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Editorial on the Research Topic 


Targeting Indoleamine 2,3-dioxygenases and Tryptophan Dioxygenase for Cancer Immunotherapy


Immunometabolism is emerging as a core element in cancer, both in the pathophysiological equation that yields malignancy and in the therapeutic equation that yields curative efficacy. In particular, the tryptophan catabolic enzyme IDO1 has attracted much attention as a functional biomarker and therapeutic target in many cancers, with increasing notice of TDO, IDO2 (IDO/TDO enzymes), along with TPH and IL4I1 as additional tryptophan-degrading enzymes that drive malignancy and impede therapy via enzymatic and non-enzymatic processes like IDO1. A rapidly growing literature reveals multiple mechanisms through which these bad actors subvert tumor microenvironments to drive disease, most notably by tolerizing the immune system to tumor antigens, but also by enhancing tumor-feeding inflammatory signals and abnormal vascular networks. While initially focused on IDO1, which multiple studies have correlated with negative clinical outcomes (1), the full scope of drug discovery and development efforts now encompasses all these tryptophan-degrading enzymes, reinforced in part in 2018 by the negative readout of a large but flawed Phase 3 trial of the IDO1-selective inhibitor epacadostat in combination with the PD1 antibody pembrolizumab in stage IV melanoma (2). It is clear further insights into the expression and function of IDO1 and other tryptophan-degrading enzymes is needed in cancer. 

This Research Topic includes two reviews on IDO/TDO enzymes in cancer. Zhai et al. survey IDO1-mediated immunosuppression in advanced brain tumors (glioblastomas), where IDO1 elevation synergizes with naturally occurring elevation of IDO1 in the central nervous system during aging. Notably, findings presented argue that immunotherapeutic efficacy in this setting requires neutralization of both the enzyme-dependent and enzyme-independent functions of IDO1. While enzyme inhibitors lack dual-targeting capability, vaccine approaches to eliminate IDO1 protein may be useful in this challenging disease setting (3, 4). Meireson et al. reviewed induction mechanisms and distinct functions of IDO1 in different compartments of the tumor microenvironment, including tumor cells, tumor stromal fibroblasts, endothelial, immune and mesenchymal cells, and peripheral blood. This group has recently published data on the clinical importance of IDO1 expression and its IFNγ-induced upregulation in peripheral blood monocytes in early stage melanoma (5).

Genetic experiments in mice support the likelihood that IDO1 functions in both tumor cells and stromal immune cells to drive immunosuppression (6). A recent extension of these genetic studies suggests that IDO1 may drive metastatic growth by enabling tumor neovascularization, through an innate inflammatory pathway distinct from adaptive immune control (7, 8). The complexity revealed in diverse patterns of IDO1 expression in human tumors may impact how IDO1 blockade influences therapeutic responses in different drug combination contexts.

This Research Topic also includes six research reports on IDO/TDO enzymes in cancer, four of which address the potential prognostic utility of IDO/TDO expression in various disease settings. Herrera-Rios et al. studied IDO1 expression in brain metastases of human melanoma. As noted by Zhai et al., the immunosuppressive properties of brain parenchyma differ from the rest of the body. Here a comparative tissue analysis identified macrophages/microglia as the major source of IDO1 expression, which was observed to correlate with a specific reduction in cytotoxic CD8+ T cells. Thüring et al. conducted a pilot clinical study of IDO1 gene expression in urine obtained from prostate cancer patients undergoing radical prostatectomy, where they observed evidence of a correlation with Gleason progression score. In human hepatocellular carcinoma, Chinnadurai et al. implicated IDO1 and PD-L1 as players in T cell suppression in this setting by investigating RNA expression of IDO/TDO and a set of B7 ligands. Lastly, in a retrospective study of non-small cell lung cancer (NSCLC), Mandarano et al. report a correlation between elevated levels of IDO2 and poor prognosis, a finding recently confirmed by another group (9).

Two studies in this Research Topic probed the relationship between IDO/TDO enzymes and therapeutic response. In the Lewis model of lung cancer, Zhang et al. combined a targeted IDO1 siRNA with photothermal therapy (PTT), an irradiative modality that may engage an abscopal mechanism of antitumor immunity. Using a nanocarrier approach to coordinately deliver the siRNA and enable tumor heating, the authors observed that IDO1 downregulation stimulated antitumor immunity in combination with PTT (which appears to act by stimulating tumor cell apoptosis). These findings extend the evidence that the efficacy of specific anti-cancer regimens such as PTT can be improved by IDO1 blockade (1, 10). Botticelli et al. studied patients with NSCLC, renal cell carcinoma (RCC) or head and neck squamous carcinoma (HNSCC) who were treated with anti-PD1 after failing first-line therapy. Their findings suggested a correlation between elevated serum Kyn/Trp ratio and early progressors in squamous and non-squamous NSCLC. Further, they observed a trend toward longer progression-free survival when the serum Kyn/Trp ratio was determined to be at normal baseline levels. These observations align with other findings where baseline Kyn/Trp levels, but also increased levels at week 4 of anti-PD1 immunotherapy, were associated with decreased survival in melanoma and renal cell carcinoma (11). In the study from Botticelli et al., while some correlation to gender, site of metastasis, NSCLC and squamous histology was observed, the suggestive data obtained will require follow up in larger studies. Contextually focused studies such as these are critical to informing how treatments targeting IDO/TDO enzymes can be best leveraged for future clinical success.
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The manifestation of brain metastases in patients with advanced melanoma is a common event that limits patient's survival and quality of life. The immunosuppressive properties of the brain parenchyma are very different compared to the rest of the body, making it plausible that the current success of cancer immunotherapies is specifically limited here. In melanoma brain metastases, the reciprocal interplay between immunosuppressive mediators such as indoleamine 2, 3-dioxygenase (IDO) or programmed cell death-ligand 1 (PD-L1) in the context of neoplastic transformation are far from being understood. Therefore, we analyzed the immunoreactive infiltrate (CD45, CD3, CD8, Forkhead box P3 [FoxP3], CD11c, CD23, CD123, CD68, Allograft Inflammatory factor 1[AIF-1]) and PD-L1 with respect to IDO expression and localization in melanoma brain metastases but also in matched metastases at extracranial sites to correlate intra- and interpatient data with therapy response and survival. Comparative tissue analysis identified macrophages/microglia as the major source of IDO expression in melanoma brain metastases. In contrast to the tumor infiltrating lymphocytes, melanoma cells per se exhibited low IDO expression levels paralleled by cell surface presentation of PD-L1 in intracranial metastases. Absolute numbers and pattern of IDO-expressing cells in metastases of the brain correlated with recruitment and localization of CD8+ T cells, implicating dynamic impact on the regulation of T cell function in the brain parenchyma. However, paired analysis of matched intra- and extracranial metastases identified significantly lower fractions of cytotoxic CD8+ T cells in intracranial metastases while all other immune cell populations remain unchanged. In line with the already established clinical benefit for PD-L1 expression in extracranial melanoma metastases, Kaplan-Meier analyses correlated PD-L1 expression in brain metastases with favorable outcome in advanced melanoma patients undergoing immune checkpoint therapy. In summary, our data provide new insights into the landscape of immunosuppressive factors in melanoma brain metastases that may be useful in the implication of novel therapeutic strategies for patients undergoing cancer immunotherapy.

Keywords: melanoma, brain metastases, IDO, immune checkpoint molecules, tumor-associated macrophages, immunogenic microenvironment


INTRODUCTION

The recent clinical success of cancer immunotherapies in patients suffering from malignant melanoma and other cancer types has revolutionized the therapeutic landscape of metastatic cancer. A major breakthrough has been achieved by the release of T cells from a suppressive “immune checkpoint,” thereby allowing effective anti-tumor responses (1–3). Numerous clinical studies in metastatic cancer, including malignant melanoma, demonstrate high efficacy and manageable toxicity by using FDA-approved immune checkpoint inhibitors against the cytotoxic T lymphocyte antigen-4 (CTLA-4) and/or programmed cell death 1 (PD-1)/PD-1 ligand (PD-L1) axis; thus, immunotherapy has rapidly become a standard treatment modality in oncology. Recent data correlated clinical benefit of PD1/PD-L1 immune checkpoint inhibition with the expression level of membrane-associated PD-L1 on tumor cells, commonly induced by Interferon-γ (IFN-γ)-mediated signaling (3). Interestingly, lymphocytes of the tumor microenvironment (TME) represent the major source of IFN-γ secretion (4–6). IFN-γ is also a strong inducer of indoleamine 2, 3-dioxygenase (IDO), an enzyme initiating the first and rate-limiting step of tryptophan degradation along the kynurenine pathway (7–9). In 2014, preclinical data identified IDO for its mechanistic synergy with immune checkpoint inhibitors (10). IDO was shown to be a facilitator of cancer development by its role to exert a strong immuno-suppressive effect through local inhibition of T lymphocytes or other immune cells, consequently contributing to tumor-protective immune suppression (11). It directs survival of CD4-positive T-helper cells and promotes regulatory T-cell differentiation (12). IDO is expressed in certain types of immune cells as well as in cancer cells, contributing substantially to immune evasion in the tumor microenvironment. However, it's “mode-of-action” is best characterized and understood in dentritic cells (13). Expression of IDO in primary melanomas and sentinal lymph nodes was identified as an independent negative prognostic factor for overall and relapse-free survival in melanoma patients (14–16). Interestingly, early clinical trials using the IDO inhibitor epacadostat in combination with immune checkpoint inhibitors targeting CTLA-4 (nivolumab) or PD-1 (ipilimumab or pembrolizumab) have reported higher response rates and longer progression free survival (PFS) when compared with checkpoint inhibitors alone (17, 18). However, recent data from a first phase III trial in patients with unresectable stage III or IV melanoma receiving epacadostat plus pembrolizumab or placebo plus pembrolizumab showed no clinical improvement for the addition of the IDO inhibitor to pembrolizumab (19). Nevertheless, efficient analyses of IDO downstream targets are lacking, as well as detailed validation trials addressing drug dosing, and therefore the usefulness of IDO inhibitors to enhance the efficacy of anti-PD-1 therapy remains unclear.

Since checkpoint inhibitors do not have to cross the blood-brain barrier (BBB) to execute activity and their effects extend over prolonged periods, potential clinical efficacy in the central nervous system (CNS) has been discussed. Metastasis to the brain is still a clinically challenging issue that may develop in up to 40% of patients with advanced disease (20) and metastatic spread is responsible for about 90% of cancer-related deaths across all entities (21). The incidence of brain metastases (BM) is rising partly due to improved visualization and diagnosis techniques but also caused by further development in systemic treatment approaches directing prolonged survival of cancer patients (22). Treatment options targeting established metastases in the CNS are rather limited, mainly caused by inefficient drug penetration across the BBB. Moreover, patients with BM are commonly excluded from clinical trials, including those investigating novel targeted therapies, as the limited survival associated with BM prevents reaching study endpoints. A multitude of cohort studies identified cutaneous melanoma as the third most common cause of BM development (23). BMs in malignant melanoma patients is frequent during disease progression, dominating prognosis and quality of life of affected patients (24–26). The incidence of overt BM at first presentation is about 20%, in advanced melanoma patients around 50% and even higher as autopsy studies reported frequencies of 55 up to 75% (27). Patients with BM from melanoma have a poor prognosis, resulting in median overall survival of 17–22 weeks (28, 29). In consequence, in 2017 the significance of BM presence was incorporated into the American Joint Committee on Cancer (AJCC) staging system as an independent prognostic factor in patients with malignant melanoma (30).

The understanding of the brain as an “immune-privileged” organ has recently changed due to detailed characterization of border-associated structures connecting the CNS with the periphery. Thus, in 2015 a functional draining lymphatic vascular system of the CNS has been described for the first time by different groups implicating the transport of brain-specific antigens into cervical lymph nodes (31, 32). Nevertheless, the entry of the CNS is strictly controlled by the BBB to protect the brain from neurotoxic mediators, but patrolling leukocytes such as CD4+ and CD8+ T cells and bone marrow-derived antigen-presenting DC have already been identified in the meninges and choroid plexus in pre-clinical models and men (33, 34). Thus, some BM resected under ipilimumab therapy showed dense infiltration of CD8+ cytotoxic tumor infiltrating lymphocytes (TILs) and FoxP3+ regulatory T cells, indicating a triggered immune response under therapy (35). The immunosuppressive properties of the brain parenchyma, which is highly divergent compared to the rest of the body (36–38) could therefore strongly impact any local anti-tumor response. As such, the reciprocal interaction between tumor and immune cells as well as the association between the density and localization of lymphocytic infiltrates in melanoma BM is currently under investigation. Early results from ongoing trials indicate promising activity of immune checkpoint inhibitors by using anti-CTLA-4 (39), anti-PD-1 (40, 41) or a combination of both therapies (42) also in the CNS. Although intracranial response rates up to 47 % were achieved, this response was not translated into improved patients survival (42). As such, it has become clear, that neoplastic processes in the brain may induce prominent anti-tumor immune response. In consequence, IDO could function as a suitable target to enhance the efficacy of checkpoint therapy in the brain. However, the immunosuppressive mechanisms in BM are far away from been understood. Therefore, a deeper understanding of the cellular composition of the BM-associated TILs and its impact on immunosuppressive factors is necessary for developing novel therapeutic combination strategies against BM establishment and outgrowth. Nevertheless, the impact of IDO expression in the presence of tumor-infiltrating lymphocytes (TILs) and other immunoreactive inflammatory cells as macrophages/microglia or dendritic cells for the responsiveness to cancer immunotherapy is still elusive.

Thus, here we provide the landscape of IDO expression in coevolution with the immunogenic microenvironment in a large cohort of melanoma patients with BM, including patients with matched pairs of BM and extracranial melanoma metastases to correlate intra- and interpatient data with therapy response and survival.



MATERIALS AND METHODS


Patients and Patient-Derived Tissue Samples

We analyzed formalin-fixed and paraffin-embedded (FFPE) tissue samples from metastases of 72 patients with BM from malignant melanoma. For 19 patients, matched pairs of BM and metastases at extracranial sites were available that allowed for intra-individual comparative analyzes. In total, we included 74 intracranial and a set of 22 matched extracranial melanoma metastases in our study. Relevant clinical data of these patients are listed in Table 1. The cohort was collected as part of the “Brain_Prevent”consortium in Germany, including following sites: Department of Dermatology, Institute of Neuropathology, Department of Neurosurgery, all Essen and the Institute of Neuropathology and Department of Dermatology at the Heinrich-Heine University Düsseldorf, all Germany. In detail, tissue samples from intracranial melanoma metastases were retrieved from the tissue banks at the Institute of Neuropathology, University Hospital Essen, and the Institute of Neuropathology, Heinrich Heine University Düsseldorf, Germany. Extracranial metastases of corresponding patients (“matched-pair” samples) were provided by the Skin Cancer Biobank (SCABIO) of the Department of Dermatology, University Hospital Essen, or the Department of Dermatology, Heinrich Heine University Düsseldorf, Germany. All intracranial and extracranial melanoma metastases were histopathologically diagnosed (ST-H, TS, JR, KK, GR). Clinical data and follow-up information were obtained from the SCABIO or the West German Biobank (WBE) of the University Hospital Essen. Informed patient consent was obtained from all patients. The study was performed with approval by the ethics committee of the Medical Faculty, University Duisburg-Essen (ethics approvals no. 11-4715 and no. 15-6723-BO), and the ethics committee of the Medical Faculty, Heinrich Heine University Düsseldorf (ethics approval no. 5246).


Table 1. Patients characteristics and clinical data.
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Immunohistochemistry

Serial sections were prepared from formalin-fixed, paraffin-embedded tumor biopsy samples. Standard hematoxylin and eosin (H&E) staining was performed for visualization of the tissue morphology. For each biopsy the tumor area was marked as “Region Of Interest (ROI)” by the neuropathologist or the dermatopathologist. Immunohistochemistry was performed using primary antibodies against the following proteins: IDO (clone D5J4E, Cell Signaling Technology, Frankfurt am Main, Germany), CD45RO (clones 2B11 + PD7/26, Dako, Denmark), CD3 (clon SP7, DCS Innovative Diagnostik Systems, Hamburg, Germany), CD8 (clone C8/144B; Dako, Denmark), Foxp3 (clon 206D, BioLegend, Koblenz, Germany), PD-L1 (clone E1L3N, Cell Signaling Technology, Frankfurt am Main, Germany), AIF1 (Acris, Hamburg, Germany), and CD11c (clon 5D11, DCS Innovative Diagnostik Systems, Hamburg, Germany), CD68 (clone PG-M1, Dako, Denmark), CD23 (clone 1B12, Novocastra, Wetzlar, Germany), CD123 (clone 6H6, Abcam, Newcastle, UK). Staining was performed by using the Dako REAL detection system and the goat-on-rodent AP-polymer Kit (GAP514H, Biocare medical, Zytomed) on the Dako Autostainer 46 System followed by hematoxylin counterstaining (Dako, Denmark). To avoid staining specific variations, all sections per individual marker were stained in the same run on the autostainer. Slides were digitalized using Amperio AT2 (Leica Biosystems Imaging INC) at the WBE.



Quantitative Digital Pathology/Tissue Image Analysis

Protein expression analyses on a cell-to-cell basis was performed by using the Definiens Tissue Studio Software® (Definiens AG, München, Germany). Intratumoral analyses of each sample were made by using the marked ROI (tumor area) and this ROI was transferred to each individual staining per tissue sample for further histopathology-based analyses. Peritumoral analyses were made by analyzing the individual markers at the tumor margin of the stroma as already described (43). For each protein, individual parameters were established by using the corresponding IgG control for each primary antibody. We generated two tissue sections on each slide which have been used to stain in parallel the IgG control and the primary antibody on the same section and in the same run of the Dako Autostainer. The “background” intensity given by the IgG control was used as threshold for each individual maker. For IDO expression level analysis we calculated the thresholds for following individual categories on the basis of the calculated mean: low (0.05), moderate (0.09) and high (0.3). The threshold for CD45 (0.03), CD3 (0.03), CD8 (0.1), Foxp3 (0.1), AIF (0.07), and CD11c (0.07) was calculated by discriminating false positive detection given by melanophages which we excluded by using the corresponding H&E sections. Areas without nuclei in between the tumor area (wholes, cuts, punch biopsies) were excluded in order to calculate the individual number of positive cells per total number of tumor cells.



Statistical Analysis

All statistical analyses were performed in R version 3.2.3. Survival analysis was calculated using the R packages survival (2.41–3) and survminer (0.4.3). The end of follow-up period of the study was December 2017. Two clinical survival outcome endpoints were chosen for the endpoints analysis: Overall Survival (OS) and Progression-Free Survival (PFS). The OS period was calculated from the date of initial diagnosis until the date of death from any cause. PFS was identified by using the period of time after date of initial melanoma diagnosis until the development of a brain metastasis. For univariate analysis, long-rank p-values were calculated. For multivariate analysis, Cox's proportional hazards models were used. Plots were generated using the ggplot2 (2.2.1). Multivariate Cox proportional hazards regression models were fit using function coxph and the forest plots were generated using the ggforest command. The Wilcoxon paired test was used to calculate the correlation of the infiltrates of immune cells in patient-matched brain and skin biopsies. A p-value correction was applied using the “holm” method. An adjusted p-value of 0.1 was considered significant. Spearman correlation was performed to check the relationship of total IDO expressing cells in ICM and ECM to the PD-L1 expression (intensity) status. Plots were drawn using ggplot2 package in R. The curve was smoothened using a linear regression (lm). A post-hoc Tukey HSD (Hosnest Significant Difference) followed by Anova was performed to test the pairwise correlation among the PD-L1 expression values and IDO states (total IDO expressing cells; high, medium and low intensity of IDO-positive cells).




RESULTS


Patient Cohort

In total, our study included 72 patients, 34 women, and 38 men, with an age of 58 ± 13 and 59 ± 15 years (mean ± SD), suffering from malignant melanoma and diagnosed for the development of brain metastases (for detailed description of the patient characteristics see Table 1). From 19 of these 72 patients “matched” biopsies were available from extracranial sides, thus allowing for intrapatient analyses. Out of 74 intracranial melanoma metastases from the 72 patients, 48 metastases were located in the cerebrum and six tumors were resected from the cerebellum, while information on supra- vs. infratentorial location was missing for 18 BM. The set of 22 “patient-matched” extracranial metastases from 19 patients included 19 cutaneous, two lymph node and one adrenal gland melanoma metastases (Table 1).



Distinct IDO Expression Patterns in Metastases of Malignant Melanoma

First, we detected cytoplasmic IDO expression in all 74 intracranial and 22 extracranial metastases of advanced melanoma patients (Figure 1). Interestingly, we observed distinct patterns of IDO tissue distribution. One expression pattern we defined as “border-like” due to the exclusive location of IDO-positive cells at the invasive tumor-stroma interface, surrounding the tumor like a wall (Figure 1A). This pattern was detected in 3/74 (4%) intracranial and 4/22 (18.1%) extracranial metastases. The second expression pattern which we named “diffuse” was frequently seen in both metastatic tissue sites, i.e., was present in 59/74 (80%) intracranial and 8/22 (36.3%) extracranial metastases. This pattern corresponded to a widespread diffuse occurence of IDO+ cells in the tumor mass (Figure 1B). The third pattern, which we described as “partial rim,” corresponded to an interrupted border-like expression (Figure 1C). This pattern was found in 5/74 (7%) intracranial and 6/22 (27.3%) extracranial metastases. A fourth pattern combined the “partial rim” and the “diffuse” pattern and was detected in seven metastases of the CNS (9%) and 4 cases of extracranial sites (18.1%, Figure 1D).


[image: Figure 1]
FIGURE 1. Immunohistochemical and pathological analyses of IDO distribution in human melanoma metastases. Four distinct infiltration patterns of IDO-positive cells were predominantly detected independent of intracranial or extracranial origin. Representative images for the individual distribution patterns are presented in intracranial metastases. IDO-positive cells in a (A) “border-like,” (B) “diffuse,” (C) “partial rim” and (D) combined “partial rim plus diffuse” localization. Scale bar, 200 μm.




Intratumoral Variability of IDO Expression Level Mediate PD-L1 Surface Expression

In addition to the distinct patterns of IDO immunopositivity in malignant melanoma metastases, we detected also an intratumoral heterogeneity for the IDO expression intensity, independent of the tissue origin (Supplementary Figure 1). By using quantitative digital pathology tissue diagnostics, we generated an individual cell-by-cell threshold for the immunohistochemistry-based IDO intensity level (Figure 2A). By using the “patient-matched” cohort of 19 patients, we detected—with exception of patient no. 16—that more than 50% of the IDO+ tumor area was represented by melanoma cells expressing low levels of IDO and that only 10–20% of IDO+ tumor area was represented by immune cells, which showed moderate or high expression intensity (Figure 2B). However, Kaplan-Meier analysis revealed that neither the IDO expression level nor the total number of IDO-positive cells in the distinct metastases impacted disease progression or survival of advanced melanoma patients (data not shown).


[image: Figure 2]
FIGURE 2. Quantitative assessment of IDO-expression intensity in patient-matched melanoma metastases of intracranial and corresponding extracranial origin. (A) Representative images for immunohistochemical-based IDO-expression (left), parameter-based separation of cell-cell borders (middle), classification of high (brown), moderate (orange) and low (yellow) expression intensities or IDO-negative areas (white, right). (B) Statistically-based calculation for the intratumoral percentage of high (black), moderate (gray), low (white) IDO-expressing cells in intracranial (ICM) or extracranial (ECM) metastases of individual melanoma patients (n = 19).


We next asked the question whether the immunosuppressive factor IDO directs the expression of other immunosuppressive molecules with regard to the PD-1/PD-L1 axis. Tukey HSD test was performed to test for significance. We found that only the tumor cell-associated IDO, represented by low IDO intensity, strongly correlates with PD-L1 surface expression (p = 0.0006) and, in consequence, that the number of IDO+ tumor cells directs the intratumoral expression level of the immunosuppressive molecule PD-L1 (p = 0.00015, Table 2).


Table 2. Correlation of PD-L1 and IDO.
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IDO Favors an Immunosuppressive Signature in Melanoma Brain Metastases Directing Efficacy of Cancer Immunotherapy

The current knowledge and understanding of cancer immunotherapy has changed dramatically during the last decades. Multiple clinical data let assume that the amount and also the localization of the lymphocytic infiltrate in different cancer entities directs the response to cancer immunotherapy. In 2014, Tumeh and colleagues could show that pre-existing CD8+ T cells distinctly located at the invasive tumor front correlate with the expression of the immunosuppressive checkpoint molecules PD-1/PD-L1, predicting response to immunotherapy in patients suffering from malignant melanoma (3). Because the detailed localization of IDO+ cells in melanoma metastases of the brain and its impact on the recruitment of TILs is still elusive, we addressed this issue in our cohort of melanoma BM and matched extracranial melanoma metastases. We first called intra- and interpatient analyses by using our patient-matched cohort for the number of cells expressing IDO and markers of the lymphocytic infiltrate (CD45, CD3, FoxP3, CD8), PD-L1 and the Allograft inflammatory factor 1 (AIF-1), mainly expressed by macrophages/microglia. We detected a significant higher number of CD8+ T cells in metastases of extracranial sites when compared to metastases of the CNS (p = 0.016), whereas all other markers remained unchanged represented (Figure 3). Interestingly, we found that the localization of IDO-positive cells is strongly paralleled with the localization of the lymphocytic infiltrate, with exception of FoxP3-positive regulatory T cells, which were also recruited into the tumor mass, but not localized in areas of high IDO-expression as exemplarily presented in Supplementary Figure 2 in cutaneous melanoma metastases. Moreover, whereas we detected a balanced expression of IDO+ cells in metastases of the brain (p = 0.351, Figure 4A) we found significantly higher fractions of IDO-expressing cells with intratumoral localization in extracranial metastases when compared to the peritumoral microenvironment (p = 0.005, Figure 4B).


[image: Figure 3]
FIGURE 3. Quantitative assessment for the number of immunoreactive cells in patient-matched melanoma metastases. The number of IDO, CD45, CD3, CD8, FoxP3, PD-L1, and AIF1 positive cells in intra- (ICM) and corresponding extracranial (ECM) metastases of individual melanoma patients (n = 19 patients, n ECM = 22, n ICM =19; *p < 0.05).



[image: Figure 4]
FIGURE 4. Comparative analyses of intratumoral and peritumoral IDO-expression in human melanoma metastases of intracranial and extracranial origin. The total number of IDO-positive cells localized in the tumor (intratumoral) or around (peritumoral) in (A) ICM and (B) ECM was quantified in accordance to histopathological labeling of the tumor area by using the quantitative digital pathology tissue analysis system Definiens Tissue Studio (n ICM = 48/47 patients, n ECM = 18/16 patient, n matched-pairs = 16; **p < 0.05). To ensure statistical balance between both parameters we excluded all patient samples from the analyses in the case of missing stroma in the individual tissue specimen.


The development of brain metastases is a significant cause of morbidity or mortality for patients with metastatic cancer, including melanoma. However, for still unclear clinical reasons some patients show a better outcome as others. By using a total of 38 cases, 13 patients who received standard care therapy and 17 cases which received immune checkpoint inhibitors alone or in combination with other therapies, showed a median survival of 228 vs. 336 days using the time of first BM observation and date of death. Therefore, we asked whether the expression of IDO itself, independent of the cellular source, is associated with the recruitment of tumor infiltrating lymphocyte subsets and whether this immunoreactive infiltrate influences the clinical outcome of melanoma patients in our cohort.

We detected a strong correlation between IDO positivity and infiltration of CD8+ cytotoxic T cells in intra- (R = 0.34, p = 0.0032) and extracranial (R = 0.44, p = 0.0420) metastases, whereas expression of IDO paralleled by the recruitment of regulatory T cells, as evidenced by CD3/FoxP3 immunostaining, was exclusively seen in metastases at extracranial sites (R = 0.66, p = 0.0007, Figure 5). However, preforming a multivariate Cox proportional hazards regression model we did not observe a significant association for disease progression with regard to the individual lymphocyte subtypes in metastases of the brain (Supplementary Figure 3). Interestingly, statistical analyses identified a significant positive correlation of IDO with PD-L1 expression which was solely detectable in metastases of intracranial sites (R = 0.37, p = 0.0011) predicting worse prognosis in these patients in the multivariate analyses (p = 0.017, Figures 5, 6).


[image: Figure 5]
FIGURE 5. Correlation of the immunoreactive infiltrate and IDO expression in extracranial and intracranial melanoma metastases. Each dot in the scatter plot represents an individual patient. The x-axis represents the total number of IDO expressing cells and the y-axis shows the expression of CD3, FoxP3, CD8, and PD-L1 represented in a logarithmic scale. ECM and ICM denotes the exracranial and intracranial melanoma metastases. Spearman correlations were performed and regression was calculted using (lm) function.



[image: Figure 6]
FIGURE 6. Hazard ratio Overall survival. Forest plot for the cox proportional hazards model was calculated by using age, gender, localization of the ICM and immunoreactive infiltrates. The patients below 40 years of age at death were grouped in the “young” group and vice versa. For the immune cell infiltrates the patients were grouped into a “high” or “low-group” based on the median expression values. According to the multivariate model, low PD-L1 expressing patients have a significantly higher hazards ratio and thus poor overall survival compared to patients with high PD-L1 expression.


The recent success of cancer immunotherapy in different cancer entities by using the so called “checkpoint inhibitors” paralleled the expression of intratumoral PD-L1 with clinical response (3, 44). Thus, we analyzed whether patients with melanoma BM receiving checkpoint inhibitors as a monotherapy (n = 2) or in combination with chemotherapy (n = 6), radiotherapy (n = 6) or both (n = 13) at any time of disease might gain a clinical benefit from high PD-L1 expression in their brain metastases. A Kaplan-Meier survival analysis was performed and the patients were divided in two groups based on median PD-L1 expression. Whereas, the expression of the immune checkpoint molecule PD-L1 did not appear to have an impact on disease progression (log-rank p = 0.16, Figure 7A) it significantly affected patients survival (log-rank p = 0.033, Figure 7B). The 50% survival probabilities for the patients with low PD-L1 expression is 5 years whereas, patients with a high PD-L1 expression showed a 50% survival probability of 10 years. However, due to the limited number of patients, these results must be validated in a larger cohort of advanced melanoma patients with brain metastases undergoing checkpoint therapy.


[image: Figure 7]
FIGURE 7. Disease progression and survival analyses of melanoma patients under immunotherapy with respect to intracranial PD-L1 expression. Patients were divided into two groups, “high” and “low” PD-L1 expression due to the median PD-L1 expression level. (A) Progression-free survival. Long-rank test statistics show no differences in the progression-free survival for patients with high and low PD-L1 expression (Log-rank p-value 0.160). (B) Overall survival. According to the Kaplan–Meier curve patients with high PD-L1 had a greater benefit from immunotherapy and showed a better overall survival (Log-rank p-value 0.033). Dotted lines indicate the 50% survival probabilities for both groups.




High IDO Expression Level Are Primarily Represented by Macrophages/Microglia

In addition to tumor cells, expression of the immunomodulatory protein IDO by subpopulations of tumor-associated immune cells, e.g., dendritic cells, macrophages and B-lymphocytes, has been reported in different types of cancer (45–47). However, the major cellular source of IDO expression in intracranial melanoma metastases is still unknown. Since we found low IDO expression levels in melanoma cells of BM, we went further into the analysis of distinct subsets of monocytes by co-staining experiments including 10 selected cases each from our “matched-pair” cohort of patients with tissue from intracranial and extracranial melanoma metastases. To avoid false positive detection mediated by brownish melanophages or melanocytic tumor cells, we exclusively selected amelanotic tissue samples for these analyses. First, we addressed the expression of IDO in different subtypes of DCs by using specific antibodies against the integrin a-x (CD11c), the Fcε-Rezeptor II (CD23) expressed on follicular DC and the interleucin 3 receptor (CD123), represented in conventional DCs (cDCs) and plasmacytoid dendritic cells (pDCs) as presented in Figure 8. Nevertheless, it is important to note that all of these markers are also expressed by different subpopulations of monocytes and granulocytes, dependent on their level of maturation and activation. Intratumoral CD11c expression was limited to brain metastases whereas only two cases showed co-expression of CD11c with IDO. We detected IDO+/CD23+ co-expression in 1/10 intra- and 2/10 extracranial metastases. Finally, IDO+/CD123+ double-positive cells could be detected in 9/10 brain metastases but only in 3/10 metastases at extracranial sites. Interestingly, IDO-positive CD23 and CD123 cells were histopathologically confirmed as macrophages. Double immunostaining for IDO with CD68, a protein that is highly expressed by cells of the monocyte lineage and tissue macrophages, or AIF-1, identified a strong infiltration by IDO+ macrophages/microglia in all analyzed metastases independent of the tissue origin. In detail, 37 ± 2% (mean ± SD) or 48 ± 11% (mean ± SD) of CD68+ macrophages and 17 ± 8% (mean ± SD) or 11 ± 3% (mean ± SD) of AIF1+ macrophages/microglia co-expressed IDO in metastases of intracranial or extracranial sites, and presented high expression level by using the individual thresholds for IDO determined by the Definiens pathology software (Figure 8). Although the expression intensity of IDO in DCs subpopulations was comparable to that in macrophages/microglia, it became clear that the macrophage/microglia population in melanoma metastases is of greater importance due to the very limited presence of DCs in the tumors of our cohort.


[image: Figure 8]
FIGURE 8. IDO-expression on cellular components of the immunoreactive tumor infiltrate in melanoma metastases of the central nervous system. Immunohistochemical-based co-immunostaining for IDO (brown) and indicated makers for subpopulations of DC and macrophages/microglia (all in red) exemplarily shown in intracranial (right) metastases. Black arrowhead: IDO+ macrophage; black arrow: single expression of the indicated markers (CD23, CD123, CD68, or AIF1); white arrow: co-expression of IDO plus indicated maker in macrophages, white arrowhead: single marker detection. Representative images were presented. Scale bar = 50 μm.





DISCUSSION

Following non-small cell lung cancer (NSCLC) and breast cancer, melanoma is the third most common origin of metastases to the brain. However, they exhibit the highest risk for cerebral tropism of all cancer entities, reflected by a 50–75% chance for development of intracranial metastases in advanced melanoma patients (27, 48, 49). Altough the local treatment approaches using whole-brain radiation therapy, stereotactic radiosurgery and/or surgical resection remain important, the use of systemic therapies has initiated a new therapeutic area in the management of melanoma brain metastases. Despite recent advances in the systemic treatment of extracranial metastases by using BRAF-targeted therapy in patients harboring BRAFV600E-mutant melanomas or inhibitors targeting immune checkpoint molecules, the treatment of melanoma brain metastases remains a major challenge. Multiple phase II and III studies have shown that ipilimumab and nivolumab are active in advanced melanoma and that the combination therapies involving PD-1 or CTLA-4 inhibitors presented a superior efficacy when compared to the individual monotherapies (50–53). Nevertheless, only 40–45% of melanoma patients benefit from cancer immunotherapy per se (51).

Although the use of immune checkpoint inhibitors targeting PD-1 and/or CTLA-4 has nowadays become an established therapy in melanoma, it is still critical to transfer our knowledge from extracranial sites to intracranial melanoma lesions with respect to the unique “immune-specialized” microenvironment of the brain (54, 55). After extravasation of tumor cells into the brain parenchyma they enter a fundamentally different tissue environment with respect to the metabolic situation, the cellular compositions, the brain-specific extracellular matrix proteins and the immunoreactive heterogenous cell population with regard to the primary site of their origin (56). This appears particularly relevant in the context of immune cell activity against extravasated single cancer cells and micrometastases when the normal brain parenchyma, including the blood-brain barrier, is still largely intact. In line with this concept, melanoma patients developed remarkable high rates of BM during Ipilimumab in one study (57), which fits to the empirical impression of many clinical experts in the field. In contrast, brain macrometastases have been found to respond well to ipilimumab and other immune checkpoint inhibitors in subsets of patients (35, 58) which supports the general concept that preventing metastatic outgrowth is very different (biologically and therapeutically) from targeting large established macrometastases. However, limited clinical data are available adressing the activation of checkpoint inhibitors in the CNS. One of the first phase II studies evaluated the activity of ipilimumab in patients with melanoma brain metastases and enrolled 72 patients in a two-arm clinical trial (39). Fifty-one patients were neurologically asymptomatic and therefore did not receive any corticosteroids at time of enrollment (arm A), whereas 21 patients showed symptomatic disease and were on a stable dose of corticosteroids (arm B). This study achieved intracranial response rates of 16 and 5% in cohort A and B, respectively, and hence confirmed the activity of anti-PD-1 therapy in the CNS, but also highlighted the importance of being off corticosteroids at the time of therapy initiation. Multiple follow-up clinical trials addressed the activity of combination therapies targeting PD-1 and CTLA-4 vs. monotherapy in advanced melanoma patients (42, 59, 60). In summary, all achieved activities at the intracranial site, albeit to limited extents. Interestingly, novel data of the multicentre open-labeled randomized phase II trial NCT02374242 suggested a higher chance of long-term durable intracranial response by using the combination of ipilimumab and nivolumab in patients with asymptomatic untreated melanoma brain metastases (42). According to the current clinical data, own unpublished data by using the primary melanoma model MT/ret, which spontaneously induces multiple cutaneous melanoma and distant organ metastases, including the CNS, show that inhibition of the PD-1/PD-L1 axis resulted in diminished intracranial tumor load but failed to suppress the establishement of micrometastases in the CNS (Helfrich, unpublished data) (61, 62). These clinical data argue for a principle ability of immune checkpoint inhibitors to reach meaningful anticancer immunity in the brain, however, the current therapies seem to fail for their suppression of metastatic seeding of the CNS by cancer cells.

IDO expression and activity has been documented in several cancer entities and has been correlated with negative prognostic factors (9). Thus, it was only a question of time until first clinical trials combined IDO inhibitors like epacadostat or navoximod with inhibitors targeting the PD-1/PD-L1 axis or CTLA-4 in differnt tumor entities, including advanced melanoma (19, 63–66). Since all of this studies demonstrated acceptable safety, good tolerability, and pharmacological activity, there was no clear evindence of patients benefit when combined to PD-1/PD-L1 inhibitors. Nevertheless, IDO data with respect to the CNS metastases are missing.

In the present study, we analyzed tissue samples of 74 intracranial metastases from 72 advanced melanoma patients and 22 matched melanoma metastases at extracranial sites from 19 of the 72 patients. We specifically adressed the expression of immunosuppressive mediators such as IDO and PD-L1 in the context of the tumor-associated immunoreactive infiltrate. We found that IDO is expressed in different patterns in melanoma brain metastases indicating IDO expression as a marker of anti-tumor immune response. First, in contrast to data described by Krähenbühl et al. (16), who analyzed different primary cutaneous melanoma types and corresponding organ metastases (with exception of CNS metastases) in 43 patients undergoing cancer immunotherapy or targeted therapy and described IDO immunoreactivity in 17/43 pretreated samples, we found that IDO expression is highly consistant indicating IDO as a marker of anti-tumor immune response. Moreover, a strong correlation of IDO expression in peritumoral sites of the primary tumors has been linked to IDO expression in the sentinel lymph node, directing the numbers of intratumoral lymphocytes as a result of immune control (14). In contrast to CNS metastases, we found higher IDO-positive cell numbers in the tumor mass when compared with peritumoral localization in melanoma metastases at extracranial sites, which would fit to an ongoing anti-tumoral immune response, since high levels of IFN-γ are secreted during this process. In addition, our investigation revealed different distribution patters of IDO-positive cells in melanoma metastases, but these were independent of the metastatic origin. Interestingly, neither the localization nor the distribution pattern of IDO had an impact on patient outcome. However, the heterogeneous expression of the immunosupressive IDO which we detected both, within and between patients, may explain the high variation in the clincal response to IDO combination treatment (19, 63, 64).

Since several studies correlated high TIL levels with favorable outcome (67–69) our data are in line with the work of Harter et al. (37). Neither disease progression nor patient survival was affected by the number of TILs in melanoma brain metastases in our patient cohort per se. As TILs represent also the major source for the secretion of inflammatory stimuli such as IFN-γ and TNF-α (4, 70), resulting in activation of lymphocytes and induction of PD-L1 expression, we analyzed this aspect also in our tissue specimens. Interestingly, with regard to the expression of the immunosupressive molecule IDO, we found that IDO-positive cells correlated with the recruitment of CD8+ T cells to the site of strongest IDO expression, which was paralleled by high expression of PD-L1, indicating a highly immunogenic situation modulated by cells with high IDO expression. Nevertheless, we need to consider that our cohort consists of patients who had received various mono- or combination therapies before resection of the investigated brain metastasis, possibly including pre-operative corticosteroid treatment, to minimize inflammatory side effects. Therefore, we are aware of the discussion that patient's therapy may affect the cellular component of immunoreactive populations, however, it has been shown that corticosteroids neither affect the TIL population nor the PD-L1 expression in melanoma brain metastases (38). Interestingly, IDO has also been considered for its negative impact by increasing the expression of FoxP3+ on regulatory T cells (71, 72), a correlation which we also observed in extracranial metastases. However, melanoma brain metastases do not appear to show this reciprocal interplay. The heterogenous IDO expression of melanoma metastases which we described here on the basis of immunohistochemistry, prompted our further investigation on the cell types that represent the major producers of IDO in melanoma brain metastases. Although melanoma cells per se expressed IDO, but at low intensity when compared to expression levels in immune cells, our data clearly indicate the impact of macrophages/microglia on IDO expression in melanoma brain metastases. Despite functional knowledge of myeloid cells, e.g., microglia and tumor-associated marcrophages (TAMs), in normal tissue, primary tumors and metastases, insights into their molecular identity, and clinical impact in intracranial metastases are still limited. In general, microglia and TAMs represent the most abundant non-neoplastic cells in brain metastases (73). Despite the lack of clinical data for the impact of microglia density and brain-associated TAM infiltration for patients prognosis, some pre-clinical data implicate tumor-promoting functions (74–76). In addition, functional charaterization of IDO expression with regard to polarization and functionality of both cell types in brain metastases are missing so far. Since our data are solely based on the use of FFPE specimens, the activity of IDO in the tumor mass with regard to tryptophan catabolism per se but also the impact of IDO for the activity and polarization of macrophages/microglia in the brain remain to be analyzed in fresh-frozen tissue samples from melanoma brain metastases but also in preclinical mouse models. For example, therapeutic intervention in the MT/ret-transgenic mouse model of metastatic melanoma would allow to analyse the population of IDO-positive TAMs/microglia in detail for their surface marker expression under IDO-targeted therapy. These newly identified surface markers could represent potential novel targets to reach more meaningful activity with regard to melanoma immunotherapy, potentially including re-education of macrophages as a new therapeutic strategy (77).
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Indoleamine 2,3-Dioxygenase 2 Immunohistochemical Expression in Resected Human Non-small Cell Lung Cancer: A Potential New Prognostic Tool
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Indoleamine 2,3-dioxygenase 2 (IDO2) is an analog of the tryptophan degrading and immunomodulating enzyme indoleamine 2,3-dioxygenase 1 (IDO1). Although the role of IDO1 is largely understood, the function of IDO2 is not yet well-elucidated. IDO2 overexpression was documented in some human tumors, but the linkage between IDO2 expression and cancer progression is still unclear, in particular in non-small cell lung cancer (NSCLC). Immunohistochemical expression and cellular localization of IDO2 was evaluated on 191 formalin-fixed and paraffin-embedded resected NSCLC. Correlations between IDO2 expression, clinical-pathological data, tumor-infiltrating lymphocytes (TILs), immunosuppressive tumor molecules (IDO1 and programmed cell death ligand-1 – PD-L1 –) and patients' prognosis were evaluated. IDO2 high expression is strictly related to high PD-L1 level among squamous cell carcinomas group (p = 0.012), to either intratumoral or mixed localization of TILs (p < 0.001) and to adenocarcinoma histotype (p < 0.001). Furthermore, a significant correlation between IDO2 high expression and poor non-small cell lung cancer prognosis was detected (p = 0.011). The current study reaches interesting knowledge about IDO2 in non-small cell lung cancer. The close relationship between IDO2 expression, PD-L1 increased levels, TILs localization and NSCLC poor prognosis, assumed IDO2 as a potential prognostic biomarker to be exploited for optimizing innovative combined therapies with immune checkpoint inhibitors.

Keywords: indoleamine 2,3-dioxygenase 2, non-small cell lung cancer, immunohistochemistry, biomarker, immunomodulator


INTRODUCTION

Lung cancer is one of the major cause of cancer-related morbidity and mortality across the globe, and non–small cell lung cancer (NSCLC) represents the majority of lung malignancies (1). In recent years, the treatment of NSCLC has been partly improved by the introduction of immunotherapies and, in particular, employing the FDA approved immune checkpoint inhibitors (2). However, only about 20% of these patients can benefit from this therapy, resulting in the need for new biomarkers both to amplify the effect of immune checkpoint inhibitors and to identify new and more efficient therapeutic targets (3).

A large body of evidence indicates that tryptophan (Trp) metabolism is of paramount importance in cancer progression and for the increase of malignant properties of cancer cells (4–6). The immunoregulatory molecule indoleamine 2,3-dioxygenase 1 (IDO1)—which catalyzes the first, rate-limiting step of Trp degradation through the kynurenine (Kyn) pathway—is highly expressed in many types of human cancers (6, 7) and is generally associated with poor prognosis (8). Similarly, tryptophan 2,3-dioxygenase (TDO), which catalyzes the same reaction of IDO1, is expressed in a wide range of malignancies and has been shown to promote tumor progression and metastasis (9). Less is known about the third member of the Trp-degrading enzyme family, indoleamine 2,3-dioxygenase 2 (IDO2) (6). IDO1 and IDO2 are closely linked on chromosome 8 in humans, probably originating from an ancient gene duplication which occurred prior to the evolution of vertebrates (10, 11). Although characterized by a high level of sequence identity (11), IDO1 and IDO2 exhibit important functional differences, such as IDO2 being endowed with a very weak catalytic activity in vitro (12). Moreover, plasmatic levels of Trp and Kyn are similar in wild-type and Ido2 −/− mice, suggesting that IDO2 is not as efficient as IDO1 or TDO in converting Trp to Kyn in vivo (13). In tumors, IDO2 seems to be less frequently overexpressed than IDO1. Human gastric, colorectal, and renal carcinomas constitutively express both IDO1 and IDO2 (6, 14), as well as brain tumors, such as gliomas and meningiomas (15), and pancreatic ductal adenocarcinomas, in which IDO2 appears to be overexpressed (16).

However, despite the evidence of IDO2 expression in several types of malignancies, there are a limited number of studies about it in human tissues and its supposed functional role in the development and/or progression of cancer is still to be corroborated, in particular in NSCLC (6).

Recent studies showed that IDO1 is commonly expressed by NSCLC (17, 18) while there is still no evidence about its paralogue IDO2.

Our purpose is to evaluate the level of IDO2 through its immunohistochemical expression in a series of resected NSCLCs, in order to assess its presence and localization in the tumor cells of this specific type of cancer. Moreover, we aim to unveil potential correlations between IDO2 expression, clinical-pathological parameters, immunosuppressive molecules of the tumor microenvironment and patients' prognosis, in order to outline IDO2 as both a potential new biomarker for better patient risk stratification and as a possible target for the pharmacological treatment of NSCLC.



MATERIALS AND METHODS


Patient Selection

The study has been prepared according to ethical guidlines regarding the informed consent of the involved human participants (Number of Local Ethic Committee Decision: 2216/13 of CEAS Umbria).

Patients were recruited from the computer archive of the Institute of Anatomic Pathology and Histology, S. M. Misericordia Hospital, Perugia, Italy, involving all the NSCLC cases which underwent a surgical resection in the period from 2009 to 2015. Moreover, only the cases with both known clinical parameters (summarized in Table 1) and with a complete clinical follow-up until 31st December 2017 were considered. The cases in pathological stage IV, according to the 8th edition for cancer staging by the American Joint Committee on Cancer (AJCC), were not taken into account. Regarding the other stages of disease, we arranged the NSCLCs into two groups: a Stage I group, encompassing the stages from IA1 to IB, and a Stage II-III one, enclosing the stages from IIA to IIIB.


Table 1. Expression of IDO2, clinical-pathological parameters and other microenvironmental molecule associations.
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Histology and Immunohistochemistry

Surgical specimens were formalin-fixed (10% buffered formalin) and paraffin-embedded (FFPE). Sections of 4 μm were taken and placed on slides with a permanent positive charged surface, both to obtain the Hematoxylin and Eosin (H&E) stain and the Immunohistochemical (IHC) stains. The H&E stain was carried out using a Leica ST5020 Multistainer (Leica Microsystems), employing the kit ST Infinity H&E Staining System (Leica Biosystems). All the IHC stains (peroxidase immunoenzymatic reaction with development in diaminobenzinidine) were obtained by employing the BOND-III fully automated immunohistochemistry stainer (Leica Biosystems). In particular, IDO2 immunohistochemical slides were carried out using a heat-induced antigen retrieval with the ready to use Bond™ Epitope Retrieval Solution 1 (Leica Biosystems, Catalog No: AR9961) for 20 min, primary antibody incubation for 15 min (IDO2, Thermofisher Scientific, Cat# PA5-71696, RRID: AB_2717550, dilution 1:500) and the ready to use Bond™ Polymer Refine Detection System (Leica Biosystems, Catalog No: DS9800). Proper positive and negative controls were included.

Histological subtype was assigned based on H&E slides, according to 2015 World Health Organization (WHO) classification for lung tumors. Moreover, in line with the immunohistochemical expression both of TTF-1 (Agilent, Cat#M357501-2, RRID: AB_2801260; dilution 1:100; BOND-III fully automated immunohistochemistry stainer, Leica Biosystems) and p40 (ScyTek Laboratories, Cat#A00112-C, RRID: AB_2800554, dilution 1:50; BOND-III fully automated immunohistochemistry stainer, Leica Biosystems) poorly differentiated NSCLCs were classified as adenocarcinomas or as squamous cell carcinomas.

The H&E slides were also employed to determine both the localization of tumor-infiltrating lymphocytes (TILs) (absent; intratumoral= among tumor cells; peritumoral= at the interface between the neoplasia and healthy lung parenchyma; mixed= mixture of the last two localizations) and the density of TILs, according to the percentage of lymphocytes observed in a given localization (Low < 20%; High ≥ 20%) (19).

The immunohistochemical stains for IDO2 were evaluated on neoplastic cells and were interpreted, as previously reported (19), using an H Score resulting from the sum of the intensity of the stain (evaluated as 0: absent; 1+: mild; 2+: moderate; 3+: intense) and the percentage of the tumor cells labeled (0: 0%; 1: 1–25%; 2: 26–50%; 3: 51–75%; 4: 76–100%). Thereafter, two groups of staining were obtained: a low expression one—scores from 0 to 2—and a high expression one—scores from 3 to 7.

In addition, the results concerning the expression of both indoleamine 2,3-dioxygenase (IDO1) [courtesy of professor Benoit J Van den Eynde, Ludwing Institute for Cancer Research, clone 4.16H1 (7); dilution 1:1000; BOND-III fully automated immunohistochemistry stainer, Leica Biosystems] and programmed cell death Ligand-1 (PD-L1) (Cell Signaling Technology, Cat# 13684S, RRID: AB_2687655, dilution 1:200; BOND-III fully automated immunohistochemistry stainer, Leica Biosystems) were obtained from a previous study (19), in which they were divided into the same classes of expression as abovementioned for IDO2.

Moreover, the localization of the label of IDO2 in the peritumoral lung tissue was noted, according to histomorphological parameters to identify the various cellular types present.



Statistical Analysis

Categorical variables were presented as frequencies with row and column percentages. Patients were divided into a young and an elderly group, according to the cut-off age (68 years, corresponding to patients' median age) for analysis. Categorical variables were compared between the groups (IDO2 low or IDO2 high) using Chi-square test or Fisher's exact test as appropriate. Odds Ratio (OR) was estimated when association was statistically significant.

Other causes of death were regarded as competing risk events in the patients' end-point. The cumulative incidence function (CIF) was compared between groups using Gray's method and was shown on a plot (20). Analysis of disease free survival (DFS) and overall survival (OS) were evaluated using a Fine and Gray model (competing risks regression in Supplementary Material 1) (21).

Continuous variables were categorized and the proportional hazards assumption of categorical variables was verified using a log-minus-log plot.

A p-value (p) < 0.05 was considered as statistically significant.

Statistical analyses were performed by STATA 15.1 (StataCorpLP, Collage Station TX, USA) (22).




RESULTS


Patients Series

Data about patients' series were shown in Table 1.

One hundred and ninety-one patients were eligible for the study. Patients were all Caucasian, the median age was 68 years (range 38–84), with a median follow-up period of 50 months (range 1–107 months). One hundred and thirty-seven (72%) patients were males; 175 (91%) were either current smokers or former smokers. Regarding the pathological staging classification, 101 cases (53%) belonged to stage I, whereas 90 (47%) patients were in stage II-III. Fifty-six (29%), 16 (8%) and 1 (0.5%) patients relapsed after surgery, presenting 1, 2, or 3 localizations, respectively. Moreover, 12 patients presented nodal metastasis, 10 of which with one or more that were synchronous and hematogenous. Sixty-four (34%) died from NSCLC (Table 1).



Pathological Findings

Data about pathological findings were summarized in Table 1.

Regarding histological characterization, the series was composed of 122 (64%) adenocarcinomas and 69 (36%) squamous cell carcinomas.

The most frequent predominant pattern of adenocarcinomas was the acinar (78; 64%).

Just over half of the adenocarcinomas (74; 61%) belonged to stage I, whereas the majority of squamous cell carcinomas (42; 61%) were in stage II-III.



IDO2 Immunohistochemical Analysis

Concerning IDO2 evaluation, the majority of the tumors (160 cases, 84%) belonged to the high expression group of this molecule, both among adenocarcinomas (112; 92%) and among squamous cell carcinomas (48; 70%, Table 1).

Most of the tumors (158; 83%) presented a membrane reinforcement of the stain (Figure 1A), with only 19 (12%) of those cases presenting a focal IDO2 labeling. In addition, 17 (11%) cases presented simultaneous cytoplasmic stains (Figure 1B) and, among these, only one had diffuse IDO2 expression. Eighty (51%) of the cases with only membranous immunostaining (which were 77–96% adenocarcinomas and 3–4% squamous cell carcinomas) presented IDO2 expression on the basolateral side of the tumor cellular membrane, with a reinforcement of the stain at the interface between tumor and stromal tissue and without an apical immunolabel (Figure 1C). Similarly, the immunostains presented a reinforcement at the interface between the tumor nest and healthy lung parenchima in 4 (6%) squamous cell carcinomas. Twenty cases (10%) also presented a nuclear pattern of staining (Figure 1D), most of which were in adenocarcinomas (19; 95%) seemed to highlight the nucleoli of the cells.


[image: Figure 1]
FIGURE 1. (A) Membrane reinforcement of IDO2, as black arrows shown in the inset. (B) Cytoplasmic expression of IDO2, as indicated in the inset by an asterisk. (C) IDO2 staining reinforcement at tumor-stroma interface. Dotted lines circumscribe the stroma and the black stars highlight it; IDO2 staining reinforcement is shown by the black arrow in the inset. (D) IDO2 bronchial epithelium staining (top left of the longer dotted line and circumscribed by the shorter dotted lines) and membranous tumoral staining (bottom right of the longer dotted line). Arrows in the inset highlight the nuclear staining of IDO2. Original magnification 400 × (A,C), 200 × (B), 100 × (D); insets: 600 × (A,C), 400 × (B,D).


As for the peritumoral lung tissues, there was a constant IDO2 expression in bronchial epithelial cells, localized in their cytoplasm, with membrane reinforcement (Figure 1D); due to this aspect, we used this expression as an internal control for the labeling. We also found IDO2 in subepithelial bronchial glands with a diffuse pattern of staining.

In the lung parenchyma, IDO2 marked reactive pneumocytes close to tumor tissue and also intralveolar macrophages. In both cases there was a granular intracytoplasmatic staining.



Clinical-Pathological Associations

The IDO2 associations with clinical-pathological parameters were reported in Table 1.

IDO2 showed a high expression when associated with a specific NSCLC histotype: in fact, in our series its high expression was found especially in adenocarcinomas (p < 0.001; OR = 4.9).

There were no correlations between IDO2 expression and the other clinical-pathological parameters examined, although there was almost a statistically significant association (p = 0.068) with patients who died from NSCLC: 91% presented a high IDO2 expression.



Microenvironmental Associations

Data about associations between IDO2 and microenvironment molecules were shown in Table 1.

Interestingly, a high IDO2 expression correlated with high PD-L1 among the squamous cell carcinomas group (p = 0.012; OR = 6.2). On the other hand, among the adenocarcinomas group it was seen that the higher the expression of IDO2, the lower the expression of PD-L1 (p = 0.035; OR = 4.0).

There was no association between IDO1 and IDO2 expression, both in the adenocarcinomas and the squamous cell carcinomas groups.

It is worthy of note that among the adenocarcinoma subgroup, high IDO2 expression was associated with an intratumoral or mixed localization of the TILs (94 and 91% of the cases, respectively), in a statistically significant manner (p < 0.001; OR = 11.4). On the other hand, there was no association with IDO2 expression and TIL density, in either of the histotype groups.



Survival Analysis

The results concerning the survival analysis were displayed in Tables 2, 3.


Table 2. Fine and Gray model on overall survival (OS).
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Table 3. Fine and Gray model on disease free survival (DFS).
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Regarding the univariate analysis, the most relevant statistically significant associations were between the increased probability of death from NSCLC and high expression of both IDO2 (SHR 2.64, 95% Confidence Interval—CI−1.11–6.31, p = 0.028) and IDO1 (SHR 1.71, 95% CI 1.02–2.85, p = 0.041); these relationships persisted also in the multivariate analysis, which highlighted a greater probability of death for the patients with a tumor high expression of either IDO2 or IDO1 than the NSCLC with a low expression level of these molecules (SHR 2.94, 95% CI 1.28–6.77, p = 0.011 and SHR 1.64, 95% CI 1.12–2.76, p = 0.041, respectively; Table 2). In addition, regarding patients with a high tumor expression of IDO2, the probability of death within 36 months was roughly 18% compared to almost 7% for the group with a low expression of IDO2 (p < 0.001). This difference increased within 60 months (28 vs. 12%, respectively, p < 0.001; Figure 2).


[image: Figure 2]
FIGURE 2. The cumulative incidence of IDO2 expression after competing-risks regression.


Similarly, both in the univariate and in the multivariate analysis, either being a male patient or presenting a stage II-III of disease increased the probability of death from NSCLC (Table 2).

The histotype, age of the patient, smoking habits, expression of PD-L1, TILs density and TILs localization had no statistically significant correlations with the probability of death from NSCLC (Table 2).

Belonging to either the stage II-III group or the adenocarcinoma group increased the risk of recurrence in the present NSCLC series, both regarding the univariate (SHR 1.60 and 1.96; 95% CI 1.01–2.54 and 1.16–3.32; p = 0.044 and 0.012, respectively) and the multivariate analysis (SHR 1.92 and 2.31; 95% CI 1.20–3.09 and 1.35–3.96; p= 0.006 and 0.002, respectively), as reported in Table 3.

IDO2 and the other parameters considered showed no association with the DFS.




DISCUSSION

Little is known about the role of indoleamine 2,3-dioxygenase 2 (IDO2) and its implications both in normal lung tissue and in NSCLC. In this scenario, we examined IDO2 immunolabeling in 191 resected NSCLC cases, in order to better understand its expression in this cancer type and to determine its correlations with clinical-pathological parameters, other immunomodulatory molecules and patients' prognosis.

Unlike IDO1, the real IDO2 cellular function is poorly understood even today, in both normal and tumor cells. As a matter of fact, it seems to have no—or just low—enzymatic activity on tryptophan, so some other mechanisms could be involved to explain its putative role in the tumoral immunoescape (6, 11, 13, 14, 23–26).

Previous studies demonstrated a constitutive expression of only IDO2 mRNAs in human liver, small intestine, spleen, brain, thyroid, placenta, thymus, lung, kidney, colon, endometrium and testis, with a full length and functional transcript highlighted only for the placenta and brain (6, 27–29). Surprisingly we found, as an incidental observation, an almost constant immunohistochemical IDO2 staining of both the bronchial epithelium and peribronchial sub-epithelial glands. The continuous exposure of the airways, particularly the upper ones, to external stimuli could explain the induction of a putatively tolerogenic IDO2 in the abovementioned tissues, as happens in antigen presenting cells (APCs) or in B cells during either inflammatory or reactive states (25–28).

Furthermore, the IDO2 labeling of both reactive pneumocytes and alveolar macrophages, observed in the current study, seems to confirm the existence of an adjunctive mechanism triggering IDO2 expression under specific microenvironmental conditions, such as stress. Nevertheless, if the immunohistochemical expression corresponds to a functionally active IDO2 protein (6, 16, 29) in human lung tissues it would need further studies.

Another interesting and incidental finding is that 10% of NSCLCs presented a nuclear pattern of IDO2 staining in tumor cells. This was already observed in murine series regarding hepatocytes (13). Moreover, in a previous study (19) we reported a nuclear labeling for IDO1 in NSCLC. However, it is generally not known how these two molecules would act at nuclear level, but the observation that some tumors present a nuclear localization of both IDO1 and IDO2 may suggest a signal-transducing function (13, 30), something already noted about IDO1 (31).

Furthermore, the consistent percentage (83%) of NSCLC in our series with an intense membranous IDO2 immunolabeling might open the way to further studies about its correlation with adhesion molecules, such as those from the cadherin family. It is known how the latter are involved in epithelial-mesenchymal transition in an Aryl hydrocarbon Receptor (AhR)-kynurenine dependent manner (32, 33), and that the kynurenines are in turn the product of IDO1 enzymatic activity. On the other hand, it is also known that IDO2 is not expressed as a functional tryptophan-degrading enzyme (6), at least not in human cancer cells lines (14). As an alternative, other authors (29) have correlated the IDO2-dependent/tryptophan-independent activation of an inhibitory isoform of immunoregulatory transcription factor NF-IL6 (LIP) to a potential IDO2 role in metastatization. Consequently, a difference between IDO1 and IDO2 activity may really exist. These findings could support either a direct role of IDO2 in cellular adhesion (13) or an indirect role in modulating other adhesion molecules, promoting tumor invasiveness and transition toward a mesenchymal and more aggressive phenotype. Regarding the correlation between this IDO2 localization and the patients' prognosis, we did not find any statistically significant results. Furthermore, the majority of the NSCLCs with such an immunolabeling pattern were, interestingly, adenocarcinomas. Moreover, this histotype often (64%) has a basolateral staining of the tumor cells, possibly related to the presence of intracytoplasmic mucus, which is a characteristic of the adenocarcinoma, in particular of the most differentiated ones. In addition, a high IDO2 level was more frequently present in adenocarcinomas than in the squamous cell carcinoma subgroup, a finding that corroborates the strict relationship between this molecule and the specific microenvironment of this NSCLC histotype. Despite the fact that IDO2 action in adenocarcinomas and in adenocarcinoma patterns may differ from that of IDO1 (6, 11, 14, 17–19, 24–26), we could speculate about the existence of other immunosuppressive mechanisms induced by IDO2 in this NSCLC subgroup. An alternative splicing of IDO2 (6, 13) could explain the different localizations found and suggest the occurrence of a distinctive splicing induction under certain conditions, such as inflammatory states, or according to particular tumor histotype—adenocarcinomas—as above reported. Some authors suggest that IDO2 activation is related to specific microenvironmental conditions (13, 26, 34) in specific cell types (11, 25), such as the neoplastic ones in our study, which is consistent with its possible immunomodulatory role in either stress conditions or disease response (13, 25).

Interestingly, we found a high co-expression of both PD-L1 and IDO2 in the squamous cell carcinomas subgroup, further evidence that IDO2 expression occurs in cells displaying tolerance markers. Based on this finding, a dual combination NSCLC therapy, such as inhibitors of both PD-1/PD-L1 immune checkpoints and IDO2, might be hypothesized. Currently, the combination of immunocheckpoint inhibitors and IDO1 hinderers has already been tested in ongoing clinical trials, with encouraging results in NSCLC patients (35, 36). This approach could be easily transposed into further researches targeting combination therapies including IDO2 inhibitors.

Moreover, the fact that high IDO2 expression is associated, among adenocarcinomas, with intratumoral and mixed localization of TILs could suggest a possible role for IDO2 as an immunomodulatory molecule. As a matter of fact, it is partly already known how IDO2 could be involved in B cell-mediated autoimmunity (23, 37) and may also influence Treg activation (37). Although in some murine models IDO2 has been associated with a potential pro-inflammatory role, particularly in autoimmune diseases (38), other authors showed that IDO2 contributions to inflammation, both in the context of cancer and autoimmune disorders, remains to be elucidated (38, 39). Moreover, Metz et al. (26) demonstrated an immune modulation role of IDO2, and distinguished its non-redundant contributions to inflammation. Consequently, the increased IDO2 expression in NSCLC could likely occur when the tumor cells are closely in contact with the inflammatory infiltrate, and could be interpreted as a tumor attempt to evade the immune system attack (40–43).

Furthermore, there is a strict correlation, never described before, between high IDO2 expression and a worse NSCLC outcome. Moreover, from the long follow-up period we highlighted an increasing difference in the probability of death between the patients belonging to the group with a high tumor expression of IDO2 and those belonging to the low expression group (28% compared to near 12% within 60 months). This finding could suggest a delayed role for IDO2 in both NSCLC progression and aggressiveness, which deserves further investigation.

Although many efforts have been made in order to identify prognostic molecules for NSCLC, nowadays the results are still conflicting (17, 18, 44–50). In this regard, the lack of a statistically significant correlation between DFS and the high tumor expression of both IDO2 and IDO1 could appear to be a confounding result, in particular when compared to the OS analysis of the current series. Despite the fact that some studies have found an association between IDO1 expression and disease progression (7, 51–55), some other authors have claimed that there was no impact on survival, regarding both DFS and OS (17, 56–59). Nevertheless, a focus on the highly versatile nature of IDO1 might explain this contradiction, because IDO1 has not only an enzymatic activity, but also a signaling function (31). Therefore, IDO1 is reported to be related to both immunoescape and inflammatory responses, strictly depending on the surrounding microenvironment (31, 60), and its expression could relate to a wide spectrum of patients' outcomes (61). Regarding IDO2, we could assume a similar role, resulting both in the induction of and in the resistance to the host's immune system (13, 23, 26, 34, 37, 38, 60); consequently, IDO2 could be implicated either in delaying or promoting tumor aggressiveness, based on the highly fluctuating interactions with all of the other activated molecules of the tumor microenvironment (11, 13, 25, 26, 34). However, additional studies are needed to demonstrate this, since IDO1 and IDO2 seem to be functionally different (12, 13, 31, 60) and the biological relevance of IDO2 is not fully understood yet (60, 62).

On the other hand, encouraging evidence about the prognostic role of both IDO1 and PD-L1 in NSCLC has been found (19), as confirmed in the current study by the correlation between the IDO1 overexpression and the high probability of death from cancer. At the moment, we could suggest the immunohistochemical assessment of IDO2 together with the abovementioned molecules, in order to better stratify the risk of patients with NSCLC, assuming that more than one biomarker influences, in an independent manner, the outcome of these tumors.

The present study supports the idea that there is the need to combine multiple biomarker assays, due to the multifactorial and complex nature of cancer-immune interactions (63, 64).

To the best of our knowledge, this is the first study about IDO2 immunohistochemical expression in NSCLC. The close relationships found between IDO2 and other molecules in the NSCLC microenvironment, together with its potential prognostic implications, could open the way for the assessment of possible combined therapeutic strategies with IDO2 selective inhibitors, both by figuring new mechanisms out and by exploring new pharmacological tools for NSCLC. The objectives are both to overcome the existing drug resistances and to increase the number of patients who could benefit from immunotherapy in this cancer type. Due to the so far limited knowledge of IDO2 expression and cellular functions, further studies at a molecular level are required to make this promising molecule become a new biomarker for NSCLC.
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Background: Photothermal therapy (PTT) has been demonstrated to be a promising cancer treatment approach because it can be modulated to induce apoptosis instead of necrosis via adjusting irradiation conditions. Recently, an abscopal anti-tumor immunity has been highlighted, in which PTT on the primary tumor also induced repression of distant tumors. In PTT cancer treatments, the mechanism and the role of immune checkpoints to enhance anti-tumor immunity needs to be investigated.

Methods: We prepared a multi-functional gold nanorod reagent, GMPF-siIDO, that is composed of gold nanorods (GNRs) that act as the nano-platform and photothermal sensitizer; folic acid (FA) as the tumor-targeting moiety; and IDO-specific RNA (siIDO) as an immune-stimulator functionality for inducing anti-tumor immunity. For this study, we adjusted the irradiation condition of PTT to induce apoptosis and to silence the immune checkpoint indoleamine 2,3 dioxygeonase (IDO), simultaneously.

Results: Our studies provide evidence that photothermal effects kill tumor cells mainly via inducing apoptosis, which can significantly improve antitumor immunity when IDO was down-regulated in TME through significant increases of localized CD8+ and CD4+ lymphocytes in tumor tissue, the downregulation of CD8+ and CD4+ lymphocyte apoptosis, and the upregulation of antitumor cytokines, TNF-α and IFN-γ.

Conclusion: In this study, we, for the first time, validated the role of IDO as a negative regulator for both PTT-induced tumor cell apoptosis and anti-tumor immunity; IDO is a critical immune checkpoint that impedes PTT while combination of gene knockdown of IDO in TME enhances anti-tumor efficacy of PTT.

Keywords: GNR (gold nanorods), LLC (lewis lung cancer), PTT (photothermal therapy), LSPR (localized surface plasmon resonance), IDO (Indoleamine 2, 3-dioxygenase)


INTRODUCTION

Cancer, especially solid tumors, has become a major global health threat in the twenty-first century. Lung cancer ranks first in incidence and mortality rates in cancer patients (1). Many studies have shown that various malignant tumors highly express Indoleamine 2,3-dioxygenase-1 (IDO) (2–4). IDO is a critical endogenous immune suppressive factor, which exhausts tryptophan levels of T cells to produce kynurenic acid. This results in suppression of the activation of T cells in a cancer milieu (5). IDO is also known to facilitate the generation of regulatory T cells, which further attenuates anti-tumor immune action (6, 7). IDO, as an immune checkpoint, is a major hurdle for anti-tumor immunity and immunotherapy for cancers. Our previous studies have shown that gene silencing of IDO, through RNA interference, can stimulate anti-tumor immunity and inhibit tumor angiogenesis, thereby resulting in the killing of tumor cells and suppressing tumor invasion, metastasis, and growth (8, 9). These results make IDO a promising targeting molecular cancer immunotherapy.

In recent years, near-infrared (NIR) light-mediated photothermal therapy (PTT) has become attractive for cancer therapy because of low invasiveness and high specificity of the treatment (10–12). PTT can induce tumor cell apoptosis or necrosis, thus inhibiting tumor growth through localized hyperthermia (13, 14). Among various light absorbers in photothermal therapy, gold nanorod (GNR) is capable of variable longitudinal surface plasmon resonance (LSPR) and shows high efficiency in converting the photothermal effect of the near-infrared spectrum. It is widely used in PPT-based cancer treatments under study in vivo (12, 14). More recently, combination treatment of PTT with other therapeutic strategies such as chemotherapy has demonstrated enhanced clinical efficacy by upregulating the systemic immune anti-tumor system (15). However, PTT-treatment also elevated the expression of IDO, which suppresses tumor cell apoptosis as well as impairs anti-tumor immunity, resulting in impediment of PTT therapy efficacy (16). Therefore, a new strategy of PTT which can simultaneously knockdown negative immune regulator IDO to suppress tumor-derived immune suppression while increase tumor cell apoptosis would be beneficial.

In this study, we attempted to deliver IDO siRNA (siIDO) to lung tumor cells for immuno-photothermal therapy using a novel gold nanorod reagent, GMPF-siIDO. Our results indicate that GMPF-siIDO could effectively deliver siRNA for the IDO gene into LLC tumor cells with high specificity in vitro and in vivo. We demonstrated that silencing IDO not only increased LLC cell apoptosis under PTT, but also enhanced the anti-tumor immune response. Treatment with GMPF-siIDO synergized PPT in suppressing tumor growth in vivo with high efficacy, minimal invasiveness, and minimal normal tissue side-effects, providing evidence for a novel combined targeted strategy as a fundamental principle for personalized medicine in the treatment of lung cancer.



MATERIALS AND METHODS


Animal Usage

Female C57BL/6 mice, 6–8 weeks of age and weighing 18–20 g, were purchased from Changsha Animal Laboratory (Changsha, China). All mice were housed in a specific pathogen free (SPF) grade animal center. The use of the mice complied with the Regulations for the Administration of Affairs Concerning Experimental Animals of China. All animal experiments received the ethical approval of Animal Care and Use Committee of Nanchang University, China.



Synthesis of GNRs

Soluble gold nanorods were synthesized using a previously published seed-mediated growth protocol (17). Briefly, a seed solution was first prepared by mixing 1 mL of cetyltrimethylammonium bromide (CTAB) solution (0.2 M) with 1 mL of HAuCl4 (0.5 mM), followed by the addition of 0.12 mL of ice-cold 0.01 M NaBH4 until the resulting seed solution turned in to brownish yellow color. Secondly, 2.5 mL of AgNO3 (4 mM) was added to the mixture containing 50 mL of HAuCl4 (1 mM) and 50 mL of CTAB (0.2 M). Then, 670 mL of ascorbic acid (0.079 M) was added, making the solution colorless. Finally, 120 mL of the seed solution was added to the growth solution for 24 h, followed by a centrifuge (14,000 g for 15 min) to remove the excess of CTAB. The nanorod was characterized by UV-vis-NIR spectrometer and transmission electron microscope (TEM).



Synthesis of GNR-MUA-PEI (GMP) and GNR-MUA-PEI-FA (GMPF)

Synthesis of MUA-PEI and MUA-PEI-FA is in accordance with the protocol as we described previously (18). In brief, the synthesis steps included (1) carboxyl groups of MUA reacting with amino groups of polyethyleneimine (PEI), by ethyl (dimethylaminopropyl) carbodiimide (EDC)-mediated amidation of N-hydroxysuccinimide (NHS), in the presence of HCCl3, (2) carboxyl groups of folic acid (FA), reacting with the remaining free amino groups of PEI by the similar steps of EDC-mediated amidation with NHS, but in presence of DMSO instead of HCCl3. The MUA-PEI moiety replaced CTAB on GNRs to produce the GNR-MUA-PEI species, and 1:1 ratio of MUA-PEI to MUA-PEI-FA replaced CTAB on GNRs to form the GNRs-MUA-PEI-FA species of nanocarriers. The products were characterized by Hydrogen Nuclear Magnetic Resonance (HNMR), UV-vis-NIR spectrometer and TEM.



siRNA Synthesis

The siRNAs specific for IDO or GAPDH mRNA were designed and synthesized based on previously published methods (19, 20). siRNAs were synthesized commercially (Sigma, St. Louis, MO). Luciferase GL2 siRNA) was synthesized (Sigma) and used as a silencing negative control.



Gel Shift Assay

The GMPF-siRNA nano-complexes with different ratios of GMPF to siRNA were prepared by mixing 0.6 μg IDO siRNA and varying amounts of GMPF. The weight ratios of siRNA to GMPF used were 1:0, 1:0.5, 1:1, 1:1.5, 1:2, 1:2.5, 1:3, 1:3.5, 1:4, 1:4.5, and 1:5. The components were mixed and incubated for 30 min, followed by electrophoresis at 80 V in 1.5% agarose gels in TAE (Tris-acetate-EDTA) buffer, supplemented with ethidium bromide. The gels were visualized under UV illumination and imaged using an Olympus C8080 camera system.



Release of siRNA From GMPF

An established gel-shift method was applied to evaluate the release of siRNA from GMPF-siRNA (21). All the above prepared GMPF samples, with various ratios of GMPF-siRNA, were incubated with 4 μL of 2% sodium dodecyl sulfate (SDS) for 10 min. The siRNA release of from GMPF was determined by band-shifts in 1.5% agarose gel after electrophoresis.



GMPF-siRNA Stability in Serum

GMPF-siIDO aliquots were incubated in 50% FBS at 37°C for 0, 4, 8, 24, 48, and 72 h, then immediately mixed with 2% SDS-containing gel loading buffer. Samples underwent 1.5% agarose gel electrophoresis to assess disconjugation of the nano-complex moieties as indicated by band-shifts.



Photothermal Conversion Measurement

The photothermal efficiency was measured on a customized in-house laser equipment. 24-well microplate with 2 mL of the nano-carrier samples were prepared. A fiber-coupled continuous semiconductor laser (808 nm) with a power density of 2 W/cm2 was applied. The temperatures of the solutions were measured. Each sample was irradiated for 10 min and the temperature was recorded at 0, 1, 2, 3, 4, 5, and 10 min.



Cell Culture

The Lewis lung cancer (LLC) cells were obtained from the American Type Culture Collection (ATCC). The cells were cultured in DMEM medium (Invitrogen Life Technologies, Carlsbad, CA, USA) with 10% FBS and standard amounts of L-glutamine, penicillin, and streptomycin at 37°C in 5% CO2, using a routine method (22).



Cell Uptake of GMPF-siRNA

The uptake efficiency of siRNA delivered by the GMPF construct was determined by flow cytometry and fluorescence microscopy as described previously (18). Briefly, the same amounts (1 μg) of Cy3-siGAPDH siRNA were mixed with various concentrations of GMPF at 10, 20, 40, and 80 μg/mL. These GMPF-siRNA mixtures were added to LLC cells (5 × 104 cells) in 24-well microplates. After 24 h, the internalization of siRNA in the cells was confirmed by fluorescent microscopy. The cells were trypsinized, harvested, washed (PBS), and analyzed by flow cytometry (BD FACS Calibur, BD Biosciences, Mountain View, CA).



Gene Silencing and Quantitative Real-Time Quantitative PCR (qRT-PCR)

LLC cells were seeded in a 12-well plate (105 cells/well) and transfected with a final concentration of 40 μg/mL of GMPF-siRNA [wt(FA-GNR):wt(siRNA) = 30:1, wt(siRNA) = 0.6 μg] for 24 h. The total RNA was prepared and used to synthesize cDNA using reverse transcriptase (MMLV-RT, Invitrogen Life Technologies). The following primer sets were used for q-PCR amplifications: β-Actin, 5'-AGGGAAATCGTG CGTGACAT-3' (sense) and 5'-AACCGCTCGTTGCCA ATAGT-3' (antisense); IDO, 5'-GTACATCACCATGGCGTATG-3' (sense) and 5'-CGAGGAAGAAGCCCTTGT C-3' (antisense). The qRT-PCR was conducted using SYBR green PCR reagents (Invitrogen Life Technologies). The reactions of qRT-PCR were amplified, in accordance to the manufacturer's protocol, in Stratagene Mx3000P QPCR System (Agilent Technologies, Santa Clara, CA, USA). The difference in gene expressions in treatment groups were calculated using the ΔCt method.



Western Blot Analysis

Cells (1 × 105/well) were seeded into a 12-well plate and were transfected with a final concentration of 40 μg/mL of GMPF-siRNA [wt(FA-GNR):wt(siRNA) = 30:1, wt(siRNA) = 0.6 μg] for 48 h. Cells were harvested and lysed after transfection of GMPF-siRNA. The cell lysates were separated on a 10% SDS-PAGE, and then transferred to nitrocellulose membrane. The membranes were probed with a mouse anti-human IDO mAb (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-β-actin mAb (Santa Cruz Biotechnology) according to the manufacturer's instructions. The membranes were finally visualized by an ECL assay kit (Pierce, Rockford, lL, USA).



Bio-Distribution of GMPF-siRNA in vivo

Mice bearing established tumors were hydro-dynamically injected with 200 μL GMP-Cy3-siGAPDH (containing 200 μg GMP and 30 μg Cy3-siGAPDH) or GMPF-Cy3-siGAPDH (containing 200 μg GMPF and 30 μg Cy3-siGAPDH). 24 h post-administration, all mice were sacrificed and the tumors, heart, liver, spleen, lung, and kidney were isolated and frozen using an optimal cutting temperature (OCT) compound (Triangle Biomedical Sciences, USA); it was then sliced into 7 μm horizontal sections. Images were captured using a fluorescence microscope (Olympus, Model BX 51, Japan).



Treatment of Lung Cancer Using Photothermal-Immunotherapy

The cancer-bearing mice were generated by inoculating 5 × 105 LLC cell suspensions at subcutaneous tissues of the mice's back. When the diameter of tumor was ~3 mm, the mice were randomized into five groups. The mice were hydro-dynamically injected with 400 μL PBS (control), GMPF-siGL2 or GMPF-siIDO (containing 400 μg GMPF and 50 μg siRNA) at day 4, 9, 14, 19. 24 h after each injection, the treated mice were irradiated by the 808 nm near-infrared laser irradiation (1 W/cm2, 5 min). The length (L) and width (W) of tumor diameters were measured every other day using a digital caliper. The tumor volumes were calculated using a formula: V =1/2 (L × W2). At day 22 after tumor inoculation, the mice were sacrificed and tumors, blood, and spleens were collected. The tumor weights were measured, and images were taken with a camera.



Immunohistochemistry

The tumor tissues were collected, fixed in 10% formalin and sectioned into 5-μm slices. After blocking endogenous peroxidase using in 3% H2O2-methanol,block the slides were incubated with 5% normal goat serum 60 min and stained with rat anti-IDO, anti-CD8, or anti-CD4 polyclonal antibody (1:50, Santa Cruz Biotechnology) overnight at 4°C. The slides were then incubated with biotinylation secondary antibody at 37°C for 60 min, following an incubation with horseradish peroxidase (HRP)-labeled streptavidin at 37°C. After development, using diaminobenzene (DAB), the sample slides were observed and photographed under microscope. The integrated optical density (IOD) of IDO were measured in immunostained sections, following the instructions of the Image Pro Plus 6.0 software (Media CY Company, USA).



TUNEL Assay

The tumor tissues were frozen in liquid nitrogen and then sectioned into 5 mm segments. The in-situ cell death was detected by a TUNEL assay kit (7 Sea Pharmtech, Shanghai, China), following the manufacturer's instructions. The prepared specimens were examined using a light microscope.



ELISA Assay

Triplicate serum samples (100 μL/well) were collected from experimental mice and placed in mAb (against TNF-α or IFN-γ)-precoated microtiter plates overnight. The plates were blocked with 5% BSA for 1 h at 37°C, then with Biotin-labeled secondary mAb (against TNF-α or IFN-γ, respectively) for 1 h at 37°C, followed by four washes with PBS buffer. After incubation with Strepavidin-HRP 1 h at 37°C, the samples were washed and treated with ELISA solutions (Liankebio, Hangzhou, China). The plate signals were read at 450 nm using an ELISA Reader (SpectraMax, MD, USA). Concentrations of TNF-α and IFN-γ in samples were calculated after calibrating the standard curves that were plotted as absorbance vs. logarithm of the analyte concentration.



Flow Cytometry

Lymphocytes isolated from collected spleens were incubated with anti-CD4 and anti-CD8 antibodies at 4°C for 30 min. These anti-CD4 and anti-CD8 stained T cells were further stained with Annexin V (eBioscience, USA) at 4°C for 15 min. Cells were sorted by flow cytometry using FACS Calibur II (BD Biosciences).



Statistics

Data is presented as mean ± SD (Standard deviation). Student's t-test (2-tailed) was used to determine differences between two means. To compare multiple groups, a one-way ANOVA test was applied. A difference with a p < 0.05 was considered significant.




RESULTS


Photothermal Effects of Multi-Functionalized Gold Nanorod-MUA-PEI-Folate (GMPF)

CTAB-stabilized GNRs were synthesized as previously described using a seed-mediated growth method. Transmission electron microscopy (TEM) was used to analyze the morphology of GNRs. The GNRs were 10 × 40 nm (width x length) (Figure 1A). As shown in Figure 1B, the original GNRs exhibited two SPR peaks: a weak transverse SPR (TSPR) peak at ~525 nm and a strong peak of longitudinal SPR (LSPR) at ~770 nm. A peak with slight red-shifting to 785 nm was observed from the LSPR curve for GMP after the MUA-PEI modification process. This was followed with a further red-shift to 790 nm of the LSPR curve of GMPF, which suggests that GMP and GMPF were successfully synthesized. It has been reported that the shift of LSPR band peak from the GNRs result from the local refractive index around the GNRs, which is sensitive to the changes on the surface of the GNRs (23). Next, we detected GMPF using 1H NMR spectra. As shown in Figure 1C, peaks at δ1.013, δ3.881, and δ8.387 suggest that folic acid (FA) was successfully conjugated on the surface of GMP. FA was used as a tumor-targeting moiety on GMPF, as most tumor cells such as those found in lung cancers, breast cancers, and melanomas highly express FA receptors (24–27).
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FIGURE 1. Characterization of photo-thermal effects of a multi-functionalized gold nanorod GNR-MUA-PEI-FA, GMPF. (A) Transmission Electron Microscopy (TEM) image of modified GNRs, GMPF. (B) UV-Vis absorption spectra of GNR modified by CTAB (GNR), or MUA-PEI (GMP), or MUA-PEI-FA (GMPF). (C) The chemical signature of folic acid on the surface of GNR determined by NMR after GNR conjugation with folic acid. (D) Temperature increase induced by photothermal effects of GNR or GMPF in vitro. 2 mL of GNR (120 μg/mL) or GMPF (40, 60, 120 μg/mL), or deionized water was irradiated at 2 W/cm2 with the laser wavelength at 808 nm for 10 min. The temperatures were measured and plotted at indicated time points.


Research has shown that gold nanorods are promising candidates for photothermal therapy under NIR irradiation (12, 14). Therefore, we determined the photothermal effects of the GMPF under the 808 nm laser irradiation. An increase of temperature to 74 and 71°C from room temperature, after 10 min of NIR laser irradiation of GNRs (120 μg/mL) and GMPF (120 μg/mL), respectively, was recorded (Figure 1D). The temperature increase gradients were associated with the GMPF concentrations. In contrast, the temperature in pure water after NIR irradiation only showed a marginal increase to 33°C. These results indicate that the GMPF possess excellent photothermal properties. We next used 40 μg/mL of GMPF and irradiation condition of 2 W/cm2 for 5 min to treat the tumor cell in vitro. This treatment elicited temperature increases up to 50°C, which is optimal for apoptotic and necrotic killing of tumor cells (28, 29).



Gene Silencing of IDO Using GMPF-siIDO

We next evaluated the ability of GMPF carrying IDO siRNA based on the fact that the free siRNA migrates faster, while GMPF-bound siRNA is nearly immobile due to electrostatic interactions (30), and the gel shift visually represents the capacity of GMPF binding to siIDO. The results showed that when the ration of GMPF to siIDO reached 3.5:1 (w/w), unbound siIDO was not observed to be above this ratio (Figure 2A). These data suggested that the effective ratio required to saturate GMPF with siIDO is 3.5:1.
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FIGURE 2. Bio-characterization of GMPF-siIDO. (A) Gel shift assays were used to determine the siRNA-loading capacity of GMPF. Equal volumes containing 0.6 μg of siRNA and the desired amount of GMPF were incubated at the indicated weight ratios for 30 min, run on agarose gels, and visualized with ethidium bromide. (B) Determination of siRNA release from GMPF-siIDO using SDS analysis. Various ratios of GMPF to siRNA [wt(siRNA) = 0.6 μg] were prepared and all the samples were treated with 4 μL of 2% SDS and incubated for 10 min at room temperature. Release of siRNA from GMPF-siIDO was determined by electrophoresis (upper panel). The relative quantity of released siRNA was, respectively, calculated by released siRNA/total siRNA (lower panel). (C) Serum stability of GMPF-siIDO. GMPF-siIDO [wt(GMPF): wt(siRNA) = 4:1, wt(siRNA) = 0.6 μg] was incubated in 50% FBS at 37°C for 0, 4, 8, 24, 48, and 72 h, and then incubated with 2% SDS. The SDS-treated samples were subjected to gel electrophoresis. The quantity of stable siRNA was calculated by serum-incubated siRNA /non-serum incubated siRNA. (D,E) Targeted siRNA transfection efficiency by GMPF. Cy3-labeled siRNA (1 μg) were transfected into LLC by PBS as control, lipofectamine 2000 (LIP2000), GMPF with various concentrations 10, 20, 40, and 80 μg/ml. After 24 h incubation, the intracellular fluorescence intensity was observed under fluorescence microscope (D) (scale bar = 50 μm) and the transfection rates were measured using flow cytometry (E). (F,G) in vitro gene silencing using GMPF-siIDO. LLC cells were incubated with a final concentration of 40 μg/mL of GMPF-siIDO or GMPF-siGL2 (non-specific control siRNA) [wt(FA-GNR): wt(siRNA) = 30:1, wt(siRNA) = 0.6 μg] or PBS as the null treatment control for 24 h. Transcript levels of IDO were quantified by qRT-PCR. Error bars represent the standard deviation of three experiments (**P < 0.01) (F), or 48 h after transfection, the protein levels of IDO and β-actin was determined by western blot (G). Error bars represent the standard deviation of three experiments (***P < 0.001).


To test whether bound siRNA can be released from GMPF, the release profile of siRNA from GMPF-siRNA complexes was determined by a SDS replacement assay (21). Figure 2B shows that siRNA is effectively released from GMPF, with a more than 91.5% release.

Previous reports suggest that free siRNA is easily degraded in serum and stable for only 6 h (31, 32). We tested whether GMPF protected bound siRNA from degradation by enzymes in serum. The stability of GMPF-bound siRNA was evaluated after incubating GMPF-siRNA with 50% FBS at various time-points (i.e., 0, 4, 8, 24, 48, 72 h), and was then examined by SDS replacement. As shown in Figure 2C, the GMPF-siRNA samples had visible bands, suggesting that about 93.0% siRNA were not degraded even after 72 h of incubation in serum. This result indicates that the GMPF construct can protect siRNA against enzymatic degradation in sera longer than previously reported.

Next, we assessed the cellular uptake of the GMPF-siRNA by LLC cells. The red fluorescence of Cy3 was observed in LLC cells incubated with the GMPF-Cy3-siGAPDH (Figure 2D). In contrast, the cells treated with Cy3-siGAPDH in PBS show no red fluorescent signals. We observed that an increase of red fluorescent signals correlate to the increase of the GMPF concentrations from 10 to 80 μg/mL (Figure 2D). Compared to the control cells, 92.3% of cells transfected with GMPF-cy3-siGAPDH (40 μg/mL) were red fluorescence positive, which is significantly higher than the cells transfected with the conventional transfection reagent Lipofectamine 2000 (75.9%; Figure 2E). This suggests that the GMPF is a tumor-targeted and effective nano-carrier for transfecting siRNA into LLC cancer cells.

Finally, we determined the gene silencing efficiency of GMPF-siIDO in tumor cells. The transfection with GMPF-siIDO significantly knocked down IDO expression in LLC cells by 60% after (Figure 2F), as compared to control transfection with GMPF-siGL2. The knocking down of IDO at the protein level was also obvious in LLC cells (Figure 2G).



Gene Silencing of IDO Using GMPF-siIDO Enhances Photothermal Effects of the Multifunctional Gold Nanorods

PTT can induce apoptosis instead of necrosis via adjusting the irradiation conditions to kill tumor cells (29). Our previous studies have demonstrated that gene silencing of IDO2 can induce B16-BL6 tumor cell apoptosis (18, 33). In this study, we evaluated whether GMPF-siIDO could enhance tumor apoptosis in the combined condition of silencing IDO along with the photothermal effect induced by gold nanorods. As shown in Figure 3, while treatment with control siRNA silencing (Figure 3B) alone did not alter the ratio of apoptosis as compared to the untreated control tumor cells (Figure 3A), however, knockdown of IDO significantly increased apoptosis of tumor cells (Figure 3C). On the other hand, laser irradiation alone, without GMPF nanoparticles, did not induce apoptosis (Figure 3D), and significant apoptosis was displayed in the tumor cells in the presence of GMPF after laser irradiation (Figure 3E). Most significantly, the combination of GMPF-siIDO and laser irradiation treatments achieved the highest ratio of apoptosis in tumor cells (Figure 3F). The statistical analysis showed that combination treatment induced significantly more apoptotic cells (36.8 ± 3.06%) than individual treatment witheither silencing of IDO (20.4 ± 0.35%) or laser irradiation (23.2 ± 2.52%) (Figure 3G).
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FIGURE 3. Assessment of tumor cell apoptosis by photo-thermal effects of GMPF-siIDO in vitro. LLC cells were incubated with 40 μg/mL of GMPF-siGL2 or GMPF-siIDO overnight, and samples were then irradiated at 2 W/cm2 for 5 min. The apoptotic cell distribution of all was determined at 24 h using the Annexin V-FITC/PI Apoptosis Detection Kit and analyzed by flow cytometry (A–F), and the percentages of apoptosis are (G). Error bars represent the standard divination of three experiments (**p < 0.01; ***p < 0.001).




In vivo Tumor-Targeted Photothermal-Immunotherapy for Lung Cancer Using GMPF-siIDO

To assess in vivo tumor-targeted siRNA delivery by GMPF, we injected Cy3-labeled GMPF-siRNA into LLC lung cancer-bearing mice for the in vivo observation of GMPF distribution. The results showed that red fluorescence was displayed in liver, lungs, kidneys, and spleen, suggesting that the siRNA carried by both targeted and non-targeted nanoparticles were distributed to the blood-rich organs. However, for the delivery of tumor tissues, only GMPF-siRNA was markedly accumulated in tumors compared to control or by non-targeted GMP-siRNA (Figure 4A).
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FIGURE 4. Tumor-targeted photothermal-immunotherapy for lung cancer using multi-functionalized gold nanorods, GMPF-siIDO. (A) in vivo targeted delivery of GMFP-siGAPDH. LLC tumor bearing mice were intravenously injected with PBS (control), Cy3-labeled GMP-siGAPDH or GMFP-siGAPDH. 24 h post administration, mice were sacrificed and the tumors, livers, spleens, lungs, and kidneys were isolated for frozen tissue sectioning. The fluorescent intensity of tissue sections was visualized using fluorescence microscopy. The data represents one of three independent experiments (Scale bar = 50 μm). (B–D) Anti-tumor effects of GMPF-siIDO. LLC lung cancer bearing mice were intravenously injected with PBS (control), GMPF-siGL2 or GMPF-siIDO on day 4, 9, 14, and 19 after tumor inoculation. 24 h after each treatment, the mice were irradiated by the 808 nm near-infrared laser at 1 W/cm2 for 5 min. The tumor sizes were measured for 22 days after tumor inoculation (B). At the end point of observation, the mice were sacrificed, and tumors collected. The tumor weights were measured (C) and the images of tumors are displayed in (D). Error bars represent the standard deviation of three experiments (**P < 0.01; ***P < 0.001).


To evaluate the anti-neoplastic therapeutic efficacy of immunostimulatory multi-functional gold nanorods, we treated the LLC cancer-bearing mice with GMPF-siIDO. The tumor grew aggressively in the mice sham-treated with PBS or PBS with irradiation (Figure 4B). The treatment with non-specific siRNA-conjugated gold nanorods (GMPF-siGL2) only achieved minor suppression of tumor growth, however, the treatment with GMPF-siIDO significantly delayed the tumor growth by day 22 post-inoculation of tumor cells (Figure 4B). The anti-tumor effect was enhanced when the lung cancer bearing mice received a combination treatment with GMPF-siIDO and laser irradiation, which further suppressed tumor growth (Figure 4B). The therapeutic efficacy of combination treatment of GMPF-siIDO and laser irradiation was further confirmed by the tumor weight (Figure 4C) and size (Figure 4D), which were remarkably smaller (0.09 ± 0.064 g) than that in the mice that received treatment with laser irradiation (0.97 ± 0.11 g) or gene silencing of IDO (0.38 ± 0.08 g).



Tumor-Targeted Gene Silencing of IDO Enhanced Apoptosis of Tumor Cells After Photothermal-Immunotherapy in vivo

To confirm the siIDO carried by GMPF-siIDO was functional in vivo, we determined the gene knockdown of IDO in the above treated mice. The IDO expression in tumors significantly declined after the treatment of GMPF-siIDO compared to the control or GMPF-siGL2 (Figure 5A). The repression of IDO expression was also confirmed at the protein level (Figure 5B) and immunochemistry (Figure 5C). These results highlight that GMPF-siIDO is effective in knocking down IDO gene in vivo as well.
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FIGURE 5. Tumor-targeted gene silencing of IDO using GMPF-siIDO in vivo. Tumor-targeted gene silencing. Lung cancer-bearing mice were treated with PBS (control), GMPF-siGL2, or GMPF-siIDO, with or without laser irradiation. At the endpoint of the experiment, the mice were sacrificed, and tumor tissues were collected. The IDO expression was detected by RT-qPCR (A), western blot (B), and immunohistochemistry assays (C). Error bars represent the standard deviation of three experiments. Error bars represent the standard deviation of three experiments (**P < 0.01; ***P < 0.001).


The recently developed GMPF-siIDO possesses multiple advantages: tumor-specific targeting via the FA moiety, siRNA-based IDO gene knockdown, and GNR-induced photothermal tumor-killing effects. As gene silencing of IDO promotes tumor cell apoptosis, photothermal therapy (PTT) with GNRs also directly kill the tumor cells through inducing apoptosis. Therefore, we tested whether the GMPF-siIDO may synergize the gene silencing of IDO and photothermal effects in induction of apoptosis of tumor cells in vivo. As shown in Figure 6, the apoptosis rates in the untreated tumor (Figure 6A) and control laser irradiation (Figure 6B) were low. In contrast, combination treatment of GMPF-siIDO and laser irradiation induced the highest level of tumor cell apoptosis (49.11 ± 2.26%, Figure 6E), while laser irradiation (8.40 ± 1.52%, Figure 6C) or GMPF-siIDO treatment (22.06 ± 1.84%, Figure 6D) alone showed lower efficiency in inducing apoptosis off tumor cells. These data verified that knockdown of the checkpoint regulatory molecule IDO can synergize in vivo apoptosis of the tumor cell.
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FIGURE 6. Enhanced apoptosis of tumor cells by photothermal-immunotherapy. LLC lung cancer-bearing mice were treated with PBS (control), GMPF-siGL2, or GMPF-siIDO, with or without laser irradiation. Tumor tissues were collected, and apoptosis was detected by TUNEL assays (A–E) and percentages of apoptotic cells were calculated (G). Error bars represent the standard deviation of three experiments. Error bars represent the standard deviation of three experiments (**P < 0.01).




Increase of Tumor Infiltrating T Cells and Upregulation of Inflammatory Cytokines After GMPF-siIDO Photothermal-Immunotherapy Treatment

IDO is a primary endogenous immunosuppressive factor. It facilitates the tumor cell escape from immune privilege via exhausting the tryptophan in T cells used to produce kynurenic acid, thus inhibiting activation of T cells and inducing regulatory T cells. Therefore, we posited that the multi-functional gold nanorod-based reagent GMPF-siIDO could specifically silence IDO expression in tumor tissues leading to an increase of the number of tumor-infiltrating T cells and the secretion of anti-tumor inflammatory cytokines. We analyzed the infiltrated T cells (TILs) in the tumor tissues. As shown in Figures 7A–D, the CD8+ and CD4+ TILs were markedly increased after the combination treatment with GMPF-siIDO and laser irradiation. Untreated mice showed few CD8+ TILs inside the tumor (4.28 ± 1.83%). The TILs, after combination treatment, were notably increased (22.91 ± 4.28%), which were significantly higher than that in the tumors from the mice treated with laser irradiation alone (6.73 ± 1.32%) or with IDO silencing alone (17.30 ± 3.35%) (Figure 7B). Similarly, the CD4+ TILs in the tumor mice after combination treatment with GMPF-siIDO and laser irradiation (20.85 ± 1.05%) were significantly higher than that in the tumors from the un-treated mice (3.72 ± 1.25%), mice treated with laser irradiation alone (5.87 ± 1.62%) or with IDO silencing alone (14.52 ± 1.46%) (Figure 7D). These results indicate that gene silencing IDO was capable of synergizing PTT-induced T cell infiltration, thus, enhancing anti-tumor immunity in the combination treatment of GMPF-siIDO in lung cancer.
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FIGURE 7. Increased tumor-infiltrating T cells and up-regulated inflammatory cytokines after photothermal-immunotherapy. (A–D) Increased TILs in tumor tissue. Lung cancer-bearing mice were treated with PBS (control), GMPF-siGL2 or GMPF-siIDO, with or without laser irradiation. Tumor tissues were collected and subjected to immunohistochemistry assays and CD8+ (A,B) and CD4+ (C,D) lymphocytes in tumor tissue were counted. (E,F) Upregulated inflammatory cytokines. At the endpoint of experiment, the mice were sacrificed, and total blood was also collected. The TNF-α (B) and IFN-γ (C) in blood were analyzed by ELISA assay. Error bars represent the standard deviation of three experiments (*P < 0.05; **P < 0.01; ***P < 0.001).


Additionally, anti-tumor inflammatory cytokines TNF-α and IFN-γ in serum were increased by 2.1-fold (39.38% ± 2.41 pg/mL vs. 19.47 ± 0.92 pg/mL) and 2.8-fold (151.9 ± 5.66 pg/mL vs. 55.34% ± 3.01 pg/mL) after the treatment with GMPF-siIDO and laser irradiation, respectively, compared to the treatment of GMPF and laser irradiation without IDO silencing (Figures 7E,F).



Suppression of T-Cell Apoptosis by Photothermal-Immunotherapy Using GMPF-siIDO

IDO is a negative regulator that induces T cell apoptosis and suppresses anti-tumor immunity. To determine whether GMPF-siIDO could rescue T cells from apoptosis, we collected T cells from spleens of the LLC cancer mice after the treatment with photothermal-immunotherapy by GMPF-siIDO. As shown in Figure 8, the T cell apoptosis was significantly decreased after the photothermal-immunotherapy). The percentages of apoptotic CD8+ T cells were significantly decreased (4.2 vs. 22.7%; Figure 8B); similar suppression of apoptotic CD4+ T cells was also observed (13.0 vs. 39.9% in Figure 8D). These data suggest that treatment with photothermal-immunotherapy by GMPF-siIDO suppressed apoptosis of T cells in tumor bearing mice.
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FIGURE 8. Suppression of T cell apoptosis by photothermal-immunotherapy. Lung cancer-bearing mice were treated with PBS (control), GMPF-siGL2, or GMPF-siIDO, with or without laser irradiation. T cells were isolated and apoptosis of CD4+ (A) and CD8+ (C) T cells in spleens were analyzed by flow cytometry after Annexin V staining. The correspondent apoptotic percentages of CD8+ T cells (B) and CD4+ T cells (D) were calculated and results represent one of three experiments. Error bars represent the standard deviation of three experiments (*P < 0.05; **P < 0.01).





DISCUSSION

GNR has obvious localized surface plasmon resonance (LSPR). LSPR refers to the collective oscillation of conduction band electrons caused by the interaction between incident light and the electron cloud on the surface of noble metal nanoparticles, which leads to the absorption and scattering of incident light in the electromagnetic field and produces some unique optical and thermal properties (34, 35). The conversion of absorption light of LSPR into heat is called plasmonic photothermal effects (34, 35). Photothermal therapy (PTT) or plasmonic photothermal therapy (PPTT) refers to the application of the plasma photothermal effects of nanoparticles in the treatment of diseases (10, 36). The plasmonic photothermal effects has achieved selective heating of the local temperature of the tumor to above 50–70°C, which is far igher than the threshold required for vascular injury and cell death (37, 38). The maximum wavelength of resonance absorption of GNR can be tuned to the region of 600–900 nm by changing the axial ratio of rods (12, 39). This near-infrared (NIR) wavelength range is a therapeutic window that can be used in biological applications, so it has been widely used (12, 39, 40). Our study showed that GNR can raise the surrounding temperature to about 74°C under 808 nm laser irradiation, which is far higher than the threshold temperature required to kill tumor cells (28). The main mechanisms of the photothermal effect of GNR to kill tumor cells are necrosis and apoptosis. When the temperature is higher than 50°C, the killing mechanism is mainly necrosis; when the temperature is lower than 50°C, the killing mechanism is mainly apoptosis (28, 29). However, due to the fact that there is no leakage of cell components and no induction of inflammation, apoptosis is considered to be a “clean” way to induce cell death (41). Therefore, we adjusted the concentration of GMPF and the irradiation condition to treat tumors to achieve highly apoptotic percentages in vitro and in vivo while inducing very low percentages of necrosis (Figures 3, 6).

In addition to its photothermal effects, GNRs possess excellent capacity for carrying siRNA and conjugating targeting adaptors to tumors. To load IDO siRNA and target LLC cells, we utilized a synthesized MUA-PEI-FA coating for the nano-construct GMPF where positively charged PEI absorbs negatively-charged siRNA, in addition, the folic acid (FA) targets FA- receptors that are highly expressed on tumor cells (24–27). Optimal capacities for loading and release of siRNA are essential for the therapy using nano-carriers. There is increasing evidence that the administration of siRNA, either in naked form or wrapped by nanoparticles, distribute mainly to blood-rich organs such as the liver, lungs, kidneys, and spleen, in comparison to tumor tissues where the delivery is lower due to the lack of blood supply (24–27). Therefore, a delivery method that can efficiently carry siRNA to tumor tissues is a highly clinical demand. In this study, we developed a tumor-targeted nanomaterial GMPF that showed high efficiency of delivering siRNA to tumor cells (Figure 4A). Although this method is not tumor specific, we were able to demonstrate that tumor-targeted delivery (e.g., by GMPF) can enhance siRNA delivery to tumor tissues. We note that GMPF is not perfect in its present format and the specific targeting needs to be improved in future studies. In addition, more than 91.5% siRNA can be released effectively from the GMPF-siRNA complex (Figure 2). siIDO was specifically delivered into tumor cells by the nano-construct (Figure 2), and this effectively silenced IDO in vitro and in vivo (Figures 2, 5). Furthermore, serum is a primary inhibitor for delivering siRNA into cells due to degradation of the siRNA by enzymatic activity (31). In this study, GMPF-siIDO could significantly resist the degradation of siRNA by enzymes in serum for more than 72 h. Therefore, we conclude that GMPF can load, release, and protect siRNA effectively. Moreover, GMPF-siIDO can target LLC tumor tissues and cells and silence IDO molecules efficiently in vitro and in vivo.

PTT is a promising emerging anti-tumor strategy for not only primary local tumor, but also for distal metastatic tumors via “abscopal effects” (15, 16). The therapeutic mechanisms of PTT is mainly involved in hyperthermal killing of tumor cells and upregulating systemic or local immune responses, triggering immune killing by activated TILs. The efficacy of PTT varies depending on the irradiation power, time, and the distance of the irradiation source, in addition to the type of nanomaterials. Theoretically, upregulating the power and/or extending the time of irradiation can allow reaching higher efficiency of PTT, however, this may also damage the normal cells and tissues. Therefore, we optimized the irradiation condition with the power of 2 W/cm2 for 5 min, which can maximally protect the normal tissues while killing tumor cells. Unfortunately, PTT-treatment also elevated the expression of IDO, which suppresses tumor cell apoptosis as well as impairs anti-tumor immunity, resulting in the impediment of PTT therapy efficacy (16). Studies have shown that IDO molecules are highly expressed in tumor cells such as LLC (42). Our previous studies have demonstrated that gene silencing of IDO can induce tumor cell apoptosis and sensitize tumor cells to PTT (18, 33), which was also observed in this study (Figure 3). We reported that knocking down IDO enhanced apoptosis of tumor cells through the suppression of NAD+, highlighting a novel non-immune mechanism of IDO in tumor growth (33). In this study, the combination of gene silencing of IDO and PTT demonstrated the highest efficacy in anti-tumor therapy (Figure 4). Furthermore, IDO silencing greatly enhanced PTT-inducing apoptosis about 8 folds in vivo (Figure 4). Indeed, knockdown of IDO using GMPF-siIDO significantly induced apoptosis of LLC tumor cell in vitro and in vivo (Figures 3, 6). On the other hand, the most significant feature of PTT treating cancers is inducing tumor cell apoptosis (28, 29). In support of this notion, we observed PTT-induced apoptosis in vitro in our previous studies. However, the efficiency of apoptosis is limited for the therapeutic purpose in terms of killing tumor cells in vivo (Figures 4B–D). Encouragingly, the use of GMPF-siIDO, which silences checkpoint regulatory molecule IDO in tumors, greatly synergized the tumor cell apoptosis in PTT in vitro and especially in vivo (Figures 4B–D). These data suggested that IDO is a negative regulator in PTT-induced tumor cell apoptosis; PTT treatment alone is not efficient to induce sufficient tumor cell apoptosis to kill tumor cells in the presence of IDO.

IDO is expressed in immune cells, including dendritic cells. We have previously examined the levels of IDO in DCs and silenced IDO in DCs using siRNA (8). We further demonstrated a therapeutic benefit of gene silencing IDO through a non-specific systemic delivery method using hydro-dynamic injection, which is effective in suppressing tumor growth in vivo. In vivo application for the treatment of melanoma mice using IDO siRNA showed promising therapeutic effects, including delayed tumor onset and decreased tumor size. Moreover, in vivo knockdown of IDO, using siRNA treatment, reinstalled T cell responses and enhanced tumor-specific killing. Therefore, IDO siRNA treatment displayed promising clinical potential through breaking IDO-mediated immune suppression, as well as reinstalling anticancer immunity (20). Additionally, IDO is an essential factor for generating Treg cells. On the other hand, Treg plays a vital role in immune suppression in most cancer patients. We have demonstrated that silencing IDO resulted in enhancing anti-tumor immunity which is associated with the decrease of Treg (8, 18, 43). In agreement with our previously findings, we observed a robust anti-tumor effect (Figure 4) and strong anti-immune response (Figure 7) in this study, when a combination treatment with PPT and siIDO is applied to the tumor-bearing mice. Moreover, IDO as a newly recognized checkpoint molecule exhausts T cells and inhibits proliferation and activation of T cells, and induces regulatory T cells to help tumor cells escape immune surveillance (8). PTT killing tumor cells can activate a systemic immune response (15, 16). However, the presence of immune checkpoint IDO, which is upregulated by apoptotic tumor cells after PTT, may cause significant immune suppression. It has been reported that IDO can induce T cell apoptosis through depleting tryptophan, a critical amino acid for the survival of T cells (44, 45). Therefore, knockdown of IDO can rescue T cells from apoptosis induced by IDO, which has been demonstrated in our previous study (8). We have also demonstrated that tumor cells highly upregulate the expression of IDO which causes apoptosis of both CD4 and CD8 T cells (20). In this study, we observed the increase of infiltrated T cells in the tumors after treatment with siIDO, presumably due to knockdown of IDO, preventing T cells from apoptosis. Moreover, we observed that PTT treatment alone only induced marginal upregulation of anti-tumor immunity. In contrast, when IDO is knocked down, PTT induced robust anti-tumor immunity including enhanced TILs in tumors and increased secretion of anti-tumor inflammatory cytokines (Figure 7). Furthermore, we have previously demonstrated that IDO can suppress anti-tumor immunity through the induction of T cell apoptosis (20). In this study, we further verified that PTT-induced upregulation of IDO also induced T cell apoptosis, whereas knockdown of IDO prevented both CD4+ and CD8+ T cells from apoptosis (Figure 8). Altogether, these results indicate that gene silencing IDO is capable of synergizing PTT-induced T cell infiltration and cytokine release, suggesting a concert of related mechanisms involved in the anti-tumor immunity after the treatment of GMPF-siIDO. These results also agree with previous studies in which silencing IDO enhanced anti-tumor immunity with increased localization of lymphocytes in tumor tissue (8, 34).

In conclusion, we, for the first time validated the role of IDO as a negative regulator for both PTT-induced tumor cell apoptosis and anti-tumor immunity; IDO is a critical immune checkpoint that impedes the PTT efficiency while combination of gene knockdown of IDO enhances anti-tumor efficacy of PTT. We successfully constructed an immune-stimulatory nano-complex, GMPF-siIDO. GMPF-siIDO can specifically target LLC tumor cells and silence IDO in vitro and in vivo. Simultaneously, using a novel laser irradiation protocol, GMPF-siIDO exerted synergistic anti-neoplastic effects by inducing tumor cell apoptosis via PTT as well as enhancing anti-tumor immunity. Our study provides a novel pipeline design for developing a synergistic clinical treatment method for lung cancer. Therefore, our research developed a new strategy of anti-tumor photothermal-immunotherapy using GMPF-siIDO, which synergizes tumor cell apoptosis in vivo through the knockdown of IDO and photothermal mechanisms.
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Indoleamine 2, 3-dioxygenase 1 (IDO; IDO1; INDO) is a rate-limiting enzyme that metabolizes the essential amino acid, tryptophan, into downstream kynurenines. Canonically, the metabolic depletion of tryptophan and/or the accumulation of kynurenine is the mechanism that defines how immunosuppressive IDO inhibits immune cell effector functions and/or facilitates T cell death. Non-canonically, IDO also suppresses immunity through non-enzymic effects. Since IDO targeting compounds predominantly aim to inhibit metabolic activity as evidenced across the numerous clinical trials currently evaluating safety/efficacy in patients with cancer, in addition to the recent disappointment of IDO enzyme inhibitor therapy during the phase III ECHO-301 trial, the issue of IDO non-enzyme effects have come to the forefront of mechanistic and therapeutic consideration(s). Here, we review enzyme-dependent and -independent IDO-mediated immunosuppression as it primarily relates to glioblastoma (GBM); the most common and aggressive primary brain tumor in adults. Our group's recent discovery that IDO levels increase in the brain parenchyma during advanced age and regardless of whether GBM is present, highlights an immunosuppressive synergy between aging-increased IDO activity in cells of the central nervous system that reside outside of the brain tumor but collaborate with GBM cell IDO activity inside of the tumor. Because of their potential value for the in vivo study of IDO, we also review current transgenic animal modeling systems while highlighting three new constructs recently created by our group. This work converges on the central premise that maximal immunotherapeutic efficacy in subjects with advanced cancer requires both IDO enzyme- and non-enzyme-neutralization, which is not adequately addressed by available IDO-targeting pharmacologic approaches at this time.

Keywords: aging, immunotherapy, glioblastoma, tryptophan, immunosuppression, Treg, IDO1, kynurenine


INTRODUCTION

Tumors arise from cell-intrinsic pro-growth mutations, the catastrophic dysfunction of host immune defense, and/or the evolution of tumor cell-intrinsic mechanisms that facilitate host immune system evasion. Amino acid metabolism is a fundamental biological event intrinsic to all living organisms that has long been recognized to play a crucial regulatory checkpoint, resulting in the sculpting of cellular responses during pathophysiological conditions such as infectious disease, autoimmunity, neurodegeneration, psychiatric conditions, as well as cancer (1). Over the past two decades, the kynurenine (Kyn) pathway of tryptophan (Trp) metabolism (Figure 1) has been intensely studied throughout both preclinical and clinical therapeutic settings (2). The majority of this work has focused on the two primary rate-limiting enzymes that catalyze the first step of Trp metabolism: indoleamine 2, 3-dioxygenase 1 (IDO) and tryptophan dioxygenase (TDO). The central dogma underlying the immunosuppressive role for these enzymes is associated with their canonical Trp catabolic properties: IDO and/or TDO-mediated depletion of Trp and/or the accumulation of Kyn, which is associated with the suppression of immune effector cells and the upregulation, activation, and/or induction of tolerogenic immune cells (3, 4). Although a plethora of in vitro-motivated investigation has generated compelling evidence confirming IDO enzyme activity as a source of therapeutic value, data challenging the Trp depletion dogma as the only mechanism by which IDO suppresses the immune response began emerging almost a decade ago. Furthermore, the phase III Keynote-252/ECHO-301 clinical trial that evaluated combination treatment with the potent IDO enzyme inhibitor, epacadostat, and pembrolizumab [anti-programmed cell death 1 (PD-1)] in patients with unresectable or metastatic melanoma, failed to meet its primary end point as compared to individuals treated with pembrolizumab as a monotherapy (5). Despite certain variables that include objective in vivo efficacy and the underlying rationale for this combination of therapy which may have contributed to its clinical failure (6), a careful consideration for IDO-targeting approaches is warranted. Additional conflicting results that describe the role of IDO across different cancers and the cell types expressing the immunosuppressive mediator highlight the various underlying mechanisms that are context-dependent, multi-dimensional, and temporally-sensitive.
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FIGURE 1. The tryptophan (Trp)→ kynurenine (Kyn) metabolic pathway. The majority of dietary tryptophan (95%) is metabolized via the TrpKyn pathway (red arrows). A minor pathway that converts tryptamine into kynuramine is also included. Metabolites capable of crossing the blood brain barrier (BBB) are underlined. IDO and TDO are highlighted in black boxes. KMO, kynurenine 3-monooxygenase; KYNU, kynureninase; KAT, kynurenine aminotransferase (I, II, III); 3-HAO, 3-hydroxyanthranilate 3,4-dioxygenase; ACMSD: 2-amino-3-carboxymuconate semialdehyde carboxylase; QPRT, quinolinic-acid phosphoribosyl transferase.


Here, we summarize current knowledge of IDO-mediated immunomodulation with a focus on how it affects the anti-cancer immune response. Potential mechanism(s) that reshape and/or revise current IDO dogma as it relates to the cancer immunity cycle are also explored. Recent advances in our understanding of IDO expression changes during aging and the potential contribution of these effects on suppressing immunosurveillance mechanisms during cancer cell initiation and/or tumor cell outgrowth are also discussed. Finally, the diametrically-opposed relationship between intratumoral IDO levels and overall survival among different types of cancer patients will provide a unique perspective on how cancer immunity dogma is not universally applicable.


IDO, Trp Metabolism and Its Association With Suppressing the Anti-cancer Immune Response

Less than 1% of dietary Trp is used for protein synthesis under physiological conditions while the remainder is degraded through decarboxylation, transamination, hydroxylation, or oxidation (7), which leads to the generation of physiologically active compounds including neuroactive tryptamine, neuroprotective melatonin, and/or immunomodulatory kynurenines. IDO and TDO catalyze the rate-limiting cleavage of the Trp indole ring 2, 3-double bond and incorporate molecular oxygen. The product of this reaction is N-formylkynurenine (NFK) that is rapidly converted into Kyn by formamidase. The latter catabolite is further transformed into downstream kynurenine-like intermediates, including 3-hydroxy-L-kynurenine (3-HK), 3-hydroxyanthranilate (3-HAA) and quinolinic acid (Quin), which also affect the immune response (8). The ultimate product of Kyn pathway metabolism is nicotinamide adenine dinucleotide (NAD+), a critical enzyme co-factor involved in a variety of fundamental biological events including acting as an electron transfer factor during glycolysis and oxidative phosphorylation, as well as being consumed by covalent modification of proteins and signaling enzymes. While IDO and TDO share similar functions as a mediator of Trp degradation, their biochemical properties are quite distinct. Monomeric IDO can act on a broad range of substrates that include L-Trp, D-Trp, tryptamine, 5-hydroxytryptophan and 5-hydroxytryptamine. In contrast, homotetrameric TDO is enantiomer specific and only metabolizes L-Trp (9). The affinity of IDO for Trp and Trp-derivative substrates is highly variable such that binding to D-Trp is low as compared to L-Trp, with a Km of human IDO for the D-isomer that is 200-fold higher than that for the L-isomer (10, 11). In contrast to IDO and TDO, the third Trp catabolic enzyme, IDO2, possesses a negligible level of intrinsic enzymic potential. The Km of human IDO and IDO2 for L-Trp is 20.90 ± 3.95 μmol/L and 6,809 ± 917 μmol/L, respectively (12) supporting the hypothesis that suggests IDO2 contributes a minimal role to overall Trp metabolism in humans. The lack of change in absolute Kyn among cell lines expressing high IDO2 cDNA levels, as well as the negligible change in systemic Kyn levels in mice with constitutional IDO2 deficiency (13–15), further support this hypothesis.

In addition to the distinct metabolic properties associated with Trp metabolism, the factors regulating IDO gene transcription and translation are different as compared to those that regulate TDO and IDO2 expression. Pro-inflammatory mediators tend to be the strongest agonists of IDO transcription that include the prototypical antitumor-associated T cell effector cytokine, interferon-gamma (IFN-γ), as well as the toll-like receptor 9 (TLR9) and TLR4 agonists, CpG DNA and lipopolysaccharide (LPS), respectively (16–19). Tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6) and IL-1β also synergize with one another to facilitate the upregulation of IDO expression. Other modulators include soluble glucocorticoid-induced TNFR-related protein (GITR), prostaglandin E2, the oncogene c-Kit, as well as the tumor suppressor, Bin1 (20). The soluble fusion protein, cytotoxic T lymphocyte-associated protein 4-immunoglobulin (CTLA-4-Ig) induces IDO expression in dendritic cells (DCs) through the interaction of co-stimulatory receptors, CD80 (B7.1) and CD86 (B7.2) (21). Recent work further confirms that Wnt5α is another enhancer of IDO activity during β-catenin signaling in DCs (22).

Constitutive IDO expression can be found in healthy human subjects but is highly restricted to a select number of tissues and cells including mature DCs in secondary lymphoid organs, epithelial cells inside the female genital tract, as well as endothelial cells of term placenta and lung parenchyma (23). It should be noted that this superficial analysis does not capture the potential expression changes that occur across age groups as we previously found in the normal human brain parenchyma during advanced age (24). While some human tumor cell types constitutively express IDO, its presence is normal absent in human and mouse glioblastoma cells but is rapidly induced upon treatment with human and mouse IFNγ (25–29). Constitutive TDO expression is also expressed among different organs of healthy human subjects including bone marrow, muscle, gastrointestinal tract, kidney and urinary bladder, as well as inside the brain, with the highest levels in liver hepatocytes (30). TDO expression levels are regulated in-part by systemic levels of L-Trp and corticosteroids (31, 32). Notably, common corticosteroid-like treatments such as dexamethasone rapidly increases TDO levels across multiple cell types. Similar to IDO, TDO is expressed by a bevy of different tumor types including glioblastoma, melanoma, ovarian carcinoma, hepatic carcinoma, breast cancer, non-small-cell lung cancer, lymphoid and myeloid cancers, renal cell carcinoma, and bladder cancer, with high expression levels associated with a more rapid rate of tumor progression and/or decreased patient survival (33–36). IDO2 mRNA is constitutively expressed in the human liver, brain, thyroid, placenta, endometrium, and testis, and is induced in antigen-presenting cells (APCs) and B cells (37). However, the role of IDO2 in affecting the anti-cancer immune response is less clear with the analysis of 129 human tumor samples and 25 human tumor cell lines showing no detectable full-length IDO2 mRNA transcript (36).

The primary dogma establishing a relationship between IDO, TDO, IDO2 and immunosuppression is associated with their individual and/or collective contribution toward the metabolism of Trp. The premise for this dogma is based on the Trp starvation theory that postulates the near absolute depletion of Trp, at or below <1 μM, facilitates the accumulation of uncharged tRNAs which then activate the general control non de-repressible 2 (GCN2) kinase pathway and the dysfunction of T cells (38). In vitro studies support the hypothesis that Trp depletion inhibits the master metabolic regulator mammalian target of rapamycin (mTOR) and protein kinase C (PKC-Θ) in cancer cells, which consequently enhances autophagy and Treg development, respectively (39). Trp degradation may also suppress immune cell activities through the formation of Kyn and downstream derivative metabolites. In vitro and further requiring co-treatment with transforming growth factor-beta (TGF-β), Kyn facilitates the induction of FoxP3 in naïve CD4+ T cells by activating the aryl hydrocarbon receptor (AhR) (40), a ligand-activated transcription factor that exerts potent effects on immune cells (41) and is involved in the differentiation of inducible Tregs (42, 43). The downstream pathway Kyn metabolites including kynurenic acid (KA) (44), xanthurenic acid (XA) (35), and cinnabarinic acid (CA) (45) interact with AhR and may also play a role in modulating the immune response. In striking contrast, Trp catabolites have been demonstrated to also induce CD4+ T cell apoptosis. Terness et al. found that Kyn, 3-HK, and 3-HAA suppress T cell proliferation coincident with the induction of apoptosis (46). This finding was independently confirmed by Fallarino et al. (47) demonstrating in vitro that, Kyns induce the selective apoptosis of murine thymocytes and Th1-, but not Th2-cells. This immunoregulatory role of Kyns on different lymphocyte subsets may be important for maintaining peripheral lymphocyte homeostasis and for minimizing the accumulation of autoreactive and/or inflammatory lymphocytes. However, the exact molecular mechanism of Kyn-mediated selective apoptosis on T cell subsets remains unknown.

Despite a literature replete with previous work supporting the hypothesis that IDO-mediated Trp metabolism enhances suppression of the anti-cancer immune response, it's important to acknowledge that the predominant source for which these studies are based upon is derived from in vitro cell culture. Since Trp is an essential amino acid and not readily generated by mammalian cells, dietary consumption is critical for host survival and in vivo replenishment. It is therefore important to consider that the Trp concentrations required to inhibit T cell proliferation in vitro have been shown to be below 0.5–1 μM (38). Whether this cell culture condition can be transposed upon physiological conditions in vivo is controversial since human plasma Trp levels normally range between 50 and 100 μM. A number of conflicting results on this topic have recently arisen and was highlighted by Frumento et al. during their failure to observe an inhibition of T lymphocyte proliferation when the in vitro cell culture media was absent for Trp (48). Although it is arguable that high expression of IDO (or TDO) in tumor cells might lead to extremely low Trp levels within the tumor microenvironment, it's very difficult to fully validate this argument in vivo. Using the matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS) imaging technique, Sonner et al. (49) recently reported on TDO-mediated immunosuppression in experimental murine melanoma and demonstrated that, even in B16 melanoma highly expressing TDO by virtue of a cDNA-expressing plasmid, the intratumoral Trp levels were maintained at a similar level as compared to those inside unmodified B16 melanoma; thus suggesting that in vivo Trp levels are very stable even when Trp metabolism is maintained at an abnormally high rate.

Another hypothetical explanation regarding Trp depletion relies on the alteration of Trp transporter activity. This theory posits that even while there is no dramatic decrease of Trp in the peripheral blood circulation, alteration of the Trp transporter activity may cause intracellular Trp depletion which further triggers downstream immunosuppressive signals. In addition to the well-known non-specific low affinity Trp transporter (system L) (50), two Trp specific transporters with high affinity have been reported to be expressed on monocyte-derived macrophages and tumor cell lines (51, 52). Unfortunately, neither of these novel Trp transporters has been successfully cloned. Comprehensive functional analyses of the Trp transporters expressed by different immune cells and/or tumor cells in vitro and in vivo remain largely unexplored.

Intriguingly, T cell specific GCN2 knockout mice have similar anti-tumor effect against syngeneic B16 melanoma as compared to their wild type counterparts (49). Moreover, despite the elegant in vitro work by Mezrich et al. reporting that the 50 μM Kyn treatment activates AhR in naïve T cells and subsequently induces FoxP3 expression (40), human serological Kyn levels are normally within the range of 2–3 μM in both healthy individuals and in patients with inflammatory conditions (53–57). Theoretically, local tissue Kyn levels might transiently increase when IDO expression is highly expressed (58), but more precise in vivo detection and quantification techniques remain critically unavailable. Moreover, whether Kyn possesses an inducible or inhibitory effect on DC-mediated Treg differentiation is also debatable. Somewhat conflicting with the report by Mezrich et al., Nguyen et al. reported that the addition of Kyn in a DC-T cell co-culture system led to the inhibition of naive T cell differentiation into FoxP3+ Tregs (59). This latter observation supports the hypothesis that the Kyn-AhR mechanism is likely not responsible for the direct generation of Tregs in solid tumors; especially since the infiltrating component of tumors tend to primarily consist of thymus-derived natural Treg (60, 61) that fail to express Ahr (62). It is also notable that other studies indicate the potential role of Kyn on Treg activation as evidenced by the Munn and Mellor group who showed IDO-expressing plasmacytoid DCs in tumor draining lymph nodes preferentially activate pre-existing Treg through the PD-1-PTEN pathway which was inhibited by the IDO pathway non-enzyme inhibitor, 1-methyl-D-tryptophan (1-MT) (63, 64). In addition to the sometimes conflicting outcomes discussed above, results from studies suggesting that Kyns directly suppress the actions of effector T cells have also been revisited due to the high doses evaluated during those studies, which ranged from 100 to 1,000 μM (46, 47). The panoply of different observations across various modeling systems highlight the complexity of IDO immunobiology that, may be conveying artifactual effects during in vitro study and thereby supports the re-evaluation of previous interpretations with the use of new physiologically-relevant in vivo modeling systems.



Pleiotropic IDO Effects Reflect Multiple Functions, Diverse Cellular Origins, and Varying Kinetics

Beyond the restricted tissues that constitutively express IDO is the induction of its expression in a variety of cell types under normal and pathological conditions. This includes the changes of IDO expression during progressive aging (24), as well as in the setting of malignancy whereby levels change in response to T cell infiltration (65). Further complicating IDO functionality has been highlighted by immunohistochemical IDO detection across 15 different human cancer types that found protein localization in myeloid cells, endothelial cells, tumor cells, or a combination of those origins (23). The select pattern of intratumoral IDO expression raises critical questions including: (i) does IDO perform the same role among different cell types; (ii) how do these cells coordinately contribute to tumor growth and/or suppression of anti-cancer immunity; (iii) what are the kinetics of endogenous IDO expression and its relationship to enzyme activity?

A peculiar trait of tumor cells expressing high IDO expression is the resultant effect on an overall slower rate of growth as compared to cells with lower intrinsic IDO levels (66). A derivative and competing hypothesis arising from this observation suggests that IDO functions as a tumor suppressor. This was corroborated with findings of higher intratumoral IDO expression positively associated with longer survival in renal cell carcinoma-, hepatocellular carcinoma-, and melanoma-patients (3, 67–69). It should also be considered, however, that higher levels of T cell infiltration are often associated with higher intratumoral IDO levels and this relationship has an established survival improvement in human subjects diagnosed with select malignancies (3, 70). Therefore, the higher intratumoral IDO levels are likely associative and may not have any effect on tumor growth itself. Regardless and in contrast to the alleged beneficial effects of slower growth, higher IDO expression was associated with an improved motility of lung cancer cells that enhanced their metastatic formation in the brain, liver, and bone (71), whereas IDO deficiency decreased metastasic burden and improved the survival of subjects with breast carcinoma-derived pulmonary metastases (72, 73). Intratumoral IDO expression also correlated with the frequency of liver metastases in colorectal cancer (74), distant metastases in hepatocellular cancer (69), and nodal metastases in endometrial carcinoma (75). Among human cancer cells, IDO activity has been implicated in improving DNA repair and mediating the resistance to treatments such as the poly-ADP-ribosyltransferase (PARP) inhibitor, olaparib, γ-radiation, and the chemotherapeutic agent, cisplatin, through generation of NAD+ (76). It was reported that impaired Trp metabolism resulted in the inhibition of de novo NAD+ synthesis, which led to hepatic tumorigenesis through DNA damage (77), further supporting the previous finding that NAD+ serves as the only endogenous substrate of PARPs to facilitate the removal of oxidative DNA damage. However, it's important to note that IDO is not normally expressed in the liver, whereas, TDO is constitutively and highly expressed. Therefore, if either or both of these factors are associated with the impaired Trp metabolism, it may be associated with pathological injury and not necessarily the normal expression of those rate-limiting enzymes.

While IDO expression by tumor and immune cells receives the predominant attention, the immunosuppressive mediator is also expressed by endothelial cells (23). In healthy tissues, IDO is expressed by endothelial cells in a large proportion of placental and pulmonary blood vessels, as well as by a minority of blood vessels in select other organs. Intratumorally, vascular IDO expression is frequent among renal cell carcinoma, non-small lung carcinoma, endometrial carcinoma, and melanoma. Endothelial IDO appears to modulate vascular tone through several different signaling pathways including Kyn-mediated activation of soluble guanylate cyclase, adenylate cyclase, and voltage-dependent K+ channels (78, 79). The Kyn metabolite, xanthurenic acid, has been shown to possess greater potency as compared to L-Kyn in causing blood vessel relaxation that is dependent on nitric oxide (80). Stanley et al. found that in the presence of H2O2, IDO catalyzes Trp oxidation using singlet molecular oxygen (1O2), leading to the vasodilation product cis-WOOH (81). It's important to note that these experiments were conducted while utilizing high concentrations of the Trp catabolites between 300 μM to 1.5 mM in vitro. It's therefore unclear as to whether the vasodilating compounds attain a similar local level inside a solid tumor in vivo. However, other observations support the vaso-relaxing effects of endothelial IDO including a model of sepsis-induced hypotension (82). Intrinsic to the IDO expressed by endothelial cells there may also be a role for an effect on modulating tumor neovascularization (83), though the exact molecular mechanism explaining has yet to be elucidated (84).

Data suggesting that IDO possesses non-metabolic functions independent from those associated with its enzyme activity began emerging ~10 years ago. Pallotta et al. was the first to report that the in vitro treatment of TGF-β in cultures of mouse plasmacytoid DCs (pDCs) leads to the phosphorylation of IDO immunoreceptor tyrosine-based inhibitory motifs (ITIMs), which subsequently recruits and activates the tyrosine phosphatases, SHP-1 and SHP-2, as well as inositol polyphosphatase (SHIP) (85). Activation of the pDC TGF-β-IDO-SHP axis enabled an autocrine loop through the induction of non-canonical NF-κB signaling, which further enhanced intra-pDC IDO expression levels. Treatment of the pDCs with 1-methyl-D, L-tryptophan confirmed that the immunosuppressive IDO signaling mechanism was faithfully independent of its association with mediating Trp metabolism. However, it's notable that the 4 μM dose of 1-MT used in this study was lower than the EC50 of 1-MT (13). Future validation and replication of these results while utilizing a more potent IDO enzyme inhibitor will allow for confidence and verification of non-enzymic IDO functions. Our group found similar observations of IDO mediating both enzyme and non-enzyme effects that depend on context. Using a syngeneic brain tumor model, we previously demonstrated that the shRNA knockdown of GBM cell IDO leads to the suppression of intratumoral Treg accumulation and was associated with a significant improvement in long-term animal subject survival (86) independent of GBM cell IDO metabolism (29). We also showed that the forced expression of GBM cell IDO cDNA (IDO-O/E) enhances Treg recruitment even when animal subjects are treated with a potent blood brain barrier-penetrating pharmacologic IDO enzyme inhibitor (87). We further confirmed that while the IDO enzyme inhibitor significantly decreased intratumoral Kyn levels in GBM IDO-O/E in vivo, the reduction was not associated with decreased intratumoral Treg accumulation. Taken together, these observations support the hypothesis that new IDO-targeting approaches aimed at simultaneously reversing enzyme and non-enzymic activities will enhance the effectiveness of future cancer immunotherapy efforts.



IDO and Its Relationship to Host Age

Considering the suppressive role of the IDO/TDO axis in immunoregulation, as well as the changes in immunological status system during progressive aging, it's not surprising that several studies have investigated the relationship between the TrpKyn pathway as it relates to aging-dependent disease. The serological Kyn/Trp ratio is often used an indicator of IDO enzyme activity and progressively increases during normal aging in humans (88, 89). This increase has been associated with enhanced frailty in human subjects >65 years of age and predicts an increased mortality rate of individuals in their nineties (90). Additionally, meta-analysis of age-related gene expression changes in the peripheral blood of adult individuals identified the enzyme kynureninase (KYNU, Figure 1) as one of the most differentially expressed genes (91). In a large population screening analysis that included 7,074 human subjects that focused on studying bone mineralization, Apalset et al. reported that the serological Kyn/Trp ratio negatively correlated with bone mineral density in the 71–74 year old age group as compared to younger individuals that were 46–49 years of age (92). More recently, Ocampo et al. summarized the results from previous animal studies of brain diseases and the interaction with Kyns during aging that indicate a strong correlation between Kyn pathway metabolites across different rodent ages (93). They found an intriguing observation that while TDO and IDO expression decrease in the liver and kidney during progressive aging, TDO and IDO were dichotomized in the rat brain during advanced age such that TDO decreased and IDO increased in overall expression as compared to young animal subjects. Similarly, our group previously demonstrated that there is an ~400 fold increase in IDO mRNA expression in the normal naïve brain of 72–74 week old C57BL/6 WT mice as compared to 6–8 week old subjects (94). Our most recent study evaluating the interactions between normal human aging and its relationship to brain cancer incidence and mortality also found a significant increase in IDO mRNA expression in the normal human brain of individuals aged 60–69 years of age as compared to younger human subjects (24). The increased human brain IDO expression was associated with a maximal Treg/CD8+ cytolytic T cell ratio in the peripheral blood of the 60–69 year old age group confirming a simultaneous increase of systemic- and local-immune suppression (24). To address these observations, we are currently in the process of determining as to whether the advanced age-dependent increase of central nervous system IDO expression directly increases the peripheral Treg/CD8+ cytolytic T cell ratio and how this relationship affects the incidence and mortality rate, as well as responsiveness to immunotherapy of GBM.

Understanding how aging-dependent molecular mechanisms affect IDO enzyme and non-enzymic activity is in its infancy. Refaey et al. reported that 22-month old mice have significantly higher serum N-formylkynurenine as compared to younger counterparts at 4 and 13 months of age, suggesting a potential role for Kyn pathway metabolism in aging-dependent bone loss (95). Strikingly, either the in vitro addition of Kyn to bone marrow-derived mesenchymal stromal cells (BMSCs), dietary supplementation of Kyn, or a direct administration of Kyn into the peritoneum suppressed the formation of new bone; possibly by decreasing osteoblast formation, failed recruitment capability and/or loss of effector functions. It should be noted, however, that neither age-matched IDOKO nor TDOKO mice were used in the study and it's therefore inconclusive as to the primary source of aging-dependent changes in Kyn levels. Independently, Minhas et al. demonstrated that the catabolic enzyme converting quinolinic acid into NAD+, quinolate phosphoribosyltransferase (QPRT), significantly declines in aged human monocyte-derived macrophages (MDMs) from individuals ≥65 years old as compared to MDMs isolated from individuals ≤ 35 years of age (96). Loss of QPRT subsequently resulted in decreased de novo NAD+ synthesis and was associated with an enhanced pro-inflammatory status and lower phagocytic ability of MDMs. It's worth noting that in addition to the enzymes and metabolites of the Kyn pathway, changes in AhR activity and/or expression have also been implicated during aging (97). However, the direct relationship between IDO, TDO, Kyn, and AhR has not been comprehensively established during a combined investigation of aging and in a specific pathophysiological setting.

Based on the relationship between increased incidence of patients with cancer and advanced age (98), it may be surprising that few studies have investigated IDO and/or TDO changes in subjects with cancer and across the health-/life-span. Adult glioblastoma is an age-related disease with a median age of diagnosis at 65 years old (99). To explore the mechanistic underpinnings between advanced age and its effects on the GBM immune response, we previously compared the survival rate of young 6–8 week- and adult 72–74 week-old mice intracranially-engrafted with the syngeneic GL261 glioma cell line. The young mice survived slightly longer than the older subjects with a median overall survival (mOS) of 27.5 days and 21.5 days, respectively (p = 0.0292) (94). Intriguingly, advanced age was associated with a large increase of IDO expression in the contralateral brain without tumor and as compared to young mice, whereas there was no such difference within the tumor itself. These data suggest that the majority of brain parenchymal cells expressing increased IDO during advanced age do not migrate into the GBM. Intriguingly, serological, and intra-GBM Trp and Kyn levels showed no differences between young and adult subjects despite the increased IDO expression in the older brain (94). We also studied the effects of advanced age on immunotherapeutic efficacy in adult mice at 72 weeks of age, which is closer to the analogous time frame of a human GBM patient diagnosis as compared to the standard 6–12 week old mouse. When the young and adult mice underwent therapy (87) with whole brain radiotherapy, anti-PD-1 mAb and pharmacological IDO enzyme inhibitor, older mice showed higher IDO mRNA in the non-tumor brain tissues as compared to younger subjects. Functionally, the triple combination therapy resulted in a median survival of 31.5 days in the older subjects, which was significantly decreased as compared to the younger 8-week-old mice with a survival of 40.5 days (p < 0.001), suggesting that the increased brain IDO expression during advanced age has a directly negative effect on immunotherapeutic efficacy in subjects with GBM.



Mouse Models for Studying IDO

Among preclinical studies, transgenic mouse models have demonstrated their substantial importance to understanding the function, effects and mechanism of IDO in a physiologically-relevant environment. The first IDO knockout (IDOKO) mouse strain originated from the Munn and Mellor group whereby exons 3–5 of IDO were replaced with a β-gal and neomycin cassette (100, 101). Surprisingly, the homozygous IDOKO mice are viable, fertile and possess a phenotypically normal immune system without any obvious graft vs. host-like symptoms, suggesting that IDO-mediated immune suppression is dispensable for the normal maintenance of central and peripheral tolerance to self-antigens. Given the functional similarity between TDO and IDO for mediating Trp catabolism, it's possible that TDO plays a compensatory role in the absence of IDO. However, it's notable that Kyn levels are significantly decreased in naïve IDOKO mice, so if TDO compensates, there appears to be a limit to those potential effects (29). The expression and function of TDO has yet to be investigated in IDOKO mice with cancer. Though IDO expression is not required for immune tolerance under homeostatic conditions, it plays a critical role during acquisition of tumor-immune tolerance as indicated by studies demonstrating that IDOKO mice have increased tumor infiltration of effector T lymphocytes, decreased immunosuppressive immune cells, as well as increased survival (102–105), implicating non-redundant functions between IDO and TDO in the various cancer settings.

Because of their normal growth and immune system development, constitutional IDOKO mice are widely used preclinically. However, this transgenic model does not reveal the role of IDO in different tissues or cell types. Recently, Bishnupuri et al. generated an intestinal epithelium specific IDO knockout mouse strain by breeding Ido1tm1c(EUCOMM)Wtsi mice with the villin promoter Cre mice (105). The mouse colon cancer model utilizing this conditional IDO knockout mouse strain discovered neoplastic colon epithelium cell IDO to be a critical constituent of colon tumorigenesis and that Kyn metabolites rapidly activated PI3K-Akt signaling in the neoplastic epithelium to promote cellular proliferation and resistance to apoptosis. In addition to the constitutional and conditional IDO knockout mice that have previously been reported, our group has created new constructs that will allow for addressing novel questions including an IDO reporter mouse that expresses a IDO-GFP (Figure 2A), an IDO knock-in mouse under tissue-specific Cre using Rosa26Sor-loxp-IDO-FLAG-GFP (Figure 2B), and an IDO enzyme nullified mouse whereby the histidine of the 350th amino acid is substituted to an alanine (Figure 2C). We are currently characterizing each of these recently created models and will publish data supporting their phenotypes in the near future.
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FIGURE 2. Schema utilized to generate IDO-targeted transgenic mouse strains. (A) Generation of the Ido1T2AGFP mouse line. CRISPR/Cas9 technology was employed in murine embryonic stem (ES) cells. Two separate guide RNAs directed Cas9 nuclease cleavage of the Ido1 locus, creating double strand DNA breaks (yellow arrow) before and after the stop codon (red bar). The CRISPR ES cell reaction included a plasmid repair template, which encoded the T2A and GFP elements flanked by 5′ and 3′ homology arms of 700nt (tan bars). The T2A and GFP elements were introduced into the endogenous Ido1 locus before the stop codon via homology directed repair (HDR). (B) Introduction of a Cre-dependent Ido1 expression construct into the Rosa26Sor locus by CRISPR/Cas9 technology. Two separate guide RNAs directed Cas9 nuclease cleavage at the Rosa26Sor locus, creating double strand DNA breaks (yellow arrows). A plasmid repair temple (Rosa26Sor Ido1 targeting vector) was included in the reaction and introduced via HDR. The edited locus encodes the CAG promoter driven, Cre-dependent conditional expression of a bi-cistronic Ido1 construct. The Ido1 transcript includes a C-terminal FLAG-tag, followed by a P2A element and expression of the Wasabi fluorophore. It also included a WPRE element and the bovine growth hormone polyadenylation (pA) signal. The construct is flanked by 800 bp 5′ and 750 bp 3′ homology arms (gray lines). (C) Generation of the Ido1H350A mouse line. (a) Schematic showing the last coding exon of the Ido1 gene, exon 10. The highlighted region encodes a histidine residue at position 350 (red box) that is essential for mouse IDO enzyme activity; (b) CRISPR/Cas9 technology generated a precise double strand DNA break in the Ido1 exon 10 locus in fertilized mouse embryos (yellow triangle). A 200nt single stranded oligodeoxynucleotide repair template was included in the reaction (green bar). The ssODN introduced point mutations (red letters) into the endogenous Ido1 locus via HDR. These point mutations altered the endogenous coding sequence from CAC→GCG, which changed the amino acid reside from histidine to alanine, H350A (red letters). An additional silent mutation (C→A) was included to add a restriction site for genotype analysis (red letter); (c) Schematic showing the mutated Ido1 exon 10 locus encoding H350A in red.




The Expression, Immunosuppression, and Targetability of IDO in Subjects With GBM

Tumors arising from glia within the central nervous system (CNS) are considered to be potently immunosuppressive due to their surrounding immunospecialized neuroanatomical landscape (106). GBM is as an immunologically “cold” malignancy and associated with an immune system microenvironment that has resulted in the failure of all phase III clinical trials evaluating immunotherapy in patients with GBM to-date. Considering the work by our group and others in repeatedly demonstrating the remarkable pathogenic influence of IDO in subjects with GBM, the elucidation of its role and multi-variate functions may provide a path for enhancing the effectiveness of cancer immunotherapy against malignant glioma in the future.

IDO mRNA is highly expressed in ≥90% of GBM patients presenting with wild-type isocitrate dehydrogenase (wtIDH) and while not normally expressed, is inducible among a majority of human GBM cell lines after exposure to proinflammatory cytokines (23, 66, 107–110). While TDO expression is expressed at an even higher mRNA level than IDO in patient-resected GBM (33, 109–111), IDO2 levels are negligible or undetectable at the mRNA level (65), despite an IHC-focused study suggesting high IDO2 protein levels in GBM (n = 52) (109); the latter of which likely reflects conclusions based on non-specific antibody immunostaining. The cognate receptor for Kyn is AhR and is present throughout all grades of glioma, with the highest level reported in GBM. A recent study screening 75 glioma tissue samples by immunohistochemistry also confirmed higher IDO and TDO expression while low/no expression of IDO2 at protein levels (112). Studies from our group and others' have independently demonstrated that both Trp and Kyn are significantly decreased in GBM patient plasma as compared to human subjects without a tumor of the CNS (56, 57). Strikingly, in contrast to the absolute levels of metabolites, the Kyn/Trp ratio is significantly increased in GBM patient plasma long after surgical resection of the tumor which may reflect a treatment-related effect rather than due to the malignancy itself. A recent study by Kesarwani et al. provided additional insights into metabolomic profiling of newly diagnosed GBM (n = 80) and lower grade gliomas (LGG, n = 28) demonstrating that, GBM patients have increased intratumoral Trp and Kyn levels, but decreased KA as compared to LGG patients (110). Interestingly, Trp and Kyn accumulation was specific to classical and mesenchymal GBM subtypes, whereas KA accumulation was only evident in the proneural subtype. It's not clear why the systemic Kyn decreases while intratumoral Kyn increases in human subjects with GBM, which requires further investigation for both prognostic and therapeutic purposes.

Mechanistic studies investigating the full range of IDO-mediated immune modulation have primarily focused on the Kyn-AhR-Treg-MDSC (myeloid-derived suppressor cell) axis with data from several studies implying that alternative mechanisms of IDO behavior can occur. The inhibition of IDO enzyme activity in cultured human astroglioma cell lines decreases de novo synthesis of NAD+, which is associated with decreased tumor growth (113). The triple combination of IDO pathway inhibitor with chemo-radiation achieved better overall survival as compared to the dual combination of chemo-radiation (55). Interestingly, the survival benefit was abrogated in mice deficient for complement C3, potentially suggesting that IDO activity conveys immune evasion properties to tumor cells by suppressing complement activation (55). Finally, human GBM cell lines overexpress a translesion DNA polymerase, hpol κ, which helps to restore genome stability. Inhibition of AhR or the blockade of TDO enzyme activity decreases hpol κ expression, indicating that TDO contributes to tumor cell survival by supporting genome stability (114).

Different therapeutic interventions have profoundly different effects on both the systemic and local tumor-immune environment which include the alteration of IDO levels. In two recent glioma studies, both PCC0208009 (PCC), a potent IDO enzyme inhibitor with an IC50 of 4.52 nM, and RY103, an IDO-TDO dual inhibitor, have demonstrated suppression of tumor cell line- and intra-tumoral-IDO expression, respectively (112, 115). In contrary to the downregulation of IDO, a recent phase I clinical trial evaluating epidermal growth factor receptor variant III (EGFRvIII)-targeted chimeric antigen receptor (CAR) T cell therapy in GBM patients demonstrated a dramatic induction of intratumoral IDO expression after the adoptive transfer of CAR T cells (116). At almost the same time as when this clinical observation was reported, our group published a similar T cell-inducing IDO effect in humanized mice with intracranial human GBM and reconstituted with human immune cells (65). While the IDO-promoting effects of intratumoral T cell-infiltration appears to extend across human cancer types (3, 4), the association between IDO expression and overall survival depends on the type of tumor under investigation. This likely reflects the different composition of IDO expressing cells within tumors, the different function of intratumoral IDO that depends on the cell of origin, as well as for IDO expressing cells outside of the tumor microenvironment that also possess anti-cancer mechanisms depending on anatomical context. It remains notable that, to effectively target IDO with an enzyme inhibitor, the treatment must include an approach that yields robust inflammation such as irradiation. Accordingly, while studying the syngeneic GL261 in young C57BL/6 mice, we previously found that while neither radiation, anti-PD-1 mAb, nor IDO enzyme inhibitor treatment improved long-term survival as single- or dual-agent approaches, the simultaneous combination of all three modalities led to a remarkable synergistic durable survival improvement (87). Presumably, this was due to the induction of IDO by radiation, the neutralization of IDO enzyme activity by pharmacologic neutralization, and the enhancement of the anti-tumor immune response with PD-1 blockade. It's notable, however, that this triple combination was significantly less effective in older animal subjects when IDO expression is increased in the brain independent of tumor burden. As a means to explain this observation, we are currently investigating the working hypothesis that dendritic cells accumulate in the brain during advanced age (117, 118), express IDO and suppress immunotherapeutic efficacy (Figures 3A,B).
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FIGURE 3. A hypothetic schematic for how advanced aging decreases immunotherapeutic efficacy in subjects with glioblastoma (GBM). There is a basal level of IDO-mediated immunosuppression by GBM cells (red) that does not change between (A) young and (B) elderly (as defined by ≥65 years of age) individuals. In contrast, there is additional immunosuppression in the elderly brain due to the accumulation of brain-resident IDO-expressing dendritic cells (green), which synergize with the GBM cell IDO to suppress the anti-GBM immune response facilitated by combination radiation, anti-PD-1 mAb, and IDO enzyme inhibitor treatment (middle box).





CONCLUDING REMARKS

It has been >20 years since the initial study by Munn et al. that uncovered the immunosuppressive role of IDO (119). Although extensive studies have been conducted to elucidate the underlying mechanisms of IDO-mediated immunosuppression, our knowledge remains incomplete. Notwithstanding, a growing list of clinical trials aimed at inhibiting the immunosuppressive effects of IDO have been undertaken as single agent and combinatorial regimens (Table 1)—without any remarkable success stories to-date. To this end, there are questions in the field including those that we previously addressed (3), as well as new considerations such as: (i) what are the immunosuppressive contributions of enzyme- and non-enzyme-IDO activity; (ii) will an IDO neutralizing pharmacologic that degrades protein, rather than only inhibiting enzyme activity, provide a superior therapeutic effect; (iii) given that IDO is expressed in tumor-draining lymph nodes (29), within the tumor itself, and inside the brain parenchyma during advanced age, are all anatomical sites required for mitigation to achieve optimal immunotherapeutic efficacy; (iv) among the growing compendium of possible immunological modifiers (i.e., radiation, anti-CTLA-4 mAb, anti-PD-(L)1 mAb, etc.), what is the optimal immunotherapeutic cocktail for combining with an IDO pharmacologic inhibitor? Also, the functional similarity between IDO and TDO requires further study and the use of an IDO-TDO double knockout mouse model might be helpful in validating their potency and half-life. Future investigations should also include the rigorous assessment of expression levels combined with an in vivo analysis of Trp and Kyn for better understanding how this immunosuppressive mediator functions among tissues, treatments, and across the lifespan. Understanding the full immunobiology of IDO and the generation of better neutralizing agents will allow for the potential future achievement of applying optimal therapeutic effects in human subjects with malignant cancer(s).


Table 1. Ongoing and historical clinical trials that target IDO in cancer.
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Background: Clinical trials showed that only a subset of patients benefits from immunotherapy, suggesting the need to identify new predictive biomarker of resistance. Indoleamine-2,3-dioxygenase (IDO) has been proposed as a mechanism of resistance to anti-PD-1 treatment, and serum kynurenine/tryptophan (kyn/trp) ratio represents a possible marker of IDO activity.

Methods: Metastatic non-small cell lung cancer (NSCLC), renal cell carcinoma (RCC), and head and neck squamous cell carcinoma (HNSCC) treated with nivolumab as second-line treatment were included in this prospective study. Baseline serum kyn and trp levels were measured by high-performance liquid chromatography to define the kyn/trp ratio. The χ2-test and t-test were applied to compare frequencies and mean values of kyn/trp ratio between subgroups with distinct clinical/pathological features, respectively. Median baseline kyn/trp ratio was defined and used as cutoff in order to stratify the patients. The association between kyn/trp ratio, clinical/pathological characteristics, response, progression-free survival (PFS), and overall survival (OS) was analyzed.

Results: Fifty-five patients were included. Mean baseline serum kyn/trp ratio was significantly lower in female than in male patients (0.048 vs. 0.059, respectively, p = 0.044) and in patients with lung metastasis than in others (0.053 vs. 0.080, respectively, p = 0.017). Mean baseline serum kyn/trp ratio was significantly higher in early progressor patients with both squamous and non-squamous NSCLC (p = 0.003) and with a squamous histology cancer (19 squamous NSCLC and 14 HNSCC, p = 0.029). The median value of kyn/trp ratio was 0.06 in the overall population. With the use of median value as cutoff, patients with kyn/trp ratio > 0.06 had a higher risk to develop an early progression (within 3 months) to nivolumab with a trend toward significance (p = 0.064 at multivariate analysis). Patients presenting a baseline kyn/trp ratio ≤0.06 showed a longer PFS [median 8 vs. 3 months; hazard ratio (HR): 0.49; 95% confidence interval (CI) 0.24–1.02; p = 0.058] and a significantly better OS than did those with a kyn/trp ratio > 0.06 (median 16 vs. 4 months; HR: 0.39; 95% CI 0.19–0.82; p = 0.013).

Conclusion: Serum kyn/trp ratio could have both prognostic and predictive values in patients with solid tumor treated with immunotherapy, probably reflecting a primary immune-resistant mechanism regardless of the primary tumor histology. Its relative weight is significantly related to gender, site of metastasis, NSCLC, and squamous histology, although these suggestive data need to be confirmed in larger studies.
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INTRODUCTION

Immune checkpoint inhibitors (ICIs), a class of drugs able to block immunosuppressive pathways in order to prime an anticancer immunity, revolutionized the standard of care in many solid tumors, including non-small cell lung cancer (NSCLC), recurrent/metastatic head and neck squamous cell carcinoma (R/M-HNSCC), and renal cell carcinoma (RCC) (1). In NSCLC, the programmed cell death protein 1 (PD-1) inhibitor, nivolumab showed long-term benefit in a significant proportion of pretreated patients with a 2-years overall survival (OS) of 23% and 29% in squamous and non-squamous histology, respectively, over-performing standard chemotherapy (1, 2). Nevertheless, emerging data from clinical trials showed that only 20–25% of pretreated patients with NSCLC really benefit from immunotherapy with ICI monotherapy (3–5). Recently, nivolumab and the anti-PD-1 pembrolizumab showed a significant activity in patients with HNSCC who progressed on or after platinum-based regimens (6, 7); consequently, both the drugs have been approved by Food and Drug Administration (FDA) for platinum-refractory R/M-HNSCC. However, CheckMate-141 (6) failed to demonstrate a significant association between PD-L1 expression, using different thresholds of expression in tumor cells, response rates to the anti-PD-1 nivolumab and OS not allowing any selection of patients eligible for treatment.

In RCC, nivolumab entered in clinical practice on the basis of the results of a phase III study that demonstrated an advantage in OS after first-line treatment with tyrosine-kinase inhibitors (TKIs) (8). Nivolumab was approved based on the CheckMate 025, demonstrating the superiority of nivolumab compared with everolimus in terms of OS but not progression-free survival (PFS). In the near future, immunotherapy will change the first-line standard of care of metastatic RCC on the basis of the results from a more recent phase III trial evaluating the combination of nivolumab and the anti-CTLA-4 monoclonal antibody ipilimumab (9). Actually, PD-L1 expression seems to have a prognostic value in RCC, but it is far from being considered as a marker of treatment benefit.

The emerging data from these clinical trials showed that only a relatively small subset of patients really benefit from ICIs, underlining the crucial role of patient selection in the choice of the best therapeutic strategy. Although PD-L1 expression in tumor microenvironment has been explored in several retrospective and prospective clinical trials, across many different tumor types, all the results suggest caution in considering PD-L1 as a reliable method for the selection of eligible patients for immunotherapy (4, 10–14). The expression of PD-L1 is dynamic and is the result of complex molecular crosstalk between different intracellular pathways, such as MAPK, PI3K, and Aky/PKB (15, 16). Although some other biomarkers of response to ICI have been proposed, such as tumor mutational burden and mismatch repair gene defect, biomarkers of primary resistance to immunotherapy are still lacking (17), and the mechanisms of immunoresistance in many types of cancer still remain largely unknown and poorly predictable before starting immunotherapy (18). The essential amino acid tryptophan (trp) catabolism is recognized as an important microenvironmental factor that suppresses antitumor immune responses in cancer. Depletion of trp, a fundamental factor for T-cell metabolism, is one of the main mechanisms involved in primary resistance to immunotherapy leading to T-cell anergy and apoptosis (19). Indoleamine-2,3-dioxygenase (IDO) is an enzyme able to catalyze the first and rate-limiting reaction of the essential amino acid L-tryptophan (trp) conversion into L-kynurenine (kyn), inducing an immunosuppressive microenvironment in cancers (20). IDO activity is involved in peripheral immune tolerance because it can promote the inhibition of T-cell proliferation induced by trp deprivation (19, 21–25). Moreover, IDO activity could represent the central and immunobiologically relevant enzyme of tumor immune escape, and it could be involved in the development of primary resistance to treatment with ICI (26).

In a previous study, a high level of kyn that cooperates with trp in suppression of antitumor immune-response by inducing regulatory T cells (Treg) (27) has been shown to correlate with advanced stage at diagnosis, worse prognosis, and response to chemotherapy (28–30). A crucial role in Treg expansion is determined by myeloid-derived suppressor cell (MDSC), which represents a myeloid cell population, at different grades of differentiation, involved in the inhibition of both the innate and adaptive immune response favored by the IDO activity. MDSCs are involved in the Treg expansion through an IDO-mediated mechanism. Indeed, the interaction between MDSC and activated T cell promotes the conversion of effector T cell in Treg (31, 32). Moreover, kyn promotes or suppresses neoplastic transformation and tumorigenesis and drives tumor growth in autocrine fashion, inducing survival and cell motility as described in malignant glioma cells (27). In addition to IDO, alternative enzymatic pathways of trp catabolism involving tryptophan-2,3-dioxygenase (TDO) (33) and with lesser extent IDO2 (34–36) may also be involved in trp metabolism contributing to immune escape mechanism and tumor progression. IDO activity could represent one of the biomarkers of resistance to immunotherapy as universal and agnostic, not linked to individual neoplasms, easily assessable, and virtually useful in treatment planning and in the correct selection of cancer patients for immunotherapy.

The objective of this study was to investigate the possible association between the serum baseline kyn/trp ratio and the response to immunotherapy in patients affected by NSCLC, RCC, and R/M-HNSCC.



METHODS AND MATERIALS


Patient Population

Patients eligible for second-line treatment with nivolumab with metastatic RCC, who progressed after first line with the TKIs pazopanib or sunitinib, as well as patients with metastatic NSCLC non-oncogene addicted, progressed after first-line chemotherapy as well as recurrent/metastatic platinum refractory HNSCC, followed up at Policlinico Umberto I and at Policlinico Sant'Andrea, in Rome, from June 2016 to May 2019, were enrolled into this prospective study. Eligible patients were those aged >18 years with an Eastern Cooperative Oncology Group (ECOG) performance status ≤ 2 and adequate cardiac, pulmonary, renal, liver, and bone marrow function. Inclusion criteria were histologically confirmed diagnosis of RCC, NSCLC, and HNSCC; measurable disease according to RECIST version 1.1; and written informed consent. Exclusion criteria were autoimmune disease; symptomatic interstitial lung disease and any other significant comorbidity; systemic pharmacological immunosuppression; prior treatment with immune-stimulatory antitumor agents including checkpoint-targeted agents; patients who received checkpoint inhibitor in other setting; and patients with gastrointestinal malabsorption disorders that could modify the serum level of trp.

Nivolumab treatment was administered in NSCLC and in RCC at the dose of 3 mg/kg every 2 weeks i.v. until disease progression or development of unacceptable toxicity. Patients with HNSCC received 240 mg i.v. flat dose every 2 weeks until disease progression or unacceptable toxicity. Radiological response was assessed with i-RECIST Criteria and classified according to disease control (complete response, partial response, and stable disease) and progressive disease. Patients experiencing disease progression within 3 months from the beginning of nivolumab were defined as early progressors. All toxicity was graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events (version 4.0), and toxicity assessments were performed at day 1 of every cycle until the end of treatment. PFS was defined as the time from patient registration on this prospective study until the first documented tumor progression or death from any cause. OS was defined as the time from patient registration to death from any cause. The association between kyn/trp ratio, clinical/pathological characteristics (including the analysis by tumor sites as well as by histology), response, PFS, and OS was analyzed. The study was conducted in accordance with good clinical practice guidelines and the Declaration of Helsinki. The study protocol and the final version of the protocol were approved by the Institutional Ethics Committee (CE 4421).



Tryptophan and Kynurenine Quantifying Analysis

We evaluated serum levels of trp and kyn by a modified liquid chromatography–tandem mass spectrometry (LC–MS/MS) method. Serum samples were collected and stored at −80°C until analysis. Fifty microliters of serum samples was deproteinized using 50 μl of internal standard (IS) solution [50 μM in tricarboxylic acid (TCA) 4%], vortex mixed, and centrifuged at 14,000 rpm for 15 min. Twenty microliters of clean upper layer was injected into a chromatographic system. Chromatographic separation of analytes was performed using an Agilent Liquid Chromatography System series 1100 (Agilent Technologies, USA), on a biphenyl column (100 × 2.1 mm, Kinetex 2.6 μm of biphenyl, 100 Å, Phenomenex, CA, USA) equipped with a security guard precolumn (Phenomenex, Torrance, CA, USA). The mobile phase consisted of a solution of 0.1% aqueous formic acid (A) and 100% methanol (B); elution was performed at flow rate of 400 μl/min, using an elution gradient. The MS method was performed on a 3200 triple quadrupole system (Applied Biosystems, Foster City, CA, USA) equipped with a Turbo Ion Spray source, as previous described (37). The detector was set in the positive ion mode. The instrument was set in the multiple reaction monitoring (MRM) mode. Data were acquired and processed by the Analyst 1.5.1 Software. A threshold to identify an unfavorable ratio was defined as >0.06, derived from the median kyn/trp ratio detected in the overall population, because a conventional cutoff has not yet been established.



Statistical Analysis

In the descriptive analysis, quantitative variables were described as mean and range, whereas qualitative variables as number and percentage. The χ2-test and t-test for unpaired data were applied to compare frequencies and means, respectively. PFS and OS were estimated using the Kaplan–Meier method, comparisons between groups were made using the log-rank test, and the Mantel–Cox method was used to generate hazard ratios (HRs) and 95% confidence intervals (CIs). Comparison was evaluated using the non-parametric Mann–Whitney U test. To identify factors associated with early progressors, univariate and multivariate logistic regression models were used. According to the kyn/trp cutoff value of 0.06, we used kyn/trp ratio as a dichotomous variable for the analyses (kyn/trp ratio > 0.06 vs. kyn/trp ratio ≤ 0.06). The results of univariate and multivariate analyses were expressed in odds ratio and 95% CIs. Statistical significance was set at p < 0.05. Statistical analysis was performed using IBM SPSS Statistics Version 24.0 (Armonk, NY, USA).




RESULTS


Clinical Characteristics

Fifty-five metastatic patients treated with nivolumab were enrolled in this study: 26 patients in the NSCLC group, 15 patients in the RCC group, and 14 patients in the HNSCC group. Baseline clinical–pathological characteristics of patients are summarized in Table 1. Among lung cancer patients, 19 patients had squamous cell carcinoma, whereas the remaining had non-squamous histology (six adenocarcinoma and one undifferentiated tumor). All 15 patients in the RCC group had clear cell carcinoma histology. Thirty-nine patients were male (70.9%), 16 patients were female (29.1), and median age was 65 years (range 44–85). All patients were assessed at baseline for serum trp and kyn levels. The median value of kyn/trp in the overall population was 0.06 (range 0.018–0.180) (Figure 1).


Table 1. Association between baseline clinicopathological characteristics of the study population and kyn/trp ratio.
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FIGURE 1. Distribution of serum kyn/trp ratio and early progressions in study population (A). Distribution of serum kyn/trp ratio and early progression according to primary tumor site (B) and on the basis of the squamous histology (C). kyn, kynurenine; trp, tryptophan.




Association Between Serum Kynurenine/Tryptophan Ratio, Clinicopathological Features, and Response to Immunotherapy

The association between mean baseline kyn/trp ratio and clinicopathological characteristics was analyzed as shown in Table 1.

Mean serum kyn/trp ratio was significantly lower in female than in male patients (0.048 vs. 0.059, respectively, p = 0.044). Moreover, in patients with lung metastasis, mean serum kyn/trp ratio was 0.053 vs. 0.080 in other patients (p = 0.017). No significant association was found between baseline serum kyn/trp ratio and age, body mass index (BMI), histology, baseline ECOG PS, or the presence of metastasis in the brain, liver, and pleura (Table 1).

With a median follow-up of 7.75 months, 11 (20%), 13 (23.6%), and 31 (56.3%) patients had a stable disease (SD), a partial response (PR), and a progressive disease (PD), respectively. An early progression (within 3 months from the start of immunotherapy) occurred in 29 patients (52.7%). The distribution of early progression in the study population is shown in Figure 1, according to the serum kyn/trp ratio (Figure 1A), primary tumor site (Figure 1B) and on the basis of the analysis by histology, the squamous one (Figure 1C). Overall, patients who showed an early progression had a slightly but significantly higher mean kyn/trp ratio than had others (0.056 vs. 0.050, respectively, p = 0.047) (Table 1 and Figure 2A). In patients with NSCLC, regardless of the different histotypes, mean serum kyn/trp ratio was significantly higher in early progressors (0.094 vs. 0.050; p-value = 0.003), as shown in Table 2 and Figure 2B, whereas no significant association was found between kyn/trp ratio and early progression in the RCC and HNSCC groups (Table 2 and Figures 2C,D). Nevertheless, in the RCC group, there seems to be a tendency to an inverse correlation between kyn/trp ratio and early progression (Figure 2C). Considering all patients with squamous histology (both squamous NSCLC and HNSCC), mean kyn/trp ratio was higher in early progressors than in patients who experienced initial benefit from immunotherapy (0.072 vs. 0.055, respectively; p-value = 0.029, Table 2).


[image: Figure 2]
FIGURE 2. Association between serum kyn/trp ratio and early progression in overall population (A), in NSCLC group (B), in RCC group (C), and in HNSCC group (D) (Mann–Whitney U test). kyn, kynurenine; trp, tryptophan; NSCLC, non-small cell lung cancer; RCC, renal cell carcinoma; HNSCC, head and neck squamous cell carcinoma.



Table 2. Association between kyn/trp ratio, early progression, and primary tumor.

[image: Table 2]

With the use of a univariate analysis (Table 3), age, PS ECOG 1, and a baseline kyn/trp ratio higher than the median value (>0.06) were significantly associated with an early progression of disease.


Table 3. Univariate and multivariate analyses: association between patients characteristic and early progression.

[image: Table 3]

With the use of a multivariate analysis, including age, kyn/trp ratio, and PS, only PS was still significantly associated with early progression (p = 0.015, Table 3), whereas the association between a kyn/trp ratio > 0.06 and early progression was not confirmed in the overall population (p = 0.064).



The Serum Kynurenine/Tryptophan Ratio and Clinical Outcomes

Median PFS was 4 months (range 1–28 months) and median OS (range 1–28) was 5 months in the whole cohort.

Patients were stratified by median baseline value of serum kyn/trp (0.06) in patients with kyn/trp ratio >0.06 and ≤0.06. PFS was longer in patients presenting lower values of kyn/trp than in patients showing higher values (median PFS 8 vs. 3 months; HR: 0.49; 95% CI 0.24–1.02; p = 0.058). Patients with lower kyn/trp ratio showed even a significantly better OS than did patients with a higher kyn/trp ratio value (median OS 16 vs. median 4 months; HR: 0.39; 95% CI 0.19–0.82; p = 0.013) (Figures 3A,B). As it is shown in Figure 4, referring to the primary tumor, only in the NSCLC group (Figures 4A,B) PFS and OS were significantly longer in patients with kyn/trp ratio ≤0.06 vs. kyn/trp >0.06 (median PFS not reached vs. 3 months; range 1.8–4.1; p = 0.003 and median OS not reached vs. 3 months, range 1.8–4.1; p = 0.003, respectively). Instead, in the RCC group (Figures 4C,D), median PFS was not reached vs. 8 months (range 4.6–11.3; p = 0.406), and OS was not reached vs. 16 months (range 11.0–23.6; p = 0.567) in patients with low and high kyn/trp ratios, respectively. Overall, in RCC, a lower kyn/trp ratio is inclined to be associated with a worse survival despite the lack of statistical significance.


[image: Figure 3]
FIGURE 3. PFS (A) and OS (B) in the study population according to kyn/trp ratio >0.06 or ≤0.06 were addressed by the Kaplan–Meier method and log-rank test. PFS, progression-free survival; OS, overall survival; kyn, kynurenine; trp, tryptophan.
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FIGURE 4. PFS and OS according to kyn/trp in NSCLC group (A,B), RCC group (C,D), and HNSCC group (E,F) were addressed by the Kaplan–Meier method and log-rank test. PFS, progression-free survival; OS, overall survival; kyn, kynurenine; trp, tryptophan; NSCLC, non-small cell lung cancer; RCC, renal cell carcinoma; HNSCC, head and neck squamous cell carcinoma.


In the HNSCC group (Figures 4E,F), median PFS was 3 months (range 1.0–4.9) vs. 5.0 months (range 3.2–6.2) in patients with kyn/trp >0.06 and kyn/trp ratio ≤ 0.06, respectively (p = 0.264). Median OS was 4.0 months (range 0.0–9.8) in patients with kyn/trp ratio > 0.06 vs. 5.0 months (range 3.3–6.6) in patients with kyn/trp ratio ≤ 0.06 (p-value = 0.661).




DISCUSSION

In our study, including different solid tumors, baseline serum kyn/trp ratio is associated with early progression and survival, confirming its role as a possible predictive biomarker of primary resistance to immunotherapy. In particular, higher baseline kyn/trp value is associated with early progression and, consequently, poor prognosis. This study confirms the previous results in NSCLC cohort of patients (37). As a matter of fact, in our analysis, the statistical significance of the association between kyn/trp ratio and response to immunotherapy is strong when considered in the NSCLC population, whereas it is weak in the overall study population. Moreover, considering RCC and HNSCC separately, there is no correlation between kyn/trp ratio and response, suggesting that in these two types of tumors, the IDO activity could have a marginal role in the complex mechanism determining the primary resistance to immunotherapy or concurrent medications, able to induce TDO expression like the steroids, and nutritional state and infection may have a confounding effects on results. Indeed, the pathway is responsive to unspecific inflammation, and it is induced in chronic immune activation states because IDO is sensitive IFN gamma gene, and it is induced by inflammatory stimuli (27) that may be significant especially in locally relapsed HNSCC, which is generally an inflamed disease. Moreover, the extremely scarce sample size did not allow us to draw definitive conclusions.

In our analysis, kyn/trp ratio resulted to be significantly lower in patients with lung metastases than patients with other metastatic sites. Indeed, immune response could be considered the result of a complex interplay between local tumor microenvironment and peripheral immunity. Moreover, the role of metastatic organ microenvironment in response or resistance to checkpoint inhibitor is still not completely understood. Recently, in a large retrospective study including NSCLC in treatment with immunotherapy, lymph node metastases were associated with the best response, lung and pleura metastases were associated with an intermediate response, and liver, which expressed TDO at high levels, and bone metastases were associated with the least responses to immunotherapy (38). In a study including 102 patients with NSCLC in treatment with nivolumab, lung and liver metastases have been proven to be excellent parameters in predicting OS (39). Consequently, metastatic sites could have an impact on the development of primary resistance to immunotherapy (40), but the underlying biological mechanism should be further investigated, and our study must be considered as a hypothesis generator.

Looking at the baseline patients characteristics, kyn/trp ratio is slightly significantly lower in female compared with male patients. This result could be explained by the sexual dimorphism of the immune system able to influence the response to immunotherapy (41, 42). In a recent meta-analysis (43), the magnitude of benefit from immunotherapy was sex dependent with an improving effectiveness in male patients. However, in our study, there is no evidence that the early progression to immunotherapy is sex dependent, and the correlation between sex and IDO activity should be further evaluated in a large study population.

Considering the different subgroups on the basis of primary tumor site, the association between kyn/trp ratio and early progression was statistically significant in NSCLC, confirming the results from our previous report (37). Moreover, considering the different subgroups based on histology, the association between kyn/trp ratio and early progression was statistically significant in squamous histology group. IDO activity was recently investigated in different solid squamous tumors. In squamous cervical cancer, IDO activity expressed in terms of kyn/trp ratio was shown to be linked to poor survival (43). In squamous esophageal carcinoma, a high tissue IDO expression was associated with impaired OS and aggressive disease (44). Moreover, in a recent study including 88 squamous oral cavity carcinoma, high tissue IDO expression was associated with OS, acquiring the role of negative prognostic factor (45). These results support our data by suggesting that IDO could have a central role in the development of primary resistance to immunotherapy in tumor with squamous histology, regardless of the tumor site. In the RCC and HNSCC subgroups, we failed to demonstrate a significant association between serum kyn/trp ratio and early progression. In particular, in RCC, kyn/trp ratio seems to have a reverse trend because patients with low baseline ratio tend to often experience early progression, although the statistical significance was not reached. The prognostic and predictive values of kyn/trp ratio in the different disease could be influenced by the type of treatment administered in a first-line setting. In our study, all patients with RCC received TKI in the first line. In metastatic RCC, in the phase III study (8) comparing nivolumab with everolimus, a subgroup analysis found that patients previously treated with pazopanib showed statistically significant increase in OS with nivolumab, whereas patients previously treated with sunitinib did not show significant difference in OS between nivolumab and everolimus (8, 46). Thus, previous therapy with TKIs might enhance subsequent immunotherapy efficacy by different mechanisms. As a matter of fact, therapy with TKIs could induce a reduction in Treg levels and MDSCs, improving type 1 cytokine response (47, 48). Moreover, TKIs could also regulate the expression of NK cell ligands in tumor cells, conferring sensitivity to NK cell lysis, and normalize tumor vascularization, allowing helping CD8 T-cell influx into the tumor (49). Despite this immunomodulatory effect, it is still unknown whether and how TKIs could also influence IDO activity. Also, chemotherapy could have an immunomodulatory power. In our study population, patients with HNSCC and NSCLC received platinum-based chemotherapy in the first-line setting. Cisplatin-based regimen enhanced the T-cell activation and proliferation and their cytotoxic activity and inhibited the immunosuppressive pathways (50). Nevertheless, the effect of chemotherapy on IDO activity is unknown and should be further investigated.

In the multivariate analysis, probably the kyn/trp ratio loses statistical significance as a result of the heterogeneity of the resistance mechanisms to immunotherapy involved in the different tumor types. These mechanisms are not yet completely understood and deserved further investigation according to the primary tumor biology and previous treatment.

A possible limitation of the study is due to the presence of possible confounding factors that could interfere with a correct interpretation of serum kyn/trp ratio. First of all, malnutrition could modify the circulating trp levels representing a relevant issue in the management of HNSCC patients. In our study cohort population with HNSCC, nutritional support was provided to all patients with feeding difficulties. Secondly, serum kyn/trp ratio is the result of the activity of some different enzymes including mainly IDO and TDO2 (51). The enzyme TDO2 is expressed in the liver and is involved in the catabolism of trp. However, TDO2 was shown to be overexpressed in some tumor cells as a mean of immune escape (27, 52, 53). Thus, TDO seems to contribute to cancer-associated inflammation and tumor progression like IDO, and it is not possible to distinguish the activity of the two enzymes on the basis of serum ratio.

Nevertheless, measuring serum kyn/trp levels could be a reliable method to evaluate the overall impact of trp depletion in determining primary resistance to immunotherapy. To date, chromatography remains one of the most sensitive and accurate methods for quantifying both trp and kyn from biological matrices and measure trp catabolism.

One more limitation to be acknowledged is a relative small sample size of study population, with potential for inherent biases. Certainly, a prospective validation on a larger sample size is required to assess reproducibility and generalizability of our results.

Recently, the FDA-approved pembrolizumab in pediatric and adult solid tumors with microsatellite instability (MSI) or mismatch repair deficiency led to the first approval based on a specific biomarker rather than the organ-specific histology (54, 55). As well as MSI and tumor mutational burden (TMB), in the future, the enzyme pathways involved in trp catabolism could have the potential to become an additional agnostic biomarker of primary resistance to immunotherapy beyond the histology and tumor site.

Actually, several clinical trials are investigating anti-IDO agents in several solid tumors in monotherapy or in combination strategy with other drugs (Table 4). The majority of IDO inhibitors are direct enzymatic inhibitors, such as epacadostat and navoximod, whereas the trp mimetic indoximod acts directly on immune cells, creating an artificially trp-mediated signal to reverse the IDO-related immunosuppressive mechanism (56).


Table 4. Ongoing phase II/III trial evaluating IDO inhibitor or tryptophan mimetic agents in monotherapy or in combination strategy with others drugs.

[image: Table 4]

The phase I/II KeyNote 037/ECHO 301 trial (57) evaluated epacadostat at different dose levels and pembrolizumab, an anti-PD-1 agent 200 mg every 3 weeks, in 62 patients with advanced solid tumors, showing promising results. High-grade toxicities occurred in 24% of patients, and no adverse events led to death. Objective response was achieved in 12 out of 22 patients with several types of solid tumors.

Moreover, the phase II trial (58), evaluating indoximod and pembrolizumab in naïve patients for immunotherapy with advanced melanoma, showed promising results with an objective response rate of 55.7% and a median PFS of 12.4 months.

Unfortunately, the phase III trial KeyNote/ECHO 301 (59), evaluating epacadostat 100 mg twice daily (BID) and pembrolizumab 200 mg every 3 weeks in naïve patients for immunotherapy with metastatic melanoma, failed to meet its primary endpoint of improving PFS.

To maximize the benefit of these combination strategies, it is important to improve the selection of clinical trial population through the detection of serum and/or tissue biomarkers.

Therefore, the role of serum kyn/trp should be evaluated and interpreted in the contest of other circulating and tissue immunological parameters: different T-cell subpopulations, MDSCs, circulating cytokines and chemokines, the immune cell death biomarkers, and other possible predictive biomarkers, such as T-cell immunoglobulin mucin-3 (TIM3), lymphocyte-activation gene-3 (LAG3), and T-cell immunoglobulin and ITIM domain (TIGIT) (60, 61). In our study, serum kyn/trp has been confirmed to be a possible prognostic and predictive biomarker of primary resistance to immunotherapy in patients with solid tumors in treatment with immunotherapy, regardless of the primary tumor histology, although its relative weight is significantly related to gender, site of metastasis, lung cancer, and squamous histology. However, the impact of serum kyn/trp levels on prognosis and resistance to immunotherapy should be further investigated and its role integrated together with other possible and dynamic mechanisms of resistance to immunotherapy treatment and definitively validated in further studies.
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Prostate cancer (PCa) is a slow-growing tumor representing one of the major causes of all new cancer cases and cancer mortality in men worldwide. Although screening methods for PCa have substantially improved, the outcome for patients with advanced PCa remains poor. The elucidation of the molecular mechanism that drives the progression from a slow-growing, organ-confined tumor to a highly invasive and castration-resistant PCa (CRPC) is therefore important. We have already proved the diagnostic potential of indoleamine-2,3-dioxygenase (IDO) when detected in urine of individuals at risk of developing PCa. The aim of this study was to implement IDO as a prognostic marker for PCa patients undergoing surgical treatment. We have thus conducted an observational study by collecting 100 urine samples from patients undergoing radical prostatectomy as first treatment of choice. To test the integrity of our investigation, scale dilution cells of an established PC3 cell line were added to urine of healthy donors and used for gene expression analysis by a TaqMan assay on the catalytic part of IDO mRNA. Our data show that the quantification of IDO mRNA in urine of patients has a very promising ability to identify patients at high risk of cancer advancement, as defined by Gleason score. Our goal is to lay the groundwork to develop a superior test for PCa. The data generated are thus necessary (i) to strengthen the IDO-based diagnostic/prognostic test and (ii) to provide patients and clinicians with an affordable and easy screening test.

Keywords: prostate cancer, IDO—indoleamine 2,3-dioxygenase, prognostic marker, liquid biopsy, radical prostatectomy, immune regulation, inflammation


INTRODUCTION

Prostate cancer (PCa) represents the first leading cause of cancer morbidity and the third of cancer death in men in developed countries, with a worldwide incidence rate accounting for 14% of total newly diagnosed cases and a worldwide total cancer mortality rate of 6% (1). It is of relevance that prostate tissues appear to be characterized by features consistent with an immunosuppressive microenvironment. Infiltrating CD4+ and CD8+ T lymphocytes (TILs) are predominantly characterized by regulatory (2, 3) and functionally exhausted (PD-1+, B7-H1+) phenotypes (4–6). Furthermore, enhanced suppressive function of adaptive CD4+ Treg has been observed in the peripheral blood of patients with PCa and found to correlate with metastatic behavior (7).

The tumor microenvironment is the battlefield where not well-defined relationships between oncogenesis and immune surveillance to cancer take place. Tumor immune escape occurs through the secretion of different tumor-derived factors (TDFs) with immunosuppressive properties, such as indoleamine-2,3-dioxygenase (IDO). The specific IDO gene product plays a key role in tryptophan metabolism, and its enhanced activities might result in both the depletion of an amino acid essential for lymphocyte metabolism and in the generation of toxic metabolites (8).

The significant correlation between levels of expression of IDO and its activity (kynurenine/tryptophan ratio) in PCa specimens, the trend seen in relation to PCa patients' clinical features [Gleason score (GS)], and the finding that TGF-β expression was significantly correlated to IDO gene expression in PCa contributed to the identification of a peculiar subset of tumors (9). A high level of IDO has been reported to be correlated with poor clinical prognosis in cancers, such as ovarian cancer (10), endometrial cancer (11), colon carcinomas (12), malignant melanoma (13), and lung cancer (14). In renal cell carcinoma, levels of IDO mRNA in primary tumors or metastasis do not correlate with longer overall survival. In this specific setting, IDO was nearly exclusively expressed in endothelial cells of predominantly newly formed blood vessels, not in tumor cells, a condition that presumably inhibits tumor growth due to amino acid tryptophan depletion to cancer cells (15).

Currently, the selection of patients at risk of PCa and the indication for biopsy are based on the combination of prostate-specific antigen (PSA) blood test and the digital rectal examination (DRE) of the organ (16). Although PSA is the most commonly used screening parameter, it has a relatively poor specificity for PCa, which means that patients with benign prostate hyperplasia (BPH) or prostatitis might show higher PSA values and might therefore undergo unnecessary biopsies (17, 18).

To secure the diagnosis of PCa and to determine further therapeutic interventions, a fine-needle biopsy is necessary, although prostate sampling might be inconsistent at early stages (19, 20). In addition, complications like hematuria, hematospermia, and infection can occur during the procedure (21). Therefore, unnecessary costs and complications should be avoided for patients bearing no cancer lesions or an indolent form. A reliable biomarker that could identify without the use of biopsy patients with early aggressive or clinically significant tumors and rule them out while being easy to collect in a non-invasive procedure would be ideal (21, 22).

We have identified that the enzyme IDO could serve as a novel diagnostic biomarker for PCa in urine. We have developed a novel diagnostic approach based on the IDO mRNA and/or protein levels. Our current data show that the quantification of IDO mRNA in urine of patients has a very promising ability to identify patients harboring PCa (23). Because patients with higher expression of IDO in PCa at first diagnosis showed a significantly higher risk of tumor recurrence after prostatectomy, IDO may furthermore be used also as a recurrence marker.

Therefore, in this study, we evaluated the prognostic value of IDO gene expression in urine of PCa patients undergoing radical prostatectomy (RP) as first-line treatment. Urine was collected preoperatively, and results were correlated with clinicopathological characteristics.



MATERIALS AND METHODS


Patients' Accrual and Clinicopathological Characteristics

We evaluated a case series of 100 patients bearing PCa at first diagnosis and undergoing RP as first treatment of choice in our institution between June 2016 and June 2017. Relevant clinical data were collected by reviewing patients' files. Clinicopathological parameters (PSA levels, tumor stage, and GS were assigned according to European Association of Urology (EAU) guidelines for PCa; uroweb.org/guidelines/prostate-cancer/). Local ethics committee approval and written informed consent from patients were obtained in accordance with the requirements of the Ethical Committee of Zürich (BASEC_2018-02101).



Urine Processing

Urine of 20 to 50 ml was voided in DNA/RNA preservative cups (Sierra Diagnostic, USA) before RP. Depending on amount of urine collected, two-way processing was carried out: (i) for 20–50 cm3 of urine, the extraction of RNA was performed by using urine pellet generated after urine centrifugation at 2,000 rpm for 10 min at 4°C. (ii) For limited amount of urine (<20 cm3), the quantification of cell-free RNA was considered, and urine samples were aliquoted at 500 μl each test. Either pellet or cell-free RNA urine was treated with 700 μl of lysis solution (Ambion, USA), stored at −80°C or immediately used for RNA extraction (Ambion, USA). Total urine was used to test IDO enzymatic activity through the L-kynurenine/tryptophan ratio, as analyzed by ELISA (Immundiagnostik).



Established Prostate Cancer Cell Line Spiked in Patients' Urine

PC3 is an established cells line from bone metastasis and produces a high level of IDO constitutively (23). PC3 was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium containing 2 mM of L-glutamine (Invitrogen, Carlsbad, CA) together with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 100 U/ml of penicillin, and 100 μg/ml of streptomycin. Urine from healthy donors spiked with PC3 was used as control or to validate our system. Accordingly, IDO gene expression was tested by plating PC3 cell line in four different sized growing areas (150, 75, 25, and 6 cm2) and cultured for 72 h, as previously described by us in Poyet et al. (24). Cells were harvested at about 90% confluence. Scale dilution of cells was added to urine of HD, and pellet was used for gene expression.



Gene Expression Analysis

Total RNA extraction was performed by using the RNAqueous Kit according to the manufacturer's protocol (Applied Biosystems, USA). After extraction, RNA undertook DNase treatment and was subsequently retrotranscribed into cDNA (High Capacity cDNA Reverse Transcription Kit, Applied Biosystems). Quantitative gene amplification (qRT-PCR) was set up according to standard real-time PCR protocols using a Corbett Life Science Rotor-gene 3000 instrument (Corbett Life Science, Sydney, Australia) using TaqMan® Universal PCR Master Mix Reagents Kit (Labgene) and “on demand” sets of primers and probes for housekeeping genes (RNA ribosomal 18S and β-actin) (Thermo Fisher, Switzerland). The IDO assay (Custom TaqMan primers and probe design; Applied Biosystems) was designed to cover the exon–exon junction between exons 9 and 10. Primers were designed to allow a melting temperature of between 58 and 61°C, with an optimal length of 20 bp and CG content between 30 and 80%. The probe was designed not to start with G and in order to have a melting temperature 10°C higher than the one of the primers. A 3′ minor grove binder-probe [non-fluorescent quencher fitting the 5(6)-carboxyfluorescein (FAM) spectral qualities] was used. Primers and probe were used at a final concentration of 400 and 200 nM, respectively. TaqMan assay sequences are described in patent “INDOLEAMINE-2,3-DIOXYGENASE ASSAY FOR PROSTATE CANCER DIAGNOSIS AND PROGNOSIS” https://worldwide.espacenet.com/publicationDetails/biblio?II=0&ND=3&adjacent=true&locale=en_EP&FT=D&date=20180419&CC=WO&
NR=2018069494A1&KC=A1#.

One microliter of cDNA was loaded into the TaqMan reaction mix, and reactions were run in a final volume of 20 μl. The reaction conditions were set accordingly to the manufacturer's instructions (TaqMan Gene Expression Master Mix, Applied Biosystems, USA). The absolute quantification of each gene's copies was calculated through the generation of a standard curve by serial dilution of synthetic oligonucleotides. Data were then given in copies per milliliter of urine. Where appropriate, RNA ribosomal 18S and β-actin were used as endogenous reference genes, and normalized data were be analyzed by the 2−ΔΔCt method.



Measurement of Tryptophan, Kynurenine, and Quinolinic Acid Concentration

IDO activity was measured in urine and performed as L-kynurenine vs. L-tryptophan (Kyn/Trp ratio) or quinolinic acid A vs. L-tryptophan (Q-A/Trp ratio) concentrations by ELISA according to manufacturer's instructions (Immundiagnostik, Bensheim, Germany). In addition, IDO protein release in urine of patients was analyzed as well by ELISA (Immundiagnostik, Bensheim, Germany).



Statistical Analysis

Statistical analysis was performed with GraphPad Prism (v5.1) and SPSS (v23). Non-parametric tests for gene expression levels (Mann–Whitney U-test and Kruskal–Wallis test) were run. Categorical variables were evaluated by contingency table analyses and Pearson chi-square test or Fisher exact test, as appropriate. Two-sided p < 0.05 (95% CI) were considered statistically significant. The performance of IDO as prognostic factor in PCa was evaluated by calculating the area under the receiver operating characteristic (ROC) curve (AUC). Previous cutoffs were confirmed by sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of the test.




RESULTS


Indoleamine-2,3-Dioxygenase Gene Expression in Urine Represents a Valuable Test for Prostate Cancer Prognosis by Liquid Biopsy

To test the integrity of our investigation, which is the positive correlation between IDO gene expression in urine and number of cancer cells, PC3 cells were spiked in urine of healthy donors at various concentrations, as described in the Materials and Methods. To standardize IDO gene expression, the number of harvested cells was correlated with the amount of total RNA extracted after cell harvesting.

We first observed a positive correlation between number of cells harvested and total RNA extracted (Figure 1A). We additionally observed that the correlation between number of cells <1 × 106 and RNA concentration, either total (Figure 1B) or in ng/μl (Figure 1C) was markedly confirmed (R2 < 0.9). To mimic prostate massage yield, the same numbers of cells were spiked into urine. We observed that IDO gene expression was confirmed as equal as IDO gene expression from non-spiked cells (Figures 2A,B), although ΔCt between spiked and non-spiked urine was of about 2logs (p > 0.5). In addition, IDO gene expression showed a linear regression value higher than TGF-β gene expression, a cytokine constitutively expressed in PC3 cell lines (Figures 2C,D). Despite spiked urine showing higher IDO gene expression, the latter is not markedly strong to justify the use of prostate massage for IDO testing.


[image: Figure 1]
FIGURE 1. (A) Correlation between scale dilution of established PC3 cells line and total RNA extraction. Red dots represent number of seeded cells per growing area (6, 25, 75, and 150 cm2, respectively); blue dots represent amount of extracted total RNA from harvested cells per growing area (6, 25, 75, and 150 cm2, respectively). The test shows that correlation between number of harvested cells <1 × 106 and total RNA (B) or RNA in ng/μl (C) was markedly confirmed. Error bars represent the mean ± SD of three replicates.
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FIGURE 2. IDO gene expression (in CT, threshold cycle) from non spiked PC3 urine of healthy donors (A), as compared with its expression from PC3-spiked counterpart (B). Gene expression of TGF-β, a tumor-derived soluble factor involved in PCa progression, in either non spiked PC3 (C) or PC3-spiked (D) urine, has been used as control. Error bars represent the mean ± SD of three replicates. IDO, indoleamine-2,3-dioxygenase.




Detection of Indoleamine-2,3-Dioxygenase Gene in Urine Does Not Need Prostate Massage and Can Be Performed Either by Urine Pellet or by Cell-Free RNA

One of the major limitations in performing gene expression in urine is the amount of RNA. For PCa diagnosis, this hurdle can be overcome by squeezing the organ through a prostate massage and extracting RNA from urine pellet. However, prostate massage is not always feasible. We analyzed IDO gene expression in urine of five patients undergoing PCa standard diagnosis (PSA level + DRE) collected before and after DRE. PSA gene expression was used as control. We observed that change in IDO gene expression was abundantly lower (~2-fold) than that of PSA (30-fold; p < 0.001; Figure 3). In addition, no significant differences for IDO gene expression were observed between pellet and cell-free RNA of urine collected before DRE (data not shown).


[image: Figure 3]
FIGURE 3. Fold change in IDO and PSA gene expression in five PCa patients before/after DRE. Amount of IDO mRNA is significantly maintained in urine of PCa patients undergoing DRE (~2-fold-increase), as compared with its expression in urine of same PCa patients before DRE. Differently, PSA value abundantly increased over 2-fold. Error bars represent the mean ± SD of three replicates. IDO, indoleamine-2,3-dioxygenase; PSA, prostate-specific antigen; PCa, prostate cancer; DRE, digital rectal examination.




The Prognostic Potential of Indoleamine-2,3-Dioxygenase for Diagnosed Prostate Cancer Can Redirect Treatment Options

Out of 100 patients enrolled in this study, 20 were excluded owing to lack of complete clinicopathological parameters (TNM and GS after RP) and limited amount of material for IDO gene expression (rRNA 18S almost negligible; Ct > 30). By distributing patients on the basis of GS (GS ≤ 7; n = 60 and GS ≥ 8; n = 20), we found a significant variation for IDO gene expression in urine (GS ≤ 7 = mean 0.029 ± 0.046; median 0.012; GS ≥ 8 = 0.031 ± 0.075; median 0.033; p < 0.01; Figure 4A). To better determine the association between IDO gene expression in urine and cancer aggressiveness, we distributed patients on the basis of all GS patterns from GS = 7 to GS = 10 (no GS = 6 was reported, because indolent patients preferably undergo active surveillance). Therefore, we grouped our patients as follows: GS = 7 (3 + 4), n = 32; GS = 7 (4 + 3), n = 28; GS = 8, n = 12; and GS = 9 (4 + 5), n = 8. No PCa with GS = 9 (5 + 4) or GS = 10 was reported in our group of patients. A Kruskal–Wallis test was initially run to test mean variations among groups (p < 0.01). We found a significant difference of IDO gene expression in urine between patients with GS = 7 (3 + 4) and GS = 7 (4 + 3) (p = 0.03), GS = 8 (p < 0.01), and GS = 9 (4 + 5) (p < 0.01), whereas no significant differences were observed between GS = 7 (4 + 3) and higher scores [GS = 8 and GS = 9 (4 + 5)] (Figure 4B). Notably, no significant differences were observed for TNM distribution (data not shown).
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FIGURE 4. IDO gene expression correlated with Gleason score either (A) when comparing GS ≤ 7 vs. GS ≥ 8 or (B) when expressing single GS patterns. A ROC (AUC 0.7) (C) that compared Gleason score 7 (3 + 4) vs. 7 (4 + 3)/higher failed to confirm a previously defined cutoff for discriminating indolent vs. aggressive PCa, while a ROC (AUC 0.8) (D) that compared GS ≤ 7 vs. GS ≥ 8 did confirm a previous cutoff for discriminating indolent vs. aggressive PCa. IDO, indoleamine-2,3-dioxygenase; GS, Gleason score; ROC, receiver operating characteristic; AUC, area under the ROC curve; PCa, prostate cancer.


To confirm the cutoff value previously defined (23), we run two ROC curves tests comparing PCa with GS = 7 (3 + 4) vs. GS = 7 (4 + 3)/higher score and GS ≤ 7 vs. GS ≥ 8. The AUC to dichotomize patients with indolent or aggressive PCa on the basis of on GSs either partially confirmed or ameliorated the sensitivity and specificity of the test calculated with the cutoff level defined previously (0.0096). Indeed, for GS = 7 (3 + 4) vs. GS = 7 (4 + 3)/higher score, the best cutoff level was 0.0123 (sensitivity 61% and specificity 60%), whereas at the cutoff level of 0.0096, the sensitivity was 70% and the specificity 53% (Figure 4C). Differently, for GS ≤ 7 vs. GS ≥ 8, the best cutoff level was 0.0288 (sensitivity 71% and specificity 78%), whereas at cutoff level of 0.0096, the sensitivity was 61% and the specificity was 60% (Figure 4D).



Indoleamine-2,3-Dioxygenase Enzymatic Activity Might Predict Prostate Cancer Clinical Outcome

To confirm previous finding, the IDO activity (Kyn/Trp ratio or Q-A/Trp ratio) and IDO protein release were analyzed in 15 selected PCa patients with different GS (7 to 9). In keeping with IDO mRNA expression in urine, IDO activity characterized by Q-A/Trp ratio correlated with GS (7–9) (R2 0.88, p < 0.001; Figure 5A), whereas activity by Kyn/Trp ratio did not (data not shown). In addition, IDO protein release (ng/ml) showed a tendency with GS (7–9) (p = 0.07), although the correlation was inversed and not significant (R2 0.24, p = 0.3; Figure 5B).


[image: Figure 5]
FIGURE 5. IDO activity characterized by Q-A/Trp ratio in 15 selected PCa with different GS (7–9) correlated with GS (R2 0.88, p < 0.001 (A). Differently, IDO protein release (ng/ml) inversely correlated with GS (B). IDO, indoleamine-2,3-dioxygenase; PCa, prostate cancer; GS, Gleason score.





DISCUSSION

PCa is the most frequently diagnosed cancer among men in first-world countries and one of the leading causes of cancer-related death in men (22).

The management of PCa is still difficult, as indolent tumors often do not have any effect on the patient's life expectancy and therefore need a minimum or no treatment. In contrast, aggressive forms can grow and metastasize quickly, which often leads to life-impairing consequences (25). For clinical stratification, the PSA, tumor size, and GS are being used.

Recently, urine-based biopsy has been considered the gold standard owing to the non-invasive procedure for their collection. Indeed, there are many new approaches that use urine as liquid biopsy for PCa diagnosis/prognosis, such as circulating tumor cells (26) and cell-free DNA (27) tests.

Recent studies showed the potential of IDO as such a novel marker (9, 23). The enzyme IDO is expressed in many tumor types including PCa and seems to contribute to the tumor's immunosuppressive abilities by converting tryptophan into kynurenine (28–30). It was shown that immunohistochemically measured IDO gene expression in prostate biopsies is highly specific for PCa (9). However, a clinically more viable way of measuring is required. A urine-based analysis of IDO RNA expression of men at risk of PCa development showed that it could reduce the number of unnecessary biopsies by 14.8–66.6% depending on the cutoff level (23).

Clinicians need a reliable, easy-to-handle, and affordable screening test. The IDO mRNA-based assay is possible in clinical/practitioner's routine. In our opinion, this IDO gene expression analysis in urine of PCa patients is stronger than a protein test in terms of sensitivity and affordability. Further investigation on larger cohort of patients is needed to confirm the results achieved at both studies with enough statistical power; to finalize the final procedures for a better detection of IDO; to rate with accurate estimation the sensitivity of this test; and to evaluate in more detail the significance of IDO localization in biopsies as a marker for the risk of biochemical recurrence.

The PSA blood test, despite being the gold standard for PCa active surveillance and recurrence, has several limitations for screening patients at risk of PCa. This is due to the following: (i) PSA is organ specific but not tumor specific. Elevated levels of PSA can be found in other pathologies (benign prostatic hyperplasia, and acute prostatitis) or in physiological conditions, such as age increase and sexual activity; (ii) PSA test lacks sensitivity because only 25% of patients with PSA of between 2.5 and 10 ng/ml, gray zone, show positive biopsies; and (iii) PSA is not indicative of tumor staging and grading alone.

Improving current methods for screening of patients is therefore of great importance and will positively affect a significant part of the population. We have identified IDO as an important player in the mechanisms that regulate PCa progression and clarified its role and activity in these settings. Tumor cells expressing IDO have a higher chance of escaping the immune surveillance, and due to the presence of IFNγ and TNFα in the tumor microenvironment, they have a greater ability to migrate and invade. Furthermore, patients with higher expression of IDO in PCa at first diagnosis showed a significantly higher risk of tumor recurrence after prostatectomy.

Particularly in PCa, the expression of tumor-derived soluble factors (TDSFs) able to impair the functions of immune system in patients has been defined by us in Banzola et al. (23). In this context, we previously observed that cytokine possibly involved in PCa progression (such as IL-6) was found significantly higher expressed in PCa specimens, as compared with BPH (9). This information was confirmed by cytokine detection in sera of PCa patients (31).

In addition, arginase production by macrophages infiltrating prostatic tissues has been shown to favor the induction of anergy in resident lymphocytes (4). In this context, cytokines might play a relevant role in coordinating cancer immunoediting (32).

In conclusion, we proved that the quantification of IDO mRNA in the urine of PCa patients is a potential prognostic tool for this malignancy. This dataset is large enough to support the use of IDO as a recurrent marker in PCa patients undergoing RP as the first treatment of choice. However, in order to strengthen IDO as a robust prognostic marker for the identification of patients at higher risk of PCa recurrence, additional data on clinical samples from a larger cohort and the improvement of data acquisition for a more reliable IDO enzymatic activity are needed. Thus, the IDO detection in the urine of PCa patients could contribute, together with the standard parameters for the diagnosis/prognosis of this disease, to improve its outcome.
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Mechanisms of dysfunctional T cell immunity in Hepatocellular Carcinoma (HCC) need to be well defined. B7 family molecules provide both co-stimulatory and co-inhibitory signals to T cells while tryptophan degrading enzymes like Indoleamine 2,3 dioxygenase (IDO) and Tryptophan 2,3 Dioxygenase (TDO) mediate tumor immune tolerance. It is necessary to identify their in situ correlative expression, which informs targets for combined immunotherapy approaches. We investigated B7 family molecules, IDO, TDO and immune responsive effectors in the tumor tissues of patients with HCC (n = 28) using a pathway-focused quantitative nanoscale chip real-time PCR. Four best correlative expressions, namely (1) B7-1 & PD-L2, (2) B7-H2 & B7-H3, (3) B7-2 & PD-L1, (4) PD-L1 & PD-L2, were identified among B7 family ligands, albeit they express at different levels. Although TDO expression is higher than IDO, PD-L1 correlates only with IDO but not TDO. Immune effector (Granzyme B) and suppressive (PD-1 and TGF-β) genes correlate with IDO and B7-1, B7-H5, PD-L2. Identification of the in situ correlation of PD-L1, PD-L2 and IDO suggest their cumulative immuno suppressive role in HCC. The distinct correlations among B7-1, B7-2, B7-H2, and B7-H3, correlation of PD-1 with non-cognate ligands such as B7-1 and B7-H5, and correlation of tumor lytic enzyme Granzyme B with IDO and PD-L2 suggest that HCC microenvironment is complexly orchestrated with both stimulatory and inhibitory molecules which together neutralize and blunt anti-HCC immunity. Functional assays demonstrate that both PDL-1 and IDO synergistically inhibit T cell responses. Altogether, the present data suggest the usage of combined immune checkpoint blocking strategies targeting co-inhibitory B7 molecules and IDO for HCC management.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related mortalities (1). Defining the immunological mechanisms contributing to HCC pathogenesis in the intrahepatic tumor microenvironment is of translational interest (2). Co-stimulatory, co-inhibitory (B7 family) pathways and enzymes of tryptophan degradation predominantly attenuate anti-tumor T-cell immunity. FDA-approved inhibitors of PD-L1 (B7-H1) & PD-L2 (B7-DC)-PD-1 interaction to revive exhausted anti-tumor T-cell immunity have shown benefit to cancer patients (3, 4). In addition, clinical trials are ongoing to test the efficacy of inhibitors of tryptophan degrading enzymes for cancer treatment (NCT03695250) (5–7). Early phase clinical trials are ongoing to test the effect of immunotherapy agents targeting B7 family and tryptophan degradation pathways on HCC (8–10). Importantly, inhibitors of PD-L1 (B7-H1) & PD-L2 (B7-DC)-PD-1 pathways are promising for anti-HCC management (11, 12). Defining the complex interaction among B7 family ligands and enzymes of tryptophan degradation pathways in the HCC microenvironment will inform additional checkpoint immune blocking strategies.

B7 family ligands are the dominant family of molecules providing co-stimulation and co-inhibition to T-cells. Accumulated evidence demonstrates that there are many members present in the B7 family, namely, B7-1, B7-2, PD-L1 (B7-H1), PD-L2 (B7-DC), B7-H2, B7-H3, B7-H4, B7-H5, B7-H6 and B7-H7 (13, 14). Receptors of the majority of the B7 family ligands have been defined on T-cells while some ambiguity exists in identifying definitive receptors of new members B7-H3, B7-H4, B7-H5, and B7-H7 (Table 1). Nevertheless, dysfunctional and exhausted T-cells co-express receptors of B7-family ligands, which suggest that a complex co-receptor and ligand interaction occur in a tumor microenvironment and confer dysfunctional immune response (15–18). The interaction of PD-L1/PD-L2 with PD-1 on T cells plays an important role in modulating tumor immunity (19). B7-H2 has been characterized as a co-stimulatory ligand for Inducible Costimulator (ICOS) and skews T-cell differentiation toward Th2 responses (20, 21). In contrast, B7-H3 is a negative regulator by preferentially affecting Th1 responses (22, 23). B7-H4 has been shown to play a major role in the negative regulation of T cell immunity (24, 25). B7-H5 or V-domain Ig Suppressor of T cell Activation (VISTA) is identified as both co-stimulatory (26) and co-inhibitory molecule (27). B7-H6 is highly expressed on many cancer conditions and interacts with NK-cell receptor NKP30 to induce activation while its significance on tumor immunity is yet to be defined (28). B7-H7 is a co-inhibitory molecule and inhibits CD4+ and CD8+ T cell functions (29). The pattern of correlative expressions of B7 family molecules and their interaction with the immune effectors of HCC microenvironment is currently unknown.


Table 1. B7 Family ligand and receptors.
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Indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO) deplete tryptophan by converting it into the immunosuppressive catabolite, kynurenine (30–32). Although inconsistent results emerge in clinical trials targeting IDO (33), it needs to be further clarified on how IDO and/or TDO operate with B7 family ligands in modulating T-cell responses in the liver of patients with HCC. Important questions are: How are B7 family ligands expressed relative to each other in controlling T cell fate? How do B7 family ligands correlate among themselves in the tumor microenvironment of HCC? Do B7 family ligands co-express with IDO and TDO in an intricate intrahepatic tumor microenvironment? How do B7 family ligands, IDO and TDO correlate with immune responsive effector molecules in HCC? Better understanding of the underlying in situ associations of IDO/TDO and B7 family members will inform the rationale of translational development of specific checkpoint inhibitors for primary liver cancer management.



METHODS


Patient Characteristics

The Emory University Institutional Review Board (IRB) approved the study. All consecutive cases of patients with HCC who were older than 18 years of age and treated between 2013 and 2015 at Winship Cancer Institute/Emory University Hospital system were identified and enrolled. All the patients (n = 28) who were included in the study had active HCC (Table 2).


Table 2. HCC patient characteristics.
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RNA Extraction and cDNA Preparation

Paraffin embedded tissue blocks from HCC patients were subjected to hematoxylin and eosin (H&E) staining to ensure that the tissue slices subjected to RNA analysis have adequate (minimum 30–40%) tumor volume. % Tumor volume and % leukocytes in tissue sections are given in Table 2. High Pure FFPE (formalin-fixed, paraffin-embedded) RNA Micro Kit was used to isolate RNA from the dissected paraffin slices according to the manufacturer instructions (Roche GmbH, Germany). Hundred to five-hundred nanogram of isolated RNA was used for total cDNA preparation (QuantiTect Reverse Transcription Kit, Qiagen, USA).



Fluidigm Nanoscale PCR

Quantitative RT-PCR was performed using Fluidigm 48 × 48 nanofluidic arrays. Briefly, cDNA samples were pre amplified with 14-cycle PCR reaction for each sample with the combination of 100 ng cDNA and pooled primers as described by TaqMan Pre-Amp Mastermix (Fluidigm BioMark™) manufacturer's protocols. Two thousand three hundred four parallel qRT-PCR reactions were performed for each primer pair on each sample on a 48 × 48 chip array. Human cDNA library was used as a positive control. Amplification was detected in Eva Green detection assay on a Biomark I machine based on standard Fluidigm protocols as described previously (34, 35). Two independent primer pairs were used for each target (Table 3). Cycle of Threshold (CT) values were normalized based on the endogenous GAPDH & beta actin controls. CT value of each target was subtracted with the CT value of endogenous GAPDH & beta actin (Control CT values) of the respective samples to get delta CT values. The delta CT values were subjected to a second standardization by adding all the delta CT values with a constant CT value, which was derived from the total average of control CT values from all the samples. In the case of Osteopontin or Glypican normalization, GAPDH & beta actin normalized CT values were further normalized with Osteopontin or Glypican-3. The normalized CT values are expressed as an inverse (CT−1) to better graphically represent the increase or decrease in expression as described previously (36). Inverse CT values were obtained by dividing 1 with the appropriate normalized CT value. High or low inverse CT values represent high or low expression of target genes, respectively.


Table 3. Primer sequences of the targets used in nanoscale chip PCR.
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T Cell Proliferation and Cytokine Secretion

Peripheral Blood Mononuclear Cells (PBMCs) were isolated from heparin-anticoagulated whole blood using a Ficoll-Paque PLUS density gradient (GE Healthcare Biosciences, Sweden), and cryopreserved in medium containing 90% fetal calf serum (HyClone) and 10% dimethyl sulfoxide (Corning, USA). Prior to the experiment, cells were thawed and rested overnight in a 37°C CO2 incubator. For proliferation assays, Carboxyfluorescein succinimidyl ester (CFSE) (Biolegend USA) labeled PBMC were stimulated for 4 days with plate bound 1 μg/ml anti-CD3 and anti-CD28 (Biolegend, USA) antibodies and 10ug/ml of PD-L1 Ig or Control Ig protein (Biolegend, USA) with varying concentrations of Kynurenine (Tocris, USA). Four days later, cells were stained with CD3-APCCy7 antibody (Biolegend, USA) and acquired in BD FACSAria instrument. Results were analyzed in Flow Jo software. Supernatants were analyzed for IFNγ using the kit, Human IFN gamma ELISA Ready-SET-Go according to the manufacture's instruction.



Statistics

Data were analyzed with GraphPad Prism 5.0 software for statistics. An unpaired two-sided t-test was used to determine significance between the means of two groups, and a one-way ANOVA with Tukey's multiple comparison tests was used to compare multiple groups simultaneously. P-value < 0.05 was considered statistically significant. Linear regression analysis was performed using normalized CT values to obtain R2 and P-values. R2 = Goodness of Fit; P = Significance of the slope deviation from Zero. Correlations with R2 values above 0.5 with the P-value of < 0.05 were considered as the best correlation. Correlation with R2 values between 0.3 and 0.5 with the P-value of < 0.05 were considered as moderate correlations/statistical trend toward a correlation. Correlations with R2 values below 0.3 were considered relatively less significant.




RESULTS


Differential Expression of B7 Family Ligands and Enzymes of Tryptophan Degradation in Patients With HCC

B7 family molecules are either co-stimulatory or co-inhibitory in stimulating and negating T-cell responses (Table 1). We have evaluated their relative expression in the hepatic tumor microenvironment in patients with HCC. Surgically resected liver tumor tissues of the patients with HCC (n = 28) were fixed with formalin and embedded in paraffin. Hematoxylin and Eosin (H&E) staining was performed for the inclusion criteria that the tissue slices subjected to RNA analysis have at least 30–40% tumor volume (Table 2). % Tumor volume and % leukocytes in tissue sections are given in Table 2. Patient #1 had a minute focus of cholangiocarcinoma on morphology which was excluded on histologic analysis. Total RNA was extracted from tissue sections, which was then converted into cDNA. cDNA samples were then used to perform Fluidigm nanoscale quantitative real-time chip PCR with two independent primer pairs for each target. Human cDNA library was used as a positive control to ensure the effectiveness of the primer pairs. The cycle of threshold (CT) values were normalized based on endogenous GAPDH & beta actin controls. Hierarchical organization of the cumulative median CT−1 values (inverse CT values were used to depict the expression) identified the ranking of expression as values identified the ranking of expression from high to low as B7-H5, B7-H3, B7-H2, B7-1, PD-L1, B7-2, PD-L2, B7-H6, B7-H4, and B7-H7 (Figure 1A). B7-H5 and B7-H3 showed statistically significant enhanced expression compared to all other B7 family molecules. B7-H2, PD-L1, PD-L2, B7-1, and B7-2 showed comparable expression among themselves while B7-H4, B7-H6, and B7-H7 are expressed at low levels (Figures 1A,B). The immunosuppressive tryptophan degradation pathway (IDO, TDO) is an immunotherapy target to revive anti-tumor immunity (30–32). We set out to identify the mRNA expression levels of IDO and TDO in HCC and our results show that TDO expression is higher than IDO (Figure 1C).
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FIGURE 1. Relative expression of B7 familiy ligands and enzymes of Tryptophan degradation in HCC. Paraffin embedded liver tissue (10 micron) sections were collected in tubes and Hematoxylin and Eosin stained sections were reviewed to ensure tumor content. RNA was extracted and converted into cDNA which was used for the B7 Family ligand amplification in FluidigmTM nanoscale quantitative RT PCR. Each target is validated with two independent primer sets with the amplicon length of <100 base pairs. (A) Inverse CT values (CT−1) of B7 Family ligands derived from each patient were plotted with median and range. Median values were organized in hierarchical order of high to low expression. (B) One-way ANOVA and Tukey's multiple comparison test was performed to obtain P-values. Table shows the statistical significance of the median of CT−1 values of each B7 family ligand in comparison to others. (C) Inverse CT values (CT−1) of TDO and IDO derived from each patient were plotted with the median and range. CT values were normalized based on GAPDH & beta actin controls.




Dominant Correlative Pattern Among B7 Family Ligands in HCC

To identify the correlation among B7 family ligands, we subjected the CT values of each B7 family ligands in combinations through linear regression analysis. The degree of R2 correlation values (Example: R2 = 1 and R2 = 0 represent the best and no correlation between two molecules, respectively) determines the correlation between two B7 family molecules. Fifty-five combinations tested among the B7 family members and the R2 values were subjected to hierarchical ranking analysis ranging from best to no correlation. B7-1 expression showed the highest correlation with PD-L2 (R2 = 0.7174; P < 0.0001) (Figures 2A,B). We also identified moderate correlations among three B7 combinations such as (1) B7-2 and PD-L1 (R2 = 0.4244; P = 0.0002) (Figures 2A,C), (2) B7-H2 and B7-H3 (R2 = 0.4090; P = 0.0002) (Figures 2A,D), (3) PD-L1 and PD-L2 (R2 = 0.3863; P = 0.0004) (Figures 2A,E). All other combinations did not show a significant correlation. Altogether, the present analysis identified that B7-1, B7-2, PD-L1, PD-L2, and B7-H3 are correlated in a distinct combinatorial expression pattern.
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FIGURE 2. Correlation patterns among B7-Familiy ligands and IDO in the liver of HCC patients. (A) CT Values of B7 Family ligands from HCC patients (n = 28) were subjected to linear regression analysis among each other. R2 values were color-coded and red boxes indicate the best correlations based on the hierarchical ranking. Correlative plot with R2 values above 0.3 are shown for the combination (B) B7-1&PD-L2, (C) B7-2&PD-L1, (D) B7-H2&B7-H3, and (E) PD-L2&PD-L1. (F) CT values of IDO and TDO were subjected to linear regression analysis with B7 family ligands. Correlative plot with the R2 values above 0.3 is shown for the combination (G) IDO & PD-L1. Linear regression analysis was performed in GraphPad Prism to get R2 and P-values. R2, Goodness of Fit; P, Significance of the slope deviation from Zero.




Association of IDO and PD-L1 in HCC

To investigate the effect of the expression of IDO and TDO on B7 family ligands, we performed a linear regression analysis between the CT values of IDO, TDO and B7 family ligands. Twenty combinations were investigated to identify R2 values. Although TDO expression is superior to IDO, it does not correlate with any of the B7 family ligands (Figure 2F). However, IDO shows a trend toward a correlation with PD-L1 (R2 = 0.3417; P = 0.001) (Figures 2F,G). We did not observe any associations between IDO and other B7 family molecules. Altogether, these results demonstrate the correlation between IDO and PD-L1.



High Expression of TGF-β, IL-10, and PD-1 in HCC

Tumor microenvironment is not only occupied with the co-stimulatory and co-inhibitory ligands but also the immune responsive effector molecules that actually facilitate immune suppression or stimulation. We analyzed the expression of TGF-β, IL-10 (immune suppression), IFNγ, TNFα, IL-2, Perforin, Granzyme B (immune stimulation), and PD-1 (immune exhaustion). We categorized the expression levels of these effector molecules relative to each other by descending hierarchical organization of median CT−1 values. Our results demonstrate that TGF-β, PD-1, and IL-10 are expressed at high levels, TNFα and Granzyme B expressed at moderate levels, while IFNγ, IL-2, and Perforin are expressed at very low levels (Figure 3A). Descending hierarchical organization of median CT−1 values identified the ranking as TGF-β, PD-1, IL-10, GranzymeB, TNFα, IFNγ, IL-2 and Perforin (Figures 3A,B). Altogether these results demonstrate the dominant expression of immunosuppressive molecules (TGF-β, PD-1, IL-10) in HCC microenvironment.
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FIGURE 3. Expression pattern of immune responsive effector molecules in HCC. RNA transcripts of immune responsive effector molecules TGFβ, PD-1, IL-10, IFNγ, TNFα, IL-2, Granzyme B and Perforin were analyzed in FluidigmTM nanoscale quantitative RT-PCR. (A) Inverse CT values (CT−1) of immune responsive effector molecules derived from each patient were plotted with the median and range. Median values were organized in hierarchical order of high to low expression. (B) One-way ANOVA and Tukey's multiple comparison test was performed to obtain P-values. Table shows the statistical significance of the median of CT−1 values of each effector molecule in comparison to others. CT values were normalized based on GAPDH & beta actin controls.




Correlation Patterns of Immune Response Genes With B7 Family Ligands

Next we aim to determine the effect of the expression of individual B7 family ligands on the expression of immune responsive effector molecules within HCC microenvironment. CT values of the immune responsive effector molecules were subjected to linear regression analysis with the CT values of B7 family ligands. Eighty combinations were tested to identify R2 values, which determine the correlation of immune responsive effector molecules with B7 family ligands. Our results identified the best correlation between TGF-β and B7-H5 (R2 = 0.6765; P < 0.0001) (Figures 4A,B). In addition, a statistical trend toward the best correlation was identified with four other combinations. (1) PD-1 and B7-H5 (R2 = 0.48; P < 0.0001), (Figures 4A,C), (2) PD-L2 and Granzyme B (R2 = 0.46; P < 0.0001) (Figures 4A,D), (3) PD-1 and B7-1 (R2 = 0.4224; P = 0.0002) (Figures 4A,E). (4) IFNγ and PD-L2 (R2 = 0.3174; P = 0.0018) (Figures 4A,F).
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FIGURE 4. Correlation of B7 family ligands and IDO with immune responsive effector molecules. CT values of each immune responsive effector molecules were subjected to linear regression analysis with the B7 family. (A) Correlation B7 family ligands with immune responsive effector molecules is shown in table format. Correlative plots with R2 values above 0.3 are shown as (B) B7-H5&TGFβ, (C) PD-1&B7-H5, (D) PD-L2&GranzymeB, (E) B7-1&PD-1 and (F) PDL2&IFNγ. (G) IDO and TDO were subjected to linear regression analysis with immune responsive effector molecules to get R2 and p-values. Correlative plots with the R2 values above 0.3 is shown for the combination (H) IDO & Granzyme B. Linear regression analysis was performed in GraphPad Prism to get R2 and P-values. R2, Goodness of Fit; P, Significance of the slope deviation from Zero; NS, Non-significant.


None of the other combinations of B7 family ligands and immune responsive molecules showed a significant correlation values above 0.3 (Figure 4A). Correlations such as B7-H7 and IL-2, B7-H7 and Perforin were disregarded due to their very low expression levels (Figures 1A, 3A). Altogether, these results demonstrate that although PD-1 is the cognate receptor for the ligands PD-L1 and PD-L2, its expression correlates with other B7 family ligands B7-1 and B7-H5. In addition, the immunosuppressive cytokine TGF-β correlates with B7-H5 while IFNγ and tumorlytic enzyme Granzyme B correlates with PD-L2.



IDO but Not TDO Correlate With Granzyme B

Next we investigated the correlation of IDO and TDO with immune responsive effector molecules. Linear regression analysis was performed between these two families of molecules with 16 combinations (Figure 4G). Identification of R2 values demonstrates that TDO expression does not show any correlation with immune responsive effector molecules (Figure 4G). However, IDO expression shows a trend toward correlation with Granzyme B but not with any other immune responsive effector molecules (R2 = 0.3128; P = 0.002) (Figures 4G,H). Altogether these results demonstrate that although TDO is dominant, it does not correlate with immune responsive effector molecules. In contrast, IDO expression correlates with Granzyme B.



Validation of Correlations Among B7 Family Ligands, Immune Response Genes and IDO After Glypican-3 and Osteopontin Normalization

Glypican-3 and Osteopontin are over expressed in HCC and studies have demonstrated that both of these molecules could serve as the biomarker of HCC progression and could be targeted (37–39). Hence, we determined the mRNA expression levels of Glypican-3 and Osteopontin in HCC samples. Our results show that Glypican-3 and Osteopontin expressions are not significantly different from each other (Figure 5A). In addition, Glypican-3 and Osteopontin did not show significant levels of correlation with B7 family ligands, immune response genes and IDO, except Osteopontin showing a moderate correlation with B7-2 (Figures 5B,C). Next, we normalized CT values based on Osteopontin and Glypican-3 expression and validated the key identified correlation (as identified in Figures 2, 4) that were determined based on GAPDH and beta-actin normalization. We recapitulated and confirmed the identified correlations among B7 family ligands, immune response genes and IDO based on the normalization with HCC associated biomarkers Glypican-3 and Osteopontin (Figures 5D,E).
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FIGURE 5. Validation of the identified correlations using HCC biomarkers Osteopontin and Glypican-3. (A) Inverse CT values (CT−1) of Osteopontin and Glypican-3 derived from each patient, after GAPDH & beta actin normalization, were plotted with median and range. CT values of Osteopontin and Glypican-3 were subjected to linear regression analysis with (B) B7 Family ligands, Tryptophan Degrading enzymes and (C) immune response genes. Correlation R2 values and statistical significance are shown in a table format. (D,E) GAPDH & beta actin normalized CT values were further normalized based on the expression of Osteopontin or Glypican-3. Correlations that are identified in Figures 2, 4 were further confirmed using Osteopontin and Glypican-3 normalization. (D) Correlations between B7 family ligands and IDO. (E) Correlations between B7 family ligands, IDO and immune response genes. Linear regression analysis was performed in GraphPad Prism to get R2 and P-values. R2, Goodness of Fit; P, Significance of the slope deviation from Zero; NS, Non-significant.




IDO Metabolite Kynurenine and PD-L1 Synergistically Inhibit T Cell Responses

IDO correlates only with PD-L1 but not with other B family ligands, which suggests that this correlation is significant. Hence, to investigate the synergistic functional effect of IDO and PD-L1, we tested the effect of PD-L1 Ig/Control Ig and Kynurenine (IDO metabolite) on human peripheral blood mononuclear cells (PBMCs). We stimulated CFSE labeled human PBMCs with plate-bound anti-CD3 & anti-CD28 in the presence of PD-L1 Ig or Control Ig along with the dose escalating concentrations of Kynurenine. Four days later, T cell proliferation was determined by analyzing the percentage of CFSE dilution using flow cytometry. In addition, we also determined the concentrations of secreted Interferon γ (IFNg) in the supernatants of the cultures by Enzyme Linked Immunosorbent Assay (ELISA). Our results demonstrate that PD-L1 Ig inhibits T cell proliferation in the absence of Kynurenine. Similarly, Kynurenine inhibits T cell proliferation in the absence of PD-L1 Ig (Figures 6A,B). In the cultures with both PD-L1 and Kynurenine, the inhibitory effect on T cell proliferation is superior over their individual counterparts (Figures 6A,B). Similarly, both PD-L1 Ig and Kynurenine synergistically inhibit Interferon γ (IFNg) secretion (Figure 6C). Altogether these results demonstrate the synergistic inhibition of PD-L1 and IDO on T cell responses.
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FIGURE 6. Synergistic inhibitory effects of PD-L1 and Kynurenine on T cell responses. CFSE labeled PBMCs were stimulated on the plates coated with anti-CD3 and anti-CD28 (1 μg/ml) alone or in combination with PD-L1 Ig or Control Ig (10 μg/ml). Subsequently, Kynurenine was added to the culture at a final concentration as indicated. 4 days later, T cell proliferation analysis was performed using flow cytometry. (A) Representative CFSE dilution plot is shown. CFSE plots were derived from Forward Scatter, Side Scatter, CD3+ parental gates. (B) % CD3+ CFSE dilution is plotted with two independent donors. (C) Supernatants of the cultures were analyzed for human IFNγ using ELISA. Concentrations of the IFNγ are shown from two independent experiments using independent donor PBMCs.





DISCUSSION

Reviving the immune system with immunotherapy is becoming an attractive strategy to treat HCC (40, 41). Immunotherapy agents such as immune checkpoint blocking agents targeting single co-inhibitory molecule show some benefits to patients with HCC (11). These prompted to use second-generation combined immune blocking strategies targeting additional co-inhibitory molecules of the tumor microenvironment. However, practically it is not feasible to test combined immune blocking strategies targeting an array of immunomodulatory molecules with all the combinations in clinical trials or immunotherapy animal model studies. Hence, it is necessary to identify the in situ correlation and interaction of immunomodulatory molecules in the tumor microenvironment. We hypothesized that immunomodulatory molecules express in a specific combinatorial pattern in the HCC microenvironment and identification of such in situ combinations not only inform the targets for combined immunotherapy approaches but also unveil the immuno physiology of the tumor microenvironment.

Herein, we analyzed the correlative expressions of B7 family molecules and enzymes of tryptophan degradation in the tumor microenvironment of HCC. Consistent with other tumor types (42), we identified the differential expressions of B7 family molecules within the hepatic tumor microenvironment. Using a correlative hierarchical ranking analysis, we identified four best correlations out of 55 combinations tested among B7 family molecules. They are (1) B7-1 and PD-L2, (2) B7-2 and PD-L1 (3) PD-L1 and PD-L2, (4) B7-H2 and B7-H3. Identification of the correlative expression of PD-L1 and PD-L2 suggests that both of these ligands may function together in dampening T cell responses through its receptor PD-1. Clinical trials targeting PD-1 or PD-L1 with monoclonal antibodies showed encouraging results. FDA approved this immunotherapy for the patients who show advanced stage HCC and sorafenib resistance. Although FDA approved this therapy with the contingency that advanced phase clinical trials should demonstrate efficacy, the results are both positive and negative (40, 41). Thus, combined immunotherapy approach may be necessary to demonstrate consistent clinical efficacy. In addition, it has also been demonstrated that the binding structure, kinetics and affinity of PD-L1 and PD-L2 with PD1 are different (43, 44). These structural insights and our observation of the correlation of PD-L1 and PD-L2 suggest that the combined immunotherapy approaches targeting PD-L1, PD-L2 and PD-1 are warranted for advanced HCC management.

We also observed correlations such as (1) B7-1 and PD-L2, (2) B7-2 and PD-L1, (3) PD-1 and B7-1 which are intriguing since PD-L1, PD-L2, PD-1 are co-inhibitory ligands/receptor while B7-1 and B7-2 are dimorphic ligands since they can interact with CD28 or CTLA4 to promote co-stimulation or co-inhibition, respectively. It has been recently demonstrated that B7-1, B7-2 and CD28 co-stimulation is necessary to revive exhausted T cells using anti-PD-1 therapy in animal models and lung cancer patients (45). Thus, both of these two co-stimulatory and co-inhibitory pathways, (1) B7-1, B7-2-CD28 and (2) PD-L1, PD-L2-PD1 may function together in promoting T-cell exhaustion. Our results further support this hypothesis that in the liver tumor microenvironment, B7-1, B7-2, PD-L1, PD-L2 and PD-1 interactions occur extensively, which cumulatively confer dysfunctional anti-tumor immunity. In addition, our data shows the correlation of PD-1 with its non-cognate ligands B7-1 and B7-H5 which further suggests that PD-1 should be targeted in conjunction with other B7 family molecules.

B7-H2 and B7-H3 are co-stimulatory and co-inhibitory molecules, respectively (20, 22). The identification of their correlation suggests that neutralization/dampening of immune activation ensue as a result of the interaction of these molecules. In addition, it is also entirely possible that in the liver tumor microenvironment both of these pathways cumulatively promote T-cell exhaustion/tolerance similar to CD28 and PD-1 (45). Hence, these observations propose that blocking of the inhibitory pathways in HCC microenvironment will not only negate the immunosuppressive signals but also boost the functions of endogenous co-stimulatory molecules, which collectively revive exhausted/tolerized T cells.

B7-H5 plays an important role in the generation of inducible FoxP3+ regulatory T cells through TGF-β (46). Similarly, PD-1 and B7-H5 cumulatively attenuate T cell responses (47). Recent evidences suggest that HCC tumor microenvironment is enriched with Foxp3+CD4+ and PD-1+CD8+ T cells which together provide an extensive immunosuppressive microenvironment (48, 49). In addition, reduction in PD-1 and Foxp3 has been shown to be a predictor of the survival of HCC patients (50). Our observation of the correlation of B7-H5 with TGF-β and PD-1 add to these previous findings that B7-H5 plays an important role in the origin of intrahepatic regulatory T cells and in association with PD1+ T cells, it dampens anti-HCC T cell immunity.

IDO upregulation and its role in immunosuppression have been well established in generic and intrahepatic tumor immunity (51–53). TDO has a predominant homeostatic housekeeping role specific to liver (54), and the observation that TDO overexpression above IDO is due to the indigenous nature of the liver microenvironment. However, none of the B7 family molecules correlate with TDO expression in the liver while IDO shows a correlation with PD-L1 stronger than any other B7 family molecules. Correlation of IDO and PD-L1 has been shown in other tumors (55–57). Preclinical animal model studies also demonstrated that immune checkpoint blocking strategies with IDO targeting show an enhanced anti-tumor responses (58, 59). Our functional investigation on the effect of PD-L1 and IDO metabolite Kynurenine on T cell responses has demonstrated that both Kynurenine and PD-L1 exhibit synergistic inhibitory effect on T cells. Thus, co-blocking of IDO and PD-L1 is a promising strategy to promote anti-HCC T-cell immunity within the liver. However, although several clinical trials are aiming to test combined immune checkpoint blockade agents to revive anti-tumor immunity, some did not show efficacy. For example, a large phase III clinical trial investigating the combined checkpoint blockade of IDO and PD-L1 did not show efficacy in melanoma patients (60). This suggests that additional immune suppression persists beyond IDO and PD-L1 which neutralizes anti-tumor immunity. We have identified additional immunomodulatory pathways that coexist beyond IDO and PD-L1 suggesting that HCC tumor microenvironment is complex. Further mechanistic and functional studies are warranted to identify which pathways are dominant and superior over others in reviving anti-HCC immunity.

Granzyme B is a tumorlytic effector enzyme, which is predominantly used by cytotoxic lymphocytes and natural killer cells to lyse tumor cells (61, 62). In addition, Granzyme B+ lymphocytes were shown to be significantly associated with improved survival of HCC patients (63). We observed a correlation of Granzyme B with PD-L2 and IDO. IDO plays an important role in conferring adaptive tumor resistance to immune lysis since animal model studies have demonstrated that sole blocking of PD-1 or CTLA4 pathway enhances the IDO mediated tumor resistance. However, co-blocking of IDO and PD-1/CTLA4 significantly abolish tumor progression (58, 59). Similarly HCC patients treated with single immune checkpoint blocking antibodies to PD-1 or PDL-1 are always not responsive to therapy (40, 41). Thus, we speculate that although Granzyme B is tumorlytic, both PD-L2 and IDO may override and neutralize Granzyme B+ lymphocyte activity. This also proposes that both PDL1 and IDO may need to be targeted to enhance Granzyme B tumorlytic activity. Altogether, our data suggest that co-blocking of IDO and B7 family is a promising strategy to promote anti-HCC T-cell immunity without adaptive tumor resistance.

A limitation of our present study is the investigation of the correlation of B7 family molecules, Tryptophan degrading enzymes and immune effectors only at RNA but not protein expression levels. Although significance of our approach is the identification of correlation pattern by combination analysis, such an approach at protein levels is laborious and often limited with the sensitivity to demonstrate correlation. Nevertheless, our results were supported by previous studies which demonstrated that some B7 family molecules such as PD-L1 (64, 65), PD-L2 (66), PD-1 (67), B7-H2 (68), B7-H3 (69) and IDO (70) play a significant functional role in modulating anti-HCC immunity. Although we have demonstrated the synergistic functions of IDO and PD-L1, future studies are necessary to determine if the other identified correlation of costimulatory and coinhibitory molecules play a functional synergistic role in modulating anti-HCC immunity.

Liver is a tolerogenic organ rich in parenchymal and non-parenchymal cell types such as Hepatocytes, Kupffer Cells, Liver Sinusoidal Endothelial Cells, Hepatic Dendritic Cells, Hepatic Stellate Cells, Mesenchymal Stromal Cells and Hepatic B cells that constantly interact with T cells in order to execute immune tolerance. Upon injury, the resting status of these intrahepatic antigen presenting cells gets compromised leading to inflammation followed by fibrosis/cirrhosis. Eventually, immune suppression prevails that leads to HCC and significance of these cell types in HCC progression is important. Our earlier study has demonstrated that Hepatic Stellate Cells upregulate PD-L1 and IDO by IFNγ while blocking of IDO activity completely abolishes their immunosuppressive potential (71). Similarly, Kupffer cells in HCC were shown to execute immune suppression through PD-L1-PD-1 pathways (72). In the present study, we observed a correlation between PD-L2 and IFNγ. Future studies are warranted to define the coexpression, regulation and functions of B7 family molecules and Tryptophan degrading enzymes in intrahepatic APCs derived from HCC microenvironment. In conclusion, our study provided evidence that co-stimulatory and co-inhibitory molecules exhibit specific correlation pattern among themselves, with IDO and immune responsive effector molecules. This information is important to inform second-generation immunotherapy approaches for liver cancer management.
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Indoleamine 2,3-dioxygenase 1 (IDO1) is a cytosolic haem-containing enzyme involved in the degradation of tryptophan to kynurenine. Although initially thought to be solely implicated in the modulation of innate immune responses during infection, subsequent discoveries demonstrated IDO1 as a mechanism of acquired immune tolerance. In cancer, IDO1 expression/activity has been observed in tumor cells as well as in the tumor-surrounding stroma, which is composed of endothelial cells, immune cells, fibroblasts, and mesenchymal cells. IDO1 expression/activity has also been reported in the peripheral blood. This manuscript reviews available data on IDO1 expression, mechanisms of its induction, and its function in cancer for each of these compartments. In-depth study of the biological function of IDO1 according to the expressing (tumor) cell can help to understand if and when IDO1 inhibition can play a role in cancer therapy.
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INTRODUCTION

Indoleamine 2, 3-dioxygenase 1 (IDO1, hereafter referred to as IDO) is a 403 amino acid cytosolic haem-containing enzyme involved in the first, rate-limiting step of the tryptophan (Trp) metabolism to kynurenine (Kyn) (1, 2). Trp is an essential amino acid for which both neuropsychological as well as immunological functions have been described. Despite their shared function in Trp degradation, the IDO2 isoform and tryptophan 2, 3-dioxygenase (TDO2) have distinct inducers and patterns of tissue expression (3, 4).

IDO (human chromosome 8p22) is recognized as an interferon (IFN)-inducible gene. Indeed, the promoter region of IDO consists of several IFN-stimulated response elements (ISREs) and gamma activation sequences (GAS), permitting a controlled and context-dependent transcriptional process (2, 5, 6).

Although initially thought to be solely implicated in the modulation of innate immune responses in parasitic/viral conditions (7–9), subsequent discoveries demonstrated IDO to be a mechanism of acquired immune tolerance (4). In cancer, IDO expression has not only been documented in tumor cells but also in endothelial cells, fibroblasts and immune cells infiltrating the tumor microenvironment (Figure 1). In addition to the local tumor microenvironment, IDO expression was detected in peripheral blood mononuclear cells (PBMCs) in blood samples of cancer patients. Although IDO expression has been reported in these different compartments, the exact mechanisms for its distinct expression patterns and their functions are far from completely understood. In view of the complex interplay between malignant cells and their microenvironment, understanding IDO activation and its particular function in the different compartments may be of the outmost importance. This review summarizes the available scientific data.


[image: Figure 1]
FIGURE 1. Schematic representation of IDO expression in different compartments of the immune system during cancer. IDO is expressed by multiple cell types in the tumor microenvironment (A), the tumor-draining lymph node (B) and the peripheral blood (C). (A) Bin1 attenuation results in STAT1- and NFκB-dependent constitutive expression of IDO in cancer cells. In addition, COX2 overexpression facilitates constitutive IDO expression via PGE2-mediated activation of the PKC/PI3K pathways. IFNγ is recognized as a highly potent inducer of IDO expression. Binding of IFNγ to its receptor (IFNγR) leads to (i) tyrosine phosphorylation of STAT-1, triggering its dimerization and binding to the GAS sequence in IDO1 and (ii) NF-κB and STAT-1 dependent synthesis of IFNγ-regulated factor 1 (IRF1), which binds to the ISRE sequences in IDO1. Tumor IDO expression activates the cytosolic transcription factor aryl hydrocarbon receptor (AhR) by kynurenine (Kyn), stimulating an autocrine positive feedback loop via IL-6 dependent STAT-3 signaling which maintains IDO expression. In addition to IFNγ, IDO expression can be induced by other proinflammatory cytokines such as tumor necrosis factor α (TNFα) and IL-1 who enhance the expression of IFNγR on cancer cells. IFNγ and TNFα can also induce IDO expression in endothelial cells of venules in the tumor microenvironment. In the tumor-surrounding stroma, IDO is expressed by cancer associated-fibroblasts, pericytes, and infiltrating immune cells. (B) Regulatory T-cells (Tregs) induce IDO expression by antigen-presenting cells (APCs) via CTLA-4/B7 ligation in the tumor-draining lymph node. In addition, cancer cells are involved in the upregulation of IDO expression in plasmacytoid dendritic cells (pDCs) by shedding of the extracellular domain of the type III TGF-B receptor (sTGFBR3). IDO expression in myeloid DCs (mDCs) can be induced by cancer cell-secreted Wnt5a, which triggers binding of β-catenin to its responsive elements. IDO+ APCs inhibit T-cell responses and polarize naïve CD4+ T-cell differentiation toward the phenotype of suppressive Tregs via TGFβ-mediated FoxP3 upregulation. Myeloid derived suppressor cells (MDSCs) upregulate IDO via IL-6 triggered STAT-3 activation. (C) IDO+ APCs and IDO+ MDSCs infiltrate the tumor microenvironment and the peripheral blood, contributing to local and systemic immune escape.




IDO IN THE TUMOR MICROENVIRONMENT

IDO expression in the tumor microenvironment has been described in tumor cells, immune cells, endothelial cells, and stromal fibroblasts (Table 1).


Table 1. Regulatory mechanisms and functions of IDO expressing cells in the tumor microenvironment.
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Tumor Cells

The majority of literature reports on IDO positivity in neoplastic cells. Strong expression in tumor tissue is identified as an independent negative prognostic factor in multiple cancers (4, 35, 87, 105, 106). It is well-documented that tumoral IDO expression is associated with tumor-infiltrating forkhead box P3 positive regulatory T-cells (FoxP3+ Tregs) and IDO-expressing mononuclear cells, while a negative association with CD8+ cytotoxic T-cells in the primary tumor and metastatic tissue has been reported (23–30, 107). These observations in human samples are consistent with earlier mechanistic studies elucidating the involvement of IDO in impairing cytotoxic effector T-cell function/proliferation via downregulation of the T-cell receptor ζ chain as well as its stimulatory role in enhancing Treg generation (31, 47, 54, 108, 109). In diffuse-type gastric cancer, elevated tumoral IDO expression correlated with decreased expression of CD107a and granzyme B in tumor-infiltrating CD8+ T-cells, reflecting T-cell dysfunction (32). IDO expressed by pancreatic ductal adenocarcinoma cells was observed to support immune escape of cancer cells by impairing cytotoxicity and degranulation of γδ T-cells (33). In addition to FoxP3, tumoral IDO expression has been evidenced to be strongly correlated with other immunosuppressive molecules such as programmed cell death protein 1 (PD-1) and its ligand PD-L1 (29, 30, 44–46).

The extent of tumoral IDO expression has been investigated in the context of deficiencies in the DNA mismatch repair system. The microsatellite instable (MSI-H) subgroup of colorectal cancer is characterized by a strong infiltration of activated cytotoxic T-lymphocytes, which is a positive prognostic factor (110–113). Despite this highly inflamed environment, MSI-H tumors persist in such hostile climate due to overexpression of immune checkpoint molecules as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), lymphocyte-activation gene 3 (LAG-3), PD-1/PD-L1, and IDO, hampering an efficient anti-tumor T-cell response (87, 114, 115). It is hypothesized that the active tumor microenvironment is stimulated by an increased neoantigen load in MSI-H tumors, which is counterbalanced by the upregulation of immune checkpoints, such as IDO, as a negative feedback mechanism. This immunosuppressive climate mediates evasion of the tumor from the host immune system.

Besides the suppression of anti-tumor immune responses, tumoral IDO is involved in tumor vascularization. IDO-deficiency was observed to significantly decrease pulmonary vascular density in lung cancer mouse models, predominantly reducing small to medium size vessels, unaltering large vessels (36). In breast cancer, a cancer cell line (MCF-7) with strong IDO expression promoted proliferation of human umbilical vein endothelial cells (35). In murine metastasized melanoma lymph nodes, tumoral IDO expression was associated with enhanced expression of VEGF-C, an inducer of lymphangiogenesis, previously linked to the occurrence of regional lymph node metastasis (48–50). This observation suggests tumoral IDO expression is involved in the expansion of lymphatic vessels. Furthermore, tumoral IDO expression has been proposed to stimulate the metastasic process. An association between strong IDO expression at the primary tumor and development of lymph node and/or metachronous metastases is described in various malignancies (36–42). Studies detecting IDO in the primary tumor and the corresponding lymph node and metastatic tissue reported a highly consistent expression pattern of IDO throughout the disease course (44, 87). Altogether, these data define tumoral IDO as a modulator that bridges inflammation, vascularization, and immune escape to promote primary and metastatic tumor outgrowth.

Although it is widely accepted that tumor cells are capable of expressing IDO, the critical signals directing its expression and activity are only partially revealed. There are indications for constitutive/intrinsic as well as induced/extrinsic tumor IDO expression. Constitutive expression of IDO mRNA in the absence of any IFNγ exposure has been demonstrated in several cancer cell lines (10). This study also investigated in vivo IDO expression in multiple malignancies and normal cells in the stroma were observed to be IDO-negative in contrast to the tumor cells. The authors concluded that this tumoral IDO expression could not be the result of IFNγ exposure, as this would have induced IDO in the surrounding stroma too. Another study in ovarian and adeno-squamous lung cancer cell lines demonstrated that cancer cells expressed IDO1 mRNA and constitutively released Kyn into the supernatant (11).

Loss of the tumor suppressor Bridging Integrator 1 (Bin1) and overexpression of cyclooxygenase-2 (COX2) are both linked to intrinsic upregulation of IDO. Bin1 loss in a knockout mouse model was associated with elevated STAT1- and NFκB-dependent expression of IDO, driving tumor immune escape (21). This is supported in vivo by the observation that tumor expression of Bin1 is inversely correlated with IDO expression in esophageal squamous cell cancer and lung cancer (16, 17). COX2 has been implicated in the pathogenesis of several cancers, in particular colorectal cancer, where it impacts oncogenic signaling, invasion and metastasis, survival and angiogenesis (116–118). In a series of tumor cell lines, it was demonstrated that constitutive IDO expression depends on COX2 and prostaglandin E2 (PGE2), which upon autocrine signaling through the EP receptor activates IDO transcription via the PKC and PI3K pathways. Oncogenic mutations were identified in the signaling pathways involved in this autocrine loop, favoring constitutive IDO expression (12).

Type I and especially type II IFNs are known to be potent IDO-inducers (13). As tumor-infiltrating lymphocytes (TILs) are a predominant source of IFNγ, they might upregulate IDO as a negative feedback signal, hereby potentially contributing to tumor immune escape. This is in line with the observation that human hepatoma cell lines express IDO once T-lymphocytes and monocytes are added, subsequently upregulating IFNγ in the co-culture (18). IFNγ-dependent induction of tumoral IDO expression has been extensively analyzed in various malignancies (38, 88, 119, 120). IFNγ-mediated signal transduction leads to (i) tyrosine phosphorylation of STAT-1, triggering its dimerization and binding to the GAS sequence in IDO and (ii) NFκB- and STAT-1-dependent synthesis of IFNγ-regulated factor 1 (IRF1), which binds to the ISRE sequences in IDO. Combined STAT-1 and IRF-1 binding to GAS and ISRE sequences in the IDO1 gene promoter is necessary for maximal IFNγ-mediated induction of IDO transcription (2, 5, 6, 14, 15). Tumoral IDO expression was suggested to stimulate an autocrine positive feedback loop via the activation of the cytosolic transcription factor aryl hydrocarbon receptor (AhR) by Kyn. AhR activation subsequently upregulates IL-6, which mediates STAT-3 signaling driving IDO expression (11). In addition, the IDO-Kyn-AhR pathway has been evidenced to drive dormancy in tumor repopulating cells (TRCs), a highly tumorigenic subpopulation of cancer cells involved in the initiation and progression of tumorigenesis. When TRCs were stimulated in vitro with IFNγ, phosphorylated STAT-1 rapidly upregulated IDO expression, subsequently elevating Kyn levels and activating AhR. This pathway triggers G0/G1 cell cycle arrest by p27 and TRC dormancy (43).

IFNγ-mediated IDO induction can be potentiated by other proinflammatory cytokines, such as tumor necrosis factor α (TNFα) (18, 19), IL-1 (20), lipopolysaccharide (LPS) (7, 22), CpG oligodoxynucleotides (57) and PGE2 (52). The combination of these inflammatory stimuli results in synergistic enhancement of IDO transcription. For instance, IL-1 and TNFα enhance the expression of IFNγ receptors (IFNγRs) via the transcription factor NFκB, lowering the threshold for IFNγ-directed IDO upregulation (121). In addition to IFNγ, TNFα synergistically induces IDO expression by increasing both STAT-1 activation and NFκB -dependent IRF-1 expression (19).

Immunohistochemical analysis of biopsies of melanoma metastases detected IDO, PD-L1, and FoxP3 in CD8+ T-cell inflamed regions (29). In contrast, non-T-cell inflamed melanomas lacked these factors, suggesting that immune suppression might not be a property of tumor cells but rather an immune-intrinsic negative feedback process that follows the infiltration of activated CD8+ T-cells. These data indicate that IFNγ produced by CD8+ T-cells is a requisite factor for PD-L1 and IDO expression in melanoma metastatic tissue (29). Such T-cell inflamed–also termed immunologically “hot” –tumors have been associated with higher response rates to anti-PD-1 immunotherapy (122). This is in contrast to T-cell non-inflamed tumors–also referred to as “cold” tumors–which might constitute a group of tumors expressing IDO in absence of any inflammation and T-cell infiltration, representing a state of intrinsic immune resistance.

CD8+ T-cell-mediated IDO expression via IFNγ in immunologically “hot” tumors could be one of the explanations why studies in breast cancer (123, 124), gastric adenocarcinoma (125), hepatocellular (126), pancreatic cancer (127), adenosquamous lung carcinoma (128), and prostate cancer (129) observed a positive prognostic effect for tumoral IDO expression. Another explanation–apart from technicalities such as the use of different antibody clones that could result in distinct staining patterns–could be Trp shortage caused by IDO activity. Trp is the only endogenous precursor for de novo biosynthesis of nicotinamide adenine dinucleotide (NAD+), which is a co-enzyme of redox reactions for adenosine triphosphate (ATP) production. Enhanced IDO activity results in downregulated Trp and NAD+ levels, the latter being a vital co-factor in energy production, DNA synthesis, and cellular homeostasis. NAD+ depletion-induced DNA damage has been evidenced to play a role in liver tumorigenesis (51, 130).



Immune Cells

The most extensively studied IDO-expressing immune cell types in the tumor microenvironment are antigen presenting cells (APCs) and myeloid derived suppressor cells (MDSCs).

Immunohistochemical analysis of the local tumor microenvironment identified IDO expression in human dendritic cells (DCs) in melanoma (131), breast cancer (45), squamous cell carcinoma (132), Hodgkin lymphoma (71), and esophageal cancer (133). It is well-known that DCs acquire a strong tolerogenic capacity when cultivated under low Trp conditions as they decrease antigen uptake and downregulate the expression of the costimulatory molecules CD40 and CD80 (66). Munn et al. (77) detected IDO expression in murine plasmacytoid dendritic cell (pDCs) subsets upon CTLA4-Ig exposure. Although human CD11c− CD123+ pDCs constitute a minor part of the tumor infiltrate, in vitro experiments in murine tumor draining lymph nodes (TDLNs) demonstrated that pDCs potently suppress CD8+ T-cell responses to (i) antigens presented by the pDCs themselves, but also to (ii) third-party antigens presented by non-suppressive APCs (78). Notably, all of the T-cells achieved anergy when cultivated in vitro with a low quantity of IDO-expressing DCs, suggesting that in vivo levels (estimated at 0.5% of all TDLN cells) are sufficient to direct the entire TDLN toward a tolerogenic climate. The immunosuppressive effects of IDO+ pDCs are elicited by inhibitory effects on CD8+ T-cell responses, but also by GCN2-dependent activation of mature CD4+ CD25+ Tregs. In vitro CTLA-4 blockade significantly inhibited IDO-induced activation of Tregs in co-cultures, underlining the essential role of CTLA-4 in this pathway. Importantly, Tregs can trigger upregulation of IDO expression in DCs via CTLA-4 ligation with B7 receptor molecules on DCs (58). Fully activated Tregs reciprocally upregulate PD-L1 and PD-L2 expression on target DCs, suggesting IDO-induced Treg activation proceeds via a self-amplifying loop. Reverse signaling via other ligand-receptor pathways than CTLA-4/B7 interaction to induce IDO expression on DCs such as GITR, ICOS and CD200 has also been reported (59, 134, 135). In addition to the described rapid and potent mechanism of activating mature Tregs, IDO+ pDCs also upregulate TGFβ-mediated FoxP3 expression in naïve CD4+ CD25− cells, hereby polarizing CD4+ T-cell differentiation toward the phenotype of suppressive Tregs. IL-6 production is simultaneously blocked in these naïve CD4+ CD25− cells which prevents their conversion into Th17-like effector T-cells (47, 60). Intriguingly, tumor cells are involved in the upregulation of IDO expression in pDCs by shedding of the extracellular domain of the type III TGF-B receptor (sTGFBR3). A decrease in tumor-associated TGFBR3 expression increased TGFβ-dependent upregulation of IDO in pDCs within the primary tumor and TDLN of murine models of breast cancer and melanoma (61).

Myeloid conventional DCs (mDCs, characterized by CD11c+ CD123−) are also documented to express IDO. Despite the fact that both murine CD8α+ and CD8α− dendritic cells (resp. cDC1 and cDC2) express IDO upon in vitro stimulation with IFNγ, only IDO expression on cDC1s seems to be functionally active as evidenced by the Kyn concentration in the supernatant. Addition of IFNγ-stimulated cDC1s to Th1 cells caused up to 40% of Th1 cells to undergo apoptosis. In case of cDC2s, the proportion of Th1 cells undergoing apoptosis was equally low when co-cultured with unstimulated or IFNγ-stimulated cDC2s (64, 65). Besides IFNγ-mediated upregulation of IDO expression in mDCs, tumor cells promote mDC tolerization in the tumor microenvironment via paracrine Wnt-mediated signaling. Wnt5a secreted by melanoma cells activates β-catenin in DCs which upon nuclear translocation binds the TCF/LEF1 transcription factor responsive elements subsequently inducing IDO expression in an IFNγ-independent manner (62, 63). IDO expression in murine lung cancer models was uniquely observed in CD11b+ CD11c− DCs, which were predominantly CD8α− (79). IDO expression has also been detected in a rare murine splenic cell type having phenotypic attributes of cDC1s (CD8α+, CD80/CD86, MHCII) combined with expression of markers of the B-cell lineage (CD19+, Pax5 and surface Ig) (136).

In addition to DCs differentiating from common dendritic progenitor cells (pDCs and mDCs), human monocyte-derived DCs (moDCs) are identified as IDO-competent APCs. Immunomodulatory properties of IDO+ moDCs are identical to those described for pDCs and mDCs, including stimulation of Treg differentiation from naïve CD4+ CD25− cells and suppression of T-cell responses (53, 67, 68). IDO expression seems to be dependent on the maturity status of moDCs and is limited to CD83+ moDCs. Compared to IDO− moDCs, IDO+ moDCs release a different pattern of cytokines (less IL-6 & IL-10, more IL-1β & IL-15) and upregulate surface markers as CD80, CD86, PD-L1, and PD-L2 (69). The different cytokine expression profile suggests altered functionality in IDO+ moDCs. Remarkably, direct cell-contact between immature moDCs and mast cells has been observed to upregulate IDO in moDCs. This depends on interaction between PD-1, expressed by tissue resident mast cells, and PD-L1/PD-L2 on moDCs (70).

A role for IDO in the IFNγ-mediated differentiation of monocytes into M2-type macrophages has also been proposed (72, 73). M2-macrophages are associated with tumor progression in prostate, colon, breast cancer, gastric and ovarian cancer (137–144). In vitro stimulation of monocytes with IFNγ increased the M2/M1 ratio, while silencing of IDO in monocytes resulted in upregulation of pro-inflammatory M1-macrophages (74). In melanoma, macrophages constituted the predominant source of IDO expression in brain metastases (145). In agreement with these observations, IDO expression was detected in CD163+ (M2-type) macrophages infiltrating the tumor microenvironment in Hodgkin lymphoma, and associated with shortened survival in these patients (71). A negative prognostic effect was confirmed in an independent Hodgkin lymphoma cohort, and the proportion of macrophages expressing both IDO and PD-L1 correlated with IFNγ gene expression (146). In vitro stimulation of human monocyte-derived macrophages showed that the early T-cell activation marker CD40L synergized with IFNγ for IDO upregulation (54). IDO-expressing macrophages interfered with T-cell activation, halting cell-cycle progression in the G1-phase. In multiple myeloma patients, tumor cells were described to secrete IL-32, triggering phosphorylation of STAT-3 and nuclear translocation of NFkB, subsequently inducing IDO expression in macrophages (55). Moreover, IDO+ IL-32-educated macrophages suppressed proliferation of CD4+ T-cells when co-cultured in vitro.

Strong expression of IDO by tumor cells associates with a higher level of tumor-infiltrating MDSCs in melanoma (34). MDSCs are myeloid cells with potent suppressive activities against effector lymphocytes in tumor immunology (147). IL-6 was found to be critical as an effector cytokine of IDO-driven MDSC activity and subsequent metastasis in lung cancer (36). MDSCs are also capable of expressing IDO, promoting tumor growth, and T-cell inhibition. The frequency of IDO+ MDSCs was positively associated with the amount of FoxP3+ Tregs and had a negative impact on patient outcome in breast cancer patients receiving neoadjuvant chemotherapy (75). In the tumor microenvironment of murine lung cancer models a subgroup of monocytic (Gr1int CD11b+) MDSCs were defined as the main source of IDO expression (79). IDO+ MDSCs in a lung cancer mouse model were evidenced to impair AMPK and mTOR function, which are metabolic regulators in energy homeostasis during cellular stress (80). Because of reduced signaling of these regulators, tumor-residing CD8+ T-cells upregulate checkpoint molecules, such as PD-1, CTLA-4, LAG-3, and TIM-3, reflecting the exhausted state of these cells. The molecular mechanisms underlying aberrant expression of IDO in MDSCs remain partially unclear. As described above, IFNγ is the most potent inducer of IDO expression in DCs and macrophages. IFNγ-triggered IDO expression mainly occurs trough the STAT-1 pathway (5, 57, 148). However, in human breast cancer or hematological cancer no changed IFNγ expression or STAT-1 signaling in MDSCs could be observed (39, 76). IDO was upregulated in breast cancer-derived MDSCs via IL-6-triggered STAT-3 activation, which activated the non-canonical NFκB pathway resulting in enhanced transcriptional activity of the IDO promoter (56).



Endothelial Cells

Physiological expression of IDO in endothelial cells (ECs) is limited, but has been extensively demonstrated in vessels of the villous chorion and in the spiral arteries of the decidua in humans during pregnancy (149). During the course of pregnancy endothelial IDO expression extends from the subtrophoblastic capillaries to larger vessels in the villi and the chorionic plate (150). Gestational age is associated with an increased Kyn/Trp ratio in the placenta, reflecting enhanced IDO activity. Endothelial IDO expression during pregnancy has been implicated in various important functions such as immune tolerance, antimicrobial protection, and optimization of placental perfusion (151–155). Antimicrobial as well as immunoregulatory properties have been designated to IDO-positive ECs. Stimulation of human brain microvascular ECs with IFNγ restricted growth/replication of viruses, bacteria, and parasites (153, 156, 157). In addition to these antimicrobial effects, IDO-mediated degradation of Trp in brain microvascular ECs is responsible for a significant reduction of T-lymphocyte proliferation. This is in line with observations made in IDO-transfected ECs, which failed to stimulate allogeneic T-cell responses while anergy was induced in allospecific T-cells (81). A role for IDO-expressing ECs in the regulation of blood pressure has been observed, as IDO activity in murine ECs—measured by Kyn and Trp concentrations in plasma—resulted in arterial vessel relaxation through involvement of adenylate and soluble guanylate cyclase pathways (158). Furthermore, increased plasma Kyn/Trp has been associated with endothelial dysfunction and dysregulated immune responses during human sepsis (159, 160). Intriguingly, a recent study reported that patients with microvascular endothelial dysfunction had a >2-fold increased risk of developing solid-tumor cancer over a median follow-up period of 6 years (161).

Endothelial IDO expression has been described in several malignancies (71, 85, 87, 88, 90, 162, 163). In melanoma, IDO expression was prominent in CD31+ high endothelial venules (HEV) in the stroma surrounding the tumor (85). Endothelial IDO expression in the peritumoral stroma of the primary tumor was consistent with expression in the corresponding sentinel node. Notably, IDO positivity in ECs persisted in metastatic melanoma tissue developing at a median time of 3.4 years (41.5 months) after first surgery. Its expression was a negative independent prognostic marker for recurrent-free survival and overall survival. Furthermore, endothelial IDO expression was associated with reduced CD8+ T-cells and increased FoxP3+ Tregs in the tumor microenvironment. Interestingly, in patients with IDO+ ECs in the sentinel node enhanced IDO expression in the peripheral blood was detected, suggesting that endothelial IDO expression impacts systemic immunity (86). Similar observations were made in colorectal cancer, including a highly consistent expression pattern in the primary tumor, TDLNs (both tumor-invaded and tumor-uninvaded) and distant metastases (87). Endothelial IDO expression was more prevalent in MSI-H tumors compared to microsatellite stable (MSS) tumors. A negative effect on recurrence-free survival was observed for endothelial IDO expression, independent from disease stage, MMR status and CD8 count in the primary tumor.

In contrast, low IDO mRNA in the primary tumor of renal cell cancer patients was an independent unfavorable prognostic marker (88). Immunohistochemical analyses revealed that IDO was exclusively expressed by ECs, in contrast to the tumor cells which were IDO-negative. Another study in renal cell carcinoma confirmed absence of tumoral IDO expression and revealed that responders to anti-PD-1 therapy had stronger endothelial IDO expression compared to non-responders (89).

Little is known on the signaling pathways inducing IDO expression in ECs. Human umbilical vein ECs were reported to induce IDO upon stimulation with IFNγ (82) or TNFα, and these act synergistically when combined (81). IFNγ was also evidenced to upregulate IDO expression in human saphenous endothelial cells (164) and human corneal endothelial cells (165). In rats, IDO expression was induced in ECs by IFNγ-mediated activation of IKKα, which in turn stimulates the non-canonical NFκB pathway (83). In human invasive ductal carcinoma, IFNγ was demonstrated to be a potent inducer of endothelial IDO expression, which subsequently negatively affected the synthesis and secretion of stromal thrombospondin 1 (TSP1) via Trp deprivation. Reduced expression of TSP1, which is a large matricellular glycoprotein, supports cancer cells to evade tumor dormancy (90). Intriguingly, IDO was also induced when ECs were co-cultured with a tumorigenic metastatic triple negative breast cancer cell line (MDA-MB231). Tumor cells were a source of IFNγ in the co-culture, inducing IDO expression in ECs. Similarly, mRNA expression of IDO in lymphatic EC was significantly upregulated when co-cultured with CD4+ T-lymphocytes and a gastric cancer cell line (OCUM12) (162). Treatment of murine experimental melanoma with CD40 immunotherapy resulted in upregulation of IFNγ signaling and subsequent expression of IDO by ECs (84). Interestingly, CD40 mAb combined with an IDO inhibitor (epacadostat) delayed tumor growth in these mice, while activation of TILs was increased.

Lymphatic endothelial cells (LECs) have been implicated to attribute to a climate of systemic peripheral tolerance. Lymphatic vessels transport antigens and DCs to lymph nodes, where naïve cells are primed via cross-reaction. Despite their facilitating role in the migration and homeostasis of naïve T-cells, it has been described that LECs are involved in the induction of anergy of activated T-cells. An in vitro study observed that human LECs in lymph nodes induced IDO expression upon IFNγ-stimulation and impaired CD4+ T-cell proliferation when co-cultured (91). It is hypothesized that LECs promote CD8+ T-cell tolerance by the upregulation of inhibitory molecules including PD-L1 and IDO (166–168).



Stromal Fibroblasts and Mesenchymal Cells

Tumor-surrounding stroma consists of fibroblasts, mesenchymal stromal cells, inflammatory cells, endothelial cells, and pericytes, which are all embedded in the extracellular matrix produced by fibroblasts (169, 170). Cancer associated-fibroblasts (CAFs) are the dominant stromal cell type and promote an immunosuppressive tumor microenvironment and tumor growth. IDO expression by CAFs was reported to be increased in the stroma of human esophageal cancers compared to non-tumor esophageal tissues (163). CAFs isolated from human metastatic melanoma and hepatocellular carcinomas have been documented to interfere with NK-cell mediated cancer cell killing (98, 99). CAFs expressed IDO and PGE2 when co-cultured with NK-cells, and impaired NK-cell secretion of granzyme B and perforin. Moreover, expression of NK-cell activation receptors such as NKp30 and NKp44 was downregulated. In addition to its suppressive effects on NK-cells, IFNγ-stimulated expression of IDO by dermal fibroblasts has been observed to induce apoptosis in CD4+ and CD8+ T-cells, B-cells and monocytes (100). In contrast to immune cells in the Trp-depleted microenvironment in this study, keratinocytes and endothelial cells were resistant and their proliferation was not altered. Another study highlighted low survival of the overall CD4+ T-cell population when co-cultured with IDO+ (compared to IDO−) fibroblasts (103). However, the frequency of the CD25+ FoxP3+ CD4+ subset was increased and these T-cells exhibited classic functional characteristics of Tregs (CTLA-4, IL10, and TGFβ). IFNγ is recognized as a potent inducer of IDO in fibroblasts (92, 93, 103). Additionally, the COX2/PGE2 pathway was suggested to mediate IDO induction in CAFs. Overexpression of COX2 by breast cancer cells was documented to trigger PGE2 secretion, subsequently upregulating STAT3-mediated transcription of IDO in fibroblasts (97). Strong expression of IDO by CAFs was associated with decreased disease-free and metastasis-free survival in breast cancer patients.

In addition to CAFs, mesenchymal cells are able to express IDO in the tumor-surrounding stroma. Bone marrow-derived mesenchymal stem cells [also known as multipotent mesenchymal stromal cells (171), both abbreviated MSCs] are recruited to sites of tissue injury, where they have the potential to differentiate into osteoblasts, adipocytes, and chondrocytes and mediate tissue repair (172). In cancer, bone marrow-derived mesenchymal stem cells are recruited to the primary tumor where they differentiate into CAFs (173–175). Similar to CAFs, IDO can be induced in mesenchymal stem cells by IFNγ (94–96). IDO expressing mesenchymal stem cells are also involved in inhibition of T-cell function (96) and expansion of Tregs (104). Mesenchymal stromal cells were demonstrated to be involved in the differentiation of monocytes into immunosuppressive M2-macrophages (101).

Besides CAFs and MSCs, the tumor-surrounding stroma also consists of pericytes. In normal conditions, pericytes participate in the regulation of blood flow and vessel permeability, and provide important mechanical and physiological support to ECs (176–178). The reciprocal communication between ECs and pericytes is crucial for vessel remodeling, maturation, and stabilization (177, 179, 180). Pericytes promote tumor angiogenesis, and once detached from tumor vessels they are able to differentiate into CAFs, thereby mediating an immunosuppressive tumor microenvironment (181). Intriguingly, resting pericytes were reported to activate alloreactive T-cells while IFNγ-stimulated pericytes suppress T-cell proliferation. Immunophenotyping of IFNγ-stimulated pericytes revealed IDO as one of the most upregulated gene transcripts, together with other inhibitory molecules such as PD-L1, PD-L2, and CAECAM1 (82). In this study, IDO expression in pericytes was verified as the principal mechanism accounting for negative regulation of T-cell proliferation. In primary ovarian cancer, IDO-positive tumor-associated vessels were predominantly mature blood vessels covered by pericytes (102).




IDO IN THE PERIPHERAL BLOOD

IDO expression in the peripheral blood can be measured by direct methods such as single-cell RNA sequencing and flow cytometry allowing intracellular detection of IDO in specific PBMC subsets. Another method is quantification of Trp and Kyn in plasma/serum via ultra-performance liquid chromatography–tandem mass spectrometry (UPLC-MS/MS). Since enzymatic activity of IDO is involved in the first and rate-limiting step of the catabolism of Trp to Kyn and its downstream metabolites, increased Kyn/Trp is regarded as a surrogate for enhanced IDO activity. Several studies in different solid and hematological cancer types have related increased serum (or plasma) Kyn/Trp ratio to worse survival outcome (4, 182–186). A higher Kyn/Trp ratio has been linked to metastasis, higher tumor size, and advanced disease stages (4, 187, 188). Furthermore, a role for serum Kyn/Trp in predicting resistance to systemic treatment has been reported in several malignancies (79, 187, 189–192). In a large number of stage IV melanoma and renal cell cancer patients treated with anti-PD-1 therapy, a high increase in Kyn/Trp during therapy compared to baseline was associated with significantly reduced progression-free survival (193).

Although Kyn/Trp seems to have clinical relevance, the exact source of this IDO expression is unclear since its detection in serum/plasma is an indirect method measuring enzymatic IDO activity. Serum Kyn/Trp in human penile squamous cell carcinoma patients correlated with IDO expression in cancer cells but not with IDO expression on tumor-infiltrating immune cells (194). A recent study profiling Kyn/Trp in more than 900 human cancer cell lines demonstrated that secreted Kyn can be attributed to both IDO and TDO expression by tumor cells (195). However, another study observed a correlation of the Kyn/Trp ratio with PD-L1 and IDO but not with TDO mRNA levels in melanoma samples after 4 cycles of anti-PD-1 immunotherapy (193). Nevertheless, the authors argued that additional sources of Trp to Kyn degradation outside the tumor may exist. In support of this, ovarian cancer patients with high serum Kyn/Trp had strong IDO expression in both tumor cells and pericytes (102). In glioblastoma, diminished therapeutic response to CTLA-4/PD-L1 mAbs in IDO−/− mice compared to WT mice was observed, indicating the requirement for germline IDO to achieve maximal survival benefit from immune checkpoint therapy against brain tumors (196). Serum Kyn/Trp levels were significantly lower in IDO−/− mice compared to WT mice. Notably, no change in Kyn/Trp levels of isolated brain from glioblastoma WT mice and IDO−/− mice was noted. These findings suggest that non-tumor cell IDO activity contributes to a pool of Kyn in serum that facilitates responsiveness to immune checkpoint blockade. In line with these observations, serum Kyn/Trp measured by UPLC-MS/MS correlated with IDO expression in PBMCs measured by flow cytometric analysis of peripheral blood samples of melanoma patients (86). This correlation suggests that serum Kyn/Trp reflects metabolic activity of IDO-expressing circulating immune cells.

Only a few studies report on in vivo expression of IDO by specific subsets of immune cells in the peripheral blood. Munn et al. (197) observed low to undetectable levels of IDO in monocytes isolated from fresh PBMCs. Monocyte-derived CD123+ macrophages upregulated IDO expression when stimulated with IFNγ in vitro. Surprisingly, IDO was constitutively expressed in human CD123+ DCs in peripheral blood, but activation with IFNγ was still required for functional enzymatic activity. IDO+ CD123+ DCs expressed MHC II and costimulatory molecules and were effective stimulators of T-cell proliferation when incubated with an IDO-inhibitor, suggesting that these cells could act as competent APCs.

DCs are observed to constitutively express IDO, but an additional set of triggering signals during antigen-presentation is required for its activity. Monocyte-derived DCs obtained from peripheral blood of melanoma patients were demonstrated to upregulate IDO expression upon in vitro activation by CD40L and IFNγ. During an immune response, activated DCs interact with IFNγ-expressing CD8+ T-cells via CD40-CD40L ligation, subsequently mediating NFκB-dependent IDO upregulation in DCs (108, 198). Furthermore, IDO activity during DC activation was observed to be involved in the maturation of DCs, as Trp deprivation regulated expression of CCR5 and CXCR4 and DC responsiveness to chemokines (199). Another IDO-triggering signal can be elicited by DC B7-1/B7-2 ligation with CTLA-4/CD28, the latter being predominantly expressed by Tregs (200). Subsequent to the activation of IDO on DCs by activated Tregs, IDO+ DCs drive differentiation of naïve CD4+ CD25− T-cells into mature Tregs (201–204).

Expression of IDO by DCs has been demonstrated in peripheral blood of melanoma patients. IDO expression was predominantly found in CD123+ pDCs in addition to monocytic MDSCs (mMDSCs), and to a lesser extent in polymorphonuclear MDSCs (pmnMDSCs) (86). Circulating pDCs and MDSCs were key players in the systemic response in melanoma, as they had an independent prognostic effect on survival of melanoma patients (205). Furthermore, IDO activity in peripheral blood was positively correlated with levels of circulating PD-L1+ CD8+ T-cells and CTLA-4+ Tregs, underlining the close interconnection between these immunosuppressive markers in the blood circulation (86, 206). In early epithelial ovarian cancer, the level of IDO+ mMDSCs and IDO+ pmnMDSCs was significantly higher in the peripheral blood compared to the tumor microenvironment (207).



DISCUSSION

IDO expression in cancer has been described in a wide variety of cells both at the level of the tumor microenvironment and the peripheral blood. Depending on the exact location of expression, different induction pathways and effector functions have been observed. Several inflammatory cytokines such as IFNγ, IL-1, IL-6, IL-32, TNFα, and TGFβ were evidenced to drive IDO induction. Soluble factors excreted by tumor cells such as Wnt5a and sTGFBR3 are capable of inducing IDO in immune cells. Vice versa, immune cells such as CD8+ T-cells in highly inflamed tumors were found to mediate induction of IDO in tumor cells via IFNγ signaling. The mechanisms that induce IDO expression and its various physiological and pathophysiological roles are currently incompletely understood but may be important in human biology in general and medical oncology in specific.

There is ample evidence on the role of IDO in tumor immune escape. The suppressive effects on T-cell responses in the different compartments of the tumor microenvironment are well-documented in both animal and human studies. Enzymatic activity of IDO in tumor cells, as well as in endothelial cells, APCs, MDSCs, and fibroblasts has been reported to stimulate anergy of effector T-cells, while Treg activity is enhanced. In addition, naïve CD25− CD4+ T-cells are polarized toward the immunosuppressive FoxP3+ CD25− CD4+ phenotype while their conversion into Th17-like T-cells is blocked. In addition to the inhibition of antitumor immune responses, tumoral IDO expression promotes lymphangiogenesis and neovascularization, further facilitating tumor progression.

In the different compartments, IDO expression is closely interconnected with other immune checkpoint molecules already targeted by current immunotherapies. In the local tumor microenvironment, CTLA-4 expression in Tregs upregulates IDO in DCs, which reciprocally promotes Treg activation. This interplay of immune checkpoints is also evidenced in the peripheral blood, where IDO expression by PBMCs was demonstrated to be associated with increased circulating PD-L1+ CD8+ T-cells and CTLA-4+ Tregs. In addition, blockade of CTLA-4 and/or PD-1 has been reported to upregulate IDO expression as a result of the increased IFNγ-production by reactivated effector T-cells. Immunomonitoring of blood samples can highlight such dynamic shifts in ongoing immune responses. In NSCLC, RCC and melanoma patients the baseline value of systemic Kyn/Trp as well as its dynamics during treatment course were associated with patient outcome (189, 193). In this way the Kyn/Trp ratio could be a marker best capturing IDO activity at a specific moment and perhaps could have relevance in therapeutic monitoring.

In the context of immunotherapy, the immunosuppressive role of host cell expressed IDO is supported by a striking delay in tumor growth in anti-CTLA-4 treated IDO knockout mice compared to WT mice (208). Pharmacological inhibition of IDO by 1-methyl-tryptophan (1MT) combined with anti-CTLA-4 resulted in rejection of established tumors and resistance to secondary challenge in mice inoculated with B16 melanoma. Tumor rejection by anti-CTLA-4/1MT therapy was associated with enhanced infiltration of functional CD8+ and CD4+ T-cells in the tumor. Notably, the combination therapy is synergistic irrespective of detectable IDO expression in tumor cells, though therapeutic efficacy was reduced against B16 melanoma cells engineered to overexpress IDO. Synergistic retardation of tumor outgrowth by anti-CTLA-4, anti-PD-L1 and/or IDO inhibition (INCB23843) was confirmed in a murine B16.SIY melanoma model (209). In preclinical models, IDO blockade has been demonstrated to be effective as part of combination therapy including immune checkpoint therapy, DNA-damaging chemotherapy and radiotherapy (21, 210). In a 4T1 breast tumor bearing mouse model, local radiotherapy combined with intratumoral CpG upregulated IDO expression in neoplastic epithelial cells. Systemic 1MT significantly decreased IDO activity (as measured by serum Kyn/Trp) and augmented the antitumor efficacy of local radiotherapy and intratumoral CpG (210).

Several IDO inhibitors tested in phase 1/2 clinical trials showed promising results. INCB024360 (epacadostat), a competitive, selective inhibitor of IDO, was well-tolerated in a first-in-human phase 1 study with near maximal inhibition achieved (measured by decreases in plasma Kyn levels) at doses ≥100 mg twice daily (BID) (211). Phase 1/2 studies evaluated epacadostat in combination with anti-CTLA-4 (ipilimumab) (212) and anti-PD-1 [nivolumab (213) and pembrolizumab (214)] and showed encouraging antitumor activity in multiple advanced solid tumors. However, a phase 3 trial in unresectable or metastatic melanoma (ECHO-301/KEYNOTE-252) failed to show any benefit of the addition of epacadostat to pembrolizumab (215). Results of this trial raised questions concerning IDO inhibition strategies in cancer treatment, however there are certain caveats (216). The dose of epacadostat used in ECHO-301 is debated as a maximum reduction in Kyn levels of only 50% was seen for this 100 mg dose in phase 1 studies. In addition, pharmacodynamic data reported for epacadostat were based on plasma measurements of Kyn, while IDO expression in the tumor microenvironment was not investigated (211). Baseline IDO expression or Kyn/Trp levels were not employed as inclusion criteria in the ECHO-301 study, and patients who previously received an adjuvant CTLA-4-inhibitor or interferon treatment were also included. Importantly, in a melanoma cohort receiving adjuvant IFN-α2b enhanced Kyn/Trp levels were detected compared to untreated patients (217). Furthermore, melanoma patients who did not respond to anti-CTLA-4 (ipilimumab) combined with stereotactic body radiotherapy showed an increase in the Kyn/Trp ratio during treatment compared to baseline Kyn/Trp (191). These data indicate that certain (immuno-) therapies may upregulate IDO activity, raising the question whether an enhanced dose of epacadostat would have been needed in the ECHO-301 study in order to fully block IDO activity.

BMS-986205, an irreversible IDO1 inhibitor, was demonstrated to reduce both serum (>60% mean reduction at a dose from 100 to 200 mg) and intratumoral (up to 90% reduction) Kyn levels (218). Currently, BMS-986205 in combination with anti-PD-1 therapy is investigated in several phase 2 trials (219–221). Besides IDO-specific inhibitors, other approaches to inhibit this pathway continue to be considered. Indoximod, a Trp mimetic, restores the activity of master metabolic kinase mTORC1 in effector T-cells, reversing autophagy triggered by Trp depletion (222). By targeting a downstream convergent effector mechanism used by IDO, as well as IDO2 and TDO, indoximod might prove less sensitive to negative feedback mechanisms that may result in treatment resistance (223).

Further research is needed to better understand the exact biological functions of IDO but also of the two other Trp-degrading enzymes IDO2 and TDO in the different compartments in cancer (224, 225). Increased insights in how these enzymes affect cancer immune escape and disease outcome could facilitate patient stratification in future clinical studies. The next step would be to investigate how these insights can be used to reverse this negative immune climate, thereby paving the way to personalized immuno-oncology possibly already in an early stage of cancer.
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Age (>65 vs. <65)
BMI (overweight vs. other)

Sex (female vs. male)

Histology (sq vs. non-sa)

ECOG (PS 1. PS 0)

Brain metastasis (yes vs. no)
Lung metastasis (yes vs. no)
Pleural effusion (yes vs. no)

Liver metastasis (yes vs. no)
Kyn/trp median (<0.06 vs. >0.06)

Univariate analysis

OR (95% Cl)

3.32 (104-10.58)
1.33 (0.36-4.92)
085 (0.26-2.74)
0.34 (0.11-1.06)
7.15 (1.75-29.20)
1.76 (0.29-10.56)
0.30 (0.07-1.28)
0.80 (0.14-4.42)
3.5(0.65-18.75)
025 (0.07-0.86)

P

0.042
0.666
0.795
0.065
0.006"
0.536
0.104
0.806
0.144
0.028"

Multivariate analysis

OR (95% Cl)

2.71(0.74-9.97)

6.80 (1.45-31.74)

0.24(0.05-1.08)

0.132

0.015

0.064"

OR, odds ratio; BMI, body mass index; Sq, squamous; ECOG, Eastern Cooperative Oncology Group; PS, performance status; *Statistical significance was set at p < 0.05.





OPS/images/fimmu-11-01243/fimmu-11-01243-t004.jpg
Study title

A phase 2 study of the IDO inhibitor
epacadostat vs. tamoxifen for subjects with
biochemical-recurrent-only EOC, PPC or FTG
following complete remission with first-line

chemotherapy

A phase ll double-biinded, randomized,
placebo-controlled study of indoximod in
combination with a taxane chemotherapy in

metastatic breast cancer

A phase Il trial of IDO-inhibitor, BMS-986205,
and PD-1 inhibitor, nivolumab, in patients with
recurrent or persistent enciometrial cancer or
endometrial carcinosarcomas (CA017-056)

A phase 1/2 study of the concomitant
administration of indoximod plus immune.
checkpoint inhibitors for adult patients with

advanced or metastatic melanoma

A phase VI study of the combination of
indoximod and temozolomide for adult patients
with temozolomide-refractory primary

malignant brain tumors

A phase Vi study of indoximod in combination
with gemcitabine and Nab-paciitaxel in patients
with metastatic adenocarcinoma of the

pancreas

A phase Il study of epacadostat and
pembrolizumab in patients with imatinio
refractory advanced gastrointestinal stromal

tumors

A phase Vb study of DEC205mAb-NY-ESO-1
fusion protein (CDX-1401) given with adjuvant
poly-ICLC in combination with INCB024360 for
patients in remission with epithelial ovarian,
fallopian tube, or primary peritoneal carcinoma
whose tumors express NY-ESO-1 or LAGE-1

antigen

Phase I/l trial of BMS-986205 and nivolumab
as first or secondk-line therapy in hepatocellular

carcinoma

Aphase I study to determine the safety and
efficacy of INCBO24360 in patients with

myelodysplastic syndromes

Influence of the celecoxib administration before
surgery for endometrial cancer on indoleamine
2,3-dioxygenase 1 (IDO1) tumor expression

and immune cells tumor’s infiltration

Window-of-opportunity trial of nivolumab and
BMS986205 in patients with squamous cell
carcinoma of the head and neck (CAO17-087)

Phase Il study of epacadostat (INCBO24360) in
combination with pembrolizumab in patients
with locally advanced/metastatic sarcoma
Aphase Il pilot trial of an indoleamine 2,3,
dioxygenase-1 (IDO1) inhibitor (INCB024360)
plus a mulipeptide metanoma vaccine
(MELITAC 12.1) in patients with acvanced

melanoma
Study title

A phase 1/2, open-label, safety, tolerabilty, and
efficacy study of epacadostat in combination
with pembrolizumab and chemotherapy in
subjects with advanced or metastatic solid
tumors (ECHO-207/KEYNOTE-723)

Aphase 1/2, open-label, dose-escalation,
safety, tolerabity, and efficacy study of
epacadostat and nivolumab in combination
with immune therapies in subjects with
advanced or metastatic malignancies

(ECHO-208)

Aphase 1/2 study of relatiimab (anti-LAG-3
monoclonal antibody) administered in
combination with both nivolumab (anti-PD-1
monoclonal antibody) and BMS-986205 (IDO1
inhibitor) or in combination with both nivolumab
and ipilimumab (anti-CTLA-4 monoclonal
antibody) in advanced malignant tumors

Study number
NCTO1685255

NCT01792050

NCT04106414

NCT02073123

NCT02052648

NCT02077881

NCT03291054

NCT02166905

NCT03695250

NCT01822691

NCT03896113

NCT03854032

NCT03414229

NCT01961115

Study number
NCT08085914

NCT03347123

NCT03459222

Condition or disease
Ovarian cancer
Genitourinary (GU) tumors

Metastatic breast cancer

Endometrial adenocarcinoma
Endometrial carcinosarcoma

Metastatic melanoma
Stage lll melanorma
Stage IV melanoma

Glioblastoma multiforme
Glioma

Gliosarcoma

Malignant brain tumor
Metastatic pancreatic
adenocarcinoma

Metastatic pancreatic cancer

Gastrointestinal stromal tumors

Fallopian tube carcinoma
Ovarian carcinoma
Primary peritoneal carcinoma

Metastatic hepatocellular
carcinoma

Stage ll hepatocellular
carcinoma AJCC v8
Stage lIA hepatocellular
carcinoma AJCC v8

Myelodysplastic syndromes

Endometrium cancer

Lip

Oral cavity squamous cell
carcinoma

Pharynx

Larynx squamous cell carcinoma
Locally advanced/Metastatic
sarcoma

Advanced/metastatic melanoma
(mucosal, uveal, skin)

Condition or disease
Solid tumors

Colorectal cancer (CRC)
Adenocarcinoma (PDAC)
Lung cancer

UC (urothelial cancer)
Head and neck cancer

Solid tumors

Advanced cancer

Treatments

Epacadostat
Tamoxifen

Docetaxel or pacitaxel
Indoximod

Nivolumab
BMS-986205

Indoximod
Ipiimumab,

Nivolumab

Pembrolizumab

Indoximod + temozolomide
Temozolomide
Bevacizumab

Stereotactic radiation
Nab-pacitaxel
Gemitabine

Indoximod

Pembrolizumal>
Epacadostat

Biological: DEC-205/NY-ESO-1
Fusion Protein CDX-1401
Epacadostat

IDOT inhibitor BMS-986205
Nivolumab

INCB024360

Drug: celecoxib 200-mg capsule

Nivolumab
IDO1 inhibitor BMS-986205

Epacadostat
Pembrolizumal>

Epacadostat
MELITAC 12.1 peptide vaccine

Treatments
Epacadostat
Pembrolizumab
Oxaliplatin
5-Fluorouracil
Gemitabine
Nab-pacitaxel
Carboplatin
Paciitaxel
Pemetrexed
Cyclophospharmide
Cisplatin
Epacadostat
Nivolumab
Ipilimumab
Liriumab

Relatlimab
Nivolumab
BIVIS-986205
Ipilmumabs

Status—phase
Terminated—phase 2

Accrual completed—phase

2

Recruiting—phase 2

Recruiting—phase 1/2

Completed—phase 1/2

Completed—phase 1-2

Recruiting—phase 2

Recruiting—phase 1/2

Recruiting—phase 1/2

Terminated—phase 2

Recniting—phase 2

Recruiting—phase 2

Active not recruiting —phase
2

Completed—phase 2

Status—phase
Active not recruiting—phase
1-2

Active not recruiting—phase
1-2

Recruiting—phase 1-2
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Parameter Univariate analysis Multivariate analysis

SHR® p-value 95%Cl  SHR® p-value 95% CI®

Low ef - - ref

High 264 0028 (1.11-631) 294 0011 (1.28-677)

Lo f - - - -

High 171 0041 (1.02-285) 164 0041 (1.12-2.76)

Female ref = = ref = =

Male 203 0020 (108385 222 0019 (1.14-431)
ref - - ref - -

i 188 0011 (1.16-807) 199 0005 (1.23-3.24)

Adc® 141 0189  (084-237) -

Sqec? ref

<68 years ref

268 years 104 0887  (0.64-169)

Curentsmoker 1.86 0219 (069504 -
Former smoker  1.60  0.350  (0.60-4.29)
Nover smoker  ref

Low 104 0904 (057-187) -
High ref - -
Low ref - - -

High 105 0841  (0.65-1.71)

Intratumoral  1.04 0972 (0.12-9.49) -

Peritumoral 145 0752 (0.14-10.81)
Mixed 124 0848  (0.14-10.81)
Absent ref - -

ASHR: Subdistribution Hezard Ratio. ®Cl: Confidence Interval. °Ade: adenocarcinoma.
9Sqec: squamous cell carcinoma.
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Parameter Univariate analysis Multivariate analysis

SHR® p-value 95%Cl® SHR® p-value 95% CP

ref - - -

Low
High 108 0837  (055-1.91)
Low - - -
High 144 0133  (089-2.81)
Female ref =
Male 122 0461  (0.72-2.05)

ef - - of - -
i1 160 0044 (101-254) 192 0006 (1.20-3.09)
Adce 196 0012 (116832 231 0002 (135-3.96)
Sqoo? ref - - ref - -
<68 years ref - - -
268 years 072 0163  (0.45-1.14)

Curentsmoker 191 0178  (0.75-487) -
Formersmoker 123 0663 (0.47-3.17)
Never smoker ref

106 0834 (0.60-188) -

ngh ref . -
Low ref - - =
High 100 0986  (0.63-1.58)

Intratumoral .80 0.563 (0.25-13.15) -

Peritumoral 254 0380 (0.31-2034)
Mixed 150 0691 (0.20-11.01)
Absent ef - -

aSHR: Subdistribution Hezerd Ratio. ®Cl: Confidence Interval. °Ade: adenocarcinomma.
9Sqece: squamous cell carcinoma.
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Target

B7-1

B7-2

PD-L1

B7-H2

B7-H3

B7-H4

B7-HS

B7-H6

B7-HT

IFNy.

TNFa

TGFp

IL-10

L2

100

T00

Perforin

Granzyme B

Osteopontin

Glypican-3

Primer
Pair

L NS I T SN

Forward

GCTGTCCTGTGGTCACAATG
CACCTCTCCTGGTTGGAMA
GTATTTTGGCAGGACCAGGA
GTATTTTGGCAGGACCAGGA
TATGGTGGTGCCGACTACAA
CGAAGTCATCTGGACAAGCA
GGAACTTACTTTGGCCAGCA
AAGTCCAAGTGAGGGACGAA
GTCCTGGACTGCTCTTCCTG
GTCCTGGACTGCTCTTCCTG
GTGGGGCTGTCTGTCTGTCT
GTCTCATTGCACTGCTGGTG
GTCGGAGCAGGATGAAATGT
GCTGAAAAMACGTGCAACTCA
GGCAACTTCTCCATCACCAT
GCATCGTAGGAATCCTCTGC
CCACACCCCTGAATGACAATG
CTGAAGGCACAGGGAACAGT
GACCATTTGGAAAGCCAAGA
TAGAAGCCAGGAGGAGCAGA
TICAGCTCTGCATCGTTTTG
TCATCCAAGTGATGGCTGAA
AACCTCCTCTCTGCCATCAA
GAGAAGGGTGACCGACTCAG
GTACCTGAACCCGTGTTGCT
AGCTCCACGGAGAAGAACTG
GAGAACAGCTGCACCCACTT
TIACCTGGAGGAGGTGATGC
TCACCAGGATGCTCACATTT
COCAGGGACTTAATCAGCAA
GCCCTTCAAGTGTTTCACCAA
CCTGAGGAGCTACCATCTGC
CAAATCCTCTGGGAGTTGGA
GACGGCTGTCATACAGAGCA
ACTCACAGGCAGCCAACTTT
CCCTCTGTGAAMATGCCCTA
ACTGCAGCTGGAGAGAAAGG
GGAGGCCCTCTTGTGTGTAA
TGCAGCTTCTCCAACACATC
GTGCCTGTGTTCTCTGTGGA
CATCACCTGTGCCATACCAG
TGAAACGAGTCAGCTGGATG
CCCAACATGCTGCTCAAGAAA
CTGGATGAGGAAGGGTTTGA

Reverse

TGCCAGTAGATGCGAGTTTG
TAAGGTAATGGCCCAGGATG
CTTGTGCGGCCCATATACTT
CGGCCCATATACTTGGAATG
TGACTGGATCCACAACCAAA
CTCTIGGAATTGGTGGTGGT
GATGCAGAAGGGGATGAAAA
GGCGACCCCATAGATGATTA
CCATCGCTCTGACTTCCTTC
TCGCTCTGACTTCCTTCTCS
TGATCTTTCTCCAGCACACG
TGATCTTTCTCCAGCACACG
TGAGTTGCACGTTTTTCAGC
TAGCATTCCCCTTGCCTTTA
CAGTAGAGGCCGCTATCCAG
CCTGCCTTTGCTTGTAGACC
TGTTGAGGGGTTGGGAATAA
TTGATCCAGCAACAATCTGC
CGCATTCCCATTTTGAATCT
CCAGGAGGGACACAACATCT
ATGGGTCCTGGCAGTAACAG
CTTCGACCTCGAAACAGCAT
GGAAGACCCCTCCCAGATAG
CCAAAGTAGACCTGCCCAGA
CACGTGCTGCTCCACTTTTA
GTCCTTGCGGAAGTCAATGT
TCTCGGAGATCTCGAAGCAT
GCCTTGATGTCTGGGTCTTG
GCACTTCCTCCAGAGGTTTG
ATGGTTGCTGTCTCATCAGC
CCCAGCCAGACAAATATATGCGA
GCTTGCAGGAATCAGGATGT
GTGCATCCGAGAAAGAACCT
CCTGGAACCTAGGCTCTTCG
GGGTGCCGTAGTTGGAGATA
GGCTTAGGAGTCACGTCCAG
CTGGGCCTTGTTGCTAGGTA
TGCCATTGTTTCGTCCATAG
CATGCGGTACCAGTTTAGCA
TTCTCTCGCCACTGGAAATC
GCCACAGCATCTGGGTATTT
GCTCTCATCATTGGCTTTCC
TCCATGTTCAATCGTGCTGT
AGCCTCCAATGCACTCATCT
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Parameter

1DO2 low 1DO2 high Total
N % N % p N %
3 16 160 84 191 100

Current smokers 13 17 64
Former smokers 16 16 82

[ 4 8 4 @ 48 39
Sqoc® stage 69 36

1 7 26 20 74 0513 27 39
n-m 14 33 28 67 2 6l
Adc® 0 8 112 92 <0001 122 64
Sqec® 21 30 48 70 69 36
Adc® pattern 122 64
Other than solid 6 6 8 94 0455 95 78
Solid 4 15 28 85 27 22
TLspENSTY
Ade® 122 64
Low 5 8 57 9 096 62 51
High 5 8 55 @ 60 49
Sqec? 69 36
Low 12 84 23 66 0480 35 51
High 9 2 25 74 34 49
TILsLOCALIZATION
Adc® 122 64
Intratumoral 4 6 61 94 <0001 65 58
Peritumoral 5 7 2 29 7 6
Mixed 4 9 42 9l 46 38
Absent 0 4 100 4 3
Sqec? 69 36
Intratumoral 8 8 16 67 0905 24 35
Peritumoral 2 29 5 71 7 10
Mixed 11 8 26 70 37 54
Absent 0 0 1 100 1 1
oot
Adc® 122 64
Low 4 7 52 93 0695 56 46
High 6 9 60 of 66 54
Sqoct 69 36
Low 10 8@ 21 68 0766 81 45
High 1Mo20 27 71 38 55
PO
Adc® 122 64
Low 6 6 96 94 008 102 84
High 4 20 16 80 20 16
Sqoc® 69 36
Low 19 40 29 60 0012 48 70
High 2 10 19 9 21 30

2Ade: adenocarcinoma. PSqec: squamous cell carcinoma.
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Characteristics

Patients, n
Matched-pair, n
Metastasis, n

Intracranial
Extracranial
Skin
Adrenal gland
Lymph node

Gender, n Age at first BM diagnosis
(years + SD)

Female, 34 58 + 14
Male, 38 59+ 15

Therapy, n patients (%)

Mono-CT
Mono-RT
Mono-IMT
CT+RT
CT+IMT
RT+IMT
CT+RT+IMT
Unknown

Number of brain metastasis, patients (%)

o O~ 0N =

72
19

74

19
2
1

Age at BM surgery
(vears & SD)

58+ 13
59+ 14

5(6.9)
7(07)
228

12 (16.7)
6(83)
6(83)

13 (18.1)

21(20.2)

53(73.6)

9(12.5)
6(83)
228
11.4)
1(1.4)

Location of intracranial melanoma metastases, n = patients (%)

Cerebrum
Cerebellum
Unknown

Clinical outcome, r (%)

Alive
Dead
Unknown

CT, chemotherapy; RT, radiotherapy; IMT, immunotherapy.

48(16)
6(8)
18(25)

16 (22.2)
37 (51.4)
19 (26.4)
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Number of cells Adjusted p-value

Total IDO / PD-L1 0.00015
Low IDO / PD-L1 0.00066
Moderate IDO / PD-L1 0.11716
High IDO / PD-L1 0.06842

A post-hoc-Tuckey HSD (Honest Significant Difference) followed by anova was performed
o test the pairwise comparisons among the PD-L1 expression values and IDO (Total
number of IDO expressing cells, high, medium, and low IDO expressing cels). The 95%
confidence for lower and upper intervals is mentioned together with the adjusted p-values.
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Gender Age Race-A, Diagnosis AJCCstage T Serum AFP at  Tumor Grade % %

AA,C,0 diagnosis (ng/mL) Tumor Leukocytes
Male 65 O-Hispanic HCC and Cholangio pT2 934 G2: Moderately differentiated 50 10
Male 45 O-Afican  HCC Il 49 G2: Moderately differentiated 40 5
Female 71 Caucasian HCC [ pT3a 1.6 G2: Moderately differentiated 80 3
Male 57 Caucasan HCC 1 pT1 22 G1: Well-differentiated 70 2
Female 67 Caucasian HCC 1 pT 1.4 G1: Well-differentiated 80 2
Male 62 Caucasian HCC pT2 7 G2: Moderately differentiated 60 2
Male 69 Caucasian HCC pT2 15.2 G2: Moderately differentiated 30 N/A
Male 60 Caucasian HCC 1 pT1 20.1 G2: Moderately differentiated 70 2
Male 60 AA HCe 1 pT 354 G2: Moderately differentiated 60 5
Female 59 AA Hee It pT2 7.7 G2: Moderately differentiated 80 2
Male 66 Caucasian HCC p12 47 G2: Moderately differentiated 70 10
Male 75 Caucasian HCC 1 pT1 4.9 G2: Moderately diferentiated % 3
Female 61 AA Hee pT 52000  G2: Moderately differentiated % 05
Male 68 AA Hee [ pT2 217 G1: Well differentiated 30 2
Male 55 Caucasian HCC pT2 17.4 G2: Moderately differentiated 70 5
Female 85 AA Hee pT1 3,969 G3: poorly differentiated 60 2
Male 67 Caucasian HCC ] pT2 64.6 G1: Well differentiated 60 5
Male 65 Caucasian HCC 1 pT1 29 G2: Moderately differentiated 40 2
Female 44 Caucasian HCC pT 53 G1: Well differentiated 50 2
Male 47 Caucasian HCC pT2 4.6 G2: Moderately differentiated 30 1
Male 65 Caucasian HCC pT 63 G2: Moderately differentiated N/A 3
Male 7 OAA HCC I pT2 23 G2: Moderately differentiated 50 N/A
Male 83 Caucasian HCC pT2 18.4 Other: Well to moderately differentiated 60 5
Male 53 Caucasan  HCC pT1 188 G8: poorly differentiated 50 3
Male 64 Caucasian HCC ] pT2 2149 G2: Moderately differentiated 70 3
Male 51 Caucasan HCC pT2 17506 Other: moderately to poor differentiated 60 5
Male 67 AA HCe pT 204 G2: Moderately differentiated 80 1
Male 59 Caucasan HCC pT2 10.1 G2: Moderately differentiated % 2





OPS/images/fonc-10-01632/fonc-10-01632-g002.gif
BEERH [
il
HEEH g H R G
e
- i
e
- .
byl
i
it
el
a 00453 s
——— N
i 8?/ H
e
Wt e
e ramn
o o






OPS/images/fonc-10-01632/fonc-10-01632-g003.gif
5005 8P 8 o g
HIE o ;,?’ §
Sl B Em %
5 T e d < %
004 T S o g0
. R NN
%o S
e T RS E
RS S
& e <« ra
&
67| POt | W0 [GRZ 8] TFa ] TPy | iz [PERF
T R Rk [ Rk [k | Rk [ Rk
P01 NS | N | N sk | ok | wkx
Lo NS | N |k | ok | wax
cRANZYME B NS [ NS |k [ xx
™Fa NS [k [ drx
Ny Kok | Hkx
2 Ns
PERFORIN

NS = Non Significant, &% % P=0001 %% P=0.01, % P=0.05






OPS/images/fonc-10-01632/fonc-10-01632-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		TARGETING INDOLEAMINE 2,3-DIOXYGENASES AND TRYPTOPHAN DIOXYGENASE FOR CANCER IMMUNOTHERAPY



		Editorial: Targeting Indoleamine 2,3-dioxygenases and Tryptophan Dioxygenase for Cancer Immunotherapy



		Author Contributions



		Funding



		Acknowledgments



		References









		Macrophages/Microglia Represent the Major Source of Indolamine 2,3-Dioxygenase Expression in Melanoma Metastases of the Brain



		Introduction



		Materials and Methods



		Patients and Patient-Derived Tissue Samples



		Immunohistochemistry



		Quantitative Digital Pathology/Tissue Image Analysis



		Statistical Analysis









		Results



		Patient Cohort



		Distinct IDO Expression Patterns in Metastases of Malignant Melanoma



		Intratumoral Variability of IDO Expression Level Mediate PD-L1 Surface Expression



		IDO Favors an Immunosuppressive Signature in Melanoma Brain Metastases Directing Efficacy of Cancer Immunotherapy



		High IDO Expression Level Are Primarily Represented by Macrophages/Microglia









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Indoleamine 2,3-Dioxygenase 2 Immunohistochemical Expression in Resected Human Non-small Cell Lung Cancer: A Potential New Prognostic Tool



		Introduction



		Materials and Methods



		Patient Selection



		Histology and Immunohistochemistry



		Statistical Analysis









		Results



		Patients Series



		Pathological Findings



		IDO2 Immunohistochemical Analysis



		Clinical-Pathological Associations



		Microenvironmental Associations



		Survival Analysis









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Tumor-Targeted Gene Silencing IDO Synergizes PTT-Induced Apoptosis and Enhances Anti-tumor Immunity



		Introduction



		Materials and Methods



		Animal Usage



		Synthesis of GNRs



		Synthesis of GNR-MUA-PEI (GMP) and GNR-MUA-PEI-FA (GMPF)



		siRNA Synthesis



		Gel Shift Assay



		Release of siRNA From GMPF



		GMPF-siRNA Stability in Serum



		Photothermal Conversion Measurement



		Cell Culture



		Cell Uptake of GMPF-siRNA



		Gene Silencing and Quantitative Real-Time Quantitative PCR (qRT-PCR)



		Western Blot Analysis



		Bio-Distribution of GMPF-siRNA in vivo



		Treatment of Lung Cancer Using Photothermal-Immunotherapy



		Immunohistochemistry



		TUNEL Assay



		ELISA Assay



		Flow Cytometry



		Statistics









		Results



		Photothermal Effects of Multi-Functionalized Gold Nanorod-MUA-PEI-Folate (GMPF)



		Gene Silencing of IDO Using GMPF-siIDO



		Gene Silencing of IDO Using GMPF-siIDO Enhances Photothermal Effects of the Multifunctional Gold Nanorods



		In vivo Tumor-Targeted Photothermal-Immunotherapy for Lung Cancer Using GMPF-siIDO



		Tumor-Targeted Gene Silencing of IDO Enhanced Apoptosis of Tumor Cells After Photothermal-Immunotherapy in vivo



		Increase of Tumor Infiltrating T Cells and Upregulation of Inflammatory Cytokines After GMPF-siIDO Photothermal-Immunotherapy Treatment



		Suppression of T-Cell Apoptosis by Photothermal-Immunotherapy Using GMPF-siIDO









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Abbreviations



		References









		Immunosuppressive IDO in Cancer: Mechanisms of Action, Animal Models, and Targeting Strategies



		Introduction



		IDO, Trp Metabolism and Its Association With Suppressing the Anti-cancer Immune Response



		Pleiotropic IDO Effects Reflect Multiple Functions, Diverse Cellular Origins, and Varying Kinetics



		IDO and Its Relationship to Host Age



		Mouse Models for Studying IDO



		The Expression, Immunosuppression, and Targetability of IDO in Subjects With GBM









		Concluding Remarks



		Author Contributions



		Funding



		References









		Tryptophan Catabolism as Immune Mechanism of Primary Resistance to Anti-PD-1



		Introduction



		Methods and Materials



		Patient Population



		Tryptophan and Kynurenine Quantifying Analysis



		Statistical Analysis









		Results



		Clinical Characteristics



		Association Between Serum Kynurenine/Tryptophan Ratio, Clinicopathological Features, and Response to Immunotherapy



		The Serum Kynurenine/Tryptophan Ratio and Clinical Outcomes









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		The Prognostic Value of Indoleamine-2,3-Dioxygenase Gene Expression in Urine of Prostate Cancer Patients Undergoing Radical Prostatectomy as First Treatment of Choice



		Introduction



		Materials and Methods



		Patients' Accrual and Clinicopathological Characteristics



		Urine Processing



		Established Prostate Cancer Cell Line Spiked in Patients' Urine



		Gene Expression Analysis



		Measurement of Tryptophan, Kynurenine, and Quinolinic Acid Concentration



		Statistical Analysis









		Results



		Indoleamine-2,3-Dioxygenase Gene Expression in Urine Represents a Valuable Test for Prostate Cancer Prognosis by Liquid Biopsy



		Detection of Indoleamine-2,3-Dioxygenase Gene in Urine Does Not Need Prostate Massage and Can Be Performed Either by Urine Pellet or by Cell-Free RNA



		The Prognostic Potential of Indoleamine-2,3-Dioxygenase for Diagnosed Prostate Cancer Can Redirect Treatment Options



		Indoleamine-2,3-Dioxygenase Enzymatic Activity Might Predict Prostate Cancer Clinical Outcome









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		Correlation Patterns Among B7 Family Ligands and Tryptophan Degrading Enzymes in Hepatocellular Carcinoma



		Introduction



		Methods



		Patient Characteristics



		RNA Extraction and cDNA Preparation



		Fluidigm Nanoscale PCR



		T Cell Proliferation and Cytokine Secretion



		Statistics









		Results



		Differential Expression of B7 Family Ligands and Enzymes of Tryptophan Degradation in Patients With HCC



		Dominant Correlative Pattern Among B7 Family Ligands in HCC



		Association of IDO and PD-L1 in HCC



		High Expression of TGF-β, IL-10, and PD-1 in HCC



		Correlation Patterns of Immune Response Genes With B7 Family Ligands



		IDO but Not TDO Correlate With Granzyme B



		Validation of Correlations Among B7 Family Ligands, Immune Response Genes and IDO After Glypican-3 and Osteopontin Normalization



		IDO Metabolite Kynurenine and PD-L1 Synergistically Inhibit T Cell Responses









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		IDO Expression in Cancer: Different Compartment, Different Functionality?



		Introduction



		IDO In the Tumor Microenvironment



		Tumor Cells



		Immune Cells



		Endothelial Cells



		Stromal Fibroblasts and Mesenchymal Cells









		IDO in the Peripheral Blood



		Discussion



		Author Contributions



		Funding



		References























OPS/images/fimmu-11-01185/crossmark.jpg
©

2

i

|





OPS/images/fimmu-11-01185/fimmu-11-01185-g001.gif





OPS/images/fimmu-11-00120/fimmu-11-00120-g002.gif





OPS/images/fimmu-11-00968/fimmu-11-00968-g005.gif
Controlviaser _ GMPF.siGLvaser.






OPS/images/fimmu-11-00120/fimmu-11-00120-g003.gif





OPS/images/fimmu-11-00968/fimmu-11-00968-g006.gif
©__GMPF-siGL2+laser

GMPEi0. E _GMPF.siibOstaser






OPS/images/fimmu-11-00120/crossmark.jpg
©

2

i

|





OPS/images/fimmu-11-00968/fimmu-11-00968-g007.gif
i

|
[—
e

i ﬁ“ﬂﬂ
e





OPS/images/fimmu-11-00120/fimmu-11-00120-g001.gif





OPS/images/fimmu-11-00968/fimmu-11-00968-g008.gif
NPT SO

A

ContioMiaser | GMPEsiGUMaser _ GMPFSIDO  GMPEsioOuaser






OPS/images/fimmu-11-00120/fimmu-11-00120-g006.gif
£y






OPS/images/fimmu-11-00968/fimmu-11-00968-g001.gif





OPS/images/fimmu-11-00120/fimmu-11-00120-g007.gif





OPS/images/fimmu-11-00968/fimmu-11-00968-g002.gif





OPS/images/fimmu-11-00120/fimmu-11-00120-g004.gif





OPS/images/fimmu-11-00968/fimmu-11-00968-g003.gif
ontrol

N

£ GMPFsiGL2+Laser






OPS/images/fimmu-11-00120/fimmu-11-00120-g005.gif





OPS/images/fimmu-11-00968/fimmu-11-00968-g004.gif





OPS/images/fimmu-11-531491/fimmu-11-531491-t001.jpg
Tumor cells

Immune cells

Endothelial
cells

Stromal cells.

Regulatory
mechanisms

Functions

Regulatory
mechanisms

Functions

Regulatory
mechanisms

Functions

Regulatory
mechanisms

Functions

Human studies

- Constitutive expression (10, 11) dependent on
COX2 and PGE2 (12)

- Induction by type LIl IFNs (13), mediated by STAT-1
and NF-«B signaling (2, 5, 6, 14, 16)

- Expression inversely correlated with Bin expression
(16, 17)

- Synergism between IFPNy and TNFaIL1 on expression
(18-20)

- Autocrine positive feedback loop through

Kyn-AhR-IL6-STATS (11)

Associated with increased intratumoral Treg

infiltration and impaired cytotoxic T-cell function

(23-30)

Conversion of CD4*+CD25~Treg into CD4*+CD25+

cells (31)

Prevents degranulation of CD8* and yb T-cels (32, 33)

- Associated with MDSC infiltration (34)

- Promotes proliferation of HUVEC cells (35)

- Associated with metastasis (35-42)

Drives dormancy of tumor repopulating cels (11, 43)

- Correlates with PD-1 and PD-L1 expression
(29, 30, 44-46)

- Induction by PGE2 and activated by TNFa/TLR

signaling in moDC (52, 53)

Induction by synergystic combination of IFNy and

CD4OL in monocyte-derived macrophages (54)

Induction by IL-82y depending on NF-«B and STAT-3

in macrophages (55)

Induction in MDSCs requires phosphorylation of

STAT-3, but not STAT-1 (39) and non-canonical

NF-B (56)

DCs decrease antigen uptake and downregulate

CD40/CD8O under low Tip conditions (66)

- Expression in moDCs induces regulatory activity in
Teels (67, 68)

- Expression is associated with distinet profile of

cytokines and surface markers in moDCs (69, 70)

Mediates IFNy-induced differentiation of monocytes

into M2-macrophages (71-74)

- Expression in macrophages halts cell cycle
progression in T-cells (54, 55)

- Expressing MDSCs associated with FoxP3* Tregs
and impaired CD8* T-cell function (39, 75, 76)

Induction and synergism by IFNy (81, 82) and TNF (81)

- Expression in CD31* HEV in peritumoral stroma:
sentinel LN and metastatic tissue associated with
reduced CD8* T-cells and increased FoxP3*
Tregs (85)

- Expression in sentinel LN associated with enhanced
1DO expression in peripheral blood (86)

- Expression associated with microsatelite instabilty in
CRC (87)

- Expression associated with responsiveness to

anti-PD-1 (88, 89)

Drives tumor dormancy through Trp depletion-induced

TSLP expression/secretion (90)

Expression in LECs impairs CD4* T-cell

proliferation (91)

Induction in GAFs (92, 93), mesenchymal stem cells

(94-96) and pericytes (82) by IFNy

- Expression in CAFS mediated by COX2/PGE2 (97)

Expression in CAFs suppresses NK cell activity

(98,99)

Expression in dermal fibroblasts induces apoptosis in

T-cells, B cells and monocytes (100)

Expression in mesenchymal stem cels involved in

inhibition of T-cell function (96) and conversion of

monocytes into M2-macrophages (101)

Expression in pericytes negatively regulates T-cell

proliferation (102)

Animal studies

- STAT- and NF-«B-dependent expression as a
consequence of loss of Bin (21)
LPS induces systemic activity dependent on TNF (22)

T depletion/catabolites  drive  TOR  ¢-chain
downregulation in CD8* cells and induce FoxP3
in CD4* cells (47)

Drives IL-6 dependent MDSC-mediated immune
escape (36)

Associated with enhanced VEGF-C expression and
lymphangiogenesis (48-50)
- Promotes tumor

vascularization (36)

Drives dormancy of tumor repopulating cels (43)

- Drives tumorigenesis through NAD*-depletion induced
DNA damage (51)

- Expression in splenic DCs induced by CpGs and

dependent on IFN type | signaling (57)

Expression in DCs induced by Tregs through CTLA-

4/87 (58)

Expression in pDCs induced by CpG, TGFB, CD200

(59-61)

Expression in mDCs induced by WntSa (62, 63) and

IFNy in an IRF8-dependent way, functionally active in

oDC1 (64, 65)

Expression in pDCs suppresses T-cell responses

in TOLN (77) and activates Tregs in tumor

microenvironment and TOLN (60, 61, 76)

Expression in DCs and MDSCs implicated in anti-PD-1

resistance (79)

- Expression in MDSCs impairs AMPK and mTOR

function (80)

Induced by IFNy through non-canonical NF-xB
activation (83)

Induced by agonistic CD40 mAb through IFNy
secretion by CD8* T-cells (8¢)

Expression in CAFs (103) and mesenchymal stem cells
(104) involved in Treg activation
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N (%) Kyn/trp mean (+SD) P-value

RCC 15 0.036  0.024

PD < 3 months (yes vs. no) 9(60.0) vs. 6 (40.0) 0,036 vs. 0.043 0590
NSCLG 26 0.06  0.040

PD < 3 months (yes vs. no) 14(53.8) vs. 12 (46.2) 0.094 vs. 0.050 0,003
HNSCC 14 0055  0.026

PD < 3 months (yes vs. no) 6(428)vs.8(57.2) 0,055 vs. 0.055 0.961
Squamous histology (NSCLG and HNSCC) 33 0.057 +0.035

PD < 3 months (yes vs. no) 14 (42.4) vs. 19 (57.6) 0072 vs. 0.055 0,020
kyn, kynurenine; trp, tryptophan; SD, standerd deviation; RCC, renal cell carcinoma; PD, progressive disease; NSCLC, non-small cell lung cancer; HNSCC, head and neck squamous

cell carcinoma; *Statistical significance was set at p < 0.05.
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Characteristics

Overweight/obese
Underweight

SEX

Male

Female

HISTOLOGY

Clear cell carcinoma
Squamous NSCLC
Adenocarcinoma
Undifferentiated NSCLC
Squamous HNSCC
BASELINE (ECOG) PS
PSO

PS 1

BRAIN METASTASIS
Yes

No

LUNG METASTASIS
Yes

No

PLEURAL EFFUSION
Yes

No

LIVER METASTASIS
Yes

No

EARLY PROGRESSOR
Yes

No

N (%)

31(56.4)
24.(43.6)

39(70.9)
13 (23.6)
3(55)

39(70.9)
16 (29.1)

15 (27.3)
19 (34.5)
6(10.9
1(1.8)
14 (25.5)

38(69.1)
17(30.9)

6(109)
47 89.1)

40 (72.7)
15 (27.2)

6(10.9
49(89.1)

9(16.4)
46 (83.6)

29(52.7)
26(47.3)

Median (range)

65 (44-85)

22.4(16.9-37.5)

Serum kyn/trp ratio (mean = SD)

0.056 £ 0.038
0.048 + 0.029

0.068 + 0.031
0.054 £ 0.040
0.056 + 0.025

0.059 £ 0.087
0.048 £ 0.020

0.036 £ 0.024
0.060 + 0.04
0.100 + 0.04
0.040
0.055 £ 0.034

0.063 4 0.0256
0.056 £ 0.047

0.064 £ 0.034
0.055 + 0.035

0.053 + 0.029
0.080 & 0.046

0.062 + 0.061
0.054 £ 0.082

0.062 + 0.050
0.054 £ 0.030

0.056 £ 0.042
0.060 # 0.021

P-value

0.121

0.839

0.044"

0.054

0.064

0.905

0.017%

0.096

0.076

0.047

kyn, kynurenine; trp, tryptophan; SD, standard deviation; BMI, body mass index; NSCLC, non-small cell lung cancer; HNSCC, head and neck squamous cell carcinoma; ECOG PS,

Eastern Cooperative Oncology Group performance status; *Statistical significance was set at p < 0.05.
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Agent

Indoximod
(0-1-MT)

INCB024360

GDC-0919
(formerly
NLG-919)

IDO1 peptide

PF-06840003

BMS986205

DN1406131
HTI-1090*
NLG802

Indication(s)

Metastatic solid tumor

Solid tumor
Metastatic breast cancer

Melanoma

Metastatic Adenoma of
Pancreas

Acute myeloid leukemia
GBM, glioma, gliosarcoma

GBM, gioma,
ependymoma,
medulloblastoma

Prostate carcinoma
NSCLC

Advanced neoplasms.
Myelodysplastic Syndromes
Melanoma

Reproductive tract tumors

Solid tumors

Meta. colorectal cancer
Gastric cancer
Meta. Pancreatic cancer

“*NSCLGC, urothelial
carcinoma

SCCHN

Head and neck cancer

Lung cancer

Renal cell carcinoma

Muscle invasive bladder
cancer

Sarcoma
Solid tumors

Locally-advanced or
metastatic solid tumors.

NSCLC

Melanoma

GBM or grade lll anaplastic
glioma

Advanced cancer,
melanoma, NSCLC

Hepatocellular Carcinoma

Lip, oral cavity squamous
cell carcinoma, pharynx,
larynx, squamous cell
carcinoma

Advanced cancer
Advanced Solid Tumors.
Advanced Solid Tumors
Solid tumor

‘SHR9146+-SHR- Solid tumor, metastatic

1210
MK-7162

cancer, neoplasm malignant
Solid Neoplasm

Phase

i

i

i
v

n
i

n
i

v

i

i

i

0

0

Status
Completed

Completed

Active, not recruiting —> now
completed

Recniting

Active, not recruiting —> now
completed

Recruiting ~> now active, not
recruiting
Recriting —> now completed

Recniting

Recruiting -> now active, not
recruiting

Recnuiting

Active, not recruiting-> now
completed

Recnuiting ~> now active, not
recruiting

Completed

Completed

Recruiting —> now terminated
Recruiting-> now completed
Completed > now terminated
Recruiting

Active, not recruiting
Recruiting-> now completed

Recruiting-> now terminated
Recniting

Withdrawn
Suspended

Recruiting-> now active, not
recruiting

Recnuiting-> now active, not
recruiting

Active, not recruiting
Recruiting-> now active, not
recruiting

Recniting - now completed
Active, not recruiting

Not yet recruiting

Not yet recruiting —> now recriting
Not yet recruiting —> now recruiting

Withdrawn

Active, not recruiting ~> now
terminated

Withdrawn

Active, not recruiting
Active, not recruiting

Active, not recruiting
Active, not recruiting

Not yet recruiting
Recruiting
Completed

Active, not recruiting

Completed

Recruiting ~> now completed
Recruiting - now terminated
Recruiting > now completed
Recruiting

Recruiting
Recruiting

Recruiting - now completed
Not yet recruiting

Active, not recruiting

Active, not recruting

Not yet recriting

Recruiting

Notes

Combined with docetaxel

Single agent
Combined with vaccine

Combined with fulvestrant or tamoxifen and
palbociciib

Combined with docetaxel or paclitaxel

Combined with ipiiimumab (CTLA-4 mAb),
nivolumab, or. pembrolizumab

Combined with gemcitabine and nab-paciitaxel

Combined with cytarbine, idarubicin

Combined with temozolomide, bevacizumab (VEGF
mAb) and radiation

Combined with temozolomide and radiation or
cyclophospharide and etoposide

Combined with sipuleucel-T
Combined with docetaxel and tergenpumatucel-L

As single agent

As single agent

Combined with ipilimumab

Combined with a multipeptide-based vaccine
Compared to tamoxifen

Combined with vaccine and cyclophosphamide
With therapeutic conventional surgery
Combined with adoptive transfer of NK cels, IL-2,
fludarabine, and cyclophospharride

Combined with CRS-207 and Pembrolizumab
(PD-1 mAb)

Combined with DC-targeted NY-ESO-1 and
poly-ICLC

As single agent

Combined with pembrolizumab

Combined with MK-3476

Alone or combined with combination of
pembrolizumab, cisplatin, pemetrexed, carboplatin,
or pacitaxel

Combined with itacitinib (JAK inhibitor)

Combined with combination of pembrolizumab,
ozaliplatin, leucovorin, 5-fluorouracil, gemcitabine,
nab-paciitaxel, carboplatin, paciitaxel, pemetrexed,
cyclophasphamide, or cisplatin

Combined with MEDI4736 (PD-L1 mAb)
Combined with azacitidine, pembrolizumab
Combined with pembrolizumab and azacitidine

Combined with pembrolizumab

Combined with CRS-207, pembrolizumab, CY,
CRS-207, GVAX

Combined with pembrolizumab

Combined with atezolizumab (PD-L1 mAb)

Combined with pembrolizumab

Combined with pembrolizumab vs. pembrolizumab
alone or EXTREME regimen

Combined with pembrolizumab, platinum-based
chemotherapy

Combined with pembrolizumab

Combined with pembrolizumab vs. sunitinib and
pazopanib
Combined with pembrolizumab

Combined with pembrolizumab

As single agent
Combined with MPDL3280A (PD-L1 mAb)

As single agent

Combined with ipilimumab or vemurafenib (BRAF
inhibitor)

Combined with temozolomide, imiquimod, GM-CSF,
and survivin peptide

As single agent
Combined with nivolumab and ipiimumab

Combined with nivolumab
Combined with BMS-986205

Combined with nivolumab
As single agent

As single agent

As single agent
Combined with apatinib

Combined with pembrolizumab

"NSCLG, non-small cell lung cancer; DLBCL, diffuse large B-cell lymphoma; SCCHN, squamous cell carcinoma of head/neck; UC, urothelial carcinoma.
“IDO1-TDO dual enzymatic inhibitor.
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