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Proinflammatory S100 Proteins Regulate the Accumulation of
Myeloid-Derived Suppressor Cells'

Pratima Sinha,* Chinonyerem Okoro,* Dirk Foell,” Hudson H. Freeze,"
Suzanne Ostrand-Rosenberg,”* and Geetha Srikrishna*

Chronic inflammation is a complex process that promotes carcinogenesis and tumor progression; however, the mechanisms by
which specific inflammatory mediators contribute to tumor growth remain unclear. We and others recently demonstrated that the
inflammatory mediators IL-1f3, IL-6, and PGE, induce accumulation of myeloid-derived suppressor cells (MDSC) in tumor-
bearing individuals. MDSC impair tumor immunity and thereby facilitate carcinogenesis and tumor progression by inhibiting T
and NK cell activation, and by polarizing immunity toward a tumor-promoting type 2 phenotype. We now show that this pop-
ulation of immature myeloid cells induced by a given tumor share a common phenotype regardless of their in vivo location (bone
marrow, spleen, blood, or tumor site), and that Gr1"€"CD11b"*"F4/80~CD80*IL4Ra "'~ Arginase®™ MDSC are induced by the
proinflammatory proteins SI00A8/A9. S100A8/A9 proteins bind to carboxylated N-glycans expressed on the receptor for advanced
glycation end-products and other cell surface glycoprotein receptors on MDSC, signal through the NF-«kB pathway, and promote
MDSC migration. MDSC also synthesize and secrete SI00A8/A9 proteins that accumulate in the serum of tumor-bearing mice, and
in vivo blocking of S100A8/A9 binding to MDSC using an anti-carboxylated glycan Ab reduces MDSC levels in blood and
secondary lymphoid organs in mice with metastatic disease. Therefore, the S100 family of inflammatory mediators serves as an
autocrine feedback loop that sustains accumulation of MDSC. Since S100A8/A9 activation of MDSC is through the NF-«B
signaling pathway, drugs that target this pathway may reduce MDSC levels and be useful therapeutic agents in conjunction with

active immunotherapy in cancer patients. The Journal of Immunology, 2008, 181: 4666—-4675.

hronic inflammation increases the risk for the develop-

ment of transformed cells and aggravates the develop-

ment of established malignancies (1, 2). Some of the
properties of inflammation that contribute to these processes are
understood, such as the promotion of angiogenesis (3), the induc-
tion of tumor-promoting cytokines (4), the up-regulation of anti-
apoptotic genes (5), and uncontrolled feed-forward signaling in
tumor cells through cell surface receptors such as the receptor for
advanced glycation end-products (RAGE)* (6). Many of these
mechanisms are due to perturbations in the tumor microenviron-
ment that co-opt innate immunity to favor tumor initiation and
progression (7). We (8-10), and others (11, 12), recently reported
that inflammation also promotes tumor progression by blocking
adaptive immunity through the induction of myeloid-derived sup-
pressor cells (MDSC), which prevent the activation of CD4* and
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CD8™ T cells. The inflammatory stimuli in these studies were
either the proinflammatory cytokines IL-13 and IL-6, or PGE,. In
these studies, mice with heightened levels of IL-13 or IL-6 in the
tumor microenvironment accumulated MDSC with enhanced sup-
pressive activity (8, 9, 11), and bone marrow stem cells cultured
with PGE, or other E-prostanoid receptor agonists differentiated
into MDSC (10). However, MDSC also accumulated in the ab-
sence of overtly elevated levels of IL-18, IL-6, or PGE,, suggest-
ing that there may be additional inflammatory mediators that in-
duce the accumulation and retention of MDSC.

Three members of the S100 family of calcium binding proteins,
S100A12, S100A8, and S100A9, are inflammatory mediators re-
leased by cells of myeloid origin. These intracellular molecules are
released to extracellular compartments in response to cell damage,
infection, or inflammation, and function as proinflammatory dan-
ger signals (13-15). Elevated serum levels of SI00A8 and S100A9
proteins are hallmarks of inflammatory disorders and recurrent in-
fections (16), and increased SI00A8 and S100A9 expression is
seen in tumor-infiltrating cells in many epithelial tumors (reviewed in
Refs. 6, 17). The proteins function predominantly as SI00A8/A9 het-
erodimers and are chemotactic for leukocytes, thereby amplifying the
local proinflammatory microenvironment. Similar to IL-13, IL-6, and
PGE,, S100A8/A9 proteins mediate their effects by binding to plasma
membrane receptors on their target cells. These receptors include
heparan sulfate (18), TLR4 (19), and carboxylated N-glycans (20).
Carboxylated N-glycans are constitutively expressed on endothelial
cells, macrophages, and dendritic cells and are recognized by the
mAbGB3.1 (21, 22). Carboxylated N-glycans on RAGE play an im-
portant role in HMGB1-RAGE-mediated signaling (23). Interaction
of RAGE with S100A 12 was the first described receptor-ligand model
for an S100 protein (24). Although direct binding of SI00A8/A9 to
RAGE was not previously demonstrated, recent studies show that
such interactions are likely (25, 26). In addition, we found that
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S100A8/A9 bind to a subpopulation of RAGE modified by carbox-
ylated glycans (27). A glycan-specific Ab, mAbGB3.1, blocks the
onset of inflammation and reverses its early stage progression in a T
cell model of colitis (22), a model in which RAGE and S100A8/A9
are up-regulated in colon and secondary lymphoid organs. The Ab
also reduces the incidence of colitis-associated colon cancer (CAC)
7).

Because S100A8/A9 proteins are elevated in inflammation and
cancer and are chemotactic, we hypothesized that they may contribute
to the recruitment and retention of MDSC. We report here that MDSC
from tumor-bearing mice not only have receptors for SI00A8/A9, but
also synthesize and secrete these proteins, providing an autocrine
pathway for MDSC accumulation. Treatment of tumor-bearing mice
with the mAbGB3.1, which binds to carboxylated N-glycans on cell
surface receptors, blocks SI00A8/A9 binding and signaling, reduces
serum levels of ST00A8/A9, and reduces the accumulation of MDSC
in the blood and secondary lymphoid organs. Therefore, SI00A8/A9
proteins are another class of proinflammatory mediators that compli-
cate cancer immunotherapy strategies by promoting the accumulation
of MDSC that block tumor immunity.

Materials and Methods
Mice

BALB/c and transgenic DO11.10 (I-A%restricted, OVA peptide 323-339-
specific) (28) and clone 4 (H-2K%-restricted, hemagglutinin (HA) peptide
518-526-specific) (28) mice were bred in the University of Maryland Bal-
timore County animal facility. All animal procedures were approved by the
University of Maryland Baltimore County Institutional Animal Care and
Use Committee.

Abs and flow cytometry

Fluorescently coupled Grl, CD11b, IL-4Ra, CD80, arginase, inducible NO
synthase (iNOS), Ly-6G, Ly-6C, and isotype control Abs were purchased
from BD Pharmingen. F4/80 and Fc block Ab were purchased from Caltag
Laboratories. SI00A8 and SI00A9 Abs were from Santa Cruz Biotech-
nology. Commercial Abs were used at a concentration of 4—10 upg/ml.
mAbGB3.1 and isotype control Ab (21) were used at 40 wg/ml. Intracel-
lular and cell surface staining were performed as described (28). Stained
samples were run on a Beckman Coulter XL flow cytometer and analyzed
using FCS-Express analysis software.

Tumor cells, tumor cell inoculation, tumor growth, surgery, and
Ab treatment

4T1 mouse mammary carcinoma cells were maintained as described (29). For
tumor progression experiments, BALB/c mice were inoculated in the abdom-
inal mammary gland with 7000 4T1 cells, and tumor progression, surgical
removal of primary tumors, and quantification of metastatic disease were per-
formed as described (29). mAbGB3.1 or isotype control Ab treatment (10 ug
protein/gm body weight, i.v.) was started 3 days after removal of primary
tumor and continued once weekly. Seventy-two h after each treatment, mice
were tail bled into 500 ul of a 0.008% heparin solution, and RBCs were
removed by lysis (30). Remaining white cells were identified by flow cytom-
etry (28). Ab treatment was terminated when mice were moribund and spleens,
Iymph nodes, and lungs were cryopreserved for immunohistochemistry.

MDSC purification, phenotype, morphology, and T cell
suppression assay

Spleens, lungs, and femurs were obtained from 4T1 tumor-bearing mice on
day 33 after inoculation of 7000 4T1 tumor cells. Femurs were flushed with
excess PBS using a syringe fitted with a 27-g needle. Spleens and lungs
were dissociated to single-cell suspensions as described (29). Splenocytes,
bone marrow, and lung cells were depleted of RBCs, and MDSC were
isolated by magnetic bead sorting of Grl*cells using Miltenyi Biotec ma-
genetic beads, as described (28). For blood MDSC, tumor-bearing mice
were bled into 500 ul of a 0.008% heparin solution, and RBC removed by
lysis as described (28). Remaining white blood cells that were >90%
Gr1*CDI1b" were used in experiments. MDSC were phenotyped using
fluorescent-conjugated Abs and stained with Wright-Giemsa stain using
Diff-Quik (Dade Behring) (28). T cell suppression was assessed by cocul-
turing DO11.10 or clone 4 splenocytes with irradiated-blood MDSC or
MACS-purified MDSC and specific peptide as described (28).
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Real-time RT-PCR analysis

MDSC from tumor-bearing mice were isolated as described. To obtain
sufficient Gr1"CD11b™ cells from tumor-free mice, mice were bled as
described and Gr1 "CD11b " cells were purified using Grl Ab and Miltenyi
Biotec magnetic beads (28). The resulting cells were washed once with
PBS, and the pellets were frozen in dry ice and sent to SuperArray (http:/
www.superarray.com/) for RT-PCR analysis. Results are expressed as the
number of threshold cycles (Ct) needed to detect product, or the fold
change of tumor MDSC vs naive MDSC as calculated by the AACt method
(31) using the following formulas:

ACt = average Ct (experimental) — average Ct (housekeeping genes).
Fold change = 2" (tumor MDSC ACt — naive MDSC ACt).

The HG panel included glucuronidase (3, Hprtl, Hsp90ab1, Gapdh, and
actin 8 cytoplasmic.

Immunohistochemistry

Cryosections (6 uwm) were air-dried, fixed in cold acetone for 2 min at room
temperature, rehydrated in PBS, stained with anti-mouse Abs to CD11b
and Gr-1 (BD Pharmingen), followed by Alexa 594- or Alexa 488-conju-
gated secondary Abs (Invitrogen), cover-slipped with VectaShield DAPI
mounting medium (Vector Laboratories), and examined using an inverted
TE300 Nikon wide field fluorescence microscope and photographed with a
CCD SPOT RT Camera (Diagnostic Instruments). Cells in three high
power fields were counted for quantitation.

Western blots

Western blots were performed on 12% SDS-PAGE gels using equivalent
amounts of cell lysate proteins of MACS-purified MDSC. Ten percent
skimmed milk was used for blocking. ST00A8 and S100A9 were detected
with goat polyclonal abs (R&D Systems). RAGE and HMGB1 were de-
tected using rabbit polyclonal anti-RAGE (22) and anti-HMGB-1 (Abcam),
respectively, and bands were visualized using corresponding alkaline phos-
phatase-conjugated secondary Abs (Jackson ImmunoResearch Laborato-
ries) followed by BCIP/NBT substrate (Sigma-Aldrich).

S100A8 and S100A9 quantification

Secreted SIO0A8 and S100A9 proteins were quantified by ELISA as de-
scribed (32) with the following modifications: coating Ab was goat anti-
mouse S1I00A9 mAb (R&D Systems). Culture supernatants of MDSC (30)
or 4T1 tumor or serum from tumor-bearing mice were diluted in HBSS
containing 0.05% Tween 20. Polyclonal rabbit anti-mouse S100A8 Ab (33)
was biotinylated using normal human serum-biotin as per the manufactur-
er’s protocol (Pierce) and used at a dilution of 1/1000. Incubation with
biotinylated anti-S100A8 Ab was for 2 h at room temperature, followed by
streptavidin alkaline phosphatase (Promega; 1/2000) for 1 h at room tem-
perature. Wells were developed with p-nitrophenyl phosphate substrate and
read at 405 nm. Purified S100A8/A9 (34) served as standard.

S100A8/A9 protein binding

Cell membranes were generated from 10® blood MDSC by homogenization
in 10 mM Tris-HCI (pH 7.4), containing 200 mM sucrose and protease
inhibitors (mixture of EDTA-free serine and cysteine protease inhibitors;
Roche). Nuclei and cell debris were removed by centrifugation at 900 X g
for 10 min at 4°C. Resulting supernatants were ultracentrifuged at
110,000 X g for 75 min at 4°C, and pellets resuspended in 200 ul of 10
mM Tris-HCI (pH 7.4) with 150 mM NaCl and protease inhibitors. En-
dogenous S100A8/A9 proteins were stripped by incubation in 50 mM gly-
cine and 100 mM NaCl (pH 3.0) for 3 min at 4°C followed by neutraliza-
tion with cold HBSS. Membranes were incubated with increasing
concentrations of Na'*I-labeled purified SI00A8/A9 (labeled using Iodo-
beads (Pierce) as per the manufacturer’s protocol to a specific activity of
2 X 10° cpm/pmol) for 1 h at 4°C in HBSS, washed twice with 1 ml of
HBSS, recovered by ultracentrifugation, solubilized in 0.2 ml of 0.5 M
NaOH, and cell-bound radioactivity was counted. Nonspecific binding was
determined by binding in the presence of 100-fold molar excess of cold
ligand. Where required, binding was conducted in the presence of 10-fold
molar excess of mAbGB3.1, anti-RAGE, anti-S100A8, or isotype-matched
irrelevant mAb. Saturation binding kinetic analyses were performed using
GraphPad Prism. Values were normalized for number of cells.

NF-kB phosphorylation

Blood MDSC (10%/ml) were cultured with SI00A8/A9 (5 wg/ml) or TNF-a
(20 ng/ml), with or without mAb GB3.1 or control irrelevant mAb (10 pg/ml)
in 250 ul of serum-free DMEM in 24-well plates. At the indicated times,
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FIGURE 1. MDSC present in the
bone marrow, blood, spleen, or lungs
of BALB/c mice with the 4T1 mam-
mary carcinoma are Gr1"#"CD11bhieh
F4/80 IL4Ra ™'~ CD80™ Arginase * and
have a mixed nuclear phenotype. A,
Spleens, blood, bone marrow, and
metastatic lung from BALB/c mice
with 33-day primary tumors (11.5
mm in diameter) were harvested and
the cells were stained with Abs to
Grl, CDI11b, F4/80, IL-4R«a, CD8O0, S i}
arginase, iNOS, Ly-6C, and Ly-6G. oo 1o 107 A0Y A9

Gr1"CDI11b* populations were gated 29
and further analyzed by flow cytom- Arginase 297
etry for F4/80, IL-4R«, CD8O0, argi- "Oj
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MDSC were washed with cold PBS and lysed in 200 ul lysis buffer (Cell
Signaling Technology) containing PMSF (1 mM) and protease inhibitors (1
tab/10 ml lysis buffer). Cell lysates were centrifuged at 4°C and supernatants
stored at —80°C until analyzed by PathScan Inflammation MultiTarget Sand-
wich ELISA Kit or PathScan phospho-NF-«B p65 (Ser536) Sandwich ELISA
Kit according to the manufacturer’s protocol (Cell Signaling Technology).
Percentage increase in pNF-kB = (100%) X [(MDSC with inducer) —
(MDSC without inducer)/(MDSC without inducer)].

Chemotaxis

In vitro migration of MDSC was evaluated in 24-well plates with transwell
polycarbonate permeable supports (8.0 wm) (Costar Corning). One million
MDSC (>90% Gr1*CD11b" cells) were plated in 100 ul of serum-free
IMDM in the upper compartment and 500 ul of chemoattractant (tumor-
conditioned media (CM) = 10 pg of Abs to SI00A8 or S100A9, or IgG
control Ab) were added to the lower compartment. Plates were incubated
at 37°C with 5% CO, for 3 h, and the number of MDSC in the bottom
compartment counted. For CM, supernatants were harvested from conflu-
ent cultures of 4T1 tumor cells cultured in medium IMDM containing 3%
serum and 1% antibiotics. CM was filter sterilized and stored at —80°C as
single-use aliquots. Percentage increase in migration of Grl*CDI11b™"
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= Specific mAb

cells = (100%) X [(MDSC migration with inducer = Ab) — (MDSC
migration in media control)/(MDSC migration in media control)].

Statistical analysis

Student’s two-tailed ¢ test was performed using Microsoft Excel 2000.

Results

MDSC in the blood, spleen, and bone marrow of 4T1
tumor-bearing mice, and metastatic 4T1 tumors, have
a similar phenotype and suppressive activity

MDSC accumulate at the site of tumor and are elevated in the
blood, bone marrow, and spleens of tumor-bearing mice. To con-
firm that MDSC within a given individual are homogeneous re-
gardless of location, splenocytes, circulating leukocytes (blood),
bone marrow cells, and lungs containing metastases were isolated
from BALB/c mice that had been inoculated in the mammary fat
pad 33 days earlier with 7000 4T1 tumor cells. The resulting cells
were analyzed by immunofluorescence and flow cytometry for the
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FIGURE 1. (continued)

canonical MDSC markers Grl and CDI11b, and gated
Gr1*CDI11b™ cells were further analyzed for F4/80, IL-4Ra, and
CDS80, markers that are differentially expressed on MDSC isolated
from mice with histologically distinct tumors (35, 36). The per-
centage of Grl*CD11b™ cells differed in each tissue; however,
Gr1*CDI11b™" cells from all locations shared a similar phenotype
(Gr1™e"CD11bMe"F4/80~CD80 " IL-4Ra™’~ Arginase™) (Fig. 1A).
Previous studies have classified Grl "CD11b™ cells as either “neu-
trophil-like” or “monocyte-like” based on the expression of Ly6G
(immature neutrophil marker) or Ly6C (monocyte/macrophage
marker), respectively, and nuclear morphology (35, 37-39). To
determine whether differentially localized Gr1*CD11b™" cells are
distinguished by either of these categories, CD11b™" cells were
gated and analyzed for Ly6G and Ly6C (Fig. 1), and
Gr1*CDI11b™ cells were Wright-Giemsa stained and examined
histologically (Fig. 1C). All MDSC express Ly6C and Ly6G, al-
though MDSC from bone marrow and spleen of 4T1 tumor-bear-
ing mice have small subpopulations (9 and 7%, respectively) of
Ly6CMe=" cells. As previously reported for blood MDSC (30), 4T1-
induced Gr1*CD11b™ cells from all locations are a mixture of
cells with single- and multilobed nuclei (Fig. 1C). To confirm that
MDSC are consistently suppressive regardless of their location,
MDSC from blood, spleen, bone marrow, and lung (all = 85%
Gr1*CDI11b™) were cocultured at varying ratios with splenocytes
from transgenic DO11.10 (CD4™) or Clone 4 (CD8") mice and
their respective peptides, and T cell proliferation was measured by
uptake of [*H]thymidine (Fig. 1D). These results combined with
previous studies demonstrating that splenic MDSC from tumor-
free mice are equally suppressive on a per cell basis as splenic
MDSC from tumor-bearing mice (28), demonstrate that MDSC
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FIGURE 2. MDSC have glycoprotein receptors for and bind
S100A8/A9 proteins. A, Leukocytes from the blood of tumor-free or
4T1 tumor-bearing BALB/c mice were stained with Grl, CD11b, and
GB3.1 mAbs. Gr1 "CD11b* cells were gated and analyzed for expres-
sion of GB3.1 receptors. B, Cell membranes of MDSC derived from
4T1 tumor-bearing mice were incubated with increasing concentrations
of '°I-S100A8/A9 proteins for 1 h at 4°C followed by washing, and
membrane bound radioactivity was measured. Saturation binding ki-
netic analysis was performed using GraphPad Prism. Values represent
mean *= SD of two independent experiments. C, Inhibition of binding
of *°I-S100A8/A9 to MDSC. MDSC membranes were incubated with
'2I.S100A8/A9 proteins (20 nM) in the presence or absence of
mAbGB3.1, anti-RAGE, anti-S100A8 (10-fold molar excess), cold li-
gand (100-fold molar excess), or isotype control Abs. Membrane-bound
radioactivity was determined as in A. Data are from one of two inde-
pendent experiments.
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FIGURE 3. MSDC express and secrete SI00A8/A9, and migrate and signal through NF-«B in response to SI00A8/A9. A, Circulating white blood cells
pooled from five 4T1 tumor-bearing mice (left panel) or pooled white blood cells purified by MACS sorting for Gr-1 from 60 tumor-free mice (right panel)
were stained with fluorescent Abs to Grl and CD11b and analyzed by flow cytometry. B, MDSC contain elevated levels of mRNA for proinflammatory
mediators. Real-time RT-PCR was performed on mRNA obtained from the purified cells of A. Expression levels are presented as the number of threshold
cycles = SD needed to detect a product. Fold increase is the relative increase in MDSC from tumor-bearing mice vs tumor-free mice. Values for the HG
are the average of five genes: GAPDH, Hprtl, Hsp90ab1, actin 8 cytoplasmic, and glucuronidase 8. CXCL1 is included as an example of a poorly expressed
gene. C, Lysates of the Grl TCDI11b" cells shown in A were electrophoresed on 12% SDS-PAGE gels, and Western blotted with Abs to SI00A8, SI00A9,
HMGBI, and RAGE. D, MDSC purified from BALB/c 4T1 tumor-bearing or from tumor-free mice were cultured for 16 h, and the supernatants were
assayed by ELISA for SI00A8/A9 proteins. Data are from one of two independent experiments. £, NF-«B is phosphorylated in MDSC following binding
of S100A8/A9 proteins. MDSC from tumor-bearing or tumor-free mice were cocultured with SI00A8/A9 or TNF-a for 10 min and cell lysates were
screened for phosphorylated-NF-kB p65 (ser536) by ELISA. Data are from one of two independent experiments. 7, CM from 4T1 tumor cells was tested
by ELISA for SI00A8/A9. G, 4T1 tumor cells secrete S100A8/A9 proteins that are chemotactic for MDSC. Blood MDSC (>90% Gr1 *CD11b™ cells) were
tested by chemotaxis assay for their migration in response to 4T1 CM. Data are pooled from two independent experiments.

from different anatomical locations have approximately equivalent
suppressive activity. Therefore, anatomical location does not affect
the phenotype or function of MDSC, and subsequent experiments
performed with blood MDSC are representative of MDSC from all
locations.

MDSC have receptors for the SI00A8/A9 proinflammatory
proteins

Several observations circumstantially link S100 proinflammatory pro-
teins with MDSC. Inflammation is an inducer of MDSC (8, 10, 11).
Proinflammatory S100 proteins are present in the tumor environment
of mammary carcinomas (40, 41), and over-expression of SI00A8/A9
heteromeric complexes is associated with poor prognosis in invasive
ductal carcinoma of the breast (42). We therefore examined whether
MDSC induced by the 4T1 mammary carcinoma express receptors
for S100 proteins. Blood was collected from tumor-free mice and
from BALB/c mice 31 days after 4T1 inoculation, when metastatic

disease was established and primary tumors were 9.41 = 0.3 mm in
diameter. We found that Gr1 "CD11b* leukocytes from both tumor-
free and tumor-bearing mice stained with mAbGB3.1, which detects
carboxylated N-glycans expressed on cellular receptor(s) for
S100A8/A9 proteins (20, 21) (Fig. 2A). In addition, cell membranes
prepared from blood MDSC (>90% Grl *CD11b™) had specific sat-
urable binding sites for '**I-S100A8/A9 with a K, of 37.43 + 6.99
nM and a Bmax of 1.882 % 0.142 pmols/million cells (Fig. 2B).
'251.S100A8/A9 binding was displaced by molar excess of cold li-
gand or by anti-S1I00A8 Abs (Fig. 2C). To ascertain that the
S100A8/A9 heterodimers were binding to carboxylated N-glycans on
cell surface receptors, MDSC membranes were incubated with '*°I-
S100A8/A9 proteins in the presence of mAbGB3.1. Binding was sig-
nificantly reduced in the presence of mAbGB3.1 (Fig. 2C), while an
isotype control Ab had no effect on binding. Interestingly, anti-RAGE
also partially blocked binding, consistent with our earlier reports that
RAGE is modified by carboxylated N-glycans (23) and that
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S100A8/A9 proteins bind to RAGE (27). Therefore, MDSC from
tumor-free mice and from mice with primary and metastatic mam-
mary carcinoma contain carboxylated N-glycan receptors that bind
S100A8/A9, consistent with the concept that proinflammatory S100
proteins are part of the inflammatory milieu that induces the accumu-
lation of MDSC.

MDSC synthesize and secrete SI00A8/A9 heterodimers

Since S100A8/A9 proteins are synthesized by cells of the myeloid
lineage, we reasoned that MDSC may also contribute to the in-
flammatory milieu by producing these proinflammatory mediators.
To test this hypothesis, we bled mice on day 36 after 4T1 inocu-
lation when Gr1"CD11b™ cells were >90% of the circulating
white cells (Fig. 3A, left panel), primary tumors were 9.70 = 0.21
mm in diameter, and metastatic disease was established. Tumor-
free mice were also bled and Grl*CDI11b* cells, comprising
<10% of the circulating white cells, were purified to >90% purity
(Fig. 3A, right panel). Real-time RT-PCR was performed and the
number of cycles required to amplify these messages was com-
pared with that required for a panel of five HG and the poorly
expressed CXCL1 gene (Fig. 3B, left panel). Grl "CD11b" cells
from both tumor-free and tumor-bearing mice expressed elevated
levels of S1I00A8/A9 relative to the HG (Fig. 3B). RAGE and
HMGBI transcripts were also expressed; however, at somewhat
lower levels than the HG. S100A8 and RAGE were increased 2- to
3-fold in Gr1*CDI11b™ cells from tumor-bearing mice vs tumor-
free mice (Fig. 3B, right panel).

To confirm the PCR results, lysates of the purified MDSC were
analyzed by Western blotting for S100A8/A9, HMGBI, and
RAGE (Fig. 3C). S100A8 and S100A9 monomers and low levels
of HMGB1 were present in Grl *CD11b™ cells from both tumor-
bearing and tumor-free mice. HMGBI levels in MDSC increase in
the presence of tumor, and multimers of SI00A8/A9, which are the
active forms, were only present in MDSC from tumor-bearing
mice. In contrast to mRNA levels, SI00A9 protein level is greatly
increased in tumor MDSC in relation to SI00A8. This could be
related to inefficient translation of SI00A8 mRNA and/or stability
of S100AS8 protein (43, 44). Collectively, the PCR and protein data
suggest that expression of SI00A8 is SI00A9-dependent and that
S100A8 acquires stability by ST00A8/A9 heterocomplex forma-
tion (42). In fact, SIO0A8/A9 heterodimer is extremely protease
resistant relative to the homodimers (45). Therefore, MDSC from
tumor-bearing mice, but not from tumor-free mice, contain func-
tionally active S100A8/A9 proteins, consistent with the concept
that these proinflammatory mediators and receptors of MDSC are
regulated by tumor.

Upon cellular activation, SIO0A8/A9 are secreted into the ex-
tracellular milieu where they mediate leukocyte recruitment and
other functions that promote inflammation (15). If MDSC contrib-
ute to the inflammatory milieu, then they may secrete SI00A8/A9
proteins. To test this possibility, equal numbers of circulating
white blood cells from BALB/c mice with advanced 4T1 tumors
(>95% Gr1*CD11b™ cells) and purified MDSC from tumor-free
mice (>95% Gr1"CD11b™) were cultured for 24 h and the su-
pernatants assayed by ELISA for S100A8/A9 proteins. MDSC
from both tumor-bearing and tumor-free mice released significant
amounts of ST00A8/A9 proteins on a per cell basis (Fig. 3D).
Therefore, MDSC not only have the capacity to respond to
S100A8/A9 proteins, but they may also sustain an autocrine stim-
ulatory pathway by secreting active ST00A8/A9 proteins.

S100A8/A9 signal through the NF-kB pathway in MDSC

To determine whether SI00A8/A9 proteins activate MDSC after
binding to cell surface receptors, we examined potential signaling
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FIGURE 4. mAbGB3.1 reduces MDSC and S100A8/A9 proteins in the
blood of tumor-bearing mice. A, mAbGB3.1 treatment reduces serum lev-
els of MDSC in tumor-bearing mice. BALB/c mice were inoculated on day
0 with 4T1 tumor cells, their primary tumors were removed on day 20, and
GB3.1 or control Ab treatment was started 3 days later (day 24) and con-
tinued once weekly. Mice were bled 72 h after each Ab treatment and their
white blood cells stained for Grl and CDI11b. At the time of surgery,
primary tumor diameters were 5.09 * 0.76 and 5.36 * 0.68 mm, and
percent Grl *CD11b" MDSC in the blood were 41.25 = 3.98 and 44.65 +
6.60%, for the mAbGB3.1 and control Ab-treated groups, respectively.
Data are the average = SD of four mice in each group. Experiment was
terminated on day 42 when mice were moribund. Data are from one of two
independent experiments. B, mAbGB3.1 treatment reduces serum levels of
S100A8/A9 proteins. GB3.1 and control Ab-treated postsurgery mice from
A were bled on day 41 (20 days after surgery), and the serum assayed by
ELISA for SI00A8/A9 proteins. Serum from tumor-free (naive) mice was
included for comparison. C, Serum S100A8/A9 levels are proportional to
the amount of circulating MDSC. Tumor-bearing mice were bled and se-
rum levels of SI00A8/A9 were determined by ELISA and the percent of
MDSC determined by flow cytometry. Data are from one of two indepen-
dent experiments.
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pathways activated by inflammation. None of the molecules in the
MAPK pathway were affected (data not shown). However, NF-«B
was phosphorylated in MDSC from both tumor-bearing and tu-
mor-free mice within the first 10 min of incubation at a level com-
parable to activation by TNF-«, a NF-«kB-dependent gene that is
known to be activated by S100A8/A9 (22) (Fig. 3E). SI00A8/A9-
induced activation was reduced in the presence of mAbGB3.1.
Therefore, SI00A8/A9 proteins activate the NF-«kB pathway in
MDSC, and this activation is mediated in part by binding to cell
surface receptors expressing carboxylated glycans.

S100A8/A9 proteins are chemotactic for MDSC

In addition to myeloid cells and MDSC, S100A8/A9 proteins are
produced by many tumor cells (40, 41, 46—49) and are chemotac-
tic for target cells expressing their receptor (20, 50), raising the
possibility that tumor cell and/or MDSC-secreted S100A8/A9 pro-
teins attract MDSC to tumor sites. To test this concept, superna-
tants from 4T1 cultures were assayed for SI00A8/A9 and MDSC
were tested for migration in response to 4T1 supernatants, using
transwell chambers. We found that 4T1 cells secrete SIO0A8/A9
proteins (Fig. 3F) and 4T1 supernatants are chemoattractants for
MDSC (Fig. 3G). Chemotaxis was mediated by SI00A8/A9 in the
culture supernatants, since migration was reduced in the presence
of Abs to SI00A8 or S100A9.

Blocking of S100A8/A9 binding reduces the levels of MDSC and
S100AS8/A9 proteins in the blood of tumor-bearing mice

If S100A8/A9-mediated signaling promotes recruitment of
MDSC, then inhibition of ST00A8/A9 binding in vivo may reduce
MDSC levels. To test this possibility, mAbGB3.1 or irrelevant
control mAb was administered to BALB/c mice with established
metastatic disease whose primary 4T1 tumors were surgically re-
moved. This experimental design was used for two reasons: (i) we
previously demonstrated that MDSC levels decrease with removal
of primary tumor, and rapidly increase thereafter unless there is
therapeutic intervention (30, 51). (ii) This setting closely models
the conditions under which immunotherapy would be administered
clinically and we wanted to see whether mAbGB3.1 could facili-
tate a reduction in MDSC in a clinically relevant situation. Mice
were inoculated on day O with 4T1 tumor cells, primary tumors
were surgically resected on day 20, and mAbGB3.1 or irrelevant
isotype control Ab treatment was started on day 24. Primary tumor
diameters (5.09 = 0.76 and 5.36 * 0.68 mm) and percent MDSC
in blood (41.25% = 3.98 and 44.65% =~ 6.60) were matched at the
time of surgery for mAbGB3.1 and control Ab treated groups,
respectively. Mice were bled 3 days after each Ab treatment, and
their circulating white blood cells were stained for Grl and
CDI11b. Consistent with previous observations, removal of pri-
mary tumor temporarily reduced MDSC levels in the blood (28).
Treatment with mAbGB3.1 significantly decreased the accumula-
tion of MDSC relative to treatment with control mAb (Fig. 4A),
and did not affect the levels of other peripheral blood monocytes,
dendritic cells, T cells, or B cells (data not shown).

If MDSC production of SI00A8/A9 proteins contributes to the
overall inflammatory milieu in tumor-bearing individuals, then
these proteins should be elevated in tumor-bearing mice and re-
duction of MDSC should result in a concomitant decrease in serum
S100A8/A9. To test this hypothesis, we measured the levels of
S100A8/A9 proteins in the serum of tumor-free and tumor-bearing
mice treated with mAbGB3.1 or control mAb. Treatment with
mAbGB3.1 significantly reduced serum levels of SI00A8/A9 in
tumor-bearing mice (Fig. 4B), and the level of serum S100A8/A9
in tumor-bearing mice was roughly proportional to the quantity of
MDSC in the blood (Fig. 4C). mAbGB3.1 treatment did not affect
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the amount of SI00A8/A9 released per cell in culture (not shown).
Therefore, the accumulation of SI0O0A8/A9 in the serum of tumor-
bearing mice may be at least partially due to the production of
these molecules by MDSC.

In vivo treatment with mAbGB3.1 reduces the accumulation of
MDSC

In addition to accumulating in the blood, spleen, bone marrow, and
tumor sites, MDSC are also found in the lymph nodes of tumor-
bearing mice (52). To determine whether blockade of ST00A8/A9
receptors reduces MDSC levels in sites other than the blood,
BALB/c mice were inoculated with 4T1, primary tumor was sur-
gically resected on day 20, and mAbGB3.1 or control Ab treatment
was started on day 24. Secondary lymphoid organs and metastatic
lungs were cryo-preserved on day 41, when mice had established
primary tumors and metastatic disease, and were stained for
Gr1*CDI11b™ cells. Gr1 *CD11b™ cells were present in high num-
bers in the lymph nodes and spleens of untreated mice, and
mAbGB3.1 treatment reduced accumulation of these cells at these
sites (Fig. 5, A and B) but not in the lungs (data not shown).

In addition to increasing the numbers of MDSC, S100A8/A9
proteins may increase MDSC suppressive activity. In this case,
MDSC of tumor-bearing mice treated with mAbGB3.1 might be
less suppressive on a per cell basis than MDSC of control Ab-
treated mice. To test this hypothesis, mice were inoculated on day
0 with 4T1 cells, primary tumors were removed on day 26,
mADbGB3.1 or control Ab treatment was started on day 29, and
splenic MDSC were harvested, purified (>90% Gr1*CDI11b™),
and tested for their ability to suppress peptide-activation of CD4™
DOI11.10 or CD8" Clone 4 transgenic T cells (Fig. 50C).
Gr1"CD11b" MDSC from mAbGB3.1-treated and from control-
treated mice were equally suppressive on a per cell basis, and both
MDSC cell populations used arginase to mediate their suppressive
effects, as shown by restoration of T cell proliferation in the pres-
ence of the arginase inhibitor, N"-hydroxy-nor-; -arginine diac-
etate salt. Therefore, SIO0A8/A9 proteins promote immune sup-
pression by enhancing the recruitment and accumulation of
Gr1"CD11b™" cells, but do not alter the suppressive activity of
individual MDSC.

Discussion

Myeloid cells with potent immune suppressive activity are present
in most patients and mice with malignant tumors and have stim-
ulated considerable interest as potential targets for therapy. In mice
they are commonly characterized by expression of the cell surface
markers CD11b and Grl, which are characteristic of monocytes/
macrophages and granulocytes, respectively. These so-called
“MDSCs” (53) have also been associated with other cell surface
markers such as IL-4Ra (35, 54), F4/80 (35, 37, 55), CD80 (56),
Ly6C, and Ly6G (37). However, none of these markers is defin-
itive since their expression varies based on the inducing tumor. In
addition to cell surface markers, MDSC have been characterized
by their content of suppressive molecules including arginase (10,
57, 58), iNOS (59), and other reactive oxygen species (58, 60), and
have been classified as “neutrophil-like” or “monocyte-like” based
on their nuclear morphology (38). Since MDSC are induced by
multiple tumor and/or host cell-secreted factors (61, 62), it is likely
that the MDSC phenotypes reported in different tumor systems are
due to different combinations of factors produced by different tu-
mors. Therefore, aside from the markers Grl and CD11b and the
ability to suppress T cell activation, there is no unique or combi-
nation of phenotypic markers that unambiguously identifies mouse
MDSC. In contrast to MDSC induced by different tumors, MDSC
at different sites within an individual are homogeneous in their
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expression of phenotypic markers and they have the same suppres-
sive activity, indicating that tissue localization does not alter
MDSC phenotype or function. MDSC from 4T1 tumor-bearing
mice have a consistent phenotype of Grl*CD11b*F4/807IL-
4Ra*’~ Arginase "'iNOS ~CD80 ™, contradicting some studies sug-
gesting that IL-4Ra« is a definitive marker for mouse MDSC (35,
54). Because blood MDSC are easily obtainable in high purity and
MDSC localized to different sites do not differ, in our studies, we
have used blood MDSC as a prototype and demonstrate here that
MDSC from naive and tumor-bearing mice also express carboxy-
lated glycans, RAGE, S100A8/A9, and HMGB1, and respond to
S100A8/A9.

Although the proinflammatory S100A8/A9 proteins are up-reg-
ulated in many cancer patients and they have been proposed as
prognostic markers (42, 63), a role for these molecules in tumor
promotion and progression has not previously been demonstrated.
The present study was based on the hypothesis that ST00A8/A9
proteins contribute to tumor growth by inducing MDSC, which
block tumor immunity and thereby facilitate tumor progression.
We now report that ST00A8/A9 not only induce the accumulation
of MDSC, but they are also secreted by MDSC and by tumor cells,
and bind to cell surface receptors leading to signaling within
MDSC and MDSC migration. Thus, the SI00A8/A9 proteins pro-
vide for a positive autocrine feedback loop that ensures the main-
tenance of functionally suppressive MDSC within an inflammatory
tumor environment. We recently showed that MDSC expressing
S100A8/A9 accumulate in all regions of dysplasia and adenoma in
a CAC model (27), and that RAGE ™'~ mice are resistant to the
onset of CAC. Up-regulation of SI00A8/A9 in various tumors
(17), their positive autocrine secretion, and promotion of a feed
forward loop involving receptors such as RAGE suggest that these
proteins play an important role in inflammation mediated cancer
progression.

As reported earlier, Grl *CD11b* MDSC from tumor-free mice
and from mice with 4T1 tumors are equally suppressive on a per
cell basis (28). This observation combined with the current find-
ings that MDSC from both sources share a common phenotype and
are both activated by S100A8/A9 through NF-kB supports the
concept that tumors regulate the expansion of a normal myeloid
cell population rather than induce a novel myeloid population. In-
deed, multiple proinflammatory mediators including ST00A8/A9
(this report), IL-18 (8, 11), IL-6 (9), and PGE, (10, 12) up-regulate
MDSC, indicating that inflammation is an important contributing
factor to the accumulation of MDSC in tumor-bearing individuals.

Our in vitro studies show that S100A8/9 binding to MDSC is
dependent on carboxylated N-glycans and this binding is inhibited
by mAbGB3.1, an Ab that recognizes carboxylated N-glycans.
Carboxylated glycans are expressed on RAGE (23) and
S100A8/A9 binds to a subpopulation of RAGE enriched for car-
boxylated glycans (27). The observation that inflammation-in-
duced skin tumors in RAGE knockout mice have reduced levels of
infiltrating MDSC also implicates RAGE in MDSC recruitment
(6). Carboxylated glycans also bind Annexin I, S100A12, and
HMGBI1 (20, 23). Annexin I is anti-inflammatory. SI00A12 and
HMGBI1 are ligands for RAGE, and our studies show that the
binding of both ligands to RAGE is mediated by carboxylated
glycans (20) (G. Srikrishna and H. Freeze, unpublished data). The
role of SIO0A12 in our model is irrelevant since mice do not
express S100A12 (64). However, the role of HMGBI in
mADbGB3.1-mediated effects on MDSC accumulation cannot be
ruled out. Regardless of the nature and multiplicity of receptors
and ligands, carboxylated glycan-mediated signaling in MDSC ap-
pears to converge with the activation of NF-«B.

PROINFLAMMATORY S100 PROTEINS REGULATE MDSC

In addition to ST00A8/A9 proteins, MDSC are induced by other
proinflammatory factors. Therefore, it is not surprising that in vivo
blocking of S100A8/A9 binding reduces, but does not eliminate,
MDSC accumulation in tumor-bearing mice. Since MDSC are a
significant impediment to active T and NK cell immunotherapies
(65), targeting of SI00A8/A9 binding may improve immunother-
apy with cancer vaccines and other immune strategies that require
an immune-competent host. However, it is not clear what level of
MDSC can be tolerated and still achieve active immunity, so op-
timal immunotherapy may require blocking or neutralizing all
MDSC inducers. Interestingly, other proinflammatory mediators
that activate MDSC also signal through the NF-«B pathway (S.
Bunt, P. Sinha, V. Clements, and S. Ostrand-Rosenberg, unpub-
lished observations), so drugs that target the NF-«B pathway may
be particularly effective in reducing this tumor-promoting cell
population.
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