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Discovery of DRP-104, a tumor-targeted metabolic

inhibitor prodrug
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6-Diazo-5-oxo-L-norleucine (DON) is a glutamine antagonist that suppresses cancer cell metabolism but concur-
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rently enhances the metabolic fitness of tumor CD8* T cells. DON showed promising efficacy in clinical trials;
however, its development was halted by dose-limiting gastrointestinal (Gl) toxicities. Given its clinical potential, we
designed DON peptide prodrugs and found DRP-104 [isopropyl(S)-2-((S)-2-acetamido-3-(1H-indol-3-yl)-propanamido)-
6-diazo-5-oxo-hexanoate] that was preferentially bioactivated to DON in tumor while bioinactivated to an inert
metabolite in Gl tissues. In drug distribution studies, DRP-104 delivered a prodigious 11-fold greater exposure
of DON to tumor versus Gl tissues. DRP-104 affected multiple metabolic pathways in tumor, including decreased
glutamine flux into the TCA cycle. In efficacy studies, both DRP-104 and DON caused complete tumor regression;
however, DRP-104 had a markedly improved tolerability profile. DRP-104’s effect was CD8" T cell dependent and
resulted in robustimmunologic memory. DRP-104 represents a first-in-class prodrug with differential metabolism
in target versus toxicity tissue. DRP-104 is now in clinical trials under the FDA Fast Track designation.

INTRODUCTION
Many of the most effective antineoplastic agents are antimetabolites,
which block the altered metabolism of tumor cells (I, 2). The rapid
growth of tumor cells creates enormous metabolic demand for en-
ergy and substrates for protein and nucleic acid synthesis. Among
the altered pathways, glutamine metabolism plays a prominent role
in providing carbon and nitrogen building blocks, turning tumors
into “glutamine sinks” that exhibit a high rate of glutamine consump-
tion in comparison to normal tissues (3, 4). Glutamine metabolism
is reprogrammed by cancer mutations, including those in the MYC,
TP53, Ras-related oncogenes, LKB1-AMP (adenosine monophosphate)
kinase (AMPK), and phosphatidylinositol 3-kinase (PI3K) pathways
(5, 6). Glutamine functions as an energy source via the tricarboxylic
acid (TCA) cycle and supplies carbon and nitrogen as precursors for
amino acid, lipid, and nucleotide synthesis and for the maintenance
of redox balance (7). Thus, globally blocking glutamine utilization
in cancer cells has substantial therapeutic potential (8, 9).
6-Diazo-5-oxo-L-norleucine (DON) shares high structural simi-
larity to glutamine and selectively blocks multiple glutamine-using
reactions. Mechanistically, DON contains an a-diazoketone, which
is activated by proton transfer within the active site of a glutamine-
using enzyme (e.g., in the proximity of the active-site serine residue
in glutaminase) (10), forming a carbocation that reacts instantly

'Johns Hopkins Drug Discovery, Johns Hopkins School of Medicine, Baltimore, MD
21205, USA. 2Department of Neurology, Johns Hopkins School of Medicine, Baltimore,
MD 21205, USA. *Department of Pharmacology and Molecular Sciences, Johns
Hopkins School of Medicine, Baltimore, MD 21205, USA. 4Department of Oncology,
Johns Hopkins School of Medicine, Baltimore, MD 21205, USA. ®Institute of Organic
Chemistry and Biochemistry, Academy of Sciences of the Czech Republic v.v.i,,
Prague 16000, Czech Republic. *The Bloomberg-Kimmel Institute for Cancer Immu-
notherapy, Johns Hopkins School of Medicine, Baltimore, MD 21287, USA. "De-
partment of Psychiatry and Behavioral Sciences, Johns Hopkins School of Medicine,
Baltimore, MD 21205, USA. 8Department of Neuroscience, Johns Hopkins School of
Medicine, Baltimore, MD 21205, USA. °Department of Medicine, Johns Hopkins
School of Medicine, Baltimore, MD 21205, USA.

*Corresponding author. Email: bslusher@jhmi.edu (B.S.S.); rrais2@jhmi.edu (R.R.)

Rais et al., Sci. Adv. 8, eabq5925 (2022) 16 November 2022

with the enzyme such that no reactive species is released. Therefore,
DON does not simply serve as a standard irreversible inhibitor, but
rather a selective, mechanism-based inactivator of glutamine-using
enzymes, including carbamoyl phosphate synthase, cytidine triphos-
phate synthase, phosphoribosyl formylglycinamidine synthetase (PFAS),
guanosine monophosphate synthetase, phosphoribosyl pyrophosphate
aminotransferase, nicotinamide adenine dinucleotide synthase,
asparagine synthase, and glutaminase, which collectively serve vital
roles in the TCA cycle, purine, lipid, hexosamine, and amino acid
synthetic pathways (11-17). Not only does DON effectively block
tumor glutamine utilization but we also recently found that DON
has divergent metabolic effects on tumor cells versus effector T cells,
resulting in simultaneous starvation of the tumor cells and enhance-
ment of the cytotoxic effects of T cells in the tumor microenvironment
(18). The distinctive combination of depleting tumors of nutrients
while enhancing T cell function makes glutamine antagonism an ex-
ceptionally promising therapeutic strategy.

DON has shown remarkable antitumor efficacy in preclinical
and clinical studies (19-31). For example, in one of the first clinical
studies using DON, 31 of 47 patients (66%) who received 2 weeks
or more of DON therapy demonstrated stable disease or regression
(19). When dosed in children with hematological malignancies on
standard 6-mercaptopurine therapy, DON supplementation led
to substantially better bone marrow remissions (32). Unfortunately,
broad metabolic inhibitors like DON exhibit toxicity in healthy
tissues that also have a high metabolic demand for glutamine. For
example, the gastrointestinal (GI) system is highly dependent on
glutamine for regulating cell proliferation and repair and maintain-
ing gut barrier functions (33). Consequently, clinical development
of DON was abandoned due to its dose-limiting toxicities to normal
tissues, many of which were Gl-related (e.g., mucositis, diarrhea, and
gastric bleeding) (19, 21, 22). Selective inhibitors of certain gluta-
mine pathways, such as allosteric glutaminase inhibitors, have been
tested but fail to show robust clinical efficacy (34), perhaps because
of the adaptation of tumors through alternate metabolic pathways.
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We hypothesized that a broader metabolic inhibitor that could
be targeted preferentially to the tumor environment may offer a
strategic approach for improving the therapeutic index of this class
of drugs.

Prodrug strategies have been widely used to modify distribu-
tion and improve the delivery of active agents to target tissues
(35). We sought to develop a DON prodrug that could selectively
deliver DON to tumor tissues while sparing normal glutamine-
dependent tissues like the GI tract. We previously reported the
synthesis and preclinical evaluation of a DON prodrug with
enhanced central nervous system-to—plasma distribution in both
swine and primates (36, 37), showing the feasibility of this target-
ing strategy. On the basis of a similar principle, we used a discrete
chemical approach to design tumor-targeted prodrugs of DON
using promoieties that could be cleaved by enzymes enriched in the
tumor (38).

Cumulative evidence suggests that tumors express enriched pro-
tease activity; many proteases have been identified as cancer bio-
markers (38-40). We hypothesized that modification of DON to a
“peptide prodrug” would enable its preferential bioactivation by the
tumor-enriched proteases, thus sparing the normal tissue. System-
atic synthesis and characterization of a series of DON prodrugs led
to the discovery of DRP-104 [isopropyl(S)-2-((S)-2-acetamido-3-
(1H-indol-3-yl)-propanamido)-6-diazo-5-oxo-hexanoate], a prod-
rug carrying two promoieties—an isopropyl ester and an acetylated
tryptophan on DON’s carboxylate and amine, respectively. We re-
port here that DRP-104 administration to CES1™"™ mice (a model
recapitulating human prodrug metabolism) resulted in prodigious
6- and 11-fold greater exposures of DON to the tumor versus plas-
ma and GI tissue, respectively, resulting in complete tumor re-
gression without GI side effects. We further showed that DRP-104
enhanced the efficacy of anti-PD-1 immunotherapy and that its
effect was CD8" T cell dependent. Last, and most remarkably, we
showed that mice previously cured with DRP-104 monotherapy
completely rejected tumor rechallenge, indicating that glutamine
antagonism therapy triggers immunologic memory. On the basis of
these promising preclinical data, DRP-104 is currently in clinical
trials (NCT04471415) for treatment of advanced-stage solid tumors
as a single agent and in combination with immunotherapy.

RESULTS

Synthesis of DON prodrugs and the discovery of DRP-104
The structures of glutamine, DON, DRP-104, and its de-esterified
M1 metabolite are illustrated in Fig. 1. The synthetic schemes, reac-
tion conditions, structure of DRP-104 (P3) and related prodrugs
(P1-2 and P4-8), as well as their characterization are shown in figs.

S1 and S2 (A to C). The synthetic schemes and reaction conditions
for the M1 metabolite are shown in fig. S3. DON shows high structural
similarity to glutamine. The difference is that the amine in gluta-
mine is replaced with a diazo group in DON that enables irrevers-
ible binding and mechanism-based inactivation of glutamine-using
enzymes. In support of this, we show that DON dose-dependently
inhibits the glutaminase enzyme (GLS-1) with an ICs (median in-
hibitory concentration) of 10 + 0.3 uM (table S1), similar to that
reported in literature (41). DRP-104 is a peptide prodrug of DON
with an acetylated tryptophan moiety on the amine and an isopropyl
ester on the DON carboxylic acid. As an intact prodrug, DRP-104 is
inactive as an inhibitor of glutamine-using enzymes, including GLS-1
(table S1), as enzymatic bioactivation to DON is required for activity.
Similarly, DRP-104’s de-esterified M1 metabolite is also inactive
(table S1). Of the multiple DON prodrugs (P1 to P8) synthesized and
evaluated, DRP-104 (P3) showed the most promising initial meta-
bolic stability, DON release, and tumor partitioning results (fig. S2)
and was selected for further characterization.

DRP-104 is bioactivated in the tumor while bioinactivated

in Gl tissue, resulting in preferential DON delivery to tumors
DRP-104 stability was evaluated in wild-type (WT) and C57BL/6/
CES1”~ mouse and human plasma (Fig. 2A). While DRP-104 was
completely unstable in WT C57BL/6 mouse plasma (0% remaining
at 60 min), it exhibited good stability in both C57BL/6/CES1™/~
mouse and human plasma (>90% remaining at 60 min). Notably,
this interspecies difference in metabolism is not uncommon in pro-
drug discovery. It is well established that carboxylesterase enzyme
1 (CES1) is highly abundant in rodent plasma but not present in
higher species plasma, specifically human plasma (42). To mimic
this phenomenon, C57BL/6/CES1~~ mice were generated by inac-
tivating the CES1 gene such that there was undetectable CES activity
in plasma but normal activity in tissues (43), making these mice a
better preclinical model to mimic human metabolism. Stability was
also evaluated in intestinal tissue homogenate (mouse) and intesti-
nal S9 fractions (human). In both intestinal matrices, DRP-104 was
unstable (0% remaining at 60 min; Fig. 2B), predominantly showing
hydrolysis to a charged and inactive intermediate metabolite M1
(Fig. 1 and fig. S4) with <10% DON release (Fig. 2C).

Next, to validate that DRP-104 was bioactivated in tumor cells
and that its antiproliferative effects were arising from DON release,
equimolar DRP-104, DON, M1, and P1 were assessed in a P493B
lymphoma cell viability assay. Dose-dependent decrease in cell pro-
liferation was observed with DON and DRP-104 with ECsy (median
effective concentration) values of 4.0 £ 0.6 and 10 + 1.9 uM, respec-
tively (fig. S5). In contrast, MI and P1, which do not release DON
(figs. S2C and S4), showed no effect on cell viability (fig. S5).
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Fig. 1. Chemical structures of glutamine, DON, DRP-104, and M1 metabolite. Synthesis and characterization are reported in figs. S1 and S3.
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Fig. 2. DRP-104 shows activation to DON in tumor and inactivation to M1 metabolite in Gl tissues. (A) DRP-104 stability in WT mice, C57BL/6/CEST™~ mice, and
human plasma and (B) Gl tissues (jejunum for mice and S9 for human) showing that stability of DRP-104in C57BL/6/CES1~'~ mice mimics human metabolism. (C) Al-
though DRP-104 is unstable in Gl tissues, minimal DON is liberated. DRP-104 (1 mg/kg DON equivalent, subcutaneously) was administered to C57BL/6/CEST™~ mice
bearing EL4 flank tumors; tissues were harvested and analyzed for (D) DRP-104, (E) DON, and (F) M1 metabolite. Following DRP-104 administration, DON exposures were
6-and 11-fold higher in the tumor when compared to plasma and Gl tissues, respectively. DRP-104 was detected in plasma but not in tumor or Gl tissue. (G) PK parameters
of DRP-104, DON released from DRP-104, and the M1 metabolite in plasma, tumor, and Gl tissues, with data expressed as means or means + SEM (n = 3 per time point).

BLQ, below limit of quantification; n.c., not calculated.

Given its desirable in vitro profile (i.e., stable in plasma, minimal
DON release in GI tissue, excellent tumor cell partitioning, and
cytotoxic effect on tumor cells), DRP-104 pharmacokinetics were
evaluated in vivo using C57BL/6/CES1~~ mice bearing EL4 flank
tumors. DRP-104 was administered subcutaneously at a dose of
2.6 mg/kg (1 mg/kg DON equivalent), and subsequently, plasma,
tumor, and intestinal tissues were collected and analyzed for DRP-104,
DON, and its de-esterified M1 metabolite (Fig. 2, D to F) using
our validated liquid chromatography-mass spectrometry (LC-MS)
methods (36, 37, 44). Intact DRP-104 was quantifiable only in plas-
ma (AUCy.; = 0.65 nmol hour/ml), while no DRP-104 was observed
in tumor or intestinal tissue. DRP-104 delivered a 6-fold higher
exposure of DON to the tumor as measured by area under the
curve (AUCy. = 4.13 = 0.59 nmol hour/g) versus plasma (0.67 +
0.03 nmol hour/ml) and 11-fold higher exposure versus intestinal tissue
(0.36 + 0.13 nmol hour/g). Quantitation of the inactive M1 metabolite
revealed highest levels in the intestinal tissue (3.2 + 0.85 nmol hour/g),
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with 6- and 15-fold lower concentrations in plasma (0.56 +
0.09 nmol hour/ml) and tumor (0.22 + 0.0.2 nmol hour/ml), respec-
tively (Fig. 2G). These data show that DRP-104 administration
leads to a preferential delivery of active DON to tumor and inactive
M1 metabolite to GI tissues.

Following the PK studies, we next evaluated target engagement
in the tumor using two different biomarkers. First, we quantified
tumor formylglycinamide ribonucleotide (FGAR), an intermediate
in the de novo purine synthesis pathway known to be altered by
DON (14, 45) using our validated LC-MS method (44). Second, we
quantified inhibition of GLS-1 activity in the tumor using our
radiolabel-based enzymatic assay (41). Briefly, DON or DRP-104 was
administered subcutaneously, and tumor samples were collected
1 hour after dose. FGAR was found to be significantly increased
>80-fold in the tumors of both DON- and DRP-104-treated mice
compared to the vehicle-treated group (fig. S6A). Similarly, DON-
and DRP-104-treated mice showed significant inhibition of tumor
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GLS-1 activity compared to the vehicle-treated group (fig. S6B). Tu-
mor levels of DON were similar in the DON- and DRP-104-treated
mice, exhibiting pharmacokinetic/pharmacodynamic (PK/PD) cor-
relation (fig. S6C).

To ensure that its tumor-targeting profile was not specific to EL4
tumors, the PK of DRP-104 was also assessed in three other synge-
neic tumors including MC38 (colon cancer), E0771 (breast cancer),
and 3LL (Lewis lung carcinoma), with comparable results (fig. S7, A
to D). We also compared the PK of DRP-104 to a previously reported
DON prodrug called JHU-083. DRP-104 was found to be superior to
JHU-083, showing a >2.5-fold improved tumor/plasma and >3-fold
improved tumor/GI tissue partitioning ratio (fig. S8, A and B). These
in vivo results concurred with the in vitro metabolism of DRP-104
(Fig. 2 and fig. S2) and confirmed the superior preferential tumor
DON delivery of DRP-104 versus JHU-083.

DRP-104 is bioactivated in the tumor by serine proteases;
DRP-104 is bioinactivated in Gl tissue by carboxylesterases
To elucidate the mechanism of preferential DON release in tumor
versus GI tissue, stability analysis of DRP-104 was evaluated under
various conditions in both EL4 tumor homogenates and mouse in-
testinal tissue homogenates. First, the stability of DRP-104 was eval-
uated in mouse tumor homogenates with and without a cocktail of
multiple classes of protease inhibitors. DRP-104 was unstable when
incubated in tumor homogenate (0% remaining at 60 min); in contrast,
DRP-104 showed complete stability in tumor homogenate when
coincubated with the protease inhibitor cocktail. Next, the stability
of DRP-104 was evaluated in the presence of individual components
of the cocktail, including Pefabloc, phenylmethylsulfonyl fluoride
(PMSF), aprotinin, bestatin, E64, leupeptin, and pepstatin A. Of the
seven protease inhibitors tested, only the serine protease inhibitor
Pefabloc and the dual serine protease and esterase inhibitor PMSF
attenuated DRP-104 tumor metabolism. The other classes of inhib-
itors (aminopeptidase, aspartyl peptidase, cysteine peptidase, serine
peptidase, and threonine peptidase inhibitors) had no effect (Fig. 3A).
In contrast, when these same seven protease inhibitors were tested
on intestinal tissue homogenate, Pefabloc had little effect on DRP-104
metabolism, while PMSF showed almost complete inhibition of
DRP-104 metabolism, suggesting that the intestinal metabolism was
primarily due to esterase activity (Fig. 3B).

To delineate the metabolic effects of Pefabloc and PMSF in tumor
and intestinal tissue, detailed metabolite identification (MET-ID)
studies were performed. As depicted in Fig. 3 (C and D), both DON
and M1 metabolite were found in the tumor, but only the M1 me-
tabolite was observed in the GI tissue. We then tested the effect of
dichlorvos, a specific esterase inhibitor, on DRP-104 intestinal me-
tabolism. We showed that dichlorvos almost completely inhibited
DRP-104 metabolism in the intestinal matrices, further confirming
the involvement of esterase activity. In contrast, dichlorvos had
minimal effect on the metabolism of DRP-104 in tumor homogenate
(Fig. 3, E and F). Last, we confirmed these findings using recombi-
nant CES1 enzyme and demonstrated that CES1 was capable of me-
tabolizing DRP-104 to M1 metabolite in the mouse intestinal tissue
(fig. S9). We also showed that M1 metabolite was stable in intestinal
tissue with minimal DON release (fig. S4). These data, combined
with the stability and in vivo PK data, confirm the distinct metabolic
pathways for DRP-104 in tumor versus GI tissue (Fig. 3G). In
tumor, DRP-104 underwent amide hydrolysis to form DON isopropyl
ester, which then spontaneously hydrolyzed to release DON. In

Rais et al., Sci. Adv. 8, eabq5925 (2022) 16 November 2022

contrast, in the intestinal matrix, de-esterification of the isopropyl
ester to form the stable and inactive M1 metabolite was the major
metabolic pathway.

DRP-104 was similarly efficacious to DON in inhibiting tumor
growth but with a marked reduction in toxicity

DRP-104 and DON (1 mg/kg DON equivalent, intravenously) were
administered 5 days per week for 2 weeks to C57BL/6/CES1™~~ mice
bearing EL4 tumors. Both DRP-104 and DON caused complete re-
gression of the tumor (Fig. 4A). However, DON administration
resulted in a substantial 20 to 30% body weight reduction, while
DRP-104-treated mice maintained their body weight throughout
the study duration (Fig. 4B). While they had minimal tumor burden,
most DON-treated mice required euthanasia due to overt toxicity
and/or weight loss. In contrast, no deaths were observed in the
DRP-104 treatment group (Fig. 4C). At the end of treatment, re-
maining mice were sacrificed and evaluated for toxicity by complete
blood count (CBC) (table S2) and GI histology (Fig. 4D). CBC anal-
ysis was in the normal range for all groups except for a modest re-
duction in white cell counts in the DON-treated mice (0.93 + 0.18
versus normal range of 1.06 to 56.08 K/ul). These results suggested
limited systemic toxicity in either treatment group. In contrast, the
GI histology was markedly different between the treatment groups.
Vehicle-treated mice maintained a normal, intact mucosal layer with
organized crypts and abundant goblet cells. However, DON-treated
mice showed severe GI toxicity with widespread ulceration of the
mucosal layer, abundant neutrophil and lymphocyte infiltrates, and
prominent bacterial mats. DRP-104-treated mice, while not normal,
had improvement in all these parameters (Fig. 4D), which was further
confirmed by blinded histopathological scoring of inflammation
and architecture (fig. S10).

In addition to comparison with DON intravenous administration,
DRP-104 was also evaluated at multiple systemic doses (0.1, 0.3,
and 1 mg/kg DON equivalent, subcutaneously, 5 days per week)
to assess the minimum effective dose with assessment of toxicity in
tandem. DRP-104 resulted in a dose-dependent inhibition of tumor
growth, with significant tumor regression observed at the highest
dose (Fig. 5A). No overt signs of toxicity were observed at any of the
doses, with minimal effects on body weight throughout the study dura-
tion (Fig. 5B). Further, at the end of the treatment, all cohorts were
sacrificed and evaluated for GI histopathology changes (Fig. 5C and
fig. S10). The GI morphology looked normal at the 0.1 and 0.3 mg/kg
doses; however, at 1 mg/kg, mild lymphocytic infiltration was ob-
served (Fig. 5C).

Global metabolomic/flux analyses showed prominent
DRP-104 effects on multiple pathways

To investigate the metabolic changes associated with DRP-104 therapy
in EL4 tumors, global metabolic profiling was performed following
DRP-104 treatment (0.3 mg/kg DON equivalent dosed subcuta-
neously for 5 days) versus vehicle controls. With respect to polar
metabolites, DRP-104 administration led to a metabolic shift as de-
termined by principal components analysis (Fig. 6A). Eighty-eight
metabolites showed absolute fold change of >2 (P < 0.1) (Fig. 6B
and table S3). Analysis of the top affected metabolites revealed that
DRP-104 caused metabolic changes in multiple pathways, including
effects on amino acids, nucleotides, and carbohydrates/TCA cycle
intermediates (Fig. 6C). DRP-104 treatment significantly affected
glutamine-derived intermediates in the TCA cycle, decreasing metabolites
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Fig. 3. Mechanism of DRP-104 bioactivation in tumor versus Gl. Stability of DRP-104 in (A) tumor homogenate (B) versus Gl tissues in the presence of protease inhib-
itor cocktail and its individual components. The protease inhibitor cocktail inhibited metabolism of DRP-104 in both tumor and Gl tissue. Of the individual components,
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DRP-104 instability in Gl. (G) Distinct pathways for DRP-104 bioactivation in tumor versus Gl.
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such as succinate, fumarate, and malate (Fig. 6D). Metabolomic pro-
filing also demonstrated prominent effects on purine metabolism
(Fig. 6E) as well as tryptophan metabolism (fig. S11). FGAR, a sub-
strate for PFAS in the de novo purine synthesis pathway, was prom-
inently increased with DRP-104 treatment, and products of purine
synthesis, including adenine and guanine, were decreased upon
DRP-104 treatment (Fig. 6E). Last, consistent with its inhibition of
glutamine-using enzymes, DRP-104-treated mice showed increased
glutamine levels (Fig. 6D). Together, these findings highlight the broad
metabolic effects of DRP-104 on tumors.

Given the prominent effects of DRP-104 on TCA cycle interme-
diates, we further examined these effects using 13Cs-glutamine flux
analysis in mice bearing EL4 tumors (Fig. 6F). Briefly, mice were
treated with vehicle or DRP-104 (0.3 mg/kg DON equivalent, sub-
cutaneously) for 3 days. On day 4, mice received DRP-104, followed
by tail vein injections of *Cs-glutamine, and tumors were harvested
1 hour later for metabolite analysis. We observed that of the total
glutamate pool in control (vehicle-treated) tumors, 19.99% was from
the M+5 isotopologue, suggesting that 1>Cs-glutamine was taken up
by tumors and underwent metabolism in the time frame of the ex-
periment. DRP-104-treated tumors had 14.66% of the total glutamate
pool from the M+5 isotopologue; this was a significant difference
versus control tumors, suggesting that glutamine-dependent metabo-
lism was inhibited in DRP-104-treated tumors. We also observed a
significant decrease in the enrichment of the M+4 isotopologue in
total pool of succinate, fumarate, and malate in DRP-104-treated
tumors compared to control tumors (Fig. 6F). These data suggest
that DRP-104 inhibited the influx of glutamine-derived glutamate
into the TCA cycle.

DRP-104 enhanced anti-PD-1 efficacy; DRP-104 effect
was CD8" T cell dependent and resulted
inimmunological memory
DRP-104 (0.3 mg/kg DON equivalent, subcutaneously, 5 days per
week, four cycles), anti-PD-1 (100 ug, intraperitoneally, four doses),
or the combination thereof was administered to MC38 tumor-bearing
C57BL/6/CES1”~ mice. DRP-104 and anti-PD-1 monotherapies re-
sulted in significant MC38 tumor growth inhibition. However, the
combination of DRP-104 with anti-PD-1 therapy showed a signifi-
cant improvement in efficacy compared to the monotherapies alone
(Fig. 7A). No overt toxicities or body weight changes were observed
throughout the study duration (Fig. 7B and fig. S13). In addition to
tumor growth inhibition, both DRP-104 and anti-PD-1 monother-
apy resulted in enhanced survival compared to vehicle. Moreover,
the combination further improved survival versus the monothera-
pies (Fig. 7C). Drug treatment was stopped after 28 days (dosing
5 days per week for four cycles), and tumor rebound was assessed.
Tumor rebound with the combination therapy (1 of 10) was superi-
or when compared to either anti-PD-1 or DRP-104 monotherapy
(4 of 10 for both) (Fig. 7D). To study the possible immunologic
memory effects of DRP-104, mice that had initially been cured with
2 weeks of DRP-104 monotherapy were rechallenged with an equal
burden of MC38 tumor in the opposite flank 60 days after the last
dose of therapy. Mice received no further treatment. In all cases, mice
that had previously been cured with DRP-104 monotherapy com-
pletely rejected tumor rechallenge (Fig. 7E), suggesting that immuno-
logic memory had been established through glutamine blockade.
We hypothesized that the immune response triggered by DRP-104
was CD8" T cell-mediated. To test this, we used CD8" T cell-depleting

Rais et al., Sci. Adv. 8, eabq5925 (2022) 16 November 2022

antibodies in MC38-bearing C57BL/6/CES1”~ mice and compared
the effects of DRP-104 after CD8" T cell depletion versus isotype-
treated controls. We found that the efficacy of DRP-104 was com-
pletely dependent on CD8" T cell response (Fig. 8, A and B). Flow
cytometric analysis was performed on tumor-infiltrating lympho-
cytes (TILs) in C57BL/6/CES1™'™ mice bearing ovalbumin (OVA)-
expressing MC38 tumors (MC380VA) treated with vehicle or
DRP-104. By using an OV A-expressing tumor system, we were able to
track antigen-specific T cell responses using tetramer staining. Con-
sistent with our previous reports (18), these studies revealed pheno-
typic changes in the infiltrating CD8" T cell population consistent with
a central memory-like (CD62L"CD44") phenotype in DRP-104-treated
mice (Fig. 8C). Compared with DRP-104-treated mice, CD8" TILs
from vehicle-treated control mice showed increased coexpression
of inhibitory pathways (PD-1"LAG3") and transcription factor ex-
pression patterns (TOX TCF1"°) characteristic of a terminally ex-
hausted phenotype (Fig. 8, D and E). Antigen-specific CD8" T cells
were enriched in the TIL from DRP-104-treated mice (Fig. 8F) and
displayed suppressed exhaustion markers and increased TCF1 ex-
pression characteristic of a robust, durable antitumor response and
stem-like phenotype (Fig. 8G). Tumor-infiltrating CD8" T cells in
DRP-104-treated mice showed increased expression of activation
markers (CD44, CD69, and T-bet), as well as markers of stem-like
memory phenotype (TCF1, CD28, BCL6, EOMES, CD122, CD127,
and CD62L) (Fig. 8H). These phenotypic characteristics seemed to
be specific to infiltrating CD8" T cells as they were not detected in
the draining lymph nodes of treated mice (fig. S12, A and B). These
studies demonstrate that the antitumor response triggered by DRP-104
is strongly dependent on the ability of the drug to enhance the en-
dogenous immune response through a CD8-mediated mechanism.

DISCUSSION

Glutamine is a critical element of cancer metabolism driving many
cancer cells to “glutamine addiction” (46-48). Our recent studies
showed that antagonizing glutamine utilization with DON induces
tumor regression by a dual mechanism, including both starving can-
cer cells of glutamine to feed anabolism while simultaneously con-
ditioning the tumor microenvironment to enhance effector T cell
function (18), making glutamine starvation a particularly attrac-
tive therapy. Unfortunately, glutamine antagonists such as DON
have not been developed clinically mainly due to dose-limiting GI
toxicities. Here, we report the design of a dual promoeity glutamine
antagonist prodrug that is bioactivated in the tumor to release
DON (target site) while simultaneously bioinactivated to an inert
metabolite in GI tissues (toxicity site) (Fig. 9). This differential
metabolism of DRP-104 results in a prodigious 11-fold higher DON
exposure in the tumor versus the GI tract, leading to robust anti-
cancer activity with minimal GI toxicity. This novel prodrug design
is permitting the reentry of this robust metabolic inhibitor into clin-
ical trials.

The tolerability of chemotherapy, in part, depends on the selec-
tive vulnerability of tumor cells relative to normal tissue. In the case
of DON, with its broad metabolic effects, we hypothesized that a
targeted drug delivery mechanism would be needed to facilitate high
DON exposure in cancer cells while curtailing its systemic expo-
sure, especially to GI tissues, to improve its therapeutic index (49).
One popular targeting strategy is to develop nontoxic prodrug forms
of anticancer agents that can be bioactivated by the endogenous
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Fig. 7. DRP-104 enhances anti-PD-1 efficacy in MC38 tumor-bearing C57BL/6/CES1~"~ mice. DRP-104 (0.3 mg/kg DON equivalent, subcutaneously, 5 days per week,
four cycles), anti-PD-1 (100 ug, intraperitoneally, four doses), or the combination was administered to MC38 tumor-bearing C57BL/6/CES1~/~ mice from 10 to 36 days after
inoculation, after which all drug therapy was discontinued. (A) DRP-104 and anti-PD-1 monotherapy resulted in significant tumor growth inhibition as compared to vehi-
cle (P<0.05 and P<0.01, respectively), as did the DRP-104 and anti-PD-1 therapy combination (P < 0.01). Inhibition of tumor growth is shown until the first sacrifice.
(B) Administration of DRP-104, anti-PD-1, and the combination had no substantial effect on body weight throughout the experiment. Data are shown until the first sacrifice
(data for the entire experiment are shown in fig. S13). (C) Both DRP-104 and anti-PD-1 monotherapy resulted in enhanced survival as compared to vehicle (P < 0.001). When
DRP-104 was combined with anti-PD-1 therapy, the combination improved survival as compared to anti-PD-1 (P < 0.01) or DRP-104 monotherapy (P < 0.05). (D) Spider plots
of individual mice data treated with either vehicle, anti-PD-1, DRP-104, or anti-PD-1 + DRP-104 show a significant reduction in tumor rebound in the anti-PD-1 + DRP-104
combination-treated mice. (E) Mice initially cured with 2 weeks of DRP-104 monotherapy (0.1 and 0.3 mg/kg DON equivalent dose) were challenged with MC38 cells on

the opposing flank 60 days after the last dose of therapy. These mice showed complete rejection of tumor; spider plots of tumor volume are shown.

enzymes overexpressed in tumors (50-55). In the past decade, five
anticancer prodrugs have been approved by the U.S. Food and Drug
Administration including ixazomib citrate, aldoxorubicin, evofos-
famide, abiraterone acetate, and romidepsin (56, 57). Using a simi-
lar, yet distinct strategy, we synthesized a series of DON prodrugs
by installing dual promoieties (P1 to P8; fig. S1) that can be dis-
lodged by the enriched milieu of esterase and protease enzymes in
tumors (54, 58-62). Initial in vitro characterization revealed DRP-104
as the most promising prodrug with optimal stability profile and
tumor partitioning results (fig. S2), and thus, it was selected for fur-
ther evaluation.

DRP-104 was stable when incubated in plasma and GI tissue, re-
leasing negligible DON at these nontumor, off-target sites (Fig. 2, A to C).
In contrast, DRP-104 was markedly metabolized to DON in tumor
cells, resulting in similar cytotoxic effect (fig. S5). In vivo, when
administered to tumored mice, DRP-104 yielded a robust 11-fold
higher DON exposure in the tumor versus GI tissue (Fig. 2, E to G).
This magnitude of preferential, on-target delivery of a chemothera-
peutic agent is exceptional and is superior to many clinically available

Rais et al., Sci. Adv. 8, eabq5925 (2022) 16 November 2022

tumor-targeted prodrugs. For example, the oral fluoropyrimidine
prodrug capecitabine is preferentially converted to 5-fluorouracil in
target tumor tissue (by three-step activation), with the average con-
centration being 3.2-fold higher in tumor than in adjacent healthy
tissue (63). CPT-11 (irinotecan), a prodrug of camptothecin bioac-
tivated by carboxylesterases, shows similar plasma and tumor levels
of the active drug (64). Other examples of tumor targeting drugs are
combretastatin A4 phosphate (CA4P), exhibiting two- to threefold
higher tumor versus plasma delivery (65), as well as folic acid- and
Evans blue-conjugated paclitaxel prodrug with prolonged blood
circulation and enhanced two- to threefold drug accumulation in
tumor versus plasma (66).

In addition to the PK evaluation in the EL4 lymphoma model,
we used two biomarker strategies to confirm target engagement in
the tumor (fig. S6). DRP-104 administration resulted in a signifi-
cant increase in FGAR (>80-fold), an intermediate in the de novo
purine synthesis pathway known to be altered by DON (45), as well
as significant inhibition of GLS-1 activity, an enzyme that cata-
lyzes the conversion of glutamine to glutamate (41, 67). Moreover,
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DRP-104 PK was also confirmed in three other tumor types, where
it showed similar preferential tumor delivery of DON (fig. S7), sub-
stantiating broad specificity to tumor-enriched enzymes.

In vitro stability studies using protease inhibitors and recombi-
nant enzymes followed by extensive MET-ID studies were used
to elucidate the mechanism of DRP-104 metabolism. In GI tissue
homogenate, DRP-104 primarily exhibited de-esterification of its
isopropyl ester by carboxylesterases, yielding an inactive metabolite
M1 that was resistant to further hydrolysis (Fig. 3, D and G, and fig.
S4). This was confirmed using recombinant human CES1 enzyme
(fig. S9). In contrast, in tumor homogenate, while the de-esterified
metabolite existed, a second prominent pathway involving both de-
esterification and hydrolysis of the N-promoiety by a serine protease
was observed, resulting in the release of active DON (Fig. 3, Cand G).
Note that these studies were systematically designed to evaluate
the stability and PK of DRP-104 in C57BL/6/CES1™'~ mouse model

Rais et al., Sci. Adv. 8, eabq5925 (2022) 16 November 2022

recapitulating human prodrug metabolism; however, expression and
localization of enzymes can vary among different species (68, 69).
For example, CES1 enzyme is highly abundant in mouse intestine,
but it is not expressed in human intestine, which mostly expresses
CES2 (69). Such interspecies differences may have implications
in prodrug bioactivation, like that reported for other prodrugs of
approved cytotoxic agents (56, 63, 64, 70).

Efficacy evaluation at equimolar doses revealed that both DRP-104
and DON were equally efficacious in causing almost complete
tumor regressions; however, most (63%) of the DON-treated mice
required euthanasia based on Institutional Animal Care and Use
Committee (IACUC) weight loss guidelines; in contrast, the DRP-104
mice maintained their body weight throughout the study. On
necropsy, all DON mice showed extreme and widespread GI his-
tological abnormalities, whereas DRP-104-treated mice exhibited
minimal GI effects (Fig. 4 and fig. S10).
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To elucidate the mechanistic role of DRP-104 on cancer cell me-
tabolism, global metabolomics profiling was conducted in tumors.
DRP-104 treatment led to the perturbation of multiple metabolic
pathways (Fig. 6, A to E) including amino acid, nucleotide, and TCA
cycle metabolites. It affected downstream glutamine-dependent
metabolites in the TCA cycle and inhibited purine synthesis, result-
ing in a robust accumulation of FGAR, an intermediate in the de
novo purine synthesis pathway. The increase in FGAR is attributed
to the inhibition of PFAS, the enzyme that catalyzes the glutamine-
and adenosine triphosphate (ATP)-dependent amidation of FGAR
to formylglycinamidine ribonucleotide (44, 45). In further sup-
port, the levels of purine bases (e.g., adenine) and nucleosides (e.g.,
1-methyladenosine) also declined with DRP-104. DRP-104 treatment
affected amino acids including those in the tryptophan/kynurenine
pathway; for example, 3-hydroxykynurenine, a product of an indoleam-
ine 2,3-dioxygenase (IDO)-dependent pathway, was decreased (fig.
S11). This supports earlier findings that glutamine antagonism af-
fects IDO metabolism, and this mechanism is relevant to its efficacy
when combined with immunotherapy (71). In addition, several me-
tabolites in proline metabolism and dipeptides in collagen turnover
(table S3) (e.g., leucyl hydroxyproline) were affected by DRP-104
treatment, consistent with a previous report of DON affecting
collagen metabolism and extracellular matrix production (72). Last,
because untargeted metabolomics demonstrated significant effects
of DRP-104 on multiple TCA cycle intermediates, we confirmed
these observations using in vivo metabolic flux analysis with isoto-
pically labeled *Cs-glutamine. Mice treated with DRP-104 exhibited
inhibition in the enrichment of M+5 glutamate and M+4 ma-
late, fumarate, and succinate isotopologues compared to vehicle-
treated mice (Fig. 6F). Together, these metabolomic analyses
confirmed perturbations of relevant glutamine-dependent pathways
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in DRP-104-treated tumors, similar to that reported previously
with DON (18, 44). Further evaluation of prominently affected
metabolites, particularly those that are plasma measurable or could
be assessed by noninvasive techniques, could provide directions for
development of efficacy or target engagement biomarkers.

Given our recent observations that glutamine inhibition stimu-
lates antitumor immune response, we also assessed the efficacy of
DRP-104 in combination with anti-PD-1 immunotherapy. We had
observed previously that glutamine antagonism and PD-1 checkpoint
immunotherapy led to a robust enhancement of T cell efficacy in
tumor-bearing mice when compared with anti-PD-1 therapy alone
(18). Specifically, we showed that glutamine blockade, in addition
to disrupting tumor metabolic programs, can condition antitumor
CD8" T cells toward a more effective and long-lived phenotype. These
differing effects on cancer cells and corresponding CD8" T cells
were correlated with a higher degree of metabolic flexibility of CD8"
T cells compared with tumor cells. This was particularly evident in
the ability of CD8" T cells (unlike most cancer cells) to engage in
catabolism of acetate as an alternative fuel source for TCA cycle
function in the setting of glutamine blockade. Whereas cancer cells are
profoundly disabled through glutamine blockade, with suppressed
levels of both aerobic glycolysis and oxidative phosphorylation, CD8"
T cells can compensate and thrive by up-regulating acetate metabolism
(18). As such, glutamine blockade is able to drive a wedge between
the metabolic fitness of cancer cells and responding antitumor CD8"
T cells. These effects are dependent on broadly inhibiting glutamine
metabolic programs and, as such, are not observed during targeted
glutaminase inhibition with agents such as CB-839. In accord with
these findings, our studies demonstrated that DRP-104 robustly
synergized with anti-PD-1 checkpoint blockade and led to significant
improvement in tumor growth suppression and survival (Fig. 7).
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Furthermore, we showed that tumor responses during DRP-104
monotherapy were CD8" T cell dependent, and infiltrating T cells
demonstrated phenotypic changes consistent with a long-lived,
stem-like phenotype characteristic of a durable antitumor response
(Fig. 8). These changes established a robust immunologic memory
in DRP-104-treated mice, demonstrated by complete tumor rejection
upon rechallenge (Fig. 7E).

In summary, we report the discovery of a first-in-class prodrug
that exhibits divergent metabolism in target versus toxicity tissue
sites, leading to a well-tolerated glutamine antagonist with robust
anticancer efficacy. This novel approach of creating prodrugs that
simultaneously are enriched in target tissues and decreased in tissues
susceptible to toxicity has potentially broad application in altering
the therapeutic index of active yet otherwise toxic chemotherapies.

MATERIALS AND METHODS

Metabolic stability studies

Human and mouse plasma (WT) were purchased from Innovative
Research (Novi, MI). S9 fraction (intestine) was purchased from
XenoTech LLC (Kansas City, KS). Recombinant CES1 enzyme was
purchased from Sigma- Aldrich. Commercially available LC-MS-grade
solvents were purchased from Thermo Fisher Scientific (Fair Lawn, NJ).
The in vitro plasma (WT and C57BL/6/CES1”~ mouse, and hu-
man), S9 fraction (intestine), and GI tissue homogenate (C57BL/6/
CES17~ mouse) stability assays were performed following our pre-
viously reported methods (73). The stability of DRP-104 was moni-
tored by spiking DRP-104 at a concentration of 20 pM in 1 ml of
plasma. Stability in intestinal S9 fractions was assessed at 10 uM
with a final protein concentration of 1 mg/ml. For the C57BL/6/
CES1”~ mice GI homogenate studies, tissues were diluted [10-fold
in 0.1 M (pH 7.4) potassium phosphate buffer] and homogenized
using a probe sonicator. DRP-104 was incubated at a concentration
of 20 uM. For the recombinant CES1 enzyme stability, DRP-104
was incubated at 20 uM in tris buffer (50 mM, pH 7.5) with an en-
zyme concentration of 10 ug/ml. Spiked samples (in triplicate) were
incubated in an orbital shaker at 37°C for 1 hour (up to 3 hours
for CESI enzyme) and quenched with three volumes of acetonitrile
containing internal standard (IS; losartan: 0.5 uM). Samples were vortex-
mixed for 30 s and centrifuged at 10,000¢ for 10 min at 4°C. The
disappearance of DRP-104 over time was monitored using LC-MS/
MS. Briefly, samples were analyzed on a Thermo Fisher Scientific
Accela ultrahigh-performance liquid chromatography (UPLC)
system coupled to Accela open autosampler with an Agilent Eclipse
Plus column (100 mm x 2.1 mm internal diameter.; maintained at
ambient temperature) packed with a 1.8-um C18 stationary phase.
The autosampler was temperature-controlled and operated at
10°C. The mobile phase used for chromatographic separation con-
sisted of acetonitrile and water, both containing 0.1% formic acid.
Pumps were operated at a flow rate of 0.4 ml/min for 5 min using
gradient elution. Peak area counts of analyte and IS were measured
using TSQ Vantage triple-quadrupole mass spectrometric detector,
equipped with an electrospray probe set in a positive ionization
mode. Selected reaction monitoring was used for the quantitation
of DRP-104 by monitoring the transition pair of mass/charge ratio
(m/z) 414.169 to 285.185/130.058, and similarly, losartan was mon-
itored by the transition pair m/z 422.871 to 207.050/180.026. DON
liberated from DRP-104 was determined using our previously re-
ported method (74).

Rais et al., Sci. Adv. 8, eabq5925 (2022) 16 November 2022

MET-ID was performed on a Dionex UPLC system coupled with
Q Exactive Focus Orbitrap mass spectrometer (Thermo Fisher
Scientific Inc., Waltham, MA). The separation of analytes was achieved
using the Agilent Eclipse Plus column (100 mm X 2.1 mm inside
diameter; maintained at 35°C) packed with a 1.8-um C18 stationary
phase. The mobile phase consisted of 0.1% formic acid in water and
0.1% formic acid in acetonitrile. Pumps were operated at a flow rate
of 0.3 ml/min for 7 min using gradient elution. The mass spectrom-
eter controlled by Xcalibur software 4.0.27.13 (Thermo Fisher Sci-
entific) was operated with a heated electrospray ionization (ESI) ion
source in a positive ionization mode. Metabolites were identified in
the full-scan mode (from m/z 50 to 1600) by comparing ¢ = 0 sam-
ples with ¢ = 60 min samples, and structures were proposed on the
basis of the accurate mass information.

PKin mice

C57BL/6/CES1™~ mice were obtained as a gift from the United States
Army Medical Research Institute of Chemical Defense, Maryland,
USA, and breeding was performed in the Johns Hopkins animal
facility. PK studies in C57BL/6/CES1™~ mice were conducted ac-
cording to protocols reviewed and approved by the Johns Hopkins
IACUC in compliance with the Association for Assessment and
Accreditation of Laboratory Animal Care International (AAALAC)
and the Public Health Service Policy on the Humane Care and Use
of Laboratory Animals (PHS Policy).

Briefly, naive male and female C57BL/6/CES1™'~ mice (weighing
between 25 and 30 g) at 6 to 8 weeks of age were used. The animals
were maintained on a 12-hour light/12-hour dark cycle with ad libi-
tum access to food and water. EL4 mouse lymphoma cells were ob-
tained from the American Type Culture Collection, maintained as
previously described (74), and, upon confluence, were injected sub-
cutaneously (0.3 x 10° cells) in the right flank of the mice, and
tumor growth was monitored. Tumor volume was calculated using
the formula V = (L x W)/2, where V is the tumor volume, W is the
tumor width, and L is the tumor length, and mice with a mean
tumor volume around 400 mm” were considered for the PK study
(n = 3 mice per time point). Before dosing, the interscapular region
was wiped with alcohol gauze. DRP-104 formulation was prepared
freshly on the day of the study in a vehicle containing ethanol: Tween
80:saline (5:10:85, v/v/v) and was administered to mice as a single
subcutaneous dose of 2.6 mg/kg (1 mg/kg DON equivalent dose). The
mice were euthanized with carbon dioxide at specified time points after
drug administration, and blood samples (~0.8 ml) were collected in
heparinized microtubes by cardiac puncture. GI tissue and tumors
were removed and flash-frozen on dry ice. Blood samples were cen-
trifuged at a temperature of 4°C at 3000g for 10 min. Plasma (~300 pl)
was collected in heparin-coated polypropylene tubes, and all plasma
and tissue samples were stored at —80°C until bioanalysis.

DON bioanalysis was performed as we have previously described
(37, 74). Briefly, DON was extracted from samples by protein pre-
cipitation using methanol. Standards, quality controls, and samples
were mixed in tissue (5 ul/mg) with methanol containing 10 uM
glutamate-ds (IS) in low-retention microcentrifuge tubes, and tis-
sues were mechanically homogenized. Samples were vortex-mixed
and centrifuged at 16,000¢ for 5 min at 4°C. The supernatant (100 pl)
was transferred to a new tube and dried under vacuum at 45°C
for 45 min. To each tube, 25 pl of 0.2 M sodium bicarbonate buffer
(pH 9.0) and 50 pl of 10 mM dabsyl chloride were added. After vortex
mixing, samples were incubated at 60°C for 15 min to derivatize,
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followed by centrifugation at 16,000¢ for 5 min at 4°C. A 20-ul ali-
quot of the supernatant was transferred to a 96-well plate and diluted
with 80 pl of water. DON was analyzed by injecting 4 ul on a Dionex
UPLC system coupled with a Q Exactive Focus Orbitrap mass spec-
trometer (Thermo Fisher Scientific Inc., Waltham, MA). Separa-
tion was achieved at 35°C using an Agilent Eclipse Plus column
(100 mm x 2.1 mm inside diameter) packed with a 1.8-um C18
stationary phase. The mobile phase consisted of 0.1% formic acid in
water and 0.1% formic acid in acetonitrile. Pumps were operated
at a flow rate of 0.3 ml/min for 3.5 min using gradient elution. The
mass spectrometer was operated with a heated ESI ion source in a
positive ionization mode. Quantification was performed in a parallel-
reaction monitoring mode. Calibration curves were constructed
over the range of 0.03 to 100 nmol/ml plasma or nmol/g tissue with
naive sample-matched matrix.

For quantifying DRP-104 levels, plasma samples (25 pl) were ex-
tracted using a protein precipitation method by addition of 150 pl
of acetonitrile containing IS (losartan, 0.5 uM), followed by vortex
mixing for 30 s and then centrifugation at 10,000¢ for 10 min at
4°C. The GI and tumor tissues were diluted 1:2 (w/v) with acetoni-
trile containing the IS (0.5 uM), homogenized, then vortex-mixed,
and centrifuged at 10,000g for 10 min at 4°C. A 25-pl aliquot of the
supernatant was diluted with 25 ul of water and transferred to 250 ul
of polypropylene autosampler vials and analyzed using LC-MS/
MS. Calibration curves were prepared with naive plasma, GI, and
tumor tissues ranging from 0.001 to 50 nmol/ml. Linear regression
with 1/(nominal concentration) weighting factor was used for fitting
the calibration curve. A correlation coefficient of greater than 0.99
was considered acceptable in the analytical runs for all analyses.

Mean plasma and tissue concentrations of DRP-104 and DON
were analyzed using noncompartmental analysis method as imple-
mented in the computer software program Phoenix WinNonlin
version 8.2 (Certara USA Inc., Princeton, NJ). The maximum plasma
and tissue concentration (Cyay) and time to Cpay (Tmax) Were the
observed values. The area under the plasma and tissue concentra-
tion-time curve (AUC) values were calculated to the last quantifi-
able sample (AUC,.;) using the log-linear trapezoidal rule.

Metabolic stability studies using protease inhibitors

The stability analysis of DRP-104 was performed using EL4 tumor
homogenates and mouse intestinal homogenates with or without
the presence of protease class inhibitors (Cell Signaling Technology,
MA). Briefly, washed tissues were diluted 10-fold in 0.1 M potassium
phosphate buffer and homogenized using a probe sonicator. Each
of the crude homogenate was then aliquoted to 1 ml and was spiked
with specific concentrations of individual protease class inhibitor
(1 mM Pefabloc, 1.0 mM PMSEF, 0.8 uM aprotinin, 10 uM Bestatin,
10 uM E64, 100 uM leupeptin, 1.0 uM pepstatin A, 1x protease
cocktail, and 500 uM dichlorvos) or vehicle (control) followed by an
incubation of 15 min in an orbital shaker at 37°C. The incubated
homogenate was then spiked with 5 uM of DRP-104 and incubated
in an orbital shaker at 37°C for 1 hour (in triplicate). Sample from
each incubation at predetermined time points (0 min, 30 min, and
1 hour) was quenched with three volumes of acetonitrile containing
IS (0.5 uM). Samples were vortex-mixed for 30 s and centrifuged at
10,000¢ for 10 min at 4°C. Disappearance of DRP-104 was moni-
tored over time using LC-MS/MS as detailed in the “Metabolic sta-
bility studies” section. MET-ID was performed on a Dionex UPLC
system coupled with Q Exactive Focus Orbitrap mass spectrometer

Rais et al., Sci. Adv. 8, eabq5925 (2022) 16 November 2022

as detailed in the “Metabolic stability studies” section. Metabolites
were identified in the full-scan mode (from m/z 50 to 1600) by com-
paring ¢t = 0 samples with ¢ = 60 min samples, and structures were
proposed on the basis of the accurate mass information.

Antitumor and tolerability evaluation

C57BL/6/CES1”~ EL4 tumor-bearing mice were used for efficacy studies
following either DON (Sigma-Aldrich, St. Louis, MO) or DRP-104
administration by intravenous or subcutaneous route. Briefly, EL4
cells were injected subcutaneously (0.3 x 10°) in the right flank, and
tumor growth was monitored as described above. For the intravenous
cohort, the animals with a mean tumor volume of approximately
400 mm?® were randomized into three groups—vehicle, DON (1 mg/kg),
and DRP-104 (1 mg/kg DON equivalent dose; n = 8 per group). The
animals were dosed for 5 days per week for 2 weeks with simultane-
ous recording of the tumor volume using Vernier calipers (VWR,
USA), body weight, and mortality. The study was continued until
complete regression of the tumor was observed in the DON- and
DRP-104-treated groups. At the end of the study, blood samples (for
CBC) and Gl tissues (for histopathology) were collected for toxicity
evaluation. Similarly, for the subcutaneous dosing cohort, DRP-104
was dosed at 0.1, 0.3, and 1 mg/kg (DON equivalent dose) 5 days per
week with simultaneous recording of the tumor volume and body
weight. Again, GI tissue was collected for histopathology. In all cases,
mice were sacrificed when the tumor reached >4000 mm®, became
ulcerated or necrotic, or caused functional deficits.

Gl histopathology

GI tissues were isolated from the mice following the completion of
the antitumor and tolerability studies and fixed in 10% formalin be-
fore being transferred to 70% ethanol. Samples were then shipped
to IDEXX Bioanalytics (Columbia, MO) to be embedded in paraffin,
sectioned, and stained for hematoxylin and eosin. Blinded histo-
pathological review was performed, both by IDEXX and internally at
Johns Hopkins Medical Institute (JHMI), followed by quantification of
histological changes using a scoring rubric adapted from Erben et al.
(75) that included metrics of inflammation (0 to 3) and architectural
change (0 to 3), as detailed in fig. S10. Final images were acquired on a
Zeiss LSM 800 microscope (Zeiss, Germany) using the bright-field
settings and a magnification of x20.

Anti-PD-1 combination studies

MC38 cells were donated by CORVUS Pharmaceuticals (Burlingame,
CA). C57BL/6/CES1™"~ mice (n = 4 male and 3 female mice per
group; four groups) were injected subcutaneously on the right flank
with 5 x 10° MC38 tumor cells cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM)-based medium. Mice were monitored for
approximately 10 days to achieve the desired mean tumor volume
(~400 mm®). Animals were randomized in four groups (# = 7 mice
per group): (a) vehicle; (b) four doses of 100 pg of anti-PD-1 intra-
peritoneally on days 10, 12, 14, and 16 after inoculation; (c) DRP-104
at 0.8 mg/kg subcutaneously 5 days a week for 4 weeks; and (d)
combination of group b and group c. Tumor volume was calculated
as described above. Mice were sacrificed when the tumor reached
>4000 mm” in any dimension, became ulcerated or necrotic, or
caused functional deficits. Unless otherwise specified, average tumor
volume is depicted up until the time of the first sacrifice. For tumor
rechallenge experiments, CES1 knockout mice [treated with a lower
dose of DRP-104 (0.26 and 1 mg/kg)] that had undetectable tumors
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for >60 days were reinoculated with MC38 on the opposite flank.
Measurements were performed starting on day 6 after reinoculation,
and no further treatment was given. For CD8 depletion studies (also
performed in CES1 knockout mice), anti-mouse CD8p (clone 53-5.8)
and isotype control (rat immunoglobulin G1, clone HRPN) were
administered (5 mg/kg) on the day before implantation, the day
after implantation, and weekly thereafter. CD8 depletion was con-
firmed by flow cytometry.

TiL isolation

For TIL isolation experiments, mice were treated with DRP-104
(0.8 mg/kg per day) in 100 pl for days 21 to 24. For antigen-specific
T cell evaluation, OVA-expressing MC38 tumors were used in the
same manner as described above. Tumors were harvested from sac-
rificed mice on day 24 after tumor inoculation. Explanted tumors were
manually disrupted before incubating in collagenase type I (Gibco)
and deoxyribonuclease (DNase) (Roche) in RPMI for 30 min at
37°C. Tumor mixtures, spleens, and nondraining (left inguinal) and
draining (right inguinal) lymph nodes were dissociated through a
70-um filter and washed with phosphate-buffered saline (PBS). Tumor
suspensions were pelleted and resuspended in 40% Percoll solution,
which was underlaid with 80% Percoll in a 15-ml conical flask. After
centrifugation at 2000g for 30 min, the middle layer was removed,
washed in PBS, and counted.

Flow cytometry and intracellular staining

Antibodies against the following proteins were purchased from BD
Biosciences: CD69 (H1.2F3), CD122 (9TM-betal), BCL-6 (K112-91),
and CD127 (M1/69). Antibodies against the following proteins were
purchased from eBioscience: CD44 (IM7), EOMES (Danllmag),
Ki-67 (SolA15), KLRG1 (2F1), and T-bet (eBio4B10). Antibodies against
the following proteins were purchased from BioLegend: CD4
(RM4-5), CD27 (LG7F9), CD45 (30-F11), CD62L (MEL-14), PD-1
(29F.1A12), and Bcl2 (BCL/10C4). Phycoerythrin (PE)-labeled
tetramer (MBL) staining for OV A-specific T cells was performed at
a dilution of 1:50 before surface staining. Normal anti-TCF1/7
was purchased from Cell Signaling Technology. Fc Block (2.4G2) was
purchased from BioXCell. Fixable viability dye eFluor780 was
purchased from eBioscience; near-infrared fixable viability dye
was purchased from Invitrogen. Flow cytometry experiments were
performed on FACSCelesta (BD Biosciences) and analyzed using
Flow]o software (v.10.3, Tree Star Inc.). Intracellular staining was
performed with eBioscience Foxp3/Transcription Factor Staining
Buffer Set (Invitrogen).

Global metabolomic and *C;s-glutamine flux analysis

Metabolomic analysis was conducted on a satellite group of C57BL/6/
CES1™"" mice (n = 5 per group) bearing EL4 tumors treated with
DRP-104 subcutaneously (0.3 mg/kg DON equivalent/day for 5 days).
Tumors were harvested and flash-frozen in liquid nitrogen. Global
metabolite profiling on tumors was performed by Metabolon Inc.
(Durham, NC) using UPLC-MS/MS. Individual tumors were sub-
jected to methanol extraction and then split into aliquots for analy-
sis. The global biochemical profiling method is composed of four
arms consisting of reversed-phase chromatography positive ion-
ization methods optimized for hydrophilic compounds (LC-MS
Pos Polar) and hydrophobic compounds (LC-MS Pos Lipid), reversed-
phase chromatography with negative ionization conditions (LC-MS
Neg), as well as a HILIC remove chromatography method coupled
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to negative ionization (LC-MS Polar) (76). All of the methods alter-
nated between full-scan MS and data-dependent MSn scans. The
scan range generally covered 70 to 1000 m/z. Metabolites were iden-
tified by automated comparison of the ion features in the experi-
mental samples to a reference library of chemical standard entries
(77). LC-MS data on polar compounds were analyzed at Johns
Hopkins using Metaboanalyst 4.0 (78). Features with >51% missing
data were removed, and other missing variables were replaced by a
small value. Peak intensities were normalized to tissue mass-extracted,
log-transformed, and mean-centered before statistical analysis.

To assess the effect of DRP-104 on influx of glutamine-derived
metabolites to the TCA cycle, we performed in vivo '*Cs-glutamine
(Sigma-Aldrich, St. Louis, MO) flux analysis on mice bearing EL4
tumors treated with vehicle or DRP-104. Briefly, CES1™'~ mice with
established EL4 tumors were treated with vehicle or DRP-104
(0.3 mg/kg DON equivalent, subcutaneously) for 3 days. On day 4,
mice received treatment DRP-104 treatment or vehicle followed by
two tail vein injections of 13Cs-glutamine (200 mM dissolved in PBS
buffer) at 30 and 45 min after dose. Mice were euthanized 15 min
after the second dose (1 hour following DRP-104 treatment), and
tumors were harvested and flash-frozen. For analyses, metabo-
lites were extracted from tissues (50 to 100 mg) in methanol:water
(80:20, v/v) after homogenization. Samples were vortex-mixed and
stored at —80°C for at least 2 hours to allow protein precipitation.
Samples were thawed and centrifuged (15,000¢ for 10 min), and
supernatant was isolated and dried under nitrogen gas, followed by
resuspension in 50% acetonitrile solution. LC-MS-based metabolo-
mics profiling was performed on an Agilent LC-MS system. Chro-
matographic separations were performed using an Agilent 1290 UPLC
system with a well-plate autosampler (Agilent, Santa Clara, CA,
USA). An ion-pairing method was used using a C18 column (Agilent
Zorbax Extend C18, 2.1 mm x 150 mm, 1.8 um) with tributylamine
as an ion-pairing agent. The LC parameters were as follows: autosam-
pler temperature, 4°C; injection volume, 2 ul; column temperature,
40°C; and flow rate, 0.25 ml/min. The solvents consisted of solvent
A, 97% water/3% methanol containing 5 mM tetrabutyl ammonium
hydroxide (TBA) and 5 mM acetic acid, and solvent B, methanol
containing 5 mM TBA and 5 mM acetic acid. Analytes were sepa-
rated using a nonlinear gradient from 0% B to 99% B in 22 min with
5 min of postrun time. Samples were detected on a 6520 accurate-
mass quadrupole time-of-flight LC-MS system (Agilent) equipped
with a dual ESI ion source, operated in a negative-ion mode for
metabolic profiling. Data were acquired with MassHunter Acquisi-
tion software. A metabolite database with retention times based
on the ion-pairing method was developed using Agilent MassHunter
PCDL manager software. The isotopologue peak extractions, isotope
incorporation analysis, and natural abundance correction were
achieved by Agilent MassHunter Profinder software.

Statistical analysis

Animals were randomly assigned to treatment groups, and all ex-
perimental data were acquired under blinded conditions. Surviv-
al was analyzed by Kaplan-Meier curves and log-rank test, followed
by the Gehan-Breslow-Wilcoxon test for multiple comparisons. Com-
parisons between two treatment groups were conducted using an
unpaired Student’s ¢ test. Data are expressed as means = SEM or
SD. Probability values (P) less than 0.05 were considered to be sig-
nificant in all experiments. All data were analyzed with GraphPad
Prism 8.1.1.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abgq5925
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