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Since the advent of anti-PD1 immune checkpoint inhibitor (ICI) immunotherapy, cutaneous melanoma has undergone a true revolution with prolonged survival, as available 5-year updates for progression-free survival and overall survival demonstrate a durable clinical benefit for melanoma patients receiving ICI. However, almost half of patients fail to respond to treatment, or relapse sooner or later after the initial response to therapy. Little is known about the reasons for these failures. The identification of biomarkers seems necessary to better understand this resistance. Among these biomarkers, HLA-DR, a component of MHC II and abnormally expressed in certain tumor types including melanoma for unknown reasons, seems to be an interesting marker. The aim of this review, prepared by an interdisciplinary group of experts, is to take stock of the current literature on the potential interest of HLA-DR expression in melanoma as a predictive biomarker of ICI outcome.
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1 Introduction

Immunotherapy with immune checkpoint inhibitors (ICI) have revolutionized the treatment of patients with advanced solid cancers (1). Cutaneous melanoma (CM) is one of the most sensitive tumors to PD1 checkpoint inhibitors (nivolumab, pembrolizumab) (2).

Despite the paradigm shift brought about by ICI (prolonged survival and good tolerance (3–6)), 40 to 65% of metastatic melanomas do not respond to mono- or combo-ICIs and more than 43% of patients develop secondary resistance after a first response at 3 years of treatment (3).

The tumor microenvironment (TME) and the interactions between immune and non-immune tumor cells are of crucial importance in cancer initiation and progression, for example by delivering extracellular signals that support and promote peripheral immune tolerance (7).

Among the components of this TME is Human Leukocyte Antigen – DR isotype (HLA-DR), which is expressed on professional antigen-presenting cells (pAPCs) and unexplainedly on non-pAPC cells such as certain tumors, and in greater proportion in melanoma (8, 9).

In this article, we first present an overview of HLA-DR with its role in the tumor cell as well as its interaction with TME before reviewing studies evaluating the response to ICI in melanoma based on HLA-DR expression and, finally, we discuss how HLA-DR could fit into therapeutic application as a biomarker.




2 HLA-DR: role and interaction with tumor microenvironment

The efficacy of ICI immunotherapy depends on the recognition of the antigens by T cells. This recognition is mediated by the major histocompatibility complex (MHC) molecules that present the antigens to the T cell receptor (TCR), with these interactions being increased by co-receptors such as CD4 on helper T cells and CD8 on cytotoxic T cells. MHC class I molecules (MHC-I) are expressed by most nucleated cells and mainly present peptide antigens of endogenous origin to CD8+ T cells. MHC class II (MHC-II) molecules are mostly expressed by professional antigen-presenting cells (PAPCs) such as dendritic cells (DCs), B cells and macrophages, and mainly present peptide antigens of exogenous origin to CD4+ T cells. Among the MHC-II components, HLA-DR is the most frequently expressed and the most studied (10, 11). HLA-DR is encoded by the human leukocyte antigen complex on the region 6p21.31 of chromosome 6 (12). HLA-DR is composed of two non-covalently associated transmembrane glycoproteins (the α and β chains) (13, 14), and is primarily expressed on B lymphocytes, monocytes, dendritic cells and thymic epithelial cells. In addition to hematopoietic-lineage neoplasia, HLA-DR is likewise expressed by certain solid tumors, including malignant CM, lung cancer, liver, cancer, glioblastoma, renal cancer (8).

To date, no relationship between HLA-DR expression and the aggressiveness of most tumors or their prognostic factors has been noted in most of the different tumor types although in CM, an association between HLA-DR expression and the metastatic and aggressive potential of the disease was initially suggested (15–17).This assertion was later challenged by finding no particular impact on the aggressive character of CM (9, 18).

The function of MHC-II expression in tumor cells has long been unknown; recently, several studies have demonstrated that CD4 T cells can recognize melanoma cells in an antigen-specific, MHC class II-dependent manner (19–21).

In solid tumors, HLA-DR has been predominantly studied in CM. Based on the results obtained - after induction using high concentrations of the specific anti-HLA-DR monoclonal antibody L243- in vitro in cell lines without in vivo confirmation, it appears that tumor cells growth and aggressiveness may be due to HLA-DR-mediated signaling that induces ILK/AKT (integrin-linked kinase/protein kinase B), FAK/PAX/AKT (focal adhesion kinase (FAK)/paxillin/Protein kinase B) and BRAF/ERK (extracellular signal-related kinases) signaling pathways activation as well as the lipid rafts recruitment of FAK and AKT proteins (22–25). Constantini et al. have demonstrated in vitro in cell lines that HLA-DR expression, through these signaling platforms, modulates the interaction of melanoma cells with the microenvironment that is considered crucial for their metastatic dissemination. MHC-II mediated signaling, including HLA-DR, increases the expression of integrins and cell adhesion molecule (CAM) receptors, activating associated signaling and enhancing melanoma cell motility and invasiveness. This signaling also modulates multiple intracellular processes associated with cell invasion based on increased integrins function. In addition, signal transducer and activator of transcription 3 (STAT3), mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathways activate the expression of PD-L1 receptor, which contributes to melanoma immune escape (25) (Figure 1).

Hemon et al. have shown in vitro in cell lines that LAG-3 can, in addition to activating the PI3K/Akt pathway, also activate the MAPK/Erk pathway (26) like the anti-HLA-DR antibody L243 (which only activates the MAPK/Erk pathway), but with different kinetics (24) (Figure 1). Also based on the in vitro study of the A375 line, expressing HLA-DR, Barbieri et al. demonstrated via stimulation with the anti-HLA-DR antibody (L243), that the interaction between HLA-DR and the TCR leads to the activation of c-Jun N-terminal kinase (JNK), a member of the MAPK family which plays an essential role in regulation of cell proliferation, metabolism, survival and death, and of DNA repair, but with no evidence that induction of this TCR CD4+ signaling would lead to an effect similar to that previously reported on activation of the MAPK/Erk pathway (27). Thus, JNK activation had been shown to promote tumor proliferation, as demonstrated in glioblastoma (28), non-small cell lung cancer (NSCLC) (29) and pancreatic cancer (30, 31), or to immune evasion as in breast (32) and oropharynx cancers (33). The role of this kinase is critical in tumor growth and progression, as phosphorylated JNK dimerizes Jun proteins, particularly c-Jun with Fos proteins (c-Fos, FosB, Fra-1, and Fra-2) to form AP-1 (33). AP-1 is then involved in cell proliferation, survival, differentiation, inflammation, migration, and metastasis (34) (Figure 1). JNK contributes to immune evasion via PD-L1 expression by modulating the activity of c-Jun, an inducible transcription factor that directs gene expression changes such as PD-L1, a mechanism observed in melanoma (35); or via TLR4 (toll-like receptor 4) signaling as in bladder cancer (36) (Figure 1).

In addition, HLA-DR may be involved in immune evasion, as Oliviera et al. have identified three general types of potential interactions between tumor-specific CD4+ tumor-infiltrating lymphocytes (TILs) cells and melanoma in a cohort of CM. One of these mechanisms strongly implicates MHC-II/HLA-DR. The authors demonstrated the direct tumor specificity of over 70% of the TCRs generated in the TME of MHC-II/HLA-DR melanomas (2/4 patients). The majority of these TCRs showed specificity for neoantigens with avidities similar to those of exhausted lymphocyte TCRs, suggesting that their stimulation could lead to the activation of immunosuppressive regulatory lymphocytes CD4+ (Treg). The authors also found that MHC-II/HLA-DR melanomas were characterized by high numbers of CD8+ TILs, due to their association with extreme tumor mutational burden (TMB). In these conditions, the reactivation of CD8+ responses can disrupt the balance between effector and Treg cells, thus favoring the high immunogenicity expected of MHC-II/HLA-DR melanomas (37).

Furthermore, Donia et al. highlighted a new mechanism of immune escape, in an analysis of a cohort of 38 patients, 50% of whom had native MHC-II expression. Tumor-specific CD4+ T cell responses were dominated by tumor necrosis factor (TNF) production. Chronic exposure to local TNF reduced CD8+ T cell activation in Interferon-γ (IFN-γ)-rich TME. Conversely, direct CD4+ T cell responses had no effect on melanoma cell proliferation or viability (38).

MHC-II shares several characteristics with other tumor-associated immunosuppressive molecules, such as Indoleamine 2,3-dioxygenase (IDO) and PD-L1. Indeed, MHC-II is aberrantly activated in some melanomas and, exactly like IDO and PD-L1 (38, 39), is upregulated by IFN-γ-mediated immune responses. Thus, in situ detection of MHC class II in melanoma may represent constitutive expression in CM cells or be induced by the presence of IFN-γ-secreting cells (e.g. tumor antigen-specific CD8+ T cells), or both. Interestingly, CD4+ T binding to MHC-II-positive tumor cells induces IFN-γ secretion (40), which is a potent inducer of PD-L1 (41–43) (Figure 1).




Figure 1 | Schematic explanation of the JNK pathway and its signaling with HLA-DR. (Created with BioRender.com) JNK can be activated by a series of stimuli via specific MAP3Ks. This activation allows transcription of various downstream targets for tumorigenesis events such as cell proliferation, survival, differentiation, inflammation, migration, metastasis and immune evasion such as PD-L1 transcription (Abbreviations: defined in the main text).



Finally, HLA-DR is also an immune control point, as it is the ligand for lymphocyte-activation gene 3 (LAG3) (44), which is present on the surface of T cells, NK cells and plasmacytoid dendritic cells (45). The LAG3 protein forms a stable link to HLA class II through its 30-amino acid loop structure, and selectively binds to peptide-containing MHC-II (44, 46). Under normal circumstances, LAG3 can help prevent autoimmune responses or excessive responses against viral infections (44). However, tumor cells can use immune checkpoints to avoid immune recognition and deplete cytotoxic T cells. LAG3 is strongly associated and synergistic with PD-1 as it is co-expressed with this immune checkpoint on CD4 and CD8 T cells which blocks the anti-tumor immune response (47). LAG3 may also be a marker of immune exhaustion, which could be a factor in resistance to anti-PD-1 and anti-CTLA-4 (48).

The aim of the present paper is to review the current literature on the potential interest of HLA-DR expression in melanoma as a predictive biomarker of response to ICI.




3 Melanoma HLA-DR expression and response to ICI: literature analysis

HLA-DR is normally expressed in professional antigen-presenting cells but also on some tumor cells of certain tumors without the explanation of this expression being elucidated at the moment.

Well before the advent of ICI, the concept of immunotherapy was first introduced with the use of BCG in urothelial bladder cancer showing proven efficacy. Based on this finding, Brocker et al. (49) evaluated BCG injections as adjuvant therapy in a population of 107 patients with high-risk stage I melanoma. In this study, 44/107 (41%) of them had been treated with BCG. HLA-DR expression was assessed by immunohistochemistry with 910 D7, OKIal (Ortho Diagnostics), 12 (Coulter Electronics), anti HLA-DR (Becton Dickinson) and D 1 - 12 (Dr. S. Carrel, Lausanne) clones. Authors calculated the percentage of stained tumor cells and then grouped tumors according to their “low” (0-19% tumor cells positive/section) or “high” (20%-100% cells positive/section) HLA-DR expression. They found that HLA-DR expression was associated with a poor prognosis (p < 0.01) and no statistically significant benefit from BCG treatment, although there was a trend toward better progression-free survival (PFS) in BCG-treated patients not expressing HLA-DR.

At the current era of ICI therapies, different studies have evaluated the response to treatment according to HLA-DR status in solid tumor. It concerns mainly CM but also in only two other series non-small cell lung cancers (NSCLC) and urothelial carcinomas.

Regarding CM, first review of literature reported that HLA-DR expression was predictive of better survival and response to ICI, and was also associated with PD-L1 expression (25). As an illustration, Johnson et al. showed in their study that HLA-DR expression was required for anti-PD-1/PD-L1 activity. Indeed, they demonstrated in the first step of their study on 60 cell lines, that HLA-DR expression by melanoma-cells was associated with unique inflammatory signals that are more responsive to PD-1-targeted therapy (9). Afterwards, they studied HLA-DR expression on melanoma tumor tissue from 67 patients, including 53 metastatic disease (83%). HLA-DR expression by melanoma-cells was observed in 30.3% (20/67) of patients and tended to be more frequent (p = 0.47) in the NRAS mutated group (43%, 6/14) than in respectively the BRAF mutated group (23%, 3/13) and the BRAF/NRAS wild-type group (28%, 11/39). Among 30 patients with metastatic disease treated by ICI (anti-PD1/anti-PDL1 and anti-CTLA4) HLA-DR expression in pre-ICI melanoma samples was quantified by 2 independent pathologists as tumors < 5% of HLA-DR positive melanoma cells (termed HLA-DR- with no significant expression, 16/30; 53.3% of patients) and tumors with > 5% of HLA-DR positive melanoma cells (termed HLA-DR+ with significant HLA-DR expression, 14/30; 46.7% of patients). The objective response rate (ORR) was significantly higher in the HLA-DR+ group than in the HLA-DR- group (79% versus 38% respectively, p = 0.033). These results were confirmed in a second independent external cohort of 23 melanoma treated with ICI (anti-PD-1). Indeed, the reported ORR in the HLA-DR+ group was 75% (6/8) versus only 27% (4/15) in the HLA-DR- group (p = 0.025). Interestingly, responders had clinico-biological factors of poor prognosis in this series such as bulky diseases, liver metastases and elevated Lactate Dehydrogenase (LDH) seric levels. Based on a 5% HLA-DR positive melanoma cells threshold, PFS was superior in the HLA-DR+ group (median not reached versus 3.2 months, p = 0.02) as well as OS (median not reached versus 27.5 months, p = 0.003). Similar results were found using HLA-DR positive melanoma cells thresholds of 1%, 10% and 20%. Of note, in a small group of 13 patients treated exclusively with anti-CTLA4 (ipilimumab), there was no significant association between therapeutic response and HLA-DR expression (9).

In another retrospective study, starting from the hypothesis that PD-1 and PD-L1 receptors must be expressed sufficiently for patients to respond to anti-PD-1 ICI, Johnson et al. searched correlation between expressions of PD-1, PD-L1, HLA-DR (anti-HLA-DR clone TAL.1B5, DAKO) and IDO and treatment responses of metastatic CM to pembrolizumab or nivolumab (50). In a first exploratory cohort of 24 patients from their medical center, authors showed that response to anti-PD1 was correlated with a high expression of IDO-1+/HLA-DR+ cells (5% threshold of positivity) with a sensitivity of 85%, a specificity of 91% and an area under the curve (AUC) of 0.88; whereas the biomarkers taken separately or with another combination did not allow to differentiate responders from non-responders. In a subsequent validation cohort of 142 patients from 10 medical centers, the authors observed higher response rates in patients with high PD1/PDL1 (p = 0.06) or IDO-1/HLA-DR expression scores (p = 0.0002). They also showed significantly improved PFS (HR = 0.36; p = 0.0004) and OS (HR = 0.39; p = 0.0011) in patients with high PD1/PDL1 and/or IDO-1/HLA-DR scores. Furthermore, multivariate analysis revealed that survival predictions were not influenced by commonly used clinico-biological factors, such as metastatic stage or LDH levels (p = NS), in contrast to biomarker signature (PD1/PDL1 or IDO-1/HLA-DR) (PFS with biomarker signature alone HR = 0.36 [0.20-0.65] (p = 0.00065); OS with biomarker signature alone: HR = 0.39 [0.21-0.70] (p = 0.0016). In addition, PD-L1 expression alone at any threshold (1%, 5%, or 25%) did not significantly (p > 0.1) identify patients with better PFS or OS, reinforcing the imperfection of this widely used biomarker prior to anti-PD-1/PD-L1 therapeutic decision outside the field of metastatic CM (51–54). The same authors later suggested that the immune resistance continuum of IFN-γ-mediated expression of PDL1, HLA-DR and IDO-1 results from PDL1/PD1 and HLA-DR/LAG3 interaction (55, 56).

Furthermore, an ancillary study to CheckMate 064 (sequential administration of nivolumab followed by ipilimumab, or the reverse sequence) and CheckMate 069 (nivolumab plus ipilimumab versus ipilimumab alone), has evaluated MHC-I and MHC-II protein expression in pre-treatment biopsy samples of untreated advanced melanoma. Analysis was performed in subgroups categorized as treated with ipilimumab followed by nivolumab (IPILIMUMAB→NIVOLUMAB), nivolumab followed by ipilimumamb (NIVOLUMAB →IPILIMUMAB), ipilimumab alone (IPILIMUMAB), or combination of both nivolumab and ipilimumab simultaneously (NIVOLUMAB+IPILIMUMAB) in the 2 clinical trials mentioned above (57). In CheckMate 064, IHC revealed that more than 1% of melanoma cells expressed MHC-II in 26/92 cases (28%). Otherwise, MHC-II positive melanoma cells were concentrated at the inflammatory and invasive margin of the tumor, that was consistent with induced local expression of MHC-II. The proportion of cases with >1% of MHC-II positive melanoma cells was quite similar in CheckMate 069 (29/89 cases, 33%). The authors found that MHC-II positivity (>1%) in CheckMate 064 was associated with a significant better outcome in subgroup NIVOLUMAB→IPILIMUMAB (p = 0.005) compared with the IPILIMUMAB→NIVOLUMAB subgroup (p = 0.31). This finding was consistent with the Johnson et al. study above-mentioned (9).

Then, in another study on 60 samples of CM before ICI initiation, in increasing the multiplexing of their immunotyping analyses until 44 markers, the authors further reported that HLA-DR expression in melanoma cells was both correlated with PFS (HR = 0.49; p = 0.0281) and OS (HR = 0.27; p = 0.0035) (58).

From the results of these studies, HLA-DR expression on melanoma cells could be an indicator of IFN-gamma release due to an ongoing anti-tumor immune response.

Finally, few studies have evaluated HLA-DR expression on tumoral microenvironment (TME) cells of melanoma and ICI therapy. In addition, no other type of solid tumor has been published on the subject.

A prospective phase Ib/II study had evaluated efficacy of the combination of pembrolizumab and high-dose interferon alfa-2b in 30 patients with resectable locally advanced melanoma in neoadjuvant strategy (59). The authors analyzed the composition of the TME before and after surgery with IHC on the pre- and post-surgery samples of 13 patients with residual pathological disease. Treatment response was associated with a significant increase in the percentage of CD8 T cells (p = 0.04) in the TME. It was also associated with a significant increase in both PD-1 (p = 0.04) and PD-L1 expression (p = 0.02) in non-tumor cells, and in PD-1/PD-L1 interaction (p = 0.008). But tumor cells expressing IDO1 and HLA-DR+ did not change significantly after treatment (p = 0.2). In another sub-analysis of 14 samples (5 with pathological complete response (pCR) and 9 without), high baseline HLA-DR values on non-tumor cells were associated with pCR (p = 0.008) in this cohort.




4 HLA-DR as a potential therapeutic target?

Although HLA-DR has shown interesting potential for predicting response to ICI and participating in the definition of hot-immune group, several limitations must nevertheless be noted.

There is no clear consensus on the antibody used for IHC, although LN3 appears to be the most sensitive and specific (60). The threshold for significant positivity is unclear: in the series studied, the 5% threshold had been used to establish the significance of HLA-DR to the therapeutic response to ICI. Although similar results were obtained using HLA-DR-positive melanoma cell thresholds of 1%, 10% and 20%, further studies with larger numbers could nevertheless clarify this point (9).

The HLA-DR antigen triggers signal transduction via the ILK/AKT, FAK/PAX/AKT and BRAF/ERK signaling pathways (61) with an action on the nuclear transcription factor AP-1 involved in cell proliferation and invasiveness (62). With such a background, HLA-DR blockade may be an interesting therapeutic target.

First, Altomonte et al. showed in vitro that HLA-DR blockade by L243 antibody induced a significant (p < 0.05) and dose-dependent growth inhibition of Mel120 metastatic melanoma cell line as well as their homotypic aggregation (63). To date, no anti-HLA-DR therapy has been tested in melanoma or other solid tumors.

However, some HLA-DR therapies have been developed in hematological malignancies, mainly in chronic lymphocytic leukemia (CLL) and lymphoma. The most promising molecule is apolizumab which is an IgG1 anti-1D10. The 1D10 antigen is a polymorphic determinant of the β chain of HLA-DR and its expression appears to be variable in humans as approximately 80% of healthy subjects express it. This antigen is expressed primarily on antigen-presenting cells, including B cells, monocytes and dendritic cells, and to a much lesser extent on some activated T cells and mesenchymal cells. It has been reported that B cells express it at the highest levels (64). The IgG1 1D10 is capable of inducing antibody-dependent cell-mediated cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC) and direct apoptosis of 1D10 antigen-positive malignant B cells (64).

Three clinical trials have been initiated in humans, following interesting and promising results in rhesus monkeys with an acceptable safety profile, except for a type I hypersensitivity reaction that was adequately controlled by slow injection and anti-histamine premedication (65). First, a phase I trial in non-Hodgkin’s lymphoma (66) was conducted with apolizumab in combination with filgrastim to increase neutrophil counts and stimulate IgG-mediated ADCC activity. Results were disappointing as a PFS of 5.0 months was found after the first injection and a significant hematoxicity was seen in almost all patients (e.g. grade IV thrombocytopenia). However, due to the small cohort size (n=6), it was not possible to correlate 1D10 expression levels with clinical toxicity. The second was a phase I/II trial evaluating apolizumab in refractory CLL in 23 patients with apolizumab dose escalation 3 times per week (1.5, 3.0, 5.0 mg/kg/dose) for 4 weeks. The limiting toxic dose (DLT) was manifested by aseptic meningitis and hemolytic uremia syndrome (HUS) (67).

However, the combination of apolizumab and rituximab appears to be more effective than apolizumab alone. The reported AEs were similar to previous published series, with a mild yet manageable infusion reaction observed in the early cycles of treatment; and HUS was thus reported as a DLT (68).

Although targeting HLA-DR seems attractive due to its major signaling and activity profile observed with apolizumab, it appears difficult to envisage a clinical development at this time given the limiting toxicity due in part to the expression of HLA-DR in normal tissue.

Although targeting HLA-DR seems attractive because of the important signaling and activity profile observed with apolizumab, it seems difficult to consider for clinical development at this time. This is due in part to HLA-DR expression in normal tissues, but to its deleterious effect on the anti-tumor response. Oh et al. investigated the role of TCD4+ in bladder cancer and identified a perforin and granzyme mediated cytotoxic TCD4+ population. This TCD4+ population specifically targets MHC II-expressing tumor cells (69). This result has also been observed in melanoma (19). This mechanism could make HLA-DR inhibition potentially counterproductive.

Even if there are no therapies directly targeting HLA-DR in solid oncology, checkpoint inhibitors targeting its ligand, LAG3, have been developed in recent years. Among LAG3 inhibitors, 3 are in advanced development: ieramilimab from Novartis Lab (70), favezelimab from MSD Lab (71), and relatlimab from Bristol Myers Squibb Lab (72). These 3 Ac are IgG4.

In monotherapy, their activity is very modest: in a phase I trial evaluating ieramilimab in a population of 134 pre-treated patients, the objective response rate was 0%, with a SD assessed at 23.9%; the same applies to favezelimab, evaluated in a population of 20 pre-treated patients. However, relatlimab showed a response rate of 11.4% in a population of 68 pretreated patients (48). Nevertheless, the combination with an anti-PD1 appears more promising and may confirm the hypothesis of LAG3 is a marker of immune exhaustion, which could be a factor in resistance to anti-PD-1 and anti-CTLA-4 (48). In fact, in pre-treated patient populations, the combination with an anti-PD1 resulted in ORRs of 6.3% for favezelimab-pembrolizumab (71), 10.8% for ieramilimab-spartalizumab (70) and 44% for relatlimab-nivolumab (72). It should be noted that none of these studies assessed the status and quantification of LAG3, but not HLA-DR. Of the 3 molecules developed, only relatlimab combined with nivolumab has been approved as a first-line treatment by both the U.S. Food and Drug Administration (73) and the European Medicine Agency, which has restricted the indication to patients with tumor cell PD-L1 expression < 1% (74).

Finally, new antibodies combining anti-PD1 and anti-LAG3 on the same IgG are under development, with results that seem more promising than with separate antibodies (75).




5 Conclusion

Although HLA-DR can induce a signaling cascade leading to cell proliferation, its direct therapeutic targeting seems irrelevant due to its ubiquitous expression and the toxicity it may generate.

HLA-DR is a biomarker that was studied extensively in oncology during the 1980s before being neglected. Since the advent of immunotherapy, its interest has become essential to predict response. In addition to its involvement in the definition of the hot-immune group, the expression of HLA-DR in the tumor microenvironment, both on tumor and non-tumor cells, conditions the action of anti-PD1 checkpoint inhibitors and probably of the new checkpoint inhibitors under development.





Author contributions

KA: Conceptualization, Data curation, Methodology, Resources, Software, Writing – original draft, Writing – review & editing. CL: Investigation, Methodology, Resources, Supervision, Writing – original draft. BB: Formal analysis, Project administration, Writing – review & editing. PH: Writing – review & editing. PL: Investigation, Writing – review & editing. OP: Investigation, Writing – review & editing. CB: Conceptualization, Project administration, Visualization, Writing – review & editing. RA: Conceptualization, Methodology, Project administration, Resources, Validation, Writing – review & editing. AU: Conceptualization, Project administration, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.





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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





References

1. Schirrmacher, V. From chemotherapy to biological therapy: A review of novel concepts to reduce the side effects of systemic cancer treatment (Review). Int J Oncol (2019) 54:407–19. doi: 10.3892/ijo.2018.4661

2. Naimi, A, Mohammed, RN, Raji, A, Chupradit, S, Yumashev, AV, Suksatan, W, et al. Tumor immunotherapies by immune checkpoint inhibitors (ICIs); the pros and cons. Cell Commun Signal CCS (2022) 20:44. doi: 10.1186/s12964-022-00854-y

3. Michielin, O, Atkins, MB, Koon, HB, Dummer, R, and Ascierto, PA. Evolving impact of long-term survival results on metastatic melanoma treatment. J Immunother Cancer (2020) 8:e000948. doi: 10.1136/jitc-2020-000948

4. Huang, M, Lou, Y, Pellissier, J, Burke, T, Liu, FX, Xu, R, et al. Cost effectiveness of pembrolizumab vs. Standard-of-care chemotherapy as first-line treatment for metastatic NSCLC that expresses high levels of PD-L1 in the United States. PharmacoEconomics (2017) 35:831–44. doi: 10.1007/s40273-017-0527-z

5. Miguel, LS, Lopes, FV, Pinheiro, B, Wang, J, Xu, R, Pellissier, J, et al. Cost effectiveness of pembrolizumab for advanced melanoma treatment in Portugal. Value Health J Int Soc Pharmacoeconomics Outcomes Res (2017) 20:1065–73. doi: 10.1016/j.jval.2017.05.009

6. Courtney, PT, Yip, AT, Cherry, DR, Salans, MA, Kumar, A, and Murphy, JD. Cost-effectiveness of nivolumab-ipilimumab combination therapy for the treatment of advanced non-small cell lung cancer. JAMA Netw Open (2021) 4:e218787. doi: 10.1001/jamanetworkopen.2021.8787

7. Oliver, AJ, Lau, PKH, Unsworth, AS, Loi, S, Darcy, PK, Kershaw, MH, et al. Tissue-dependent tumor microenvironments and their impact on immunotherapy responses. Front Immunol (2018) 9:70. doi: 10.3389/fimmu.2018.00070

8. Axelrod, ML, Cook, RS, Johnson, DB, and Balko, JM. Biological consequences of major histocompatibility class-II expression by tumor cells in cancer. Clin Cancer Res Off J Am Assoc Cancer Res (2019) 25:2392–402. doi: 10.1158/1078-0432.CCR-18-3200

9. Johnson, DB, Estrada, MV, Salgado, R, Sanchez, V, Doxie, DB, Opalenik, SR, et al. Melanoma-specific MHC-II expression represents a tumour-autonomous phenotype and predicts response to anti-PD-1/PD-L1 therapy. Nat Commun (2016) 7:10582. doi: 10.1038/ncomms10582

10. Oliver, AM, Thomson, AW, Sewell, HF, and Abramovich, DR. Major histocompatibility complex (MHC) class II antigen (HLA-DR, DQ, and DP) expression in human fetal endocrine organs and gut. Scand J Immunol (1988) 27:731–7. doi: 10.1111/j.1365-3083.1988.tb02407.x

11. van Lith, M, McEwen-Smith, RM, and Benham, AM. HLA-DP, HLA-DQ, and HLA-DR have different requirements for invariant chain and HLA-DM. J Biol Chem (2010) 285:40800–8. doi: 10.1074/jbc.M110.148155

12. Cajander, S, Tina, E, Bäckman, A, Magnuson, A, Strålin, K, Söderquist, B, et al. Quantitative real-time polymerase chain reaction measurement of HLA-DRA gene expression in whole blood is highly reproducible and shows changes that reflect dynamic shifts in monocyte surface HLA-DR expression during the course of sepsis. PloS One (2016) 11:e0154690. doi: 10.1371/journal.pone.0154690

13.Structural requirements for pairing of alpha and beta chains in HLA-DR and HLA-DP molecules. J Exp Med (1990) 171:615–28. doi: 10.1084/jem.171.3.615

14. Lotteau, V, Teyton, L, Burroughs, D, and Charron, D. A novel HLA class II molecule (DR alpha-DQ beta) created by mismatched isotype pairing. Nature (1987) 329:339–41. doi: 10.1038/329339a0

15. Cabrera, T, Ruiz-Cabello, F, and Garrido, F. Biological implications of HLA-DR expression in tumours. Scand J Immunol (1995) 41:398–406. doi: 10.1111/j.1365-3083.1995.tb03584.x

16. Bröcker, EB, Suter, L, Brüggen, J, Ruiter, DJ, Macher, E, and Sorg, C. Phenotypic dynamics of tumor progression in human Malignant melanoma. Int J Cancer (1985) 36:29–35. doi: 10.1002/ijc.2910360106

17. López-Nevot, MA, Garcia, E, Romero, C, Oliva, MR, Serrano, S, and Garrido, F. Phenotypic and genetic analysis of HLA class I and HLA-DR antigen expression on human melanomas. Exp Clin Immunogenet (1988) 5:203–12. doi: 10.1111/j.1365-3083.1995.tb03584.x

18. Colloby, PS, West, KP, and Fletcher, A. Is poor prognosis really related to HLA-DR expression by Malignant melanoma cells? Histopathology (1992) 20:411–6. doi: 10.1111/j.1365-2559.1992.tb01011.x

19. Cachot, A, Bilous, M, Liu, Y-C, Li, X, Saillard, M, Cenerenti, M, et al. Tumor-specific cytolytic CD4 T cells mediate immunity against human cancer. Sci Adv (2021) 7:eabe3348. doi: 10.1126/sciadv.abe3348

20. Stupia, S, Heeke, C, Brüggemann, A, Zaremba, A, Thier, B, Kretz, J, et al. HLA class II loss and JAK1/2 deficiency coevolve in melanoma leading to CD4 T-cell and IFNγ Cross-resistance. Clin Cancer Res Off J Am Assoc Cancer Res (2023) 29:2894–907. doi: 10.1158/1078-0432.CCR-23-0099

21. Draghi, A, Presti, M, Jensen, AWP, Chamberlain, CA, Albieri, B, Rasmussen, A-CK, et al. Uncoupling CD4+ TIL-mediated tumor killing from JAK-signaling in melanoma. Clin Cancer Res Off J Am Assoc Cancer Res (2023) 29:3937–47. doi: 10.1158/1078-0432.CCR-22-3853

22. Smalley, KSM. A pivotal role for ERK in the oncogenic behaviour of Malignant melanoma? Int J Cancer (2003) 104:527–32. doi: 10.1002/ijc.10978

23. Kortylewski, M, Heinrich, PC, Kauffmann, ME, Böhm, M, MacKiewicz, A, and Behrmann, I. Mitogen-activated protein kinases control p27/Kip1 expression and growth of human melanoma cells. Biochem J (2001) 357:297–303. doi: 10.1042/bj3570297

24. Aoudjit, F, Guo, W, Gagnon-Houde, J-V, Castaigne, J-G, Alcaide-Loridan, C, Charron, D, et al. HLA-DR signaling inhibits Fas-mediated apoptosis in A375 melanoma cells. Exp Cell Res (2004) 299:79–90. doi: 10.1016/j.yexcr.2004.05.011

25. Costantini, F, and Barbieri, G. The HLA-DR mediated signalling increases the migration and invasion of melanoma cells, the expression and lipid raft recruitment of adhesion receptors, PD-L1 and signal transduction proteins. Cell Signal (2017) 36:189–203. doi: 10.1016/j.cellsig.2017.05.008

26. Hemon, P, Jean-Louis, F, Ramgolam, K, Brignone, C, Viguier, M, Bachelez, H, et al. MHC class II engagement by its ligand LAG-3 (CD223) contributes to melanoma resistance to apoptosis. J Immunol Baltim Md 1950 (2011) 186:5173–5183. doi: 10.4049/jimmunol.1002050

27. Barbieri, G, Rimini, E, and Costa, MA. Effects of human leukocyte antigen (HLA)-DR engagement on melanoma cells. Int J Oncol (2011) 38:1589–95. doi: 10.3892/ijo.2011.988

28. Matsuda, K, Sato, A, Okada, M, Shibuya, K, Seino, S, Suzuki, K, et al. Targeting JNK for therapeutic depletion of stem-like glioblastoma cells. Sci Rep (2012) 2:516. doi: 10.1038/srep00516

29. Okada, M, Shibuya, K, Sato, A, Seino, S, Watanabe, E, Suzuki, S, et al. Specific role of JNK in the maintenance of the tumor-initiating capacity of A549 human non-small cell lung cancer cells. Oncol Rep (2013) 30:1957–64. doi: 10.3892/or.2013.2655

30. Okada, M, Kuramoto, K, Takeda, H, Watarai, H, Sakaki, H, Seino, S, et al. The novel JNK inhibitor AS602801 inhibits cancer stem cells in vitro and in vivo. Oncotarget (2016) 7:27021–32. doi: 10.18632/oncotarget.8395

31. Okada, M, Shibuya, K, Sato, A, Seino, S, Suzuki, S, Seino, M, et al. Targeting the K-Ras–JNK axis eliminates cancer stem-like cells and prevents pancreatic tumor formation. Oncotarget (2014) 5:5100–12. doi: 10.18632/oncotarget.2087

32. Tam, SY, and Law, HK-W. JNK in tumor microenvironment: present findings and challenges in clinical translation. Cancers (2021) 13:2196. doi: 10.3390/cancers13092196

33. Gkouveris, I, and Nikitakis, NG. Role of JNK signaling in oral cancer: A mini review. Tumour Biol J Int Soc Oncodevelopmental Biol Med (2017) 39:1010428317711659. doi: 10.1177/1010428317711659

34. Wagner, EF, and Nebreda, AR. Signal integration by JNK and p38 MAPK pathways in cancer development. Nat Rev Cancer (2009) 9:537–49. doi: 10.1038/nrc2694

35. Jiang, X, Zhou, J, Giobbie-Hurder, A, Wargo, J, and Hodi, FS. The activation of MAPK in melanoma cells resistant to BRAF inhibition promotes PD-L1 expression that is reversible by MEK and PI3K inhibition. Clin Cancer Res Off J Am Assoc Cancer Res (2013) 19:598–609. doi: 10.1158/1078-0432.CCR-12-2731

36. Qian, Y, Deng, J, Geng, L, Xie, H, Jiang, G, Zhou, L, et al. TLR4 signaling induces B7-H1 expression through MAPK pathways in bladder cancer cells. Cancer Invest (2008) 26:816–21. doi: 10.1080/07357900801941852

37. Oliveira, G, Stromhaug, K, Cieri, N, Iorgulescu, JB, Klaeger, S, Wolff, JO, et al. Landscape of helper and regulatory antitumour CD4+ T cells in melanoma. Nature (2022) 605:532–8. doi: 10.1038/s41586-022-04682-5

38. Donia, M, Andersen, R, Kjeldsen, JW, Fagone, P, Munir, S, Nicoletti, F, et al. Aberrant expression of MHC class II in melanoma attracts inflammatory tumor-specific CD4+ T- cells, which dampen CD8+ T-cell antitumor reactivity. Cancer Res (2015) 75:3747–59. doi: 10.1158/0008-5472.CAN-14-2956

39. Spranger, S, Spaapen, RM, Zha, Y, Williams, J, Meng, Y, Ha, TT, et al. Up-regulation of PD-L1, IDO, and tregs in the melanoma tumor microenvironment is driven by CD8+ T cells. Sci Transl Med (2013) 5:200ra116. doi: 10.1126/scitranslmed.3006504

40. Couture, A, Garnier, A, Docagne, F, Boyer, O, Vivien, D, Le-Mauff, B, et al. HLA-class II artificial antigen presenting cells in CD4+ T cell-based immunotherapy. Front Immunol (2019) 10:1081. doi: 10.3389/fimmu.2019.01081

41. Smithy, JW, Moore, LM, Pelekanou, V, Rehman, J, Gaule, P, Wong, PF, et al. Nuclear IRF-1 expression as a mechanism to assess “Capability” to express PD-L1 and response to PD-1 therapy in metastatic melanoma. J Immunother Cancer (2017) 5:25. doi: 10.1186/s40425-017-0229-2

42. Thiem, A, Hesbacher, S, Kneitz, H, di Primio, T, Heppt, MV, Hermanns, HM, et al. IFN-gamma-induced PD-L1 expression in melanoma depends on p53 expression. J Exp Clin Cancer Res CR (2019) 38:397. doi: 10.1186/s13046-019-1403-9

43. Tong, S, Cinelli, MA, El-Sayed, NS, Huang, H, Patel, A, Silverman, RB, et al. Inhibition of interferon-gamma-stimulated melanoma progression by targeting neuronal nitric oxide synthase (nNOS). Sci Rep (2022) 12:1701. doi: 10.1038/s41598-022-05394-6

44. Andrews, LP, Marciscano, AE, Drake, CG, and Vignali, DAA. LAG3 (CD223) as a cancer immunotherapy target. Immunol Rev (2017) 276:80–96. doi: 10.1111/imr.12519

45. Triebel, F, Jitsukawa, S, Baixeras, E, Roman-Roman, S, Genevee, C, Viegas-Pequignot, E, et al. LAG-3, a novel lymphocyte activation gene closely related to CD4. J Exp Med (1990) 171:1393–405. doi: 10.1084/jem.171.5.1393

46. Maruhashi, T, Okazaki, I-M, Sugiura, D, Takahashi, S, Maeda, TK, Shimizu, K, et al. LAG-3 inhibits the activation of CD4+ T cells that recognize stable pMHCII through its conformation-dependent recognition of pMHCII. Nat Immunol (2018) 19:1415–26. doi: 10.1038/s41590-018-0217-9

47. Souri, Z, Wierenga, APA, Kroes, WGM, van der Velden, PA, Verdijk, RM, Eikmans, M, et al. LAG3 and its ligands show increased expression in high-risk uveal melanoma. Cancers (2021) 13:4445. doi: 10.3390/cancers13174445

48. Durante, MA, Rodriguez, DA, Kurtenbach, S, Kuznetsov, JN, Sanchez, MI, Decatur, CL, et al. Single-cell analysis reveals new evolutionary complexity in uveal melanoma. Nat Commun (2020) 11:496. doi: 10.1038/s41467-019-14256-1

49. Bröcker, EB, Suter, L, Czarnetzki, BM, and Macher, E. BCG immunotherapy in stage I melanoma patients. Does it influence prognosis determined by HLA-DR expression in high-risk primary tumors? Cancer Immunol Immunother CII (1986) 23:155–7. doi: 10.1007/BF00199823

50. Camp, RL, Chung, GG, and Rimm, DL. Automated subcellular localization and quantification of protein expression in tissue microarrays. Nat Med (2002) 8:1323–7. doi: 10.1038/nm791

51. Ribas, A, and Tumeh, PC. The future of cancer therapy: selecting patients likely to respond to PD1/L1 blockade. Clin Cancer Res Off J Am Assoc Cancer Res (2014) 20:4982–4. doi: 10.1158/1078-0432.CCR-14-0933

52. Carretero-González, A, Lora, D, Martín Sobrino, I, Sáez Sanz, I, Bourlon, MT, Anido Herranz, U, et al. The value of PD-L1 expression as predictive biomarker in metastatic renal cell carcinoma patients: A meta-analysis of randomized clinical trials. Cancers (2020) 12:1945. doi: 10.3390/cancers12071945

53. Yi, M, Jiao, D, Xu, H, Liu, Q, Zhao, W, Han, X, et al. Biomarkers for predicting efficacy of PD-1/PD-L1 inhibitors. Mol Cancer (2018) 17:129. doi: 10.1186/s12943-018-0864-3

54. 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

55. Johnson, DB, Bordeaux, J, Kim, JY, Vaupel, C, Rimm, DL, Ho, TH, et al. Quantitative spatial profiling of PD-1/PD-L1 interaction and HLA-DR/IDO-1 predicts improved outcomes of anti-PD-1 therapies in metastatic melanoma. Clin Cancer Res Off J Am Assoc Cancer Res (2018) 24:5250–60. doi: 10.1158/1078-0432.CCR-18-0309

56. Sharma, P, Hu-Lieskovan, S, Wargo, JA, and Ribas, A. Primary, adaptive, and acquired resistance to cancer immunotherapy. Cell (2017) 168:707–23. doi: 10.1016/j.cell.2017.01.017

57. Rodig, SJ, Gusenleitner, D, Jackson, DG, Gjini, E, Giobbie-Hurder, A, Jin, C, et al. MHC proteins confer differential sensitivity to CTLA-4 and PD-1 blockade in untreated metastatic melanoma. Sci Transl Med (2018) 10:eaar3342. doi: 10.1126/scitranslmed.aar3342

58. Toki, MI, Merritt, CR, Wong, PF, Smithy, JW, Kluger, HM, Syrigos, KN, et al. High-plex predictive marker discovery for melanoma immunotherapy-treated patients using digital spatial profiling. Clin Cancer Res Off J Am Assoc Cancer Res (2019) 25:5503–12. doi: 10.1158/1078-0432.CCR-19-0104

59. Najjar, YG, McCurry, D, Lin, H, Lin, Y, Zang, Y, Davar, D, et al. Neoadjuvant pembrolizumab and high-dose IFNα-2b in resectable regionally advanced melanoma. Clin Cancer Res Off J Am Assoc Cancer Res (2021) 27:4195–204. doi: 10.1158/1078-0432.CCR-20-4301

60. West, KP, Priyakumar, P, Jagjivan, R, and Colloby, PS. Can HLA-DR expression help in the routine diagnosis of Malignant melanomas? Br J Dermatol (1989) 121:175–8. doi: 10.1111/j.1365-2133.1989.tb01796.x

61. Bellis, SL, Miller, JT, and Turner, CE. Characterization of tyrosine phosphorylation of paxillin in vitro by focal adhesion kinase *. J Biol Chem (1995) 270:17437–41. doi: 10.1074/jbc.270.29.17437

62. Shaulian, E, and Karin, M. AP-1 as a regulator of cell life and death. Nat Cell Biol (2002) 4:E131–136. doi: 10.1038/ncb0502-e131

63. Altomonte, M, Visintin, A, Tecce, R, Leonardi, A, Calabro, L, Fonsatti, E, et al. Targeting of HLA-DR molecules transduces agonistic functional signals in cutaneous melanoma. J Cell Physiol (2004) 200:272–6. doi: 10.1002/jcp.20015

64. Kostelny, SA, Link, BK, Tso, JY, Vasquez, M, Jorgensen, BH, Wang, H, et al. Humanization and characterization of the anti-HLA-DR antibody 1D10. Int J Cancer (2001) 93:556–65. doi: 10.1002/ijc.1366

65. Shi, JD, Bullock, C, Hall, WC, Wescott, V, Wang, H, Levitt, DJ, et al. In vivo pharmacodynamic effects of Hu1D10 (remitogen), a humanized antibody reactive against a polymorphic determinant of HLA-DR expressed on B cells. Leuk Lymphoma (2002) 43:1303–12. doi: 10.1080/10428190290026376

66. Rech, J, Repp, R, Rech, D, Stockmeyer, B, Dechant, M, Niedobitek, G, et al. A humanized HLA-DR antibody (hu1D10, apolizumab) in combination with granulocyte colony-stimulating factor (filgrastim) for the treatment of non-Hodgkin’s lymphoma: a pilot study. Leuk Lymphoma (2006) 47:2147–54. doi: 10.1080/10428190600757944

67. Lin, TS, Stock, W, Xu, H, Phelps, MA, Lucas, MS, Guster, SK, et al. A phase I/II dose escalation study of apolizumab (Hu1D10) using a stepped up dosing schedule in patients with chronic lymphocytic leukemia (CLL) and acute leukemia. Leuk Lymphoma (2009) 50:1958–63. doi: 10.3109/10428190903186486

68. Quintás-Cardama, A, Wierda, W, and O’Brien, S. Investigational immunotherapeutics for B-cell Malignancies. J Clin Oncol Off J Am Soc Clin Oncol (2010) 28:884–92. doi: 10.1200/JCO.2009.22.8254

69. Oh, DY, Kwek, SS, Raju, SS, Li, T, McCarthy, E, Chow, E, et al. Intratumoral CD4+ T cells mediate anti-tumor cytotoxicity in human bladder cancer. Cell (2020) 181:1612–1625.e13. doi: 10.1016/j.cell.2020.05.017

70. Schöffski, P, Tan, DSW, Martín, M, Ochoa-de-Olza, M, Sarantopoulos, J, Carvajal, RD, et al. Phase I/II study of the LAG-3 inhibitor ieramilimab (LAG525) ± anti-PD-1 spartalizumab (PDR001) in patients with advanced Malignancies. J Immunother Cancer (2022) 10:e003776. doi: 10.1136/jitc-2021-003776

71. Garralda, E, Sukari, A, Lakhani, NJ, Patnaik, A, Lou, Y, Im, S-A, et al. A first-in-human study of the anti-LAG-3 antibody favezelimab plus pembrolizumab in previously treated, advanced microsatellite stable colorectal cancer. ESMO Open (2022) 7:100639. doi: 10.1016/j.esmoop.2022.100639

72. Tawbi, HA, SChadendorf, D, Lipson, EJ, Ascierto, PA, Matamala, L, Castillo Gutiérrez, E, et al. Relatlimab and nivolumab versus nivolumab in untreated advanced melanoma. N Engl J Med (2022) 386:24–34. doi: 10.1056/NEJMoa2109970

73.Research C for DE and. FDA approves Opdualag for unresectable or metastatic melanoma. FDA (2022). Available at: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-opdualag-unresectable-or-metastatic-melanoma. (Accessed October 21, 2023).

74. Bristol Myers Squibb Receives European Commission Approval for LAG-3-Blocking Antibody Combination. Opdualag (nivolumab and relatlimab), for the Treatment of Unresectable or Metastatic Melanoma with Tumor Cell PD-L1 Expression < 1%. Available at: https://news.bms.com/news/details/2022/Bristol-Myers-Squibb-Receives-European-Commission-Approval-for-LAG-3-Blocking-Antibody-Combination-Opdualag-nivolumab-and-relatlimab-for-the-Treatment-of-Unresectable-or-Metastatic-Melanoma-with-Tumor-Cell-PD-L1-Expression–1/default.aspx.

75. Sung, E, Ko, M, Won, J-Y, Jo, Y, Park, E, Kim, H, et al. LAG-3xPD-L1 bispecific antibody potentiates antitumor responses of T cells through dendritic cell activation. Mol Ther J Am Soc Gene Ther (2022) 30:2800–16. doi: 10.1016/j.ymthe.2022.05.003




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 © 2024 Amrane, Le Meur, Besse, Hemon, Le Noac’h, Pradier, Berthou, Abgral and Uguen. 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.2023.1285895_cover.jpg
& frontiers | Frontiers in Immunology

HLA-DR expression in melanoma: from
misleading therapeutic target to potential
immunotherapy biomarker





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





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        HLA-DR expression in melanoma: from misleading therapeutic target to potential immunotherapy biomarker

      

        		

          1 Introduction

        



        		

          2 HLA-DR: role and interaction with tumor microenvironment

        



        		

          3 Melanoma HLA-DR expression and response to ICI: literature analysis

        



        		

          4 HLA-DR as a potential therapeutic target?

        



        		

          5 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1285895-g001.jpg
Tumor Microenvironnement

R Oxydative stress
s?:;zz:sl UV radiations
Inflammtory
cytokines

\
Tumor cell

o Cell proliferation
Survival

\Dlﬁerentiatlon

Inflammation

Migration
Metastasis






OEBPS/Images/crossmark.jpg
©

2

i

|





