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Abstract

Myeloid derived suppressor cells (MDSC) are a heterogeneous population of immature cells that
expand during benign and cancer-associated inflammation and are characterized by their ability to
inhibit T cell immunity. Increased metabolism of L-Arginine, through the enzymes arginase 1
(ARG1) and nitric oxide synthase 2 (NOS2), is well documented as a major MDSC suppressive
mechanism. Therefore, we hypothesized that restricting MDSC uptake of L-Arginine is a critical
control point to modulate their suppressor activity. Using murine models of prostate specific
inflammation and cancer, we have identified the mechanisms by which extracellular L-Arginine is
transported into MDSC. We have shown that MDSC recruited to localized inflammation and
tumor sites upregulate cationic amino acid transporter 2 (Cat2), coordinately with Argl and Nos2.
Cat2 expression is not induced in MDSC in peripheral organs. CAT2 contributes to the transport
of L-Arginine in MDSC and is an important regulator of MDSC suppressive function. MDSC that
lack CAT2 have significantly reduced suppressive ability ex vivo and display impaired capacity
for regulating T cell responses in vivo as evidenced by increased T cell expansion and decreased
tumor growth in Cat2”- mice. The abrogation of suppressive function is due to low intracellular L-
Arginine levels, which leads to the impaired ability of NOS2 to catalyze L-Arginine dependent
metabolic processes. Together, these findings demonstrate that CAT2 modulates MDSC function.
In the absence of CAT2, MDSC display diminished capacity for controlling T cell immunity in
prostate inflammation and cancer models, where the loss of CAT2 results in enhanced antitumor
activity.

Introduction

Hematopoiesis is altered in inflammation and cancer. Such pathological conditions stimulate
myelopoiesis, inhibit differentiation of immature myeloid cells and induce their activation
(1, 2). This heterogeneous population of immature myeloid cells, called myeloid derived
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suppressor cells (MDSC), is important for controlling inflammation and notably, have been
shown to be recruited to benign and cancer associated inflammation sites to block T cell
immunity (1). MDSC-mediated suppression facilitates tumor progression and is associated
with worse prognosis, increased metastatic tumor burden and decreased survival of cancer
patients (3, 4). Consequently, blockade of MDSC suppressor capacity has been suggested to
be an essential component for improving antitumor immune responses (5). Therefore,
MDSC are a critical target for cancer immunotherapy. Additionally, MDSC have been
shown to play beneficial roles in autoimmune diseases (6-8). Unfortunately, current
strategies for controlling MDSC suppressor function have not found clinical application.

In mice, MDSC are characterized by coexpression of CD11b and Gr-1 surface markers.
MDSC comprise heterogeneous mixtures of myeloid cells at early differentiation stages. The
most recognized MDSC subpopulations are monocytic (M-MDSC) and granulocytic (G-
MDSC) subsets, identified as CD11b*Ly6CMIN_y6G™ and CD11b*Ly6C!oWLY6G™,
respectively (1). It is generally accepted that M-MDSC are the dominant suppressor
phenotype but depending on the tumor model, G-MDSC may mediate significant
suppression as well (9, 10). MDSC use multiple mechanisms to mediate T cell suppression.
Increased expression and activities of arginase 1 (ARG1) and inducible nitric oxide synthase
2 (NOS2) are well established as the hallmarks for MDSC suppressive function (11). Both
enzymes use L-Arginine (L-Arg) as a common substrate and deplete L-Arg from the
microenvironment, produce nitric oxide (NO), reactive oxygen species (ROS) and reactive
nitrogen species (RNS), which mediate T-cell suppression (11). Excessive ARG1 and NOS2
activities in MDSC require L-Arg import (12). Despite its importance as the unique
substrate for ARG1 and NOS2, the mechanism by which L-Arg is transported into MDSC
and the impact of L-Arg transport on suppressor function has not been defined.

There are four transporter systems for L-Arg uptake through mammalian cellular
membranes: y*, y*L, b®*, B%* (13). Among these systems, y* shows higher selectivity for
cationic amino acids, such as L-Arg, and is considered as the major route for L-Arg entry
into cells (14). y* system comprises four carrier proteins: CAT1 — CAT4. The specific
functions of CAT3 and CAT4 are not well characterized. CAT1 is ubiquitously expressed,
with the exception of adult liver. However, CAT1 transport of L-Arg is slow and therefore
cells with a high demand of L-Arg induce CAT2 expression to provide rapid transport of L-
Arg to meet functional requirements (15). For example, activated macrophages upregulate
CAT?2 expression upon activation and the lack of CAT2 results in a significant decrease in
L-Arg transport and NO production, indicating CAT2 is required for sustained NOS2
activity (16, 17). Mature tumor-associated myeloid cells, CD11b*Gr-1-, also display
increased CAT2 expression and the concomitant L-Arg uptake (18). Although CAT2 is well
studied in the context of L-Arg transport in various cell types, its importance in
transportation of L-Arg in MDSC and its role as a regulator of MDSC suppressive function
is unknown. Using murine models of prostate specific inflammation and cancer, we
investigated the role of CAT2 in MDSC suppressive activity. We provide evidence that Cat2
is coordinately induced with Argl and Nos2. The data show that CAT2 is an active
transporter of L-Arg in MDSC and its function is required for optimal suppressive activity.
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CAT?2 deficient-MDSC display an impaired capacity for regulating T cell responses both ex
vivo and in vivo.

Materials and Methods

Mice

C57BL/6 mice were purchased from Jackson Laboratories. Cat2”~ and POET-3 mice were
generated as described previously (16, 19). Cat2"POET-3 mice were generated by breeding
Cat2”- and POET-3 mice. Rag”"Thy1.1* ovalbumin specific T cell (OTI) mice were
generated by breeding Thy1.1*OTI mice and Rag”- mice purchased from Jackson
Laboratories. Both female and male mice between 7 and 12 weeks of age were used for all
tumor studies. For POET-3 experiments only male mice were used. All animal experiments
for this study were approved by the Purdue University Animal Care and Use Committee.

Animal models

C57BL/6 and Cat2”~ mice were used for tumor studies. For prostate cancer studies, 1x 10°
RM1 prostate cancer cells were injected intraperitoneally. Mice were sacrificed 6-7 days
after tumor cell inoculation. For the bladder cancer model, 5x 10° MB49 bladder cancer
cells were injected subcutaneously in the flank area. Mice were sacrificed after 14 days
when tumors reached 1.5 cm in diameter. For tumor growth experiments, mice were injected
with 3x 108 Fico/Lite (Atlanta Biologicals) purified EG7 or EL4 cells subcutaneously in the
flank area or intradermally in the shoulder area. After 7 days 1-1.5x 106 activated OTI cells
were injected intravenously. For the Winn assay, 3x 108 EG7 or EL4 cells were injected
intradermally in the shoulder area with or without 10* activated OTI cells in the presence or
absence of 104 CAT2*/* or CAT2- CD11b*Gr-1* cells isolated from the ascites of RM1
mice. Tumor size was measured using calipers and calculated by the formula [(small
diameter)? x (large diameter) x 0.5]. POET-3 and Cat2”- POET-3 mice were used for
inflammation studies. Prostate inflammation was induced by intravenous injection of 5x 106
in vitro activated (48 h) OTI cells into POET-3 mice. Mice were sacrificed 5 days after the
induction of inflammation. For the adoptive transfer studies, 2 days after the induction of
inflammation POET-3 mice received (i.p.) 4x 108 MDSC generated by culturing bone
marrow cells with GM-CSF (40 ng/ml) and IL-6 (40 ng/ml) (purchased from Peprotech) for
5 days.

Cell isolation and generation

Bone marrow was collected from femurs and tibias. Spleens were harvested and ground
using frosted slides. Cells from ascitic tumors were collected by flushing the peritoneal
cavity with 10 ml PBS. Cells from solid tumors were collected by digesting the minced
tissue at 37°C for 1 hour in media containing Collagenase D (2 mg/ml, Roche Diagnostics)
and DNAse | (10 pg/ml, Sigma-Aldrich). Cells from prostate glands were obtained by
harvesting and pooling anterior, ventral and dorsolateral lobes of prostates and minced
tissues were digested for an hour at 37°C in media containing Collagenase D (2 mg/ml). Red
blood cells were lysed by using ACK buffer and cells were passed through a 70 um filter.
OTI cells were isolated from the spleens of Rag”-OTI mice and activated by culturing in
RPMI 1640 media containing SIINFEKL (1 ug/ml, Ova peptide 257-264, American peptide)
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and 2-ME (55 uM). Activated OTI were purified by Fico/Lite. Macrophages were obtained
by collecting cells from mice by washing the peritoneal cavity with 10 ml PBS 5 days after
thioglycollate injection (i.p.). Cells were cultured and unattached cells were removed after 2
hours. Macrophages were then cultured for another 17 hours in the absence or presence of
LPS (100 ng/ml, Sigma-Aldrich) and IFN-y (25 ng/ml, Peprotech). For in vitro activation of
MDSC, CD11b*Gr-1* cells were isolated from bone marrow by FACS and were cultured
for 3 days with GM-CSF (40 ng/ml), IFN-vy (25 ng/ml) and IL-13 (33 ng/ml, Peprotech).

Flow cytometry

Single cell suspensions were incubated with TruStain fcX (Clone:93) and stained with
conjugated antibodies. MDSC were labelled with anti-CD11b (Clone: M1/70), anti-Gr-1
(Clone: RB6-8C5), anti-Ly-6C (Clone: HK1.4) and anti-Ly-6G (Clone: 1A8). T cells were
labelled with anti-CD45 (Clone: 30-F11), anti-CD8a (Clone: 53-6.7) and anti-CD90.1
(Clone: OX-7). To measure IFN-y production by OTI, cells were cultured for 6-8 hours in
the presence of SIINFEKL and Golgi Stop (BD Biosciences). After staining for surface
antigens, cells were prepared for intracellular staining using the CytoFix/CytoPerm™ kit
(BD Biosciences) and stained with anti-IFN-y (Clone: XMGL1.2). Antibodies were purchased
from BioLegend and used at 2 ug/ml concentration. OTI proliferation was measured using
BrdU Flow Kit (BD Biosciences) or Click-iT® EdU Flow Cytometry Assay Kit (Molecular
Probes, Life Technologies) according to the manufacturer's instructions. For ARG1 and
NOS2 protein detection, following surface antigen staining cells were fixed and
permeabilized using BD CytoFix/CytoPerm™ Kkit. Cells were then stained for ARG1 and
NOS2 for 30 minutes at room temperature. ARG1 staining was performed in 20 pl of 25
ug/ml PE-conjugated anti-ARG1 polyclonal antibody or the isotype control PE-conjugated
polyclonal sheep 1gG (R&D Systems). For NOS2 detection, APC conjugated anti-NOS2
monoclonal antibody (eBioscience, Clone: CXNFT) and the APC conjugated mouse-1gG2a
isotype control (Clone: RMG2a-62) were used at 10 pg/ml. All analyses were performed
using BD FACSCanto Il and data were analyzed using FlowJo software (Tree Star). All cell
sorting was performed using a BD FACSAria I11. Sort purities were above 95%.

Quantitative real time PCR

Total RNA was isolated from cells using the E.Z.N.A. Total RNA Kit | (Omega Bio-tek)and
cDNA synthesis was performed using gScriptTM cDNA SuperMix (Quanta Biosciences)
according to the manufacturer's instructions. Multiplex gRT-PCR was performed using
PerfeCTa® FastMix® Il (Quanta Biosciences), PrimeTime® gPCR gene probes (IDT)
including Argl (Mm.PT.58.8651372), Nos2 (Mm.PT.58.43705194), Slc7a2 (Mm.PT.
58.28825099) and endogenous control 18s rRNA (Applied Biosystems). Relative mRNA
expression was calculated by the formula 2-{Ct(9ene) - Ct(18s RNA)] '\yhere Ct is the threshold
cycle value.

L-Arginine transport assays

Isolated MDSC were cultured overnight with GM-CSF (40 ng/ml), IFN-y (25 ng/ml), IL-13
(33 ng/ml). Peritoneal macrophages were cultured with LPS (100 ng/ml) and IFN-y (25
ng/ml) for 17 hours. Transport assays were carried out at 25°C in a buffer containing 118.5
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mM NacCl, 5.6 mM KCI, 1.3 mM CaCl,, 0.6 mM MgCl,, 11.1 mM glucose, 0.03 mM
EDTA, 0.06 mM L-Ascorbic Acid and 20 mM HEPES. Transport through the y* system
was blocked by pretreating cells with N-ethyl maleimide (NEM) (5 mM) (Sigma-Aldrich) at
25°C for 5 min. To block transportation through the y*L system 5 mM L-Leucine (L-Leu)
was added to the transport buffer. Cells were pulsed with L-3[H]-Arginine (6uCi/ml,
PerkinElmer) for 3 min and were washed with stop solution (transport buffer containing 10
mM nonradioactive L-Arg). Cells were then lysed with 4% Triton X-100 and the uptake was
measured using a scintillation counter. The protein concentration of cell lysates was
measured using the Bradford assay (Sigma-Aldrich) according to the manufacturer's
instructions. Uptake was represented as CPM/mg protein for normalization purposes.

MDSC functional assays

Sorted MDSC or MDSC subsets were co-cultured in 96-well U bottom plates with OTlIs
(10° cells/well) preactivated for 8 hours (or naive, where indicated) in media containing the
cognate antigen SIINFEKL. OTI proliferation was measured by determining BrdU or EdU
incorporation after 18 hours for short-term assays and 48-72 hours for long-term assays.
BrdU and EdU were added 6 and 2 hours before harvest, respectively. BrdU and EdU
incorporation were measured by flow cytometry. Where indicated LNMMA (0.5 mM,
Calbiochem), nor-NOHA (0.5 mM, Calbiochem) and NAC (1 or 10 mM, Sigma-Aldrich)
were added to the suppression assay at the beginning of co-culture. The percent suppression
was calculated as [[1-(proliferation with MDSC)/(proliferation without MDSC)]x 100].
IFN-y production was measured by intracellular IFN-vy staining for flow cytometry.

Measurement of nitrite, ROS and urea

Sorted cells were cultured for 24 hours with or without LPS (100 ng/ml) and IFN-y (25 ng/
ml). Nitrite formation was quantified using the Standard Griess Assay (Molecular Probes,
Life Technologies) according to the manufacturer's instructions. Reactive oxygen species
(ROS) formation was measured using DCFDA — Cellular reactive oxygen species detection
assay kit (abcam) according to the manufacturer's instructions. In the arginase assay, sorted
cells were lysed in 0.1 % Triton X-100 containing protease inhibitors (Roche) at 107
cells/ml and incubated at room temperature for 30 minutes. Subsequently, equal volume of
10 mM MnCl, and 25 mM Tris-HCI (pH 7.5) were added. Following 10 min incubation at
55 °C, equal volume of 0.5 M L-Arginine (pH 9.7) was added. 5 pl of lysates were incubated
for 2 hours at 37°C. BioAssay Systems Quantichrome Urea Assay Kit, which detects urea
and citrulline equivalently (20), wasused according to the manufacturer's instructions in
order to determine arginase activity.

Statistical analysis

Data were presented as mean + SEM. Statistical analyses were performed using GraphPad
Prism software. p values were calculated using Student's t test and one-way ANOVA with
Bonferroni's post-test when two or multiple groups were compared, respectively.
Differences were considered significant where p < 0.05.
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Results

Cat2 expression is induced in MDSC upon acquisition of suppressive function

To assess if Cat2 expression is upregulated in MDSC upon gaining suppressive activity, we
utilized an in vitro system in which we isolated CD11b*Gr-1* cells from bone marrow and
cultured them with activating cytokines (IFN-y, IL-13 and GM-CSF) for 3 days (21). After 3
days of culture with cytokines MDSC upregulated Argl and Nos2 expression and could
suppress T cells (Fig. 1A,B and 3A). We compared Cat2 expression levels in CD11b*Gr-1*
cells that were cultured with or without activating cytokines. We saw that Cat2 expression
was induced in activated MDSC in parallel with Argl and Nos2 expression (Fig. 1C). In
order to evaluate if the induction of Cat2 expression is coordinately regulated with Argl and
Nos2 induction, we measured gene expression of in vitro activated MDSC after 24, 48 and
72 hours of culture. The data show that the kinetics of Cat2 induction in MDSC parallels the
induction of Argl and Nos2 expression (Fig. 1D). Next, we evaluated Cat2 expression levels
in CD11b*Gr-1* cells isolated from tumor bearing mice. We previously published that only
MDSC at the tumor site, but not at peripheral sites such as spleen, have immediate
suppressive capacity (22). In order to investigate if Cat2 is indeed induced only in MDSC
with suppressive function, we compared Cat2 expression in CD11b*Gr-1* cells isolated
from the spleen and tumor sites of tumor bearing mice. To this end, we utilized a tumor
model in which RM1 murine prostate cancer cells were injected intraperitoneally (i.p.) into
Cat2*"* mice (23). Six days after tumor inoculation, CD11b*Gr-1* population was
significantly expanded in the spleen and ascites of RM1 bearing mice compared to the naive
control mice (Fig. 2A). CD11b*Gr-1* cells were isolated from the spleen and as cites of
RM1 i.p. tumor bearing mice and from the spleen of naive mice. Only the MDSC isolated
from the tumor site, with immediate suppressive function, but not from spleens of naive or
tumor bearing mice had elevated Cat2 expression (Fig. 2B). In addition we examined Cat2
expression in MDSC subsets (Fig. 2C). Both monocytic (CD11b*Ly6CMNINLy6G") (M-
MDSC) and granulocytic (CD11b*Ly6C!oWLy6G*) (G-MDSC) subsets at the tumor site
displayed high Cat2 expression unlike splenic counterparts (Fig. 2D). These data show that
Cat2 expression is induced in MDSC with immediate suppressive function.

CAT2 regulates MDSC suppressive function

To evaluate if CAT2 regulates MDSC suppressive function, we compared the suppressive
ability of Cat2*/*, Cat2*/- and Cat2”- MDSC in vitro. After 3 days of culture with
activating cytokines, bone marrow CD11b*Gr-1* cells were co-cultured with naive OTI
cells, ovalbumin (OVA) specific CD8* T cells, in the presence of activating peptide. Cat2”,
but not Cat2*/- MDSC, displayed significantly reduced suppressive function compared to
Cat2*/* MDSC at all ratios (Fig. 3A). Since CAT2 needs to be completely absent in order to
reduce suppressive capacity, for the rest of the study we utilized Cat2*/* (WT) and Cat2”
(KO) MDSC. Next, we investigated if Cat2”/- MDSC isolated from tumor sites had lower
suppressive function. We isolated CD11b*Gr-1* cells from spleen and as cites of i.p. RM1
bearing WT and KO mice. Accumulation of CD11b*Gr-1* cells at the tumor site, spleen and
bone marrow was comparable in both WT and KO animals (not shown). To measure
suppressive activity, we cultured isolated CD11b*Gr-17" cells with pre-activated OTI cells
for 18 hours at differing ratios. This is a short-term assay and in this assay only MDSC with
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immediate suppressor function are able suppress OTI proliferation (22). As expected,
precursor cells from spleen did not suppress OTI proliferation in 18 hours, but WT MDSC
from tumor site were suppressive. Similar to in vitro activated MDSC, MDSC isolated from
tumor site possessed significantly reduced ability to suppress OTI proliferation in the
absence of CAT2, where suppression by CAT27- MDSC was observed only at a 2:1
MDSC:OTI ratio (Fig. 3B). Evaluation of the suppressive capacity of MDSC in a long-term
(48 hours) suppression assay also demonstrated a similar reduced suppressive capacity of
KO MDSC (Fig. 3C). In addition we determined intracellular IFN-y levels of OTI cells at
the end of the culture. We observed that co-culture with WT MDSC resulted in fewer OTI
cells that displayed intracellular IFN-vy, further confirming the decreased suppressive
capacity of CAT2-ablated MDSC (Fig. 3D). To verify that our observations were not limited
to the RM1 ascites model, we implanted mice with MB49 bladder cancer cells
subcutaneously and monitored CAT2 dependent MDSC suppressive function in a 48-hour
culture (Supp. Figure 1A). MDSC isolated from both tumor site and spleens of MB49 tumor
bearing animals had lower suppressive activity in the absence of CAT2, suggesting that our
observations are broadly applicable. We also evaluated the suppressive capacity of MDSC
subsets individually. Both M-MDSC and G-MDSC subsets displayed diminished
suppressive capacity in the absence of CAT2 (Fig. 3E). In addition to tumor site MDSC, we
utilized MDSC subsets isolated from spleen and bone marrow. In a long-term assay,
prolonged culture time enables MDSC from peripheral sites to gain suppressive function due
to exposure to endogenous and T cell-secreted activating factors. Therefore, unlike the
results from short-term suppression assays, spleen and bone marrow MDSC are expected to
suppress T cells in a long-term assay (22). Accordingly, we observed that MDSC from
spleen and bone marrow displayed reduced suppressive action without CAT2 (Supp. Figure
1B). These results demonstrate that CAT2 is an important regulator of MDSC suppressive
capacity. In the absence of CAT2 MDSC display significantly reduced levels of suppressive
activity.

CAT2 mediates L-Arginine transportation in MDSC

Because Cat2 expression is elevated in parallel to L-Arg-dependent activities ofArgl and
Nos2 (12), we asked whether CAT2 was modulating L-Arg intake in MDSC. To measure L-
Arg intake we used MDSC isolated from ascites of i.p. RM1 bearing WT and KO mice. It
has been reported that CAT2 plays a crucial role in L-Arg transport of activated
thioglycollate-elicited peritoneal macrophages (16). Therefore, we used macrophages from
WT and KO mice as a control. We measured L-3[H]-Arginine uptake in activated
macrophages (Fig. 4A) and tumor site MDSC (Fig. 4B). As reported (16), in activated
macrophages when CAT2 was absent, the reduction in L-Arg uptake was about 90%. As we
anticipated, in MDSC L-Arg uptake was significantly lower in the absence of CAT2.
Interestingly in MDSC, L-Arg transport was much lower than macrophages when
standardized to protein levels and CAT2-mediated L-Arg transport corresponded to only
about 20% of total transport. Even so, CAT2-mediated transport is essential for optimal
suppressive activity. There are multiple transportation systems that carry extracellular L-Arg
into the cell. In order to eliminate the possibility that in KO MDSC an alternate transporter
is over-expressed and is compensating for the lack of CAT2, we investigated the expression
levels of all members of L-Arg transporter systems in WT and KO MDSC by gPCR (Supp.
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Figure 2). Data show that none of the amino acid transporters that can transport L-Arg are
over-expressed in KO MDSC. Additionally, data revealed that in MDSC, only the members
of y* and y*L systems are expressed. We could not detect any expression of transporters that
are members of b%* and B%* systems. Next, we evaluated the specific contribution of y*
and y*L systems in L-Arg uptake in MDSC. To this end, we utilized an inhibitor, N-ethyl
maleimide (NEM), that can block L-Arg transportation through the y* system. NEM
treatment blocked about 25% of total transport in intact MDSC. Importantly, the inhibition
of L-Arg transport in intact MDSC upon the blockade of y* system was comparable to the
inhibition in CAT27- MDSC, indicating that CAT2 is the major y* system transporter in
MDSC. Accordingly, the total L-Arg transportation through CAT1, CAT2 and CAT4 was
significantly lower than L-Arg uptake through CAT2 (Fig. 4C). In order to determine the
contribution of y*L system, we measured L-Arg uptake in the presence or absence of 5 mM
L-Leu. Addition of excessive amounts of L-Leu to the transportation medium competitively
blocks L-Arg transportation through the y*L system. Data showed that the y*L system
carries out about 25% of the L-Arg uptake in MDSC and in accordance with the gene
expression data both WT and KO MDSC had similar y*L system activities (Fig. 4D).
Together, these results show thatCAT? is an important carrier of L-Arg in MDSC, yet it is
not the only transporter that mediates L-Arg uptake.

Lower suppressive capacity of CAT27"MDSC is due to reduced NO production

Next, we evaluated the mechanisms through which CAT2 modulates MDSC suppressor
function. One of the major suppressive mechanisms in MDSC is the production of NO by
NOS2. Since NOS2 uses L-Arg as its substrate to produce NO and CAT2 ablated MDSC
have lower L-Arg uptake, we hypothesized that CAT2 KO MDSC have reduced NO
production. To test this, we measured nitrite production in WT and KO MDSC and MDSC
subsets using a standard Griess reaction (Fig. 5A,B). We used activated macrophages as a
control, since it is reported that in the absence of CAT2, activated macrophages have a 92%
reduction in NO production (16) (Fig. 5C). As expected, WT MDSC produced significantly
higher levels of NO. To eliminate the possibility that reduced NO formation in CAT2"-
MDSC could be due to diminished NOS2 expression in the absence of CAT2, we inspected
NOS?2 protein levels in CAT2*/* and CAT2- MDSC subsets. Data showed that NOS2
expression was similar in CAT2*/* and CAT27- MDSC. Notably, in agreement with gene
expression data (Fig. 2D), NOS2 protein expression was also mostly confined to the M-
MDSC subset (Fig. 5D). Freshly isolated MDSC from CAT2*/* and CAT2"- also were
tested for NOS2 levels and although lower levels were present, the levels were comparable
between the two phenotypes (Supp. Figure 3). Together, these data indicate that NOS2
expression in MDSC is not modulated by CAT2 and hence the reduced NO formation in
CAT27- MDSC is likely to be due to diminished L-Arg uptake.

Another important suppressive mechanism MDSC use for inhibiting T cell responses is the
activity of ARGL1 (11). CAT2 has been reported to modulate ARG1 activity in macrophages
(24). Therefore, we investigated the possibility that CAT2 might be modulating ARG1
activity in MDSC. ARG catalyzes L-Arg to L-Ornithine and urea (11). Thus, we measured
urea formation in CAT2** and CAT27/-MDSC to inspect the role of CAT2 in ARG1
activity. As expected, tumor MDSC had much greater ARG activity than bone marrow
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CD11b*Gr-1* cells. Importantly, the data demonstrate that ARG1 activity is comparable in
CAT2** and CAT27"MDSC (Fig. 5E). Next, we measured ARG1 protein levels in CAT2+/*
and CAT27~ tumor MDSC. In agreement with urea production observed, where L-Arg is
supplied as a biochemical measure of relative ARG1 activity, we detected similar ARG1
protein levels in CAT2*/* and CAT27- MDSC (Fig. 5F).

To evaluate the contribution of NOS2 and ARG1 to MDSC suppressive function, we used
NOS inhibitor, L-NMMA, and arginase inhibitor nor-NOHA. L-NMMA completely
inhibited MDSC suppressive function. However, nor-NOHA had no effect on MDSC
suppressive function (Fig. 5H). Thus, the data suggest that NOS2 metabolism is the major
suppressive mechanism in MDSC from the RM1 ascites tumor model. These data suggest
that the reduced NO production in CAT27"MDSC accounts for the reduced suppressive
capacity.

Elevated ROS production in CAT27- MDSC contributes to the suppressor activity

Although reduced, high levels of MDSC still possess suppressive ability in the absence of
CAT2. Hence, we aimed to determine the mechanisms that regulate MDSC suppressive
activity in a CAT2 independent manner. Previously L-Arg availability has been shown to
modify NOS2 function such that when L-Arg is depleted in the local environment, NOS2
produces mostly -O,™ instead of NO (25). -O,™ can react with other molecules, such as H,O
and NO, and produce reactive oxygen species (ROS), thereby suppressing T cells (26).
Therefore, we asked if KO MDSC had higher levels of ROS production. We measured ROS
levels in WT and KO MDSC by DCFDA staining and found that KO MDSC had
significantly higher ROS levels compared to WT MDSC (Fig. 6A). DCFDA staining of
MDSC subsets revealed that ROS production in M-MDSC was similar in the absence or
presence of CAT2 and the differential ROS production could be attributed to G-MDSC (Fig.
6B).

Next, we investigated the role of ROS formation in regulating MDSC suppressive function.
We hypothesized that due to enhanced levels of production, in KO MDSC ROS plays a
greater role in suppressive activity compared to WT MDSC. To this end, we used ROS
inhibitor N-acetyl-L-cysteine (NAC) to assess the role of ROS in the suppressive function.
Since CAT27- MDSC have low inhibitory activity, we used a high MDSC:OTI ratio (2:1) in
the suppression assay to capture the expected reductions in suppressor activity due to the
inhibition of ROS. As expected, NAC greatly reduced the suppressive capacity of KO
MDSC, however it had no effect on WT MDSC (Fig. 6C). Since ROS were previously
shown to mediate the suppressive function of MDSC (26), we concluded that the reason
NAC did not affect suppressive activity of WT MDSC was due to the high MDSC:OTI ratio
in the suppression assay. To address this, we co-cultured WT MDSC at differing ratios with
OTI cells and determined the suppressive activity in the absence or presence of NAC. The
results showed that at lower MDSC:OT] ratios ROS contributes to the suppressive activity
of WT MDSC (Fig. 6D). Together, these data suggest that ROS production can mediate
MDSC suppressive activity in a CAT2 independent manner and its role is enhanced in KO
MDSC due to the elevated levels.
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CAT27- MDSC display diminished capacity for controlling T-cell immunity in vivo

To evaluate whether CAT2 can modulate MDSC regulatory functions in vivo we performed
a Winn assay, in which 3x 106 EG7 lymphoma cells were injected intradermally with or
without activated OTI cells (27) in the presence or absence of MDSC. EG7 express
ovalbumin and hence are susceptible to killing by OTI cells. EG7 tumors when implanted
alone grew progressively. The presence of 104 OTI was sufficient to block tumor growth. In
the presence of WT MDSC, OTI cells did not significantly inhibit tumor growth and,
although slower, tumors grew progressively (Fig. 7A). To the contrary, the presence KO
MDSC had no effect on OTI function (Fig. 7A). We further analyzed the role of CAT2 in
vivo using another tumor model that allowed us to investigate CAT2-mediated effects on the
regulatory function of endogenous tumor-induced MDSC. We implanted 3x 106 EG7
lymphoma cells intradermally into WT and KO mice. 7 days after injection, we adoptively
transferred 1x 108activated OTI intravenously and monitored tumor growth. Tumor growth
was slower in KO mice (Fig. 7B). Accordingly, we observed significantly slower tumor
progression in KO mice when EG7 tumors were implanted subcutaneously (Supp. Figure 4).
Together, these observations suggest that the ability of MDSC to regulate effector T cell
function in vivo is impaired in the absence of CAT2.

Absence of CAT2 decreases the regulatory function of MDSC in an acute inflammation

model

CAT2 is important in regulating MDSC function in a tumor-induced setting of chronic
inflammation. In order to expand these findings to MDSC found in acute inflammatory sites,
we utilized a prostate specific inflammation model, POET-3 (28). POET-3 express the
chicken egg ovalbumin gene under the control of the prostate specific probasin promoter.
Hence, adoptive transfer of ovalbumin specific T-cells (OTI) results in induction of prostate
specific inflammation (28) with MDSC recruitment to prostate and spleen (Fig. 8A). MDSC
isolated from prostate, but not from spleen, can suppress T-cell responses (22). We isolated
CD11b*Gr-1* cells from prostate and spleens of inflamed POET-3 mice and investigated
Cat2 expression levels. Similar to the results we obtained from the RM1 tumor model, Cat2
is coordinately up-regulated with Argl and Nos2 in only MDSC isolated from prostate (Fig.
8B). To evaluate the role of CAT2 in MDSC in an acute inflammatory model, we bred our
POET-3 mice with CAT27- mice. We investigated MDSC accumulation in CAT2 WT and
KO POET-3 mice. Accumulation of both MDSC and MDSC subsets from the prostate and
spleen were comparable between WT and KO POET-3 mice (not shown). Next, we
evaluated if CAT2 modulated the suppressive capacity of MDSC. As seen in the tumor
models, MDSC from acute inflammatory sites also had reduced suppressive capacity in the
absence of CAT2 (Fig. 8C). Furthermore, we investigated if CAT2 was modulating MDSC
regulatory function in vivo. Since the absence of CAT2 results in reduced MDSC function,
we hypothesized that in KO POET-3 mice the ability of MDSC to inhibit T cells should be
diminished, leading to a greater OTI population in the prostate. OTI cells express Thyl.1
and using this congenic marker we can monitor adoptively transferred OTI cells. We
investigated the OTI population in prostate and spleens of WT and KO POET-3 mice. As
expected, the KO POET-3 prostate had significantly more OTI cells, both as population
percentages and absolute numbers (not shown). In order to ensure that the increase in OTI
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cells in the KO POET-3 prostate was due to MDSC activity, we adoptively transferred WT
MDSC into KO POET-3 mice. It was previously shown that culturing bone marrow cells
with GM-CSF and IL-6 expand the CD11b*Gr-1* population (9, 29). We isolated bone
marrow from naive WT and KO mice and cultured the cells for 5 days with GM-CSF and
IL-6. Then we transferred these in vitro generated KO MDSC into KO POET-3 and WT
MDSC into WT or KO POET-3. As expected, the OTI population in the KO POET-3 was
significantly greater than in WT POET-3 prostates. Adoptive transfer of WT MDSC into
KO POET-3 could partially rescue this phenotype (Fig. 8D). Only MDSC in the prostate,
but not the spleen, have suppressive function, therefore, MDSC in the spleen should not
regulate OTI cells. As expected, WT and KO POET-3 have comparable OTI numbers in the
spleens (Fig. 8E). In addition, we investigated IFN-y formation in OT]I cells from WT and
KO POET-3. OTl isolated from the prostates of KO POET-3 trend toward higher levels of
IFN-y (Fig. 8F). OTI cells from the spleen displayed similar IFN-y levels in WT and KO
POET-3 mice (Fig. 8G).

In summary, these data suggest that elevated CAT2 expression is a marker of MDSC that
acquired suppressive function, unlike those in spleen or bone marrow. CAT2 regulates
MDSC suppressive capacity and is important for MDSC to have complete regulatory control
of T-cell immunity.

Discussion

Myeloid derived suppressor cells are one of the dominant immunosuppressive populations
that are present in the tumor microenvironment, impairing T cell function and promoting
tumor progression (30). Therefore, MDSC present a major obstacle for the success of cancer
immunotherapy. As a result, blocking MDSC function has been an attractive endeavor to
complement cancer therapies. Indeed several studies demonstrated that depletion of MDSC
or inhibiting MDSC function impaired cancer progression (31, 32). Although these studies
are very promising, more specific strategies to block MDSC suppressive function are
needed.

MDSC mediate their inhibitory effects on T cells through diverse mechanisms (33). One
mechanism is the metabolism of amino acids by MDSC (34). For example, MDSC express
enzymes that metabolize L-Arginine, L-Trytophan and cysteine, leading to their
consumption from the microenvironment. Depletion of these amino acids results in T cell
dysfunction (35-37). Additionally, MDSC can metabolize L-Arginine and L-Phenylalanine
and generate end products that block T cell activities (38, 39). Among these, L-Arginine
metabolism is considered to be the hallmark mechanism for MDSC-mediated T cell
inhibition (11). Therefore, in this study we focused on the mechanism and functional impact
of L-Arg uptake on MDSC. We postulated that we could control MDSC activity by
modulating L-Arg entry into cells. L-Arg transport is mediated by y*, y*L and b%*,
BO*systems (13). The y* system member CAT2 was shown to be the dominant L-Arg
transporter in macrophages and was indirectly implicated as a transporter in MDSC (12).
However, studies defining CAT2 as an L-Arg transporter and evaluation of the functional
impact of CAT2 on MDSC function are lacking. Therefore, we initiated studies to define the
role of CAT2 in MDSC.
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Our data demonstrate that Cat2 expression is induced in CD11b*Gr-1*cells only when they
are exposed to activating cytokines in vitro. In vivo, only MDSC that reside at inflammatory
or tumor sites, but not at peripheral sites, have elevated Cat2 expression. In addition, Cat2
induction is coordinately expressed with Nos2 and Argl. Notably, the data reported herein
show that MDSC regulation of T cell immunity is compromised in the absence of CAT2,
leading to inhibition of tumor growth. Thus Cat2 may be useful in defining the functional
state of CD11b*Gr-1* cells and serving as a target for regulating MDSC function.

Increased NOS2 and ARG1 activities are suggested to necessitate elevated L-Arg uptake in
MDSC (30). We hypothesized that transportation through CAT?2 is responsible for elevated
L-Arg uptake in MDSC since its expression is coordinately induced with Nos2 and Argl. By
comparing L-3[H]-Arg incorporation in Cat2*/* and Cat2”- MDSC, we showed that unlike
macrophages where CAT2 is responsible for 90% of L-Arg transport, CAT2 mediates only
~20% of L-Arg transport in MDSC. These data suggested that other L-Arg transport
mechanisms compensate for the loss of CAT2. Evaluation of the contribution of other
known L-Arg transporters showed that no members of b9+ or BO* were expressed in
MDSC. To further verify these results, we blocked the transport through b%* or BO-*
systems in MDSC and did not observe any alterations in L-Arg uptake (data not shown).
These results are similar to Martin et al.'s findings that b%* or B%* systems do not contribute
to L-Arg transport in bone marrow derived macrophages (17). We also investigated the
participation of y*L system in L-Arg transport in MDSC and found that transport through
the y*L system accounts for ~25% of total transport. It is reported that in bone marrow cells
in addition to carrier-mediated transport through y* and y*L systems, L-Arg can be taken up
into cells by basal diffusion (17, 40). Indeed, we observed that a component of L-Arg uptake
in MDSC could not be blocked by addition of saturating levels of non-radioactive L-Arg in
transportation assays (not shown). Therefore, it is likely that in MDSC, basal diffusion or an
unidentified L-Arg carrier is responsible for they* and y*L independent L-Arg transport.
Additionally, we observed that L-Arg uptake was ~10-fold higher in activated macrophages
compared to MDSC. Comparative qPCR analysis revealed that macrophages had higher
Cat2 expression than MDSC (not shown). Although this observation might explain why
macrophages have higher L-Arg uptake than MDSC, it is previously reported that mRNA
levels of CATs do not necessarily reflect protein levels (14). Therefore, it is possible that the
increase in Cat2 gene expression in MDSC may not correlate with the functional protein
levels. Unfortunately, due to lack of availability of specific antibodies we could not monitor
CAT?2 protein levels. Despite the compelling differences in L-Arg uptake through CAT2,
NO production between MDSC and macrophages was altered in an equivalent manner in the
absence of CAT2 (~70% for each cell type). One possible explanation for these
observations is that L-Arg compartmentalization might vary between the two cell types. It is
proposed that there are distinct L-Arg pools inside the cells and the access of NOS2 to
distinct pools might differ between different cell types (14, 41).

Importantly, our data revealed that CAT2 expression in MDSC regulates suppressive
function. In the absence of CAT2, MDSC have lower suppressive activity due to lower
production of NO. Since NOS2 expression is not modulated by CAT2, reduced NO levels
inCat27- MDSC is likely to be related to lower substrate availability. Similar to NOS2,
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ARG1 expression is also independent of CAT2 and in an arginase functional assay, Cat2*/*
and Cat2”- MDSC displayed comparable arginase activity. This observation differs from a
previous report that shows CAT2 deficiency enhances the activity of arginase in
alternatively-activated macrophages (24). Given the differences reported herein between
MDSC and macrophages regarding CAT2 expression and CAT2-mediated L-Arg transport,
it is possible that CAT2-dependent modulation of ARG activity also varies between the
two cell types. Also, it is important to stress that unlike in the Griess reaction, in this urea
detection assay we lyse the MDSC and supply extracellular L-Arg for ARG1 enzyme to use.
Hence, this assay measures the capacity of the enzyme to catalyze L-Arg, it does not reflect
the intracellular activity of ARG1 in intact MDSC in the absence or presence of CAT2. We
anticipate that in Cat2”- MDSC, like NOS2, ARG1 activity is also reduced since CAT2
mediates its effects by controlling the substrate availability.

To further characterize CAT2-mediated MDSC suppressive function we investigated the
role of previously described MDSC suppressive mechanisms. Inhibitor studies suggested
that in the RM1 ascites model MDSC activity is mainly mediated through NOS2 activity.
NOS inhibitor L-NMMA completely abrogated the suppressive function in MDSC even at
high MDSC:OTI ratios, whereas the arginase inhibitor, nor-NOHA, had no effect. This
observation might be linked to the suppression assay used, where MDSC and OT]I are
engaged in cell-to-cell contact to monitor antigen specific stimulation of OTI. Unlike NOS2,
ARG1-mediated MDSC suppressive mechanisms have been reported to be independent of
cell-to-cell contact (12, 42). In support of these results, Raber et al. also showed that in a
suppression assay, where MDSC are in direct contact with T cells, L-NMMA completely
blocked MDSC suppressive effect, while nor-NOHA had no effect (10). Although L-
NMMA further inhibited the already reduced suppressive effect of Cat2”/- MDSC, we still
detected residual suppressive activity, unlike Cat2*/* MDSC. It was reported previously
that L-NMMA is transported through the y* system and has the same affinity for
transporters as L-Arg (43). Therefore, it is likely that L-NMMA uptake in CAT2 ablated
MDSC is lower and may be insufficient to completely block suppressive activity.
Alternatively, this result may suggest that Cat2”- MDSC utilizes NO-independent
mechanisms to mediate T cell suppression. Because NOS2 in L-Arg depleted macrophages
produce -O," rather than the common product NO (25) and ROS formation is a suppressive
mechanism of MDSC (26, 44), we evaluated ROS formation in MDSC. Indeed, we detected
elevated levels of ROS in Cat2”- MDSC. Inhibition of ROS resulted in greater changes in
suppressive activity of Cat2”- MDSC than Cat2*/* MDSC. ROS could mediate suppressive
activity of WT MDSC only at low MDSC:OTI ratios. Overall, our data indicate that reduced
suppressive capacity of Cat2”- MDSC is due to lower NO production. Cat2- MDSC
depend more on ROS to suppress T cells than Cat2*/* MDSC and ROS-mediated
suppression, at least in part, account for the residual suppression in Cat2”- MDSC. More
studies are needed to investigate other CAT2 related suppressive mechanisms.

We also demonstrated that CAT2 is an important mediator of MDSC regulatory functions
using in vivo models of acute inflammation and tumor formation. In the prostate specific
inflammation model (POET-3), in the absence of CATZ2, adoptively transferred OTI cells
displayed enhanced expansion and higher frequency of IFN-y producing cells in the prostate.
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No differences were observed in splenic OTI cells, which is consistent with their activation
state. These results are in accordance with our previous findings that showed when MDSC
function is blocked by anti-Gr-1 during acute prostate inflammation, OT]I proliferation and
function is enhanced in the prostate, but not in the spleen (22). By controlling T-cell
function MDSC promote tumor progression, so ablation of CAT2 in MDSC is expected to
slow down tumor growth. In order to determine the effects of CAT2-mediated MDSC
suppressive activity on tumor growth, we adopted an EG7 immunotherapy model (27). We
implanted EG7 cells into Cat2*/* and Cat2”- mice intradermally or subcutaneously and
after 7 days we injected activated OT] cells intravenously. In Cat2”- mice tumor growth was
slower compared to Cat2*/* mice. These observations, together with results from the Winn
assay, indicate that Cat2”- MDSC have diminished capacity to control antitumor T cell
responses. However, it is important to mention that in the absence of OTI transfer, EG7
growth was not significantly different between Cat2*/* and Cat2”~ mice. In fact, tumor
growth rate was comparable also in EL4, MB49 and RM1 tumor models (not shown). CAT2
is an important regulator for other cell types as well, including macrophages and T cells (45,
46). The reason that tumor growth in Cat2”~ mice is not slower is most likely because of the
CAT?2 related deficiencies in other cell types, especially T cells. Cat2 is expressed in
activated T cells (46, 47) and L-Arg is essential for T cell functions (48, 49). Further studies
are needed to elucidate the CAT2-dependent regulatory functions of multiple populations
present in the tumor microenvironment.

Together, our findings describe the contribution of different L-Arg transportation systems in
MDSC and define CAT2 as a major transporter that is induced in MDSC with immediate
suppressor function. Therefore, CAT2 is a marker for functionally active MDSC. In
addition, we demonstrate that CAT2 is a novel molecule mediating MDSC suppressive
function and causing diminished antitumor immune responses. Hence, CAT2 may be
utilized as a target to modulate MDSC activity in inflammatory diseases.
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KO
L-Arg
L-Leu
LNMMA
MDSC
M-MDSC
NAC
NEM
nor-NOHA
Nos2
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OVA
POET-3
ROS
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arginase 1

cationic amino acid transporter 2

granulocytic myeloid derived suppressor cells

Cat2 knock out mice

L-Arginine

L-Leucine
NG-Monomethyl-L-arginine

myeloid derived suppressor cells
monocytic myeloid derived suppressor cells
n-acetyl-L-cysteine

N-ethyl maleimide
N®-hydroxy-L-arginine

Nitric oxide synthase 2

ovalbumin specific T cells
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Figure 1.

Cat2 is coordinately induced with Argl and Nos2 in MDSC. CD11b*Gr-1* cells were
isolated from bone marrow of naive wild type mice and cultured with or without GM-CSF,
IL-13 and IFN- y. mMRNA was isolated after 3 days of culture (A) or every 24 hour during
culture (n=4 mice, *** p=0.0005, ** p=0.0027, * p=0.0211, *** p=0.0009) (B). Argl, Nos2
and Cat2 gene expression were analyzed by qPCR. Data are representative of at least 3
independent experiments. For all experiments errors bars indicate +SEM.
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Figure 2. _
Cat2 is induced in functionally active MDSC. CD11b*Gr-1* and CD11b*Ly6CN9N_y6G-

(M-MDSC), CD11b*Ly6C'°WLy6G* (G-MDSC) cells were isolated by FACS from ascites
and spleen of RM1 i.p. tumor bearing Cat2*/* (WT) mice 6 days after tumor implantation or
from the spleens of naive mice. The percentage of CD11b*Gr-1* cells were demonstrated
under SSC/FSC gate (n=4, *** p=0.0002) (A). Percentages of CD11b*Ly6CNINLy6G" (M-
MDSC) and CD11b*Ly6C!oWLy6G* (G-MDSC) were demonstrated under CD11b* gate.
Data are pooled from 6 independent experiments (C). mRNA was freshly isolated and
analyzed by gPCR for Argl, Nos2 and Cat2 expression (B and D). Data are representative
of at least 3 independent experiments. For all experiments errors bars indicate +SEM.
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Figure 3.

MDSC suppressive capacity is reduced in the absence of CAT2. CD11b*Gr-1* cells were
isolated from bone marrow of naive mice and cultured with GM-CSF, IL-13 and IFN- .
After 3 days cells were harvested and co-cultured with naive OTI in the presence of
SIINFEKL at indicated ratios for another 3 days. BrdU was added 6 hours before harvest.
OTI proliferation was evaluated by measuring BrdU incorporation. Data are representative
of 3 independent experiments (n=3-4/group, ** p=0.0057, *** p=0.0001, **** p<0.0001)
(A). CD11b*Gr-1" cells were isolated from tumor site and spleens of RM1 bearing WT and
KO mice (n=3-5/group, pooled) 6 days after tumor implantation and co-cultured with
preactivated OTls for 18 hours. BrdU was added 6 hours before harvest. OTI proliferation
was evaluated by measuring BrdU incorporation. Data are pooled from 5 and 3 independent
experiments for tumor and for spleen, respectively (*** p=0.0002, **** p<0.0001) (B).
CD11b*Gr-1* cells from the ascites of RM1 i.p. tumor bearing Cat2+/+ (WT) and Cat2"/-
(KO) mice (n=5/group, pooled) were co-cultured with naive OT]I cells with SIINFEKL for
48 hours. BrdU and protein transport inhibitor were added 6 hours before harvest. OTI
proliferation was evaluated by measuring BrdU incorporation (C) IFN-y levels in OT-I cells
were determined by flow cytometry for intracellular IFN-v staining (D). Data are
representative of 5 independent experiments. M-MDSC and G-MDSC were isolated by
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FACS from the ascites of RM1 i.p. tumor bearing WT and KO mice (n=3-5/group, pooled) 6
days after tumor implantation (E) and co-cultured with naive OTI cells with SIINFEKL for
48-72 hours. BrdU was added 6 hours before harvest. OTI proliferation was evaluated by
measuring BrdU incorporation. Data are pooled from 5 independent experiments (*
p=0.0312 at 0.5:1 and 0.0139 at 0.25:1) (F). For all experiments errors bars indicate £+SEM.

J Immunol. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bozkus et al.

Page 23

A
L-Arg uptake in macrophages B L-Arg uptake in MDSC
10000+ Fakk 800+ *
F 4
% 8000- [ No Treatment .g 600 L
2 B +IFN-yILPS 3 % :
o 6000 EZ +IFN-y/LPS + NEM = f.‘.k oogo®
E E 4004 Opo™
= 4000 = u o
o o a
o ek dedede ©Q 50p-
20004 —
0 T
WT KO
Cc D
Role of y* system Role of y*L system
ok 40+
§ % A — .
o o
E ]
& 5 30
o 204 I |
3 H
- A 204
k] k]
s T S 10
g i1
3 2
@ @
S 0 L
& 2
WT KO WT KO
Figure4.

CAT2 mediates L-Arginine transportation in MDSC. Thioglycollate elicited peritoneal
macrophages from Cat2*/* (WT) and Cat2”- (KO) mice (n=5/group) were activated with
LPS and IFN-y for 18h. L-Arginine transport was measured by using 6uCi/ml L-3[H]-Arg in
Na* containing buffer. For N-ethyl maleimide (NEM), cells were pretreated with 5 mM
NEM for 5 min and washed with transport buffer before measuring uptake. Data are
representative of 3 independent experiments. (**** p<0.0001) (A). CD11b*Gr-1* cells were
isolated from ascites of RM1 tumor bearing WT and KO mice and cultured over night with
GM-CSF, IL-13 and IFN- y. Total L-Arginine transport was measured by using 6uCi/ml
L-3[H]-Arg in Na* containing buffer. Data are pooled from 3 independent experiments.
(n=13/group, * p=0.0184) (B) Data correspond to reduction of total L-3[H]-Arg transport
when y* system was blocked using 5 mM NEM in WT and KO MDSC. Data are pooled
from 3 independent experiments (n=10/group, ** p=0.0016) (C). Data correspond to
reduction of total L-3[H]-Arg transport when y*L system was blocked due to the presence of
5 mM L-Leu in transport media. Data are pooled from 4 independent experiments (n=13/
group) (D). All error bars indicate +SEM.
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Figureb5.

Cat2”- MDSC have reduced NO production. CD11b*Gr-1* MDSC (A) and
CD11b*LyCNi9NLy6G™ (M-MDSC) and CD11b*LyC!oWLy6G* (G-MDSC) subsets (B) were
isolated from tumor site of RM1 bearing Cat2*/* (WT) and Cat2”- (KO) mice. Cells were
cultured in the presence and absence of LPS and IFN-vy for 24 hours. Nitrite formation upon
stimulation with LPS and IFN-y was measured in a Griess Assay. Data are pooled from 2
independent experiments (n=5-9 mice/group for MDSC. ** p=0.0065, n=4/group, pooled for
subsets. * p=0.0426). Thioglycollate elicited peritoneal macrophages from Cat2*/* (WT)
and Cat2”- (KO) mice (n=4/group) were activated with LPS and IFN-v for 18h. Nitrite
formation was measured in a Griess Assay. Data are representative of at least 2 independent
experiments (**** p<0.0001) (C). Cells from the ascites of WT and KO RM1 mice were
cultured with LPS and IFN-y overnight prior to intracellular staining of NOS2 for flow
cytometry. Percentages of NOS2+ cells were demonstrated under CD11b*LyChi9hLy6G-
(M-MDSC) and CD11b*LyCoWLy6G* (G-MDSC) gates (n=4-5/group). Data are
representative of 3 independently performed experiments (D). Quantichrome Urea Assay Kit
that measures urea and citrulline was utilized to measure arginase activity in CD11b*Gr-1*
cells freshly isolated from the bone marrow and ascites of WT and KO RM1 mice (n=4/
group) with or without supplementing L-Arg. Data are representative of 3 independent
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experiments (E). Cells freshly isolated from the ascites of WT and KO RM1 mice were
stained with anti-ARG1 antibody. ARG1 expression was detected by flow cytometry. Mean
fluorescent intensity (MFI) of ARG1 expression was reported under CD11b*Gr-1* gate
(n=4/group). Data are representative of 3 independently performed experiments (F). WT and
KO MDSC were used in a 48-hour suppression assay at 2:1 (MDSC:OT]) ratio in the
presence or absence of NOS inhibitor, LNMMA (0.5 mM), ARG inhibitor, nor-NOHA (0.5
mM). BrdU was added 6 hours before harvest. OTI proliferation was evaluated by
measuring BrdU incorporation. Data were pooled from 2 independent experiments (H). For
all experiments errors bars indicate +SEM.
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Figure®6.
Cat2”- MDSC have increased ROS formation. Cells from ascites of i.p. RM1 bearing WT

and KO mice were analyzed for ROS levels. DCFDA signal was analyzed under the gates
for CD11b*Gr-1* (n=4/group)(A) and CD11b*LyCN9"y6G" (M-MDSC) and
CD11b*LyC!oWLy6G* (G-MDSC) subsets (n=8/group, data are pooled from 2 independent
experiments) (B). Signal intensity was represented as MFI. CD11b*Gr-17 cells were isolated
by FACS from the ascites of RM1 i.p. tumor bearing Cat2*/* (WT) and Cat2”- (KO) mice
(n=5/group, pooled)6 days after tumor implantation and suppression assay was performed at
2:1 (MDSC:OTI) ratio in the presence of differing concentrations of ROS inhibitor, NAC
(C). WT MDSC were used for suppression assay at indicated MDSC:OTI ratios with or
without 10 MM NAC (D). Data are representative of at least 2 independent experiments. All
suppression assays were performed by co-culturing MDSC with preactivated OTI cells for
48 hours. BrdU was added 6 hours before harvest. OTI proliferation was evaluated by
measuring BrdU incorporation. For all experiments errors bars indicate +SEM.
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Figure7.
CAT27- MDSC display diminished capacity for controlling T-cell immunity in vivo. Cat2"-

mice were injected intradermally with 3x 108 EG7 lymphoma cells alone, 3x 108 EG7 with
10% activated OTls, 3x 108 EG7 with 10* activated OTls and 10* Cat2*/* or Cat2”-
CD11b*Gr-1* cells. Data are pooled from 2 independent experiments (n=5-6 mice/group). p
values for the comparison of WT or KO MDSC received groups are 0.0001, 0.0003 and
0.0033 on Day 5, 8 and 11, respectively (A). Cat2*/* and Cat2”- mice were injected
intradermally with 3x 108 EG7 lymphoma cells. 7 days after tumor inoculation, mice were
intravenously injected with 106 activated OTI cells (n=6/group). Tumor growth was
monitored. p values for the comparison of WT and KO mice that received OTI are 0.0072
and 0.0449 on Day 10 and 13, respectively. Tumor size was calculated as (W2x L) /2 [mm3].
Errors bars indicate £SEM.
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Figure8.
CAT2 modulates MDSC regulatory functions in an acute prostate inflammation

model.Prostate Ovalbumin Expressing Transgenic (POET-3) mice (n=3) were injected with
5x 106 activated OTI cells to induce prostate inflammation. 5 days later spleen and prostate
CD11b*Gr-1* cells (under CD45* gate) (A) were sorted by FACS. mRNA was freshly
isolated from sorted cells and analyzed by gPCR for Argl, Nos2 and Cat2 expression (B).
Data are representative of at least 3 independent experiments (** p=0.038, **** p<0.0001).
MDSC were isolated from inflamed prostates of Cat2*/* and Cat2”- POET-3 mice. (n=3/
group, pooled) and co-cultured with preactivated OTI cells for 48 hours. BrdU was added 6
hours before harvest. OTI proliferation was evaluated by measuring BrdU incorporation (C).
5x 106 activated OTI cells were intravenously injected into POET-3 mice to induce
inflammation. 2 days later, mice were adoptively transferred (i.p.) with 4x 108 Cat2*/* and
Cat2”- bone marrow cells that were cultured 5 days with GM-CSF and IL-6.Cat2*/*
POET-3 received Cat2*/* cells and Cat2”- POET-3 received Cat2”- or Cat2*/* cells.
Percentage of Thyl1.1* (OTI) cells in 5-day inflamed POET-3 prostate (D) and spleen (E)
are represented under CD45*CD8* gate. Each individual datum point represents a single
mouse (***p<0.001, *p<0.05). Prostate (F) and spleen (G) cells were cultured with
SIINFEKL and protein transport inhibitor for 8 hours and IFN-y was detected by
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intracellular staining for flow cytometry. Data are representative for at least 2 independent
experiments. Errors bars indicate +SEM.
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