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Abstract

Purpose: IDO1 induces immune suppression in T cells
through 1-tryptophan (Trp) depletion and kynurenine (Kyn)
accumulation in the local tumor microenvironment, suppres-
sing effector T cells and hyperactivating regulatory T cells
(Treg). Navoximod is an investigational small-molecule
inhibitor of IDO1. This phase I study evaluated safety, toler-
ability, pharmacokinetics, and pharmacodynamics of navox-
imod in combination with atezolizumab, a PD-L1 inhibitor,
in patients with advanced cancer.

Patients and Methods: The study consisted of a 3 + 3 dose-
escalation stage (n = 66) and a tumor-specific expansion stage
(n = 92). Navoximod was given orally every 12 hours con-
tinuously for 21 consecutive days of each cycle with the
exception of cycle 1, where navoximod administration started
on day —1 to characterize pharmacokinetics. Atezolizumab
was administered by intravenous infusion 1,200 mg every
3 weeks on day 1 of each cycle.

Results: Patients (n = 157) received navoximod at 6
dose levels (50-1,000 mg) in combination with atezolizu-

Introduction

Indoleamine 2,3-dioxygenase 1 (IDO1) is a cytosolic enzyme
that catalyzes the rate-limiting step of i-tryptophan (Trp) metab-
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mab. The maximum administered dose was 1,000 mg
twice daily; the MTD was not reached. Navoximod demon-
strated a linear pharmacokinetic profile, and plasma Kyn
generally decreased with increasing doses of navoximod.
The most common treatment-related AEs were fatigue
(22%), rash (22%), and chromaturia (20%). Activity
was observed at all dose levels in various tumor types
(melanoma, pancreatic, prostate, ovarian, head and neck
squamous cell carcinoma, cervical, neural sheath, non-
small cell lung cancer, triple-negative breast cancer, renal
cell carcinoma, urothelial bladder cancer): 6 (9%) dose-
escalation patients achieved partial response, and 10 (11%)
expansion patients achieved partial response or complete
response.

Conclusions: The combination of navoximod and atezo-
lizumab demonstrated acceptable safety, tolerability, and
pharmacokinetics for patients with advanced cancer. Although
activity was observed, there was no clear evidence of benefit
from adding navoximod to atezolizumab.

olism to kynurenine (Kyn; ref. 1). The main role of IDO1 is the
regulation of acquired local and peripheral immune tolerance in
normal and pathologic scenarios (2). In cancer, IDO1 induces
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Translational Relevance

Preclinical evidence suggests that combining navoximod,
an IDO1 inhibitor, with anti-PD-L1 may improve the clinical
activity of immune checkpoint blockade due to IDO's role in
immune suppression. This phase I trial is the first study in
which the combination of navoximod with atezolizumab was
administered to patients with advanced cancer. The combina-
tion safety profile appeared tolerable at the navoximod doses
administered, which resulted in dose-dependent decreases in
plasma kynurenine (Kyn) consistent with systemic modula-
tion of IDO1. However, similar to recent data from other trials
combining IDO pathway inhibition with PD-L1/PD-1 inhi-
bition (e.g., ECHO-301), the clinical activity observed did not
provide compelling evidence of improvement over single-
agent therapy.

immune suppression in T cells through at least two distinct
mechanisms. Trp depletion in the local tumor microenvironment
activates a starvation response in T cells that impairs their func-
tion. In addition, accumulation of Kyn, an endogenous ligand for
the aryl hydrocarbon receptor, acts to suppress effector T cells and
hyperactivate regulatory T cells (Treg). Together, these effects lead
to decreased inflammation and immune responsiveness toward
tumors (3, 4).

Increased expression of IDO1 in a variety of human tumors
is observed and often associated with worse clinical outcome (5).
Mechanistically, inhibition of IDO1 alone is expected to
modulate the microenvironment to potentiate the action of
immune effectors, but is not expected to kill tumor cells
directly, nor initiate a de novo antitumor immune response (1).
In the clinic, IDO1 inhibition alone has little anticancer effect
in a majority of patients (6, 7). However, early-phase studies
demonstrating encouraging response rates and durability of
responses suggested that the addition of IDO1 inhibitors to
programmed cell death protein 1 (PD-1) or programmed
death-ligand 1 (PD-L1) inhibition may enhance the efficacy
of checkpoint blockade alone (8-11).

Navoximod (GDC-0919; previously NLG919) is an investiga-
tional small-molecule inhibitor of IDO1 with a potency of 75-90
nmol/L for IDO1 in cell-based assays (12). In preclinical models,
combination treatment of navoximod with anti-PD-L1 more
effectively activates intratumoral CD8* T cells and inhibits tumor
growth compared with either single agent alone (13). The open-
label phase Ia clinical study of navoximod in 22 patients with solid
tumors demonstrated that navoximod was generally well-toler-
ated, and as expected had limited clinical activity, as a single agent
(14). The PD-L1 checkpoint inhibitor, atezolizumab, has been
approved in the United States and European Union as a single
agent for the treatment of non-small cell lung cancer (NSCLC)
and urothelial bladder cancer (UBC). In this phase I study, we
examined the combination of navoximod with atezolizumab for
the first time as treatment for patients with advanced cancer.

Patients and Methods

Study design
This phase Ib study was an open-label, multicenter, dose-
escalation and -expansion study of navoximod in combination
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with atezolizumab in adult patients with locally advanced or
metastatic solid tumors (Supplementary Fig. S1). The primary
objectives of the study were to evaluate the safety and tolerability
of navoximod and atezolizumab when administered in combi-
nation; secondary and exploratory objectives included assess-
ments of immunogenicity, pharmacokinetics, pharmacodynam-
ics, and preliminary signs of antitumor activity.

The dose-escalation stage of the study used a standard 3 + 3
design to evaluate escalating doses of navoximod (50-1,000 mg)
with a fixed dose of atezolizumab (1,200 mg), both provided by
Genentech, Inc. Navoximod was administered orally every 12
hours (twice daily) continuously for 21 consecutive days of each
cycle (days 1-21) with the exception of cycle 1, where navoximod
administration started on day —1 to characterize pharmacokinet-
ics. The twice-daily dosing frequency was selected to maximize
exposures given the approximately 11-hour half-life of navoxi-
mod and was also supported by single-agent safety data (14).
Atezolizumab was administered by intravenous infusion every 3
weeks (q3w) on day 1 of each cycle. The dose-limiting toxicity
(DLT) assessment window was 22 days (days —1 to 21 of cycle 1)
with DLTs defined as any of the following treatment-related
toxicities: grade >3 nonhematologic, nonhepatic toxicity, severe
hematologic toxicity (grade >4 neutropenia, grade >3 febrile
neutropenia, grade >4 anemia, grade >4 thrombocytopenia, or
grade 3 thrombocytopenia associated with clinically significant
bleeding); severe hepatic toxicity [grade >3 elevation of ALT, AST,
or serum total bilirubin; concurrent elevation of ALT or AST >3 x
the upper limit of normal (ULN) and total bilirubin 2 x ULN].

If 1 of 3 patients experienced a DLT within the first cycle, 3
additional patients were enrolled at that dose level. If a DLT was
observed in > 2 patients at any dose level, escalation ceased and
the previous dose was declared the MTD. To acquire additional
safety and pharmacodynamic data to more fully inform the dose
selection for the expansion stage of the study, additional "backfill"
patients were enrolled at dose levels that did not exceed the MTD,
but were not included in the DLT-evaluable population.

In the expansion stage, select indications were evaluated (Sup-
plementary Fig. S1). Patients enrolled in the expansion cohorts
were given 600 mg or 1,000 mg orally twice daily of navoximod in
combination with 1,200 mg i.v. q3w of atezolizumab.

Treatment beyond radiographic progression per RECIST v1.1
was permitted in the absence of evidence of unequivocal pro-
gression of disease, decline in Eastern Cooperative Oncology
Group (ECOG) performance status, or tumor progression at
critical anatomic sites in patients who provided written informed
consent. No intrapatient dose escalation was permitted.

Institutional review board approvals for the study proto-
col, amendments, and informed consent documents were
obtained prior to study initiation. Study procedures were con-
ducted in accordance with the Declaration of Helsinki. The
ClinicalTrials.gov identifier for the phase Ib study (GO29779) is
NCT02471846.

Patient eligibility

Eligible patients were >18 years old with histologically docu-
mented, incurable, locally advanced, or metastatic solid tumors,
had ECOG performance status of 0-1, adequate hematologic and
end organ function, and measurable disease per RECIST v1.1.
Patients with risk of autoimmune disease or history of infection
with HIV, hepatitis B, or hepatitis or C were excluded. Also
excluded were patients who received prior treatment with T-cell
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costimulatory receptor agonist antibodies or IDO/TDO inhibi-
tors; or concomitant immunosuppressive medication, concomi-
tant acetaminophen at doses >1,000 mg per day, or drugs
associated with Torsades de Pointes, which could not be safely
discontinued.

Patients enrolled in the dose-escalation stage of the study were
allowed prior treatment with PD-1, PD-L1, CTLA4, or other
checkpoint inhibitors, provided these were discontinued before
study start. Patients in the expansion stage of the study were not
allowed prior treatment with checkpoint inhibitors except for
patients enrolled in the relapsed NSCLC cohort, which specifically
required patients to have achieved best response of complete
response (CR)/partial response (PR) or stable disease (SD) on
most recent therapy with PD-1/PD-L1 inhibitors. All patients
enrolled in the expansion stage were required to provide tumor
tissue that was evaluable for PD-L1 expression, and enrollment
was managed to ensure that fewer than 25% of the patients were
PD-L1 negative.

Safety assessments

The safety population included all patients who received at
least one dose of navoximod or atezolizumab. Safety assessments
included physical examination, vital sign measurements, clinical
laboratory testing, triplicate 12-lead electrocardiogram, and mon-
itoring and recording of adverse events (AE) including serious and
nonserious AEs of special interest. AEs were graded using the
National Cancer Institute Common Terminology Criteria for
Adverse Events, version 4.0. The AE reporting period extended
for 60 days after the last dose of navoximod and/or atezolizumab
or prior to the initiation of a new systemic anticancer treatment
whichever occurred first. An internal monitoring committee
reviewed the cumulative safety profile at regular intervals follow-
ing the start of the expansion stage.

Pharmacokinetic assessments

Blood samples were collected for navoximod pharmacokinetic
evaluation before and up to 8 hours after single and multiple
twice-daily doses of navoximod. Plasma concentrations of navox-
imod were determined using a validated LC/MS-MS method with
a lower limit of quantitation of 1 ng/mL, and pharmacokinetic
parameters were estimated using noncompartmental analysis
(Phoenix WinNonlin 6.4; Cetara).

Evaluation of tumor response

CT or MRI studies were obtained at screening, and at approx-
imately every 6 weeks for 24 weeks, and every 12 weeks thereafter
until disease progression or loss of clinical benefit. Objective
response was determined by the investigators according to RECIST
vl.1.

Biomarker assessments

Blood was collected to monitor changes in plasma Kyn levels as
a peripheral biomarker of IDO1 activity at the same timepoints as
pharmacokinetic assessments. Validated LC/MS-MS assays were
used to measure the concentration of Kyn in plasma samples, with
a lower limit of quantitation of 25 ng/mL (15). Samples were
analyzed at Covance Laboratories.

IDO1 and PD-L1 were evaluated in formalin-fixed and par-
affin-embedded tumor samples using mAb clones SP260
(Spring Bioscience) for IDO1 and SP142 (Spring Bioscience)
for PD-L1 in validated THC assays. IDO1 and PD-L1 expression
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was evaluated both on tumor cells (proportion of positive cells
estimated as the percentage of total tumor cells) and tumor-
infiltrating immune cells (percentage of positive tumor-
infiltrating immune cells occupying the tumor), with positivity
defined as >1%, as described previously for PD-L1 (16). CD8
IHC using mAb clone SP16 (Epitomics) was also performed as
described previously (16).

Statistical analyses

In this study, no formal statistical hypotheses were tested, and
all analyses were descriptive and exploratory. Design considera-
tions were not made with regard to explicit power and type I error,
but rather to obtain preliminary safety, activity, pharmacokinet-
ics, and pharmacodynamics information. All patients who
received > 1 dose of navoximod or atezolizumab were included
in the safety and activity analyses.

Results

Patient characteristics

From July 2015 to July 2017, 158 patients were enrolled from
18 sites in the United States, Spain, France, and South Korea.
Patient demographics and baseline characteristics are summa-
rized in Table 1. The patient population in the dose-escalation

Table 1. Patient baseline and disease characteristics (intent-to-treat
population)

Dose escalation Dose expansion  All patients
Variable (n = 66)? (n = 92) (N = 158)
Age (y), median (range) 61 (31-80) 59 (33-78) 59 (31-80)
Sex
Female 43 (65%) 48 (52%) 91 (58%)
Male 23 (35%) 44 (48%) 67 (42%)
ECOG performance status
0 33 (51%) 25 (28%) 58 (37%)
1 32 (49%) 65 (72%) 97 (63%)
Race
Black or African 2 (3%) 10%) 3(2%)
American
White 60 (91%) 51 (55%) 1M (70%)
Asian 2 (3%) 36 (39%) 38 (24%)
Unknown 2 (3%) 4 (4%) 6 (4%)
Most common tumor types
Lung (NSCLC) 1(2%) 42 (46%) 43 (27%)
Breast® 13 (20%) 12 (13%) 25 (16%)
Ovary 8 (12%) 7 (8%) 15 (10%)
Bladder 3 (5%) 7 (8%) 10 (6%)
Kidney 2 (3%) 7 (8%) 9 (6%)
Endometrial 5 (8%) 2 (2%) 7 (5%)
Cervical 4 (6%) 2 (2%) 6 (4%)
Gastric 2 (3%) 4 (4%) 6 (4%)
Head and neck 3 (5%) 3(3%) 6 (4%)
Colon 4 (6%) 0 (0%) 4 (3%)
GE junction 3 (5%) 1(01%) 4 (3%)
Melanoma 2 (3%) 2 (2%) 4 (3%)
No. prior systemic 3.0 (1.0-11.0) 3.0 (1.0-17.0) 3.0 (1.0-17.0)
therapies, median
(range)
Patients with prior 5 (8%) 17 (19%) 22 (14%)
immunotherapy

Abbreviations: GE, gastroesophageal; y, year.

Includes backfill patients;

PTriple-negative breast cancer (n = 17), estrogen receptor (ER)*/progesterone
receptor (PR)"/human epidermal growth factor receptor 2 (HER2)™ (n = 4),
PR*/ER™/HER2™ (n =1), ER"/HER2™/PR unknown (n = 1), ER/PR/HER2 status
unknown (n = 2).
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Table 2. Treatment-related all-grade AEs in >5% of patients receiving 1,200 mg atezolizumab in combination with navoximod (safety population; A). Treatment-
related grade >3 AEs in >2 patients receiving 1,200 mg atezolizumab in combination with navoximod (safety population; B)

A.

Navoximod Navoximod Navoximod Navoximod Navoximod Navoximod All patients

50mg(n=6) 100mg(n=7) 200mg(n=12) 400mg(n=6) 600 mg (n=80) 1,000 mg (n=46) (N =157)
Any treatment-related AE 5 (83%) 5 (71%) 9 (75%) 4 (67%) 64 (80%) 31 (67%) 18 (75%)
Fatigue 3 (50%) 3 (43%) 2 (17%) 3 (50%) 13 (16%) N (24%) 35 (22%)
Rash® 1(17%) 1(14%) 1(8%) 1(17%) 20 (25%) N (24%) 35 (22%)
Chromaturia - - 2 (17%) - 19 (24%) 1 (24%) 32 (20%)
Decreased appetite 1(17%) 1(14%) 2 (17%) 1(17%) 12 (15%) 2 (4%) 19 (12%)
Nausea 1(17%) 3 (43%) - 1(17%) 9 (11%) 5 M%) 19 (12%)
Vomiting 1(7%) 2 (29%) 1(8%) - 8 (10%) 1(2%) 13 (8%)
Asthenia - - - - 8 (10%) 4 (9%) 12 (8%)
AST increased 1(17%) - 3 (25%) - 6 (8%) 1(2%) N (7%)
Diarrhea 1(7%) - 1(8%) 1(7%) 6 (8%) 1(2%) 10 (6%)
Anemia - 1(14%) 2 (17%) - 4 (5%) 2 (4%) 9 (6%)
Pyrexia 1(7%) - 2 (17%) 1(17%) 1(%) 4 (9%) 9 (6%)
Hypothyroidism - - 1(8%) 1(17%) 4.(5 %) 1(2%) 7 (5%)
Infusion-related reaction - - 1(8%) 1(17%) 1(%) 4 (9%) 7 (5%)
B.

Navoximod Navoximod Navoximod Navoximod Navoximod Navoximod All patients

50mg(n=6) 100mg(n=7) 200mg(n=12) 400mg(n=1~6) 600mg(n=280) 1,000mg(n=46) (N=157)
Any treatment-related - 1(14%) 3 (25%) 1(17%) 17 (21%) 13 (28%) 35 (22%)

grade >3 AE

Rash® - - 1(8%) - 4 (5%) 9 (20%) 14 (9%)
Fatigue - - - 1(7%) 1(%) 1(2%) 3 (2%)
Anemia - - - - - 2 (4%) 2 (1%)
Hepatitis® - - 1(8%) - 2 (3%) - 3 (2%)
Hyperlipasaemia - - - - 2 (3%) - 2 (1%)
Pneumonitis - - - - 2 (3%) - 2 (1%)
Thrombocytopenia - - - - - 2 (4%) 2 (1%)

Abbreviation: AST, aspartate aminotransferase.

?Rash includes preferred terms of rash, rash maculo-papular, rash erythematous, rash macular, and rash generalized.

PIncludes preferred terms of autoimmune hepatitis and hepatitis.

stage was heterogeneous, including over 15 different indications.
Patients with an ECOG status of 1 comprised 49% and 72% of the
dose-escalation and dose-expansion populations, respectively.
Both the dose-escalation and -expansion stage patients were
heavily pretreated.

As of November 2017, 151 (96%) patients discontinued
from navoximod treatment and 139 (88%) patients dis-
continued from atezolizumab treatment, primarily due to
disease progression (78% and 93%, respectively). Patients
were on navoximod and atezolizumab treatment for a medi-
an of 51 days (range 1-713) and 56 days (range 1-693),
respectively.

Safety and tolerability

Navoximod given in combination with atezolizumab was
generally well-tolerated. The MTD of navoximod in combination
with atezolizumab was not identified. There was a single DLT of
grade 3 sepsis syndrome at the 200 mg dose level considered to be
related to both study drugs.

There was no clear relationship between dose and either
incidence or severity of AEs. The most common AEs regardless
of causality occurring in >20% of patients were fatigue, nausea,
decreased appetite, constipation, and chromaturia. Most treat-
ment-related (Table 2A) AEs were grade 1 or 2, with the most
common being fatigue, rash, and chromaturia. Grade >3 treat-
ment-related AEs (Table 2B) were experienced by 35 patients
(22%), with the most common being rash (14 patients, 9%).
Overall, treatment-related serious AEs were reported in 15
patients (10%). Fourteen patients (9%) discontinued navox-
imod treatment due to AEs, and 4 patients (2.5%) discontinued
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atezolizumab due to AEs. The 4 patients that discontinued
atezolizumab due to AEs also discontinued navoximod due to
AEs. The AEs leading to treatment discontinuation that were
considered related to study treatment were rash, hypersensitiv-
ity, pneumonitis, affect lability, anxiety, autoimmune hepatitis,
and encephalitis.

One death was attributed to study treatment, occurring in
a patient with metastatic prostate cancer and a history of
partial vocal cord paralysis. Twenty-three days after treat-
ment discontinuation, the patient experienced grade 4 pneu-
monitis that improved, yet was subsequently followed by
grade 5 respiratory failure. Confounders included possible
aspiration.

Pharmacokinetics

Navoximod pharmacokinetic evaluations were conducted
following the administration of single and multiple oral doses
(50—1,000 mg twice daily; Fig. 1). Navoximod was rapidly
absorbed [median T, approximately 1 hour (range: 0.25-
4 hours)] and demonstrated dose-proportional and linear
pharmacokinetics at the evaluated dose levels. The pharma-
cokinetics of navoximod when given in combination with
atezolizumab was consistent with single-agent pharmacoki-
netic observations (14). Atezolizumab pharmacokinetics in
combination with navoximod was consistent with single-agent
observations (data not shown).

Antitumor activity

In the dose-escalation stage, 6 of 66 (9%) patients (mela-
noma, pancreatic, prostate, ovarian, head and neck squamous

Clin Cancer Res; 25(11) June 1, 2019
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A, Navoximod plasma
concentration-time profile
following multiple twice-daily
doses. B, Single-dose (SD) and
multiple dose (MD)
pharmacokinetic parameters

of navoximod. AUCq_g, area
600 mg (n = 50) under the curve, measured from

- 1,000 mg (n =21) 0-8 hours post-navoximod

-»- 50 mg (n=6)

=100 mg (n = 6)
+200mg (n=11)
~+400mg (n=5)

0.01 4 . . . ; : : :
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Nominal time from last dose (hours)

1 dose; Cmax, Maximum observed
8 concentration; Cpin, Minimum
observed concentration; Tinax
time of maximum observed
concentration. Geometric mean

(geometric CV%) results are

cell carcinoma, and cervical cancer) achieved a PR, and 11
(17%) patients achieved a best overall response of SD. The
response rate was slightly higher in patients with PD-L1 expres-
sing (4/30, 13%) versus PD-Ll-negative tumors (2/29,
7%; Fig. 2). At data cutoff, 5 patients (with melanoma, pan-
creatic, cervical, prostate, ovarian cancer) remain active and
have exceeded 1 year of study treatment.

In the expansion stage where all patients were PD-L1/PD-1
treatment naive, with the exception of those enrolled in the
NSCLC relapsed cohort, there were 10 responders (Table 3). Of
the 3 renal cell carcinoma (RCC) responders, 2 patients had
received at least 3 different prior lines of therapies in the metastatic
setting before entering this study. Of the 3 UBC responders, 1
patient had received at least 3 different prior lines of therapies in
the metastatic setting before entering this study.

Pharmacodynamic biomarkers

Consistent with expected systemic modulation of IDO1,
navoximod dosing decreased plasma Kyn relative to cycle 1
day 1 predose levels. The mean change from the predose
baseline was decreased at all postdose timepoints beyond 1
hour for patients receiving at least 200 mg navoximod dose
(Fig. 3A). Similar maximal decreases in Kyn were observed
after multiple days of navoximod dosing (Fig. 3B). No statis-
tically significant differences in the level of Kyn suppression
were observed between responders versus nonresponders
(Supplementary Fig. S2).

An evaluation of selected biomarkers was carried out in serial
tumor biopsies from dose-escalation and dose-expansion

3224 Clin Cancer Res; 25(11) June 1, 2019

Navoximod Nav d Nav d Nav d Navoxi Nav X
Parameter 50 mg 100 mg 200 mg 400 mg 600 mg 1,000 mg presented unless otherwise
(n=5) (n=7) (n =12 (n=6) (n=59) (n=35) indicated. ®Median (minimum,
Cnax (umoI/L) maximum) results are presented
SD 0.620 (52.7) 1.68 (75.7) 2.80 (82.7) 7.70 (75.4) 11.4 (67.4) 23.4 (64.8)
MD 0.915 (61.5) 0.861 (97.9) 2.52 (72.1) 10.4 (26.7) 11.3 (98.4) 27.0 (71.5) for Tmax.
Conin (umol/L)
MD 0.0412 (85.0) | 0.0986 (63.2) 0.167 (493) 0.419(198) | 0.238 (1110) | 1.03 (599)
Tmax (hour)®
Sb 1.0 (0.50-1.0) | 0.50(0.25-2.0) | 0.75 (0.25-2.0) | 0.75 (0.50-1.0) | 1.0 (0.25-2.0) | 1.0 (0.25-4.0)
MD 0.38 (0.25-2.0) | 1.0 (0.25-6.0) | 0.50 (0.25-1.0) | 0.50 (0.50-1.0) | 1.0 (0-2.0) | 1.0 (0.50-4.0)
AUC
(umol/L*hour)
SD 1.34 (20.9) 2.82 (45.9) 5.00 (58.2) 12.5 (47.5) 21.7 (56.8) 45.7 (46.1)
MD 1.54 (35.4) 2.30 (60.6) 6.11 (45.4) 17.5 (69.8) 26.4 (63.4) 58.0 (49.7)

patients that consented to pretreatment and on-treatment
biopsies (Fig. 3C). There was upregulation of IDO1 expression
in tumor cells after treatment with the combination of navox-
imod and atezolizumab, although this did not appear to be
dose-dependent. An increase in PD-L1 expression in tumor cells
was also observed. In the context of 95% confidence intervals
(CI), no significant upregulation of IDO1 and a subtle upre-
gulation of PD-L1 in immune cells was observed. No significant
intratumoral increase in CD8 or tumor infiltrating leukocytes
(TIL) was observed.

Discussion

This phase Ib study in advanced solid tumors explored the
safety, tolerability, pharmacokinetics, and pharmacodynamics
of navoximod in combination with atezolizumab. Overall, the
combination of atezolizumab and navoximod was generally
well-tolerated at the doses explored in this study. No MTD was
defined and no apparent dose-response relationship for
immune-related adverse events was noted over the dose range
explored. The potentially immune-mediated clinically signifi-
cant adverse events reported (e.g., hepatitis, pneumonitis, sep-
sis syndrome) are consistent with the well-established safety
profile of atezolizumab and other PD-1/PD-L1 inhibitors.

Rash was observed overall in around 20% of patients and was
reported at all doses. It was predominantly grade 1-2 in severity,
and although rash was the most commonly occurring treatment-
related grade 3 AE, only 6 (4%) patients discontinued treatment
due to rash, and thus rash was generally manageable. Rash has
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Time on study treatment and PD-L1 and IDO1 expression for dose-escalation patients. BOR for PD-L1-positive patients (n = 30): PR = 4 patients
(13%), SD = 6 patients (20%), PD = 19 patients (63%); BOR for PD-L1-negative patients (n = 29): PR = 2 patients (7%), SD = 4 patients (14%),
PD = 23 patients (79%); BOR for all patients (n = 66) regardless of PD-L1 status: PR = 6 patients (9%), SD = 11 patients (17%), PD = 47 patients
(71%). Two patients were not evaluable for response because they discontinued treatment prior to reaching first restaging. BOR, best overall

response; GE, gastroesophageal; Pancr., pancreatic.

been reported with other IDO inhibitors (8) and may be a class
effect of these agents or possibly a combination effect with
contributions from both drugs.

Hepatic AEs had been reported in a single-agent study of
navoximod (14), and thus inclusion of acetaminophen restric-
tions (<1,000 mg/day on study) were placed for enrolled patients
due to the potential risk of elevated liver function tests. However,
no apparent dose-related trend was noted in this study. Hepatic

AEs were commonly confounded by the presence of malignant
hepatic infiltration.

The observation of pink colored urine (chromaturia) without
associated clinical sequelae in up to 20% of patients remains
unexplained despite screening for navoximod metabolites that
may be chromogenic, or pathologic causes such as hematuria or
porphyrins. Chromaturia was documented at greater frequency at
higher doses of navoximod and in Asian patients, although

Table 3. Efficacy and PD-L1IHC in expansion patients. IHC1/2/3 = staining of >1% immune cells or tumor cells

NSCLC NSCLC TNBC RCC uUBC Biopsy A Biopsy B All

(CIT naive) (relapsed) (CIT naive) (CIT naive) (CIT naive) (CIT naive) (CIT naive) patients
ORR in all patients n=26 n=16 n="1 n=7 n=2=8 n=1 n=12 n=09
Responders (%) 2 (8%) 0 (0%) 1(9%) 3 (43%) 3 (38%) 0 (0%) 1(8%) 10 (M%)
ORR in PD-L1IHC 1/2/3 patients n=14 n=1 n=2=8 n=17 n==6 n==6 n=28 n =60
Responders (%) 2 (14%) 0 (0%) 1(12%) 3 (43%) 2 (33%) 0 (0%) 1(12%) 9 (15%)
ORR in PD-L1 O patients n=1 n=4 n=3 n=0 n=0 n=>5 n=4 n=27
Responders (%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
ORR in IDOT1 IHC 1/2/3 patients n=17 n=14 n=2=8 n=7 n==6 n=2=8 n=2=8 n==68
Responders (%) 2 (12%) 0 (0%) 1(12%) 3 (43%) 2 (33%) 0 (0%) 1(12%) 9 (13%)
ORR in IDO1 O patients n=2=8 n=1 n=3 n=0 n=0 n=3 n=4 n=19
Responders (%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

NOTE: Of the 91 patients, 2 patients discontinued treatment prior to first restaging.
Abbreviations: CIT, cancer immunotherapy; ORR, overall response rate; RCC, renal cell carcinoma; TNBC, triple-negative breast cancer.
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A, Mean change in plasma Kyn at cycle 1, day 1, following a single oral dose of navoximod relative to day 1predose levels. Ribbons represent 95% Cls and dashed
horizontal lines represent no change from baseline. hr, hours. B, Mean change in plasma Kyn at cycle 1, day 8, following a single oral dose of navoximod relative to
day 1predose levels. C, Serial tumor biopsy evaluation of IDO1, PD-L], TIL, and CD8. Mean changes in percentage of positivity and 95% Cls are indicated in each

case. IC,immune cells; TC, tumor cells.

reporter bias may have affected this data as awareness was low in
initial cohorts at low doses that were conducted only in the United
States. This finding has not been reported with other IDO
inhibitors.

Pharmacokinetic analyses revealed that at the evaluated dose
levels, navoximod demonstrated a dose-proportional and lin-
ear pharmacokinetic profile. On average, plasma Kyn depletion
was found to display kinetics consistent with the half-life of
navoximod, and was generally deeper and more sustained at
higher doses of the drug, with a maximum modulation of
peripheral Kyn of approximately 25%. Time-matched pharma-
cokinetic and pharmacodynamic data from all clinical studies
with navoximod indicated that steady-state trough concentra-
tions of navoximod are predicted to exceed the ICsq for mod-
ulation of plasma Kyn in approximately 75% of the patient
population dosed at 600 mg twice daily and approximately
90% of the patient population dosed at 1,000 mg twice daily
(data not shown; ref. 17). In addition, this analysis indicated
that doses above 1,000 mg twice daily were unlikely to result in
a meaningful increase in the percentage of patients projected to

3226 Clin Cancer Res; 25(11) June 1, 2019

have steady-state trough concentrations of navoximod greater
than the ICs, for modulation of plasma Kyn. Coupled with 200
mg tablets being the highest dose strength available for the
study, this analysis led to doses above 1,000 mg twice daily not
being evaluated in the dose-escalation phase, and both 600 mg
and 1,000 mg twice daily dose levels being evaluated in the
expansion cohorts.

In serial tumor biopsies, the vast majority of which were
obtained from patients dosed at 600 mg and 1,000 mg twice
daily navoximod, upregulation of tumor cell IDO1 and PD-L1
expression was observed. Notably, an increase in tumor IDO1
expression was also observed in a neoadjuvant ovarian cancer
study following treatment with the IDO1 inhibitor epacado-
stat (18). A similarly pronounced upregulation of IDO1 and
PD-L1 in immune cells was not observed in this phase Ib study.
The observation that neither TILs nor CD8 increased posttreat-
ment indicates that the induction of IDO1 and PD-L1 in
tumor cells is more likely due to increased IFNy production
in the tumor microenvironment, rather than to increased
immune cell infiltration. While our plasma pharmacokinetic/
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pharmacodynamic analyses guided selection of 1,000 mg twice
daily as the highest evaluated dose in this study, the extent and
duration of IDO1 inhibition in the tumor microenvironment
required to elicit the desired tumor-killing immune effect is not
known. The observed upregulation of tumor IDO1 following
treatment with the combination of navoximod and atezolizu-
mab does suggests the possibility that tumor Kyn pharmaco-
dynamics may not mirror plasma Kyn pharmacodynamics in
human subjects, and a lack of increased CD8 positivity in
tumors following treatment with the combination may indicate
that IDO1 inhibition in tumors was insufficient in our study.

Activity was observed at all dose levels evaluated in this study,
but is challenging to interpret in the setting of combination with
atezolizumab, which has established single-agent activity in
tumor types selected for dose expansion. Although interpretation
is limited by small numbers and the single-arm design, the overall
response rates in the cancer immunotherapy (CIT)-naive indica-
tion-specific cohorts (n = 75), regardless of PD-L1 or IDO1
expression status, are not meaningfully distinct from that
expected for atezolizumab alone. For example, in patients with
CIT-naive NSCLC previously treated with platinum doublet che-
motherapy, the objective response rate (ORR) with the combi-
nation of navoximod and atezolizumab observed in this study (n
= 26 patients) was 8% compared with the ORR of 15% observed
with atezolizumab monotherapy in the phase III OAK study (19).
In light of the limited evidence of clinical activity, the sponsor
stopped enrollment in the study after only 92 out of the originally
planned 240 patients were enrolled in the expansion stage, and
discontinued development of navoximod as a combination part-
ner to atezolizumab.

Subsequent to the analysis of this phase Ib study, the primary
results of the randomized double-blinded phase ITI ECHO-301
study evaluating epacadostat in combination with pembroli-
zumab compared with pembrolizumab monotherapy in
patients with melanoma have been reported. Despite encour-
aging phase Ib results across multiple tumor types supporting
this combination, the addition of epacadostat to pembrolizu-
mab was not associated with greater clinical benefit—OS HR
1.13, median progression-free survival of 4.7 vs. 4.9 months
(HR 1.0), and ORR of 34% vs. 32% (20)—and the trial was
halted. Moreover, two phase III clinical trials testing combina-
tions of nivolumab with BMS-986205, a small molecule that
inhibits IDO via a distinct mode of binding than epacadostat
and navoximod with greater in vitro potency (21), were also
halted recently (NCT03417037 and NCT03386838), presum-
ably in response to the negative ECHO-301 results. These
results illustrate the challenge of interpreting preliminary find-
ings in small, highly selected phase Ib expansion cohorts and
advancing to pivotal trials without randomized phase II data,
as well as the value of rigorous integrated analyses of safety,
pharmacokinetics, pharmacodynamics, and efficacy data to
make development decisions.

To date, proof of concept for adding IDO inhibition to anti-
PD-1/PD-L1 to improve clinical benefit in unselected patients has
not been achieved. Nevertheless, further interrogation of this
pathway may be warranted. Concurrent inhibition of both IDO
and TDO2 may be required to relieve Kyn-mediated immuno-
suppression in the TME and drive clinical efficacy, as TDO2
catalyzes the same reaction as IDO, resulting in the production
of Kyn. Further development in this space may thus benefit from
dual inhibitors of IDO1 and TDO2.

www.aacrjournals.org
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