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ABSTRACT
Background The indoleamine 2,3- dioxygenase (IDO) 
pathway is a key counter- regulatory mechanism that, 
in cancer, is exploited by tumors to evade antitumor 
immunity. Indoximod is a small- molecule IDO pathway 
inhibitor that reverses the immunosuppressive effects 
of low tryptophan (Trp) and high kynurenine (Kyn) that 
result from IDO activity. In this study, indoximod was 
used in combination with a checkpoint inhibitor (CPI) 
pembrolizumab for the treatment for advanced melanoma.
Methods Patients with advanced melanoma were 
enrolled in a single- arm phase II clinical trial evaluating the 
addition of indoximod to standard of care CPI approved for 
melanoma. Investigators administered their choice of CPI 
including pembrolizumab (P), nivolumab (N), or ipilimumab 
(I). Indoximod was administered continuously (1200 mg 
orally two times per day), with concurrent CPI dosed per 
US Food and Drug Administration (FDA)- approved label.
Results Between July 2014 and July 2017, 131 patients 
were enrolled. (P) was used more frequently (n=114, 87%) 
per investigator’s choice. The efficacy evaluable population 
consisted of 89 patients from the phase II cohort with non- 
ocular melanoma who received indoximod combined with (P).
The objective response rate (ORR) for the evaluable population 
was 51% with confirmed complete response of 20% and 
disease control rate of 70%. Median progression- free 
survival was 12.4 months (95% CI 6.4 to 24.9). The ORR for 
Programmed Death- Ligand 1 (PD- L1)- positive patients was 
70% compared with 46% for PD- L1- negative patients. The 
combination was well tolerated, and side effects were similar 
to what was expected from single agent (P).
Conclusion In this study, the combination of indoximod and 
(P) was well tolerated and showed antitumor efficacy that is 
worth further evaluation in selected patients with advanced 
melanoma.

BACKGROUND
New approaches to metastatic melanoma 
(MM) treatment that rely on inhibition of 
immune checkpoints, such as the cytotoxic 

T- lymphocyte- associated antigen (CTLA-4) and 
the programmed death (PD-1) receptors, have 
generated improved antitumor activity over the 
last decade. Ipilimumab, an anti- CTLA-4 anti-
body, has an objective response rate (ORR) of 
10%–20% in patients with MM,1 while pembroli-
zumab and nivolumab, both anti- PD-1 anti-
bodies, have shown an ORR of approximately 
43%.2 3 The combination of anti- PD-1 and anti- 
CTLA-4 inhibitors has improved ORR even 
further to approximately 58%; however, this 
was associated with significant grade 3 and 4 
toxicities.3

Several preclinical and clinical studies 
suggest that inflammation induced by immu-
notherapy stimulates the upregulation of 
counter- regulatory mechanisms in the tumor 
microenvironment (TME), including the 
upregulation and activation of indoleamine 
2,3- dioxygenase (IDO).4 5

The IDO pathway mediates immunosuppres-
sive effects through the metabolism of trypto-
phan (Trp) to kynurenine (Kyn).6 Indoximod 
is an orally administered, small- molecule IDO 
pathway inhibitor that reverses the immu-
nosuppressive effects of low Trp and high 
Kyn that result from IDO activity.7 Preclinical 
studies demonstrate that indoximod influences 
immune responses by altering the function 
of multiple immune cell types, including the 
enhancement of T cell proliferation, the pref-
erential differentiation of CD4+ T cells into 
helper T cells over Tregs, reprogramming of IDO- 
activated Tregs into helper T cells and the down-
regulation of IDO expression in dendritic cells 
(DCs), all contribute to enhanced antitumor 
immune responses (online supplemental figure 
S1).7–12
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Increasing evidence suggests that the IDO pathway 
activity can reinforce the immunosuppressive effects of 
checkpoints such as CTLA-4 and PD-1.5 13–15 Preclinical 
models further suggest that the inhibition of multiple 
checkpoints is necessary to optimize the antitumor 
efficacy of checkpoint inhibitor (CPI) immunothera-
pies.5 13–15 These studies provided the rationale for the 
present study where indoximod was administered in 
combination with CPI immunotherapy.

Here we report clinical and biomarker results for a 
phase II study of the concomitant administration of 
indoximod plus pembrolizumab for adult patients with 
unresectable, advanced or metastatic melanoma.

METHODS
Study design and participants
After completion of phase Ib trial of indoximod with ipili-
mumab, the recommended phase II dose of indoximod 
used in this trial was determined to be 1200 mg two times 
per day.16 The initial phase II study design was a prospec-
tive single- arm trial combining ipilimumab (the standard 
of care at the time) with indoximod in adult patients 
with unresectable and metastatic melanoma. However, 
with the approval of anti- PD-1 antibodies as a standard 
first- line treatment, the protocol was amended to basket 
approach allowing investigator’s choice of standard doses 
of either of ipilimumab, nivolumab, or pembrolizumab in 
combination with indoximod 1200 mg two times per day, 
until disease progression or toxicity. At disease progres-
sion, the CPI could be changed from a PD-1 to a CTLA-4 
inhibitor or vice versa while maintaining the combina-
tion with indoximod (online supplemental figure S2). 
Efficacy data would be determined and reported sepa-
rately for each commercially available CPI combined 
with indoximod. Eligible patients were 18 years or older 
who had histologically confirmed unresectable stage III 
or IV cutaneous, mucosal or ocular melanoma. Patients 
must have had measurable disease, defined as lesions 
that can be measured per Response Evaluation Criteria 
in Solid Tumors (RECIST) 1.1.17 Other key eligibility 
criteria included Eastern Cooperative Oncology Group 
(ECOG) performance status of ≤2, Alanine Aminotrans-
ferase (ALT) and Aspartate Aminotransferase (AST) ≤3 
times the upper limit of normal (ULN), serum bilirubin, 
amylase and lipase ≤1.5 ULN. Key exclusion criteria 
included active, uncontrolled brain metastases; a history 
of autoimmune disease; prior therapy with IDO inhibitor, 
immune CPI or immune stimulating agents in any prior 
line for metastatic disease (including, but not limited to, 
interleukin-2 (IL-2), interferons, CTLA-4 or PD1 antag-
onists, CD40 or CD137 agonist, or cancer therapeutic 
vaccines). Pregnant women, patients with HIV or autoim-
mune diseases were also excluded.

A portion of the patients enrolled had paired biopsies 
collected at baseline before enrolling on study and after 
three cycles of treatment, repeated on the same lesion for 
biomarker studies.

The original protocol and all amendments were 
approved by the relevant institutional review board. The 
study was conducted in accordance with the protocol, 
Good Clinical Practice guidelines, and the provisions of 
the Declaration of Helsinki. All patients provided written 
informed consent.

An external data and safety monitoring committee 
oversaw the study. All data were collected by investigators 
and associated site personnel, analyzed by statisticians 
employed by the sponsor, and interpreted by the authors, 
including those from the sponsor. All authors partici-
pated in reviewing and editing the manuscript, approved 
the submitted draft, had full access to the data used to 
write the manuscript and vouched for their accuracy, and 
attested that the study was conducted in accordance with 
the protocol.

Procedures and biomarkers
Patients were assessed according to RECIST 1.1,17 after 
the first 12 weeks of treatment and every 8 weeks there-
after. In addition to a baseline scan, confirmatory scans 
were obtained 4–6 weeks following initial documenta-
tion of an objective response (complete response (CR), 
partial response (PR)) or progressive disease (PD). The 
tumor assessment (TA) performed during screening was 
used as a baseline for efficacy assessments. CT/MRI of the 
chest, abdomen and pelvis was required at screening and 
at each TA, regardless of the location of known metas-
tases. The same imaging modality was used for all TAs, 
unless contraindicated.

Total RNA was isolated from sections of tumor tissue 
from biopsies (pretreatment and on- treatment) followed 
by RNA sequencing (RNA- seq) analysis. The standard 
RNA- seq data analysis pipeline was applied for RNA- 
seq reads normalization transcript expression profiling, 
with subsequent analysis for identifying differentially 
expressed genes. Any gene with a proper cut- off of false 
discovery rate (FDR), after Benjamini- Hochberg correc-
tion for multiple testing, was deemed significantly differ-
entially expressed in the test condition as compared with 
the control. More detailed methodology is described in 
the online supplemental methods.

IDO1 expression was assessed in tumor biopsy samples 
using immunofluorescence staining. Expanded method-
ology is described in the online supplemental methods.

PD- L1 staining and scoring for PD- L1 expression was 
conducted in pretreatment tumor biopsy samples using 
a validated assay for clone 22C3, as previously described. 
The Kaplan- Meier method was used to evaluate the rela-
tionship between progression- free survival (PFS) and 
baseline expression of IDO1 or PD- L1, in all patients with 
evaluable IDO1 and PD- L1 expression who received one 
or more doses of study treatment data.

Outcomes
The primary efficacy endpoint was best objective response 
rate (ORR) defined as the proportion of all treated 
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patients whose best response at any time during the study 
following initiation of therapy was confirmed CR or PR.17

Secondary endpoint included PFS, defined as the 
time between the first dose of study therapy and the 
earliest date of progression or death. Patients who had 
neither progressed nor died were censored at the date 
of the last radiological evidence documenting absence 
of relapse. Additional efficacy endpoints included 
disease control rate (DCR), defined as the percentage 
of patients achieving CR+PR+stable disease (SD) at any 
time during the study following initiation of therapy. 
The duration of response (DOR) was defined as the 
time between the date that the criteria were first met 
for CR or PR or SD and the earliest date of progres-
sion or death. Overall survival (OS) was defined as the 
time between the first dose of study therapy and death. 
Patients who did not die were censored at the day they 
were last known to be alive.

Statistical analysis
Descriptive statistics were employed to evaluate the 
endpoint and analyze the data. Summary statistics for 
continuous variables included mean, SD, median and 
range. Categorical variables were presented as frequency 
counts and percentages including binomial CIs, and 
time- to- event variables were summarized by Kaplan- Meier 
estimates of median survival time and survival plots. The 
efficacy analysis was conducted on the efficacy evaluable 
population, and safety analysis was performed on the 
safety population. SAS V.9.4 was used for data analysis. 
The data were tabulated and analyzed with respect to 
patient enrollment and disposition, demographic and 
baseline.

Due to change in clinical practice and the approval 
of multiple anti- PD-1 antibodies as first- line therapy 
in this patient population, the protocol analysis plan 
called for separate statistical analysis of each treatment 
combination. Because pembrolizumab was by far the 
most frequently used in this study, the current analysis 
reports the treatment combination of pembrolizumab 
and indoximod in patients with advanced mela-
noma. For definition of objective response, as per 
protocol, patients were considered evaluable if they 
received at least one dose of study combination and 
had at least one post- treatment radiographic imaging 
assessment. Efficacy analyses were based on efficacy 
population who receive indoximod combined with 
pembrolizumab.

Role of the funding source
The study sponsor was involved in study design, data 
collection, data analyses, and writing of the report. All 
authors had full access to all data and approved the 
final content of this report. The corresponding author 
had final responsibility for the decision to submit for 
publication.

RESULTS
Between July 2014 and July 2017, patients were enrolled 
at six academic centers in the USA. Among 140 patients 
screened for eligibility, 131 were enrolled. Nine were in the 
phase I dose escalation cohort, treated with ipilimumab/
indoximod combination. Pembrolizumab was used more 
frequently (n=114, 87%) per investigator’s choice, and 
this is the population reported here. Of those, 18 patients 
had ocular melanoma; these were not included in the 
efficacy cohort due to different biology but were included 
in calculation of overall response. Seven patients came off 
study prior to first on- treatment imaging due to adverse 
events (AEs) or withdrawal of consent (table 1); these 
were not evaluable for efficacy, but were included in calcu-
lation of overall response, and in the safety cohort. Thus, 
the efficacy population consisted of 89 patients from the 
phase II cohort with non- ocular melanoma who received 
indoximod combined with pembrolizumab. Among these 
89 patients, we obtained biopsies of 14 patients collected 
both pretreatment and while on treatment.

At the data cut- off date of June 6, 2019, in the overall 
pembrolizumab and indoximod population (114 
patients), ORR was 41.2% and DCR was 59.6%. The 
intention- to- treat (ITT) population included all patients 
treated with pemrolizumab and indoximod (n=96), 
excluding ocular melanoma due to different biology. 
The ORR in the ITT population was 47% and DCR was 
65%. The efficacy population group (n=89) included all 
patients who were evaluable for efficacy. The median age 
of the efficacy population was 61.5 years (27–88 years). 
Fifty- six of patients were male (63%), and 85 patients 
(96%) were Caucasian. Four (4%) patients in this group 
had unresectable stage IIIB disease, 6 (7%) patients had 
stage IIIC, and 79 patients (89%) had stage IV disease at 
the time of study enrollment, of those 42% had stage M1c 
disease, 4 patients had mucosal melanoma and 2 patients 
had history of treated brain metastasis. All patients (n=89; 
100%) had ECOG performance status of 0 or 1 (table 2). 

Table 1 Participants in both study phases (N=131), safety 
(n=114) and efficacy (n=89) cohorts

Study cohort N

Phase I 9

Phase II 122

  Indoximod+ipilimumab 4

  Indoximod+nivolumab 4

  Indoximod+pembrolizumab (safety 
cohort)

114

   Efficacy cohort (non- ocular 
melanoma)

89

   Ocular melanoma 18

   Off study prior to first on- treatment 
imaging study

7

   Adverse event 5

   Withdrew 2
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Fourteen patients (16%) had prior radiation therapy 
to non- target lesions, and 16 patients (18%) had prior 
systemic therapy, of those 4 patients had previous BRAF/
MEK inhibitor, 1 had prior IL-2 and 11 had previous inter-
feron alpha- 2B. None of which was CPI. Four patients 
progressed while on prior treatment, 11 patients relapsed 
off therapy and 1 patient has no progression recorded. 
The median duration of follow- up at the time of data cut- 
off was 24.8 months (range 1.6–41.8) in the efficacy popu-
lation, 21.1 months (1.1–49.4 months) for the overall 
population.

The ORR was 51% in the efficacy patient population 
according to investigator assessment and was confirmed 
using RECIST 1.1 criteria (table 3). A total of 18 patients 
(20%) had CR, and 27 patients (30%) had PR (figures 1 
and 2). Seventeen patients (19%) had SD accounting for 
70% of patients achieving DCR (CR+PR+SD), the median 
DOR was 33 months. Of note, in the subset of patients with 
prior radiation therapy (14 patients), the ORR was 64%, 
and 5 patients (36%) achieved CR. The overall median 
PFS was 12.4 months (95% CI 6.4 to 24.9) (table 3).

Among 56 patients with tumor tissue samples avail-
able for PD- L1 staining at the beginning of treatment, 
30 (54%) were positive for PD- L1. The ORR for PD- L1- 
positive patients was 70% compared with 46% for PD- L1- 
negative patients. DCR was 87% and 62% in the PD- L1 

positive and negative patient population, respectively 
(table 3).

The median time to response was 2.79 months (2.07, 
20.68). Responses were achieved as early as 8 weeks. Many 
patients who achieved CR or PR had durable responses 
(figure 1A), with the median DOR being 30.4 months 
(19.1, 32.7) (figure 1B). The best response in target 
lesion size is shown in figure 2. At the time of data cut- 
off, responses were ongoing in 34 patients. Fifty- three 
patients (60%) were still alive, and the median OS was 
not reached.

The combination of indoximod and pembrolizumab 
was generally well tolerated with limited grade 3/4 
treatment- related AEs (table 4/ online supplemental 
table 2 and 3). The full recommended phase II dose of 
indoximod could be used in combination with pembroli-
zumab, with no adjustments required for toxicity. The 
most common (≥10% of patients) treatment- related AEs 
regardless of grade are shown in table 4. Twenty- four 
patients (21%) discontinued due to treatment- related 
AEs (online supplemental table S1); most common 
causes leading to treatment discontinuation included 
rash, transaminitis or elevated lipase and amylase. Serious 
treatment- related AEs are shown in online supplemental 
table S2. No treatment- related death was reported.

A subset of patients had paired biopsies available. 
Expression of IDO within the TME was assessed by immu-
nofluorescence staining and compared in baseline and 
on- treatment biopsies (figure 3A). Individual cell bound-
aries were assigned based on nuclear staining and image- 
analysis software, and the percentage of cells calculated 
that were positive for IDO, as described in the online 
supplemental methods. IDO can be expressed by both 
tumor cells and host stromal/immune cells (macro-
phages, DCs, and others), and these two sites of expression 
might have different biologic significance. Therefore, to 
estimate the possible contribution of non- tumor stromal/
immune cells, biopsies were co- stained with the prolif-
eration marker Ki67. Since stromal/immune cells were 
non- proliferating, this allowed us to enrich for the ‘non- 
tumor cell’ component of the IDO expression. The total 
number of IDO- expressing cells (Ki67 positive or nega-
tive) was downregulated on treatment in responding 
patients, but unchanged in non- responding patients 
(figure 3A). When fractionated by expression of Ki67, the 
decrease in IDO expression was almost entirely contrib-
uted by the Ki67- negative fraction (enriched for stromal/
immune cells). The Ki67+ fraction (tumor cells) showed 
little change in IDO expression with therapy.

In 38 patients who were evaluable for both IDO and 
PD- L1 expression in pretreatment samples, PFS was 
stratified based on high IDO expression (>20% of cells 
expressing IDO, as defined by computer image anal-
ysis) or positive PD- L1 expression (>1% of cells posi-
tive for PD- L1 by immunohistochemistry) (figure 3B). 
In this small sample size, the differences did not reach 
significance, but further research workup is warranted to 
confirm whether baseline IDO expression could serve as 

Table 2 Demographics and baseline characteristics 
of non- ocular melanoma patients treated with 
indoximod+pembrolizumab (N=89; efficacy population)

Characteristic n (%)

Median age (range), years 61.5 (27–88)

Male 56 (63)

Caucasian 85 (96)

Disease stage

  IIIB (unresectable) 4 (4)

  IIIC (unresectable) 6 (7)

  IV 79 (89)

  M1a 25 (28)

  M1b 17 (19)

  M1c 37 (42)

LDH above ULN 22 (25)

ECOG 0 or 1 89 (100)

Prior therapy

  Radiation 14 (16)

  Systemic* 16 (18)

*Includes BRAF and IL-1, but treatment with checkpoint inhibitor 
was not allowed per exclusion criteria.
BRAF, 8- rat proto- oncogene, serine/threonine kinase; ECOG, 
Eastern Cooperative Oncology Group; IL-1, interleukin-1; LDH, 
lactate dehydrogenase; ULN, upper limit of normal.
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a predictive biomarker for the treatment with indoximod 
in combination with pembrolizumab.

Whole transcriptome RNA sequencing (RNA- seq) was 
used to evaluate how the gene expression landscape was 
altered during indoximod plus pembrolizumab therapy 
in 14 patients with paired pretreatment and on- treat-
ment tumor biopsies. The biopsy cohort comprised 
responders (CR/PR, n=6) and non- responders (SD/PD, 
n=8). Unsupervised clustering showed a clear cluster of 
inflammatory genes upregulated by treatment, primarily 

in the responder population (online supplemental figure 
S3). Volcano plots (figure 3C) show the change in the 
expression of a curated list of inflammation- related and 
melanoma- related genes (each dot represents a gene; 
the complete list with values is given in online supple-
mental table S4). Data are presented as fold change in 
the on- treatment samples as compared with pretreatment 
samples (positive values show an increase on treatment; 
negative values show a decrease). The statistical signifi-
cance (FDR) for the change in each gene is shown on the 

Table 3 Efficacy results of non- ocular melanoma patients (n=89)

Response status
As % of ITT 
population (N=96)

As % of efficacy population (N=89) who were evaluable for 
efficacy

Overall (N=89)
Prior systemic 
therapy (n=16)*

Prior radiation 
therapy (n=14)

PFS, median months (95% CI) 12.4 (6.4 to 24.9)

ORR, n (%) 45 (47) 45 (51) 10 (63) 9 (64)

  CR 18 (19) 18 (20) 5 (31) 5 (36)

  PR 27 (28) 27 (30) 5 (31) 4 (29)

  SD 17 (18) 17 (19) 2 (13) 3 (21)

DCR 62 (65) 62 (70) 12 (75) 12 (86)

PD 27 (28) 27 (30) 4 (25) 2 (14)

PD- L1 status known (n/N, %) 56/89 (63)

  Positive 30/56 (54)

  Negative 26/56 (46)

ORR (CR+PR; n/N, %)

  PD- L1 positive 21/30 (70)

  PD- L1 negative 12/26 (46)

DCR (CR+PR+SD; n/N, %)

  PD- L1 positive 26/30 (87)

  PD- L1 negative 16/26 (62)

*Includes BRAF inhibitors and IL-1.
BRAF, 8- rat proto- oncogene, serine/threonine kinase; CR, complete response; DCR, disease control rate; IL-1, interleukin-1; ITT, intention- 
to- treat; ORR, overall response rate; PD, progressive disease; PD- L1, Programmed Death- Ligand 1 ; PFS, progression- free survival; PR, 
partial response; SD, stable disease.

Figure 1 (A) Change in tumor size per treatment cycle according to best overall response (N=85). Four patients progressed 
clinically prior to first on- study scan, not shown here, but counted towards disease progression. (B) Duration of response by 
patient (N=47). Two patients with target lesions response but had progression with non- target lesions, counted as PD. CR, 
complete response; PD, progressive disease; PR, partial response; SD, stable disease.
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vertical axis, with a cut- off for significance (red shading) 
of FDR<0.01. The responder group showed multiple 
genes that were significantly increased on- therapy; many 
of these genes were related either to activated T cells and 
Natural Killer (NK) cells (CD3, CD8, IFNγ, LCK, NKG7, 
perforin, and granzyme genes), or to antigen- presenting 
DCs (CLEC9A, XCR1, CD86, MHC class II, Tim-4). 
Downregulated genes (negative fold change) were mostly 
melanoma- related genes (MAGE and GAGE genes, 
and melanin pathway). In contrast, the non- responder 

patients showed fewer genes with statistically signifi-
cant changes, and fold change was lower. Thus, overall, 
patients with objective clinical response showed greater 
evidence of inflammatory activation in their on- treatment 
biopsies.

DISCUSSION
The combination of indoximod and pembrolizumab 
demonstrated encouraging safety and efficacy in patients 
with advanced melanoma, with nearly three- quarters 
of the efficacy population achieving disease control. 
Responses to the combination were deep and durable, 
with median PFS exceeding 1 year.

Even though the number of patients is low, the ORR 
seems to be higher in patients who received prior radi-
ation therapy. This interesting observation merits future 
evaluation in clinical trials to address whether endo- 
vaccination caused by radiation might elicit a superior 
immune response in the context of therapy involving 
indoximod and PD-1 inhibitor.

The results of the current single- arm study do not allow 
us to conclude whether the addition of indoximod to CPI 
is clearly better than CPI alone. However, the median PFS 
of 12.4 months, and the CR rate of 20%, in the current 
study are encouraging and deserve vetting in a random-
ized, well- balanced phase II biomarker- driven study in 
carefully selected patient population.

The combination of indoximod and pembrolizumab 
was generally well tolerated with limited grade 3/4 
treatment- related AEs. It is worth noting though that 

Figure 2 Best response in target lesion size by patient relative to baseline (Response Evaluation Criteria in Solid Tumors 
(RECIST) 1.1. CR patients where best response in change in tumor size is not 100% have target lesions that are pathological 
lymph nodes <10 mm. SD or PD patients with a reduction in tumor volume of 30% or more due to either unequivocal non- target 
lesion progression or an unconfirmed response (N=85). Four patients progressed clinically prior to first on- study scan, not 
shown here, but counted towards disease progression. CR, complete response; PD, progressive disease; PR, partial response; 
SD, stable disease.

Table 4 Most common treatment- related adverse events in 
patients treated with indoximod+pembrolizumab (≥10% of 
patients, N=114)

Adverse event All grades, n (%) Grade 3, n (%)

Fatigue 71 (62.3) 2 (1.8)

Rash 46 (40.4) 5 (4.3)

Pruritus 40 (35.1) 0

Nausea 32 (28.1) 1 (0.9)

Diarrhea 26 (22.8) 0

Arthralgia 25 (21.9) 1 (0.9)

Decreased appetite 21 (18.4) 0

Headache 21 (18.4) 0

Constipation 19 (16.7) 0

Hypothyroidism 15 (13.2) 0

Cough 13 (11.4) 1 (0.9)

Vomiting 12 (10.5) 0
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the treatment- related AEs that led to discontinuation of 
pembrolizumab and indoximod was 21%, higher from 
what was reported with pembrolizumab alone (10%).2

Although many IDO inhibitors remain in clinical 
development in other malignancies,18 the enthusiasm 
about the IDO pathway in melanoma was dampened 
after the failure of ECHO-301 clinical trial.19 That was 
the first phase III trial to evaluate the combination of 
an IDO1- selective enzyme inhibitor (epacadostat) with 

pembrolizumab in patients with MM. The combination 
of epacadostat plus pembrolizumab was not superior 
to pembrolizumab alone. The reason for the failure of 
that trial to achieve the primary endpoint is unknown. 
Questions have been raised whether the reduced dose 
of epacadostat (100 mg two times per day) used in this 
clinical trial was lower than ideal to achieve maximum 
pharmacodynamics effect.20 A combined analysis of 
multiple epacadostat clinical studies demonstrated that, 
when combined with CPI, doses of epacadostat <600 mg 
two times per day are unable to maintain suppression of 
plasma Kyn production.21 Higher doses of epacadostat 
are being tested in ongoing clinical trials. It is important 
to point out, however, that indoximod has a different 
mechanism of action from epacadostat and other avail-
able IDO inhibitors in different clinical trials (including 
navoximod, Linrodostat and KHK-2455). While epacado-
stat and others are direct enzymatic inhibitor of IDO1, 
indoximod is a tryptophan mimetic and works directly 
on immune cells to reverse IDO pathway–mediated 
suppression.

Importantly, indoximod was well tolerated and did not 
require any dose reduction from the planned recom-
mended phase II dose (RP2D) when combined with 
pembrolizumab. In biopsies from indoximod- treated 
patients, those patients with clinical response showed 
evidence of greater immune activation by RNA- seq than 
patients who did not respond. Additionally, in on- treat-
ment tumor biopsies, indoximod treatment was associ-
ated with downregulation of IDO protein expression by 
immunofluorescence in non- proliferating (presump-
tive host stromal) cells, suggesting efficacy of the treat-
ment regimen against the IDO pathway. In this regard, 
it is important to emphasize that the reduction in IDO 
in the TME is not proposed as a direct effect of indox-
imod on the IDO protein. Rather, we interpret this as a 
therapy- induced change in the overall tumor immune 
microenvironment—from a milieu dominated by IDO to 
one with lower expression of IDO protein. It has recently 
been reported that the baseline DC pool in tumors (ie, 
the key antigen- presenting cells) were unexpectedly 
immunosuppressive, including extensive expression of 
IDO.22 Other immunosuppressive cells such as tumor- 
associated macrophages and myeloid- derived suppressor 
cells are also potential sources of IDO in tumors. We spec-
ulate that, in those patients who responded to therapy, 
treatment with indoximod plus PD-1 blockade elicited a 
change in the immune milieu that reduced the number 
of IDO- expressing cells. Of note, this reduction in IDO- 
expressing cells did not occur in the patients who did not 
respond to combination.

In other studies, indoximod shows encouraging clinical 
safety and activity signals in different types of cancers, 
utilizing different combinations with chemotherapy,23–26 
chemoradiotherapy,27 vaccines28 and immune checkpoint 
therapy.13

Despite these encouraging clinical results, the concen-
tration of indoximod drug achievable in plasma is barely 

Figure 3 (A) Percentage of IDO1+ cells, IDO1+Ki67− 
cells and IDO1+Ki67+ cells in pretreatment (n=14) and 
on- treatment biopsies (n=10) of responders (R) and non- 
responders (NR) using immunofluorescence (IF) staining. 
Welch’s t- tests were used for statistical analyses. (B) Kaplan- 
Meier (log- rank test) curve of progression- free survival (PFS) 
based on IDO1 (stratified into 0%–20% or ≥20% groups as 
low vs high) and PD- L1 expression (stratified into 0%–1% 
or ≥1% groups as low vs high) at baseline. IDO1 measured 
by IF and PD- L1 measured by immunohistochemistry. The 
non- stratified survival curve has been included for reference 
(n=38). (C) RNA- seq data from paired pretreatment and 
on- treatment biopsies for n=14 patients, comprising 6 
responders (CR/PR, upper plot) and 8 non- responders (SD/
PD, lower plot). Volcano plots show log2 fold change (FC) 
(on- treatment mean/pretreatment mean) for each gene, 
plotted versus statistical significance (−log10 of the false 
discovery rate (FDR)- adjusted p value). All points outside 
red boxes represent a |log2 fold change|>2, and significance 
at an FDR<0.01. Plotted genes are from a curated list of 
131 immune- related and melanoma- related genes (online 
supplemental table 4). CR, complete response; IDO, 
indoleamine 2,3- dioxygenase; PD, progressive disease; PD- 
L1, Programmed Death- Ligand 1 ; PR, partial response; SD, 
stable disease.
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within the active range observed in vitro for T cell activa-
tion.26 29 A prodrug of indoximod (NLG802), tested in the 
first phase I clinical trial, produced 6- fold increase in Cmax 
and 4.7- fold increase in Area Under the Curve (AUC) of 
the active indoximod moiety in plasma, compared with 
molar equivalent dosing of the parent indoximod drug.30 
This substantially higher plasma concentration was well 
tolerated, and is not accompanied by any discernible 
increase in toxicity, which remained low.

Given the unique mechanism of action, the clinical 
activity, and the safety profile, we believe that the use of 
indoximod/NLG802 in combination therapies merits 
further evaluation in clinical trials, whether upfront in 
combination CPI or after CPI failure.
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