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C A N C E R

Metabolic adaptation of ovarian tumors in patients 
treated with an IDO1 inhibitor constrains antitumor 
immune responses
Kunle Odunsi1,2,3*, Feng Qian1,2,3, Amit A. Lugade3, Han Yu4, Melissa A. Geller5, Steven P. Fling6, 
Judith C. Kaiser6, Andreanne M. Lacroix6, Leonard D’Amico6, Nirasha Ramchurren6, 
Chihiro Morishima6,7, Mary L. Disis6, Lucas Dennis8, Patrick Danaher8, Sarah Warren8,  
Van Anh Nguyen9, Sudharshan Ravi10, Takemasa Tsuji1,2,3, Spencer Rosario4, Wenjuan Zha4, 
Alan Hutson4, Song Liu4, Shashikant Lele11, Emese Zsiros3,11, A. J. Robert McGray3, 
Jessie Chiello3, Richard Koya1,2,3, Thinle Chodon1,2,3, Carl D. Morrison12, Vasanta Putluri13, 
Nagireddy Putluri13, Donald E. Mager9,14, Rudiyanto Gunawan10, Martin A. Cheever6†, 
Sebastiano Battaglia3, Junko Matsuzaki1,2,3*

To uncover underlying mechanisms associated with failure of indoleamine 2,3-dioxygenase 1 (IDO1) blockade in 
clinical trials, we conducted a pilot, window-of-opportunity clinical study in 17 patients with newly diagnosed 
advanced high-grade serous ovarian cancer before their standard tumor debulking surgery. Patients were treated 
with the IDO1 inhibitor epacadostat, and immunologic, transcriptomic, and metabolomic characterization of the 
tumor microenvironment was undertaken in baseline and posttreatment tumor biopsies. IDO1 inhibition resulted 
in efficient blockade of the kynurenine pathway of tryptophan degradation and was accompanied by a metabolic 
adaptation that shunted tryptophan catabolism toward the serotonin pathway. This resulted in elevated nicotin-
amide adenine dinucleotide (NAD+), which reduced T cell proliferation and function. Because NAD+ metabolites 
could be ligands for purinergic receptors, we investigated the impact of blocking purinergic receptors in the pres-
ence or absence of NAD+ on T cell proliferation and function in our mouse model. We demonstrated that A2a and 
A2b purinergic receptor antagonists, Sch 58261 or PSB 1115, respectively, rescued NAD+-mediated suppression 
of T cell proliferation and function. Combining IDO1 inhibition and A2a/A2b receptor blockade improved survival 
and boosted the antitumor immune signature in mice with IDO1 overexpressing ovarian cancer. These findings 
elucidate the downstream adaptive metabolic consequences of IDO1 blockade in ovarian cancers that may 
undermine antitumor T cell responses in the tumor microenvironment.

INTRODUCTION
Prevention of autoimmunity or immunopathology via tryptophan 
(Trp) catabolism is driven by three key enzymes, indoleamine 
2,3-dioxygenase 1 (IDO1), its paralog IDO2, and tryptophan 
2,3- dioxygenase 2 (TDO). IDO1 catalyzes Trp degradation along the 
kynurenine (Kyn) pathway, resulting in local reduction of Trp and 
production of immunosuppressive Trp metabolites (1, 2). Trp de-
pletion leads to an accumulation of uncharged Trp-tRNA in cells, 
and this activates the integrated stress response kinase, general control 

nonderepressible 2, which activates processes that result in blockade 
of protein synthesis and arresting cell growth (3). In addition, IDO- 
mediated catabolism of Trp inhibits immunoregulatory kinases, 
mammalian target of rapamycin, and protein kinase C theta, along 
with the induction of autophagy (4). Downstream effects of IDO1 
enzyme activity to protect tumors from immune attack are mediated 
by suppression of effector CD8+ T and natural killer (NK) cells, genera-
tion and activation of T regulatory cells (Tregs) (5) and myeloid- 
derived suppressor cells, and promotion of tumor angiogenesis (6).

Multiple tumor types express IDO1 at high frequency, and high 
IDO1-expressing tumors are often associated with reduced CD8+ 
T cell infiltration, increased Tregs, and decreased survival (7). In 
human epithelial ovarian cancers (EOC), high IDO1 expression was 
correlated with a reduced number of CD8+ tumor-infiltrating lympho-
cytes (TILs) (8), and expression of IDO1 was shown to be correlated 
with a higher Kyn:Trp ratio in the ovarian tumor microenvironment 
(TME) (9). In preclinical models, inhibition of IDO1 was shown to 
synergize with chemotherapy and immune checkpoint inhibitors to 
mediate rejection of poorly immunogenic tumors (10, 11). Together, 
these observations provide a strong rationale for therapeutic target-
ing of the IDO1 pathway to revert tumor-induced immunosuppres-
sion in human EOC.

Epacadostat (EPA; INCB024360) is an orally available reversible 
competitive IDO1 inhibitor with demonstrated immunomodulatory 
effects on effector T cell and NK cell function and reduced conversion 
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of naïve T cells to Tregs (12). In the first-in-human dose escalation 
study, there was a dose-dependent reduction in plasma Kyn and 
Kyn:Trp ratio at all doses and in all patients (13). Compelling pre-
clinical evidence suggested a synergistic effect of combined IDO1 
and checkpoint blockade compared to checkpoint blockade alone 
(10), leading to several promising multidisease phase 1/2 clinical 
studies testing EPA combined with pembrolizumab or nivolumab 
(ECHO202 and ECHO204) (14, 15).

However, failure to observe a substantial benefit from the ran-
domized phase 3 ECHO301 clinical trial in patients with melanoma 
(16) has dampened enthusiasm for IDO1 inhibitors in cancer 
immunotherapy and suggests that there is still a gap in knowledge 
about IDO1 biology in the TME and the metabolic consequences 
from its blockade. Several possible reasons for the failure of EPA 
have been proposed, including insufficient inhibition of IDO1 within 
the tumor, potential for compensatory immune escape via tumor 
production of TDO, and activation of downstream effector path-
ways such as aryl hydrocarbon receptor (17, 18).

To examine the intratumoral effects of IDO1 inhibition, we 
designed a “window-of-opportunity” study using baseline and 
posttreatment tissue biopsies to examine the immunological and 
metabolic effects of neoadjuvant EPA in patients with newly diag-
nosed advanced high-grade serous ovarian cancer. The primary ob-
jective of the pilot study was to determine whether EPA promotes 
CD8+ TIL accumulation. We also assessed immunogenomic and 
metabolic changes from IDO1 blockade and uncovered metabolic 
adaptation in the TME that shunted Trp catabolism toward the se-
rotonin pathway and elevated nicotinamide adenine dinucleotide 
(NAD+) biosynthetic pathways, which was detrimental for T cell 
proliferation and function. We showed that NAD+ suppressed T cell 
function via A2a and A2b purinergic receptors, and the combina-
tion of IDO inhibition and A2a/A2b receptor blockade improved 
survival in a preclinical mouse model of ovarian cancer.

RESULTS
Study design and safety profile of neoadjuvant EPA
Baseline biospecimens were collected from consented patients with 
newly diagnosed EOC. Upon completion of 2-week oral EPA regimen 
(600 mg twice a day), patients underwent standard tumor debulk-
ing surgery (fig. S1A). The EPA regimen and dose were previously 
shown to be well tolerated and effective at normalizing Kyn:Trp ratios 
(13). During surgery, posttreatment tumor tissue from the geo-
graphic area of the initial biopsy was harvested, and ascites fluid was 
collected if present. After surgery, patients were treated with 
standard-of-care platinum-based chemotherapy. The clinical trial 
(NCT01685255) enrolled 17 chemotherapy-naïve patients with EOC 
(table S1) between August 2014 and November 2015. The primary 
end point of the study was to determine whether EPA altered the 
number of CD8+ T cells in the TME. Secondary objectives included 
safety and tolerability, impact of EPA on Kyn/Trp ratios, gene ex-
pression in the TME, and frequency and phenotype of TILs. We 
performed post hoc metabolomic analyses to understand impacts of 
EPA on downstream Trp catabolism beyond Kyn.

There were no new or dose-limiting toxicities in any patient 
(table S2). The most common treatment-related grade 3 or 4 toxicities 
were anemia (36%), hypotension (14%), neutropenia (7%), and lymph-
openia (7%). The investigational therapy with EPA did not result in 
treatment delays and did not adversely affect oncologic outcomes such 

as rate of optimal tumor debulking and progression-free survival (table 
S1). The median overall survival for the study population was 49.6 months 
(30.1 months) (Fig. 1A). Inhibition of IDO1 enzyme activity in plasma 
and ascites was assessed by measuring Trp and Kyn (table S3). Com-
pared to baseline, plasma Trp increased slightly in 10 of 12 (83%) 
patients, and plasma Kyn and Kyn:Trp ratio decreased by day 15 (D15) 
in 9 of 12 (75%) patients (fig. S1, B to D). Paired ascites, as a surro-
gate for the TME (fig. S2), exhibited a similar trend (fig. S1, E to G).

Plasma EPA concentration was measured to assess drug exposure–
response relationships with respect to Trp and Kyn. A prior popula-
tion pharmacokinetic/pharmacodynamic (PK/PD) model (19) was used 
with sparse individual EPA and Kyn concentrations to compute 
individual estimates and link EPA concentration to inhibition of 
IDO1-mediated Trp → Kyn bioconversion (figs. S1, H and I, and S3). 
Simulated PK/PD profiles compared against observed data in a 
representative subject (fig. S1J and table S4) demonstrated typical 
PK/PD steady-state behavior for drug concentrations and effects. In 
addition, the model recapitulated central tendencies and variability 
in observed EPA exposure and response for the study population 
(fig. S1, K to M). There was no apparent correlation between net 
exposure [average steady-state EPA concentration (Css)] and maximum 
percent change in Kyn from baseline, suggesting that variability in drug 
exposure is not associated with PD variability. Overall, PK/PD model-
ing indicates that 600 mg BID achieves sufficient and optimal plasma 
concentrations for inhibiting IDO1- mediated Trp → Kyn bioconversion.

Metabolomic analyses uncovers alternative pathways of Trp 
catabolism upon blockade of Kyn pathway
We hypothesized that IDO1 blockade may affect the metabolic fate 
of Trp and its downstream catabolites. Therefore, we interrogated 
paired pre- and posttreatment plasma and tumor for key metabo-
lites along the Kyn, serotonin, nicotinamide (Nic), tricarboxylic acid 
(TCA), and purine/pyrimidine metabolism pathways (fig. S4A). 
Unsupervised principal components analysis (PCA) and supervised 
partial least squares discriminant analysis (PLSDA) of intratumoral 
metabolomic profiles showed almost complete separation of D00 
versus D15 samples, suggesting that blockade of IDO1 changed the 
metabolic profile of the TME (Fig. 1B and fig. S4B). Alongside ex-
pected reductions in Kyn pathway metabolites, we observed intra-
tumoral accumulation of metabolites within the Nic, TCA, and purine/
pyrimidine pathways (Fig. 1C). Of the key metabolites contributing 
to this unique TME profile, D15 reduction in kynurenic acid (KA) was 
also accompanied by elevation of glutamate and aspartic acid (fig. S4C). 
Moreover, amounts of some key metabolites within the Nic/NAD+ 
pathway [including quinolinic acid (QA) and N methylnicotinamide], 
the TCA cycle, and purines/pyrimidines were increased in tumor at 
D15 (Fig. 1C and fig. S4A). To assess the impact of changes in each 
metabolite on the pathway structure, metabolite pathway enrichment 
and pathway topological analysis based on betweenness centrality 
(Fig. 1D) showed that the overall effect was especially prominent for 
the Kyn pathway and for Nic, TCA, and purine/pyrimidine generation. 
Together, inhibition of IDO1 by EPA efficiently blocked the Kyn path-
way but resulted in elevation of serotonin and Nic/NAD+ generation.

Transcriptional signature of IDO1 blockade results 
in reduced Kyn pathway genes and increased serotonin/Nic 
pathway genes
Similar to the metabolomic analysis, a survey of the intratumor 
transcriptional landscape revealed that pre- and post-EPA samples 
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group separately (Fig. 2A), including hierarchical clustering of 511 
down-regulated and 697 up-regulated genes (Fig. 2B). Functional 
enrichment analyses of differentially expressed genes (DEGs) revealed 
three main pathways: major histocompatibility complex (MHC) class I 
antigen processing and presentation, NOTCH/phosphatidylinositol 
3-kinase, and chromatin modifiers (fig. S5, A and B). A net reduc-
tion in expression of genes along the Trp catabolism pathway was 
observed from D00 to D15 (Fig. 2, C and D), confirming the tran-
scriptional impact of IDO1 blockade. No change in IDO2 or TDO 
gene expression was observed upon EPA treatment; however, down- 
regulation of KMO and KYNU was observed, indicating that addi-
tional downstream enzymatic steps along Kyn generation are also 
altered by IDO1 blockade and contribute to the altered TME meta-
bolic profile. There was up-regulation of arylformamidase, the en-
zyme that catalyzes the second step of Trp conversion, probably in 
response to inhibition of Kyn generation. Quinolinate phosphori-
bosyltransferase, the enzyme responsible for catabolizing QA to 
nicotinic acid (NA) mononucleotide (NAMN), and NAD+ kinase, 
the enzyme that generates NAD phosphate, were also up-regulated, 
possibly in response to low amounts of QA for de novo NAD+ syn-
thesis. Except for monoamine oxidase A (MAOA), expression of 
numerous genes downstream of serotonin metabolism, such as 
ALDH1B1, ALDH7A1, and AOC1, were also up-regulated, suggesting 

increased activation of the serotonin 
pathway (Fig.  2D). Alterations in Trp 
catabolism pathway were accompanied 
by an increase in net enrichment of 
interferon-/ (IFN-/) pathway genes 
(Fig. 2E and fig. S5C). Whereas this was 
expected to promote tumor immuno-
genicity, additional analyses revealed 
concomitant up-regulation of pathways 
related to MYC targets, transforming 
growth factor– (TGF), and Wnt/- 
catenin pathways that are likely to be 
detrimental for antitumor immunity 
(Fig.  2F) (20–22). We also classified 
pre- and posttreatment samples into 
“differentiated,” “immunoreactive,” 
“mesenchymal,” and “proliferative” 
molecular subtypes using previously 
described gene signatures (23) and 
showed 50% of pretreatment samples to 
be immunoreactive, with posttreatment 
samples shifting phenotype to be more 
differentiated and mesenchymal (table 
S5). Changes in immune-related genes 
by RNA sequencing (RNA-seq) were 
validated by NanoString (fig. S5, D 
and E). Together, the transcriptomic 
changes in the TME suggest that EPA 
treatment not only reduces the expres-
sion of genes involved in Trp cata-
bolism along the Kyn pathway but also 
increased expression of serotonin path-
way genes and genes involved in the 
secondary pathways of Nic/NAD+ 
synthesis.

Integrated analyses of changes in catabolites 
and transcriptome in the TME confirm secondary pathways 
of NAD+ generation upon blockade of Kyn pathway
To investigate the degree of interaction between metabolites and 
gene expression, we integrated metabolic and transcriptomic data-
sets to construct a network of changes from D00 to D15 mapped 
along the Trp, serotonin, and Nic pathways (Fig. 3A). The integrated 
network analysis revealed two main paths after IDO1 blockade. The 
first path along the Kyn pathway is upstream of Nic metabolism. 
The second but less predominant path was along serotonin/melatonin 
metabolism, in which IDO1 inhibition blocks serotonin catabolism 
and results in increasing serotonin and 5-OH-Trp accumulation. 
To determine the strength of the biological relationships between 
metabolomic and gene expression changes, a correlation network of 
genes and metabolites was built using Pearson correlation coeffi-
cient and partitioned by a graph-clustering algorithm (24). Four 
clusters were identified (Fig. 3B), associated with Kyn, serotonin, 
MAOA, or Nic. The membership of genes and metabolites is con-
sistent with their topological relationship in the metabolic network 
(Fig. 3A). This consistency suggests that each path acts as a coherent 
component and reflects the different aspects of IDO1 blockade.

The network construction revealed an unexpected elevation in 
Nic and NAD+ upon IDO1 blockade (Fig. 3A) alongside increased 
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Fig. 1. Overall survival and metabolic assessment of pre- and posttreatment tumors from patients with ovarian 
cancer. (A) Kaplan-Meier summary of overall survival proportions. (B) Unsupervised principal components (PC) anal-
ysis of metabolites within tumors from D00 to D15 was performed on tumors from 12 patients. (C) Alterations from 
D00 to D15 of key metabolite classes relative to Trp abundance based on PC1 projection for the same tumors from 
the same patients. (D) Pathway impact of changes in metabolite classes.
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glutamine and glutamic acid (fig. S4A), consistent with previous re-
ports of Trp depletion inhibiting glycolysis and glutaminolysis (25). 
Efficient reversal of IDO1 activity by EPA reroutes glutamine me-
tabolism and initiates a switch toward a persistent TCA cycle, which 
could drive the generation of l-aspartate from oxaloacetate and 
subsequently increased the generation of QA and de novo NAD+ 

synthesis (Fig. 3A). Consistent with increased de novo generation of 
NAD+, we observed elevation in expression of nicotinamide mono-
nucleotide (NMN) adenylyl transferases (NMNAT) on D15. In 
addition, we observed elevation of the Preiss-Handler pathway as 
evidenced by up-regulation of nicotinate phosphoribosyltransferase 
(NAPRT), which converts NA into NAMN, thereby converging with 
the de novo pathway of NAD+ synthesis. Last, there was up-regulation 
of NAD+ synthase (NADSYN) to catalyze the last step in NAD+ bio-
synthesis via adenosine triphosphate (ATP)–dependent amidation 
using glutamine as a donor (26). Nicotinamide phosphoribosyl-
transferase (NAMPT), a key enzyme in the salvage pathway of NAD+ 
generation, was down-regulated, suggesting limited contribution 
by this pathway to the total NAD+ pool.

To better delineate metabolic changes in response to EPA, we 
defined a quantitative reduction score for the Kyn pathway and an 
elevation score for the Nic and serotonin pathways. The pathway 
scores were defined by integrating the change of all metabolites in a 
cluster and calculated a single measure of overall metabolic activity. 
Specifically, a higher score for a Kyn cluster generally corresponds 
to a larger reduction in Kyn at D15, whereas a higher serotonin/Nic 
score corresponds to a larger elevation in serotonin/Nic. Patients 
were classified on the basis of these scores (Fig. 3C) to examine the 
relationship between EPA-driven metabolic changes that could 
affect antitumor immunity or other tumor characteristics. For ex-
ample, lower Kyn reduction scores or lower Nic elevation scores are 
correlated with lower ratios of S-adenosyl methionine (SAM) to 
S-adenosylhomocysteine (SAH) after EPA treatment (Fig. 3D). This 
ratio serves as a marker for cellular methylation potential and is pre-
dictive of a global hypomethylation state that correlates with cancer 
aggressiveness (27), pointing to a potential link between EPA-mediated 
Kyn reduction, Nic elevation, and the epigenetic state of the 
TME. Although limited pretreatment samples precluded analysis of 
tumor methylation, posttreatment elevation of 1-methylnicotinamide 
(1-MNA), a metabolite sink for storing methylation units in cancer 
cells (Figs. 1B and 3A) (27), supports the possibility of changes in 
tumor epigenetic state mediated by IDO1 blockade. Collectively, 
these results indicate that EPA efficiently blocks the major Trp 
catabolites along the Kyn pathway but subsequently activates alter-
native NAD+ generation pathways.

Genome-scale network reconstruction of metabolic 
subsystem reactions that drive NAD+ generation
Given the concordance of the metabolomic and transcriptomic 
changes (Fig.  3B), we examined relationships between metabolic 
genes, their encoded proteins, and reactions they catalyze by map-
ping data to a human genome-scale metabolic network, Recon3D 
(28), to explore differential expressions of metabolic reactions in 
the TME before and after treatment. For each patient, we evaluated 
all reaction expression scores in the Recon3D metabolic network 
following the Gene-Protein-Reaction (GPR) mapping rule using D00 
and D15 gene expression data. Differential expression scores of 
metabolic reactions were used to identify up- and down-regulated 
metabolic subsystems [two-tailed Fisher exact tests, false discovery 
rate (FDR)  <  0.1] after EPA treatment (Fig.  4A). Enrichment of 
up-regulated reactions revealed a metabolic change toward the 
pentose phosphate pathway (PPP) after EPA treatment (Fig. 4B) in 
which glucose-6-phosphate is diverted away from glycolysis toward 
PPP. The resulting phosphoribosyl pyrophosphate (PRPP) metabolite 
in the PPP subsystem is critical for purine/pyrimidine biosynthesis 

F4

Fig. 2. Transcriptional immune signature driven by EPA. (A) Principal compo-
nents analysis using D00 (red) and D15 (blue) tumors from 12 patients with 
sufficient amount of paired tissue samples. Matched D00 and D15 samples are 
connected, indicating the overall shift of the transcriptional pattern within the 
same patient. (B) Heatmap showing differentially expressed genes (n = 1208, 
FDR ≤ 0.01, log2FC ≥ 0.5) between D00 and D15. Red and cyan indicate high and 
low expression, respectively. (C) Gene set enrichment analysis (GSEA) for Trp path-
way. Rank statistics (bottom; see y axis) and normalized enrichment scores (top; 
see y axis) indicate down- and up-regulation, respectively, for the Trp pathway. 
(D) Boxplot indicating the transcript log2 fold changes (x axis) of Trp catabolism. 
(E) GSEA for IFN pathway. Rank statistics (bottom; see the y axis) and normalized 
enrichment scores (top; see the y axis) indicate down- and up-regulation, respectively, 
for the IFN pathway. (F) GSEA plot of pathways up-regulated in D15 versus D00. 
MYC targets, normalized enrichment score (NES) = 1.72, P = 4 × 10−4; TGF signal-
ing, NES = 1.61, P = 5 × 10−3; WNT/-catenin signaling, NES = 1.77, P = 7 × 10−4.
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and serves as a cosubstrate for NAD+ synthesis along all three key 
NAD+ biosynthetic pathways (Fig. 4C) (29). Subsystem reactions in 
the de novo and Preiss-Handler pathways were up-regulated upon 

EPA treatment, but the salvage pathway 
was down-regulated, further suggesting 
a limited contribution of this pathway to 
NAD+ biosynthesis upon IDO1 block-
ade. Downstream reactions for NAD+ 
generation were overexpressed, indicat-
ing that alterations in the NAD+ bio-
synthetic pathway upon EPA treatment 
results in increased NAD+ generation. 
Because PRPP serves an essential sub-
strate in purine/pyrimidine biosynthesis 
by providing a ribose ring for nucleotide 
bases (29), elevated PRPP generation is 
complemented by increased amounts of 
intermediate molecules using the ribose 
ring such as adenine, uridine, uric acid, 
xanthine, and xanthosine (fig. S4, A and C).

Differentially regulated reactions 
further revealed up-regulation of solute 
transporters responsible for the flux of 
citrate/isocitrate across the mitochon-
dria, in exchange for the entry of cyto-
solic malate (Fig. 4A and table S6) (30). 
Concentrations of key TCA metabolites 
and reactions responsible for their gen-
eration were increased at D15 (Fig. 4E), 
indicating a more active TCA cycle. 
Whereas TCA reactions were increased 
by IDO1 blockade, pyruvate transport into 
the mitochondria was down-regulated 
(Fig. 4, B and E, and table S6). The 
down-regulation of pyruvate transport 
triggered a compensatory up-regulation 
of the malate-aspartate shuttle for main-
taining oxidative phosphorylation reac-
tions. Up-regulation of the malate- aspartate 
shuttle is consistent with the observed 
increase in glutamate and aspartate with 
IDO1 blockade (fig. S4, A and C). Last, 
there was a posttreatment up-regulation 
of expression of SLC7A5, an antiporter 
of 3-hydroxykynurnine (HKyn) and Trp 
across cell membranes (31). The redis-
tribution of Trp and HKyn by SLC7A5 
overexpression resulted in elevated 
HKyn normalized to Trp (fig. S4A).

EPA alters the composition 
and spatial relationships in the TME
To determine the impact of IDO1 
blockade on CD8+ T cell infiltration and 
IDO1 expression in the TME, we exam-
ined matched baseline and posttreatment 
biopsies from 13 patients with sufficient 
specimens by conventional immuno-
histochemistry (IHC) and imaging mass 

cytometry (IMC). IHC revealed that EPA treatment was accompa-
nied by increases in absolute frequencies of CD8+ T cell infiltration 
in 3 of 13 [23%; 95% confidence interval (CI), 21 to 31%] patients 

AQ18

Fig. 3. Metabolic assessment of tumors reveals alternative pathways for Trp catabolism. (A) Integrated tran-
scriptomic and metabolomics network of Trp and nicotinamide (Nic) metabolism in tumors from 12 patients. Major 
paths of Trp and NAD+ metabolism are marked: (i) Kyn generation upstream of kynurenate production and Nic me-
tabolism (blue lines), (ii) serotonin and melatonin metabolism (red lines), (iii) Preiss-Handler pathway for NAD+ syn-
thesis (brown), (iv) de novo synthesis pathway for NAD+ synthesis (purple), and (v) salvage pathway for NAD+ 
synthesis and Nic metabolism (orange). (B) Correlation network of genes and metabolites in Trp metabolism and Nic 
metabolism pathways clustered by greedy maximization of modularity. Four clusters were identified: cluster Kyn, 
cluster Ser, cluster NAD, and cluster Nic. (C) Kyn reduction, serotonin elevation, and Nic elevation scores from D00 to 
D15 in samples evaluated by transcriptomics and metabolomics. (D) Linear regression analysis was performed for 
associations between changes in SAM:SAH ratio, and scores were as follows: Kyn cluster, R2 = 0.63; Nic cluster, 
R2 = 0.44; and serotonin cluster, R2 = 0.08.
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and increased proportion of CD8+ T cells as measured by CD8:CD3 
ratio in 7 of 13 (53%; 90% CI, 42 to 65%) patients (Fig. 5A and fig. 
S6). However, there was an increase in IDO1 expression from base-
line in 8 of 11 (73%; 90% CI, 54 to 85%) patients (Fig. 5B and fig. S7). 
This finding could be explained by its IFN-–inducible expression as 
an adaptive resistance mechanism (32) that could result from CD8+, 
CD4+, or NK cells (fig. S5F). Analysis using cytometry by time of flight 
(CyTOF) revealed an increase in the proportion of CD8+IFN+ 
and CD4+IFN+ T cells at D15 (P = 2.3 × 10−7 and P = 0.004, respec-
tively), but not NK cells (P = 0.09), suggesting that the major source 
of IFN- is CD8+ T cells and CD4+ T helper 1 (TH1) cells (fig. S6). It 
is also possible that increased posttreatment IDO1 expression may 
represent an adaptive increase in response to higher residual Trp 
amounts within the TME (fig. S1G). In addition, we noted some 
exceptions in patients, where increased CD8+ TIL was accompanied 
by decreased IDO1 expression and vice versa (fig. S7, A and B). 
Because of limited tissue quantity, we used multiplexed IMC for 
refined evaluation of TME alterations and spatial relationships 
relative to key cellular and molecular markers.

Expression of nine evaluable markers was captured in multiple 
1-mm2 regions of interest (ROIs) (table S7) to define tumor, stroma, 
and immune cells relative to IDO1 expression. We predicted cell 

boundaries and generated masks for tumor, stroma, CD8, FoxP3, 
and IDO1-positive cells before extracting mean intensity amounts 
for all markers for downstream analyses (fig. S8, A and B). The change 
in fraction of CD8+, FoxP3+, and IDO1+ cells within the TME 
(inclusive of tumor and stromal regions) from baseline to post- 
treatment was consistent with IHC. Alongside an increase in the 
fraction of CD8+ T cells after EPA treatment, tumors exhibited a 
concomitant increase in IDO1+ cells and a modest reduction in 
FoxP3+ cells (Fig. 5C and fig. S8B). Because increased HLA-DR ex-
pression in the TME is known to predict increased inflammation 
and, when coexpressed with IDO1, can be an indicator of an ensu-
ing IFN-inducible immune response, we evaluated coexpression of 
HLA-DR and IDO1  in tumor cells. Increased HLA-DR+IDO1+ 
tumor cells after treatment (Fig. 5D) also associated with an increase 
in activated CD8+CD27+ T cells within the tumor regions (Fig. 5E). 
The fine spatial resolution afforded by IMC allowed us to test the 
hypothesis that EPA treatment would alter the geographical loca-
tion of immune cells relative to tumor cells. We calculated a dis-
tance score capturing the relationship between the total number of 
IDO1+, CD8+, or FoxP3+ cells within 100 m of tumor cells and 
their mean Euclidean distance. A lower distance score was observed 
for IDO1+ cells relative to tumor cells, indicating a higher number 
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Fig. 4. Genome-wide reconstruction of metabolic subsystem reactions using reaction differential expression analysis on Recon 3D human metabolic network. 
(A) Enrichment analysis of the reaction differential expression in the Recon3D model. Overrepresented metabolic subsystems (FDR < 0.1) are up-regulated (red) or 
down-regulated (blue). Significantly altered metabolic subsystems of (B) glycolytic and pentose phosphate pathway, (C) NAD+ biosynthesis, (D) Trp metabolism, and 
(E) citric acid cycle. Metabolites are represented as nodes on the network with red indicating up-regulation or blue signifying down-regulation between D00 and D15. 
Values above reactions are mean log fold change of the reaction expression.
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of tumor cells with increased IDO1 expression 
after EPA treatment (Fig.  5F). Moreover, the 
distance score of CD8+ T cells relative to tumor 
cells also decreased at D15, suggesting the ability 
of CD8+ T cells to accumulate at closer proximity 
to tumor cells upon IDO1 blockade (Fig. 5G). 
This pattern was not observed for FoxP3+ cells 
(fig. S8C).

Next, we examined the relationship between 
the expression of genes in MYC, Wnt/-catenin, 
and TGF pathways and the density of infil-
trating T cells using parallel IMC data. As ex-
pected from Fig. 2F, individual patient changes 
in MYC, TGF, and Wnt/-catenin pathways 
showed up-regulation in most patients, but either 
no change or down-regulation in others (fig. 
S9A). We illustrate the impact of up-regulation 
of TGF and Wnt/-catenin pathways on T cell 
infiltration in patient #003, showing reduc-
tion in CD3/CD8/GranzymeB and CD3/CD8/
CD27 cells by IMC on D15 (fig. S9B). In con-
trast, patient #008 exhibited a decrease in the 
TGF pathway and, to a lesser extent, in the 
Wnt/-catenin pathway, which was accompanied 
by up-regulation in CD3/CD8/GranzymeB and 
CD3/CD8/CD27 cells at D15 (fig. S9B).

Functional attributes of immune cell 
populations grouped by metabolic 
clusters of the TME after IDO blockade
We next assessed the phenotype and functional 
fate of immune populations infiltrating the 
TME by CyTOF (table S8 and Fig.  6A). We 
identified 12 main clusters defining cell speci-
ficity from D00 and D15 (Fig. 6A). As shown 
in Fig. 6B, the CyTOF markers were most 
abundant in the five clusters that define the 
major immune cell subsets, and there was a net 
separation between pretreatment and post-
treatment tumor samples, indicating alterations 
in the immune landscape upon IDO1 blockade 
(Fig.  6,  C  and  E). Consistent with IMC data, 
after IDO1 blockade, an increased proportion 
of CD8+ T cells expressed IFN- (fig. S6). There 
was also increased CD56+ NK cell accumula-
tion in the TME and blood (Fig. 6, D and E, 
and fig. S5F), in parallel with increased EGR1 
expression in D15 samples detected via RNA-
seq (fig. S5C).

On the basis of the altered profile of im-
mune cells, we next examined whether pheno-
typic changes from D00 to D15 correlated with 
the three metabolic clusters as defined in Fig. 3C 
based on Nic elevation, serotonin elevation, 
and Kyn reduction. Although EPA treatment 
did not target a specific antigen, at D15, we ob-
served that Kyn reduction positively correlated 
with the accumulation of CD8+ lymphocytes 
expressing CD39 marker associated with 
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Fig. 5. Spatial relationship of immune cells within the TME. (A) IHC measurement of tumor-infiltrating 
CD3 and CD8 expression at D00 and D15 across 12 patients. (B) IHC measurement of IDO1 expression based 
on H score in D00 and D15 tumor tissue. (C) Quantification of CD8+, FoxP3+, and IDO1+ cells from IMC stain-
ing. Bar plots (left) indicate the ratio of marker positive cells calculated over the total number of tumor and 
stroma cells, separated by D00 (blue) and D15 (red). IMC representative mask images of samples with high 
or low infiltration as indicated by the corresponding bar plots. (D) IMC images highlighting IDO1 and HLA-
DR expression and changes between D00 (left) and D15 (right). Yellow arrows indicate focal points of colo-
calization. (E) IMC analyses indicating CD8 and CD27 coexpression in samples at D00 (left) and D15 (right). 
(F and G) Distance score of IDO1+ cells (F) and CD8+ cells (G) versus keratin+ tumor cells from D00 to D15, 
ordered by distance to tumor cells. Red and blue indicate samples at D00 and D15, respectively, thus show-
ing separation between the two time points.



Odunsi et al., Sci. Transl. Med. 14, eabg8402 (2022)     16 March 2022

MS no: RAabg8402/NF/MEDICINE

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

8 of 15

tumor-reactive T cells, suggesting that 
IDO1 blockade may drive tumor-specific 
T cell infiltration (Fig.  6F) (33). In con-
trast, serotonin elevation was associated 
with a reduction in CD25 expression, indi-
cating skewing toward less activated T cells. 
Nic elevation produced a neutral effect on 
several markers, but led to a decrease in 
Granzyme-B, CD27, and CD137 and an 
increase in PDL1 (Fig. 6F).

The key observation of Nic elevation 
upon IDO1 blockade prompted us to eval-
uate the impact of key metabolites along 
these pathways on the functional attributes 
of T cells. We observed that NAD+ inhib-
ited CD8+ T cell proliferation, whereas se-
rotonin did not (fig. S10A). The suppressive 
effect of NAD+ prompted us to further 
evaluate metabolites along the three path-
ways of NAD+ synthesis: (i) de novo path-
way from Trp to QA; (ii) Preiss-Handler 
pathway using NA; and (iii) salvage path-
way starting from either Nic or nicotin-
amide riboside (NR), both of which are 
metabolized to NMN and subsequently to 
NAD+. As shown in fig. S10A, only NAD+ 
suppressed T cell proliferation and survival, 
whereas precursors from all three NAD+ 
synthesis pathways did not (fig. S10A). 
NAD+ affected the ability of activated 
CD8+ T cells and CD4+ T cells to exert 
their effector function by reducing the fre-
quency of IFN-– and interleukin-2 (IL-2)–
expressing cells (fig. S10, B and D).

Targeting the NAD+ metabolic 
pathway to enhance the efficacy 
of IDO blockade in a preclinical 
ovarian cancer model
To test whether IDO blockade results in 
elevation of the NAD+ biosynthetic path-
ways in a syngeneic murine intraperitoneal 
orthotopic ovarian cancer model, we used 
the IE9mp1-mIDO1 cell line that stably 
expressed the murine IDO1 (mIDO1) gene, 
where the gene product demonstrated 
functional enzyme activity as measured by 
elevated Kyn production (34). Mice were 
challenged intraperitoneally (ip) with 
1 × 107 IE9mp1-mIDO1 or IE9mp1-empty- 
vector tumor cells and treated with EPA 
(300 mg/kg) by oral gavage, 5 days on and 
2 days off, from D07 to D21. Subgroups 
of these mice were treated with FK866, a 
small-molecule inhibitor of NAMPT, the 
enzyme that catalyzes one of the active 
pathways of NAD+ synthesis. FK866 was 
administered at a dose of 500 g, ip, once 
every week for 3 weeks (D13, D20, and D27). 
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Fig. 6. Phenotypic and functional attributes of immune cells infiltrating tumors after IDO1 blockade. CyTOF 
analysis of samples at D00 and D15 in 13 patients. (A) tSNE projection of the 12 clusters identified highlighting the 
predominant cell types. (B) Heatmap of the median abundance of the markers used for CyTOF analysis per cluster. 
Red and blue cells indicate high and low abundance, respectively. (C) tSNE projection of data acquired from 
single-cell tumor suspension indicating distribution between D00 (blue) and D15 (red). (D) Number of cells per 
cluster per time point (D00, blue; D15, red). (E) Distribution of key immune markers across clusters, split by days, 
with green and purple indicating high and low marker abundance, respectively. (F) Correlation of immune marker 
expression with metabolic scores. Orange and blue indicate positive and negative correlation, respectively.
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Consistent with the human studies, treatment of mice with EPA in-
creased the NAD+ biosynthetic pathways compared with vehicle, 
but gene expression analysis indicated that the ability of FK866 to 
blunt EPA-associated elevation in NAD+ biosynthetic pathways 
was not significant (fig. S11B). Moreover, FK866 was insufficient to 
enhance the therapeutic effect of EPA on tumor progression (fig. 
S11B), probably attributable to incomplete blockade of NAD+ gen-
eration via additional enzymes including NMNAT, NAPRT, and 
NADSYN. As shown in Fig. 1 and fig. S4A, IDO blockade resulted 
in elevation of downstream metabolites of NAD+ such as adenosine 
monophosphate (AMP), inosine, and uric acid in patients, indicating 
that the observed EPA-mediated NAD+ elevation also resulted in 
generation of NAD+ metabolites that could be ligands for purinergic 
receptors. Therefore, we tested T cell proliferation in the presence 
of NAD+ and blocked individual purinergic receptors in T cells 
in vitro. The antagonist/receptor pairs that did not recover T cell 
proliferation suppressed by NAD+ were (i) oxidized ATP/P2X7, P2Z; 
(ii) NF449/P2X1; (iii) NF110/P2X3; (iv) PSB36/A1; (v) 5-BDBD/
P2X4; and (vi) MRS2279/P2Y4. On the other hand, antagonists 
against A2a (SCH58261) and A2b (PSB1115) as well as the combi-
nation of both A2a and A2b antagonists rescued NAD+-mediated 
suppression of T cell proliferation (Fig. 7A). These findings prompted 
us to test A2a, A2b, and A2a/A2b receptor blockade in combination 
with the IDO inhibitor in the IE9mp1-mIDO1 intraperitoneal ovarian 
model in  vivo (34). Using the intraperitoneal IE9mp1-mIDO1 
model, mice were treated with EPA (300 mg/kg by oral gavage; 5 days 
on and 2 days off from D7 to D21), with or without A2a, A2b, 
or A2a/A2b antagonists (1 mg/kg, ip; 5 days on and 2 days off from 
D7 to D21). The combination of EPA and A2a/A2b receptor blockade 
significantly increased survival compared to the single- or no-treatment 
group (56 days versus 37 days; P < 0.01) (Fig. 7B) and resulted in a 
T cell infiltrative immune signature (Fig. 7C). These results confirm 
our in vitro data showing that NAD+ suppressed T cell function via 
A2a and A2b purinergic receptors, and the combination of IDO in-
hibition and A2a/A2b receptor blockade efficiently improved the 
survival of ovarian tumor–bearing hosts. Together, accumulation of 
potentially immunosuppressive Kyn metabolites, chiefly NAD+, by 
IDO1 blockade may play a role in the inability of EPA to robustly 
drive antitumor responses and could potentially be overcome by 
targeting NAD+ signaling.

DISCUSSION
This neoadjuvant window-of-opportunity clinical trial demonstrates 
that the IDO1 inhibitor, EPA, efficiently blocks the Kyn pathway of 
Trp catabolism in patients with advanced EOC. PK/PD modeling 
suggested that the 600-mg BID dose achieved sufficient plasma 
concentrations to inhibit IDO1-mediated Trp → Kyn bioconversion. 
Simulations of the dose-response relationship confirmed that the 
600-mg dose is in the upper maximal effect plateau, which is consistent 
with clinical observations. Although individual PK/PD profiles 
were well described by the model, net drug exposure was not cor-
related with steady-state Kyn amounts. This suggests that variable 
drug exposure cannot explain the extent of PD variability and 
necessitates the search for atypical covariates from comprehensive 
immunologic, transcriptomic, and metabolomic data sources. Changes 
in Kyn and downstream metabolites were accompanied by an over-
all increase in the net enrichment of genes in the IFN and MHC 
class I antigen processing and presentation pathways, along with an 

increase in the proportion of activated CD8+ T cells in the TME. The 
degree of Kyn reduction positively correlated with increases in 
markers, indicating lineage skewing toward TH1, effector T cells, 
and effector memory T cells. Although there was an overall increase 
in IDO1 expression, posttreatment CD8+ TILs were able to reside at 
a closer distance to IDO1+ tumor cells, indicating the potential of 
EPA to increase the opportunity for T cells to efficiently engage tu-
mor targets. Together, these findings indicate that EPA is an effec-
tive pharmacologic blocker of the Kyn pathway and is capable of 
mediating an immune signature in the TME that could be favorable 
for antitumor immunity. However, our integration of transcriptomic 
and metabolomic measurements beyond Kyn uncovered evidence 
of a metabolic adaptation that could constrain the beneficial effects 
of IDO1 blockade.

The metabolic changes in the TME upon IDO1 blockade by EPA 
included elevation of serotonin, Nic, NAD+, TCA, and purine/
pyrimidine metabolism. A possible explanation for the increased 
synthesis of serotonin in the TME is that inhibition of IDO1 may 
elevate Trp concentration systemically or locally and shunt ca-
tabolism toward the serotonin pathway. However, across 6 studies 
of EPA monotherapy and 22 studies of EPA in combination with 
other agents (a total of 2490 subjects), only four cases of suspected 
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Fig. 7. Effects of purinergic receptors on NAD+-mediated T cell suppression. 
(A) Cumulative data of the fold change in human healthy donor CD8+ T cell prolif-
eration stimulated with anti-CD3/CD28 beads in the presence of the indicated 
combinations of NAD and antagonists to A2BR (PSB 1115), A2AR (SCH 58261), P2XR 
(oATP), P2X1R (NF 449), P2X3R (NF 110), A1R (PSB 36), P2X4R (5-BDBD), and P2Y1R 
(MRS 2279). In all box charts, the median and min-max of the values are presented. 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Wilcoxon and one-way analy-
sis of variance (ANOVA). (B) Survival data of IE9mp1-mIDO1 tumor-bearing mice 
treated with EPA, A2a, A2b receptor antagonist, or combination of EPA, A2a, and 
A2b receptor antagonist (n = 5 animals per group). Mice were treated by oral gavage 
with EPA (300 mg/kg) in 200 l of 0.5% methylcellulose, intraperitoneal injection 
5 days on and 2 days off from D7 to D21, with or without (i) NAMPT inhibitor FK866 
(500 g per mouse, i.p.) once every week for 3 weeks (on D13, D20, and D27) and 
(ii) with or without A2a, A2b, or A2a/A2b antagonists (1 mg/kg, i.p.; 5 days on and 
2 days off from D7 to D21). *P < 0.05 compared to vehicle. Statistical analysis was 
calculated using a log-rank analysis. (C) Heatmap representing the log2FC of core 
set genes of immune pathways that are significantly differentially expressed 
(FDR < 0.05) in the treatment groups compared with the vehicle group of mice. 
Blue and red indicate down- and up-regulation, respectively.
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“serotonin syndrome” have been reported (35). Moreover, the effect 
of EPA on serotonin amounts in the brain extracellular fluid was 
minimal in rats (35). In the current study, we evaluated the impact 
of EPA on serotonin in the human TME. Although the potential 
consequences of elevated serotonin include reduced IFN- release 
by CD8+ T cells and expansion of IL-10–secreting CD4+FoxP3+ 
Tregs (36), these were not observed in our study, indicating that ele-
vation in serotonin in the TME was insufficient to mediate these 
effects.

NAD+ plays a central role as a coenzyme in redox reactions by 
accepting high-energy electrons from glycolytic and TCA interme-
diates and feeds electrons into complex I of the electron transport 
chain to drive oxidative phosphorylation. Beyond this role, NAD+ 
serves as a cosubstrate for adenosine diphosphate (ADP)–ribose (ADPR) 
transferases, poly(ADP-ribose) polymerases, cyclic ADP-ribose 
synthases, and sirtuins. Because EPA efficiently blocked the Kyn 
pathway, any reduction in the amount of its downstream catabolite 
QA could lead to disruption of NAD+ homeostasis. To sustain ade-
quate amounts of NAD+ for homeostasis, it is critical for NAD+ to 
be replenished through biosynthetic and salvage pathways or de-
creased degradation. We detected activation of alternative pathways 
of NAD+ generation, resulting in overcompensation by increasing 
NAD+ amounts upon IDO1 blockade. This observation is supported 
by up-regulated expression of several key enzymes critical for NAD+ 
generation via the de novo and Preiss-Handler pathways.

Using genome-scale metabolic network reconstruction (28), we 
uncovered multiple metabolic subsystems that ultimately converge 
on elevating de novo and Preiss-Handler pathway reactions to sus-
tain NAD+ amounts in the TME after IDO1 blockade. The first is 
diversion of glucose-6-phosphate from the glycolytic pathway to 
the PPP leading to the generation of PRPP crucial for NAD+ bio-
synthesis. The second is the reduction in the degradation reaction 
of NAD+. Together, differential reaction expressions in the PPP and 
NAD+ biosynthesis network all lead to an overall increased NAD+ 
in the TME after IDO1 blockade. The third is up-regulation of a 
solute transporter SLC7A5, an antiporter of HKyn and Trp across 
cell membranes (31). SLC7A5 overexpression, possibly in response 
to increased intracellular Trp due to IDO1 blockade, enables cells to 
simultaneously export Trp and import HKyn. Specifically, overex-
pression of SLC7A5 is expected to increase the ratio of extracellular- 
to-intracellular Trp and reduce the extracellular-to-intracellular 
ratio of HKyn, subsequently leading to de novo NAD+ synthesis. 
The final possible path is via aspartate, for which the potential met-
abolic route is from increased TCA intermediates driven by elevated 
glutaminolysis (37). This latter path is consistent with posttreat-
ment elevation in the glutamate → aspartate → iminoaspartate → 
QA → NAD+ chain. However, this path is less likely than other pos-
sibilities because synthesis of QA from Asp has been demonstrated 
in some prokaryotes, such as Escherichia coli (38), with no conclu-
sive demonstration of this pathway in animals.

Although the extensive metabolic adaptation that occurs in the 
TME as a consequence of blocking the Kyn pathway may serve to 
support tumor sustenance of Warburg metabolism, it is detrimental 
to the functional attributes of CD8+ T cells. The combined results of 
our immunophenotypic analyses showed that posttreatment NAD+ 
elevation was associated with a decrease in key CD8+ TIL effector 
molecule expression, indicating reduced functionality of CD8+ 
TILs. Upon testing the direct impact of excess Kyn metabolites, 
NAD+ precursors, and NAD+ on CD8+ T cells, we confirmed that 

NAD+ had profound detrimental effects on CD8+ T cell prolifera-
tion and function. Mechanistically, we demonstrated that NAD+ 
suppressed T cell function via A2a and A2b purinergic receptors, 
and the combination of IDO inhibition and A2a, A2b receptor 
blockade efficiently improved survival of ovarian tumor–bearing mice. 
For CD4+ T cells, NAD+ has been shown to promote conversion of 
TH1/IFN-–producing cells into suppressive regulatory type 1 cells 
coproducing IL-10 and driving the switch of induced Tregs into 
TH17/TGF-producing cells (39). Collectively, our results indicate 
that the adaptive increase in NAD+ could be detrimental to the benefi-
cial effects of EPA in relieving IDO1-mediated immunosuppression.

Our observation of up-regulation of pathways such as MYC, 
TGF, and Wnt/-catenin, which are also likely detrimental for anti-
tumor immunity (20–22), raises the possibility of alternative IDO1 
functions when the catalytic activity is blocked. For example, down- 
regulation of IDO or blockade by the IDO inhibitor 1-methyl-tryptophan 
has been shown to potentiate TGF1-induced epithelial- to-mesenchymal 
transition (40). In addition, we observed that the degree of Nic/
NAD+ elevation in ovarian tumor tissues of patients correlated with 
lower SAM:SAH ratio upon EPA treatment, with implications for 
tumor methylation potential and gene expression (27, 41). Methyl-
ation potential is an important metabolic indicator of cellular meth-
ylation status, and a decrease in this parameter has been associated 
with a global hypomethylation state in cells. 1-MNA accumulation, 
a known sink for storing methylation units in tumor cells (27), sug-
gests that post-EPA treatment tumors may have a limited capacity 
to recover methylation units, leading to global hypomethylation. 
Expression of NNMT in ovarian cancer–associated fibroblasts was 
recently shown to reduce SAM amounts and histone methylation, 
resulting in widespread tumor stroma gene expression changes (42). 
Given the clinical and biological significance of aberrant epigenetic 
plasticity in tumors, it would be important in future studies to de-
termine the impact of the IDO1 pathway on the epigenetic state of 
ovarian and other solid tumors.

Our collective data point to the need to address the multiple 
adaptive metabolic pathways that counteract the potential benefit of 
IDO1 inhibition, especially the previously unknown contribution 
of the NAD+ biosynthetic pathways. First, to ameliorate tumor gen-
eration of NAD+, IDO1 inhibition could be combined with effective 
inhibitors of multiple pathways of NAD+ generation. Second, to 
reduce the flux of glucose through oxidative PPP, IDO1 inhibition 
may also be combined with the U.S. Food and Drug Administration–
approved G6PD inhibitor, 6-aminonicotinamide. This combi-
nation would be beneficial in cancers with overexpression of 
TP53-induced glycolysis and apoptosis regulator or pyruvate kinase 
M2, where such overexpression, in turn, reduces the generation of 
PRPP, the cosubstrate for NAD+ biosynthesis (43). Third, to limit 
the impact of excessive NAD+ generation on T cells, IDO1 inhibi-
tion may be combined with compounds that block the A2a and A2b 
purinergic receptors as shown in the current study.

We recognize some potential limitations of our present study. 
The first is the relatively small sample size of the window-of-opportunity 
clinical trial. The second is our inability to enhance the therapeutic 
potential of EPA with FK866 in our preclinical model, probably be-
cause of inefficient pharmacologic blockade of all the compensatory 
NAD+ biosynthetic pathways. These results prompted us to reason 
that NAD+-dependent signaling involves degradation of the di-
nucleotide (44). Moreover, FK866 and other NAMPT inhibitors have 
not demonstrated sufficient tumor selectivity to achieve clinical 
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success (45). In this regard, NAD+ can be degraded to Nic and 
ADPR by ADP-ribosyltransferase or CD38, and ADPR can be fur-
ther degraded into AMP and adenosine by CD203a and CD73 (44). 
Therefore, to limit the impact of excessive NAD+ generation on 
T cells, IDO1 inhibition may be combined with compounds that 
block the A2a and A2b purinergic receptors, as shown in the cur-
rent study.

In conclusion, we provide a comprehensive analysis of the im-
pact of IDO1 blockade on the TME and new insights into the poten-
tial mechanisms for the lack of clinical efficacy of IDO1 blockade. 
We showed evidence that blockade of IDO1-mediated Trp catabo-
lism triggers an adaptive metabolic response in the TME of ovarian 
cancer. We postulate that Kyn pathway blockade leads to an initial 
reduction in de novo NAD+ synthesis, thereby triggering activation 
of alternative pathways of NAD+ generation driven by multiple 
mechanisms. Our findings provide rationale for exploring additional 
metabolic nodes for combination treatment of patients, such as 
concomitant blockade of IDO1 with NAD+ targeting by blocking 
A2a/A2b purinergic receptors to overcome the detrimental meta-
bolic changes in the TME.

MATERIALS AND METHODS
Study design
The study protocol (CITN-05, NCT02042430) was approved by the 
Institutional Review Board at Roswell Park Comprehensive Cancer 
Center and Masonic Cancer Center at the University of Minnesota, 
and all patients gave written informed consent. This was a single 
arm, nonrandomized, open-label study of EPA (INCB024360) given 
for 2 weeks (D01 to D14) in newly diagnosed patients with ovarian 
cancer, followed by standard tumor debulking surgery. The 2-week 
time frame designated for receiving EPA before debulking surgery 
was considered to not pose a survival risk to patients. EPA was sup-
plied by Incyte Corporation (300-mg tablets) and was administered 
orally at a dose of 600 mg twice daily for 2 weeks (D01 to D14). 
Although available PK/PD data at the time of study design indicated 
>80 to 90% inhibition of IDO1 at doses of ≥100 mg BID, the 
600-mg BID dose was chosen because it has been shown to be well 
tolerated and effective at rapidly normalizing Kyn/Trp ratios (13) 
and was being used in another ongoing study (NCT01685255) in 
patients with ovarian cancer (46). Each patient’s tumor was biop-
sied before therapy, and ascites fluid was collected by paracentesis 
when present. At the time of debulking surgery on D15 (+7 days), 
posttreatment tumor tissue from the geographic area of the biopsy 
was harvested, and ascites fluid was collected if present. Plasma 
samples were collected on D01 and D14 of treatment before dosing, 
as well as on D15 and D35. The primary end point of the study was 
to determine the extent to which EPA altered the number of CD8+ 
T cells in the TME. Secondary objectives included safety and toler-
ability, impact of EPA on Kyn/Trp ratios, gene expression of the 
TME, and the frequency and phenotype of TILs. In addition, we 
performed post hoc metabolomic analyses to understand the im-
pact of EPA on downstream Trp catabolism beyond Kyn. The study 
was designed to declare a positive outcome if at least 9 of 12 patients 
experience an increase in CD8+, because this would provide 90% 
confidence of a true increase due to treatment (lower limit of Wilson 
score interval > 0.50). With a sample size of 12, there is 78% power 
to detect an increase if the true rate of increase is 80% (lower bound 
of 90% Wilson score interval > 50%). Patients without adequate 

tissue sampling were replaced, leading to total enrollment of 17 pa-
tients. Individual participant data that underlie the results reported 
in this article, after deidentification, are provided in data file S1.

Population PK/PD modeling
Individual subject PK and PD parameters were generated by com-
puting MAP Bayesian projections using sparse individual data and 
a prior nonlinear mixed effects PK/PD model of EPA (EPA) in pa-
tients with advanced solid malignancies (19). Briefly, EPA PK was 
characterized by a two-compartment model with linear elimination 
in the central compartment and first-order absorption with a fixed 
lag time (Tlag) of 0.1 hours

    

  dAbs ─ dt   = −  k  a   ⋅ Abs   Abs(0 ) = Dose

         dA  C   ─ dt   =  k  a   ⋅ Abs −   CL +  CL  D   ─  V  C     ⋅  A  C   +    CL  D   ─  V  T     ⋅  A  T     A  C  (0 ) = 0      

    dA  T   ─ dt   =    CL  D   ─  V  C     ⋅  A  C   −    CL  D   ─  V  T     ⋅  A  T     A  T  (0 ) = 0 

    

with Abs, AC, and AT representing the amount of drug in the ab-
sorption, central, and peripheral compartments. ka is the first-order 
absorption rate constant, CL and CLD are systemic and distribu-
tional clearances, VC and VT are central and peripheral volumes, 
and the plasma concentration of EPA (CP) = AC/VC.

The effect of body weight (BW) on apparent [normalized by bio-
availability (F)] clearance (CL/F) and central volume (VC/F) was 
incorporated, using a power function centered on the median body 
weight of the population

  TV(   j   ) =    j   ∙   (      BW  i   ─  BW  median     )     
b
   

where TV stands for typical value; j is CL/F or Vc/F, representing 
reference values for apparent clearance and volume when BW  = 
BWmedian; and b is the classical allometric exponent fixed to 0.75 
and 1 for CL/F and VC/F.

EPA plasma concentration (CP) is linked to the inhibition (INH) 
of the bioconversion of Trp to Kyn

    dKYN ─ dt   = TRP ⋅ ( k  1   − INH ⋅  k  1   +  k  2   ) − KYN ⋅  k  deg   
 

  KYN(0 ) = TRP ⋅    k  1   +  k  2   ─  k  deg       

with k1 and k2 as first-order rate constants for KYN formation via 
IDO1 and TDO, and kdeg is the first-order Kyn degradation rate 
constant. The inhibition function is defined as  INH =  Cp     / ( IC 50      +  
Cp    ) , where IC50 is the EPA concentration producing 50% inhibi-
tion and  is the Hill coefficient. Apparent increase in the sensitivity 
to the drug after multiple dosing was integrated by allowing differ-
ent IC50 values on D01 and D15.

Between-subject variability (BSV) was allowed on all model 
parameters, except for peripheral volume, k2, and IC50. BSV was 
modeled using exponential function, assuming that a parameter 
(Pi) follows a log-normal distribution
   P  i   = TVP ∙  e    n  i   ,  n  i   ~ N(0,     2 )  

where TVP is the typical population value of the parameter, and i 
is a symmetrically distributed, random variable, with a mean of zero 
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and variance 2. Residual variability was characterized by the expo-
nential error model for PK and the proportional error model for PD.

Because of sparseness of data, the individual Bayesian estimates 
were obtained by assuming that they are conditional on the model 
parameter values in the original model (table S4) (19). Nonlinear 
mixed effects modeling was done in NONMEM (version 7.2; ICON 
Development Solutions, Hanover, MD, USA) using the first-order 
conditional estimation method with interaction, with MAXEVALS 
set to 0, which enabled the generation of individual subject esti-
mates using a Bayesian algorithm. MAP estimates were obtained by 
minimizing the objective function

  O(   → n    i   ) = − 2LL(   → n    i   ) = 
 
                         ∑ 

j
     [  log     ij     2  +   

 ( Y  ij   −  F  ij  )   2 
 ─ 

    ij     2 
   ]   +     → n    i     T      −1     → n    i     

with Yij and Fij representing the observation and model solution for the 
jth observation of the ith individual, and  LL(   → n    i  )  is the log-likelihood. 
 is the covariance matrix of BSV, and  is the covariance matrix of 
residual random variability.

Individual subject parameters were used to calculate individual 
net drug exposures such as average steady-state CP or Css and to 
simulate net drug response (area under the effect curve over one 
12-hour dosing period or AUECss)

               

 AUC  ss (i)   =   Dose  ─ 
  (    CL _ F   )    

i
  
  

      AUE  C  ss (i)   =  ∑ j=0         
( Base  i   −  C  j   ) + ( Base  i   −  C  j+1  )

   ────────────────  2   ⋅ ( t  j+1   −  t  j  )
    

 C  ss (i)   =   
 AUC  ss (i)   ─    

    

with Base representing the individual subject KYN baseline, which 
is assumed to be constant; i represents the dosing interval, and j is 
time since dosing at steady state.

Metabolomic analysis of Kyn, serotonin, and  
Nic pathways of Trp degradation by liquid  
chromatography–mass spectrometry
We examined changes in downstream catabolites of Trp includ-
ing 5-hydroxytryptophan, Kyn, KA, HKyn, 3-hydroxyanthranilic 
acid (HAA), QA, Nic, NA ribonucleotide, indoleacetaldehyde, 
5- methoxyindole-3-acetic acid, iminoaspartate, methyl-2-pyridone-5- 
carboxamide, serotonin, N-methylnicotinamide, and 5-hydroxyin-
doleacetic acid. In addition, we measured key metabolites in TCA 
and purine/pyrimidine metabolism because of the role of NAD+ in 
driving multiple key steps in these pathways. Tissue samples were 
stored at −80°C until metabolic extraction.

PCA, PLSDA, VIP, and pathway topological analysis based 
on betweenness centrality
The metabolite data were normalized by Trp amounts to have zero 
mean and unit variance before PCA, to avoid domination of the 
PCA results by variables with large variance in the original data 
scale. No missing data were present in the panel of metabolites mea-
sured. The data were visualized on the first two components. The 
projection of each metabolite on the first component, which sepa-
rates the data of two time points, was visualized using bar plots. 
PLSDA and VIP (variable importance in projection) were performed 

using the online tool available at www.metaboanalyst.ca (47). The 
RNA-seq data used for PCA were initially normalized using DESeq2 
and log-transformed. PCA was run on the top 1000 most variable 
genes. The absolute loadings for the first three principal compo-
nents can be seen below, showing the weight of each indicated gene 
in calculating the corresponding principal component.

Pathway topological analysis based on betweenness centrality 
was used to show that not only are the metabolites with change en-
riched in the pathways noted, but the changes are also expected to 
have large impacts on the other metabolites in the metabolic net-
work. The impact scores represent the importance of the metabo-
lites in the metabolic network. They were calculated on the basis of 
the centrality measures of a metabolite in a given metabolic net-
work. Centrality is a local quantitative measure of the position of a 
node relative to the other nodes and is often used to estimate a 
node’s relative importance or role in network organization. Specifi-
cally, we used relative betweenness centrality to calculate compound 
importance. The pathway impact is calculated as the sum of the im-
portance measures of the matched metabolites normalized by the sum 
of the importance measures of all metabolites in each pathway (48).

Correlation network of genes and metabolites
The networks of Trp metabolism pathway and Nic and NA me-
tabolism pathway were obtained from the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) database (49) and extracted using the 
graphite package (50). The two networks were combined by taking 
the union of the nodes and edges. To identify functional groups of 
genes and metabolites that are co-regulated, a correlation network 
was constructed for both metabolites and genes (RNA-seq) in Trp 
and Nic metabolism pathways. For both transcription and metabo-
lite amount, the differences between D15 and D00 were calculated. 
The metabolites were also normalized by Trp amounts. The genes 
were first screened by differential expression analysis between D15 
and D00. Only genes with P < 0.1 were selected for correlation network 
construction because these genes are more likely to be regulated at 
transcription amounts under EPA treatment.

Reaction differential expression and enrichment analysis 
using Recon3D human genome-scale metabolic network
We implemented GPR mapping using the gene expression data and 
evaluated reaction expression scores for all reactions in the Recon3D 
human genome-scale metabolic network (28, 31). The first step of 
the GPR mapping involves computing the protein/enzyme expres-
sion score. Multiple genes can be mapped to a single reaction, and 
single genes could be mapped to multiple reactions. When an en-
zyme is encoded by a single gene, the enzyme expression score is set 
equal to the gene expression (log-normalized RNA count). When an 
enzyme has multiple subunits that are encoded by distinct genes, its 
expression score is taken to be the minimum expression among the 
genes. In the last step, we set the expression score of a reaction equal 
to the enzyme expression score when the reaction is catalyzed by 
one enzyme or to the maximum enzyme expression scores among 
isozymes catalyzing the reaction (51, 52). The GPR mapping was 
implemented in MATLAB (R2018a) using the COBRA toolbox 
(53). After the GPR procedure outlined above, the log-normalized 
RNA counts of 19,641 genes from eight patients before and after 
EPA treatment were mapped to the human Recon3D metabolic net-
work. We used paired t tests to calculate the two-sided P values of 
the reaction expression difference between D00 and D15. We identified 
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differentially expressed reactions using a two-sided P value of <0.05 
cutoff. Differentially expressed reactions with positive and negative 
average log fold change (FC) were labeled as up-regulated (down- 
regulated). We performed two-tailed Fisher exact tests to identify 
metabolic subsystems in human Recon3D (28) that are enriched in 
the set of up-regulated and down-regulated reactions (FDR < 0.1).

IMC acquisition and analysis
To assess the spatial distribution of immune cell populations, IMC 
(Hyperion, Fluidigm) (54) was used to analyze pre- and posttreat-
ment tumor sections. Image acquisition after daily tuning was carried 
out following the manufacturer’s instruction at a laser frequency of 
200 Hz. Multiple 1-mm2 ROIs from D00 and D15 were analyzed 
from each patient for expression of nine evaluable markers. The 
marker expression intensity associated with individual ROI was 
used as input for further analysis.

CyTOF data processing and analysis
The short-term signal fluctuations of Helios were normalized using 
a bead-based passport P13H2302 (CyTOF version 6.7) to EQ Four 
Element Calibration bead signals, and viable singletons were gated 
and exported in Cytobank. The exported files were imported in 
R (55) using the Bioconductor flowCore package (56) and were 
normalized (archsin with factor 5) before clustering and differen-
tial abundance analysis. Differential abundance between D00 and 
D15 was calculated using the mean expression of the marker per 
patient and comparing the two time points with Student’s t test 
at P = 0.05.

Assessment of effect of Kyn metabolites, serotonin, NAD 
precursors, NAD+, and purinergic receptor blockade on T cell 
proliferation and function
Trp and Trp metabolites Kyn, HKyn, HAA, QA, KA, picolinic acid, 
anthranilic acid, serotonin, NAD+, and NAD+ precursors Nic, NR, 
NMN, and NA were purchased from Sigma-Aldrich. Healthy donor 
peripheral blood mononuclear cells (1 × 106) were stimulated with 
anti-CD3/CD28 Dynabeads (Gibco) in the presence of various 
amounts of the different metabolites in complete medium (RPMI-
1640 with 10% fetal bovine serum and 10 U of IL-2) for 3 to 6 days. 
Normal donor CD8+ T cells were also cultured with NAD+ in the 
presence of different antagonists against purinergic receptors.

Animal studies
Female and male WT C57BL/6 mice were purchased from the Jackson 
Laboratory (Bar Harbor, ME), and all animal experiments were 
carried out according to protocol guidelines approved by the Insti-
tute Animal Care and Use Committee (IACUC) at the Roswell Park 
Comprehensive Cancer Center. The mIDO1 gene or empty vector 
was retrovirally transduced into mouse ovarian surface epithelial 
cell line IE9mp1 (34). All cell lines were cultured in complete 
culture medium: RPMI 1640 (Corning cellgro) supplemented with 
10% fetal bovine serum (VWR), 1% sodium pyruvate (100 mM), 
1% l-glutamine (200 mM), 1% minimum essential medium non-
essential amino acid (100×), 1% penicillin/streptomycin (100×), 
2.5% Hepes, and 0.1% -2-mercaptoethanol (50 mM) in an incubator 
at 37°C and 5% CO2. C57BL/6 mice were challenged intraperitoneally 
with 1 × 107 IE9mp1-mIDO1 or IE9mp1-Empty-Vector tumor cells 
in a final volume of 500 l of Dulbecco’s phosphate-buffered saline 
(Corning cellgro) and treated by oral gavage with IDO1 inhibitor 

INCB023843 (300 mg/kg) (Incyte Corp.) in 200 l of 0.5% methyl-
cellulose, intraperitoneal injection for 5 days on and 2 days off from 
D7 to D21, with or without (i) NAMPT inhibitor FK866 (Sigma- 
Aldrich; 500 g per mouse, i.p.) once every week for 3 weeks (on D13, 
D20, and D27) and (ii) purinergic receptor A2a or A2b antagonists 
(Sch 58261 from Sigma-Aldrich or PSB 1115 from Tocris Biosci-
ence; 1 mg/kg, i.p. 5 days on and 2 days off from D7 to D21). Tumor 
progression was monitored by measuring abdominal distension to 
track the accumulation of peritoneal ascites formation. Mice were 
euthanized by CO2 asphyxiation and/or cervical dislocation when 
the abdominal circumference of intraperitoneal tumors reached a 
50% girth increase and/or upon detection of declining health condi-
tions as described in our standard operating procedure for body 
scoring, according to IACUC guidelines.

Statistics
To elucidate TME changes after EPA treatment, we performed 
extensive correlative analyses. Differences of means between two 
groups (pre- and posttreatment time points) were investigated by 
two-sided Student’s t tests or partially paired t tests as appro-
priate. Correlations between continuous variables were examined by 
Pearson correlation or linear regression models with F tests. The 
estimated correlation or regression coefficients, 95% CIs, and R2 are 
presented in the Supplemental Materials. All tests are two-sided, 
with corresponding P values reported. For comparison of metabo-
lites between time points, both unadjusted P values and FDRs are 
reported. The measurements were taken from distinct samples. Be-
cause of the relatively small sample size of the trial, there was insuf-
ficient statistical power to formally adjust for multiple testing across 
the variety of comparisons relative to detecting small to moderate 
effect sizes. Although the findings based on different analyses were 
mutually supportive and biologically plausible, we acknowledge the 
limitation of the correlative analyses and emphasize that the corre-
sponding results warrant further confirmation by larger-scale clini-
cal or experimental studies. For the analysis of RNA-seq for gene 
expression changes, raw fastq files were mapped onto the hg38 human 
genome using the STAR aligner and gene level abundance was 
retrieved (57). PCA was performed on centered transcript data. 
DEGs for matched samples (n = 8) were calculated by doing a paired 
analysis with limma (58) by fitting a robust regression model to 
voom- transformed transcript amounts to identify significantly dif-
ferentially expressed transcripts (FDR  <  0.01 and log2FC  >  ±0.5; 
n = 1208). DEGs were then used to perform functional enrichment 
analysis using the ReactomePA package. The Trp signature used for 
gene set enrichment analysis was generated using data from KEGG 
(49, 59). Differential enrichment analysis was then performed, com-
paring the scores of the pre- versus posttreatment samples and vi-
sualized in R (55,  60,  61). Kaplan-Meier methods were used to 
generate time-to-event curves, from which survival proportions were 
calculated.
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Abstract

One-sentence summary: IDO1 blockade leads to metabolic adaptation of ovarian tumors and increased 
NAD+, resulting in suppression of antitumor responses in the tumor microenvironment.

Editor’s Summary:
Saying “I DO” to combination therapy

Indoleamine 2,3-dioxygenase 1 (IDO1) drives immunosuppression in high-grade serous ovarian cancer. 
Inhibition of IDO1  in combination with chemotherapy has shown limited efficacy in clinical trials. Here, 
Odunsi et al. treated patients with the IDO1 inhibitor epacadostat and studied the effect on the tumor micro-
environment (TME) in tumor biopsies. IDO1 inhibition increased nicotinamide adenine dinucleotide (NAD+), 
which reduced T cell function in the TME. Combining epacadostat with purinergic receptor antagonists rescued 
T cell proliferation in a mouse model of ovarian cancer. These findings highlight the potential downside of 
IDO1 inhibition and suggest that IDO1 inhibitor therapy will require combination with NAD+ signaling 
blockade.
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