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Dendritic cells (DCs) play a key role to modulate anti-cancer immunity in the tumor microenvironment (TME). They link innate to adaptive immunity by processing and presenting tumor antigens to T cells thereby initiating an anti-tumor response. However, subsets of DCs also induce immune-tolerance, leading to tumor immune escape. In this regard, the TME plays a major role in adversely affecting DC function. Better understanding of DC impairment mechanisms in the TME will lead to more efficient DC-targeting immunotherapy. Here, we review the different subtypes and functions of DCs in the TME, including conventional DCs, plasmacytoid DC and the newly proposed subset, mregDC. We further focus on how cancer cells modulate DCs to escape from the host’s immune-surveillance. Immune checkpoint expression, small molecule mediators, metabolites, deprivation of pro-immunogenic and release of pro-tumorigenic cytokine secretion by tumors and tumor-attracted immuno-suppressive cells inhibit DC differentiation and function. Finally, we discuss the impact of established therapies on DCs, such as immune checkpoint blockade. Creative DC-targeted therapeutic strategies will be highlighted, including cancer vaccines and cell-based therapies.
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Introduction

Recent advances in immunotherapy, including the introduction of immune checkpoint inhibitors (ICI) and adoptive cell therapy, have changed the landscape of cancer care. Because of the limited response rate to ICI alone, combination therapies with other classes of drugs, including chemotherapy or molecular targeting agents, are currently being developed. ICI can elicit long-term survival, called “tail-plateau”. The combination with chemotherapy has also improved response rates and survival, however, an increase in synergistic long-term benefits compared with ICI alone was not shown (1) (Figure 1). New treatment strategies are needed to increase the number of patients with long-term response. For this purpose, it is important to efficiently induce tumor antigen-specific immunity. Development of other classes of immunotherapies, such as cancer vaccines targeting neoantigens derived from genetic mutations, are making strides. These therapies enhance the tumor antigen-specific T cell response and in combination with ICI can potentially improve response rates with enhanced migration of T cells into the tumor site and epitope spreading (2). A common and important component required for the success of each of these strategies is the presentation of tumor antigens to T cells by professional antigen-presenting cells (APCs). APCs have abilities to capture, process, and present non-self-antigens to T cells, and express major histocompatibility complex (MHC) I and II as well as key costimulatory molecules for T cell engagement. Dendritic cells (DCs) are the most representative professional APCs. DCs have a unique ability to migrate to the draining lymph nodes to initiate T cell activation by presenting antigens and by providing immunomodulatory signals through cell-to-cell contacts and cytokines. 




Figure 1 | The survival curve of Immune-checkpoint inhibitors. The survival curve of Immune-checkpoint inhibitor (ICI) is characterized by patients with long-term response, called tail-plateau. The benefit of adding chemotherapies on ICIs are additive not synergistic. The combination therapies improved early-response, however, those did not lead to a sharp increase in survival after 3 years (1) (A). Other treatment strategies with synergistic benefits are needed to increase the number of patients with a long-term response (B).



A major issue in the development of these therapies is the impairment of DC functions in the tumor microenvironment (TME). DC function is determined by influences from surrounding cells and the microenvironment, including the TME which adversely impacts DC intratumoral entry and function, and consequently an effective anti-tumor immune response. A deeper understanding of how these DC functions are modulated and regulated by the TME will lead to the development of improved DC-targeted therapies. In this review, we will discuss the DC subtypes, functional properties and interaction with other immune cells in the TME and highlight established and developing therapies that target DC.



Key DC functions in the TME


DC subsets in the TME

DCs play a key role in the TME to recruit T cells and initiate the anti-tumor response in draining lymph nodes. Intratumoral DC may also play a critical role in maintaining the state of anti-tumor T cells. This lineage comprises different sub cell types that have recently been well described in the literature (3–6). The main types are cDC1, cDC2, pDC and mregDC, although other subsets such as DC3 have been alluded to. DCs are recruited into the TME by chemokines produced by NK cells, and this cross-talk along with the release of activating factors by tumor cells (e.g. RNA, DNA, RNA-DNA hybrids) causes DC activation. DCs recognize these damage-associated molecular patterns (DAMPs), mature and migrate to draining lymph nodes. There, DCs present tumor antigens to CD8+ T cells through HLA-I, initiating the anti-tumor response. These tumor-infiltrating DC (cDC1, cDC2, pDC, mregDC, MoDCs) states are conserved across solid human cancer types (7).


cDC1

cDC1 are CD8α+ and/or CD103+ in mice and CD141+ in humans (3). CLEC9A, CADM1 and XCR1 are additional though not exclusive markers. cDC1s are able to present tumor antigens to CD8+ T cells and to promote Th1 cell polarization of CD4+ T cells (8–12). It has been shown that basic leucine zipper transcription factor ATF-like 3 (BATF3) positive cDC1s are key factors for tumor rejection (10, 13). This is also the case for XCR1 positive DCs in mice models (14). cDC1s secrete CXCL9 and CXCL10 which facilitate the recruitment of CD8+ T cells into the TME (15). cDC1s in tumor-draining lymph nodes also maintain a reservoir of proliferative tumor-antigen specific TCF-1+ CD8+ T cells. In mice, cDC1s use CLEC9A (or DNGR-1, F-actin receptor), to recognize necrotic cell antigens (16, 17), which facilitates their uptake and processing for presentation on MHC molecules. Finally, the TME can induce the expression on cDC1 of a number of checkpoint inhibitors and inflammatory modulators such as PD-L1, ICOS, TIM3, CD39, CD137 indicating that counter-regulatory mechanisms are upregulated, potentially compromising cDC1 function (18).



cDC2

cDC2 are CD11c low, CD11b+ in mice and CD11c+ and CD1c+ in humans (3). They also express markers such as FcER1 and SIRP1 alpha. cDC2s stimulate CD4+ T cell responses (19, 20) including CD4+ T cell-mediated tumor immunogenicity (20). They are also able to stimulate CD8+ T cells, although not as efficiently as cDC1 in mice (21). The 2 main transcription regulators of cDC2 are T-bet and RORγt (22). A study using colon carcinoma, fibrosarcoma and melanoma cell lines injected in mice showed that type 1 IFN activates cDC2 to enhance CD8+ T cells anti-tumor immunogenicity (23). In human head and neck cancer, the presence of cDC2 may be a biomarker for survival and response to immune checkpoint blockade (ICB) (24). Moreover, the authors showed that Treg depletion relieves cDC2 suppression driving antitumor CD4+ T differentiation. However, there are some immune escape strategies developed by tumors to limit cDC2 anti-tumor activity. For example, it has been shown that CD47 expression on tumors limits tumor DNA detection by SIRPα on cDC2s (25).



pDCs

Plasmacytoid DCs (pDCs) are B220+ in mice and CD45RA+, CD123+ in humans and CD11c low (3). The main function of pDC is to secrete large quantities of type 1 IFNs, traditionally triggered by viral infection (5). However, the functions of pDC in the TME are still controversial as to whether they are tumor-promoting or tumor-suppressive. The analysis of TCGA data of triple negative breast cancer showed that a higher pDC gene signature is a favorable prognostic factor and is associated with IFN-γ signaling, CD8+ and CD4+ memory T cell infiltration and cytolytic activity (26). pDCs also enhance tumor antigen-specific T cell cross-priming in a NK cell dependent manner (27). On the contrary, several immunosuppressive roles of pDCs were also reported. Although pDCs promote antitumor immunity through type I IFN secretion, they can be inhibited by immunosuppressive factors such as TGFB, IL-10 and PGE2 in the TME (28). They also favor the expansion of Treg cells through ICOSL, which promotes tolerance and correlates with a poor patient prognosis (29). pDCs are also able to up-regulate the expression of indoleamine 2,3 dioxygenase (IDO), which is essential for the induction of regulatory T cells (Tregs) (27). In the TCGA data, recurrence following surgery in localized ccRCC was also associated with higher pDC and Treg infiltration (30).



mregDCs

Recently, it has been shown that a conserved dendritic-cell regulatory program limits antitumor immunity (31). Interrogation of the TME by several investigators has shown that mature DCs enriched in immunoregulatory molecules (referred to as mregDCs), express immunoregulatory genes (CD274, Pdcd1lg2, IL-4R and CD200) and maturation genes (CD40, CCR7). The mregDC program is expressed by cDC1s and cDC2s upon uptake of tumor antigens and suppresses anti-tumor activity in human and mouse cancers. mregDCs upregulate PD-L1, the IL-4R and down regulate IL-12. Following IL-4 blockade, the IL-12 production by tumor-antigen-bearing mregDC1s increased, favoring the expansion of tumor-infiltrating T cells and reduced tumor burden (31).

These DCs have also been referred to as DC3, although we prefer the term mregDCs as others have indicated that DC3 should refer to another subset of DC-like cells. These DC3-like cells are proinflammatory in nature and can express CD14 and CD163, produce ROS and NOS, and may play a role in Th17 induction (32–34).




DC and T cell activation

​​Because CD8+ T cells are often the main effectors of anti-tumor immunity, promoting cross-presentation of TAAs to these cells by DCs is considered one of their most important functions. Cross-presentation of tumor associated antigens by BATF3-dependent cDC1s resulted in stronger and more effective CD8+ T cell immunity (11). WDFY4, a BEACH-domain containing protein, is also required for cross-presentation in response to tumor antigens (35). CD103+ cDC1s are recruited to the tumor site by chemokines such as CCL4 and CCL5 secreted by tumor cells. Intra-tumoral NK cells also recruit cDC1 by secreting CCL5 and XCL1, and by production of FLT3L (36).

cDC1s take up dying tumor cells and undergo maturation upon the release of DAMPs through TLRs and STING-cGAS pathways. While DCs can take up both apoptotic cells and necrotic cells, the latter lead to fruitful cross presentation and stimulation of T cells. Mature DCs expressed CCR7, which is necessary for the migration of tumor-infiltrating DCs into TDLNs where they process and load cancer antigens onto HLA-I and HLA-II for presentation to CD8+ T cells and CD4+ T cells, respectively (37). They also express co-stimulatory molecules. DC-expressed CD80 and CD86 control the activation or suppression of T cells through interaction with CD28 or CTLA4, respectively. Naive CD4 T cells are primed first and in turn license cDC1s to prime CD8+ T cells through CD40–CD40L signaling. In vitro DC stimulation with IL-1, IL-6, TNFα, IFNα and CD40 ligand can be used to license DC through increased expression of maturation markers and IL-12 production (38).

DCs can also produce chemokines in the TME that attract T cells. CD103+ tumor-infiltrating cDC1s are the main producers of CXCL9 and CXCL10 in the TME via the STING pathway, which in turn promotes the recruitment of CD8+ T cells into the TME (15). cDC1s also support T cell reactivation in the TME and may maintain stem-like CD8+ T cells (39).

The effector activity of T cells depends on DC-derived cytokines, including IL-12. In humans, both CD141+ cDC1s and CD1c+ cDC2s can produce IL-12 upon sensing IFNγ released from T cells and TLR stimulation, but IL-12 levels within human cancers are also associated with increased cDC1 infiltration (40, 41). pDC can also provide bystander activation in a TNFα- and IFNα-dependent way (42). Indeed, HIV-1-activated pDCs produced IFN-α and TNFα, migrated in response to CCL19 and matured CD11c+ DCs, which are not directly activated by HIV (42).

In summary, DCs play a central role in antitumor immunity by conditioning the TME with soluble factors, as well as attracting and mediating priming of antitumor T cells. DCs are recruited into the TME by chemokines produced by NK cells, and this cross-talk is important for DC activation.




Modulation of DC function in the tumor microenvironment

Recently, a number of studies demonstrated that the lack of spontaneous immune infiltration in solid melanoma tumors was associated with a lack of Batf3-lineage DCs using transcriptomic approaches (8, 43–46). Furthermore, failure of DC infiltration and DC impairment in the TME are key mechanisms leading to tumor immune escape for different cancers (Figure 2).




Figure 2 | DC pathway impairment in the TME. Tumor cells inhibit DC activation and maturation through β-catenin and ROS production, soluble factor secretion (VEGF, TGFβ, IL-10, PGE2), and induction of immune checkpoint expression (PD-L1). Tumors with low neoantigen expression do not efficiently prime DCs, avoiding T cell activation. Activation of the mregDC program and additional immune checkpoint expression on DCs (e.g. TIM3) in tumors also limits T cell activation. Finally, immunomodulatory molecules secreted by tumors or expressed by DCs stimulate Treg cells, leading to tumor immune escape.




DC regulatory programs suppressing anti-cancer immunity


Immunosuppressive mediators

There are several pathways in the TME that adversely alter DC functions (47). Many mediators released by tumor or stromal cells have been implicated. For example, necrotic tumor cells release PGE2 that suppresses the DAMP-mediated stimulation of macrophages and DCs (48). Vascular Endothelial Growth Factor (VEGF) can also inhibit the functional maturation of DCs (49, 50). The TME production of transforming growth factor-β (TGFβ) and IL-10 block DC maturation through upregulation of the Inhibitor of Differentiation 1 (Id1) (51, 52). IL-6, a pro-inflammatory cytokine also produced by cancer cells, can inhibit DC differentiation through activation of the STAT3 pathway (53). The tumor microenvironment’s metabolic composition is also known to affect DC function. Lipid peroxide byproducts promote endoplasmic reticulum stress (ER stress) in DCs, leading to lipid accumulation in DCs (54). Lipid-accumulating DCs have reduced T cell activation and cross-presentation (55). In mouse models, oxidized lipids limit cross-presentation by sequestering the HSP70 chaperone protein and reducing MHC I–peptide translocation to the cell surface (56). Additionally, the presence of reactive oxygen species (ROS) in the TME limits DC tumor-antigen presentation (47). The ER stress sensor IRE1α can also be engaged by antigen-derived hydrophobic peptides without ER stress. IRE1α activation depletes MHC-I heavy-chain mRNAs through regulated IRE1α-dependent decay (RIDD), limiting cross-presentation. In a tumor mouse model, IRE1α disruption increased MHC-I expression on tumor-infiltrating DCs and enhanced recruitment of CD8+ T cells (57). Tumor cells also produce lactate that inhibits DC differentiation and activation (58). The transcription factors regulating DC adaptation to hypoxia are the hypoxia-inducible factors HIF1 and HIF2 (59). HIF1α enhanced DC migration and IL-22 production under hypoxic conditions (60) but limited precursor differentiation into pDCs (61). Hypoxia also downregulates the type I IFN pathway by repressing transcription and lower chromatin accessibility of STAT1 and IRF3 motifs in a HIF1/2α-independent manner (62).



Dead cells and TME constituents as DC mediators

DCs phagocytose both necrotic and apoptotic dying tumor cells (63). Necrotic tumor cells activate DC release of DAMPs, whereas apoptotic tumor cells can promote DC immune tolerance through different mechanisms. In cancer-free conditions, TAM family (TYRO3, AXL, MER) receptor tyrosine kinases mediate uptake and clearance of apoptotic cells and dampen inflammation, favoring homeostatic wound healing. However, the expression of these molecules on cells in the TME can lead to DC immune tolerance (64). For example, apoptotic cell uptake by cDCs leads to mregDC induction through AXL upregulation, accompanied by IL-4/13 signaling that negatively regulates IL-12 production in cDC1s, leading to immune suppression (31).

TME constituents also play a role. For example, Versican proteolysis into Versikine, degradation of IFN receptor and TLR2 activation by MMP-2 regulates DC differentiation and modulates T cell helper profiles toward a TH2 phenotype (65–67). Versikine also enhances the generation of CD103+CD11c+MHCII+ cDCs from Flt3L-mobilized primary bone marrow-derived progenitors, suggesting that Versican proteolysis may promote differentiation of tumor-seeding DC precursors toward IRF8- and BATF3-expressing cDCs in a mouse model (67).



Treg generation

A key point seems to be the ability of DC to contribute to the expansion and differentiation of Treg cells which limits other immune T cell activity (68). It has been shown that migratory DCs can enhance Treg generation in vivo, which in turn improves the outcome of experimental autoimmune encephalomyelitis in mice (69). This can be potentially done via several mechanisms, including PD-L1/PD-1, ICOS-L/ICOS, CD80 and CD86/CTLA-4 interactions, production of anti-inflammatory cytokines (IL-10, TGFβ, IL-27, IL-35), or expression of ILT3 and ILT4 (70, 71).



IDO expression

DC can express the metabolic enzyme iIDO1, especially after IFNα,β,γ exposure. This expression limits the activity of CD8+ T, NK and plasma cells and contributes to the differentiation of Treg cells through conversion of l-Tryptophan, which is an essential amino acid for T cell responses, to l-kynurenine (72). IDO1 can be stimulated by TLR signaling (71). Type 1,2 IFN, tumor necrosis factor (TNF) and TGF-β-signaling also enhance IDO1 expression (73–75). Both cDC and pDC may display this property. IDO1 is expressed in mature cDC1 but not in cDC2, but IDO1 competent cDC1 can induce regulatory cDC2 through tryptophan metabolism (76).



β-catenin signaling

Up-regulation of β-catenin signaling leads to a reduction of CCL4 secretion from tumor and this prevents DC recruitment into the murine melanoma TME (44). β-catenin expression was negatively associated with DC and cytotoxic T cell infiltration into the TME and associated with a poor prognosis. This was also validated in melanoma patients (77).



PGE2 production

In melanoma, another mechanism involves the production of PGE2 by tumor cells. PGE2 inhibits NK and DC recruitment into the TME (78, 79). Tumor production of PGE2 leads to evasion of the NK-cDC1 axis by 2 mechanisms. First, by impairing NK viability and chemokine production, and secondly by causing downregulation of chemokine receptor expression in cDC1 (79). Also, PGE2-EP2/EP4 signaling promotes inflammation by inducing expression of the NF-κB genes in myeloid cells and elicits immunosuppression by driving the mregDC-Treg axis for Treg recruitment and activation in the tumor (80).



Checkpoint molecule expression

Immune checkpoints are expressed on DC are also involved in DC impairment mechanisms (14). For example, tumor-infiltrating DCs suppress nucleic acid-mediated innate immune responses through interactions between T cell immunoglobulin mucin receptor 3 (TIM3) and the alarmin HMGB1 (81). The alarmin, which is released by dying tumor cells complexed to DNA, can bind to TLRs to otherwise activate DCs, an activity that is inhibited by TIM3. Moreover, programmed cell death ligand 1 (PD-L1) on DCs and TME cells inhibits proliferation and cytokine production by programmed cell death 1 (PD-1) positive T cells (82, 83). Hematopoietic progenitor kinase 1 (HPK1) is a negative regulator of dendritic cell activation (84), and is considered to be a drug target (85). HPK-1 first came to attention as a negative regulator of T cell function, namely the signaling downstream of the TCR through the AP-1, NFAT, and NFκB pathways, and reduces the expression of costimulatory molecules CD80, CD86, I-Ab and proinflammatory cytokines IL-12, IL-1β, TNF-α, and IL-6 on DCs required for effective anti-tumor immunity (84–86). cDC1s also express other checkpoint molecules and T cell agonists including LAG3, CD200A and GITR, ICOS(L), LAG3, OX40L, respectively, in addition to the immunomodulatory molecules BTLA, TLR10 and CD39 (18).




Inhibition of DC function in the TME: Effects on tumor immunogenicity

Tumor cells modulate DC function in several ways as discussed above. It is also important to understand how the mechanisms of DC suppression differ according to the immune profile of the TME in order to develop more targeted therapies. Immunogenic tumors are often characterized by high mutation burden and this can be associated with enhanced infiltration by T cells, DC, M1 macrophage polarization and increased expression of other immune-associated genes (87).

Although an immunogenic TME is elicited by DC and in turn positively impacts DC function, DC function can be potentially affected through adaptive resistance mechanisms. For example, microsatellite instability-high (MSI-H) tumors which include colorectal, gastric and endometrial cancers, are characterized by loss-of-function mutations in one allele of the genes for MLH1, MSH2, PMS2, MLH6, and EPCAM (88). In sporadic and inherited cancers (e.g. Lynch syndrome, LS) there are loss of function mutations or hypermethylation of genes expressing MLH1, MSH2, MSH6, PMS2 and EPCA (84, 85). This leads to a higher frequency of insertion and deletion events that take place in microsatellite regions of the genome, which accompany oncogenic driver mutations (89). Unstable DNA intermediates lead to STING activation and the production of type I IFNs that promote immunity (90). It has been shown that DC infiltration in colorectal cancer (CRC) correlated with other tumor-infiltrating CD4+ and CD8+ T cells (91) and that LS patients had elevated mucosal T-cell infiltration even in the absence of cancer (92). However, advanced CRC can become resistant to ICI, and can be characterized by lower levels of CD83+ DC infiltration in the colon tumor stroma (93). Moreover, the frequency of distant metastases was higher in patients who had lower DC numbers. These patients also had a shorter overall survival. Thus, DC infiltration may be essential for T cell priming and infiltration and consequential for MSI-H tumor regression.

High numbers of tumor-infiltrating Foxp3-positive Treg cells were also detected in MSI_H tumors that also showed a low proportion of mature DC (94). The correlation of Foxp3-positive Treg cell density with low levels of mature DC suggested that impaired DC maturation may contribute to immune escape in CRC. Another study in CRC patients showed that polyclonal Treg expansion limited DC function and anti-tumor immunity (95). Immune-checkpoint molecules may also be involved in DC regulation. The number of PD-L1 positive DCs in the TME correlated with CD8 infiltration in CRC (96). Indeed, PD-L1 expression on DC is upregulated by inflammatory cytokines which are rich in immunogenic TMEs (97). PD-L1 may also participate in the suppression of DC-mediated T cell activation. Interestingly, oncogenic signaling also impairs DCs in the TME with high neoantigen loads. In non-small cell lung cancers (NSCLC) with high neoantigen load, β-catenin expression was associated with low levels of CCL4 in the TME, resulting in reduced DC infiltration into the tumor (98, 99). Moreover, in melanoma animal models, this reduction in CCL4 impairs DC recruitment and resulting anti-tumor immunity (44). In MSS CRC, which has a much less inflammatory TME than MSI-H CRC, it was reported that the tumors can express neoantigens with high predicted HLA-I affinity, but these were broadly expressed at lower levels compared to those from MSI-H CRC. MSS primary CRC have a paucity of dendritic cells which potentially limits cross-presentation and thus may contribute to the T cell dysfunction observed (100). Additionally, in mismatch repair-proficient colorectal cancer liver metastases, a paucity of DC (and of activated T cells) limited immune checkpoint blockade efficacy (101). Dendritic cell mobilization and recruitment and stimulation by Flt3L, IFNα and/or local radiation therapy improved ICB efficacy in a mouse model (101).




Overcoming strategies to tackle DC impairments in the TME

DC recruitment/impairment of function in the TME seem to be key issues favoring the tumor immune escape. Thus, it is of interest to develop therapeutic strategies to tackle tumor-induced DC dysfunction or a paucity of tumor infiltrating DCs (102) (Figure 3, Table 1).




Figure 3 | DC targeting strategies for cancer immunotherapy. Strategies to overcome DC impairment and recruitment in the TME include immunotherapeutic agents (DC checkpoint inhibitors, DC recruiting cytokines and mobilizing agents), conventional therapies (radiotherapy, chemotherapy, TKIs, Wnt, B-catenin and inflammasome inhibitors), and cancer vaccines (mRNA, DNA, peptide and DC vaccines).




Table 1 | Overcoming strategies to tackle DC impairments in the TME.




Targeting immune tolerance pathways in DCs


CD40 ligation

Leveraging approaches to overcome DC dysfunction, ineffective maturation and failure of recruitment are designed to reverse “tolerance” in tumor associated DC. For example, single-cell analysis in a CRC study highlighted that treatment with anti-CD40 activated DCs and increased CD8+ memory T cells (103). Anti-CD40 agonistic antibody has also been used in pancreatic cancer with or without chemotherapy and anti-PD-1 antibody or in neoadjuvant settings (104, 105). These agents were tolerable and led to DC maturation and T cell infiltration in the tumor microenvironment.



PD-1/PD-L1 blockade

Systemic PD-1/PD-L1 blockade improves the interactions between not only T cells and tumors.

The efficacy of anti-PD-1/PD-L1 antibodies has been demonstrated in many types of cancer, including MSI-H cancer (83, 106, 107). These treatments also positively affect DC-mediated anti-tumor immunity. It has been shown that PD-1 and PD-L1 expression on DCs suppresses CD8+ T cell function and antitumor immunity, indicating that these checkpoint molecules impact DC function (83, 108, 109). cDC1 upregulate PD-L1 upon antigen uptake following IFN-γ stimulation (83). Deletion of PD-L1 in DCs limited tumor growth and increased antitumor CD8+ T-cell responses, emphasizing the importance of DCs in the regulation of T cell immunity in cancer (108). PD-1 is also expressed on DC subsets. PD-1-deficient DCs secrete more IL-2 and IFN-γ and have a superior ability to stimulate antigen-specific CD8+ T cells (109). In 2022, FDA approved anti-PD-1/PD-L1 antibody treatments in 22 cancers with or without other checkpoint inhibitors, small molecule-targeted therapies, chemotherapy and so on. Recently, the FDA approved the first combination therapy targeting LAG-3 and PD-1 for melanoma (110). LAG-3 is also involved in DC immune suppression. LAG-3 deficiency has led to increased TNFα secretion and upregulation of glycolysis in murine bone marrow derived DC (111).



TIM3 blockade

T cell immunoglobulin and mucin-containing molecule 3 (TIM3) is an immune checkpoint expressed on IFNγ producing T cells (112). Using single-cell RNA sequencing, it was shown that loss of TIM3 on DCs promotes anti-tumor immunity through increasing the accumulation of ROS, leading to inflammasome activation (113). These results were confirmed by other studies in mouse models showing that TIM3 on DCs downregulates the cGAS-STING pathway by suppressing extracellular DNA uptake (114). Finally, TIM3 regulated cDC1 function and response to chemotherapy in breast cancer in a mouse model (115). Several Phase I studies using a combination of TIM3 and PD-1/PD-L1 antibodies have been conducted with promising results but these will require confirmation in larger studies (116–118).



Targeting apoptotic and mregDC tolerance programs

The recent discovery of the mregDC program revealed cDC1 and cDC2 potential impairment mechanisms in human and mouse cancers (31). Blocking IL-4 enhanced IL-12 production by tumor mregDC1s and expanded the pool of tumor-infiltrating T cells. Importantly, it also reduced the tumor burden. IL-4, but also the IL-13 pathways, were previously shown to promote tumor growth (119). Thus, targeting these pathways is of interest to overcome DC impairment in cancer. An anti-IL-4/IL-13 antibody is approved for severe asthma (120). This antibody is being tested in combination with an anti-PD-1 antibody in lung cancer (NCT05013450). Apoptotic cell uptake by cDCs may also lead to mregDC induction through AXL upregulation. Small molecule kinase inhibitors of apoptotic cell capturing molecules of the TAM family are being evaluated in the clinic, with evidence of efficacy (121).



Targeting soluble factors (VEGF, PGE2 and other cytokines/mediators)

DC can be targeted via inhibitors of soluble factors that down-modulate DC function. It has been shown that the VEGF inhibits the functional maturation of DCs (49) including VEGF produced by human breast and colon adenocarcinoma cell lines (50). Anti-VEGFR antibodies reduce Treg activation in the TME, which may further promote DC activation (122). Even if these approaches are not novel, they have been clinically tested in cancers such as lung cancer (123). However, the overall complementary effect of angiogenesis inhibitors with immune checkpoint inhibitors is not seemingly significant, and further biomarker exploration is expected to identify candidates that may be more responsive. In RCC, ICI showed promising results (124), and Cabozantinib, a potent inhibitor of VEGF, AXL and MET receptors, has also been approved for first line use with Nivolumab in patients with advanced RCC (125). There is also an ongoing clinical trial involving the inhibition of PD-1 and VEGF in microsatellite-stable endometrial cancer (126). PGE2 inhibitors, such as celecoxib, are currently under development in pre-clinical models (127–129). Inhibition of several tumor immunosuppressive cytokines blocking the inflammasome pathway are also in the clinic or under development, such as anti-IL-1bR, anti-IL-1, IRAK4 (130, 131) and IL-6 inhibitors (132).



IDO1 inhibition

IDO1 (Indoleamine-pyrrole 2,3-dioxygenase) is one of the enzymes that catalyzes L-tryptophan to N-formylkynurenine. It is also expressed by DCs and regulated by IFNs(α,β,γ) (72). Importantly, kynurenine production is toxic for CD8+ T, NK and plasma cells but favors Treg cell differentiation. IDO1 inhibitors were tested in several clinical trials for cancer immunotherapy (133, 134). However, they did not improve progression-free survival or overall survival. Recently, the results of a combination study using an immunomodulatory vaccine against IDO1/PD-L1 with an anti-PD-1 antibody (nivolumab) showed promising results with an 80% response rate including 43% complete responses in patients with metastatic melanoma (135). After a follow-up of 23 months, the median progression-free survival was 26 months, even if the median overall survival was not reached. CD4+ and CD8+ T cells with activity against IDO1+ and PD-L1+ cancer and immune cells were detected in the blood of the vaccinated patients.




Increasing DC activation to counter tumor immunomodulation

Tregs have DC inhibition properties and accumulate in highly immunogenic tumors, through chemokines such as CCL17/22 (136). In a mouse model, it was shown that Treg depletion relieves cDC2 suppression thereby driving antitumor CD4+ T differentiation (18). Anti-CTLA4 antibodies cause Treg depletion effects in mouse models (137, 138), but not in humans. Other therapies targeting chemokine receptors on Tregs, such as CC Chemokine Receptor 4 (CCR4), which is expressed on Tregs (and Th2 cells) are under evaluation e.g. mogamulizumab (139). Several other Treg-targeted therapies are in development, including metabolic adaptation targeted therapies (136). Another strategy has been to inhibit the β-catenin pathway to increase DC migration to the TME through upregulation of CCL4 secretion, directly (140) or with mTOR inhibitors and tyrosine kinase inhibitors (TKIs) (sorafenib, sunitinib) (3). Temsirolimus is a mTOR inhibitor that enhances the efficacy of DC vaccination (141).

Induction of activated mature DCs is important in “COLD” or poorly immunogenic tumors with low mutational or neo-antigen expression. To engage DCs, tumor cell death induced by chemotherapy and radiotherapy have been deployed (142). DCs are activated through DAMPs, such as HMGB1 or ATP, released as a result and by other immunogenic cell death inducers such as oncolytic virotherapy and photodynamic therapy. In several cancers, combination therapy using ICB and chemotherapy have had good responses even for cancers with low PD-L1 expression (143). Many studies have been conducted in lung cancer in this regard, showing that the addition of local radiation to ICI therapy improved response (144). Maintenance therapy with anti-PD-L1 antibody after chemoradiation therapy has also been successful (145).

Adjuvants that stimulate DCs, such as TLR agonists, is another approach to activate tumor associated DC. TLR3 agonists targeting CD141+ cDC1 are particularly representative (146). CD40 agonists that promote DC maturation are also in clinical development (147) (see Figure 3). Recently, a phase II trial (NCT02129075) showed that fms-like tyrosine kinase 3 (Flt3) ligand pre-treatment enhanced responses to dendritic cell (DC)-targeting vaccines in melanoma patients (148). Tumors are also known to create an immunosuppressive environment by controlling the metabolic conditions. Metabolomics modulation may be combined with other strategies to better tackle DC impairment in cancer (149).



Novel DC-targeted strategies


Cancer vaccine and cell therapy

Recently, technological advances have led to the development of vaccines targeting personalized neoantigens (150). In addition to simple antigen based vaccine injections, therapies that aim to increase the efficiency of antigen-specific immune induction and reduce adverse reactions are also being developed (151). Targeting delivery of antigens and adjuvants to DCs using DC-specific antibodies can increase the efficacy of vaccination. Anti-DEC-205 antibodies or anti-CLEC9A antibodies display enhanced cross-priming activity when conjugated with antigen (39, 152), and the former has been successfully tested in the clinic showing induction of anti-TAA immunity (148, 153). It is also possible to target XCR1 at the surface of human cDC1 to specifically induce CD8+ T cell responses (154). The addition of DC-mobilizing agents, such as Flt3 to these treatments enhance vaccine efficacy in humans (155). Combination adjuvants including poly-ICLC that target DC in vivo also improve vaccine efficacy (148). The route of vaccination may further enhance vaccine efficacy. In situ vaccination in non-Hodgkin lymphoma patients combining FLt3L, polyICLC in addition to radiation, enhanced the efficacy of checkpoint blockade (156). Intravenous-self assembling nanoparticle cancer vaccines that contain a TLR7 agonist induce a higher proportion of TCF-1+ PD-1+ stem-like T cells as compared to subcutaneous immunization. However, subcutaneous vaccines generate more T cells enriched in effector genes (151). mRNA-based vaccines and methods to deliver mRNA into DCs are also under development and have been used in neoantigen vaccine trials and are being evaluated in phase II and III trials (NCT03815058, NCT03897881 and so on) (157). mRNA-based vaccines have several advantages, such as the high potential for rapid development, low-cost manufacture, DC activating potential and safe administration (2). These vaccines which have incorporated personalized neoantigens, may potentially prolong time to recurrence. Incorporating shared neoantigens into such types of platforms e.g. tumor-specific antigens derived from shared frameshift mutations in MSI-H cancer and Lynch syndrome patients, may be sounds approaches to develop common “off-the-shelf” cancer preventable vaccines for patients with MSI-H cancers or Lynch syndrome (158).

DC vaccines to treat cancer have been evaluated in hundreds of trials (88, 159, 160). Only one DC-based vaccine has been approved for castrate-resistant prostate cancer, although modest in its effect in castrate resistant prostate cancer (161). DC vaccines have so far mainly used moDC differentiated from CD14+ monocytes and CD34+ progenitors in vitro, and a variety of antigens. Neoantigen-loaded moDCs have proven to be immunogenic in melanoma patients inducing CD8+ T cells (161). Whole tumor lysate-loaded DC vaccines also enhance antigen-specific immune responses and induce anti-cancer effects in several cancers including renal cell carcinoma, melanoma and glioblastoma (162). Gene-modified or metabolically labeled DC vaccines can increase chemokines or cytokines in the TME and increase the efficiency of antigen-specific T cell induction (163, 164). DC vaccines could also be used in combination with other modalities, such as chemotherapeutic agents. Indeed, these agents stimulate and activate DCs to promote immunity against human CRC cells through upregulation of the transporter associated with antigen processing (165). Intratumoral DC vaccination has also been evaluated (166). Naturally occurring DCs in vivo, such as cDC1, are more capable of inducing antigen-specific immunity than moDCs (4, 167). Indeed, the loss of cDC1 prevents effective anti-tumor immunity which can be restored upon cDC1 intratumoral injection (168).

As there are only 0.02% cDC1s in the blood, there is a need to generate these DCs in vitro to test their functionality in vivo. Recently, protocols to do so have been designed and we await the application of this approach to the clinic (169). Clinical application of CAR-T cells is progressing, especially in hematologic malignancies. However, tumor antigen heterogeneity remains a challenge limiting their efficacy against solid cancers. To address this, T cells were engineered to secrete the DC growth factor Flt3L. Flt3L-secreting T cells expanded intratumoral cDC1s and increased host DC and T cell activation when combined with immune agonists poly (I:C) and agonistic anti-4-1BB, leading to enhanced tumor growth inhibition (170).





Conclusion and perspectives

Immunotherapies have changed the treatment and clinical outcomes of cancer patients but immune resistance affects success rates. It has become evident that even DCs are subject to immune dysregulation and factor as one of the etiologies of immune resistance. The efficacy of immune checkpoint inhibitors has been established for “Hot” tumors, but dissecting the immune escape mechanisms targeting DCs may make them more effective. There is also potential in this area to extend vaccine therapy to a prevention approach. For “Cold” tumors, it is necessary to develop a more comprehensive strategy, including improving DC infiltration into the tumor site, vaccines and ACTs in addition to conventional chemotherapy and radiotherapy. Recognizing the immunological characteristics of individual patients and developing a well-defined therapeutic strategy will further personalized precision medicine. For this purpose, it will be necessary to establish a more accurate and simple evaluation system for enumerating DC in the TME and determining how and when they are specifically modulated within the TME.



Author contributions

GM and KS wrote the first draft of the manuscript. NB revised the manuscript and acknowledged the final version. All authors contributed to manuscript revision, read, and approved the submitted version.



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.



References

1. Palmer, AC, Izar, B, Hwangbo, H, and Sorger, PK. Predictable clinical benefits without evidence of synergy in trials of combination therapies with immune-checkpoint inhibitors. Clin Cancer Res (2022) 28:368–77. doi: 10.1158/1078-0432.CCR-21-2275

2. Sahin, U, Oehm, P, Derhovanessian, E, Jabulowsky, RA, Vormehr, M, Gold, M, et al. An RNA vaccine drives immunity in checkpoint-inhibitor-treated melanoma. Nature (2020) 585:107–12. doi: 10.1038/s41586-020-2537-9

3. Wculek, SK, Cueto, FJ, Mujal, AM, Melero, I, Krummel, MF, and Sancho, D. Dendritic cells in cancer immunology and immunotherapy. Nat Rev Immunol (2020) 20:7–24. doi: 10.1038/s41577-019-0210-z

4. Merad, M, Sathe, P, Helft, J, Miller, J, and Mortha, A. The dendritic cell lineage: ontogeny and function of dendritic cells and their subsets in the steady state and the inflamed setting. Annu Rev Immunol (2013) 31:563–604. doi: 10.1146/annurev-immunol-020711-074950

5. Mildner, A, and Jung, S. Development and function of dendritic cell subsets. Immunity (2014) 40:642–56. doi: 10.1016/j.immuni.2014.04.016

6. Cheng, S, Li, Z, Gao, R, Xing, B, Gao, Y, Yang, Y, et al. A pan-cancer single-cell transcriptional atlas of tumor infiltrating myeloid cells. Cell (2021) 184:792–809.e23. doi: 10.1016/j.cell.2021.01.010

7. Gerhard, GM, Bill, R, Messemaker, M, Klein, AM, and Pittet, MJ. Tumor-infiltrating dendritic cell states are conserved across solid human cancers. J Exp Med (2021) 218:e20200264. doi: 10.1084/jem.20200264

8. Salmon, H, Idoyaga, J, Rahman, A, Leboeuf, M, Remark, R, Jordan, S, et al. Expansion and activation of CD103(+) dendritic cell progenitors at the tumor site enhances tumor responses to therapeutic PD-L1 and BRAF inhibition. Immunity (2016) 44:924–38. doi: 10.1016/j.immuni.2016.03.012

9. Jongbloed, SL, Kassianos, AJ, McDonald, KJ, Clark, GJ, Ju, X, Angel, CE, et al. Human CD141+ (BDCA-3)+ dendritic cells (DCs) represent a unique myeloid DC subset that cross-presents necrotic cell antigens. J Exp Med (2010) 207:1247–60. doi: 10.1084/jem.20092140

10. Hildner, K, Edelson, BT, Purtha, WE, Diamond, M, Matsushita, H, Kohyama, M, et al. Batf3 deficiency reveals a critical role for CD8alpha+ dendritic cells in cytotoxic T cell immunity. Science (2008) 322:1097–100. doi: 10.1126/science.1164206

11. Broz, ML, Binnewies, M, Boldajipour, B, Nelson, AE, Pollack, JL, Erle, DJ, et al. Dissecting the tumor myeloid compartment reveals rare activating antigen-presenting cells critical for T cell immunity. Cancer Cell (2014) 26:638–52. doi: 10.1016/j.ccell.2014.09.007

12. Ferris, ST, Durai, V, Wu, R, Theisen, DJ, Ward, JP, Bern, MD, et al. cDC1 prime and are licensed by CD4+ T cells to induce anti-tumour immunity. Nature (2020) 584:624–9. doi: 10.1038/s41586-020-2611-3

13. Murphy, TL, and Murphy, KM. Dendritic cells in cancer immunology. Cell Mol Immunol (2022) 19:3–13. doi: 10.1038/s41423-021-00741-5

14. Balan, S, Finnigan, J, and Bhardwaj, N. DC Strategies for eliciting mutation-derived tumor antigen responses in patients. Cancer J Sudbury Mass (2017) 23:131–7. doi: 10.1097/PPO.0000000000000251

15. Spranger, S, Dai, D, Horton, B, and Gajewski, T. Tumor-residing Batf3 dendritic cells are required for effector T cell trafficking and adoptive T cell therapy. Cancer Cell (2017) 31:711–723.e4. doi: 10.1016/j.ccell.2017.04.003

16. Sancho, D, Joffre, OP, Keller, AM, Rogers, NC, Martínez, D, Hernanz-Falcón, P, et al. Identification of a dendritic cell receptor that couples sensing of necrosis to immunity. Nature (2009) 458:899–903. doi: 10.1038/nature07750

17. Hanč, P, Fujii, T, Iborra, S, Yamada, Y, Huotari, J, Schulz, O, et al. Structure of the complex of f-actin and DNGR-1, a c-type lectin receptor involved in dendritic cell cross-presentation of dead cell-associated antigens. Immunity (2015) 42:839–49. doi: 10.1016/j.immuni.2015.04.009

18. Balan, S, Radford, KJ, and Bhardwaj, N. Chapter two - unexplored horizons of cDC1 in immunity and tolerance. In:  FW Alt, editor. Advances in immunology. Boston, MA, USA: Academic Press (2020). p. 49–91. doi: 10.1016/bs.ai.2020.10.002

19. Williams, JW, Tjota, MY, Clay, BS, Vander Lugt, B, Bandukwala, HS, Hrusch, CL, et al. Transcription factor IRF4 drives dendritic cells to promote Th2 differentiation. Nat Commun (2013) 4:2990. doi: 10.1038/ncomms3990

20. Schlitzer, A, McGovern, N, Teo, P, Zelante, T, Atarashi, K, Low, D, et al. IRF4 transcription factor-dependent CD11b+ dendritic cells in human and mouse control mucosal IL-17 cytokine responses. Immunity (2013) 38:970–83. doi: 10.1016/j.immuni.2013.04.011

21. Gutiérrez-Martínez, E, Planès, R, Anselmi, G, Reynolds, M, Menezes, S, Adiko, AC, et al. Cross-presentation of cell-associated antigens by MHC class I in dendritic cell subsets. Front Immunol (2015) 6:363. doi: 10.3389/fimmu.2015.00363

22. Brown, CC, Gudjonson, H, Pritykin, Y, Deep, D, Lavallée, V-P, Mendoza, A, et al. Transcriptional basis of mouse and human dendritic cell heterogeneity. Cell (2019) 179:846–863.e24. doi: 10.1016/j.cell.2019.09.035

23. Duong, E, Fessenden, TB, Lutz, E, Dinter, T, Yim, L, Blatt, S, et al. Type I interferon activates MHC class I-dressed CD11b+ conventional dendritic cells to promote protective anti-tumor CD8+ T cell immunity. Immunity (2022) 55:308–323.e9. doi: 10.1016/j.immuni.2021.10.020

24. Binnewies, M, Mujal, AM, Pollack, JL, Combes, AJ, Hardison, EA, Barry, KC, et al. Unleashing type-2 dendritic cells to drive protective antitumor CD4+ T cell immunity. Cell (2019) 177:556–571.e16. doi: 10.1016/j.cell.2019.02.005

25. Xu, MM, Pu, Y, Han, D, Shi, Y, Cao, X, Liang, H, et al. Dendritic cells but not macrophages sense tumor mitochondrial DNA for cross-priming through signal regulatory protein α signaling. Immunity (2017) 47:363–373.e5. doi: 10.1016/j.immuni.2017.07.016

26. Oshi, M, Newman, S, Tokumaru, Y, Yan, L, Matsuyama, R, Kalinski, P, et al. Plasmacytoid dendritic cell (pDC) infiltration correlate with tumor infiltrating lymphocytes, cancer immunity, and better survival in triple negative breast cancer (TNBC) more strongly than conventional dendritic cell (cDC). Cancers (2020) 12:E3342. doi: 10.3390/cancers12113342

27. Manches, O, Fernandez, MV, Plumas, J, Chaperot, L, and Bhardwaj, N. Activation of the noncanonical NF-κB pathway by HIV controls a dendritic cell immunoregulatory phenotype. Proc Natl Acad Sci USA (2012) 109:14122–7. doi: 10.1073/pnas.1204032109

28. Demoulin, S, Herfs, M, Delvenne, P, and Hubert, P. Tumor microenvironment converts plasmacytoid dendritic cells into immunosuppressive/tolerogenic cells: insight into the molecular mechanisms. J Leukoc Biol (2013) 93:343–52. doi: 10.1189/jlb.0812397

29. Aspord, C, Leccia, M-T, Charles, J, and Plumas, J. Plasmacytoid dendritic cells support melanoma progression by promoting Th2 and regulatory immunity through OX40L and ICOSL. Cancer Immunol Res (2013) 1:402–15. doi: 10.1158/2326-6066.CIR-13-0114-T

30. Ghatalia, P, Gordetsky, J, Kuo, F, Dulaimi, E, Cai, KQ, Devarajan, K, et al. Prognostic impact of immune gene expression signature and tumor infiltrating immune cells in localized clear cell renal cell carcinoma. J Immunother Cancer (2019) 7:139. doi: 10.1186/s40425-019-0621-1

31. Maier, B, Leader, AM, Chen, ST, Tung, N, Chang, C, LeBerichel, J, et al. A conserved dendritic-cell regulatory program limits antitumour immunity. Nature (2020) 580:257–62. doi: 10.1038/s41586-020-2134-y

32. Cytlak, U, Resteu, A, Pagan, S, Green, K, Milne, P, Maisuria, S, et al. Differential IRF8 transcription factor requirement defines two pathways of dendritic cell development in humans. Immunity (2020) 53:353–370.e8. doi: 10.1016/j.immuni.2020.07.003

33. Dutertre, C-A, Becht, E, Irac, SE, Khalilnezhad, A, Narang, V, Khalilnezhad, S, et al. Single-cell analysis of human mononuclear phagocytes reveals subset-defining markers and identifies circulating inflammatory dendritic cells. Immunity (2019) 51:573–589.e8. doi: 10.1016/j.immuni.2019.08.008

34. Bourdely, P, Anselmi, G, Vaivode, K, Ramos, RN, Missolo-Koussou, Y, Hidalgo, S, et al. Transcriptional and functional analysis of CD1c+ human dendritic cells identifies a CD163+ subset priming CD8+CD103+ T cells. Immunity (2020) 53:335–352.e8. doi: 10.1016/j.immuni.2020.06.002

35. Theisen, DJ, Davidson, JT, Briseño, CG, Gargaro, M, Lauron, EJ, Wang, Q, et al. WDFY4 is required for cross-presentation in response to viral and tumor antigens. Science (2018) 362:694–9. doi: 10.1126/science.aat5030

36. Barry, KC, Hsu, J, Broz, ML, Cueto, FJ, Binnewies, M, Combes, AJ, et al. A natural killer–dendritic cell axis defines checkpoint therapy–responsive tumor microenvironments. Nat Med (2018) 24:1178–91. doi: 10.1038/s41591-018-0085-8

37. Roberts, EW, Broz, ML, Binnewies, M, Headley, MB, Nelson, AE, Wolf, DM, et al. Critical role for CD103(+)/CD141(+) dendritic cells bearing CCR7 for tumor antigen trafficking and priming of T cell immunity in melanoma. Cancer Cell (2016) 30:324–36. doi: 10.1016/j.ccell.2016.06.003

38. Kaka, AS, Foster, AE, Weiss, HL, Rooney, CM, and Leen, AM. Using dendritic cell maturation and IL-12 producing capacity as markers of function: a cautionary tale. J Immunother Hagerstown Md 1997 (2008) 31:359–69. doi: 10.1097/CJI.0b013e318165f5d2

39. Baharom, F, Ramirez-Valdez, RA, Tobin, KKS, Yamane, H, Dutertre, C-A, Khalilnezhad, A, et al. Intravenous nanoparticle vaccination generates stem-like TCF1+ neoantigen-specific CD8+ T cells. Nat Immunol (2021) 22:41–52. doi: 10.1038/s41590-020-00810-3

40. Nizzoli, G, Krietsch, J, Weick, A, Steinfelder, S, Facciotti, F, Gruarin, P, et al. Human CD1c+ dendritic cells secrete high levels of IL-12 and potently prime cytotoxic T-cell responses. Blood (2013) 122:932–42. doi: 10.1182/blood-2013-04-495424

41. Henry, CJ, Ornelles, DA, Mitchell, LM, Brzoza-Lewis, KL, and Hiltbold, EM. IL-12 produced by dendritic cells augments CD8+ T cell activation through the production of the chemokines CCL1 and CCL17. J Immunol Baltim Md 1950 (2008) 181:8576–84. doi: 10.4049/jimmunol.181.12.8576

42. Fonteneau, J-F, Larsson, M, Beignon, A-S, McKenna, K, Dasilva, I, Amara, A, et al. Human immunodeficiency virus type 1 activates plasmacytoid dendritic cells and concomitantly induces the bystander maturation of myeloid dendritic cells. J Virol (2004) 78:5223–32. doi: 10.1128/jvi.78.10.5223-5232.2004

43. Spranger, S, Luke, JJ, Bao, R, Zha, Y, Hernandez, KM, Li, Y, et al. Density of immunogenic antigens does not explain the presence or absence of the t-cell–inflamed tumor microenvironment in melanoma. Proc Natl Acad Sci (2016) 113:E7759–68. doi: 10.1073/pnas.1609376113

44. Spranger, S, Bao, R, and Gajewski, TF. Melanoma-intrinsic β-catenin signalling prevents anti-tumour immunity. Nature (2015) 523:231–5. doi: 10.1038/nature14404

45. Peng, W, Chen, JQ, Liu, C, Malu, S, Creasy, C, Tetzlaff, MT, et al. Loss of PTEN promotes resistance to T cell-mediated immunotherapy. Cancer Discov (2016) 6:202–16. doi: 10.1158/2159-8290.CD-15-0283

46. Woo, S-R, Fuertes, MB, Corrales, L, Spranger, S, Furdyna, MJ, Leung, MYK, et al. STING-dependent cytosolic DNA sensing mediates innate immune recognition of immunogenic tumors. Immunity (2014) 41:830–42. doi: 10.1016/j.immuni.2014.10.017

47. Jhunjhunwala, S, Hammer, C, and Delamarre, L. Antigen presentation in cancer: insights into tumour immunogenicity and immune evasion. Nat Rev Cancer (2021) 21:298–312. doi: 10.1038/s41568-021-00339-z

48. Hangai, S, Ao, T, Kimura, Y, Matsuki, K, Kawamura, T, Negishi, H, et al. PGE2 induced in and released by dying cells functions as an inhibitory DAMP. Proc Natl Acad Sci USA (2016) 113:3844–9. doi: 10.1073/pnas.1602023113

49. Gabrilovich, D, Ishida, T, Oyama, T, Ran, S, Kravtsov, V, Nadaf, S, et al. Vascular endothelial growth factor inhibits the development of dendritic cells and dramatically affects the differentiation of multiple hematopoietic lineages In vivo: Presented in part at the keystone symposium “Cellular and molecular biology of dendritic cells,” Santa fe, NM, march 3-9, 1998, and at the annual meeting of the American association for cancer research, march 28-April 1, 1998. Blood (1998) 92:4150–66. doi: 10.1182/blood.V92.11.4150

50. Gabrilovich, DI, Chen, HL, Girgis, KR, Cunningham, HT, Meny, GM, Nadaf, S, et al. Production of vascular endothelial growth factor by human tumors inhibits the functional maturation of dendritic cells. Nat Med (1996) 2:1096–103. doi: 10.1038/nm1096-1096

51. Papaspyridonos, M, Matei, I, Huang, Y, do Rosario Andre, M, Brazier-Mitouart, H, Waite, JC, et al. Id1 suppresses anti-tumour immune responses and promotes tumour progression by impairing myeloid cell maturation. Nat Commun (2015) 6:6840. doi: 10.1038/ncomms7840

52. Yang, AS, and Lattime, EC. Tumor-induced interleukin 10 suppresses the ability of splenic dendritic cells to stimulate CD4 and CD8 T-cell responses. Cancer Res (2003) 63:2150–7.

53. Tang, M, Diao, J, Gu, H, Khatri, I, Zhao, J, and Cattral, MS. Toll-like receptor 2 activation promotes tumor dendritic cell dysfunction by regulating IL-6 and IL-10 receptor signaling. Cell Rep (2015) 13:2851–64. doi: 10.1016/j.celrep.2015.11.053

54. Cubillos-Ruiz, JR, Silberman, PC, Rutkowski, MR, Chopra, S, Perales-Puchalt, A, Song, M, et al. ER stress sensor XBP1 controls anti-tumor immunity by disrupting dendritic cell homeostasis. Cell (2015) 161:1527–38. doi: 10.1016/j.cell.2015.05.025

55. Cao, W, Ramakrishnan, R, Tuyrin, VA, Veglia, F, Condamine, T, Amoscato, A, et al. Oxidized lipids block antigen cross-presentation by dendritic cells in cancer. J Immunol (2014) 192:2920–31. doi: 10.4049/jimmunol.1302801

56. Veglia, F, Tyurin, VA, Mohammadyani, D, Blasi, M, Duperret, EK, Donthireddy, L, et al. Lipid bodies containing oxidatively truncated lipids block antigen cross-presentation by dendritic cells in cancer. Nat Commun (2017) 8:2122. doi: 10.1038/s41467-017-02186-9

57. Guttman, O, Le Thomas, A, Marsters, S, Lawrence, DA, Gutgesell, L, Zuazo-Gaztelu, I, et al. Antigen-derived peptides engage the ER stress sensor IRE1α to curb dendritic cell cross-presentation. J Cell Biol (2022) 221:e202111068. doi: 10.1083/jcb.202111068

58. Gottfried, E, Kunz-Schughart, LA, Ebner, S, Mueller-Klieser, W, Hoves, S, Andreesen, R, et al. Tumor-derived lactic acid modulates dendritic cell activation and antigen expression. Blood (2006) 107:2013–21. doi: 10.1182/blood-2005-05-1795

59. Winning, S, and Fandrey, J. Dendritic cells under hypoxia: How oxygen shortage affects the linkage between innate and adaptive immunity. J Immunol Res (2016) 2016:5134329. doi: 10.1155/2016/5134329

60. Köhler, T, Reizis, B, Johnson, RS, Weighardt, H, and Förster, I. Influence of hypoxia-inducible factor 1α on dendritic cell differentiation and migration. Eur J Immunol (2012) 42:1226–36. doi: 10.1002/eji.201142053

61. Weigert, A, Weichand, B, Sekar, D, Sha, W, Hahn, C, Mora, J, et al. HIF-1α is a negative regulator of plasmacytoid DC development. Vitro vivo. Blood (2012) 120:3001–6. doi: 10.1182/blood-2012-03-417022

62. Miar, A, Arnaiz, E, Bridges, E, Beedie, S, Cribbs, AP, Downes, DJ, et al. Hypoxia induces transcriptional and translational downregulation of the type I IFN pathway in multiple cancer cell types. Cancer Res (2020) 80:5245–56. doi: 10.1158/0008-5472.CAN-19-2306

63. Fonteneau, J-F, Larsson, M, and Bhardwaj, N. Dendritic cell–dead cell interactions: Implications and relevance for immunotherapy. J Immunother (2001) 24:294–304. doi: 10.1097/00002371-200107000-00005

64. Wallet, MA, Sen, P, Flores, RR, Wang, Y, Yi, Z, Huang, Y, et al. MerTK is required for apoptotic cell–induced T cell tolerance. J Exp Med (2008) 205:219–32. doi: 10.1084/jem.20062293

65. Muniz-Bongers, LR, McClain, CB, Saxena, M, Bongers, G, Merad, M, and Bhardwaj, N. MMP2 and TLRs modulate immune responses in the tumor microenvironment. JCI Insight (2021) 6:144913. doi: 10.1172/jci.insight.144913

66. Godefroy, E, Gallois, A, Idoyaga, J, Merad, M, Tung, N, Monu, N, et al. Activation of toll-like receptor-2 by endogenous matrix metalloproteinase-2 modulates dendritic-cell-mediated inflammatory responses. Cell Rep (2014) 9:1856–70. doi: 10.1016/j.celrep.2014.10.067

67. Hope, C, Emmerich, PB, Papadas, A, Pagenkopf, A, Matkowskyj, KA, Van De Hey, DR, et al. Versican-derived matrikines regulate Batf3-dendritic cell differentiation and promote T cell infiltration in colorectal cancer. J Immunol Baltim Md 1950 (2017) 199:1933–41. doi: 10.4049/jimmunol.1700529

68. Steinman, RM, Hawiger, D, and Nussenzweig, MC. Tolerogenic dendritic cells. Annu Rev Immunol (2003) 21:685–711. doi: 10.1146/annurev.immunol.21.120601.141040

69. Idoyaga, J, Fiorese, C, Zbytnuik, L, Lubkin, A, Miller, J, Malissen, B, et al. Specialized role of migratory dendritic cells in peripheral tolerance induction. J Clin Invest (2013) 123:844–54. doi: 10.1172/JCI65260

70. Hasegawa, H, and Matsumoto, T. Mechanisms of tolerance induction by dendritic cells in vivo. Front Immunol (2018) 9:350. doi: 10.3389/fimmu.2018.00350

71. Manches, O, Munn, D, Fallahi, A, Lifson, J, Chaperot, L, Plumas, J, et al. HIV-Activated human plasmacytoid DCs induce tregs through an indoleamine 2,3-dioxygenase–dependent mechanism. J Clin Invest (2008) 118:3431–9. doi: 10.1172/JCI34823

72. Munn, DH, and Mellor, AL. IDO in the tumor microenvironment: Inflammation, counter-regulation, and tolerance. Trends Immunol (2016) 37:193–207. doi: 10.1016/j.it.2016.01.002

73. Pallotta, MT, Orabona, C, Volpi, C, Vacca, C, Belladonna, ML, Bianchi, R, et al. Indoleamine 2,3-dioxygenase is a signaling protein in long-term tolerance by dendritic cells. Nat Immunol (2011) 12:870–8. doi: 10.1038/ni.2077

74. Jürgens, B, Hainz, U, Fuchs, D, Felzmann, T, and Heitger, A. Interferon-γ–triggered indoleamine 2,3-dioxygenase competence in human monocyte-derived dendritic cells induces regulatory activity in allogeneic T cells. Blood (2009) 114:3235–43. doi: 10.1182/blood-2008-12-195073

75. Li, W, Katz, BP, and Spinola, SM. Haemophilus ducreyi lipooligosaccharides induce expression of the immunosuppressive enzyme indoleamine 2,3-dioxygenase via type I interferons and tumor necrosis factor alpha in human dendritic cells. Infect Immun (2011) 79:3338–47. doi: 10.1128/IAI.05021-11

76. Gargaro, M, Scalisi, G, Manni, G, Briseño, CG, Bagadia, P, Durai, V, et al. Indoleamine 2,3-dioxygenase 1 activation in mature cDC1 promotes tolerogenic education of inflammatory cDC2 via metabolic communication. Immunity (2022) 55:1032–1050.e14. doi: 10.1016/j.immuni.2022.05.013

77. Massi, D, Romano, E, Rulli, E, Merelli, B, Nassini, R, De Logu, F, et al. Baseline β-catenin, programmed death-ligand 1 expression and tumour-infiltrating lymphocytes predict response and poor prognosis in BRAF inhibitor-treated melanoma patients. Eur J Cancer Oxf Engl 1990 (2017) 78:70–81. doi: 10.1016/j.ejca.2017.03.012

78. Zelenay, S, van der Veen, AG, Böttcher, JP, Snelgrove, KJ, Rogers, N, Acton, SE, et al. Cyclooxygenase-dependent tumor growth through evasion of immunity. Cell (2015) 162:1257–70. doi: 10.1016/j.cell.2015.08.015

79. Böttcher, JP, Bonavita, E, Chakravarty, P, Blees, H, Cabeza-Cabrerizo, M, Sammicheli, S, et al. NK cells stimulate recruitment of cDC1 into the tumor microenvironment promoting cancer immune control. Cell (2018) 172:1022–1037.e14. doi: 10.1016/j.cell.2018.01.004

80. Thumkeo, D, Punyawatthananukool, S, Prasongtanakij, S, Matsuura, R, Arima, K, Nie, H, et al. PGE2-EP2/EP4 signaling elicits immunosuppression by driving the mregDC-treg axis in inflammatory tumor microenvironment. Cell Rep (2022) 39:2211–47. doi: 10.1016/j.celrep.2022.110914

81. Chiba, S, Baghdadi, M, Akiba, H, Yoshiyama, H, Kinoshita, I, Dosaka-Akita, H, et al. Tumor-infiltrating DCs suppress nucleic acid-mediated innate immune responses through interactions between the receptor TIM-3 and the alarmin HMGB1. Nat Immunol (2012) 13:832–42. doi: 10.1038/ni.2376

82. Chemnitz, JM, Parry, RV, Nichols, KE, June, CH, and Riley, JL. SHP-1 and SHP-2 associate with immunoreceptor tyrosine-based switch motif of programmed death 1 upon primary human T cell stimulation, but only receptor ligation prevents T cell activation. J Immunol Baltim Md 1950 (2004) 173:945–54. doi: 10.4049/jimmunol.173.2.945

83. Peng, Q, Qiu, X, Zhang, Z, Zhang, S, Zhang, Y, Liang, Y, et al. PD-L1 on dendritic cells attenuates T cell activation and regulates response to immune checkpoint blockade. Nat Commun (2020) 11:4835. doi: 10.1038/s41467-020-18570-x

84. Alzabin, S, Bhardwaj, N, Kiefer, F, Sawasdikosol, S, and Burakoff, S. Hematopoietic progenitor kinase 1 is a negative regulator of dendritic cell activation. J Immunol Baltim Md 1950 (2009) 182:6187–94. doi: 10.4049/jimmunol.0802631

85. You, D, Hillerman, S, Locke, G, Chaudhry, C, Stromko, C, Murtaza, A, et al. Enhanced antitumor immunity by a novel small molecule HPK1 inhibitor. J Immunother Cancer (2021) 9:e001402. doi: 10.1136/jitc-2020-001402

86. Sawasdikosol, S, and Burakoff, S. A perspective on HPK1 as a novel immuno-oncology drug target. eLife (2020) 9:e55122. doi: 10.7554/eLife.55122

87. Abida, W, Campbell, D, Patnaik, A, Shapiro, JD, Sautois, B, Vogelzang, NJ, et al. Non-BRCA DNA damage repair gene alterations and response to the PARP inhibitor rucaparib in metastatic castration-resistant prostate cancer: Analysis from the phase II TRITON2 study. Clin Cancer Res (2020) 26:2487–96. doi: 10.1158/1078-0432.CCR-20-0394

88. Roudko, V, Cimen Bozkus, C, Greenbaum, B, Lucas, A, Samstein, R, and Bhardwaj, N. Lynch syndrome and MSI-h cancers: From mechanisms to “Off-The-Shelf” cancer vaccines. Front Immunol (2021) 12:757804. doi: 10.3389/fimmu.2021.757804

89. Chen, B, Scurrah, CR, McKinley, ET, Simmons, AJ, Ramirez-Solano, MA, Zhu, X, et al. Differential pre-malignant programs and microenvironment chart distinct paths to malignancy in human colorectal polyps. Cell (2021) 184:6262–6280.e26. doi: 10.1016/j.cell.2021.11.031

90. Kwon, J, and Bakhoum, SF. The cytosolic DNA-sensing cGAS-STING pathway in cancer. Cancer Discovery (2020) 10:26–39. doi: 10.1158/2159-8290.CD-19-0761

91. Dadabayev, AR, Sandel, MH, Menon, AG, Morreau, H, Melief, CJM, Offringa, R, et al. Dendritic cells in colorectal cancer correlate with other tumor-infiltrating immune cells. Cancer Immunol Immunother (2004) 53:978–86. doi: 10.1007/s00262-004-0548-2

92. Bohaumilitzky, L, Kluck, K, Hüneburg, R, Gallon, R, Nattermann, J, Kirchner, M, et al. The different immune profiles of normal colonic mucosa in cancer-free lynch syndrome carriers and lynch syndrome colorectal cancer patients. Gastroenterology (2021) 162(3):907–19. doi: 10.1053/j.gastro.2021.11.029

93. Gulubova, MV, Ananiev, JR, Vlaykova, TI, Yovchev, Y, Tsoneva, V, and Manolova, IM. Role of dendritic cells in progression and clinical outcome of colon cancer. Int J Colorectal Dis (2012) 27:159–69. doi: 10.1007/s00384-011-1334-1

94. Bauer, K, Michel, S, Reuschenbach, M, Nelius, N, von Knebel Doeberitz, M, and Kloor, M. Dendritic cell and macrophage infiltration in microsatellite-unstable and microsatellite-stable colorectal cancer. Fam Cancer (2011) 10:557–65. doi: 10.1007/s10689-011-9449-7

95. Marangoni, F, Zhakyp, A, Corsini, M, Geels, SN, Carrizosa, E, Thelen, M, et al. Expansion of tumor-associated treg cells upon disruption of a CTLA-4-dependent feedback loop. Cell (2021) 184:3998–4015.e19. doi: 10.1016/j.cell.2021.05.027

96. Miller, TJ, Anyaegbu, CC, Lee-Pullen, TF, Spalding, LJ, Platell, CF, and McCoy, MJ. PD-L1+ dendritic cells in the tumor microenvironment correlate with good prognosis and CD8+ T cell infiltration in colon cancer. Cancer Sci (2021) 112:1173–83. doi: 10.1111/cas.14781

97. Sun, C, Mezzadra, R, and Schumacher, TN. Regulation and function of the PD-L1 checkpoint. Immunity (2018) 48:434–52. doi: 10.1016/j.immuni.2018.03.014

98. Muto, S, Ozaki, Y, Yamaguchi, H, Mine, H, Takagi, H, Watanabe, M, et al. Tumor β-catenin expression is associated with immune evasion in non-small cell lung cancer with high tumor mutation burden. Oncol Lett (2021) 21:203. doi: 10.3892/ol.2021.12464

99. Takeuchi, Y, Tanegashima, T, Sato, E, Irie, T, Sai, A, Itahashi, K, et al. Highly immunogenic cancer cells require activation of the WNT pathway for immunological escape. Sci Immunol (2021) 6:eabc6424. doi: 10.1126/sciimmunol.abc6424

100. Westcott, PMK, Sacks, NJ, Schenkel, JM, Ely, ZA, Smith, O, Hauck, H, et al. Low neoantigen expression and poor T-cell priming underlie early immune escape in colorectal cancer. Nat Cancer (2021) 2:1071–85. doi: 10.1038/s43018-021-00247-z

101. Ho, WW, Gomes-Santos, IL, Aoki, S, Datta, M, Kawaguchi, K, Talele, NP, et al. Dendritic cell paucity in mismatch repair–proficient colorectal cancer liver metastases limits immune checkpoint blockade efficacy. Proc Natl Acad Sci (2021) 118:e2105323118. doi: 10.1073/pnas.2105323118

102. Subtil, B, Cambi, A, Tauriello, DVF, and de Vries, IJM. The therapeutic potential of tackling tumor-induced dendritic cell dysfunction in colorectal cancer. Front Immunol (2021) 12:724883. doi: 10.3389/fimmu.2021.724883

103. Zhang, L, Li, Z, Skrzypczynska, KM, Fang, Q, Zhang, W, O’Brien, SA, et al. Single-cell analyses inform mechanisms of myeloid-targeted therapies in colon cancer. Cell (2020) 181:442–459.e29. doi: 10.1016/j.cell.2020.03.048

104. O’Hara, MH, O’Reilly, EM, Varadhachary, G, Wolff, RA, Wainberg, ZA, Ko, AH, et al. CD40 agonistic monoclonal antibody APX005M (sotigalimab) and chemotherapy, with or without nivolumab, for the treatment of metastatic pancreatic adenocarcinoma: an open-label, multicentre, phase 1b study. Lancet Oncol (2021) 22:118–31. doi: 10.1016/S1470-2045(20)30532-5

105. Byrne, KT, Betts, CB, Mick, R, Sivagnanam, S, Bajor, DL, Laheru, DA, et al. Neoadjuvant selicrelumab, an agonist CD40 antibody, induces changes in the tumor microenvironment in patients with resectable pancreatic cancer. Clin Cancer Res Off J Am Assoc Cancer Res (2021) 27:4574–86. doi: 10.1158/1078-0432.CCR-21-1047

106. Mandal, R, Samstein, RM, Lee, K-W, Havel, JJ, Wang, H, Krishna, C, et al. Genetic diversity of tumors with mismatch repair deficiency influences anti-PD-1 immunotherapy response. Science (2019) 364:485–91. doi: 10.1126/science.aau0447

107. Le, DT, Uram, JN, Wang, H, Bartlett, BR, Kemberling, H, Eyring, AD, et al. PD-1 blockade in tumors with mismatch-repair deficiency. N Engl J Med (2015) 372:2509–20. doi: 10.1056/NEJMoa1500596

108. Oh, SA, Wu, D-C, Cheung, J, Navarro, A, Xiong, H, Cubas, R, et al. PD-L1 expression by dendritic cells is a key regulator of T-cell immunity in cancer. Nat Cancer (2020) 1:681–91. doi: 10.1038/s43018-020-0075-x

109. Lim, TS, Chew, V, Sieow, JL, Goh, S, Yeong, JP-S, Soon, AL, et al. PD-1 expression on dendritic cells suppresses CD8+ T cell function and antitumor immunity. Oncoimmunology (2015) 5:e1085146. doi: 10.1080/2162402X.2015.1085146

110. Mullard, A. LAG3 pushes immuno-oncology’s leading edge. Nat Rev Drug Discov (2022) 21:167–9. doi: 10.1038/d41573-022-00036-y

111. Garcia Cruz, D, Giri, RR, Gamiotea Turro, D, Balsbaugh, JL, Adler, AJ, and Rodriguez, A. Lymphocyte activation gene-3 regulates dendritic cell metabolic programing and T cell priming function. J Immunol Baltim Md 1950 (2021) 207:2374–84. doi: 10.4049/jimmunol.2001188

112. Monney, L, Sabatos, CA, Gaglia, JL, Ryu, A, Waldner, H, Chernova, T, et al. Th1-specific cell surface protein Tim-3 regulates macrophage activation and severity of an autoimmune disease. Nature (2002) 415:536–41. doi: 10.1038/415536a

113. Dixon, KO, Tabaka, M, Schramm, MA, Xiao, S, Tang, R, Dionne, D, et al. TIM-3 restrains anti-tumour immunity by regulating inflammasome activation. Nature (2021) 595:101–6. doi: 10.1038/s41586-021-03626-9

114. de Mingo Pulido, Á, Hänggi, K, Celias, DP, Gardner, A, Li, J, Batista-Bittencourt, B, et al. The inhibitory receptor TIM-3 limits activation of the cGAS-STING pathway in intra-tumoral dendritic cells by suppressing extracellular DNA uptake. Immunity (2021) 54:1154–1167.e7. doi: 10.1016/j.immuni.2021.04.019

115. de Mingo Pulido, Á, Gardner, A, Hiebler, S, Soliman, H, Rugo, HS, Krummel, MF, et al. TIM-3 regulates CD103+ dendritic cell function and response to chemotherapy in breast cancer. Cancer Cell (2018) 33:60–74.e6. doi: 10.1016/j.ccell.2017.11.019

116. Hollebecque, A, Chung, HC, de Miguel, MJ, Italiano, A, Machiels, J-P, Lin, C-C, et al. Safety and antitumor activity of α-PD-L1 antibody as monotherapy or in combination with α-TIM-3 antibody in patients with microsatellite instability-High/Mismatch repair-deficient tumors. Clin Cancer Res Off J Am Assoc Cancer Res (2021) 27:6393–404. doi: 10.1158/1078-0432.CCR-21-0261

117. Curigliano, G, Gelderblom, H, Mach, N, Doi, T, Tai, D, Forde, PM, et al. Phase I/Ib clinical trial of sabatolimab, an anti-TIM-3 antibody, alone and in combination with spartalizumab, an anti-PD-1 antibody, in advanced solid tumors. Clin Cancer Res Off J Am Assoc Cancer Res (2021) 27:3620–9. doi: 10.1158/1078-0432.CCR-20-4746

118. Harding, JJ, Moreno, V, Bang, Y-J, Hong, MH, Patnaik, A, Trigo, J, et al. Blocking TIM-3 in treatment-refractory advanced solid tumors: A phase ia/b study of LY3321367 with or without an anti-PD-L1 antibody. Clin Cancer Res Off J Am Assoc Cancer Res (2021) 27:2168–78. doi: 10.1158/1078-0432.CCR-20-4405

119. Mantovani, A, and Allavena, P. The interaction of anticancer therapies with tumor-associated macrophages. J Exp Med (2015) 212:435–45. doi: 10.1084/jem.20150295

120. Rabe, KF, Nair, P, Brusselle, G, Maspero, JF, Castro, M, Sher, L, et al. Efficacy and safety of dupilumab in glucocorticoid-dependent severe asthma. N Engl J Med (2018) 378:2475–85. doi: 10.1056/NEJMoa1804093

121. Yokoyama, Y, Lew, ED, Seelige, R, Tindall, EA, Walsh, C, Fagan, PC, et al. (TYRO3, AXL, MER) family small-molecule kinase inhibitor. Cancer Res (2019) 79:1996–2008. doi: 10.1158/0008-5472.CAN-18-2022

122. Tada, Y, Togashi, Y, Kotani, D, Kuwata, T, Sato, E, Kawazoe, A, et al. Targeting VEGFR2 with ramucirumab strongly impacts effector/ activated regulatory T cells and CD8+ T cells in the tumor microenvironment. J Immunother Cancer (2018) 6:106. doi: 10.1186/s40425-018-0403-1

123. Socinski, MA, Jotte, RM, Cappuzzo, F, Orlandi, F, Stroyakovskiy, D, Nogami, N, et al. Atezolizumab for first-line treatment of metastatic nonsquamous NSCLC. N Engl J Med (2018) 378:2288–301. doi: 10.1056/NEJMoa1716948

124. Lugand, L, Mestrallet, G, Laboureur, R, Dumont, C, Bouhidel, F, Djouadou, M, et al. Methods for establishing a renal cell carcinoma tumor spheroid model with immune infiltration for immunotherapeutic studies. Front Oncol (2022) 12:898732. doi: 10.3389/fonc.2022.898732

125. Choueiri, TK, Powles, T, Burotto, M, Escudier, B, Bourlon, MT, Zurawski, B, et al. Nivolumab plus cabozantinib versus sunitinib for advanced renal-cell carcinoma. N Engl J Med (2021) 384:829–41. doi: 10.1056/NEJMoa2026982

126. Konecny, GE. Inhibition of PD-1 and VEGF in microsatellite-stable endometrial cancer. Lancet Oncol (2019) 20:612–4. doi: 10.1016/S1470-2045(19)30079-8

127. Sugita, R, Kuwabara, H, Sugimoto, K, Kubota, K, Imamura, Y, Kiho, T, et al. A novel selective prostaglandin E2 synthesis inhibitor relieves pyrexia and chronic inflammation in rats. Inflammation (2016) 39:907–15. doi: 10.1007/s10753-016-0323-5

128. Pelly, VS, Moeini, A, Roelofsen, LM, Bonavita, E, Bell, CR, Hutton, C, et al. Anti-inflammatory drugs remodel the tumor immune environment to enhance immune checkpoint blockade efficacy. Cancer Discov (2021) 11:2602–19. doi: 10.1158/2159-8290.CD-20-1815

129. Nikolos, F, Hayashi, K, Hoi, XP, Alonzo, ME, Mo, Q, Kasabyan, A, et al. Cell death-induced immunogenicity enhances chemoimmunotherapeutic response by converting immune-excluded into T-cell inflamed bladder tumors. Nat Commun (2022) 13:1487. doi: 10.1038/s41467-022-29026-9

130. Wang, Z, Wesche, H, Stevens, T, Walker, N, and Yeh, W-C. IRAK-4 inhibitors for inflammation. Curr Top Med Chem (2009) 9:724–37. doi: 10.2174/156802609789044407

131. Kaplanov, I, Carmi, Y, Kornetsky, R, Shemesh, A, Shurin, GV, Shurin, MR, et al. Blocking IL-1β reverses the immunosuppression in mouse breast cancer and synergizes with anti-PD-1 for tumor abrogation. Proc Natl Acad Sci U.S.A. (2019) 116:1361–9. doi: 10.1073/pnas.1812266115

132. Kitamura, H, Ohno, Y, Toyoshima, Y, Ohtake, J, Homma, S, Kawamura, H, et al. Interleukin-6/STAT3 signaling as a promising target to improve the efficacy of cancer immunotherapy. Cancer Sci (2017) 108:1947–52. doi: 10.1111/cas.13332

133. Tang, K, Wu, Y-H, Song, Y, and Yu, B. Indoleamine 2,3-dioxygenase 1 (IDO1) inhibitors in clinical trials for cancer immunotherapy. J Hematol OncolJ Hematol Oncol (2021) 14:68. doi: 10.1186/s13045-021-01080-8

134. Long, GV, Dummer, R, Hamid, O, Gajewski, TF, Caglevic, C, Dalle, S, et al. Epacadostat plus pembrolizumab versus placebo plus pembrolizumab in patients with unresectable or metastatic melanoma (ECHO-301/KEYNOTE-252): a phase 3, randomised, double-blind study. Lancet Oncol (2019) 20:1083–97. doi: 10.1016/S1470-2045(19)30274-8

135. Kjeldsen, JW, Lorentzen, CL, Martinenaite, E, Ellebaek, E, Donia, M, Holmstroem, RB, et al. A phase 1/2 trial of an immune-modulatory vaccine against IDO/PD-L1 in combination with nivolumab in metastatic melanoma. Nat Med (2021) 27:2212–23. doi: 10.1038/s41591-021-01544-x

136. Koyama, S, and Nishikawa, H. Mechanisms of regulatory T cell infiltration in tumors: implications for innovative immune precision therapies. J Immunother Cancer (2021) 9:e002591. doi: 10.1136/jitc-2021-002591

137. Arce Vargas, F, Furness, AJS, Litchfield, K, Joshi, K, Rosenthal, R, Ghorani, E, et al. Fc effector function contributes to the activity of human anti-CTLA-4 antibodies. Cancer Cell (2018) 33:649–663.e4. doi: 10.1016/j.ccell.2018.02.010

138. Simpson, TR, Li, F, Montalvo-Ortiz, W, Sepulveda, MA, Bergerhoff, K, Arce, F, et al. Fc-dependent depletion of tumor-infiltrating regulatory T cells co-defines the efficacy of anti–CTLA-4 therapy against melanoma. J Exp Med (2013) 210:1695–710. doi: 10.1084/jem.20130579

139. Doi, T, Muro, K, Ishii, H, Kato, T, Tsushima, T, Takenoyama, M, et al. A phase I study of the anti-CC chemokine receptor 4 antibody, mogamulizumab, in combination with nivolumab in patients with advanced or metastatic solid tumors. Clin Cancer Res Off J Am Assoc Cancer Res (2019) 25:6614–22. doi: 10.1158/1078-0432.CCR-19-1090

140. DeVito, NC, Sturdivant, M, Thievanthiran, B, Xiao, C, Plebanek, MP, Salama, AKS, et al. Pharmacological wnt ligand inhibition overcomes key tumor-mediated resistance pathways to anti-PD-1 immunotherapy. Cell Rep (2021) 35:109071. doi: 10.1016/j.celrep.2021.109071

141. Wang, Y, Wang, X-Y, Subjeck, JR, Shrikant, PA, and Kim, HL. Temsirolimus, an mTOR inhibitor, enhances anti-tumour effects of heat shock protein cancer vaccines. Br J Cancer (2011) 104:643–52. doi: 10.1038/bjc.2011.15

142. Fucikova, J, Kepp, O, Kasikova, L, Petroni, G, Yamazaki, T, Liu, P, et al. Detection of immunogenic cell death and its relevance for cancer therapy. Cell Death Dis (2020) 11:1–13. doi: 10.1038/s41419-020-03221-2

143. Yan, Y, Kumar, AB, Finnes, H, Markovic, SN, Park, S, Dronca, RS, et al. Combining immune checkpoint inhibitors with conventional cancer therapy. Front Immunol (2018) 9:1739. doi: 10.3389/fimmu.2018.01739

144. Theelen, WSME, Chen, D, Verma, V, Hobbs, BP, Peulen, HMU, Aerts, JGJV, et al. Pembrolizumab with or without radiotherapy for metastatic non-small-cell lung cancer: a pooled analysis of two randomised trials. Lancet Respir Med (2021) 9:467–75. doi: 10.1016/S2213-2600(20)30391-X

145. Antonia, SJ, Villegas, A, Daniel, D, Vicente, D, Murakami, S, Hui, R, et al. Durvalumab after chemoradiotherapy in stage III non–Small-Cell lung cancer. N Engl J Med (2017) 377:1919–29. doi: 10.1056/NEJMoa1709937

146. Kyi, C, Roudko, V, Sabado, R, Saenger, Y, Loging, W, Mandeli, J, et al. Therapeutic immune modulation against solid cancers with intratumoral poly-ICLC: A pilot trial. Clin Cancer Res Off J Am Assoc Cancer Res (2018) 24:4937–48. doi: 10.1158/1078-0432.CCR-17-1866

147. Irenaeus, SMM, Nielsen, D, Ellmark, P, Yachnin, J, Deronic, A, Nilsson, A, et al. First-in-human study with intratumoral administration of a CD40 agonistic antibody, ADC-1013, in advanced solid malignancies. Int J Cancer (2019) 145:1189–99. doi: 10.1002/ijc.32141

148. Bhardwaj, N, Friedlander, PA, Pavlick, AC, Ernstoff, MS, Gastman, BR, Hanks, BA, et al. Flt3 ligand augments immune responses to anti-DEC-205-NY-ESO-1 vaccine through expansion of dendritic cell subsets. Nat Cancer (2020) 1:1204–17. doi: 10.1038/s43018-020-00143-y

149. Peng, X, He, Y, Huang, J, Tao, Y, and Liu, S. Metabolism of dendritic cells in tumor microenvironment: For immunotherapy. Front Immunol (2021) 12:613492. doi: 10.3389/fimmu.2021.613492

150. Adamik, J, Munson, PV, Hartmann, FJ, Combes, AJ, Pierre, P, Krummel, MF, et al. Distinct metabolic states guide maturation of inflammatory and tolerogenic dendritic cells. Nat Commun (2022) 13:5184. doi: 10.1038/s41467-022-32849-1

151. Ott, PA, Hu-Lieskovan, S, Chmielowski, B, Govindan, R, Naing, A, Bhardwaj, N, et al. A phase ib trial of personalized neoantigen therapy plus anti-PD-1 in patients with advanced melanoma, non-small cell lung cancer, or bladder cancer. Cell (2020) 183:347–362.e24. doi: 10.1016/j.cell.2020.08.053

152. Dhodapkar, MV, Sznol, M, Zhao, B, Wang, D, Carvajal, RD, Keohan, ML, et al. Induction of antigen-specific immunity with a vaccine targeting NY-ESO-1 to the dendritic cell receptor DEC-205. Sci Transl Med (2014) 6:232ra51. doi: 10.1126/scitranslmed.3008068

153. Masterman, K-A, Haigh, OL, Tullett, KM, Leal-Rojas, IM, Walpole, C, Pearson, FE, et al. Human CLEC9A antibodies deliver NY-ESO-1 antigen to CD141+ dendritic cells to activate naïve and memory NY-ESO-1-specific CD8+ T cells. J Immunother Cancer (2020) 8:e000691. doi: 10.1136/jitc-2020-000691

154. Pearson, FE, Tullett, KM, Leal-Rojas, IM, Haigh, OL, Masterman, K, Walpole, C, et al. Human CLEC9A antibodies deliver wilms’ tumor 1 (WT1) antigen to CD141+ dendritic cells to activate naïve and memory WT1-specific CD8+ T cells. Clin Transl Immunol (2020) 9:e1141. doi: 10.1002/cti2.1141

155. Gall, CL, Cammarata, A, de, HL, Ramos-Tomillero, I, Cuenca-Escalona, J, Schouren, K, et al. Efficient targeting of NY-ESO-1 tumor antigen to human cDC1s by lymphotactin results in cross-presentation and antigen-specific T cell expansion. J Immunother Cancer (2022) 10:e004309. doi: 10.1136/jitc-2021-004309

156. Pavlick, A, Blazquez, AB, Meseck, M, Lattanzi, M, Ott, PA, Marron, TU, et al. Combined vaccination with NY-ESO-1 protein, poly-ICLC, and montanide improves humoral and cellular immune responses in patients with high-risk melanoma. Cancer Immunol Res (2020) 8:70–80. doi: 10.1158/2326-6066.CIR-19-0545

157. Kranz, LM, Diken, M, Haas, H, Kreiter, S, Loquai, C, Reuter, KC, et al. Systemic RNA delivery to dendritic cells exploits antiviral defence for cancer immunotherapy. Nature (2016) 534:396–401. doi: 10.1038/nature18300

158. Roudko, V, Bozkus, CC, Orfanelli, T, McClain, CB, Carr, C, O’Donnell, T, et al. Shared immunogenic poly-epitope frameshift mutations in microsatellite unstable tumors. Cell (2020) 183:1634–1649.e17. doi: 10.1016/j.cell.2020.11.004

159. Sprooten, J, Ceusters, J, Coosemans, A, Agostinis, P, De Vleeschouwer, S, Zitvogel, L, et al. Trial watch: dendritic cell vaccination for cancer immunotherapy. Oncoimmunology (2019) 8:e1638212. doi: 10.1080/2162402X.2019.1638212

160. Saxena, M, and Bhardwaj, N. Re-emergence of dendritic cell vaccines for cancer treatment. Trends Cancer (2018) 4:119–37. doi: 10.1016/j.trecan.2017.12.007

161. Small, EJ, Schellhammer, PF, Higano, CS, Redfern, CH, Nemunaitis, JJ, Valone, FH, et al. Placebo-controlled phase III trial of immunologic therapy with sipuleucel-T (APC8015) in patients with metastatic, asymptomatic hormone refractory prostate cancer. J Clin Oncol Off J Am Soc Clin Oncol (2006) 24:3089–94. doi: 10.1200/JCO.2005.04.5252

162. Carreno, BM, Magrini, V, Becker-Hapak, M, Kaabinejadian, S, Hundal, J, Petti, AA, et al. Cancer immunotherapy. a dendritic cell vaccine increases the breadth and diversity of melanoma neoantigen-specific T cells. Science (2015) 348:803–8. doi: 10.1126/science.aaa3828

163. Harari, A, Graciotti, M, Bassani-Sternberg, M, and Kandalaft, LE. Antitumour dendritic cell vaccination in a priming and boosting approach. Nat Rev Drug Discov (2020) 19:635–52. doi: 10.1038/s41573-020-0074-8

164. Wang, H, Sobral, MC, Zhang, DKY, Cartwright, AN, Li, AW, Dellacherie, MO, et al. Metabolic labeling and targeted modulation of dendritic cells. Nat Mater (2020) 19:1244–52. doi: 10.1038/s41563-020-0680-1

165. Lee, JM, Lee, M-H, Garon, E, Goldman, JW, Salehi-Rad, R, Baratelli, FE, et al. Phase I trial of intratumoral injection of CCL21 gene-modified dendritic cells in lung cancer elicits tumor-specific immune responses and CD8+ T-cell infiltration. Clin Cancer Res Off J Am Assoc Cancer Res (2017) 23:4556–68. doi: 10.1158/1078-0432.CCR-16-2821

166. Liang, Y-H, Tsai, J-H, Cheng, Y-M, Chan, K-Y, Hsu, W-L, Lee, C-C, et al. Chemotherapy agents stimulate dendritic cells against human colon cancer cells through upregulation of the transporter associated with antigen processing. Sci Rep (2021) 11:9080. doi: 10.1038/s41598-021-88648-z

167. Castiello, L, Aricò, E, D’Agostino, G, Santodonato, L, and Belardelli, F. In situ vaccination by direct dendritic cell inoculation: The coming of age of an old idea? Front Immunol (2019) 10:2303. doi: 10.3389/fimmu.2019.02303

168. Ferris, ST, Ohara, RA, Ou, F, Wu, R, Huang, X, Kim, S, et al. cDC1 vaccines drive tumor rejection by direct presentation independently of host cDC1. Cancer Immunol Res (2022) 10:920–31. doi: 10.1158/2326-6066.CIR-21-0865

169. Balan, S, Arnold-Schrauf, C, Abbas, A, Couespel, N, Savoret, J, Imperatore, F, et al. Large-Scale human dendritic cell differentiation revealing notch-dependent lineage bifurcation and heterogeneity. Cell Rep (2018) 24:1902–1915.e6. doi: 10.1016/j.celrep.2018.07.033

170. Lai, J, Mardiana, S, House, IG, Sek, K, Henderson, MA, Giuffrida, L, et al. Adoptive cellular therapy with T cells expressing the dendritic cell growth factor Flt3L drives epitope spreading and antitumor immunity. Nat Immunol (2020) 21:914–26. doi: 10.1038/s41590-020-0676-7



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

Copyright © 2022 Mestrallet, Sone and Bhardwaj. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-980709-g003.jpg
DC targeting strategies for cancer immonotherapy

Cancer patient DC Immunotherapy Healthy patient

Immunotherapeutic agents Conventional therapies Cancer vaccine

< e
[}
o« ‘o 0 ‘°°0
J—O/ e o

L]
DC recruiting Targeting DC

chemokines cytokines Radiotherapy Chemotherapy TKls _ ' _
Peptide DC vaccines Viral vector

\\(/ \\{/ vaccines vaccines
B-catenin P "

DC checkpoint AREFCRA Wnt inhibitors inhibitors

inhibitors Anti-CD47 MRNA and DNA vaccines






OEBPS/Images/fimmu-13-980709-g001.jpg
%O0verall Survival

%O0verall Survival

anti-PD-Tantibody chemotherapy

-]

Time

anti-PD-1antibody

2

Time





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Strategies to overcome DC dysregulation in the tumor microenvironment

      

        		

          Introduction

        



        		

          Key DC functions in the TME

        

          		

            DC subsets in the TME

          

            		

              cDC1

            



            		

              cDC2

            



            		

              pDCs

            



            		

              mregDCs

            



          



          



          		

            DC and T cell activation

          



        



        



        		

          Modulation of DC function in the tumor microenvironment

        

          		

            DC regulatory programs suppressing anti-cancer immunity

          

            		

              Immunosuppressive mediators

            



            		

              Dead cells and TME constituents as DC mediators

            



            		

              Treg generation

            



            		

              IDO expression

            



            		

              β-catenin signaling

            



            		

              PGE2 production

            



            		

              Checkpoint molecule expression

            



          



          



          		

            Inhibition of DC function in the TME: Effects on tumor immunogenicity

          



        



        



        		

          Overcoming strategies to tackle DC impairments in the TME

        

          		

            Targeting immune tolerance pathways in DCs

          

            		

              CD40 ligation

            



            		

              PD-1/PD-L1 blockade

            



            		

              TIM3 blockade

            



            		

              Targeting apoptotic and mregDC tolerance programs

            



            		

              Targeting soluble factors (VEGF, PGE2 and other cytokines/mediators)

            



            		

              IDO1 inhibition

            



          



          



          		

            Increasing DC activation to counter tumor immunomodulation

          



          		

            Novel DC-targeted strategies

          

            		

              Cancer vaccine and cell therapy

            



          



          



        



        



        		

          Conclusion and perspectives

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2022.980709_cover.jpg
’ frontiers l Frontiers in Immunology

Strategies to overcome DC
dysregulation in the tumor
microenvironment





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





OEBPS/Images/fimmu-13-980709-g002.jpg
DC pathway impairment in the TME

Immune suppresnve Dylng tumor cells Immune checkpomt
m Metabollc stress o duce d suppression Upregulatlon of IDO expressmn

Tumor cell TLR-10 CD39
Dyin ICOS-L
~ Lipid peroxide o szgr cell
. byproducts
Hypoxia
ROS
TIM3
VEGF
TGFB T cell
e IL6 ch1 ce
\.—' IL-10 T cell
Tumor cell PEG2 ce
> - Treg accumulation
fo s "50 B-catenin upregulation
- / Tumor cell
PD-L1
‘ —\ Treg
ccL4l
Myeloid cells Treg 1COS
_\ Tumor cell

CTLAA4
CD80/86

Tumor cell

IL-10

cDC1

recruitment to the TME{
cDC1






OEBPS/Images/table1.jpg
Targets of therapy Mechanisms Examples of treatment modalities

Targeting DC immune Upregulation of PD-1/PD-LI blockade
Tolerance mechanisms in the ~ immune-checkpoint molecules TIM-3 blockade (activates inflammasome on DC)
TME
LAG-3 blockade
Dead cell mediated immune Anti-IL4/13 antibody (mreg DC)
tolerance program TAM (TYRO3, AXL, MER) family inhibitors
IDO1 expression IDO1 inhibitor
IDO1/PD-L1 Immunomodulatory vaccine
Inhibiting VEGF/VEGFR Anti-VEGF/VEGEFR antibody
immunomodulatory Multi-kinase inhibitor (cabozantinib etc.)
smallmolecules PGE2 PGE2 inhibitor
Other cytokines Anti-IL-1p antibody or anti-IL-6 antibody etc.
Overcoming DC suppression  Accumulation of Treg cells Anti-CTLA-4 antibody, anti-VEGFR2 antibody

by cancer cells Treg targeting drugs:

- chemokine receptors (CCR4 or CCR8)
- immune-checkpoint and T cell agonists (OX40, GITR, ICOS)
- immunosuppressive molecules (CD39, PI3K3 etc.)

Upregulation of Wnt/B-catenin signaling in m-TOR inihibitor/multi-kinase inhibitor
cancer cells Selective Wnt/B-catenin inhibitor
Inactivation of dendritic cells in low Immunogenic cell death inducers
immunogenic tumor (chemotherapy or radiotherapy etc.)

Adjuvants (TLR agonist etc.)

DC-mobilizing agents (FLT3L etc.)

DC-specific antibodies inducing maturation or antigen uptake (CD40 agonistic
antibody, Clec9A etc.)

Expected novel DC-targeted strategies

Cancer vaccine DC targeting vaccines Personalized neoantigen peptide with adjuvant
Delivery with DC-specific antibody (DEC-205, CLEC9A)
Delivery with DC mobilizing agents (FIt3L etc.)

Delivery route
(e.g. in situ vaccination, intravenous nanoparticle vaccine)

mRNA, DNA, viral based vaccines

DC vaccine moDC or natural DC subset (e.g. cDC1)
TAA, neoantigen or whole tumor lysate loading
Delivery route e.g. IV or intratumoral DC vaccination
Gene-modified DC





