs, up regulate immune checkpoint mediators like programmed death‐1 receptor (PD‐1)–ligand (PD‐L1) and CTL‐associated antigen 4 (CTLA‐4), conferring an inhibitory effect on T cells and NK cells which contribute to form a unique immune suppression tumor microenvironment of pancreatic cancer (10) (Table 1). TME become a chief mediator of tumor immune tolerance and immunotherapy resistance (Figure 1).


Table 1 | The effect of stromal components in pancreatic TME on cancer immunosuppression.






Figure 1 | Immunologic effects of stromal cells including MDSCs, CAFs, TAMs, PSCs, Tregs, TANs and MCs on pancreatic TME. These stromal cells dysregulate the function of immune cells-mediated antitumor immunity to establish an immunosuppressive TME via secretion of chemokines and cytokines such as TGF-β, IL-10, IL-35, CCL5, CXCL12, GM-CSF, PGE2, IDO, PD-L1 and CTLA-4. The cytotoxic activity and cytokines production of NK cells, DCs and CTLs are inhibited in pancreatic TME.







The role of stromal cells in immunosuppressive TME formation




Myeloid derived suppressor cells

MDSCs are heterogeneous cell populations which mainly composed of immature myeloid cells that are found in pathological settings (87). They are precursors of immature monocytes, macrophages, granulocytes and dendritic cells. In patients with pancreatic cancer, the differentiation of monocytes and granulocyte precursors into mature myeloid cells is blocked and they are stimulated by tumor derived factors to differentiate into MDSCs. Studies have shown that MDSCs are mainly distributed in bone marrow, spleen, lymph nodes, peripheral blood and tumor tissues, and gradually accumulate in TME (88). Tumor associated inflammation can stimulate the expansion of MDSCs. Growth factors produced by chronic inflammation (GM-CSF, G-CSF, M-CSF, VEGF and TGF-β), proinflammatory cytokine (IL-1, IL-4, IL-6, TNF-α and IFN-γ) and chemokines (CCL2, CCL4, CXCL1, and CXCL12) can stimulate the expansion of MDSCs (11). These factors induce the amplification of MDSCs via JAK/STAT, PI3K/Akt, Notch, NF-κB, NLRP3, Wnt and adenosine receptors A2b signaling pathway, and then MDSCs are recruited to the tumor site by PEG-2, resulting in promoting production of iNOS, arginase, IL-10 and TGF-β (12). Signals that are responsible for converting immature myeloid cells to MDSCs include tumor stroma (proinflammatory cytokines, HMGB1), NF-κB, STAT1, STAT6, COX2 and PGE2 (13). In pancreatic microenvironment, pancreatic stellate cells (PSCs), a subset of pancreatic cancer-associated fibroblasts, promote myeloid cells to differentiate into MDSCs and induce MDSCs to aggregate into TME by producing IL-6, vascular endothelial growth factor (VEGF), macrophage colony-stimulating factor (M-CSF), SDF-1 and MCP-1 in a STAT3-dependent manner (14). Other mediators that are major contributors to induce MDSCs include S100A8 and S100A9 which are regulated by STAT3 and NF-κB. TNF-α also drives the suppressive activity of MDSC by enhancing the binding of S100A8/A9 to the N-glycan motif of receptor for advanced glycation end products (RAGE) (15).

As an important contributor of the immunosuppressive microenvironment in pancreatic cancer, MDSCs induce the inactivation of NK cells, CD4+ and CD8+ T cells by inhibition of lymphocyte activity, recruitment of Tregs and expression of immunosuppressive checkpoint molecules (16). (1) Direct or indirect inhibition of lymphocyte activity. These mechanisms include elimination of key nutrition needed for T cell proliferation by depleting sequestering L-cysteine and L-arginine, and production of NO and ROS. In the pancreatic TME, MDSCs can compete with T cells to use cysteine which is very important for T cell activation and proliferation, resulting in T cells unable to synthesize de novo and hindering the production of anti-tumor T cells (17). In addition, MDSCs also decompose L-arginine and L-tryptophan, further consume essential amino acids and prevent the acquisition of anti-tumor immune cells, resulting in inhibition of anti-tumor immune response. Studies have shown that the expression of arginase 1 (ARG1) and inducible nitric oxide synthase (iNOS) can promote arginine metabolism (18). The high expression of ARG1 and iNOS in MDSCs consumes L-arginine by decomposing L-arginine into L-ornithine and urea. The reduction of L-arginine and the production of nitric oxide in tumor microcirculation can down regulate TCR ζ and MHC II expression, and inhibit T cell activity (19). Release of ROS molecules, which is a critical molecule to maintain the MDSCs in undifferentiated state, is another major mechanism that MDSCs use to suppress T cells by enabling CD8+ T cells to lose ability to bind phosphorylated MHC and inducing antigen-specific tolerance of CD8+ T cells (20). ROS is formed by superoxide reacting with H2O2, hypochlorous acid and hydroxyl radical released by MDSCs. H2O2 inactivate T cells by decreasing T cellular CD3ζ expression and reducing their expression of IFN-γ (21, 22). ROS inhibitors is found to reverse the suppressive effect of MDSCs on T cells to some degree (23). MDSCs also down regulate B cell-mediated immune responses and suppress antibody production by means of arginase, NO and ROS production (24). Under normal physiological conditions, L-tryptophan can produce kynurenine by up regulating the decomposition of indoleamine-2,3 dioxygenase through a STAT3 dependent mechanism. The reduction of L-tryptophan and the production of kynurenine induce the apoptosis of T cells and NK cells, and promote the differentiation of CD4+ T cells into Tregs (25). MDSCs just stand at the top of this regulatory chain and consume L-tryptophan, which promotes the accumulation of canine urinary ammonia, and finally leads to the promotion of immunosuppression of tumor microenvironment. (2) Stimulatory effect on Tregs, which is one important mechanism of MDSC-mediated T cell inhibition. Immunosuppressive cytokines (IL-10), chemokine ligand (CCL4 and CCL5) and TGF-β produced by MDSCs can induce Tregs into the TME. MDSCs also promote the expansion of induced Treg cells through TGF-β, CD40/CD40L, IL-10 and IFN-γ (26). CD40/CD40L signal pathway plays a role in the homeostasis of Tregs and the homeostasis is disrupted under pathologic conditions. It has been proven that expression of CD40 on MDSCs is critically important for MDSCs-induced Treg proliferation. The involvement of CD40/CD40L in the interplay between MDSCs and Treg in the presence of TGF-β and IL-10 promotes activation and expansion of Treg. Interference with CD40/CD40L interactions reverse the suppression of T-cell responses and inhibits Tregs activity (27, 28). (3) Expression of immunosuppressive checkpoint molecules. PD-1/PD-L1 and CTLA-4 are the best-known co-inhibitory pathways. MDSCs express a high level of PD-L1, which binds to PD-1 expressed on T cells, induces conformational changes, and then makes T cells inactive and dysfunctional (29). Under hypoxia conditions in TME, hypoxia inducible factor 1-α (HIF1-α) selectively up-regulate the expression of PD-L1 on the surface of MDSCs by binding to the hypoxia-response element (HRE) in the PD-L1 proximal promoter (30). Blockade of PD-L1 expression abrogate T cell suppression regulated by MDSCs via modulating production of IL-6 and IL-10 (30). In addition, the ARG1 secreted from MDSCs promote the binding of inhibitory checkpoint ligands with receptors expressed on T cells, accelerating the depletion of T cells, and this effect is abrogated by arginase inhibitor (31). (3) Immunosuppressive cytokines secreted by MDSCs are important factors to inhibit antitumor immune response in pancreatic cancer. The factors involved in MDSC-mediated immune suppression include TGF-β, COX2, indoleamine 2,3-dioxygenase (IDO), IL-6 and IL-10 via NF-κB and STAT3 signaling pathways (32). TGF-β derived from MDSCs plays a key role in inhibiting antitumor immune response. As immunosuppressive cytokines, TGF-β inhibit the activity of cytotoxic T cells and NK cells by reducing IFN-γ. The anti-TGF-β monoclonal antibody restores T-cell anti-tumor response and IFN-γ production to a certain degree (33). Intimate interactions exist between MDSCs and other components such as TAMs, NK cells, CAFs, and T cells in the TME. Due to suppressive activities against effector lymphocytes in TME, MDSCs act as a major barrier to pancreatic cancer immunotherapy. Various therapeutic approaches targeting MDSCs including immunostimulatory adjuvants, therapeutic blockade of the mobilization and survival of MDSCs, and anti-inflammatory agents are being tested in preclinical and clinical studies.





Tumor associated fibroblasts

CAFs in TME are heterogeneous cell populations with different origins. Bone marrow-derived fibroblasts and locally infiltrated fibroblasts are considered to be the major sources of CAFs. Mesenchymal stem cells, adipocytes and PSCs can also be transformed into CAFs (34). Various cellular precursors of CAFs result in fibroblast heterogeneity. Four different CAFs populations (referred as CAF-S1 to CAF-S4) have been identified recently by combining the analysis of six CAFs markers including smooth-muscle α-actin (SMA), fibroblast activated protein (FAP), fibroblast specific protein-1 (FSP1, also known as S100A4), integrin β1 (CD29), platelet derived growth factor receptor (PDGFR) and podoplanin (PDPN) (35). As an important part of pancreatic TME, CAFs actively affect nearly all aspects of cancer biology including tumor growth, immunosuppression, invasion and angiogenesis. CAFs promote tumor immune escape through secretion of cytokines, chemokines, metabolites and enzymes, and recruitment of inhibitory immune cells. Cytokine (e.g., IL-6 and TGF-β) and chemokine (e.g., CCL2, CCL5, CXCL1 and CXCL12) released from CAFs attract suppressive immune subsets including MDSCs and Tregs into TME (36). Inducing monocytes to differentiate into M2 macrophages by CAFs is mainly mediated via CXCL12/stromal cell-derived factor 1 (SDF1), M-CSF/CSF-1, IL-6, IL-8 and CCL2/monocyte chemotactic protein-1 (MCP-1). CAFs enhance pro-tumoral M2-TAMs activation via increased secretion of IL-6 and GM-CSF in response to cancer cell stimulation (37). Then CAFs coordinate and synergize with M2-TAMs to inhibit the activity of T cells. The proportion of TAMs and polymorphonuclear MDSCs (PMN-MDSCs) in pancreatic TME is decreased significantly through inhibiting colony stimulating factor 1 receptor (CSF-1R) and CXC chemokine receptor 2 (CXCR2). CAFs recruit monocytes into TME through the CXCL12/CXCR4 and CCL2 pathway, and induce their differentiation into MDSCs through IL-6 -STAT3 signal axis (38, 39). CAFs attract Tregs and decrease CD8+ T cells infiltration into TME by secreting TGF-β and IL-6, thus interfering with tumor-directed immune response (40). In pancreatic cancer, CAFs down regulate NKp30, NKp44, NKG2D, perforin and granzyme B expressed on NK cells by secreting prostaglandin E2 (PGE2), IDO and TGF-β, thereby decreasing NK cell cytotoxic activity (41, 42). Another mechanism by which CAFs trigger an immunosuppressive response in TME is by inhibiting the function of DCs. TGF-β secreted by CAFs induces DCs to down regulate the major histocompatibility complex (MHC) class II molecules and costimulatory molecules such as CD40, CD80 and CD86, thus decreasing their ability to activate cytotoxic T cell responses and their antigen presenting function (35). Activated CAFs express tryptophan-2,3-dioxygenase (TDO), promote the degradation of tryptophan and inhibit the function of DCs. CAFs kill directly CD8+ T cells or reduce CD8+ T population through secreting PD-1, Fas ligand (FasL) and IL-6, and inhibiting the expression of B cell lymphoma 2 (Bcl-2) (3, 40). CAFs have immune regulatory effects on tumor cells, such as up regulating the expression of immune markers on tumor cells. CAFs increase the expression of PD-L1 in pancreatic cancer by secreting CXCL5 and CXCL12 via phosphatidylinositol-3-kinase/protein kinase B signaling pathway, thus promoting the formation of immunosuppressive microenvironment (43, 44). However, Costa et al. revealed the fibroblast heterogeneity and showed that CAF-S1 promotes an immunosuppressive microenvironment by recruiting CD4+CD25+ T cells, while another subtype, CAF-S4, do not exhibit the properties. CAF-S1 is associated with accumulation of FOXP3+ T Lymphocytes and enhances regulatory T cell differentiation through B7H3, CD73, and DPP4 (89). Both CAF-S1 and CAF-S4 promote metastases through complementary mechanisms (90). FAPHigh CAFs attract CD4+ CD25+ T lymphocytes and retain them through high expression of OX40 L/TNFSF4, PD-L2/PDCD1LG2 and JAM2 (91). FAPHigh CAFs secrete high levels of TGF-β ligands to promote cell death of effector CD8+ T lymphocytes by inhibiting the expression of the pro-survival protein BCL2 (92). α-SMA+ FAP+ CAFs decrease the proliferation of CD8+ T cells and induce the recruitment of CD4+ CD25+ T cells via secreting TGF-β and IL-6 (93). Both ecm-myCAF and TGF-ß-my CAF exhibit an immunosuppressive function and contribute to resistance to immunotherapy via recruiting FOXP3high Tregs and increasing PD-1 and CTLA-4 protein expression (94). α-SMA+ CAFs are positively correlated with PD-L1 expression by abolishing T cell anti-tumor immune response (95). The amounting evidence confirms that specific CAF subpopulation functions is complex with the different specific markers, which is one of the most challenges in the study of CAFs. The immunosuppressive effect of CAFs on tumor cells reflects that CAFs can become a therapeutic target in pancreatic cancer immunotherapy. Many drugs targeting key regulator of CAFs are undergoing clinical and/or preclinical evaluation. At present, anti CAFs treatment mainly focuses on fibroblast activation protein (FAP). As a specific marker of CAFs, FAP is a transmembrane serine protease, which is highly expressed on CAFs in most epithelial tumors. In the pancreatic cancer, the deletion of FAP gene can significantly reduce the infiltration of FAP+ CAFs and induce tumor hypoxic necrosis (96). Elimination of FAP+ CAFs by DNA vaccination and chimeric antigen receptor (CAR)-T cells has become an important immunotherapy strategy (97). A study showed that oral FAP-DNA vaccine could induce both CD8+ and CD4+ immune responses, and antitumor immunity was enhanced by combing FAP DNA vaccine with other tumor antigen-specific DNA vaccines (98). However, it should not be ignored that bone marrow mesenchymal stem cells and skeletal muscle expressing FAP may also be recognized and impaired by FAP specific CAR-T cells, leading to fatal bone marrow toxicity and cachexia. In addition to directly eliminating and inhibiting CAFs, it is also effective to restore CAFs to normal state. Angiotensin receptor blockers can reprogram CAFs into to a quiescent state, alleviate immunosuppression and improve T lymphocyte activity (99). but its clinical application is limited because of systemic adverse reactions. Resetting activated CAFs into the static state through vitamin A and vitamin D has attracted extensive attention. Administration of all-trans-retinol can inhibit activated CAFs that promote tumor signal pathway, significantly increase CD8+ T cell infiltration, and improve the efficacy of cancer chemotherapy (100–102). A randomized, double-blind, placebo- controlled trial performed by Morita et al. reported that Vitamin D supplementation decreased serum levels of PD-L1 in digestive tract cancer and significantly reduced the risk of relapse/death in the highest level of PD-L1 (103). Due to the toxic effects of directly targeting CAFs, researchers begin to focus on the effector molecules that inhibit the secretion of CAFs. Targeting CAFs related signaling pathways with immunotherapy is a possible approach for improving the anti-tumor efficiency. Blocking cytokines secreted by CAFs (such as IL-6, IL-8, IL-10 and TGF-β) combined with PD-1/PD-L1 can improve the anti-tumor immune response through increasing T cell infiltration and alleviating the role of PD-1 in inhibiting T cell activity (3). Thus, targeting CAFs related signaling pathways may be a new strategy for the treatment of pancreatic cancer.





Regulatory T cells

Treg cells are a kind of T cell subsets that regulate a variety of immune cell functions. They play a critical role in suppressing anti-tumor immune response. Treg cells maintain the balance of the immune system and avoiding autoimmune diseases, allergic reactions and transplantation rejection under physiological conditions (104). In patients with pancreatic cancer, Treg cells are an important component involved in the inhibition of tumor immune response by disordering the functions of CD4+ T and CD8+ T cells, macrophages, NK cells and DC cells (105, 106). The number of Treg cells in pancreatic TME increases significantly, and is correlated with tumor metastasis and poor prognosis (45). The infiltrated Treg cells were directly proportional to the infiltrated CD4+ T cells and inversely proportional to the infiltrated CD8+ T cells. Treg cells reduce the infiltration of antitumor effector lymphocytes in peritumoral tissues by secreting IL-35. Treg cells are chemoattracted to TME by chemokines including CXCR3-CCL9/10/11, CCR4-CCL17/22 and CCR8-CCL1. Tumor cells secrete cytokines such as CCL5, CCL17 and CCL22 which Treg are chemotactic to (46). In addition, studies have shown that pancreatic cancer cells induce PSCs to express and secrete CXCL10 which acts as a chemoattractant for Treg cells. CXCL10 mediate the recruitment of CXCR3+Treg cells to tumors via its cognate receptor CXCR3 (47). Treg cells secrete inhibitory cytokines such as TCF-β, CTLA4, IL-10, and PD-L1 to mediate the immune tolerance of the effective cell to pancreatic cancer associated antigen, thereby avoiding the tumor cells from immune surveillance. Pancreatic cancer with higher Treg and lower Th17 cells alter cytokine IL-10, IL-17, IL-23, INF-γ and TGF-β expression by regulating transcription factors such as CTLA-4, RORγt, ROR-α, and FoxP3 (48). Other studies have found that tumor derived endothelial cells highly express mucosal epithelial cell adhesion molecule-1 (MADCAM-1), vascular cell adhesion molecule-1 (VCAM-1), and the ligands of these adhesion molecules are specifically expressed on Treg cells. Specifically blocking the adhesion molecules reduce the adhesion of Treg cells to tumor derived vascular endothelial cells and reduce the infiltration of Treg cells into TME (49). Cytokines secreted by cancer cells and other stromal cells in pancreatic tumor microenvironment, such as TGF-β1 induce the differentiation of CD4+ CD25- T cells into CD4+ CD25+ Foxp3+ Treg cells. Application of TGF-β neutralizing antibodies can block this differentiation process (50). Treg cells inhibit the function of immune cells such as CD8 cytotoxic T lymphocytes, CD4 helper T cells and NK cells. However, the mechanism is still controversial. Experimental data supports that it mediates the inhibitory effect on immune response mainly by secreting immunosuppressive cytokines such as TGF- β and IL-10. Treg cells induce antigen presenting cells (APCs) to express B7-H4 by triggering high levels of IL-10 production, and then these APCs expressing B7-H4 inhibit the proliferation of T cells by interacting with the corresponding receptors (51). Activated Treg cells directly induce apoptosis of NK cells and CD8+ T cells by secreting granzyme B and perforin. In addition, Treg cells combine with APCs to induce the expression of IDO, so as to inhibit the activation of T cells (52). In the pancreatic TME, tumor cells are conferred with the biological functions of the immune cells. They cooperate with infiltrating Treg cells and macrophages to play an immunosuppressive function and promote tumor progression.





Tumor associated macrophages

TAMs are important inflammatory cells in the pancreatic TME. Tumor cells secrete chemokines (CCL2, CCL7, and CXCL12) and cytokines (VEGF) to recruit peripheral blood monocytes into tumor tissues and induce them to differentiate into TAMs. Macrophages can be divided into M1 type and M2 type. The former, which is induced by Toll-like receptor 4 (TLR4) and IFN-γ, secrete tumor necrosis factor (TNF), iNOS and MHC class II molecules, and has the ability to coordinate the anti-tumor immune response of Th cells; M2-macrophages are induced by IL-4 and IL-13 which secreted by CD4+ T cells. M2-macrohphages with high level of ARG1, IL-10, CD163 and CD204 expression have anti-inflammatory responses and pro-repair, pro-tumoral and anti-parasitic ability (53). Macrophages in a state of constant transition between the two forms of M1 and M2 phenotype adopt context-dependent phenotypes when stimulated. They are differentiated and activated mainly by IRF/STAT (interferon-regulatory factor/signal transducer and activator of transcription) signaling pathway (54). Tumor associated macrophages (TAMs) which are broadly considered M2-like secrete a large number of cytokines including PGE2, epithelial growth factor (EGF), epithelial growth ligands of the factor receptor (EGFR), IL-10 and TGF-β, which stimulate tumor cell proliferation and survival (55). C5aR1 which is generally considered to be proinflammatory can induce macrophages to differentiate into M2 type via activation of NF-κB pathway (56). C1q characterizes macrophages with a tolerant or immunosuppressive phenotype, which lead to the up regulation of PD-L1 and PD-L2 and the inhibition of T cell proliferation. C1q also has a direct effect on T cells by regulating the mitochondrial metabolism of CD8+ T cells (57). TSC-mTOR pathway which acts as central interchange for cell proliferation switches macrophages into M2-like TAMs to promote immune-suppressive TME (58).

TAMs take precedence in the pancreatic TME leading to immune evasion through production of inhibitory cytokines (IL-10 and TGF-β), metabolic activities consisting of depletion of L-arginine, ROS production and immune checkpoint engagement. TAMs secrete TNF-α and IL-10 to promote the expression of PD-L1, thereby inhibiting the function of antitumor T cells (59). TGF-β from TAMs promote TAMs to secrete CCL22 and then recruit Treg into TME; Moreover, TGF-β also increase the expression of CTLA-4 and PD-1 on the surface of CD8+ T cells, and reduce the production of granzyme and IFN. TAMs secrete chemokines such as CCL to recruit Tregs into TME, and produce IL-10 and PGE2 to induce Treg differentiation in TME (60). Moreover, Zhou et al. reported that exosomes played a critical role in the interaction between TAMs and T cells. Exosomes including miR-29a-3p and miR-21-5p derived from TAMs directly suppressed STAT3 and induced an imbalance Treg/Th17 cells, generating an immune suppressive microenvironment (61). TAMs upregulated the expression of B7-H4 on the surface of cancer cells through EGFR/mitogen activated protein kinase (MAPK) pathway, and attenuated the cytolytic effect of T cells (62). TAMs in pancreatic TME can serve as a potential target for immunotherapy. IFN-γ possesses immunoregulatory and anti-tumor properties. IFN-γ directly converts TAMs to the M1 subtype. IFN-γ enhances the efficacy of PD1 blockade therapy by inhibiting CXCR2-expressing M2 TAMs tumor trafficking and infiltration (63). A deeper understanding of roles of TAMs in immunotherapy will help explore the targeting TAMs as an adjuvant therapy in tumor immunotherapies.





Pancreatic stellate cells

As one of the important sources of CAFs in pancreatic cancer, PSCs is a fibroblast like cell containing vitamin A lipid droplets in the cytoplasm which secrete extracellular matrix (ECM) components and various cytokines (64). Quiescent PSCs can be activated by cytokines such as interleukin and TGF-β, and the activated PSCs secrete soluble cytokines, including IL-10, MCP-1 and VEGF which interact with immune cells in TME, resulting in the increasing the number of immunosuppressive cells and decreasing the infiltration of anti-tumor immune cells in TME. Moreover, activated PSCs produce large amounts of ECM components such as fibronectin and type I collagen, which form a barrier to immune cell infiltration and facilitate pancreatic cancer cells immune escape (65). Inhibiting the secretion of matrix by PSCs can increase the transport efficiency of chemotherapeutic drugs in TME and improve the response of pancreatic cancer to immunotherapy. Dynamic and bidirectional crosstalk exists between PSCs and other stromal cells in the pancreatic TME. PSCs and macrophages interact with cytokines reciprocally. PSCs induces macrophages to differentiate into M2 type with elevated expression of IL-10, TGF-β, PDGF-β, CD206, and CD301 and decreased expression of M1 macrophage marker iNOS. M2 macrophages increase the expression of TGF-β and PDGF which promote the proliferation and activation of PSCs (66). PSCs promote the differentiation and migration of MDSCs into TME by activating IL-6 and CXCL12. In addition, IL-6 and CXCL12 also promote the infiltration of Treg into TME. PSCs promote the apoptosis of CD4+ and CD8+T cells in pancreatic cancer by secreting galectin 1 (67). PSCs reduce the secretion of Th1 cytokines such as IL -2 and IFN-γ, and enhance the secretion of Th2 cytokines including IL-4 and IL-5, resulting an imbalance of Th1/Th2 cytokines. Further elucidation of the role of PSCs in immunosuppression could lead to exploring novel therapeutic targets in pancreatic cancer (68).





Tumor associated neutrophils

A large amount of TANs infiltrate in the pancreatic cancer. The crosstalk between tumor cells and TANs drive tumor growth and progression. TANs have tumor promoting effects and is associated with poor prognosis of pancreatic cancer via immunosuppression and regulation of other immune cell populations. TANs are classified as N1 (antitumor) or N2 (protumor) according to their activation, cytokine status and effects on tumor cell growing (107). In pancreatic TME, stromal cells and cytokines can regulate the recruitment, activation and differentiation of neutrophils. CAFs participate in the recruitment of neutrophils to TME, especially by secreting CXC1, CXCL2, CXCL5, CXCL6, CXCL2 and chemokine ligand 2. Tumor-derived cytokines, such as TGF-β and GM-CSF extend survival of TANs in TME. TGF-β in TME secreted by CAFs induces neutrophils to differentiate into N2 TANs, which in turn recruit Treg cells through CCL17 secretion (69, 70). When IFN-β or TGF-β in TME is inhibited, TANs show the N1 phenotype of tumor inhibition. When TGF-β is increased at high levels, TANs showed the N2 phenotype of immunosuppression and cancer promotion, and their gene expression patterns also changed, such as up regulation of CCL17, ARG1 and MMP9. N2 neutrophils leads to somatic DNA instability and promotes tumorigenesis by producing ROS, NO and PEG2. Zhou et al. reported that TANs recruited macrophages and Treg cells to infiltrate the tumor site by secreting CCL2 and CCL17, and contributed to sorafenib resistance. The number of infiltrated TANs could be used as a biomarker for predicting responsiveness to sorafenib (71). TANs also accumulate in tumor tissues and secrete elastase, which promotes EMT and secretion of MMP-9 in pancreatic cancer, and promotes tumor invasion and angiogenesis. Moreover, TANs inhibit antitumor immunity by up regulating ARG1 and PD-1. There exists mutual influence between TANs and TAMs and they coordinate effects within the TME. N2 TANs promotes TAMs polarization via secretion of IL-13 (72). TANs and TAMs secrete CCL17 to induce the recruitment of Treg cells to the TME. The interaction between TANs and TAMs requires targeting common TAM and TAN signal pathway as a means to enhance the efficacy of current therapies.





Dendritic cells

Dendritic cells (DCs), as one of the most powerful APCs in the immune system, are central regulators of the adaptive immune response and essential for T cell-mediated cancer immunity (108). DCs express co-stimulatory molecules (CD80, CD40, CD70 and CD86) and antigen-presenting molecules such as MHC-I and MHC-II, and DCs deliver the co-stimulatory signals to activate T cells. DCs also enhance T cell expansion and polarization to secret of IFN-γ via cytokine signals including IL-12 and IL-15 (109). Therefore, DCs play a critical role in anti-tumor and immunoregulatory activities. The study of DCs infiltrated in pancreatic TME is of great significance to understand the mechanism of tumor immune evasion. CD103+ DCs in tumors are necessary to recruit effector T cells into the TME and priming tumor-specific CD8+ T cells. It is reported that the recruitment of effector T cell subsets into TME depended on the expression of CXCL9 and CXCL10 which mainly released from CD103+ DCs in tumors (110). Abound infiltration of CD103+ DCs in tumor improve responses to therapeutic PD-L1 and BRAF blockade (111). However, A network of immunosuppressive factors in TME inhibit DCs infiltration and their anti-tumor activity. Tumor decrease DCs infiltration by reducing CCL4 expression and producing PGE2. DCs infiltrated in tumor enhance expression of T cell immunoglobulin mucin receptor 3 (TIM3) which sequesters high mobility group protein B1 (HMGB1), resulting in impairment of DC activation and antigen presentation (112). Metabolites in the TME such as lactic acid which is a major metabolic product of tumor cells dampen DCs differentiation and activation. DCs interact with Treg cells to induce immune tolerance. Treg cells prevent the expression of CD80 and CD86 to inhibit the maturation of DCs (113). In addition, Treg cells regulate the cytokines produced by DCs. For example, Treg cells decrease IL-6 and increase IL-10 expression in DCs. In metastatic pancreatic cancer, DCs induce the proliferation of Treg cells and inhibit CD8+ T cell-mediated tumor immunity via MGL2 and PD-L2, establishing an immunosuppressive microenvironment favor for metastasis formation (114). DCs also regulate the balance between Th17 and Treg cells. Some cytokines in TME, such as macrophage colony stimulating factor, IL-4, IL-6, IL-10, TGF-β and VEGF can alter the differentiation of DCs and inhibit the activation and maturation of DCs, resulting in a lack of mature and functional DCs in tumor patients. These immature DCs do not express or down regulate costimulatory molecules, MHCII molecules and antigen presentation related transporters, but express indoleamine 2,3-dioxygenase, which degrade tryptophan and inhibit T cell immunity (115). Surgical resection, chemoradiotherapy or immunochemotherapy can increase the number of DCs in the circulation and restore its function to some extent. Increased DCs not only prolong the survival, but also significantly reduce the risk of postoperative infection complications in patients undergoing pancreatectomy. These findings suggest that immunotherapy to increase the number of DCs and restore their function is beneficial to improve the prognosis of patients (116).

DC vaccine is the focus of tumor immunotherapy. The treatment strategy based on DCs is to use patients’ own DCs to produce therapeutic vaccine. First, DCs are collected from the patient, matured in vitro, loaded with tumor antigen and injected back into the patient. After injection, DCs present tumor antigen to T cells, leading to T cell activation and initiating T cell response. DC vaccine has been proved to be safe for the treatment of pancreatic cancer (117). It is confirmed that the combination of gemcitabine and DC vaccine can promote the recruitment of CD8+ T cells and enhance CTLs mediated tumor cell death in a mouse model of pancreatic cancer (118). Recent multicenter clinical studies have also confirmed that DC vaccine and chemotherapy drugs induced to produce tumor antigen-specific CTLs, having a synergistic effect on pancreatic cancer patients (119). In order to restore the function of DCs in TME, many attempts have been made. It is reported that impaired function of DCs as well as the immunosuppressive effect of Treg can be reversed by activating TLR-7/8 and TLR-9 signal pathways (120). Because the suppressor of cytokine signaling 1 (SOCS1) is a negative regulator that inhibit the maturation of DCs, some studies have designed a siRNA to interfere with SOCS1, aiming to promote the antigen presentation of DCs, activate TLRs signal pathway and promote the maturation of DCs (121).





Natural killer cells

Natural killer (NK) cells are an important part of tumor immunosurveillance with ability of directly killing cancer cells or indirectly promoting the immune responses. NK cells secrete a large number of cytokines including GM-CSF, IFN-γ, TNF-α and IL-3 which affect the activity of other immune cells such dendritic cells, neutrophils and macrophages, thus influencing the subsequent T and B cell responses (73). Chemo-attractants/receptors (including CCL5/CCR5, CCL27/CCR10 and CX3CL1/CX3CR1) and immunomodulation of chemokine axes (including HLA-G and CD47) are involved in controlling NK cell recruitment to the tumor. Extracellular matrix (ECM) barriers also play a role in regulating NK cells infiltration into TME (74). The activation and functional status of NK cells are depended on interacting signals between activating co- stimulatory and inhibitory signals. Activating signals mainly comprise integrins, killing-receptors (CD16, NKp30, NKp40 and NKp44), and other receptors such as NKp80, SLAMs, CD18, CD2 and TLR3/9. Inhibitory signals include Ly49s, NKG2A and LLT1 (Summarized in (75)). NK cells kill or ignore target cells based on the balance between ligands expressed on tumor cells that mediated inhibitory and activated signal. NK cells induce apoptosis of cells through producing a huge amount of IFN-γ, perforin and granzyme family molecules after re-stimulation. The sensitivity of target cells to NK cells mediated cell lysis mainly depends on the expression of MHC I. NK cells selectively lyse cells with low expression of MHC type I molecules or cells that lose the expression of MHC I. Virus infected cells or tumor cells down regulate the expression of MHC molecules, and become possible targets for NK cells (76). The cytotoxic ability of NK cells can be enhanced by IL-2, IL-12, IL-15 and IFN-α/β) while their cytotoxic functions are inhibited by immunosuppressive factors such as TGF-β, IL-10, PGE2, and IDO1/2 (75). Close interaction and a positive feedback loop exist between macrophages and NK cells in the TME. NK cells activate macrophages and promote M1-like macrophage polarization to secrete a large number of cytokines such as IL-12/18 by expressing IFN-γ, TNF-α and GM-CSF. Meanwhile, IL-12/-18 secreted by activated macrophages increase of NK cell cytotoxicity and IFN-γ production, and enhance the expression of CD80, CD86, HLA-DR and HLA-DQ (77). The interaction between NK cells and DCs can lead to the activation of NK cells, cytokine production, cytotoxicity and the maturation of DCs (78). NK cell toxicity, IFN-γ production and NKG2D expression are blocked by MDSCs and Treg cells in a TGF-β-dependent mechanism in pancreatic TME. TGF-β is also able to decrease NKp30- and NKG2D- expression on NK cells, thus interfering possibly the crosstalk of NK cells and DCs (79, 80). In the TME of pancreatic cancer, the receptor NKG2D, NKp30 and NKp46 related to NK cell activity are significantly downregulated. Therefore, the number of NK cells in pancreatic cancer tissue is decreased significantly. However, due to heterogeneity of NK cells and complexity of tumor intrinsic signal pathways, the specific role of NK cells in cancer immune response is depends on distinct cancer types and need further elucidation.





Mast cells

Mast cells derived from CD34+/CD117+ pluripotent hematopoietic stem cells release chemokines and cytokines after activation. MCs activation is triggered by a variety of receptors such as high-affinity IgE receptor (FcepsilonRI), TLRs, complement receptors and adenosine receptor (81). MCs are recruited to the TME by pancreatic cancer cells, and the infiltrated MCs promoted pancreatic cancer progression in a matrix metalloproteinase (MMPs) -dependent manner (82). Moreover, there is complex interaction between mast cells and stellate cells in pancreatic cancer. Stellate cells activate mast cells to secrete IL-13 and tryptase which promote the proliferation of CAFs and PSCs, establishing a feed-forward loop between MCs and PSCs (83). MCs activated CAFs and TGF-β signal pathway to increase the resistance to Gemcitabine/Nabpaclitaxel and promote tumor invasion in pancreatic cancer via PAR-2, ERK1/2 and Akt activation (84). Inhibiting MCs with AMD3100 suppresses tumor growth. Activated MCs inhibit the anti-tumor immune response. MCs promote M2-TAMs polarization and proliferation by PI3K and free adenosine (85). MCs mobilize MDSCs infiltration into tumors and induce MDSCs to secrete IL-17 or histamine, then recruiting Tregs into pancreatic TME and enhancing their suppressive function (86). Histamine reduce the ligands of NK cell receptor expressed on tumor cells and interfere with the recognition and cytotoxicity of tumor cells mediated by NK cells. New possibilities for therapeutic intervention based on MCs need further exploration of the crosstalk between MCs and stromal cell in pancreatic TME.






Immunotherapy strategy for pancreatic cancer based on tumor microenvironment

Stromal cells and cytokines in pancreatic TME promote tumor growth and metastasis by inhibiting the anti-tumor immunity and enhancing the activity of immunosuppressive cells. It is a problem to be solved in tumor immunotherapy that how to reprogram this environment conducive to tumor growth so that the anti-tumor immunity can be restored. New immunotherapy for cancer is expected to be a breakthrough in the treatment of pancreatic cancer. Immunotherapy is rated as the first of the top ten scientific and technological breakthroughs in 2013 because of its remarkable effect on tumor which strongly proves the future potential of tumor immunotherapy (122) Investigations into an increasing variety of immunotherapies and combing with other traditional chemoradiotherapy are urgent need for more effective therapeutic strategies. Combination therapy approaches, such as combining immune checkpoint inhibitors with chemotherapy or radiation therapy, may be necessary to achieve optimal outcomes in this disease. Immunotherapy strategy for pancreatic cancer based on tumor microenvironment is summarized in Table 2. From the perspective of clinical application, it is important to find a biomarkers to identify patients who are likely to respond to immunotherapy. Currently, there is no established biomarker for predicting response to immunotherapy in pancreatic cancer, and this has limited the success of immunotherapy. More research is needed to identify biomarkers that can predict response to immunotherapy, such as tumor mutational burden, microsatellite instability, and immune cell infiltration, which could help guide patient selection and treatment decisions.


Table 2 | Immunotherapy strategy for pancreatic cancer based on tumor microenvironment.






Immune checkpoint inhibitors

Immune checkpoint proteins are molecules that produce costimulatory or inhibitory signals in the immune response and regulate the host immune response under normal conditions. Recent studies have mainly focused on the immune checkpoint PD-1, its ligand PD-L1 and cytotoxic T lymphocyte-associated protein 4 (CTLA-4) which negatively regulate T cell function (154). PD⁃L1 highly expressed in tumors binds to PD-1 on the surface of T cells and limits T cell activation, resulting in tumor immune escape. Therefore, the application of PD-1 or PD-L1 antibody may restore the state of T cells and rectify the immunosuppression of TME for PD-L1 positive tumors. CTLA-4 is an immune checkpoint molecule expressed on Treg. Clearing Treg cells by anti CTLA-4 monoclonal antibodies relieves the inhibition of CTLs and activate T cell immune response. Combinations of immune checkpoint inhibitors with radiotherapy and/or chemotherapy have shown efficacy in pancreatic cancer. Ipilimumab, an anti-CTLA-4 IgG1 monoclonal antibody (mAb), is approved for cancer therapy in USA and Europe in 2011. A phase Ib clinical trial showed that gemcitabine and ipilimumab is a safe regimen with tolerable adverse events for pancreatic cancer, with a median progression-free survival (PFS) of 2.78 months (95% CI 1.61–4.83) and median overall survival (OS) of 6.90 months (95% CI 2.63–9.57) (123). In 2014, Japan and the United States approved pembrolizumab, the first anti-PD-1 monoclonal antibody, for metastatic melanoma. A phase I/II study (NCT02331251) confirmed the safety of pembrolizumab. Moreover, the study also demonstrated that the median PFS and OS with 9.1 and 15.0 months were achieved respectively by combining pembrolizumab with gemcitabine and nab-paclitaxel chemotherapy. The prognosis was slightly improved over previously reported results for standard regiments (124). The efficacy of tremelimumab, another anti-CTLA-4 inhibitor, was evaluated in a phase I trial (NCT00556023). The median OS was 7.4 months (95% CI 5.8-9.4 months) by combing tremelimumab with gemcitabine. Two patients achieved partial response and 7 showed stable disease for more than 10 weeks at the end of treatment (125). However, the efficacy of tremelimumab as monotherapy assessed by a phase II open label study (NCT02527434) was unsatisfactory with 18 out of 20 pancreatic cancer patients demonstrating progressive disease and a poor median OS of 4 months (95% CI 2.83–5.42) (126). The indications of immune checkpoint inhibitors are gradually extending, and there are also survival benefits in pancreatic cancer, renal cell carcinoma, gastric cancer, and non-small cell lung cancer. Blocking of the above two immune checkpoint proteins (PD-1/CTLA-4) may produces a synergistic effect on tumor. However, related complications such as autoimmune hepatitis, myocarditis, nervous system inflammation and pneumonia have been reported with the wide use of immune checkpoint inhibitors (155). It is reported that the mortality of autoimmune myocarditis caused by anti PD-1 therapy is as high as 46% (156). Therefore, effective intervention or method should be taken to avoid possible serious complications before the application of immune checkpoint drugs in clinical practice.





Targeting extracellular matrix

Although the ECM in TME is not as important as infiltrating immune cells in tumor immunotherapy, this component has a critical impact on tumor immunotherapy. Methods have been adopted to reduce extracellular matrix hardness and fibrosis, thus improving immune cell infiltration and drug delivery (157). Inhibition of protein tyrosine kinase that is involved in matrix fiber formation can prolong the survival of pancreatic cancer and make them more sensitive to T cell adoptive reinfusion and PD-1 blocking therapy. The infiltration of immune cell into TME is enhanced via digesting the fibrous stroma through applying of IL-15 activated NK cells, whole-cell vaccines secreting GM-CSF and CD40 specific monoclonal antibody. TGF-β secreted by CAFs in pancreatic TME accelerates formation of fibrous matrix by transforming the phenotype of fibroblasts. Furthermore, TGF-β increases production of matrix proteins, including collagen, fibronectin, proteoglycans and tenascin via enhancing the expression of ECM-associated genes in epithelial cells, including collagen type 1 α1 (COL1A1), lysyl oxidase homologue 4 (LOXL4) and MMP (158). TGF-β can be used as a target for enhanced cancer chemotherapy and immunotherapy. The TβRI kinase inhibitor galunisertib (LY2157299) combining with gemcitabine improve the OS and PFS for patients with unresectable pancreatic cancer in a clinical trial (127). A multinational, phase Ib study (NCT02734160) evaluated the safety and efficacy of the galunisertib co-administered with the anti-programmed death-ligand 1 (PD-L1) antibody durvalumab in metastatic pancreatic cancer. Galunisertib in combination with durvalumab achieved a disease control rate of 25.0% and a confirmed objective response rate of 3.1%. Median OS and PFS were 5.72 months (95% CI: 4.01 to 8.38) and 1.87 months (95% CI: 1.58 to 3.09), respectively (128). The effect of nanomedicine characterized with high permeability, tumor-targeting and substantial retention function on extracellular matrix of pancreatic cancer has been confirmed. Pegylated recombinant human hyaluronidase (PECPH20) decrease intratumoural interstitial fluid pressure and increase in vessel diameter in the tumor-bearing mouse models. Preclinical studies have shown that PECPH20 combined with chemotherapeutic drugs substantially decrease tumor volume and improve the overall survival time (129). A clinical trial evaluated the efficacy of PECPH20 combined with modified FOLFIRINOX in patients with untreated metastatic pancreatic cancer. Compared with the modified FOLFIRINOX alone, the OS of patients in the combination group was shortened and the incidence of related adverse events was significantly increased. This combination resulted in decreased treatment duration due to increased toxicity (130). OS and PFS were not improved in patients with metastatic pancreatic cancer treated with PECPH20 combined with paclitaxel and gemcitabine (131). The disappointing results indicate that it is not enough to only target fibrous tissue proliferation. In addition, although ECM in pancreatic TME is a physical barrier that hinders drug delivery, it also plays a protective role in inhibiting tumor growth and progression. The strategy selectively targeting ECM barrier of pancreatic cancer is worth further exploring.





Targeting stromal cells and cytokines in TME

In view of the inhibitory effect of MDSCs in tumor immunity, many studies focus on finding ways to block the signal transduction of MDSCs. Animal model studies have confirmed that gemcitabine significantly reduce MDSCs in the spleen without altering the number of T and B lymphocytes. Bruton tyrosine kinase (BTK), a non-receptor enzyme in the Tec kinase family, is critical to maintain the desmoplastic microenvironment surrounded by an abundance of Tregs, MDSCs, TAMs and MCs in pancreatic cancer. BTK inhibition converts M2-like macrophages to an M1-like phenotype and promotes the cytotoxicity of CD8+ T cells. Inhibition of BTK with ibrutinib enhances T cell-dependent antitumor immune responses and improves responsiveness of pancreas cancer to gemcitabine (159). A randomized phase II clinical trial (NCT02362048) reported that the combination of BTK inhibitor acalabrutinib and pembrolizumab led to reduction of reductions in granulocytic (CD15+) MDSCs in peripheral blood of patient with pancreatic cancer, but the overall response rate and disease control rate were disappointing (132). Many studies have confirmed the importance of CAFs in promoting the occurrence and development of pancreatic cancer. However, some problems exist in targeting CAFs. One is that CAFs are highly heterogeneous. Inflammatory CAFs with low expression of a-SMA and high expression of IL-6 promote tumor growth, while myofibroblastic CAFs with high expression of a-SMA inhibit tumor growth (160). In addition, the phenotype CAFs of different subtypes can be transformed intercellularly. Meflin-positive CAFs have tumor suppressive properties by remodeling the extracellular matrix. However, meflin-positive CAFs differentiate into cancer-promoting phenotypes with the tumor progresses (34). Therefore, how to identify and remodel various properties of CAFs is the key to target CAFs for pancreatic cancer treatment.

The safety and efficacy of DC-based immunotherapy for pancreatic cancer have been evaluated. Studies show that patients with pancreatic cancer receiving DC vaccination-based immunotherapy achieves a significantly better survival period (161, 162). Peptide-loaded DC vaccines selectively targeting tumor-associated antigens (TAAs) such as mucin 1 (MUC1), Wilms’ tumor gene 1 (WT1) and mutant K-RAS also enhance more cytotoxic lymphocyte response. Clinical trials showed that MUC1 peptide-loaded DCs were safe and effective for unresectable, recurrent or refractory pancreatic cancer (136–138). A phase I trial to investigated the safety and efficacy following treatment with DCs pulsed with a mixture of three types of WT1 peptides in combination with chemotherapy in pancreatic cancer and intrahepatic cholangiocarcinoma. The DC/WT1-I/II combined with chemotherapy effectively activated WT1-specific immune responses and promoted disease stability in advanced pancreatic cancer (139). DCs enhance more effectively the anti-tumor immune response when cultured in presence of toll-like receptor (TLR)-3 agonist poly-ICLC. Mehrotra, et al. (NCT01410968) showed that the addition of poly-ICLC to peptide-pulsed DCs was safe and produced increased numbers of tumor specific T cell population in patients with advanced pancreatic cancer (140). Even though DC vaccines-based immunotherapy have effective therapeutic effects on pancreatic cancer, the effect is limited because decreased expression of MHC molecules and costimulatory molecules on cancer cells mediates the tumor immune evasion. A series of clinical studies have shown that adoptive NK cell transfer has anti-tumor effects on pancreatic cancer. A clinical trial (NCT02718859) showed combining allogeneic NK cells with irreversible electroporation (IRE) had a synergistic effect on pancreatic cancer, demonstrating satisfactory short-term outcome and the quality of life of the patients (141). In addition, percutaneous IRE in combining with allogeneic NK cells also significantly extended the PFS and OS in advanced pancreatic cancer (142). Lenalidomide, initially approved by the U. S. Food and Drug Administration (FDA) for multiple myeloma (MM), has anti-tumor effects by augmenting the cytotoxicity of NK cells. A clinical trial (NCT01547260) found lenalidomide augmented a significant increase in the numbers of CD4+ and CD8+ T cells in patients with advanced pancreatic cancer. However, combination of lenalidomide with gemcitabine have no therapeutic impact compared to gemcitabine alone (143).

The tryptophan catabolic enzyme IDO produced by tumor cells in TME promote the activation of Treg cells and increase the infiltration of MDSCs. Therefore, depletion of IDO inhibits tumor stem cells proliferation pathways and improves immunotherapeutic vaccines susceptibility by reducing TLRs 2 to 9, NF-κβ1-2, Wnt/β-catenin and TGF-β (163). CD47 is expressed in a variety of tumor cells, and mediates a “don’t eat me” signal after binding the immune checkpoint protein SIRP-α expressed on myeloid cells (monocytes, macrophages, and DCs), which contributes to the resistance of tumors to phagocyte-dependent clearance. KWAR23, a SIRP α monoclonal antibody which blocks its binding to CD47, enhances myeloid cell-dependent tumor killing ability, activates neutrophils and macrophages, and inhibits tumor growth (144). IFN enhances function of DCs and NK cells, and improve the survival of T cells, which is already used in cancer therapy. Karakhanova et al. reported that INF-2α increased amount of IFN-γ and IL-10 in the serum, and promoted the DCs and NK cells activation following the IFN-2α therapy in pancreatic cancer patients. However, activation of anti-tumor immunity as well as immunosuppressive response are induced in the unspecific immunotherapy with INF-2α (133). IL-6, a glycoprotein of 184 amino acids, acts on myeloid progenitor cells and B and T lymphocytes. A phase I clinical study showed that IL-6 induced C-reactive protein and IgE levels, and had a suppressive effect on NK and lymphokine-activated killer activity in patients with advanced pancreatic cancer and colon cancer (134). Combined CXCR4 and PD-1 blockade may expand the benefit of chemotherapy. A phase IIa clinical trial (NCT02826486) conformed the synergistic effects of combing CXCR4 antagonist BL-8040 (motixafortide) with pembrolizumab and chemotherapy on metastatic pancreatic cancer (135).





Extracellular vesicles

Accumulating evidence indicates that extracellular vesicles (EVs) including microvesicles (MVs) and exosomes mediate reciprocal communication between pancreatic cancer and stromal cells in TME, and ultimately exerts influence on the biologic features of recipient cells, thus promoting cancer progression and evasion of immune surveillance (164, 165). Exosomes derived from pancreatic cancer cause an imbalance of immune cells via increasing MDSCs, while reducing DCs. Tumor-derived EVs inhibit NK cell cytotoxicity by decreasing the expression of NKG2D, INF-γ and TNF-α (166). TGF-β1 contained in pancreatic cancer-derived EVs suppresses NK cell cytotoxic activity against tumor cells via SMAD2/3-dependent signal pathway, resulting in immune tolerance and tumor immunosuppression (167). The EVs are modified for clinical applications through artificially integration of specific loadings such as drugs or tumor targeting molecules. Exosomes from normal fibroblast-like mesenchymal cells carry siRNA specific to oncogenic KrasG12D which is commonly mutated in pancreatic cancer. The engineered exosomes suppressed cancer growth and significantly improved overall survival (145). Exosomes secreted from immune cells including DCs, macrophages and CD8+ T cells express SIRPα, PD1, or tumor antigen peptides, which can be used as immune modulators. SIRPa-exosomes, acting as immune checkpoint blockade, antagonizes the crosstalk between CD47 and SIRPa, and induce tumor phagocytosis. SIRPa-exosomes enhance effective anti-tumor T cell response and increase T cell infiltration in cancer (146). Engineered exosomes from tumor cells containing immunostimulatory CpG DNA or tumor antigens (TRP2, gp100, endogenous P1A tumor antigen and HSP70) stimulate DCs maturation and T cell immune responses (147, 148). EVs released from immune cells also can be used as a vaccine adjuvant in cancer immunotherapy. Clinical trials showed that exosomes from DCs loaded with tumor antigen activated the strong cytotoxicity of CD8+ T cells and promoted anti­tumor immune responses (149, 150). EVs derived from activated CD8+ T cell inhibit tumor progression by depletion of mesenchymal tumor stromal cells (151). Exosomes from NK cells and M1-like macrophages exert a stronger cytotoxic T cell response against tumor cells (152, 153). However, some challenges in EVs-based immunotherapy still remain including lack of methods for efficient isolation, purification, and identification of specific EV populations. Additionally, the antigen loading efficiency of EVs should be improved (168).





Gene mutation and potential targets

Oncogenic K-Ras is involved in tumorigenesis in pancreatic cancer and contribute to immunosuppressive microenvironment. More than 85% patients with pancreatic cancers harbor the G12 mutation in K-Ras. K-Ras mutation increases robustly MEK/ERK activity by upregulating the EGFR and RAS levels (169). Due to the multiple alternative pathways of K-Ras, there is none of specific K-Ras inhibitors that have been applied in clinical practice. Moreover, inhibitors of downstream molecules of K-Ras such as RAF/MEK/ERK pathway or the PI3K/PDK1/AKT/mTOR pathway show little efficacy (170). Multidrug combinations of MEK inhibitors and PI3K inhibitors contribute to apoptosis in pancreatic cancer and achieve a longer median survival (171). Ulixertinib, an ERK inhibitor, combined with MEK inhibitors produces potent synergistic effects on tumor (172). More studies are needed in the evaluation of combinatorial effect of these therapies altogether to improve survival rate.






Challenges and prospects

Immunotherapy has a positive therapeutic effect on patients with advanced pancreatic cancer. Tumors in TME dynamically evolves by blocking the effect of immunotherapy and increasing drug resistance. Because of the complexity of tumor immunosuppressive microenvironment, immunotherapy including immune checkpoint inhibitors, interfering with stromal cells or cytokines in pancreatic TME and cancer vaccines still need to be improved. The efficacy of immunotherapy combinations with chemoradiotherapy or other molecularly targeted agents is also disappointing for the majority of clinical trials. The main reasons hindering the effect of immunotherapy include: (1) the low response of host immune system to tumor antigen; (2) low infiltration of immune cells in pancreatic TME; (3) formation of immunosuppressive TME which is characterized by a profoundly desmoplastic stroma. A large number of immunosuppressive cells including MDSCs, TAMs, CAFs, and Tregs in pancreatic TME decrease the efficacy of immunotherapy (173–175). A variety of immunotherapeutic drugs targeting TME have been developed. However, it is evident that single-agent immunotherapies are unlikely to be successful in pancreatic cancer due to the diversified immunosuppressive signals, and the heterogeneity of TME at different stages of cancer progression is complex, which limits the accuracy and effectiveness of immunotherapy. Considering the limitations of current immunotherapy strategy, it may be improved from the following aspects: (1) screening markers sensitive to the immunotherapy strategies. Sensitive biomarkers predict the effectiveness of immunotherapy, dynamically monitor the treatment process, and adjust the therapeutic schedule accordingly; (2) combine multiple immunotherapy strategies. It is necessary to explore the combined treatment strategies that strengthen the effect of cytotoxicity and improve the sensitivity of immunotherapy through the combination of radiotherapy, chemotherapy and immunotherapy, or the application of multiple immunotherapy strategies; (3) develop new immune activation strategies. By developing a new immune activation vector will affect the immune state of pancreatic TME, and enhance immune response against tumor (176). Therefore, it is still necessary to explore the underlying mechanism of immunosuppressive TME, which contribute to the success of combination therapy for pancreatic cancer.
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