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Abstract: Background: Metabolomic analyses from our group and others have shown that tumors treated with glu-
tamine antagonists (GA) exhibit robust accumulation of formylglycinamide ribonucleotide (FGAR), an intermediate
in the de novo purine synthesis pathway. The increase in FGAR is attributed to the inhibition of the enzyme FGAR
amidotransferase (FGAR-AT) that catalyzes the ATP-dependent amidation of FGAR to formylglycinamidine ribonu-
cleotide (FGAM). While perturbation of this pathway resulting from GA therapy has long been recognized, no study
ARTICLE HISTORY has reported systematic quantitation and analyses of FGAR in plasma and tumors.

Objective: Herein, we aimed to evaluate the efficacy of our recently discovered tumor-targeted GA prodrug, GA-607
Received: June 15. 2021 (isopropyl 2-(6-acetamido-2-(adamantane-1-carboxamido)hexanamido)-6-diazo-5-oxohexanoate), and demonstrate

Revised: August 06, 2021 its target engagement by quantification of FGAR in plasma and tumors.

Accepted: August 06,2021 Methods: Efficacy and pharmacokinetics of GA-607 were evaluated in a murine EL4 lymphoma model followed by

DOI: global tumor metabolomic analysis. Liquid chromatography-mass spectrometry (LC-MS) based methods employing

10.2174/1389200222666210831125041  the jon-pair chromatography approach were developed and utilized for quantitative FGAR analyses in plasma and
tumors.

Results: GA-607 showed preferential tumor distribution and robust single-agent efficacy in a murine EL4 lymphoma

CrossMark model. While several metabolic pathways were perturbed by GA-607 treatment, FGAR showed the highest increase

qualitatively. Using our newly developed sensitive and selective LC-MS method, we showed a robust >80- and >10-

Th(ils is an Open Access article published  fold increase in tumor and plasma FGAR levels, respectively, with GA-607 treatment.
under CC BY 4.0
https:/creativecommons.org/licenses/  Conclusion: These studies describe the importance of FGAR quantification following GA therapy in cancer and

by /4.0/legalcode underscore its importance as a valuable pharmacodynamic marker in the preclinical and clinical development of GA
therapies.
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cancer, LC-MS.

1. INTRODUCTION for FGAR-AT catalyzed hydrolysis of glutamine to ammonia and
glutamate; subsequently, ATP activates FGAR for nucleophilic
attack by the ammonia generated in the first half of the reaction to
produce formylglycinamidine ribonucleotide (FGAM) [7]. Small
molecule glutamine antagonists (GAs), including the irreversible
inhibitor 6-diazo-5-oxo-L-norleucine (DON), target this conversion
of FGAR to FGAM. In mammalian cell extracts enriched for
FGAR-AT activity, the inhibitor constant (K;) for DON was deter-
mined to be 1.1 x 10 M [8]. Classic studies with the incorporation
of "C-formate into newly synthesized purines in leukemia cells
grown in the presence and absence of GA revealed shifts in the
HPLC profile of labeled compounds, including significant increases
in the peaks corresponding to FGAR when a GA was present [9].
More recently, there has been interest in establishing non-
radioactive analytical methods to detect FGAR and other de novo
purine synthesis intermediates from human tissue or bio-fluid sam-
ples to screen purine synthesis gene products where metabolic
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Purine nucleotide synthesis generates building blocks for DNA,
RNA, high-energy intermediates, and signaling molecules in live
cells. New purines can be generated by recycling turnover products
in salvage pathways or synthesized de novo in a highly conserved
ten-step pathway that transforms phosphoribosylpyrophosphate to
inosine-5’-monophosphate [1]. Purine synthesis is an essential tar-
get in diseases, including viral infections, gout, and cancer [2-6].
Thus, the ability to accurately monitor the effects of purine synthe-
sis blockade is of general interest.

FGAR is an intermediate metabolite at the fourth step of de
novo purine synthesis. FGAR is a substrate for the enzyme formyl-
glycinamide ribonucleotide amidotransferase (FGAR-AT, also
known as phosphoribosylformylglycinamidine synthase or PFAS).
Biochemical studies on prokaryotic homologues provide evidence
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by confirmation with an FGAR standard synthesized from bacterial
recombinant enzymes [10].

Recently, there has been renewed interest in GA as a therapeu-
tic strategy for cancer [11-15]. Blockade of glutamine utilization
using a broadly active small molecule GA induces divergent meta-
bolic programs in cancer cells versus effector T-cells, which ulti-
mately results in the ability to overcome tumor immune evasion
[13]. Also, myeloid-derived suppressor cells (MDSCs) play impor-
tant roles in creating an immunosuppressive tumor microenviron-
ment [16] and express enzymes that deplete key nutrients from T-
cells. Our previous report revealed that blocking glutamine metabo-
lism markedly inhibits the generation and recruitment of MDSCs
[17]. Unfortunately, there are no broadly active GAs available clini-
cally; DON was evaluated in oncology patients several decades
ago, but its development was halted due to excessive gastrointesti-
nal toxicity [18]. Our group has recently discovered a tumor-
targeted prodrug strategy for DON, designed to mask the active
compound with pro-moieties, which are hydrolyzed by tumor-
enriched enzymes for bioactivation. One of our lead compounds,
termed GA-607 (isopropyl 2-(6-acetamido-2-(adamantane-1-
carboxamido)hexanamido)-6-diazo-5-oxohexanoate; comp. 6 in
[11]) showed a remarkable 11-fold higher DON exposure to tumor
(target tissue) versus GI tissues (toxicity tissue) [11]. However, its
in vivo efficacy and target engagement in murine models was not
established. Moreover, the effect of GA-607 on the de novo purine
synthesis pathway, specifically FGAR, was not determined due to
lack of a selective and sensitive bioanalytical method applicable in
plasma and tumor samples.

Herein, we report that GA-607 has robust single-agent efficacy
in mice bearing EL4 tumors. Using metabolomics, we demonstrate
that the purine precursor FGAR as well as other metabolites, are
significantly affected by GA in tumors. We developed a novel LC-
MS method for the quantitation of FGAR in biological tissues and
showed robust accumulation of FGAR in tumors and plasma fol-
lowing GA-607 treatment. This new bioanalytical method could
have utility in quantifying FGAR levels as a target engagement
biomarker for treatment modalities such as GA-607 that cause inhi-
bition of purine biosynthesis and thus could aid in their clinical
development.

2. MATERIALS AND METHODS
2.1. Reagents and Chemicals

GA-607 was synthesized as previously reported [11]. FGAR
was provided as a generous gift from Dr. Qi Sun, Laboratory of
Organic Chemistry, Jiangxi Science and Technology Normal Uni-
versity (Nanchang, China). Deuterated N-acetyl-L-aspartic acid
(NAA-d;; internal standard) was obtained from Canadian Isotopes
(Quebec, Canada). LC-MS-grade water, methanol, acetonitrile, and
formic acid were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). N,N-Dimethylhexylamine (DMHA) was
obtained from Sigma Aldrich (St. Louis, MO, USA).

2.2. Evaluation of Efficacy and Pharmacokinetics of GA-607 in
Mice Bearing EL4 Flank Tumors

All animal studies were conducted in accordance with the pro-
tocols reviewed and approved by the Johns Hopkins Institutional
Animal Care and Use Committee in compliance with the Associa-
tion for Assessment and Accreditation of Laboratory Animal Care
International and the Public Health Service Policy on the Humane
Care and Use of Laboratory Animals (PHS Policy). Efficacy
evaluation was conducted in C57BL/6 CES1”" mice bearing EL4
lymphoma tumors. Tumors were grafted in mice as described pre-
viously with minor modifications [11]. Briefly, mice weighing be-
tween 25-30 g and 6-8 weeks of age were maintained on a 12 h
light-dark cycle, with access to food and water, ad libitum. EL4
mouse lymphoma cells were obtained as a gift from Dr. Jonathan
Powell’s laboratory (Johns Hopkins University, Baltimore, MD).
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Cells were maintained in RPMI 1640 medium with FBS 10% (v/v),
antimycotic/antibiotic 1% (v/v), 2 mM of L-glutamine and 10 mM
HEPES in a 5% (v/v) CO, and 95% (v/v) air incubator.

Upon confluency, mice were injected with EL4 cells (0.3 x 10°
cells in 0.2 mL of phosphate-buffered saline, pH 7.4) in one loca-
tion on the flank. Mice whose tumors reached a mean volume of
~400 mm® (approximately 7 days post-inoculation) were used for
the efficacy study. Mice (n=12/group) were randomized into vehi-
cle-treated or GA-607-treated (3.2 mg/kg of GA-607, equivalent to
1 mg/kg DON) groups, and dosed once daily subcutaneously (SC)
in ethanol/tween 80/saline (5:10:85 v/v/v) for 5 consecutive days
per week (with a 2-day break in dosing); a regimen which was pre-
viously shown to be tolerable and effective with other glutamine
antagonists [13]. Tumor volume and body weight were measured
and recorded on the days the mice were dosed.

We also assessed the pharmacokinetics of GA-607 and subse-
quent DON release in a satellite cohort bearing the EL4 tumor. Prior
to dosing, the interscapular region of the mice was wiped with alco-
hol gauze. GA-607 was dissolved immediately (ethanol/tween
80/saline (5:10:85 v/v/v) and was administered to mice as a single SC
dose of 3.2 mg/kg (1 mg/kg DON equivalent dose). The mice were
euthanized with carbon dioxide at 1 h and 4 h post-drug administra-
tion; blood samples (~0.8 mL) were collected in heparinized micro-
tubes by cardiac puncture, and tumors were removed and flash-frozen
on dry ice. Blood samples were centrifuged at a temperature of 4°C at
3000 g for 10 min. All samples were kept chilled throughout process-
ing. Plasma samples (0.3 mL) were collected in polypropylene tubes
and stored at -80°C until bioanalysis. Flash-frozen tumor samples
also were stored at -80°C until bioanalysis.

Bioanalysis of the pharmacokinetic samples was performed as
previously described [11]. For quantifying the intact GA-607, stan-
dards (0.001-50 nmol/mL), QCs and samples were protein precipi-
tated by adding 5 pL of methanol containing internal standards
(losartan: 0.5 uM and 10 uM glutamate-ds) per milligram of tissue,
followed by homogenization (tumor tissue) or vortex-mixing
(plasma) and then centrifugation at 16,000 g for 5 min at 4°C.
Then, 2 puL of the supernatant was injected into the LC-MS/MS
system. The [M+H-N,]" ion transition of GA-607 (m/z 518.142
—153.976, 500.401) and [M+H]" ion transitions of losartan (IS)
(m/z 422.938 — 184.580, 209.275) were used.

For the bioanalysis of DON, the supernatants (100 pL) were
transferred to fresh tubes and dried under vacuum at 45°C for 1 h.
To each tube, 50 pL of 0.2 M sodium bicarbonate buffer (pH 9.0)
and 100 pL of 10 mM dabsyl chloride were added. After vortex-
mixing, samples were incubated at 60°C for 15 min to derivatize,
followed by centrifugation at 16,000 g for 5 min at 4°C. The super-
natants (20 uL) were transferred to a 96-well plate, diluted with 80
pL of water and injected onto LC-MS/MS. Quantification was per-
formed in parallel-reaction monitoring mode as previously de-
scribed [11, 19].

2.3. Metabolomic Analysis of Mice Following GA-607 Therapy

C57BL/6 CES1” mice (n=5/group) bearing flank EL4 tumors
were treated with either vehicle or GA-607 (3.2 mg/kg; 1 mg/kg
DON equivalent dose); the groups were dosed SC once a day for 4
days until a significant reduction in tumor growth was observed in
GA-607 group (tumors still present in sufficient quantity for analy-
ses). One hour after the dose on day 4 mice were euthanized, and
tumor tissues were harvested and then flash-frozen in liquid nitro-
gen. Tumor processing for metabolomics was performed as previ-
ously described [15, 17]. Briefly, tumors were homogenized by
sonication in 80% cold methanol. Samples were vortexed and
stored at -80°C overnight to precipitate proteins, then centrifuged at
16,000 g for 10 minutes. Supernatants were dried under a steady
stream of nitrogen gas and reconstituted in 50% acetonitrile. Sam-
ples were analyzed using an Agilent 1290 Infinity Binary UHPLC
pump with well-plate autosampler at 4°C and an Agilent 6520
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Q-TOF MS. Chromatography was performed following injection of
4 nL samples over a Zorbax Extend C18 column at 40°C by gradi-
ent elution run from 3% methanol with 5 mmol/L tributylamine to
100% methanol with 5 mmol/L 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 Qualitative
Analysis software and MAVEN [20]. Metabolite identification was
performed using mass-to-charge ratio and retention times from
known standards or fragmentation analysis. Metabolite peak areas
were normalized to extracted tumor weights. Statistical tests for the
volcano plot were performed in Excel.

2.4. Ion-exchange LC-MS Method for FGAR Quantification

Various chromatographic conditions were evaluated initially,
including hydrophilic interaction liquid chromatography (HILIC),
reverse phase (C8, C18, Hypersil BDS) chromatography, and mul-
tiple mobile phase combinations for achieving optimal chroma-
tographic separation and sensitivity for FGAR. However, an ion-
pairing chromatography approach consisting of DMHA as an aque-
ous and organic modifier in water and acetonitrile, respectively, and
a reverse phase C18 HPLC column gave optimal peak shape and
retention. Due to the unavailability of isotopic analogue of FGAR, a
stable isotope-labeled deuterated analogue of N-acetyl aspartic acid
(NAA-d;) was selected as the internal standard, as under these ion-
pair chromatographic conditions, NAA-d; exhibited similar reten-
tion time to FGAR as well as a good chromatographic peak shape
and MS signal, and was deemed suitable for quantification of
FGAR.

2.4.1. Calibration Standards and Quality Control Samples

The FGAR standard was characterized by NMR and high-
resolution mass spectroscopy (supporting Figs. S1-S4). A 100 mM
stock solution of FGAR was prepared in water and stored at -20°C.
All calibration standards and quality control (QC) samples of FGAR
were prepared fresh each day before analysis. The working solutions
were prepared by serial dilution in the extraction solvent (10 uM
deuterated NAA-d; in methanol). Calibration standards for FGAR
were prepared in plasma (0.03-100 nmol/mL) and tumors (1-1000
nmol/g). Similarly, quality control (QC) samples were prepared inde-
pendently at three concentrations in plasma (0.08, 2, 80 nmol/mL)
and tumor homogenate (20, 200, 2000, nmol/g) covering low, me-
dium and high concentrations levels. Calibration curve fit obtained
from peak area ratio (area of analyte/area of internal standard), was
assessed by weighted (1/concentration®) quadratic non-linear regres-
sion. For tumor analyses, the standard curve was fitted using a blank
subtraction method as reported previously [21] to compensate for the
presence of endogenous FGAR levels. This was important as it al-
lowed the use of tumor matrix for the calibration while maintaining
the recovery and matrix effects between samples and calibration
curves. Using this method, LLOQ was determined by #-test and de-
fined as the minimum concentration that resulted in a statistically
significant increase above the background [22]. The concentration of
each standard was back-calculated from calibration curve parameters,
and concentrations in QC, and unknown samples were determined b;/
interpolation. The calibration curve correlation coefficients (R”)
>0.990 were considered acceptable for all analytical runs. The accep-
tance criteria for each back-calculated standard concentration was set
at £15% deviation from the nominal value except at the LLOQ,
which was set at £20%.

2.4.2. Chromatographic and Mass Spectrometric Conditions

Samples were analyzed using UltiMate 3000 UHPLC coupled
to Q Exactive Focus Orbitrap Mass Spectrometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA). The mobile phase used for
chromatographic separation consisted of 8 mM DMHA + 0.005%
formic acid in water, pH 9 (A), and 8 mM DMHA in acetonitrile
(B), delivered at a flow rate of 0.4 mL/min. A gradient LC method
(time (min)/%B: 0-0.5/5, 2.5-3.5/95, 3.51-4.50/5) with a short run-
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time of 4.5 min was developed for the analyses. Separation of ana-
lytes was achieved at room temperature using an Agilent Eclipse
Plus C18 RRHD 2.1 x 100 mm, 1.8 pm particle size column (Ag-
ilent, Santa Clara, CA, USA). Samples were introduced to the inter-
face through a heated ion spray with the capillary temperature set-
ting at 350°C and a spray voltage of 4 kV. Nitrogen was used as the
sheath and auxiliary gas set to 30 and 20 arbitrary units, respec-
tively. Samples were subjected to ionization in negative mode and
analyzed using the Full MS scan function. Parent ion of FGAR at
m/z 313.0442 was used for quantitation and parent ion of NAA-d;
at m/z 177.0596 was used as an internal standard. Data were ac-
quired and quantified with Xcalibur 4.1.31.9.

2.5. Method Validation

The intra-day and inter-day precision and accuracy for QC
samples in both plasma and tumor were determined (for inter-day,
n=3/day over 2 days), and statistical estimates were tabulated. Ex-
traction efficiency, matrix effect as well as bench-top, freeze-thaw,
long-term, and autosampler stability were also evaluated in tripli-
cate at each QC level. Extraction efficiency was calculated by com-
paring mean peak responses obtained from pre-spiked samples
against post-spiked samples. Matrix effect was evaluated from
mean peak responses obtained from post-spiked samples compared
to neat standards prepared in the extraction solvent. For stability
assessment, spiked samples were a) freeze-thawed for three cycles
(freeze-thaw stability), b) left at room temperature for 6 h (bench-
top stability) or c) frozen at -80°C for 4 weeks before extraction
(long-term stability). The autosampler stability was evaluated at
4°C by analyzing QC samples immediately after extraction and
after 18 h storage in the autosampler. Regardless of the type of
stability experiments conducted, the bias was contained within 85-
115% of the nominal values and the precision within £15% RSD.
Assessment of carryover between autosampler injections was made
by injecting a double blank sample after the upper limit of quantita-
tion standard in calibration curve (100 nmol/mL in plasma; 10000
nmol/g in tumor). For analyte, carry over in the blank sample fol-
lowing the ULOQ standard should not be greater than 20% of the
LLOQ, whereas, for the internal standard, the response in the blank
sample should not exceed 5% of the average internal standard re-
sponse of the calibrators and QCs.

2.6. Quantification of FGAR in Plasma and Tumor Samples

Mice (n=6/group) were randomized into vehicle-treated or GA-
607-treated (3.2 mg/kg; 1 mg/kg DON equivalent dose) groups, and
were dosed SC once a day for four days. The mice were sacrificed
on day 4, and both plasma and tumor samples were collected (1 and
4h post dose) and frozen at -80°C for FGAR bioanalysis.

Prior to extraction, frozen samples of plasma and tumor were
thawed on ice. Sample preparation was performed using a single-step
protein precipitation method. For plasma, extraction of analyte was
conducted using 20 pL of the sample with 100 pL of extraction sol-
vent (methanol containing 10 pM deuterated N-Acetyl Aspartic acid
(NAA-d) as internal standard), followed by vortex mixing for 30 s
and centrifugation at 16,000 g for 5 min at 4°C. The resulting super-
natants were transferred to a 96-well plate and analyzed by LC-MS.
Similarly, for tumor, ~50 mg of EL4 tumor samples were processed
by the addition of 5 puL extraction solvent per each mg of tissue and
homogenized with Spex® 2150 stainless steel beads at 1500 rpm for 3
min on Spex® Geno/Grinder”™ (Spex SamplePrep LLC, Metuchen, NJ,
USA). Post homogenization, samples were centrifuged at 16,000 g
for 5 min at 4°C, and supernatants were diluted 5-fold in water and
analyzed using the LC-MS method described above.

2.7. Statistical Analysis

For biomarker comparisons, groups were statistically compared
by one-way ANOVA with Tukey’s post hoc test. The a priori level
of significance for all analyses was defined as p <0.05.
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3. RESULTS AND DISCUSSION

Amongst the GAs reported to-date, DON has been the most
extensively studied both preclinically and in clinical trials [23-25].
DON is structurally similar to L-glutamine and broadly inhibits
glutamine-utilizing enzymes involved in purine and pyrimidine
synthesis, co-enzyme synthesis, amino acid synthesis, and hexosa-
mine production [26]. DON has been evaluated in human studies
since the 1950s and was found to elicit a favorable response in can-
cer patients, however, its efficacy was marred by its toxicity result-
ing from local glutamine starvation in the gastrointestinal (GI) tract
[23,27-31]. We have previously reported the development of DON
prodrugs that preferentially target the tumor environment [11, 13,
32, 33]. One of our lead compounds, GA-607 (Fig. 1A), demon-
strated stability in blood and excellent permeability into the tumor
where it is selectively transformed to DON. Herein, we first evalu-
ated the efficacy and exposures of GA-607 in a murine EL4 lym-
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phoma model followed by metabolomic analysis to reveal its per-
turbations of metabolic pathways. Considering the dramatic qualita-
tive increase observed in FGAR (Fig. 1B) levels, we developed a
sensitive and robust bioanalytical method to evaluate the target
engagement of GA-607 by quantitation of FGAR.

The efficacy of GA-607 was assessed in C57BL/6 CES1”" mice
bearing EL4 lymphoma tumors at 3.2 mg/kg SC (1 mg/kg DON
equivalent dose). Our previous published report revealed that this
dosing regimen afforded an ideal pharmacokinetic profile [11],
releasing efficacious levels of DON within the tumor. As shown in
Fig. (2A), the vehicle-treated mice showed continued tumor growth
over time, while the mice treated with GA-607 had complete tumor
regression. Furthermore, no changes were observed in the body
weight (Fig. 2B), general appearance, and behavior, demonstrating
the efficacy of GA-607 with good tolerability.
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Fig. (1). Molecular structures of (A) GA-607, DON, and (B) FGAR.
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Fig. (2). Efficacy, tolerability, and pharmacokinetic assessment of GA-607 in EL4 tumor-bearing mice following GA-607 (3.2 mg/kg SC) treatment; dosed 5
consecutive days followed by 2 drug-free days. Tumors volumes and body weights were only measured on the day of dosing. (A) Complete tumor regression
was observed following GA-607 administration. (B) No change in body weight was observed following GA-607 administration. (C) GA-607 and (D) GA-607-
derived DON levels in plasma and tumors following GA-607 administration. (4 higher resolution / color version of this figure is available in the electronic

copy of the article).
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Fig. (3). Metabolomic analysis of GA-607-versus vehicle-treated EL4 tumors. GA-607 treatment caused an increase in FGAR, glucose, glutamine, and uridine
5’-diphospho-N-acetylglucosamine in the tumor and a decrease in succinate, aspartate, and nucleotide diphosphates. (4 higher resolution / color version of this

figure is available in the electronic copy of the article).

In addition to efficacy evaluation, drug exposures were also
quantified in plasma and tumor tissue for confirmation of tumor
distribution. The data obtained from a satellite cohort (Fig. 2C and D)
showed preferential DON delivery to the tumor. The intact levels of
the GA-607 in plasma were approximately 160 nM at 1-hour post-
dose but were below the limit of quantification at 4 hours post-dose
(Fig. 2C). The GA-607-derived DON levels in the tumor were ap-
proximately 5-fold higher than that of plasma (3.1 uM versus 0.651
uM at 1 h post-dose) (Fig. 2D). A similar 5-fold higher DON tumor
exposure was also observed at 4 h (0.75 uM versus 0.16 uM).

We next conducted global metabolomic analysis in tumors
treated with GA-607. Fifty polar metabolites were queried based on
mass-to-charge ratio and retention times, and twenty-nine of those
were identified among the analyzed samples. Notably, the metabo-
lite with the greatest increase upon GA-607 treatment was FGAR
(ratio GA-607/vehicle = 244.96, p-value = 0.0045) (Fig. 3). Other
metabolites that demonstrated significant modulation upon GA-607
treatment are also noted in Fig. (3). Consistent with prior studies
and the known direct biochemical effect of GA-607, glutamine was
also increased (ratio GA-607/vehicle = 5.21, p-value 0.0017). Other
significantly modulated metabolites are in pathways containing
glutamine amidotransferases including uridine 5’-diphospho-N-
acetylglucosamine (UDP-GIcNAc) in hexosamine metabolism,
nucleotide diphosphates (guanosine diphosphate (GDP), cytidine
diphosphate (CDP), and uridine diphosphate (UDP)) in nucleotide
metabolism, and aspartate in amino acid metabolism. Considering
the role of FGAR in purine synthesis and its robust modulation
upon glutamine antagonism, we focused on development of a sensi-
tive and selective LC-MS assay for FGAR and used it to quantita-
tively monitor changes in plasma and tumors following GA-607
treatment.

While previous reports of FGAR are qualitative in nature [9,
10], recently Krijt ef al., reported an LC-MS/MS-based bioanalyti-
cal assay for the quantification of FGAR [34, 35]. However, this
method is limited in utility as it has only been tested in urine, dried
blood spots and in vitro cultures. The sensitivity of this method has
not been evaluated in more complex biomatrices such as plasma
and tumor homogenates, as reported here. Furthermore, the method
required extensive equilibration time and column regeneration after

each run, thus requiring 25 min of runtime for each sample; this
severely limits the throughput capacity of the method. We devel-
oped a full scan MS analysis using a high-resolution Q Exactive
Orbitrap mass spectrometer that provides accurate detection of
masses within 2 ppm error with the total runtime of only 4.5 min
per sample. The LLOQ for FGAR in plasma was established at 0.03
nmol/mL with an accuracy of 99.0% and precision <5.09% (n=6).
For determination of LLOQ in tumors we employed a blank sub-
traction method during data analyses [21]. Tumors have been re-
ported to have baseline levels of endogenous FGAR [36] and sim-
ple linear regression without subtraction of endogenous levels
would have resulted in erroneous results. Furthermore, this ap-
proach also allowed the use of tumor matrix for calibration stan-
dards without compromising the recovery or causing differential
matrix effects [37-39]; the limitations often encountered when us-
ing surrogate matrices. Using this method, the LLOQ for FGAR in
the tumor was determined to be 1 nmol/g, as this was the lowest
standard concentration that showed statistically significant differ-
ence from the background levels (p < 0.05), as determined by #-test
[22]. More importantly, the higher LLOQ in tumor versus plasma
was not because of the lack of sensitivity of the analytical method,
but due to the high endogenous levels of FGAR in tumor. The
LLOQ for FGAR in the tumor homogenate exhibited an accuracy
and precision of 99.6% and 3.63%, respectively (n=6). Due to a
positive parabolic (non-linear) mass spectrometer response ob-
served with increasing concentrations of the FGAR standards
across a wide calibration range (0.03-100 nmol/mL in plasma, 1-
1000 nmol/g in tumor), a linear regression was unsuitable, and a
quadratic fit offered the desired precision and accuracy for the cali-
bration standards [40-42]. Curve fit in plasma and tumor homogen-
ates provided a correlation coefficient of greater than 0.995 + 0.003
(n=6) and 0.994 + 0.007 (n=6), respectively. High-resolution mass
spectrum and representative chromatographic spectra of FGAR and
IS (NAA-d;) in plasma and tumor samples are shown in Fig. (4).
Back-calculated concentrations for the calibration standards in
plasma and tumor homogenates obtained from regression analysis
were within 94.4-105 % and 93.0-104 %, respectively (Table 1).

Extraction efficiency for FGAR quantification was determined
by the relative recovery of FGAR extracted from plasma compared
to post extraction-spiked samples and ranged from 85% to 99%,
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Fig. (4). Representative high-resolution mass spectrum and chromatographic spectra of FGAR and IS. (A) High-resolution full scan mass spectrum of FGAR in
negative mode with < 2 ppm error; (B) high-resolution full scan mass spectrum of internal standard (NAA-ds) in negative mode with < 2 ppm error; (C)
extracted chromatogram of FGAR spiked in plasma at LLOQ (0.03 nmol/mL); (D) extracted chromatogram for internal standard (NAA-d;) in plasma; (E)
extracted chromatogram of FGAR spiked in tumor at LLOQ (1 nmol/g); (F) extracted chromatogram for internal standard (NAA-d;) in EL4 tumor. (4 higher
resolution / color version of this figure is available in the electronic copy of the article).

Table 1.

plasma and mouse tumor homogenates.

Statistical evaluation of calculated concentrations of FGAR obtained from the calibration curves (n=3) prepared in mouse

Mouse Plasma

Mouse Tumor Homogenate

N(anlill:)al;n(ljl(i;lc Accuracy (%) Precision (% RSD) N‘"(’:;flgmc‘ Accuracy (%) Precision (% RSD)

100 944 5.18 10000 98.9 0.46
32,0 103 8.64 3000 102 121
10.0 98.9 6.76 1000 102 151
3.20 105 531 300 101 1.74
1.00 98.6 4.63 100 100 327
032 97.1 103 30 104 132
0.10 100 9.05 10 95.9 131
0.03 101 7.10 3 93.0 4.83

; ; ; 1 103 152
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Table 2. Stability of FGAR in mouse plasma after subjecting to 3 freeze-thaw cycles, bench-top (6 h at room temperature), and
long-term conditions (-80°C for 4 weeks) before extraction and autosampler (18 h at 4°C) after extraction.
Stability (%)
Nominal Conc. (nmol/mL)

Freeze-thaw Bench-top Long-term Autosampler
80.0 107 £3.57 100 £5.32 96.5+2.12 95.2+2.40
2.00 114+ 7.84 91.9+6.22 86.5+6.72 96.4 £0.591
0.08 112+5.14 96.0+£12.1 925+11.2 101 +8.88

Table 3. Stability of FGAR in mouse tumor homogenates after subjecting to 3 freeze-thaw cycles, bench-top (6 h at room tempera-
ture), and long-term conditions (-80°C for 4 weeks) before extraction and autosampler (18 h at 4°C) after extraction.
Stability (%)
Nominal Conc. (nmol/mL)

Freeze-Thaw Bench-Top Long-Term Autosampler

2000 104 +£3.76 102 +3.17 113+2.31 103 +0.02

200 93.5+3.95 106 £4.31 110£3.85 102 £0.00

20 104 £2.59 109 +7.93 96.2+2.79 107 £ 0.06

Table4. Accuracy and precision in mouse plasma.

Intra-day (n=3) Inter-day (n=6)
Nominal Conc. (nmol/mL)
Accuracy (%) Precision (% RSD) Accuracy (%) Precision (% RSD)
80.0 95.8 3.96 99.4 4.82
2.00 92.0 4.19 98.9 9.39
0.08 111 10.6 91.0 13.6

Inter and intra-day precision and accuracy for FGAR in plasma were determined by analyzing replicates (n=3/day) of spiked samples at 3 different concentration levels over 2 subse-

quent days. Statistics for inter-day evaluation are generated from n=6 samples.

TableS. Accuracy and precision in mouse tumor homogenates.

Intra-day (n=3) Inter-day (n=6)
Nominal Conc. (nmol/g)
Accuracy (%) Precision (% RSD) Accuracy (%) Precision (% RSD)
2000 96.8 3.05 98.1 4.03
200 101 3.39 104 4.11
20 95.2 1.69 98.2 6.03

Inter and intra-day precision and accuracy for FGAR in EL4 tumor homogenates were determined by analyzing replicates (n=3/day) of spiked samples at 3 different concentration
levels over 2 subsequent days. Statistics for inter-day evaluation are generated from n=6 samples.

with an average of 89%. Similarly, the extraction efficiency of
FGAR from the tumor homogenates ranged from 99% to 104%,
with an average of 103%. The results obtained from stability ex-
periments are presented in Tables 2 and 3 for plasma and tumor
homogenates, respectively. FGAR was found to be stable at all the
tested conditions (freeze-thaw/bench-top/long-term/autosampler)
with a <15% deviation from nominal concentrations in both plasma
and the tumor homogenates. Matrix effect, as determined by the
FGAR peak area between post-extraction spiked and neat standards,
ranged from -18% to 6% with an average of -14% in plasma, and
ranged from -6% to 17% with an average of 8% in tumor homogen-

ates, and was within the acceptable limits of £ 20% at all tested
concentrations. A blank injection following a high standard of 100
nmol/mL in plasma, revealed a minimal carry-over area of 8.97%
of the LLOQ standard, which was within the acceptable range.
Similarly, carryover in tumor homogenate samples was estimated to
be 7.25%. No carry-over was observed for the internal standard.
Inter-day accuracy, and precision (%RSD) of QC’s (n=3/day; 2
days) in plasma ranged from 91.0-99.4% and 4.82-13.6%, respec-
tively (Table 4). Likewise, inter-day accuracy and precision
(n=3/day; 2 days) for QC’s in the tumor homogenates ranged from
98.1-104% and 4.03-6.03%, respectively (Table 5). These results
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Fig. (5). FGAR quantification following GA-607 treatment (3.2 mg/kg SC daily for 4 days) in EL4 tumor-bearing mice. (A) (i) FGAR levels in plasma at
1 and 4 hours after GA-607 or vehicle administration; (ii) FGAR levels in tumor at 1 and 4 hours after GA-607 or vehicle administration. Mean + S.D.
**%p > 001 (two-way ANOVA with Tukey’s post hoc test) (B) Schematic representation of the biochemical pathway regulating FGAR metabolism in tumor
tissues and the effect of GA therapy. FGAR-AT, an enzyme in de novo purine synthesis catalyzes the conversion of FGAR, ATP, and glutamine to FGAM,
ADP, Pi, ammonia, and glutamate, respectively. Upon cleavage in tumors, GA-607 releases DON. The inhibition of FGAR-AT results in elevated FGAR

levels. (4 higher resolution / color version of this figure is available in the electronic copy of the article).

indicate that the LC-MS method developed is robust, precise, and
accurate for the quantitation of FGAR in both plasma and tumor.

FGAR quantification was performed in samples collected after
4 days of GA-607 administration when significant tumor suppres-
sion was observed. In the tumors of vehicle-treated mice, an aver-
age of 16 and 15 nmol/g FGAR was quantified at 1 h and 4 h post-
dose, respectively. In contrast, GA-607 treated animals showed a
remarkable 1300 and 1600 nmol/g FGAR at 1 and 4 h post-dose,
respectively. These levels represent an 80- to 100-fold increase
(Fig. SA-ii). In contrast, in plasma of GA-607 treated mice, much
lower levels were observed (0.3 and 0.5 nmol/mL at 1 and 4 h post-

dose, respectively) compared to tumor; however, these levels were
still >10-fold higher when compared to vehicle-treated animals,
which were generally below the limit of quantification (<0.03
nmol/mL) (Fig. 5A-i). These data support the target engagement of
GA-607 to FGAR-AT as presented in Fig. (SB) schematic. Thus,
FGAR could be used as a biomarker of the GA-607 effect.

The FGAR quantification method presented here is a sensitive
and selective LC-MS method for direct analysis of FGAR in plasma
and tumors. The presented data also makes a strong case for FGAR
modulation to corroborate the target engagement of glutamine an-
tagonists. With the prodigious efforts being poured into the discov-
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ery and development of glutamine antagonists for the treatment of
cancer and other diseases [32, 43-45], development of a biomarker
such as FGAR may serve as a valuable tool in both diagnosing
dysfunctions in this pathway as well as assessing the target en-
gagement of therapies focused on modulating nucleotide synthesis.
Also, while the focus of this report was to demonstrate the efficacy
of GA-607 and the identification of FGAR as a target engagement
tool, future efforts will be focused on evaluating the effects on
downstream metabolites such as FGAM and their quantification.
Importantly, although current studies report the evaluation of GA-
607 only in EL4 tumor model, we have previously studied our
novel GA prodrugs in multiple tumor types (e.g. MC38 colon can-
cer, CT26 colon cancer, B16 melanoma, 4T1 mammary cancer)
with various dosing regimens and treatments when the tumors were
small (~30 mm®) as well as large (~300 mm®) and as both single
agents and in combination with immunotherapies [13, 15, 17]. Fur-
thermore, our lead glutamine antagonist, DRP-104, is currently in
phase I clinical trial (Clinical Trial Identifier: NCT04471415) for
advanced solid tumors and has received a fast-track FDA designa-
tion for the treatment of advanced non-small-cell lung carcinoma
(NSCLC) [46]. These studies underscore the broad applicability of
GA therapy to various tumor types and the importance of a bio-
marker/target engagement tool, such as FGAR that may aid in the
further development of these analogs as anticancer agents.

CONCLUSION

The tumor-targeted glutamine antagonist GA-607 was shown,
for the first time, to have robust single-agent tumor regression ac-
tivity in a murine EL4 lymphoma tumor model without any observ-
able signs of toxicity. Metabolomic analyses revealed that GA-607
caused dramatic FGAR accumulation in addition to perturbing
other known glutamine-utilizing pathways. A new rapid, sensitive,
selective, and reliable LC-MS method was developed and opti-
mized for the quantification of FGAR in plasma and tumor using an
N,N-dimethylhexylamine assisted ion-pairing chromatography ap-
proach. The method demonstrated good sensitivity, precision, accu-
racy, and recovery in both plasma and tumor samples. Further, the
application of the method to monitor target engagement was dem-
onstrated using GA-607 treatment in EL4 tumored mice. We pro-
pose FGAR as a promising pharmacodynamic marker that can
quantitatively reveal dysfunction in de novo purine synthesis and
validate the target engagement of therapeutic modalities targeting
the pathway. Moreover, while studies reported here were limited to
only EL4 tumors, the FGAR quantification method described will
be broadly applicable to multiple tumor types sensitive to glutamine
antagonism in preclinical models and ultimately in clinical studies.

LIST OF ABBREVIATIONS

AUC = Area Under Curve

CES1™” = Carboxylesterase 1 Knockout

DMHA = N,N-dimethylhexylamine

DON = 6-diazo-5-oxo-L-norleucine

FGAM = Formylglycinamidine Ribonucleotide

FGAR =  Formylglycinamide Ribonucleotide

FGAR-AT = Formylglycinamide Ribonucleotide Amidotrans-
ferase

GA = Glutamine Antagonist

HILIC = Hydrophilic Interaction Liquid Chromatography

LC-MS = Liquid Chromatography-mass Spectrometry

LLOQ = Lower Limit of Quantitation

NAA-d; = N-acetyl Aspartate Deuterated

QC = Quality Control

SC = Subcutaneous

UHPLC = Ultra-high Performance Liquid Chromatography
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