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ABSTRACT

MDSCs and Tregs play an essential role in the immuno-
suppressive networks that contribute to tumor-immune
evasion. The mechanisms by which tumors promote the
expansion and/or function of these suppressive cells and
the cross-talk between MDSC and Treg remain incom-
pletely defined. Previous reports have suggested that
MDSC may contribute to Treg induction in cancer. Herein,
we provide evidence that tumor-induced gr-MDSCs, en-
dowed with the potential of suppressing conventional T
Lc, surprisingly impair TGF-g1-mediated generation of
CD4'CD25"FoxP3" iTregs. Furthermore, gr-MDSCs im-
pede the proliferation of nTregs without, however, affect-
ing FoxP3 expression. Suppression of iTreg differentiation
from naive CD4" cells by gr-MDSC occurs early in the po-
larization process, requires inhibition of early T cell activa-
tion, and depends on ROS and IDO but does not re-
quire arginase 1, iNOS, NO, cystine/cysteine deple-
tion, PD-1 and PD-L1 signaling, or COX-2. These
findings thus indicate that gr-MDSCs from TB hosts
have the unanticipated ability to restrict immunosup-
pressive Tregs. J. Leukoc. Biol. 92: 987-997; 2012.

Abbreviations: BM=bone marrow, CD62L=CD62 ligand, C;=comparative
threshold, FoxP3=forkhead box P3, GATA3=guanine adenine thymine
adenine sequence-binding protein 3, gr-MDSC=granulocytic myeloid-de-
rived suppressor cell, iTreg=inducible regulatory T cell, L-NMMA=NG-
monomethyl-L-arginine, LLC=Lewis lung carcinoma, MDSC=myeloid-de-
rived suppressor cell, Mo-MDSC=monocytic myeloid-derived suppressor
cell, NAC=N-acetyl cysteine, NOHA= N*-hydroxy-nor-L-arginine,
NnTreg=naturally occurring regualtory T cell, PD-1=programmed death 1,
PD-L1=programmed death ligand 1, RBC=red blood cel, RORyt=Retinoic
acid-related orphan receptor yt, T-bet=Th1-specific T box transcription
factor, T Lc=T lymphocyte, TB=tumor-bearing, TF=tumor-free,
Treg=regulatory T cel, —/—=homozygote mice for targeted deletion of
the gene of interest, +/—=heterozygote for targeted deletion of the gene
of interest

Introduction

Evasion of tumor cells from immune elimination represents a
major obstacle in cancer immunotherapy. A complex network
of interacting mechanisms governs the establishment and
maintenance of cancer-induced immunosuppression [1, 2].
The promotion of MDSCs and Tregs by tumors plays a central
role in escape from immunosurveillance [3, 4].

MDSCs consist of a heterogeneous population of myeloid
cells arrested at early stages of differentiation and endowed
with immunosuppressive activity. They include myeloid pro-
genitors and immature myeloid cells [5, 6]. In mice, MDSCs
are phenotypically characterized by the expression of the
markers CD11b and Gr-1 and by the absence of expression of
CD1l1c, F4/80, and MHC II. Two major subsets of MDSCs have
been identified based on their expression of Ly6G and/or
Ly6C (two Gr-1 epitopes) and distinct mechanisms of T cell
suppression [7]. The CD11b*Ly6G " Ly6C'*" subpopulation
exhibits a granulocytic phenotype, whereas Mo-MDSCs are
characterized by a CD11b*Ly6G ™~ Ly6C"'#" phenotype. MDSCs
are expanded significantly in cancer patients and in TB ani-
mals [8, 9]. A broad panel of tumor-derived factors can trigger
MDSC expansion by promoting myelopoiesis and by impairing
the differentiation of myeloid progenitors into mature macro-
phages, DCs, or granulocytes [10, 11]. A cardinal feature of
MDSC:s is their ability to inhibit T cell proliferation and activa-
tion [12, 13] and to suppress innate and adaptive tumor im-
munity [14]. The mechanisms underlying MDSC immunosup-
pressive function are multiple, require direct cell-cell contact,
and include the production of NO, peroxynitrites, ROS, and
the expression of iNOS and/or arginase 1 [9, 10, 15-17].
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Regulatory T Lc (Tregs) contribute to the maintenance of
self-tolerance and to the prevention of autoimmunity [18, 19].
Multiple populations of immunosuppressive T cells have been
described in the past 15 years, including the CD4"CD25™" sub-
set expressing the transcription factor FoxP3 [20, 21].
CD4"CD25"FoxP3" Tregs can be generated during thymic
selection (nTreg) or in the periphery by differentiation from
naive CD4"CD25 FoxP3~ T Lc under specific conditions re-
quiring TCR and CD28 stimulation and TGF-B1 [22-24]. Al-
though the exact mechanisms have not been fully elucidated,
it has been proposed that Treg expansion observed in cancer
patients and in TB animals may result from the conversion of
naive T cells into iTregs and/or from the proliferation of
nTregs [25, 26]. The prevalence of one over the other mecha-
nism in cancer patients remains controversial [27, 28]. Tumor-
induced Tregs inhibit anti-tumor effector CD4" and CD8" T
cells and compromise APC function [29-31]. Arguably, tar-
geted strategies that curtail Treg expansion and/or function
have been shown to improve cancer immunotherapy [31-33].
However, most of these approaches lack specificity, as they also
target activated conventional lymphocytes.

It has been reported that immature DCs, phenotypically and
functionally impaired by the tumor-immunosuppressive envi-
ronment, may be capable of inducing Treg expansion [34].
Similarly, some reports have suggested that tumor-induced
MDSCs may contribute to the generation of CD4"CD25™"
FoxP3™" Tregs. Most of these studies have, however, focused on
the Mo-MDSC subset and/or the ability of MDSCs to induce
nTreg proliferation. Whether gr-MDSCs may have a distinct
influence on iTreg and/or nTreg expansion and function has
not been clearly defined, although gr-MDSCs are the primary
subset of MDSCs expanded in cancer patients and TB animals
[35-39]. In the current study, we provide evidence that the
regulation of Tregs by gr-MDSCs may be more complex than
proposed initially. Unexpectedly, gr-MDSCs, which expand in
mice bearing established 4T1 breast or LLC lung tumors, are
capable of suppressing TGF-B1-induced polarization of naive T
Lc into iTregs. gr-MDSC-mediated inhibition of iTreg genera-
tion occurs during the first hours of the differentiation pro-
cess, requires a direct cell-to-cell contact, and depends on
ROS and IDO, but not on arginase 1, cysteine/cystine de-
pletion, PD-1 and PD-L1 interaction, or COX-2. In addition,
tumor-expanded gr-MDSCs impede IL-2-, anti-CD3-, and an-
ti-CD28-induced proliferation of nTregs isolated from naive
mice. This idiosyncratic regulation of nTregs and iTregs by
gr-MDSCs in cancer provides further insights into the mech-
anisms underlying tumor-induced expansion and regulation
of Tregs.

MATERIALS AND METHODS

Cell lines, mice, and tumor growth in vivo

LLC and 4T1 tumor cell lines were purchased from American Type Cul-
ture Collection (Manassas, VA, USA) and cultured in RPMI 1640 (Thermo
Fisher Scientific, Waltham, MA, USA), supplemented with 10% FBS
(Thermo Fisher Scientific) antibiotic-antimycotic (Gibco, Carlsbad, CA,
USA) MEM (Cellgro, Mediatech, Manassas, VA, USA), and sodium pyru-
vate (Thermo Fisher Scientific) at 37°C, 5% CO.,.
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Female BALB/c and C57BL/6 mice were purchased from the National
Cancer Institute (Bethesda, MD, USA). FoxP3-EGFP mice, which coexpress
the FoxP3 and the GFP under control of the endogenous promoter, were
obtained from The Jackson Laboratory (Sacramento, CA, USA; C.Cg-
Foxp3tm2Tch/J) and were bred at the University of Arizona Health Sci-
ences Center Animal Care Facility (Tucson, AZ, USA). All cells that express
FoxP3 can be identified by flow cytometry analysis though the expression
of GFP. Arg“’, Cox-27/7, and IDO~/~ mice were obtained from The
Jackson Laboratory (Bar Harbor, ME, USA; 007,741). Animals were used at
the age of 6-8 weeks. All experiments were performed in accordance with
the University of Arizona Institutional Animal Care and Use Committee
guidelines.

For tumor generation, 4T1 or LLC cells were trypsinized and washed
three times in PBS (Gibco) and then counted and adjusted to a concentra-
tion of 5 X 10° cells/mL. Animals (BALB/c or C57BL/6) were adminis-
tered with 0.2 mL (1X10° cells) s.c. in both groins. 4T1-bearing mice were
killed on Day 14, and animals bearing LLC were killed on Day 21. Tumor
volumes were 1000 mm?.

Immunohistochemistry

Mice were injected in both groins (10° 4T1 or LLC tumor cells, s.c.)
and were killed after 14 days (4T1) or 21 days (LLC). Tumors and
spleens were harvested and frozen. Serial sections (5 wm-thick) were
performed from each tissue. Frozen slides were first fixed in 100% cold
methanol for 10 min. Slides were then washed three times in 1X PBS
and transferred to a 3% hydrogen peroxide solution (Sigma-Aldrich, St.
Louis, MO, USA) for 15 min. Slides were then blocked for 1 h using the
pre-made blocking solution from the HistoMark biotin-streptavidin per-
oxidase kit, rat primary antibody (KPL, Gaithersburg, MD, USA). Rat
anti-mouse CD11b (BD PharMingen, San Diego, CA, USA; clone M1/
70) and rat anti-mouse Gr-1 (eBioscience, San Diego, CA, USA; clone
RB6-8C5) antibodies were added to the tissue at concentrations of 0.005
mg/mL and 0.02 mg/mL, respectively (overnight, 4°C). The slides were
then washed three times with 0.1% TBST, followed by treatment with
anti-rat IgG from the KPL kit (30 min, room temperature). Slides were
washed again with TBST and incubated for 30 min with streptavidin
(KPL kit). A final set of three washes was performed using TBST. The
stained slides were then developed using AEC and DAB kits (Vector
Laboratories, Burlingame, CA, USA) for Gr-1 and for CD11b, respec-
tively. Images were captured with a Nikon Digital Sight DS-Fil camera
and NIS-Element software (Nikon Instruments, Melville, NY, USA).

Cell isolation and magnetic cell sorting

Tumors, spleens, and BM were harvested from TB or TF animals. Tumors
were minced into thin pieces and were dissociated in collagenase (1.5 mg/
mL; Sigma-Aldrich), 0.5% trypsin (Gibco), in RPMI 1640 (Thermo Fisher
Scientific) for 1 h at 37°C. Dissociated tumor tissues were then passed
though a 100-wm nylon cell strainer to obtain a single-cell suspension.
Spleens were mechanically dissociated, and RBCs were lysed in 1X lysis buf-
fer (BD PharMingen). Total BM was flushed out from mouse tibias and
femurs, filtered, and RBCs were lysed. Ly6G™ gr-MDSCs were isolated using
the mouse MDSC isolation kit, according to the manufacturer’s protocol
(Miltenyi Biotec, Auburn, CA, USA). CD4"CD62L" naive T cells and
CD47CD25" nTregs were isolated by magnetic cell sorting using a mouse
CD4"CD62L" T cell isolation kit II or a mouse CD4*CD25" Treg isolation
kit, respectively, and an autoMACS separator following the manufacturer’s
instructions (Miltenyi Biotec).

Generation of iTregs from CD4"CD62L" T cells in
vitro and coculture with gr-MDSCs

CD4"CD62L" naive T cells, isolated from FoxP3GFP BALB/c or C57BL/6
mouse splenocytes, were cultured in a 24-well plate for 72 h in complete
RPMI medium (10° cells/well) with anti-CD3- and anti-CD28-coated T cell
expander beads (Invitrogen, Carlsbad, CA, USA; beads:T cell ratio, 1:1)
and with TGF-B1 (5 ng/mL; PeproTech, Rocky Hill, NJ, USA). Some
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groups were cocultured with Ly6G™ MDSCs isolated from tumors, spleens,
or BM of TF, 4T1 TB, or LLC TB mice as indicated. The percentage of
CD47CD25"FoxP3™ and CD4"CD25"FoxP3~ cells was determined by flow
cytometry analysis.

Generation of CD4" Thl, Th2, and Th17
lymphocytes

CD4"CD25~CD62L" naive T cells were isolated from mouse spleens using
a CD4"CD62L" T cell isolation kit (Miltenyi Biotec). The purified cells
were then incubated for 3 days in 5% CO, at 37°C in RPMI-1640 medium
(Thermo Fisher Scientific), supplemented with 10% heat-inactivated FBS
(Thermo Fisher Scientific) with anti-CD3- and anti-CD28-coated T cell ex-
pander beads (1:1 bead:cell ratio; Invitrogen) and with the following spe-
cific cytokines and blocking antibodies. For Th1l generation, cells were cul-
tured with IL-2 (20 IU/ml), IL-12 (10 ng/ml), and anti-IL-4-blocking anti-
body (5 ug/ml). For Th2 differentiation, cells were incubated with IL-2 (20
1U/ml), IL-4 (30 ng/ml), and anti-IFN-y-blocking antibody (5 ug/ml).
Th17 lymphocytes were generated with TGF-B1 (5 ng/ml), IL-6 (50 ng/
ml), anti-IFN-y, and anti-IL-4-blocking antibodies (5 ug/ml each). All cyto-
kines were purchased from PeproTech and blocking antibodies from
eBioscience. Some groups were cocultured with Ly6G™ gr-MDSCs isolated
from spleens of TB mice as indicated. The expression of the transcription
factors T-bet, GATA3, and RORyt was evaluated by flow cytometry.

T cell proliferation and suppression assays

Total T cells were isolated from TF BALB/c or C57BL/6 mouse spleno-
cytes using a nylon wool column (Polysciences, Warrington, PA, USA) [32]
and were used as responder T Lc. Cells were plated in sixplicate in a 96-
well plate and were incubated (37°C for 72 h) with anti-CD3- and anti-
CD28-coated beads, with or without Ly6G* MDSCs. BrdU (Millipore, Bil-
lerica, MA, USA) was added for the last 24 h. The cells were then fixed,
and the incorporation of BrdU was detected according to the manufactur-
er’s instructions (Millipore). In other experiments, CD4"CD25™ T cell pro-
liferation was assed using the CellTrace Violet cell-proliferation kit, accord-
ing to the manufacturer’s procedure (Invitrogen). Labeled CD4*CD25™
cells were cultured (37°C for 96 h) with anti-CD3- and anti-CD28-coated
beads (cell:bead ratio, 1:1) and 20 IU/mL mouse rIL-2 (PeproTech), with

Tumor-induced Ly6G* gr-MDSCs hinder iTreg generation

or without Ly6G™ cells, and cell division was analyzed by flow cytomerty,
using a BD LSR II (BD PharMingen). Data analysis was performed using
Flow]Jo software (version 5.7.2.).

Antibodies and flow cytometry

Cells (~10°) were washed in PBS and were first incubated with a FcR-
blocking antibody (BD PharMingen) for 10 min and then with saturating
amounts of the appropriate combination of fluorochrome-conjugated anti-
bodies for 40 min. Cells were then washed and analyzed using a FACSCalibur
(BD PharMingen). A minimum of 10,000 events was collected for each
sample, and data analysis was performed with CellQuest Pro 6.0 (BD
PharMingen) and FlowJo. The following antibodies were purchased from
BD PharMingen: anti-mouse CD25-PE (clone PC61), CD25-FITC (clone
7D4), CD4-FITC (clone GK1.5), CD11b-PE (clone M1/70), F4/80 FITC
(clone BM8), and IL-4Ra-PE (clone mIL4R-M1). The following antibodies
were purchased from eBioscience: CD4-allophycocyanin (clone RM4-5),
Gr-1-PE (clone RB6-8C5), Ly6C-allophycocyanin (clone HK1.4), Ly6G-PE
RB6-8C5, MHC II-allophycocyanin (clone M5/114.15.2), and B220-PE
(clone RA3-6B2). CD11c-allophycocyanin (clone N418) was purchased
from Miltenyi Biotec. For detection of transcription factor expression, cells
were fixed and permeabilized using the anti-mouse FoxP3 staining kit
(eBioscience) and stained using the following antibodies, purchased from
eBioscience: anti-mouse FoxP3 (clone FJK-16s), T-bet (clone 4B10), GATA3
(clone TWAJ), and ROR-yt (clone AFKJS-9).

Inhibitors, blocking antibodies, and exogenous
proteins

The arginase 1 inhibitor NOHA (Calbiochem, Darmstadt, Germany) was
used at a concentration of 50 uM. The iNOS inhibitor L-NMMA was used
at a concentration of 1 mM. Anti-mouse PD-1 (clone J43; eBioscience) and
anti-mouse PD-L1 (clone MIH5; eBioscience) blocking antibodies were
used at 10 ug/mL. Isotype controls consisted in Armenian hamster IgG
(eBioscience) or rat IgG2a,y (eBioscience). Exogenous L-arginine (Sigma-
Aldrich) or 1-cysteine (Sigma-Aldrich) was used at the concentration of 400
uM or 100 uM, respectively. In other experiments, 50 uM B-ME was added
to the culture to prevent L-cysteine oxidation. The antioxidant NAC
(Sigma-Aldrich) was used at the indicated concentrations.
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Figure 1. Ly6G™* gr-MDSCs suppress TGF-B l-induced generation of FoxP3" iTreg. CD4"CD62L"
naive T Lc were isolated from FoxP3-EGFP BALB/c (A and C) or C57BL/6 (B and D) mice and
cultured for 72 h with activation beads and with or without TGF-B1 (5 ng/mL) in the presence or
absence of Ly6G™ gr-MDSCs isolated from 4T1 tumors [intratumoral (IT)-MDSC (4T1); A] or
from LLC tumors [intratumoral- MDSC (LLC); B] at a 1:0.5 ratio. The frequency of FoxP3™ cells
was determined after 72 h. Representative dot plots are depicted (n=6 mice). The influence of

Ly6G™ gr-MDSGs isolated from the spleen and BM of 4T1 (C) or LLC (D) TB mice on FoxP3 expression was examined as described above.

APC=Allophycocyanin.
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Real-time RT-PCR

Real-time RT-PCR was used to evaluate expression of different cytokines
and mediators in gr-MDSCs isolated from the spleen of TF or 4T1 TB
mice. Total RNA was isolated using TRIzol (Invitrogen), and its integrity
was confirmed by denaturing agarose gel electrophoresis and a calculated
densitometric 28S:18S ratio. Total RNA (250 ng) was reverse-transcribed
using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). Subse-
quently, 20 ul of the PCR reactions were set up in 96-well plates containing
10 ul 2X IQ Supermix (Bio-Rad), 1 ul TagMan primer/probe set (ABI,
Foster City, CA, USA), 2 ul of the cDNA synthesis reaction (10% of RT re-
action), and 7 ul nuclease-free water. Reactions were run and analyzed on
a Bio-Rad iCycler iQ real-time PCR detection system. Cycling parameters
were determined, and resulting data were analyzed by using the C, method
as a means of relative quantification, normalized to an endogenous refer-
ence (TATA box-bonding protein) and relative to a calibrator (normalized
C, value obtained from control mice), and expressed as 2724 (Applied
Biosystems User Bulletin #2: Rev B “Relative Quantification of Gene Ex-
pression”). For statistical analysis for RT-PCR data, statistical significance
was determined by the ANOVA, followed by Fisher protected least signifi-
cant difference post hoc test with StatView software package v.4.53 (SAS
Institute, Cary, NC, USA). Data are expressed as mean * SEM.

Statistics

Unless specified otherwise, all experiments were repeated at least three
times. A two-tailed paired Student’s ¢ test was performed to determine sig-
nificant differences.

RESULTS

Granulocytic Ly6G* MDSC frequency is increased in
the spleen, tumor, and BM of LLC- and mammary
(4T1) carcinoma-bearing mice

We first evaluated the influence of tumor development on the
number of MDSCs in two murine cancer models (4T1, mam-
mary; LLC, lung). A significant increase in the frequency of
CD11b*Gr-17" cells was observed in the spleen and BM of 4T1
TB mice compared with TF animals (Supplemental Figs. 1A
and 2A). A similar expansion of CD11b"Gr-1" cells was de-
tected by immunohistochemistry in the tumor beds of 4T1 TB
mice (Supplemental Fig. 2A). Expansion of CD11b*Gr-1" cells
was also observed in the spleen, BM, and tumor beds of LLC
TB mice (Supplemental Figs. 1B and 2B). These results thus
indicate that consistent with previous studies [15, 39-41], 4T1
and LLC tumors induce the expansion of CD11b*Gr-1" cells
in vivo.

The Gr-1 antigen is a homo- or heterodimer composed
of Ly6G and Ly6C. Mo-MDSCs are characterized by a CD11b™
Ly6G~ Ly6C"#" phenotype, whereas gr-MDSCs are CD11b*
Ly6G " Ly6C' . We determined that the CD11b" Ly6G " Ly6C"*"
granulocytic subset was increased significantly in the spleen and BM
of 4T1 (Supplemental Fig. 1C and D)- or LLC (not shown)-bearing
mice. The CD11b"Ly6G~Ly6C"#" monocytic subpopulation was not
expanded significantly (Supplemental Fig. 1C). In line with these
results, a very low number (~5.0X10°=2.0X10° cells) of Mo-MDSCs
could be recovered from mice with 4T1 or LLC tumors. These re-
sults are consistent with previous reports indicating that tumors pre-
dominantly promote the expansion of the Ly6G" granulocytic sub-
set of MDSCs [5, 15, 39, 42—-46]. We next isolated expanded LyﬁGJr
cells from the tumor, spleen, or BM of 4T1 TB mice using a mag-
netic cell-sorting strategy and evaluated their purity and phenotypic
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characteristics. The data depicted in Supplemental Fig. 3A indicate
that the majority of isolated Ly6G" cells expressed CD11b. Similarly,
>93% of isolated Ly6G " cells were positive for IL-4Ra, a marker
expressed by gr-MDSCs, which has been shown to be essential for
their suppressive function [47]. Additionally, a high percentage of
Ly6G" cells expressed low or intermediate levels of Ly6C, a charac-
teristic associated with the Ly6G " granulocytic subset of MDSCs
[15]. Expression of MHC II, CD11c, F4/80, and B220 by selected
Ly6G" cells was limited (Supplemental Fig. 3A). These results con-
firm that 4T1 tumor-expanded CD11b*Ly6G* cells display a pheno-
type consistent with that of the granulocytic subset of MDSCs. Simi-
lar results were obtained with Ly6G" cells isolated from the tumor,
spleen, and BM of LLC TB mice (data not shown).

To further characterize the functional properties of Ly6G™*
cells isolated from the spleen, BM, or tumor of 4T1 or LLC
TB mice, their ability to inhibit the proliferation of T Lc in-
duced with anti-CD3- and anti-CD28-coated microbeads was
assessed. Ly6G™" cells, isolated from 4T1 TB mice, were capa-
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Figure 2. Ly6G* gr-MDSCs suppress TGF-B1-induced FoxP3™" iTreg
generation in a dose-dependent manner. Ly6G" gr-MDSCs were iso-
lated from TF or 4T1 TB (4T1) mice and cultured with CD4"
CD257CD62L" naive T Lc isolated from the spleen of FoxP3-EGFP
BALB/c mice in the presence of activation beads and TGF-B1 at
the indicated T Lc:Ly6G" gr-MDSC ratios. The frequency of
FoxP3™ cells was determined after 72 h. Representative dot plots
are depicted (n=6 mice).
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ble of significantly hampering responder T Lc proliferation
(Supplemental Fig. 3B). The suppression of T cell prolifera-
tion depended on the Ly6G™" cell:target T cell ratio (Supple-
mental Fig. 3C and D). Ly6G™ cells from TB mice were signifi-
cantly more efficient suppressors compared with Ly6G " cells
from TF animals at ratios of 1:0.5 and 1:1. Likewise, Ly6G "
cells isolated from LLC TB mice significantly suppressed T cell
proliferation (data not shown). These results therefore con-
firm that tumor-induced CD11b"Ly6G™ cells exhibit a pheno-
type and function consistent with that of gr-MDSCs.

Ly6G™* gr-MDSCs impair TGF-f1-induced
differentiation of naive T cells into FoxP3-expressing
iTregs

Previous reports have indicated that MDSCs promote Treg
proliferation [35-37]. We initially reasoned that these cells
may expand Tregs in cancer-bearing hosts by also inducing the
differentiation of naive CD4" T cells into FoxP3" iTregs. To
address this hypothesis, we evaluated the influence of gr-
MDSCs on the generation of FoxP3-expressing iTregs from
naive T cells using FoxP3-EGFP transgenic mice. Tumor-infil-
trating gr-MDSCs isolated from 4T1 (Fig. 1A) or LLC (Fig. 1B)
tumors not only did not trigger the differentiation of naive
CD4™" T cells into FoxP3-expresssing lymphocytes in the ab-
sence of exogenous TGF-B1 (Fig. 1A and B, left panels), but
surprisingly, they significantly suppressed TGF-B1l-induced con-
version of CD4"CD25 FoxP3™ T cells into iTregs (Fig. 1A and
B, right panels). Likewise, gr-MDSCs, isolated from the spleen
or the BM of 4T1 (Fig. 1C) or LLC (Fig. 1D) TB animals,
were capable of impairing the generation of FoxP3-expressing

Tumor-induced Ly6G* gr-MDSCs hinder iTreg generation

lymphocytes. This inhibition depended on the gr-MDSC:T cell
ratio, occurred even with low ratios (Fig. 2), and was not re-
lated to killing of T cells by MDSCs (data not shown). Interest-
ingly, 4T1 tumor-induced splenic gr-MDSCs were significantly
more potent at impairing TGF-Bl-induced FoxP3" iTreg gen-
eration compared with gr-MDSCs isolated from TF mice (Fig.
2). Similar results were obtained with gr-MDSCs purified from
4T1 tumors and from the tumor, spleen, or BM of LLC-bear-
ing C57BL6 mice (data not shown). Given these findings, our
subsequent studies focused on gr-MDSCs isolated from the
spleen of 4T1 TB mice.

We next sought to address whether gr-MDSCs may redirect
TGF-Bl-induced Foxp3™ T cell differentiation toward other T
Lc lineages. CD4" T cells obtained after culture with gr-
MDSCs expressed low levels of T-bet, GATA3, and ROR-yt
(Fig. 3A). These results therefore indicate that gr-MDSCs do
not skew TGF-B1-dependent polarization of naive T cells from
FoxP3" Tregs toward any of the Thl, Th2, or Th17 lineages.
Interestingly, the differentiation of naive CD4" T Lc into Thl,
Th2, or Th17 lymphocyte lineages induced in vitro was also
impaired by gr-MDSCs (Fig. 3B).

gr-MDSC-mediated suppression of iTreg generation
depends on direct cell-to-cell contact and occurs early
in the differentiation process

In an effort to delineate the mechanism(s) by which gr-MDSCs
suppress TGF-B1-mediated iTreg polarization, gr-MDSCs were
separated from T cells by a transwell insert during the differ-
entiation process. The data depicted in Fig. 4A indicate that
direct cell-to-cell contact was required for gr-MDSCs to impede

Figure 3. Ly6G" gr-MDSCs suppress the

TLe+MDSC differentiation of naive T cells into Thl,

623 Th2, or Th17 lymphocytes. (A)
CD4*7CD25 CD62L" naive T Lc, isolated
from the spleen of naive mice, were cul-

tured with activation beads and TGF-31, as
indicated in Fig. 2, alone (T Lc+TGF) or

in the presence of Ly6G™ gr-MDSCs iso-

lated from TB mice (T Lc+TGF+MDSC; T
cells:Ly6G"* gr-MDSC ratio, 1:0.5). After 72
h, the expression of the indicated transcrip-

tion factors (FoxP3, Treg; T-bet, Thl;
GATA-3, Th2; RORyt, Th17) was deter-
mined by flow cytometry. Thl, Th2, Th17,

and Treg, generated with specific cytokines,
as described in Materials and Methods,
were used as positive controls. (B) The dif-
ferentiation of Th1, Th2, Th17, and Treg
from naive T Lc was performed in the con-
ditions described in Material and Methods,

in the absence (T Lc) or presence (T
Lc+MDSC) of gr-MDSCs isolated from TB
mice. The expression of the indicated tran-
scription factors (FoxP3, T-bet, GATA-3,

ROR1t) was determined after 72 h by flow
cytometry.
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Figure 4. Ly6G™ gr-MDSC-mediated suppression of iTreg
differentiation depends on direct cell contact and occurs
early in the differentiation process. (A) Ly6G" gr-MDSCs,
isolated from the spleen of 4T1 TB mice, were cultured in
direct contact or separated by a transwell insert (TW) with
CD4"CD25~CD62L" naive T Lc in the presence of activa-
tion beads and TGF-B1 (5 ng/mL). After 72 h, the frequency
of FoxP3" cells was determined by flow cytometry. (B)
CD4"CD25~CD62L" naive T Lc were cultured in the pres-
ence of activation beads and TGF-B1 (5 ng/mL), and Ly6G™
gr-MDSCGs, isolated from the spleen of 4T1 TB mice, were
added from the beginning [Ly6G" gr-MDSCs added on Day
0 (DO0)] or 24 h after (Ly6G™" gr-MDSCs added after 24 h)
the initiation of the T cell culture. The frequency of FoxP3™
cells was determined as described above. (C)

CD4"CD25 CD62L" naive T Lc were incubated with activa-
tion beads at the time the culture was initiated. TGF-B1 (5

+MDSC

ng/mL) and Ly6G™ gr-MDSCs (T Lc:Ly6G™ gr-MDSC, 1:0.5) were added to the T Lc at 0, 6, or 12 h after the initiation of the culture. The fre-
quency of FoxP3™ cells was determined by flow cytometry analysis as described above.

FoxP3" iTreg generation. Interestingly, the addition of gr-
MDSCs, 24 h after the initiation of the conversion process, did
not influence TGF-Bl-induced FoxP3™ iTreg differentiation
(Fig. 4B). To further identify the time window of gr-MDSC
action, naive CD4"CD25 FoxP3™ T Lc cultures were initiated,
with activation beads added at the start of the culture, and gr-
MDSCs and TGF-B1 added at 0, 6, and 12 h after the initiation
of the culture. Our results indicate that gr-MDSCs were capa-
ble of blocking iTreg generation only when added during the
first 6 h of the differentiation process (Fig. 4C). As the pres-
ence of TGF-B1 was not required for iTreg differentiation dur-
ing these first hours of culture (Fig. 4C, upper panels), gr-
MDSC-mediated inhibition of iTreg generation may not signifi-
cantly depend on a direct targeting of TGF-B1 signaling. gr-
MDSCs may therefore inhibit FoxP3 induction very early in
the differentiation of naive T cells into FoxP3-expressing
iTregs, suggesting possible modification of early T cell activa-
tion signaling.

Inhibition of FoxP3™ iTreg generation by gr-MDSCs
does not depend on arginase 1, cystine or cysteine,
NO, COX-2, or PD-1/PD-L1

The expression of arginase 1 by MDSCs has been identified as
one of the key mechanisms underlying the immunosuppressive
function of these cells [48]. We therefore examined whether
arginase 1 may play a role in gr-MDSC-mediated inhibition of
iTreg generation. As expected, arginase 1 mRNA was signifi-
cantly higher in gr-MDSCs isolated from the spleen of 4T1 TB
mice compared with gr-MDSCs isolated from the spleen of TF
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animals (Supplemental Fig. 4A). gr-MDSCs were then treated
with NOHA, a specific inhibitor of arginase 1, and cultured
with naive T cells in the presence of TGF-B1. NOHA did not
prevent gr-MDSC-mediated suppression of FoxP3™" iTreg dif-
ferentiation (Fig. 5A). Moreover, the addition of exogenous
L-arginine to overcome any possible arginase 1-mediated de-
pletion of this amino acid had no effect on the inhibition of
iTreg generation by gr-MDSCs (Fig. 5B). Consistent with these
data, the ability of splenic gr-MDSCs, isolated from arginase
1-deficient (Arg1+/_) TB animals, which expressed a signifi-
cantly reduced level of arginase 1 (data not shown), to impede
TGF-B1-mediated differentiation of naive T cells into iTreg,
was also not impaired (Fig. 5C). Taken together, these results
rule out a significant role for arginase 1 in gr-MDSC-mediated
inhibition of iTreg generation.

It has been reported that MDSCs may inhibit T cell function
through the consumption of cystine. MDSCs can take up cys-
tine, but unlike APCs, they do not export cysteine, an amino
acid essential for T cell activation [49]. MDSCs have also been
shown to oxidize exogenous cysteine. Neither the addition of
exogenous cysteine nor the addition of B-ME, a chemical capa-
ble of inhibiting cysteine oxidation, significantly modified the
ability of gr-MDSCs to hinder iTreg differentiation (Supple-
mental Fig. 4B).

MDSCs may also exert their function through the release
of NO produced by iNOS [9, 17]. .-NMMA, an iNOS inhibi-
tor, did not affect gr-MDSC-mediated inhibition of FoxP3™"
iTreg generation (Fig. 5D). Consistent with this result, ni-
trites, the main metabolites of NO, were not detectable in
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Figure 5. Ly6G* gr-MDSC-mediated inhibition of iTreg generation does not depend on arginase 1, iNOS and NO, COX-2, or PD-1 and PD-L1.
CD4%CD25 CD62L" naive T Lc (T Lc) were cultured with activation beads, TGF-B1 (5 ng/mL), Ly6G* gr-MDSCs, and (A) NOHA, (B) r-argin-
ine (1-Arg), or (D) I-NMMA (NMMA). The frequency of FoxP3™" cells was determined after 72 h. Ly6G" gr-MDSCs were isolated from LLC tu-
mor-bearing wild type mice (WT MDSC) or from (C) LLC TB arginase 1 +/— (+Arg+/—MDSC) mice or (E) LLC TB COX-2/~ (+COX—/—
MDSC) mice and cultured for 72 h with CD4*CD25~ CD62L* naive T Lc isolated from C57BL/6 mice in the presence of activation beads and
TGF-B1 (5 ng/mL). The frequency of FoxP3" cells was determined as described above. (F) CD4"CD25~ CD62L" naive T Lc were first pretreated
with anti-PD-1- and anti-PD-L1-blocking antibodies or isotype control antibodies. T Lc were then cultured for 72 h with activation beads, TGF-B1
(5 ng/mL), and Ly6G" gr-MDSCs. The frequency of FoxP3™ cells was determined by flow cytometry analysis.

gr-MDSCs and differentiating T cell culture supernatants
(Supplemental Fig. 4C).

COX-2 has been reported to play a role in the suppression
of adaptive T cell responses against cancer and may contribute
to MDSC expansion and enhanced suppressive function [50].
We did not detect any significant expression of COX-2 by gr-
MDSCs using real-time PCR, and more importantly, MDSCs
from COX-2 knockout mice demonstrated a similar potential
to impair iTreg generation than MDSCs from control WT
mice (Fig. 5E), indicating that this enzyme does not play a ma-
jor role in the modulation of iTreg generation by gr-MDSCs.

PD-1 is a membrane protein from the same family of T cell
regulators as CD28 and CTLA4. PD-1 is expressed by activated T
and B cells and binds to PD-L1, expressed on MDSCs, tumor
cells, activated macrophages, some subsets of DCs, and resting
and activated T Lc. The engagement of PD-1 with PD-L1 results
in the inhibition of T cell proliferation and activation [51]. In
addition, the binding of CD80 expressed by APCs with PD-L1,

www jleukbio.org

expressed by resting or activated T cells, may also lead to T Lc
suppression. We sought to determine whether the PD-1/PD-L1
axis may play a role in gr-MDSC-mediated suppression of iTreg
differentiation. The results shown in Fig. 5F indicate that anti-
PD-1- and anti-PD-L1-blocking antibodies did not significantly
prevent the inhibition of iTreg generation by gr-MDSCs.

The inhibition of iTreg generation by Ly6G™ gr-
MDSCs depends on ROS and IDO
MDSCs have been reported to suppress T cell activation
through the production of ROS [5, 52]. Although the
mechanism(s) of ROS-mediated MDSC suppression remain
to be fully elucidated, in patients treated with ROS inhibi-
tors, the ability of MDSCs to suppress T cells was inhibited
significantly [5]. We therefore sought to evaluate whether
ROS may play a role in gr-MDSC-mediated suppression of
iTreg generation using the ROS inhibitor, NAC. Our results
indicate that NAC reverted, although not completely, the
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inhibition of TGF-B-mediated generation of iTreg by gr-
MDSCs (Fig. 6A). NAC did not significantly modify the abil-
ity of Ly6G™" gr-MDSCs to suppress the proliferation of con-
ventional T Lc induced with anti-CD3/anti-CD28 (not
shown). As NAC only partially restored iTreg polarization,
we next sought to examine the possible contribution of
IDO, an immunomodulatory enzyme responsible for the ca-
tabolism of the essential amino acid tryptophan and in-
volved in T cell suppression, in this phenomenon. gr-
MDSCs, isolated from TB IDO™/~ mice, were less potent at
impairing iTreg generation than their counterparts isolated
from WT animals (Fig. 6B). In addition, NAC further inhib-
ited the capability of gr-MDSCs from IDO™/ "~ mice to sup-
press iTreg differentiation (Fig. 6C), indicating that IDO
and ROS are both required for MDSC-mediated inhibition
of iTreg generation.

gr-MDSCs do not modify FoxP3 expression but
impair the proliferation of Tregs isolated from naive
mice

It has been reported that Mo-MDSC [38] or gr-MDSC [35]
may enhance the proliferation of nTregs. To clarify the influ-
ence of gr-MDSCs expanded in 4T1 TB mice on already differ-
entiated Tregs, FoxP3™ T Lc were isolated from naive FoxP3-
EGFP mice and were cultured for 48 h with gr-MDSCs in the
presence of activation beads and IL-2. Sixty-eight percent of
these FoxP3"EGFP™" cells expressed the Ikaros transcription
factor Helios, primarily expressed by nTregs. Our results indi-
cated that gr-MDSCs did not affect FoxP3 expression by al-

ready differentiated Tregs (Fig. 7A) but impaired their prolif-
eration (Fig. 7B).

DISCUSSION

CD4"CD25" FoxP3™" Tregs and MDSCs represent two immuno-
suppressive cell populations that play a crucial role in the es-

tablishment and maintenance of tumor-immune tolerance.
They thereby constitute a major obstacle for successful cancer
immunotherapy. However, the cross-talk between tumor-in-
duced MDSCs and tumor-induced Tregs remains incompletely
defined. Whether MDSCs may promote the expansion and
function of Tregs, which in turn, may induce MDSCs by a posi-
tive-feedback amplification loop remains unclear. Previous re-
ports have proposed that MDSCs may contribute to the ob-
served increase in Treg frequency in animal cancer models, in
part, by fostering nTreg expansion [35-37]. We reasoned that
gr-MDSCs might promote the generation of iTreg from naive
T cells, as one of the mechanisms accounting for Treg expan-
sion in cancer. Surprisingly, our results indicate that gr-MDSCs
were not only incapable of promoting iTreg differentiation,
but they also hampered TGF-Bl-induced generation of these
cells with a more pronounced effect with gr-MDSCs isolated
from TB animals. These observations, seemingly in opposition
with the concept that these two immunosuppressive cell popu-
lations may feed on each other, are in fact not unexpected, as
blockade of T Lc activation represents a primary mode of ac-
tion of MDSCs and as the differentiation of iTreg critically de-
pends on activation signals leading to CD25 expression. Inhibi-
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Figure 6. The suppression of iTreg differentiation by Ly6G™ gr-MDSCs partially depends on
ROS and IDO. (A) Ly6G" gr-MDSCs were isolated from the spleen of 4T1 TB mice, pretreated
for 1 h with NAC at the indicated concentrations and cultured with CD4*CD25~ CD62L" naive
NAC T Lc (T Le:Ly6G™ MDSC ratio, 1:0.5) for 72 h in the conditions indicated in Fig. 5 and in the
@mM) presence of NAC at the same concentrations. The frequency of FoxP3™ cells was then deter-
mined by flow cytometry. (B) Ly6G" gr-MDSCs were isolated from TB WT MDSCs or IDO™/~
(+IDO—/— MDSC) mice and cultured with naive CD4"CD25~CD62L." T cells as described in
A. The frequency of FoxP3™ cells was then determined by flow cytometry after 72 h. (C) The
NAC same experiment as described in B was performed, and NAC (4 mM) was added to the cocul-
@mdMy  ture. The percentage of FoxP3™ cells was determined after gating on the CD4" T Lc popula-
tion.
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Figure 7. Ly6G* gr-MDSCs do not modulate FoxP3 expression of al-
ready-differentiated CD4* CD25" cells but impair their proliferation.
(A) CD4*CD25"FoxP38" (nTreg) cells were isolated from the spleen
of TF BALB/c mice by magnetic cell sorting. Sixty-eight percent of the
cells express Helios. Cells were cultured with Ly6G™ gr-MDSCs isolated
from the spleen of 4T1 TB mice (nTreg:Ly6G" gr-MDSC ratio, 1:0.5)
in the presence of activation beads and IL-2 (20 IU/mL). After 48 h,
the expression of FoxP3 was detected by flow cytometry. (B)
CD47CD25 FoxP3™, isolated as explained in A, were stained with
CellTrace Violet and were cultured with activation beads and IL-2 (20
IU/mL), with or without Ly6G" gr-MDSCs (nTreg:Ly6G" gr-MDSC
ratio, 1:0.5). Proliferation of gated FoxP3-EGFP cells was assessed by
measuring CellTrace Violet dilution by flow cytometry.

tion of naive T cell activation by MDSCs may thus prevent
their further differentiation into FoxP3-expressing Tregs.
Multiple groups, including ours, have reported that MDSCs
and Tregs are expanded in TB hosts. It is possible that tumors
may concomitantly promote MDSCs and Tregs (which share
the common ability to suppress conventional effector T Lc and
NK cells) as two overlapping mechanisms to impair anticancer
immunity. Although differentiating Tregs may be under the
pressure of negative signals conveyed by tumor-induced MDSCs,
the complex immunosuppressive tumor environment may also
provide positive signals fostering Treg expansion and function.
The integration of these signals may overall lead to the pro-
motion of these cells in the context of growing tumors.

In an effort to identify the mechanism(s) underlying gr-
MDSC-mediated suppression of iTreg generation, we exten-
sively investigated the possible role for the main suppressive
factors by which MDSCs mediate their immunoinhibitory func-
tion. Arginase 1 has been described as a key enzyme involved
in MDSC-mediated suppression of T cells. Arginase 1 activity
leads to the depletion of arginine, which results in the inhibi-
tion of the re-expression of the CD3-{ chain in activated T
cells [48]. Our results indicate that arginase 1 does not play a
major role in the inhibition of iTreg generation by gr-MDSCs.
Similarly iNOS expression and NO production may contribute
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to MDSC activity [9, 17]. We demonstrate that iNOS is not
responsible for gr-MDSC-mediated suppression of iTreg differ-
entiation. COX-2 has also been shown to play a critical role in
the induction of MDSCs and the maintenance of cancer toler-
ance [50]. Our data, using COX-2 knockout mice, indicate
that this enzyme was, however, not involved in the inhibition
of iTreg generation by gr-MDSCs. The engagement of PD-1
expressed on T cells with PD-L1 expressed by tumor cells leads
to the inhibition of IL-2 production by and proliferation of T
Lc [53]. Interestingly, it has been documented that
CD4"CD25"FoxP3™ Tregs can be negatively regulated follow-
ing PD-1/PD-L1 interaction by a mechanism involving the
down-regulation of STAT-b phosphorylation [54]. However, we
determined that the PD-1/PD-L1 axis does not significantly
contribute to gr-MDSC modulation of iTregs.

Previous reports have indicated that ROS produced by
MDSCs play an important role in the suppressive activity of
these cells [5]. For instance, it has been reported that ROS, in
conjunction with peroxynitrites, may interfere with the recog-
nition of antigens by the TCR, resulting in CD8" T cell inhibi-
tion [55]. IDO is an immunomodulatory enzyme responsible
for the catabolism of the essential amino acid tryptophan.
IDO-mediated depletion of tryptophan and the subsequent
production of immunosuppressive products such as kynure-
nine may also lead to T cell suppression through down-regula-
tion of the TCR-CD3-{ chain [56]. Treg differentiation de-
pends on activation signals relayed by the TCR and CD28 con-
verging toward the regulation of specific gene expression such
as FoxP3 [57]. Our data indicate that gr-MDSCs may inhibit
FoxP3 induction very early in the differentiation of naive T
cells into FoxP3-expressing iTregs and that a negative target-
ing of the TGF-B1 signaling is unlikely. This observation points
toward a negative modulation of early T cell activation signal-
ing cascades by tumor-derived gr-MDSCs. Consistent with these
considerations, we demonstrated that the ROS inhibitor NAC
partially reversed the effects of gr-MDSCs on iTreg differentia-
tion and that gr-MDSCs from IDO ™/~ mice were less efficient
than their WT counterpart at impairing iTreg generation. Fur-
thermore, in the presence of NAC, gr-MDSCs from IDO ™/~
mice were further impaired in their ability to block the con-
version of naive T cells into iTregs, suggesting that ROS and
IDO may act in concert to suppress the activation signaling
cascades in differentiating T cells.

Our results therefore suggest that the interplay between
these two immunosuppressive cell populations in cancer may
be more complex than envisioned initially and advocate for a
new concept that gr-MDSCs may have the peculiar ability to
suppress iTreg generation and to impair already-differentiated
nTreg proliferation. Some reports have indicated that MDSCs
may foster the proliferation of Tregs [35, 38]. However, these
studies primarily focused on the Mo-MDSC subset, which is
not expanded predominantly in cancer [15] or used tumor
models associated with a modest induction of MDSCs [35].
Our current data further highlight gr-MDSCs as central deter-
mining factors in the development of Tregs during tumor pro-
gression and provide more insights into understanding the
complex interactions between these two immunosuppressive
cell populations.
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