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Abstract

Purpose—Several molecular glioma markers (including isocitrate dehydrogenase 1 [IDH1]
mutation, amplification of the epidermal growth factor receptor [EGFR] and methylation of the
0%-methylguanine-DNA methyltransferase [MGMT] promoter) have been associated with
glioblastoma survival. In this study, we examined the association between tumoral amino acid
uptake, molecular markers, and overall survival in patients with IDH1 wild-type (primary)
glioblastoma.

Materials and Methods—Twenty-one patients with newly-diagnosed IDH1 wild-type
glioblastomas underwent presurgical MRI and PET scanning with alpha[C-11]-L-methyl-
tryptophan (AMT). MRI characteristics (T2 and T1 contrast volume), tumoral tryptophan uptake,
PET-based metabolic tumor-volume and kinetic variables were correlated with prognostic
molecular markers (EGFR and MGMT) and overall survival.

Results—EGFR amplification was associated with lower T1 contrast volume (P=.04) as well as
lower T1-contrast/T2 volume (P=.04) and T1-contrast/PET volume ratios (P=.02). Tumors with
MGMT promoter methylation showed lower metabolic volume (P=.045) and lower tumor/cortex
AMT unidirectional uptake ratios than those with unmethylated MGMT promoter (P=.009). While
neither EGFR amplification nor MGMT promoter methylation was significantly associated with
survival, high AMT tumor/cortex uptake ratios on PET were strongly prognostic for longer
survival (hazard ratio: 30; £=.002). Estimated mean overall survival was 26 months in patients
with high vs. 8 months in those with low tumoral AMT uptake ratios.

Conclusions—The results demonstrate specific MRI and amino acid PET imaging
characteristics associated with EGFR amplification and MGMT promoter methylation in patients
with primary glioblastoma. High tryptophan uptake on PET may identify a subgroup with
prolonged survival.
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Introduction

Gliomas represent approximately 30% of all central nervous system tumors and 80% of all
malignant brain tumors.! Glioblastomas are the most common malignant primary brain
tumors in adults and carry a dismal prognosis with a median survival of 15 months,1:2
however, a small percentage of patients remains stable for a prolonged period of time after
initial treatment. The majority of glioblastomas (90%) is primary and affects older patients
compared to secondary glioblastomas which develop from WHO grade 11 gliomas.3

Main prognostic factors for survival of glioblastomas include age, performance status,
radiologic features, and extent of initial tumor resection.3 In addition, several molecular
markers were shown to provide prognostic information in these tumors.* Among these, high
Ki-67 nuclear labeling index (characterizing tumoral proliferative activity) and
overexpression of epidermal growth factor receptor (EGFR) carry an unfavorable prognosis,
while isocitrate dehydrogenase 1 (IDH1) mutation is associated with longer survival. IDH1
mutation is more frequent in WHO grade Il and 111 gliomas and secondary glioblastoma
(70-80%), while less than 5% in primary glioblastoma (IDH1 wild-type). O5-
methylguanine-DNA methyltransferase (MGMT) promoter methylation in high-grade
gliomas is associated with favorable response to the alkylating chemotherapeutic agent
temozolomide and longer survival.>—2

Recent studies have demonstrated the association of molecular glioma markers with specific
tumoral imaging characteristics. Most studies were performed with MRI and showed a
number of radiophenotypes associated with glioblastoma genetic biomarkers.19 In contrast,
radiogenomic studies utilizing metabolic and molecular imaging markers have been scarce.
In one study, MGMT promoter methylation was associated with high methionine uptake on
positron emission tomography (PET) in patients with grade I1-111 gliomas.11 However, no
similar studies have been reported for glioblastomas. A study using the amino acid PET
tracer [F-18]-fluoro-ethyl-tyrosine (FET) in previously-treated glioblastomas demonstrated
that the PET-assessed recurrence pattern was influenced by MGMT promoter methylation
status.12 A recent FET-PET study also showed that PET-defined biological tumor volume in
newly-diagnosed glioblastomas was a prognostic imaging biomarker for survival,
independent of MGMT promoter methylation.1® Nonetheless, the association between
glioblastoma amino acid uptake, genetic biomarkers, and survival remains to be determined.

Alpha[C-11]-L-methyl-tryptophan (AMT) is an amino acid PET tracer utilized to study
brain tryptophan uptake and metabolism.1* AMT-PET can detect and differentiate various
primary and metastatic brain tumors, including glioblastomas.1>~17 We have also
demonstrated that high tryptophan uptake in the suspected recurrence site was a strong
prognostic imaging marker for 1-year and overall survival in patients with previously-treated
glioblastoma independent of MRI and clinical prognostic factors.18 However, PET findings
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were not correlated with molecular prognostic markers, and the potential prognostic value of
AMT-PET in pre-treatment glioblastomas remained to be determined.

The present study had two main goals: (i) to evaluate if prognostic molecular markers in
primary (IDH1 wild-type) glioblastomas are associated with a specific pattern of amino acid
uptake or metabolism on PET imaging and/or MRI variables; and (ii) to determine if pre-
treatment tryptophan uptake measured by PET has a prognostic value for overall survival in
the same group.

Materials and Methods

Subjects

The study included 21 patients (14 males, mean age: 62 years; Table 1) with a suspected
glioblastoma who underwent presurgical imaging including dynamic AMT-PET following
tumor resection and standard postsurgical chemoradiation. In all patients, histopathology
confirmed WHO grade 1V glioma with wild-type IDH1. Thirteen patients had gross total
tumor resection and 8 had subtotal resection at initial surgery. Five patients underwent a
second resection after tumor recurrence, and two patients received additional chemotherapy
(bevacizumab and bevacizumab with irinotecan in one case each; Table 1). No patients
received NovoTTF treatment that could prolong overall survival.1® The study was approved
by the Wayne State University Institutional Review Board with written informed consent
obtained from all participants.

MRI acquisition

Diagnostic MRIs with routine T1, T2, fluid attenuated inversion recovery (FLAIR), and
post-contrast T1 (T1-Gad) sequences acquired closest in time to the AMT-PET were used in
this study. MRI was performed on a Siemens MAGNETOM Trio TIM 3.0 Tesla scanner
(Siemens Medical Solutions, Malvern, Pennsylvania), a GE Signa HDxt 3.0 Tesla scanner
(GE Medical Systems, Milwaukee, Wisconsin), or a Philips Achieva TX 3.0 Tesla scanner
(Philips Medical Systems Inc., Da Best, the Netherlands), using similar parameters on all
scanners.

AMT-PET scanning protocol

PET studies were performed using a Siemens EXACT/HR whole-body positron emission
tomograph (Siemens Medical Systems, Knoxville, TN) or GE Discovery STE PET/CT
scanner (GE Medical Systems, Milwaukee, WI). The PET image in plane resolution was
7.5+0.4 mm at full-width half-maximum (FWHM) and 7.0£0.5 mm FWHM in the axial
direction, with a slice thickness of 3.125 mm. The AMT tracer was synthesized by using a
high-yield procedure as outlined before.20 The procedure for AMT-PET scanning has been
described previously.1516.18.21 |n prief, after 6 h of fasting, AMT (1 mCi/kg=37 MBq/kg)
was injected intravenously. For collection of timed blood samples, a second venous line was
established. In the initial 20 min of the scan following tracer injection, a dynamic PET scan
of the heart was performed to obtain the blood input function from the left cardiac ventricle
noninvasively. The blood input function was continued beyond these initial 20 min by using
venous blood samples (0.5 mL/sample, collected at 20, 30, 40, 50, and 60 min after AMT
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injection). At 25 min after tracer injection, a dynamic emission scan of the brain (7x5 min)
was acquired. Measured attenuation correction, scatter, and decay correction was applied to
all PET images. For visualization of AMT uptake, averaged activity images 30-55 min post-
injection were created and converted to an AMT standardized uptake value (SUV) image.

PET and MRI processing and analysis

For image analysis, the 3D Slicer software?? version 3.6.3 (www.slicer.org), was used as
described previously.1® First, pre-treatment AMT-PET and MR images were co-registered
using the Fast Rigid Registration module, and a transformation matrix was created.23 This
transformation matrix was then applied to the summed AMT-PET image and to the dynamic
AMT-PET images loaded via the 4D image module of 3D Slicer. Following fusion of the
summed AMT-PET with MR images, regions of interest (ROIs) were drawn on the tumor
mass in tumor regions with MRI contrast enhancement and/or T2/FLAIR signal changes,
and the ROIs were then applied on the co-registered AMT PET images. As a reference
(background) region, at least 3 ROIs were drawn on the homotopic cortex contralateral to
the tumor, and the values from these ROIs were averaged. For quantification of the AMT net
transport and metabolism, Patlak graphical analysis!6-24 was performed, which yielded
AMT volume of distribution (VD) and K values, as described previously.16:25 VD is an
estimate of the volume of distribution of the tracer in the free precursor pool. We have
previously shown that tumoral VD is increased when the blood-brain barrier is
compromised1® and tumoral VD was also a good estimate of tumor proliferative activity in
newly-diagnosed gliomas.2® The AMT K value reflects the unidirectional uptake of tracer
into tissue,2”-28 which is thought to be higher with increased metabolism of tryptophan via
the serotonin (in normal brain) and/or the kynurenine pathway.14.16

Tumor volumes on MRI were defined as described previously: (i) thresholds slightly above
the highest signal of normal white matter contralateral to the tumor were used for T2
images; and (ii) the area of contrast enhancement was used for post-contrast images.2
Contrast-enhancing volumes were created by segmentation of post-contrast abnormalities
semi-automatically, while T2 images were segmented manually to avoid erroneous inclusion
of cerebrospinal fluid in the volume of interest.

Tissue processing

Freshly-resected tumor specimens were divided and fragments were flash-frozen in liquid
nitrogen or formalin-fixed and paraffin-embedded (FFPE). Flash-frozen tissues were stored
at —80°C until DNA extraction. FFPE tissues were sectioned at 5 uM and mounted on slides
for immunohistochemical staining or collected for DNA extraction. Genomic DNA was
extracted from all samples with the ZR Genomic DNA-Tissue MiniPrep (Zymo Research,
Irvine, CA) according to the manufacturer’s protocol for flash-frozen or FFPE tissues. DNA
was spin-column purified and eluted in DNase-free water. DNA samples were quantified
with a NanoDrop 2000 spectrophotometer (ThermoFisher Scientific, Wilmington, DE). The
260/280 ratios for all of the samples were 1.91+0.06.
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Ki-67 labeling index

Immunohistochemical staining for Ki-67 (using CONFIRM™ anti-Ki-67 rabbit monoclonal
antibody, clone 30-9, Ventana Medical Systems, Inc., Tucson, AZ) was performed to assess
glioma proliferative activity. The Ki-67 labeling index was determined by identifying the
areas of greatest tumor cellularity, examining at least 10 fields at 400% (high-power)
magnification on an Olympus microscope, and determining the ratio between the number of
Ki-67-positive tumor cell nuclei and the total number of tumor cell nuclei in each high-
power field. The proliferation index was expressed as a percent range (lowest to highest) in
the 10 high-power fields (e.g., 5-10%). The middle value of the defined range was then used
in correlations with the PET variables.

MGMT promoter methylation

The MGMT promoter region analyzed was —20 to +178, which contains some of the CpG
sites that have been shown to correlate most highly with levels of MGMT mRNA.30 For
each sample tested, 500 ng of DNA were bisulfite-converted with the Cells-to-CpG™
Bisulfite Conversion Kit (ThermoFisher, Carlsbad, CA). Bisulfite-converted DNA was
quantified (Nanodrop) and 20 ng was used in the PCR reaction with primers 5’-
GTTTTTTTGTTTTTTTTAGGTTTT and 5’-AAACRACCCAAACACTCACC and Power
SYBR® Green PCR Master Mix (ThermoFisher).30 PCR reactions were performed with a
StepOnePlus® real-time PCR thermocycler (ThermoFisher). The resulting PCR products
were cleaned up with the DNA Clean & Concentrator™ (Zymo Research) prior to Sanger
sequencing. All sequencing reactions were performed by ACGT, Inc. (Wheeling, IL) with
primers 5’-GGTTTYGTTTYGTTTTAGATT and 5’-AGGATATGTTGGGATAGTT.30
Sequence data were analyzed with Chromas 2.6 (Technelysium Pty Ltd., South Brisbane,
Australia). The MGMT promoter was considered methylated if greater than 28% of the CpG
sites assayed were methylated.30

IDH1 mutation

To detect mutations associated with arginine 132 (base pairs 394-395), exon 4 of IDH1 was
PCR amplified from 10 ng of genomic DNA with the primers 5’-
TGAGAAGAGGGTTGAGGAGTT and 5’-AACATGCAAAATCACATTATTGCC. PCR
reactions were performed with and Power SYBR® Green PCR Master Mix (ThermoFisher).
PCR reactions were performed with a StepOnePlus® real-time PCR thermocycler
(ThermoFisher). The resulting PCR products were cleaned up with the DNA Clean &
Concentrator™ (Zymo Research) prior to Sanger sequencing. All sequencing reactions were
performed by ACGT, Inc. using the same primers. Sequence data were analyzed with
Chromas 2.6 (Technelysium Pty Ltd., South Brisbane, Australia).

EGFR copy number variation

Levels of EGFR amplification in the tumor DNA was determined using the TagMan® Copy
Number Assay (Assay ID Hs01646307_cn; ThermoFisher). Data were normalized using the
TagMan® Copy Number Reference Assay for RNase P. For each sample, 20 ng of genomic
DNA was amplified using TagMan® Universal PCR Master Mix (ThermoFisher). Data were
analyzed with CopyCaller® Software v2.0 (ThermoFisher) to determine the degree of EGFR
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amplification in each tumor DNA sample. Samples with 3 or more copies of the EGFR gene
were considered positive for amplification.

Statistical analysis

Results

Group comparisons of clinical and imaging variables of patients with various molecular
markers were performed using the Mann-Whitney U-test. Univariate correlations were
performed using the Spearman’s rank correlation. After identifying the PET variable(s) with
a significant correlation with overall survival, a receiver-operating characteristic (ROC)
analysis was performed to identify the optimal threshold for differentiating patients who
were alive at 1-year follow-up from those who had died. Using this cutoff threshold, a Cox-
regression analysis was done to obtain a hazard ratio (HR) for survival in patients having
above- vs. below-threshold values. Statistical analysis was carried out using SPSS Statistics
23.0 software. A Pvalue <.05 was considered to be significant.

Imaging correlates of molecular markers

Mean Ki-67 labeling index was 30% (range: 10-70%), MGMT promoter methylation was
present in 7/19 (37%), while EGFR amplification was detected in 6/20 tumors (30%). EGFR
amplification was associated with higher T1-Gad/PET volume ratio (P=.02), lower T1-
Gad/T2 volume ratio (P=.04) and lower T1-Gad volume (P=.04; Table 2). Tumors with
EGFR amplifications also had markedly higher Ki-67 labeling index (41+17% vs. 20£6%,
respectively, P=.001). Tumors with MGMT promoter methylation showed lower tumor/
cortex AMT K-ratios (mean: 1.3+0.4 vs. 2.05+0.6, £=.009) and lower AMT-PET-defined
metabolic volume (mean: 23.2+14.9 vs. 48.2+29.1 cm?3, P=.045) than those with
unmethylated MGMT. None of the molecular markers showed an association with age,
performance status or survival (Table 2).

Prognostic value of pre-treatment AMT-PET for survival

The median survival time in our study group was 14.8 months (445 days), and 13 patients
(62%) had >1-year survival (Table 1). Overall survival showed a significant positive
correlation with tumor/cortex SUV-ratios (r=0.49; P=.023), indicating longer survival in
those with higher pre-treatment tumoral tryptophan uptake (Figure 1). No other clinical,
molecular or imaging variables correlated with survival.

The ROC analysis showed high area under the curve (AUC) for AMT SUV-ratios (0.94; P=.
001). Using a 1.94 tumor/cortex SUV-ratio as the cutoff threshold, 1-year survival was
correctly predicted with 100% sensitivity and 88% specificity. Cox-regression analysis
showed that AMT SUV-ratios above 1.94 were highly predictive for long survival (hazard
ratio: 30.2 [95% ClI: 3.5-259]; P=.002). Estimated mean overall survival was 26 [SEM: 3]
vs. 8 [SEM: 1] months in patients with above- vs. those with below-threshold AMT uptake
ratios, respectively (Figure 2).
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Discussion

This is the first study to demonstrate a link between prognostic genetic biomarkers and
tumoral amino acid uptake in IDH1 wild-type glioblastomas. MGMT promoter methylation
was associated with lower AMT-PET-based metabolic volumes and K-ratios, while EGFR
amplification was associated with lower T1-Gad/PET and lower T1-Gad/T2 volume ratios.
In addition, while neither EGFR nor MGMT promoter methylation status was associated
with survival, high AMT SUV tumor/cortex ratio was a strong prognostic imaging marker
associated with a markedly longer survival in this patient group.

In previous studies, high tumoral amino acid uptake was generally associated with poor
prognosis in patients with malignant glioma. For example, high [C-11]-methionine (MET)
accumulation was found to be an independent, significant prognostic factor for short survival
in glioma patients when various tumor grades were included.3! Several MET-PET studies
also demonstrated that high metabolic tumor volume was associated with shorter
progression-free and/or overall survival.32-3% Also, in a recent FET-PET study, higher
biological tumor volume before radiotherapy was the most important imaging marker for
shorter survival independent of MGMT promoter methylation and clinical prognostic
factors.13

Our present data, showing that high pre-treatment AMT uptake actually predicts longer
overall survival, appear to be at odds with the above-mentioned PET studies. This difference
could be explained by several factors. First, unlike previous studies, our patient group
included only IDH1 wild-type glioblastomas, a selective glioma group with particularly
dismal prognosis. Despite this, patients with above-threshold (>1.94) tumor/cortex uptake
ratios showed a relatively prolonged survival, with 8/14 patients (57%) achieving >2-year
survival. In contrast, all 7 patients with below-threshold values died within 1 year. This was
a very robust difference, especially when considering that no other clinical or molecular
markers showed a significant association with survival in this relatively small cohort. It is
compelling to speculate that this unexpected finding may be related to potential differences
in tumoral metabolism between AMT and other amino acid PET tracers. While most
clinically-tested amino acid tracers (including AMT) are transported by the same (L-type)
transport system, they show important differences in their metabolic fate (reviewed in Juhasz
et al.3%). Specifically, while FET or [F-18]-Fluoro-DOPA are not metabolized in glioma
tissue, both MET and AMT can undergo at least partial tumoral metabolism. Specifically,
AMT uptake, trapping, and breakdown may be affected by tryptophan metabolism via the
immunosuppressive kynurenine pathway.1415 Rate-limiting enzymes of this pathway, such
as indoleamine 2,3 dioxygenase (IDO) 1 and 2, as well as tryptophan 2,3 dioxygenase
(TDO) can be upregulated in various cancers, including brain tumors,36-38 and generate
metabolites that suppress T-cell mediated immune responses.3 As a result, high activity of
these enzymes has been associated with poor survival in several cancer types including
malignant gliomas.3740 In addition to IDO1/2 and TDO, recent studies have also shown
high expression and activity of downstream enzymes of the kynurenine pathway in gliomas
(such as kynurenine 3-monooxygenase and kynureninase).3841 As a result, tryptophan and
its derivatives may undergo breakdown and elimination from tumor tissue, and this may be
manifested as lower AMT SUV measured beyond 30 min after tracer injection. Whether
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lower late AMT accumulation is indeed due to enhanced kynurenine pathway activity, will
require further studies evaluating if /n vivo uptake of AMT or other tryptophan derivative
PET tracers can be modulated (increased) by emerging kynurenine pathway enzyme
inhibitors.#2 In this respect, recently developed F-18 labeled tryptophan analogs, such as 1-
(2-[F-18]fluoroethyl)-L-tryptophan,*3 or others, should be also explored because of their
potential for more widespread clinical application as compared to AMT. Initial in vivo
studies in patient-derived xenograft mouse models have been encouraging.*4

The association between EGFR amplification, high Ki-67 labeling index, and low T1-
Gad/PET (and also low T1-gad/T2) volume ratios is generally consistent with the notion that
EGFR amplification leads to EGFR overexpression that promotes angiogenesis and
aggressive tumor growth leading to glioma cell infiltration.4> Low T1-Gad/T2 ratio has been
reported in EGFR-amplified glioblastomas,*8 consistent with extensive infiltrative edema as
a result of enhanced angiogenesis and tumor cell invasion in the non-contrast-enhancing
brain. Our data are in keeping with these results and also demonstrate larger relative areas
with high tryptophan uptake beyond the contrast-enhancing tumor mass in EGFR-amplified
glioblastomas. Increased amino acid uptake outside the contrast-enhancing tumor mass can
mark glioma cell infiltration, as demonstrated by previous studies employing PET-image-
guided biopsy.2%47 In addition, both lower tryptophan unidirectional uptake ratios and lower
metabolic volumes were associated with MGMT promoter methylation. A previous study
reported that MGMT promoter methylation was associated with higher methionine uptake
on PET in patients with grade 11-111 gliomas.1 However, no similar results have been
reported for glioblastomas. Whether the differences between the present and the previous
methionine PET study is due to the different glioma grades or different amino acid tracers
used (or both), will need to be addressed in future studies. Nevertheless, the studies
demonstrate that MGMT promoter methylation may affect tumoral amino acid metabolism
that can be captured by PET imaging.

In summary, our data demonstrate specific MRl and AMT-PET characteristics associated
with prognostic molecular markers in IDH1 wild-type glioblastoma. Despite the limited
number of patients, high AMT uptake ratios on PET were found to be a robust prognostic
imaging marker, regardless of other, molecular or clinical prognostic factors. Therefore,
molecular imaging of tryptophan metabolism is worth further studies for prognostic imaging
in patients with newly-diagnosed glioblastoma.
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AMT-PET

Figure 1.
Representative examples of AMT-PET in a patient with high (A) vs. low (B) uptake

associated with different survival. (A) A 54 year-old male (patient #8 in Table 1) with a right
frontal glioblastoma, measured with a 2.59 tumor/cortex AMT SUV-ratio, above the ROC-
defined threshold of 1.94. He survived for more than 2 years after the PET scan. (B) A 68
year-old male (patient #10 in Table 1) with a right frontal glioblastoma showing a below-
threshold tumor/cortex AMT SUV-ratio (1.56). He survived for only 7 months.
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Figure2.
Kaplan-Meijer survival curves in patients with high (green) vs. low (blue) AMT uptake

ratios (based on the cutoff threshold of 1.94 tumor/cortex SUV ratio, determined by an ROC
analysis based on 1-year survival). Patients with above-threshold ratios had a substantially
longer cumulative survival (hazard ratio: 30.2 [95% CI: 3.5-259]; P=.002).
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