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CANCER

The metabolic adaptation evoked by arginine enhances
the effect of radiation in brain metastases

Rossella Marullo't, Monica Castro’t, Shira Yomtoubian®*, M. Nieves Calvo-Vidal’,
Maria Victoria Revuelta', Jan Krumsiek®, Andrew Cho®, Pablo Cresta Morgado?, ShaoNing Yang’,
Vanina Medina’'%, Berta M. Roth®, Marcelo Bonomi'®, Kayvan R. Keshari®'"'?, Vivek Mittal>*,

Alfredo Navigante’t, Leandro Cerchietti'*+

Selected patients with brain metastases (BM) are candidates for radiotherapy. A lactatogenic metabolism,
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common in BM, has been associated with radioresistance. We demonstrated that BM express nitric oxide (NO)
synthase 2 and that administration of its substrate L-arginine decreases tumor lactate in BM patients. In a placebo-
controlled trial, we showed that administration of L-arginine before each fraction enhanced the effect of radiation,
improving the control of BM. Studies in preclinical models demonstrated that L-arginine radiosensitization is a
NO-mediated mechanism secondary to the metabolic adaptation induced in cancer cells. We showed that the
decrease in tumor lactate was a consequence of reduced glycolysis that also impacted ATP and NAD" levels. These
effects were associated with NO-dependent inhibition of GAPDH and hyperactivation of PARP upon nitrosative
DNA damage. These metabolic changes ultimately impaired the repair of DNA damage induced by radiation in

cancer cells while greatly sparing tumor-infiltrating lymphocytes.

INTRODUCTION

Brain metastases (BM) occur in 10 to 20% of adult patients with solid
tumors—melanoma, non-small cell lung cancer (NSCLC), and triple-
negative breast cancer (TNBC) in particular—accounting for up to
three quarters of metastatic brain lesions (I, 2). Development of BM
is associated with short overall survival (OS), and their occurrence
is a major cause of morbidity due to progressive neurologic deficits
that result in a reduced quality of life (2, 3). For selected patients,
this outcome can be improved by achieving greater local control
(1, 2). Radiation is the most common treatment received by patients
with BM, either as part of their primary treatment or with adjuvant
or palliative intent (1). Agents that increase the sensitivity of cancer
cells to radiation may further improve the control of the disease;
however, the blood-brain barrier represents a substantial pharma-
cological challenge for most compounds (I). Nitric oxide (NO) is a
gaseous, stable free radical with signaling activities that regulate phys-
iological and pathological processes. Relatively high concentrations
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of NO have been shown to induce chemo- and radiosensitization in
preclinical models and patients with solid tumors (4-9), and this ef-
fect has also been observed in hypoxic tumors (9-11). Although the
mechanism of the NO-induced radiosensitization is not fully eluci-
dated, it is currently accepted that NO can radiosensitize tumors by
increasing the tumor blood flow (TBF) and by decreasing tumor
oxygen consumption, an effect particularly relevant in hypoxic con-
ditions (8, 12-14).

An increase in NO content of tumors can be achieved by direct
use of NO donors or by stimulation of the endogenous pathway
producing this radical (15). Previous experiences with animal mod-
els and treatment of noncancer patients have shown that sponta-
neous and bioreductive donors provoke potentially severe side effects,
mostly as a consequence of systemic hypotension (15). Moreover,
systemic vasodilatation can decrease TBF, making tumors more hy-
poxic and acidic (16, 17) and potentially overruling the radiation
sensitizer property of NO. An alternative therapeutic strategy to in-
crease NO production is to administer L-arginine, the endogenous
substrate of NO synthase (NOS) (15). Of the three isoforms of NOS,
NOS2 is transcriptionally up-regulated in inflammatory conditions
and hypoxia; thus, it is more likely to be expressed in tumor tissues.
In estrogen receptor-negative breast cancer patients, NOS2 expres-
sion in primary tumors is associated with disease progression (18),
and in a murine xenograft model of TNBC, NOS2 activity is required
for developing BM (19). Although NOS-derived NO represents a
survival advantage for cancer cells (20), tumors must constantly fine-
tune the production of NO to avoid the cytotoxicity derived from
overproduction of NO and its metabolites (20-22).

Administration of r-arginine has been shown to increase NO
production and improve clinical parameters in patients with dis-
eases associated with endothelial dysfunction (23-25). Accordingly,
several studies in patients with genetic mitochondrial syndromes
such as MELAS (myopathy, encephalopathy, lactic acidosis, and
stroke-like episodes) have shown that administration of L-arginine
results in increased NO production, improved microcirculation in
the cerebral blood flow, and decreased frequency and severity of
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stroke-like episodes (26-28). Moreover, oral L-arginine is recom-
mended to reduce the risk of recurrent stroke-like episodes in
patients with MELAS (28). Together, these studies indicated that
L-arginine administration results in NO production at therapeutic
levels while minimizing unwanted hemodynamic effects associated
with pharmacological NO donors.

Here, we show that administration of oral L-arginine results in
radiosensitization and improved local control in patients with BM
from solid tumors for whom the standard of care involves radiation
therapy. In preclinical cancer models, we demonstrated that this ef-
fect is a consequence of an increased vulnerability to DNA damage in
NOS2-expressing cancer cells that results from NO-induced meta-
bolic suppression.
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RESULTS

L-Arginine decreases tumoral lactate content

in patients with BM

To exploit the arginine-NO axis to radiosensitize BM, we first as-
sessed the expression of NOS isoforms associated with tumors. The
expression of inducible NOS2 has been reported in cancer cells and
tumor microenvironment (TME) cells in lung and breast cancers
(18, 20, 29, 30), whereas NOS3 expression has been found limited to
tumor-associated endothelial cells (31). In a cohort of 42 patients with
BM derived from NSCLC (40%), TNBC (19%), and other solid tu-
mors (41%), we detected NOS3 expression in tumor-associated
blood vessels (see fig. S1A for a representative image) and NOS2
expression in both cancer and TME cells (Fig. 1A). Overall, 88% of
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Fig. 1.L-Arginine decreases tumor lactate concentration in BM. (A) Expression of NOS2 in 42 BM specimens. The Y axis indicates the percent of positive cells, the color scale
represents intensity of expression, and the shape represents different origins of the primary tumor. Representative immunohistochemistry images of two patients with BM
from NSCLC. Scale bars, 100 um. (B) NOS2 expression in MDA-MB-231 and MDA-MB-231-BrM2 cells treated with interleukin-6 (IL-6) and hypoxia (1% O,). (C) Hemodynamic
parameters obtained from five patients treated with a single oral dose of 10 g of L-arginine. (D) Plasma concentration of L-arginine obtained from patients in (C). (E) Quantifi-
cation of tumor lactate in BM before (PRE) and after (POST) administration of placebo (n = 5) and t-arginine (n = 5) taken 24 hours apart. (F) Representative magnetic resonance
spectrograms and corresponding images from a patient with BM treated with placebo (top) and 24 hours later with L-arginine (bottom). The arrow indicates the lactate peak.
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BM expressed NOS2 with 19% of them at high levels, with no asso-
ciation with the type of primary tumor (Fig. 1A). Because expres-
sion of NOS2 can be further induced by TME conditions common
in BM such as hypoxia and inflammation (32), we determined
whether these stimuli will further induce NOS2 expression. We used
the TNBC cell line MDA-MB-231 and its BM-derived cell line
MDA-MB-231-BrM2 (33) and exposed them to hypoxia [PO, (par-
tial pressure of oxygen) = 1%, 3 hours] or interleukin-6 (IL-6) (40 nM,
3 hours). We found that both stimuli, prevalent in the TME, increased
the expression of NOS2 in both cell lines (Fig. 1B).

We then investigated whether the vascular and metabolic effects
of L-arginine administration described in other clinical settings were
also evident in patients with BM. L-Arginine can be administered by
oral or intravenous routes (34); however, we considered the oral
route potentially more feasible in our intended clinical context. The
oral bioavailability of L-arginine in healthy subjects is around 62%
(35), and once in plasma, approximately 54% of the L-arginine is con-
verted to NO, while 5 to 6% contributes to synthesis of urea (36). As
a single dose in solution, L-arginine is tolerable between 5 and 10 g
(37). To assess whether 10 g of L-arginine was tolerable to BM patients
and sufficient to induce a significant increase in plasma levels, we
determined its pharmacokinetic profile in five patients with BM. Pa-
tients were premedicated for nausea and vomiting and received a
single 10-g oral dose of L-arginine in water solution. L-Arginine was
well tolerated, with patients reporting an unpleasant aftertaste.
There were no discernible effects on arterial tension or heart rate
during a 120-min observation (Fig. 1C). This dose was enough to
cause an increase in plasma L-arginine to 87.2 + 1.7 nmol/ml at 1 hour
from 61.1 + 0.8 nmol/ml at baseline, representing a mean 42% in-
crease (P < 0.001) (Fig. 1D). The tumor vascular effects of 10 g of oral
L-arginine were evaluated in five patients with BM. We determined
the tumor blood volume (TBV) and TBF by perfusion-weighted mag-
netic resonance imaging (MRI) before and 1 hour after r-arginine
administration. We found that although r-arginine did not significantly
change the TBF (pre: 0.82 + 0.58 versus post: 0.70 + 0.22, P = not
significant), the TBV significantly decreased after the treatment [pre:
1.92 £ 1.10 versus post: 1.00 = 0.37, P = 0.03, analysis of variance
(ANOVA); fig. S1B]. Noteworthy, the dispersion of the TBV mea-
surements also decreased after L-arginine treatment (a representative
case is shown in fig. S1B), which could be suggestive of a transient
homogenization in BM microvascular hemodynamics.

To determine tumor metabolic effects of L-arginine, we measured
the tumor lactate concentration, a biomarker and driver of radiore-
sistance by magnetic resonance spectroscopy (MRS). To allow an
adequate washout of the contrast agent, pre- and post-L-arginine
studies were performed 24 hours apart with the L-arginine (or pla-
cebo) administered on the second day 1 hour before the MRS scan.
To control for unspecific changes during this 24-hour period, the
patients were randomized to placebo (n = 5) or L-arginine (n = 5).
We found that the tumor lactate concentration was consistently and
significantly reduced after r-arginine administration compared to pla-
cebo (Fig. 1, E and F). Pre- and post-L-arginine tumor lactate con-
centrations were 430.4 = 27 pM versus 398.6 + 14 pM in placebo,
and 431.8 + 22.8 pM versus 213.2 + 20.3 pM in L-arginine patients
(P < 0.0001, ¢ test; Fig. 1E). To assess a possible contribution of di-
minished glucose uptake to this effect, we conducted fludeoxyglucose
(**F) positron emission tomography (PET) in BM patients before and
after administration of oral L-arginine (n = 5). E_PET scans were
performed at baseline on day 1 and 1 hour after the administration
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of L-arginine on day 2. We found no significant differences in
fludeoxyglucose uptake under these conditions (pre-1-arginine SUV™™:
10.9 * 3 versus post-L-arginine SUV™™: 11.2 + 5; a representative case
is shown in fig. S1C), suggesting that the decrease in lactate levels is
unlikely to be secondary to a decrease in the glucose uptake in BM but
rather consequent to decreasing lactate production in tumor cells.

L-arginine induces radiosensitization in patients with BM
Considering these findings, we conducted a proof-of-concept ran-
domized clinical trial to determine whether L-arginine increases the
effect of radiation therapy in patients with unresectable BM from
solid tumors. From 67 BM patients eligible for the study, 4 were ex-
cluded because they rejected the treatment, and the remaining 63 pa-
tients were randomized to oral L-arginine (10 g) (n = 31) or placebo
(n = 32) 1 hour before each radiation fraction (Fig. 2A). Radiation
treatment consisted of 32 Gy administered in 20 fractions of 1.6 Gy
bidaily, followed by a 22.4-Gy boost with the same fractionation
schedule. Overall, patients enrolled in the study had high-risk disease
because the majority had uncontrolled primary tumor, multiple
metastatic sites, and multiple BM (table S1). The median follow-up,
defined as the median interval from the end of the treatment to the
time of the analysis, was 5 months (range, 1 to 55 months). All patients
completed the whole-brain radiotherapy and were fully assessable
for toxicity and response.

L-arginine was well tolerated and did not increase short- or long-term
(after 6 months) adverse events (table S2). There were no L-arginine—
related grade 3 or 4 toxicities or deaths. The outcomes of the patients
treated with L-arginine and placebo for the intent-to-treat analysis
are shown in Table 1. The overall response rate was 22% (7 of 32)
and 77.4% (24 of 31) for placebo and r-arginine arms, respectively
(P < 0.001, Fisher’s exact test; Fig. 2B and Table 1). The symptomatic
response rate was 50% (16 of 32) and 93.5% (29 of 31) for placebo and
L-arginine arms, respectively (P = 0.002, Fisher’s exact test; Table 1).
There were more complete neurological responses in patients re-
ceiving L-arginine (29% versus 9.4% in placebo; P = 0.059, Fisher’s
exact test; Table 1). This translated into increased number of patients
free from neurological progression at 6 months in the r-arginine arm
compared to the placebo arm (82% versus 20%; P < 0.0001, Cox-Mantel
test; Fig. 2C). The median overall progression-free survival (PFS)
was 2 months (range, 0 to 4 months) and 5 months (range, 4 to 6 months)
for placebo and L-arginine arms, respectively (P = 0.0007, Cox-Mantel
test; fig. S2). The differences in duration of neurological and overall
PES between the treatment groups indicate that most of the patients
in the r-arginine group died as a consequence of the progression of
the extracranial disease. There were exceptional responders among
patients with no extracranial disease in the L-arginine arm (Fig. 2D).
Overall, these results indicate that oral r-arginine is a feasible and
possible effective strategy to induce radiosensitization in patients
with BM.

L-Arginine causes suppression of tumor metabolism

in preclinical TNBC models

To further characterize the metabolic changes induced by 1-arginine,
we conducted tumor metabolomic studies in the TNBC cell lines
MDA-MB-231 and MDA-MB-468 implanted in mice. Once tumors
reached palpable size, mice were randomized to receive either a mouse-
equivalent dose of oral L-arginine or vehicle; after 1 hour, the tumors
were extracted and processed for untargeted metabolomic analysis
(Fig. 3A). Compared to vehicle, L-arginine significantly changed the
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Fig. 2. L-Arginine improves the effect of radiation therapy in patients with BM. (A) Flowchart of clinical trial design with allocation results. (B) Overall responses as
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PD, progressive disease; SD, stable disease. (C) Kaplan-Meier curves of the probability of central nervous system (CNS) progression-free survival in L-arginine and placebo
arms. (D) Representative images from an NSCLC patient with BM enrolled in the L-arginine arm of the clinical trial.
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abundance of 92 and 89 metabolites in MDA-MB-231 and MDA-
MB-468 tumors, respectively (Fig. 3B). Arginine was among the
increased metabolites in the L-arginine-treated mice (P,gj < 0.0001
for both; Fig. 3C). Although this dose was enough to increase argi-
nine content in the tumors, there was evidence of certain degree of
metabolization by arginase as suggested by increased levels of orni-
thine and argininosuccinate (fig. S3). Similar to BM patients, L-arginine
also significantly reduced the levels of lactate in the TNBC xeno-
grafts (Fig. 3D).

Specific analysis of the glycolytic pathway indicated reduced lev-
els of metabolites downstream of glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (Fig. 3D), suggesting a reduced activity of
this enzyme. Reduced GAPDH activity can be a direct consequence
of NO-dependent GAPDH S-nitrosylation (38-40). In addition, the
reduction in nicotinamide adenine dinucleotide (NAD") (Fig. 3E) may
have also contributed to decreased GAPDH activity (40). L-Arginine
also decreased some of the tricarboxylic acid (TCA) cycle metabo-
lites (Fig. 3D) and ultimately affected energy production, as evidenced
by reduced adenosine 5’-triphosphate:adenosine 5’ -monophosphate
(ATP:AMP) and ATP:adenosine 5’-diphosphate (ATP:ADP) ratios
(Fig. 3, F and G). Overall, these data indicate that the reduction in
the lactatogenic phenotype of tumors upon L-arginine administra-
tion to patients and animal models is associated to a more extended
metabolic suppression.

L-Arginine suppression of tumor metabolism occurs

ina NOS2-dependent manner

Because NOS?2 is the main NOS isoform expressed by cancer cells (20),
we assessed its contribution to the metabolic effect of L-arginine. Can-
cer cell cultures are exposed to high concentrations of nutrients,
including arginine, making it challenging to directly translate doses
and timing from in vivo experiments. Thus, we first identified the
concentration of r-arginine that decreases lactate production in
cells with a magnitude like that observed in BM patients and animal
models. We exposed MDA-MB-231 and MDA-MB-231-BrM2 cells
to several concentrations of L-arginine for 1 hour and measured ex-
tracellular lactate levels. We observed a significant reduction in lac-
tate accumulation in both cell lines at 10 and 50 mM r-arginine
(Fig. 4A). 1-Arginine (50 mM) induced a more pronounced effect
on lactate levels without inducing cell death, and this dose was used
in subsequent experiments. We then exposed TNBC cells MDA-
MB-231 and MDA-MB-468 to L-arginine for 1 hour alone or in the
presence of the specific NOS2 inhibitor 1400W (41) and performed
a metabolomic analysis. Principal components analysis revealed
that exposure to L-arginine exerts a global effect on the metabolism
of cancer cells that was to a great extent reverted by the NOS2 inhib-
itor (Fig. 4, B and C). Analyses of specific metabolites revealed that
L-arginine affects the glycolytic pathway and the TCA cycle in a
manner similar to what was observed in the TNBC xenografts for
both cell lines (Fig. 4, D and E; fig. S4A; and table S3). Furthermore,
we observed a similar reduction in NAD* and in the ATP:AMP ra-
tio upon L-arginine (Fig. 4, D and E; fig. S4A; and table S3). Notably,
these metabolic effects were largely rescued by pretreatment with
the NOS2 inhibitor (Fig. 4, D and E; fig. S4A; and table S3). Because
in our clinical trial we used the reduction in tumor lactate as the
metabolic readout for the r-arginine effect, we determined whether
NOS2 mediated this effect using an extended panel of TNBC and
NSCLC cell lines. Thus, we exposed cancer cells to L-arginine for
1 hour alone or in combination with the NOS2 inhibitor 1400W
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and measured the extracellular lactate content. Inhibition of NOS2
was sufficient to rescue the L-arginine-induced lactate reduction in
all cell lines tested (Fig. 4F).

Our in vivo and in vitro metabolomic analyses favored a scenario
in which lactate reduction was a consequence of interference in the
glycolytic pathway, rather than increased aerobic use of glucose. To ex-
perimentally support this notion, we measured the effect L-arginine
on mitochondrial respiration in MDA-MB-231 cells. We found that
L-arginine did not increase the oxygen consumption rate (OCR) upon
treatment (Fig. 4G), and moreover, there was a mild decrease in the
OCR. Accordingly, there were not significant differences in the con-
sumption of glucose and glutamine in MDA-MB-231 cells treated
with L-arginine for 1 hour (versus p-arginine; fig. S4B).

Mitochondria and glycolysis are two major sources of ATP in can-
cer cells, and sustained depletion of ATP can lead to cell death. We
thus measured in real time the ATP production in MDA-MB-231
and MDA-MB-231-BrM2 cells upon L-arginine administration. We
observed a significant reduction in ATP content as soon as 10 min
after L-arginine treatment, an effect that was followed by a steady
but slow recovery (Fig. 4H). L-Arginine did not induce cell death
during this experiment (Fig. 4H), indicating that ATP depletion is
transient and insufficient to trigger substantial necrosis in these cell
lines. However, transient but biological relevant changes in
ATP:AMP ratio can induce signaling-dependent compensatory
mechanisms. We thus investigated the activation of the main cellu-
lar ATP:AMP sensor AMPK (AMP-activated protein kinase) in these
conditions. We found an increase in AMPK phosphorylation in MDA-
MB-231 and MDA-MB-231-BrM2 cells as soon as 10 min after L-arginine
administration (Fig. 4I), mirroring cellular ATP levels. Activation of
AMPK led to phosphorylation and inactivation of the key regulator of
fatty acid synthesis acetyl-coenzyme A carboxylase 1 (ACC1) (Fig. 4I).
Using our extended panel of cancer cell lines, we found that ATP
levels were partially rescued by a NOS2 inhibitor at early and late
time points (fig. S4C). These data demonstrated that the metabolic
suppression induced by r-arginine is largely NOS2 mediated and,
although profound, is of transient nature.

L-Arginine exposure results in NOS2-dependent GAPDH
nitrosylation and PARP hyperactivation

Our findings suggest that the metabolic effect of L-arginine is likely
secondary to NO-dependent changes in the activity of glycolytic en-
zymes. Exposure of MDA-MB-231 and MDA-MB-231-BrM2 cells
to L-arginine induced NO production as soon as 15 min after treat-
ment that lasted for at least 55 min (fig. S5, A and B). The biological
effects of NO are mediated by the generation of reactive nitrogen
species (RNS), among which peroxynitrite that can modulate
protein activity by S-nitrosylation (42). We therefore measured the
production of peroxynitrite in cells by designing a competitive assay
in which production of H,O, was assessed over time following ex-
posure to L-arginine, a cell-permeable superoxide dismutase 1 mimetic
(SOD1™™) compound, or both. We reasoned that arginine-induced
NO and SOD1™" would compete to react with superoxide, resulting
in the production of peroxynitrite or H,O,, respectively. Accordingly,
exposure to L-arginine significantly blunted the amount of H,O, pro-
duced upon SOD1™™ addition, indicating a significant peroxynitrite
production in MDA-MB-231 and MDA-MB-231-BrM2 cells by
L-arginine (Fig. 5A). This increase in peroxynitrite in cancer cells was
consequential as it was followed by extensive proteome S-nitrosylation
in MDA-MB-231 cells (Fig. 5B). Using our extended panel of cell lines,
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Fig. 5. L-Arginine generates peroxynitrate, GAPDH nitrosylation, and protein ADP-ribosylation. (A) Peroxynitrate levels in MDA-MB-231 and MDA-MB-231-BrM2
cells treated with vehicle, L-arginine, the SOD mimetic tempol (SOD1™™), or the combination of L-arginine and SOD1™™ for 15 and 55 min. (B) Total protein nitrosylation
in MDA-MB-231 cells exposed to L-arginine for 60 min. GSNO was used as a positive control. (C) SNO-GAPDH (and total GAPDH) in MDA-MB-231 and MDA-MB-468 cells
exposed for 60 min to L-arginine alone or in combination with the NOS2 inhibitor 1400W. GSNO was used as a positive control. (D) DNA damage levels assessed by comet
assay in MDA-MB-231 and MDA-MB-231-BrM2 cells exposed to vehicle or L-arginine for 60 min with and without Fpg. (E) Total mono- and poly—ADP-ribosylated proteins
in MDA-MB-231 and MDA-MB-468 cells exposed to L-arginine alone or in combination with the NOS2 inhibitor 1400W. (F) NAD" levels in MDA-MB-231 and MDA-MB-468

cells exposed to L-arginine alone or in combination with the PARP inhibitor olaparib. **P <0.001 and ***P < 0.0001.

we demonstrated that the global proteome S-nitrosylation was blunted
by the NOS2 inhibitor 1400W (fig. S5C). Because our metabolic data
showed impaired glycolysis and GAPDH can be transiently inhibited
by S-nitrosylation (40), we determined whether this effect was oc-
curring in our cells. We exposed MDA-MB-231 and MDA-MB-468
cells to L-arginine alone or in combination with the NOS2 inhibitor
1400W and determined S-nitrosylated (SNO)-GAPDH by the biotin
switch assay. The NO donor S-nitrosoglutathione (GSNO) was used
as a positive control. We found an increase in SNO-GAPDH levels

Marullo et al., Sci. Adv. 7, eabg1964 (2021) 5 November 2021

in both cell lines upon L-arginine administration (Fig. 5C). This
effect was rescued by the concomitant administration of the NOS2
inhibitor (Fig. 5C).

The NAD" depletion that we observed in our metabolic studies
can also inhibit the activity of GAPDH, reinforcing the inhibition
caused by S-nitrosylation (40). Decreased levels of NAD" can be a
consequence of PARP [poly(ADP-ribose) polymerase] hyperactiva-
tion secondary to a nitrosative DNA damage (43). We thus determined
whether L-arginine induces DNA damage in MDA-MB-231 and
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MDA-MB-231-BrM2 cells by the alkaline comet assay. Compared to
vehicle, we observed a significant increase in DNA damage level in
both cell lines treated with L-arginine for 1 hour (Fig. 5D). Such
difference was even more evident when the endonuclease Fpg was
used to detect oxidized bases in addition to DNA single-strand
breaks, double-strand breaks, and alkali-labile sites (Fig. 5D), sug-
gesting a high level of nitrosative damage. Next, under the same
experimental conditions, we determined PARP hyperactivation in
MDA-MB-231 and MDA-MB-468 cells by a proteome mono- and
poly-ADP-ribosylation assay. L-Arginine resulted in PARP hyper-
activation, an effect that was rescued by NOS2 inhibition (Fig. 5E).
To determine whether PARP hyperactivation contributed to NAD"
depletion, we exposed MDA-MB-231 and MDA-MB-468 cells to
L-arginine or the PARP inhibitor olaparib, alone or in combination,
and measured NAD" levels by a bioluminescence assay. Similar to
what was observed in metabolomic studies (Fig. 3D), L-arginine in-
duced a significant reduction in NAD™ levels in both cell lines,
an effect partially rescued by PARP inhibition (Fig. 5F). Overall,
these data support a model in which the metabolic effects of
L-arginine occur via NOS2-dependent generation of NO and subse-
quent induction of SNO-GAPDH and DNA damage with PARP
hyperactivation.

L-Arginine decreases the DNA damage repair capacity

of cancer cells

Although the transient metabolic suppression induced by L-arginine
may be insufficient to cause cell death, it could be critical for DNA
repair in cells sublethally damaged upon radiation. To test this no-
tion, we treated our panel of cell lines to either vehicle or L-arginine
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for 1 hour and then exposed them to increasing doses of gamma
radiation (1 to 6 Gy) followed by a colony-forming assay. As expected,
L-arginine alone did not affect colony formation in any of the cell
lines analyzed; however, L-arginine effectively sensitized cancer cells
to radiation treatment with SER-2Gy (sensitizer enhancement ratio
at 2 Gy) between 1.44 and 2.09 across all the cell lines (Fig. 6A). The
radiosensitization effect of L-arginine was maintained between frac-
tions of radiation administered 4 hours apart (fig. S6). As we showed
for the metabolic effects of L-arginine, its radiosensitization effect
was also rescued in all the cell lines tested by the administration of
the NOS2 inhibitor (Fig. 6B).

The metabolic suppression induced by L-arginine may impair
the synthesis of intermediates required for DNA repair. We thus mea-
sured the synthesis of DNA in MDA-MB-231-BrM2 cells exposed to
L-arginine for 1 hour alone or in the presence of the NOS inhibitor
Ng-monomethyl-L-arginine (L-NMMA). We found that L-arginine
significantly decreased DNA synthesis and that this effect was rescued
by L-NMMA (Fig. 7A). To measure how this will affect the capacity of
cancer cells to repair double-strand breaks, we first exposed MDA-
MB-231-BrM2 cells to vehicle or L-arginine for 1 hour followed by
ionizing radiation and determined YH2AX-53BP1 foci formation as
a marker of DNA double-strand breaks. As expected, ionizing radi-
ation induced YH2AX-53BP1 foci in these cells, an effect increased
by pretreatment with r-arginine (Fig. 7B). 1-Arginine alone did not
induce detectable foci in these cells. Then, using the same experimen-
tal conditions, we conducted an alkaline comet assay to assess the
capacity of cells for DNA repair. The level of unrepaired DNA was
quantified at 30 min and 4 hours after irradiation. We found that,
compared to vehicle, cells pretreated with r-arginine for 1 hour
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Fig. 6. L-Arginine radiosensitizes cancer cells in a NOS2-dependent manner. (A) Dose response curves of MDA-MB-231, MDA-MB-231-BrM2, MDA-MB-468, and H460
cells exposed to L-arginine for 60 min followed by a dose range of ionizing radiation. (B) Surviving fraction of MDA-MB-231, MDA-MB-231-BrM2, MDA-MB-468, and H460
cells exposed to vehicle or L-arginine for 60 min followed by 2-Gy ionizing radiation with or without the NOS2 inhibitor 1400W. *P < 0.01, **P < 0.001, and ***P < 0.0001.
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Fig. 7. L-Arginine decreases the DNA damage repair capacity of cancer cells. (A) DNA synthesis capacity determined by 5-bromo-2"-deoxyuridine (BrdU) incorporation in
MDA-MB-231 cells exposed to vehicle or L-arginine for 60 min with or without the NOS inhibitor L-NMMA. (B) Representative images of nuclear yH2AX and 53BP1 foci in MDA-MB-
231-BrM2 cells exposed to vehicle, L-arginine, ionizing radiation, or the combination. (C) DNA damage levels assessed by comet assay in MDA-MB-231-BrM2 cells exposed to ve-
hicle or t-arginine for 60 min followed by ionizing radiation (4 Gy). DNA damage was assessed at 60 min following L-arginine administration (baseline, before irradiation) and at
30 min and 4 hours following irradiation. (D) DNA damage levels in MDA-MB-231-BrM2 cells exposed to vehicle or L-arginine for 1 hour followed by etoposide for 2 hours. DNA
damage was assessed by comet assay at 1 hour after vehicle or L-arginine administration, at 2 hours after etoposide treatment, and at 1.5 and 6 hours after drug washing (recov-
ery). (E) Intratumor lactate concentration in the murine 4T1 TNBC orthotopic model. Mice were treated with vehicle or a mouse-equivalent dose of L-arginine administered by oral
gavage, and tumor lactate content was measured after 60 min by nuclear magnetic resonance (NMR). (F) Experimental design (left) to determine YH2AX levels by flow cytometry
in tumor cells (middle) and CD45* tumor-associated lymphocytes (right) isolated from the murine 4T1 TNBC orthotopic model. Mice were treated with vehicle or a mouse-
equivalent dose of L-arginine followed by ionizing radiation (2 Gy). Data are shown in viable cells (cleaved caspase-3"5©). *P < 0.01, **P < 0.001, and ***P < 0.0001. ns, not significant.

displayed significantly higher levels of residual unrepaired DNA To evaluate the effect of L-arginine in decreasing the DNA repair
damage at both time points following ionizing radiation (Fig. 7C).  capacity in vivo, we used the murine model of aggressive TNBC 4T1
Similarly, pretreatment with r-arginine for 1 hour (versus vehicle) (44). First, we determined whether the decrease in the lactatogenic
increased the level of unrepaired DNA when the chemotherapeutic ~ phenotype induced by oral L-arginine as we observed in BM patients
agent etoposide was used as a source of DNA damage (Fig. 7D). was recapitulated in this model. Once orthotopic TNBC 4T1 tumors
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were fully established, mice were randomized to vehicle (n = 5) or to
a mouse-equivalent oral dose of L-arginine (n = 5). After 1 hour of
L-arginine or vehicle administration, tumors were harvested and pro-
cessed to measure lactate concentration via nuclear magnetic reso-
nance (NMR). As observed in BM patients, L-arginine significantly
reduced the lactate content of these tumors (Fig. 7E). To evaluate the
capacity of cells to repair DNA damage in these conditions, we mea-
sured YH2AX foci by flow cytometry. Mice orthotopically implanted
with 4T1 were randomized to receive vehicle (n = 5), vehicle for 1 hour
followed by irradiation (n = 5), or mouse-equivalent dose of L-arginine
for 1 hour followed by irradiation (n = 5; Fig. 7F). After 6 hours follow-
ing 2-Gy ionizing radiation, tumors were harvested, and DNA damage
levels were assessed by quantification of YH2AX in isolated mCherry"/
CD45" tumor cells. Frank apoptotic cells positive for cleaved caspase-3
were excluded from the analysis. In vehicle-treated mice, cancer cells
from irradiated mice displayed higher levels of YH2AX compared
to nonirradiated mice, indicating residual unrepaired DNA damage
(Fig. 7F). The fraction of cancer cells sustaining unrepaired DNA dam-
age was significantly higher in mice receiving 1-arginine (versus irra-
diation alone, P < 0.05; Fig. 7F). At this time point, these cells are likely
sublethally damaged because the differences in YH2AX levels were not
due to increased apoptosis as determined by cleaved caspase-3 (fig.
S7). To evaluate whether noncancer cells are equally susceptible to can-
cer cells to the radiosensitizing effect of 1-arginine, we measured YH2AX
levels in tumor-infiltrating lymphocytes mCherry /CD45". While irra-
diation resulted in increased levels of DNA damage, the effect of adding
L-arginine was negligible in these cells (Fig. 7F). Overall, these data in-
dicate that, at clinically relevant doses, L-arginine impairs DNA dam-
age repair preferentially in cancer cells.

DISCUSSION
We report the effect of oral L-arginine as a radiosensitizer in solid
tumor patients harboring BM. We identified a dose of L-arginine that
was well tolerated and achieved better local disease control com-
pared to placebo in combination with bidaily radiation administra-
tion. Functional imaging analyses revealed a marked reduction in
lactate concentration in BM of patients after L-arginine administra-
tion, suggesting a potential metabolic effect on cancer cells. Using
preclinical models, we found that this reduction in the lactatogenic
phenotype of cancer cells was part of an extended sublethal meta-
bolic suppression associated with transient energy depletion. This
effect was mechanistically linked to metabolization of L-arginine to
produce NO through the isoform NOS2 that is expressed in cancer
cells. We determined that the ATP depletion was an ultimate conse-
quence of decreased glucose catabolism. Cells with high glycolytic
capacity, like most cancer cells, could partially compensate a decrease
in respiration-generated ATP with an increase in the glycolytic flux
(45). However, as we demonstrated in our models, NO can induce
S-nitrosylation of the enzymatic site of GAPDH preventing such
compensation (40). Furthermore, our metabolomic analysis suggested
that depletion of NAD* could be an additional factor contributing
to glycolysis inhibition (46). We showed that, in cancer cells treated
with L-arginine, NAD" depletion is partially a consequence of PARP
hyperactivation due to the DNA damage induced by NO metabolites
(47). In addition, increased lipid oxidation also alters the NAD:NADH
ratio particularly when cells cannot recover it from pyruvate (46).
At the molecular level, we found that r-arginine impaired
cancer cell’s ability to repair DNA damage, likely explaining the
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radiosensitization observed in BM patients. Impaired DNA damage
repair may be secondary to the transient metabolic suppression, as
we observed that r-arginine limited the capacity of cancer cells to
produce the intermediates required for DNA synthesis. Additional
mechanisms that may have contributed to the observed impair-
ment in DNA damage repair included the S-nitrosylation of DNA
damage repair proteins (48) and/or the generation of low-reparability
complex DNA lesions (49) due to the association of ionizing radia-
tion with nitrosative damage.

We speculate that the transient effect of L-arginine on cancer cell
metabolism has the potential advantage to avoid a complete metabolic
reprogramming and subsequent emerging of counter-regulatory mech-
anisms that could adapt cells to r-arginine administration. The relative
gain in the anticancer effect of radiation with 1-arginine administra-
tion was maintained between fractions of radiation administered
4 hours apart. In patients, together with minimizing post-radiation
hypoxia, this could have resulted in lower toxicity and likely higher
efficacy over less fractionated regimens. Nevertheless, the contribution
of L-arginine administration in relation to fractionation modalities has
not been fully explored in our studies. Furthermore, because L-arginine
was administered only for the duration of the radiation treatment, it is
unlikely that it would have exerted any systemic pro-inflammatory
effects.

Overall, our mechanistic studies indicate that the radiosensitiza-
tion effect of L-arginine observed in patients is mostly induced in a
cancer cell-intrinsic manner. This agrees with early reports show-
ing growth arrest in cancer cell lines supplemented with L-arginine
(50). On the contrary, other groups reported a radiosensitizing
effect of arginine deprivation therapies (ADIs) in other cancer types
(51-53). However, the radiosensitizing effect of ADI seems to be
largely dependent on whether cancer cells are auxotrophic for arginine
(53). Furthermore, most of these studies only used in vitro models,
thus excluding the potential contribution of cellular-extrinsic mech-
anisms. We observed a relatively stronger radiosensitizing effect in
patients compared to our in vitro models. In this regard, L-arginine
administration not only decreased the lactatogenic phenotype of
BM but also may have improved the tumor hemodynamics. In con-
trast to the physiological vasculature, the vascular morphology of BM
is highly irregular, presenting collapsed vessels and sinusoid-like cap-
illaries that may result in the coexistence of over-, normal-, and under-
perfused regions within the same tumor (54), thus creating hypoxic
and radioresistant areas. We observed that L-arginine administration
may had homogenized the microvasculature of BM, an effect that
could have improved BM oxygenation, thus promoting radiosensi-
tization (55). This could represent an advantage of L-arginine over
pharmacological NO donors and related molecules that tend to
acutely modify the systemic hemodynamic parameters potentially
lowering the TBF and increasing their hypoxic fraction (17).

An additional factor potentially contributing to the overall anti-
neoplastic effect of L-arginine is the resultant immune activation.
Early data suggested that subcutaneous L-arginine administration
inhibits the growth of rat mammary tumors (56). Furthermore, we
observed that L-arginine administration does not alter the amount
of radiation-induced DNA damage in tumor-infiltrating lympho-
cytes, indicating that our approach is unlikely to be detrimental for
immune cell activity. On the contrary, recent data demonstrated
that oral L-arginine administration in murine cancer models results
in improvement of metabolic fitness of T cells that are crucial for
antitumor responses (57). Although less likely to play a role in
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advanced cancer patients, the combination of antitumor immuno-
therapy with the radiosensitizing properties of L-arginine deserves
further study. The administration of L-arginine before radiation thera-
py reverses radiation-induced T cell- and B cell-dependent immune
dysfunction in mice (58). Although the mechanism is not fully elu-
cidated, we speculate that the decrease in lactate production from
cancer cells, as we demonstrated here was induced by L-arginine, may
have also contributed to improve the antineoplastic activity of tumor-
infiltrating lymphocytes (59). Regardless of the role of lactate in the
TME, our results demonstrating the impact of L-arginine administra-
tion on the lactatogenic phenotype of BM and its association with
acquisition of radiation sensitization suggest that assessment of tumor
lactate variation with MRS could be used as a noninvasive pharmaco-
dynamic biomarker for patient selection.

In summary, we showed that r-arginine administration directly
affects the metabolism of cancer cells affecting their capacity of sur-
vival upon sublethal DNA damage, a mechanism that we therapeu-
tically capitalized to increase the response to radiation therapy for
patients with BM.

PATIENTS AND METHODS

Clinical trial

A randomized clinical trial of placebo versus L-arginine followed by
whole-brain irradiation in patients with pathology-confirmed diag-
nostic of solid cancer and unresectable BM was approved by The
Angel H. Roffo Committees for Clinical Investigation and Ethics
(registration: NCT02844387). Eligibility criteria are as follows: Karnofsky
performance score =70, presence or absence of extracranial metas-
tases, presence or absence of controlled primary tumor, measurable
brain lesion/s by contrast-enhanced computed tomography (CT)
scan or MRI scan, no previous treatment for BM, absolute granulo-
cyte count >2000/mm?>, hemoglobin >9 g/liter (patients with lower
levels were transfused before the randomization), normal renal func-
tion (serum creatinine <1.5 mg/dl and 24-hour creatinine clearance
>60 ml/min), and normal hepatic function (aspartate aminotrans-
ferase and alanine aminotransferase <2.5 times the upper limit of
normal). All patients submitted written informed consent.
Treatment

L-Arginine was administered at 10 g per dose 1 hour before each frac-
tion of radiation. L-Arginine monohydrochloride was purchased from
the market (Drogueria Saporiti, Buenos Aires, Argentina) and pre-
pared by the hospital compounding pharmacy as lemon-flavoring
aqueous suspension to be reconstituted immediately before use to a
final volume of 200 ml per dose. Placebo consisted of 200 ml of lemon-
flavoring suspension prepared in the same manner as the active com-
pound. To prevent nausea and vomiting, methoclopramide was
administered 15 min before L-arginine or placebo. The whole brain
was treated by two lateral fields to a total dose of 32 Gy adminis-
tered in 20 fractions of 1.6 Gy bidaily with a 6-hour interval between
treatments for 10 days, followed by a 22.4-Gy boost over the evident
lesions with the same fractionation schedule for 7 days. All patients
were irradiated with 6-MV photons. The dose to organs at risk (i.e.,
spinal cord, optic chiasm, and brain stem) was limited to 40 Gy.
Dexamethasone was used at the lowest dosage required to maintain
patients at their maximum level of comfort and function. For patients
with no previous usage, concurrent administration of dexametha-
sone was allowed at a dose of 4.5 mg/day orally with a slow reduction
after radiotherapy. For patients with previous usage, dexamethasone
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dosage was decreased until symptoms increased or became apparent,
and then increased until they subside. For deteriorating patients,
rescue with dexamethasone (orally or intravenous) was allowed and
clinically recorded. All patients were followed up without further
treatment.

Response evaluation and adverse event reporting

Efficacy was assessed by response rate considering radiological,
symptomatic, and overall responses following the RECIST (Response
Evaluation Criteria in Solid Tumors) guidelines and by determining
PES, neurological PFS (NPES), and OS. Patients were observed until
death or were censored at the time that the study was closed for this
analysis. PFS, NPFS, and OS were calculated from day 1 of radiation
therapy to documented disease progression or death, documented
neurological progression or death, and death, respectively. The in-
vestigators’ determinations of tumor response and disease progression
were used in the data analysis. The U.S. National Cancer Institute
Common Terminology Criteria for Adverse Events (CTCAE) was
used to score treatment toxicity.

Metabolic and vascular profiling of BM

Lactate in BM was determined by MRS baseline and, followed by a
contrasting agent washout period of 24 hours, after 1 hour of oral ad-
ministration of 10 g of L-arginine or placebo. MRS data were obtained
by using a double spin-echo point-resolved spectroscopy (PRESS)
sequence with one-pulse water signal suppression mainly from
metabolically active areas of the lesions while avoiding contamination
from scalp fat. Appropriate automatic shimming and water suppres-
sion were achieved by using 4- to 8-Hz linewidth and 1-kHz spectral
width. Spectroscopic data from cubic volumes of 1.5 cm x 1.5 cm X
1.5cm to 2 cm X 2 cm X 3 cm were obtained by using the PRESS
sequence with 1500/135 ms, 128 to 256 averages, 1024 data points,
and 4000-Hz spectrum width. In most examinations, a voxel size of
2 cm x 2 cm X 2 cm was used. The time domain signal intensity was
apodized and processed to remove the residual water signal. Post-
processing of the MRS data consisted of frequency shift and phase
and linear baseline corrections after Fourier transformation. In most
cases, these processes were automatic, but where spectra appeared
distorted, manual processing was used, particularly for phase and
baseline corrections. Frequency domain curve was fitted to Gaussian
line shape by using the software provided by the manufacturer to de-
fine N-acetylaspartate, choline-containing components, and creatine-
phosphocreatine peaks. Lactate peak was calculated at 1.35 parts per
million (an inverted $3-methyl doublet). The lactate assignment was
made based on an inverted doublet due to J coupling of lactate-bound
protons at a echo time (TE) of 135 ms. Lactate values were calculated
automatically from the area under the peak by using the standard
commercial software program provided by the manufacturer. BM
vascularization was estimated by perfusion-weighted MRI with an
intravascular gadolinium contrast bolus (0.1 mmol/kg at 5 ml/s fol-
lowed by saline flush) using a GE Signa scanner (GE Healthcare). The
following parameters were determined: TBF (volume of blood pass-
ing through a given amount of tissue per minute), TBV (volume of
blood in each amount of tissue), signal time to peak (STP), and mean
transit time (MTT) of the contrast bolus. A relative TBV map was
derived on a pixel-by-pixel basis from the dynamic image sets using
the manufacturer’s software. Parameters were obtained from whole
lesions and from normal white/gray matter used for normalization.
Glucose uptake was determined using fludeoxyglucose (**F) PET/CT
scanning using a Discovery STE16 machine (GE Healthcare). Patients
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were scanned after 4-hour fasting with normal glucose blood levels.
Baseline and post-r-arginine studies were done 24 hours apart.

Immunohistochemistry

Immunohistochemistry was performed following standard pathology
protocols in deparaffinized BM tissues from deidentified patients
using mouse monoclonal anti-NOS2 (C-11) and mouse monoclonal
anti-NOS3 (A-9) both from Santa Cruz Biotechnology. Evaluation
and scoring were independently made by at least two investigators.
Percentage of positive tumor cells and intensity of staining (by using
an ad hoc scale from 1 to 4) were used to determine the total score.

Cell lines and compounds

The TNBC cell lines MDA-MB-231 and MDA-MB-468 and the NSCLC
cell line H460 were purchased from the American Type Culture
Collection (ATCC). The MDA-MB-231-BrM2 cell line was obtained
from J. Massague (Memorial Sloan Kettering Cancer Center, New York,
NY). The mouse TNBC cell line 4T1 was obtained from Vivek Mittal
(Weill Cornell Medicine, New York, NY). Identification was done
once a year by genotyping, and mycoplasma was tested quarterly by
polymerase chain reaction (PCR). Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (human and murine TNBC
cells) or RPMI 1640 medium (NSCLC cells) supplemented with fe-
tal calf serum and antibiotics (penicillin and streptomycin) or with
alow-buffered DMEM medium with no Hepes and supplemented with
1 mM phosphate buffer (pH 7.2) in certain experiments. L-Arginine
and p-arginine were purchased from Sigma-Aldrich and dissolved
in RPMI 1640 (adjusting the final pH to 6.8 to 7.2). The competitive
NOS inhibitor N”-monomethyl-L-arginine and the NOS2 selective
inhibitor 1400W dihydrochloride were purchased from Sigma Chem-
ical and Enzo Life Science, respectively. Compound solutions were
prepared fresh for each experiment.

NOS2 expression in breast cancer cells

Cells were exposed to hypoxia (1% O,) or IL-6 (40 nM) for 3 hours,
after which total RNA was isolated by TRIzol reagent (Invitrogen). One
microgram of RNA for each condition was converted to complemen-
tary DNA (cDNA) using the Verso cDNA Synthesis Kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Quantitative
reverse transcription PCR was carried out in 384-well plates using the
7900HT Fast Real-Time PCR System (Applied Biosystems). A dissoci-
ation curve analysis was performed for each sample to verify PCR
specificity, and no template samples were used as negative control. NOS2
messenger RNA fold change was calculated by the AAC; method using
RPLPO as an internal control and vehicle-treated cells as a calibrator.

Mice experiments

All animal work was conducted in accordance with a protocol ap-
proved by the Institutional Animal Care and Use Commiittee at Weill
Cornell Medical College. In these studies, the mouse equivalent dose
(MED) of the human dose of 10 g of L-arginine was considered as
1.75 g/kg (corrected for body surface area). Pharmacological grade of
L-arginine monohydrochloride was purchased from Sigma-Aldrich
and reconstituted in aqueous suspension with pH adjusted to 6.5 to
7.0 immediately before administration. For studies using human xeno-
grafts, 6- to 8-week-old female severe combined immunodeficient
(SCID) mice were subcutaneously injected in the flank with 10" human
breast cancer MDA-MB-231 or MDA-MB-468 cells. When tumors
reached a palpable size (approximately 75 to 100 mm?), mice were
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randomized in two treatment arms to receive one dose of either vehicle
(n =5) or a MED of r-arginine (n = 5) via oral gavage. After 1 hour,
mice were euthanized, and tumors were harvested and processed
for metabolomic analysis. For studies using murine breast cancer
model, 6- to 8-week-old female BALB/c mice were injected in the
mammary fat pad with 5 x 10° 4T1 cells expressing mCherry. For
intratumor lactate content, mice were randomized to receive vehi-
cle (n=5) or a MED of1-arginine (n = 5) via oral gavage and tumors
were harvested after 60 min. Metabolite extraction from 100 mg of
wet tissue and subsequent NMR analysis were performed as previ-
ously described (60). For DNA damage assessment, mice (n = 15) were
first randomized to receive vehicle (n = 10) or a MED of L-arginine
(n = 5) via oral gavage; vehicle-treated mice were further random-
ized to no irradiation arm (n = 5) or ionizing radiation arm (n = 5).
After 60 min following vehicle (n = 5) or L-arginine (n = 5) admin-
istration, mice were exposed to 2 Gy of gamma radiation. After 6 hours,
tumors were harvested and processed for downstream analysis.

Metabolomic assays

For xenograft metabolomics, we processed 100 mg of tissue per
condition by grinding in liquid nitrogen. Polar metabolites were ex-
tracted by adding 500 pl of cold high-performance liquid chroma-
tography (HPLC)-grade 80% methanol and subsequent incubation
at —80°C for 4 hours. Samples were then spun at 14,000 relative centri-
fuge force (rcf) for 20 min at 4°C, and the supernatant was concentrat-
ed by using a speed vacuum. For cancer cell metabolomics, 2 x 10°
MDA-MB-231 and MDA-MB-468 cells were exposed to vehicle or
the NOS2 inhibitor 1400W (50 uM) for 1 hour; subsequently, cells
from each group were exposed to vehicle or 50 mM r-arginine for 1
hour and polar metabolite was extracted as mentioned above. Polar
metabolites were detected by ultrahigh-performance liquid-phase
chromatography coupled with tandem mass spectrometry. Liquid
chromatography/mass spectrometry (LC/MC), data extraction, quality
control, and compound identification were performed by WCM
Proteomic and Metabolomic Core Facility. For all metabolomic as-
says, five biological replicates per conditions were used. Metabolites
with more than 20% missing values and nonidentified metabolites
were excluded. Data were quotient-normalized (61), and all metabolite
concentrations were converted to log, before statistical analysis.
Statistical analyses were performed in R 3.6.3 by using the maplet
toolbox (https://github.com/krumsieklab/maplet). Treatment effects
for each metabolite were assessed using paired f tests. False discovery
rate (FDR) control according to Benjamini and Hochberg (62) was
used to correct for multiple hypothesis testing.

Cellular lactate production

L-Lactate in the culture medium (serum-free low-buffered DMEM)
of TNBC cells treated with vehicle or L-arginine (10 and 50 mM
for 1 hour) alone or in combination with the NOS2 inhibitor 1400W
(50 uM) was determined using an assay kit (BioVision, K607-100)
following the manufacturer’s instructions. Culture medium samples
were filtered using a 10-kDa molecular weight spin filter (BioVision).
Lactate concentration was derived from the colorimetric [optical
density (OD) at 570 nm] measurement using a standard curve.

OCR and substrate consumption assay

OCR was measured by using the Seahorse XF96 Extracellular
Flux Analyzer (Agilent). Briefly, cells were seeded on Cell-Tak
(BD Biosciences) precoated XF96 plates, spun at 40g, and incubated
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in an XF incubator without CO; for 25 min to ensure cell reattach-
ment. Measurements were taken before the addition of any inhibitor
(basal respiration) and after the sequential injection of 1 uM oligo-
mycin (for ATP-linked respiration), 0.5 uM FCCP (carbonyl cyanide
p-trifluoromethoxyphenylhydrazone) (for maximal respiration),
and 1 uM rotenone/antimycin A (for nonmitochondrial oxygen
consumption). Glucose and glutamine consumption was measured
by using a BioProfile Basic analyzer (Nova Biomedical) according to
the manufacturer’s instructions. A well without cells and with the
same medium under the same culture conditions was used as refer-
ence to estimate the glucose and glutamine consumed by cells.

ATP levels

ATP was determined using CellTiter-Glo (Promega) according to
the manufacturer’s protocol. Cells were seeded in triplicate for each
condition and exposed to either vehicle, L-arginine (50 mM), or the
NOS2 inhibitor 1400W (50 uM), alone or in combination, for the
indicated times. The fraction of viable cells in each well was deter-
mined by CytoTox-ONE Homogeneous Membrane Integrity assay
(Promega). Luminescence and fluorescence were measured using a
Synergy4 microplate reader (BioTek).

NOS activity assay

The production of nitrite and nitrate was used to quantify the activ-
ity of NOS in lysates from cells grown in DMEM culture medium
and treated with vehicle or L-arginine for 1 hour using an assay kit
(NOS assay, BIOXYTECH) following the manufacturer’s instructions. Cell
lysates were prepared from flash-frozen cells in phosphate-buffered
saline (PBS) buffer (pH 7.4) using mechanical disruption and filtered
using a 10-kDa molecular weight spin filter (BioVision). Total nitroso
compound concentration was derived from the colorimetric (OD at
540 nm) measurement using a standard curve and was used to cal-
culate the enzyme activity (expressed as nmol/min per ml).

NO/RNS levels

Kinetic analysis of NO/RNS levels was performed by incubating the
cells with 4-amino-5-methylamino-2',7'-difluorofluorescein diace-
tate (5 uM) or 2’-7’-dichlorodihydrofluorescein diacetate (10 uM)
for 30 min at 37C°. L-Arginine (50 mM), the competitive NOS in-
hibitor L-NMMA (200 uM), or the SOD mimetic Tempol (200 uM)
was added to the medium after removal of the reactive probes. Flu-
orescence intensity was assessed at the indicated time points by using
a Synergy4 microplate reader (BioTek).

Protein S-nitrosylation and biotin switch assay

Protein S-nitrosocysteine was detected after exposure to L-arginine
(50 mM) by using a modified S-nitrosylation switch assay (Pierce)
according to the manufacturer’s protocol. Briefly, after cell lysis, un-
modified cysteines were blocked with a sulthydryl-reactive compound,
while S-nitrosocysteine was reduced and irreversibly labeled. The
amount of protein S-nitrosylation was then determined by immuno-
blotting. GSNO (200 uM) was used as a positive control. A negative
control was generated by labeling sample without previous reduc-
tion of S-nitrosocysteine. GAPDH nitrosylation was detected by
performing a standard biotin switch assay. Briefly, 7 x 10° cells were
exposed to vehicle or the NOS2 inhibitor 1400W (50 uM) for 1 hour,
and subsequently, cells from each group were exposed to 50 mM
L-arginine for 1 hour. GSNO was used as a positive control. Cells were
lysed in HEN buffer + 1% SDS (HENS) buffer, free cysteine thiols
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were blocked with MMTS (methyl methanethiosulfonate; Thermo
Fisher Scientific), and nitrosylated proteins were labeled with EZ-Link
HPDP Biotin (Thermo Fisher Scientific). Labeled proteins were pulled
down with neutravidin agarose beads (Thermo Fisher Scientific).
Total GAPDH (input) and SNO-GAPDH (pull-down) were detected
with an anti-mouse GAPDH antibody (MA1-16757, Invitrogen).

PARP activity assay

Breast cancer cells were exposed to vehicle or the NOS2 inhibitor
1400W (50 pM) for 1 hour, and subsequently, cells from each group
were exposed to 50 mM r-arginine for 1 hour. Lysis buffer [40 mM
Hepes (pH 7.5), 120 mM NaCl, 1 mM EDTA, 1% Triton X-100, and
1% NP-40] was supplemented with 3 uM olaparib to prevent the artificial
activation of PARP (63). Poly/mono-ADP-ribosylated proteins were
detected by Western blotting with an anti-rabbit poly/mono-ADP
ribose antibody (Cell Signaling Technology).

NAD" assay

Breast cancer cells were plated in a 96-well plate and exposed to ve-
hicle or the PARP inhibitor olaparib (3 uM) for 30 min followed by
r-arginine (50 mM) for 1 hour. To specifically assess NAD* levels,
cells in PBS were lysed with 1% dodecyltrimethylammonium bro-
mide in 0.2 N NaOH. Next, 0.4 HCI was added to the cells followed
by incubation at 60°C for 15 min. Plates were then equilibrated at room
temperature for 10 min, and 0.5 M tris base was added to neutralize
the acid. Afterward, NAD" levels were assessed by using the NAD/
NADH-Glo assay (Promega) according to the manufacturer’s in-
structions. Luminescence was measured using a Synergy4 micro-
plate reader (BioTek).

Colony formation assay

Specified numbers of cells were seeded in six-well plates (in tripli-
cates) and let to recover for 12 hours followed by L-arginine (50 mM)
or vehicle for 1 hour followed by a dose range of gamma radiation
(from 1 to 6 Gy). After irradiation, cells were placed back in the tissue
culture incubator and allowed to form colonies for 10 to 20 days.
After verification of visible colony formation, wells were simultane-
ously fixed and stained with a 0.1% crystal violet:20% ethanol solution
at room temperature, rinsed with water, and let to dry overnight.
Crystal violet-stained colonies with at least 50 cells were counted.
After correcting for plating efficiency, the survival fraction was cal-
culated and fitted to a linear-quadratic model. For experiments with
a single dose of ionizing radiation, cells were treated with vehicle,
the NOS2 inhibitor 1400W (50 uM for 1.5 hours), and L-arginine
(50 mM for 1 hour), alone or in combination, before exposure to
ionizing radiation (2 Gy).

DNA damage levels

Alkaline comet assay was used to assess oxidized bases in the pres-
ence of Fpg and DNA single-strand breaks, double-strand breaks,
and alkali-labile sites, as previously described (64). DNA damage
was assessed 1 hour after exposure to L-arginine (50 mM) but before
irradiation and at 30 min and 4 hours following ionizing radiation
(4 Gy). For experiments with etoposide, DNA damage was mea-
sured after 2 hours of continuous exposure and after 1.5 and 6 hours
of drug washout. Two slides per condition were analyzed in each
experiment, and about 100 comets per slide were scored. Statistical
analyses were carried out using the Kruskal-Wallis test followed by
post hoc tests for multiple comparisons.
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DNA damage foci analysis

Cells were seeded on coverslips in 12-well plates, treated with 50 mM
L-arginine for 1 hour, and irradiated with a single dose of 2 Gy. After
fixation and blocking in 10% normal blocking serum at room tem-
perature, slides were incubated with rabbit anti-phosphorylated
histone H2AX antibody (Cell Signaling Technology) at 4°C over-
night or rabbit anti-TP53BPI (Cell Signaling Technology) and
then incubated with secondary anti-rabbit fluorochrome-conjugated
antibody. Nuclei were stained with TO-PRO-3 at room tempera-
ture. DNA double-strand breaks were evidenced by yYH2AX foci
formation. The average number of foci per cell was determined
30 min after irradiation.

DNA synthesis

Cells were seeded into 12-well plates in culture medium (25,000 cells
per well) and treated with L-arginine (50 mM for 1 hour) and/or
the competitive NOS inhibitor L-NMMA (200 uM for 1 hour).
Quantification of cellular DNA synthesis was performed by
5-bromo-2'-deoxyuridine (Sigma Chemical) incorporation assessed
with an LSRII flow cytometer coupled with FACSDiva software
(BD Biosciences).

Flow cytometry and YH2AX level assessment

Murine tumors were harvested, and single-cell suspension was ob-
tained by digesting tissues with ACK lysis buffer followed by filtering
with a 30-um cell strainer. Cells were then stained following a standard
protocol. Briefly, cells were blocked with Fc block and incubated with primary
antibody against CD45 (BioLegend). Cells were then permeabilized
for staining with antibody against YH2AX (BioLegend) and against
cleaved caspase-3 (BD Biosciences). Labeled cell populations were
analyzed with an LSRII flow cytometer coupled with FACSDiva
software (BD Biosciences). Unstained and single-color stained sam-
ples were used to determine appropriate gates, voltages, and com-
pensations required.

Statistics

For the clinical trial, the primary end point was NPES and the secondary
end points were response rate, safety, PFS, OS, and tumor lactate peak.
Response rate was considered as a result of complete responses plus
partial responses over number of patients. Survival curves were ob-
tained by the Kaplan-Meier method and compared by two-sided
Cox-Mantel test. All analyses were conducted in an intention-to-treat
basis. Parameters are presented as mean with the 95% confidence inter-
val, unless specifically stated. For the preclinical experiments, unless
specifically stated, data represent the mean with SEM of three indepen-
dent experiments with replicates. P values are associated with a ¢ test
with two-tailed distribution of equal variance or nonparametric equiva-
lent test when appropriate or one-way ANOVA followed by Bonferroni
posttest for multiple comparisons based on experimental design.
The P values cited were two-sided, and P < 0.05 was judged as sta-
tistically significant. Calculations were done with the statistics software
Statistix (Analytical Software) or Prism v9.0 (GraphPad) or statistical
packages for R.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg1964

View/request a protocol for this paper from Bio-protocol.
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