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The immunoregulatory enzyme, indoleamine 2,3-dioxygenase (IDO1) and the PD-1/PD-L1 axis are potent mechanisms that impede effective anti-tumor immunity in ovarian cancer. However, whether the IDO pathway regulates PD-1 expression in T cells is currently unknown. Here we show that tumoral IDO1 expression led to profound changes in tryptophan, nicotinate/nicotinamide, and purine metabolic pathways in the ovarian tumor microenvironment, and to an increased frequency of PD-1+CD8+ tumor infiltrating T cells. We determined that activation of the aryl hydrocarbon receptor (AHR) by kynurenine induced PD-1 expression, and this effect was significantly abrogated by the AHR antagonist CH223191. Mechanistically, kynurenine alters chromatin accessibility in regulatory regions of T cell inhibitory receptors, allowing AHR to bind to consensus XRE motifs in the promoter region of PD-1. These results enable the design of strategies to target the IDO1 and AHR pathways for enhancing anti-tumor immunity in ovarian cancer.
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Introduction

Epithelial ovarian cancer (EOC) is the most lethal gynecologic malignancy in the U.S (1). Despite initial response to frontline treatments (i.e. surgery and platinum-based chemotherapy), the majority of patients relapse and ultimately die from their disease within five years (2, 3). Although several studies have demonstrated a positive correlation between EOC prognosis and magnitude of tumor-infiltrating effector T lymphocytes (TIL) (4–6), the clinical benefit of TIL-promoting immunotherapies – such as immune checkpoint inhibitors (ICI), vaccines, and adoptive cell therapy – is limited by the presence of multiple tolerogenic mechanisms within the ovarian tumor microenvironment (TME).

Among several immunosuppressive mechanisms, indoleamine 2,3-dioxygenase (IDO1) has emerged as a key targetable pathway impacting the anti-tumor function of TIL. IDO1 is a heme enzyme which catabolizes the first and rate-limiting step of tryptophan (Trp) catabolism along the kynurenine pathway (KP) to generate active immunosuppressive metabolites. Depletion of tryptophan leads to arrest of T cell proliferation (7), and inducing a stress response via activation of the general control nondepressible-2 (GCN2) kinase (8). In addition, kynurenine (Kyn) promotes the differentiation of CD4+ T cells into immunosuppressive regulatory T (Treg) cells via activation of the aryl hydrocarbon receptor (AHR) (9, 10). In EOC patients, elevated IDO1 expression correlated with a lower Trp:Kyn ratio in the ovarian tumor microenvironment (11), reduced CD8+ TIL frequency (12), poor prognosis (13, 14), and suppression of T cell responses (15). The vital role of targeting IDO1 for effective immunotherapeutic control of established tumors was observed in pre-clinical models by the synergistic effect of IDO1 inhibition and immune checkpoint inhibitors to mediate the rejection of poorly immunogenic tumors, indicating that IDO1 may be a major mechanism of immunotherapy resistance (16).

Although these observations support therapeutic targeting of the IDO1 pathway, EOC patients treated with epacadostat, an IDO1 inhibitor, did not exhibit objective responses with a median progression-free survival (PFS) of 3.75 months versus 5.56 months for the control group receiving tamoxifen (17). Moreover, a subsequent randomized phase 3 clinical trial in patients with unresectable metastatic melanoma (18) failed to demonstrate improvement in clinical responses when epacadostat was added to pembrolizumab (19–21). These findings suggest that a gap still exists in understanding the full biological consequences of IDO1 enzyme activity in the TME.

Since high IDO1 enzyme activity (11) occurs concomitantly with elevated PD-1 expression on antigen-specific CD8+ T cells as a marker of exhaustion and dysfunction (22), we reasoned that IDO1 may play a role in regulating the expression of PD-1 and other T cell inhibitory receptors in EOC. As the IDO1 metabolite Kyn is an endogenous ligand of AHR transcription factor (23), we investigated a possible role for AHR as the mechanism by which IDO1 facilitates TIL dysfunction associated with inhibitory checkpoint receptor upregulation. In this study, we observed profound IDO1-mediated metabolic and immunoregulatory changes in the ovarian TME, and importantly, induction of inhibitory receptors on CD8+ TIL via Kyn-mediated AHR signaling. These data implicate a novel role for Kyn in regulating the exhausted phenotype of CD8+ T cells.



Results


IDO1 Reduces the Prognostic Benefit of TIL in Human EOC and Impacts Overall Survival

We evaluated the clinical outcome of 265 patients with high-grade serous ovarian cancers available in The Cancer Genome Atlas (TCGA) stratified by TIL expression and 44 genes (Supplemental Table 1) related to tryptophan catabolism and AHR signaling. TCGA EOC patient cohorts stratified into four distinct populations (TILHigh/IDOLow, TILLow/IDOLow, TILLow/IDOHigh, and TILHigh/IDOHigh) (Figure 1A). TILHigh/IDOLow patients had a significantly improved disease-free survival (DFS) and overall survival (OS) compared with the other groups (Figure 1B). Additionally, elevated IDO1 and AHR pathway expression negated the beneficial impact of increased TIL signature (TILHigh/IDOHigh patients), further highlighting a critical role for this pathway. These data suggest that the relationship between IDO1 expression and TIL infiltration is critical in shaping EOC patient outcomes.




Figure 1 | IDO1 reduces the prognostic benefit of tumor infiltrating CD8+ T cells in human ovarian cancer and reduces overall survival in a murine model of ovarian cancer. (A) Scatterplot and (B) Kaplan-Meier curves of 4 distinct populations comprised of 265 high grade serous ovarian cancer patients from The Cancer Genome Atlas (TCGA) data set. RNA-seq data was analyzed in the context of 44 genes from the tryptophan metabolism and AHR(Aryl Hydrocarbon Receptor) signaling pathways, and CD3E, CD8A, IL2, and Granzyme B. Confidence intervals for the stratified population of patients include OS (Overall Survival): black line median 42.0[38.0, 46], red line median 48.7[31.2, NA] and green line median NA[57.4, NA] p=0.02; DFS (Disease Free Survival): black line median 17.3[15.1, 19.9], red line median 18.2[13.0, 48.5], and green line median 29.9[18.2, NA] p=0.03). (C) 6- to 8- week old WT C57BL/6 mice challenged i.p. with 1x107 IE9mp1-EV (n=10) or IE9mp1-mIDO1 (n=12) tumor cells. Tumor progression was quantified by measuring the abdominal circumference of tumor-bearing mice. (D) Kaplan-Meier curves of the survival analysis of IE9mp1-EV (n=14) and IE9mp1-mIDO1 (n=15) tumor-bearing WT C57BL/6 mice. *p < 0.05, ***p < 0.001, by the Log-rank (Mantel-Cox) test (B, D), or Student’s t test (C). NA, Not available.



To delineate the mechanisms by which IDO1 mediates immune suppression, we generated a stable IDO1-expressing EOC cell line by retroviral transduction (Supplemental Figure 1A) of an aggressive ID8 variant, IE9mp1 (24, 25). IE9mp1-mIDO1 tumor cells expressed the murine IDO1 (mIDO1) gene (Supplemental Figure 1B) and the gene product demonstrated functional enzyme activity, as measured by elevated Kyn production compared to empty vector (IE9mp1-EV) controls (Supplemental Figure 1C). The addition of the mIDO1 gene did not alter in vitro cell viability compared with EV control (Supplemental Figure 1D). Consistent with the TCGA EOC data, syngeneic wild-type (WT) C57BL/6 mice challenged with IE9mp1-mIDO1 displayed earlier onset of tumor burden (Figure 1C) and a significant decrease in overall survival compared with tumors that lack IDO1 expression (Figure 1D).



Expression of IDO1 Profoundly Alters the Metabolic Profile of Ovarian Tumors

Dynamic changes in the metabolic profile of intraperitoneal IDO1-expressing ovarian tumors were evaluated by LC-MS measurement of Kyn and its downstream catabolites (26). IDO1 expression at endpoint (Day 47) had the largest effect on the tryptophan, nicotinate/nicotinamide, and purine metabolism pathways (p<0.05; Global-ANCOVA) (Figure 2 and Table 1). As expected, IDO1-expressing tumors demonstrated lower levels of tryptophan compared to EV tumors, alongside elevated expression of downstream Kyn metabolites (Figure 2A). The metabolite signature also revealed elevation in nicotinic acid, nicotinamide, and quinolinic acid (Figure 2B), consistent with enhanced de-novo nicotinamide generation via the Kyn pathway (27, 28). Nicotinate and nicotinamide metabolites (which include adenosine and thymine) were increased in the IE9mp1-mIDO1 tumors compared with IE9mp1-EV tumors on day 47 (Figures 2C, D). Altogether, the impact of tumoral IDO1 expression in ovarian cancer was not only confined to the kynurenine pathway, but also affected nicotinamide, purine and pyrimidine metabolic pathways, and the magnitude of change was influenced by the tumor burden.




Figure 2 | Metabolites levels from the kynurenine, nicotinamide, purine and pyrimidine metabolic pathways are affected by IDO1 expression by the tumor. On Day 28 of tumor progression, whole tumor was harvested from IE9mp1-mIDO1 (n=4) and IE9mp1-Empty Vector control (n=4) tumor-bearing mice. On Day 47 of tumor progression, whole tumor was harvested from IE9mp1-mIDO1 (n=4) and IE9mp1-Empty Vector control (n=5) tumor-bearing mice. Mean log 2 fold changes in metabolites from (A) tryptophan amino acid degradation, (B) NAD, (C) purine and (D) pyrimidine metabolism pathways measured in IE9mp1-mIDO1 and IE9mp1-EV tumor from WT C57BL/6 mice on Days 28 and 47. These data presented are the relative abundance measurements of the metabolite level and sample t test statistical analysis reveals the 95% confidence interval of the mean log-fold change in metabolites. The p-values of all the metabolites are listed in Supplemental Table 1.




Table 1 | Impact of IDO1 on metabolism pathways.





Host- and Tumor-Derived IDO1 Expression Drive an Immunosuppressive Cell Profile in the Ovarian TME

To delineate the relative contribution of host- versus tumor-derived IDO1 on the TME immune cell profile, IDO1-sufficient C57BL/6 (WT) mice and IDO1-knockout mice (IDOKO, C57BL/6 background) were challenged intraperitoneally with either IE9mp1-EV or IE9mp1-mIDO1. WT mice bearing IE9mp1-mIDO1 tumors exhibited a non-significant decrease in CD8+ TIL frequency at all time points of tumor growth compared to animals whose tumors lack IDO1 expression (Figure 3A, left panel). IDO1 deficient mice also exhibited diminished CD8+ TIL frequency (Figure 3A, right panel), but the complete absence of IDO1 expression in tumor and host significantly increased CD8+ TIL frequency on Day 57, indicating that both host- and tumor-derived IDO1 contribute to reduced TIL accumulation in the ovarian TME. Confocal microscopy of IE9mp1-mIDO1 and IE9mp1-EV tumors also confirmed that tumor-derived IDO1 inversely impacted CD8+ TIL frequency (Figure 3B).




Figure 3 | Expression of IDO1 leads to poor tumor infiltration by CD8+ T cells and increased infiltration of suppressive immune cells in the ovarian tumor microenvironment. (A) Frequency of CD8+ TILs on Days 28 and 57 from WT C57BL/6 (left panel n=6) and IDOKO (right panel n=6) mice challenged i.p. with 1x10e7 IE9mp1-mIDO1 or IE9mp1-EV tumor cells. (B) Immuno-stained IE9mp1-mIDO1 and IE9mp1-EV tumor from WT C57BL/6 mice on Day 48 with anti-IDO1 (green), CD8+ T cell (red), and DAPI (blue). Quantification of CD8+ T cells from 3 field images per tissue slide, (n=11 IE9mp1-EV and n=8 IE9mp1-mIDO1). Total original magnification is 63x. (C) Flow cytometry analysis of tumor ascites for CD4+CD25+FoxP3+ T cell frequency in IE9mp1-mIDO1 (n=7) and IE9mp1-EV (n=5) tumor-bearing WT C57BL/6 mice on Day 48. (D) Frequency of Ly6G+in CD11b+ cell IE9mp1-EV (n=5) or IE9mp1-mIDO1 (n=5) tumor-bearing WT C57BL/6 mice on Day 28. *p < 0.05, **p < 0.01, using Student’s t test (B–D). The data represent means ± SEM of three independent experiments.



As IDO1 is known to induce Tregs (8, 10, 29), ovarian TME CD4+CD25+FoxP3+ Treg frequency was examined in IDO1-sufficient C57BL/6 mice. Treg frequency was significantly elevated on Day 48 in IE9mp1-mIDO1 tumor-bearing mice (Figure 3C) along with increased levels of CD11b+Ly6Ghigh myeloid cells (Figure 3D). To address potential mechanisms regulating the influx and retention of Tregs and myeloid cells in the ovarian TME, chemokines were measured in cell-free tumor ascites fluid from C57BL/6 mice (30). The Treg-attractant MIP-1B/CCL4 (31) was significantly increased in IDO1-expressing tumors (Supplemental Figure 2A). Similarly, IDO1-expressing tumors exhibited significant increases in monocyte/macrophage attracting MCP-3/CCL7, eotaxin/CCL11, MCP-1/CCL2, and G-CSF (Supplemental Figures 2B–E) (32, 33). These results indicate that tumoral IDO1 expression regulates the ovarian TME chemokine signature for enhanced recruitment of immunosuppressive cells resulting in reduced CD8+ TIL frequency.



Kynurenine Mediates Induction of Inhibitory Receptors on CD8+ T Cells

To assess whether host- or tumor-derived IDO1 expression leads to upregulation of inhibitory receptors, we analyzed the phenotype of CD8+ TILs isolated from WT and IDOKO mice bearing either IE9mp1-mIDO1 or IE9mp1-EV tumors. In both IDO1-sufficient and IDO1KO TIL, tumoral IDO1 expression significantly increased the frequency of PD-1+ CD8+ TIL on Day 48 compared with those from IE9mp1-EV challenged mice (Figure 4A). Notably, in the absence of host- and tumor-derived IDO1 this effect was abrogated and there was no significant upregulation of PD-1 on CD8+ TIL at the same time point (Day 48) in IE9mp1-EV tumor-bearing IDOKO mice, indicating that regardless of the cellular source of IDO1 expression, presence of IDO1 enzyme activity contributes to PD-1 upregulation on ovarian CD8+ TIL.




Figure 4 | Kynurenine mediates upregulation of inhibitory receptor on CD8+ T cells. (A) Frequency of PD1+CD8+ T cells in tumor ascites from WT C57BL/6 or IDOKO mice challenged i.p. with 1x10e7 IE9mp1-EV (n=5) or IE9mp1-mIDO1 (n=6) tumor cells on Day 48, as determined by flow cytometric analysis. (B, left) Kynurenine concentrations measured in IE9mp1-EV and IE9mp1-mIDO1 tumor cell culture supernatant by colorimetric assay. (B, right) Frequency of PD1+CD8+ T cells, from WT C57BL/6 mice spleens, co-cultured with 1µg/mL anti-CD3/CD28 in IE9mp1-mIDO1 or IE9mp1-EV tumor cell culture supernatant for 48 hr. PD1+CD8+ T cell frequency was determined by flow cytometric analysis. (C) PD-1, (D) KLRG1, and (E) TIM3 expression analyzed by flow cytometric analysis on T lymphocytes from WT C57BL/6 mice activated with 1µg/mL anti-CD3/CD28 and with treated kynurenine. *p < 0.05, **p < 0.01, ****p < 0.0001, by Student’s t test (A–E). The data represent means ± SEM of three independent experiments performed in triplicate.



The contribution of IDO1-induced KYN generation by tumor cells on PD-1 expression was evaluated using anti-CD3/anti-CD28 activated CD8+ lymphocytes. IE9mp1-mIDO1 cell culture supernatant allowed for a controlled system where IDO1-mediated Trp catabolism into KYN could be quantified (Figure 4B, left). CD8+ T cells significantly upregulated PD-1 expression in the presence of elevated tumor-produced KYN (Figure 4B, right). Activation of CD8+ T cells in varying KYN concentrations resulted in upregulation of not only PD-1 (Figure 4C), but also additional inhibitory receptors such as Klrg1 (Figure 4D) and Tim3 (Figure 4E), although the effect was more pronounced at higher KYN concentrations. Taken together, these results demonstrated that kynurenine contributed to the upregulation of co-inhibitory receptors expression on CD8+ T cells in vivo and in vitro.



PD-1 Gene Contains Putative AHR Binding Sites

Upon activation by its natural endogenous agonist, KYN, AHR translocates into the nucleus and regulates target gene expression in T cells (9, 10), including a tumor-promoting role via suppression of anti-tumor immunity (23). To account for this observation, we hypothesized that the genes encoding T cell inhibitory receptors contain AHR binding sites responsible for transcriptional regulation upon sequential KYN ligation and AHR activation. Therefore, we performed computational analysis of promoter regions of T cell inhibitory receptor genes for the consensus AHR xenobiotic response elements (XRE) binding motifs (Figure 5A). We identified multiple AHR binding sites in the upstream gene promoter region of murine (Figure 5B) and human Pdcd1 (PD-1) gene (Supplemental Figures 3 and 4). AHR binding sites were also present in the upstream promoter regions of additional inhibitory receptors such as Lag3, Tim3, Klrg1, Ctla4, Btla, 2B4, CD160 and TIGIT
(Supplemental Figures 3 and 4
).




Figure 5 | PD-1 gene contains putative aryl hydrocarbon receptor binding sites. (A) Motif Logo depicting the position specific weight matrices of the AHR binding site [xenobiotic response element (XRE)]. (B) Schematic representation of the identified AHR binding site in the Pdcd1 promoter. (C) Anti-CD3/CD28 activated CD8+ T cells from spleens of WT C57BL/6 mice were treated with IL-2 (50U/mL), KYN (50µM) or TCDD (10nM) for 6 days. AHR and (D) Cyp1a1 mRNA was determined. (E) AHR nuclear translocation was measured in anti-CD3/CD28 bead-activated CD8+ T cells from spleens of WT C57BL/6 mice treated with KYN (50µM) or TCDD (10nM) for 0,0.5,1,2 and 4hrs as indicated. CD8+ T cells were immuno-stained for AHR (green) and DAPI (red). Mean pixel intensity (MFI) of AHR nuclear translocation was calculated (bar graph) using Image J Total original magnification is 189x. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant, by Student’s t test (D, E). The data represent means ± SEM of three independent experiments performed in triplicate.



To address the mechanism by which KYN mediates PD-1 expression, we next evaluated AHR expression in activated CD8+ T cells. AHR gene expression in T cells was not altered by their activation in the presence of KYN or another well characterized exogenous AHR ligand, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Figure 5C) (34). Although KYN ligation did not impact AHR expression in T cells, it did result in AHR target gene transcription, specifically the cytochrome P40 enzyme, Cyp1a1 (Figure 5D) (35), confirming KYN-mediated AHR activation. As Cyp1a1 expression requires nuclear translocation of the active AHR-KYN complex (36, 37), we evaluated the kinetics of KYN-mediated AHR nuclear translocation in activated CD8+ T cells. At 2 hours post-activation in the presence of KYN and TCDD, AHR was observed in the nucleus (Figure 5E, green) and thus provides a mechanism by which AHR directly mediates PD-1 expression in CD8+ T cells.



Kynurenine Permits Genome-Wide Chromatin Accessibility In Regulatory Regions of PD-1 Gene

As KYN-mediated upregulation of inhibitory receptors requires AHR interaction with XRE sequences in the promoter regions, we next evaluated how KYN treatment alters the dynamics of CD8+ T cell genome-wide chromatin accessibility by ATAC-seq (38). Increases of chromatin accessibilities in KYN-treated activated CD8+ T cells were observed for two regulatory elements of the Pdcd1 (Figure 6A) and Lag3 (Supplemental Figure 5) genes, indicating that KYN treatment mediates the extent of chromatin accessibility for key T cell inhibitory receptors leading to their upregulation. Moreover, these data also suggest an epigenetic role for IDO1 in regulating the transcriptional activity of CD8+ TIL.




Figure 6 | Kynurenine induces PD-1 expression on CD8+ T cells in an AHR-dependent manner. (A) UCSC Genome Browser plot of open chromatin accessible regions in two DNA regulatory elements in the PD1 gene identified by ATAC-seq analysis of CD8+ T cells, from WT C57BL/6 mice, activated by anti-CD3/CD28 and treated with KYN (50µM) or TCDD (10nM) for 2 and 48 hrs. (B) CHIP-qPCR Pdcd1 analysis in anti-CD3/CD28 bead-activated and KYN (50µM) treated CD8+ T cells for 2 hours from spleens of WT C57BL/6 mice with AHR antibody and pdcd1 promoter primers. (C) Anti-CD3/CD28 activated CD8+ T cells from spleens of WT C57BL/6 mice were treated with KYN (50µM) and CH223191(AHR antagonist) (3μM) for 6 days. Cyp1a1 and (D) PD-1 mRNA was determined. **p < 0.01, ***p < 0.001, ****p < 0.0001 by Student’s t test (B–D). The data represent means ± SEM of three independent experiments performed in triplicate (B–D).





KYN Induces PD-1 Expression on CD8+ T Cells in an AHR-Dependent Manner

Direct evidence for KYN-mediated AHR binding to XRE motifs in the PD-1 promoter was evaluated by chromatin immunoprecipitation of activated CD8+ T cells (Supplemental Figure 6). ChIP-qPCR using anti-AHR bound to genomic DNA confirmed enrichment of AHR binding to XRE motifs within the murine Pdcd1 gene promoter region by KYN treatment but not by TCDD (Figure 6B). Furthermore, ChIP-qPCR verified PD-1 gene expression was upregulated in the presence of KYN. The requirement for AHR-mediated PD-1 expression following KYN treatment was tested by utilizing the AHR antagonist CH223191 (39). In addition to inhibiting its downstream target gene Cyp1a1, AHR antagonism severely diminished KYN-mediated PD-1 upregulation on CD8+ T cells (Figures 6C, D). These data confirm that AHR interaction with responsive elements in the PD-1 promoter facilitates its transcription upon treatment with KYN and suggests an approach in which AHR antagonism can be coupled with IDO1 blockade to synergistically prevent PD-1 mediated T cell dysfunction.




Discussion

Tryptophan catabolism by IDO1 has been firmly established as a powerful mechanism of innate and adaptive immune tolerance in EOC and other solid tumors (13, 14, 16, 40). However, efforts to target this pathway in the clinic has met with limited success (17, 18), probably because the full biologic consequences of IDO1 on the TME remain incompletely characterized. In this study, we fill a major gap in knowledge by demonstrating that (1) the metabolic re-wiring of the TME by IDO1 is profound and goes beyond KYN accumulation by also affecting nicotinate/nicotinamide and purine metabolism; (2) KYN differentially alters frequencies of CD8 T vs regulatory T cells (Treg)/Myeloid derived suppressor cells (MDSC) cells in tumor; (3) KYN alters chromatin accessibility in regulatory regions of inhibitory receptors leading to their upregulated expression; and (4) AHR binding to consensus XRE motifs is the mechanism by which IDO1 activity mediates T cell dysfunction. These results support the design of strategies to target the IDO1 and AHR pathways for improving anti-tumor immunity in EOC. While we focused here on the impact of IDO1 on adaptive immunity, its tumor intrinsic role would need to be clarified in future studies.

To study the consequences of the metabolic microenvironment imposed by IDO1, we first investigated quantitative and qualitative changes in CD8+ T cell infiltration. In addition to the effect of IDO1 in reducing intra tumoral accumulation of CD8+ TIL, the cytokine milieu of the TME was noted to favor the recruitment of immunosuppressive Tregs and myeloid cells. Tumoral IDO1-induced KYN was sufficient to upregulate PD-1 on CD8+ T cells in vivo and in vitro. Moreover, we established AHR activation by KYN as the mechanism by which CD8+ T cells acquired an exhausted phenotype of PD-1 expression.

Although our bioinformatics analyses identified AHR XRE binding sites in the promoter region of several human and murine checkpoint receptor genes, chromatin accessibility by ATAC-seq indicated the potential for AHR transcription factor occupancy in Pdcd1 and Lag3 of inhibitory receptor genes. Since ATAC-seq alone cannot decide which transcription factor binds to accessible chromatin (38), we utilized ChIP-qPCR and demonstrated specific binding of AHR to DNA in the Pdcd1 gene. Thus, KYN increased the accessibility of AHR to XRE sequences in the PD-1 gene promoter of CD8+ T cells. Further support for an AHR-dependent mechanism for kynurenine upregulation of PD-1 gene expression is provided by abrogation of gene expression in the presence of the AHR antagonist CH223191. These findings establish that kynurenine activation of AHR is a critical mechanism by which IDO1 impacts the upregulation of checkpoint receptors on CD8+ T cells in the ovarian TME. Although PD-1 expression was shown to be mediated by non-physiological concentrations of KYN in a recent study (41), the downstream transcriptional events that regulate this dysfunctional TIL phenotype were not identified. Our study provides a targetable mechanism by which IDO1 regulates inhibitory checkpoint receptors on CD8+ TIL via kynurenine activation of AHR.

A notable limitation of the present study is that while we have uncovered alterations in metabolic pathways beyond kynurenine, their contribution to induction of T cell inhibitory receptors or other mechanisms of immune suppression were not fully examined. For example, NAD is able to regulate CD4 T cell differentiation and promotes IL-10 and TGF-B1 production by Th1 and Th17 cells, respectively (42). In addition, it will be important to confirm whether AHR mediated upregulation of inhibitory T cell receptors is a general mechanism for other metabolites along the kynurenine pathway. Moreover, while murine studies can yield valuable insights into AHR function, there are differences between the human and mouse AHR, such as differences in the affinity to ligand activation (43) indicating that future human studies will need to be conducted with this caveat in mind. In addition, a report by Eleftheriadis et al. (44) indicated that IDO decreased glycolysis and glutaminolysis by activating GCN2K, and IDO−induced activation of AhR increased the expression of all carnitine palmitoyltransferase I isoenzymes, leading ultimately to increased free fatty acid (FFA) oxidation and preservation of CD4+ T−cell survival and proliferation. This implies that in a normal environment containing fatty acids, CD4+ T−cell survival and proliferation may not be reduced since IDO-mediated supply of FFA would provide the required energy for cell survival and proliferation. Since this was not a focus of our study, future studies are warranted to examine the potential impact of any IDO-mediated effects on FFA generation on CD4+ T cells. We acknowledge that these results are described in an overexpressing IDO1 tumor model. Intrinsically, parental ID8 tumor cells do not produce appreciable levels of IDO1 (data not shown), therefore, we generated a stable IDO1-expressing EOC cell line by retroviral transduction. Also, ID8 by its nature is not a typically inflammatory tumor model, however, we show in these studies that the TILs that enter the tumor can be modulated by IDO1 and has an impact on efficacy.

Despite these limitations, our current study sheds some light on potential reasons for the limited efficacy of ECHO-301/KEYNOTE-252 (NCT02752074), the first phase 3 randomized double-blind study of epacadostat in combination with anti-PD-1 antibody pembrolizumab in patients with unresectable or metastatic melanoma (19–21). First, KYN activation of AHR may be a major resistance mechanism via upregulation of several immune checkpoint receptors, with the implication that PD-1 blockade monotherapy may be insufficient to derive benefit from IDO1 blockade. We demonstrate that Lag3 gene expression on CD8+ TILs are similarly impacted by KYN, and therefore Lag3 may serve as a compensatory escape pathway when the PD-1/PD-L1 pathway is blocked. Second, the impact of tumoral IDO1 expression in ovarian cancer was not confined to the kynurenine pathway, but also mediated metabolic changes downstream of kynurenine, demonstrating a role for nicotinate, nicotinamide, purine and pyrimidine metabolic pathways. Lastly, AHR antagonists have been identified and examined as potential therapeutic tools to study the role of AHR in tumorigenesis (34). Preclinical studies in multiple myeloma, suggest that therapeutic targeting of the AHR, with an inhibitor such as the FDA-approved clofazimine (45), may improve clinical outcomes.

Altogether, this study demonstrates that IDO1-induced KYN activates AHR nuclear translocation where its direct binding to XRE motifs in the PD-1 gene promoter (Supplemental Figure 7) results in T cell dysfunction. Strategies to concomitantly target the IDO1 and AHR pathways may overcome immune suppression and enhance anti-tumor immunity in EOC and other solid tumors.



Methods


The Cancer Genome Atlas (TCGA) Data Analysis

Gene expression data were downloaded from cBioportal. Immune and IDO signature scores were calculated using the sum of the gene expression selected genes (Supplemental Table 1) divided by the square root of the number of genes. Patients were then divided in four groups: TILHigh/IDOLow, TILLow/IDOLow, TILLow/IDOHigh, and TILHigh/IDOHigh based on immune and IDO score values. Survival analysis across groups was calculated using clinical information available on cBioportal using log rank test at a significance threshold of 0.05.

Animals. Female and male WT C57BL/6 mice and IDOKO mice (stock no. 005867) were purchased from Jackson Laboratory (Bar Harbor, ME), and bred in our facility (Roswell Park Comprehensive Cancer Center) according to an approved protocol. All animals were maintained in the Laboratory Animal Shared Resource under specific pathogen-free conditions. All animal experiments were carried out according to protocol guidelines approved by the Institute Animal Care and Use Committee (IACUC) of Roswell Park Comprehensive Cancer Center (Buffalo, NY).

Cell Lines. The murine Ido1 (mIDO1) gene was overexpressed in mouse ovarian surface epithelial cell (MOSEC) lines by retroviral transduction. Full-length mIDO1 gene was PCR amplified from cDNA of IFNG treated ID8 cell line (25) and inserted into the first cloning site in a retrovirus backbone vector (pQCXIX, Clontech-TaKaRa). A fusion gene of codon-optimized Luciferase (Luc2) and tandem-dimeric Tomato (tdT) gene was PCR amplified from the pcDNA3.1(+)Luc2=tdT (Addgene plasmid # 32904) (a gift from Christopher Contag at Stanford University, Stanford, California) (46) and inserted into the second cloning site. The parental IE9 cell line was provided to our lab by Dr. Tahiro Shin at the University of Texas Health Sciences Center (San Antonio, Texas). A control empty vector was constructed by inserting Luc2=tdT gene alone. The retroviral transfer vector was co-transfected with pVSV-G retroviral envelope-expressing plasmid into the GP2-293 cell line (Clontech-TaKaRa) using Lipofectamine 2000 reagent (Invitrogen) to produce retrovirus supernatant. Parental ID8 (25), IE9 (47) or IE9mp1 (24) tumor cell lines were transduced by retroviral vectors in the presence of 8mg/ml polybrene (Sigma-Aldrich). Stable cell lines were established after flow cytometry cell sorting of tdT-expressing cells using a FACSAria 2 (BD Biosciences). Expression of tdT in established cell lines was periodically monitored by flow-cytometry and confirmed that >99% cells expressed tdT before experiments. All cell lines were cultured in complete culture medium: RPMI1640 (Corning Cellgro®) supplemented with 10% fetal bovine serum (VWR), 1% sodium pyruvate (100mM), 1% L-glutamine (200mM), 1% MEM nonessential amino acid (100x), 1% penicillin/streptomycin (100x), 2.5% Hepes, and 0.1% beta-2-mercaptoethanol (50mM) in an incubator at 37oC and 5% CO2.



Tumor Challenge and Measurement

WT C57BL/6 and IDOKO mice were challenged intraperitoneally (i.p.) with 1x107 IE9mp1-mIDO1 or IE9mp1-EV tumor cells in a final volume of 500µl Dulbecco’s PBS (Corning Cellgro®). Tumor progression and the amount of tumor burden were monitored by measuring abdominal distension to track the accumulation of peritoneal ascites formation. Mice were euthanized by CO2 asphyxiation and/or cervical dislocation when the abdominal circumference of i.p. tumors reached a 50% girth increase and/or upon detection of declining health conditions as described in our standard operating procedure for Body Scoring, according to IACUC guidelines.



IDO Enzyme Activity Measurement

Kynurenine was measured in cell culture supernatants by incubating the sample with a 30% w/v Trichloroacetic acid (Sigma-Aldrich) solution prepared in water, and Ehrlich reagent (2% PDAB) prepared fresh for each assay by dissolving p-dimethylaminobenzaldehyde (PDAB) (Sigma-Aldrich) in acetic acid. The colorimetric reaction was measured using a microplate reader at OD 490nm. The OD values were measured and calculated against standard dilution curve of L-kynurenine (Sigma-Aldrich).



Flow Cytometry Antibodies and Reagents

LIVE/DEAD™ Fixable Yellow Dead Cell Stain Kit, for 405nm excitation catalog no. L34959 was purchased from Thermo Fischer Scientific. Mouse-specific FITC-anti-CD45 (clone 30-F11) catalog no.11-0451-82, eFluor 450-anti-CD11b (clone M1/70) catalog no. 48-0112-82, APC-anti-TIM3 (clone 8B.2C12) catalog no. 17-5871-80, APC-anti-CD25 (clone PC61.5) catalog no.17-0251-82, PerCP-eFluor 710-anti-CD8A (clone 53-6.7) catalog no.46-0081-82, PE-anti-Foxp3 (clone FJK-16s) catalog no. 12-5773-82, and PE-Cy7-anti-CD4 (clone GK1.5) catalog no. 25-0041-82 were purchased from eBiosciences. BV421-anti-PD-1 (clone 29F.1A12) catalog no. 135218 was purchased from BioLegend. Anti-CD16/CD32 FcBlock (clone 2.4G2) catalog no.553142, PE-Cy7-anti-Ly6G/Ly6C (clone RB6-8C5) catalog no.565033, BV450-anti-CD45 (clone 30-F11) catalog no. 560501, FITC-anti-CD8A (clone 53-6.7) catalog no. 553031, PerCP-Cy5.5-anti-Ly6G/Ly6C (clone RB6-8C5) catalog no. 561103, PerCP-anti-CD8A (clone 53-6.7) catalog no.553036, PE-anti-CD3E (clone 145-2C11) catalog no.553064, PE-anti-CD11b (M1/70) catalog no. 557397, and PerCP-anti-CD4 (clone RM4-5) catalog no. 553052 were purchased from BD Biosciences. Foxp3/Transcription Factor Fixation and Permeabilization Concentrate and Diluent kit, catalog no. 00-5523-00 (eBiosciences) was used for intracellular Foxp3 staining. Flow cytometry data were acquired using a BD Biosciences LSR 2 flow cytometer and BD FACSDiva software, and analyzed using FlowJo v10 software (TreeStar).



RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (PCR) Analysis

Total RNA was isolated using the RNeasy mini kit (Qiagen). cDNA was prepared using iScript cDNA Synthesis kit (BioRad) and reverse transcription was carried out on the T100 Thermal Cycler (BioRad). Quantitative real-time PCR was performed using iQ SYBR Green Supermix (BioRad) on the C1000 Touch Thermal Cycler, CFX96 Real-Time System (BioRad). Primer sequences used include Ido1 forward 5’-TCTGCCTGTGCTGATTGA-3’, reverse, 5’-CTGTAACCTGTGTCCTCTCA-3’; AHR forward 5’-CCACTGACGGATGAAGGA-3’, reverse, 5’-ATCTCGTACAACACAGCCTCT-3’; CYP1A1 forward 5’-GACACAGTGATTGGCAGAG-3’, reverse, 5’-GAAGGTCTCCAGAATGAAGG-3’; Pdcd1 forward 5’-CTCGGCCATGGGACGTAGGG-3’, reverse, 5’-GGGTCTGCAGCATGCTAATGGCTG-3’; and Gapdh forward 5’-GCCTTCCGTGTTCCTACCC-3’, reverse, 5’-CAGTGGGCCCTCAGATGC-3’. PCR data were analyzed using CFX Manager 3.1 (BioRad). Experiments were performed in triplicates.



Purification of CD8+ T Cells From Splenocytes

CD8+ T cells were isolated from spleens of WT C57BL/6 mice by negative selection using the EasySep™ Mouse CD8+ T cell isolation kit (Stem Cell Technologies) according to the manufacturer’s protocol and cultured in complete media. Isolated CD8+ T cells were activated with either plate-bound (1µg/mL) anti-CD3 and soluble (1µg/mL) anti-CD28, or Dynabeads™ Mouse T-Activator CD3/CD28 beads (Thermo Fischer Scientific) and co-cultured in the presence or absence of 50U/mL IL2, 50µM kynurenine (Sigma Aldrich), 3µM CH223191 (Sigma-Aldrich) or 10nM 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, Thomas Scientific).



Tumor Tissue Processing

Liberase Thermolysin Medium Research Grade solution (Roche) was used for the digestion of IE9mp1-mIDO and IE9mp1-EV tumor tissues harvested from WT C57BL/6 and IDOKO mice. Following digestion, direct ex vivo analysis by flow cytometry was performed in order to phenotype immune cell infiltration into the tumor. To lyse red blood cells in hemorrhagic tumor ascites fluids in order to perform phenotypic immune cell analysis, ACK lysis buffer was used. Ammonium-Chloride-Potassium (ACK) lysing buffer was added to ascites fluid and incubated at room temperature, then washed with 1x PBS before staining for surface and intracellular markers.



Cytokine and Chemokine Analysis

Cell-free tumor ascites fluid from IE9mp1-EV or IE9mp1-mIDO1 tumor-bearing WT C57BL/6 mice on Days 28 and 48 were harvest and analyzed for cytokines and chemokine levels using the 36-Plex Mouse ProcartaPlex Panel 1A Multiplex Luminex immunoassay kit (eBioscience). Data were collected using the Luminex-100 system and analyzed using StarStation Version 1.8 software (Applied Cytometry).



Confocal Microscopy

IE9mp1-mIDO1 or IE9mp1-Empty Vector tumor excised from WT C57BL/6 mice on Day 48 of tumor progression, or naïve CD8+ T cells from WT C57BL/6 mice activated with anti-CD3/anti-CD28 and treated with kynurenine (50µM) or 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, 10nM) alone for 0 minutes, 30 minutes, 1 hour, 2 hours and 4 hours, were embedded in Tissue Freezing Medium (Ted Pella, Inc.) containing cryomolds and immediately frozen in 2‐methyl‐butane (Sigma-Aldrich). 5µm frozen sections of the tissues were made using the cryostat and layered on Superfrost™ Plus Slides (Thermo Scientific). The slides were fixed in 4% para‐formaldehyde for 15 minutes, washed and blocked for 60 minutes at room temperature. The slides were then stained for 3 hours at room temperature with mouse-specific antibodies anti-IDO (D7Z7U, Cell Signaling Technologies catalog no. 68572S), anti-CD8 (clone 53-6.7, BioLegend catalog no. 100702), anti-PD-1 (clone J43, BD Biosciences, catalog no. 551892), anti-AHR (clone W16012A, BioLegend, catalog no. 694502), and Hoechst 33342 nucleic acid stain (ThermoFisher Scientific, catalog no. H3570). Confocal analyses of stained slides were performed using a TCS SP8 Laser Scanning Spectral Confocal Microscope (LEICA Microsystems). For enumeration of cells positive for the individual markers, photographs of 10 fields (at 63x magnification) of stained tumors or cells were taken and each field was counted using ImageJ 1.74v software (NIH). Mean cell counts of total 10 fields were plotted. To ascertain AHR translocation to nucleus, Mean pixel intensity of AHR within the nucleus is calculated using Image J software.



Reagents and Internal Standards for High-Performance Liquid Chromatography (HPLC)

Sources for reagents were: HPLC-grade acetonitrile and water (Burdick & Jackson); mass spectrometry-grade formic acid and ammonium acetate (Sigma-Aldrich); calibration solution containing multiple calibrants in a solution of acetonitrile, trifluroacetic acid, and water (Agilent Technologies); metabolite standards and internal standards, including N-acetyl Aspartic acid-d3, Tryptophan-15N2, Sarcosine-d3, Glutamic acid-d5, Thymine-d4, Gibberellic acid, Trans-Zeatine, Jasmonic acid, 15N Anthranilic acid, and Testosterone-d3 (Sigma-Aldrich).



Sample Preparation for Mass Spectrometry and Metabolomics Analysis

Metabolites were extracted from cell lines and the extraction procedure was previously described (48). Briefly, mouse liver tissue pool was used as quality controls in the extraction procedure. The extraction step started with the addition of 750µL ice-cold methanol:water (4:1) containing 20µL spiked internal standards to each tissue and quality control samples. Ice-cold chloroform and water were added in a 3:1 ratio for a final proportion of 2:4:3 water:methanol:chloroform. The organic (methanol and chloroform) and aqueous layers were collected, dried and resuspended with 500µL of 50:50 methanol:water. The extract was deproteinized using a 3kDa molecular filter (Millipore Corporation) and the filtrate was dried under vacuum (Gardiner). Prior to mass spectrometry, the dried extracts were re-suspended in 100µL of injection solvent composed of 1:1 water:methanol and were subjected to liquid chromatography-mass spectrometry. The injection volume was 10µL.



Liquid Chromatography–Mass Spectrometry (LC-MS) Methods

For IDO pathway metabolites, ESI positive mode was used and analyzed using a 6495B triple quadrupole mass spectrometer (Agilent Technologies) coupled to a HPLC system (Agilent Technologies) via single reaction monitoring (SRM). Source parameters were gas temperature-290°C; gas flow 14L/min; nebulizer 20psi; sheath gas temperature 350°C; sheath gas flow 12L/min; capillary 3000V positive and 3000V negative; nozzle voltage 1500V positive and 1500V negative. Approximately 8–11 data points were acquired per detected metabolite. The HPLC column used was Zorbax eclipse XDB C-18, 1.8µm, 4.6×100mm (Agilent Technologies). Mobile phase A and B were 0.1% formic acid in water and acetonitrile respectively. Gradient used was: 0 min at 2% B; 2 min at 10% B, 12 min at 80% B, 18 min at 2% B followed by re-equilibration till end of the gradient 25 min to the initial starting condition (2% B). Flow rate used was 0.3mL/min. For purines and pyrimidines metabolites ESI positive mode was used and analyzed using a 6495B triple quadrupole mass spectrometer (Agilent Technologies) coupled to a HPLC system (Agilent Technologies) via single reaction monitoring (SRM). Source parameters, flow rate, and number of data points collected for purine/pyrimidines were similar to IDO pathway metabolites. A Waters X-bridge amide 3.5µm, 4.6×100mm column was used. Gradient used was: 0 min at 2% B; 6.50 min at 30% B; 7 min at 90% B; 12 min at 95%; 13 min at 2% B followed by re-equilibration till end of the gradient 20 min to the initial starting condition (2% B). The significance differences in levels of metabolites from various pathways between the IE9mp1-EV and -mIDO1 tumors and their importance are ascertained by p value (<0.05) and by impact score. The impact scores represent the importance of the metabolites in the metabolic network. They were calculated based on the centrality measures of a metabolite in a given metabolic network. Centrality is a local quantitative measure of the position of a node relative to the other nodes and is often used to estimate a node’s relative importance or role in network organization. Specifically, we used relative betweenness centrality to calculate compound importance. The pathway impact is calculated as the sum of the importance measures of the matched metabolites normalized by the sum of the importance measures of all metabolites in each pathway (49)



Assay for Transposase Accessible Chromatin Sequencing (ATAC-seq)

50,000 isolated CD8+ T cells were activated with Dynabeads™ Mouse T-Activator CD3/CD28 beads (Thermo Fischer Scientific), and co-cultured in the presence of 50µM kynurenine (Sigma-Aldrich) or 10nM TCDD (Thomas Scientific) for 2 or 28 hours, and ATAC-seq DNA libraries were prepared as previously described (38, 50). The final libraries were purified using AmpureXP beads, and validated for appropriate size on a 4200 TapeStation D1000 Screentape (Agilent Technologies). The DNA libraries were quantitated using KAPA Biosystems qPCR kit, and were pooled together in an equimolar fashion, following experimental design criteria. Each pool was denatured and diluted to 350pM with 1% PhiX control library added. The resulting pool was then loaded into the appropriate NovaSeq Reagent cartridge for 100 cycle paired-end sequencing and sequenced on a NovaSeq6000 following the manufacturer’s recommended protocol (Illumina). ATAC-seq data in raw FASTQ format were processed uniformly through ENCODE ATAC-seq pipeline version 1.4.0. The sequences in FASTQ file were aligned to mouse genome version mm10 using BOWTIE2 in Paired-end mode. The mitochondria reads, the duplicated reads and the reads with mapping quality less than 30 were removed from downstream analysis. Then MACS2 (–extsize73 –shift 37) was used to call accessible regions and to generate genome-wide insertion sites profiles for visualization. The insertion sites profile shows number of insertion events found in certain genomic location normalized by sequencing depth by million reads. ATAC-seq data quality was controlled by estimating signal-to-noise ratio, transcription start sites (TSS) enrichment, and enrichment in the universal DHS regions combined by ENCODE project.



Transcription Factor Binding Site Analysis

The core xenobiotic response element (XRE) sequence recognized by the AHR is 5’-T/GCGTG-3’. Position specific weight matrices (PWM) of XRE were extracted from the database TRANSFAC 7.0. The Transcription Element Search System (TESS) was used with default setting to search for AHR binding sites in the promoter region of each inhibitory gene (51).



Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation assay was performed on CD8+ T cells activated with anti-CD3/anti-CD28 in the presence of kynurenine (50µM) or TCDD (10nM), using the EpiTect ChIP kit (Qiagen) according to the manufacturer’s protocol. Cells were crosslinked in 1% formaldehyde at 37°C for 10 minutes. After chromatin shearing by sonication, the sheared chromatin was precleared with Protein A beads, and then incubated overnight with a purified anti-AHR antibody clone W16012A (BioLegend, catalog no. 694502) while rotating at 4°C. After DNA isolation and purification, the IP-DNA was quantified by real-time PCR. The following primer sequences were used for analysis of AHR binding to DNA: Pdcd1 forward 5’-TATTTGAGGAAGGCATGAGC-3’, reverse, 5’-TCTTAACACACACGCAATCC-3’.



Statistics

Flow cytometry, PCR, and confocal microscopy results are expressed as mean ± SEM and analyzed by two-tailed, Student’s t-test, or one- and two-way ANOVA. Kaplan-Meier curves for survival analysis were analyzed by the Log-rank Test. Statistical significance was determined by a p<0.05. GraphPad Prism 7 software was used to perform analyses. The Metabolomics data was log2-transformed and normalized with internal standard per-sample, per-method basis. For every metabolite in the normalized dataset, two-sample t-tests were conducted to compare expression levels between different groups. Differential metabolites were identified by adjusting the p-values for multiple testing at an FDR<0.25 and generated a heat map. The transformed and normalized levels of metabolites were visualized by heat map. Metabolites were grouped by hierarchical clustering using Euclidean distances and complete linkage. Comparison of group means was performed by independent sample t-tests and two-way ANOVA. Metabolic pathways were obtained from Kyoto Encyclopedia of Genes and Genomes (KEGG) data base (52). The overall difference of groups of metabolites between conditions was analyzed by GlobalANCOVA. The Luminex measurement of cytokines and chemokines were log-transformed before analysis. For each mice strain, the mean levels of each group were compared by two-way ANOVA, with treatment group and time as the two factors. All tests were two-sided.



Study Approval

All animal experiments were carried out according to protocol guidelines reviewed and approved by the Institute Animal Care and Use Committee (IACUC) of Roswell Park Comprehensive Cancer Center (Buffalo, NY).
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