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Metabolic subtypes of glioblastoma (GBM) have different prog-
noses and responses to treatment. Deuterium metabolic imaging
with *H-labeled substrates is a potential approach to stratify patients
into metabolic subtypes for targeted treatment. In this study, we
used H magnetic resonance spectroscopy and magnetic resonance
spectroscopic imaging (MRSI) measurements of [6,6’—2H2]glucose
metabolism to identify metabolic subtypes and their responses to
chemoradiotherapy in patient-derived GBM xenografts in vivo. The
metabolism of patient-derived cells was first characterized in vitro
by measuring the oxygen consumption rate, a marker of mito-
chondrial tricarboxylic acid cycle activity, as well as the extracellular
acidification rate and *H-labeled lactate production from [6,6'-*H,]
glucose, which are markers of glycolytic activity. Two cell lines
representative of a glycolytic subtype and two representative of a
mitochondrial subtype were identified. *H magnetic resonance
spectroscopy and MRSI measurements showed similar concentra-
tions of ?H-labeled glucose from [6,6' H,) glucose in all four tumor
models when implanted orthotopically in mice. The glycolytic
subtypes showed higher concentrations of *H-labeled lactate than
the mitochondrial subtypes and normal-appearing brain tissue,
whereas the mitochondrial subtypes showed more glutamate/glu-
tamine labeling, a surrogate for tricarboxylic acid cycle activity, than
the glycolytic subtypes and normal-appearing brain tissue. The re-
sponse of the tumors to chemoradiation could be detected within
24 hours of treatment completion, with the mitochondrial subtypes
showing a decrease in both *H-labeled glutamate/glutamine and

Introduction

Metabolic reprogramming drives tumor cell proliferation and is
an established hallmark of cancer (1, 2). Mutations in MYC and
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lactate concentrations and glycolytic tumors showing a decrease
in *H-labeled lactate concentration. This technique has the
potential to be used clinically for treatment selection and
early detection of treatment response.

Significance: Deuterium magnetic resonance spectroscopic
imaging of glucose metabolism has the potential to differentiate
between glycolytic and mitochondrial metabolic subtypes in
glioblastoma and to evaluate early treatment responses, which
could guide patient treatment.

Identifying metabolic subtypes
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TP53 and mutations affecting signaling pathways, such as the PI3K/
AKT/mTOR pathway (3), can result in the upregulation of tumor
glucose metabolism and cellular energy production and the provi-
sion of intermediates for macromolecular biosynthesis. Tumor
metabolic phenotypes that evolve as tumors progress and that
present distinct metabolic vulnerabilities have been identified (4).
A recent pathway-based computational analysis using single-cell
and whole-tumor RNA sequencing (RNA-seq) data from iso-
citrate dehydrogenase wild-type glioblastoma (GBM) revealed
four stable cellular states, two of which were distinct metabolic
states with differing prognoses and therapeutic vulnerabilities (5):
a mitochondrial subtype susceptible to therapies that inhibit oxidative
phosphorylation, which has a better clinical outcome, and a glycolytic/
plurimetabolic (GPM) subtype that has upregulated glycolytic, lipid,
and amino acid metabolism, which is more resistant to radiotherapy
and has a poorer prognosis. Although individual tumors can contain all
four cellular states, most expressed a dominant state. The mitochondrial
subtype is distributed across all three groups defined by previous
transcriptomic classifications of GBM (6), whereas the glycolytic
subtype is associated with the previously defined mesenchymal
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subtype. The development of tests to stratify patients into metabolic
subtypes for targeted treatment has been identified as a clinical
need (4, 7).

Metabolic subtypes can potentially be identified noninvasively
using clinically applicable metabolic imaging techniques (4),
which can also be used to detect early evidence of treatment re-
sponse (8). The most widely available metabolic imaging tech-
nique in the clinic is PET with the glucose analog 2-deoxy-2-['®F]
fluoro-D-glucose ('*FDG), which can provide a measure of glu-
cose uptake by facilitated glucose transporters but not necessarily
glycolytic activity (9). However, a key limitation in brain tumors is
the high uptake in normal surrounding brain tissue, which reduces
tumor contrast. Nevertheless, this technique has been used in
malignant gliomas, in which increased uptake prior to treatment
and following first-line radiotherapy has been correlated with
worse outcomes (10). Amino acid metabolism can be probed using
"1C- and '®F-labeled amino acids. These provide better tumor
contrast than '®FDG and are better for defining metabolically
active GBM, providing prognostic information, and predicting
progression-free survival and overall survival following chemo-
radiation (10). Advanced MRI techniques, including magnetic
resonance spectroscopy (MRS) measurements of tumor meta-
bolism, have also been shown to be superior to 8EDG-PET for
determining prognosis and assessing treatment response (11). 'H
MRS measurements of metabolism can distinguish true disease
progression from pseudoprogression, with increases in choline
signal with disease progression and decreases in choline signal and
increases in lipid and lactate signals in posttreatment necrotic
tumors (12). Treatment response can also be detected using
hyperpolarized '*C-labeled pyruvate. The early response of
orthotopically implanted patient-derived xenografts (PDX) to
chemoradiation could be detected as a decrease in lactate labeling
following an i.v. administration of hyperpolarized [1-'>C]pyruvate
(13). This technique also has the potential to identify metabolic
subtypes of GBM. >C magnetic resonance spectroscopic imaging
(MRSI) measurements in a patient with GBM showed increased
tumor lactate labeling when compared with the surrounding
normal-appearing brain parenchyma (14), and a subsequent study
showed heterogeneity between patients in the extent of lactate and
bicarbonate labeling [bicarbonate is labeled via CO,, which is
produced in the reaction catalyzed by pyruvate dehydrogenase in
the tricarboxylic acid (TCA) cycle and is thus an indicator of
mitochondrial activity; ref. 15]. This study mirrored a similar
study in GBM PDXs, in which some PDXs showed high levels of
lactate labeling, whereas others showed labeling that was no higher
than that in the surrounding brain tissue (13). However, this
technique is limited by the lifetime of the hyperpolarization, which
in [1-">C]pyruvate is approximately 2 to 3 minutes in vivo, and the
requirement for an expensive onsite polarizer, which is technically
challenging to operate (16).

Deuterium metabolic imaging (DMI) with *H-labeled substrates
such as glucose (17, 18) and fumarate (19, 20) has emerged as a
potential alternative to hyperpolarized '>*C MRSI for imaging tis-
sue metabolism (21, 22). DMI has been used to investigate glucose
metabolism in patients with GBM following oral administration of
(6,6’ —2H2]glucose, in which higher lactate labeling and lower glu-
tamate/glutamine (Glx) labeling were observed in the tumor than
in the surrounding normal brain tissue (23). The low sensitivity of
2H detection is compensated for by its short T; relaxation time,
which allows for rapid signal averaging in the absence of signal
saturation, and image resolutions comparable with those obtained
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with hyperpolarized '’C imaging have been achieved (24, 25),
although the H images were acquired at a much higher field
(9.4 T versus 3 T). In this study, we show that 2H MRS and MRSI
measurements of [6,6’-2H2]glucose metabolism can differentiate
between metabolic subtypes in GBM PDXs and can be used to
detect response to chemoradiation within 24 hours of completion
of this standard-of-care treatment.

Materials and Methods

Cell culture

Patient-derived isocitrate dehydrogenase wild-type GBM cell
lines, A11 and S2, were obtained from Prof. Colin Watts and used at
passages 15 and 8, respectively. AT5 cells were used at passage 12.
The cells were derived at Addenbrooke’s Hospital using a protocol
described previously (26). Tissue collection was approved by a Re-
gional Ethics Committee (REC 18/EE/0283). Resected tumor sam-
ples were washed with Hank’s Balanced Salt Solution (HBSS;
Gibco), minced using sterile razor blades, and enzymatically
digested with Accutase (Sigma). Single cells were isolated by filtra-
tion through a 40-um filter (Falcon). The cells were then centri-
fuged, and the pellet was incubated with 2 to 3 mL red blood cell
lysis buffer (Sigma) for 5 minutes at room temperature. Patient-
derived cells (A11, S2, and AT5) were seeded in extracellular matrix
(Sigma)-coated flasks and grown as monolayer cultures in phenol
red-free neurobasal A medium (Gibco) supplemented with
20 ng/mL human epidermal growth factor (hEGF; Sigma), 20 ng/mL
human fibroblast growth factor (hFGF; Sigma), 2% B27 (Invitrogen),
1% N, (Invitrogen), 2 mmol/L L-glutamine (Sigma), and 1% peni-
cillin-streptomycin (Invitrogen). The human GBM cell line U87
(passage 79; ATCC, catalog no. HTB-14, RRID: CVCL_0022) was
cultured in DMEM supplemented with 10% FBS (Gibco). When
confluent, the cells were washed with HBSS, and patient-derived cells
were detached using Accutase and U87 cells using 0.25% trypsin
(Gibco). Cell counts and viability were determined using a Vi-CELL
XR cell viability analyzer (Vi-CELL XR, Beckman Coulter; RRID:
SCR_019664). Short tandem repeat profiling was performed using the
PowerPlex_16HSM_cell line panel and analyzed using Applied Bio-
systems GeneMapper 5 software (RRID: SCR_021103; Thermo Fisher
Scientific). This showed a 100% match to the in-house reference
profiles when the lines were initially established (A11, S2, and AT5) or
the Cellosaurus ST database (U87). All cells tested negative for My-
coplasma using the Phoenix qPCR Mycoplasma kit (Procomcure
Biotech).

Metabolic characterization of tumor cells in vitro

The baseline oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were measured using a Seahorse Biosci-
ence XF 96 analyzer (RRID: SCR_019545, Agilent). A total of 45,000
cells per well were seeded in a 96-well plate 24 hours prior to the
assay. On the day of the assay, supplemented neurobasal medium
for patient-derived cells or DMEM for U87 cells were replaced with
Seahorse XF DMEM media and incubated for 1 hour in a CO,-free
incubator. OCR and ECAR measurements were obtained for each
tumor cell line at 5-minute intervals with seven to nine technical
replicates. To normalize for cell count, at the end of each assay, the
96-well plate was incubated in 25 mmol/L Hoechst stain solution
(Thermo Fisher), and fluorescence was read using a plate reader
(CLARIOstar Plus, BMG Labtech). Three to six biological replicates
were obtained for each tumor cell line. The data were processed
using Seahorse Analytics (Agilent).
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2H nuclear magnetic resonance and 'H-"*C HSQC nuclear
magnetic resonance spectroscopy of cell and media extracts
For the analysis of media extracts, patient-derived cells (1 X 10°)
were seeded in extracellular matrix—coated T25 flasks and U87 cells
(1 x 10° in noncoated T25 flasks. For the analysis of cell extracts,
the cells were grown in T75 flasks. The cells were grown for 5 days,
and when the medium was removed, the cells were washed with
HBSS and incubated either for 4 hours with 10 mmol/L of [6,6'->H,]
glucose (Sigma) in 5 mL of glucose-free neurobasal medium (for
All, S2, and ATS5 cells) or glucose-free DMEM (for U87 cells) or for
6 hours with 10 mmol/L of [U-lsC]glucose (Cambridge Isotope) in
10 mL of glucose-free neurobasal medium (for All, S2, and AT5
cells) or glucose-free DMEM (for U87 cells). The longer incubation
time with [U-'>C]glucose was used to increase the concentrations of
labeled lactate and Glx and, therefore, the signal-to-noise ratio in
the heteronuclear single quantum coherence (HSQC) spectra. Me-
dium samples were collected from the cells incubated with [6,6'-
2H2]glucose. The cells were then detached, counted, and assessed for
viability using the Vi-CELL XR cell viability analyzer. For cells in-
cubated with [U-">C]glucose, flasks were immediately placed on ice
following the 6-hour incubation period before the cells were de-
tached and then extracted in chloroform/methanol (1:1, vol/vol; ref.
27). Medium samples and the aqueous fraction of the cell extracts
were concentrated (Savant SpeedVac, Thermo Scientific) and dis-
solved in either 600 uL of PBS or in 600 pL of deuterium oxide,
respectively. Five mmol/L *H sodium formate (Sigma) was added to
the medium samples, or 5 mmol/L sodium 3-trimethylsilyl-2,2,3,3-
d4-propionate (TMSP; Cambridge Isotope) was added to the cell
extracts. Spectra were acquired at 14.1 T (Bruker Spectrospin Ltd.)
and 300 K. *H spectra were acquired using the *H coil of a 5-mm
"H/broadband inverse detection probe with a 90 degrees pulse and a
3-second repetition time. Spectra were measured as the sum of 1,024
transients collected over 62 minutes with a spectral width of 2,000 Hz.
Metabolite concentrations were calculated by correcting for the T, of
formate and the number of deuterons. "H-">C HSQC spectra were
acquired into 1 K time domain points, with a 1.5-second repetition
time, 16 dummy scans, 128 averages with a spectral width of 13.35
ppm for 'H and 110 ppm for >C, and a total acquisition time of 12.5
hours. 'H and "°C chemical shifts were referenced to TMSP at 0.00
and 110.00 ppm, respectively. Chemical shifts were confirmed by
spiking samples with 5 mmol/L of [U-">C]glucose (Cambridge
Isotope), [5—13C]glutamate (Sigma-Aldrich), and [U-'*C]lactate
(Cambridge Isotope). Peak intensities were normalized to that of
TMSP. Data analysis was performed using TopSpin software
(Bruker Spectrospin Ltd.; RRID: SCR_014227). Metabolite con-
centrations were normalized to the corresponding cell counts.

Orthotopic tumor implantation

Procedures were performed in compliance with personal and
project licenses issued under the United Kingdom Animals Scien-
tific Procedures Act (1986) and approved by the Cancer Research
UK, Cambridge Institute Animal Welfare, and Ethical Review Body.
Twelve-week-old female BALB/c nude mice (Charles River Labo-
ratories, UK; RRID: SCR_003792) weighing a minimum of 20 g
were anesthetized by inhalation of 1% isoflurane (Abbott Labora-
tories) in air/oxygen (75%/25%) at a flow rate of 1 L/minute. Sub-
cutaneous analgesia (0.3 mg/mL buprenorphine hydrochloride and
0.135% w/v chlorocresol diluted 1:10 in 0.9% sodium chloride and
1 mL/kg of Rimadyl (Pfizer) diluted 1:10 in 0.9% sodium chloride)
was provided prior to implantation. The perioperative respiration
rate was monitored, and the body temperature was maintained
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using a heated pad. The animals were positioned in a stereotactic
surgical frame (Kopf), and the head was secured using bite and ear
bars. The head was cleaned with 4% aqueous chlorhexidine gluco-
nate (Ecolab), and a midline incision was made. The pericranium
was stripped, and a 1-mm burr hole was drilled 3 mm lateral (right)
and 2 mm anterior to the bregma. A Hamilton needle (Sigma) was
filled with 5 uL of cell suspension (0.3 x 10° cells/uL) and passed
through the right frontal lobe of the brain at a depth of 3.5 mm. The
needle was withdrawn (0.5 mm), and the cell suspension was in-
jected at 2 uL/minute. The burr hole was replaced with bone wax
(Ethicon), and the wound was sutured with 6/0 Vicryl (Ethicon) and
reinforced with tissue glue (GLUture). The animals were recovered
in a warm box and received postoperative subcutaneous Rimadyl
every 24 hours for 48 hours.

Image-guided targeted cranial irradiation

Tumors were treated when they were >70 mm?®. One hour prior
to irradiation, the animals received 100 mg/kg temozolomide
(Cambridge Bioscience) by oral gavage. Animals were anesthetized
with isoflurane and positioned within a small animal radiation re-
search platform device (XStrahl, Walsall) before receiving 5 Gy of
image-guided targeted radiotherapy to the right frontal lobe, as
described previously (20).

'H MRI

Following orthotopic implantation, tumor growth was monitored
at 9.4 T (Bruker; RRID: SCR_018054) using a 40-mm i.d. Millipede
'H volume coil (Agilent). The mice were anesthetized by inhala-
tion of 1% isoflurane in air/oxygen (75%/25%) at a flow rate of
1 L/minute and positioned using a bite bar. While anesthetized and
undergoing imaging, vital signs and temperature were monitored
(Small Animal Instruments; RRID: SCR_002090). T,-weighted axial
and coronal images were acquired using a fast spin echo pulse se-
quence with a repetition time of 2 seconds, echo time of 40 milli-
seconds, data matrix of 256 x 256 points, field of view (FOV) 32 x
32 mm?, slice thickness of 1 mm; 9 slices, and 4 averages. Tumors
were delineated using Image] (NIH; RRID: SCR_003070), and vol-
umes were calculated by summing the areas of successive slices
through the tumor.

2H MRS in vivo

Coil-localized *H spectra were acquired when tumors were >70 mm”
(73.32 mm® + 2.51 mm>, n = 22) using a 7 T scanner (Agilent) with
a custom-built 14-mm single-loop *H transmit-receive coil and 'H
volume transmit-receive coil (RAPID Biomedical). Spectra were
also acquired from tumor-free mice (n = 4). Animals were anes-
thetized, positioned, and monitored as described above. Tail vein
cannulation was performed prior to imaging. Sequential coil-
localized 2H spectra were acquired with a spectral width of 2,003 Hz
into 256 data points over a period of 65 minutes using a 2 milli-
seconds BIR4 pulse with a nominal flip angle of 50 degrees, TR of
140 milliseconds, and 2,250 averages. After acquisition of a baseline
spectrum, [6,6’—2H2]glucose (Sigma) dissolved in saline (0.2 g/mL)
was injected over 10 minutes using an infusion pump (Harvard
Apparatus) to obtain a final concentration of 2 g/kg body weight.
Tumor-bearing animals then underwent a 4-day regimen of oral
temozolomide, dissolved in water (100 mg/kg/day), and 5 Gy/day of
image-guided targeted radiation delivered before repeat H MRS
measurements within 24 hours of the last day of treatment.

Spectra were zero- and first-order phase-corrected, and reso-
nances were fitted using a routine based on the AMARES toolbox in
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MATLAB (MATLAB; RRID: SCR_001622) in which the line shapes
were restricted to be Gaussian. The following chemical shifts were
used: water, 4.7 ppm; glucose, 3.72 ppm; Glx, 2.3 ppm; and lactate,
1.3 ppm. The concentrations of deuterated metabolites in the brain
were calculated by normalizing the fitted resonance integrals to the
baseline water signal [measured to be 12.48 mmol/L *H-labeled
water (HDO) in Cambridge, assuming a brain water content of 80%;
ref. 28] and corrected for the number of deuterons in each me-
tabolite and for signal saturation, assuming the following T relax-
ation times: water, 320 milliseconds; glucose, 64 milliseconds; Glx,
146 milliseconds; and lactate, 297 milliseconds (23).

2H three-dimensional chemical shift imaging in vivo

’H three-dimensional (3D) chemical shift images were acquired
at 7 T when tumors were >70 mm?>. Images were also acquired from
tumor-free mice (n = 3). Tumors were first localized in coronal 'H
images acquired using a T,-weighted fast spin echo pulse sequence:
TR, 2 seconds; echo time, of 48 milliseconds; FOV, 27 x 27 mm?,
128 x 128 matrix; and slice thickness, 3 mm; 9 slices. After ac-
quisition of a baseline image, [6,6' -’H,] glucose (Sigma) was injected
to obtain a final concentration of 2 g/kg. Serial *H chemical shift
imaging (CSI) spectra were acquired using a 2 milliseconds BIR4
pulse with a nominal flip angle of 50 degrees, with phase-encoding
gradients encoding a 9 x 9 x 3 k-space matrix with an FOV of 27 x
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27 x 27 mm. Data were acquired into 256 spectral points, with a
spectral width of 2,003 Hz and a TR of 140 milliseconds. Metabolite
concentrations were determined from a single voxel that the 'H
images showed was entirely within the tumor and that had minimal
contamination from surrounding brain tissue. Tensor denoising was
performed, as described previously (18), reducing the dataset from
9% 9 x3x256X7t06x6Xx3x24x 5. Spectra were phase-
corrected, and the resonances were fitted, as described above.

Histology and IHC

The brains were transferred to 10% formalin for 24 hours and
then to 70% ethanol before embedding in paraffin and sectioning
into 10-pm-thick sections, which were then stained with hematox-
ylin and eosin (ST020 multistainer; Leica Microsystems; RRID:
SCR_008960). Ki67 staining and caspase 3 (CC3) staining were
performed using a Leica Polymer Refine kit (Leica Microsystems;
catalog no. DS9800; RRID: AB_2891238) on an automated bond
platform (Leica Biosystems). The Ki67 antibody (M7240, Agilent;
RRID: AB_2142367) was used at a 1:200 dilution, and the CC3
antibody (9664, Cell Signaling Technology; RRID: AB_2070042) was
used at a 1:400 dilution. The slides were scanned at 20x magnifi-
cation with a 0.5 pm per pixel resolution on an Aperio AT2 scanner
(Leica Biosystems; RRID: SCR_021256). Images were analyzed using
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Figure 2.

Coil-localized 2H MRS differentiates metabolic subtypes of GBM in vivo. A-E, Representative summed 5-minute 2H spectra from tumor-free mice (A) and tumor-
bearing mice with A1l (B), U87 (C), S2 (D), and AT5 tumors (E) acquired over a period of 60 minutes following an i.v. injection of 2 g/kg [6,6’—2H2]glucose. The
summed spectra overlaid with the corresponding peak fits are shown. F-l, Concentrations of HDO (F), glucose (G), GIx (H), and lactate (I) determined from the
fitted peaks in individual 5-minute spectra. J-L, The average concentrations of ?H-labeled glucose (J), GIx (K), and lactate (L) measured between 20 and
65 minutes following injection of [6,6’—2H2] glucose in the four tumor models and in tumor-free animals. A one-way ANOVA showed that there were no
significant differences in the labeled glucose concentration in the four tumor models and in tumor-free mice, but there were significant differences in the

concentrations of labeled lactate and Glx between the glycolytic and mitochondrial subtype tumors and between the concentrations of labeled lactate in the
glycolytic subtype tumors and the tumor-free animals. ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

a CytoNuclear v1.6 algorithm on HALO (Indica Labs; RRID:
SCR_018350) to quantify the percentage of positive cells.

Statistical analysis

Statistical and graphical analyses were performed using Prism v9
(GraphPad; RRID: SCR_002798). Data are shown as the mean + SD
unless stated otherwise. ANOVA was performed for multiple
comparisons of groups to determine significance. A paired Student
t test was used for single-parameter comparisons.

Data availability
The data presented in each of the figures are available in the form
of Excel spreadsheets at https://doi.org/10.17863/CAM.107222. All

raw data generated in this study are available upon request from the
corresponding author.
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Results

Metabolic characterization of GBM cells in vitro

A1l and U87 cells displayed a glycolytic phenotype with ECARs
that were significantly greater than those displayed by S2 and AT5
cells (Fig. 1A), whereas S2 and ATS5 cells displayed a more oxidative
phenotype with basal OCRs that were significantly greater than
those displayed by All and U87 cells (Fig. 1B). The average
OCR/ECAR ratios were significantly higher in S2 (2.6 + 0.5) and AT5
(2.5 + 0.02) cells than in A11 (1.1 + 0.06) and U87 (1.4 + 0.05) cells
(Fig. 1C). Consistent with the ECAR measurements, H MRS mea-
surements of medium samples from cells incubated with 10 mmol/L
[6,6' —ZHz]glucose for 4 hours showed that A1l and U87 cells pro-
duced significantly more *H-labeled lactate than AT5 and S2 cells
(Fig. 1D). HSQC '"H-*C nuclear magnetic resonance (NMR)
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measurements of extracts of cells incubated with [U—13C]glucose
showed higher concentrations of intracellular *C-labeled lactate and
lower concentrations of '*C-labeled glutamate in A11 and U87 cells
compared with those in AT5 and S2 cells (Fig. 1E and F). The
relative concentrations of '*C-labeled lactate in the different cell
lines paralleled their relative rates of “H-labeled lactate production.
Representative HSQC "H-">C NMR spectra are shown in Supple-
mentary Fig. SIA-S1D. Analysis of RNA-seq data obtained previ-
ously from A1l and S2 tumors implanted orthotopically in rats (29),
using the pathway-level classification of Garofano and colleagues
(5), showed that A1l belongs to the GPM subgroup, whereas S2
belongs to the mitochondrial subgroup (Supplementary Fig. S2). A
previous analysis of these RNA-seq data showed that A11 belongs to
a mesenchymal subgroup (29), which is positively associated with
the GPM subgroup (5).

Deuterated glucose metabolism differentiates metabolic
subtypes of GBM cells in vivo

Mice were implanted orthotopically with A1l (n = 6), U87
(n=4),82 (n=7), or AT5 (n = 5) cells. When tumors reached a
volume greater than 70 mm?, coil-localized 2H MRS spectra were
acquired in 5-minute blocks following an i.v. injection of 2 g/kg of
[6,6/—2H2]glucose. Spectra were also acquired from non-tumor-
bearing animals (n = 4). Representative 5-minute spectra are
shown in Supplementary Fig. S3, and the summed spectra ac-
quired over a period of 65 minutes are shown in Fig. 2A-E. HDO,
glucose, Glx, and lactate concentrations measured at 5-minute
intervals are shown in Fig. 2F-I. The Glx concentration was de-
termined from the unresolved glutamate and glutamine reso-
nances. The concentrations of labeled glucose in the tumors and in
the normal brain were similar, peaking at 20 minutes following
injection and declining thereafter. The concentrations of *H-
labeled glucose, lactate, and Glx were calculated from 10 summed
spectra acquired between 20 and 65 minutes following glucose
injection. There were no significant differences in the concentra-
tion of *H-labeled glucose between the four tumor models and
between the tumor models and normal brain (P = 0.83; Fig. 2J).
The concentration of *H-labeled Glx was not different between the
glycolytic subtype (A1l vs. U87, P = 0.87) and mitochondrial
subtype tumors (S2 vs. AT5, P = 0.99), but the mitochondrial
subtype tumors had significantly higher concentrations of *H-
labeled Glx than the glycolytic subtype tumors (Fig. 2K). The
concentrations of *H-labeled Glx in tumor-free mice were not
significantly different from the glycolytic subtype tumors, al-
though they seemed to be lower when compared with the mito-
chondrial subtype tumors, but this was not significant (Fig. 2K).
However, when the comparison was restricted to the mitochondrial
subtype tumors, both S2 (P = 0.03) and AT5 tumors (P = 0.02)
showed significantly higher concentrations of labeled Glx compared
with the tumor-free mice (Supplementary Fig. S4A-S4C). The con-
centration of *H-labeled lactate was not different between the glyco-
Iytic subtype tumors (All vs. U87, P = 0.92) or between the
mitochondrial subtype tumors (S2 vs. AT5, P = 0.99); however, the
glycolytic subtype tumors had significantly higher *H-labeled lactate
concentrations than the mitochondrial subtype tumors and normal
brain in the tumor-free animals (Fig. 2L).

The initial rates of *H-labeled Glx and lactate production were
calculated for the first 20 minutes following *H-labeled glucose in-
jection. The initial rate of lactate production was 0.12 + 0.03 mmol/
L/minute in A1l tumors, which was similar to that in U87 tumors
(0.11 £ 0.03 mmol/L/minute). These rates were significantly higher
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than those observed in tumor-free mice (0.08 + 0.01 mmol/L/
minute, P = 0.01). S2 and AT5 tumors also showed similar rates of
*H-labeled lactate production of 0.08 + 0.01 and 0.08 + 0.02 mmol/
L/minute, respectively, but these were significantly lower than those
in the glycolytic subtypes A1l and U87 (P = 0.0027) and not sig-
nificantly different from the rate observed in tumor-free animals
(P = 0.82). The rates of ?H-labeled Glx production were similar in
S2 (0.12 + 0.02 mmol/L/minute) and AT5 tumors (0.13 + 0.02
mmol/L/minute) and in A11 (0.08 + 0.02 mmol/L/minute) and U87
(0.08 + 0.03 mmol/L/minute) tumors. However, the mitochondrial
subtypes had significantly higher rates of *H-labeled Glx production
than the glycolytic subtypes (P = 0.0004). Tumor-free mice showed
a significantly lower rate of *H-labeled Glx production (0.09 + 0.02
mmol/L/minute) compared with mitochondrial subtype tumors
(P = 0.03) but not compared with the glycolytic subtypes (P = 0.67;
Supplementary Fig. S5A and S5B).

In summary, tumors derived from cells that showed a glycolytic
metabolic phenotype in vitro (A1l and U87) had higher concen-
trations of *H-labeled lactate and lower levels of *H-labeled Glx than
tumors derived from cells that showed a mitochondrial metabolic
phenotype (S2 and ATS5).

2H 3D Csl differentiates tumor from the normal brain and
distinguishes glycolytic and mitochondrial subtypes

In a separate cohort of animals, we acquired 3D *H chemical shift
images following an i.v. injection of 2 g/kg [6,6'-*H,]glucose from
tumor-free mice (n = 3) and from animals with A11 (n = 5) and S2
(n = 5) tumors. Representative spectra from a voxel in the brain of a
tumor-free mouse and from voxels in the normal-appearing brain
and tumor in All and S2 tumor-bearing mice are shown in
Fig. 3A-C. Representative spectra from the 12 voxels that covered
the entire brains of a tumor-free animal and of animals with A1l
and S2 tumors are shown in Supplementary Fig. S6A-S6C. The
concentrations of “H-labeled glucose, Glx, and lactate in the
normal-appearing brain of tumor-bearing animals were not signif-
icantly different from those in the brains of tumor-free mice
(Fig. 3D-F). In All tumors, there were no significant differences
between glucose (Fig. 3G) or Glx (Fig. 3H) concentrations and
those in the normal-appearing brain; however, the 2H-labeled lac-
tate concentration was significantly higher (Fig. 3I; P = 0.0003). In
S2 tumors, the glucose concentration was also similar to that in the
normal brain (Fig. 3]J), whereas the ?H-labeled Glx concentration
was significantly higher (Fig. 3K; P = 0.013), but the lactate con-
centration was similar to that in the normal brain (Fig. 3L). The
concentration of labeled lactate was significantly higher in A1l tu-
mors when compared with that in S2 tumors, whereas the con-
centration of labeled Glx was significantly lower (Supplementary
Fig. S7). These data confirmed those obtained using coil-localized
*H MRS spectra and showed that a tumor belonging to the glyco-
lytic metabolic subtype (A11) showed higher lactate labeling and
lower Glx labeling in vivo than a tumor belonging to the mito-
chondrial subtype (S2).

Detection of response to chemoradiotherapy

Pretreatment coil-localized *H spectra were acquired from All
and U87 tumors following the infusion of 2 g/kg [6,6-°H,]glucose.
The animals then underwent a daily treatment regimen of 100 mg/kg
of oral temozolomide, followed by 5 Gy of image-guided radiotherapy
for 4 days, after which, posttreatment tumor spectra were acquired
(Fig. 4A-D). In the glycolytic subtype A1l tumors, there was a 48%
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reduction in the labeled lactate concentration following treatment,
from 1.08 + 0.18 to 0.56 + 0.12 mmol/L (P < 0.0001; n = 6; Fig. 4E),
but no significant change in the Glx concentration was observed
(Fig. 4F; P = 0.46). Similar changes were observed in U87 tumors
(n = 4), in which there was a 58% reduction in the labeled lactate
concentration, from 1.16 + 0.19 mmol/L in the pretreatment animals
to 0.49 + 0.17 mmol/L in the treated animals (Fig. 4G), but no
significant change in the Glx concentration was observed (Fig. 4H;
P = 0.88).

Pre- and posttreatment coil-localized *H spectra were also ac-
quired from S2 and AT5 tumors, which are representative of the
mitochondrial subtype (Fig. 4I-L). In S2 tumors, there was a
nonsignificant decrease of 29% in the labeled lactate concentration,
from 0.73 + 0.14 to 0.52 + 0.18 (P = 0.07, n = 5, Fig. 4M), and
unlike in the glycolytic subtype tumors, a significant decrease of
42% in the labeled GIx concentration, from 1.21 + 0.27 to 0.70 *
0.17 mmol/L (P = 0.017; n = 5; Fig. 4N). In AT5 tumors, there was
a decrease of 31% in the labeled lactate concentration, from 0.83 +
0.10 to 0.57 + 0.14 (P = 0.04; n = 4; Fig. 40), and a decrease of 35%
in the labeled Glx concentration, from 1.25 + 0.15 to 0.81 + 0.09
mmol/L (P = 0.023; n = 4; Fig. 4P). Although there was a trend
toward decreased tumor glucose concentrations in all four tumor
models posttreatment, this did not reach statistical significance
(Supplementary Fig. S8A-S8H). There were no significant differ-
ences in pretreatment tumor volumes between the tumor subtypes
(P = 0.27) and no significant changes in tumor volumes 24 hours
after the completion of chemoradiation (Supplementary Fig. SOA-
S9C).

In summary, following the current standard-of-care treatment,
there was a reduction in the concentration of labeled lactate in both
the glycolytic and mitochondrial subtypes. The decrease in the la-
beled lactate concentration was greater in glycolytic subtypes than in
mitochondrial subtypes. There was no significant difference in the
labeled Glx concentration following treatment in the glycolytic
subtypes; however, there was a significant decrease in the labeled
Glx concentration in the two mitochondrial subtypes.

In the cohort of animals used in the experiment shown in Fig. 3,
we acquired 3D 2H CSI of [6,6' —2H2]glucose metabolism posttreat-
ment (Fig. 5A-D). There was no significant change in the glucose
concentration (Fig. 5E) or ?H-labeled Glx concentration (0.82 +
0.27 mmol/L vs. 0.77 £ 0.40 mmol/L; P = 0.77; Fig. 5F) in the A1l
tumors posttreatment, but the concentration of *H-labeled lactate
decreased significantly, from 2.40 + 0.50 to 1.15 + 0.50 mmol/L (P =
0.023; Fig. 5G). In a representative of the mitochondrial subtype, S2,
there was no significant change in the glucose concentration post-
treatment (Fig. 5E), but the 2H-labeled Glx concentration decreased
from 1.26 + 0.32 to 0.67 + 0.20 mmol/L (P = 0.013; Fig. 5I) and the
*H-labeled lactate concentration from 1.71 + 0.35 to 1.27 + 0.33
mmol/L, although this was not statistically significant (P = 0.13;
Fig. 5]). These changes in H-labeled lactate and Glx concentrations
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in A1l and GIx in S2 tumors posttreatment mirrored those observed
by coil-localized spectroscopy.

There were no significant differences in 2H-labeled glucose, Glx,
and lactate concentrations between the normal-appearing brain and
All and S2 tumors following treatment (Supplementary Fig. SI0A-
S10F) nor between the normal-appearing brain of All and S2 tu-
mor-bearing mice before and after treatment (Supplementary Fig.
S11A-SI11F).

Histologic analysis

The changes in cell proliferation and cell death following treat-
ment were assessed by staining tumor sections obtained before and
24 hours after chemoradiation for Ki67 and CC3, respectively.
There were significant decreases in the percentage of Ki67-positive
cells and significant increases in CC3-positive cells in both the A1l
and S2 tumors following treatment (Fig. 6). There was a greater
increase in cell death in S2 tumors following treatment, in which an
increase in CC3-positive cells from 0.59 + 0.64 to 22.3 + 6.1% was
observed, compared with A11 tumors, in which a smaller increase in
CC3-positive cells from 0.95 + 0.27 to 9.3 + 2.8% was observed,
reflecting an increased sensitivity to chemoradiation. We have
demonstrated previously, using an identical treatment protocol to
that used here, that S2 tumor-bearing animals show higher levels of
tumor cell death and significantly better survival following che-
moradiotherapy than mice with A11 and U87 tumors (20).

Discussion

Metabolic subtypes have been observed in multiple cancer types
and are associated with disease prognosis and therapeutic vulnera-
bilities. In addition to GBM, metabolic subtypes have been identi-
fied in other cancers, including pancreatic cancer, in which
metabolite profiling revealed glycolytic and lipogenic subtypes. The
lipogenic subtype used glucose preferentially in the TCA cycle and
for lipid synthesis and had higher oxygen consumption and a
greater mitochondrial content, whereas the glycolytic subtype used
glucose in aerobic glycolysis (30). These subtypes showed differen-
tial sensitivity to inhibitors of glycolysis, glutamine metabolism, and
lipid synthesis and were associated with epithelial and mesenchymal
subtypes, respectively. In high-grade serous ovarian cancer, a high—
oxidative phosphorylation (OXPHOS) subtype was identified,
which, like the mitochondrial subtype in GBM, exhibited chronic
oxidative stress and increased sensitivity to chemotherapy, whereas
a low-OXPHOS subtype displayed a more glycolytic metabolism
(31). In diffuse B-cell lymphoma, a subtype was identified that
displayed increased mitochondrial energy production and incor-
poration of nutrient-derived carbons into the TCA cycle, which was
selectively sensitive to the inhibition of fatty acid oxidation (32).
Similar observations of glycolytic and mitochondrial subtypes have

Figure 3.

3D 2H CSI of [6,6-?H,]glucose metabolism in A1l and S2 tumors, in normal-appearing brain tissue, and in brain tissue in tumor-free mice. A-C, Representative
spectrum from a voxel within the brain of a tumor-free mouse (A), and representative spectra from voxels within the tumor and normal-appearing brain of ATl
(B) and S2 (C) tumor-bearing animals injected with 2 g/kg [6,6-2H,]glucose. Fits to the spectra are shown in color: red, water; green, glucose; blue, Glx; and
purple, lactate. The tumor is outlined in yellow on the T,-weighted 'H image. The locations of the CSI voxels are indicated by the boxes. The spectra are the sum
of six 10-minute spectra acquired from 3 x 3 x 9 mm voxels. D-F, Comparison of ?H-labeled glucose (D), Glx (E), and lactate (F) concentrations in the brains of
tumor-free mice and the normal-appearing brain of mice bearing All and S2 tumors. G-I, Comparison of 2H-labeled glucose (G), GIx (H), and lactate (I)
concentrations in A1l tumors and adjacent normal-appearing brain tissue. J-L, Comparison of 2H-labeled glucose (J), GIx (K), and lactate (L) concentrations in S2
tumors and adjacent normal-appearing brain tissue. ns, not significant; *, P < 0.05; ***, P < 0.001.
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Figure 4.

Spectroscopic measurements of the effects of chemoradiation on glucose metabolism in tumor models representative of the glycolytic and mitochondrial
subtypes. Serial 5-minute tumor 2H spectra were acquired following an i.v. injection of [6,6'-2H,]glucose in two glycolytic subtypes of GBM (A1l and U87; A-H)
and two mitochondrial subtypes (S2 and AT5; I1-P) before and 24 hours after targeted chemoradiotherapy. Measurements of 2H-labeled lactate and Glx in serial
5-minute spectra acquired from tumor-bearing animals pre- and posttreatment of A1l (A and B), U87 (C and D), S2 (I and J), and AT5 (K and L) tumors. The
concentrations of 2H-labeled lactate and Glx measured between 20 and 65 minutes following [6,6'-2H,]glucose injection were compared pre- and posttreatment
in A11 (E and F), U87 (G and H), S2 (M and N), and AT5 (O and P) tumor-bearing animals. ns, not significant; *, P < 0.05; ****, P < 0.0001.

also been observed in esophageal (33) and prostate cancers (34). In
summary, classifying tumors based on their metabolic phenotypes
may be useful for identifying tumors with better prognosis and their
therapeutic vulnerabilities and could potentially be used for treat-
ment selection.

Cancer Res; 84(12) June 15, 2024

We have shown here that *H imaging of [6,6-*H,]glucose
metabolism can be used to identify, noninvasively, glycolytic and
mitochondrial subtypes in orthotopically implanted PDXs of GBM.
The metabolic characteristics of the patient-derived cells and the cell
line used to generate these GBM models were similar to those
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Figure 5.

Imaging the effects of chemoradiation on glucose metabolism in tumor models representative of the glycolytic and mitochondrial subtypes. A-D, Representative
spectra from voxels within the tumor and normal-appearing brain in 3D 2H chemical shift images of A1l (A and B) and S2 (C and D) tumor-bearing animals
infused with 2 g/kg [6,6-?H,]glucose before (A and €) and after (B and D) treatment. Fits to the spectra are shown in color: red, water; green, glucose; blue, GIx;
and purple, lactate. The tumor is outlined in yellow on the T,-weighted 'H image. The locations of the CSI voxels are indicated by the boxes. The spectra are the
sum of six 10-minute spectra acquired from 3 x 3 x 9 mm voxels. Labeled glucose, Glx, and lactate concentrations were determined from summed spectra. E-J,
Labeled glucose (E), GIx (F), and lactate (G) concentrations in A1l tumors before and after treatment, and labeled glucose (H), GIx (I), and lactate (J)
concentrations in S2 tumors before and after treatment. ns, not significant; *, P < 0.05.

reported previously for glycolytic and mitochondrial subtypes of
GBM and of other cancer types. The basal OCR and ECAR mea-
surements in cells representative of the mitochondrial (S2 and AT5)
and glycolytic subtypes (A11 and U87) and the fold-changes between
them were similar to those reported previously for mitochondrial and
GPM subtypes of GBM (5). The fold increase in basal oxygen con-
sumption between the glycolytic and mitochondrial subtypes ob-
served here was also similar to that observed between the low-
OXPHOS and high-OXPHOS subtypes of high-grade serous ovarian
cancer (31) and slightly less than that observed between the non-

AACRJournals.org

OXPHOS and OXPHOS subtypes of DBCL (32). The fold increase in
labeled lactate production between the glycolytic and mitochondrial
subtypes was much less than that reported previously for mitochon-
drial and GPM subtypes of GBM (5), which is surprising given the
similarity in ECAR values; however, it was similar to that observed
between the non-OXPHOS and OXPHOS subtypes of DBCL (32).
Following the infusion of [6,6—2H2]glucose, the mitochondrial
subtype xenografts (S2 and AT5) showed higher Glx and lower
lactate labeling than the glycolytic subtypes (A1l and U87), indic-
ative of higher TCA cycle and lower glycolytic fluxes, and consistent
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with the cells having lower ECAR and higher OCR in vitro. Local-
ized spectroscopy experiments showed lower tumor lactate con-
centrations than imaging experiments, presumably reflecting a coil-
localized volume that also contained normal brain tissue, in which
the lactate concentration was lower. Although we previously fitted
the time courses of labeled glucose and lactate to a kinetic model to
obtain estimates of glycolytic flux (18) and others have also fitted the
time course of Glx labeling to estimate TCA cycle flux (17, 35), we
elected here to report the average labeled glucose, lactate, and Glx
concentrations following glucose injection because this simpler
approach is more likely to be adopted clinically. The measurements
of lactate labeling in A1l and S2 tumors were consistent with a
previous study in which hyperpolarized [1-'*C]pyruvate was used to
study the metabolism of these tumors (designated GB4 and GBI,
respectively, in this earlier study) and also U87 tumors. A1l and
U87 tumors showed a hyperpolarized [1-*C]lactate/ [1—13C]pyru—
vate signal intensity ratio of ~0.3, compared with a ratio of ~0.1 in
S2 tumors, which was indistinguishable from that in the normal-
appearing brain (13). Here, the imaging experiments showed a *H-
labeled lactate concentration of 2.4 + 0.50 mmol/L in All tumors
compared with 1.7 mmol/L + 0.35 mmol/L in S2 tumors, which was
similar to the concentration in normal-appearing brain tissue.
Lactate labeling from injected hyperpolarized [1-'>C]pyruvate de-
pends on pyruvate delivery, the size of the intracellular lactate pool
(which depends on glycolytic activity), and the activities of lactate
dehydrogenase (LDH) and monocarboxylate transporters (MCT).
The expression of glycolytic enzymes, including LDH, hexokinase II
(HK2), and MCTs, is driven by c-Myc (36). In a previous study, we
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showed that c-Myc, LDH, HK2, and plasma membrane MCT
concentrations were greater in A1l cells than in S2 cells and that
inducible short hairpin RNA-mediated knockdown of c-Myc ex-
pression in A1l cells resulted in decreased LDH and HK2 expres-
sion and a decrease in lactate labeling.

Glx labeling in A1l tumors was similar to that in normal-appearing
brain tissue but higher in the mitochondrial subtype S2 tumor. Con-
versely, lactate labeling in S2 tumors was similar to that in normal-
appearing brain tissue but higher in the glycolytic subtype A1l tumor.
The nearly quantitative reciprocity between lactate and Glx labeling in
All and S2 tumors implies that in the more oxidative S2 tumor, glu-
cose is diverted away from lactate production and into the TCA cycle. A
recent study of five primary solid tumors showed that TCA cycle ac-
tivity was suppressed in the tumors studied, and although glycolytic flux
increased, this could not compensate for the decrease in TCA cycle flux
in terms of ATP production (37). The authors suggested that normal
tissue functions in tumors are suppressed, leading to a lower demand
for ATP, and therefore the rate of ATP production, and that the ATP
produced is used to drive tumor cell proliferation. The study used
[U-'3C]lactate to measure TCA cycle flux, and because lactate is
not a significant substrate for the brain, TCA cycle flux was not
measured in this tissue. However, measurements of TCA cycle flux
in two breast cancer models of lung metastasis showed an in-
creased TCA cycle flux in the metastases, but similar glucose use,
as determined using [1-'>C]2-deoxyglucose, to the primary tu-
mors. In these GBM models, we found no evidence of suppression
of TCA cycle activity when compared with normal-appearing
brain tissue, with a TCA cycle flux that was similar to normal brain
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tissue in the glycolytic subtype All tumor and increased TCA
cycle flux in the mitochondrial subtype S2 tumor. This may be
explained by the suppression of TCA cycle flux in normal brain
tissue by the isoflurane anesthesia used here (17). However, sig-
nificant tumor TCA cycle activity has been observed in patients
with GBM, in which their infusion with [U—13C]glucose and °C
NMR analysis of tumor extracts demonstrated substantial incor-
poration of glucose carbon into TCA cycle intermediates (38).
The response of patients with GBM to standard-of-care chemo-
radiation treatment is conventionally assessed using contrast-
enhanced MRI, in which a decrease in the size of the enhancing
tumor is used as an indication of treatment response (39). However,
this technique reflects only the integrity of the blood-brain barrier,
does not provide any information on tumor cell activity, and can be
confounded by the phenomenon of pseudoprogression, in which
contrast enhancement can occur without true tumor growth (40).
"H MRS measurements of tumor cell metabolic activity have been
shown to be superior to more advanced MRI measurements, in-
cluding diffusion-weighted and perfusion-based MRI measure-
ments, in distinguishing progression from pseudoprogression (41).
Using a model in which GBM cells were implanted in irradiated
brain tissue, DMI measurements of [6,6—2H2]glucose metabolism
showed a higher lactate/Glx ratio in the tumor than in regions of
radiation necrosis, which showed a ratio more similar to that in the
normal brain (42). DMI measurements with [*Hg]choline, which
showed high uptake in a GBM model when compared with the
normal brain, have also been proposed as a method for dis-
tinguishing progression from pseudoprogression (43). We showed
previously that *C MRI measurements of hyperpolarized [1-'*C]
pyruvate metabolism can be used to detect early responses to che-
moradiation. In A1l tumors, there was an approximately 29% de-
crease in lactate labeling at 72 hours posttreatment (13), which is
much less than the decrease in *H-labeled lactate concentration
determined here at 24 hours posttreatment, which decreased from
2.40 + 0.50 to 1.15 + 0.50 mmol/L. There was no significant change
in the labeled Glx concentration. The sensitivity for detecting re-
sponse was lower in a representative of the mitochondrial subtype,
S2, in which the *H-labeled lactate concentration declined from
1.71 £ 0.35 to 1.27 + 0.33 mmol/L posttreatment. Glx labeling,
which was higher in the mitochondrial subtypes, showed a larger
decrease in labeling posttreatment, from 1.3 + 0.32 to 0.67 + 0.20
mmol/L, in S2 tumors but no decrease in the glycolytic subtype
All, in which it remained at ~0.8 mmol/L. Some of the decreases
in lactate and Glx labeling may be explained by the decrease in
[6,6-2H2]glucose concentrations in the tumors posttreatment. Al-
though flux into the TCA cycle has been measured in a glioma
tumor model using hyperpolarized [1-'>Cl]pyruvate, from mea-
surements of labeled bicarbonate (44), the signal from bicarbonate
was too small to detect treatment response in our previous study
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