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Abstract:



The therapy of different advanced-stage malignancies with monoclonal antibodies blocking programmed cell death protein 1 (PD-1)/PD-1 ligand 1 (PD-L1) signaling has had an impressive long-lasting effect in a portion of patients, but in most cases, this therapy was not successful, or a secondary resistance developed. To enhance its efficacy in treated patients, predictive biomarkers are searched for and various combination treatments are intensively investigated. As the downregulation of major histocompatibility complex (MHC) class I molecules is one of the most frequent mechanisms of tumor escape from the host’s immunity, it should be considered in PD-1/PD-L1 checkpoint inhibition. The potential for the use of a PD-1/PD-L1 blockade in the treatment of tumors with aberrant MHC class I expression is discussed, and some strategies of combination therapy are suggested.
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1. Introduction


The blockade of inhibitory immune checkpoints with monoclonal antibodies contributed to the revival of interest and belief in cancer immunotherapy. After pioneering studies with a cytotoxic T-lymphocyte associated antigen 4 (CTLA-4; cluster of differentiation (CD) 152) blockade that resulted in the Food and Drug Administration (FDA)’s approval of ipilimumab for the treatment of advanced melanoma in 2011, programmed cell death protein 1 (PD-1; CD279)/PD-1 ligand 1 (PD-L1) signaling is in the focus of the current research on, and the development of, anti-tumor therapy in this field. This is because the blocking of PD-1 or PD-L1 molecules exhibited higher efficacy and lower toxicity for several types of human cancers, including melanoma, non-small cell lung cancer (NSCLC), and renal cell cancer (RCC). However, most patients did not respond to the PD-1/PD-L1 blockade, and secondary resistance to this treatment developed in some patients. The mechanisms implicated in this failure are being gradually uncovered, but the biomarkers predicting successful therapy with PD-1/PD-L1 monoclonal antibodies still have not been satisfactorily revealed. The effect of the PD-1 receptor inhibition is usually attributed to the activation of cytotoxic T lymphocytes, and their direct killing of tumor cells producing major histocompatibility complex class I (MHC-I) molecules. Surprisingly, while MHC-I downregulation is one of the most frequent mechanisms of tumor escape from the host’s immune system, little attention has been devoted to surface MHC-I expression in studies of the PD-1/PD-L1 blockade. In this review, we will deal with the relationship between the inhibition of PD-1/PD-L1 signaling and MHC-I expression, and suggest a possible use of the PD-1/PD-L1 blockade for tumors with a reduced MHC-I expression.




2. PD-1/PD-L1 Signaling


The PD-1 receptor is an immune checkpoint that limits the activity of immune cells in peripheral tissues, and thus prevents the development of autoimmune reactions. PD-1 was identified in association with programmed cell death in T-cell hybridoma [1], and its function was mainly investigated in T lymphocytes, but it is also expressed in B, natural killer (NK), and NKT cells, as well as dendritic cells (DCs) and macrophages [2]. PD-1 is absent or lowly expressed in resting naïve or memory T cells, but upon the activation of a T-cell receptor (TCR), it is upregulated in about six hours [3]. In tumors, PD-1 is highly expressed in dysfunctional/exhausted effector T cells (both CD8+ and CD4+) and regulatory T cells (Treg) [4].



PD-1 is a monomeric type I transmembrane protein that belongs to the immunoglobulin (Ig) superfamily, and is composed of an extracellular part containing an IgV-like domain, a transmembrane domain, and a short cytoplasmic tail with an immunoreceptor tyrosine-based inhibitory motif (ITIM) and an immunoreceptor tyrosine-based switch motif (ITSM). PD-1 engagement leads to the phosphorylation of these motifs and the recruitment of the Src homology region 2 domain-containing phosphatase 1 (SHP-1) and SHP-2 [5], which inhibits the TCR/CD28-mediated activation of phosphatidylinositol 3-kinase (PI3K) by the dephosphorylation of CD3 molecules. Thus, PD-1 engagement directly inhibits effector T-cell processes and functions, including proliferation, survival, glucose uptake, cytokine production, and cytotoxicity.



PD-1 binds two ligands from the B7 family: PD-L1 (B7-H1, CD274) [6] and PD-L2 (B7-DC, CD273) [7]. While PD-L1 is widely expressed constitutively both on hematopoietic cells (including macrophages, DCs, and B and T cells) and nonhematopoietic cells (e.g., epithelial and endothelial cells), PD-L2 expression is restricted to immune cells (macrophages, DCs, and mast cells) [8]. PD-L1 is also frequently expressed on tumor cells on various malignancies [9]. While PD-L1 expression is significantly correlated with a poor prognosis in patients with different types of tumors, including renal, gastric, urothelial, ovarian, hepatocellular, pancreatic, and esophageal cancer, there is an inverse correlation in Merkel cell carcinoma and breast cancer. In lung carcinoma, colorectal cancer, and melanoma, both worse and better prognoses were associated with PD-L1 expression. The inconsistency of the prognostic value of PD-L1 could stem from technical issues of the immunohistochemical (IHC) detection of PD-L1, and temporal and spatial factors that can be affected by the heterogeneity of PD-L1 expression in tumors [10].



Two mechanisms for PD-L1 upregulation in malignant cells have been described [11,12]. First, an intrinsic (innate) resistance is caused by constitutive PD-L1 expression in tumor cells that can be induced by oncogenic signaling pathways activated in different tumors, such as PI3K/AKT [13,14], signal transducer and activator of transcription (STAT)-3 [15], epidermal growth factor receptor (EGFR) [16], cyclin-dependent kinase 5 (Cdk5) [17], and MYC pathways [18], or by genetic changes. In lymphomas, an amplification of the PD-L1 gene [19], or its fusion with the MHC class II transactivator CIITA gene, has resulted in PD-L1 overexpression [20]. Furthermore, PD-L1 overexpression has been found in a subtype of gastric cancer associated with the Epstein–Barr virus (EBV) infection, and in cervical cancer associated with the human papillomavirus (HPV) infection, where the enhanced PD-L1 production can also be caused by PD-L1 gene amplification [21,22] or upregulation by EBV-encoded latent membrane protein 1 (LMP1) [23]. Kataoka et al. [24] have identified a novel mechanism of PD-L1 upregulation, characterized by structural variation in the 3′-untranslated region (3′-UTR) of PD-L1 transcripts that is also inducible by the integration of EBV and HPV genomes. Second, in adaptive resistance, PD-L1 expression is induced by specific cytokines, e.g., interferon (IFN)-γ, granulocyte-macrophage colony-stimulating factor (GM-CSF), and interleukin (IL)-4 [25]. These cytokines, in particular IFN-γ, mediate the response of tumor cells to a potentially harmful inflammatory microenvironment.



S. Chikuma [26] has suggested three “immune checkpoints” controlled by the PD-1 receptor that inhibit the reactivity of T lymphocytes: (i) the induction of anergy during the initial activation of T cells; (ii) the inhibition of innate cells (macrophages and DCs) that produce inflammatory cytokines contributing to the differentiation of effector T cells; and (iii) the maintenance of T-cell anergy in peripheral tissues.




3. Tumor Escape by MHC-I Downregulation


Tumor cells that present antigenic peptides on MHC-I molecules can be recognized and eliminated by cytotoxic CD8+ T lymphocytes (CTL). CTLs are commonly considered major cells acting in cancer immunosurveillance and immunoediting [27]. Tumor cells can escape from the attack of CTLs, especially by the downregulation of tumor antigen(s) (particularly after active immunotherapy), defects in the surface expression of MHC-I molecules, the upregulation of factors conferring a resistance to the cytotoxic effects of immune cells, and/or local immunosuppression. Aberrant MHC-I phenotypes, which have been identified in human tumors, can be characterized by total, haplotype, locus, or allelic loss. Furthermore, in a compound phenotype, these alterations are combined. The genetic changes in genes or chromosomes are responsible for irreversible MHC-I downregulation. If epigenetic modifications or other types of gene expression regulation affect the MHC-I surface expression, the reduction of MHC-I molecules is reversible and can be restored by the induction by different cytokines, especially interferons, or the tumor necrosis factor α (TNF-α) [28].



The major genes whose structural alteration or expression regulation affects surface MHC-I expression are those encoding MHC-I heavy chains, β2-microglobulin, and components of the antigen processing machinery (APM). The APM components include inducible subunits of proteasome (low molecular weight protein (LMP)-2, LMP-7, and LMP-10), the transporters associated with antigen processing (TAP)-1 and TAP-2, which form a heterodimer transporting peptides from the cytosol to the endoplasmic reticulum (ER), and the ER chaperones calnexin, calreticulin, ERp57, and tapasin [29]. These chaperones enable the formation of the trimeric complex, consisting of the MHC-I heavy chain, β2-microglobulin, and a peptide that is then transported through the Golgi apparatus to the cell surface. As all of these proteins are inducible by IFN-γ, defects in the signaling pathways of this cytokine can limit surface MHC-I expression. The proteins involved in aberrant IFN-γ regulation include the transcription factors IFN-regulatory factor 1 (IRF-1) and STAT-1, and the kinases Janus-associated kinase (JAK)-1 and JAK-2 [29].



The downregulation of surface MHC-I expression is a frequent mechanism for immune escape in various human malignancies, ranging from 15% in renal carcinoma to 93% in lung cancer. In most types of tumors derived from epithelia, MHC-I molecules are reduced in more than 75% of patients [28]. The majority of MHC-I aberrations are reversible, and are associated with APM defects. Genetic alterations in MHC-I heavy chains or the light chain (β2-microglobulin) have been found in about one third of human tumors [30]. In ovarian cancer, it has been hypothesized that the inhibition of antigen presentation by the reduction of MHC-I molecules and the suppression of T cells by PD-L1 expression are two mutually exclusive mechanisms for immune evasion [31].



Cancer cells of the same tumor differ in their morphology, phenotype, and functions. This intratumor heterogeneity is caused by genetic and epigenetic differences, and is also reflected in the heterogeneity of MHC-I expression. Based on IHC staining, human tumors are classified into MHC-I positive (human leukocyte antigen (HLA) class I is expressed in >75% of the cells), heterogeneous (25–75% of the cells), or negative (<25% of the cells). Garrido et al. [28] assume that these different types of MHC-I expression are linked to different stages of tumor development associated with T-cell immune selection, and have described two patterns of MHC-I expression, leukocyte infiltration, and tumor tissue architecture, which represent the early and late phases of tumor development. In the early phase (phase I, “permissive”), when cancer cells are MHC-I positive or heterogeneous in MHC-I expression, the tumors are infiltrated by T lymphocytes that are able to recognize and eliminate MHC-I positive tumor cells. The tumors can also be infiltrated by other immune cells, such as macrophages. MHC-I downregulation in tumor cells allows them to evade the attack of T cells. At the late phase (phase II, “non-permissive/encapsulated”), MHC-I negative tumor cells are encapsulated by the stroma. Immune cells do not infiltrate these tumor cells, but the stroma is infiltrated by different types of T cells and immunosuppressive cells, including Treg, macrophages, and myeloid-derived suppressor cells (MDSC).



The heterogeneity of MHC-I expression in tumors is further enhanced in metastases, where other alterations of MHC-I expression, both reversible and irreversible, can be found. Thus, metastases can have the same or different MHC-I phenotype in comparison with the primary tumor [32]. Moreover, the metastases in one patient can differ in MHC-I expression [33,34]. The frequency of MHC-I downregulation is higher in metastatic than in primary tumors [35].




4. PD-1/PD-L1 Blockade and Predictive Biomarkers


Many cancer patients contain potentially cytotoxic, tumor-specific T cells that are dysfunctional due to the suppression mediated by inhibitory receptors. As the interaction between the PD-1 and PD-L1 molecules contributes to this immunosuppression, its blockade can release these T cells from a state of exhaustion and enable the elimination of tumor cells. This assumption was confirmed in a mouse model after the administration of an anti-PD-1 monoclonal antibody [36].



The first clinical trial with nivolumab, a fully humanized antibody against PD-1, showed the safety of this treatment and demonstrated complete or partial responses in patients with colorectal cancer, melanoma, and RCC [37]. Several other antibodies for a PD-1/PD-L1 blockade have been developed by different companies, and this approach is being tested in numerous clinical trials as a monotherapy, or in combination with chemotherapy, radiotherapy, and other types of immunotherapy [12,38,39]. The published results of the clinical trials have evidenced durable responses in patients with both solid tumors of various origins and hematological malignancies. Remarkable objective response rates (ORR) have been found for patients with advanced treatment-refractory melanoma (32%), RCC (29%), bladder cancer (26%), and NSCLC (17%) [12,39]. The successful clinical trials led to the fast FDA approval of the PD-1/PD-L1 blockade as a second-line treatment for melanoma in 2014, NSCLC and RCC in 2015, and bladder cancer in 2016.



Despite the impressive efficacy of the PD-1/PD-L1 blockade in patients with tumors resistant to conventional cancer therapy, this anti-PD-1/PD-L1 therapy is still unsatisfactory as most patients do not respond to it. Moreover, in a study with a median duration of follow-up of 21 months, melanoma progression has been reported in approximately 25% of patients with an objective response to a PD-1 blockade [40]. In addition, this therapy can induce severe immune-related adverse events that are multiplied after combination with the CTLA-4 blockade [41]. To maximize the therapeutic benefit, biomarkers for the prediction of a response to a PD-1/PD-L1 blockade are being extensively investigated. The PD-L1 expression on tumor cells is the first possible biomarker. The clinical trials on different tumors have shown that ORR is higher in patients with PD-L1 expression than in PD-L1-negative patients, but as a portion of the latter subgroup also responded to treatment, the PD-L1 IHC alone cannot be used for the stratification of patients and in making a decision as to the eligibility for anti-PD-1/PD-L1 therapy [42].



Many human tumors are heavily infiltrated by immune cells. As cancer development is influenced by the host’s immunity, the evaluation of the number, phenotype, and spatial distribution of immune cells in tumors can provide helpful prognostic information. At present, this concept of an “immunoscore” is mostly based on the evaluation of subpopulations of T cells, particularly CD8+ T cells [43]. The immunoscore seems to be a superior prognostic factor in comparison to the tumor-node-metastasis (TNM) classification in early-stage colorectal cancer [44]. For cancer immunotherapy, and especially a PD-1/PD-L1 blockade where CD8+ T cells should be principal effector cells, such an immunoscore could also be a predictive factor because infiltrating CD8+ T lymphocytes are a marker of a pre-existing immunity that can be released from immunosuppression by a PD-1/PD-L1 blockade. In a study with an anti-PD-1 antibody in melanoma patients, the infiltration of CD8+ T cells was higher both at the invasive tumor margin and in the tumor parenchyma in the pre-treatment samples of responders compared to nonresponders [45].



Based on PD-L1 expression and the presence of tumor-infiltrating lymphocytes (TIL), human tumors have been classified into four types [46]: type I, PD-L1+TIL+ (adaptive immune resistance, where PD-L1 expression is induced by TIL); type II, PD-L1−TIL− (immune ignorance); type III, PD-L1+TIL− (the intrinsic induction of PD-L1 expression); and type IV, PD-L1−TIL+ (immune tolerance, where factors other than PD-L1 expression are implicated in the evasion of the host’s immunity). Tumors of type I are the most eligible for treatment with a PD-1/PD-L1 blockade, because the infiltration of TIL is evidence of a pre-existing immunity that is suppressed by PD-1/PD-L1 signaling. Unlike type 1, tumors of type IV would not probably benefit from anti-PD-1/PD-L1 therapy, as the immunosuppression is not caused by PD-L1 engagement. For tumors without TIL, both PD-L1 positive and PD-L1 negative, a PD-1/PD-L1 blockade should be combined with another treatment that induces tumor-specific T cells infiltrating tumors.



As somatic mutations generate neoantigens that can be major targets of anti-tumor T-cell immunity, mutational load has been considered as another possible predictive biomarker. Champiat, et al. [47] have shown an association of the response rate to a PD-1/PD-L1 blockade with the frequency of somatic mutations in different tumors, and have hypothesized the key role of mutational load for the success of immune checkpoint therapy. Using whole-exome sequencing, a higher nonsynonymous mutation burden has been really found in NSCLC patients who responded to an anti-PD-1 antibody in comparison to nonresponders [48]. In addition, the importance of neoantigen intratumor heterogeneity for a patient’s response has been demonstrated by a multiregion sequence analysis, which showed a greater clinical benefit in patients with a high mutational load and low neoantigen heterogeneity in comparison with a high mutational load alone [49]. For patients with colorectal cancer, the mismatch-repair status of tumors, which is associated with the frequency of somatic mutations, is an important predictive factor, as ORR after anti-PD-1 therapy was 0% in patients without a mismatch-repair deficiency and 40% in patients with this deficiency [50].




5. PD-1/PD-L1 Blockade and MHC-I Expression


Considering the commonly accepted key roles of CTLs in tumor eradication and that of a PD-1/PD-L1 blockade in the activation of these cells, MHC-I expression on tumor cells should be a prerequisite for successful anti-PD-1/PD-L1 therapy. However, as described above, MHC-I downregulation is frequent in human tumors. The surface expression of MHC-I molecules could thus be an important predictive biomarker. Surprisingly, special attention has not usually been devoted to MHC-I expression in studies looking for biomarkers of response to checkpoint blockade.



The expression of MHC-I genes (HLA-A, -B, and -C) in human tumors can be found in studies comparing the transcriptoms in samples taken from patients before anti-PD-1/PD-L1 therapy. In melanomas, MHC-I expression was higher (without statistical significance) in responders to therapy [51]. In another study with melanomas [52], differences in MHC-I expression have not been reported in pretreatment samples, but the expression of genes that are associated with antigen processing and presentation, including MHC-I genes, was increased in responders early during the course of anti-PD-1 therapy. Inoue et al. [53] detected the mRNA expression of one MHC-I locus—HLA-A—in melanoma patients, and showed a significantly higher expression in responders to a PD-1 blockade. They also observed that a combination of three predictive biomarkers—PD-L1, granzyme A (GZMA), and HLA-A—distinguished responders from nonresponders.



An IHC analysis of HLA-A molecules on tumor cells in melanomas revealed almost ubiquitous expression, without a statistically significant difference between responders and nonresponders [54]. However, this study also demonstrated that MHC-II (HLA-DR) expression, evaluated by IHC staining, correlated with a response to a PD-1 blockade.



An analysis of the genetic changes in melanoma samples from four patients with an acquired resistance to a PD-1 blockade suggested an association of the resistance with MHC-I downregulation [55]. After the clonal selection of resistant tumor cells, IFN-γ signaling was abrogated in two patients due to the loss of JAK1 or JAK2 kinases, and, in one patient, the gene encoding β2-microglobulin was truncated, which led to the elimination of surface MHC-I expression. Loss-of-function mutations in JAK1 or JAK2 genes can also be involved in the primary resistance to a PD-1/PD-L1 blockade. Genetic alterations in JAK1 and JAK2 have been found in different types of human tumors, with a range of 6–12% and 5–17%, respectively [56]. The abrogation of IFN-γ signaling was also associated with the primary resistance to anti-CTLA-4 therapy [57].




6. Utilization of PD-1/PD-L1 Blockade for Tumors with MHC-I Downregulation


The preclinical data from murine models documented that CD8+ T cells are crucial for the effect of a PD-1/PD-L1 blockade [58,59]. The importance of these cells was further supported by clinical trials that demonstrated the association of the benefit of anti-PD-1/PD-L1 therapy with tumor-infiltrating CD8+ cells [45] and a high mutational load [47,48,50]. Thus, the presentation of antigenic epitopes by MHC-I molecules on tumor cells seems to be a necessary condition for a successful PD-1/PD-L1 blockade. However, the scarce results published on this issue are ambiguous, and conclusions on the significance of MHC-I expression for anti-PD-1/PD-L1 therapy cannot be made.



Some studies suggest that antibodies against PD-1/PD-L1 could also be useful in the treatment of tumors with MHC-I downregulation. In patients with classical Hodgkin’s lymphoma (cHL), the response rates to a PD-1/PD-L1 blockade were from 65% to 87%. As the total loss of MHC-I expression on malignant cells was usually detected in about half of cHL patients, antitumor cytotoxicity was not probably caused only by CD8+ T lymphocytes [60]. A similar deduction is probably applicable for some other types of human tumors.



Bercovici and Trautmann have challenged the concept that the direct killing of tumor cells is a key role of T lymphocytes in an antitumor response [61]. Instead, they assume that T cells contribute to an activation of innate immune cells that eradicate the tumor. They supported their idea by experimental observation in the TC-1 tumor model, showing that after peritumoral vaccination against a tumor-specific antigen combined with the administration of IFN-α, a dynamic cooperation between CD8+ T cells and myeloid cells was necessary for tumor regression. Macrophages rather than CD8+ T cells were principal cytotoxic cells [62], despite the fact that the TC-1 cells express MHC-I molecules and are sensitive to specific immunization [63]. In another experimental study [64], combination immunotherapy induced the regression of large established tumors in three mouse transplantation models when four components were administered: an antibody specific to a surface tumor antigen, a stabilized recombinant interleukin-2, an antibody blocking the PD-1 receptor, and a powerful vaccine activating CD8+ T cells. This treatment stimulated strong innate and adaptive immune responses, and was also efficient against melanoma B16F10 cells with reversibly reduced MHC-I expression. For the eradication of tumors, CD8+ (but not CD4+) T cells, cross-presenting dendritic cells, macrophages, NK cells, and neutrophils were required, but the cytotoxic mechanisms were not further analyzed.



A PD-1/PD-L1 blockade can directly influence the function of other cells besides T cells, as the PD-1 receptor is expressed on B, NK, and NKT cells, and on DCs and macrophages [2]. NK cells are innate cytotoxic cells that can attack tumor cells. Their antitumor activity is regulated by signals from activating and inhibitory receptors. As MHC-I molecules interact with inhibitory receptors, tumor cells with a reduced MHC-I expression are increasingly sensitive to NK-cell cytotoxicity. NK cells with an upregulated PD-1 expression have been found in patients with Kaposi sarcoma [65] and ovarian carcinoma [66]. These cells displayed impaired degranulation and a low proliferative and cytokine response to external stimuli. Their antitumor activity was partially restored by a PD-1 blockade [66]. Thus, the PD-1 receptor could induce exhaustion in NK cells, in a way similar to T cells.



Invariant NKT (iNKT) cells are other cells with a potential for the direct killing of tumor cells. Moreover, after activation, they quickly produce large amounts of a broad range of cytokines and chemokines that stimulate strong innate and adaptive immune responses. PD-L1 expression was increased in iNKT cells from NSCLC patients [67]. The stimulation of iNKT cells from healthy donors by α-galactosylceramide (α-GalCer)-pulsed antigen-presenting cells upregulated surface PD-1 expression. A PD-1/PD-L1 blockade at the time of iNKT stimulation enhanced the T helper type 1 (Th1) cytokine production and direct cytotoxicity of iNKT cells, prevented the induction of iNKT anergy, and supported NK cell-mediated cytotoxicity [67,68,69,70]. It also reduced lung metastasis in the B16 melanoma model [68,69].



Various subpopulations of CD4+ T lymphocytes have been identified that mostly orchestrate the function of other immune cells, and that either augment or reduce antitumor immunity. However, some CD4+ T cells have been classified as effector cells capable of the direct or indirect killing of tumor cells [71,72]. In mouse tumor models, such CD4+ T cells were more efficient in reducing tumor growth than CD8+ T cells, even when the tumor cells were MHC-I positive and MHC-II negative. For this effect, cooperation with NK cells was necessary [73]. Tumor cells with MHC-II expression can be eliminated by directly cytotoxic CD4+ T cells. For human melanoma cells, the cytolytic activity of CD4+ T cells was dependent on perforin and granzyme B expression, and was only efficient against cells with high MHC-II expression. This cytotoxic effect of CT4+ T lymphocytes was enhanced by the blockade of PD-1 molecules [74].



Macrophages can express both PD-1 and PD-L1 molecules, but little is known about the relationship of this expression to the antitumor effect of a PD-1/PD-L1 blockade. In some tumors, PD-L1-expressing myeloid cells (including macrophages) were more abundant than tumor cells expressing PD-L1 [75,76,77], and PD-L1 expression on myeloid cells rather than tumor cells has been suggested to affect the response to a PD-1 blockade [76]. The importance of PD-L1 expression on myeloid-infiltrating cells has recently been supported by the removal of PD-L1 production from tumor cells in two mouse models [78]. In macrophages from patients chronically infected with the hepatitis C virus, the suppressed production of IL-12 was increased by a PD-1/PD-L1 blockade, which was associated with STAT-1 activation by phosphorylation [79]. A similar effect could be achieved in M2-polarized tumor macrophages that are characterized by aberrant IL-12 production, as PD-1 has been reported to suppress M1 polarization by the inhibition of STAT-1 phosphorylation, and also support M2 polarization by the augmentation of STAT-6 phosphorylation [80].



For the treatment of tumors with reversibly downregulated MHC-I expression, stimulation with IFN-γ produced by activated tumor-infiltrating immune cells or delivered as a therapeutic drug was expected to improve cancer therapy. Besides the upregulation of MHC-I molecules, the possible antitumor function of this cytokine stems from its support of a Th1 immune response, its antiangiogenic properties, and its antiproliferative and proapoptotic effects against tumor cells. However, the results of clinical trials with recombinant IFN-γ were ambiguous, and the protumorigenic effects of IFN-γ have been repeatedly demonstrated in mouse models [81,82]. As PD-L1 is also inducible on tumor cells by IFN-γ, its role in the protumoral activity of IFN-γ has been suggested, and combined therapy with IFN-γ and antibodies against PD-1/PD-L1 has been advised [82]. The benefit of combined treatment with interferons and a PD-1/PD-L1 blockade has already been verified in experimental models for IFN-α [83] and IFN-β [84].




7. Future Perspectives


To improve the clinical efficacy of an antitumor PD-1/PD-L1 blockade, combinations with other therapeutic drugs or approaches are necessary. Some combined treatments are already under way [85], including combinations with other immunotherapies, e.g., vaccines or antibodies against other checkpoint receptors, and co-stimulatory molecules. As the list of potentially usable immunotherapies, either already approved for practical use or clinically tested, is extensive [86], standardized and optimized immunomonitoring will be crucial for tailoring cancer immunotherapy. With respect to MHC-I downregulation, multicolor IHC detection should particularly analyze MHC-I and PD-L1 expression on tumor cells and also on myeloid cells in the case of PD-L1, and evaluate the infiltration of tumors not only by T lymphocytes but also by myeloid cells, especially macrophages. As these cells can potentially eliminate tumor cells irrespective of MHC-I expression and predominate in some tumors, their repolarization from M2 to M1 phenotype [87], accompanied by a checkpoint blockade of PD-1/PD-L1 and/or T-cell immunoglobulin and mucin domain 3 (Tim3) molecules, might be a universal therapy for tumors heavily infiltrated by macrophages. For the treatment of tumors with reversibly downregulated MHC-I expression, a combination of a PD-1/PD-L1 blockade with the epigenetic alteration of gene expression could be beneficial. Inhibitors of histone deacetylases (HDAC) enhanced MHC-I molecules on tumor cells, even when these cells did not respond to IFN-γ stimulation [88]. HDAC inhibitors can also support antitumor immunity by other mechanisms [89], and have augmented the antitumor effect of a PD-1/PD-L1 blockade in several experimental studies [90,91,92]. The increased production of chemokines attracting T cells into tumors [92] and the elimination of MDSCs [90] have been described as contributing mechanisms. To verify the efficacy of the aforementioned approaches for the treatment of tumors with a downregulation of MHC-I expression, appropriate animal models should be developed and utilized, e.g., tumor cells lacking β2-microglobulin production, or cells with a reversible reduction of MHC-I molecules and abolished IFN-γ signaling. In the latter model, a combination with radiotherapy could be particularly useful, as it supports MHC-I expression by the induction of IFN-β production and restores the responsiveness of resistant cells to a PD-1 blockade [93]. To conclude, the focus on MHC-I downregulation in tumor cells might substantially improve the efficacy of cancer therapies including a PD-1/PD-L1 blockade (Figure 1).


Figure 1. Potential usage of programmed cell death protein 1 (PD-1) blockade in combination therapy of tumors with downregulated major histocompatibility class I (MHC-I) expression. MHC-I expression in tumor cells can be reduced reversibly by epigenetic regulations or irreversibly by genetic aberrations. Abrogated interferon (IFN)-γ signaling can contribute to low MHC-I expression. The blockade of PD-1 molecules on natural killer (NK), invariant NKT (iNKT), and cluster of differentiation 4+ (CD4+) T cells supports the direct cytotoxicity of these cells to tumor cells that is not restricted by MHC-I molecules (and is dependent on MHC-II expression in the case of CD4+ T cells). In tumor cells with reversible MHC-I downregulation and functional IFN-γ signaling, MHC-I molecules are upregulated by IFN-γ produced by activated immune cells, e.g., iNKT cells, NK cells, and T lymphocytes stimulated by α-galactosylceramide (α-GalCer), antibody against a killer-cell immunoglobulin-like receptor (KIR), and a vaccine, respectively. As this enhancement of MHC-I expression is accompanied by PD-1 ligand 1 (PD-L1) upregulation, a PD-1/PD-L1 blockade is needed for the restoration of anti-tumor activity of cytotoxic CD8+ T cells, which can be augmented by tumor-specific vaccination. MHC-I expression in tumor cells is further inducible by radiotherapy (RT) and inhibitors of histone deacetylases (iHDAC). Anti-PD-1 therapy also stimulates the secretion of T helper type 1 (Th1) cytokines (including IFN-γ) and chemokines by immune cells, and could induce the polarization of tumor macrophages to the M1 phenotype, which is associated with the killing of tumor cells. This polarization can further be supported by different stimuli, e.g., CD40 agonists, toll-like receptor 9 (TLR9) ligands, and a T-cell immunoglobulin and mucin domain 3 (Tim3) blockade. TCR: T-cell receptor; M1/M2: macrophage subtype 1/subtype 2; purple arrow: activation/stimulation; red T-bar arrow: inhibition/cytotoxicity.
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