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Abstract

Despite the anti-proliferative and survival benefits from tumor treating fields (TTFields) in human glioblastoma (hGBM), litle is
known about the effects of this form of alternating electric fields therapy on the aberrant glycolysis of hGBM. ['8F]FDG is the
most common radiotracer in cancer metabolic imaging, but its utility in hGBM is impaired due to high glucose uptake in normal
brain tissue. With TTFields, radiochemistry, Western blot, and immunofluorescence microscopy, we identified pyruvate kinase M2
(PKM2) as a biomarker of hGBM response to therapeutic TTFields. We used ['®F]DASA-23, a novel radiotracer that measures
PKM2 expression and which has been shown to be safe in humans, to detect a shift away from hGBM aberrant glycolysis in response
to TTFields. Compared to unexposed hGBM, ['8F]DASA-23 uptake was reduced in hGBM exposed to TTFields (53%, P< 0.05)
or temozolomide chemotherapy (33%, P > 0.05) for 3 d. A 6-d TTFields exposure resulted in a 31% reduction (P=0.043) in
60-min uptake of ['8FJDASA-23. ['8F]DASA-23 was retained after a 10 but not 30-min wash-out period. Compared to ["*FIFDG,
['®F]DASA-23 demonstrated a 4- to 9-fold greater uptake, implying an improved tumor-to-background ratio. Furthermore, compared
to no-TTFields exposure, a 6-d TTFields exposure caused a 35% reduction in ['* FJDASA-23 30-min uptake compared to only an 8%
reduction in ["*F]JFDG 30-min uptake. Quantitative Western blot analysis and qualitative immunofluorescence for PKM2 confirmed
the TTFields-induced reduction in PKM2 expression. This is the first study to demonstrate that TTFields impairs hGBM aberrant
glycolytic metabolism through reduced PKM2 expression, which can be non-invasively detected by the ['* FJDASA-23 radiotracer.
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Introduction

Tumor treating fields (TTFields) is emerging as the fourth therapeutic
modality surgical resection, radiation, and
temozolomide (TMZ) chemotherapy for the treatment of glioblastoma
(GBM) [1-4]. TTFields is alternating electric fields in the 100 to 500 kHz
frequency range delivered to tumors via transmitting electrodes placed on
the skin [5]. In a phase III clinical trial of patients with newly-diagnosed
GBM, combining 200 kHz TTFields with maintenance adjuvant TMZ
prolonged overall survival from 16 to 21 mo and increased the 5-y survival
rate from 5% to 13% [6,7], compared to maintenance adjuvant TMZ
alone. In addition to FDA approval in newly-diagnosed and recurrent
GBM, TTFields has been approved for use in patients with pleural
malignant mesothelioma and clinical trials in other solid organ cancers are

after standard-of-care

underway.

TTFields has been shown to interfere with mitosis in rapidly dividing
cancer cells, thereby impairing cancer proliferation [8,9]. We have recently
shown that TTFields increases the permeability of the GBM cell membrane
[10]. Yet, the effect of TTFields on cancer metabolism is not well understood.
A limited number of clinical studies have evaluated the effects of TTFields
on GBM physiology. Two reports demonstrated that TTFields results in a
decreased uptake of amino acid-based positron emission tomography (PET)
radiotracers [11,12], indicating an impairment of amino acid metabolism.
Using perfusion and spectroscopic magnetic resonance imaging (MRI), a
separate study identified a reduction in maximum relative cerebral blood
volume and choline/creatinine ratio over time in patients with GBM on
combination TTFields and TMZ chemotherapy [13].

To survive conditions of rapid cell division, tumor cells undergo metabolic
reprogramming. The idea of metabolic modulation was first reported almost
a century ago by Otto Warbug, following the observation that cancer cells
demonstrated the increased consumption of glucose and production of lactate
relative to normal tissue, even under conditions of abundant oxygen [14].
This effect, known as the Warburg effect, has been extensively exploited
clinically with 2-deoxy-2-["*F]fluoro-D-glucose (['8F]FDG), a radiotracer
that has been successful in the identification and characterization of primary
and metastatic cancers during initial staging and response assessment [15].
However, the role of ['"8F]JFDG PET is limited in brain tumors due to the
elevated background signal from glucose metabolism in the healthy brain,
making it difficult to distinguish brain tumors from normal brain with
['SFJFDG PET imaging [16].

We have recently developed ["*FIDASA-23, a radiotracer that provides a
measure of the expression of pyruvate kinase M2 (PKM2) [17], to overcome
the limitations of ['®F]FDG for the molecular imaging of brain tumors.
PK catalyzes the final step in glycolysis, converting phosphoenolpyruvate
to pyruvate and yielding adenosine triphosphate [18]. Reduced PK activity
results in a diminished production of pyruvate, therefore enabling the
accumulation of upstream glycolytic intermediates and shifting metabolism
towards the anabolic phase [19]. Cancer cells exploit this effect by primarily
utilizing the PKM2 isoform of PK, whose activity can be dynamically
controlled between the less active PKM2 dimer and the highly active PKM2
tetramer [20]. PKM2 is found in most cells with the exception of adult
muscle, brain and liver, and is preferentially expressed in all cancers [21].
PKM2 expression in primary brain tumors is well established. Whereas grade
I to III gliomas exhibit modestly increased levels of PKM2 RNA and protein
expression relative to normal brain tissue, GBM displays a further 3- to 5-fold
increase in PKM2 RNA and protein expression compared to even grade III
gliomas [22].

PKM2 expression is associated with the enhanced uptake of glucose,
increased production of lactate, and a reduction in oxygen consumption;
these effects are reversed by genetic modifications to replace PKM2 expression
with PKM1 [20,23]. PKM2 is therefore a key regulator of the Warburg
effect, the elevated levels of dimeric PKM2 in cancer cells contributes

to anabolic glucose metabolism, supporting rapid cell proliferation and
ultimately benefiting cancer cell proliferation and growth [23].

The effects of TTFields on cancer cell proliferation have been well-studied
but it remains unclear whether changes in other key aspects of cancer cell
function are also affected by TTFields. TTFields likely targets cancer in a
myriad of ways and perturbs a multitude of individual proteins and molecular
pathways [9,24-29]. However, the effects of TTFields on GBM metabolism
is not well understood. Here, we report the effects of TTFields on GBM cell
aberrant glycolysis as measured by ['"*FIDASA-23 and ["*FIFDG.

Materials and methods

Cell lines and culture media

Human GBM U87 cells were purchased from ATCC (Manassas, VA)
and GBM39 cells were received as a gift from Dr. Paul Mischel (Ludwig
Institute for Cancer Research, University of California, San Diego). Identity
of cell lines was confirmed by the source. Cells were studied in DMEM
(Gibco, Gaithersburg, MD) containing 10% fetal bovine serum (Gibco), and
1 x antibiotic/antimycotic (Gibco).

ICsg determination in U87 cells

TMZ was purchased from MedChemExpress (Monmouth Junction, NJ).
The ICsy of TMZ was determined using a 72 h incubation period in U87
cells. In brief, U87 cells were plated in a 96-well plate (5 x 10° cells per well,
n= 3 per condition) and after 24 h, exposed to serial dilutions of TMZ stock
(100 mM in dimethyl sulfoxide (DMSO)) which ranged from 33 mM to
14 pM. DMSO vehicle was used for control wells. After 72 h, the Presto Blue
Viability Assay (Thermo Fisher Scientific Inc., Waltham, MA) was performed
and the ICsy determined as a function of percent inhibition with respect to

DMSO.
TTFields cell culture experiments

Under sterile condition, 22-mm Thermanox Plastic Coverslips
(NUNCTM, Rochester, NY) were placed in the center of the wells of
6-well plates. Human GBM cells were seeded onto the center of the
coverslips at a concentration of 50,000 cells/200 pL or 10,000 cells/200 pL
for 3- and 6-d experiments, respectively (see Table 1 and Figure 1).

TTFields cell culture experiments (continued)

Six-well plates were carefully transferred into a standard humidified
incubator (37 °C, 5% CO,). At least 6 coverslips were seeded per cell line
per TTFields treatment duration. 24 h later, after sufficient time for the cells
to adhere to the coverslips, 2 mL of pre-warmed culture media was carefully
added to each well of the 6-well plates. 24-h later, half of the coverslips of each
cell line were transferred to the ceramic dishes of the inovitro TTFields system
(Novocure, Ltd. Haifa, Israel). Two milliliter of pre-warmed culture media
was added to the ceramic dishes. Ceramic dishes were attached to the inovitro
base plates and placed in a cooled incubator (20 °C setpoint, 5% COy).
A local temperature of 37 “C was maintained in each ceramic dish by the
inovitro system. TTFields was delivered at 200 kHz; the ambient temperature
achieved in the incubator during the experiments was 24 °C, corresponding
to a TTFields field strength of 3.2 V/em (peak-peak). and 1 to 4 V/cm. For
the control group, at least 3 coverslips were seeded per cell line in 6-well plates
and transferred to a standard humidified incubator (37 °C, 5% CQO,). Each
day during the TTFields experiment, the media was exchanged for fresh pre-
warmed media for both TTFields and control groups. After each experiment,
the TTFields and control coverslips were used for radiotracer uptake studies
or transferred to 6-well plates for immunofluorescence studies. Coverslips
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Table 1

Timeline for 3- and 6-d tumor treating fields (TTFields) experiments.

Day Steps for 3-d TTFields experiment Steps for 6-d TTFields experiment

1 Seed cells onto center of coverslips (10,000 cells/200 uL media
per coverslip) in 6-well plates
Add 2 mL culture media to each well
3 Transfer TTFields coverslips into ceramic dishes of inovitro
system, attach to base plates, begin experiment. For control
coverslips, maintain in regular incubator (37 °C, 5% CO,, 95%

N

room air)

4 Seed cells onto center of coverslips (50,000/200 pL Exchange coverslip media for fresh media in both groups
media per coverslip) in 6-well plates

5 Add 2 mL culture media to each well Exchange coverslip media for fresh media in both groups

6 Transfer TTFields coverslips into ceramic dishes of Exchange coverslip media for fresh media in both groups
inovitro system, attach to base plates, begin
experiment. For control coverslips, maintain in
regular incubator (37 °C, 5% CO,, 95% room air)

7 Exchange coverslip media for fresh media in both Exchange coverslip media for fresh media in both groups
groups

8 Exchange coverslip media for fresh media in both Exchange coverslip media for fresh media in both groups
groups

9 End experiment. Wash all coverslips (both groups) in End experiment. Wash all coverslips (both groups) in HBSS,
HBSS, dry, and evaluate for ['8FIDASA-23 uptake dry, and evaluate for ['"8F]DASA-23 uptake

/

Seed 10,000-50,000 cells on Transfer Coverslips to Apply TTFields within a
Thermanox Coverslips and inovitro™ Ceramic Dishes conventional incubator
wait 1 day
l 3-6 days
F (o}
(0]
e | VSN N—%Oom.a
=& " §
18F
Evaluate radiotracer uptake and Synthesize ['®F]DASA-23 @
perform immunofluorescence

Figure 1. Schematic of TTFields experiments and radiotracer uptake studies. 10,000 to 50,000 single cells were suspended in 200 pL media and seeded into
the center of a 22 mm diameter cover slip. Cells were allowed to adhere overnight in a conventional tissue culture incubator. Subsequently, an additional 2 mL
of media was added to each well and the coverslips maintained in a conventional incubator for an additional day. Coverslips were then transferred to the
wells of an inovitro TTFields ceramic dish system (Novocure, Ltd.) and then connected in base plates that were connected to the power box of the inovitro
system for the delivery of alternating electric fields. Control cell coverslips were maintained in a conventional tissue culture incubator. Cells were grown for the

appropriate period of time (3- or 6 d) with daily changes of media. At the appropriate time point, ['®F]DASA-23 was synthesized, and the radiotracer uptake
evaluated.
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were washed twice with PBS and then fixed for 30 min at room temperature
with 4% paraformaldehyde (w/v) in PBS. They were then washed twice with
PBS and stored in wash buffer (0.1% BSA [w/v] in Dulbecco’s phosphate
buffered saline (DPBS) [Thermo Fisher Scientific, Waltham, MA]) at 4 °C.

Radiochemistry

['8FJFDG was obtained from routine production at the Stanford
University Cyclotron and Radiochemistry Facility. ['®*F]DASA-23 was
produced according to previously described methods [17]. In brief, ['*F]F
(no carrier added) in [180] water was trapped on a PS-HCO3 cartridge and
eluted with 1 mL of a solution containing Kryptofix222 (15 mg) and K2CO3
(3.5mg) in 9:1 acetonitrile/water. The K222/K["*FIF complex was dried
under a stream of helium at 65 °C for 3 min, followed by further heating at
85 °C for 1 min. After cooling to 40 “°C, DASA-23 nitro precursor (~350 pg)
in 1 mL of DMF was added to the reactor, and the solution was heated
to 110 °C for 20 min. The reaction mixture was then diluted with water
(8 mL) and passed through a C18 cartridge, the radiolabeled product was
eluted with acetonitrile (1.5 mL) and water (2.0 mL) into a pre-HPLC vial for
subsequent purification. The crude solution was injected onto a Gemini C18
semi-preparative reverse-phase column and desired HPLC fraction (retention
time ~18 min) containing the radiolabeled product was collected in a flask
pre-filled with water (20 mL). The diluted product was passed then trapped
on a C18 cartridge and rinsed with water (10 mL). The final product was
eluted with ethanol (1 mL) and saline (9 mL). Radiochemical yield was 2.61%
=+ 1.54% (non-decay corrected at end of synthesis) with a specific activity of
2.59 % 0.44Ci/pmol (z = 10) and radiochemical and chemical purity greater
than 95%.

Radiotracer uptake and retention studies

For uptake studies, pre-warmed DMEM was used for ['‘*F]DASA-23
experiments and pre-warmed HBSS (Thermo Fisher Scientific, Waltham,
MA) was used for experiments involving ['"*F]JFDG. After 6 d of non-
exposure or exposure to TTFields, the culture media around the coverslips
containing cells was carefully removed, and 5 pCi of the appropriate
radiotracer in either 2mL of DMEM or HBSS was added per coverslip.
Cells were incubated with the specified radiotracer at 37 °C and 5%
CO; in the presence or absence of TTFields for an additional 30- or 60
min. At 30- and 60 min post-addition of radioactivity, the incubation was
halted by removing radiotracer-containing media and placing the plates
(containing cells on coverslips) on ice to halt any residual uptake. Coverslips
were then washed with ice-cold PBS (3 x 1 mL) and the cells lysed in
1 mL of radioimmunoprecipitation assay buffer (Thermo Fisher Scientific
Inc.). A portion of the cell lysates (500 pL) was used to determine the
amount of decay-corrected radioactivity on a Cobra I Auto-Gamma Counter
(Packard Biosciences Co., Meriden, CT). The remaining cell lysate was used
after radioactive decay for determination of protein concentration using a
bicinchoninic acid assay (Thermo Fisher Scientific Inc.). Radiotracer uptake
values were determined as percentage uptake by additionally counting a
proportion of the total radioactivity added to coverslips for each radiotracer.

For the ["®*F]JDASA-23 retention studies, a similar procedure was
performed as described above. In one group, cells were not exposed to
TTFields for 6 d, followed by a 30-min ["F]DASA-23 uptake period in
the continued absence of TTFields. In another group, cells were exposed
to TTFields for 6 d, followed by a 30-min ['®F]DASA-23 uptake period
in the continued presence of TTFields. For both TTFields unexposed and
exposed conditions, after the 30-min ['®F]DASA-23 uptake period, the
retention studies were performed. ['*FJDASA-23 was removed from the cell
media and replaced with pre-warmed fresh media. The cells underwent either
continued TTFields non-exposure or exposure, and at 10- and 30-min later,
the amount of ['®F]DASA-23 radiotracer retained in the cells (with the

remaining ['"*F]DASA-23 having effluxed out of the cells into the freshly
replaced media) was calculated.

PKM?2 immunofluorescence

The coverslips with U87 cells were acclimated to room temperature
(RT) and washed twice with PBS. Then they were permeabilized with 0.1%
TritonX-100 (v/v, Acros Organics, Fair Lawn, NJ) in PBS. They were then
washed with DPBS (3 x 5 min). The coverslips were blocked for 1h at RT
in 10% (v/v) fetal bovine serum in DPBS. The blocking solution was then
aspirated and the coverslips were washed with wash buffer (2 X 5 min). A
monoclonal rabbit antibody was used as the primary antibody for PKM2
detection (Cell Signaling Technology, Danvers, MA). After testing serial
dilutions of the antibodies, the primary antibody was diluted 1:500 in
3% BSA (v/v) in DPBS, applied to the coverslips and incubated at 4 °C
overnight. The next day, the coverslips were washed with DPBS (3 x 5 min).
They were subsequently incubated at room temperature, protected from
light, with the fluorophore-conjugated anti-rabbit secondary antibody (Cell
Signaling Technology) diluted 1:1000 in 10% FBS (v/v) in DPBS for 1 h.
The secondary antibody was then aspirated and the coverslips were washed
with DPBS (3 x 5min) in the dark. The coverslips were air dried and
mounted to Superfrost Plus microscope slides (Fisher Scientific Inc.) using
Vectashield Antifade Mounting Medium with DAPI (Vector Laboratories,
Burlingame, CA). The edges of the coverslips were sealed with clear nail
varnish. The coverslips were imaged on a NanoZoomer 2.0-RS whole slide
imager (Hamamatsu, Hamamatsu City, Japan) at 20 X magnification and
images were exported as TIFF files for qualitative comparison.

Western blotting

At the completion of studies, cells grown on coverslips were lysed in
non-ionic detergent (% RIPA lysis and extraction buffer [Thermo Fisher
Scientific, Inc., Waltham, MA]) supplemented with Halte Protease Inhibitor
Cocktail (Thermo Fisher Scientific Inc.) and stored at -80 °C until further
processing. PKM2 monoclonal rabbit antibody (1:3000 dilution, Cell
Signaling Technology) was used in a standard Western blotting protocol
according to the manufacturer’s instructions. Rabbit anti-GAPDH antibody
(1:5000 dilution, Cell Signaling Technology) was used as loading control.
Blots were scanned and the signal subsequently quantified using Image]
software (NIH).

Statistical analysis

Data were analyzed in Prism (GraphPad Software, San Diego, CA)
and expressed as mean =+ standard deviation. Inter-group comparisons
were performed using the two-tailed unpaired Student’s £ test for normally
distributed data, and Mann-Whitney test for non-normally distributed
data. The significance level was set at alpha=0.05. All experiments were
performed in at least triplicate with at least three replicates per condition per
experiment.

Results

TTFields, similarly to TMZ chemotherapy, reduces ['* FIDASA-23
uptake in GBM

The ICsy of cell viability due to TMZ in U87 cells was determined
to be 484 uM over a 72 h incubation period (Figure 2A, Hill slope —0.9;
Log ICsyp 2.7) which was consistent with previous reports [30,31]. We
have previously reported 200 kHz TTFields to be the optimal frequency
for impairing GBM cell proliferation [32]; therefore, this frequency was
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Figure 3. Cellular uptake and retention of ['*FIDASA-23 in U87 cells after 6 d of exposure or non-exposure to 200 kHz TTFields. (A) Tumor cell uptake
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4 per condition).

applied for radiotracer uptake studies and will subsequently be referred to
as TTFields. U87 cellular uptake studies with ['*FIDASA-23 following a 3-
d exposure to either TTFields or the ICsy of TMZ resulted in a 53% (P<
0.05) and 33% reduction in radiotracer uptake relative to untreated cells,
respectively (Figure 2B). After a 6-d exposure to either TTFields or the ICs
of TMZ, the [""FIDASA-23 uptake in U87 cells was reduced by 35% and
55%, respectively, compared to that in unexposed cells (Figure 2B).

Characterization of ['® FIDASA-23 radiotracer uptake and retention in
human GBM cells exposed to TTFields

We next characterized the uptake of the ['"®F]DASA-23 radiotracer in
U87 cells unexposed versus exposed to TTFields. U87 cells unexposed
to TTFields for 6 d (i.e., normal cell culture conditions) exhibited
['8F]DASA-23 radiotracer uptake values of 13.1% % 6.1% and 24.6% =+
5.9% uptake/mg protein at 30 and 60 min post-addition of radioactivity,

respectively (Figure 3A). In contrast, U87 cells exposed to TTFields for 6
d had reduced radiotracer uptake values at 30- and 60-min post-addition
of radioactivity, respectively, of 8.4% =+ 1.2% uptake/mg protein (35%
reduction compared to unexposed cells, P=0.13) and 18.1% =+ 2.7%
uptake/mg protein (31% reduction compared to unexposed cells, P=0.043),
see Figure 3A.

In the retention studies, removal of the ['*F]DASA-23 radiotracer from
the cell media resulted in variable amounts of efflux of the cell-associated
radioactivity. The percentage of ["8F]DASA-23 at 10 min post-removal of
['8F]DASA-23-containing media was 64.3% = 4.5% in TTFields-unexposed
cells and 62.0% =+ 4.7% in TTFields-exposed cells for 6 d (P=0.42,
n=15), see Figure 3B. At 30 min post-removal of [18F]DASA-23-containing
media, the percentage of radiotracer still retained was 72.0% =+ 5.6% in
unexposed cells (P=0.35 compared to unexposed cells) but significantly
lower at 46.7% =+ 7.5% (P=0.014 compared to unexposed cells) in cells
exposed to TTFields for 6 d (Figure 3B).
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Bigger decrease in uptake of [ FIDASA-23 compared to [ FJFDG in
human GBM cells exposed to TTFields

We next compared the ability of ["8F]DASA-23 to detect TTFields-
induced changes in GBM cell metabolism compared to the established
glycolytic radiotracer, ["*FIFDG. In U87 cells, a 6-d exposure to TTFields
resulted in a 35% reduction of ["®F]DASA-23 during the 30-min uptake
period compared to unexposed cells (P=0.13) and an 8% reduction (1.5%
+ 0.2%vs 1.6% = 0.2% uptake/mg protein) of ['*FIFDG during the 30-
min uptake period compared to unexposed cells (P=0.14), see Figure 4A.
In patient-derived GBM39 cells, a 6-d exposure to TTFields resulted in
a 81% reduction (0.7% = 0.1%vs 3.5% = 0.5% uptake/mg protein) of
['8F]DASA-23 during the 30-min uptake period compared to unexposed
cells (P=0.004) and a 76% reduction (0.09% =+ 0.02%vs 0.4% =+
0.2% uptake/mg protein) of [®FJFDG during the 30-min uptake period
compared to unexposed cells (P=0.006), see Figure 4B. Although there was
a comparable percent reduction in uptake of both radiotracers in response to
TTFields exposure in the GBM39 cell line (81% reduction in ["®FJDASA-
23 uptake and 76% reduction in ["*F]JFDG uptake), the absolute values
of uptake were an order of magnitude greater for ['*FIDASA-23 (3.5% =+
0.5% and 0.7% =+ 0.1% uptake/mg protein in TTFields unexposed and
exposed cells, respectively) compared to ['*F]JFDG (0.4% =+ 0.2% and 0.09%
£ 0.02% uptake/mg protein in TTFields unexposed and exposed cells,
respectively).

T TFields exposure reduces PKM?2 expression in human GBM cells

Exposure of U87 cells to TTFields resulted in significant reduction of
PKM2 expression detected by Western blot. Compared to no TTFields
exposure, TTFields exposure reduced PKM2 expression by 49% at 3 d (P=
0.02) and by 80% at 6 d (?=10.008), sce Figure 5.

TTFields exposure reduces PKM2 expression in human GBM cells
(continued)

The reduction in PKM2 expression due to TTFields was qualitatively
confirmed through immunofluorescence staining for PKM2 and DAPI in
U87 and GBM39 cells (Figure 6). In both cell lines, a reduction in cell

count after the 6-d TTFields exposure was observed. In addition, there
was reduced PKM2 expression in the remaining viable cells after TTFields
exposure compared to cells that were not exposed to TTFields.

Discussion

In the past decade, antimitotic frequency-tuned alternating electric fields,
known as TTFields, have been validated in clinical trials and represent a novel
form of cancer therapy. TTFields are low-intensity (1 to 4 V/cm) intermediate
frequency (50 to 500 kHz) alternating electric fields that locally target solid
organ cancer through transducer arrays applied on the skin. Despite the
clinical survival benefit demonstrated with the combination of TTFields and
chemotherapy in GBM [6,7] and malignant pleural mesothelioma [33], the
imaging modalities used to track treatment response (e.g., brain MRI scans
and chest CT scans, respectively) are not able to capture changes in the
tumor based on anatomy alone. This may be due in part to the limited
understanding of the mechanisms of action of TTFields beyond their effect
on mitosis in cancer cells. Molecular imaging modalities such as PET play
a prominent role in cancer imaging [15], but due to its low tumor-to-
background ratio in the brain, the most commonly used clinical radiotracer
(["*FIFDG) has limited utility in brain tumor imaging [16].

Aside from their elevated rates of proliferation, cancer cells commonly
demonstrate aberrant metabolism that is defined by an overutilization of
glycolysis relative to oxidative phosphorylation. This altered metabolic state,
often termed metabolic reprogramming, is a hallmark of cancer and is closely
linked to the proliferative state of the tumor [34-36]. The clinical implications
of tumor metabolic reprogramming are that therapeutic strategies, which
revert this metabolism towards oxidative phosphorylation (whether directly
or indirectly), may reduce the tumor growth rate and be predictive of
survival outcomes [37-39]. PKM2 was identified as an attractive target for
measuring aberrant GBM metabolism due to its overexpression in GBM and
minimal expression in healthy brain tissue [22]. Additionally, we have recently
developed an FDA-approved radiotracer, ['"*FIDASA-23, for the molecular
imaging of PKM2. This radiotracer has been shown to be safe in humans
[40] and identifies changes in GBM aberrant glycolysis in response to various
drugs used in the clinic [41].

In this study, we report the evaluation of TTFields on aberrant GBM
glycolysis and explore the utility of ['"®F]DASA-23 to detect these shifts in
glycolysis through measurement of PKM2. Continuous TTFields exposure in
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Figure 5. Reduction in pyruvate kinase M2 (PKM2) protein expression in U87 cells exposed for 3- and 6 d to 200 kHz TTFields. (A) Western blot evaluating
changes in PKM2 expression after 3 d of TTFields exposure compared to unexposed cells. (B) Western blot evaluating changes in PKM2 expression after 6 d
of TTFields exposure compared to unexposed cells. (C) Quantification of Western blot data and normalization using GAPDH as the loading control.

No TTFields

- . .

GBM39

20x magnification

TTFields

Figure 6. Representative immunofluorescence for PKM2 (green) and DAPI nuclear stain (blue) in U87 and GBM39 cells exposed or unexposed to 200 kHz
TTFields for 6 d, demonstrating a reduction in cell count and PKM2 expression after TTFields exposure.

cell culture is similar to the clinically recommended 75% daily compliance for
patients with GBM [6,7]. ['* FIDASA-23 is a PKM2 activator, known to bind
a pocket present at the dimeric PKM2 subunit interface thereby promoting
association of PKM2 subunits into stable tetramers [20]. ['*F]DASA-
23 can bind dimeric PKM2 and promote the association into active
tetramers; however, the binding pocket for ['8F]DASA-23 is unavailable
on constituently active tetramers due to the conformational change

associated with tetramer formation [20]. Therefore, reduced ["*F]DASA-
23 binding in GBMs exposed to TTFields may be associated with 2
factors: (1) reduced PKM2 expression and (2) activation of PKM2 dimers
to tetramers. The inability of ["®F]DASA-23 to distinguish between these
two features is a limitation of this approach. Regardless, both outcomes
suggest a shift from aberrant glycolysis towards oxidative phosphorylation

[20,42-44].
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The application of TTFields in U87 cells for 3- or 6 d resulted in a
decrease in ['"®F]DASA-23 radiotracer uptake that was statistically significant
only for the 3-d TTFields exposure condition (Figure 2B). Compared to
the results in Figure 2B (which show a significant reduction in 30-min
['"8F]DASA-23 radiotracer uptake after a 3-d exposure to TTFields),
the results in Figure 3A demonstrate a significant reduction in 60-min
['8FIDASA-23 radiotracer uptake after a 6-d exposure to TTFields. From
a clinical translation perspective, this suggests that the optimal acquisition of
PET scans to interrogate GBM metabolic changes in patients before versus
after chronic TTFields therapy may be approximately 60-min post-injection
of the ['®F]DASA-23 radiotracer. In the case of patient-derived GBM39 cells,
a 6-d treatment with TTFields was selected based on the slightly slower
rate of cell doubling (2 d in U87 vs 3 d in GBM39). In this setting,
['"8F]DASA-23 radiotracer uptake was significantly reduced (Figure 4B).
Although there were reductions in ['"*F]JFDG and ['*F]DASA-23 uptake in
the U87 and GBM39 cell lines, statistical significance was only achieved
in the GBM 39 cell line. This is likely a reflection of inherent differences
between different human GBM cell lines (e.g., variable baseline PKM2
expression levels, doubling times, and maintenance culture conditions [32]).
The reduced expression of PKM2 protein levels in response to TTFields was
confirmed in both U87 and GBM39 cells using a combination of Western
blot (Figure 5) and immunofluorescence (Figure 6) techniques, suggesting
that the reduction in ["*F]DASA-23 cellular uptake may be the result of
reduced PKM2 expression rather than changes in enzymatic state. The use of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a loading control
was selected based on the knowledge that TTFields has known effects on
microtubules [45] and actin [46] therefore limiting the use of «-tubulin and
B-actin as loading controls. Although the effects of TTFields on GAPDH
expression are unknown, it was selected due to its established use as a loading
control in human glioma studies [47] and the limited availability of other
suitable loading controls. We have previously shown in U87 cells treated
with 11 different GBM therapeutic drugs that there is a positive correlation
between the normalized ["®FJDASA-23 cellular uptake and the normalized
PKM2/GAPDH ratio from Western blot analysis [41]. Although a positive
correlation exists between the ability of these two methods (['*FJDASA-23
radiotracer uptake and a gold-standard [e.g., Western blot]) to detect changes
in PKM2 expression, the inherent differences in the sensitivity and specificity
of each method precludes a consistent one-to-one concordance between the
statistical significance results derived from each method, as demonstrated in
Figsure 4 and 5.

To further elucidate a shift towards oxidative metabolism in response to
a 6-d TTFields exposure, the cellular uptake of ['"®FJFDG was also evaluated
in U87 and GBM39 cells relative to control cells. Although ['*FIDASA-23
and ['®F]FDG exhibited decreased uptake in human GBM cells exposed
to TTFields (Figure 4), ["*FIDASA-23 likely holds greater clinical utility
for brain tumor molecular imaging due to the overexpression of PKM2
in GBM cells and a lack of PKM2 expression in healthy brain tissue, as
well as its 10-fold greater absolute radiotracer uptake values compared to
those of ['®F]FDG. The % uptake/mg protein values from cell culture
studies are analogous to the standardized uptake values determined on in
vivo PET scans. Given that ["®F]DASA-23 uptake in the human GBM
cell lines was 10-fold greater than that of ['®F]FDG, and there is less
['8F]IDASA-23 compared to ['®F]JFDG uptake in the normal brain, we
would anticipate ['®F]DASA-23 could better detect and monitor GBM
metabolic response to therapy compared to ["*F]JFDG. ['*F]DASA-23 is
additionally approved by the FDA for evaluation in human subjects [40],
further highlighting the clinical translatability of this approach. Importantly,
the ["8F]DASA-23 retention studies after an initial 30-min uptake period
(Figure 3B) demonstrated a net efflux of ['"FJDASA-23 out of the cell
from 10- to 30 min under TTFields exposure, while there was a slight
net influx without TTFields exposure during the same period. This is
consistent with our previous finding that TTFields causes fenestrations

in the GBM cell membranes, thereby increasing the cell membrane
permeability [10].

The role of adenosine triphosphate (ATP) in cancer is multifactorial, and
its generation via glycolysis versus oxidative phosphorylation varies under
different conditions and cancer cell types [48-50]. For example, one study
reported that TTFields reduced intracellular ATP levels in an autophagy-
dependent manner in a human lung carcinoma cell line [51]. Another
group found that human pancreatic ductal cell carcinoma cells can rely on
mitochondrial oxidative phosphorylation for ATP generation and survival
when glycolysis is suppressed [52]. The standard therapies used to treat GBM
(e.g., radiation therapy and TMZ chemotherapy) may themselves cause a
metabolic reprogramming rendering the GBM cells more resistant to therapy
[53]. Our finding that TTFields inhibits aberrant glycolysis may help to
explain how GBM cells overcome an inherent resistance to standard therapies,
thereby prolonging patient survival [6,7].

While these results are encouraging and suggest the potential for early
response assessment to TTFields using PET imaging of PKM2 expression
with [8F]JDASA-23, there are several limitations of the present work.
First, there is no currently available apparatus for delivering TTFields
to the mouse brain, which limited our experiments to human GBM
cell lines in culture. However, it should be noted that despite the U87
cells having non-methylation of the promoter of the O°-methylguanine-
DNA-methyltransferase (MGMT) DNA repair enzyme and the GBM39
cells having MGMT promoter methylation, indicating a differential
responsiveness to TMZ chemotherapy [54], both cells demonstrated reduced
["®FIDASA23 uptake and PKM2 expression in response to TTFields.
Likewise, an overall survival benefit was observed in GBM patients treated
with TTFields in combination with adjuvant TMZ, regardless of MGMT
promoter methylation status [6]. Second, the present studies have not
elucidated the mechanism through which TTFields affects aberrant GBM
glycolysis and whether the detected shift in metabolism is the result of a direct
effect of TTFields on a specific protein, or the result of a bystander effect. It
should be noted that this is beyond the scope of the present manuscript which
is a proof of principle study.

Amino acid-based PET [11,12] and perfusion/spectroscopic MRI
[13] have demonstrated changes in human GBM after months of TTFields
therapy, but an imaging biomarker of early response assessment to TTFields
is lacking in the field of neuro-oncology. If validated in an ongoing clinical
trial (NCT03539731), ['®FIDASA23 PET has the potential to provide an
early non-invasive readout of GBM response to TTFields therapy.

Conclusions

This is the first study to demonstrate that TTFields causes a shift in GBM
metabolism from glycolysis to oxidative phosphorylation. Furthermore, these
changes can be detected non-invasively with the ['"*FIDASA-23 radiotracer
that is specific for pyruvate kinase M2, which catalyzes the last step in

tumor glycolysis. These findings are being translated to determine whether
['8F]IDASA-23 can detect response to TTFields in patients with GBM.
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