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Immunotherapy is acquiring a primary role in treating endometrial cancer (EC) with a relevant benefit for many patients. Regardless, patients progressing during immunotherapy or those who are resistant represent an unmet need. The mechanisms of immune resistance and escape need to be better investigated. Here, we review the major mechanisms of immune escape activated by the indolamine 2,3-dioxygenase 1 (IDO1) pathway in EC and focus on potential therapeutic strategies based on IDO1 signaling pathway control. IDO1 catalyzes the first rate-limiting step of the so-called “kynurenine (Kyn) pathway”, which converts the essential amino acid l-tryptophan into the immunosuppressive metabolite l-kynurenine. Functionally, IDO1 has played a pivotal role in cancer immune escape by catalyzing the initial step of the Kyn pathway. The overexpression of IDO1 is also associated with poor prognosis in EC. These findings can lead to advantages in immunotherapy-based approaches as a rationale for overcoming the immune escape. Indeed, besides immune checkpoints, other mechanisms, including the IDO enzymes, contribute to the EC progression due to the immunosuppression induced by the tumor milieu. On the other hand, the IDO1 enzyme has recently emerged as both a promising therapeutic target and an unfavorable prognostic biomarker. This evidence provides the basis for translational strategies of immune combination, whereas IDO1 expression would serve as a potential prognostic biomarker in metastatic EC.
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Introduction

Endometrial cancer (EC) is the most common gynecologic malignancy in Europe, and its prevalence is increasing. EC makes up 2% of all new cancer cases (1). It is typically detected in the early stages when the disease is confined to the uterus for most patients. The 5-year survival rates are high for patients with early-stage disease, and the 5-year survival rates of 76% have been reported for all patients with EC in Europe (all disease stages) (2).

In 2013, the Cancer Genome Atlas (TCGA), by evaluating the genomic and epigenomic landscapes of primary EC, delineated four distinct molecular subtypes, namely polymerase ϵ (POLE)-mutant/hypermutated, microsatellite instability-high (MSI-H), copy number low, and copy number high. This molecular classification reflects the underlying tumor biology and potential therapeutic strategies (3).

In this regard, EC cells and the tumor microenvironment (TME) have been shown to modulate the immune response. Firstly, EC cells possess the ability to activate programmed cell death protein 1 (PD-1) signaling, an immune checkpoint receptor able to downregulate the immune response by overexpressing programmed death-ligand 1 (PD-L1) and 2 (PD-L2). PD-L1 and PD-L2 bind PD-1 expressed on tumor-infiltrating CD4 and CD8 T cells, inactivating them in the TME (4). Immunohistochemical studies have described PD-1 and PD-L1 expression levels (40%–80% in endometrioid, 10%–68% in serous, and 23%–69% in clear cell subtypes, respectively) in EC, representing the highest expression within gynecologic cancers (3, 5). Secondly, EC subtypes with high tumor mutational burden (e.g., POLE-mutant/hypermutated and MSI-H) are highly immunogenic and exhibit more tumor-specific neoantigens, resulting in increased CD4 and CD8 tumor-infiltrating lymphocytes (TILs) and a compensatory upregulation of immune checkpoints (6). Increased TILs, an indicator of the anticancer immune response, have been associated with improved outcomes in EC (7).

This peculiar TME combination of increased mutational load, TILs, and PD-1/PD-L1 expression makes EC an ideal target for immunotherapeutic interventions. When considering therapeutic targets, it is important to note that EC was recently shown to have the highest prevalence of MSI across 30 human cancer types; approximately 30% of primary EC are MSI-H, and 13%–30% of recurrent ECs are MSI-H or DNA mismatch repair system defectives (dMMR) (8). This subgroup is characterized by low copy-number aberrations and a high mutational burden (8). Because the MSI-H status is a biomarker of response to immune checkpoint inhibition, in 2017, pembrolizumab (KEYTRUDA, Merck), an anti–PD-1 monoclonal antibody, was approved for the treatment of MSI-H or dMMR solid tumors, such as in EC (9). In April 2021, the FDA approved dostarlimab (Jemperli), an anti–PD-1 monoclonal antibody, to treat recurrent or advanced dMMR EC that has progressed on or following prior treatment with platinum chemotherapy (9).

Unfortunately, women with advanced and recurrent EC still have limited therapeutic options following standard therapy based on a platinum-based regimen (9). Given the critical role of the immune dysregulation process in EC progression, and considering that EC is more likely to benefit from immunotherapy than other gynecological malignant tumors, the use of immune checkpoint inhibitors has been explored as a therapeutic mechanism, both as monotherapy and in combination with targeted agents (5, 9). Most advanced EC patients are expected to receive immunotherapy alone or in combination, either in the first or the second line, worldwide. The treatment of patients resistant to immunotherapy is thus a clear unmet need. Therefore, the mechanisms of resistance to immunotherapy should be better investigated.

It has been suggested that the immunometabolic dysregulation mediated by the indolamine 2,3-dioxygenase 1 (IDO1) pathway protects EC cells from the cytotoxicity induced by T cells, thus actively generating an immunosuppressive milieu (10–12). The IDO1 enzymatic activity catalyzes the first rate-limiting step of the so-called “kynurenine (Kyn) pathway”. It depletes the tissue microenvironment of the essential amino acid l-tryptophan by converting it into the immunosuppressive metabolite l-kynurenine. In this review, we discuss the role and features of the TME in EC by focusing on the involvement of immunometabolism mechanisms mediated by the IDO1 pathway and its potential prognostic role. Finally, we also evaluate the potential application of targeting the IDO1 pathway in the therapeutic strategy of EC for overcoming immunotherapy resistance.



IDO1 and immune functions

IDO1 is known to exert immune regulatory functions in several conditions, comprising infection, allergy, pregnancy, autoimmunity, chronic inflammation, transplantation, and mechanisms for the immune escape of tumors (13, 14). Investigation of other functions of IDO1, such as those related to its effect on vascular biology, nociception, and the central nervous system, is beyond the scope of this review and, therefore, will not be addressed.


Mechanisms of the IDO1 immune function

In physiological conditions, IDO1 is expressed primarily in mucosal tissues, such as in the lung and placenta by endothelial cells, in the woman’s genital tract by epithelial cells, and also in lymphoid tissues by mature dendritic cells (DCs) with a phenotype (CD83+, DC-LAMPþ+, langerin−, CD123−, and CD163−) different from plasmacytoid DCs (15). The IDO1 activity is regulated by metabolic factors, such as heme cofactor, substrate supply, redox potential, and nitric oxide (NO). The inducible NO synthase (iNOS) enzyme is induced by interferon (IFN)-γ with subsequent NO production and blockage of IDO1 activity. Hence, IFN-γ co-induces iNOS and IDO1, but metabolic cross-regulation may override the IDO1-mediated one (16). The IDO1 pathway activity can also be reduced by lowering the IDO1 enzyme levels. In some cells, IDO1 levels are regulated by SOCS3, which sends IDO1 to proteasomal degradation (17, 18).

In some settings, the trade-off between tolerance and immunity seems to depend on factors altering the balance between local pro-inflammatory signals and the immunosuppressive activity by IDO1 (13). Because immune-related molecules induce IDO1 gene expression, the IDO1 pathway also occurs during inflammation in many tissues, especially in case of sustained inflammation. Indeed, IDO1 gene activation manifests together with the production of pro-inflammatory cytokines locally. IDO1 enzymes are intracellular, but their effects are not limited to the cells expressing IDO1 as they can act in a paracrine fashion. There are two main mechanisms through which IDO1 modulates immune responses: innate or inflammatory IFN-dominated responses, which cause a short but intense course of tryptophan degradation and Kyn metabolites’ production, and a transforming growth factor β (TGF-β)–driven self-maintaining form of intracellular signaling activity, which confers plasmacytoid DCs an immunosuppressive phenotype (14).

With regard to the IFN-mediated response, the IDO1 enzyme metabolizes the essential amino acid tryptophan producing soluble factors, such as Kyn and downstream metabolites, which strengthen an immunosuppressive milieu (10–12, 18). The production of secreted Kyn metabolites and the tryptophan-depleted environment can be sensed by neighboring cells (15). When Kyn pathway metabolites bind to the ligand-activated transcription factor aryl hydrocarbon receptor (AhR), it exerts immunosuppressive effects through the suppression of antitumor immune responses (19, 20), the promotion of the differentiation of FOXP3+ Tregs (regulatory T cells) (21, 22), and the decrease in the immunogenicity of DCs mediated by IDO1 expression (22). Tryptophan depletion is also a potent regulatory signal, as it activates molecular stress-response pathways, such as GCN2 kinase and mTOR (13). Although direct effects of IDO1 on the mTOR pathway have not been found yet, it is plausible that mTOR is a downstream pathway affected by IDO1 because amino acid withdrawal can affect this nutrient-sensing pathway (15, 23). Indeed, mTOR activity is inhibited during inflammatory responses where amino acids are catabolized by IDO1 and other enzymes (23–25). Regarding GCN2, it appears that the latter inhibits T effector cells while enhancing Treg activity (15). GCN2 activation by IDO1 leads to cell-cycle arrest and functional anergy in CD8+ T cells (26). In contrast, in CD4+ T cells, it blocks TH17 differentiation (27, 28) and promotes de novo Treg differentiation and activation of functional suppressor activity in mature Tregs (29, 30).

IFNs are the most important regulators of IDO1 expression. They activate the JAK/STAT complexes to induce transcription of many IFN-stimulated genes, such as the IDO genes. Mammalian IDO1 gene promoters possess IFN-stimulated response elements and IFN-activated sites (16). Other factors capable of triggering IDO1 transcription comprise regulatory cytokines, such as IL-10 and TGF-ß, and AhR ligands such as Kyn (16). Although these inflammatory insults can induce IDO1 expression, multiple factors restrict its expression and regulate its activity (e.g., the IFN-induced IDO1 expression is regulated by the transcriptional factor DAP12) (17, 18).

In professional antigen-presenting cells (APCs), such as DCs, IDO1 can confer tolerogenic phenotypes by acting as a direct intracellular signaling molecule (13, 14). In the presence of IDO1 activity, APCs start producing inhibitory cytokines, such as TGF-β, instead of inflammatory cytokines (31–33). Whereas acute responses are best controlled by the IFN-γ–IDO axis, TGF-β is critical in establishing a regulatory, long-lasting phenotype in DCs (14). In vitro experiments showed that, in response to TGF-β, the IDO1 promoter began to be transcriptionally active and maintained considerable activity later and for longer compared with that of IFN-γ. These effects remained sustained after TGF-β wash-up (14). Moreover, TGF-β–conditioned DCs and CD4+ T cells cultured with or without anti–TGF-β showed that the emergence, but not maintenance, of CD4+Foxp3+ T cells depended on TGF-β, suggesting that once induced, the regulatory population was not contingent on TGF-β. These elements suggest that TGF-β–dependent signaling in DCs induces IDO1 expression and a regulatory phenotype, which does not need TGF-β to be sustained (14).

These two mechanisms (IFN-induced and TGF-β–induced IDO1 expression) underline the importance of IDO1 upregulation in altering the whole local milieu from immunogenic to tolerogenic and changing the nature of the APC itself (14, 16). As stated before, IDO1 expression does not act exclusively on the cell expressing it but also in close-by cells, such as T cells interacting with APCs (15). This enables APCs to generate and sustain the function of Tregs through the combined effects of tryptophan starvation and Kyn acting via the AhR of T cells (14).



Immunosuppression by IDO1 in the tumor microenvironment

More than 60% of human tumors possess cells that express IDO1. These include tumor cells and stromal and endothelial cells in varying proportions according to tumor types. The gene expression data obtained from the TCGA database and immunolabeled samples show that the carcinomas of the cervix, followed by the endometrium, bladder, kidney, and lung, are the highest IDO1-expressing carcinomas. In particular, about 80% of EC expresses IDO1 (15). The expression of functional IDO1 in these tumors is constitutive, indicating that the IDO1 gene is active regardless of environmental factors (15, 34). This constitutive IDO1 expression represents a critical mechanism of intrinsic/primary immune resistance, limiting both accumulation and proliferation of TILs and making these tumors “cold” (i.e., not triggering a strong immune response), as shown in Figure 1.




Figure 1 | The tumor microenvironment in endometrial cancer. Two different mechanisms of immune resistance mediated by the IDO1 enzyme activity and expression in the TME in endometrial cancer. (Left) IDO1 is constitutively expressed in cancer cells (intrinsic or primary resistance) typically in non-inflamed tumors, such as endometrial and ovarian cancers. This expression prevents the accumulation of the activated antitumor CD8+ T cells, thus inducing an immunosuppressive TME. (Right) IDO1 is induced in endometrial cells (IDO + EC cells) and other cell types (stromal and endothelial cells) by IFN-γ released by neighboring activated T or NK cells in the context of a negative feedback loop (adaptive or acquired resistance). EC, endometrial cancer; IDO1, indolamine 2,3-dioxygenase 1; PD-L1, programmed death-ligand 1; TCR, T-cell receptor; TME, tumor microenvironment.



Moreover, like PD-L1, IDO expression seems more common in mismatch repair–deficient ECs than mismatch repair–intact tumors (not specified if only IDO1 or IDO2 as well) (35). Interestingly, in a study by Liu et al. (12), the percentage of primary (38%) and metastatic (43%) EC samples expressing IDO (not specified if only IDO1 or IDO2 as well) was significantly lower when compared with normal endometrium samples (57%). On the other hand, recurrent EC specimens showed a higher percentage than normal endometrial samples. Despite this, blocking the IDO1 pathway might be a useful treatment option in some settings, given that IDO is highly expressed in 21% of primary EC (12). In the same study, IDO was found to be expressed not only in the cytoplasm but also apically, and cells expressing IDO were in close proximity to the tumor vessels (12). Thus, tumoral IDO expression, as well as that of PD-L1, tends to be directed to the infiltrating edge of endometrial carcinomas suggesting an ongoing adaptive immune response (12, 35).

Stromal expression of IDO1 is usually observed in tumors rich in immune infiltrates, such as TILs. Because IDO1 transcription is strongly induced by IFN-γ, the IDO1 expression in inflamed TME likely results from IFN-γ produced by TILs. Consistently, the transcriptomic analysis reported a strong correlation between CD8+ T-cell infiltration and IDO1 expression in tumor models, such as melanoma. This is similar to CD274 (the gene encoding PD-L1), which is also inducible by IFN-γ, whose expression is also correlated with TILs. This represents a typical mechanism of adaptive resistance, where the immune system recognizes cancer, but protects itself by adapting to the immune attack mediated by infiltrating T cells through the production of immunosuppressive factors, such as PD-L1, TGF-ß, and IDO1 (13). Other mechanisms activated by tumor cells to escape the immune surveillance include the paracrine production of negative mediators, such as adenosine, VEGF, and overexpression of inhibitory immune checkpoints. The intrinsic or adaptive resistance mechanism mediated by IDO1 expression in the TME is shown in Figure 1.

Patients with EC have increased tryptophan degradation resulting in higher serum Kyn concentrations and a higher Kyn/tryptophan ratio compared with healthy woman controls (36). Tryptophan depletion through IDO1 overexpression favors cell-cycle arrest and apoptosis in T lymphocyte or NK cells (10, 11). Moreover, in NK cells, Kyn downregulates the specific triggering receptors NKp46 and NKG2D, suppressing the killer functions (11). Given that the TME is depleted of tryptophan, it can be expected that immune cells and cancer cells will suffer from tryptophan shortage as they are found close to each other. Cancer cells may be less sensitive to this condition than T or NK cells, resulting in localized tolerance within the TME and the contribution to the tumor escape from host immune surveillance (11). In fact, IDO1 induces a novel tryptophan transporter expression in mouse and human cancer cells (37). Such alternative means of tryptophan intake are probably involved in maintaining an adequate cellular tryptophan status when the microenvironment becomes depleted (38).

Because IDO1 expression is found in tumor cells of different types of cancers, many studies report that a high IDO1 expression is associated with a negative effect on prognosis (11, 13, 16, 39–45). Tumors in this category include EC, colon cancer, melanoma, ovarian cancer, brain tumors, acute myelogenous leukemia, and others (16). The prognostic significance of intra-tumoral IDO expression has been investigated in large cohorts of EC patients. Indeed, the IDO expression in EC correlates with the frequency of nodal metastases and lower numbers of intra-tumoral CD8+ T lymphocytes (not specified if IDO1 or IDO2 as well) (38, 43, 46). The intra-tumoral high IDO expression has a negative impact on survival in advanced EC. Finally, the IDO expression in EC could be an independent prognostic factor for impaired progression-free survival (35) and independently associated with poor disease-specific survival in a general cohort of EC patients and among patients with early-stage EC, but not in subgroups with advanced stage and an endometrioid tumor type (38).




Immune checkpoint inhibitors in endometrial cancer

Treatments based on immune checkpoint blockade (ICB), especially PD-1 or PD-L1 inhibitors, have been explored as a therapeutic strategy in advanced EC, both as monotherapy and in combination with cytotoxic chemotherapy, other immunotherapy, or targeted agents. In microsatellite stable (MSS) or PD-L1–positive advanced EC, response rates ranging from 3% to 23% have been observed with PD-1 inhibitors, such as nivolumab and dostarlimab, and with PD-L1 inhibitors, such as atezolizumab, avelumab, and durvalumab (5). In MSI-H or dMMR-advanced ECs, PD-L1 inhibitors, such as durvalumab and avelumab, have shown response rates of 43% and 27%, respectively. Conversely, the PD-1 inhibitors, such as dostarlimab and pembrolizumab, appear more effective, showing response rates of 49% and 57%, respectively (5). However, the tumoral expression of PD-1 and PD-L1 is just one of the many potential mechanisms of immune evasion in EC.

Lenvatinib is a selective inhibitor of VEGF-α, KIT, and RET and is a potent angiogenesis inhibitor. It has also been shown to be an effective immunomodulator. Lenvatinib decreases tumor-associated macrophages, increases T-cell population, upregulates the type I IFN signaling pathway, and leads to the activation of CD8+ T cells. In 2019, the FDA granted accelerated approval for the combination therapy of lenvatinib and pembrolizumab for the treatment of advanced non–MSI-H and non-dMMR EC that has progressed following prior therapy, according to substantial activity in phase Ib/II KEYNOTE-146/Study 111 (5). Later, in a randomized phase III trial (KEYNOTE-775/Study 309), lenvatinib plus pembrolizumab led to significantly longer progression-free survival and overall survival than chemotherapy among patients with advanced EC who had received one or two previous platinum-based chemotherapy regimens (47). To verify whether pembrolizumab plus lenvatinib is superior to chemotherapy in terms of progression-free survival and overall survival in patients with mismatch repair-proficient tumors and all patients even in the first line, the ENGOT-en9/LEAP-001 trial is currently ongoing (48). This trial has the potential to define the new standard of first-line treatment in advanced EC.



Targeting IDO1 pathway in cancer


Efficacy of IDO1 blockade

IDO1 inhibition has already been shown to be effective in preclinical settings. Over the past decade, intense efforts have been made to develop IDO1 inhibitors, and several small-molecule IDO1 inhibitors have been reported.

Among the several investigations with murine models attempting the clinical application of the IDO1 inhibitor therapy, the synthetic analog of tryptophan, 1-methyltryptophan (1-MT), best known as indoximod, is by far the most employed IDO1 inhibitor in the preclinical literature (49). 1-MT was first described as a competitive inhibitor of the IDO1 enzyme in the early 1990s. However, unlike its L-isomer, which has shown weak inhibitory activity, the D-1-MT isomer neither binds nor inhibits the purified IDO1 enzyme. In contrast to direct enzymatic inhibition of IDO1, indoximod acts downstream of IDO1 to stimulate mTORC1, which is a central regulator for cell growth (49). 1-MT, while not cytotoxic itself, may heighten the cytotoxic effects of chemotherapeutic agents in IDO1-expressing tumors (11). In murine P815 mastocytoma, tumor growth was significantly reduced by 1-MT in immunized mice, whereas, in mice depleted of T cells, the 1-MT effect was abolished (11). IDO1 inhibition has shown to increase the therapeutic efficacy of checkpoint inhibitors, cancer vaccines, or even chemotherapy (34, 50–52) in mice and human tumors grafted into immunodeficient mice reconstituted with human lymphocytes (53). This background indicates that murine and human lymphocytes are sensitive to IDO1-mediated immune suppression. Clinical trials with 1-MT have been conducted in different clinical settings, albeit none in EC. Results indicated that when used in monotherapy, indoximod exerted limited anticancer efficacy. In contrast, the combination of indoximod with other therapies including cancer vaccines, immune checkpoint inhibitors, and chemotherapy showed an antitumor efficacy (49).

Of the various IDO1 inhibitors that entered clinical trials targeting different advanced solid tumors, those in combination with the anti–PD-1 antibody have displayed better cooperativity, which would help overcome the drug resistance and maximize the survival benefits of patients (54). In the development of IDO1 inhibition targeting, the most advanced is epacadostat, which has already been tested in several clinical trials. Epacadostat is an orally available, highly specific, reversible competitive IDO1 inhibitor with over 1,000-fold selectivity to IDO1 over IDO2 or tryptophan dioxygenase. In vitro and in vivo studies showed that epacadostat reduced the tumor growth and promoted the proliferation of both T and NK cells. Preclinical studies showed that epacadostat and immune checkpoint inhibitors had a synergy effect, and several clinical trials were initiated to evaluate the combination of epacadostat with immune checkpoint inhibitors.

Based on encouraging clinical results in early-phase trials in other tumors such as melanoma, a crucial randomized phase III study (ECHO-301/KN-252; NCT02752074) was launched to test the benefit of adding epacadostat to pembrolizumab therapy in the first line. This study investigated the efficacy, safety, and tolerability by combining pembrolizumab with epacadostat or placebo in patients with unresectable or metastatic melanoma. Unfortunately, the negative results hampered the development of IDO1 inhibitors (55). Therefore, several phase III trials were terminated and withdrawn. Among these clinical trials, the study NCT03310567, designed for patients with recurrent or metastatic EC, was terminated due to these reasons and low enrollment (Table 1).


Table 1 | Current development status of IDO1 inhibitor strategies in advanced endometrial cancer.



The failure of the phase III trial with epacadostat in first-line metastatic melanoma is a key turning point in developing IDO1-targeting drugs (54). The mechanism of IDO1 inhibition and rational trial design should be a priority for discovering and developing an IDO1-targeting molecule. Interestingly, Van den Eynde et al. proposed several potential reasons for the negative outcome of using epacadostat plus immunotherapy in metastatic melanoma (56), such as insufficient IDO1 inhibition by epacadostat in the tumor; no selection of patients for tumoral IDO1 expression; no selection for patients refractory to immunotherapy; the adaptivity of the IDO1 expression mechanism in melanoma; compensatory expression of tryptophan dioxygenase or IDO2; the activation of the AhR by epacadostat, which drives immune suppression; and the insufficient blockade of the tryptophan–Kyn–AhR pathway by IDO1 inhibitors (56). Thus, it is urgent to address now the reasons for the clinical failure of epacadostat and whether IDO1 remains a critical immuno-oncology target. This can help determine the path forward in the clinical development of IDO1 inhibitors for cancer therapy.



Rationale for the IDO1 blockade in endometrial cancer

To date, there are few data on how the concurrent presence of other anti-immune defenses may interfere with the effectiveness of anti–PD-1/PD-L1 therapies in solid cancers, including EC (12, 57). If the goal of immunotherapy is to activate T cells within the TME, the activation of immunosuppressive pathways, such as that of IDO1 by the same activated cells, must be avoided in order to not reduce nor inhibit the expected antitumor effect (Figure 2). Preclinical studies demonstrated this concern with IL-12 therapy (58) and adoptive cell therapy using CAR-T cells (59), whereas confirmation in the clinical setting is still lacking. IDO1 expression can reduce the effectiveness of immunotherapy regimens by turning tumor-associated cytotoxic T cells dysfunctional. Thus, immunotherapies inducing extensive inflammation at the tumor site might benefit from a combination with an IDO1 inhibitor medication, as exposing a tumor to immune recognition is of little utility if the immune system cannot effectively eliminate it (12, 16, 57). The IDO1 expression in EC spans the four molecular subtypes, with higher levels in dMMR tumors, particularly Lynch syndrome–associated EC, and the POLE subtype (35, 60–63). However, it remains common in mismatch repair–intact tumors, a group for which immunotherapy is not currently considered a viable option. Therefore, IDO1 targeting can be also effective in tumors without abnormalities in the mismatch repair system, although further research is warranted (35).




Figure 2 | Targeting the IDO pathway. (A) The schematic representation of the effect of IDO1 on immune system cells of TME. IDO1 inhibits immune responses through several mechanisms, including the depletion of the essential amino acid tryptophan and the overproduction of kynurenine. The tryptophan depletion can inhibit T-cell proliferation arresting the cell progression cycle. In addition to the depletion of tryptophan, the accumulation of kynurenine exerts also immunosuppressive effects through the promotion of the differentiation of FOXP3+ Tregs, the decrease in the immunogenicity of DCs, and the inhibition of T effector cell. Thus, IDO1 represents a driver of tumor-mediated suppression. (B) The IDO1 pathway inhibition directly acts on the modulation of both innate and adaptive immune system in TME. Thus, the IDO1 inhibition can potentially turn these “cold” tumors into “hot” tumors. Abbreviations: IDO1, indolamine 2,3-dioxygenase 1; MHC, major histocompatibility complex; MDSC, myeloid-derived suppressor cells; TCR, T-cell receptor; Tregs, regulatory T cells.



In light of these considerations, the blockage of the IDO1 pathway in ECs appears as an attractive treatment option, as IDO1 provides a direct mechanism of tumor protection against attack by closely located or contacting T lymphocytes (14). The high expression frequency of both IDO1 and PD-L1 in EC suggests that therapies targeting only the PD-1/PD-L1 axis may be turned down in this tumor type due to IDO1 interference with immune cell function (Figure 2). Moreover, almost all tumors expressing PD-L1 coexpress IDO (not specified if IDO1 or IDO2 as well), but more than half of tumor-expressing IDO lacks PD-L1 expression, suggesting that IDO-expressing tumors are significantly more common than PD-L1–expressing ones (35). Thus, combination therapy might be of clinical utility in this scenario.



Clinical trials in endometrial cancer

Table 1 gives an overview of the clinical investigations targeting the IDO1 pathway in advanced EC treatment. Of the four trials in EC, three investigated the use of epacadostat and one investigated the use of BMS-986205.

The first positive preliminary data from a phase I/II study (NCT02178722) of the combination of epacadostat with pembrolizumab in patients with selected advanced cancers such as endometrial adenocarcinoma showed that epacadostat with pembrolizumab was generally well tolerated, and efficacy data suggest promising clinical activity (64). In this study, seven patients (11%) had endometrial adenocarcinoma. Of these patients, one achieved complete response and one partial response (65).

NCT04106414 is a Memorial Sloan–Kettering Cancer Center investigator-initiated, single-center, randomized, open-label, phase II study to evaluate the activity of the PD-1 inhibitor nivolumab with and without the IDO inhibitor BMS-986205 (linrodostat) in patients with recurrent or persistent EC or endometrial carcinosarcoma and is currently in the recruiting phase.

Finally, POD1UM-204 (NCT04463771) is the most attractive ongoing trial. This is an umbrella study of PD-1 inhibitors (retifanlimab, INCMGA00012) alone or in combination with other therapies in patients with advanced EC who have progressed on or after platinum-based chemotherapy. Previously, the POD1UM-101 study provided encouraging efficacy data (cohorts A and B). Retifanlimab was well tolerated and demonstrated antitumor activity in patients with pretreated recurrent MSI-H or dMMR EC, consistent with other PD-1 therapies (66). In POD1UM-204, patients with advanced EC with disease progression on or after >1 platinum-based regimen are enrolled in four treatment groups based on prior immunotherapy exposure and tumor characteristics, such as MSH-I, dMMR, ultra-mutated POLE, and FGFR mutation. Indeed, approximately 16%–20% of advanced EC patients have FGFR mutation associated with more aggressive disease and significantly shorter progression-free survival and overall survival. Therefore, an additional clinical benefit could be expected from the PD-1 inhibitor in addition to the FGFR inhibitor (pemigatinib). Interestingly, group C provides the use of retifanlimab plus epacadostat in select participants who are allowed on prior checkpoint inhibitors. Conversely, group E provides the same combination therapy as retifanlimab plus epacadostat in patients naïve to checkpoint inhibitors.

Despite the relevant progress made so far, there are still some issues. It is unknown if the prolonged activation of AhR affects cancer progression, considering that its activation by IDO1 inhibitors may induce pro-carcinogenic effects and can be associated with poor prognosis. The reduced mTOR activity due to tryptophan depletion can be reactivated by tryptophan-mimicking IDO1 inhibitors that can act as fake nutritional signals, in turn causing artificial antitumor efficacy of these inhibitors. Indeed, mTOR can reactivate the T-cell function, thus overcoming the tumor immune escape (54). IDO1 is also known for participating in different aspects of vascular biology. In this regard, Kyn contributes to vasodilatation, acting as a vascular relaxing factor. Thus, the vascular-related side effects of drug IDO1 inhibition are possible (67). Finally, a more accurate clinical trial design, possibly through the stratification according to the IDO expression level, can also help overcome the risk of failure in EC model clinical studies.




Conclusion

Advanced EC remains the most aggressive and life-threatening gynecologic malignancy, albeit remarkable therapeutic advances have been achieved. In several tumor types, including ECs and ovarian cancers, IDO1 expression can be observed in non-inflamed tumors and is confined to tumor cells themselves. Interestingly, this constitutive expression represents a mechanism of intrinsic immune resistance, which can prevent the accumulation of TILs in the TME, thus making these tumors “cold”. Given the presence of immune dysregulation in EC, the ICB has been explored as a therapeutic mechanism, both as monotherapy and in combination with cytotoxic chemotherapy, other immunotherapy, or targeted agents. IDO1-related ICB could potentially turn these “cold” tumors into “hot” tumors. A better understanding of the biological and molecular mechanisms involved in endometrial tumor progression and immune evasion is required. Overexpression of IDO1 by human EC cells is known to enhance tumor progression in vivo, and IDO1 inhibitors improve tumor rejection in mice models when combined with checkpoint inhibitors. Based on encouraging multiple preclinical models and results in early-phase trials, some randomized studies are ongoing also in advanced EC to test the benefit of adding IDO1 inhibitors to conventional immunotherapy. Immunotherapy combinations are relevant strategies aimed at restoring anticancer immunity and restraining primary and acquired resistance to immune checkpoint inhibitors.

In conclusion, based on these findings, clinical studies aiming at translating IDO1 inhibition strategies into EC treatment are required to evaluate the targeted blockade of IDO1 signaling as an additional, alternative, and effective future approach.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This work was supported by the Ricerca Corrente RC 2022/2024, Project—”Theory enhancing”: “Valutazione dell’espressione dell’enzima indoleamina 2,3-diossigenasi-1 (IDO1) in associazione ad altri biomarcatori tissutali, genomici e bioumorali quali fattori prognostici e predittivi di risposta al trattamento immunoterapico con anticorpi monoclonali anti–PD-1 in pazienti con carcinoma endometriale ricorrente o avanzato con deficit di riparazione del mismatch del DNA (MMRd) o elevata instabilità dei microsatelliti (MSI-H)”.



Acknowledgments

The authors wish to acknowledge Angela Maria Trujillo, Gelsomina Iovane, and Margherita Tambaro for the research assistance; the medical writer Fabio Perversi (Polistudium srl, Milan, Italy) for his help in drafting the manuscript; and Aashni Shah and Valentina Attanasio (Polistudium srl, Milan, Italy) for English and editorial assistance.



Conflict of interest

SP received honoraria from MSD, Pfizer, AZ, Roche, Clovis, and GSK.

The remaining 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. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71:209–49. doi: 10.3322/caac.21660

2. Concin, N, Matias-Guiu, X, Vergote, I, Cibula, D, Mirza, MR, Marnitz, S, et al. ESGO/ESTRO/ESP guidelines for the management of patients with endometrial carcinoma. Int J Gynecol Cancer (2021) 31:12–39. doi: 10.1136/ijgc-2020-002230

3. Cancer Genome Atlas Research Network, Kandoth, C, Schultz, N, AD, C, Akbani, R, Liu, Y, et al. Integrated genomic characterization of endometrial carcinoma. Nature (2013) 497:67–73. doi: 10.1038/nature12113

4. Tumeh, PC, Harview, CL, Yearley, JH, Shintaku, IP, Taylor, EJ, Robert, L, et al. PD-1 blockade induces responses by inhibiting adaptive immune resistance. Nature (2014) 515:568–71. doi: 10.1038/nature13954

5. Green, AK, Feinberg, J, and Makker, V. A review of immune checkpoint blockade therapy in endometrial cancer. Am Soc Clin Oncol Educ Book (2020) 40:1–7. doi: 10.1200/EDBK_280503

6. Mittica, G, Ghisoni, E, Giannone, G, Aglietta, M, Genta, S, and Valabrega, G. Checkpoint inhibitors in endometrial cancer: preclinical rationale and clinical activity. Oncotarget (2017) 8:90532–44. doi: 10.18632/oncotarget.20042

7. de Jong, RA, Leffers, N, Boezen, HM, ten Hoor, KA, van der Zee, AG, Hollema, H, et al. Presence of tumor-infiltrating lymphocytes is an independent prognostic factor in type I and II endometrial cancer. Gynecol Oncol (2009) 114:105–10. doi: 10.1016/j.ygyno.2009.03.022

8. Bonneville, R, Krook, MA, Kautto, EA, Miya, J, Wing, MR, Chen, HZ, et al. Landscape of microsatellite instability across 39 cancer types. JCO Precis Oncol (2017) 2017:PO.17.00073. doi: 10.1200/PO.17.00073

9. Halla, K. Emerging treatment options for advanced or recurrent endometrial cancer. J Adv Pract Oncol (2022) 13:45–59. doi: 10.6004/jadpro.2022.13.1.4

10. Munn, DH, Shafizadeh, E, Attwood, JT, Bondarev, I, Pashine, A, and Mellor, AL. Inhibition of T cell proliferation by macrophage tryptophan catabolism. J Exp Med (1999) 189:1363–72. doi: 10.1084/jem.189.9.1363

11. Yoshida, N, Ino, K, Ishida, Y, Kajiyama, H, Yamamoto, E, Shibata, K, et al. Overexpression of indoleamine 2,3-dioxygenase in human endometrial carcinoma cells induces rapid tumor growth in a mouse xenograft model. Clin Cancer Res (2008) 14:7251–9. doi: 10.1158/1078-0432.CCR-08-0991

12. Liu, J, Liu, Y, Wang, W, Wang, C, and Che, Y. Expression of immune checkpoint molecules in endometrial carcinoma. Exp Ther Med (2015) 10:1947–52. doi: 10.3892/etm.2015.2714

13. Munn, DH, and Mellor, AL. Indoleamine 2,3 dioxygenase and metabolic control of immune responses. Trends Immunol (2013) 34:137–43. doi: 10.1016/j.it.2012.10.001

14. 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

15. Théate, I, van Baren, N, Pilotte, L, Moulin, P, Larrieu, P, Renauld, JC, et al. Extensive profiling of the expression of the indoleamine 2,3-dioxygenase 1 protein in normal and tumoral human tissues. Cancer Immunol Res (2015) 3:161–72. doi: 10.1158/2326-6066.CIR-14-0137

16. 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

17. Orabona, C, Puccetti, P, Vacca, C, Bicciato, S, Luchini, A, Fallarino, F, et al. Toward the identification of a tolerogenic signature in IDO-competent dendritic cells. Blood (2006) 107:2846–54. doi: 10.1182/blood-2005-10-4077

18. Orabona, C, Pallotta, MT, Volpi, C, Fallarino, F, Vacca, C, Bianchi, R, et al. SOCS3 drives proteasomal degradation of indoleamine 2,3-dioxygenase (IDO) and antagonizes IDO-dependent tolerogenesis. Proc Natl Acad Sci USA (2008) 105:20828–33. doi: 10.1073/pnas.0810278105

19. Opitz, CA, Litzenburger, UM, Sahm, F, Ott, M, Tritschler, I, Trump, S, et al. An endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor. Nature (2011) 478:197–203. doi: 10.1038/nature10491

20. Pilotte, L, Larrieu, P, Stroobant, V, Colau, D, Dolusic, E, Frédérick, R, et al. Reversal of tumoral immune resistance by inhibition of tryptophan 2,3-dioxygenase. Proc Natl Acad Sci USA (2012) 109:2497–502. doi: 10.1073/pnas.1113873109

21. Mezrich, JD, Fechner, JH, Zhang, X, Johnson, BP, Burlingham, WJ, and Bradfield, CA. An interaction between kynurenine and the aryl hydrocarbon receptor can generate regulatory T cells. J Immunol (2010) 185:3190–8. doi: 10.4049/jimmunol.0903670

22. Nguyen, NT, Kimura, A, Nakahama, T, Chinen, I, Masuda, K, Nohara, K, et al. Aryl hydrocarbon receptor negatively regulates dendritic cell immunogenicity via a kynurenine-dependent mechanism. PNAS (2010) 107:19961–6. doi: 10.1073/pnas.1014465107

23. Dalton, DK, and Noelle, RJ. The roles of mast cells in anti-cancer immunity. Cancer Immunol Immunother (2012) 61:1511–20. doi: 10.1007/s00262-012-1246-0

24. Powell, JD, Pollizzi, KN, Heikamp, EB, and Horton, MR. Regulation of immune responses by mTOR. Annu Rev Immunol (2012) 30:39–68. doi: 10.1146/annurev-immunol-020711-075024

25. Cobbold, SP, Adams, E, Farquhar, CA, Nolan, KF, Howie, D, Lui, KO, et al. Infectious tolerance via the consumption of essential amino acids and mTOR signaling. Proc Natl Acad Sci USA (2009) 106:12055–60. doi: 10.1073/pnas.0903919106

26. Munn, DH, Sharma, MD, Baban, B, Harding, HP, Zhang, Y, Ron, D, et al. GCN2 kinase in T cells mediates proliferative arrest and anergy induction in response to indoleamine 2,3-dioxygenase. Immunity (2005) 22:633–42. doi: 10.1016/j.immuni.2005.03.013

27. Sundrud, MS, Koralov, SB, Feuerer, M, Calado, DP, Kozhaya, AE, Rhule-Smith, A, et al. Halofuginone inhibits TH17 cell differentiation by activating the amino acid starvation response. Science (2009) 324:1334–8. doi: 10.1126/science.1172638

28. Keller, TL, Zocco, D, Sundrud, MS, Hendrick, M, Edenius, M, Yum, J, et al. Halofuginone and other febrifugine derivatives inhibit prolyl-tRNA synthetase. Nat Chem Biol (2012) 8:311–7. doi: 10.1038/nchembio.790

29. Fallarino, F, Grohmann, U, You, S, McGrath, BC, Cavener, DR, Vacca, C, et al. The combined effects of tryptophan starvation and tryptophan catabolites down-regulate T cell receptor zeta-chain and induce a regulatory phenotype in naive T cells. J Immunol (2006) 176:6752–61. doi: 10.4049/jimmunol.176.11.6752

30. Sharma, MD, Baban, B, Chandler, P, Hou, DY, Singh, N, Yagita, H, et al. Plasmacytoid dendritic cells from mouse tumor-draining lymph nodes directly activate mature tregs via indoleamine 2,3-dioxygenase. J Clin Invest (2007) 117:2570–82. doi: 10.1172/JCI31911

31. Ravishankar, B, Liu, H, Shinde, R, Chandler, P, Baban, B, Tanaka, M, et al. Tolerance to apoptotic cells is regulated by indoleamine 2,3-dioxygenase. Proc Natl Acad Sci USA (2012) 109:3909–14. doi: 10.1073/pnas.1117736109

32. Ravishankar, B, Liu, H, Shinde, R, Chaudhary, K, Xiao, W, Bradley, J, et al. The amino acid sensor GCN2 inhibits inflammatory responses to apoptotic cells promoting tolerance and suppressing systemic autoimmunity. Proc Natl Acad Sci USA (2015) 112:10774–9. doi: 10.1073/pnas.1504276112

33. Liu, H, Huang, L, Bradley, J, Liu, K, Bardhan, K, Ron, D, et al. GCN2-dependent metabolic stress is essential for endotoxemic cytokine induction and pathology. Mol Cell Biol (2014) 34:428–38. doi: 10.1128/MCB.00946-13

34. Uyttenhove, C, Pilotte, L, Theate, I, Stroobant, V, Colau, D, Parmentier, N, et al. Evidence for a tumoral immune resistance mechanism based on tryptophan degradation by indoleamine 2,3-dioxygenase. Nat Med (2003) 9:1269–74. doi: 10.1038/nm934

35. Mills, A, Zadeh, S, Sloan, E, Chinn, Z, Modesitt, SC, and Ring, KL. Indoleamine 2,3-dioxygenase in endometrial cancer: a targetable mechanism of immune resistance in mismatch repair-deficient and intact endometrial carcinomas. Mod Pathol (2018) 31:1282–90. doi: 10.1038/s41379-018-0039-1

36. de Jong, RA, Nijman, HW, Boezen, HM, Volmer, M, Ten Hoor, KA, Krijnen, J, et al. Serum tryptophan and kynurenine concentrations as parameters for indoleamine 2,3-dioxygenase activity in patients with endometrial, ovarian, and vulvar cancer. Int J Gynecol Cancer (2011) 21:1320–7. doi: 10.1097/IGC.0b013e31822017fb

37. Silk, JD, Lakhal, S, Laynes, R, Vallius, L, Karydis, I, Marcea, C, et al. IDO induces expression of a novel tryptophan transporter in mouse and human tumor cells. J Immunol (2011) 187:1617–25. doi: 10.4049/jimmunol.1000815

38. de Jong, RA, Kema, IP, Boerma, A, Boezen, HM, van der Want, JJ, Gooden, MJ, et al. Prognostic role of indoleamine 2,3-dioxygenase in endometrial carcinoma. Gynecol Oncol (2012) 126:474–80. doi: 10.1016/j.ygyno.2012.05.034

39. Riesenberg, R, Weiler, C, Spring, O, Eder, M, Buchner, A, Popp, T, et al. Expression of indoleamine 2,3-dioxygenase in tumor endothelial cells correlates with long-term survival of patients with renal cell carcinoma. Clin Cancer Res (2007) 13:6993–7002. doi: 10.1158/1078-0432.CCR-07-0942

40. Brandacher, G, Perathoner, A, Ladurner, R, Schneeberger, S, Obrist, P, Winkler, C, et al. Prognostic value of indoleamine 2,3-dioxygenase expression in colorectal cancer: effect on tumor-infiltrating T cells. Clin Cancer Res (2006) 12:1144–51. doi: 10.1158/1078-0432.CCR-05-1966

41. Inaba, T, Ino, K, Kajiyama, H, Yamamoto, E, Shibata, K, Nawa, A, et al. Role of the immunosuppressive enzyme indoleamine 2,3-dioxygenase in the progression of ovarian carcinoma. Gynecol Oncol (2009) 115:185–92. doi: 10.1016/j.ygyno.2009.07.015

42. Inaba, T, Ino, K, Kajiyama, H, Shibata, K, Yamamoto, E, Kondo, S, et al. Indoleamine 2,3-dioxygenase expression predicts impaired survival of invasive cervical cancer patients treated with radical hysterectomy. Gynecol Oncol (2010) 117:423–8. doi: 10.1016/j.ygyno.2010.02.028

43. Ino, K, Yoshida, N, Kajiyama, H, Shibata, K, Yamamoto, E, Kidokoro, K, et al. Indoleamine 2,3-dioxygenase is a novel prognostic indicator for endometrial cancer. Br J Cancer (2006) 95:1555–61. doi: 10.1038/sj.bjc.6603477

44. Pan, K, Wang, H, Chen, MS, Zhang, HK, Weng, DS, Zhou, J, et al. Expression and prognosis role of indoleamine 2,3-dioxygenase in hepatocellular carcinoma. J Cancer Res Clin Oncol (2008) 134:1247–53. doi: 10.1007/s00432-008-0395-1

45. Yu, CP, Fu, SF, Chen, X, Ye, J, Ye, Y, Kong, LD, et al. The clinicopathological and prognostic significance of IDO1 expression in human solid tumors: evidence from a systematic review and meta-analysis. Cell Physiol Biochem (2018) 49:134–43. doi: 10.1159/000492849

46. Ino, K, Yamamoto, E, Shibata, K, Kajiyama, H, Yoshida, N, Terauchi, M, et al. Inverse correlation between tumoral indoleamine 2,3-dioxygenase expression and tumor-infiltrating lymphocytes in endometrial cancer: its association with disease progression and survival. Clin Cancer Res (2008) 14:2310–7. doi: 10.1158/1078-0432.CCR-07-4144

47. Makker, V, Colombo, N, Casado Herráez, A, Santin, AD, Colomba, E, Miller, DS, et al. Lenvatinib plus pembrolizumab for advanced endometrial cancer. N Engl J Med (2022) 386:437–48. doi: 10.1056/NEJMoa2108330

48. Marth, C, Tarnawski, R, Tyulyandina, A, Pignata, S, Gilbert, L, Kaen, D, et al. Phase 3, randomized, open-label study of pembrolizumab plus lenvatinib versus chemotherapy for first-line treatment of advanced or recurrent endometrial cancer: ENGOT-en9/LEAP-001. Int J Gynecol Cancer (2022) 32:93–100. doi: 10.1136/ijgc-2021-003017

49. Le Naour, J, Galluzzi, L, Zitvogel, L, Kroemer, G, and Vacchelli, E. Trial watch: IDO inhibitors in cancer therapy. Oncoimmunology (2020) 9:1777625. doi: 10.1080/2162402X.2020.1777625

50. Blair, AB, Kleponis, J, Thomas, DL 2nd, Muth, ST, Murphy, AG, Kim, V, et al. IDO1 inhibition potentiates vaccine-induced immunity against pancreatic adenocarcinoma. J Clin Invest (2019) 129:1742–55. doi: 10.1172/JCI124077

51. Holmgaard, RB, Zamarin, D, Munn, DH, Wolchok, JD, and Allison, JP. Indoleamine 2,3-dioxygenase is a critical resistance mechanism in anti-tumor T cell immunotherapy targeting CTLA-4. J Exp Med (2013) 210:1389–402. doi: 10.1084/jem.20130066

52. Muller, AJ, DuHadaway, JB, Donover, PS, Sutanto-Ward, E, and Prendergast, GC. Inhibition of indoleamine 2,3-dioxygenase, an immunoregulatory target of the cancer suppression gene Bin1, potentiates cancer chemotherapy. Nat Med (2005) 11:312–19. doi: 10.1038/nm1196

53. Hennequart, M, Pilotte, L, Cane, S, Hoffmann, D, Stroobant, V, Plaen, E, et al. Constitutive IDO1 expression in human tumors is driven by cyclooxygenase-2 and mediates intrinsic immune resistance. Cancer Immunol Res (2017) 5:695–709. doi: 10.1158/2326-6066.CIR-16-0400

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

55. 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

56. Van den Eynde, BJ, van Baren, N, and Baurain, J-F. Is there a clinical future for IDO1 inhibitors after the failure of epacadostat in melanoma? Ann Rev Cancer Biol (2020) 4:241–56. doi: 10.1146/annurev-cancerbio-030419-033635

57. Moon, YW, Hajjar, J, Hwu, P, and Naing, A. Targeting the indoleamine 2,3-dioxygenase pathway in cancer. J Immunother Cancer (2015) 3:51. doi: 10.1186/s40425-015-0094-9

58. Gu, T, Rowswell-Turner, RB, Kilinc, MO, and Egilmez, NK. Central role of IFNgamma-indoleamine 2,3-dioxygenase axis in regulation of interleukin-12-mediated anti-tumor immunity. Cancer Res (2010) 70:129–38. doi: 10.1158/0008-5472.CAN-09-3170

59. Ninomiya, S, Narala, N, Huye, L, Yagyu, S, Savoldo, B, Dotti, G, et al. Tumor indoleamine 2,3-dioxygenase (IDO) inhibits CD19-CAR T cells and is downregulated by lymphodepleting drugs. Blood (2015) 125:3905–16. doi: 10.1182/blood-2015-01-621474

60. Meireson, A, Chevolet, I, Hulstaert, E, Ferdinande, L, Ost, P, Geboes, K, et al. Peritumoral endothelial indoleamine 2, 3-dioxygenase expression is an early independent marker of disease relapse in colorectal cancer and is influenced by DNA-mismatch repair profile. Oncotarget (2018) 9:25216–24. doi: 10.18632/oncotarget.25393

61. Volaric, A, Gentzler, R, Hall, R, Mehaffey, JH, Stelow, EB, Bullock, TN, et al. Indoleamine-2,3-dioxygenase in non-small cell lung cancer: a targetable mechanism of immune resistance frequently coexpressed with PD-L1. Am J Surg Pathol (2018) 42:1216–23. doi: 10.1097/PAS.0000000000001099

62. Mills, AM, Peres, LC, Meiss, A, Ring, KL, Modesitt, SC, Abbott, SE, et al. Targetable immune regulatory molecule expression in high-grade serous ovarian carcinomas in African American women: a study of PD-L1 and IDO in 112 cases from the African American cancer epidemiology study (AACES). Int J Gynecol Pathol (2019) 38:157–70. doi: 10.1097/PGP.0000000000000494

63. Talhouk, A, Derocher, H, Schmidt, P, Leung, S, Milne, K, Gilks, CB, et al. Molecular subtype not immune response drives outcomes in endometrial carcinoma. Clin Cancer Res (2019) 25:2537–48. doi: 10.1158/1078-0432.CCR-18-3241

64. Gangadhar, TC, Hamid, O, Smith, DC, Bauer, TM, Wasser, JS, Luke, JJ, et al. Preliminary results from a phase I/II study of epacadostat (incb024360) in combination with pembrolizumab in patients with selected advanced cancers. J Immunother Cancer (2015) 3:O7. doi: 10.1186/2051-1426-3-S2-O7

65. Mitchell, TC, Hamid, O, Smith, DC, Bauer, TM, Wasser, JS, Olszanski, AJ, et al. Epacadostat plus pembrolizumab in patients with advanced solid tumors: Phase I results from a multicenter, open-label phase I/II trial (ECHO-202/KEYNOTE-037). J Clin Oncol (2018) 36:3223–30. doi: 10.1200/JCO.2018.78.9602

66. Berton, D, Pautier, P, Lorusso, D, Gennigens, C, Gladieff, L, Kryzhanivska, A, et al. Retifanlimab (INCMGA00012) in patients with recurrent MSI-h or dMMR endometrial cancer: results from the POD1UM-101 study. J Immunother Cancer (2021) 9:A1–A1054. doi: 10.1136/jitc-2021-SITC2021.956

67. Wang, Y, Liu, H, McKenzie, G, Witting, PK, Stasch, JP, Hahn, M, et al. Kynurenine is an endothelium-derived relaxing factor produced during inflammation. Nat Med (2010) 16:279–85. doi: 10.1038/nm.2092



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 Passarelli, Pisano, Cecere, Di Napoli, Rossetti, Tambaro, Ventriglia, Gherardi, Iannacone, Venanzio, Fiore, Bartoletti, Scognamiglio, Califano and Pignata. 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-13-953115-g002.jpg
[TARGETING THE IDO PATHWAY

A B
IDO1 AcTivity IN TME: IDO1 INHIBITION IN TME:
TRYPTOPHAN DEPLETION AND KYNURENINE PRODUCTION
Natural Killer Activated CD8* -cells
L ANTI-TUMOR IMMUNE RESPONSE Cells
1 T-CELL APOPTOSIS " s
J T-CELL PROLIFERATION s e p

s % ..m.
L s & @ 1DO1 PATHWAY INHIBITOR
2 B s ‘. (INDOXIMOD; EPACADOSTAT)
e 9 ° .

oA
L TRvpToPHAN P KYNURENINE
p o
+1001 TI001 4 ipoy rou1
PD-L1 p
{ D01
ENZYME —

“""’" e \

IDO* ENDOMETRIAL
CANCER CELLS

n-ndmu

_— Activation

D Inhibition






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





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Targeting immunometabolism mediated by the IDO1 Pathway: A new mechanism of immune resistance in endometrial cancer

      

        		

          Introduction

        



        		

          IDO1 and immune functions

        

          		

            Mechanisms of the IDO1 immune function

          



          		

            Immunosuppression by IDO1 in the tumor microenvironment

          



        



        



        		

          Immune checkpoint inhibitors in endometrial cancer

        



        		

          Targeting IDO1 pathway in cancer

        

          		

            Efficacy of IDO1 blockade

          



          		

            Rationale for the IDO1 blockade in endometrial cancer

          



          		

            Clinical trials in endometrial cancer

          



        



        



        		

          Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2022.953115_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Targeting immunometabolism
mediated by the IDO1 Pathway:
A new mechanism of immune
resistance in endometrial cancer





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-953115-g001.jpg
TUMOR IVIICROENVIRONMENT IN ENDOMETRIAL CANCER

INTRINSIC RESISTANCE MEDIATED BY IDO EXPRESSION ADAPTIVE RESISTANCE MEDIATED BY IDO EXPRESSION

1DO1 is induced in Endometrial Cancer Cellsand other cell types by IFN-y released by neighboring
activated T or NK cells in a negative feedback

IMMUNOSUPPRESSIVE ROLE OF KYNURENINE

IN TME Activated CD8* T-cells
. o Propaeasnd 00 o YOy Natural Killer Cells Endothelial Cells
. . o . : g, -
- = : : . e Y TCR\ N LS 5 \ /‘ 3
g 8 ¢ Y e g0 0 - W S V) —
¥ Tveropran M Kvwurewme © T T \-&_/ \\.,/ s @
IDO* ENDOMETIAL 1 1DO1 T\l.ﬁ . : \ & TRYPTOPHAN P KYNURENINE ¢ o
CANCER CELLS / % &
y 1 IEN-ysignature — 5 4 |DO1 ¢ @
" 4 1D01 Gene IDO* ENDOMETRIAL — o . a®
CANCER CELLS S Y4 & -

V4

. IDO™ ENDOMETRIAL
IDO™ EC CELLS : CANCER CELLS





OEBPS/Images/table1.jpg
Clinical
trial

NCT03310567

NCT02178722

NCT04106414

NCT04463771
(POD1UM-
204)

Drug

Epacadostat

Epacadostat

BMS-
986205

Epacadostat

Mechanism
of action

IDOL1 inhibitor

IDOL1 inhibitor

IDO1 inhibitor

IDOL1 inhibitor

Pharmaceutical
company

Incyte Corporation,
Merck Sharp &
Dohme

Incyte Corporation,
Merck Sharp &
Dohme

Bristol-Myers Squibb

Incyte Corporation

Phase of
development
hig

/1

I

I

BMS-986205, linrodostat; INCMGA00012, retifanlimab; pemigatinib, FGFR 1,2,3 inhibitor.

Condition or disease

Recurrent/metastatic endometrial

carcinoma

Advanced selected cancers

Endometrial cancer or endometrial
carcinosarcoma

Metastatic endometrial cancer that

has progressed on or after platinum-
based chemotherapy

Drugs
combination

Epacadostat;
pembrolizumab

Epacadostat;
pembrolizumab

BMS-986205;
nivolumab

Epacadostat;
INCMGAO00012;
pemigatinib

Status

Withdrawn
(sponsors pulled
out of the study)

Completed

Active, not
recruiting

Recruiting





