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CANCER

Glutamine antagonist DRP-104 suppresses tumor
growth and enhances response to checkpoint blockade
in KEAP1 mutant lung cancer
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Loss-of-function mutations in KEAP1 frequently occur in lung cancer and are associated with poor prognosis and
resistance to standard of care treatment, highlighting the need for the development of targeted therapies. We
previously showed that KEAPT mutant tumors consume glutamine to support the metabolic rewiring associated
with NRF2-dependent antioxidant production. Here, using preclinical patient-derived xenograft models and anti-
genic orthotopic lung cancer models, we show that the glutamine antagonist prodrug DRP-104 impairs the
growth of KEAPT mutant tumors. We find that DRP-104 suppresses KEAP1 mutant tumors by inhibiting glutamine-
dependent nucleotide synthesis and promoting antitumor T cell responses. Using multimodal single-cell sequenc-
ing and ex vivo functional assays, we demonstrate that DRP-104 reverses T cell exhaustion, decreases Tregs, and
enhances the function of CD4 and CD8 T cells, culminating in an improved response to anti-PD1 therapy. Our
preclinical findings provide compelling evidence that DRP-104, currently in clinical trials, offers a promising thera-
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peutic approach for treating patients with KEAP1 mutant lung cancer.

INTRODUCTION

Somatic mutations found in cancers play an important role in pro-
moting tumorigenesis by driving multiple hallmarks of cancer in-
cluding metabolic rewiring and immune evasion (1-4). As a result,
precision medicine-based therapies that directly target driver muta-
tions or downstream dependencies have shown great promise (5-
10). Loss-of-function Kelch-like ECH-associated protein 1 (KEAPI)
mutations or gain-of-function nuclear factor erythroid 2-related
factor 2 (NFE2L2; also known as NRF2) mutations are found in
~20% of lung adenocarcinoma (LUAD) and in ~30% of lung squa-
mous cell carcinoma (LUSC) (11, 12). LUAD and LUSC are the two
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major histologic subtypes of non-small cell lung cancer (NSCLC).
KEAP1 is a negative regulator of NRF2 (13-17), a key transcription
factor that governs the cell’s antioxidant response (11, 12, 14, 17). In
LUAD, KEAPI mutant tumors respond poorly to checkpoint block-
ade (18-20) and are more resistant to KRAS®'?® inhibitors (10, 21,
22). Unfortunately, there are no clinically approved therapies that
specifically target KEAPI mutant LUAD.

Multiple preclinical studies have shown that KEAPI loss leads to
NRE?2 activation, which promotes LUAD progression and metastasis (2,
3,23-35). Our group previously demonstrated that NRF2 activation by
KEAP]I loss rewires cellular metabolism and generates a vulnerability
that can be targeted by glutaminase (GLS1) inhibition with CB-839 (2,
36). Furthermore, additional studies established that NRF2 activation
in multiple cancers drives a glutamine dependency (2, 37). However,
CB-839 showed limited efficacy in a clinical trial that enrolled patients
with KEAP] mutant lung cancer possibly because this compound tar-
gets only one of many glutamine-dependent reactions that are essential
for cancer growth. Therefore, the development of other therapies to tar-
get KEAPI mutant NSCLC remains a pressing clinical issue.

6-Diazo-5-oxo-L-norleucine (DON), a glutamine antagonist, pre-
viously showed promising antitumor effects (38). However, clinical
utility was limited due to adverse effects (39-42). Recently, DRP-104
(sirpiglenastat), a prodrug of DON, was developed as a new cancer
agent with reduced toxicity as its activation is dependent on two enzy-
matic reactions occurring in the tumor microenvironment (43, 44).
However, previous studies evaluating the efficacy of DRP-104 were
restricted to subcutaneous tumor mouse models without defined tu-
mor genetics (43, 44), and conducted in the absence of the native lung
microenvironment where antitumor immune responses and thera-
peutic responses can be drastically different (45). On the basis of our
earlier work (2, 46), we hypothesize that KEAPI mutant lung tumors
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would be highly sensitive to DRP-104 due to the increased glutamine
dependency of these tumors. Here, we use an antigenic orthotopic
lung cancer mouse model and patient-derived xenografts (PDXs) to
investigate the impact of DRP-104 on KEAPI mutant lung tumor
growth. We found that in these preclinical models, KEAPI mutant
tumors are highly sensitive to DRP-104, as compared to KEAPI wild-
type (WT) tumors. Using a systematic metabolomics approach, we
found that the cell-intrinsic sensitivity of KEAPI mutant tumors to
DRP-104 is primarily mediated by inhibition of nucleotide synthesis.
Furthermore, after a comprehensive immune analysis using flow cy-
tometry and multimodal single-cell sequencing [expanded cellular
indexing of transcriptomes and epitopes by sequencing (ExCITE-
seq)] in our orthotopic mouse model, we found that DRP-104 reduces
exhausted CD4 and CD8 T cell populations, enhances T cell cytokine
production, and augments the response to anti-PD1 checkpoint in-
hibitor therapy in Keapl mutant tumors. In summary, our research
establishes a convincing mechanistic rationale for the ongoing clinical
trial combining DRP-104 with checkpoint blockade in patients with
KEAPI mutant LUAD (NCT04471415).

RESULTS

KEAP1 mutant tumor growth is impaired by DRP-104

KEAPI mutant tumors have an increased glutamine dependency to
support the metabolic rewiring associated with activation of NRF2
(Fig. 1A) (2). In addition, CES], the enzyme that activates the pro-
drug DRP-104 into DON (fig. S1A), is an NRF2 target (Fig. 1A)
(47). We therefore suspected that KEAPI mutant tumors would be
highly susceptible to the glutamine antagonist DRP-104. To deter-
mine the effect of DRP-104 on Keapl mutant tumors, we trans-
planted murine Kras®'??"* p537/~ Keap1 knockout (KPK) cell lines
generated by CRISPR/Cas9 editing or Keapl WT (KP) cell lines
subcutaneously into immunodeficient mice. We observed that KPK
tumors were sensitive to escalating doses of DRP-104, while KP tu-
mors were resistant (Fig. 1B). Both cell lines were sensitive to DRP-
104 and DON in vitro, with KPK cell lines being more sensitive
(fig. S1B). Since DON failed in clinical trials due to its high toxicity
when delivered systemically, we monitored mice for adverse effects
during treatment with multiple doses of DRP-104 and observed no
evidence of weight loss or toxicity (fig. S1C). Our previous work has
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Fig. 1. KEAP1 mutant tumors are sensitive to DRP-104 in vivo. (A) KEAPT mutant tumors have enhanced NRF2 activity leading to metabolic rewiring and enhanced
glutamine uptake, potentially sensitizing them to DRP-104, the prodrug of DON. CEST, carboxylesterase 1. (B) Keap! WT or mutant Kras®'?>* p537/~ (KP) cells were sub-
cutaneously transplanted into nude mice (n = 15 per group). Mice were treated with either DRP-104 (2 mg/kg) or vehicle subcutaneously 5 days on, 2 days off. (C) KP cells
were transduced with an Nrf2 gain-of-function (GOF) vector or empty vector control and were subcutaneously transplanted into nude mice (n = 7 to 8 per group), and
mice were treated with either DRP-104 (3 mg/kg) or vehicle control. (D) Lung adenocarcinoma patient-derived xenografts (PDXs) were implanted into NSG mice. Mice
were treated with either vehicle control or DRP-104 (3 mg/kg), and tumors were measured over time. Relative response rate (tumor volume/average vehicle volume x
100%) over time is plotted. KEAPT WT and mutant PDXs are labeled. (E) Growth kinetics of the lung squamous cell carcinoma PDX LX640 treated with DRP-104 (3 mg/kg)
or vehicle control (n = 8 per group). (F and G) Schematic of orthotopic transplant lung cancer model. Keap1 WT or Keap1 R470C mutant KP cell lines expressing luciferase
were intravenously (IV) injected into C57BL/6 mice on day 0. On day 14, lung luminescence (p/s, photons/second) was measured and mice were randomized into treat-
ment groups (seven to nine mice per group) with either DRP-104 (3 mg/kg) or vehicle control. Tumor growth kinetics based on luminescence was measured (F), and sur-
vival data (G) are shown. Data are plotted as mean with SEM. For statistical analysis, two-way analysis of variance (ANOVA) was used for growth kinetics and log-rank test
was used for survival. ns, not significant; *P < 0.05, **P < 0.01, **#P < 0.001, ****P < 0.0001.
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demonstrated that loss of function of Keapl increases NRF2 tran-
scriptional activity and promotes glutamine addiction in LUAD
mouse models (2, 36). To determine whether sensitivity of KPK cells
to DRP-104 is due to this NRF2-mediated glutamine addiction, we
overexpressed a gain-of-function mutant of Nrf2, which has a dele-
tion in the Neh2 domain and cannot bind KEAP1 (2), in KP cells
and measured the sensitivity of this cell line to DRP-104 in vivo.
Consistent with the loss-of-function Keapl mutant tumors, we ob-
served that Nrf2 gain-of-function tumors were also sensitive to
DRP-104 (Fig. 1C). This finding demonstrates that NRF2 activation,
and likely the subsequent glutamine addiction it induces, sensitizes
cells to DRP-104.

KEAPI mutations frequently co-occur with serine/threonine ki-
nase 11 [STK11, also known as liver kinase B1 (LKB1)] mutations in
human LUAD, and the co-occurrence of these mutations is associ-
ated with resistance to therapies through unknown mechanisms
(19). To verify that the sensitivity of KPK tumors to DRP-104 is re-
tained with loss-of-function mutations in Stk11, we generated KPK
cells with loss of Stk11. When transplanted subcutaneously, these
Keap1/Stk11 mutant tumors were indeed also sensitive to DRP-104,
thereby demonstrating that Stk11 mutations do not induce resis-
tance to DRP-104 (fig. S1D). Furthermore, to investigate whether
Stk11 mutation status has an effect on DRP-104 sensitivity in the
setting of Keapl WT tumors, we treated Stk11 mutant KP tumors
and found that DRP-104 still had no antitumor effect (fig. S1E).

Given the substantial degree of genetic heterogeneity in patient
tumors, which may lead to drug resistance, we wanted to ascertain
the effectiveness of DRP-104 in multiple genetically defined PDX
models of NSCLC. To accomplish this, we tested seven LUAD PDX
lines (three KEAP1 WT and four KEAPI mutant), each with different
co-occurring mutations (fig. S2A). KEAPI WT PDX models did not
show a significant response to DRP-104 (TPX1, CTG1194, and
LX465) (Fig. 1D and fig. S2B). Remarkably, all four KEAPI mutant
PDXs (LX326, LX55a, LX337, and CTG743) demonstrated a robust
response to DRP-104 (Fig. 1D and fig. S2, C and D). Furthermore,
DRP-104 maintained long-term suppression of the KEAPI mutant
PDX CTG743, as demonstrated by significant tumor regression fol-
lowed by sustained maintenance of tumor growth inhibition during
an extended dosing period of 50 days without evidence of resistance
(fig. S2D). Withdrawal of the drug results in resumption of tumor
growth in this PDX, suggesting that, in an immunodeficient host, sus-
tained drug administration is required to maintain efficacy (fig. S2D).
Since NRF?2 activation by either loss-of-function mutation of KEAP1I
or gain-of-function mutation of NRF2 is observed in approximately
30% of LUSC, the other major subtype of NSCLC (11), we also tested
the therapeutic efficacy of DRP-104 in a LUSC PDX model (LX640)
with KEAPI mutation. Consistent with the LUAD PDXs, we ob-
served that DRP-104 suppressed the growth of KEAPI mutant LUSC
(Fig. 1E).

Previous work has demonstrated that treatment responses in the
lung can markedly differ from those in subcutaneous tissue, a dis-
crepancy partly attributable to antitumor immune responses (45).
In addition, inhibiting glutamine metabolism can have profound ef-
fects on immune cell function (48, 49). With this in mind, we sought
to evaluate the efficacy of DRP-104 using an antigenic orthotopic
lung transplant model that we have recently established (50). With
this model, we have demonstrated that KP tumor cell lines express-
ing a Keap1 loss-of-function point mutation (R470C) grow faster in
the lung than those expressing WT Keap1, primarily by suppressing
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CD8 T cell antitumor surveillance (50). Further using this model,
we transplanted Keapl R470C mutant or Keapl WT KP tumor cells,
each expressing luciferase, and continuously tracked the lung tumor
burden through bioluminescence imaging (Fig. 1F). Upon engraft-
ment of tumors in the lung, mice were treated with DRP-104 or ve-
hicle. Consistent with our subcutaneous in vivo model (Fig. 1B),
DRP-104 impaired the growth of Keapl R470C mutant lung tumors
(Fig. 1F) as well as significantly increased the median survival of
mice with Keapl R470C mutant lung tumors from 11 days to 35 days
(Fig. 1G). Overall, using both human and murine tumor models in
immunodeficient and immunocompetent mice, we demonstrate
that DRP-104 effectively inhibits the growth of KEAPI mutant lung
tumors and, in some cases, results in tumor regression.

DRP-104 impairs tumor proliferation by inhibition of
nucleotide synthesis

Glutamine is used in multiple biosynthetic pathways including nu-
cleotide synthesis, nicotinamide adenine dinucleotide (NAD) syn-
thesis, glutathione production, hexosamine pathway, and amino
acid synthesis, as well as for replenishing tricarboxylic acid (TCA)
intermediates via a-ketoglutarate (Fig. 2A) (51). We hypothesized
that DRP-104 has superior efficacy against KEAP] mutant tumors
compared to previous selective glutaminase inhibitors due to its
ability to target multiple glutamine-dependent metabolic pathways.
To probe the metabolic pathways affected by DRP-104, we per-
formed in vivo metabolomics using our KEAP] mutant (CTG743)
PDX model and harvested tumors after 5 days of treatment with
DRP-104 or vehicle (Fig. 2B). We have previously observed that CB-
839 primarily affected KEAPI mutant tumors through reduction of
intracellular glutamate via inhibition of GLS1 (36). However, our
liquid chromatography mass spectrometry (LCMS) analysis dem-
onstrated that while DRP-104 levels did increase glutamine levels,
DRP-104 treatment did not significantly reduce glutamate levels,
suggesting that inhibition of glutaminolysis is not a major effect of
DRP-104 in vivo (Fig. 2C) and acts through mechanisms distinct
from CB-839.

We then systematically investigated other metabolic pathways us-
ing glutamine (Fig. 2A) to identify the vulnerability of KEAPI mutant
tumors to DRP-104. Given that nucleotide synthesis plays a pivotal
role in cell proliferation, we next focused on the synthesis of purines
and pyrimidines. For purine synthesis, the generation of inosine mo-
nophosphate (IMP), the purine precursor for adenosine mono-
phosphate (AMP) and guanosine monophosphate (GMP), requires
glutamine as a nitrogen source (52) to generate formylglycinami-
dine ribonucleotide (FGAM) from formylglycinamide ribonucleotide
(FGAR) and this reaction is mediated by the enzyme phosphoribosyl-
formylglycinamidine synthase (PFAS) (Fig. 2D). We found that FGAR
abundance was significantly increased, while FGAM was significantly
reduced, in tumors upon DRP-104 treatment, suggesting that the ac-
tivity of PFAS was inhibited (Fig. 2E). Consistent with an inhibition of
the purine synthesis pathway, we found that inosine, AMP, and GMP
levels were both significantly reduced following DRP-104 treatment
(Fig. 2E). We then examined pyrimidine biosynthesis, which uses glu-
tamine as a substrate for synthesis of the pyrimidine ring (fig. S3A).
Orotate, an intermediate in pyrimidine synthesis, and downstream
metabolites uridine monophosphate (UMP) and deoxythymidine mo-
nophosphate (dTMP) were significantly reduced following DRP-104
treatment (fig. S3B). CTP was not reduced after treatment with DRP-
104 (fig. S3B), despite requiring glutamine for the generation of CTP
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Fig. 2. DRP-104 targets nucleotide metabolism in KEAPT mutant tumors. (A) Overview of glutamine-dependent pathways. (B) Schematic of in vivo metabolomics. After
implantation of the CTG743 (Keap1 mutant) PDX into NSG mice, treatment with DRP-104 (3 mg/kg) or vehicle control (n = 5 to 7 per group) was initiated. After 5 days of treat-
ment, tumors were collected for liquid chromatography mass spectrometry (LCMS). (C) Relative abundance of glutamine and glutamate as measured by LCMS from experi-
ment in (B). (D) Outline of purine biosynthesis where glucose is used to generate ribose-5-phopshate (R-5-P), FGAR, FGAM, IMP, AMP, and GMP. (E) Relative abundance of FGAR,
FGAM, inosine, AMP, and GMP as measured by LCMS in KEAPT mutant PDX tumors after treatment with DRP-104 (3 mg/kg). (F) Keap7 mutant tumor cells were treated with
DRP-104 (0, 0.5, or T pM) (n = 3 per group). After 24 hours, cells were incubated with either labeled 13C—glucose or 13C—glutamine for 1 hour and then cells were collected for
LCMS. (G) Fractional enrichment of FGAM, AMP, and dGMP for experiment outlined in (F). (H) Keap1 mutant tumor cells were pretreated with the nucleosides cytidine, hypo-
xanthine, uridine, thymidine, guanosine, and adenosine (0 to 0.25 mM) for 24 hours and then treated with DRP-104 (2 uM) or control medium for 120 hours (n = 3 per group).
Proliferation was measured by crystal violet. (I) Plot of nucleoside mix concentration versus relative proliferation of Keap T mutant tumor cells treated with DRP-104 normalized
to control cells. (J) Relative proliferation of DRP-104 or vehicle-treated Keap T mutant tumor cells after addition of either hypoxanthine or thymidine or both. Statistical analysis
was done by either Mann-Whitney test, Kruskal-Wallis test with Dunn’s multiple-comparisons test, or two-way ANOVA. #P < 0.05, **P < 0.01, **#P < 0.001, ****P < 0.0001.
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from uridine triphosphate (UTP). We next examined other glutamine-
dependent pathways beyond nucleotide synthesis. Glutamine is used
as a substrate in the hexosamine pathway to synthesize uridine diphos-
phate (UDP)-N-acetyl-glucosamine and is also required for the gen-
eration of asparagine, aspartate, and glutathione (Fig. 2A). Our LCMS
analysis demonstrated that UDP-N-acetyl-glucosamine and aspara-
gine levels were unchanged, but aspartate and glutathione were signifi-
cantly reduced by treatment with DRP-104 (fig. S3C).

To identify which synthetic reactions were affected by DRP-104,
we performed in vitro metabolic tracing by labeling DRP-104-treated
KPK tumor cells with either *C-glutamine or *C-glucose for 1 hour
(Fig. 2F). KEAPI mutant tumors replenish intracellular glutamate via
glutaminolysis mediated by the enzyme GLS1 (fig. S3D). Our tracing
analysis demonstrated that DRP-104 did not have any significant ef-
fect on glutamate M+5 fractional labeling by '*C-glutamine (fig. S3D),
further suggesting that DRP-104 does not markedly affect glutami-
nolysis. We chose to focus on the labeling of nucleotide synthesis in-
termediates given the alteration in purine and pyrimidine synthesis
intermediates induced by DRP-104 (Fig. 2E and fig. S3B). First, we
looked at labeling of intermediates of purine synthesis by *C-glucose
(fig. S3E) and found a trend toward a reduction in the FGAM M+7
fraction (Fig. 2G). In addition, there was a decrease in labeled AMP
M+5 and dGMP M+5 fraction (Fig. 2G), demonstrating that DRP-
104 impairs the biosynthetic reactions for these metabolites. Coincid-
ing with this, we found a reduction of FGAM and a trend toward
reduced levels of AMP and dGMP after 24 hours of DRP-104 treat-
ment (fig. S3F). Similarly, when examining labeled pyrimidines, we
found that DRP-104 reduced the labeling of UMP, dTMP, and CTP
(fig. S3G), suggesting that DRP-104 also impairs the synthesis of py-
rimidines. Consistent with the lack of changes in glutamate levels, we
also did not see any reduction in labeling of TCA intermediates such
as a-ketoglutarate, succinate, and fumarate (fig. S3H).

To determine whether impaired nucleotide synthesis was re-
sponsible for the reduction in tumor growth induced by DRP-104,
we investigated whether the addition of nucleosides could restore
the proliferation in treated Keapl mutant tumor cells. We pretreated
KPK tumor cells in vitro with a mix of nucleosides (cytidine, thymi-
dine, hypoxanthine, uridine, guanosine, and adenosine). After 24
hours of nucleoside pretreatment, we administered DRP-104 to the
KPK cells and measured their proliferation 5 days later (Fig. 2H).
Remarkably, the proliferation of DRP-104-treated KPK cells im-
proved drastically in a dose-dependent manner with increasing nu-
cleoside concentrations (Fig. 2I). To distinguish the necessity of
purines from pyrimidines in DRP-104-treated cells, we pretreated
KPK cells in vitro with either hypoxanthine, thymidine, or both.
Addition of the purine hypoxanthine, but not the pyrimidine thymi-
dine, rescued the proliferation of DRP-104-treated Keapl mutant
tumor cells (Fig. 2J), demonstrating that while both purine and py-
rimidine synthesis pathways are inhibited with DRP-104, the deficit
in purines drives the reduced proliferation observed.

To comprehensively evaluate the role of other metabolic deficien-
cies induced by DRP-104, we performed additional metabolite res-
cues. While loss-of-function mutations in KEAPI result in increased
expression of antioxidant pathways, our previous work has estab-
lished that the sensitivity to glutaminase inhibition is not due to in-
creased oxidative stress (36). Rather, CB-839 suppresses tumor growth
by reducing intracellular glutamate stores required for TCA cycle
anaplerosis (36, 53) and amino acid synthesis—a suppression re-
versible by either glutamate supplementation or blocking glutamate
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export through the transporter xCT using erastin (36). Contrary to
the effect seen with CB-839, addition of glutamate or erastin had no
impact on cell proliferation of DRP-104-treated KPK cells (fig. S31),
demonstrating that DRP-104s effect is not mediated through intracel-
lular glutamate depletion. Supplementation with cell-permeable o-
ketoglutarate [dimethyl 2-oxoglutarate (DMG)] or pyruvate also did
not improve cell proliferation, suggesting that DRP-104 does not in-
duce deficiencies in TCA cycle intermediates (fig. S3I). Finally, treat-
ment with the aspartate or the antioxidant Trolox also failed to rescue
DRP-104-treated cells despite having reduced aspartate and glutathi-
one levels (fig. S3, C and I). We therefore concluded that while DRP-
104 induces multiple metabolic deficiencies, its primary mechanism
of impairing the proliferation of KEAPI mutant tumors is through
inhibition of purine synthesis.

DRP-104 modulates antitumor T cell responses and
augments checkpoint blockade efficacy

The function of T cells is heavily influenced by nutrient availability.
Activated T cells are highly proliferative and use numerous metabo-
lites including glucose, asparagine, and serine (54-60). CD8 T cell
function is impaired in glutamine-depleted conditions (61, 62). Ad-
ditionally, differentiation of CD4 T cells into various subsets, includ-
ing T helper 1 (Tx1), Tu17, and T regulatory cells (Tyeg), is modulated
by the levels of glutamine and glutamate (49). Furthermore, previous
work has suggested that the efficacy of DON in vivo is partially medi-
ated by the enhancement of CD8 T cell function (48). Recently, de-
spite efficacy in preclinical models (2, 63, 64), blockade of GLS1 with
CB-839 had failed to show efficacy in clinical trials. One possible ex-
planation is that the beneficial effect of CB-839 on KEAPI mutant
tumors may be offset by potential negative effects on T cell function
(61). We therefore thought that it was necessary to evaluate the impact
of DRP-104 on the immune microenvironment of Keap! mutant lung
tumors. We first sought to determine whether T cell infiltration is al-
tered by DRP-104 in Keapl mutant lung tumors. To investigate this,
we performed immunohistochemistry for CD3 to quantify T cell in-
filtration of end-stage Keapl R470C mutant lung tumors. In vehicle-
treated mice, Keapl mutant tumors demonstrated immune exclusion
with very low intratumoral T cell infiltration (Fig. 3A). However,
DRP-104 significantly increased the infiltration of T cells into tumors
(Fig. 3A). These findings suggest that one of the mechanisms by which
DRP-104 might suppress tumor growth in vivo is by enhancing anti-
tumor T cell responses against Keapl mutant tumors.

We previously showed that CD8 T cell depletion had no impact
on Keapl mutant tumor growth using this model (50). To determine
whether T cells were now generating antitumor responses in the
context of the glutamine antagonist, we evaluated the effect of CD8
T cell depletion on DRP-104-treated Keapl mutant tumors. To do
this, we injected mice with Keapl R470C mutant cells via tail vein
injection. After tumors had successfully engrafted in the lung, we
treated mice with vehicle and isotype control, DRP-104 with isotype
control, or DRP-104 with anti-CD8-depleting antibody. In contrast
to our work where anti-CD8 antibodies had no effect on Keapl mu-
tant tumor growth (50), CD8 T cell depletion accelerated the growth
of Keapl R470C mutant tumors in the presence of DRP-104 (Fig. 3B),
suggesting that DRP-104 can activate antitumor T cell responses
against Keapl mutant tumors.

Patients with KEAPI mutant LUAD are known to have poor re-
sponses to checkpoint blockade (19, 65), and our previous work has
similarly demonstrated that this also holds true in our Keapl mutant
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Fig. 3. DRP-104 augmentsT cell infiltration and increases response rates to anti-PD1 therapy. (A) Immunohistochemistry staining for CD3 of mouse lungs with Keap1
R470C KP tumors treated with either DRP-104 or vehicle control. Intratumoral CD3 quantification is shown for individual tumors. (B) Keap1 R470C mutant KP tumor cells
were intravenously injected into C57BL/6 mice. After 10 days, mice were treated with either anti-CD8 or isotype control (150 pg intraperitoneally twice a week) and DRP-
104 or vehicle control (n = 4 to 6 per group). Lung tumor burden as measured by luminescence is displayed. (C and D) Keap1 R470C mutant KP tumor cells were intrave-
nously injected into C57BL/6 mice. After 10 days, mice were randomized into treatment conditions displayed in the schematic. Tumor burden was measured over time by
luminescence (n =5 to 7 per group) (C), and waterfall plot showing bioluminescence signal at day 11 relative to signal at treatment initiation is shown (D). (E) Survival of
mice shown from experiment outlined in (C). (F and G) Multi-color immunofluorescent staining of Keap 1 R470C lung tumors (F) after 5 days of treatment with DRP-104 (+
isotype), anti-PD1 (+ vehicle), the combination of both, or controls (vehicle + isotype control). Quantification of CD4 (yellow) and CD8 (red) intratumoral T cell populations
is shown for individual tumors (G). Data were analyzed by one-way ANOVA and Tukey’s multiple-comparison testing or log-rank test. *P < 0.05, **P < 0.01, ***P < 0.001,
##kEP < 0.0001.
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orthotopic tumor mouse model (50). Given our findings that DRP-
104 enhances T cell infiltration and induces T cell-mediated antitu-
mor responses (Fig. 3, A and B), we next asked whether DRP-104
can augment antitumor responses when combined with immuno-
therapy, the standard of care for advanced LUAD. Following the in-
jection of Keapl R470C mutant KP cells, we administered either
DRP-104 or a vehicle control to the mice, along with either anti-PD1
or isotype control antibody (Fig. 3C). Lung tumor burden was then
monitored via bioluminescence. Consistent with previous results,
tumor growth was impaired with DRP-104 (Fig. 3C). While anti-
PD1 alone dampened tumor growth, combination of anti-PD1 with
DRP-104 significantly reduced tumor growth (Fig. 3C). After 11
days of treatment, while DRP-104 generally slowed tumor growth,
combination therapy induced regressions in all treated mice at this
time point (Fig. 3, C and D). In an independent cohort, we found
that combination therapy markedly increased survival of mice with
Keapl mutant lung tumors (with a median survival difference ex-
ceeding 20 days) (Fig. 3E).

Given the increased infiltration of T cells and their functional im-
portance in suppression of tumor growth in response to DRP-104, we
next evaluated which T cell subsets were affected in the tumor microen-
vironment of animals treated with DRP-104 alone and in combination
with anti-PD1. We collected tumor-bearing lungs after 5 days of treat-
ment to minimize differences in immune infiltration associated with
disparities in tumor burden. Using multi-immunofluorescence, we
stained for CD4 and CD8 T cells and quantified the intratumoral popu-
lations (Fig. 3F). We found that both CD4 and CD8 populations were
increased with DRP-104-treated animals compared to the control
group (Fig. 3G). Anti-PD1 monotherapy resulted in an increase in CD8
infiltration without significantly altering CD4 infiltration (Fig. 3G).
While the combination of DRP-104 and anti-PD1 increased the infil-
tration of CD4 and CD8 T cells compared to the control arm, this infil-
tration was not significantly different than the DRP-104 single treatment
condition (Fig. 3G). The fact that combination therapy significantly
improved survival compared to monotherapy (Fig. 3E) despite compa-
rable T cell infiltration among the treatment arms (Fig. 3, F and G)
raises the possibility that the functionality of T cells is enhanced with
the combination of DRP-104 with anti-PD1 rather than simply increas-
ing the number of T cells. Our findings overall demonstrate that DRP-
104 exerts tumor-intrinsic effects by suppressing glutamine-dependent
metabolism while also promoting antitumor T cell responses, thereby
enhancing the efficacy of checkpoint blockade.

Multimodal sequencing identifies T cell populations altered
by DRP-104

Intratumoral T cells are a heterogeneous population composed of ef-
fector, exhausted, and memory CD8s, along with various CD4 T cell
subsets such as Ty1, Tul7, and Tieg. Given the general diversity of T
cell populations and our observation that DRP-104 may alter the func-
tionality of T cells, we chose to comprehensively examine the immune
microenvironment of Keapl mutant tumors using the multimodal
single-cell platform ExCITE-seq (66, 67) to identify immune popula-
tions that are affected by glutamine antagonism. EXCITE-seq uses
oligo-tagged antibodies to simultaneously provide surface epitope in-
formation along with gene expression at a single-cell resolution (66-
68). We treated mice with Keapl R470C mutant lung tumors with
DRP-104 and/or anti-PD1 and harvested whole lungs for single-cell
analysis after 5 days of treatment (Fig. 4A), a time point where tumor
burden differences among treatment arms are minimal (Fig. 3C).

Pillai et al., Sci. Adv. 10, eadm9859 (2024) 27 March 2024

Lungs were digested, and noncirculating CD45* immune cells and
tumor populations were sorted out and subsequently analyzed by
ExCITE-seq (Fig. 4A). Our initial clustering revealed a diverse subset
of immune populations including macrophages, neutrophils, B cells,
T cells, and natural killer (NK) cells (Fig. 4B). In general, we observed a
subtle increase in total T cell populations with combination therapy
(Fig. 4B), further supporting that functional changes may contribute
to the robust suppression in tumor growth by CD8 T cells opposed to
T cell numbers (Fig. 3B). We focused our single-cell analysis on lym-
phoid populations composed of T cells, NKT cells, NK cells, and in-
nate lymphoid cells (ILCs), with clustering of these populations shown
in Fig. 4C. Using antibody-derived tags (ADTs), we were able to iden-
tify CD4 and CD8 T cell populations (fig. S4A). When looking at rela-
tive gene expression in CD4 and CD8 T cells, we observed a clear
up-regulation of several genes associated with activation, such as
Cd44, Pdcdl, and Nkg7 brought about by DRP-104 and/or anti-PD1
(fig. S4B). Concurrently, we noticed a down-regulation of genes asso-
ciated with naive populations, such as Ccr7 and Sell (fig. S4B).

To gain greater understanding of the diverse adaptive immune
populations and transcriptional changes induced by DRP-104, we
subclustered the T cell, ILC, NK, and NKT cells into 18 subclusters
(Fig. 4C). Seven of these clusters were identified as CD4 T cells, and
four as CD8 T cells (Fig. 4C and fig. S4A). Differential gene expression
and ADT expression facilitated identification of these T cell popula-
tions (Fig. 4D and fig. $4, C and D). We identified four CD8 T cell
clusters, with two of these clusters (labeled CD8gy; and CD8gy,) coex-
pressing Lag3 and Pdcd1 (Fig. 4D), likely representing some degree of
exhaustion (69-72). These two exhausted T cell clusters distinguish
themselves, with CD8gy; displaying higher Ccl5 expression, while
CD8gy; expresses Tnfrsf9 (Fig. 4D), another marker of exhaustion. No-
tably, Ccl5-expressing CD8 T cells have previously been implicated
with a dysfunctional state and poor responses to anti-PD1 therapy in
orthotopic lung cancer models (45). Our data demonstrate that anti-
PD1 therapy expands these Ccl5-expressing dysfunctional CD8 T cells
(CD8gy1) (Fig. 4E) within the lungs of tumor-burdened mice, poten-
tially limiting the effectiveness of anti-PD1 therapies. However, addi-
tion of DRP-104 reduces this population, possibly facilitating more
effective antitumor responses (Fig. 4E). We also identified a memory
CD8 cluster (CD8em) expressing Ly6C (73) (fig. S4E) that is preferen-
tially expanded with combination therapy (Fig. 4E).

In a parallel manner, we looked at differences in CD4 subsets in-
duced by DRP-104, anti-PD1, or combination therapy. Quantification
of these subclusters revealed that the most markedly reduced CD4
population by DRP-104 is Tregs (Fig. 4E), which we have previously
shown to be enriched in Keapl mutant tumors (74). A similar change
in this population was observed both upon DRP-104 treatment and in
response to the combination therapy. Similar to CD8 T cells, we iden-
tified two CD4 populations with coexpression of Pdcdl and Lag3 ex-
pression (shown in Fig. 4D, labeled as CD4gy; and CD4gy; in Fig. 4, C
and E), suggestive of an exhausted state. Both of these exhausted clus-
ters, along with the Tox-expressing CD4rox cluster, were slightly de-
creased by DRP-104 treatment, but paradoxically expanded upon
combination therapy. However, combination therapy also expanded a
CD4 memory population (CD4pfem;), similar to memory CD8 T cells
(CD8pem) (Fig. 4E). In summary, our single-cell analysis demon-
strates that combining DRP-104 with anti-PD1 may alter the func-
tionality and transcriptional state of Keapl mutant tumor-infiltrating
CD4 and CD8 T cell populations, driving them from an exhausted
program toward a more functional effector/memory state.
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Fig. 4. ExCITE-seq identifies transcriptional changes in T cell populations with DRP-104 and anti-PD1 therapy. (A) Schematic of experimental design of acquisition
of samples for ExCITE-seq. Fourteen days after injection of Keap1 R470C mutant KP cells, mice were treated with DRP-104 (3 mg/kg) or vehicle and anti-PD1 (200 pg intra-
peritoneally every other day) or isotype control. Tumor-bearing lungs were digested after 5 days of treatment, and extravascular CD45" cells and tumor cells were sorted
for analysis by ExCITE-seq (n = 2 per group). (B) UMAP showing clustering of cell populations with quantification of immune subpopulations. (C) Subcluster showing T cell,
NKT cell, NK cell, and ILC populations, with subclusters labeled. (D) Violin plots showing expression of Pdcd1, Tnfrsf9, Lag3, and Ccl5 by T cell clusters shown in (C).
(E) Quantification of T cell subclusters stratified by treatment condition and normalized to total CD8 or CD4T cells.

DRP-104 enhances the effector function of CD4 and

CD8T cells

Our ExCITE-seq data revealed that DRP-104 and anti-PD1 therapy
had a marked effect on specific T cell populations, including Tegs,
and on the distribution of memory versus exhausted T cell subsets.
We then aimed to corroborate these findings and further character-
ize the functionality of T cells within the tumor microenvironment
of Keapl mutant lung tumors treated with DRP-104. We performed
multi-color flow cytometry on Keapl R470C mutant KP tumor-
bearing lungs (gating shown in fig. S5A) after 5 and 10 days of treat-
ment with DRP-104, anti-PD1, or the combination of both (Fig. 5A).
After 5 days of treatment, we observed a modest increase in CD3
T cells following combination therapy with anti-PD1 and DRP-104, in
comparison to untreated controls (Fig. 5B). Despite not being statis-
tically significant, this increase in T cell population is likely driven

Pillai et al., Sci. Adv. 10, eadm9859 (2024) 27 March 2024

by small increases in CD4 and CD8 T cell subsets (fig. S5B). Consis-
tent with our ExCITE-seq data, DRP-104 profoundly decreased the
proportion of Ty (Figs. 4E and 5C). Furthermore, we observed an
increase in CD8 central memory populations (identified by expres-
sion of CD44"* and CD62L") following DRP-104 treatment, which
was further augmented with addition of anti-PD1 (Fig. 5D).

We next shifted our focus on evaluating T cell exhaustion since
our ExCITE-seq analysis suggested that DRP-104 reduced T cell-ex-
hausted subsets (Fig. 4E). On the basis of several studies (69, 70, 72,
75-79), T cell exhaustion is a state of dysfunction associated with
expression of surface inhibitor markers such as PD1, TIM3, TIGIT,
and LAG3, with PD1/TIM3 coexpression denoting terminally ex-
hausted T cell populations (72, 80). This state is often characterized
by reduced functionality, typically manifested by impaired cytokine
production (69, 70, 72, 75-78). Although exhaustion has been most
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Fig. 5. DRP-104 reduces T cell exhaustion and enhances effector T cell function in vivo. (A) Schematic of experimental design. Keap1 R470C mutant KP lines were injected in-
travenously into C57BL/6 mice. Fourteen days after injection, treatment with DRP-104 (3 mg/kg) or vehicle and anti-PD1 (200 pg intraperitoneally three times a week) or isotype
control was initiated. Lungs were collected from tumor-bearing mice either 5 or 10 days after treatment initiation and analyzed by flow cytometry. (B to F) Flow cytometry quanti-
fication of (B) CD3 T cells, (C) Tregs (CD4* FoxP3* CD25™), (D) CD8* CD44* CD62L™ (central memory CD8T cells), (E) CD4* PD1* TIM3*, and (F) CD8* PD1 intermediate TCF7* popula-
tions after 5 days of treatment (n = 5 per group). (G and H) Flow cytometry analysis of PD1 *TIM3* populations for (G) CD4 T cells and (H) CD8 T cells with representative gating
after 10 days of treatment with DRP-104 (n = 3 to 6 per group). (I and J) Flow cytometry quantification of PD1* LAG3" for (I) CD4 T cells and (J) CD8 T cells (n = 3 to 6 per group)
after 10 days of treatment with DRP-104. (K to M) Representative gating (K) and flow cytometry quantification of IFNy and TNFa expression for PMA/ionomycin-stimulated (L) CD4
T cellsand (M) CD8T cells after 5 days of treatment with DRP-104 or vehicle and/or anti-PD1 or isotype control (n =5 per group). (N) Overview of effect of DRP-104 on KEAPT mutant
tumorsandT cells. Data were analyzed by either Mann-Whitney test or one-way ANOVA and Tukey’s multiple-comparison testing. *P < 0.05, **P < 0.01, ***P < 0.001, ***#*P < 0,0001.
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extensively studied in the context of CD8 T cells, similar gene ex-
pression profiles are also seen in exhausted CD4 T cells (75). Flow
cytometry analysis revealed that 5 days of treatment with DRP-104
significantly reduced the proportion of terminally exhausted PD1*
TIM3" CD4 T cells, but not TIM3* PD1* CD8 T cells (Fig. 5E and
fig. S5C). Unfortunately, likely due to the blocking effect of anti-PD1
therapy, we were unable to identify PD1* populations in mice treat-
ed with anti-PD1 therapy (fig. S5D). Despite not observing changes
in CD8" PD1" TIM3* T cells, we did find a reduction in PD1™
TCF7* CD8 T cells in DRP-104-treated animals (Fig. 5F), corre-
sponding to CD8-exhausted progenitor cells (71, 81-83). These pro-
genitor cells are thought to give rise to terminally exhausted T cells
but can also be rescued to differentiate into memory/effector T cells
(81, 82, 84). It is feasible that the increase in CD8 memory cells ob-
served with DRP-104 treatment is due to driving exhausted progeni-
tor CD8 T cells toward memory cell differentiation. Since T cell
exhaustion is induced by prolonged antigen stimulation (85) and
because of our observation that DRP-104 treatment reduced ex-
hausted progenitor CD8 T cells, we hypothesized that additional
days of DRP-104 treatment would drive a difference in the propor-
tion of terminally exhausted CD8 T cells. After 10 days of DRP-104
treatment, when we quantified terminally exhausted CD4 and CD8
populations, we observed that both terminally exhausted CD4 and
CD8 populations coexpressing PD1 and TIM3 (Fig. 5, G and H) or
coexpressing PD1 and LAG3 (Fig. 5, I and ]) were significantly
reduced.

A fundamental characteristic of T cell exhaustion is reduced T cell
function that is typified by decreased production of cytokines (70),
such as interferon y (IFNy) and tumor necrosis factor o (TNFa),
which are key effector molecules in antitumor responses. We have
previously demonstrated that these cytokines are suppressed in T cells
from Keapl mutant tumors compared to WT tumors (50). To assess
whether DRP-104 treatment improves the function of both CD4 and
CD8 T cells, we isolated T cells from Keapl mutant tumors treated
with DRP-104 and/or anti-PD1 and evaluated their cytokine produc-
tion after phorbol 12-myristate 13-acetate (PMA)/ionomycin stimu-
lation. Flow cytometry analysis revealed that CD4 and CD8 T cells
from DRP-104-treated mice had augmented IFNy and TNFa pro-
duction (Fig. 5, K to M), suggesting that the effector function of these
T lymphocytes was greatly enhanced by the drug. Specifically, we
find that DRP-104 treatment resulted in increased IFNy* TNFa"
double-positive T cells (Fig. 5, L and M). Anti-PD1 alone or the com-
bination of DRP-104 with anti-PD1 did not necessarily increase the
expression of these effector cytokines when compared to DRP-104
monotherapy (Fig. 5, L and M). In summary, using complementary
methods, including ExCITE-seq and functional flow cytometry as-
says, we established that DRP-104 not only targets tumor-intrinsic
purine metabolism but also diminishes Tyeg and exhausted T cell
populations that characterize Keapl mutant lung tumors. On the ba-
sis of these observations, we conclude that DRP-104 therapy enhanc-
es the functionality of antitumor CD4 and CD8 T cell responses,
resulting in overall improved outcomes when combined with anti-
PD1 therapy (Fig. 5N).

DISCUSSION

KEAPI mutations are frequently found in LUAD and are associated
with poor response rates to standard of care therapy (2, 12, 19, 65, 74).
Despite knowing the metabolic vulnerabilities of KEAPI mutant LUAD
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(2, 23, 36), there are currently no clinically approved treatments spe-
cifically targeting this mutation. The KEAPSAKE trial was a phase 2
randomized multicenter double-blind clinical trial comparing the ad-
dition of the glutaminase inhibitor CB-839 or placebo control to stan-
dard of care checkpoint blockade and chemotherapy for patients with
metastatic NSCLC with KEAPI or NRF2 mutations. The trial was ter-
minated due to lack of clinical benefit, and therefore, alternative ap-
proaches to targeting KEAPI mutant lung tumors need to be explored.
Here, using immunodeficient and immunocompetent orthotopic mu-
rine cancer models, we demonstrate that DRP-104, a broad-acting glu-
tamine antagonist, is efficacious against KEAPI mutant tumors by a
mechanism distinct from GLS1-selective inhibitors, such as CB-839.
Through our metabolomic analysis, we show that the intrinsic vulner-
ability of KEAPI mutant tumors to DRP-104 arises from the inhibition
of nucleotide synthesis. Using our recently developed antigenic ortho-
topic lung cancer model (50), we revealed that DRP-104 not only is ef-
fective in targeting Keapl mutant lung tumors but also, in combination
with checkpoint blockade DRP-104, led to significantly enhanced sur-
vival of mice compared to monotherapy. Using ExCITE-seq, we further
identified that DRP-104 treatment leads to notable reduction in Tregs.
In addition, combining DRP-104 with anti-PD1 reduces a previously
described Ccl5-expressing dysfunctional CD8 population (CD8gy;)
(45) while also expanding memory T cell populations (CD8per, and
CD4pjem1). We then validated that DRP-104 reduced exhausted T cell
populations and improved the functionality of T cells in the tumor mi-
croenvironment, as demonstrated by increased IFNy and TNF« ex-
pression. Overall, our work validates that Keapl mutant tumors are
sensitive to inhibition of glutamine metabolism by DRP-104, which
operates both through cell-intrinsic mechanisms and through en-
hancement of antitumor T cell responses.

We identified that the major cell-intrinsic mechanism that con-
tributes to the high sensitivity of KEAPI mutant tumors to DRP-104
centers on nucleotide synthesis. Previous studies from our laboratory
demonstrated that KEAPI mutant tumors are glutamine addicted
and depend on exogenous glutamine (2, 36). However, unlike CB-
839 that impairs glutamate-dependent anaplerosis, DRP-104 targets
multiple glutamine-dependent reactions in KEAP] mutant tumors.
Through a comprehensive metabolic analysis, we identified purine
synthesis as a major target of DRP-104. Moreover, supplementation
with nucleosides proved sufficient to rescue the DRP-104-mediated
inhibition of Keapl mutant cell growth. A second possible tumor-
intrinsic mechanism contributing to the sensitivity to DRP-104 is
due to the enzymatic activation of the prodrug by the enzyme CES1
to produce the active form DON. CES1I and the mouse ortholog ceslg
are transcriptional targets of NRF2 (2, 47). As a result, we speculate
that the tumor microenvironment of KEAPI mutant tumors could be
enriched with DON, the active form of DRP-104. This could poten-
tially lead to a significantly enhanced efficacy of the drug. Additional
work is needed to validate the role of NRF2 in CesIg expression and
DRP-104 sensitivity. CES1 expression could potentially serve as a
biomarker in any tumor type that is sensitive to DRP-104. A third
potential mechanism of KEAPI mutant sensitivity to DRP-104 is
through NRF2-mediated regulation of glutamine transporters.
NRF?2 is known to up-regulate a series of transporters that facilitate
glutamine uptake including SLC7A5, SLC38A6, and SLC3A2 (2,
86-89). Since DRP-104 and DON are structurally similar to gluta-
mine, the uptake of these drugs into KEAPI mutant tumors may be
enhanced through increased expression of these glutamine trans-
porters. Down-regulation of these transporters may also reflect a
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potential mechanism of resistance to DRP-104. Further work investi-
gating the role of NRF2-regulated glutamine transporters can be per-
formed through selective knockout of these transporters.

Targeting glutamine metabolism is a double-edged sword with
potential consequences to proliferating cells. Previous work has dem-
onstrated that T cell activation and proliferation is dependent on glu-
tamine (62). However, glutamine utilization has multiple effects on
T cell effector function (48, 61, 62, 90, 91). It has been suggested that
inhibition of GLS1, the enzyme that metabolizes glutamine to gluta-
mate, with CB-839 can either enhance or impair CD8 cytotoxic func-
tion (61, 90). Other work has demonstrated that GLS1 inhibition can
enhance Tyl cytokine production (49). The work presented here
does not delineate the mechanism in which DRP-104 may reduce
T cell exhaustion or enhance T cell function. One hypothesis, referred
to as “glutamine steal” phenomenon (91), is that tumors with gluta-
mine consumption can inhibit T cell function through depletion of
free glutamine in the microenvironment. Potentially, DRP-104 re-
verses this depletion by inhibiting glutamine consumption of KEAPI
mutant tumors and thereby increasing extracellular glutamine avail-
ability for metabolically active effector T cells. While this hypothesis
supports an indirect effect of DRP-104 on T cells, DRP-104 may also
have a direct effect on T cells. Previous work has evaluated the effect
of DON on T cells (48), but did not explore the effect of the prodrug
DRP-104. It is also not clear to what extent CES1 is excreted and able
to enzymatically activate DRP-104 in the extracellular space of the
tumor microenvironment, where it can directly affect T cell function.
Further work is needed to investigate the impact of DRP-104 on
T cells in a reductionist manner, to specifically examine the impact on
T cell activation, cytokine production, and exhaustion.

In summary, DRP-104 is a promising therapeutic agent that has
high efficacy in KEAP] mutant lung tumors. Our work demon-
strates that DRP-104 not only targets tumor-intrinsic vulnerabilities
via inhibition of nucleotide synthesis but also enhances the function
of antitumor T cells and can be combined with checkpoint blockade,
the current standard of care in NSCLC. These findings provide a
mechanistic rationale for the clinical trial (NCT04471415) using
DRP-104 in combination with checkpoint blockade in LUAD pa-
tients specifically with loss-of-function KEAPI mutations or gain-
of-function NRF2 mutations.

MATERIALS AND METHODS

Cell lines

KP and KPK cells used here were previously established (2). Stk11
knockout tumors were generated by transient transfection of PX458
(Addgene 48138) expressing a guide targeting Lkbl. Single green
fluorescent protein (GFP)—positive clones were selected, and Lkb1
loss was validated by Western blot. Nrf2 gain of function (Neh2 de-
letion), Keapl R470C mutant, and Keapl WT KP cell lines were
generated as previously described (2, 74). Cells were cultured in
Dulbeccos modified Eagle’s medium (DMEM) with 10% fetal bo-
vine serum (FBS) and gentamicin. Keapl R470C and Keapl WT KP
cells were maintained in hygromycin selection (800 pg/ml).

In vitro DRP-104 treatments and metabolic rescues

For cell viability assays, cells were plated in a white, opaque 96-well
plate with clear bottom at a density of 1000 cells per well in RPMI
1640 with 10% FBS. After attachment, DRP-104, CB-839, or DON
was added at the indicated concentrations. After 5 days, cell viability
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was assessed by CellTiter-Glo. For metabolic rescue experiments,
2000 cells per well were plated in a 12-well plate in RPMI 1640 with
10% FBS. Cells were pretreated with the indicated metabolites for
24 hours and then treated with DRP-104 for 5 days. Cells were
stained with a 0.5% crystal violet solution in 20% methanol. Plates
were then washed and dried, and crystal violet was eluted in 400 ml
of 10% acetic acid. Data are plotted as relative cell growth to vehicle-
treated control.

Tumor mouse models

All experiments were approved by the New York University (NYU) In-
stitutional Animal Care and Use Committee (IA16-01627). In vivo ex-
periments using KP, KPK, KP Nrf2 GoE, Stk11 mutant, and Keapl/
Stk11 co-mutant KP cells were performed using nude (JAX strain
#002019), NOD SCID Gamma (NSG; JAX strain #005557), of C57BL/6]
(JAX strain #000664) mice. Cells [100,000 cells in 100 pl of phosphate-
buffered saline (PBS)] were injected subcutaneously into each flank of
the mouse. Tumors were measured by calipers, and volume was calculated
based on 0.5 X length x width”. Once tumor volume was ~100 mm’,
treatment was initiated. For PDXs, tumors were implanted in the flank
of NSG mice as previously described (2). To generate orthotopic lung
tumors, Keapl WT or Keapl R470C KP cells expressing luciferase GFP
were injected intravenously (100,000 cells in 100 pl of PBS) into female
C57BL/6] (JAX strain #000664) mice and tumor burden was measured
by bioluminescence (PerkinElmer IVIS Spectrum In Vivo Imaging
System, D-luciferin, PerkinElmer #122799). Data were analyzed using
Living Image software.

Treatments and T cell depletion

Treatment with DRP-104 (1 to 4 mg/kg) or vehicle control (10%
Tween 80, 10% ethanol in 0.9% saline) was administered subcutane-
ously 5 days on, 2 days off. For anti-PD1 therapy, mice were admin-
istered anti-PD1 (29.F1A12, Bio X Cell BE0273) or isotype control
[rat immunoglobulin G2a (IgG2a), Bio X Cell #BE0089] (200 pg)
intraperitoneally three times a week. For T cell depletion experi-
ments, either anti-CD8 (2.43, Bio X Cell BE0061) or isotype control
(rat IgG2a, LTF-2, Bio X Cell BE0090) (150 pg) was administered
intraperitoneally twice a week once tumor burden was established by
bioluminescence. One day after administration of antibody, DRP-
104 (3 mg/kg) was injected subcutaneously 5 days on, 2 days off.

Metabolomics

For in vitro tracing, KPK tumor cells were plated at 100,000 cells per
well in a 12-well plate in RPMI 1640 with 10% FBS. Cells were treat-
ed with DRP-104 [0.5 to 1.0 pM or dimethyl sulfoxide (DMSO)] for
24 hours. The medium was then replaced with fresh RPMI contain-
ing either 11 mM [U"’C]-p-glucose or 2 mM [U"C]-L-glutamine
and cultured for 1 hour. Cells were collected and prepared for LCMS
as previously described (92). For in vivo metabolomics, CTG743
PDX tumors were implanted into NSG mice as described above. Af-
ter tumors were approximately 100 mm®, mice were treated with
either vehicle control or DRP-104 (3 mg/kg) for 5 days. Mice were
euthanized, and then tumors were dissected. Tumor tissue was im-
mediately flash-frozen in liquid nitrogen. Approximately 5 mg of
tissue was collected for analysis by LCMS. Tumor tissue was homo-
genized in metabolite extraction buffer [80% (v/v) ice-cold methanol
containing norvaline (1.4 pg/ml)] using Precellys. After homogeni-
zation, tissue samples were prepared for LCMS following the same
methods used for the in vitro tracing experiments described above.

110f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

Fractional enrichment was calculated as the peak area of an indi-
vidual isotopologue divided by the summed peak areas of all isoto-
pologues for that metabolite.

ExCITE sequencing

Mice were sedated with ketamine and xylazine and then were in-
jected with 2 pg of allophycocyanin (APC) anti-CD45 (2 pg per
mouse diluted in 100 pl of PBS, BioLegend 30-F11) retro-orbitally.
After 3 min, the chest of the mouse was opened. Lungs were re-
moved and each lobe was separated and cleaned. The lung lobes
were cut on a glass slide into small pieces and then digested [colla-
genase IV (Sigma-Aldrich, C5138), deoxyribonuclease I (Sigma-
Aldrich, DN25) in RPMI with 10% FBS] for 35 min at 37°C. Digestion
was stopped by addition of EDTA (1 mM). Digested cells were then
filtered into a single-cell suspension through a 100-pm filter. Red
blood cell (RBC) lysis was performed. Cells were then washed and
suspended in a staining buffer. Cells were then stained with live
dead staining (Zombie UV fixable viability dye, BioLegend #423107)
and phycoerythrin (PE)-Cy7 anti-CD45 (see the next section for
staining protocol).

Approximately 500,000 lung immune cells from each condition (two
mice per condition) were sorted as live* IV-CD45~ CD45", and 50,000
tumor cells were sorted as live" CD45~ GFP*. Sorted samples were mul-
tiplexed using cell hashing antibodies (BioLegend) and stained with
ADTs (see antibody table). Cells (25,000) from each treatment condi-
tion were pooled and loaded into 10X Chromium. Gene expression,
together with Hashtag oligo (HTO) libraries, was processed using Cell
Ranger (v5.0.0) in multi-mode. Cell-containing droplets were selected
using HTODemux function available in Seurat program. Unique mo-
lecular identifier (UMI) count matrices from each modality were im-
ported into the same Seurat object as separate assays. Viable cells were
filtered based on having more than 200 genes detected and less than
10% of total UMIs stemming from mitochondrial transcripts. HTO
counts were normalized using centered log ratio transformation before
hashed samples were demultiplexed using the Seurat:HTODemux
function. Protein counts were normalized using centered log ratio trans-
formation. RNA counts were normalized using Seurat:SCTransform
function with regressions of cell cycle score, ribosomal, and mitochon-
drial percentages. Multimodal integration was performed using the
weighted-nearest neighbor (WNN) method in Seurat. Briefly, a WNN
network was constructed based on modality weights estimated for each
cell using Seurat::FindMultiModalNeighbors function with top 40 and
top 30 PCs from normalized RNA and protein counts, respectively. A
shared nearest neighbor graph was then built based on the first 40 prin-
cipal components (PCs) followed by identification of cell clusters using
Leiden algorithm and Seurat::FindClusters function at multiple resolu-
tions to identify potential rare cell types. Cell types were annotated
based on canonical cell type markers and differential expressed genes of
each cluster identified using Seurat::Find AllMarkers function with a lo-
gistic regression model. Clusters expressing markers of the same cell
type were merged into a single cluster. Cell were then projected onto a
uniform manifold (93) using the top 40 PCs for visualization.

Flow cytometry and immunohistochemistry

Mice were euthanized, and lungs were digested into a single-cell
suspension as described above. Single cells were transferred to a 96-
well round bottom plate and resuspended in FACS (fluorescence-
activated cell sorting) buffer [0.5% bovine serum albumin (BSA),
0.1% sodium azide, and 1 mM EDTA]. Live/dead staining was
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initially performed per protocol (Zombie UV fixable viability dye,
BioLegend 423107). Cells were then blocked with Fc block (2.4G2,
Bio X Cell) for 10 min on ice. Antibody cocktail for surface staining
was then added for 15 min on ice, and then samples were washed
with FACS buffer. Cells needing intracellular staining for FoxP3
were fixed and permeabilized using the FoxP3 Staining buffer kit
(eBioscience 00552300). Intracellular Fc blocking was applied for
10 min on ice and then intracellularly stained with FoxP3 antibody
for 1 hour on ice. Cells were then washed and resuspended in FACS
buffer. For cytokine staining, single-cell suspension cells were plated
on a 96-well flat bottom plate. Cells were stimulated with PMA
(0.1 pg/ml, Sigma-Aldrich P-8139), ionomycin (1 pg/ml, Sigma-
Aldrich 1-0634), GolgiPlug (BD Biosciences 55029, 1:1000), and
GolgiStop (BD Biosciences 555029, 1:1000) for 4.5 hours in RPMI
with 10% FBS at 37°C. Next, cells were washed, transferred to a 96-
well round bottom plate, and resuspended in FACS buffer. Surface
staining was done as described above. Cells were then fixed with 2%
paraformaldehyde (diluted in FACS buffer) and then permeabilized
by 0.5% saponin (diluted in FACS buffer). Cells were blocked intra-
cellularly with Fc block and then stained for 1 hour with cytokine
antibody cocktail. Next, the cells were washed and resuspended in
FACS buffer. The samples were filtered with a 100-pm filter and then
run on BD LSRFortessa. Data were analyzed using Flow]Jo version 10.

For immunohistochemistry, tissues were fixed in 10% zinc for-
malin for 48 hours and processed through graded ethanol and xylene
and into paraffin in a Leica Peloris automated processor. The iterative
multiplex immunostaining protocol was performed on the Leica
BondRX automated stainer, according to the manufacturers’ instruc-
tions with the antibodies. Briefly, all slides underwent sequential heat
retrieval with either Leica Biosystems epitope retrieval 1 solution
(ER1, pH 6.0, AR9961) or retrieval 2 solution (ER2, pH 9.0, AR9640),
followed by primary and secondary antibody incubations and tyra-
mide signal amplification (TSA) with Opal fluorophores. Primary
and secondary antibodies were removed during heat retrieval steps,
while fluorophores remained covalently attached to the epitope.
Semi-automated image acquisition was performed on a Vectra Po-
laris multispectral imaging system at 20X. Whole slide unmixed
scans were viewed with Akoya Phenochart. Slides were analyzed us-
ing QuPath 0.2.3. Antibodies used are listed in table SI.

Statistics

Statistical analysis was performed using GraphPad Prism v9. All
data are expressed as mean plus SEM. Data were analyzed by statisti-
cal test indicated in figure legends. All tests were two tailed.

Supplementary Materials
This PDF file includes:

Figs.S1to S5

Table S1
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