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Fig. 7 CB-1158 combines with gemcitabine to inhibit tumor growth. a CB-1158 in combination with gemcitabine treatment in the CT26 model
(left), the LLC model (center), or the 4T1 model (right) inhibited tumor growth. N =10 per group. b On study day 14, CT26 tumors from animals
treated with CB-1158 and gemcitabine had decreased myeloid cells (upper left), increased NK cells (upper right), decreased suppressive macrophages
(lower left), and increased infllmmatory macrophages (lower right) as determined by flow cytometry compared to vehicle-treated animals

frequently associated with the granulocytic marker
CD15 than with the macrophage marker CD68 (Fig. 8e),
and in some cases, striking co-localization between Argl
and CD15 was observed (Fig. 8f). These data confirm
Argl expression in multiple tumor types.

In addition to tumor expression, Argl protein and ac-
tivity have been observed in the peripheral blood and
have been reported to be higher in the plasma of some
cancer patients compared to healthy volunteers [25]. To
investigate whether the amount of Argl is higher in can-
cer patients than in healthy donors, Argl protein was
measured in the plasma of 31 healthy donors and 76

cancer patients across 13 different histologies (see
Methods). Argl was significantly higher for cancer pa-
tients compared to the healthy volunteers (Fig. 8g). Per-
ipheral blood L-arginine has also been reported to be
lower in cancer patients [25, 26]. Plasma L-arginine was
measured for 20 healthy volunteers and 26 cancer pa-
tients across 7 different histologies. L-arginine was sig-
nificantly lower for the cancer patients compared to the
healthy individuals (Fig. 8h). These results suggest that
cancer patients may experience immune suppression
that is associated with higher circulating Argl and lower
amounts of L-arginine compared to healthy individuals,
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Fig. 8 Arginase 1 is abundant in multiple types of cancer. a Immunohistochemistry of human tumor tissue microarrays stained with an anti-Arg1
antibody were quantified for Arg1-positive infiltrating granulocytes by digital histopathology. b-d Immunohistochemistry staining for Arg1 in sections of
normal human tissues (N = 33 tissues analyzed) and human tumor tissues (N =
arrows point to arginase-expressing myeloid cells. e Percentage of Arg1-positive cells that co-express the granulocyte marker, CD15, or macrophage
marker, CD68, in tumor tissue microarrays as determined by quantitation of MultiOmyx immunofluorescence. f Immunofluorescent staining (MultiOmyx)
of a tumor section from a patient with head & neck cancer shows numerous Argl-positive granulocytes. g Plasma Argl protein determined by
ELISA from cancer patients (N=76 from 13 different histologies) and healthy volunteers (N=31). h Plasma L-arginine determined by LC/
MS from cancer patients (N=26 from 7 different histologies) and healthy volunteers (N=20). (**** P<0.0001 vs. healthy donor)

12 tumor histologies analyzed). Representative images are shown. Red

and that inhibiting circulating Argl and raising plasma
L-arginine with CB-1158 could confer an immune bene-
fit in the context of cancer.

Discussion
We reasoned that raising arginine levels would be
immune-stimulatory in the context of cancer for the

following reasons: first, cytotoxic lymphocytes require ex-
ogenous arginine for proliferation in response to in vitro
stimulation [10, 11, 28, 29]; second, many cancer patients
are immunosuppressed and have lower plasma arginine
compared to healthy individuals [25, 26]; and lastly, acti-
vated immunosuppressive myeloid cells consume arginine
and compete with other arginine auxotrophs such as
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cytotoxic lymphocytes in the TME for this amino acid [8,
12]. Thus, raising arginine in cancer patients could be crit-
ical for the immune system to mount an effective anti-
tumor response.

Arginine depletion by myeloid cells is primarily medi-
ated by the enzymes Argl and NOS [8]. While there is
conflicting data regarding the role of NOS in inflammation
[32, 41], Argl activity in myeloid cells has been shown to
be immunosuppressive and pro-tumorigenic: first, Argl-
expressing myeloid cells consume arginine from the media
and suppress T cell activity in co-culture, and importantly,
T cell proliferation can be restored either by restoring ar-
ginine to the media or by the addition of an arginase in-
hibitor, showing that arginase activity is necessary for the
observed immune suppression (Fig. 1) [10, 11, 25, 42, 43].
Secondly, genetic ablation of Arg! in the myeloid compart-
ment of tumor-bearing mice was shown to reduce tumor
growth, indicative of a pro-tumorigenic and immune sup-
pressive role for Argl in vivo [13, 14, 19, 32]. Thirdly,
blocking arginase activity pharmacologically with nor-
NOHA [15] or CB-1158 (this report) reduces tumor
growth. The present study additionally demonstrates that
Argl inhibition with CB-1158 raises tumor and plasma ar-
ginine and increases inflammation in the TME. Together
these data argue that arginase activity is immunosuppres-
sive and provide validation for arginase as a cancer im-
munotherapy drug target. A second arginase isoform, Arg2
is a constitutively-expressed mitochondrial matrix protein
found at low levels in many tissues and at high levels in
kidney and intestine [21]. Since Arg2 activity also affects
plasma L-arginine levels, Arg2 could also be a regulator of
immune function. In support of this notion, Arg2 has been
reported to promote maternal-fetal immune tolerance [44].

A potential concern with systemic arginase inhibition
is interrupting its function within the urea cycle, an im-
portant pathway in the liver for detoxifying ammonia
generated from the breakdown of amino acids. In spite
of this concern, pharmacological arginase inhibition has
been well-tolerated in several animal studies, including
one study involving a rat model of hypertension in
which nor-NOHA was injected over a period of 10 weeks
[45], as well as multi-day studies of nor-NOHA in mice
[15]. In addition, we have observed that twice-daily oral
dosing of CB-1158 was well-tolerated in mice for at least
40 days. Lack of apparent hepatic toxicity may be ex-
plained by several observations. First, CB-1158 does not
readily enter cells, exhibiting ICs, values for intracellular
arginase in the HepG2 and K562 cell lines that are two
orders of magnitude higher than for soluble arginases in
cell lysates (Tables 1 and 2). Secondly, the subcellular
localization and regulation of urea cycle Argl may pro-
tect it from pharmacological inhibition. In hepatocytes,
urea cycle Argl is tightly associated at the mitochondria
in a multi-enzyme complex, and studies using semi-
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permeabilized cells and radiolabeled substrate have dem-
onstrated that tight channeling of product and substrate
occurs among successive enzymes of the urea cycle: argi-
ninosuccinate synthase, argininosuccinate lyase, and ar-
ginase [46]. Thus, hepatic Argl may be less accessible to
CB-1158 compared to cytoplasmic or extracellular argi-
nase in plasma, tumors, and inflamed tissues. When we
tested CB-1158 for the ability to inhibit arginase in in-
tact primary hepatocytes (Table 2), we used media con-
taining ornithine, not arginine, and to our knowledge,
urea generated under these conditions should require a
complete urea cycle. Therefore, this assay may be a
measure of the Argl activity that is exclusively associ-
ated with the urea cycle. However we note that the low
potency of CB-1158 on primary hepatocytes could also
be due to the inability of CB-1158 to penetrate the cell
membrane.

Arginine supplementation has been investigated as a
potential therapy for cancer patients and the clinical re-
sults suggest that raising arginine levels may be benefi-
cial. In one study of 18 colorectal cancer patients
undergoing tumor resection, histopathologic analysis of
biopsies revealed that supplementation of arginine prior
to surgery resulted in an increase in CD16" and CD56"
NK cells infiltrating the tumors [47]. In another study of
96 breast cancer patients, a significant increase in patho-
logical response was observed in patients with small tu-
mors receiving arginine compared to placebo [48].
These data indicate that supplemental arginine may have
an immune-stimulatory and anti-tumor effect in cancer
patients, and suggest that raising systemic arginine by
pharmacological arginase inhibition would be similarly
beneficial. However, major limitations to therapeutic oral
arginine supplementation include severe gastrointestinal
distress and extensive metabolism of arginine by the in-
testinal mucosa [9, 49-51]. CB-1158 treatment has the
potential to both augment and maintain arginine levels
in patients thereby avoiding the gastrointestinal distress
and arginine oscillations inherent to dietary arginine
supplementation.

Antibodies to T cell checkpoint proteins CTLA-4, PD-
1, and PD-L1 have resulted in durable clinical responses
for some cancer patients, but many patients do not re-
spond [52, 53], suggesting that overcoming additional
immunosuppressive mechanisms will be necessary to re-
activate anti-tumor immunity in resistant patients. The
cellular and molecular basis of resistance to checkpoint
blockade is an area of intense investigation. Biomarker
studies examining responsive and resistant patients point
to a suppressive TME as one possibility to explain resist-
ance. Patients with a higher baseline level of T cells infil-
trating the tumor (T cell-inflamed tumors) compared to
non-responsive tumors (cold tumors) were more likely
to respond to anti-CTLA-4 or anti-PD-1 therapies [54],
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and patients resistant to anti-PD-1 therapy had higher
baseline levels of tumor-infiltrating MDSCs compared to
responders [55]. Furthermore, pre-clinical studies have
shown that the depletion of essential extracellular me-
tabolites in the TME, such as glucose and amino acids,
can block T cell effector function [56, 57]. Together,
these results suggest that immunosuppressive myeloid
cells and depletion of essential metabolites may give rise
to cold tumors that are resistant to checkpoint blockade
and therefore targeting these myeloid cells and meta-
bolic regulatory pathways, in combination with check-
point antibodies, could restore inflammation and
increase patient response rates. In support of this hy-
pothesis, epacadostat, which inhibits the enzyme IDO-1
and prevents depletion of the essential amino acid tryp-
tophan from the TME, is exhibiting striking results in
combination with anti-PD-1 therapy in patients with
melanoma, lung cancer, RCC, or head and neck carcin-
oma [58-62], arguing that targeting T cell checkpoints
and immunosuppression by the TME is an efficacious
combination.

Conclusions

In this report, we have shown that inhibition of arginase
with CB-1158, a potent, selective, and orally-bioavailable
small molecule, reverses suppression of T cell prolifera-
tion by blocking arginine depletion. CB-1158 reduced
tumor growth in mouse models of cancer by increasing
inflammation in the TME, confirming an immune-
modulatory mechanism of action in vivo. In addition,
CB-1158 treatment of tumor-bearing mice enhanced the
efficacy of checkpoint blockade, adoptive T cell therapy,
adoptive NK cell therapy, and gemcitabine treatment. A
survey of human tumor microarrays and cancer patient
plasma confirmed Argl expression is elevated in human
cancer. These findings provide strong rationale for the
clinical development of CB-1158 as an anti-cancer thera-
peutic agent. A Phase 1 study (NCT02903914) has been
initiated to test the anti-tumor activity of CB-1158, as a
monotherapy and in combination with anti-PD-1, in
order to add to the armamentarium of agents that acti-
vate the immune system to fight cancer.
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