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Abstract

Purpose—Immune checkpoint inhibitors designed to revert tumor-induced immune suppression
have emerged as potent anti-cancer therapies. Tryptophan metabolism represents an immune
checkpoint and targeting this pathway’s rate limiting enzyme 1DO1 is actively being investigated
clinically. Here, we studied the intermediary metabolism of tryptophan metabolism in
glioblastoma and evaluated the activity of the IDO1 inhibitor GDC-0919, both alone and in
combination with radiation (RT).

Experimental Design—LC/GC-MS and expression profiling was performed for metabolomic
and genomic analyses of patient-derived glioma. Immune competent mice were injected
orthotopically with genetically engineered murine glioma cells and treated with GDC-0919 alone
or combined with RT. Flow-cytometry was performed on isolated tumors to determine immune
consequences of individual treatments.

Results—Integrated cross-platform analyses coupling global metabolomic and gene-expression
profiling identified aberrant tryptophan metabolism as a metabolic node specific to the
mesenchymal and classical subtypes of glioblastoma. GDC-0919 demonstrated potent inhibition
of this node and effectively crossed the blood brain barrier. Although GDC-0919 as a single agent
did not demonstrate anti-tumor activity, it had a strong potential for enhancing RT response in
glioblastoma, which was further augmented with a hypofractionated regimen. RT response in
glioblastoma involves immune stimulation, reflected by increases in activated and cytotoxic T-
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cells, which was balanced by immune checkpoint reactivation, reflected by an increase in IDO1
expression and Tregs. GDC-0919 mitigated RT-induced Tregs and enhanced T-cell activation.

Conclusion—Tryptophan metabolism represents a metabolic node in glioblastoma and
combining RT with IDO1 inhibition enhances therapeutic response by mitigating RT-induced
immune suppression.

Introduction

Glioblastoma is the most common adult primary brain tumor (1). Despite continued
advances in surgery and combined chemoradiotherapy, clinical outcomes remain poor. An
overwhelming majority of tumors recur within a year of definitive therapy and a very small
percentage of patients survive beyond three years of diagnosis. Unfortunately, concerted
efforts to improve clinical outcomes, including integration of molecularly targeted agents,
angiogenesis inhibitors, and vaccines to standard therapy, have all failed. Therefore,
developing innovative treatment strategies to improve outcome in glioblastoma is of clear
importance (2).

Recent clinical advancements using immune checkpoint inhibitors designed to target tumor-
mediated immune tolerance have revolutionized our approach to cancer therapy and offers
strong promise in glioblastoma. Immune tolerance is important in normal physiology to
prevent over-reactivity of stimulated immune responses to external pathogens and other
stimuli. Dysfunction of these immune response “brakes” may lead to a variety of disorders,
including autoimmune diseases, type 1 diabetes, inflammatory bowel disease, asthma and
allergies (3). Tumors have co-opted multiple mechanisms to activate these “brakes” by
inducing immune suppressive signaling pathways, creating a tolerogenic microenvironment
allowing evasion of the host immune response despite the presence of recognizable antigens.
Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed death-1 (PD-1),
which negatively regulate T-cell activation, represent two specific immune checkpoints that
have received recent attention, with inhibitors targeting these immune pathways
demonstrating unprecedented clinical activity in a variety of solid tumors (4,5).

The central nervous system (CNS) has been previously considered an immune privileged
site, however, growing data support a dynamic interaction between the CNS and the
systemic immune system. Although the CNS lacks a traditional lymphatic system, recent
findings identified a rich lymphatic network in the dura mater that is able to absorb and
transport CSF into deep cervical lymph nodes where CNS antigens have been reported (6,7).
Further, glioblastomas produce an array of chemokines such as 1L-8, CCL2, CXCL12 that
are able to recruit immunosuppressive tumor associated macrophages (TAMs) and myeloid
derived suppressive cells (MDSCs), furthering the tolerogenic tumor microenvironment
(8,9). This paradigm shift has contributed towards a growing interest in the evaluation of
immunotherapeutic approaches in glioblastoma, although early studies have demonstrated
limited clinical activity when used alone or in combination with bevacizumab (10).

Emerging studies have identified multifaceted strategies by which alterations in tumor
metabolism may also contribute to a potent tolerogenic immune environment, thereby
representing a line of next-generation immune checkpoints (11,12). One of the most
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clinically advanced with particular relevance to glioblastoma is tryptophan metabolism,
whose most notable physiologic role has been attributed to peripheral immune tolerance and
fetal protection from maternal immune rejection in the placenta (13). Tryptophan is
metabolized to kynurenine by the rate limiting enzymes indoleamine 2,3-dioxygenase 1
(IDO1) and tryptophan 2,3-dioxygenase (TDO) (14,15) contributing towards an immune
tolerant environment at many levels. Increased metabolism of tryptophan results in depletion
of this critical metabolite in the microenvironment, resulting in cell cycle arrest and/or
anergy in effector T cells, while simultaneously fostering maturation and activation of
regulatory T cells (Tregs) (16). In addition to this passive consequence of tryptophan
metabolism, the resulting kynurenine is exported from the cell into the microenvironment,
where it has the capacity to balance regulatory and effector responses of the immune system.
This includes binding and activation of aryl hydrocarbon receptors (AHRS), a cytoplasmic
transcription factor, resulting in reduced proliferation and infiltration of effector T cells (14).
Kynurenine-activated AHRs are also responsible for providing a tolerogenic phenotype in
dendritic cells (DCs), resulting in increased production of Tregs and reduced type 1 T helper
(Th1) cells (17,18). Activation of AHRs also results in the induction of various cytokines
such as TGF-B, IL-6, and IL-1B, that are responsible for converting CD4* T cells to
inducible T regs (iTregs) and maintaining the suppressive ability of myeloid-derived
suppressor cells (MDSCs) (14,19,20).

Interestingly, a variety of tumors, including glioblastoma, have evolved mechanisms to co-
opt this potent mode of immune tolerance to evade the host immune system (21). This
relationship between cancer and elevated tryptophan catabolism was first recognized in the
1950s with the identification of its metabolic intermediaries in the urine of cancer patients
(22,23). The IDO1 pathway was later proposed to play a more direct role in tumor immune
evasion, demonstrating a more robust T-cell response and delayed growth /n vivo following
pathway inhibition (24). Several recent studies have demonstrated that tryptophan
catabolism, through IDO1 and/or TDO upregulation, is particularly relevant in glioblastoma.
TDO-mediated pathway activation in a panel of glioma cell lines resulted in inhibition of T-
cell proliferation and modulating this pathway influenced tumor growth (14). Wainwright et
al. demonstrated significant IDO1 expression in glioblastoma that promoted an
immunosuppressive environment through recruitment of Tregs (15) and went on to show that
the therapeutic efficacy of IDO1 inhibition can be significantly enhanced when combined
with other immune checkpoint inhibitors (25).

The majority of studies evaluating the immune consequences of aberrant tryptophan
metabolism have largely focused on expression of its rate limiting enzymes rather than the
individual metabolites involved in immune suppression. In this study, using global
metabolomic profiling as a framework, we explore this immune modulatory pathway from a
metabolic perspective, further validating its relevance in glioblastoma, and evaluate the anti-
tumor potential of the potent IDO1 inhibitor GDC-0919 in a novel, immune competent
preclinical model of adult glioblastoma.
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Methods

Study approval

All mice were housed in the AAALAC-accredited Animal facility located at William
Beaumont Research Institute. All animal studies were carried out under protocols approved
by the Institutional Animal Care and Use Committee at William Beaumont Research
Institute. Patient-derived tumors were obtained from the H. Lee Moffitt Cancer Center,
following Institutional Review Board and Human Subjects approval received from the H Lee
Moffitt Cancer Center Tissue Core Facility as previously described (26).

Human tumor samples and metabolomic profiling

All tumors used in this analysis were newly diagnosed. Tumors were fresh-frozen and their
integrity and histology confirmed by a staff pathologist before aliquoting samples (26).
Metabolomic studies were conducted at Metabolon Inc. (Morrisville, NC) using methods
previously described (26). For box plots, raw area count was normalized and rescaled to set
the median equal to one, followed by inputting minimum to missing values. Rescaled data
was used to calculate fold change by comparing GBM to LGG.

Microarray and Database Analysis

For details, see Supplementary Methods

Cells culture and reagents

Human glioblastoma cell lines U87, T98G, (obtained from ATCC, Manassas, VA), and
U251 (obtained from CLS Cell Lines Service GmbH, Eppelheim, Germany) were cultured
in Minimum Essential Media (MEM). Human glioblastoma neural stem cells (GNS)
MES326 and PN19 were generated and cultured in DMEM-F12 media with Glutamax,
heparin and B27 supplement as previously described (27). The genetically engineered
murine GBM cell line TRP was cultured in MEM (28-30). Primary cell culture of mouse
splenocyte (T cells) and murine GBM tumor lines GL261 (obtained from NCI DTP, DCTD
tumor repository, Frederick, MD) was performed in RPMI-1640. All cell culture reagents
were purchased from GIBCO/Thermo (Grand Island, NY) and Corning Life Sciences (New
York, NY). Tryptophan, kynurenine, p-dimethylaminobenzaldehyde, glacial acetic acid,
TCA and IDO1 inhibitors 1-L-Methyl Tryptophan (1-L-MT) were purchased from Sigma
Aldrich (St. Louis, MO). GDC-0919 was provided by Genentech (San Francisco, CA).

Western Blot, Flow cytometry, Magnetic sorting and ELISA

For details, see Supplementary Methods

Metabolite Extraction and Targeted Liquid Chromatography Mass Spectrometry

For details, see Supplementary Methods

Immune competent tumor models

C57BL/6 (H-2b, CD45.2) mice were exposed to 4 Gy total body irradiation (TBI) one-day
prior to implant to help tumor engraftment. Mice were injected with 2x10° TRP (murine
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GBM) tumor cells in the brain for intracranial tumor model or 2 x 10% TRP tumor cells in
right flank for subcutaneous tumor model. MRI was performed on 6-8 days post tumor
implant. After verification of tumors, mice were randomized into described treatment arms.
Detailed procedure is provided in supplementary materials and methods.

T cell suppression assay

For details, see Supplementary Methods

Kynurenine estimation

For details, see Supplementary Methods

Statistical analysis

Results

Comparisons across two different groups were performed on original data using 2 tailed
student’s t test. A log rank test was used for survival analyses. Comparisons between tumor
volumes in the subcutaneous tumor model was performed using 2 way ANOVA in
combination with post-hoc operations to generate p values between RT and RT+GDC-0919.
ROC curve were constructed using metabolomics data for kynurenine and kynurenine/
kynurenine acid ratios. Highest concentrations of kynurenine and kynurenine/kynurenine
acid ratios in LGG were used as thresholds for predicting glioblastoma from LGG. All
statistical analyses were performed using Origin Pro 2016 software (Origin Lab
Corporation; Northampton, MA).

Metabolomic profiling identifies aberrant tryptophan metabolism in glioblastoma

Metabolomic profiling was performed in glioma using a robust library of standards enriched
with intermediates of tryptophan metabolism, comparing patient-derived glioblastoma
(n=80) to low-grade glioma (LGG; n=28). Tryptophan levels were modestly elevated in
glioblastoma (1.44-fold, p<0.011; Fig. 1A). Tryptophan has several metabolic fates
independent of the IDO1/TDO2 pathway, including serving as a mediator for the formation
of serotonin and indoles (Supplementary Fig. 1A). Global metabolomic profiling identified
several indoles, which may serve as both catabolic byproducts and anabolic precursors of
tryptophan, elevated in glioblastoma (Supplementary Fig. 1B). Of the identified metabolites
associated with tryptophan metabolism, kynurenine demonstrated the highest accumulation
in glioblastoma when compared to LGG (6.07-fold, p<0.0002; Fig. 1A). Interestingly,
kynurenate, a metabolite immediately downstream of kynurenine, was significantly lower in
glioblastoma when compared to LGG (0.23-fold, p<0.0004) and the resulting kynurenine/
kynurenate ratio demonstrated the highest degree of sensitivity (91.1%) and specificity
(96.5%) in discriminating between glioblastoma and LGG in comparison to using
kynurenine alone (sensitivity 60.8%; specificity 91.6%) (p<.00001; Fig. 1A and
Supplementary Fig. 1C). Using the TCGA database, we then sought to determine if aberrant
expression of enzymes involved with tryptophan metabolism recapitulated these metabolic
findings in glioma. Both IDO1 and TDO2 were elevated in glioblastoma when compared to
LGG and consistent with the observed accumulation of kynurenate in LGG, we identified
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increased expression of its biosynthetic enzyme kynurenine aminotransferase | (KYAT1) in
these tumors when compared to glioblastoma (Fig. 1B).

Tryptophan metabolism is linked to molecular subtypes of glioblastoma

We next sought to determine if aberrant tryptophan metabolism was unique to a specific
glioblastoma molecular subtype. Transcriptional profiling has revealed considerable
intertumoral heterogeneity in glioblastoma (31). These include the proneural and
mesenchymal subtypes, which have been identified most consistently in glioblastoma. Their
transcriptional profiles are mutually exclusive and can be applied to approximately one half
of all tumors. The proneural subtype is characterized by mutations in isocitrate
dehydrogenase 1 (IDH1), frequent alterations in expression of p53 and platelet derived
growth factor receptor, alpha polypeptide (PDGFR-a), and a transcriptional signature
typically present in LGG. In contrast mesenchymal glioblastoma is characterized by
mesenchymal gene expression, including CD44 and chitinase 3-like 1 (YKL40) and
attributed to more aggressive disease. Other subtypes include classical and neural, which are
characterized by epidermal growth factor receptor and the expression of neuronal markers,
respectively. Of the 80 glioblastoma specimens metabolomically profiled, 56 had paired
tissue available for transcriptional profiling, allowing for cross-platform analysis. Following
molecular subtyping using methods previously described (31) we demonstrated that
tryptophan and kynurenine accumulation was specific to classical and mesenchymal
subtypes, while kynurenate accumulation, the metabolite elevated in LGG, was only evident
in the proneural subtype. The kynurenine/kynurenate ratio was able to discriminate between
individual molecular subtypes, with highest ratios present in the classical and mesenchymal
subtypes when compared to neural and proneural tumors (Fig. 1C). The expression levels of
enzymes involved in tryptophan metabolism corroborated these metabolic findings, with
higher levels of IDO1 and TDO?2 in classical and mesenchymal subtypes, while neural and
proneural subtypes demonstrated elevated expression of KYAT1 (Fig. 1D). Using a unique
data repository generated by the vy GAP, which used laser-capture microdissection to
isolate RNA from different structural regions of individual tumors that was subsequently
molecularly profiled using RNA-seq, we recently uncovered a relationship between subtype
heterogeneity in glioblastoma and its unique tumor microenvironment. In this study, we
demonstrated that cells obtained from the infiltrating, leading edge of a tumor nearly
exclusively harbored a proneural signature, while the mesenchymal subtype was observed in
perinecrotic regions within an individual tumor (32). Based on these findings, we sought to
determine if aberrant tryptophan metabolism was unique in specific regions within an
individual tumor. Consistent with our previous findings, increased IDO1/TDO2 expression
was present in the necrotic and central core of tumor when compared to the periphery, which
corresponds to the mesenchymal/classical and proneural molecular subtypes, respectively
(Fig. 1E).

The IDO1 pathway is activated in glioblastoma cell lines

As cross-platform analysis coupling metabolomics with transcriptional profiling identified
aberrant tryptophan metabolism as a metabolic phenotype in glioblastoma, we extended
investigations to preclinical models. IDO1, which is typically undetectable in cells at
baseline, is rapidly induced by pro-inflammatory stimuli. Due to the multiple interferon-
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stimulated response elements in the IDO1 promoter region, /n vitro treatment of cultured
cells with the T effector cells and pro-inflammatory cytokine interferon gamma (IFN-vy)
leads to robust expression of this enzyme (33). Accordingly, baseline expression of IDO1
was low/undetectable in established human glioblastoma cell lines and robustly expressed
following treatment with IFN-y (Fig. 2A). Similar findings were observed when extended to
novel, molecular subtype specific glioblastoma neural stem cells (GNS), with more robust
expression in the mesenchymal GNS when compared to proneural, which is consistent with
our findings from patient-derived tumors. To determine if IFN-y induced expression of
IDO1 corresponded to increased tryptophan metabolism, kynurenine levels were evaluated.
Consistent with increased IDO1 expression, IFN-y induced accumulation of kynurenine in
the media of glioblastoma cell lines grown in culture, confirming pathway activation (Fig.
2B). TDO2, on the other hand, was inconsistently expressed in cell lines and interestingly,
appeared to be down-regulated by IFN-vy in several of the lines tested (Supplementary Fig.
2A).

To begin to explore the immune consequence of aberrant tryptophan metabolism in
glioblastoma, we extended investigations to an adult astrocytic, genetically-engineered
mouse (GEM) cell line to allow for /n vivo studies using an immune competent model.
Specifically, primary astrocyte lines were generated from a series of conditional GEM in
which core glioblastoma pathways were genetically targeted (30). Briefly, after Cre-
mediated recombination /n vitro, lines express (1) a truncation mutant of SV40 large T
antigen (T) from the human Gfap promoter that inactivates all 3 Rb family proteins, (2) a
constitutively active KrasG12D mutant (R), and/or (3) a homozygous Pren deletion (P). As
an initial investigation, we performed metabolomic profiling of TRP cells grown
orthotopically, which harbor all 3 of these mutations and displays the most aggressive
phenotype (30), which confirmed pathway activation with high levels of kynurenine when
compared to normal brain (Fig 2C). Although we were unable to induce IDO1 expression
and kynurenine production in the TRP line and the mouse glioblastoma cell line GL261 /n
vitro using a variety of methods, including both human and mouse IFNy (Supplementary
Fig. 2B), expression was clearly evident in tumors grown /n vivo (Fig. 2D).

GDC-0919 demonstrates potent inhibition of tryptophan metabolism in glioblastoma and
achieves biologically relevant concentrations in the brain

As we established aberrant tryptophan metabolism in patient-derived glioblastoma, which
was recapitulated in preclinical models, we next sought to determine the potential for
molecularly targeting this immune modulatory pathway using the potent and direct small
molecule IDO1 inhibitor GDC-0919 (navoximod), which is actively being investigated in
clinical trials (34). As an initial investigation, we evaluated levels of kynurenine following
graded concentrations of GDC-0919 in our human glioblastoma cell lines /n vitro.
GDC-0919 demonstrated potent inhibition of kynurenine production, with median effective
dose (EDsg) concentrations ranging from 7 nM - 1.77 uM and near complete inhibition at 5
UM (Fig. 3A). As we were unable to induce IDO1 expression /n vitro in our mouse
glioblastoma models, we implemented an ex vivo approach to evaluate the potential of
GDC-0919 to inhibit kynurenine production in the TRP line. In these studies, TRP tumors
grown subcutaneously in C57BL/6 mice were excised and disaggregated in cell culture
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media using DNase | and collagenase V. Dissociated tumors were then passed through a
70uM cell strainer to obtain a uniform cell suspension. The cell suspension was treated with
IFN-y and supernatant was collected after 24 hours for kynurenine estimation. Using this
approach, we demonstrated that TRP cells endogenously produced kynurenine ex vivo,
which was significantly increased with IFN-y. Kynurenine production was completely
inhibited in TRP ex vivoby GDC-0919 (5 uM). Interestingly, in a parallel study where mice
were treated with GDC-0919 (200 mg/kg, BID for 3 days) /n vivo prior to tumor excision,
TRP cells demonstrated diminished production of both baseline and IFN-y-induced
kynurenine (Fig. 3B).

Next, we performed pharmacokinetic/pharmacodynamic (PK/PD) studies to determine the
potential of GDC-0919 to cross the blood brain barrier (BBB) and achieve biologically
relevant concentrations in the brain. Using LC-MS, we quantified GDC-0919 levels in
normal brain (with no tumor implanted), intracranial tumors, subcutaneous tumors and
plasma of mice following treatment with GDC-0919 (200 mg/kg BID) for 3 days, with
tissue being extracted 2 hours after the last dose. Importantly, GDC-0919 achieved
biologically relevant concentrations in intracranial tumors (~15 pM), which was comparable
to levels achieved in subcutaneous tumors. Further, GDC-0919 achieved biologically
relevant concentrations in the normal brain (~5 uM), which is particularly important in
glioblastoma, based on the infiltrative nature of this malignancy (Fig. 3C). In addition,
tryptophan and kynurenine levels were quantified in both intracranial tumors and plasma
from mice treated with the above-described schedule, confirming drug activity with
increased levels of tryptophan and decreased levels of kynurenine following GDC-0919
treatment (Fig. 3D).

GDC-0919 enhances radiation response in glioblastoma

Next, we determined the anti-tumor potential of IDO1 inhibition using GDC-0919 in
glioblastoma. As an initial investigation, we evaluated for growth delay in TRP cells grown
in a subcutaneous xenograft model. As a single agent, GDC-0919 did not demonstrate anti-
tumor activity (Supplementary Fig. 3A). These findings were recapitulated using a first
generation IDO1 inhibitor 1-L-MT (Supplementary Fig. 3B). As radiation therapy (RT) is a
standard treatment in glioblastoma and emerging data has identified a potential for synergy
when combining RT with immune checkpoint blockade, we went on to evaluate the potential
of GDC-0919 to enhance RT response. Continuing with the subcutaneous TRP model,
GDC-0919 alone again demonstrated no anti-tumor activity, however when combined with
RT (6 Gy x 1), demonstrated a significant growth delay when compared to RT alone
(p<0.005; Fig. 4A). Next, to allow for translating these findings clinically, we extended
studies to an orthotopic, intracranial TRP tumor model. MRI was performed using our small
animal-imaging platform prior to initiating therapy to confirm both presence of intracranial
tumors and equal volumes between treatment arms (Supplementary Fig. 4A/B). Similar to
results in the subcutaneous model, IDO1 inhibition using GDC-0919 alone did not
demonstrate anti-tumor activity, however, a trend towards improved survival when combined
with RT (6 Gy x 1; p=0.06, Fig. 4B) was evident. As fractionation has been described to
further potentiate the synergy between RT and immune checkpoint agents, we extended
studies using a hypofractionated regimen (6 Gy x 3). As demonstrated in Fig. 4C, IDO1
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inhibition demonstrated potent anti-tumor activity when combined with fractionated RT,
with approximately one third of mice demonstrating complete regression of tumors
confirmed by MRI (Supplementary Fig. 4C) and increased survival when compared to
fractionated RT alone (p<0.005).

Tryptophan metabolism contributes to radiation-induced immune checkpoint reactivation
in glioblastoma

We went on to evaluate immunologic factors underlying the interface between tryptophan
metabolism and radiation response. As an initial investigation, correlative studies were
performed using the experimental design detailed in Fig. 4B, consisting of mice with
intracranial tumors treated with vehicle control, GDC-0919, single fraction RT, or the
combination. Mice were sacrificed 5 d following initiation of therapy and flow cytometry
was performed on macro-dissected tumors to evaluate for a panel of immunologic markers.
Similar to above efficacy studies, GDC-0919 alone did not appear to modulate immune
response in orthotopic TRP tumors, demonstrating no changes in percentage of Tregs
(CD4*FoxP3*CD25%), MDSCs (CD11b*Gr1*), or TAMs (CD11b*F4/80%) (Fig. 5A). As
GDC-0919 alone did not appear to influence the number of Tregs quantitatively in our
model, we extended our studies to determine if IDO1/kynurenine upregulation could
contribute towards Treg function using a CD8* T cell proliferation/suppression assay.
Briefly, naive CD8* T cells and Tregs (CD4*CD25* T cells) were isolated from splenocytes
and CD8* T cells were then stained with cell proliferation dye (CFSE). These cells were
then activated (using anti-CD3 and anti-CD28 antibodies) and co-cultured in the presence or
absence of Tregs, kynurenine, or the combination, for 3 days. Interestingly, neither
kynurenine nor Tregs alone appeared to suppress the proliferation of CD8" T cells. However,
kynurenine appeared to impart suppressiveness to Tregs, as the combination led to
diminished proliferation of CD8* T cells (Fig. 5B).

Interestingly, we found that RT alone appeared to contribute towards an immune suppressive
environment in glioblastoma, including over a 50% increase in Tregs (from 14.7% to 23.6%
of CD457CD4* cells). A trend in increase of MDSCs and TAMs was also observed. When
combined with RT, GDC-0919 appeared to mitigate this immune suppressive response,
normalizing Tregs, MDSCs, and TAMs back to baseline levels (Fig. 5A). Next, we extended
this line of investigation to studies using a fractionated RT regimen, a combination that led
to a significant survival advantage in our model (Fig. 4C). Similar to a single fraction
schedule, fractionated RT also led to an increase in Tregs, which was attenuated by
GDC-0919 (Fig. 5C). In addition to immune suppression, we sought to determine if
GDC-0919, RT, or the combination influenced immune activation. No changes in the
percentage of T effector cells (CD8* T cells) or helper T cells (CD4* T cells) were observed
in either treatment arm (Supplementary Fig 5A and 5B). As radiation induces formation of
various neoantigens, thereby enhancing activation of cytotoxic T cells (35), we extended our
studies to determine if changes in activated or cytotoxic T cells (CTLs) could be observed
with the RT and GDC-0919 combination. Interestingly, fractionated RT alone led to robust
increases in both activated T cells (CD8*CD69*) and cytotoxic T cells (CD8*GzmB™) in the
tumor (Fig. 6A). This RT induced immune activation was also reflected by increased IFN-y
levels in the plasma of mice receiving fractionated RT in comparison to controls (Fig 6B).
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When combined with RT, GDC-0919 led to further increases in both activated and cytotoxic
T cells, which supports the observed enhanced anti-tumor response by this combination

(Fig. 6A). We went on to demonstrate increased expression of PD-1 in resected tumors
following RT, suggesting an increase in tumor-specific tumor infiltrating lymphocytes (TILS)
(Supplementary Fig. 5C) (36).

We went on to explore potential mechanism(s) underlying the potentiation of RT response
with IDO1 inhibition. As both the anti-tumor and immune response following IDO1
inhibition appeared RT-specific in our glioblastoma model, as an initial investigation, we
sought to determine if RT could reactivate or further activate this immune checkpoint. As
demonstrated in Fig. 6C, western blot performed on intracranial TRP tumors following
fractionated RT demonstrated increased IDO1 expression when compared to controls,
confirming RT-induced pathway activation. As we have shown that RT stimulates both T cell
activation and cytotoxicity, we next sought to link this observed T cell activation with
increased IDO1 expression by determining if activated T cells could in turn induce
tryptophan metabolism, thereby contributing towards RT-induced immune suppression. To
test this possibility, we co-cultured irradiated and control U251 cells with HLA-A2* naive
human peripheral blood mononuclear cells (PBMCs). As expected, neither control nor
irradiated U251 cells demonstrated IDO1 pathway activation (Fig 6D). Interestingly, co-
culturing U251 cells with naive PBMCs appeared to stimulate T cell activation, leading to
IDO1 pathway activation (Fig 6E) determined by increased kynurenine production. Pathway
activation was significantly potentiated when PBMCs were co-cultured with irradiated U251
cells, providing further support linking RT response with tryptophan metabolism in
glioblastoma.

Discussion

There have been several recent reports implicating aberrant tryptophan metabolism with
glioblastoma immune tolerance (14,23,37). A majority of these studies have indirectly
evaluated this pathway through expression of its rate limiting enzymes IDO1 and TDO.
Results from this line of investigation were somewhat inconsistent, reporting IDO1
expression in 8-61.5% of glioblastoma using immunohistochemical (IHC) staining in 60
and 39 tumors, respectively (38,39). Further, the determination of increased IDO1
expression in glioblastoma is also mixed, ranging from medium to strong enzyme expression
observed in 61.5% of these tumors when using IHC to 29% when measured by mRNA
levels. Our study is amongst the first to delineate this pathway at the level of the individual
metabolites contributing to immune modulation. In addition to further validating the
relevance of this pathway in gliomagenesis, evaluating levels of individual metabolites
provides a far more striking distinction between glioblastoma and LGG than when
determined through enzyme expression. For example, when quantifying relative values of
kynurenine and using the highest level of kynurenine detected in LGG as a threshold to
define pathway activation, ~60% of glioblastoma demonstrated aberrant tryptophan
metabolism. Further, through global metabolomic profiling, we uncovered a previously
undescribed, inverse relationship between kynurenine levels and its downstream metabolic
intermediate kynurenate in glioma. A ratio generated by coupling these two metabolites led
to a highly significant distinction between LGG and glioblastoma, with over 90% of
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glioblastoma having a kynurenine/kynurenate ratio above the defined threshold
(Supplementary Fig. 1C). These findings have unique clinical applications. For example, the
differential accumulation of tryptophan-related metabolites in LGG and glioblastoma can
potentially be imaged through MR spectroscopy, and therefore has diagnostic implications.
In addition, such imaging correlates may be extended into clinical trials, allowing for the
enrichment in patients with tumors likely to respond to IDO1 pathway inhibition or by
supporting Phase 0 investigations designed to confirm target engagement of a specific
compound designed to inhibit this pathway.

In addition to evaluating the IDO1 pathway from a metabolic perspective, integrated
analyses coupling these global metabolomic signatures with gene expression profiles
performed on matched tumors provided further insight into the biologic implications of this
pathway. These cross-platform studies demonstrated that tryptophan metabolism is specific
to the mesenchymal and classical molecular subtypes of glioblastoma, which is consistent
with recent work identifying immune heterogeneity between these individual subtypes (40).
Our group has recently reported that rather than representing /ntertumoral heterogeneity,
molecular subtypes in glioblastoma were reflective of regional /nfratumoral heterogeneity,
with the proneural subtype comprising the infiltrative edge of an individual tumor, while the
mesenchymal subtype was specific to the perinecrotic core (31). Consistent with these
findings, evaluating regional expression of IDO1 using the lvy GAP atlas demonstrated
highest expression of this enzyme in the perinecrotic core and lowest in the infiltrative edge
of individual tumors. As increased expression of IDO1 has been recently described as a
prognostic factor in glioblastoma (23), the observed differential expression of this enzyme
may contribute towards the therapeutic resistance typically attributed to this region. In
addition, these findings may imply that aberrant tryptophan metabolism is a late event in
gliomagenesis and rational combinatorial strategies designed to also utilize agents
specifically targeting the unique immune and/or signaling associated with tumor cell
populations expanding in the infiltrative edge may lead to more durable control in these
otherwise resistant tumors.

Aberrant tryptophan metabolism identified in patient-derived glioblastoma was recapitulated
in our preclinical models, with robust pathway activation observed in all glioblastoma cell
lines tested. The IDO1 inhibitor GDC-0919 demonstrated potent inhibition of tryptophan
metabolism in these models, which was measured by inhibition of kynurenine production,
and importantly, PK/PD studies demonstrated the strong potential for this agent to cross the
BBB and achieve biologically relevant concentrations in the brain, supporting further
preclinical investigations with this compound in glioblastoma. To determine the potential of
GDC-0919 to serve as a hovel immune checkpoint inhibitor in glioblastoma, we extended
studies /n vivo using an adult non-germline GEM astrocyte cell line that recapitulated both
the genotype and aggressive phenotype of glioblastoma (29,30) and displayed aberrant
tryptophan metabolism. Using this model, IDO1 inhibition with GDC-0919 did not
demonstrate anti-tumor activity as a single agent in subcutaneous and orthotopic tumors or
modulate the tumors’ immune profile at baseline (41,42). Although molecular knockdown of
IDO1 expression has been shown to influence glioblastoma growth (43), our results are
consistent with other recent publications demonstrating minimal activity in glioblastoma
when inhibiting IDO1 as a single targeted agent (44). Although we did not observe any
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changes in the absolute number of Tregs following IDO1 inhibition, we did uncover an
important role by which kynurenine modulates their activity, serving as a critical metabolite
required for Treg-mediated suppression of CD8* T cell proliferation. Further work is needed
to precisely define the role kynurenine and its downstream metabolic intermediates play in
modulating Treg function and determine its mechanistic underpinnings.

Although, GDC-0919 did not demonstrate anti-tumor activity as a single agent in our
glioblastoma model, we identified a unique synergy when combined with radiation, which
was most notable when using a hypofractionated regimen. As recent strategies designed to
incorporate this agent in cancer treatment have been largely negative (45), these findings,
which are consistent with recent studies that have generated considerable interest in the
potential for immune checkpoint agents to be used in concert with radiation (46,47), may
provide a novel direction for continued clinical trial development. Our results provide a
novel insight into the complex mechanisms that may be underlying these interactions,
suggesting radiation may perturb cancer immunoediting at several levels. For example, in
our working model, RT-induced tumor cell death results in the release of tumor-associated
antigen/peptides, ensued by antigen processing and presentation to T cells (35,48). This, in
turn, helps stimulate the immune system and clonal expansion as demonstrated by a robust
increase in activated and cytotoxic T cells, contributing towards an immunologic shift from a
state of ‘equilibrium’ or ‘escape’ back to an immunologic state of ‘elimination’ of tumor
cells (49). However, this potential for an immunologic shift that would result in enhanced
anti-tumor activity appears to be dampened by parallel increases in RT-induced immune
suppression, most notably, a consistent increase in Tregs. Our data, along with another
recent publication (50), suggests that the observed increase in activated and cytotoxic T cells
following RT may in turn stimulate tryptophan metabolism, contributing to the observed
increase in Tregs. Inhibiting tryptophan metabolism mitigates the observed accumulation of
RT-induced Tregs and attenuates their suppressiveness. This results in a further increase in T
cell activation and cytotoxicity, thereby, enhancing anti-tumor activity by tipping the
immunologic balance towards a state of ‘elimination’ (37), thereby, providing a mechanistic
link between IDOL1 inhibition and enhanced radiation response. Focused studies involving
depletion of Tregs, and other potential targets of IDO1 inhibition, including MDSCs, are still
required to more definitively establish mechanisms governing potentiation of RT response
following IDO1 inhibition.

In summary, aberrant tryptophan metabolism represents an important metabolic node in
glioblastoma. Although its specific role in gliomagenesis remains unclear, this pathway
appears to play a significant role in RT-induced immune checkpoint reactivation. GDC-0919
is a potent IDO1 inhibitor with the capacity of crossing the BBB and enhancing RT response
by mitigating RT-induced immune suppression, thereby shifting the immunologic balance
towards a state of ‘elimination’, which was particularly striking when using a
hypofractionated approach. These encouraging findings support clinical efforts designed to
combine IDO1 inhibition with hypofractionated RT in glioblastoma, offering the promise of
effectively harnessing a patient’s own immune system to attack these otherwise recalcitrant
tumors.
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Translational Relevance

Through integrative, cross-platform analyses coupling global metabolomic profiling with
gene expression arrays in over 100 patient-derived tumors, we identified aberrant
tryptophan metabolism as an important metabolic node and immune checkpoint in
glioblastoma. We discovered that intermediaries associated with tryptophan metabolism
demonstrated >90% accuracy in discriminating between low and high-grade glioma,
offering novel diagnostic implications. We then extended these findings preclinically
using a novel, immune competent, genetically engineered mouse model of adult
astrocytoma with a potent, clinically relevant inhibitor of tryptophan metabolism/IDO1.
Through these studies, we uncovered a potent synergy when combining an IDO1
inhibitor with hypofractionated radiation and a novel mechanism linking tryptophan
metabolism with radiation-induced immune suppression involving immune checkpoint
reactivation. These encouraging findings support future clinical efforts designed to
combine IDO1 inhibition with hypofractionated radiation in glioblastoma, offering the
promise of harnessing a patient’s immune system to attack these otherwise recalcitrant
tumors.
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Figure 1. Aberrant tryptophan metabolism represents a metabolic node in glioblastoma.
(A) Metabolomic profiling performed on patient-derived low grade glioma (LGG; n=28) and

glioblastoma (n=80) demonstrates differential accumulation of tryptophan (TRP),
kynurenine (KYN), kynurenate (KYNA) and KYN/KYNA ratio. (B) Expression analysis of
enzymes involved in tryptophan metabolism in LGG and glioblastoma was performed using
The Cancer Genome Atlas (TCGA). (C/D) Cross platform analysis was performed coupling
metabolomic profiles with gene expression arrays in glioblastoma (n=56). The relative
accumulation of intermediaries of tryptophan metabolism (C) and enzymes driving
tryptophan metabolism (D) were evaluated in the context of the tumors’ molecular subtype,
classified as classical (CL), mesenchymal (M), neural (N) or proneural (PN). (E) Expression
of enzymes involved in tryptophan metabolism in the context of their anatomic structure
derived from the Ivy GAP database. Regions were classified as periphery (leading edge and
infiltrating tumor), cellular tumor, and necrotic core (perinecrotic and pseudopalisading
necrosis). ****=p<0.00005, ***= p<0.0005; **= p<0.005; *= p<0.05.
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Figure 2. The IDO1 pathway is activated in glioblastoma cell lines.
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(A) Human glioblastoma cell lines (T98G, U87, U251, MES326 and PN19) were cultured in
the presence or absence of 50 ng/ml of human IFN-vy for three days and evaluated by
western blot. (B) Human cell lines were cultured in 250 uM tryptophan and presence or
absence of 50 ng/ml of IFN-y. Media supernatant was collected after three days for
kynurenine estimation using Ehrlich’s method. Data represent mean + SD. (C) Orthotopic
TRP tumors grown in C57BL/6 mice were analyzed for kynurenine using LC/MS and
compared to normal murine brain. (D) IDO1 expression was analyzed in TRP tumors
isolated from C57BL/6 mice using western blot. Results are representative of at least 3

independent experiments. *= p<0.05
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Figure 3. GDC-0919 demonstr ates potent inhibition of tryptophan metabolism in glioblastoma
and achieves biologically relevant concentrationsin the brain.

(A) Human GBM cell lines (T98G, U87, U251 and MES326) were cultured with human
IFN-y (50 ng/ml) and of tryptophan (250 pM) and graded concentrations of the IDO1
inhibitor GDC-0919. The supernatant was collected after three days and evaluated for

kynurenine. Data was plotted and used to calculate ED50 values for individual cell lines. (B)
Murine TRP tumors (/n vitro and ex vivo tumors isolated from C57BL/6 mice and C57BL/6
mice treated with GDC-0919 (200 mg/kg twice a day for 3 days given orally) were cultured
in the presence and absence of mouse IFN-y (100 ng/ml) and tryptophan (250 uM). The
supernatant was collected after three days and analyzed for kynurenine. (C/D) C57BL/6
mice with subcutaneous or intracranial TRP tumors were treated with GDC-0919 (200
mg/kg twice a day for 3 days given orally). Tissue and plasma were isolated after three days
of treatment and analyzed for (C) GDC-0919 and (D) tryptophan and kynurenine (in
intracranial tumors) using LC/MS. Results obtained in mg/kg were converted to uM by
assuming mg/ml ratio to be 1. Data represent mean + SD. *= p<0.05. A minimum of 4 tissue
samples were used for each experiment.
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Figure 4. GDC-0919 enhancesradiation response in glioblastoma.
TRP tumors were grown (A) subcutaneously (SC) or (B) & (C) intracranially (IC) in

immune competent C57BL/6 mice. MRI was obtained to confirm the establishment of IC
tumors prior to the initiation of therapy. Following establishment of tumors, mice were
randomized to treatment as described in schema. GDC-0919 was given orally at a
concentration of 200 mg/kg twice a day (six days a week) for 2—3 weeks. Each treatment
arm consisted of a minimum of 6 mice. ** = p<0.005.
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Figure 5. Tryptophan metabolism contributesto radiation-induced immune suppression in
glioblastoma.

(A) Intracranial tumors were macrodissected from mice 5 days following the GDC-0919
and/or RT treatment schedule described in Fig. 4B and analyzed for immune correlates by
flow cytometry, including presence of regulatory T cells (Tregs; CD4*FoxP3*CD25%),
myeloid-derived suppressor cells (CD45*CD11b*Gr1*) and tumor-associated macrophages
(CD45*CD11b*F4/80%). Scatter plot represents data from 5-6 tumors from each group. (B)
To analyze the suppressive ability of Tregs, splenocytes from C57BL/6 mice were used for
isolating CD8* T cells and Tregs (CD4*CD25%) using magnetic sorting. CFSE labeled
CD8™ T cells were activated using plate-bound anti-CD3/CD28 antibody for three days in
presence or absence of Tregs (CD8:Tregs=1:3) and kynurenine (50uM) and represented as
flow histogram plots as CFSE dilution (proliferation) or no proliferation (suppression). The
bar graph represents cumulative data from three experiments. (C) Intracranial tumors were
macrodissected from mice 7 days following the GDC-0919 and/or fractionated RT treatment
schedule described in Fig. 4C and analyzed for immune correlates by flow cytometry,
including presence of Tregs (CD4*FoxP3*CD25%). Scatter plot represents data as mean +
SEM from 4 tumors in each group. *= p<0.05
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Figure 6. Radiation induces antitumor immune reactivation.
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(A) Intracranial TRP tumors described in Fig. 4C were macrodissected from mice 7 days
following the GDC-0919 and/or fractionated RT treatment schedule and analyzed for
activated (CD8*CD69") and cytotoxic (GzmB*CD8*) T cells. Scatter plot represents data as
mean + SEM from 4 tumors in each group. (B) Plasma from mice harboring intracranial
TRP tumors described in Fig. 4C were analyzed for mouse IFN-y using ELISA. Scatter plot
represents data from 4 mice from each group (C) IDO1 expression was analyzed in
orthotopic TRP tumors isolated from C57BL/6 control mice and mice treated with f-RT and
used to perform western blot for IDO1. Tubulin was used as loading control. (D) Human
PBMCs (HLA-A2") were co-cultured with U251 (HLA-A2*) and 250uM of tryptophan for
3 days. Cell culture supernatant was analyzed for kynurenine and (E) Cells were used for
western blotting analysis for IDO1. Results are representative of at least 3 independent. **=

p<0.005; *= p<0.05.
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