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ABSTRACT
Background Oncolytic viruses are considered part of 
immunotherapy and have shown promise in preclinical 
experiments and clinical trials. Results from these studies 
have suggested that tumor microenvironment remodeling 
is required to achieve an effective response in solid 
tumors. Here, we assess the extent to which targeting 
specific mechanisms underlying the immunosuppressive 
tumor microenvironment optimizes viroimmunotherapy.
Methods We used RNA- seq analyses to analyze the 
transcriptome, and validated the results using Q- PCR, 
flow cytometry, and immunofluorescence. Viral activity 
was analyzed by replication assays and viral titration. Kyn 
and Trp metabolite levels were quantified using liquid 
chromatography–mass spectrometry. Aryl hydrocarbon 
receptor (AhR) activation was analyzed by examination 
of promoter activity. Therapeutic efficacy was assessed 
by tumor histopathology and survival in syngeneic 
murine models of gliomas, including Indoleamine 
2,3- dioxygenase (IDO)-/- mice. Flow cytometry was 
used for immunophenotyping and quantification of cell 
populations. Immune activation was examined in co- 
cultures of immune and cancer cells. T- cell depletion was 
used to identify the role played by specific cell populations. 
Rechallenge experiments were performed to identify the 
development of anti- tumor memory.
Results Bulk RNA- seq analyses showed the activation 
of the immunosuppressive IDO- kynurenine- AhR circuitry 
in response to Delta- 24- RGDOX infection of tumors. To 
overcome the effect of this pivotal pathway, we combined 
Delta- 24- RGDOX with clinically relevant IDO inhibitors. 
The combination therapy increased the frequency of 
CD8+ T cells and decreased the rate of myeloid- derived 
suppressor cell and immunosupressive Treg tumor 
populations in animal models of solid tumors. Functional 
studies demonstrated that IDO- blockade- dependent 
activation of immune cells against tumor antigens could 
be reversed by the oncometabolite kynurenine. The 
concurrent targeting of the effectors and suppressors of 

the tumor immune landscape significantly prolonged the 
survival in animal models of orthotopic gliomas.
Conclusions Our data identified for the first time the in 
vivo role of IDO- dependent immunosuppressive pathways 
in the resistance of solid tumors to oncolytic adenoviruses. 
Specifically, the IDO- Kyn- AhR activity was responsible for 
the resurface of local immunosuppression and resistance 
to therapy, which was ablated through IDO inhibition. 
Our data indicate that combined molecular and immune 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Oncolytic viruses are promising antiglioma agents. 
We have reported that 20% of patients with glio-
ma treated with a single intratumoral injection of an 
oncolytic adenovirus underwent complete or partial 
responses; however, in addition to driving an anti-
tumor immune response, the infection of a tumor 
elicits the resurface of an immunosuppressive en-
vironment that opposes and counteracts the tumor 
eradication of the tumor.

WHAT THIS STUDY ADDS
 ⇒ In this work, we combined an oncolytic virus, which 
carries a positive activator of T- cells, with the inhibi-
tion of the Indoleamine 2,3- dioxygenase (IDO) cas-
cade, a key player in the tumor immunosuppressive 
environment. This therapeutic strategy reshaped 
the tumor microenvironment in favor of an antitu-
mor immune response and prolonged the survival of 
glioma- bearing mice.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE, OR POLICY

 ⇒ According to our data, the design of future clinical 
trials with oncolytic adenoviruses should consid-
er the addition of IDO inhibitors to enhance the 
immune- mediated aspect of the antitumor effect.
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therapy may improve outcomes in human gliomas and other cancers 
treated with virotherapy.

INTRODUCTION
Natural human viral infections can induce remission in 
several types of cancers. During the pandemic, patients 
with cancer infected with SARS- CoV- 2 have experienced 
complete remissions,1 2 illustrating the antitumor capacity 
of viruses. In one phase I study, the oncolytic virus Delta- 
24- RGD (DNX- 2401) induced complete tumor regression 
in 20% of patients with recurrent glioblastoma.3 Other 
findings in this clinical trial, including radiological signs 
of inflammation, pseudoprogression, and tumor infiltra-
tion by T- bet+ CD8+ T cells, strongly suggested that the 
antitumor effects of Delta- 24- RGD were due in part to an 
antitumor immune response. These observations agreed 
with preclinical studies showing that Delta- 24- RGD infec-
tion induces autophagy and immunogenic cell death in 
glioblastoma.4 5 To enhance the immune arm of this onco-
lytic virotherapy, we generated Delta- 24- RGDOX (DNX- 
2440), a third- generation adenovirus that includes the T 
cell activator OX40- ligand (OX40L)6 7 in the backbone of 
Delta- 24- RGD. Preclinical studies have shown that Delta- 
24- RGDOX induces a stronger T cell- mediated antitumor 
effect than parental Delta- 24- RGD in glioblastoma and 
metastatic melanoma murine models.6 7 Based on these 
preclinical results, Delta- 24- RGDOX is now being tested 
in clinical trials for the treatment of malignant gliomas 
(NCT03714334) and liver metastases (NCT04714983).

Infection of tumors with viruses is an efficient method of 
recruiting cytotoxic CD8+ T cells3 6 7; however, suppressive 
mechanisms within the tumor microenvironment restrain 
the effector immune response.8 Therefore, improving 
the overall potency of virotherapy may require targeting 
inherent tumor immunosuppression while augmenting T 
cell activation. Notably, viral infections elicit immunosup-
pressive mechanisms that further hinder virus- induced 
antitumor responses.9

Indoleamine 2,3- dioxygenase (IDO) is expressed in 
the tumor microenvironment and induces immune priv-
ilege, an effect that is reversed by the administration of 
IDO inhibitors.10 The catabolism of tryptophan (Trp) 
by IDO produces kynurenine (Kyn), a direct activator 
of aryl hydrocarbon receptor (AhR), promoting robust 
immunosuppression.11 12 The IDO- Kyn- AhR multicellular 
circuitry plays a fundamental role at the center of the 
immune synapse and acts as a bridge among the main 
immune cell populations in tumors.13

Activation of the IDO cascade is a major characteristic 
of several tumors,14–16 including gliomas,17 and correlates 
with poor prognoses.17 18 In addition to its role in tumors, 
IDO is activated in various tissues and cell subsets 
following cytokine stimulation during infection.19 Several 
clinical trials are examining IDO inhibitors as anticancer 
drugs. Most of these inhibitors (epacadostat, BMS- 
986205, navoximod, KHK2455, and BGB- 7204) are direct 
IDO enzymatic inhibitors, whereas indoximod is a Trp 

mimetic that imitates an artificial Trp- sufficiency signal 
on immune cells in an attempt to reverse IDO pathway- 
mediated suppression.20 21

Combinations of therapeutic strategies are probably 
required to overcome treatment resistance and improve 
the efficacy of immunotherapies in solid tumors. The main 
objective of this work was to determine the therapeutic 
efficacy and immune effects of combined treatment with 
Delta- 24- RGDOX and IDO inhibitors in solid tumors. 
We showed that simultaneous activation of the effector 
arm of the immune system, using oncolytic viruses and 
OX40- mediated T cell activation, and inhibition of the 
suppressor arm, with IDO inhibitors, produced robust 
remodeling of the tumor microenvironment, signifi-
cantly enhancing viroimmunotherapy and leading to 
tumor eradication in immunocompetent animal models.

METHODS
Methods are included in online supplemental materials.

RESULTS
Delta-24-RGDOX infection results in robust transcriptional 
modulation of the tumor microenvironment
Solid tumors consist of both tumor- intrinsic and tumor- 
extrinsic phenotypic features, which shape the overall 
tumor microenvironment. RNA sequencing (RNA- seq) 
enables the unbiased cellular and molecular profiling 
of complex tissues to dissect intratumoral heterogeneity. 
Leveraging this approach, we performed bulk RNA- seq 
analyses of Delta- 24- RGDOX–infected murine gliomas 
to comprehensively examine changes in the tumor tran-
scriptome. These data showed drastic reshaping of the 
tumor microenvironment following intratumoral infec-
tion (figure 1A,B). Specifically, ingenuity pathway anal-
ysis (IPA) of Delta- 24- RGDOX- infected tumors showed 
an enhancement of inflammation- related canonical 
pathways in these tumors compared with control tumors 
(figure 1C). We also performed IPA to identify altered 
upstream regulators in tumor treated with Delta- 24- 
RGDOX infection. This analysis identified IFNγ, TNF, 
IL1B, IFNα, and STAT1 as candidate regulators of the 
transcriptional response to Delta- 24- RGDOX infection 
(figure 1D). With respect to estimated nontumor cell type 
abundances inferred from bulk tissue transcriptomes, the 
main impact was a remarkable increase in the CD8+ T cell 
proportion (p=0.0031) (figure 1E). Indirectly implying 
that the effects on these cell populations were specific, 
Delta- 24- RGDOX infection resulted in a negligible 
effect on the transcriptional signatures of macrophages 
and dendritic cells. These data agreed with changes in 
the immune populations observed in murine models of 
glioma and melanoma on infection with oncolytic adeno-
viruses,6 7 as well as those observed in surgical specimens 
from gliomas infected with Delta- 24- RGD.3

Based on the rationale that IDO is triggered by IFNγ22 
and upregulated during viral infections,9 we asked 
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Figure 1 Delta- 24- RGDOX treatment remodels the tumor microenvironment. Differentially expressed genes in tumors treated 
with PBS versus tumors treated with Delta- 24- RGDOX were used for clustering, gene ontology (GO) biological process 
enrichment analysis, and pathway and network analyses. Analyses of tumors were performed on day 12, 5 days after the 
first dose of Delta- 24- RGDOX. (A) Heatmap comparing the transcriptional signatures of intracranial GL261- 5–derived tumors 
treated with PBS or Delta- 24- RGDOX. The log2- normalized expression levels of genes with significant adjusted p values 
(<0.05) across samples are shown. The color scale is shown above the heatmap. (B) GO biological process enrichment results 
for tumors treated with PBS or Delta- 24- RGDOX. The five most significant GO biological processes are shown. GO biological 
processes significantly associated with PBS- treated tumors are marked as ‘+’, whereas those significantly associated with 
Delta- 24- RGDOX- treated tumors are marked as ‘–’. (C) The five most significantly altered canonical pathways in tumors treated 
with PBS vs Delta- 24- RGDOX. Activation z- scores are plotted in the graph. †Hypercytokinemia/hyperchemokinemia in the 
pathogenesis of influenza; ††neuroinflammation signaling pathway. (D) The five most significantly altered upstream regulators in 
tumors treated with PBS versus Delta- 24- RGDOX. Activation z- scores are plotted in the graph. The negative z- scores represent 
activation in Delta- 24- RGDOX. (E) The prediction of the immune cell composition in GL261- 5- derived brain tumors treated with 
PBS or Delta- 24- RGDOX. The percentages of various immune cell populations in each sample are presented in the graph. 
The color code for the various immune cell types is shown to the right of the graph. (F) IDO1 network genes with significantly 
altered expression levels in tumors treated with PBS or Delta- 24- RGDOX. The color intensity indicates the log2 fold- change 
(green=activation) levels for each gene in PBS- treated tumors vs Delta- 24- RGDOX- treated tumors. IDO, indoleamine 
2,3- dioxygenase.
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whether Delta- 24- RGDOX treatment induces upregula-
tion of the IDO network. We observed that a great number 
of IDO- related transcripts were upregulated after viroim-
munotherapy, including those playing a pivotal role in 
maintaining glioma immunosuppression such as TGFβ, 
CTLA- 4, PD- 1, and GATA- 3 (figure 1F).

Collectively, these analyses indicated that Delta- 24- 
RGDOX induced a robust effect on the tumor microen-
vironment. The pleiotropic impact of Delta- 24- RGDOX 
infection includes not only the expected activation of 
proinflammatory pathways but also negative impacts on 
regulators of the immune responses against viruses and 
tumors. Within the negative regulatory network, IDO- 
related pathway is activated by Delta- 24- RGDOX infection 
and appears to play a critical role in the re- emergence of 
the immunosuppressive response.

Delta-24-RGDOX elicits IDO expression and activation in 
gliomas
We next aimed to confirm the effect of Delta- 24- RGDOX 
on the activity of the IDO pathway by assessing the produc-
tion of IDO- related metabolites, such as Kyn, and the 
expression of key downstream targets of IDO, including 
the transcription factor AhR.22–24 Several proteins that are 
directly or indirectly activated by adenovirus infection via 
activation of cytokines can modulate IDO expression. Of 
note, IDO was the first gene discovered to be inducible by 
IFNγ,25 a potent mediator of antiviral immune responses. 
In addition, IDO is regulated by other molecular mecha-
nisms activated during infection, such as the JAK/STAT26 
and IFN type I transduction signaling pathways.27–29

In in vitro experiments, we observed a remarkable 
increase in IDO expression in human and murine glioma 
cells following treatment with IFNγ (online supplemental 
figure S1). We also determined that infection of GL261- 5 
and GSC- 005 murine glioma cells with Delta- 24- RGDOX 
triggered a sixfold to sevenfold increase in IDO levels, 
as assessed by qRT- PCR (figure 2A). Additionally, infec-
tion of intracranial GL261- 5- derived gliomas with Delta- 
24- RGDOX led to a significant increase in IDO levels in 
vivo, and we observed a similar pattern in orthotopically 
implanted breast tumors (figure 2B,C).

Kyn is a product of the metabolic activity of IDO,30 and 
therefore, we next sought to ascertain whether infec-
tion of murine tumors with Delta- 24- RGDOX increased 
the production of this oncogenic metabolite in vivo. In 
agreement with the increased IDO mRNA expression 
observed in murine glioma cell lines on viral infection, 
both GL261- 5- and GSC- 005- derived tumors infected with 
Delta- 24- RGDOX showed a significantly higher Kyn/Trp 
ratio than control mouse brain tumors (figure 2D), as 
determined by liquid chromatography- mass spectrom-
etry, indicating the presence of an active IDO cascade in 
these tumors.

The IDO- mediated catabolism of Trp and subsequent 
production of Kyn suggested the potential activation of 
AhR, a key downstream target of IDO directly activated 
by Kyn.11 31 Importantly, AhR has dual functions as a 

transcriptional target for immune escape by viruses32 33 
and a promoter of immunosuppression in solid tumors, 
including gliomas.34–37 Using AhR reporter cells 
expressing a luciferase reporter functionally linked to an 
AhR- responsive promoter, we assessed the transcriptional 
activity of AhR in a panel of human glioma cell lines using 
supernatant of infected cells. We found that Delta- 24- 
RGDOX treatment significantly increased AhR transcrip-
tional activity (figure 2E), suggesting the treatment with 
the oncolytic adenovirus will have an effect on the IDO- 
Kyn- Ahr pathway in infected cells and, multiplying the 
initial effect, in neighboring cells. Because the binding of 
Kyn to AhR promotes AhR translocation to the nucleus,34 
we analyzed the expression and subcellular localization of 
AhR in cancer cells infected with Delta- 24- RGDOX using 
immunofluorescence. Compared with uninfected cells, 
infected cells showed significant increases in the whole- 
cell and nuclear intensity of AhR as well as a remarkable 
increase in the percentage of cells displaying nuclear 
AhR (figure 2F–H). Importantly, the Delta- 24- RGDOX- 
mediated changes were similar to the subcellular traf-
ficking of AhR observed when uninfected cultures were 
treated with Kyn (figure 2F–H).

These results suggested that following Delta- 24- RGDOX 
infection, there was substantial activation of the immuno-
suppressive IDO- Kyn- AhR cascade. The increased expres-
sion of the oncometabolite Kyn and upregulation of the 
transcriptional activity of AhR strongly suggested that 
infection of a tumor is followed by activation of the IDO 
circuitry with subsequent maintenance of an immunosup-
pressive environment.

The Delta-24-RGDOX replication capability and cytotoxic 
effect are preserved under IDO inhibition
To ascertain the effect of IDO activity specifically on virus 
oncolytic activity, we assessed the viral infectivity, viral 
replication, and virus- induced cytopathic effect of Delta- 
24- RGDOX in a panel of human and murine glioma 
cell lines (online supplemental figure S2). We observed 
that treating glioma cultures with a direct IDO enzyme 
inhibitor did not modify the activity of Delta- 24- RGDOX 
in any of the human or murine cancer cell lines tested. 
Thus, the quantitative levels of progeny virion production 
and expression of viral proteins were unchanged during 
IDO inhibition (online supplemental figure 3A,B,F,G). 
Corroborating these results, a timepoint analysis of cell 
viability showed that the oncolytic effect was similar in 
cells treated with Delta- 24- RGDOX alone or in combi-
nation with IDO inhibitors (online supplemental figure 
3C,D,E,H,I). These results suggested that the potency of 
Delta- 24- RGDOX remained unchanged under conditions 
of IDO inhibition.

The combination of Delta-24-RGDOX and IDO inhibitors 
enhances immune activation in murine models of glioma
To determine the phenotypic changes within the tumor 
microenvironment following the combined adminis-
tration of Delta- 24- RGDOX and an IDO inhibitor, we 
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Figure 2 Oncolytic adenoviruses induce the expression and activation of the IDO- Kyn- AhR cascade in vivo and in vitro. 
(A) IDO expression in GL261- 5 and GSC- 005 murine glioma cells in response to Delta- 24- RGDOX infection. Cells were infected 
with Delta- 24- RGDOX (100–150 multiplicities of infection (MOIs)) over 48 hours. RNA was extracted, and the relative levels of 
IDO were measured using qRT- PCR; GAPDH or β-Actin was used as a housekeeping gene control. The column graph shows 
2∧(CtGAPDH or β-Actin- CtIDO) results normalized to the mock- infected control. (B, C) Relative IDO expression in GL261- 5 or 4T1.2 
tumors in response to oncolytic adenovirus treatment in vivo. In (B, D), the mice were implanted intracranially with GL261- 5 
or GSC- 005 cells and intratumorally treated with PBS or Delta- 24- RGDOX; brain tumors were collected and flash- frozen on 
day 12. In (C), the mice were implanted with 4T1.2 cells in the right mammary fat pad and treated with PBS, D24- RGDOX, 
or indoximod (IDOi); tumors were collected and flash- frozen on day 36. RNA was extracted and analyzed as described 
in (A). (D) The Kyn and Trp metabolite levels in murine gliomas following the indicated treatments (described in (B)) were 
quantified using liquid chromatography–mass spectrometry. Data are presented as the ratios±SDs of Kyn concentrations to 
Trp concentrations. (E) AhR activity in human GSC lines and HeLa cells in response to Delta- 24- RGDOX infection. Cells were 
mock- infected or infected with Delta- 24- RGDOX (50 MOI) over 48 hours, and the transcriptional activity of AhR in the cells was 
quantified by evaluating the supernatants. Controls included medium (negative), medium containing the AhR agonist MeBio 
(0.32 nM), and medium containing Kyn (25 µM). HeLa cells were used as a positive control. (F) AhR expression and nuclear 
translocation on Delta- 24- RGDOX treatment. HeLa cells were infected with Delta- 24- RGDOX (25 MOI) over 48 hours or treated 
with Kyn (positive control) and then immunostained for AhR detection. Representative images of AhR- FITC staining, DAPI 
(nuclear) staining, and merged FITC/DAPI staining are shown. Scale bars, 50 µm. (G) Quantification of the mean fluorescence 
intensity of AhR in whole cells and nuclear compartments. (H) Frequency of nuclear AhR- positive cells after the indicated 
treatments, as analyzed using ImageJ software. Data are shown as the means±SDs. P values were generated by using a two- 
tailed Student’s t- test. AhR, aryl hydrocarbon receptor.
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performed RNA- seq analysis of GL261- 5 tumors from 
mice treated with PBS, an IDO inhibitor or Delta- 24- 
RGDOX alone or in combination. Hierarchical clustering 
of genes and samples showed that the transcriptome 
signatures of PBS- treated and IDO inhibitor- treated 
mice were not different. In contrast, Delta- 24- RGDOX 
infection resulted in significant alterations in gene path-
ways, making Delta- 24- RGDOX- treated mice distinct 
from PBS- and IDO inhibitor- treated mice (figure 3A,C). 
There was also a clear difference in the global transcrip-
tome signature between Delta- 24- RGDOX- and combina-
tion therapy- treated mice (figure 3A,C). Furthermore, 
network analyses of differentially expressed genes 
demonstrated that the addition of IDO network inhibi-
tion to Delta- 24- RGDOX infection reverted the effects of 
the adenovirus on several key immune- related transcripts 
that were induced during adenovirus infection, such as 
immune checkpoint regulators, inflammation- related 
cytokines, Toll- like receptors 7 and 9 and components 
of the stimulator of interferon genes (STING) pathway 
(figure 3C).

The predicted immune cell composition and transcrip-
tome signature showed minimal differences between 
PBS- treated and IDO inhibitor- treated brain tumors 
(figure 3B). Interestingly, upon treatment with Delta- 24- 
RGDOX, the estimated percentage of CD8+ T cells almost 
doubled compared with that in the group treated with 
IDO inhibition alone (Delta- 24- RGDOX: 23.7%; IDO 
inhibitor: 12.0%; PBS: 16.3%); the combination of Delta- 
24- RGDOX and the IDO inhibitor did not show signifi-
cant changes in the CD8 +T cell transcriptome frequency 
compared with Delta- 24- RGDOX alone (combination: 
26.2%) (figure 3B).

The altered immune responses of combination therapy- 
vs Delta- 24- RGDOX- treated mice confirmed and comple-
mented the results that showed increased activation of the 
IDO network in Delta- 24- RGDOX- treated mice. In this 
experiment, performed 14 days after the first viral admin-
istration, we did not observe the upregulation of the IDO 
transcript detected 5 days after viral treatment (figure 2), 
but the IDO network was still activated. Additionally, we 
observed a decrease in IDO pathway activation in tumors 
from combination therapy- treated mice compared to 
mice in the control group (figure 3C,D). These data also 
illustrated the ability of the IDO inhibitor to decrease the 
number of IDO- related transcripts induced in tumors 
infected with the adenovirus (figure 3D). Remarkably, the 
combination treatment decreased the expression of more 
than 90% of the upstream and downstream IDO- related 
transcripts induced on Delta- 24- RGDOX treatment.

Together, these results indicate that the combination of 
IDO inhibition with Delta- 24- RGDOX infection modulates 
the tumor microenvironment by two means, promoting 
an adaptive immune response while decreasing immuno-
suppression caused by virus- induced IDO pathway activa-
tion. These collective findings strengthen our rationale 
for combining Delta- 24- RGDOX infection with IDO inhi-
bition for the treatment of gliomas.

Combination of Delta-24-RGDOX infection with IDO inhibition 
prolongs the survival of glioma-bearing mice
The results from several clinical studies using oncolytic 
viruses,3 38–41 chimeric antigen receptor T cells,42–44 or anti- 
PD- 1 and anti- PD- L1 antibodies45 46 have shown that single 
cancer immunotherapies are unlikely to circumvent the 
immune evasion mechanisms of gliomas. Therefore, we 
aimed to test a three- pronged therapy in immunocompe-
tent animal models. First, to ascertain whether IDO inhi-
bition impairs oncolytic ability in vivo, we treated GL261- 5 
tumor- bearing IDO- knockout (KO) mice with Delta- 24- 
RGDOX. In this context of a genetically mediated IDO 
inhibition in the tumor microenvironment, Delta- 24- 
RGDOX prolonged median survival and produced 20% 
long- term survivors (online supplemental figure S3). We 
then compared the survival of glioma- bearing IDO- KO 
mice and wild- type mice treated with Delta- 24- RGDOX or 
PBS (figure 4A,B). As expected, all the PBS- treated mice 
succumbed to their tumors, with a median survival time 
of 44 days, regardless of the mouse genotype. Importantly, 
Delta- 24- RGDOX treatment resulted in a longer median 
survival duration and a higher percentage of long- term 
survivors in the IDO- KO mice than in the wild- type mice 
(p=0.0142). To further determine the therapeutic efficacy 
of Delta- 24- RGDOX combined with IDO inhibition, we 
tested this treatment in the intracranial GL261- 5 tumor- 
bearing mouse model (figure 4C,D). The median survival 
times of the control- treated mice and the IDO inhibitor 
1MT- treated mice were 38.5 and 37.5 days, respectively. 
As expected, the mice treated with Delta- 24- RGDOX had 
significantly prolonged survival, with a median survival 
time of 46.5 days. In addition, 20% of the mice treated 
with Delta- 24- RGDOX survived for 120 days (the last 
timepoint tested). Notably, mice treated with a combina-
tion of Delta- 24- RGDOX and the IDO inhibitor had the 
greatest therapeutic benefit, with a median survival time 
of 108.5 days and a remarkable long- term survival (120 
days) rate of 50% (p=0.004; vs Delta- 24- RGDOX).

Next, we asked whether the antiglioma effect of the 
combined Delta- 24- RGDOX and IDO inhibitor therapy 
is immune mediated. To address this question, we 
performed rechallenge experiments with long- term survi-
vors in the combination therapy group using intracranial 
injection of GL261- 5 cells into the contralateral hemi-
sphere (figure 4C,E). As expected, treatment- naïve mice 
injected with GL261- 5 cells died within 50 days, but the 
mice treated with Delta- 24- RGDOX and the IDO inhib-
itor survived 100 days with no symptoms of disease. These 
data unequivocally indicated the immune nature of the 
treatment response, as the combination of Delta- 24- 
RGDOX and IDO inhibitors generated immune memory 
against glioma antigens.

To confirm these results, we tested the combination 
therapy in another murine glioma model. To this end, we 
intracranially implanted GSC- 005 cells in C57BL/6 mice 
and treated the mice with either PBS or Delta- 24- RGDOX 
with or without the IDO inhibitor (figure 4C,F). In this 
case, we used BGB- 7204, a clinical- grade CNS- penetrating 
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IDO1 enzyme inhibitor.20 The PBS- treated and IDO 
inhibitor- treated mice had median survival times of 38.5 
or 42 days, respectively, and 100% of the mice died due 
to tumor growth. As expected, treatment of these brain 

tumor- bearing mice with Delta- 24- RGDOX prolonged 
survival compared with control treatment, with a median 
survival time of 53 days (p=0.02). Similar to the GL261- 5 
model, the GSC- 005 tumor- bearing mice treated with the 

Figure 3 IDO inhibition modulates the tumor microenvironment of Delta- 24- RGDOX- treated murine brain tumors. Differentially 
expressed genes in tumors treated with PBS, the IDO inhibitor (IDOi) indoximod, Delta- 24- RGDOX (RGDOX), or the IDOi 
and Delta- 24- RGDOX (combo) utilized for clustering, immune population prediction, and pathway and network analyses. 
Examination of tumors were performed on day 21, 14 days after the first dose of Delta- 24- RGDOX. (A) Heatmap comparing 
the transcriptional signatures of intracranial GL261- 5- derived tumors treated with PBS, the IDOi, Delta- 24- RGDOX, or the 
combination therapy. Tumors were established in these mice for 21 days, and the mice underwent treatment for 14 days. The 
log2- normalized averaged expression levels of genes with significant adjusted p values (<0.05) across sample groups are 
shown. The color scale is shown above the heatmap. (B) The prediction of the immune cell composition in GL261- 5- derived 
brain tumors in the indicated treatment group. The percentages of various immune cell populations in each sample are 
presented in the graph. The color code for the various immune cell types is shown at the bottom of the graph. (C) Heatmap 
or (D) pathway representation of IDO1 network genes with significantly altered expression levels in tumors; treatment group 
comparisons are indicated, in the experiment delineated in (A). The color scale is shown above the heatmap. The color 
intensity of the pathway representation graphics indicates the log2 fold- change levels for each gene in the specified treatment 
group comparison; gray represents unchanged, green represents activation, and red represents inhibition. IDO, indoleamine 
2,3- dioxygenase.
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Figure 4 Combined treatment with Delta- 24- RGDOX infection and IDO inhibition results in an enhanced therapeutic effect 
and tumor regression. (A) Treatment schedule of wild- type (WT) and IDO- KO C57BL/6 mice bearing intracranial (IC) GSC- 
005 tumors. GSC- 005 cells were implanted IC on day 0, and the mice were randomly assigned to receive intratumoral (IT) 
injection of either Delta- 24- RGDOX or vehicle. Survival was monitored for up to 200 days. (B) Kaplan- Meier survival curves of 
the mice included in the experiment depicted in (A). (C) Treatment schedule of C57BL/6 mice- bearing intracranial tumors that 
were treated with Delta- 24- RGDOX alone or in combination with an IDO inhibitor (IDOi). OG, oral gavage. (D) Kaplan- Meier 
survival curves of intracranial GL261- 5 tumor- bearing C57BL/6 mice treated with vehicle or with Delta- 24- RGDOX alone, or 
in combination with the IDOi 1- methyl- DL- tryptophan (1MT; n=10/group). (E) Long- term survivors previously treated with the 
combination therapy described in (D) were rechallenged with an intracranial injection of GL216- 5 cells into the contralateral 
hemisphere, and their survival was compared with that of control treatment- naïve mice (n=5/group). (F) Kaplan- Meier survival 
curves of intracranial GSC- 005 tumor–bearing C57BL/6 mice treated with vehicle or with Delta- 24- RGDOX alone or in 
combination with the IDOi BGB- 7204 (n=9–10/group). (G, H) The brains of intracranial GL261- 5 or GSC- 005 tumor- bearing 
C57BL/6 mice were subjected to histopathological analyses on day 15 (GL261- 5) or 24 (GSC- 005) after treatment with PBS, 
Delta- 24- RGDOX, indoximod, or the combination therapy (n=5–8/group). Representative images of H&E staining (G) and the 
average tumor surface areas (H) were acquired using Aperio ImageScope software. Scale bar, 2 mm. P values were derived with 
the log- rank test (B, D–F) and a two- tailed Student’s t- test (G–I). The difference between the arms Delta- 24- RGDOX and Delta- 
24- RGDOX+IDOi was calculated using the restricted mean survival Qme (RMST) to account for the long- term survivors. IDO, 
indoleamine 2,3- dioxygenase.
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combination of Delta- 24- RGDOX and the IDO inhib-
itor exhibited the longest median survival (63 days) and 
resulted in 44% long- term survivors, showing a signif-
icant long- term survival rate in comparison to Delta- 24- 
RGDOX as a single treatment (p=0.04).

In agreement with the survival data, analysis of tissue 
sections of brains harvested from mice injected with 
either GL261- 5 glioma cells or GSC- 005 glioma cells in 
the different treatment groups showed progressive tumor 
regression in the mice treated with the combination 
therapy (figure 4G,H; online supplemental figures S4,S5). 
Of note, neither the GL261- 5 nor GSC- 005 brain tumor- 
bearing animals treated with the combination therapy 
exhibited significant changes in weight over the course 
of treatment, indicating the tolerability of this treatment 
(online supplemental figure S6).

In summary, antitumor treatment with the combina-
tion of Delta- 24- RGDOX and an IDO inhibitor is supe-
rior to treatment with either agent alone and significantly 
prolongs survival, generates long- term survivors, and 
induces antiglioma immune memory in immunocompe-
tent animal models of cancer.

The anticancer effect of combination treatment with Delta-
24-RGDOX infection plus IDO inhibition is dependent on 
CD4+ T cell activity
To further understand the immune- mediated mecha-
nisms underlying the anticancer effect of the combina-
tion of Delta- 24- RGDOX infection plus IDO inhibition, 
we assessed the phenotypic changes in the lymphocyte 
population following treatment (figure 5A). Flow cyto-
metric analyses revealed a significant influx of CD45+CD3+ 
T cells in both GL261- 5 and GSC- 005 tumor- bearing mice 
treated with Delta- 24- RGDOX compared with control- 
treated mice (figure 5B). These results were confirmed 
with immunohistochemical assessments of CD3+ T cells 
in the two murine brain tumor models (figure 5C; online 
supplemental figure S7). Analysis of absolute counts of 
intratumoral CD3+, CD4+, and CD8+ T cell populations 
showed a significant difference among the treatment 
groups (figure 5B, D and E).

Based on our RNA- seq findings suggesting a link 
between IDO and an immunosuppressive tumor micro-
environment following Delta- 24- RGDOX infection 
and on previous reports of IDO activation resulting in 
increasing frequencies of regulatory T cells (Tregs) and 
myeloid- derived suppressor cells (MDSCs),47 we next 
assessed whether these two cell populations underwent 
changes in treated tumors. Gene set enrichment anal-
yses of RNA- seq data showed positive enrichment of 
gene sets associated with Tregs (normalized enrichment 
score of 1.375, p=0.0, FDR q value=0.0439) and MDSCs 
(normalized enrichment score of 1.352, p=0.0, FDR 
q- value=0.0642) in tumors treated with Delta- 24- RGDOX 
compared with control- treated tumors (figure 5F, left 
panels). In contrast, the combination of Delta- 24- 
RGDOX infection with IDO inhibition led to a reversal 
of these findings, shifting the tumor microenvironment 

away from an immunosuppressive phenotype (figure 5F, 
right panels). These results were confirmed by flow 
cytometric analyses of the tumor microenvironment of 
virus- treated and combination- treated mice (figure 5G). 
Importantly, whereas Delta- 24- RGDOX alone increased 
Treg and MDSC populations, Delta- 24- RGDOX plus the 
IDO inhibitor significantly decreased these crucial immu-
nosuppressive populations. Similar results were observed 
from the analysis of CD4+CD25+FoxP3-, which have been 
considered Tregs precursors48 49 (online supplemental 
figure S8).

Since CD4+ T cells constitute the target of the OX40 
ligand/receptor synapse,50 we aimed to understand the 
extent to which these cells contributed to the therapeutic 
efficacy of the combination of Delta- 24- RGDOX infec-
tion and IDO inhibition in glioblastoma. In this case, we 
used Indoximod as IDO inhibitor, which is being tested 
in clinical trials. Our results showed that combination of 
Delta- 24- RGDOX with Indoximod was more potent than 
the combination using 1MT (figure 4D). To analyze the 
role of CD4+ T cells, we performed these cells using anti- 
CD4 antibodies (figure 6A–C). Our results showed that 
in mice with a decreased population of CD4+ T cells, the 
antiglioma effect of the combination treatment was abol-
ished, and the median survival of the combination- treated 
CD4+ T cell- depleted mice was similar to that of control- 
treated mice (figure 6D). This loss of the anticancer 
effect indicates that the combined therapy depends on 
the CD4+ T helper cell population to induce maximal 
anticancer effects and produce long- term survivors.

In summary, our data indicated that the combina-
tion of Delta- 24- RGDOX infection with IDO inhibition 
resulted in intratumoral infiltration of several T cell 
populations, such as CD45+CD3+, CD45+CD3+CD4+ and 
CD45+CD3+CD8+ cells. Of interest, we detected para-
doxical activation of immunosuppressive populations, 
including MDSCs and Tregs, by Delta- 24- RGDOX, which 
was partially reversed by the addition of IDO inhibitors. 
Furthermore, the depletion of CD4+ cells, the main target 
of the OX40 ligand/receptor synapse,50 abrogated the 
antitumor efficacy of this combination therapy. These 
findings underscored the critical role of the CD4+ T cell 
population in the eradication of tumors treated with 
Delta- 24- RGDOX and an IDO inhibitor.

Treatment with Delta-24-RGDOX and IDO inhibition led to 
functional activation of antitumor immune cells
To study the immune response to treatment, we 
performed coculture- based functional immune assays. 
Splenocytes from GL261- 5 tumor- bearing mice treated 
with Delta- 24- RGDOX with or without IDO inhibitors 
were cocultured with uninfected or Delta- 24- RGDOX- 
infected glioma cells to assess antitumor immune 
responses (figure 7A–D). We showed that spleno-
cytes isolated from mice treated with the combination 
therapy displayed robust immune activation against 
Delta- 24- RGDOX- infected glioma cells, as determined 
by measuring the secreted levels of the Th1 cytokines 
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Figure 5 Combined Delta- 24- RGDOX and IDO inhibitor treatment increases intratumoral T cells and decreases 
immunosuppressive cell populations. (A) Treatment timeline for the analysis of immune cell populations. C57BL/6 mice 
were intracranially (IC) implanted with GL261- 5 or GSC- 005 cells and randomly assigned to receive PBS (control), an IDO 
inhibitor (IDOi; GL261- 5: indoximod. GSC- 005: BGB- 7204), Delta- 24- RGDOX, or Delta- 24- RGDOX plus IDOi. On day 24, 
brains were collected, stained as indicated, and analyzed using flow cytometry. Parallel experiments were performed for 
immunohistochemical analyses of the brains. it, intratumorally; OG, oral gavage. (B) Column graphs show the absolute numbers 
of CD45+CD3+ cells per tumor- containing brain hemisphere in the indicated murine glioma model. (C) Representative CD3 
immunohistochemistry images for the indicated treatment groups. Images were acquired using Aperio ImageScope pathology 
slide viewing software. Scale bar, 100 µm. (D, E) Column graphs show the absolute numbers of CD4+ (D) and CD8+ (E) T cells 
per hemisphere in the indicated murine glioma models. (F) Enrichment plots for the Treg (top) and MDSC (bottom) gene sets in 
PBS- treated versus Delta- 24- RGDOX- treated or Delta- 24- RGDOX- treated versus Combo- treated GL261- 5 brain tumor RNA. 
(G) Column graphs show the absolute numbers of CD4+CD25+FoxP3+ Tregs per hemisphere (top) and CD45+GR1+CD11b+ 
MDSCs per hemisphere (bottom). Data are shown as the means±SDs (n=3). P values were derived with an ordinary one- way 
ANOVA (B, D–E) or a two- tailed Student’s t- test (G). ANOVA, analysis of variance; IDO, indoleamine 2,3- dioxygenase; MDSC, 
myeloid- derived suppressor cell.
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IFNγ and IL- 2 (figure 7C). Importantly, we detected the 
same trend of immune activation against uninfected 
glioma cells (figure 7B), suggesting that tumor infection 
resulted in antigen spreading that led to recognition of 

tumor antigens. We also evaluated immune activation at 
an earlier timepoint, which further confirmed the anti-
tumor activation of splenocytes against uninfected cells 
(online supplemental figure S9).

Figure 6 The therapeutic efficacy of combined Delta- 24- RGDOX infection and IDO inhibition requires CD4+ T cell activity. 
(A) Treatment schedule for Delta- 24- RGDOX given alone or in combination with an IDO inhibitor (IDOi) in the presence of 
anti- CD4 depleting antibodies. Mice were intracranially (IC) implanted with GL261- 5 cells and randomly assigned to receive 
intratumoral (IT) injections of PBS or the combination of Delta- 24- RGDOX and the IDOi indoximod (n=10 or 11 per group, 
respectively). An IgG control antibody and the anti- CD4 depleting antibodies were administered intraperitoneally. OG, oral 
gavage. (B) Flow cytometry plots showing CD4+ and CD8+ T cell populations in the spleen of treatment- naïve mice and mice 
treated with IgG2b or anti- CD4 at 38 days after tumor implantation. (C) Column graph shows the frequencies of CD4+ T cells 
in the indicated treatment groups. (D) Kaplan- Meier survival curves of GL261- 5 tumor–bearing C57BL/6 mice in the different 
treatment groups. Data are shown as the means±SDs. P values were derived with a two- tailed Student’s t- test (C) or the log- 
rank test (D). IDO, indoleamine 2,3- dioxygenase.
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We then sought to dissect the negative role of Kyn 
in immune activation using similar functional assays 
(figure 7D). To this end, we challenged the effect of 
IDO inhibition by enriching the culture medium with 
Kyn and then examined the activity of splenocytes cocul-
tured with glioma cells.51 As expected, the secretion of 
IL- 2 was increased in cocultures of splenocytes isolated 
from virus- treated mice compared with control- treated 
mice when either uninfected cells or virus- infected cells 
were included, validating the virus- induced immune acti-
vation against tumor antigens (figure 7D). Interestingly, 
the addition of Kyn partially decreased immune cell acti-
vation by reducing IL- 2 secretion, providing evidence that 
Kyn had a negative effect on virus- activated splenocytes 
(figure 7D).51

These functional assays showed the robust effect of 
IDO inhibition on the activation of immune cells against 
cancer cells and the significant reversion of this immune 
activation by downstream activators of the IDO signaling 
circuitry. In addition, these data indirectly suggested that 
the IDO- Kyn circuitry has a role in counteracting the anti-
tumoral virus- mediated immune activation.

DISCUSSION
A recent plethora of clinical trials in adults and children 
with brain tumors have shown that oncolytic viruses 
prolong the survival of a small percentage of patients 
(<20%).3 38–41 Importantly, these studies have also shown 
that viroimmunotherapy induces T cell infiltration into 
brain tumors.3 38–41 Such findings support the paradigm- 
shifting concept that complete tumor debulking by 
virotherapy requires the elicitation of antitumor immune 
responses following the initial oncolytic effect. There-
fore, further enhancement of the immune arm of this 
treatment approach may be required to increase the 
percentage of positive responders,52 and we previously 
reported that the infection of a tumor with the armed 
oncolytic adenovirus Delta- 24- RGDOX was followed by 
a striking activation, and significantly more robust than 
that triggered by the previous generation Delta- 24- RGD, 
of the immune response in murine syngeneic models of 
both glioma and melanoma.6 7 Here, we show that RNA- 
seq analyses revealed that Delta- 24- RGDOX infection also 
promoted the paradoxical activation of immunosuppres-
sive pathways, including the IDO cascade, and immuno-
suppressive populations, such Tregs and MDSCs. This 
double- edged activation of positive and negative immune 
regulators is occasionally observed during viral infec-
tions.53–55 As exemplified by the transcriptional signature 
of the treated gliomas in this study, viral infection activates 
immune checkpoint regulators, including CTLA- 4, PD- 1, 
and IDO.56 This counterintuitive effect of tumor infection 
was confirmed by in vitro and in vivo studies showing that 
Delta- 24- RGDOX infection is followed by the upregula-
tion and activation of the IDO cascade, a notable finding 
that is in agreement with previous reports showing that 
IDO is upregulated in human glioma cells upon exposure 

Figure 7 Combined oncolytic virus and IDO inhibitor 
treatment enhances antitumor immune activation. 
(A) Treatment timeline for the functional splenocyte assays. 
C57BL/6 mice were intracranially (IC) implanted with GL261- 5 
cells and randomly assigned to receive PBS, the IDO inhibitor 
(IDOi) indoximod, Delta- 24- RGDOX, or Delta- 24- RGDOX plus 
indoximod. On day 24, splenocytes from the tumor- bearing 
mice were cocultured with the indicated prefixed target cells 
for 48 hours, and the concentrations of secreted IFNγ or IL- 2 
were assessed by ELISA. it, intratumoral; OG, oral gavage. 
(B, C) Column graphs show the levels of secreted IL- 2 (top) 
or IFNγ (bottom) in cocultures containing splenocytes from 
mice in the indicated treatment groups and mock- infected 
GL261- 5 cells (B), GL261- 5 cells infected with Delta- 24- 
RGDOX (C). (D) Levels of IL- 2 in co- cultures containing 
splenocytes from mice in the indicated groups and t mock 
or Delta- 24- RGDOX- infected GL261- 5, and the media was 
supplemented with kynurenine (Kyn, 25 µM). Data are shown 
as the means±SDs (n=3). Indicated p values were evaluated 
using a two- tailed Student’s t- test. IDO, indoleamine 
2,3- dioxygenase.
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to the major antiviral cytokine IFNγ, which is also a tran-
scriptional regulator of IDO.25 57 Thus, our results are 
consistent with the cell and tissue upregulation of IDO 
following cytokine stimulation in the context of infection, 
autoimmunity, and cancer.19

Downstream of IDO, AhR is activated by viral infec-
tion58 and induces immunosuppression,11 12 59–61 which 
in turn can favor cancer progression. In human patients 
with glioblastoma, the expression of AhR is associated 
with a poor prognosis.62 Thus, the initial effect of Delta- 
24- RGDOX may be counteracted by the expression of the 
IDO- AhR cascade and the subsequent prevention of an 
antitumor immune response. Therefore, we hypothesized 
that targeting the IDO pathway should have a double- 
positive effect: on the one hand, improving virotherapy 
and, on the other hand, decreasing intrinsic tumor 
immunosuppression.

Of further clinical relevance, IDO and AhR are poten-
tial druggable targets in malignant gliomas.17 62–64 In this 
work, we demonstrated that Delta- 24- RGDOX combined 
with IDO inhibitors induced prolonged survival and 
generated a higher rate of long- term survival than control 
treatments in murine models of gliomas. The addition of 
IDO inhibitors is required to induce anticancer effects 
in several models of cancer. For example, HPV16- E6- E7/
HRAS–driven lung epithelial cancer was suppressed 
by only the combination of HPV16 E7 vaccines, OX40 
agonists, and IDO inhibitors.65 Furthermore, Berrong et 
al65 showed that while the addition of anti- OX40 to an 
antigen- specific cancer vaccine moderately enhanced 
therapeutic efficacy, it was the addition of an IDO inhib-
itor to this treatment that eventually led to complete 
regression of established tumors in 60% of treated mice. 
Additionally, in agreement with our data, Sagiv- Barfi et al 
combined intratumoral delivery of an adenovirus- related 
TLR9 ligand with OX40 activation to increase anticancer 
T cell responses.66

The IDO- Kyn- AhR pathway potentiates systemic 
toxicity during viral infection.32 33 Moreover, activation of 
the IDO- Kyn- AhR cascade worsens influenza virus infec-
tion.67–70 In addition, constitutive AhR activation reduces 
the type I IFN antiviral response.24 Based on these data, 
although in this study we did not observe any sign of 
toxicity, the inhibition of the IDO circuitry should likely 
limit the potential systemic toxicity of Delta- 24- RGDOX 
in clinical trials.

The OX40 pathway is predominantly active in CD4+ T 
cells.71 In our models, the anticancer effect of Delta- 24- 
RGDOX infection combined with IDO inhibition was due 
to the elicitation of a robust antitumor immune response. 
Thus, we observed increased absolute counts of tumor 
infiltrating CD4+ and CD8+ T lymphocytes in combina-
tion treated tumors. These observations aligned with our 
functional studies showing that Kyn negatively regulated 
T cell responses to viral or tumor antigens. Furthermore, 
antibody depletion of CD4+ T cells abolished the anti-
tumor effect of the combination therapy, indicating that 

the T helper cell response is required to elicit antitumor 
immune responses.

Our data also indicated that the virus- mediated upreg-
ulation of the IDO cascade was associated with intriguing 
increases in the MDSC and Treg populations, which were 
partially counteracted by IDO inhibition. In this regard, 
IDO orchestrates in solid tumors immunosuppressive 
effects through Treg- dependent recruitment and activa-
tion of MDSCs,47 which can be reversed by IDO inhibi-
tion.47 Moreover, IDO activity inhibits the proliferation 
of antigen- specific T lymphocytes, inducing tumor toler-
ance,61 72–75 and further inhibits T cell- based adaptive 
immunity by promoting the differentiation of Tregs in 
tumors,15 76–78 which can be induced by Kyn11 and result 
in the suppression of antigen- specific T cell responses.51 79 
It is important to note that in our cell system, the addition 
of Kyn to cocultures of splenocytes from treated mice and 
cancer cells efficiently suppressed the activation of the 
immune cells elicited by Delta- 24- RGDOX.

In conclusion, our findings reveal that immunosup-
pressive pathways play a prominent role in the resistance 
of solid tumors to oncolytic virotherapy. Furthermore, the 
activity of the tumor microenvironment IDO circuitry is 
responsible, at least partially, for the remodeling of local 
immunosuppression after tumor infection. Combining 
molecular and immune- related therapies may improve 
outcomes in human gliomas and other cancers treated 
with virotherapy. These highly translatable studies should 
propel the development of a clinical trial to test the safety 
and efficacy of the combination of oncolytic adenovi-
ruses armed with T cell activators and IDO inhibitors in 
patients with glioblastoma and other solid tumors.

Author affiliations
1Department of Neuro- Oncology, The University of Texas MD Anderson Cancer 
Center, Houston, Texas, USA
2The University of Texas MD Anderson Cancer Center UTHealth Graduate School of 
Biomedical Sciences, Houston, Texas, USA
3Department of Neurosurgery, The University of Texas MD Anderson Cancer Center, 
Houston, Texas, USA
4Department of Microbiology and Medical Zoology, University of Puerto Rico School 
of Medicine, San Juan, Puerto Rico
5The University of Texas Health Science Center at Houston School of Biomedical 
Informatics, Houston, Texas, USA
6Department of Neurological Surgery, Northwestern University Feinberg School of 
Medicine, Chicago, Illinois, USA
7Pediatrics, Clínica Universidad de Navarra, Pamplona, Spain
8Program of Solid Tumors, CIMA, Pamplona, Spain
9Department of Medicine- Hematology/Oncology, Northwestern University Feinberg 
School of Medicine, Chicago, Illinois, USA

Twitter Hong Jiang @HongJia15477637, Marta M Alonso @pumorister and Derek A 
Wainwright @dwainwright_PhD

Acknowledgements The authors thank Dr. Inder M. Verma (The Salk Institute 
for Biological Studies, La Jolla, CA, USA) for generously providing the GSC- 005 
glioma culture; Verlene Henry for providing technical assistance with animal 
experiments; Drs. William K. Russel and Rahul Deshpande (Mass Spectrometry 
Facility, University of Texas Medical Branch at Galveston, TX, USA) for performing 
the liquid chromatography–mass spectrometry analysis; and Joseph Munch, 
Mark Picus, and Stephanie Deming (Editing Services in MD Anderson Cancer 
Center Research Medical Library) for their assistance in language editing of this 
manuscript.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-004935 on 28 July 2022. D

ow
nloaded from

 

https://twitter.com/HongJia15477637
https://twitter.com/pumorister
https://twitter.com/dwainwright_PhD
http://jitc.bmj.com/


14 Nguyen TT, et al. J Immunother Cancer 2022;10:e004935. doi:10.1136/jitc-2022-004935

Open access 

Contributors Conceptualization and design: TN, HJ, FL, MA, DW, CG- M, and JF. 
Development of methodology and acquisition of data: TN, DHS, SS, YR- M, XF, JG, LZ, 
EL, and KLL. Data analysis: TN, SKS, HJ, SS, CA- B, FG- V, LZ, and WJZ. Supervision: 
CG- M, JF. Writing, review, revision, and guarantors of the manuscript: TN, CG- M, 
and JF.

Funding This work was supported by the National Institutes of Health 
(NIH) F31CA228207 (TN), R01CA256006 (JF, CG- M), P50CA127001 (JF, FL), 
1UL1TR003167 (WJZ), R01AG066749 (WJZ) and U54CA096297 (CG- M, FG- V); The 
University of Texas MD Anderson Cancer Center Glioblastoma Moon Shots Program 
(FL, CG- M, JF); James P. Harris Brain Tumor Research Fund; Bradley Zankel 
Foundation (JF); and John and Rebekah Harper Fellowship (DHS). This study also 
used MD Anderson’s Research Animal Support Facility and Advanced Technology 
Genomics Core, which are supported in part by the NIH/NCI through MD Anderson’s 
Cancer Center Support Grant P30CA01667, and the Cancer Prevention and 
Research Institute of Texas (CPRIT) RP170668 (WJZ) and RP190682 (supporting the 
Mass Spectrometry Facility at the University of Texas Medical Branch, Galveston, 
TX).

Disclaimer The funding bodies were not involved in the study design, the 
data collection and analysis, the decision to publish, or the preparation of the 
manuscript.

Competing interests MA, HJ, FL, CG- M, and JF report license agreements with 
DNAtrix. CG- M and JF are shareholders of DNAtrix. MA reports DNAtrix- sponsored 
research not related to this work.

Patient consent for publication Not applicable.

Ethics approval Not applicable.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement All data relevant to the study are included in the 
article or uploaded as online supplemental information.

Supplemental material This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Sagar Sohoni http://orcid.org/0000-0002-4041-2937
Hong Jiang http://orcid.org/0000-0003-4668-5319
Marta M Alonso http://orcid.org/0000-0002-7520-7351
Derek A Wainwright http://orcid.org/0000-0001-7232-4264
Juan Fueyo http://orcid.org/0000-0001-6941-2335

REFERENCES
 1 Challenor S, Tucker D. SARS- CoV- 2- induced remission of Hodgkin 

lymphoma. Br J Haematol 2021;192:415.
 2 Sollini M, Gelardi F, Carlo- Stella C. Complete remission of follicular 

lymphoma after SARS- CoV- 2 infection: from the "flare phenomenon" 
to the "abscopal effect. Eur J Nucl Med Mol Imaging 2021.

 3 Lang FF, Conrad C, Gomez- Manzano C, et al. Phase I study of 
DNX- 2401 (Delta- 24- RGD) oncolytic adenovirus: replication and 
immunotherapeutic effects in recurrent malignant glioma. J Clin 
Oncol 2018;36:JCO2017758219.

 4 Jiang H, Fueyo J. Healing after death: antitumor immunity induced 
by oncolytic adenoviral therapy. Oncoimmunology 2014;3:e947872.

 5 Jiang H, Gomez- Manzano C, Rivera- Molina Y, et al. Oncolytic 
adenovirus research evolution: from cell- cycle checkpoints to 
immune checkpoints. Curr Opin Virol 2015;13:33–9.

 6 Jiang H, Rivera- Molina Y, Gomez- Manzano C, et al. Oncolytic 
adenovirus and tumor- targeting immune modulatory therapy improve 
autologous cancer vaccination. Cancer Res 2017;77:3894–907.

 7 Jiang H, Shin DH, Nguyen TT, et al. Localized treatment with 
oncolytic adenovirus Delta- 24- RGDOX induces systemic immunity 
against disseminated subcutaneous and intracranial melanomas. 
Clin Cancer Res 2019;25:6801–14.

 8 Saleh R, Elkord E. Acquired resistance to cancer immunotherapy: 
role of tumor- mediated immunosuppression. Semin Cancer Biol 
2020;65:13–27.

 9 Schmidt SV, Schultze JL. New insights into IDO biology in bacterial 
and viral infections. Front Immunol 2014;5:384.

 10 Uyttenhove C, Pilotte L, Théate I, et al. Evidence for a tumoral 
immune resistance mechanism based on tryptophan degradation by 
indoleamine 2,3- dioxygenase. Nat Med 2003;9:1269–74.

 11 Mezrich JD, Fechner JH, Zhang X, et al. An interaction between 
kynurenine and the aryl hydrocarbon receptor can generate 
regulatory T cells. J Immunol 2010;185:3190–8.

 12 Quintana FJ, Basso AS, Iglesias AH, et al. Control of T(reg) and 
T(H)17 cell differentiation by the aryl hydrocarbon receptor. Nature 
2008;453:65–71.

 13 Routy J- P, Routy B, Graziani GM, et al. The kynurenine pathway 
is a double- edged sword in Immune- Privileged sites and in 
cancer: implications for immunotherapy. Int J Tryptophan Res 
2016;9:67–77.

 14 Munn DH, Sharma MD, Hou D, et al. Expression of indoleamine 
2,3- dioxygenase by plasmacytoid dendritic cells in tumor- draining 
lymph nodes. J Clin Invest 2004;114:280–90.

 15 Curti A, Pandolfi S, Valzasina B, et al. Modulation of tryptophan 
catabolism by human leukemic cells results in the conversion of 
CD25- into CD25+ T regulatory cells. Blood 2007;109:2871–7.

 16 Mansfield AS, Heikkila PS, Vaara AT, et al. Simultaneous FOXP3 and 
IDO expression is associated with sentinel lymph node metastases in 
breast cancer. BMC Cancer 2009;9:231.

 17 Wainwright DA, Balyasnikova IV, Chang AL, et al. IDO expression 
in brain tumors increases the recruitment of regulatory T cells and 
negatively impacts survival. Clin Cancer Res 2012;18:6110–21.

 18 Du L, Xing Z, Tao B, et al. Both IDO1 and TDO contribute to the 
malignancy of gliomas via the Kyn- AhR- AQP4 signaling pathway. 
Signal Transduct Target Ther 2020;5:10.

 19 Jaronen M, Quintana FJ. Immunological relevance of the coevolution 
of IDO1 and AHR. Front Immunol 2014;5:521.

 20 Ladomersky E, Zhai L, Lenzen A, et al. Ido1 inhibition synergizes with 
radiation and PD- 1 blockade to durably increase survival against 
advanced glioblastoma. Clin Cancer Res 2018;24:2559–73.

 21 Labadie BW, Bao R, Luke JJ. Reimagining IDO pathway 
inhibition in cancer immunotherapy via downstream focus on the 
Tryptophan- Kynurenine- Aryl hydrocarbon axis. Clin Cancer Res 
2019;25:1462–71.

 22 Platten M, von Knebel Doeberitz N, Oezen I, et al. Cancer 
immunotherapy by targeting IDO1/TDO and their downstream 
effectors. Front Immunol 2015;5:673.

 23 Litzenburger UM, Opitz CA, Sahm F, et al. Constitutive IDO 
expression in human cancer is sustained by an autocrine signaling 
loop involving IL- 6, STAT3 and the AhR. Oncotarget 2014;5:1038–51.

 24 Yamada T, Horimoto H, Kameyama T, et al. Constitutive aryl 
hydrocarbon receptor signaling constrains type I interferon- mediated 
antiviral innate defense. Nat Immunol 2016;17:687–94.

 25 Yoshida R, Imanishi J, Oku T, et al. Induction of pulmonary 
indoleamine 2,3- dioxygenase by interferon. Proc Natl Acad Sci U S A 
1981;78:129–32.

 26 Arumuggam N, Bhowmick NA, Rupasinghe HPV. A review: 
phytochemicals targeting JAK/STAT signaling and IDO expression in 
cancer. Phytother Res 2015;29:805–17.

 27 Boasso A, Hardy AW, Anderson SA, et al. HIV- induced type I 
interferon and tryptophan catabolism drive T cell dysfunction despite 
phenotypic activation. PLoS One 2008;3:e2961.

 28 Schroecksnadel K, Zangerle R, Bellmann- Weiler R, et al. 
Indoleamine- 2, 3- dioxygenase and other interferon- gamma- mediated 
pathways in patients with human immunodeficiency virus infection. 
Curr Drug Metab 2007;8:225–36.

 29 Sage LK, Fox JM, Mellor AL, et al. Indoleamine 2,3- dioxygenase 
(IDO) activity during the primary immune response to influenza 
infection modifies the memory T cell response to influenza challenge. 
Viral Immunol 2014;27:112–23.

 30 Zhai L, Spranger S, Binder DC, et al. Molecular pathways: targeting 
IDO1 and other tryptophan dioxygenases for cancer immunotherapy. 
Clin Cancer Res 2015;21:5427–33.

 31 Murray IA, Patterson AD, Perdew GH. Aryl hydrocarbon receptor 
ligands in cancer: friend and foe. Nat Rev Cancer 2014;14:801–14.

 32 Barroso A, Gualdrón- López M, Esper L, et al. The aryl hydrocarbon 
receptor modulates production of cytokines and reactive oxygen 
species and development of myocarditis during Trypanosoma cruzi 
infection. Infect Immun 2016;84:3071–82.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-004935 on 28 July 2022. D

ow
nloaded from

 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-4041-2937
http://orcid.org/0000-0003-4668-5319
http://orcid.org/0000-0002-7520-7351
http://orcid.org/0000-0001-7232-4264
http://orcid.org/0000-0001-6941-2335
http://dx.doi.org/10.1111/bjh.17116
http://dx.doi.org/10.1200/JCO.2017.75.8219
http://dx.doi.org/10.1200/JCO.2017.75.8219
http://dx.doi.org/10.4161/21624011.2014.947872
http://dx.doi.org/10.1016/j.coviro.2015.03.009
http://dx.doi.org/10.1158/0008-5472.CAN-17-0468
http://dx.doi.org/10.1158/1078-0432.CCR-19-0405
http://dx.doi.org/10.1016/j.semcancer.2019.07.017
http://dx.doi.org/10.3389/fimmu.2014.00384
http://dx.doi.org/10.1038/nm934
http://dx.doi.org/10.4049/jimmunol.0903670
http://dx.doi.org/10.1038/nature06880
http://dx.doi.org/10.4137/IJTR.S38355
http://dx.doi.org/10.1172/JCI21583
http://dx.doi.org/10.1182/blood-2006-07-036863
http://dx.doi.org/10.1186/1471-2407-9-231
http://dx.doi.org/10.1158/1078-0432.CCR-12-2130
http://dx.doi.org/10.1038/s41392-019-0103-4
http://dx.doi.org/10.3389/fimmu.2014.00521
http://dx.doi.org/10.1158/1078-0432.CCR-17-3573
http://dx.doi.org/10.1158/1078-0432.CCR-18-2882
http://dx.doi.org/10.3389/fimmu.2014.00673
http://dx.doi.org/10.18632/oncotarget.1637
http://dx.doi.org/10.1038/ni.3422
http://dx.doi.org/10.1073/pnas.78.1.129
http://dx.doi.org/10.1002/ptr.5327
http://dx.doi.org/10.1371/journal.pone.0002961
http://dx.doi.org/10.2174/138920007780362608
http://dx.doi.org/10.1089/vim.2013.0105
http://dx.doi.org/10.1158/1078-0432.CCR-15-0420
http://dx.doi.org/10.1038/nrc3846
http://dx.doi.org/10.1128/IAI.00575-16
http://jitc.bmj.com/


15Nguyen TT, et al. J Immunother Cancer 2022;10:e004935. doi:10.1136/jitc-2022-004935

Open access

 33 Sanchez Y, Rosado JdeD, Vega L, et al. The unexpected role for 
the aryl hydrocarbon receptor on susceptibility to experimental 
toxoplasmosis. J Biomed Biotechnol 2010;2010:1–15.

 34 Gutiérrez- Vázquez C, Quintana FJ. Regulation of the immune 
response by the aryl hydrocarbon receptor. Immunity 2018;48:19–33.

 35 Rothhammer V, Quintana FJ. The aryl hydrocarbon receptor: an 
environmental sensor integrating immune responses in health and 
disease. Nat Rev Immunol 2019;19:184–97.

 36 Munn DH, Mellor AL. Indoleamine 2,3 dioxygenase and metabolic 
control of immune responses. Trends Immunol 2013;34:137–43.

 37 Prendergast GC, Mondal A, Dey S, et al. Inflammatory 
Reprogramming with IDO1 Inhibitors: Turning Immunologically 
Unresponsive 'Cold' Tumors 'Hot'. Trends Cancer 2018;4:38–58.

 38 Friedman GK, Johnston JM, Bag AK, et al. Oncolytic HSV- 1 G207 
Immunovirotherapy for pediatric high- grade gliomas. N Engl J Med 
2021;384:1613–22.

 39 Cloughesy TF, Landolfi J, Hogan DJ, et al. Phase 1 trial of 
vocimagene amiretrorepvec and 5- fluorocytosine for recurrent high- 
grade glioma. Sci Transl Med 2016;8:ra375.

 40 Desjardins A, Gromeier M, Herndon JE, et al. Recurrent glioblastoma 
treated with recombinant poliovirus. N Engl J Med 2018;379:150–61.

 41 Markert JM, Razdan SN, Kuo H- C, et al. A phase 1 trial of oncolytic 
HSV- 1, G207, given in combination with radiation for recurrent 
GBM demonstrates safety and radiographic responses. Mol Ther 
2014;22:1048–55.

 42 Brown CE, Badie B, Barish ME, et al. Bioactivity and safety 
of IL13Rα2- Redirected chimeric antigen receptor CD8+ T 
cells in patients with recurrent glioblastoma. Clin Cancer Res 
2015;21:4062–72.

 43 Ahmed N, Brawley V, Hegde M, et al. HER2- Specific chimeric antigen 
receptor- modified virus- specific T cells for progressive glioblastoma: 
a phase 1 dose- escalation trial. JAMA Oncol 2017;3:1094–101.

 44 O'Rourke DM, Nasrallah MP, Desai A, et al. A single dose of 
peripherally infused EGFRvIII- directed CAR T cells mediates antigen 
loss and induces adaptive resistance in patients with recurrent 
glioblastoma. Sci Transl Med 2017;9. doi:10.1126/scitranslmed.
aaa0984. [Epub ahead of print: 19 07 2017].

 45 Ott PA, Bang Y- J, Piha- Paul SA, et al. T- Cell- Inflamed gene- 
expression profile, programmed death ligand 1 expression, and 
tumor mutational burden predict efficacy in patients treated with 
pembrolizumab across 20 cancers: KEYNOTE- 028. J Clin Oncol 
2019;37:318–27.

 46 Kurz SC, Cabrera LP, Hastie D, et al. PD- 1 inhibition has only 
limited clinical benefit in patients with recurrent high- grade glioma. 
Neurology 2018;91:e1355–9.

 47 Holmgaard RB, Zamarin D, Li Y, et al. Tumor- Expressed IDO recruits 
and activates MDSCs in a Treg- Dependent manner. Cell Rep 
2015;13:412–24.

 48 Burchill MA, Yang J, Vogtenhuber C, et al. IL- 2 receptor beta- 
dependent STAT5 activation is required for the development of 
Foxp3+ regulatory T cells. J Immunol 2007;178:280–90.

 49 Owen DL, Mahmud SA, Sjaastad LE, et al. Thymic regulatory T 
cells arise via two distinct developmental programs. Nat Immunol 
2019;20:195–205.

 50 Croft M, So T, Duan W, et al. The significance of OX40 and OX40L to 
T- cell biology and immune disease. Immunol Rev 2009;229:173–91.

 51 Dagenais- Lussier X, Aounallah M, Mehraj V, et al. Kynurenine 
reduces memory CD4 T- cell survival by interfering with 
interleukin- 2 signaling early during HIV- 1 infection. J Virol 
2016;90:7967–79.

 52 Sharma P, Allison JP. The future of immune checkpoint therapy. 
Science 2015;348:56–61.

 53 Cao S, Wylie KM, Wyczalkowski MA, et al. Dynamic host immune 
response in virus- associated cancers. Commun Biol 2019;2:109.

 54 Viganò S, Perreau M, Pantaleo G, et al. Positive and negative 
regulation of cellular immune responses in physiologic conditions 
and diseases. Clin Dev Immunol 2012;2012:1–11.

 55 Goldszmid RS, Dzutsev A, Trinchieri G. Host immune response to 
infection and cancer: unexpected commonalities. Cell Host Microbe 
2014;15:295–305.

 56 Wykes MN, Lewin SR. Immune checkpoint blockade in infectious 
diseases. Nat Rev Immunol 2018;18:91–104.

 57 Yoshida R, Urade Y, Tokuda M, et al. Induction of indoleamine 
2,3- dioxygenase in mouse lung during virus infection. Proc Natl Acad 
Sci U S A 1979;76:4084–6.

 58 Giovannoni F, Li Z, Garcia CC, et al. A potential role for AHR in 
SARS- CoV- 2 pathology. Res Sq 2020. doi:10.21203/rs.3.rs-25639/ 
v1. [Epub ahead of print: 27 Apr 2020].

 59 Terness P, Bauer TM, Röse L, et al. Inhibition of allogeneic T cell 
proliferation by indoleamine 2,3- dioxygenase- expressing dendritic 
cells: mediation of suppression by tryptophan metabolites. J Exp 
Med 2002;196:447–57.

 60 Fallarino F, Grohmann U, Vacca C, et al. T cell apoptosis by 
tryptophan catabolism. Cell Death Differ 2002;9:1069–77.

 61 Frumento G, Rotondo R, Tonetti M, et al. Tryptophan- derived 
catabolites are responsible for inhibition of T and natural killer cell 
proliferation induced by indoleamine 2,3- dioxygenase. J Exp Med 
2002;196:459–68.

 62 Takenaka MC, Gabriely G, Rothhammer V, et al. Control of tumor- 
associated macrophages and T cells in glioblastoma via AHR and 
CD39. Nat Neurosci 2019;22:729–40.

 63 Perepechaeva ML, Grishanova AY. The role of aryl hydrocarbon 
receptor (AhR) in brain tumors. Int J Mol Sci 2020;21. doi:10.3390/
ijms21082863. [Epub ahead of print: 20 Apr 2020].

 64 Zhai L, Lauing KL, Chang AL, et al. The role of IDO in brain tumor 
immunotherapy. J Neurooncol 2015;123:395–403.

 65 Berrong Z, Mkrtichyan M, Ahmad S, et al. Antigen- specific antitumor 
responses induced by OX40 agonist are enhanced by the IDO 
inhibitor Indoximod. Cancer Immunol Res 2018;6:201–8.

 66 Sagiv- Barfi I, Czerwinski DK, Levy S, et al. Eradication of 
spontaneous malignancy by local immunotherapy. Sci Transl Med 
2018;10. doi:10.1126/scitranslmed.aan4488. [Epub ahead of print: 
31 01 2018].

 67 Jin G- B, Moore AJ, Head JL, et al. Aryl hydrocarbon receptor 
activation reduces dendritic cell function during influenza virus 
infection. Toxicol Sci 2010;116:514–22.

 68 Jin G- B, Winans B, Martin KC, et al. New insights into the role of 
the aryl hydrocarbon receptor in the function of CD11c⁺ cells during 
respiratory viral infection. Eur J Immunol 2014;44:1685–98.

 69 Lawrence BP, Roberts AD, Neumiller JJ, et al. Aryl hydrocarbon 
receptor activation impairs the priming but not the recall of influenza 
virus- specific CD8+ T cells in the lung. J Immunol 2006;177:5819–28.

 70 Warren TK, Mitchell KA, Lawrence BP. Exposure to 
2,3,7,8- tetrachlorodibenzo- p- dioxin (TCDD) suppresses the humoral 
and cell- mediated immune responses to influenza A virus without 
affecting cytolytic activity in the lung. Toxicol Sci 2000;56:114–23.

 71 Croft M. Control of immunity by the TNFR- related molecule OX40 
(CD134). Annu Rev Immunol 2010;28:57–78.

 72 Grohmann U, Fallarino F, Puccetti P. Tolerance, DCs and tryptophan: 
much ado about IDO. Trends Immunol 2003;24:242–8.

 73 Mellor AL, Keskin DB, Johnson T, et al. Cells expressing 
indoleamine 2,3- dioxygenase inhibit T cell responses. J Immunol 
2002;168:3771–6.

 74 Sznurkowski JJ, Żawrocki A, Emerich J, et al. Expression of 
indoleamine 2,3- dioxygenase predicts shorter survival in patients 
with vulvar squamous cell carcinoma (vSCC) not influencing on the 
recruitment of FOXP3- expressing regulatory T cells in cancer nests. 
Gynecol Oncol 2011;122:307–12.

 75 Munn DH, Shafizadeh E, Attwood JT, et al. Inhibition of T cell 
proliferation by macrophage tryptophan catabolism. J Exp Med 
1999;189:1363–72.

 76 Curti A, Trabanelli S, Salvestrini V, et al. The role of indoleamine 
2,3- dioxygenase in the induction of immune tolerance: focus on 
hematology. Blood 2009;113:2394–401.

 77 Curti A, Trabanelli S, Onofri C, et al. Indoleamine 2,3- dioxygenase- 
expressing leukemic dendritic cells impair a leukemia- specific 
immune response by inducing potent T regulatory cells. 
Haematologica 2010;95:2022–30.

 78 Levina V, Su Y, Gorelik E. Immunological and nonimmunological 
effects of indoleamine 2,3- dioxygenase on breast tumor growth and 
spontaneous metastasis formation. Clin Dev Immunol 2012, 173029 
2012.

 79 Platten M, Ho PP, Youssef S, et al. Treatment of autoimmune 
neuroinflammation with a synthetic tryptophan metabolite. Science 
2005;310:850–5.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-004935 on 28 July 2022. D

ow
nloaded from

 

http://dx.doi.org/10.1155/2010/505694
http://dx.doi.org/10.1016/j.immuni.2017.12.012
http://dx.doi.org/10.1038/s41577-019-0125-8
http://dx.doi.org/10.1016/j.it.2012.10.001
http://dx.doi.org/10.1016/j.trecan.2017.11.005
http://dx.doi.org/10.1056/NEJMoa2024947
http://dx.doi.org/10.1126/scitranslmed.aad9784
http://dx.doi.org/10.1056/NEJMoa1716435
http://dx.doi.org/10.1038/mt.2014.22
http://dx.doi.org/10.1158/1078-0432.CCR-15-0428
http://dx.doi.org/10.1001/jamaoncol.2017.0184
http://dx.doi.org/10.1126/scitranslmed.aaa0984
http://dx.doi.org/10.1200/JCO.2018.78.2276
http://dx.doi.org/10.1212/WNL.0000000000006283
http://dx.doi.org/10.1016/j.celrep.2015.08.077
http://dx.doi.org/10.4049/jimmunol.178.1.280
http://dx.doi.org/10.1038/s41590-018-0289-6
http://dx.doi.org/10.1111/j.1600-065X.2009.00766.x
http://dx.doi.org/10.1128/JVI.00994-16
http://dx.doi.org/10.1126/science.aaa8172
http://dx.doi.org/10.1038/s42003-019-0352-3
http://dx.doi.org/10.1155/2012/485781
http://dx.doi.org/10.1016/j.chom.2014.02.003
http://dx.doi.org/10.1038/nri.2017.112
http://dx.doi.org/10.1073/pnas.76.8.4084
http://dx.doi.org/10.1073/pnas.76.8.4084
http://dx.doi.org/10.21203/rs.3.rs-25639/v1
http://dx.doi.org/10.1084/jem.20020052
http://dx.doi.org/10.1084/jem.20020052
http://dx.doi.org/10.1038/sj.cdd.4401073
http://dx.doi.org/10.1084/jem.20020121
http://dx.doi.org/10.1038/s41593-019-0370-y
http://dx.doi.org/10.3390/ijms21082863
http://dx.doi.org/10.1007/s11060-014-1687-8
http://dx.doi.org/10.1158/2326-6066.CIR-17-0223
http://dx.doi.org/10.1126/scitranslmed.aan4488
http://dx.doi.org/10.1093/toxsci/kfq153
http://dx.doi.org/10.1002/eji.201343980
http://dx.doi.org/10.4049/jimmunol.177.9.5819
http://dx.doi.org/10.1093/toxsci/56.1.114
http://dx.doi.org/10.1146/annurev-immunol-030409-101243
http://dx.doi.org/10.1016/s1471-4906(03)00072-3
http://dx.doi.org/10.4049/jimmunol.168.8.3771
http://dx.doi.org/10.1016/j.ygyno.2011.04.050
http://dx.doi.org/10.1084/jem.189.9.1363
http://dx.doi.org/10.1182/blood-2008-07-144485
http://dx.doi.org/10.3324/haematol.2010.025924
http://dx.doi.org/10.1126/science.1117634
http://jitc.bmj.com/


1 

 

Supplementary Methods 

 

Cell lines. The murine glioma cell lines GL261 (Tumor Bank Repository, National Cancer Institute, 

Frederick, MD), GL261-5 (a clone with slower in vivo growth kinetics) 1, and human HeLa and 

HEK293 cells (ATCC) were cultured in Dulbecco’s modified Eagle’s medium with nutrient mixture F12 
(DMEM/F12) (Corning). Murine GSC-005 glioma cells (kindly provided by I.M. Verma, The Salk 

Institute for Biological Studies, CA) 2 were maintained in DMEM/F12 supplemented with N2 (1x; 

Invitrogen), fibroblast growth factor-2 (20 ng/ml; PeproTech), epidermal growth factor (20 ng/ml; 

Promega), and heparin (50 μg/ml; Sigma). The murine breast cancer cell line 4T1.2 expressing the 

luciferase gene (kindly provided by C. Bartholomeusz, MD Anderson Cancer Center, TX) was 

maintained in RPMI 1640 medium (Corning). The human glioma-like stem cell lines GSC11, GSC20, 

GSC7-2, GSC13, and GSC8-11 3-5 were cultured in DMEM/F12 with B27 (1x; Invitrogen), antibiotic-

antimitotic (1x; ThermoFisher Scientific), fibroblast growth factor-2  (20 ng/ml), and epidermal growth 

factor (20 ng/ml). Cultures, except for cultures of GSCs, were supplemented with 10% fetal bovine 

serum (HyClone Laboratories) and antibiotics (100 μg/ml penicillin, 100 μg/ml streptomycin; Corning). 

All cells were kept at 37˚C in a humidified atmosphere containing 5% CO2. 

 

Oncolytic adenoviruses. A previously constructed oncolytic adenovirus, Delta-24-RGDOX 1, was 

propagated in human lung carcinoma A549 cells. Virions were collected and purified using the 

Adenopure kit (Puresyn, Inc.) following the manufacturer’s instructions. Viral titers and replication were 

determined by measuring the plaque-forming units per ml (pfu/ml) using conventional methods. Briefly, 

HEK293 cells (2.5 × 105) were incubated in 24-well plates with serial dilutions of the viral stock. Forty-

eight hours later, cultures were fixed with 100% ice-cold methanol for 10 min at –20°C. Cells were 

stained for hexon expression using an anti-adenovirus polyclonal antibody (Millipore Sigma, AB1056; 1 

h, 37˚C) followed by secondary staining with a biotinylated anti-goat IgG antibody (H+L, Vector 

Biolabs, BA-5000; (1 h, 37˚C). The Vector Vectastain ABC kit (Vector Biolabs, PK-4000) and 

ImmPACT DAB peroxidase substrate kit (Vectro Biolabs, SK-4105) were utilized for the visualization 

of positive cells. Hexon-stained areas were counted under a light microscope (20× objective) in 10 

individual fields per well. In wells with viral dilutions showing 5-50 positive cells/field, the viral titer 

was calculated using the following formula: pfu/ml = [(mean number of positive cells/field) × 

(fields/well)] / [volume virus (ml) × dilution factor]. The antibodies used are shown in Supplementary 

Table 1. 

 

Viral replication assay. To determine the replication ability of Delta-24-RGDOX in the adherent cell 

lines used in this study, we seeded 1.5 × 105 cells/well in a 12-well plate and counted the cells after 

letting them attach overnight to calculate the appropriate amount of Delta-24-RGDOX needed to 

achieve specified multiplicities of infection (MOIs). Delta-24-RGDOX was diluted in PBS to achieve 

the specified MOIs and added dropwise to the attached cells, which were cultured in 200 µl of serum-

free media for 20 min at 37˚C and shaken every 5 min to disperse the virus. The serum-free media was 

then removed, and the cells were cultured in 1 ml of complete medium. Non-adherent cells were 

cultured with diluted Delta-24-RGDOX in 200 µl of serum-free media for 20 min at 37˚C and shaken 

every 5 min to disperse the virus, and then 800 µl of complete medium was added. After a 48-h 

incubation period, adherent and non-adherent cells and supernatant were collected, flash-frozen and 

thawed 3 times, and then centrifuged at 500 × g for 5 min. The supernatants were used for viral titration 

in HEK293 cells, as explained in the “Oncolytic adenoviruses” section above.  
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Viral-induced cytopathic ability of virus assay. To determine the virus-induced cytopathic ability of 

Delta-24-RGDOX, we seeded 1 × 104 cells/well in a 96-well plate (75 µl media/well). An additional 75 

µl of media containing the appropriate treatment was then added to the cells. The virus-induced 

cytopathic ability was measured every 24 h for up to 168 h by quantifying ATP levels using the 

ViralToxGlo Assay (Promega) according to the manufacturer’s protocol.  
 

IDO inhibitors. The IDO inhibitors indoximod and 1-methyl-DL-tryptophan (1MT; Sigma-Aldrich) 

were suspended in PBS containing 3-mm glass balls (Thomas Scientific, #3000), which was rotated 

overnight to help re-suspend the drug. The clinical grade direct IDO enzyme inhibitor BGB-7204 

(BeiGene; kindly provided by D. Wainwright, Northwestern University, IL), whose 

pharmacokinetic/pharmacodynamics properties have been reported previously 6, was suspended in Ora-

Plus oral suspending vehicle (Perrigo). For in vitro use of these inhibitors, DMSO (Sigma) was used as 

the diluent. 

 

In vivo studies. For glioma implantations, 5 × 104 GL261-5 or GSC-005 cells/mouse or 1 × 103 B16-

F10 cells/mouse were implanted into the caudate nucleus of 7- to 10-week-old male or female C57BL/6 

mice using a guide-screw system as described previously 7. The mice were then randomly assigned to 

experimental groups. Treatment began 7 days after tumor cell implantation. Delta-24-RGDOX 

adenoviruses (5 × 107 – 1 × 108 pfu/dose) were injected intratumorally on days 7, 9, and 11. For 4T1.2 

breast tumor implantations, 1 × 104 4T1.2 cells/mouse were injected into the right mammary pads of 7-

to 10-week-old female BALB/c mice; intratumoral Delta-24-RGDOX (1 × 108 pfu/dose) injections were 

administered on days 10, 14, 16, 18, and 21. Indoximod (275 mg/kg), 1MT (400 mg/kg), or BGB-7204 

(100mg/kg) was administered twice daily, by oral gavage, 5 days/week, from days 7-35 after tumor 

implantation. Mice surviving 120 days were re-challenged with a new intracranial tumor injection using 

GL261-5 cells (5 × 104 cells/mouse) on the contralateral side of the initial tumor injection. For the 

depletion studies, anti-CD4 depletion antibodies or rat IgG2b isotype control antibodies were 

administered to mice intraperitoneally starting on day 4 after tumor implantation and every 4 days 

thereafter until day 36. C57BL/6 IDO-knockout (KO) mice (B6.129-Ido1tm1Alm/J; stock no. 005867) 

were purchased from The Jackson Laboratory and bred in MD Anderson Cancer Center’s Research 
Animal Support Facility. The depletion antibodies used are shown in Supplementary Table 1. All 

experimental procedures involving the use of mice were done in accordance with protocols approved by 

the Animal Care and Use Committee of MD Anderson Cancer Center and National Institutes of Health 

and United States Department of Agriculture guidelines. 

 

Preparation of single-cell suspensions from murine brains and spleens. Spleens and tumor-bearing 

brain hemispheres were collected from the mice. Initial suspensions were obtained by cutting the tissue 

or grinding the organs, filtering them through 100-μm cell strainers (Fisher Scientific), and then placing 

the cell suspension in RPMI 1640 medium (10 ml/sample). All tissues were pelleted by centrifugation 

(500 × g for 7 min at room temperature [RT]). The spleen-derived pellet was re-suspended in Red Blood 

Cell Lysing Buffer Hybri-Max (Sigma-Aldrich) to lyse the red blood cells according to the 

manufacturer’s instructions. Then, the cell suspension was brought up to 20 ml/sample with RPMI 1640 

medium to stop the lysis reaction and washed once in 1x PBS. The brain-derived pellet was washed once 

with HBSS (Corning), and then the cells were incubated in 8 pg/ml Liberase TM (Millipore Sigma) for 

15 min at 37°C, washed again with HBSS, and then resuspended in 40% Percoll (1.130 g/ml; GE 

Healthcare), which was overlaid on top of 80% Percoll at a 1:1 ratio. The cells were centrifuged for 20 

min at 500 × g at RT with an acceleration of 1 and a deceleration of 0, and the lymphocyte gradient 
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interphase was collected and washed once with PBS. The cells from the brains and spleens were pelleted 

by centrifugation at 500 × g for 7 min at RT and finally re-suspended in FACS buffer (PBS containing 

10 mM HEPES, 2 mM EDTA, and 1% fetal bovine serum).  

 

RNA sequencing and data analysis. Total RNA was extracted from flash-frozen tumor using the 

RNeasy Plus Mini Kit (Qiagen). Sequencing was performed by Novogene. RNA quality control was 

performed to measure quantification using Nanodrop, test RNA degradation or potential contamination 

using agarose gel electrophoresis, and check for RNA integrity using Agilent 2100 Bioanalyzer System. 

Library construction was developed from the mRNA of eukaryotic organisms, which was enriched using 

oligo(dT) beads. This eukaryotic mRNA was then fragmented randomly in fragmentation buffer, and 

then cDNA was synthesized using random hexamers and reverse transcriptase. After first-strand 

synthesis, a custom second-strand synthesis buffer (Illumina) was added with dNTPs, RNase H, and 

Escherichia coli polymerase I to generate the second strand by nick translation. The final cDNA library 

was ready after a round of purification, terminal repair, A-tailing, sequencing adapter ligation, size 

selection, and PCR enrichment. Sequencing was performed using HiSeq machines (Illumina). Key steps 

of the RNA-seq data analysis included the evaluation of the quality of the reads by fastqc (fastqc/0.11.8) 

followed by the removal of the sequencing adapters and unpaired reads by trimmomatic 

(trimmomatic/0.33) 8. These trimmed FASTQ files were used to map reads to the mouse genome 

/ENSEMBL.mus_musculus.release-75 using the STAR aligner (star/2.6.0b) 9. Feature counts were 

extracted from the resulting .bam files by subread (subread/1.6.3) 10. Estimates of unwanted variations in 

the raw read counts across samples were determined using the remove unwanted variation (RUV) 

method on the Galaxy platform, which estimates the factors of unwanted variation using replicate 

samples 11. The RUV method uses the empirical Bayes approach to estimate a moderated t-statistic. 

These estimates were used as batch factors in DESeq2 analyses to determine differentially expressed 

genes in the group comparisons 12. For the preparation of heatmaps, the log2 normalized values for 

genes with significant adjusted P-values (<0.05) from the DESeq2 analyses were utilized; both rows and 

columns were hierarchically clustered using 1 – r, where r is the Pearson correlation, with average 

linkage. For gene ontology (GO) enrichment analysis, the log2 fold change (FC) values for genes with 

significant adjusted P-values (<0.05) from the DESeq2 PBS vs. RGDOX were used; enrichment 

analyses were performed on http://www.pantherdb.org/, with false discovery rate correction. Briefly, the 

genes with significant fold change are compared against each ontology category in panther database. 

The values for the genes in each ontology category are compared statistically to the overall distribution 

of values to look for coordinated shifts across that category. The cutoffs for the ingenuity pathway 

analyses (IPAs) were P-values ≤0.05 and log2 FCs of ±1; activation z-scores are plotted on graphs. An 

activation z-score of ±2 was considered significant. The expression levels of genes with significant FCs 

and P-values in the sample group comparisons analysis were overlaid onto the IDO1 network curated 

from the IPA knowledge base. For the prediction of immune cell compositions as inferred from RNA-

seq data, we input transcripts per million for each sample to the seq-ImmuCC platform 13, and the 

predicted percentages of various immune cell populations in each sample were plotted in Excel. The 

gene set enrichment analyses were performed with GSEA_4.0.3 software, and the whole-genome 

expression profiles of PBS- and Delta-24-RGDOX–treated tumors were used as inputs. The Treg gene 

set (Supplementary Data File 1) was curated from the IPA knowledge base, and the MSDC gene set 

(Supplementary Data File 2) was based on a previous publication 14. 
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Aryl-hydrocarbon-receptor activity assay. For the assessment of the activity of aryl-hydrocarbon-

receptor (AhR) induced by Delta-24-RGDOX, cells were mock-infected or infected with Delta-24-

RGDOX (50 MOIs) and incubated for 48 h. The transcriptional activity of AhR in cell supernatants was 

quantified using an AhR assay kit (Indigo Biosciences), which utilizes AhR reporter cells expressing a 

luciferase reporter gene functionally linked to an AhR-responsive promoter. The protocol was 

performed according to the manufacturer’s instructions. 
 

AhR immunofluorescence. HeLa cells were seeded in a 96-well black-sided, clear-bottom tissue 

culture plate (Corning) at a density of 1 × 104 cells per well. Cells were mock-treated, treated with 

kynurenine (150 µM; Santa Cruz Biotechnology), or treated with Delta-24-RGDOX (25 MOI) in 

complete media for 48 h. Then, immunofluorescence staining was performed by following the 

procedures provided by the antibody manufacturer. Briefly, cells were washed with PBS and fixed with 

4% formaldehyde in PBS for 10 min at RT. After the wells were washed 3 times with wash buffer (2 

mg/ml BSA in PBS), the cells were permeabilized with 0.2% Triton X-100 for 30 min at RT in a moist 

chamber. After permeabilization, the cells were washed 3 times and overlaid with the primary antibody 

against AhR (Santa Cruz Biotechnology) containing 2 mg/ml BSA. After overnight incubation, the cells 

were washed 3 times and incubated with the FITC-conjugated secondary antibody (Invitrogen, Alexa 

Fluor 488 goat anti-mouse) for 1 h at RT. The cells were washed 4 times and then stained with DAPI 

(Invitrogen; 1 µg/ml). The cells were then overlaid with mounting medium and imaged using an 

Axiovert 200 inverted microscope (Zeiss). The cellular and nuclear AhR intensities were quantified 

using ImageJ software (NIH). The antibodies and their working dilutions are shown in Supplementary 

Table 1. 

 

Quantitative real-time polymerase chain reaction. For the detection of mRNA levels from cultured 

cells, Trizol reagent was used according to the established routine protocol. For the detection of mRNA 

levels from freshly dissected tissue samples, the RNeasy Plus Mini Kit (Qiagen) was used. One 

microgram of total RNA was reverse-transcribed into mRNA using the High Capacity RNA-to-cDNA 

Kit (Applied Biosystems). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed 

on the 7500 Fast Real-Time PCR System (Applied Biosystems) using SYBR Green PCR Master Mix 

(Applied Biosystems). Primers were purchased from Sigma Aldrich (human IDO, R: 

TGGAGGAACTGAGCAGCAT, F: TTCAGTGCTTTGACGTCCTG; mouse IDO, R: 

TTGCGGGGCAGCACCTTTCG, F: CCCACACTGAGCACGGACGG). The RT-PCRs were 

conducted in a 96-well plate with a holding stage of 10 min at 95˚C, followed by 40 cycles of 30 s at 

95˚C, 30 s at 60˚C, and 45 s at 72˚C, followed by an infinite hold at 4˚C. Relative gene expression was 
calculated using the 2−ΔΔC

t method by normalizing the threshold cycle (Ct) values of the gene of interest 

to the Ct values of the internal housekeeping gene.  

 

Western blotting. For the detection of protein expression, cell lysates were prepared using RIPA lysis 

buffer (20 mM HEPES pH 7.0, 200 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 5 mM 

sodium pyrophosphate, 80 mM β-glycerophosphate, 50 mM NaF, and 0.1% SDS) plus freshly added 

protease inhibitor cocktail (1x; Sigma-Aldrich), the proteasome inhibitor MG-132 (1 µM; Calbiochem), 

and phosphatase inhibitor cocktail 3 (2.5 mg/ml; Sigma-Aldrich). Cell lysates were flash-frozen in liquid 

nitrogen and thawed 3 times and centrifuged at 13,000 rpm for 10 min at 4C. Supernatants were 

collected, and the concentration of protein was measured using Bradford reagent (Bio-Rad). DTT (50 

mM; ThermoFisher) and NuPAGE LDS sample buffer (ThermoFisher) were added to 10-15 g of total 

protein. The samples were heated at 95C for 5 min, run on 4-20% Novex Tris-Glycine gels 
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(Invitrogen), and then transferred to a PVDF membrane (ThermoFisher) and probed with the primary 

antibodies overnight at 4°C and then subjected to secondary antibody staining for 1 h at RT the next day. 

Protein bands were visualized using Western Lightning Plus-ECL enhanced chemiluminescence 

substrate (Perkin Elmer). The antibodies and working dilutions used are shown in Supplementary Table 

1. 

 

Liquid chromatography–mass spectrometry. For the detection of IDO activity, the kynurenine and 

tryptophan levels of flash-frozen brain tumors from mice in the different treatment groups were 

measured by the Mass Spectrometry Facility at the University of Texas Medical Branch, Galveston, TX. 

Liquid extraction was used to extract polar metabolites from the frozen brain tissue. Briefly, 400 µl of 

80% methanol was added to the frozen tissue. Zirconia/silica beads (1-mm diameter) were added to the 

tube. The tissue was broken down using a bead beater by pulsing the tissue for 45 s. The resulting 

solution was kept on ice for 30 min to precipitate the proteins. Next, 400 µl of chloroform was added, 

and the tube was pulsed in the bead beater for an additional 45 s and kept on ice for 15 min. Then, 200 

µl of water was added to induce phase separation. The tube was centrifuged, and the upper aqueous 

phase containing the amino acids/amines was carefully transferred to another tube. Of the 500-µl 

aqueous phase, 250 µl was dried under vacuum. The dried metabolites were resuspended in 40 µl of 

buffer used for the derivatization of the amino acids/amines. Of this, 10 µl was taken for further 

derivatization and analysis by liquid chromatography–mass spectrometry (LC-MS). Standard calibration 

curves of known concentrations of amino acids, including tryptophan and kynurenine, were made. 

Before analysis by LC-MS, 5 µM of stable isotope-labeled amino acids, including tryptophan and 

kynurenine, in 10 µl were added to each sample. The concentrations of kynurenine or tryptophan in the 

analysis sample were then calculated using linear regression on the standard concentrations by plotting 

the area ratio (the ratio of the peak area of analyte to the peak area of the internal standard) and the 

known concentrations. Concentrations of kynurenine or tryptophan were normalized to tumor mass.  

 

Flow cytometry analysis. For the analysis of cell surface protein expression, single cell suspensions 

from murine brains and spleens in a 96-well round-bottom plate were first blocked in anti-mouse 

CD16/CD32 Fc Block diluted with FACS buffer and then washed once with 250 µl of cold PBS. The 

cells were then incubated in 100 µl of Fixable Viability Stain 780 (1:1000; BD Biosciences) at 4°C in 

the dark for 30 min and then washed once with 250 µl of cold PBS. Then, the cells were incubated in 

100 μl of primary antibody solution diluted in FACS buffer. After incubation at 4°C in the dark for 30 

min, the cells were washed once with 250 µl of cold PBS. For the analysis of intracellular proteins, cells 

were stained with the eBioscience FOXP3/Transcription Factor Staining Buffer Set (Invitrogen) 

following the manufacturer’s instructions. The cells were finally re-suspended in 0.3 ml of FACS buffer 

containing 123count eBeads Counting Beads (Invitrogen) to acquire an accurate output for absolute cell 

count. The stained cells were analyzed using the FACSCelesta flow cytometer (BD Biosciences). 

FlowJo software, version 10 (FlowJo, LLC), was used for the analysis. To control for the technique and 

to arrange population gates accurately, we generated fluorescence-minus-one samples for each antibody 

using pooled spleen cells from brain tumor–bearing mice in different treatment groups. The antibodies 

and working dilutions used are shown in Supplementary Table 1. 

 

Analysis of splenocyte stimulation in co-cultures with target cells. Target cells were seeded and 

treated with the specified agents. Four hours later, mouse interferon gamma (IFNγ; 100 units/ml; 

ProSpec) was added to the cultures. Forty-eight hours after viral infection, the cells were detached with 

2 mM EDTA in PBS, fixed with 1% paraformaldehyde, and cleaned with lysine (0.1 M) wash solution. 
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A total of 2 × 104 fixed cells were seeded in 96-well round-bottom dishes. For immune cell activation, 

pre-fixed target cells were co-cultured with splenocytes (5 × 105/well) in RPMI 1640 medium containing 

100 μg/ml penicillin (Corning), 100 μg/ml streptomycin (Corning), and 55 µM beta-mercaptoethanol 

(Gibco) for 48 h. Then, the concentration of IFN or interleukin-2 (IL-2) in the supernatant was assessed 

with standard ELISA (IFNγ or IL-2 DuoSet ELISA, R&D Systems) according to the manufacturer’s 
instructions. 

 

Histopathological staining. Tumor-bearing mouse brains were fixed in 10% buffered formalin for 24 h, 

transferred to 70% ethanol, and then embedded in paraffin for slide sectioning. Paraffin-embedded 

sections of the mouse brain tumors were deparaffinized at 60°C for 1 h and rehydrated with xylene and 

ethanol following conventional procedures. For hematoxylin and eosin staining, brain tumor sections 

were stained with Harris hematoxylin (Fisher Scientific) and Eosin-Y solution (Fisher Scientific) and 

mounted with Cytoseal 60 (Thermo Scientific). For CD3 immunohistochemistry, antigens were 

retrieved from the brain tumor sections by exposing the slides to 10 mM citric acid (pH 6.0) inside a 

steamer for 30 min. The slides were then incubated in 3% hydrogen peroxide in 100% methanol for 10 

min at RT to quench endogenous peroxidases. The sections were then subjected to blocking with 5% 

goat serum in PBS for 1 h at RT followed by incubation with a primary rabbit monoclonal anti-CD3 

antibody overnight and then incubation with a biotinylated anti-rabbit IgG secondary antibody diluted in 

1% goat serum. The Vector Vectastain ABC kit (Vector Biolabs, PK-4000) and ImmPACT and DAB 

Peroxidase Substrate Kit (Vector Biolabs, SK-4105-Reagent 1) were utilized to visualize positive cells. 

Images were captured using an Aperio ScanScope slide scanner, which was also used to measure high-

grade tumor areas. Specific antibody information is given in Supplementary Table 1. 

 

Statistical analyses. Experiments involving the groups included in the quantitative analyses were 

performed at least in triplicate. GraphPad Prism 9 was used to perform all statistical analyses and 

generate all graphs for the in vitro and in vivo experiments. To determine statistical differences between 

2 groups, we performed a two-tailed Student t-test; to determine statistical differences among 3 or more 

groups, we performed an ordinary one-way ANOVA. The animal survival curves were plotted according 

to the Kaplan–Meier method. Survival rates in the different treatment groups were compared using the 

log-rank test, and to account for the presence of long-term survivors, we calculated the difference in 

restricted mean survival Qme (RMST) of the two groups, Delta-24-RGDOX (arm 0) and Delta-24-

RGDOX+IDOi (arm 1), using the R package survRM2 version 1.0-4. At the truncation time tau we used 

the last point examined as default 15,16. The statistical analyses of RNA sequencing data are described in 

the “RNA sequencing and data analysis” section above. P-values < 0.05 were considered significant. 
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Supplemental Figure S2. The viral activity of Delta-24-RGDOX is preserved in the context of 
IDO inhibition. (A) Viral replication of Delta-24-RGDOX in human GSCs with or without an IDO inhibitor (IDOi). The viral concentration (pfu/ml) at 48 h after cell infection with Delta-24-RGDOX (25 MOI) alone or in combination with an IDOi (BGB-7204; 150 nM) was determined using a hexon titration assay performed with HEK293 cells. Initial viral input: log10(6.57) pfu/ml. (B) Expression of the viral protein E1A in whole-cell lysates of human GSCs at 48 h after treatment with Delta-24-RGDOX (25 MOI) with or without an IDOi (BGB-7204; 150 nM), as assessed by Western blotting. Tubulin was used as a loading control. UVi, UV-inactivated Delta-24-RGDOX. (C-
E) Viability of human GSCs infected with Delta-24-RGDOX (25 MOI) in the presence or absence of an IDOi (BGB-7204; 150 nM). (F) Viral replication of Delta-24-RGDOX at 48 h after infection of murine glioma cells (100-150 MOIs) with or without treatment with an IDOi (BGB-7204; 50 nM), as explained in (A). Initial viral input: log10(7.18) to log10(7.35) pfu/ml. (G) Expression of the viral protein E1A in murine glioma cells at 48 h after treatment with Delta-24-RGDOX (100-150 MOI) alone or in combination with an IDOi (BGB-7204; 50 nM), as explained in (B). (H-I) Viability of murine glioma cells infected with Delta-24-RGDOX (100-150 MOIs) and treated with or without an IDOi (BGB-7204; 50 nM). Data are shown as the means ± SDs. P-values were derived by using a two-tailed Student’s t-test. 
 

 

 

. 
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Supplemental Figure S4. Combined Delta-24-RGDOX infection and IDO inhibition induces 

anticancer effect in the intracranial GL261-5 glioma model. (A and B) Representative images of 

H&E-stained coronal brain sections of intracranial GL261-5 tumor–bearing C57BL/6 mice. Mice were 

implanted with GL261-5 cells and intratumorally treated with Delta-24-RGDOX or PBS with or without 

the IDO inhibitor (IDOi) indoximod. Brains were collected on day 15 (A) or day 24 (B). Coronal brain 

sections were subjected to H&E staining and scanned using Aperio ImageScope pathology slide viewing 

software. Brains from individual mice are shown. Scale bars, 2 mm.  

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-004935:e004935. 10 2022;J Immunother Cancer, et al. Nguyen TT



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-004935:e004935. 10 2022;J Immunother Cancer, et al. Nguyen TT



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-004935:e004935. 10 2022;J Immunother Cancer, et al. Nguyen TT



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-004935:e004935. 10 2022;J Immunother Cancer, et al. Nguyen TT



10 

 

Supplemental Figure S7. CD3+ T-cell infiltration increases upon treatment with IDO inhibitors in 

combination with Delta-24-RGDOX. (A and B) Representative images of CD3 immunohistochemistry 

of brain sections from individual mice bearing intracranial GL261-5 (A) or GSC-005 (B) tumors. Mice 

were implanted with GL261-5 or GSC-005 cells and administered the indicated treatments. (GL261-5 

tumor–bearing mice received the IDO inhibitor [IDOi] indoximod; GSC-005 tumor–bearing mice 

received the IDOi BGB-7204). Mice were humanely killed on day 24. Slides of tumor-bearing coronal 

brain sections were stained for CD3 expression using immunohistochemistry. Slides were scanned and 

images were acquired using Aperio ImageScope pathology slide viewing software. Scale bars, 100 m.  
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Supplemental Figure S8. Analysis of the presence of CD4+CD25+FOXP3- cells after treatment 
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Supplemental Figure S8. Column graphs show the absolute numbers of CD4+CD25+FOXP3- cells per 

hemisphere. Data are shown as the means ± SDs (n = 3). P-values were derived with a two-tailed Student’s 
t-test. 
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Graphical Abstract 
 
Reshaping the tumor microenvironment with oncolytic viruses, positive regulation of the 

immune synapse, and blockade of the immunosuppressive oncometabolic circuitry 
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In Brief 

While the infection of gliomas with oncolytic viruses, such as Delta-24-RGDOX, induces a 

Th1 phenotype with increased production of IFNγ, viral infection also activates the IFNγ-driven 

IDO-Kyn-AhR cascade generating immunosuppression via the recruitment of MDSC and CD4+ 

Treg populations of cells. The addition of IDO inhibitors to virotherapy counteract this 

immunosuppressive effect by reinforcing the skew from Th1 to Th2 and CD8+ cytotoxic T cells 

in the tumor microenvironment, leading to glioma eradication.  
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Supplemental Table S1: Antibody Information 

 

Technique Antibody Company Catalog # Dilution/Dose 

Hexon Titration Anti-Adenovirus Antibody Millipore AB1056 1:500 

Hexon Titration 
Rabbit Anti-Goat IgG Antibody (H+L), 

Biotinylated 
Vector Biolabs BA-5000 1:500 

Immunofluorescence Anti-Ah Receptor Antibody (C-4) Santa Cruz Biotech. sc-74572 1:100 

Immunofluorescence 

Goat anti-Mouse IgG (H+L) Highly 

Cross-Adsorbed Secondary Antibody, 

Alexa Fluor Plus 488 

Invitrogen A32723 1:100 

Flow Cytometry CD16/CD32 Monoclonal Antibody (93) Invitrogen 14-0161-85 1:100 

Flow Cytometry 
APC-R700 Rat Anti-Mouse CD45 (30-

F11) 
BD Biosciences 565478 1:100 

Flow Cytometry 
PerCP-Cy™5.5 Hamster Anti-Mouse 

CD3e (145-2C11) 
BD Biosciences 551163 1:100 

Flow Cytometry V450 Rat anti-Mouse CD4 (RM4-5) BD Biosciences 560468 1:100 

Flow Cytometry BV510 Rat Anti-Mouse CD8a (53-6.7) BD Biosciences 563068 1:100 

Flow Cytometry APC Rat Anti-Mouse CD25, PC61 BD Biosciences 557192 1:100 

Flow Cytometry FOXP3 Monoclonal Antibody eFluor 570 Invitrogen 11-5773-82 1:100 

Flow Cytometry 
FITC Rat Anti-Mouse Ly-6G and LY-6C 

(RB6-8C5) 
BD Biosciences 553126 1:100 

Flow Cytometry APC Rat Anti-CD11b (M1/70) BD Biosciences 553312 1:100 

Immunohistochemistry Anti-CD3 antibody (SP7) abcam ab16669 1:80 

Immunohistochemistry 
Goat Anti-Rabbit IgG Antibody (H+L), 

Biotinylated 
Vector Biolabs BA-1000 1:200 

Western Blot Adenovirus-2/5 E1A Antibody (M73) Santa Cruz Biotech. sc-25 1:25 

Western Blot α Tubulin Antibody (B-5-1-2) Santa Cruz Biotech. sc-23948 1:2,000 

Western Blot 
Donkey anti-Mouse IgG (H+L) Cross-

Adsorbed Secondary Antibody, HRP 
Invitrogen SA1-100 1:10,000 

Depletion 
InVivoMAb anti-mouse CD4 (clone 

GK1.5) 
BioXcell BE0003-1 200 µg 

Depletion 
InVivoMAb rat IgG2b isotype control, 

anti-keyhole limpet hemocyanin 
BioXcell BE0090 200 µg 
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