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with up-front radiation (Group 3a) was likewise well toler-
ated (Supplementary Table S1), and maximum tolerated 
dose was not reached. One patient in Group 3a at the 19.2 
mg/kg dose level had an RLT (grade 3 elevated alanine 
aminotransaminase and aspartate aminotransaminase, 
delaying the start of cycle 2 by more than 5 weeks) and 
came off study. All radiation plans were delivered without 

unexpected toxicity. Patients in Group 4 were enrolled from 
Groups 1-3, and any adverse events are summarized with 
their respective groups in Supplementary Table S1. Overall, 
the most common toxicities were considered likely attrib-
utable either to the underlying disease (headache, pain, 
ataxia, seizure, confusion, somnolence) or to the chemo-
therapy (thrombocytopenia, anemia, neutropenia, nausea/

Table 2.  Disease characteristics and prior therapy

All relapsed 
participants 
(n = 68)

Ependymoma 
(n = 27)

Medulloblastoma 
(n = 13)

GBM/HGG 
(n = 19)

Other CNS 
tumora(n = 9)

Metastatic disease at study entry 44 (65%) 18 (67%) 11 (85%) 10 (53%) 5 (56%)

No evidence of disease at study entryb 5 (7%) 3 (11%) •• 1 (5%) 1 (11%)

WHO tumor gradea

 � 1 1 (1%) •• •• •• 1 (11%)

 � 2 9 (13%) 8 (30%) •• •• 1 (11%)

 � 3 22 (32%) 19 (70%) •• 3 (16%) ••

 � 4 33 (49%) •• 13 (100%) 16 (84%) 4 (44%)

Number of disease relapses

 � 0c 13 (19%) 3 (11%) 1 (8%) 6 (32%) 3 (33%)

 � 1 19 (28%) 8 (30%) 5 (38%) 5 (26%) 1 (11%)

 � 2 21 (31%) 8 (30%) 5 (38%) 5 (26%) 3 (33%)

 � 3 or more 15 (22%) 8 (30%) 2 (15%) 3 (16%) 2 (22%)

Prior treatment

 � Any surgical resection or debulking 60 (88%) 27 (100%) 12 (92%) 15 (79%) 6 (67%)

 � Any radiation or proton therapy 65 (96%) 27 (100%) 12 (92%) 19 (100%) 7 (78%)

 � Any systemic therapy 56 (82%) 17 (63%) 13 (100%) 18 (95%) 8 (89%)

 � Prior temozolomide therapy 24 (35%) 3 (11%) 5 (38%) 13 (68%) 3 (33%)

 � Prior immunotherapy 8 (12%) 4 (15%) 1 (8%) 3 (16%) ••

 � Prior autologous stem cell infusion 6 (9%) •• 5 (38%) •• 1 (11%)

Number of prior resection attempts

 � 0 8 (12%) •• 1 (8%) 4 (21%) 3 (33%)

 � 1 20 (29%) 1 (4%) 10 (77%) 8 (42%) 1 (11%)

 � 2 22 (32%) 12 (44%) 2 (15%) 4 (21%) 4 (44%)

 � 3 or more 18 (26%) 14 (52%) •• 3 (16%) 1 (11%)

Number of prior radiation/proton plans

 � 0 3 (4%) •• 1 (8%) •• 2 (22%)

 � 1 37 (54%) 11 (41%) 7 (54%) 14 (74%) 5 (56%)

 � 2 18 (26%) 9 (33%) 4 (31%) 4 (21%) 1 (11%)

 � 3 or more 10 (15%) 7 (26%) 1 (8%) 1 (5%) 1 (11%)

Number of prior antineoplastic regimens

 � 0 12 (18%) 10 (37%) •• 1 (5%) 1 (11%)

 � 1 24 (35%) 3 (11%) 4 (31%) 11 (58%) 6 (67%)

 � 2 15 (22%) 7 (26%) 4 (31%) 3 (16%) 1 (11%)

 � 3 or more 17 (25%) 7 (26%) 5 (38%) 4 (21%) 1 (11%)

Data are n (%). GBM/HGG = glioblastoma and high-grade glioma. CNS = central nervous system. WHO = World Health Organization. aThree participants 
with disease classi�ed as �Other CNS tumor� are missing WHO tumor grade information (one with recurrent DIPG that was not biopsied, and two with 
high-grade neuroepithelial tumor). bIncludes grade 2 ependymoma (n = 1), grade 3 ependymoma (n = 2), grade 3 glioma NOS (n = 1), and primitive 
neuro-ectodermal tumor (n = 1). cPatients listed as having no prior disease relapses were enrolled on the basis of treatment-refractory disease.
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vomiting, fatigue). Grade 5 events occurred in three pa-
tients (cardiac arrest, respiratory failure, and stroke), and 
all were attributable to tumor progression. To address po-
tential cumulative effects of long-term therapy, we iden-
ti�ed 8 patients who were treated longer than 30 months 
using indoximod-based therapy, and these patients had no 
reduction of their Lansky/Karnofsky performance scores 
over the treatment period (Supplementary Table S2).

For patients in Group 1, pharmacokinetic param-
eters were determined for indoximod as described in 
Supplementary Figure S1. At the 120% dose level of 
indoximod, the AUC was 102 – 22 µM•h, and Cmax was 
15 – 5 µM. Per the pre-speci�ed endpoint, in conjunction 
with the toxicity data, the 120% dose level (19.2 mg/kg/
dose, given twice daily) was con�rmed as the pediatric 
RP2D of indoximod.

Ef�cacy for Patients with Recurrent Disease

Overall survival (OS) was a pre-speci�ed outcome. Taken 
together, study patients with recurrent disease had a me-
dian OS of 13.3 months (Figure 2A, n = 68, range 0.2�62.7). 
Stratifying by tumor type, median OS was 34.1 months 
(n = 27, range 0.9�60.6) for ependymoma, 21.1 months 
(n = 13, range 0.4�61.9) for medulloblastoma, and 6.5 
months (n = 19, range 0.2�52.3) for glioblastoma/high-grade 
glioma. The longest survival was seen in a small subset of 
n = 8 patients with ependymoma who were treated with 
indoximod plus full-dose (at least 5000 cGy) re-irradiation 
to all sites of disease, with median OS 40.5 months (range 
12.1�57.2). The remaining ependymoma patients, who did 
not receive full-dose re-irradiation with indoximod, had a 
median OS of 23.5 months (n = 19, range 0.9�60.6).

Recurrent only (n = 68)
median OS = 13.3 mos.

Newly-diagnosed DIPG, n = 13
median OS = 14.4 months
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Figure 2.  Kaplan-Meier analyses. Patients with recurrent disease are shown in (A), and patients with newly diagnosed DIPG are shown 
in (B). Patients with recurrent tumors who crossed over to Group 4 salvage therapy are shown in (C). These patients (n = 18) crossed over from 
Groups 1, 2 and 3a. Curves show the time to start of Group 4, the time to exit from study, and overall survival (all times calculated from study entry). 
p value is by Log-rank test for the two groups shown. DIPG = diffuse intrinsic pontine glioma; C.I.=con�dence interval; OS = overall survival.
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Patients enrolled with recurrent disease who had 
completed at least 6 months on the indoximod plus 
temozolomide regimen and then had progression of dis-
ease were offered crossover to Group 4 therapy. Group 
4 participants continued indoximod but changed che-
motherapy to oral metronomic cyclophosphamide and 
etoposide. A total of 18 patients from the recurrent-tumor 
cohorts (Groups 1, 2, and 3a) entered Group 4. These had 
been on study for a median of 12.0 months before cross-
over (Figure 2C). Treatment was continued until patients 
showed clinical decline or left the study, which occurred 
at a median of 20.3 months (all dates calculated from the 
start of study therapy for each patient). The period of addi-
tional disease control on Group 4 (from time of crossover 
until stopping Group 4 therapy) was statistically signi�-
cant (p = .003), and median OS for these patients was 34.7 
months (n = 18, range 8.7�56.7).

Objective response was a pre-speci�ed outcome, and 
unambiguous early responses did occur in some pa-
tients, even as early as the �rst on-therapy assessment 
(Figure 3A-D). Among the 68 patients with recurrent dis-
ease, 67 were evaluable for either radiographic response 
(n = 57, using Response Assessment in Pediatric Neuro-
Oncology, RAPNO, criteria) or had signi�cant clinical de-
terioration clearly related to disease progression that was 
scored as �progressive disease� (PD, n = 10); one patient 
withdrew after 7 days of therapy and was unevaluable. In 
this 67 patient cohort, we observed 1 complete response 
(CR, medulloblastoma) and 5 partial responses (PRs, 
two medulloblastoma and one each ependymoma, glio-
blastoma, pineoblastoma); objective response (CR + PR) 
rate was 6/67 (9%). We also identi�ed 4 patients (two 
medulloblastoma and two ependymoma grade 2) who 
are long-term survivors 45�62 months after initiation of 
therapy, without evidence of active disease for at least 
36 months (as of the data cutoff date). Two of these four 
patients did not meet criteria for CR/PR because of an in-
itial mixed response, but they eventually went on to 
clear all active disease. Three of these four patients were 
treated without any radiation, using just indoximod plus 
temozolomide (duration 26�44 months, with the pa-
tient treated for 44 months continuing active therapy as 
of the data cutoff date). The fourth patient (metastatic 
medulloblastoma) was treated with indoximod plus focal 
re-irradiation to two targets along the right lateral pons and 
right middle cerebellar peduncle, and completed 4 cycles 
of indoximod plus temozolomide; then developed a new 
lesion at the anterior cervico-medullary junction which 
was treated with indoximod plus focal radiation (1800 
cGy in 12 fractions). This patient then stopped indoximod-
based therapy due to a new diagnosis of myelodysplastic 
syndrome (MDS), which was treated with 6 cycles of 
azacytidine monotherapy. MDS was in remission after 
azacytidine cycle #4, and the patient stopped azacytidine 
after cycle #6 at the patient�s request; 6 months later an 
MRI showed resolution of the cervico-medullary junction 
lesion, and both remissions are sustained to current day.

In most cases, however, response was mixed (some le-
sions regressed, some did not). Many responses occurred 
late (median time to documented response 3.9 months, 
range 1.2�13.4) and sometimes followed a period of ini-
tial progression, which can be characteristic of response to 

immunotherapy. Therefore, we performed an exploratory 
post hoc analysis, asking whether objective response�of 
any kind�was predictive of survival for patients with re-
current tumors and measurable disease (Figure 3E). Of 68 
patients with recurrent tumors, 63 had measurable disease 
at study entry and were evaluable. Of these, 26/63 (41%) 
showed at least one responsive lesion, applying pedi-
atric RANO criteria to the individual lesions, as described 
in the Supplemental Methods section. This �Responder� 
subset had signi�cantly longer median OS (25.2 months, 
range 5.4�61.9, p = .006) compared to nonresponders (7.3 
months, range 0.2�62.7, n = 37).

Supplemental Table S6 shows patient/disease character-
istics according to lesion response. While the nonresponder 
group had more high-grade glioma patients (14 vs. 4 in the 
Responder group) and fewer medulloblastoma patients (4 
vs. 9 in the Responder group), the groups otherwise had 
similar distributions of WHO tumor grade, number of prior 
relapses, patients treated with radiation during the study 
or within 3 months of starting, and co-treatment with dex-
amethasone. Further subset analysis showed that higher 
survival in the Responder group was not attributable to 
whether patients received radiation as part of their treat-
ment. Of the 63 patients with evaluable measurable dis-
ease, 41 received radiation during the study or within 3 
months of starting. Of these, 18/41 (44%) showed at least 
one responsive lesion (Responders) and 23/41 (56%) 
showed no response (nonresponders). In this subset of 
patients who all received radiation, Responders again 
had signi�cantly longer median OS (28.2 months, range 
7.6�57.0, p = .0007) than nonresponders (5.6 months, range 
0.2�57.2). Thus, even controlling for radiation, lesion re-
sponse remained a strong independent predictor.

Safety and Feasibility for Patients with Newly 
Diagnosed DIPG

The Group 3b cohort of newly diagnosed DIPG patients 
tolerated therapy well with manageable adverse events 
(Supplemental Table S1) and no therapy-related deaths de-
spite having often large and obstructive pontine tumors. 
All DIPG patients were taking therapeutic dexametha-
sone for management of brain stem edema and intracra-
nial pressure at study entry, and 7/13 (54%) were able to 
wean to physiological adrenal doses or lower within 21 
days of starting indoximod therapy. The newly-diagnosed 
DIPG cohort (Figure 2B) had a median OS of 14.4 months 
(n = 13, range 4.7�29.7). Two patients with radiographically 
diagnosed DIPG had essentially complete response on the 
postradiation MRIs lasting 7.6 months and 13.3 months 
duration, and surviving for 23.3 and 29.7 months, respec-
tively. The patient surviving 29.7 months developed pro-
gression after 15 cycles of therapy, then was treated with 
indoximod plus re-irradiation (2000 cGy in 10 fractions) 
with a second CR on the post-radiation MRI lasting 8.5 
months duration. This patient then successfully received 
13 cycles of Group 4 therapy using indoximod combined 
with oral metronomic cyclophosphamide and etoposide. 
Only one other patient in the DIPG cohort was treated 
with re-irradiation, abortively receiving 720 cGy in 4 frac-
tions before developing substantial neurological decline 
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and passing away 7 days later at 5.5 months survival from 
study entry.

Exploratory Pharmacodynamic Studies

Mechanistically, the goal of IDO blockade was to break 
T cell tolerance to apoptotic cells during chemotherapy; 
the biologic readout for this is activation and clonal 

expansion of CD8+ effector T cells. Single-cell sequencing 
was performed for RNA expression (scRNA-seq) and TCR 
clonotyping (scTCR-seq) using baseline and on-therapy 
peripheral blood samples from 16 randomly selected pa-
tients. Patient responses measured using T cell clonal ex-
pansion index (CEI, as de�ned in Supplemental Methods) 
were heterogeneous in this post hoc analysis (Figure 4A), 
but in some patients up to 10%�20% of all circulating T 
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Figure 3.  Radiological responses of four representative patients, and Kaplan-Meier analysis of overall survival strati�ed 
by response. (A-C) T1 post-contrast MRI images for patients with recurrent ependymoma (A), recurrent medulloblastoma (B), and recurrent 
treatment-refractory secondary glioblastoma in a patient with Li-Fraumeni syndrome (C). Each patient is shown at baseline and after 2 cycles of 
indoximod plus temozolomide (no radiation). (D) T2-FLAIR MRI images for a patient with newly-diagnosed DIPG, at baseline and after completion 
of indoximod plus 5400 cGy radiation. (E) Exploratory post hoc analysis by Kaplan-Meier plot of overall survival strati�ed by the presence or ab-
sence of objective lesion-response (as de�ned in Supplementary Material), for evaluable patients with recurrent disease. OS = overall survival.
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