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Abstract

We hypothesized that peripheral tryptophan (Trp) and/or kynurenine (Kyn) levels would provide
prognostic value for physicians planning to enroll glioblastoma multiforme (GBM) patients in
immunotherapy. GBM is the most common form of malignant glioma in adults. Despite
aggressive surgical resection, irradiation and chemotherapy, patients with GBM have a median
survival of only 14.6 months postdiagnosis. This poor outcome has led to the search for more
effective treatments, including immunotherapy. However, the identification of parameters that
proactively stratify GBM patients who have the potential for therapeutic benefit has been
challenging. Given recent observations demonstrating high indoleamine 2,3 dioxygenase 1 (IDO1)
expression in GBM, the immunosuppressive impact of IDO1-mediated Trp catabolism, as well as
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active transport of Trp and the IDO1-downstream Trp catabolite, Kyn, across the blood brain
barrier, we hypothesized that peripheral blood analysis of this pathway would provide diagnostic
utility. When comparing individuals without tumors to GBM patients prior to surgical resection, or
at the 48 hour (48h) and = 10 week (10w+) postoperative time points, Trp levels were significantly
decreased (p < 0.0001). Similarly, Kyn levels were decreased in the pre and 48h postoperative
GBM patients (p < 0.0001), while there was no difference between individuals without tumors and
10w+ GBM patients. Interestingly, those 10w+ patients with a high Kyn/Trp ratio (= 9.5) had a
mean overall survival (OS) of 23.6 + a standard error of 6.8 months, compared to an OS of 38.7 =
4.9 months for patients with lower Kyn/Trp values. Since the 10w+ blood draw and analyses
occurred prior to patient enrollment in the heat shock protein peptide complex-96 clinical trial,
these novel data suggest that the late Kyn/Trp index may be a relevant clinical benchmark,
providing prognostic value for GBM patients who are enrolled in immunotherapeutic regimens.
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1. Introduction

Glioblastoma multiforme (GBM) is a universally fatal primary tumor of the central nervous
system (CNS) with a median postdiagnosis lifespan of 14.6 months [1]. Surgical resection,
irradiation and chemotherapy have generally failed to durably halt tumor progression.
Therefore, immunotherapy has quickly become a preferred commensurate approach, with
already proven effectiveness in cancers that have been previously characterized as incurable
[2, 3]. Although immunotherapy for pediatric and adult brain cancer is actively being
pursued [4-6], the characterization of parameters that prognostically identify responders
versus non-responders, such as the cytokine profile of cytolytic T cells [7], is a rapidly
developing area of investigation.

In humans, tryptophan (Trp) catabolism via the kynurenine (Kyn) pathway has been
suggested to be mediated by three different enzymes: indoleamine 2,3 dioxygenase 1
(IDO1), indoleamine 2,3 dioxygenase 2 (IDO2) and tryptophan 2,3 dioxygenase (TDO?2).
Notably, upregulated IDO1 and TDO2 expression within the tumor is correlated with
decreased overall survival (OS) of patients with glioma [8-10]. While the individual
contribution of these two enzymes toward tumor-induced immunosuppression is yet to be
quantified, there is a general consensus that the conversion of Trp into Kyn is a mechanism
that GBM employs to circumvent the anti-tumor immune response [11, 12]. Given that both
Trp and Kyn are actively transported across the blood brain barrier via the large amino acid
transporter system [13, 14], we hypothesized that peripheral Trp and/or Kyn levels would
provide prognostic value for physicians planning to enroll GBM patients in immunotherapy.
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2. Materials and methods

2.1. Human samples

The control population consisted of individuals without any diagnosed malignancy. Patients
diagnosed with a recurrent GBM were either enrolled at Northwestern University Medicing,
Chicago, or at the University of California, San Francisco. For those GBM patients who
elected to receive the heat shock protein peptide complex-96 (HSPPC-96) vaccine through a
clinical trial (NCT00293423), the preoperative eligibility included the ability to resect >
90% of the tumor. Patients with a Karnofsky performance status of 60 or greater and a life
expectancy greater than 8 weeks were eligible for the study. Patients could not be on
corticosteroids at the time of surgical resection. Intraoperative tissue biopsies were
confirmed for recurrent GBM prior to being sent for vaccine manufacturing at Agenus Inc.
(Lexington, MA, USA).

The preoperative exclusion criteria included a history of immunodeficiency or
immunosuppressive drug use, excluding corticosteroids, other malignancies or other cancers
within 5 years, active uncontrolled infection, and other serious medical conditions.
Confirmation of whether the 7 g of tumor tissues could generate a vaccine took 2—4 weeks
after surgery. The trial was approved by the Institutional Review Board at all participating
sites. During treatment, the patients were evaluated for safety, toxicity, autoimmunity and
injection site reactions. They underwent clinical and radiograph tumor assessments every 4
and 8 weeks, respectively, as per the standard of care (SOC) protocol. The primary
endpoints were safety and feasibility [4]. The secondary endpoints were OS and the immune
response to therapy [15].

2.2. High performance liquid chromatography

Serum was isolated from peripheral blood for Trp and Kyn analyses by reversed phase high
performance liquid chromatography using a Coulochem I11 detector with a 5041 enhanced
analytical cell containing a glassy carbon electrode (+600 mV; ESA, Chelmsford, MA,
USA). The mobile phase (pH 4.6) consisted of 75 mM monosodium phosphate (NaH,POy),
25 PM ethylenediaminetetraacetic acid (EDTA,; disodium salt), and 100 pL/L triethylamine
in acetonitrile (6:94 v:v with water). The chromatograms were integrated and quantified
using EZChrom Sl software (Agilent Technologies, Santa Clara, CA, USA).

Serum (30 pL) samples were processed in a blinded fashion and mixed with a 0.5% sodium
dodecyl sulfate (30 L) solution, incubated for 15 min at room temperature before the
addition of 30 uL of 10% sulfosalicylic acid solution, and the proteins were allowed to
precipitate on ice for at least 15 min. Following precipitation, the samples were centrifuged
at 16,100 x g-force for 15 min at 4°C. The supernatant was extracted and loaded into a
Costar Spin-X centrifuge tube filter (0.22 uM nylon; Corning Inc., Corning, NY, USA) and
centrifuged at 12,000 x g-force for 6 min at 4°C. The samples were then diluted 1:10 in 0.02
normal perchloric acid (HCIO,) prior to analysis.

A standard curve was generated daily from the concentrated Trp (9 mg/mL) and Kyn (1
mg/mL) standards, diluted in 0.02 normal HCIO,4 and held at 4°C until a 20 puL volume was
injected into the system. The standards were made using a serial dilution technique so that
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the standard levels encompassed the expected levels in the serum samples. The standard
curve was created using the system software, and samples were not analyzed unless a linear
standard curve with r2 > 0.995 was achieved.

2.3. Statistical analyses

The variables were compared among the controls and patients preoperatively, 48 hours and
12 weeks postoperatively, using analysis of variance and accounting for the repeated
measures within the patient group, and for the variance between controls and patients, and
through time within each patient. Post hoc testing was performed by two-tailed t-tests,
adjusting for multiple testing. To adjust for multiple testing, the six pairwise comparisons
among the four sets of data were considered statistically significant if p < 0.0083 (= 0.05/6;
the Bonferroni correction). Progression-free survival and OS were compared between the
subgroups determined by the kynurenine/tryptophan ratio, using Kaplan—Meier curves and
log rank tests. The statistical analyses were performed using Prism software (version 6.05;
GraphPad Software, San Diego, CA, USA). The data are presented as the mean + standard
error.

3. Results

We tested for differences in Trp and Kyn levels between healthy individuals (no
malignancy) compared to GBM patients, prior to and post tumor resection. Notably, all
GBM patient blood analyses were of tissue that was isolated prior to enrolment in the
HSPPC-96 vaccination protocol. The individuals without a diagnosed malignancy had a
mean serum Trp level of 9201 + 402 ng/mL (n = 10), which was significantly decreased to
2951 + 304 preoperatively (n = 9), 5937 + 534 at 48 hours postoperatively (n = 10) and 5007
+ 377 ng/mL at = 10 weeks postoperatively in GBM patients (n = 10; p < 0.0001; F [3, 35] =
42.22; Fig. 1A). Notably, the 10w+ group included patient sera analysis just prior to
HSPPC-96 enrollment, with the time of the clinical trial initiation identified in
Supplementary Table 1. The serum Kyn levels were 350 + 21 ng/mL in the controls. In the
GBM patients, this was significantly decreased to 106 + 16 preoperatively, and 143 + 14
ng/mL at 48h (p < 0.0001; F [3, 35] = 24.43; Fig. 1B). In contrast, the Kyn levels in the
GBM patients at 10w+ were 350 £ 43 ng/mL, which was not significantly different from
that seen in the controls. The control, preoperative and 48h postoperative measures of serum
Kyn/Trp ratios were 3.81 £ 0.33, 3.56 + 0.47 and 2.37 £ 0.13 ng/mL, respectively, which
significantly increased to 7.32 = 1.1 at 10w+ in the GBM patients (p < 0.0001; F [3, 35] =
11.37; Fig. 1C). Only 25% of GBM patients with a Kyn/Trp ratio > 9.5 at 10w+ were still
alive at 149 weeks postoperatively, which was substantially decreased compared to the
GBM patients who had lower Kyn/Trp ratios (associated with a patient OS of 67%; Fig.
1D).

We also tested for differences in Trp and Kyn levels between patients with newly diagnosed
and recurrent GBM, as well as other forms of primary brain tumors and brain metastases, in
the serum of peripheral blood drawn at the time of surgery. The Trp and Kyn levels for
newly diagnosed GBM patients (n = 33) were 3562 + 180 and 230 + 21 ng/mL, respectively,
which were not significantly different from the levels identified in individuals diagnosed
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with recurrent GBM (n = 11), meningioma Grade | (n = 21)/Grade Il (n = 9), schwanoma
Grade | (n = 7), or metastatic melanoma (n = 2), lung (n = 8), kidney (n = 4) or breast cancer
(n =5; Fig. 2A, B). Concordantly, there was no significant difference in the Kyn/Trp ratio of
serum isolated from newly diagnosed GBM patients (6.4 + 0.47 ng/mL) compared to all
other groups of patients with CNS tumors (Fig. 2C). When the frequency of patients with a
high Kyn/Trp ratio was compared, defined by a level = 9.5, fewer than 10% of newly
diagnosed and recurrent GBM patients were distinguished (Fig. 2D). Similarly, for all
groups, except those diagnosed with CNS infiltrating metastatic melanoma, fewer than 25%
of the samples had a high Kyn/Trp ratio.

4. Discussion

Collectively, these preliminary data suggest that the Kyn/Trp ratio is a potentially important
prognostic biomarker to predict improved OS for patients treated with surgery followed by
HSPPC-96 immunotherapy. These data also demonstrate that the majority of patients with
primary brain tumors or metastatic disease of the CNS are not significantly different from
one another with respect to peripheral circulating Trp and Kyn levels prior to surgical
intervention.

The Kyn/Trp index has previously been shown to be a useful prognostic indicator for
patients with lung cancer progression [16], HIV [17], and is increased in individuals with
endometrial, ovarian and vulvar cancers [18]. Several studies have suggested that the
increased Kyn/Trp level is attributable to the enzymatic function of IDO1 [19], with a
consequent tolerogenic impact on T cells [20]. However, what is yet to be established is the
exact levels of Kyn and Trp that are required to physiologically promote
immunosuppression. In contrast to the original Trp starvation-induced T cell tolerizing
hypothesis [21], in vitro cultures of IDO1-expressing dendritic cells with T lymphocytes
lead to anergy, even when Trp is in excess [22]. Recent work has demonstrated that the Trp
catabolite, Kyn, activates the aryl hydrocarbon receptor on naive CD4-positive T cells to
promote the expression of the master regulatory T cell transcription factor, FoxP3 [23].
These data suggest that the accumulation of Trp catabolites, rather than tryptophan depletion
alone, is a mechanism that is utilized during IDO1-mediated immunosuppression.

Previous work has demonstrated that human GBM cell lines do not normally express IDO1
in vitro, but are induced with exogenous interferon-gamma, resulting in the catabolism of
Trp to Kyn [24]. In vivo, human GBM expresses IDOL1 prolifically [25], which may be the
result of inflammation caused by tumor outgrowth [26]. Importantly, both an increased level
of IDO1 mRNA and protein expression has been correlated with decreased OS in patients
with malignant glioma [8, 9]. Since both Trp and Kyn are actively transported across the
blood brain barrier via the large neutral amino acid transporter [14], we hypothesized that
increased IDO1 expression in GBM may induce a Trp sink effect, thereby depleting Trp
while increasing Kyn levels from and into the circulation, both simultaneously and
respectively. This hypothesis is not supported by the data in Figure 1 and 2. Instead, we
found that when compared to non-tumor bearing individuals, both pre and early
postoperative GBM patients have significantly decreased Trp and Kyn levels. Unexpectedly,
we also identified a bimodal stratification of Kyn levels in the surgically-resected GBM
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patients at 10w+, prior to treatment with the HSPPC-96 immunotherapeutic treatment
modality. Although there was a strong trend among those individuals with a high Kyn/Trp
ratio of > 9.5 for decreased OS compared to patients with < 9.5, the sample size that was
analyzed (n = 10) was too small to reach statistical significance (p = 0.1).

Our work confirms that GBM patients possess altered Trp and Kyn levels at the time of
surgery compared to controls [27]. Notably, and to our knowledge, this is the first time that
differences in the Kyn/Trp ratio have been found among postoperative resected recurrent
GBM patients, with a trend predicting the patient survival time after surgical and HSPPC-96
vaccine treatment. Given that this profile became evident at a time point well after surgery
and SOC treatment, but prior to treatment with immunotherapy, the mechanism underlying
this phenomenon is yet to be elucidated. However, some of the factors that may account for
these observations include: IDO1 peripheral induction associated with immune activation
during GBM recurrence, increased GBM circulation transport of Kyn during recurrence,
and/or recruitment of the tryptophan catabolic enzymes (IDO1/IDO2/TDQ?2) induced by
SOC treatments, including irradiation, temozolomide and/or decadron. In the future, it will
be important to increase the sample size and scope of this analysis to include additional
postresection time points, patients who do not elect HSPPC-96 immunotherapy, as well as
individuals with CNS malignancies other than GBM. Ultimately, this work provides
promising preliminary evidence that suggests a better understanding of the mechanisms
governing tryptophan catabolism may lead to more effective prognostic and predictive
biomarkers for patients with GBM who are treated with surgery and immunotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
e We discuss the complex link between IDO1, Trp and Kyn in GBM patients.
e We identify a potential new prognostic tool for GBM patient stratification.
» We found that, differences in the Kyn/Trp ratio appear = 10 weeks post-surgery.

e We introduce novel physiologically-relevant clinical data from GBM patients.
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Fig. 1.

Correlation of the kynurenine/tryptophan (Kyn/Trp) ratio with overall survival in
glioblastoma multiforme (GBM) patients prior to enrolling in heat shock protein peptide
complex-96 immunotherapy. Peripheral blood was collected from non-tumor bearing
individuals as controls (C; squares), GBM patients prior to surgical resection (Presurg;
upright triangles), or 48 hour (48h; upside down triangles) and = 10 week (10w+; diamonds)
postoperative resected GBM patients. The serum was analyzed for systemic (A) Trp, (B)
Kyn and the (C) Kyn/Trp ratio. Each patient of the 10w+ GBM cohort was assigned a
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tracking number from 1-10 (A-D). (D) Overall survival of the 10w+ GBM patient cohort
stratified by a = 9.5 (red line) or < 9.5 (blue line) Kyn/Trp ratio. The numbers in parentheses
correspond to the assigned patient number. ***p < 0.0001.
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Fig. 2.
Quantification of peripheral tryptophan (Trp) and kynurenine (Kyn) in presurgical patients

with tumors of the central nervous system. Peripheral blood was collected from patients with
primary glioblastoma multiforme (GBM; closed circle), recurrent GBM (closed square),
meningioma Grade | (closed upright triangle), meningioma Grade Il (closed upside down
triangle), schwannoma Grade | (closed diamond), or central nervous infiltration of
metastatic (Mets) melanoma (open circle), Mets lung (open square), Mets kidney (open
upright triangle) and Mets breast (upside down triangle) cancer. The serum was analyzed for
(A) Trp, (B) Kyn and the (C) Kyn/Trp ratio. (D) The frequency of patients from each cohort
who possessed a high (= 9.5) Kyn/Trp ratio is plotted, and the total number of patients from
each group is shown in parentheses above each respective bar.
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