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Abstract

The carbon and nitrogen components of glutamine are used for multiple biosynthetic processes by
tumors. Glutamine metabolism and the therapeutic potential of glutamine antagonists (GA),
however, are incompletely understood in malignant peripheral nerve sheath tumor (MPNST), an
aggressive soft tissue sarcoma observed in patients with neurofibromatosis type I. We investigated
glutamine dependence of MPNST using JHU395, a novel orally-bioavailable GA prodrug
designed to circulate inert in plasma, but permeate and release active GA within target tissues.
Human MPNST cells, compared to Schwann cells derived from healthy peripheral nerve, were
selectively susceptible to both glutamine deprivation and GA dose-dependent growth inhibition. /n
vivo, orally administered JHU395 delivered active GA to tumors with over two-fold higher tumor-
to-plasma exposure, and significantly inhibited tumor growth in a murine flank MPNST model
without observed toxicity. Global metabolomics studies and stable isotope labeled flux analyses in
tumors identified multiple glutamine dependent metabolites affected, including prominent effects
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on purine synthesis. These data demonstrate that glutamine antagonism is a potential antitumor
strategy for MPNST.
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lIntroduction

Tumor cells use glutamine to build molecules needed for proliferation and survival (1, 2)
including: direct protein synthesis; abstraction of the gamma amido group by glutamine
amidotransferases for nucleotide, hexosamine, amino acid, and coenzyme synthesis; and
incorporation of the carbon skeleton to the tricarboxylic acid (TCA) cycle following
glutaminolysis (3). Alterations in tumor glutamine metabolism have been observed across
multiple tumor types and linked to multiple oncogenes and tumor suppressors including
MYC (4), KRAS (5), TP53(6), and PTEN (7). Glutamine utilization is also dependent on
tumor cell environment and differs between cell culture and /n7 vivo models (8, 9).

MPNST is a rare aggressive soft tissue sarcoma originating from Schwann cells. MPNST
can occur sporadically, as a secondary malignancy, or in up to 15% of people with the
syndrome neurofibromatosis type | (NF1) (10, 11). NF1 is an autosomal dominant condition
caused by germline loss of one copy of the RAS-GAP A/F1 and presents with a wide range
of manifestations including multiple cancers (12). MPNST is poorly responsive to
chemotherapy and radiation therapy, and the only chance for long term survival is if the
lesion is completely resected with wide margins (13, 14). As MPNST most often develops in
critical, deep areas such as major nerve plexi, this is rarely feasible and hence there is an
outsized chance of mortality from MPNST versus other sarcomas (15).

Small molecule glutamine antagonists (GA) are valuable tools for studying glutamine
metabolism and have garnered interest as antitumor therapeutics. 6-diazo-5-oxo-L-
norleucine (DON) and its naturally occurring prodrug azotomycin are diazo analogs of
glutamine that irreversibly inhibit multiple glutamine-utilizing enzymes. GA have been
observed to cause decreased proliferation or induction of apoptosis, depending on genetic
context, cell/tissue type, and environment (16, 17, 18). GA have been tested clinically (19),
including for sarcomas (20). Unfortunately, their clinical development was hampered by use
of high intermittent dosing regimens poorly suited to a metabolic inhibitor (19, 21) and
gastrointestinal (Gl) toxicity, as the Gl system is highly glutamine utilizing (22). We
recently developed targeted GA prodrugs around the parent compound DON in attempt to
decrease DON exposure to sites of toxicity (e.g. gut) and preferentially deliver DON to
target tissues (e.g. nervous tissues, tumors) (23-25). One such targeted GA termed JHU395
(previously 13d) contains (phenyl(pivaloyloxy)methoxy)carbonyl and isopropyl ester
modifications to the amine and carboxylate groups of DON, respectively, which significantly
increase its lipophilicity relative to DON (clogP 2.75 vs —2.5) (Figure 1C) (23). Prior

1abbreviations: glutamine antagonist (GA), 6-diazo-5-oxo-L-norleucine (DON), malignant peripheral nerve sheath tumor (MPNST),
neurofibromatosis type 1 (NF1), C57BL6/NHsd mice (B6), formylglycinamide ribonucleotide (FGAR)
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investigation of JHU395 demonstrated that the prodrug remains intact in swine and human
plasma (83-88% at 1 hour) (23). When directly compared to an equimolar dose of DON
administered to swine, JHU395 resulted in significantly lower DON exposure in plasma
(AUCp—t 29.9 nmolehr/ml vs 5.7 nmolehr/ml), leading to a nearly 10-fold enhancement of
the DON brain-to-plasma ratio (DON brain-to-plasma 0.148; JHU395-derived DON brain-
to-plasma 1.38; ratio 9.3) (23). Our group has also identified other GA prodrugs with
enhanced DON CSF-to-plasma ratio in non-human primates (compound 5¢, DON CSF-to-
plasma ratio 0.038; 5¢c-derived DON CSF-to-plasma ratio 0.28; ratio 7.6) (24) as well as GA
prodrugs with enhanced DON exposure to lymphoid tumors versus G tissues in mice
(prodrug 6, tumor AUCy_,=5.1 nmoleh/g; Gl AUCy_,=0.45 nmoleh/g; ratio 11) (25). Thus
prodrug GA may enable improved delivery of active DON to target tissues while avoiding
sites of toxicity, enabling better tolerability and translation of this metabolic therapy.

There has been interest in metabolic inhibitors as therapies for MPNST (26), but glutamine
metabolism has only been explored using the selective glutaminase inhibitor CB-839 (27).
We hypothesized that a broadly active GA with target tissue penetration could provide
further insight into MPNST glutamine metabolism. Compared to immortalized healthy
Schwann cells, we found that human NF1-associated MPNST cells were sensitive to
glutamine deprivation and antagonism. JHU395 was stable in human plasma and delivered
DON to human MPNST cells in culture and to a murine flank MPNST. We then identified a
daily oral dosing regimen of JHU395 that was well tolerated and delivered micromolar
levels of DON to tumor in the murine MPNST model. Chronic JHU395 administration
significantly decreased MPNST growth without overt GI- or neuro-toxicities. In vivo
metabolomics analyses on JHU395-treated tumors identified multiple glutamine dependent
metabolites affected, including prominent effects on purine synthesis. Our results support
further evaluation of GA as a novel therapeutic approach to prevent MPNST growth.

Materials and Methods

Cell culture

MPNST cell lines (SNF96.2, SNF02.2) were obtained from American Type Culture
Collection. ipn02.32A. (28) was shared from NCATS (M. Ferrer) and validated by STR Cell
Line Authentication (Johns Hopkins GRCF). For establishment of flank MPNST, cells
harvested from a tumor in an NPcis (MVF1*/~,p53*/") mouse (29) and frozen in 5% DMSO,
were a kind gift from Dr. Verena Staedtke (Johns Hopkins). Cells were cultured in DMEM
(ThermoFisher 119965), 10% fetal bovine serum (Hyclone SH30073.1), and 1% penicillin/
streptomycin (ThermoFisher). Cells were incubated at 37°C, in a humidified atmosphere
with 5% CO». Confluency was monitored using an Axiovert 25 optical microscope.

Cell growth in low glutamine was studied by plating 25,000 sNF96.2 cells/well in standard
media in 6-well culture dishes. The next day media was replaced with low glutamine media
(ThermoFisher DMEM #10313-021). Each subsequent day cells were removed from the
plate using 0.05% trypsin and live cell concentration was determined by trypan blue
exclusion using a BioRad TC20 hemacytometer. Dose response titration of glutamine was
measured in a 96 well plate by alamar blue fluorescence at 590 nm (ThermoFisher
DAL1025). 1500-2000 cells per well were plated in standard media. One day later media
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was exchanged for glutamine-free media (prepared with dialyzed FBS, ThermoFisher
A3382001); fixed concentrations of glutamine were added across the plate and cells were
incubated for 72 hours prior to dye addition. Dose response curves for DON and JHU395
(synthesized according to ref. 23) were generated similarly in standard media or media
containing added purine nucleotides (guanosine monophosphate, 100uM). Curve fitting and
ECs50/ICsq values were determined in GraphPad Prism. Data shown is representative of at
least two independent experiments.

Oxygen consumption

Oxygen consumption rate was measured using a Seahorse XFe96 Analyzer (Agilent).
SNF96.2 cells were seeded at 20,000 cells/well in 96 well XF flux plates 48 hours prior to
the study. The next day media was exchanged for media containing vehicle, DON or
JHU395 (10 uM), or glutamine-free condition. On the day of the assay, oxygen consumption
rate was measured during the XF Mito Stress Test (Agilent) according to the manufacturer’s
directions. At least 6 wells were measured per condition; recordings of less than zero in a
given well were imputed as zero for data analysis. Data shown is representative of two
independent experiments. Calculated rates of respiration were performed based on the
equations given in (30).

Mouse models and JHU395 treatment

Experimental procedures were approved by the Johns Hopkins University Animal Care and
Use Committee and were consistent with the Guide for the Care and Use of Laboratory
Animals (31). C57BL6/NHsd (B6) or CD-1 male mice, at 12 weeks of age between 25 and
30 g were obtained from Envigo. NPcis (B6;129S2- Trp53(™1 7/ Nf1im17V13) transgenic mice
(29) were a kind gift from Dr. \erena Staedtke (Johns Hopkins) and were genotyped using
previously validated primers on ear punches (Transnetyx).

For dose tolerance in NPcis mice, male and female non-tumored double heterozygote
(NF1*/~,p53*/7) 12 week old mice were treated daily with vehicle (phosphate buffered saline
(PBS) + 1% Tween-80 and 2.5% ethanol p.o., n=3) or JHU395 (1.2 mg/kg p.o. x 5 days, 0.5
mg/kg p.o. x 27 days, n=5). Animals were weighed 3 times per week, and percent change
from baseline weight was calculated.

To form tumors in B6, 3-6 x 106 murine NPcis tumor cells harvested from cell culture were
washed twice in PBS, resuspended in 0.2 ml PBS, and injected subcutaneously to the right
flank. Tumors developed over 21-28 days. A subset of untreated tumors (n=4) were
processed for histologic characterization and evaluated (see below).

For efficacy studies, mice with average tumor volume 300 mm3 as measured by calipers
were used; tumor volume was calculated by the formula: Volume = (L x (W?2))/2. Animals
were treated daily for fourteen days with vehicle (PBS + 1% Tween-80 + 2.5% ethanol) or
JHU395 (1.2 mg/kg x 5 days, 0.5 mg/kg x 9 days) administered by oral gavage. Animal
weights and tumors were measured thrice weekly and on the final experimental day. The
study shown was stopped after fourteen days as one animal in the vehicle cohort had tumor
growth beyond institutional standards and one animal in the JHU395 cohort was found
deceased after losing approximately 10% body weight. Animals were euthanized by CO,
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inhalation followed by cardiac puncture to collect blood for clinical pathology. Additional
tissues of interest (tumor, brain, jejunum) were harvested and either flash frozen in liquid
nitrogen or preserved for histology. Efficacy data is representative of three independent
experiments.

Histology and immunohistochemistry

Harvested tissues from naive, vehicle, or JHU395 treated mice (n = 3—-4/condition) were
fixed overnight in 10% neutral buffered formalin, then transferred to 70% ethanol. Fixed
tissues were routinely processed to paraffin. Sections (~5 um) were stained with
hematoxylin and eosin (H&E), and examined by a veterinary pathologist (author C.B.).
Image capture was performed on a Nikon 55i photomicroscope, with 1.2x C-mount adapter,
(Nikon Inc) Spot Flex camera, and Spot imaging software v5.1 (Diagnostic Instruments,
Inc), and from slides scanned on an Aperio ScanScope CS scanner (Leica Biosystems).

Ki67 and cleaved caspase-3 immunohistochemistry were performed on 5 um thickness
formalin-fixed paraffin-embedded sections on a Leica Bond RX automated stainer using
Bond reagents (Leica Biosystems) and following standard manufacturer’s instructions
except for the following details. For Ki67, heat-induced epitope retrieval was performed in a
pH 9.0 buffer, and anti-Ki67 rabbit monoclonal antibody (clone SP6, ab16667, Abcam) was
applied at a concentration of 1:100. For cleaved caspase-3, heat induced epitope retrieval
was performed in a pH 6.0 buffer, and anti-cleaved caspase 3 rabbit polyclonal antibody
(Cell Signaling Tecnology #9661) was applied at a concentration of 1:250. These were
followed by application of a polymer detection system (DS9800, Novocastra Bond Polymer
Refine Detection, Leica Biosystems). The chromogen was 3,3 diaminobenzidine
tetrachloride; sections were counterstained with hematoxylin. Analysis of scanned slides
was performed using ImageScope (Lecia Biosystems).

Western blotting

Cells were cultured as above, treated as indicated on figures, and harvested with 0.05%
trypsin. Cells were washed with cold PBS, then lysed using RIPA buffer (Pierce) with
protease/phosphatase inhibitors. 20-30 g of protein per well was separated by 4-12% Bis-
Tris SDS/PAGE (ThermoFisher) and transferred by iBlot (Invitrogen) to PVDF membrane.
Rabbit anti-phospho-ERK1/2 (#4370S), total ERK (#4695S), cleaved PARP (#9541), and
mouse anti-beta-tubulin (#86298T) were purchased from Cell Signaling Technologies.
Detection was accomplished with Licor IRDye 800cw goat anti-rabbit (925-32211) and
IRDye 680RD goat anti-mouse (925-68070) secondary antibodies using an Odyssey
Scanner.

Parallel Artificial Membrane Permeation Assay (PAMPA)

PAMPA (32) was conducted by Cyprotex LLC (MA, USA) and samples were shipped to
JHU for analysis. Pre-coated PAMPA plates were purchased from BD Biosciences (Product
#353015). DON or JHU395 stock solution was prepared by diluting a 20 mM DMSO stock
in phosphate buffered saline (PBS), pH 7.0 to give a final concentration of 20 uM. DON,
JHU395 or verapamil (high permeability positive control) solutions (300 pL) were added to
the donor plate. PBS buffer pH 7.0 (200 uL) was added to each well of the acceptor plates.
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The acceptor filer plate was carefully placed onto the donor plate to create a sandwich.
Plates were incubated undisturbed at room temperature for 5 h. Donor and acceptor samples
for prodrugs and positive control were quantified by LC-MS/MS as described below (23—
25).

The apparent permeability (Pgpp) is calculated using the equation (1):

Pip = (Vp X VOI(Vp+ V) X AX ) x

— ln(l — ([drugaccepmr]/ [drUgequilibrium])) :

where Pqpp is the permeability; Vp and V4 are the volumes of the donor and acceptor
compartments, A is the area of the membrane, and t is the incubation time in seconds (32).

Tumor cell partitioning

Tumor cell-to-plasma partitioning was conducted using SNF96.2 or P493B human cancer
cells harvested from cell culture and centrifuged (1000 rpm, 5 min, 25°C). The pellet was
washed twice in PBS followed by centrifugation and resuspended in human plasma
(Innovative Research, USA) to obtain a cell density of 7.5 million cells/mL. 1 mL of cell-
plasma suspension was spiked with JHU395 (20uM) and incubated at 37°C for 1 hour.
Following centrifugation (1000 x g, 5 min, 4°C), plasma was collected and stored at —80°C.
The cell pellet was washed once with ice cold PBS, centrifuged, and stored at —80°C until
liquid chromatography-mass spectrometry (LC-MS/MS) analysis as described previously
(23-25).

JHU395 Pharmacokinetic Analysis

B6 flank MPNST, non-tumored B6 control, or CD-1 mice received 1.2 mg/kg p.o. JHU395
prepared in PBS + 1% Tween-80 + 2.5% ethanol. At indicated times post drug
administration mice were euthanized (n=3-5 mice/time point). Blood samples were
collected in heparinized microtubes by cardiac puncture and centrifuged (3000 x g, 10 min.)
Plasma (~300 pL) was collected in polypropylene tubes. Xenograft tumors and GI tissues
were dissected, and all tissues were stored at —80°C until bioanalysis. DON was extracted
from plasma or tissue samples by protein precipitation. 5 uL. of methanol containing 10 uM
glutamate-d5 (internal standard) was added per L of plasma or mg of tissue. Tissue samples
were homogenized and centrifuged (16,000 x g, 5 min.) Supernatants were derivatized using
dabsyl chloride and analyzed by LC-MS/MS as previously described (23-25).

Quantitative glutamine analysis

Tumor and plasma glutamine were quantified similarly to our previous description (24). B6
flank MPNST mice or non-tumored B6 controls were administered vehicle or oral JHU395
(1.2 mg/kg) once thirty minutes before euthanasia. Tumors were snap frozen in liquid
nitrogen; whole blood was centrifuged and plasma frozen on dry ice. Metabolite extraction
was performed as described for DON bioanalysis. Standard concentration curves of
glutamine in untreated tumor tissue and mouse plasma were prepared (0.01-10 pmol/ml or
umol/g). For quantification, supernatants (4 uL) were injected and separated on an Agilent
1290 HPLC equipped with a Waters Acquity UPLC BEH Amide 1.7 pm 2.1 x 100 mm
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HILIC column at a flow rate of 0.3 mL/minute coupled to an Agilent 6520 mass
spectrometer. Glutamine content was averaged by group and analyzed by t-test.

Modified Irwin assay

B6 flank MPNST mice were treated with vehicle or JHU395 (n=11/group) using the dosing
regimen described for efficacy experiments. Autonomic and somatomotor behaviors were
scored based on the modified Irwin assay (33) on days 0, 8, and 15 of the dosing period. The
observer was blinded to treatment groups. As an assay control, a cohort of n =5 non-
tumored mice received the muscarinic acetylcholine receptor agonist oxotremorine (0.5
mg/Kkg s.c.) once thirty minutes prior to behavioral testing. Scores were averaged and
normalized to controls at the start of the assay.

Metabolomics Analysis

B6 flank MPNST mice (n = 8/group) were treated with vehicle or JHU395 (1.2 mg/kg/dose
p.o.) for five days. On the day of tumor harvest, mice were administered drug orally and
euthanized two hours later. Tumors were harvested and flash frozen in liquid nitrogen.
Global metabolite profiling on tumors was performed by Metabolon (Durham, NC) using
ultra high performance liquid chromatography coupled to tandem mass spectrometry
(UPLC-MS/MS). Individual samples were subjected to methanol extraction then split into
aliquots for analysis. The global biochemical profiling analysis is comprised of four arms
consisting of reverse phase chromatography positive ionization methods optimized for
hydrophilic compounds (LC-MS Pos Polar) and hydrophobic compounds (LC-MS Pos
Lipid), reverse phase chromatography with negative ionization conditions (LC-MS Neg), as
well as a HILIC chromatography method coupled to negative ionization (LC-MS Polar)
(34). All of the methods alternated between full scan MS and data dependent MS” scans.
The scan range varied slightly between methods but generally covered 70-1000 7/ z.
Metabolites were identified by automated comparison of the ion features in the experimental
samples to a reference library of chemical standard entries (35). LC-MS data on polar
compounds was analyzed at Johns Hopkins using Metaboanalyst 4.0 (36) for statistical
analysis. Peak intensities were log transformed and missing or zero values were imputed
with half of the minimum observed value for each compound.

Quantitative formylglycinamide ribonucleotide (FGAR) analysis

Tumors harvested from B6 flank MPNST treated with either vehicle or JHU395 (1.2 mg/kg
p.0.) as above were snap frozen in liquid nitrogen. Metabolites were extracted from tumor by
protein precipitation. 5 uL of methanol containing 10 uM deuterated N-Acetylaspartic acid
(internal standard) was added per mg of tissue. Tissue samples were homogenized and
centrifuged (16,000 x g, 5 min). A standard concentration curve of FGAR (37) in untreated
tumor tissue was prepared (0.3 — 1000 pmol/g). For quantification, supernatants (2 L) were
injected and separated on an UltiMate 3000 UHPLC coupled to Q Exactive Focus orbitrap
mass spectrometer (Thermo Fisher Scientific Inc., Waltham MA). Samples were separated
on an Agilent EclipsePlus C18 RRHD (1.8 um) 2.1 x 100 mm column. The mobile phase
consisted of 8 mM dimethylhexylamine (DMHA) + 0.005% formic acid in water, pH 9 (A),
and of 8 MM DMHA in acetonitrile (B). Separation was achieved at a flow rate of 0.4
mL/min using a gradient run. Quantification was performed in Full MS negative mode. Data
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were acquired and quantified with Xcalibur software. FGAR content was averaged by group
and analyzed by t-test.

In vivo stable isotope flux analysis

B6 flank MPNST mice were treated with vehicle or JHU395 (1.2 mg/kg/dose p.o.) for five
days. On the day of tumor harvest, mice were administered drug orally and thirty minutes
later received three 0.2 ml tail vein injections of 1°N,-glutamine or 13Cs-glutamine (200
mM) every fifteen minutes. Following euthanasia, tumor tissue was harvested and flash
frozen in liquid nitrogen using a biosqueezer. Metabolites were extracted in cold 80%
methanol and dried by nitrogen evaporation at room temperature. Metabolites were
solubilized in 50% acetonitrile:water and analyzed by LC-MS using an Agilent 1290 Infinity
Binary UHPLC pump with wellplate autosampler at 4°C and a 6250 accurate-mass Q-TOF
MS. Chromatography was performed following injection of 4 ul over a Zorbax Extend C18
column at 40°C by gradient elution run from 3% methanol with 5 mM tributylamine to
100% methanol with 5 mM tributylamine over 22 minutes. The MS was equipped with a
dual electrospray ion source operated in negative-ion mode. Data were acquired with Agilent
MassHunter Acquisition software and processed using MassHunter Profinder software. The
metabolite database used for identification was developed using MassHunter PCDL
Manager with retention times based on the ion-pairing method. Isotopologue peak
extractions, isotope incorporation analysis, and natural abundance corrections were achieved
by MassHunter Profinder.

Results

MPNST cells are sensitive to glutamine deprivation and small molecule GA.

Growth of human MPNST cells (sNF96.2) was attenuated in low glutamine media (Figure
1A). When glutamine was titrated back, MPNST cells required higher glutamine
concentration (ECsg = 209 UM) to rescue growth compared to an immortalized Schwann cell
line derived from healthy peripheral nerve (ipn02.32\; ECsg = 64.5 uM) (Figure 1B) (28).
Similar to glutamine deprivation the GAs JHU395 and DON (Figure 1C) inhibited growth of
MPNST cells (SNF96.2: JHU395 IC5¢=4.6 uM; DON 1C5¢=9.8 uM. sNF02.2: JHU395
IC50=1.5 uM; DON IC5p=2.4 uM), while growth of immortalized Schwann cells
(ipn02.32A) was minimally affected (Figure 1D; Supplemental Figure 1A). Compared to a
positive control (doxorubicin), GA induced less PARP cleavage as a marker of apoptosis in
human MPNST cells (Supplemental Figure 1B). Neither GA treatment nor glutamine
deprivation significantly diminished basal mitochondrial oxygen consumption rate nor
oligomycin-sensitive (ATP-linked) oxygen consumption rate compared to control
(Supplemental Figure 1C, D) (30).

JHU395 is a plasma stable lipophilic GA prodrug which delivers DON to MPNST in vitro
and in vivo.
Multiple investigations were carried out to characterize JHU395 as a prodrug GA to be used
for MPNST. JHU395 showed improved passive permeability compared to DON (DON
Papp=0.0095 x 1076 cm/sec vs JHU395 Papp=5.707 x 1076 cm/sec) (Figure 2A). Over 80%
of JHU395 remained intact following a one hour incubation in plasma of multiple species,
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including humans (Figure 2B). In an /n vitro plasma to tumor cell partitioning assay
measuring JHU395 delivery of DON to human MPNST cells, 92% of total DON measured
after one hour incubation was in cells, with only 8% in plasma (Figure 2C). Consistent with
prior experiments, intact JHU395 was detected in the plasma after one hour, and minimal
intact JHU395 was measured in MPNST cells (Figure 2C). As reported for other GA
prodrugs (25), similar profiles for JHU395 delivery of DON to tumor cells were observed in
a lymphoma cell line (Supplemental Figure 2A).

To study JHU395 in MPNST in vivo, a flank tumor model was utilized with cells harvested
from tumor originating in the NPcis mouse (29). Cells injected subcutaneously to B6 mice
developed into tumors that had characteristics of high-grade human peripheral nerve sheath
tumors (38) including high cellularity and marked nuclear pleomorphism (Figure 3A).
Tumors also exhibited many Ki67 positive cells, and tumor cells were positive for phospho-
ERK (Figure 3A).

During our prior experiences with DON in murine models of human disease (24, 39), doses
over 0.6 mg/kg daily resulted in weight loss approaching 20% by treatment days 6—7. Based
on these experiments, we piloted an oral dosing paradigm of JHU395 1.2 mg/kg (0.45 mg/kg
DON equivalent) for five days, followed by 0.5 mg/kg p.o. daily thereafter. In a cohort of
non-tumored NPcis mice this regimen was well-tolerated for over thirty days (Supplemental
Figure 4A). When flank tumored mice received oral JHU395 at 1.2 mg/kg, the drug was
rapidly absorbed and converted to DON with a tumor Cy,a4 0f 1.8 nmol/g and a 2.5:1 tumor-
to-plasma AUC ratio (tumor AUC 2.496 hrenmol/g; plasma AUC 0.977 hrenmol/ml; Figure
2D). By contrast the small intestine-to-plasma DON ratio was 0.20 thirty minutes after
JHU395 oral dosing (jejunum 0.18 nmol/g; plasma 0.91 nmol/ml; p<0.0001; Figure 2E).
Full time-dependent pharmacokinetic analysis of JHU395 in mice also showed no
accumulation of DON in Gl tissue versus plasma (Supplemental Figure 2B).

Oral JHU395 decreases murine MPNST growth, blocks glutamine utilization, and causes
no overt Gl- or neuro-toxicities.

Mice with flank MPNST (n = 10/group; average tumor size of 300 mm3) were treated with
vehicle or JHU395 for 14 days (1.2 mg/kg p.o. x 5 days, 0.5 mg/kg x 9 days). JHU395
significantly inhibited growth of tumors compared to vehicle (1045 mm?3 vs 1695 mm3;
p<0.05 Figure 3B). At the conclusion of the experiment a subset of tumors were analyzed by
histology and immunohistochemistry. No apparent differences were observed in terms of
necrosis or overall cellularity on hematoxylin and eosin staining. No significant changes
were observed between the groups in markers of proliferation (e.g. Ki67 staining) or
apoptotic cell death (e.g. cleaved caspase 3 staining) (Supplemental Figure 3A, 3B). We then
moved to examine metabolite biomarkers of glutamine utilization in tumors. JHU395
induced significant increases in tumor glutamine (vehicle 1293 nmol/g vs JHU395 2096
nmol/g; p<0.001) and plasma glutamine (vehicle 475 nmol/ml vs JHU395 729 nmol/ml;
p<0.0001), confirming inhibition of glutamine utilization (Figure 3C). To assess whether the
plasma glutamine changes were arising from the tumor, JHU395 was also administered to
non-tumored mice (Supplemental Figure 3C). JHU395 caused a 25% increase in plasma
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glutamine in non-tumored mice (vehicle 830 nmol/ml vs JHU395 1036 nmol/ml; p<0.01),
suggesting some inhibition of glutamine metabolism in non-tumor tissues.

Given the past Gl-toxicity associated with DON (40-42) and the enhanced lipophilicity of
JHU395 (23), mice were assessed for both GI and neurotoxicity over 14 days of oral dosing.
JHU395-treated mice remained within 10% of starting weight throughout the experiment
(Figure 4A). Vehicle-treated mice gained weight, likely related to tumor growth (average
tumor volume = 1695 mm3 at 14 days). No differences were observed between JHU395- and
vehicle-treated jejunal histology, performed on a subset of animals (Figure 4B), nor were
significant differences observed in liver transaminases or bilirubin (Figure 4C). With respect
to neurotoxicity, no gross changes nor cortical vacuolization were observed on a subset of
brains postmortem (Figure 5A). JHU395- and vehicle-treated mice performed similarly on
the modified Irwin battery of behavioral assays examining autonomic and somatomotor
function (Figure 5B) (43), whereas the positive control oxotremorine induced significant
adverse effects. Grip time from an inverted wire was also unaffected by JHU395 (Figure
5C).

JHU395 affects multiple glutamine-dependent metabolites with prominent effects on
purine synthesis

To evaluate the effect of JHU395 on glutamine-dependent biosynthesis in MPNST, tumor
metabolomics was performed. Among ~400 polar metabolites analyzed, 18 showed
statistically significant fold-change with threshold > 2 when compared between vehicle- and
JHU395-treated tumors (Figure 6A, Supplemental Table 1). Effects were observed on
metabolites in multiple pathways including nucleotide (purine and pyrimidine) synthesis,
amino acid metabolism, and hexosamine biosynthesis. The most significantly affected
metabolite was N-formylglycinamide ribonucleotide (FGAR), a precursor in de novo purine
biosynthesis. Prior studies have identified the FGAR amidotransferase as a target of DON
(44). In an independent quantitative bioanalytical assay FGAR was 75-fold higher in
JHU395-treated tumors compared to vehicle (vehicle 3.4 nmol/g vs JHU395 254.4 nmol/g;
p<0.01; Figure 6B). Since FGAR is a proximal metabolite in purine synthesis, we
investigated the acute downstream effects of FGAR blockade in MPNST by /n vivo stable
isotope labeled flux analysis (Figure 6C). Using 15N,-glutamine, we traced glutamine
incorporation to de novo purine synthesis. In tumors harvested from JHU395-treated mice,
multiple products of purine synthesis (e.g. inosine, adenosine, and guanosine
monophosphates) had significantly lower enrichment of isotopologues from m+1, m+2
(IMP, AMP), or m+3 (GMP) pools compared to vehicle-treated tumors (Figure 6C). Growth
of human MPNST cells was partially rescued from JHU395 by cotreatment with GMP
(Control JHU395 1C50=6.7 uM; GMP JHU395 ICg=17.0 uM; Figure 6D). Consistent with
the global metabolomics data, which did not suggest significant changes to levels of TCA
cycle metabolites following JHU395 treatment, tracing 13Cs-glutamine within JHU395-
treated tumors did not show significant differences in enrichment of newly synthesized m+5
(glutamate, alpha-ketoglutarate), or m+4 (succinate) isotopologues compared to vehicle-
treated tumors (Supplemental Figure 5A).
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Discussion

The studies presented here have characterized glutamine utilization in MPNST and found
that, consistent with a prior study (27), human MPNST cells are glutamine dependent. The
novel GA prodrug JHU395 demonstrated plasma stability, delivered DON to MPNST cells,
and inhibited growth of human MPNST cells in culture. /n vivo oral JHU395 delivered DON
to tumor tissues. Chronic oral administration of JHU395 significantly decreased growth of
murine MPNST with limited signs of weight loss and no overt intestinal-, hepato-, or
neurotoxicity, largely avoiding the Gl toxicity previously reported for DON (17, 24, 39).
Future studies will investigate alternative regimens of JHU395 for tolerability and efficacy to
maximize treatment duration at the higher (1.2 mg/kg) dose, when tumor growth inhibition
was most pronounced.

In vivo JHU395 treatment induced significant increases in tumor and plasma glutamine,
presumably by decreasing overall glutamine utilization. Broad assessment of metabolomic
changes in JHU395-treated MPNST revealed a substantial increase in the purine precursor
FGAR. The enzyme that converts FGAR to the next purine synthetic intermediate,
formylglycinamidine ribonucleotide (FGAM), is a glutamine amidotransferase previously
shown to be inhibited by DON at low micromolar levels (44). Stable isotope labeled flux
analysis using a 1°N,-glutamine tracer confirmed that JHU395 decreased incorporation of
glutamine-derived nitrogen to multiple purine products (IMP, AMP, GMP). Supplementation
with GMP partially rescued JHU395-mediated growth inhibition of human MPNST cells,
confirming a role for glutamine-requiring purines. In future studies it will be of interest to
investigate the relationships between glutamine utilization, purine synthesis, and the genetic
changes (e.g. VVF1 loss, inactivation of CDKN2A or TP53, mutation in SUZ12) associated
with MPNST development (45).

The active GA in JHU395 is an irreversible inhibitor of multiple glutamine utilizing
enzymes (19, 46), and global metabolomics showed that multiple metabolites including
nucleotides, hexosamines, and amino acid metabolites were affected by JHU395 treatment
of MPNST. Several of these metabolites were also affected upon DON treatment of
leukemia cells (46); future work will be needed to investigate their significance in MPNST
biology. Interestingly, while the glutaminase 11 pathway product alpha-ketoglutaramate (47)
was increased upon JHU395 treatment of MPNST (Figure 6A, Supplemental Table 1),
JHU395 did not acutely affect incorporation of 13Cs-glutamine derived carbons to TCA
cycle intermediates (glutamate, alpha-ketoglutarate, succinate), consistent with its limited
effect on oxygen consumption in human MPNST cells. Of note, single agent glutaminase
inhibition with twice-daily dosed CB-839 partially decreased MPNST xenograft growth (27)
suggesting that MPNST may be susceptible to inhibition at multiple points in glutamine
metabolism.

Broadly active GAs inhibit purine metabolism in humans with gout (48), but the data
presented here are to our knowledge the first /7 vivo studies to suggest that inhibiting
glutamine-dependent purine synthesis may be a potential therapeutic approach for MPNST.
An early clinical study combined DON with 6-mercaptopurine (6-MP) in pediatric leukemia
with promising results (49). While 6-MP given as a prolonged infusion led to disease
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stabilization in approximately 25% of refractory pediatric sarcomas (50), the novel
combination of 6-MP and prodrug GA has not been reported as a clinical antisarcoma
strategy. As JHU395 is well-tolerated in preclinical studies, it is primed to combine with
additional agents to target metabolic susceptibilities of MPNST.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MPNST cells are sensitive to glutamine deprivation and competitive glutamine antagonists.
A) Live cell counts from trypan blue exclusion assay comparing growth of human MPNST
cells (sNF96.2) in control (>2mM glutamine) or low (50uM) glutamine media normalized to
number of cells seeded. Cells were counted every 24 hours for five days. Data is +/- S.D. B)
Percent growth of cells based on alamar blue fluorescence (590 nm) of human MPNST or
immortalized Schwann cells (ipn02.32A; imm SC) growing in glutamine-free media with
added glutamine titrated at increasing concentrations. Viability was measured at 72 hours
glutamine treatment. Data is +/- S.D. C) Structures of DON and JHU395 with clogP values
indicated. D) Percent viable MPNST and immortalized Schwann cells based on alamar blue
fluorescence normalized to untreated controls following treatment with DON or JHU395.
Viability was measured at 72 hours drug treatment. Data is +/— S.D. *** 0.0001 < p < 0.001,
**0.001 <p<0.01, *0.01 < p <0.05 by Student’s t-test (A).
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Figure 2:

JHU395 is a lipophilic, plasma stable prodrug GA that delivers DON to MPNST /n vitro and
in vivo. A) Calculated apparent permeability (Papp) of DON, JHU395, or Verapamil
(positive control) following LC-MS quantification of donor and acceptor samples in a 5 hour
parallel artificial membrane permeation assay. Data is +/- S.D. B) Percentage of quantified
intact JHU395 in plasma from multiple species following 60 minutes incubation at 37°C.
Data is +/- S.D. C) Percentage of quantified intact JHU395 and DON in human plasma and
MPNST cells (sNF96.2) following one hour incubation with 20 pM JHU395. Data is +/-
S.E.M. D) DON quantification (nmol/g tissue or nmol/ml plasma) following oral
administration of 1.2 mg/kg JHU395 to flank MPNST B6 mice. Chart indicates DON Cpax,
Tmax, and area under the curve (AUC) in tumor and plasma. Error bars are +/- S.D. E) DON
quantification (nmol/g tissue or nmol/ml plasma) in plasma and jejunum thirty minutes after
1.2 mg/kg JHU395 to B6 mice. Error bars are +/- S.D. *** 0.0001 < p < 0.001 by Student’s
t-test.
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Orally administered JHU395 decreases tumor growth in a flank MPNST model with
concomitant increase in glutamine. A) Characterization of syngeneic murine flank MPNST
by H&E stain (i), Ki67 immunohistochemistry (ii), and western blotting for phospho-
ERKZ1/2 in the presence of MEK inhibitor (PD0325901 5uM for 3h). Scalebar on images =
100 pym. B) Mean tumor volumes in mice treated daily with vehicle (grey) or JHU395
(green; 1.2 mg/kg p.o. x 5 days, 0.5 mg/kg p.o. x 9 days). Data shown is mean +/- SEM; * p
< 0.05 by Student’s t-test on day 15 and is representative of three independent experiments.
Right panels show log, (fold change) of individual animal tumor volumes for Day 15 versus
Day 1. C) Tumor and plasma glutamine quantified in tissues from JHU395- and vehicle-
treated animals. Data shown is mean +/- SD. **** p < 0.0001, *** 0.0001 < p < 0.001 by
Student’s t-test.
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Figure 4
Orally administered JHU395 has minimal GI or hepatotoxicity. A) Average weight change

in flank MPNST mice treated during efficacy study with vehicle or JHU395 (1.2 mg/kg/day
p.o. x 5 days, then 0.5 mg/kg p.o. X 9 days; n=9). Change from mean starting weight did not
exceed 10%. B) Jejunal histology in a subset of vehicle and JHU395 treated mice after 14
days oral dosing. No increase in apoptotic figures or disruption of crypt architecture was
observed. Scalebar = 49 um. C) Markers of liver toxicity from blood (AST, ALT, total
bilirubin) were measured in vehicle or JHU395 treated animals at sacrifice (day 15). All data
shown is mean +/- S.D. p > 0.05 for each lab value by t-test.
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Figure5:
Orally administered JHU395 has no overt neurotoxicity. A) Brain histology was evaluated in

vehicle (PBS + 1% Tween-80 + 2.5% ethanol p.o. daily x 14 days; n=3) and JHU395 (1.2
mg/kg/day p.o. x 5 days, then 0.5 mg/kg p.o. x 9 days; n=3) treated mice. No cortical
vacuolization was observed. Scalebar = 400 um. B) Heatmap showing scoring on modified
Irwin behavioral test of vehicle (n=11), JHU395 (n=9), or oxotremorine (n=5; assay positive
control) B6 flank MPNST mice over a 14 day dosing period. Mean scores are normalized to
day 0 vehicle group and shown per behavior per day. C) Time in seconds that vehicle,
JHU395, and oxotremorine treated mice were able to hang from inverted wire in seconds on
days 0, 8, and 15 as part of modified Irwin assay. Data shown is mean +/- S.D. p > 0.05 for
vehicle and JHU395 grip times by multiple t-tests.
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Figure6:
Metabolomics analyses demonstrate JHU395 inhibition of tumor glutamine utilization in

purine synthesis. A) Volcano plot of metabolites identified from murine flank MPNST (n =8
tumors/group) harvested two hours after oral administration of JHU395 (1.2 mg/kg/dose) or
vehicle. Metabolites selected by volcano plot with fold change threshold (x) 2 and t-tests
threshold (y) 0.1 are shown in red circles. Both fold changes and p values are log
transformed. B) Quantitative LC-MS analysis of FGAR from tumors (n = 8 per group) of
vehicle or JHU395 treated murine flank MPNST. Data shown is mean +/- S.D.; p < 0.01 by
t-test. C) 15N,-glutamine labeled JHU395-treated tumors show significantly decreased m+1,
m+2 isotopologue enrichment (inosine monophosphate, adenosine monophosphate) and
significantly decreased m+2, m+3 isotopologue enrichment (guanosine monophosphate)
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compared to vehicle-treated tumors. Data shown is for 67 animals per treatment
representative of two independent experiments. Graphed data is mean percent enrichment +/
- S.D. Statistical testing was done by multiple t-tests where *** p <0.001, ** 0.001 <p <
0.01, * 0.01 < p < 0.05. D) Percent viable human MPNST cells (SNF96.2) based on alamar
blue fluorescence normalized to untreated controls following treatment with JHU395 in
standard media (control) or media containing 100uM guanosine monophosphate (GMP).
Viability was measured at 72 hours JHU395 treatment. E) Schematic of JHU395 inhibition
of glutamine utilization for nucleotide synthesis versus glutaminolysis in human MPNST.
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