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ABSTRACT

Immunotherapy has demonstrated significant activity in a broad range of cancer types, but still the
majority of patients receiving it do not maintain durable therapeutic responses. Amino acid metabolism
has been proposed to be involved in the regulation of immune response. Here, we investigated in detail
the role of arginase 1 (Arg1) in the modulation of antitumor immune response against poorly immuno-
genic Lewis lung carcinoma. We observed that tumor progression is associated with an incremental
increase in the number of Arg1" myeloid cells that accumulate in the tumor microenvironment and cause
systemic depletion of r-arginine. In advanced tumors, the systemic concentrations of r-arginine are
decreased to levels that impair the proliferation of antigen-specific T-cells. Systemic or myeloid-specific
Arg1 deletion improves antigen-induced proliferation of adoptively transferred T-cells and leads to
inhibition of tumor growth. Arginase inhibitor was demonstrated to modestly inhibit tumor growth
when used alone, and to potentiate antitumor effects of anti-PD-1 monoclonal antibodies and STING
agonist. The effectiveness of the combination immunotherapy was insufficient to induce complete
antitumor responses, but was significantly better than treatment with the checkpoint inhibitor alone.
Together, these results indicate that arginase inhibition alone is of modest therapeutic benefit in poorly
immunogenic tumors; however, in combination with other treatment strategies it may significantly
improve survival outcomes.
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Introduction substantially increased in many types of cancers.’”
Quantification of interstitial fluid metabolites revealed that L-
arg is the most strongly depleted amino acid in the microen-
vironment of murine tumors.® Moreover, L-arg concentrations
in the core regions of solid tumors was shown to be even 5
times lower as compared with tumor periphery and this differ-
ence was the highest among all of the amino acids measured.”

Increased expression of arginases (either Argl or Arg2) is
perceived as a poor prognostic factor in a variety of cancer
types including lung cancer,’” head and neck cancer,’
neuroblastoma,'® acute myeloid leukemia,'" pancreatic ductal
carcinoma,'? ovarian carcinoma,13 or colorectal cancer.'*
Additionally, increased Arg activity was found in skin,"
cervical,'® thyroid follicular,'” thyroid papillary and follicular
variant of papillary,'” gastric, bile duct,'® hepatocellular,"
breast’® and esophageal®' cancers, although the clear impact
of increased Arg activity on patients’ prognosis has not been
reported in these tumor types. There are also L-arg auxotrophic
tumors such as melanoma?®? and renal carcinoma,?"** where

Cancer immunotherapy has become an effective therapeutic
strategy. Many types of solid tumors are being treated with
checkpoint inhibitors that inactivate regulatory pathways con-
trolling the immune response. Despite unprecedented antitu-
mor efficacy, checkpoint inhibitors are effective in a minority
of cancer patients. The identity of the resistance mechanisms is
still poorly understood and has become a priority for cancer
researchers. Mounting evidence indicates that the tumor
microenvironment alters lymphoid and myeloid cells and con-
verts them into potent immunoregulatory cells.'
Coincidentally, these regulatory pathways impair the develop-
ment and/or activity of adaptive immune mechanisms that
could be involved in the eradication of tumor cells.” Amino
acid metabolism plays a role in the immune response regula-
tion. Increased degradation of several amino acids impairs
T-cell activation, proliferation, and effector functions.
However, only two groups of enzymes, i.e. those that catabolize
L-tryptophan or L-arginine (L-arg) have been reported to be
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no correlations between L-arg concentrations and survival have
been found.

Although some studies reported that arginases can be pro-
duced by tumor cells,"”'"* it is currently well established that
the major source of L-arg-metabolizing cells is found in the
tumor stroma. Argl is produced by various populations of
tumor-infiltrating myeloid cells, such as macrophages, granu-
locytes, dendritic cells as well as immature precursors of mye-
loid cells that due to their immunoregulatory functions are
referred to as myeloid-derived suppressor cells (MDSCs).
Two major subsets of MDSCs, i.e. monocytic (M-MDSC) and
granulocytic (G-MDSC also known as polymorphonuclear,
PMN-MDSC in humans) are commonly recognized.*
MDSCs express immune checkpoint molecules, deplete essen-
tial metabolites, release immunosuppressive adenosine and its
metabolites, produce reactive oxygen species, secrete immu-
noregulatory cytokines, growth-promoting, and proangiogenic
factors, contributing to altered immune microenvironment
favoring tumor progression.*®

L-Arg metabolism plays a role in T-cell-receptor (TCR)
signaling. Its depletion by Args downregulates the expression
of TCR-associated CD3{ chain, which is part of the TCR com-
plex involved in signal transduction.”””*® Decreased levels of
CD3{ are associated with attenuated T-cell proliferation trig-
gered by mitogens,”® >* decreased cytokine production,”** or
with impaired acquisition of effector functions by cytotoxic
T-cells.** Argl-expressing MDSCs were also shown to induce
regulatory T-cells (Tregs) in murine tumor models® as well as
in cancer patients.”® All these effects allow tumor cells to escape
from T-cell-mediated immune surveillance. Blocking r-arg
degradation was therefore proposed to shift the amino acid
metabolism to favor lymphocyte proliferation.

Previous studies in mice indicated that treatment with Arg
inhibitors such as nor-NOHA or CB-1158 resulted in reduced
tumor growth®®”” indicating that Arg is a relevant therapeutic
target. In this study, we investigated the role of Argl in the
tumor microenvironment of lung carcinoma and test whether
a novel Arg inhibitor'>*® would be able to modulate antitumor
immune response either alone or in combination with other
immunotherapeutic approaches. The results obtained in this
study confirm previous findings indicating increased infiltra-
tion of tumors with Argl-producing myeloid cells and expand
these observations by providing more detailed analysis of cell
populations that lead to a systemic decrease in L-arg concen-
trations. Moreover, we show that a novel arginase inhibitor
(OAT-1746) that targets both extracellular and intracellular
enzyme exerts antitumor effects. Finally, we confirm that Arg
inhibitor can potentiate antitumor effects of checkpoint inhi-
bitor and show for the first time that the antitumor effective-
ness can be further improved by the triple combination
consisting of Arg inhibitor (OAT-1746), checkpoint inhibitor
(anti-PD-1) and STING agonist (DMXAA).

Methods
Mice

All experiments were performed in 8-12-week-old female
mice. Wild type (WT) C57BL/6 mice were obtained from the

Animal House of the Medical Research Center, Polish
Academy of Sciences (Warsaw, Poland). Transgenic mice
C57BL/6-Tg(TcraTcrb)1100Mjb/] (OT-1, stock #003831),
B6.129S4-Argl™ /] (YARG, stock #015857), B6.Cg-
Foxp3™ T/ (Foxp3"©**, stock #006772), B6(Cg)-
Rag2™'“8"] (RAG2 knock-out (KO), stock #008449),
C57BL/6-Argl™ "™ /7 (Argl"™ stock #008817), B6.129P2-
Lyz2"™1rlo/r ([ ysMcre, stock #004781), B6.129-Gt(ROSA)
26Sor ™ ere/ERTTYI /1 (R26-CreERT2, stock #008463) were
purchased from The Jackson Laboratory. See online supple-
mentary table 1 for a detailed description of the mouse strains
used in this study. Animals were housed in controlled environ-
mental conditions in specific-pathogen free (SPF) (transgenic
mice) or conventional (WT mice) animal facility of the Medical
University of Warsaw with water and food provided ad libi-
tum. The experiments were performed in accordance with the
guidelines approved by the 1% Local Ethics Committee in
Warsaw (approvals No. 193/2016, 289/2017, and 317/2017),
and in accordance with the requirements of EU (Directive
2010/63/EU) and Polish (Dz. U. poz. 266/15.01.2015)
legislation.

Generation of myeloid Arg7 KO and tamoxifen-inducible
total Arg7 KO mice

Mice with constitutive Argl deficiency in the myeloid cells
were generated by mating C57BL/6-Argl™"™"/] (LoxP-
flanked (floxed) Argl — ArgI™™ mice) with the “deleter” strain
B6.129P2-Lyz2"™ /] (LysMcre mice). The progeny (Arg1””
M/LysMcre mice) was genotyped and referred to as myelo Argl
KO. Mice with tamoxifen-inducible Argl deficiency in all
tissues were generated by mating C57BL/6-Argl™*™/]
(Arg1" mice) with B6.129-Gt(ROSA)26Sor™! (re/ERT2TY]/p
mice (R26-CreERT2 mice). The progeny was genotyped and
referred as Argl KO. For mice genotyping, DNA was isolated
using DNeasy Blood & Tissue Kits (QIAGEN) according to the
manufacturer’s instructions. DNA purity and concentration
were measured using NanoDrop 2000 c spectrophotometer
(Thermo Fisher Scientific). PCR reaction was set up using
OneTaq® 2x Master Mix with Standard Buffer (New England
Biolabs) and appropriate primers listed in the online supple-
mentary table 2. PCR and agarose electrophoresis conditions
were set according to genotyping protocols available on The
Jackson Laboratory website (https://www.jax.org). Bands were
visualized using ChemiDoc Imaging System (Bio-Rad). Only
mice confirmed to have the desired genotype were used in the
studies. Mice were bred in the SPF animal facility of the
Department of Immunology, Medical University of Warsaw
according to the Ministry of Environment Approval No. 69/
2018 for the breeding of the genetically modified organisms.

Cell lines

Murine Lewis lung carcinoma cell line (3LL, CRL-1642 also
referred to as LL/2 or LLC1), B16 F10 (murine cutaneous
melanoma cell line, CRL-6475), K562 (human chronic myeloid
leukemia cell line, CRL-3343), EL4 (human T lymphoblast cell
line, TIB-39), RAJI (human B-cell lymphoma, CRL-86) were
obtained from American Type Culture Collection. PANC02
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murine pancreatic cancer cell line PANC 02 murine pancreatic
carcinoma cells were kindly obtained from Carsten Ziske
(Rheinische Friedrich-Wilhelms-Universitit, Bonn,
Germany). 3LL, RAJI, K562, and EL4 cells were cultured in
RPMI 1640 medium supplemented with heat-inactivated 10%
(v/v) fetal bovine serum (FBS, HyClone), 2 mM L-glutamine
(Sigma-Aldrich), 100 U/ml penicillin and 100 pg/ml strepto-
mycin (Sigma-Aldrich) at 37°C in an atmosphere of 5% CO, in
the air. BI6F10 and PANCO02 cells were cultured in DMEM
(Sigma-Aldrich) supplemented with aforementioned additives.
Cells have been cultured no longer than 3 weeks after thawing
and were regularly tested for Mycoplasma contamination using
PCR technique and were confirmed to be negative.

Generation of 3LL cells stably expressing murine Arg1

3LL cells stably expressing murine Argl (3LL-pLVX-Argl)
were generated by transduction with second-generation lenti-
viruses. Plasmid encoding murine full-length Argl cDNA
(pLVX-Argl-IRES-Puro, Thermo Fisher Scientific) was gener-
ated as described previously."”” Transduced 3LL cells were
selected with 4.5 pg/ml puromycin (Sigma-Aldrich). 3LL cells
transduced with an empty pLVX-IRES-Puro vector served as
controls (referred to as 3LL-pLVX).

In vivo tumor models and treatment

3LL cells (1 x 10° or 0.5 x 10° or 0.1 x 10° as stated in each
figure caption) were inoculated in 30 pL of phosphate-
buffered saline (PBS) subcutaneously into the right thigh of
8-12-week-old female C57BL/6 mice. Arg inhibitor (OAT-
1746) provided by OncoArendi Therapeutics, Warsaw,
Poland, was dissolved in PBS and administered by intraper-
itoneal (i.p.) injections twice daily at a dose of 20 mg/kg for
the first 14 days post inoculation of tumor cells. Control mice
received PBS i.p. Anti-PD-1 (clone: RMP1-14, BioXCell) or
rat IgG2a isotype control (clone: 2A3, BioXCell) antibodies
were administered i.p. at a dose of 10 mg/kg on days: 6, 9, 12,
15, 18, and 21 after inoculation of tumor cells. DMXAA
(5,6-dimethylxanthenone-4-acetic acid, Selleckchem), dis-
solved in 5% NaHCOj;, was given intratumorally on day 8
post inoculation of tumor cells at a dose of 0.5 pg/mouse.
Control groups received NaHCOj;. To induce total Argl KO
in mice tamoxifen diluted in peanut oil (both from Sigma-
Aldrich) was administered by oral gavage at a dose of 75 mg/
kg per mouse on days 7-12 post inoculation of tumor cells.
Control groups received peanut oil on the same days. Tumor
growth was monitored in three dimensions using a digital
caliper starting from days 6-8 post tumor cell inoculation.
Tumor volume was calculated according to the formula:
V (mm?) = length x width x height x 77/6 and included thighs
in the two measured dimensions. For survival evaluation,
humane endpoints were applied including criteria such as
severe cachexia or any tumor diameter >15 mm. At the end
of the experiment, mice were sacrificed and selected organs
such as inguinal lymph nodes, spleens and tumors as well as
blood were used for further analysis. Small, intermediate and
large tumors were defined as tumors reaching the volumes of
~150, 850 and 3000 mm’, respectively.
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Flow cytometry analysis

For flow cytometry analysis, tumors were cut into small pieces
and digested for 60 minutes (min) at 37°C with Collagenase
type IV (600 U; Sigma-Aldrich) and DNAse I (400 U, Sigma-
Aldrich) diluted in RPMI medium. Next, tissues were disso-
ciated using gentleMACS Dissociator (Miltenyi Biotec) and
filtered through a 100 um cell strainer and washed with PBS.
Spleens and lymph nodes were mashed through a 70 um cell
strainer and washed with PBS. When necessary, erythrocytes
were lysed using red blood cell lysis buffer (155 mmol/L NH,
Cl, 10 mmol/L NaH,COj3, and 0.1 mmol/L EDTA, pH 7.3). For
detection of cell surface antigens, cells were first stained with
Zombie Fixable Viability Kit (BioLegend) according to manu-
facturer’s instructions, blocked on ice with 5% normal rat
serum in FACS buffer (PBS; 1% BSA, 0.01% NaN3) and then
incubated for 30 min on ice with fluorochrome-conjugated
antibodies (listed in the online supplementary table 3). When
necessary, controls for background staining such as isotype or
FMO (fluorescence minus one) controls were applied. After
washing with FACS buffer, cells were immediately acquired.
For intracellular staining, cell surface antigens-stained cells
were fixed using Fixation Buffer for 30 min at room tempera-
ture (RT), followed by washing in Permeabilization Bufter, and
staining with antibody diluted in Permeabilization Buffer for
30 min (RT, Intracellular Fixation & Permeabilization Buffer
Set, eBioscience). Flow cytometry analysis was done using
FACSCanto II or FACSAria III cytometers (BD Biosciences)
operated by FACSDiva v6.0 software. For data analysis Flow Jo
v7.6.5 software (Tree Star) was used. Gating strategies are
presented in online supplementary figure 1 (immunopheno-
typing of tumor-infiltrating Argl-expressing cells) and in
online supplementary figure 2 (evaluation of OT-I T-cells pro-
liferation and CD3( expression).

In vivo T-cell proliferation assay

Ovalbumin (OVA)-derived peptide 257-264 (SIINFEKL)-
specific CD8" T-cells were isolated from the spleen and
lymph nodes of C57BL/6-Tg(TcraTcrb) 1100Mjb/] (OT-I)
mice and labeled with Cell Trace Violet (CTV) dye (Thermo
Fisher Scientific) for 20 min at 37°C at a final concentration of
2.5 uM. Next, 4-6 x 10° cells in 150 pl of PBS were immediately
transferred into the caudal vein of host C57BL/6 mice. The
next day, host mice were challenged with 5 pg of full-length
OVA protein (grade VII, Sigma-Aldrich) injected subcuta-
neously in a total volume of 30 ul of PBS into the tumor area
(experimental groups) or right thigh (positive control group).
The negative control (unstimulated) group did not receive
OVA nor was inoculated with tumor cells. Where indicated,
OAT-1746 was administered twice daily at a dose of 20 mg/kg
intraperitoneally, starting from the day before OT-I T-cells
transfer until the end of the experiment. On day 3 post OVA
immunization, OVA injection site/tumor-draining inguinal
lymph nodes were harvested, mashed through a 70 pm nylon
strainer, and cells were incubated with OVA peptide
(SIINFEKL)-specific tetramers (iTAg Tetramer/PE H-2Kb
OVA, MBL) to detect OT-I1 CD8" T-cells, followed by anti-
CD3 and anti-CD8 staining. Next, the samples were analyzed
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for proliferation by flow cytometry. Non-proliferating CTV-
stained OT-I T-cells were isolated from OVA-unstimulated
mice to setup the proper gating on CTV histogram. All OT-I
T-cells with lower CTV fluorescence than non-proliferating
T-cells were identified as proliferating cells.

Tissue optical clearing and imaging

Tumor draining and contralateral inguinal lymph nodes (from
mice inoculated with 0.5 x 10° of CTV stained CD8" OT-I
T-cells as described above) were dissected and briefly rinsed in
0.01 M PBS (pH 7.4)/heparin (5 IU/ml final concentration) and
subjected to 24 hours (hrs) fixation with 4% paraformaldehyde
at 4°C. After fixation, lymph nodes were rinsed 3 times for 1 hr
with PBS and the residual connective and adipose tissues were
gently removed under a stereomicroscope. Next, lymph nodes
were prepared using CUBIC-R1-based tissue optical clearing
for imaging as described previously.” Briefly, lymph nodes
were immersed in CUBIC-R1 solution for at least 1.5 days
(with a longer, up to 7 days incubation time for the enlarged
lymph nodes) and subjected to imaging using a Zeiss
Lightsheet Z.1 equipped with two 5x objectives (N.A. 0.1)
that project two independent co-axial lightsheets onto the
lymph nodes from the left and right. Each lightsheet was
aligned manually into the same imaging plane, according to
the procedure provided by Carl Zeiss AG and the resulting
images were automatically fused by ZEN software (Zeiss).
Additional detail for tissue optical clearing is provided in
supplementary materials.

Statistical analysis

Data are shown as means * standard deviation (SD). Graphpad
Prism 8.3.0 (GraphPad Software) was used to calculate statis-
tical analyses. The normality of data distribution was tested
using Shapiro-Wilk test. For statistical analyses of two groups
unpaired two-tailed t-test was used. For statistical analyses of
three or more groups one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparisons test was applied.
Tumor growth curves were analyzed with two-way ANOVA.
P < .05 at 95% confidence interval was considered statistically
significant. The survival rate was computed using Kaplan-
Meier plots and analyzed with log-rank test.

Results

Arg1 is expressed in the tumor microenvironment of
murine tumors

To study changes in Argl expression levels in tumor-
associated immune cells during 3LL tumor progression,
we have used genetically engineered YARG mice that co-
express yellow fluorescent protein (YFP) and Argl under
the same Argl promoter.*” Tumors were excised, when they
reached approximately 5, 10 or 15 mm in the largest dia-
meter and after cell dissociation they were analyzed on flow
cytometry (Figure la, online supplementary figure 3). We
observed that YFP' cells are nearly exclusively within
a CD45" population of tumor-infiltrating immune cells

(online supplementary figure 3). The percentage of YFP*
cells increased with tumor progression, and immune cells
infiltrating more advanced tumors expressed more Argl, as
measured by YFP fluorescence intensity (Figure la).
A more detailed analysis of the phenotypic markers
revealed that Argl-expressing cells are mainly macrophages
(CD11b*F4/80%), M-MDSCs (CD11b*Ly6C*), and to
a lesser degree G-MDSCs (CD11b"Ly6G") (Figure 1b and
¢). In two other tumor models (PANCO02 and B16F10 mel-
anoma) syngeneic with C57BL/6 mice we have also
observed increased accumulation of YFP'CD45" cells in
the tumor microenvironment, although the percentages of
immune cells with Argl were lower as compared with 3LL
tumors (online supplementary figure 4). Next, we sought to
investigate whether tumor progression is associated with
changes in r-arg metabolism. To address this, we measured
plasma vr-arg and r-ornithine concentrations, when the
tumors reached sizes corresponding to large, intermediate
and small tumors, respectively (see materials and methods).
As shown in Figure 2, the concentrations of L-arg were the
lowest in the plasma of mice with the most advanced
tumors (reaching 26.15 + 9.34 uM in mice with the largest
tumors), and this was associated with increased plasma L-
ornithine concentrations. Altogether, these results indicate
that tumor progression is associated with a gradual accu-
mulation of Argl™ myeloid cells that leads to systemic L-arg
depletion.

Arg1 deficiency delays tumor growth

3LL cells do not express Argl (online supplementary figure 5).
Considering that both hematological malignancies, as well as
solid tumors, have been reported to produce arginases,10’13’25’42
we sought to investigate whether forced overexpression of
Argl in 3LL cells induced by lentiviral transduction could
affect tumor progression. As shown in Figure 3a, we have
observed that 3LL tumors overexpressing Argl (3LL-pLVX-
Argl) grow faster in mice than mock-transfected (3LL-pLVX)
or unmodified (3LL-WT) tumors. The in vivo tumor growth-
promoting effects of Argl overexpression were abrogated in
immunodeficient RAG2 KO mice indicating their association
with an impaired immune response (Figure 3b).

Next, we sought to investigate whether a lack of Argl in
mice would affect tumor progression. To address this, we
have crossed Argl”" mice with R26-CreERT2 mice to
obtain a strain of mice allowing for the whole body tamox-
ifen-inducible Argl deletion (hereafter referred to as Argl
KO mice). Tamoxifen administration to tumor-bearing
Argl KO mice led to a significant increase in the plasma L-
arg concentration (Figure 3c). Tumor growth was signifi-
cantly inhibited after tamoxifen administration as compared
with three control groups (Argl KO mice treated with
peanut oil used as tamoxifen solvent, WT mice treated
with peanut oil or WT mice treated with tamoxifen)
(Figure 3d). Altogether, these results indicate that the
increased Argl in the tumor environment is associated
with accelerated tumor progression that might be related
to impaired development of the immune response.
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Figure 1. Dynamics of 3LL tumors infiltration with Arg1-expressing immune cells. WT or YARG mice were inoculated subcutaneously with 1 x 10° of 3LL cells and tumors
were harvested when reached approximately 5, 10 or 15 mm in the largest diameter. Tumor samples were digested to single-cell suspension, stained with
fluorochrome-coupled antibodies and analyzed in flow cytometry. A. Representative dot plots and histograms of WT and YARG mice showing gating for YFP* cells.
B. Percentages of YFP* (Arg1™) cells within the populations of the total immune cells (CD45™), macrophages (CD11b*F4/80*), M-MDSC (CD11b*Ly6C"), and G-MDSC
(CD11b*Ly6G") infiltrating 3LL tumors at different stages of the disease progression. Data show means * SD; n = 5-6. C. Mean fluorescence intensity (MFI) of YFP within

the defined populations. Data show means + SD; n = 5-6.

Arg1 impairs proliferation of antigen-specific T-cells in
mice

It has previously been shown that Arg activity or low L-arg
concentrations suppress the proliferation of T-cells,*** and
that these suppressive effects are associated with decreased
levels of CD3( chain, a critical component of TCR that trans-
mits activation signals in T lymphocytes.*> We have confirmed
these findings in ex vivo cultures of human CD4" and CD8"
T-cells triggered to proliferate by aCD3/CD28-coupled beads
(online supplementary figure 6). To further investigate whether
the increased numbers of Argl-expressing myeloid cells in the
tumor microenvironment might be associated with the
impaired proliferation of antigen-specific T-cells, we adop-
tively transferred OT-I T-cells into mice with tumors at differ-
ent stages of progression and subcutaneously immunized mice
with OVA protein in the tumor area, according to the scheme
depicted in Figure 4a. Flow cytometric analysis of tumor-
draining lymph nodes revealed that the proliferation of adop-
tively transferred OT-I T-cells was impaired in mice with the
largest tumors (Figure 4b). Concomitantly, in mice with the

largest tumors, CD3( levels in OT-I T-cells were significantly
decreased (Figure 4c). Similarly, direct counting of T-cells in
tumor-draining lymph nodes revealed that in OVA-
immunized mice with large tumors the number of adoptively
transferred OT-I T-cells was significantly lower as compared
with mice bearing small or intermediate tumors (Figure 4d,
online supplementary figure 7, online supplementary video 1-
2 https://immunologia.wum.edu.pl/node/236).  Moreover,
adoptive transfer of OT-I T-cells into tumor-bearing Argl
KO mice treated with tamoxifen resulted in a nearly two-fold
increase of tumor-infiltrating cells as compared with controls
(inducible total Argl KO mice treated with peanut oil)
(Figure 5a-c). We then compared in vivo proliferation of OT-
I T-cells adoptively transferred into tumor-bearing WT mice or
myelo Argl KO mice with constitutive Argl KO in the myeloid
lineage driven by Cre recombinase under the control of Lyz2
promoter. Tumor volumes in myelo Argl KO mice were sig-
nificantly smaller as compared with WT mice (Figure 5d). Also
in these experiments, the proliferation of OT-I T-cells was
inhibited in WT mice with large tumors as compared with
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Figure 2. Tumor progression is associated with decreased r-arg and increased r-ornithine plasma concentrations. A. WT mice were inoculated subcutaneously with
0.5 x 10° of 3LL tumor cells on days 0, 7, and 14 of the experiment in order to generate large, intermediate, and small tumors, respectively. Data show means + SD;
n = 11-12 (the results are pooled from two independent experiments); P values were calculated with one-way ANOVA with Tukey’s multiple comparisons test. B. L-
arginine (-arg) and C. L-ornithine (L-orn) concentrations in plasma samples assessed by mass spectrometry. Data show means + SD; n = 6 (measurements were done in
the second experiment only); P values were calculated with one-way ANOVA with Tukey’'s multiple comparisons test. The dashed lines represent r-arg and L-orn
concentrations in healthy C57BL/6 female mice (151 + 5 uM and 59 + 5 uM, respectively*).

mice with small tumor burden (Figure 5e), and these findings
correlated with decreased r-arg (figure 5f) and increased L-
ornithine (Figure 5g) concentrations in the plasma. In myelo
Argl KO mice, however, the OT-I T-cell proliferation rate, as
well as plasma L-arg concentrations, were comparable in mice
with small or large tumors. L-Orn concentrations were lower in
mice bearing large tumors as compared to mice with small
tumors, however still within the normal range.

Collectively, these data suggest that high Argl activity in
mice with advanced tumors negatively affects the development
of antigen-specific immune response in local secondary lym-
phoid organs and leads to reduced numbers of effector T-cells
in the tumor microenvironment.

Arg inhibitor restores Arg1-mediated suppression of
T-cells and exerts antitumor effects in mice

We then investigated whether OAT-1746, an arginase inhibitor
(online supplementary figure 8), could reverse enzyme-
mediated suppression of T-cell proliferation in vitro. We con-
firmed that recombinant human ARGI1 (rhARG1) suppressed
the proliferation of human CD4" and CD8" T-cells triggered
by aCD3/CD28 beads and reduced expression of CD3{ and
CD3¢ in these cells (online supplementary figure 6). We
observed that OAT-1746 dose-dependently restored CD4"
and CD8" T-cell proliferation in response to aCD3/CD28
beads, where T-cells were co-incubated with rhARG1 (online
supplementary figure 6). OAT-1746 also restored CD3e and
CD3( expression that had been reduced by ARGI (online
supplementary figure 6). Intriguingly, rhARGI1 did not sup-
press the cytotoxic effects of primed OT-I T-cells nor sponta-
neous or antibody-dependent cellular cytotoxicity (ADCC) of
NK cells (online supplementary figure 9). The latter express
activating receptors that use CD3{.*®

Having established potential immunoregulatory effects of
OAT-1746 in ex vivo proliferation assays with T-cells, we

sought whether this Arg inhibitor would be able to exert anti-
tumor effects in mice. To this end, we have inoculated 3LL cells
into mice and one day later we started administration of OAT-
1746 or its diluent twice daily for 14 days. We observed a slight,
but significant inhibition of tumor growth (Figure 6a) as well as
prolonged survival of tumor-bearing mice (Figure 6b). Similar
effects were observed in mice inoculated with Argl-
overexpressing tumors (Figure 6c). To elucidate whether
OAT-1746 administration is associated with improved T-cell
proliferation we adoptively transferred OT-I T-cells into mice
with small and large tumors and measured their proliferation
after subcutaneous OVA priming in the tumor area. We
observed that OT-I proliferation was significantly suppressed
in mice with large tumors as compared with mice with small
tumors (Figure 4b) and that OAT-1746 restored T-cell prolif-
eration (Figure 6d). Additionally, using transgenic
FoxP3"“"Pmice that co-express green fluorescence protein
(EGFP) and Treg-specific transcription factor FoxP3 we
observed that OAT-1746 administration significantly reduced
the percentage of Tregs (Figure 6e), while the percentage of
non-Treg T-cells among the tumor-infiltrating lymphocytes
was concomitantly increased (figure 6f).

OAT-1746 potentiates antitumor effects of
immunotherapies

Considering that OAT-1746 alone exerts rather modest anti-
tumor efficacy in 3LL model, we decided to investigate its
effects in combination with anti-PD-1 checkpoint inhibitors.
Again OAT-1746 revealed modest antitumor effects that were
stronger than treatment with anti-PD-1 monoclonal antibodies
(mAbs) alone (Figure 7a). Nonetheless, this combination treat-
ment fajled to significantly prolong mouse survival (Figure 7b).
Thus, we hypothesized that in addition to treatment with two
inhibitors of negative regulatory pathways, the effective immu-
notherapy could benefit from the activation of
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Figure 3. Tumor progression is modulated by Arg1. A, B. Mice were inoculated subcutaneously with 0.5 x 10° of Arg1-overexpressing (3LL-pLVX-Arg1) or control tumor
cells (3LL-WT and 3LL-pLVX - 3LL transduced with empty vector) in WT [A] and RAG2 KO [B] mice. Data show mean tumor volumes + SD; n = 7-8. P values were
calculated with two-way ANOVA. *P = .002; **P = .0161; ***P < .0001. Individual growth curves are presented in the Supplementary Fig. 11 and 12. C, D. Inducible total
Arg1 KO and WT mice were inoculated subcutaneously with 0.5 x 10° of 3LL cells on day 0. Next, from day 7 until day 12 mice received tamoxifen (75 mg/kg p.o.) or
peanut oil (solvent). C. L-arg concentrations in plasma collected on day 21 and assessed by mass spectrometry. Data show means + SD; n = 6-7. P values were calculated
with one-way ANOVA with Tukey post-hoc test. The dashed line represents r-arg concentration in healthy C57BL/6 female mice (151 + 5 uM*'). D. Tumor volume in
time. Data show mean tumor volumes + SD; n = 6-7. P values were calculated with two-way ANOVA. *P < .0001. Individual growth curves are presented in the

Supplementary Fig. 13.

immunostimulatory pathway. To this end, we combined OAT-
1746, anti-PD-1 mAbs, and STING agonist, DMXAA. We
observed that such triple combination is not only more effec-
tive than administration of single immunomodulators or dou-
ble combinations, but also leads to a significant prolongation of
mice survival (Figure 7c-d, online supplementary figure 10).

Discussion

Using genetically engineered reporter mice co-expressing
eYFP with Argl, we have confirmed previous findings indi-
cating that Argl-positive immune cells infiltrate murine 3LL
tumors.”>*” Our studies expand these observations by show-
ing kinetic data, i.e. a progressive accumulation of Argl”
myeloid cells with increasing expression levels of this enzyme,
and that not only mature (CD11b"F4/80") macrophages, but
also immature M-MDSCs (CD11b*Ly6C") express Argl.

Using the same Argl-eYFP reporter mice Arlauckas et al.
have also observed that F4/80" macrophages are the predo-
minant source of Argl in a syngeneic MC38 colon carcinoma
model.*® The mechanisms involved in the recruitment of
Arg" myeloid cells to the tumor or in the upregulation of
Argl in these cells are currently unknown. Previous studies
indicate that Argl induction can be mediated by hypoxia-
inducible factor 1a induced by tumor-derived lactic acid,*’
prostaglandins generated by cyclooxygenase-2,* or type 2
cytokines in STAT3-dependent mechanisms.”® Moreover, we
show that the presence of Arg" myeloid cells in more
advanced tumors (Figure 1) is associated with a gradual sys-
temic loss of L-arg (Figure 2). Decreased L-arg concentrations
have also been observed in cancer patients with various types
of malignancies®”>"* as well as with lung cancer” indicating
that the murine model to some extent corresponds to clinical
data. However, it should be noted that in the majority of
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Figure 4. Arg1 impairs proliferation of antigen-specific T-cells in 3LL-bearing mice. Mice were injected subcutaneously with 0.5 x 10° of 3LL cells. A. Schematic
presentation of the experimental setting. B. Percentage of proliferating OT-I T cells. Data show means + SD; n = 11-12. P values were calculated with one-way ANOVA
with Tukey post-hoc test. Tumor-free mice transferred with OT-I T-cells but not immunized with OVA served as negative control (Neg ctrl). C. Mean fluorescence
intensity (MFI) of CD3( staining in OT-I T-cells. Data show means + SD; n = 3-6. P values were calculated with one-way ANOVA with Tukey post-hoc test; negative
controls (Neg ctrl) are WT mice 72 hrs post OT-I T-cells transfer without tumor and OVA protein immunization. D. Numbers of OT-I T-cells in tumor-draining inguinal and
contralateral lymph nodes counted after tissue optical clearing after the adoptive transfer of the 0.5 x 10° CTV-stained cells. Tumor-free mice transferred with OT-I
T-cells but not immunized with OVA served as negative control (Neg ctrl) while tumor-free mice transferred with OT-I T-cells and immunized with OVA served as positive
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control (Pos ctrl). Data show means + SD; n = 2-3. P values were calculated with one-way ANOVA with Tukey post-hoc test.
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Figure 5. Total or myeloid-specific Arg1 deficiency improves antigen-specific T-cells proliferation in 3LL-tumor-bearing mice. A-C. Inducible total Arg7 KO mice were
inoculated subcutaneously with 0.5 x 10° 3LL cells on day 0. Next, from day 7 until day 12 mice received tamoxifen (75 mg/kg p.0.) or peanut oil (solvent). On day 17
each mouse was inoculated i.v. with 4-6 x 10° of CTV-stained OT-I T-cells. Antigen-specific proliferation was triggered with 5 pg of OVA protein injected subcutaneously
in the tumor area on day 18. On day 21 tumor-draining lymph nodes were isolated for subsequent analysis. A. Percentages of adoptively transferred CTV* OT-I T-cells in
inguinal tumor-draining lymph nodes. Data show means + SD; n = 6-7. P values were calculated with unpaired t-test. B. Percentage and C. absolute numbers of CD3*
tumor-infiltrating lymphocytes (TILs) analyzed in flow cytometry. Data show means + SD; n = 6-7. P values were calculated with unpaired t-test. D-G. WT or myelo Arg1
KO mice were subcutaneously inoculated with 0.5 x 10° of 3LL cells. D. Tumor volumes in WT or myelo Arg7 KO mice on day 17 after the inoculation of tumor cells. Data
show means = SD; n = 11. P values were calculated with unpaired t-test. E. Mice with small and large tumors were inoculated i.v. with 4-6 x 10° of CTV-stained OT-I
T-cells. Antigen-specific proliferation was triggered with 5 pg of OVA protein injected subcutaneously in the tumor area on the following day. Tumor-draining inguinal
lymph nodes were isolated to determine percentages of proliferating OT-I T-cells 72 hours post immunization. Data show means + SD; n = 4-6. P values were calculated
with unpaired t-test; negative control (Neg ctrl) - WT mice 72 hrs post OT-I T-cells transfer without tumor and OVA protein immunization. F. L-arginine (L-arg) and G. -
omithine (L-orn) concentrations in the plasma samples of WT or myelo Arg7 KO mice subcutaneously inoculated with 0.5 x 10° of 3LL cells, assessed by mass
spectrometry. Data show means + SD; n = 5-6. P values were calculated with unpaired t-test. Dashed lines represent L-arg and L-orn concentrations in healthy C57BL/6
female mice (151 + 5 uM and 59 + 5 pM, respectively®').
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studies involving cancer patients’ Argl™ cells were reported to
be of granulocytic lineage.>”* A limitation of our studies is
that the 3LL model is based on ectopically growing transplan-
table tumors. Despite their barriers, transplantable tumor
models allowed development of important therapeutic prin-
ciples in immuno-oncology.”

To better understand the immunoregulatory role of Argl
we have stably transduced 3LL cells with lentiviral particles
encoding this enzyme. Although immunoblotting and enzy-
matic assays revealed that 3LL-pLVX-Argl cells produced
active Argl (online supplementary figure 5), we have no data
on whether the enzyme can be released from tumor cells.
Despite the limitation of this artificial model, we have clearly
observed that increased Argl production by tumor cells is
associated with accelerated tumor progression, which is abro-
gated in immunodeficient mice or in mice treated with Arg
inhibitor (Figure 3a,b and 5c).

Normal T-cells survive at low L-arg concentrations; how-
ever, their activation and proliferation are strongly inhibited,
with complete cell cycle arrest observed at L-arg concentrations
below 23 uM.” Serum L-arg concentrations in mice with large
tumors reached the values that were reported to suppress T-cell
proliferation in in vitro conditions (Figure 2). Accordingly, the
proliferation of OVA-specific T-cells adoptively transferred to
mice with large 3LL tumors was suppressed as compared with
mice having small or intermediate size tumors (Figure 4).
Decreased T-cell proliferation might possibly be related to
higher OVA dilution when inoculated to mice with large
tumors. However, the suppression of T-cell proliferation by
large tumors was not observed, when the adoptive transfer of
OT-I T-cells was done into mice with tamoxifen-induced Argl
deletion or into mice with a constitutive knock-out of Argl in
the myeloid lineage (Figure 5a,e). Tamoxifen-induced systemic
deletion of Argl resulted in a significant increase in the serum
L-arg concentrations of mice with large tumors (Figure 3c)
indicating that systemic drop in this amino acid results from
the accumulation of Argl™ immune cells.

Furthermore, an increase in Argl induced by lentiviral
transduction of tumor cells further accelerated tumor progres-
sion in WT mice, but this effect was not observed in immuno-
deficient mice, indicating that L-arg degradation might lead to
suppression of the endogenous antitumor immune response
(Figure 3). Similar findings were reported with recombinant
pegylated-Argl administered into tumor-bearing mice, where
suppressed T-cell responses were associated with accelerated
progression of 3LL tumors in mice.”” Also in other lung cancer
models, Argl has been shown to cause T-cell dysfunction. For
example, in KRAS®'?" genetically engineered mice that
develop lung tumors resembling NSCLC, G-MDSCs were
observed to cause T-cell suppression by rL-arg depletion. Arg
inhibitor has not only restored T-cell function, but caused
significant regressions of tumors in these mice.”

In contrast to malignant T-cells that undergo cell cycle
arrest and apoptosis at low L-arg concentrations,”® normal
T-cells resume responsiveness to mitogens as soon as nor-
mal L-arg concentration is restored.’® Although dietary
supplementation of L-arginine was shown to improve
T-cell functions in mice,** a moderate-to-poor oral L-
arginine bioavailability (~20%) as well as its rapid renal

clearance (T% of 1-2 h)>® prompted development of Arg
inhibitors as a potential approach to mitigate the negative
outcomes of increased L-arg degradation. Here, we
observed that OAT-1746 restores T-cell activities that
were suppressed by Argl activity, including proliferation
triggered by anti-CD3/CD28 beads as well as expression of
CD3e and CD3({ (online supplementary figure 6).
Intriguingly, cytotoxic effects of T-cells were unaffected
by Argl, despite the fact that CD3({ and CD3e were down-
regulated, and thus it may be expected that TCR signal
transduction should be inhibited. In in vivo studies, we
observed that OAT-1746 not only improved OVA-induced
proliferation of adoptively transferred OT-I T-cells, but
also decreased the percentage of intratumor Tregs
(Figure 6d-e). FoxP3" Tregs were recently shown to induce
Argl in dendritic cells, thereby increasing amino acid
consumption in the local microenvironment and activating
mTOR signaling that favors the development of additional
Tregs.® Additionally, Arg2 is expressed at higher levels in
Tregs from metastatic melanomas as compared with nor-
mal skin, and Arg2 in Tregs was demonstrated to attenu-
ate mTOR activity and conferred Tregs with enhanced
suppressive activity.®'

Abrogation of Argl activity by either systemic knock-
out or specific Argl deletion in myeloid cells only was
associated with inhibition of tumor growth (figures 3d,
5d) and improvement of antigen-specific proliferative
response of adoptively transferred T-cells (Figure 5a, e).
These observations indicate that Argl inhibition might be
an effective therapeutic approach to improve priming con-
ditions for antigen-recognizing T-cells. Several Arg inhibi-
tors have been described so far, including both natural and
synthetic compounds.’®®** Almost all developed as drug
candidates are competitive inhibitors of both isoenzymes
(Argl and Arg2). Finding an isoform-specific Arg inhibi-
tor is challenging due to extensive homology in the active
site of the enzymes. The first group of Arg inhibitors such
as N-hydroxy-nor-L-arginine (nor-NOHA) were reversible
Argl and Arg2 inhibitors with rather poor pharmacoki-
netic properties or insufficient penetration through the
plasma membrane. The second generation of Arg inhibi-
tors, i.e. boronic acid analogs of L-arginine such as ABH
had improved pharmacokinetic and pharmacodynamic
properties and are extensively reviewed.”®®> Due to poten-
tial toxicity in humans further analogs have been devel-
oped for oncology studies, and one (CB-1158) is under
evaluation in clinical trials. CB-1158 effectively blocks
extracellular Arg, but penetrates plasma membrane rather
poorly. Here, we have used a novel Arg inhibitor (OAT-
1746) that blocks both extracellular and intracellular Arg
activity and has pharmacokinetic properties allowing for
administration twice daily.”®** We have observed that
OAT-1746 completely restores T-cell proliferation sup-
pressed by recombinant Argl added to the culture media.
Argl suppressed T-cell proliferation (online supplemen-
tary figure 6), but did not suppress cytotoxicity effector
functions of T-cells and NK cells (online supplementary
figure 9). Thus, it seems that increased Arg activity
observed in tumors negatively regulates mainly the initial
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Figure 6. Arginase inhibitor inhibits 3LL tumors growth and restores T-cells proliferation in vivo. C57BL/6 mice were inoculated subcutaneously with 0.1 x 10° of 3LL
tumor cells. OAT-1746 was administered twice daily by an intraperitoneal route at a dose of 20 mg/kg for the first 14 days. A. Tumor volume in time. Data show means +
SD; n = 7-8. P values were calculated with two-way ANOVA. Individual growth curves are presented in the Supplementary Fig. 14. B. Animal survival curve. P values
were calculated with log-rank test. C. C57BL/6 mice were inoculated subcutaneously with 0.5 x 10° of control 3LL WT or Arg1-overexpressing 3LL-pLVX-Arg1 cells. OAT-
1746 was administered twice daily by an intraperitoneal route at a dose of 20 mg/kg for the subsequent 14 days starting from day 1 after inoculation. The graph
presents tumor volumes in time. Data show means + SD; n = 7-8. P values were calculated with two-way ANOVA. Individual growth curves are presented in the
Supplementary Fig. 15. D. CTV stained OT-I CD8* T-cells were transferred to 3LL small or large tumor-bearing mice. The next day mice were immunized s.c. in the tumor
area with OVA. On day 3 post-immunization proliferation of OT-I T-cells was evaluated in tumor-draining inguinal lymph nodes in flow cytometry. Where indicated, mice
were treated i.p. with 20 mg/kg OAT-1746 twice daily on days —1 until +3 after OT-I T-cells transfer. Data show means + SD; n = 4-6. P values were calculated with
unpaired t-test. E-F. FoxP3 " mice were inoculated on day 0 with 1 x 10 3LL cells and beginning from day 1 post inoculation with tumor cells were treated i.p. with
20 mg/kg OAT-1746 administered twice daily. On day 18 the percentages of tumor-infiltrating Tregs (CD3*CD4*CD25"FoxP3™ cells) (e) as well as non-Treg T-cells
(CD45*CD3*FoxP3™ cells) (f) were measured in flow cytometry. Data are presented as means + SD; n = 4-5, P values were calculated with unpaired t-test.

phases of the immune response, but effector functions are Pharmacologic inhibition of arginase led to a slight, but
largely unhampered. More detailed analyses of the immu- significant inhibition of tumor growth. Also, other Arg inhibi-
noregulatory effects of arginases are clearly needed. tors were previously shown to exert modest antitumor
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effects.>**747:4895 These data indicate that inhibition of Arg
activity is too meager to trigger a sufficiently strong antitumor
response that would lead to tumor eradication. CB-1158 was
recently demonstrated to significantly potentiate the antitumor
effects of anti-PD-L1 antibodies in a strongly immunogenic CT-
26 colon adenocarcinoma model.>” However, in a less immu-
nogenic 4T1 breast cancer model, the combination of CB-1158
with anti-PD-L1 or anti-CTLA4 antibodies was not effective. In
another poorly immunogenic mouse model of 3LL lung carci-
noma, we observed a rather modest antitumor activity of Arg
inhibitor combined with anti-PD1 antibodies (Figure 7).
Interestingly, potentiated antitumor efficacy of similar combi-
nation was not observed in MC38 colon carcinoma model. The
discrepancy can be explained by a different tumor mode used as
well as a different arginase inhibitor (ABH vs OAT-1746). ABH
is poorly inhibiting intracellular arginases. It will be important
in future studies to address potential toxic effects, especially

hepatotoxicity, of intracellularly active Argl inhibitors.
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Checkpoint inhibitors and Arg inhibitors inactivate negative
immunoregulatory pathways. Therefore, we sought to investi-
gate the antitumor effectiveness of double and triple combina-
tions with a potent activator of the immunostimulatory pathway
associated with innate immune response. The results of these
experiments revealed that although it is possible to further
improve antitumor efficacy and prolong the survival of tumor-
bearing mice (Figure 7), the therapeutic effects are still insuffi-
cient to induce complete responses in mice. A limitation of
these studies is that Arg inhibitor administration was started
soon after inoculation of tumor cells. It will be important in
future studies to see whether the treatment is also effective
in a more therapeutically relevant setting once the tumor is
fully established. Altogether, the existing preclinical data
seem to indicate that therapeutic targeting of the immunomo-
dulatory Argl might be a useful addition to other immunother-
apeutic strategies rather than being an effective single target
treatment.
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Figure 7. Arginase inhibitor potentiates antitumor activity of immunotherapies. A-B. C57BL/6 mice were inoculated with 0.1 x 10 of 3LL tumor cells. OAT-1746 was
administered twice daily by an intraperitoneal route at a dose of 20 mg/kg for the first 14 days, and anti-PD-1 or isotype control antibodies i.p. at the dose of 10 mg/kg
on days 6, 9, 12, 15, and 18. Number of mice in the experimental groups: ctrl n =9, anti-PD-1 n = 9, OAT-1746 n = 9, OAT-1746+ anti-PD-1 n = 8. A. The graph shows
tumor volumes in time. Data show means + SD; n = 8-10. P values were calculated with two-way ANOVA. *P = .0151; **P < .0001. Individual growth curves are
presented in the Supplementary Fig. 16. B. Animal survival curve. P values were calculated with log-rank test. *P = .0011; **P < .0001. C-D. C57BL/6 mice were inoculated
with 0.1 x 10° of 3LL tumor cells. OAT-1746 was administered twice daily by an intraperitoneal route at a dose of 20 mg/kg for the first 14 days, anti-PD-1 or isotype
control antibodies i.p. at the dose of 10 mg/kg on days 6,9, 12, 15, and 18 and DMXAA (or NaHCOs used as DMXAA diluent) by intratumoral injection at a dose of 0.5 ug/
mouse on day 8. Number of mice in the experimental groups: ctrl n = 9, OAT-1746 n = 9, OAT-1746+ DMXAA n = 9, OAT-1746+ anti-PD-1+ DMXAA n = 9. C. The graph
presents tumor volumes in time. Data show means + SD; n = 9-10. P values were calculated with two-way ANOVA. *P = .0002; **P < .0001. Individual growth curves are
presented in the Supplementary Fig. 17. D. Animal survival curve. P values were calculated with log-rank test. *P = .0078; **P = .0017; ***P < .0001. Additional

experimental groups for C and D are shown in Supplementary Figure 12.
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