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Abstract

Indoleamine 2–3 dioxygenase 1 (IDO1) expression may contribute to immunologic escape by 

melanoma metastases. However, a recent clinical trial failed to identify any clinical benefits of 

IDO1 inhibition in patients with unresectable metastatic melanoma, and prior characterizations of 

IDO1 expression have predominately studied primary lesions and local metastases, generating 

uncertainty regarding IDO1 expression in distant metastases. We hypothesized that IDO1 

expression in such lesions would be low and correlated with decreased overall survival (OS).

Metastases from patients (n=96) with Stage IIIb-IV melanoma underwent tissue microarray 

construction and immunohistochemical staining for IDO1. Th-1 related gene expression was 

determined quantitatively. Associations between OS and IDO1 expression were assessed with 

multivariate models.

Of 96 metastatic lesions, 28% were IDOpos, and 85% exhibited IDO1 expression in <10% of 

tumor cells. IDOpos lesions were associated with improved OS (28.9 v. 10.5 months, p=0.02) and 

expression of Th1-related genes. OS was not associated with IDO1 expression in a multivariate 

analysis of all patients, however IDO1 expression (HR =0.25, p=0.01) and intratumoral CD8+ T-

cell density (HR =0.99, p<0.01) were correlated with OS in patients who underwent 

metastasectomy with curative-intent. IDOpos metastases were less likely to recur after 

metastasectomy (54% vs. 16%, p= 0.01).

IDO1 expression was low in melanoma metastases and correlated with OS after metastasectomy 

with curative-intent. Intra-tumoral CD8+ T-cells and Th1-related genes were correlated with IDO1 

expression, as was tumor recurrence. These suggest that IDO1 expression may be a marker of 

immunologic tumor control, and may inform participant selection in future trials of IDO1 

inhibitors.
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Introduction

Immunotherapeutics have revolutionized the treatment of advanced melanoma, yet 

approximately 60% of patients fail to respond to current checkpoint blockade targeting PD-1 

and CTLA-4. Consequently, there is a pressing need to investigate additional biochemical 

pathways which regulate anti-tumor immunity. One such pathway is mediated by 

indoleamine 2–3 dioxygenase 1 (IDO1), which catabolizes the conversion of tryptophan 

(Trp) into L-kynurenine (Kyn)(1). Depletion of Trp and accumulation of Kyn inhibits the 

immune response and can cause cell cycle arrest in T cells but not tumor cells(2–4).

Melanoma patients frequently exhibit abnormally high serum Kyn/Trp ratios compared to 

healthy controls(5). Small molecule inhibitors of IDO1 have shown promise in regulating 

this pathway and can normalize serum Kyn/Trp ratios(6). In a phase I clinical trial, IDO1 

inhibition combined with checkpoint blockade resulted in objective responses in 55% of 

melanoma patients(7). However, a phase III trial (ECHO-301) randomized patients with 

unresectable melanoma to PD-1 blockade or PD-1 blockade combined with IDO1 inhibition 

(ECHO-301), and failed to detect differences in clinical outcomes(8). Several explanations 

could be offered for the negative findings of the ECHO-301 trial(9). One possibility is that 

metastatic melanoma lesions might exhibit low IDO1 expression. Prior enumerations of 

IDO1 expression by melanoma cells have focused on IDO1 expression in patients with Stage 

I-III disease, whose findings may not be generalizable to the Stage III-IV patients enrolled in 

ECHO-301. Furthermore, the prognostic significance of IDO1 expression by melanoma cells 

is controversial, and only a single prior study has reported a multivariate survival analyses 

controlling for clinical variables associated with IDO1 expression, and this report was 

heavily skewed towards patients with early (Stage I-II) disease (10–13).

We analyzed IDO1 expression in metastatic lesions from 96 patients with Stage IIIb-IV 

disease, whose disease state mimics the patient cohort enrolled in the ECHO-301 trial. Our 

primary hypothesis was that IDO1 expression would be limited to a small subset of 

melanoma metastases. We further hypothesized that IDO1 expression would be associated 

with induction of Th-1 associated cytokines. Finally, we hypothesized that IDO1 expression 

by melanoma cells or intra-tumoral endothelial cells, would be associated with shorter 

overall survival (OS), and that this finding would be significant in a multivariate model 

incorporating clinical and histologic data.

Methods

Patient Selection and Clinical

This study was conducted following institutional IRB approval (IRB-HSR #17816, #10598, 

#13310, #10803). Patients selected for inclusion had Stage IIIb-IV melanoma, appropriate 

clinical follow-up, and ample metastatic tumor tissue available. Data on the patients’ clinical 
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histories, disease status, and outcomes had previously been collected. All patients were 

checkpoint-blockade therapy naïve, however some had been enrolled in clinical trials of 

melanoma peptide vaccines at our institution (Table 1). Given the advanced nature of our 

patient’s disease, some patients underwent palliative lesion resection for symptomatic 

metastases. Patients were considered to have undergone resection with palliative intent if any 

known metastatic lesions were left unresected after metastasectomy, while patients who 

underwent curative-intent resection underwent total metastasectomy of all known melanoma 

lesions at time of metastasectomy.

Tumor microarray creation

Formalin-fixed paraffin-embedded (FFPE) blocks of melanoma metastases to skin, lymph 

nodes, small bowel, or peritoneum were obtained from the University of Virginia anatomic 

pathology archives. Tissue microarrays (TMAs) were constructed from 3–4 cores per tumor, 

each 1.0 mm in diameter, through regions of each selected FFPE block. Cores were taken 

from the tumor center in all cases (Supplemental Figure 1). Immune cells and PD-L1 

expression in these tumors were enumerated through immunohistochemistry using standard 

protocols as has been previously reported(14). Histologic patterns of intra-tumoral immune 

cell infiltration had previously been determined(15), and tumors were consequently 

designated Immunotype A (no immune infiltrate), Immunotype B (immune infiltration 

adjacent to intratumoral blood vessels), or Immunotype C (diffuse immune infiltration).

IDO1 protein expression

IHC staining for IDO1 (IDO1 Antibody: Sigma Prestige, HPA 023072, 1:2,000 dilution) 

was performed on TMA slides using a Ventana Discovery Ultra platform. The HPA 023072 

IDO1 antibody binds just its antigen on protein array, has been validated for IDO1 IHC by 

The Human Protein Atlas, and has been used extensively in prior publications(16–22). IDO1 

staining was quantified by visual inspection by an experienced dermatopathologist (AG), 

and averaged across all cores for each patient. Tumors were classified as IDO1 positive 

(IDOpos) when definite cytoplasmic staining was present in >1% of tumor cells. 

Additionally, tumors were further classified into subgroups based on average percent of 

tumor cells expressing IDO1 (0–1%, 2–5%, 6–10% >10%). Tumor vasculature was also 

evaluated for IDO1 expression, and tumors were classified as positive (IDOendo+) if any 

intra-tumoral endothelial cells stained for IDO1.

Whole Tumor Section and IHC—To assess whether the average TMA IDO1 staining 

accurately represented whole tumor IDO1 staining, 25 tumors were submitted for whole 

tumor sectioning and IDO1 staining as above. As with TMA IDO1 staining, tumors were 

classified into subgroups based on average percent of tumor cells expressing IDO1 (0–1%, 

2–5%, 6–10% >10%). Strength of association between TMA IDO1 staining and whole 

tumor IDO1 staining was assessed using Spearman’s rank order Correlation.

Quantitative Nuclease Protection Assay

The same FFPE tissue blocks sampled in TMAs, and analyzed by IHC, were also analyzed 

for expression of genes related to immune cell subtypes. Five micrometer sections of FFPE 

tumor specimens were submitted to HTG Molecular (Tucson, AZ) for this gene expression 
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analysis using the HTG EdgeSeq Immuno-Oncology Assay, which included 558 probes with 

15 housekeeper genes, 5 negative and 4 positive processor controls. For this analysis, 

functional DNA Nuclease Protection Probes (NPPs) are flanked by universal wing 

sequences that are hybridized to the target RNAs. S1 nuclease is added to digest excess non-

hybridized RNA and DNA probes. This reaction then results in a stoichiometric quantity of 

NPPs:RNA hetero-duplexes of interest. Heat denaturization releases the protection probe 

allowing for enumeration by the Illumina NextSeq™ sequencing platform. Gene expression 

was standardized through a procedure that log transformed counts per million (cpm) and 

adjusted for total reads within a sample(23).

Statistics

The main endpoint for analysis was duration of overall survival (OS) as defined by the time 

from initial surgery to death. Patients who were alive at last follow-up were censored. The 

Kaplan-Meier product limit estimator was used to estimate survival distributions. A Kruskal-

Wallis test was conducted to correlate percent tumor IDO1 staining with gene expression for 

seven genes of interest (IFNG, STAT1, TBX21, IL10, TGFB1, EOMES, CD8A) determined 

by quantitative nuclease protection assay. Tumors were dichotomized into those with intra-

tumoral endothelial IDO1 expression and those without, and differences in mean mRNA 

expression of these same genes (IFNG, STAT1, TBX21, IL10, TGFB1, EOMES, CD8A) 

between these groups was assessed with Kruskal-Wallis tests. Multivariate Cox proportional 

hazards modeling was performed using R software version 3.5.3. Cox proportional hazards 

assumptions were tested using Schoenfield residual analysis using a level of significance of 

0.01. Covariates of interest for multivariate Cox proportional hazards regression analysis 

included IDO staining, patient sex, Stage, intratumoral CD8 density, gene expression level 

(TBX21, EOMES, IFNG), mean PD-L1 expression, and whether the surgical resection was 

performed with palliative or curative intent.

Results

Detection of IDO1 by Immunohistochemistry

IHC staining and histologic evaluation were conducted on 153 lesions. Of these, 4 were 

excluded based on insufficient tumor sample, and 6 were primary tumors, leaving 143 

melanoma metastases evaluable by IHC. mRNA expression had been previously determined 

for 96 of these 143 metastatic lesions, and consequently this group of 96 patients was 

ultimately the focus of our study. IDO1 was expressed by greater than 1% of tumor cells in 

27 (28%) lesions, which were consequently classified as IDOpos (Figure 1). Of the IDOpos 

tumors, 18 (67%) exhibited IDO1 expression in 2–5% of tumor cells, while 5 (19%) had 6–

10% IDO1 expression and 4 lesions (15%) had >10% IDO1 expression among tumor cells. 

Additionally, IDO1 expression was observed in intratumoral endothelial cells in 20 tumors 

(21%), which were classified as IDOendo+ (Figure 1c).

To test for associations between average IDO1 expression in TMA and IDO1 expression in a 

whole tumor section, 25 tumors were randomly selected for whole tumor sectioning and 

IDO1 staining. Percent of tumor cells expressing IDO1 in whole tumor sections was 

compared with the average percent of tumor cells expressing IDO1 in TMA for each patient. 
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Percent of tumor cells in TMA expressing IDO1 and percent of tumor cells in whole tumor 

sections expressing IDO1 were highly correlated (Spearman’s Rho = 0.75, p-value <0.001, 

Supplemental Figure 2).

Patient Demographics

Patient demographics and clinical features were compared between IDOpos and IDOneg 

groups (Table 1). The IDOneg group contained a higher proportion of patients who 

underwent curative-intent resection and a lower proportion of patients with Stage IV disease. 

Additionally, there was a trend towards an increased proportion of females in the IDOpos 

group. There were no significant differences between the groups with respect to patient age, 

tissue origin, or BRAF mutation status. Given the advanced stage of our cohort’s disease, 

many had previously participated in experimental melanoma vaccine trials; however, the 

proportion of these patients did not differ significantly based on IDO expression.

Tumor Characteristics Related to IDO expression

Intra-tumoral immune cell infiltrates were characterized on the TMA for IDOpos and IDOneg 

tumors. As shown in Table 2, CD3+ and CD8+ cells more densely infiltrated IDOpos tumors 

(Supplemental Figure 3), which also expressed higher levels of PD-1 and PD-L1. There 

were also trends towards greater CD4+, CD20+, and FoxP3+ cell densities in IDOpos tumors 

which did not reach significance. Tumor Immunotype had been defined previously for these 

tumors(15) and did not differ significantly between IDOpos and IDOneg lesions, though 

Immunotype A tumors (which lacked immune infiltrates) represented 41% of IDOneg tumors 

and only 26% of IDOpos tumors. Likewise, CD163+ cell density was not different between 

IDOpos and IDOneg tumors.

Univariate Survival Analysis

Follow-up was determined from time of surgery and ranged from 1–104 months, with a 

median follow-up time of 14 months and 61 months for all patients and patients alive at time 

of last follow-up, respectively. Patients with IDOpos lesions had significantly longer OS than 

IDOneg patients in a univariate analysis (median OS 28.9 v. 10.5 months, log-rank p =0.02, 

Figure 2a). In contrast, intra-tumoral endothelial staining was not associated with differences 

in OS (log-rank p =0.29, Figure 2b). Having observed a correlation between tumor cell 

IDO1 expression and survival in a univariate analysis, we investigated whether IDO1 

expression might be associated with other factors that could influence survival. Percent 

tumor IDO1 expression was determined along with mRNA expression of other genes 

associated with a Th1 predominant cytokine milieu, including the Th1 transcription factor t-

bet (TBX21), CD8A, IFNG, STAT1, and EOMES, and also with genes for cytokines that 

regulate immune function (IL-10, TGFB1). As expected, IDOpos tumors exhibited 

significantly higher IDO1 mRNA expression than IDOneg tumors (Table 2). Additionally, 

another related gene, IDO2, was overexpressed in IDO1+ tumors. Expression of CD8A, 
IFNG, EOMES, and TBX21 was higher in IDOpos tumors, while there was a trend towards 

higher STAT1 transcription in IDOpos tumors that did not reach significance. In contrast, 

expression of IL10 and TGFB1, which are commonly associated with immune suppression, 

were not significantly different between the two groups.
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To further characterize the association between expression of these genes and tumor IDO1 

staining, we correlated gene mRNA expression with the proportion of melanoma cells which 

stained for IDO1 by IHC. Percent IDO1 staining was directly correlated with increased 

CD8A, IFNG, TBX21, and STAT1 mRNA expression. In contrast, mRNA expression of 

EOMES, IL-10, and TGF-β1, and did not correlate with percent IDO1 staining. Finally, 

since IFNγ can increase with CD8+ T cell activation and, in turn, can enhance IDO1 

expression, we compared percent IDO1 expression by tumor cells with intra-tumoral CD8+ 

T cell density. As expected, percent tumor IDO1 expression correlated strongly with 

intratumoral CD8+ T-cell density (Figure 3). Furthermore, on visual inspection tumor-cell 

IDO1 expression appeared to be upregulated at the interface of tumor and the immune-cell 

infiltration (Supplemental Figure 4).

To assess for changes in expression of CD8A, IFNG, TBX21, and STAT1 genes associated 

with endothelial IDO1 expression, mRNA levels of the same seven genes were compared 

between IDOendo+ tumors and tumors without endothelial IDO1 expression. As with IDOpos 

tumors, IDOendo+ tumors were associated with higher expression of CD8A, IFNG, TBX21, 

and STAT1 genes (p-value <0.01, 0.02, <0.01, 0.01, respectively, Kruskal-Wallis). As with 

IDOpos tumors, expression of TGFB1 and EOMES were not significantly elevated in 

IDOendo+ tumors; however, expression of IL10 was higher in IDOendo+ tumors relative to 

tumors lacking endothelial IDO1 expression (p-value = 0.05, Kruskal-Wallis) (Supplemental 

Figure 5).

Multivariate Survival Analysis

To determine whether the observed association between tumor IDO1 expression and OS 

might be related to additional clinical variables not evenly distributed between IDOpos and 

IDOneg tumors, we created a multivariate Cox-proportional hazards model which 

incorporated IDO1 expression, patient age, sex, disease Stage, tumor cell PD-L1 expression, 

intra-tumoral CD8+ T cell density, TBX21, EOMES and IFNG mRNA transcription, and 

whether surgical excision was intended to be palliative or curative. In this multivariate 

model, IDO expression was not associated with shorter or longer survival, but there was a 

weak trend toward longer OS for patients with IDO+ melanomas (HR: 0.65, p-value= 0.17); 

while palliative vs. curative intent at surgical resection was strongly associated with OS 

(Curative Intent: HR 0.35, p-value< 0.01, Table 3: Model 1).

Sub-Group Analysis of Patients Undergoing Curative-Intent Resection

Because curative-intent at resection was a strong predictor of survival in our first 

multivariate model (Table 3: Model 1), as expected, we next performed a subgroup analysis 

of patients treated with curative-intent surgery, excluding patients who underwent palliative 

resection. This subgroup consisted of 64 patients, 13 (20%) of whose tumors were IDOpos. 

Of patients who underwent resection with curative intent, 49 (77%) had developed recurrent 

disease at time of last follow up, of whom 6 (12%) were IDOpos, and 43 (88%) were IDOneg. 

Patient demographics grouped by surgical intent are summarized in Supplemental Table 1. 

Interestingly, IDOneg tumors were associated with higher risk of disease recurrence at time 

of last follow up among patients who underwent resection with curative intent (84% vs. 

46%, p-value = 0.01, χ2 test).
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In a univariate analysis, IDOpos tumors were associated with significantly longer OS 

(Median OS: 23.4 vs. 11.9 months, Log-rank p <0.01). To determine if this association 

would persist after controlling for clinical variables known to the treating physician at time 

of surgery, and gene expression data in the tumor, we created a second multivariate Cox 

proportional hazards model incorporating IDO tumor status, tumor Stage, patient sex, and 

mRNA expression of TBX21, EOMES, IFNG. In this subgroup consisting of only patients 

who underwent curative-intent resection, tumor IDOpos expression and intratumoral CD8+ 

cell density were both associated with prolonged OS at the multivariate level (p=0.01, 

p<0.01, respectively; Table 3: Model 2).

Discussion

While prior studies have predominantly characterized IDO1 expression in patients with 

Stage I-III melanoma, we investigated IDO1 expression in a large (n=96) cohort of patients 

with Stage III-IV disease, who more closely match the cohort of patients treated in the 

ECHO-301 trial. In this cohort, only 28% of lesions were classified as IDOpos. Percent of 

tumor cells expressing IDOpos correlated with mRNA expression of IFNG, TBX21, and 

STAT1, and with intra-tumoral CD8+ T-cell penetration. Patients with IDOpos tumors 

appeared to have higher disease burden at baseline, as they were more likely to have Stage 

IV disease and more likely to undergo palliative intent resection (Table 1, Supplemental 

Table 1). Other authors have previously investigated the prognostic significance of IDO1 

expression; however, these reports are contradictory, and multivariate survival analyses 

controlling for clinical factors that affect patient prognosis was conducted only in a single 

study whose sample was heavily skewed towards early melanoma (90/120 included patients 

had Stage I-II disease) (10–13). In this study, patients with IDOpos tumors experienced 

longer OS, but this association was not significant in a multivariate model which controlled 

for palliative-intent metastasectomy, which was more common in IDOpos tumors than 

IDOneg tumors. In a subgroup analysis including only patients undergoing curative-intent 

metastasectomy, IDOpos tumors were associated with lower risk of disease recurrence (54% 

vs. 16%, p-value=0.01), and with improved OS in a multivariate hazard model.

IDO1 expression occurs normally in a variety of tissue types associated with immune 

privilege or high antigen exposure (small intestine, epididymis, lung, female genital tract) 

(24,25). IDO1 expression can also be induced in most cell types by exposure to pro-

inflammatory cytokines such as IFN-γ, IL-1, and TNF-α(26–28). Given IDO1’s 

immunosuppressive effects, its association with immune-privileged tissues, and its 

upregulation by Th1 cytokines, IDO1 expression is currently understood as a negative 

feedback mechanism protecting against auto-immune reactions(29,30). The potential for 

immunogenic tumors, such as melanomas, to co-opt the IDO1 pathway to evade immune 

regulation remains highly clinically relevant, particularly in the era of PD-1 blockade. Li and 

colleagues analyzed serum samples from CA209–038, a Phase 1 trial of melanoma patients 

treated with the anti-PD-1 antibody, nivolumab (Nivo). Of the 106 tested metabolites, Kyn, 

the byproduct of Trp degradation by IDO1, was the metabolite most elevated above 

pretreatment baseline at weeks 4 and 6 after starting Nivo. Furthermore, serum Kyn/Trp 

ratios that increased during treatment were associated with greater mortality risk (HR = 2.71, 

p<0.001) at a multivariate level, however pretreatment baseline Kyn/Trp ratios were not 
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associated with overall survival(31), suggesting the possibility that induction of IDO1 

expression during PD-1 antibody therapy may allow tumors to circumvent the effects of 

checkpoint blockade. Additionally, IDO1 expression may be associated with response to 

checkpoint blockade, as Helmick et al. recently reported that pretreatment IDO1 expression 

was enriched in tumors of melanoma patients who responded to checkpoint blockade 

compared to non-responders(32).

While promising, IDO1 inhibitors have thus far failed to demonstrate clinical benefit in 

combination with checkpoint blockade in phase III clinical trials in patients with Stage III-

IV melanoma(8). The disconnect between the theoretical benefits of IDO1 inhibition and the 

lack of effects observed in recent clinical trials may be related to low IDO1 expression by 

metastatic tumors in contrast to primary tumors or resectable metastatic tumors, which 

comprised the majority of lesions included in prior analyses. In our cohort, which consisted 

of patients with Stage IIIB-IV melanoma, the observed fraction of patients with tumor-cell 

IDO1 expression was only 28%. This is comparable to that reported previously by Gide et 

al. (20%), but lower than that reported by Rubel et al. (65%)(10,11). Interestingly, Rubel’s 

study included only primary melanomas, and in that population, 44% percent of patients had 

IDO1 expression by >25% tumor of the tumor cells. In contrast, the large majority of IDOpos 

tumors in our study exhibited sparse IDO1 staining (only 4% of all lesions and 15% of all 

IDOpos tumors exhibited IDO1 expression in >10% of tumor cells). These data are 

consistent with the paradigm that IDO1 expression might be higher in primary tumors and 

locoregional metastases than in distant metastases. This possibility is supported by data 

reported by Gide et al., in which IDO1 was expressed by 24%, 31%, and 6% of primary 

tumors, locoregional metastases, and distant metastases, respectively. Given that all patients 

included in the ECHO-301 trial had unresectable Stage III-IV disease, these data raise the 

possibility that low IDO1 expression in advanced metastatic melanomas might explain the 

lack of survival benefit associated with IDO1 inhibition in combination with PD-1 blockade 

observed in this trial (8).

We initially hypothesized that IDO1 expression would correlate with worse OS. Contrary to 

our hypothesis, IDO1 expression by tumor cells correlated with a statistically significant and 

clinically relevant increase in OS using a univariate analysis (28.9 vs 10.5 months, p =0.02). 

There was no association between IDO1 expression by intratumoral endothelial cells and 

OS. Prior reports regarding the prognostic association between tumor-IDO1 expression and 

survival are conflicting, both in melanoma and in other tumors (1,33,34). In melanoma, 

higher IDO1 expression in lymph node metastases has been associated with decreased 

survival (13), and higher IDO1 expression in primary tumors has been correlated with lower 

median progression free survival (10). In contrast, in a prior study of 43 immunotherapy 

naïve patients with metastatic melanoma, a trend towards longer median melanoma specific 

survival was noted in patients with IDO1pos primary tumors or locoregional melanomas 

metastases (11). Of note, only Chevolet et al. conducted a multivariate survival analysis of 

IDO1 expression, and their sample overwhelmingly consisted of Stage I-II disease (90/120 

patients), and no association was reported between OS and IDO1 expression by tumor cells 

(12). Similarly, in the present report of patients with more advance melanoma, IDO1 

expression was not associated with OS in a multivariate analysis of all patients, however in a 

subgroup analysis including only patients who underwent metastasectomy with intention to 
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cure, tumoral IDO1 expression and OS were significantly correlated after controlling for 

additional clinical variables and histologic features associated with patient prognosis. 

Density of CD8+ T-cell infiltrate was also a significant predictor of OS in this model, as has 

elsewhere been associated with improved prognosis in melanoma (15). Interestingly, among 

patients who underwent metastasectomy with curative intent, disease recurrence at time of 

last follow-up was more likely for IDOneg tumors than IDOpos tumors (84% vs. 46%, p-

value=0.01), which may suggest that IDO positivity is a marker of microscopic metastatic 

burden at time of metastasectomy.

Others have suggested that the prognostic significance of IDO1 expression likely varies by 

the cell type expressing IDO1 (1,10,30); as it has been reported that IDO1 expression by 

melanoma cells in the primary tumor had no correlation with PFS or OS, but that IDO1 

expression by peritumoral endothelial cells and high endothelial venules in sentinel lymph 

nodes correlated with OS in a multivariate model(12). Expression by melanoma cells may 

reflect IFNγ production by intra-tumoral lymphocytes (TIL), while expression by 

peritumoral dendritic cells (not included in our assessment) may reflect tumor antigen 

recognition and associated immune regulation. Melanoma cell IDO1 expression may, thus, 

represent a negative feedback mechanism initiated in response to a pro-inflammatory, Th1-

dominant cytokine milieu. We found that IDO1 expression correlated with transcription of 

genes related to a Th1 predominant inflammatory response, including IFNG, STAT1 and 

TBX21. Additionally, IDOpos tumors tended to be immunotype B or C (74% of IDOpos vs. 

59% of IDOneg tumors), and had a greater density of intra-tumoral cytotoxic T-cells and 

cells expressing PD-L1, which, like IDO1, can be upregulated by IFNγ(29). Tumor IDO1 

expression was also noted to be upregulated at the tumor-TIL interface as shown in 

Supplemental Figure 4. These data are consistent with the hypothesis that melanoma cells 

may express IDO1 as a means of immunologic escape from a Th1 predominant cytokine 

milieu and anti-tumoral CD8+ activation. This paradigm, in which tumor cell IDO1 

expression is a marker of CD8+ TIL activity in a Th1-dominant cytokine milieu, could 

explain the association between IDO1 expression and increased OS we observed in 

advanced melanoma patients, which, in patients who underwent curative intent resection, 

was significant in a multivariate Cox Hazard model controlling for clinical variables at time 

of resection.

Though not correlated with tumor cell IDO1 expression, IL-10 expression was upregulated 

in IDO1endo+ tumors. As IL-10 is associated with immune regulation, it is tempting to 

speculate that IDO1 expression by intra-tumoral endothelial cells may diminish the activity 

of adjacent TIL and contribute to worsened tumor control, which would be concordant with 

a report that endothelial IDO1 expression was associated with decreased OS in primary 

melanomas (13). In this study of metastatic melanomas, we observed as survival advantage 

associated with IDO1 expression by tumor cells, but not by intra-tumoral endothelial cells. 

Taken together, these data suggest that expression of IDO1 by intra-tumoral endothelial cells 

is regulated discordantly from expression by tumor cells, and that the prognostic significance 

of IDO1 expression is dependent on cell type.

To our knowledge, our report is the largest and most comprehensive exploration of IDO1 

expression by melanoma metastases in patients with Stage III-IV disease, and the first report 

Lynch et al. Page 9

Am J Surg Pathol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of a statistically significant survival improvement associated with IDO1 expression. IDO1 

expression was low in melanoma metastases, with 72% of lesions expressing IDO1 in less 

than 1% of tumor cells. Additionally, even among IDOpos lesions, only 15% exhibited IDO1 

expression in more than 10% of tumor cells. In contrast to a prior report, this association was 

significant in a multivariate hazard model controlling for clinical and histologic features 

associated with patient prognosis (12), however this was present only in patients who 

underwent resection with curative intent. Furthermore, tumor IDO1 expression was strongly 

correlated with IFNG mRNA expression and intra-tumoral CD8+ T-cell density, suggesting 

that tumor cell IDO1 expression might be driven by intra-tumoral CD8+ activity. Given the 

sparsity of metastatic lesions which were IDOpos, these data suggest that future trials of 

IDO1 inhibitors may benefit from patient selection or stratification based upon IDO1 

expression.

A limitation of our study was that IDO1 expression was only characterized for melanoma 

cells and intratumoral endothelial cells. IDO1 expression by other cell types, such as 

macrophages and dendritic cells, may be associated with clinical outcome and may have an 

impact on tumor control, as discussed above. Additionally, our study was retrospective in 

nature, and unable to determine causation.

In summary, IDO1 expression is limited to a small subset (28%) of checkpoint blockade-

naive melanoma patients with advanced (Stage III-IV) disease, and even among those with 

IDOpos lesions, the majority (85%) will express IDO1 in fewer than 10% of metastatic 

melanoma cells. The relative sparsity of IDO1 expression by melanoma cells in advanced 

metastatic lesions may have contributed to the negative outcome of the ECHO-301 trial. 

Future trials of IDO1 inhibitors may therefore benefit from more stringent patient selection 

criteria or stratification based on IDO1 expression. Additionally, IDO1 expression by tumor 

cells is correlated with improved survival in patients who underwent resection with curative 

intent and is likely reflective of an active CD8+ TIL population, which may protect against 

melanoma recurrence in patients with resectable metastases. Strong evidence persists that 

expression of IDO1 by tumor cells may be a means of immunologic escape from anti-

tumoral immunity. IDO1 inhibitors may therefore offer additional therapeutic value for 

metastatic melanoma patients whose tumor cells express IDO1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Examples of IHC staining of melanoma metastases for IDO1.
(A) H+E stain without IDO1 IHC, Immunotype-B Tumor (B) Lymph node metastasis 

showing a high level of IDO1 expression within tumor cells (Sigma Prestige, HPA 023072). 

(C) Metastatic melanoma showing no tumoral expression of IDO1, but a strong vascular 

expression pattern (Sigma Prestige, PHA 023072).
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Figure 2: Kaplan-Meier Survival Curves categorized by (a) Tumor Cell IDO1 expression and (b) 
Intra-tumoral Endothelial IDO1 expression.
P value determined by log-rank test.
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Figure 3: Correlations between Gene Expression and Intra-Tumoral CD8+ T-cells with percent 
of tumor cells expressing IDO1.
Associations between mRNA expression and Intra-Tumoral CD8+ T-cell density determined 

by Kruskal-Wallis test. Error bars correspond to the standard error of the mean.

Lynch et al. Page 16

Am J Surg Pathol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lynch et al. Page 17

Table 1:

Patient Demographics

Demographic IDOneg IDOpos p-value

N 69 27

Mean Age (SD) 58.1 (15.7) 56.4 (14.2) 0.63*

Female Sex 27 (39%) 17 (65%) 0.06

Tissue Type 0.49**

LN 26 (38%) 9 (33%)

Skin 38 (55%) 16 (59%)

Peritoneum 0 (0%) 1 (4%)

Small Bowel 5 (7%) 1 (4%)

Stage IV disease 23 (33%) 16 (59%) 0.04

Curative Intent Resection 51 (75%) 13 (50%) 0.03

BRAF mutant 33 (48%) 14 (52%) 0.90

Vaccination Status 0.41

Not vaccinated 41 (59%) 12 (44%)

Surgery before vaccination 11 (16%) 6 (22%)

Surgery after vaccination 17 (25%) 9 (33%)

*
Student’s T-test.

**
Fisher’s Exact Test

Remainder of P values calculated with χ2 test.

SD = standard deviation.
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Table 2:

Characterization of Tumor Immune Infiltrate and Gene Expression

IDOneg IDOpos p-value

Mean Intra-Tumoral Cell Density (cells/mm2)

CD20 (SD) 29.1 (83.3) 53.4 (128.1) 0.28

CD3 (SD) 131.2 (194.3) 282.7 (217.0) <0.01

CD4 (SD) 46.1 (93.7) 79.8 (100.0) 0.12

CD8 (SD) 87.5 (109.7) 210.0 (149.2) <0.01

PD-1 (SD) 17.8 (32.1) 41.4 (77.7) 0.04

PD-L1* (SD) 9.0 (17.2) 24.5 (26.2) <0.01

FoxP3 (SD) 17.6 (29.6) 31.4 (47.3) 0.09

CD163 (SD) 60.4 (84.3) 58.8 (63.5) 0.93

Immunotype (%) 0.44**

A 28 (41%) 7 (26%)

B 37 (53%) 18 (67%)

C 4 (6%) 2 (7%)

Gene Transcription***

IDO1 9.69 10.46 <0.01

IDO2 4.46 5.64 0.04

CD8A 11.13 12.03 0.01

IFNG 10.91 11.20 <0.01

IL10 6.47 6.01 0.32

TGFB1 10.95 10.87 0.53

STAT1 14.17 14.61 0.09

EOMES 11.34 11.59 0.02

TBX21 10.09 10.45 <0.01

Differences between mean Intra-Tumoral Cell Density and Gene Transcription assessed with Kruskal-Wallis test.

*
PD-L1 expression by tumor cells

**
Fisher’s exact test

***
Log-transformed counts per million of RNA:NPP heteroduplexes.

SD = standard deviation.
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Table 3:

Multivariate Cox Proportional Hazard Models

Model 1: All Patients (n=96) HR 95% CI p-value

IDOpos Tumor 0.65 0.35 – 1.20 0.17

IFNG 0.99 0.47 – 2.11 0.99

Stage 4 disease 0.86 0.45 – 1.63 0.64

Female sex 0.71 0.43 – 1.16 0.17

Curative-Intent Resection 0.35 0.18 – 0.68 <0.01

Mean PD-L1 1.00 0.98 – 1.01 0.52

Intratumoral CD8+ density 1.00 1.00 – 1.00 0.10

TBX21 0.88 0.43 – 1.82 0.74

EOMES 0.84 0.52 – 1.36 0.49

Model 2: Curative-Intent Resection (n=64) HR 95% CI p-value

IDOpos Tumor 0.25 0.08 – 0.74 0.01

IFNG 1.49 0.54 – 4.10 0.44

Stage 4 disease 0.50 0.20 – 1.23 0.13

Female sex 0.56 0.29 – 1.06 0.07

Intratumoral CD8+ density 0.99 0.99 – 0.99 <0.01

TBX21 1.05 0.38 – 2.90 0.93

EOMES 1.43 0.79 – 2.61 0.24

Model assumptions confirmed with Schoenfeld residuals, significance level <0.01.
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