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PRECLINICAL STUDY

Infiltrating S100A8+ myeloid cells promote metastatic spread
of human breast cancer and predict poor clinical outcome
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Abstract The mechanisms by which breast cancer (BrC)
can successfully metastasize are complex and not yet fully
understood. Our goal was to identify tumor-induced stro-
mal changes that influence metastatic cell behavior, and
may serve as better targets for therapy. To identify stromal
changes in cancer-bearing tissue, dual-species gene
expression analysis was performed for three different
metastatic BrC xenograft models. Results were confirmed
by immunohistochemistry, flow cytometry, and protein
knockdown. These results were validated in human clinical
samples at the mRNA and protein level by retrospective
analysis of cohorts of human BrC specimens. In pre-clin-
ical models of BrC, systemic recruitment of S100A8+
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myeloid cells—including myeloid-derived suppressor cells
(MDSCs)—was promoted by tumor-derived factors.
Recruitment of SI00A8+4 myeloid cells was diminished by
inhibition of tumor-derived factors or depletion of MDSCs,
resulting in fewer metastases and smaller primary tumors.
Importantly, these MDSCs retain their ability to suppress T
cell proliferation upon co-culture. Secretion of macrophage
inhibitory factor (MIF) activated the recruitment of
S100A8+ myeloid cells systemically. Inhibition of MIF, or
depletion of MDSCs resulted in delayed tumor growth and
lower metastatic burden. In human BrC specimens,
increased mRNA and protein levels of SI00A8+ infiltrat-
ing cells are highly associated with poor overall survival
and shorter metastasis free survival of BrC patients,
respectively. Furthermore, analysis of nine different human
gene expression datasets confirms the association of
increased levels of SI00AS8 transcripts with an increased
risk of death. Recruitment of S100A8+ myeloid cells to
primary tumors and secondary sites in xenograft models of
BrC enhances cancer progression independent of their
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suppressive activity on T cells. In clinical samples, infil-
trating S100A8+ cells are associated with poor overall
survival. Targeting these molecules or associated pathways
in cells of the tumor microenvironment may translate into

novel therapeutic interventions and benefit patient
outcome.
Keywords S100AS8 - Myeloid-derived suppressor cells

(MDSCs) - Inflammation and tumor development -
Cytokines - Molecular markers of metastasis and
progression

Introduction

Although localized breast cancer (BrC) is curable, meta-
static disease is overwhelmingly lethal. While a great part
of BrC research has focused on the genetic and epigenetic
changes that occur in cancer cells themselves [1], the
stromal changes which are either induced by BrC cells or
are intrinsic to some patients—which may increase the
likelihood of malignant spread—are also critical factors
being studied for their role in the metastatic process and
clinical outcome [2]. It is, therefore, important to identify
the causal factors regulating metastasis to reduce cancer
mortality. This will ultimately allow the development of
new therapies to effectively inhibit metastasis and reduce
mortality.

In this study, we compared the differential gene
expression of cancer-bearing tissue to that of the corre-
sponding non-tumor-bearing tissue in NOD scid gamma
(NSG) null mice—including the mammary fat pad, lymph
node, and lung. We had recently shown that orthotopic
injection of human BrC cells (both from established cell
lines and primary cultures) in the mammary fat pad of NSG
mice consistently leads to metastatic spread to distant
organs [3]. This mouse model has also been used in studies
of neuroblastoma [4] and melanoma [5], where metastasis
of human melanoma cells in NSG mice correlates with
clinical outcome. We have previously used this model to
develop a dual-species microarray analysis method to be
able to separately and unambiguously quantify gene
expression changes that occur in the host (mouse) tissues as
compared with those occurring in the BrC cells (human)
[6]. Using this approach we identified a group of genes
consistently upregulated in cancer-bearing tissues—both at
the primary and secondary sites—that is consistent with an
infiltration of myeloid cells.

Bone marrow-derived myeloid immune cells infiltrate
malignant tumor sites in large numbers, and are often a
prominent feature in the stroma surrounding tumors [7].
Specific attention has been drawn to myeloid-derived
suppressor cells (MDSCs)—a heterogeneous mixture of
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immature myeloid cells playing a role in inflammation,
immunosuppression, and metastatic progression [8].
MDSCs accumulate during several pathological conditions
such as inflammation, parasitic infections, trauma, sepsis,
and cancer [9, 10]. In BrC, the presence of these cells in
primary tumors and in the blood stream of patients is
associated with poor prognosis [11]. The phenotype of
MDSCs in mice is defined by the simultaneous expression
of surface markers CD11b+4 and Grl4. Recently, two
subpopulations have been further defined based on the
expression of the Gr-1 epitopes Ly6C and Ly6G: mono-
cytic MDSCs (M-MDSCs: CD11b"Ly6C™"Ly6G™) and
granulocytic MDSCs (G-MDSCs: CD11b"Ly6G Ly6C™"").
In addition to the difference in surface marker phenotype,
these cells differ in the morphology and the mechanism
they utilize to suppress immune functions which can
include upregulation of iNOS, arginase and immunosup-
pressive cytokines; the use of reactive oxygen species [9]
or depletion of cystine and cysteine—essential for T cell
activation and proliferation—from the microenvironment
[12]. Expansion of both M-MDSC and granulocytic MDSC
(G-MDSCs) populations has been consistently documented
in mouse models in many types of cancer [9].

Expansion, activation, and recruitment of MDSCs can
be induced by tumor-derived factors including GM-CSF,
VEGF, IL-6 [13], prostaglandin E2 [14], and IL-1 beta
[15], which are also elevated in chronic inflammation.
Other pro-inflammatory molecules such as members of the
S100 family of proteins SIO0A8 and S100A9 have also
been shown to be increased in diseases such as rheumatoid
arthritis [16], sepsis [17], and cancers including gastric
[18], colon [19], breast [20], and ovarian [21] carcinomas.
Initially discovered in cells of myeloid origin, SIO0AS8 and
S100A9 are preferentially found as heterodimers, and have
been shown to be involved in a variety of intra- and
extracellular functions. Importantly, the time course of
expression of S1I00A8 and S100A9 suggests that these
proteins are expressed at early stages of monocyte/macro-
phage differentiation, and their expression is neither
detected in resident macrophages nor under acute inflam-
matory conditions; however, the presence of S100A8+
macrophages is indicative of chronic inflammation [22].
S100A8/S100A9 have been shown to initiate signaling via
Toll-like receptor 4 and the receptor for advanced glycation
end products (RAGE) [23, 24], both of which are expressed
by MDSCs and by BrC cells [23, 25].

In addition to their role as potent immunosuppressors,
MDSCs have an important role in driving crucial meta-
static processes such as invasion, migration, and angio-
genesis by secreting pro-angiogenic factors such as
VEGF and MMPs [7, 26] and establishing a pre-meta-
static niche [27]. Thus, the full characterization of the
phenotype andthe function of MDSCs, and the means by
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Fig. 1 Transcriptional changes in the cancer-bearing stroma at the
primary and secondary cancer sites identify a myeloid cell infiltration
signature that is also found in human samples of breast cancer. Venn
diagrams summarizing transcriptional changes in each model of
cancer-bearing tissues of tumor-bearing mice versus naive non-tumor-
bearing mice (n = 3 mice per group; PT primary tumor, LN met

which they facilitate metastasis aside from their immu-
nosuppressive function, may unravel novel biomarkers
and therapeutic alternatives that may be translated into
the clinical setting.

The genetic instability of cancer cells results in inter-
and intratumoral heterogeneity that makes the successful
therapeutic targeting of carcinoma specific changes very
difficult [28]. Thus, we are interested in studying tumor-
induced stromal changes, as the stroma may be more
genetically stable providing better targets for therapy. Here
we describe the characterization of a myeloid immune cell
infiltrate in primary tumors and secondary sites, which
enhances BrC progression in a xenograft model of human
BrC metastasis. Our studies show that human BrC cells
xenografted in NSG mice recruit myeloid cells—including
MDSCs—that express S100A8 and are preferentially
recruited by metastatic tumors. Moreover, even in the
absence of T cells, SI00A8+ MDSCs promote BrC pri-
mary tumor growth and metastatic spread. Although NSG
mice lack T, B, and NK cells; MDSCs isolated from tumors
and spleens of tumor-bearing NSG mice retain their sup-
pressive function as confirmed by their ability to suppress
T cell proliferation. Additionally, in vivo targeting of these
cells (Gr-1 antibody) or of their recruitment—via inter-
ruption of tumor-derived cytokine secretion—results in
decreased levels of S100A8+ infiltrating cells, delayed
tumor growth, and lower metastatic burden.
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lymph node metastasis). Cut-offs used for gene list generation:
p value with FDR <0.05, fold >2. A core group of 34 probes
differentially expressed probes in host cells (murine) at all sites in all
models. Highlighted genes are expressed in cells of myeloid lineages
(blue) and pseudogenes (gray)

Importantly, our findings are of clinical relevance, as
elevated levels of infiltrating SI00A8+4- cells are associated
with significantly shorter metastasis free survival. Fur-
thermore, analysis of nine independent human gene
expression datasets confirms the association of increased
levels of SIO0AS8 and S100A9 transcripts with an increased
hazard ratio (HR) of death. Thus, targeting of these mol-
ecules or associated pathways may ultimately translate into
clinically exploitable, novel therapeutic interventions by
which targeting cells of the tumor microenvironment, in
this case myeloid cells, may greatly benefit patient
outcome.

Results

Genomic alterations in host cells of cancer-bearing
tissue are consistent with an infiltration of myeloid cells

We performed dual-species gene expression analysis as
described previously [6] to analyze the stromal (mouse)
gene expression profiles of primary tumors and secondary
lesions from MDA-MB-231, MDA-MB-436, and DT28
[29] tumor-bearing NSG mice, and compared them to that
of non-tumor-bearing NSG mice. For each model, stromal
gene expression at the primary and secondary lesions was
compared to that of the corresponding, naive, non-cancer-
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Fig. 2 S100A8+ cells infiltrate tissue of tumor-bearing mice and are
found at higher frequency in metastatic tumors in xenograft and
syngeneic models of breast cancer. a Micrographs of S100A8 and
S100A9 immunohistochemistry staining of mammary fat pad (MFP)
and lung from naive, non-tumor-bearing (NTB), and metastatic
tumor-bearing NSG mice (MDA-MB-231, MDA-MB-436, and dis-
sociated culture DT28). Red arrowheads indicate metastatic lesions.
Infiltrating SI00A8 and S100A9 positive cells are present in tissue
from primary and secondary sites of metastatic tumor-bearing mice.
b Micrographs of S100A8 and S100A9 immunohistochemistry

bearing tissue. Subsequently, those genes that were com-
monly and differentially upregulated (p < 0.05; 2-fold) at
all sites in each model were compared among models. We
focused on the upregulated genes as they may ultimately be
translated into potential prognostic or therapeutic targets.
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staining of mammary fat pad (MFP) and lung from NSG mice
bearing tumors of low to none metastatic ability (MCF-7, BT474,
DT13, and DT22). ¢ Micrographs of SI00A8 immunohistochemistry
staining of mammary fat pad (MFP) of DT tumor-bearing NOD/SCID
mice (dissociated cultures DT13, DT22, and DT28). d Micrographs of
S100A8 immunohistochemistry staining of mammary fat pad (MFP)
and lung tissues from 4TI (highly metastatic) and 67NR (non-
metastatic) tumor-bearing BALB/c mice. Greater levels of infiltrating
S100A8+ cells are found in 4T1 tumors compared to 67NR

These comparisons yielded a core group of 34 stromal
(mouse) probes that were consistently upregulated among
all cancer-bearing tissue in these models, suggesting that
they may be crucial for successful cancer development. Of
these 34 probes, 32 correspond to protein coding genes, of
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which 21 are consistent with an infiltration of myeloid cells
in the cancer-bearing tissues. In this study, we focused on
the pro-inflammatory genes S/00A8 and S100A9 (Fig. 1).

Systemic infiltration of SI00A8+ and S100A9+ cells
is preferentially observed in mouse models
of metastatic versus non-metastatic BrC

To confirm the presence of SI00A8+4 and S100A9+ cells
infiltrating the tissue of tumor-bearing mice, immunohis-
tochemical (IHC) staining of both of these proteins was
conducted on mammary fat pad and lung tissues from
control (non-tumor bearing), MDA-MB-231, MDA-MB-
436, and DT28 tumor-bearing NSG mice. Infiltrating
S100A8+ and S100A9+ cells were observed in tissue from
tumor-bearing mice but not on the naive tissues (Fig. 2a),
confirming our original observation in the transcriptional
analysis. We extended this analysis to less aggressive BrC
xenograft models available in our lab, including MCF-7,
BT474 cells, and two cultures from dissociated primary
human breast tumors (DT13 and DT22) [29]. As shown in
Fig. 2b, S100A8+ and S100A9+ cells were found at much
lower frequencies in these models than in the aggressive
ones. Similar results were observed for DT cells in the less
immunosuppressed NOD SCID mice (Fig. 2c). Impor-
tantly, in immunocompetent BALB/c mice greater numbers
of infiltrating S100A8+ cells were observed in the highly
aggressive 4T1 tumors compared to the non-metastatic
67NR tumors (Fig. 2d). Moreover, the same BrC cell line
used in varyingly immunosuppressed mouse models shows
increasing metastatic spread in the more immunocompro-
mised strains as observed for human [29] and murine BrC
lines (Fig. S1). Altogether, our results suggest that
S100A8+ cells are preferentially—or more efficiently—
recruited by metastatic breast tumors and support the role
of the host as a critical contributor in mediating the met-
astatic process.

S100A8+ MDSCs are recruited by human MDA-MB-
231 breast tumors

In order to identify the nature of the infiltrating ST00A8+
cells, we performed flow cytometric analysis of dissociated
MDA-MB-231 tumors (NSG mice). Tumors were digested
and simultaneously stained for the pan-leukocyte marker
CD45, myeloid lineage markers CD11b, Ly6C, Ly6G, and
F4/80 as well as for SI00AS8. As shown in Fig. 3a, three
subpopulations of CD45+CD11b+ cells are recruited by
MDA-MB-231 tumors: Ly6G+Ly6C—, Ly6G—Ly6C—+,
and Ly6G—Ly6C— cells. These phenotypes are consistent
with those observed in G-MDSCs, M-MDSCs, and mac-
rophages, respectively. The high expression of the macro-
phage marker F4/80 in the Ly6G—Ly6C— population,

intermediate expression in the Ly6G—Ly6C+ cells, and
lack of expression in the Ly6G+Ly6C— (Fig. 3a), further
confirmed these phenotypes. In addition, cellular mor-
phology of these subsets was confirmed by Giemsa—Wright
staining (Fig. 3b). Ly6G+Ly6C—F4/80— subset was
comprised mainly of PMN cells; Ly6G—Ly6C+F4/80™
subset exhibited morphology of immature monocytic cells;
and the Ly6G—Ly6C—F4/80" subset was mainly formed
by mature monocytic cells. By flow cytometry, SI00A8
expression was found in all of the myeloid subsets, being
highest in Ly6G+Ly6C—F4/80— cells (Fig. 3c).

To confirm that Ly6G—Ly6C+F4/80™  and
Ly6G+Ly6C—F4/80— are functional MDSCs, splenocytes
from non-tumor-bearing BALB/c mice were labeled with
CellTrace™ and stimulated to proliferate in co-culture
with MDSCs isolated from tumors and spleens from MDA-
MB-231 tumor-bearing NSG mice, and as shown in
Fig. 3d, splenic and tumor-derived MDSCs retain the
ability to suppress T cell proliferation. Importantly, cells
sharing the same markers as MDSCs isolated from spleens
of non-tumor-bearing NSG female mice did not suppress T
cell proliferation under the same co-culture conditions
(Fig. 3d). Altogether, our data show that the phenotypes of
S100A8+ myeloid cells recruited to the primary site
include macrophages and MDSCs.

MDSCs favor primary tumor growth and metastatic
spread of MDA-MB-231 cells

Next, we sought to determine the effects of depleting
MDSCs on the growth and metastatic potential of MDA-
MB-231 tumors. The anti-Gr-1 antibody (RB6-8C5) was
administered in vivo to neutralize MDCSs, and thus,
induce their depletion. This treatment led to moderately
reduced primary tumor growth of MDA-MB-231 cells in
the mammary gland of NSG mice when administered at
time of cancer cell inoculation (Fig. 4a), as well as when
administered at day 21 after cancer cell inoculation (Fig.
S2). Depletion of MDSCs significantly reduced the
number of metastatic lesions in the lungs, indicating that
these cells also promote metastasis of BrC cells (Fig. 4b),
consistent with what has been reported on the role of
S100AS8 in establishing the pre-metastatic niche in 4T1
tumor-bearing immunocompetent mice [30] as well as in
other types of cancer [31]. As we had previously con-
firmed that MDSCs recruited to these tumors express
S100AS8, we performed IHC staining for this protein and
confirmed that treatment of tumor-bearing mice with Gr-1
antibody, and not the isotype control, led to a significant
reduction in the number of S100A8+ cells infiltrating
primary tumors and lungs (Fig. 4c). Taken together, our
data suggest that S100A84+ MDSCs favor BrC tumor
growth and metastatic spread.
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Fig. 3 MDA-MB-231 tumor-infiltrating myeloid cells are SI00A8+
and include functional MDSCs. a A representative dot-plot of the
distribution of tumor-infiltrating myeloid cells (CD454+-CD11b+ col-
umns indicate average of results of three independent tumors 4+ sem) and
expression of F4/80 flow cytometric analysis of MDA-MB-231 mam-
mary tumors is shown on the right panels. Cells were gated on
CD454-CD11b+ toisolate the myeloid cell populations and analyzed for
expression of Ly6C, Ly6G, and F4/80. Bars on the right are
averages & sem of three independent experiments. b Myeloid cell
subsets Ly6G+Ly6C—F4/80—, Ly6G—Ly6C+F4/80™, and Ly6G—
Ly6C—F4/80™ were sorted by flow cytometry and stained with Giemsa—
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Wright to evaluate their morphology. ¢ Expression of S100AS8 in the
subpopulations of myeloid cells (CD45+CD1 1b+) recruited to MDA-
MB-231 mammary tumors. Positive expression of SI00A8 was found in
98 % of Ly6G+Ly6C—F4/80— cells, 93 % of Ly6G—Ly6C-+F4/80™,
and 82 % of Ly6G—Ly6C—F4/80". d CellTrace™™-labeled splenocytes
from non-tumor-bearing BALB/c mice were stimulated to proliferate
in vitro and cultured at a 1:3 ratio with the indicated MDSC populations
isolated from spleen of naive NSG mice (left panel), spleens of MDA-
MB-231 tumor-bearing NSG mice (middle panel), and from MDA-MB-
231 primary tumors (right panel). Proliferation of CD3+CD4+ and
CD3+CD8+ T cells was determined after 72 h of co-culture
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Fig. 4 MDSCs favor primary
tumor growth and metastatic
burden in MDA-MB-231
xenograft model. a Volumes of
tumors in mammary fat pads of
NSG mice injected with MDA-
MB-231 cells and treated with
either control (IgG) or anti-Gr-
1. Depletion of MDSCs cells by
Gr-1 antibody treatment
moderately inhibited primary
tumor growth. Each data point
is the mean estimated volume
value (£sem) of six primary
tumors. The experiment was
performed twice independently.
b Number of metastases in
lungs of mice bearing MDA-
MB-231 tumors and treated
with control IgG or anti-Gr-1
antibody. Quantification and
representative micrographs of
cytokeratin 18 (CK18)
metastatic lesions in lung tissue
are shown. Depletion of MDSCs
by Gr-1 antibody treatment
significantly decreased lung
metastasis (p < 0.05, Student’s
t-test). Each data point is the
mean value (£sem) of four—six
mice. The experiment was
performed twice independently.
¢ Number of S1I00A8+ cells in
lungs of mice bearing MDA-
MB-231 tumors and treated
with control IgG or anti-Gr-1
antibody. Quantification and
representative micrographs of
S100A8 immunohistochemical
staining of lung tissue are
shown. Gr-1 antibody treatment
significantly depleted ST00A8+
cells (p < 0.05, Student’s #-
test). Each data point is the
mean value (+sem) of four—six
mice. The experiment was
performed twice independently
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Secretion of tumor-derived cytokines is a known mecha-
nism by which epithelial tumors are able to recruit immune
cells [13—15]. As our models utilized BrC cells of human
origin in murine hosts, we were able to discern between
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proteins produced by the individual species. To define the
mechanism by which tumor cells with metastatic potential
recruit MDSCs to primary and metastatic lesions, we per-

formed a human cytokine-profiling array to analyze the
sera of MDA-MB-231 tumor-bearing and naive NSG mice.
There was no significant detection of human proteins in
sera of non-tumor-bearing mice, while sera of MDA-MB-
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Fig. 5 Cytokine knockdown does not affect MDA-MB-231 in vitro
proliferation or migration abilities. a Profile of 36 human cytokines in
serum from MDA-MB-231 tumor-bearing and naive (non-tumor
bearing) NSG mice. Human GM-CSF, IL-8, MIF. and Serpin E1 are
present in the serum of MDA-MB-231 tumor-bearing mice. Quan-
tification by BioPlex assay of IL-6, IL-8, GM-CSF, MIF, osteopontin
(OPN), and VEGF cytokines in serum of MDA-MB-231 tumor-
bearing mice. b Depletion of GM-CSF, IL-8, MIF, and Serpin El in
MDA-MB-231 cells in vitro was confirmed by immunoblot analysis

231 tumor-bearing mice had higher levels of GM-CSF, IL-
8, macrophage inhibitory factor (MIF), and Serpin El of
human origin, thus, indicating their in vivo production by
MDA-MB-231 cells. Using BioPlex assays we confirmed
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of conditioned media from stably transduced shRNA cells compared
with controls (parental cell line MDA-MB-231 and control shRNA
cells). ¢ Cytokine depletion does not affect cell migration. Images of
wounds of parental, control shRNA, and cytokine shRNA (GM-CSF,
IL-8, MIF, and Serpin El) cells at 0 and 24 h after wounding.
d Cytokine depletion does not affect cell proliferation. Cell number of
parental, control shRNA, and cytokine shRNA (GM-CSF, IL-8, MIF,
and Serpin E1) cells 1, 3, and 5 days after plating

this result and quantified additional tumor-secreted fac-
tors—previously reported to be secreted by MDA-MB-231
tumors- including IL-6, IL-8 [32], GM-CSF [33], MIF [34],
osteopontin (OPN) [35], and VEGF [36] (Fig. 5a).
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Fig. 6 Tumor-derived MIF favors myeloid cell infiltration to primary
tumor and metastatic sites, promoting primary tumor growth and
metastasis of MDA-MB-231 cells. a Tumor growth curve of MDA-
MB-231 shRNA mammary fat pad xenografts in NSG mice.
Depletion of MIF secretion by MDA-MB-231 tumors resulted in
delayed tumor growth (left panel; p < 0.01, ANOVA) and final
primary tumor weight (right panel; p < 0.01, ANOVA). Each data
point is the mean value (£sem) of ten primary tumors (NSC non-
silencing control). Columns are average of n = 10 mice (dsem).
b Number of metastases in lungs of NSG mice bearing MDA-MB-231

In order to test the functional consequences of impairing
cytokine secretion from tumor cells, stable shRNA-
knockdown populations of MDA-MB-231 cells were gen-
erated for the four cytokines identified by the serum pro-
filing array. Impaired cytokine production was confirmed
by Western blot of conditioned media (Fig. 5b). In vitro,

shlL-8 shGM-CSF shSerpin E1

shRNA tumor xenografts. Quantification and representative micro-
graphs of cytokeratin 18 (CK18) metastatic lesions in lung tissue are
shown. MIF shRNA significantly decreased lung metastasis
(p < 0.05, Student’s t-test). Each data point is the mean value
(£sem) of ten mice. ¢ Micrographs of SI00A8 immunohistochemical
staining of lung tissue from NSG mice bearing MDA-MB-231 shRNA
tumor xenografts. Decrease in the number of S100A8+ infiltrating
cells was observed in lung tissue from mice bearing MIF shRNA
tumor xenografts

migratory ability and growth rate of cytokine depleted
MDA-MB-231 cells was not altered by knockdown of the
indicated cytokines (Fig. 5c, d), suggesting that the tumor-
derived MIF detected in sera of MDA-MB-231 tumor-
bearing mice may be the result of the interaction with the
host rather than related to changes in the behavior of MDA-
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MB-231 cells themselves. We next examined the in vivo
effect of the depletion of the above-mentioned cytokines in
MDA-MB-231 on tumor growth and metastatic behavior.
In our model, depletion of MIF in MDA-MB-231 cells, but
not GM-CSF, IL-8, and Serpin E1, moderately decreased
primary tumor growth (Fig. 6a) and lowered metastatic
burden in the lungs (Fig. 6b). Importantly, a reduction in
the number of S100A8+ infiltrating cells was also
observed in lung tissue, suggesting that depletion of MIF
may inhibit tumor growth and metastasis by inhibiting
S100A8+ myeloid cell recruitment in this model (Fig. 6¢).

Validation in clinical samples: increased S/00A8
and S100A9 expression associates with increased HR
of death

To test whether increased levels of these genes correlate
with patient outcome, Oncomine ™ (Compendia Biosci-
enceTM, part of Life TechnologiesTM, Ann Arbor, MI) was
used for analysis and visualization. We performed a meta-
analysis to determine the impact of S/00A8 expression on
short-term overall survival in BrC datasets with S/00A8
(n = 10) and SI100A9 (n = 9) expression data and overall
survival data available from Oncomine™ (Fig. 7a). This
meta-analysis revealed that increased S100A8 or S100A9
expression is associated with a significant increase in
hazard of a death event within 5 years (random effects
model summary statistic HR S100AS8: [95 % CI] 1.14
[1.07, 1.21], p = 2.59 e—05; and S100A9 [95 % CI] 1.14
[1.07, 1.21], p = 9.9 e—05). Furthermore, based on the
PAMS0 classification [37] of the samples in the Curtis
dataset, increased levels of ST00AS8 and S100A9 transcripts
are found in the basal and Her2-enriched BrC subtypes
(Fig. 7b). Since these microarray data are obtained from
the entire tumor, the contribution of each cell type—cancer
or cells from the microenvironment—in these samples
cannot be separated. Therefore, we examined these tran-
scriptional changes in three available BrC datasets in which
stromal cells were isolated and independently analyzed.
Indeed, stroma of invasive BrC exhibits greater levels of
S100A8 and S100A9 transcripts compared to stroma of
normal mammary tissue in these datasets (Fig. 7c) [2, 38].
Similar results were observed for other transcripts identi-
fied in our signature (Selplg, Lstl; not shown).

Higher levels of infiltrating S100A8+ cells correlate
with poor clinical outcome

To test the clinical relevance of our findings, we analyzed
infiltrating SI00A8+ cells in two independent cohorts of
invasive BrC specimens. We performed immunohisto-
chemistry (IHC) of S1I00AS8 in a cohort of human breast
tumor specimens (n = 244) and counted the S100A8+
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Fig. 7 Transcriptional upregulation of S100A8 and S100A9 inp
human breast tumors is associated with a significant increase in
hazard of short-term death event and with aggressive breast cancer
subtypes. a Transcriptional upregulation of S/00A8 and S100A9 in
human breast tumors is associated with a significant increase in
hazard of short-term death event. Forest plots of the effect of S/00A8
and S700A9 expression on hazard of death event within 5 years of
follow-up in independent primary breast cancer datasets. Overall
summary statistics are given for the fixed effects model S100A8:
[95 % CI] 1.14 [1.07, 1.21], p = 2.59 e—05; and S100A9: [95 % CI]
1.14 [1.07, 1.21], p = 9.9 e—05. Confidence intervals that extend
beyond upper range of the forest plot are indicated by arrows.
b Transcriptional levels of SI00A8 and SI00A9 are greater in the
basal and Her2 breast cancer subtypes as shown for the Curtis dataset
[51] as visualized with Oncomine™. ¢ Transcriptional levels of
S100A8 and S100A9 are overexpressed in human stroma of invasive
breast carcinoma compared to normal breast stroma as shown for the
Finak dataset [2] as visualized with Oncomine™

positive infiltrating cells. In agreement with the pre-clinical
data, high levels of infiltrating SI00A8+ cells distant to the
tumor correlated with significantly shorter metastasis free
survival of BrC patients (Fig. 3a). High levels of infiltrat-
ing S100A8+- cells distant to the tumor also correlated with
high grade, estrogen-receptor (ER) and progesterone
receptor (PR) negativity, epidermal growth factor receptor
positivity, basal keratin positivity, and Ki67 (MIB-1)
expression (Fig. 8a). Additionally, an independent cohort
of invasive BrC specimens was analyzed using AQUA
(Automated Quantitative Analysis) staining for assessment
of infiltrating S100A8+ cells. In tissue microarrays
(TMAs) of BrC specimens with associated clinical
parameters and outcome, this analysis showed that infil-
trating S100A8+- cells are clearly seen in and adjacent to
the tumor (red staining, Fig. 8b). Quantitation of SIO0A8+
cells in, adjacent to, and at a distance from the tumor and
statistical correlation with clinical parameters revealed
significant inverse associations of S100A8+ cells with ER
and PR and strong associations with Her2 and tumor size
and grade (Fig. 8c). These correlations indicate that tumors
possessing high levels of infiltrating S100A8+ cells are
frequently of the basal subtype, which are clinically more
aggressive and have shorter disease free survival [37]. Our
data suggest that one of the mechanisms driving this poor
prognosis may be the recruitment of S100A8+ myeloid
cells.

Discussion

Much effort has been directed at studying the cell auton-
omous changes that promote metastatic behavior of BrC
cells. While these studies have identified several promising
avenues and therapeutic approaches, it is becoming
increasingly clear that the genetic instability of cancer cells
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results in inter- and intratumoral heterogeneity that make
the specific targeting of carcinoma very difficult [39]. On
the other hand, the changes that occur in the host tissue and

recruited cells—including hematopoietic cells, fibroblasts,
myofibroblasts, and endothelial cells—are an area under
intense investigation. Cells in the tumor microenvironment
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play a functional role in creating favorable conditions for
tumor progression and metastatic spread and are now rec-
ognized to be a hallmark of cancer [1], and significant
efforts have been aimed at including stromal-targeted
therapies in the treatment of BrC including approaches
against cancer-associated fibroblasts and immune cells
[40].

Our study focused on identifying changes occurring in
the cancer-bearing tissues of mice bearing human BrC cells
with the goal of identifying novel targets of potential
prognostic and therapeutic value for metastatic disease.
Using three independent human metastatic BrC models
xenografted in NSG mice, we found that a predominant
change occurring in tissues of cancer-bearing mice is the
infiltration of myeloid cells, as suggested by the function of
the majority of genes (21 of 32) consistently identified
throughout our models. An accumulating body of evidence
has highlighted the role of the immune system in regulating
tumor initiation and progression. However, different
immune cell populations have different, often opposite,
effects on tumor cell behavior. For example, increased
infiltration by CD8+ T cells is generally associated with
better survival for several types of cancer, whereas infil-
tration by MDSC:s is associated with poorer prognosis [11,
41]. It is, therefore, important to identify which immune
cell populations are tumor promoters so that they may be
specifically targeted by novel therapeutics. Specifically,
MDSCs are believed to promote tumor progression in a
number of ways, most notably by induction of T cell tol-
erance and suppression of other anti-tumor responses by
immune cell components and by favoring angiogenesis
[42]. In humans, MDSCs are much less well characterized,
and it is very important to identify key markers of the
specific populations that are tumor promoting in order to
avoid the non-specific toxicity associated with targeting the
immune system more generally.

In mice, most research on MDSCs has been focused on
immunocompetent mouse models of cancer and has
allowed the characterization of MDSCs phenotypes and
immunosuppressive action. The use of our recently char-
acterized NSG mouse model for human BrC metastasis to
study tumor-associated myeloid cells provides an interest-
ing opportunity to address the function of these cells in the
absence of T cells. NSG mice are highly prone to metas-
tasis of BrC [3], neuroblastoma [4], and melanoma cells
[5]. Interestingly, compared to immunocompetent mice,
naive NSG mice intrinsically have elevated proportions of
splenic CD11b+/Gr-1+ cells, and as our own data shows
of CD11b+Ly6G+Ly6C ™" and CD11b+Ly6G—LY6C™
populations (Fig. S4). While the proportion of myeloid
cells in spleens is greater in NSG mice than in wild-type
mice, we found that in splenic CD11b+ cells expression of
S100A8 protein—and likely of other proteins involved in

@ Springer

MDSC function—is significantly lower than these same
cells isolated from tumor-bearing mice, and they do not
show suppressive activity on T cell proliferation. This
suggests that expansion and activation of MDSC in this
model is triggered by the action of the human BrC cells. In
agreement with this, we observed that not all human BrC
cell lines are able to neither activate recruitment of
S100A8+ myeloid cells nor metastasize in NSG mice,
despite them having a pre-existing population of CD11b+/
Gr-1+ cells.

In this context, we have determined that human BrC
cells recruit populations of S100A8+ myeloid cells,
including MDSCs and macrophages, that have strong
tumor-promoting effects, which are independent of
immune cell tolerance or the suppressive action of MDSCs
on T cells, as they are absent in our mouse model. Further
confirmation of the importance of MDSCs in our system
emerged when animals were treated with a neutralizing Gr-
1 antibody, which mainly targets MDSCs exhibited
delayed primary tumor growth, lower metastatic spread,
and reduced numbers of S100A8+ cells. Furthermore,
since we observe differing metastatic potential of the same
BrC cell lines in animal models increasing levels of
immunosuppression, this strongly supports our contention
that a critical element of metastatic progression is host-
mediated rather than tumor cell-specific. In addition, we
attempted to identify which secreted cytokines may be
responsible for activating and recruiting these cells from
the bone marrow to the primary tumor. We determined that
in our model, MDA-MB-231 cells produce pro-inflamma-
tory cytokines, and other factors previously shown to favor
the recruitment of MDSCs including IL-6 [43], GM-CSF
[44] and OPN [35], and that tumor-derived MIF played an
important role in the recruitment of myeloid cells. MIF is
an inflammatory cytokine that is overexpressed in many
solid tumors and is associated with poor prognosis [45]. In
agreement with our findings, a recent study showed that
inhibition of MIF reduced MDSC accumulation in immu-
nocompetent 4T 1-tumor-bearing mice, and inhibited pri-
mary tumor growth and pulmonary metastasis [30].
Examination of the expression of MIF in a panel of addi-
tional human BrC cell lines indicated that the expression of
MIF alone might not be solely responsible for the recruit-
ment of SI00A8+ MDSC’s and promote BrC metastasis as
it is expressed by both metastatic cells lines that recruit
S100A8+ MDSCs as well as by non-metastatic cell lines
that do not recruit SIO0A8+ cells (Fig. S3a). This was also
confirmed by the quantification of MIF in sera of NSG
mice bearing metastatic and non-metastatic breast tumors
(Fig. S3b). The latter is in agreement with previous studies
showing a dual role for MIF production by metastatic and
non-metastatic BrC cell lines [34]. Therefore, while in our
model MIF is required for MDA-MB-231 recruitment of



Breast Cancer Res Treat (2014) 148:41-59

53

Breast cancer patient tumor characteristics
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Fig. 8 The presence of infiltrating SI00A8+- cells is associated with
significantly shorter metastasis free survival in breast cancer patients
and with the basal breast cancer subtype. a Kaplan—-Meier survival
curves of breast cancer patients with tumors that have high numbers
of distant infiltrating S100A8+ cells have significantly shorter
metastasis free survival (p = 0.043, log-rank test). Patients were
categorized into three groups by the number of tumor distant

S100A8+ cells that favor tumor growth and metastasis in
our model, its expression alone is not sufficient to regulate
this process. This indicates that additional (known or yet to
be identified) mediators of MDSC recruitment and activa-
tion must act in concert with MIF to promote BrC pro-
gression and metastasis.

Having shown in highly immunocompromised NSG
mouse model that S100A8+ myeloid cells promote
metastasis independently from their immunosuppressive
cellular functions, it was important to determine that these
cells also play a role in immunocompetent mice. We, and

Breast Intrinsic Subtype

infiltrating S100A8 positive cells present. Fisher’s exact test was used
for all statistical analyses except size, which was analyzed using
ANOVA. b Representative picture of SI00AS staining of one of two
TMAs analyzed by AQUA. ¢ Infiltration of SI00A8+ cells (Allred
Score) is associated with the basal PAMS0 intrinsic breast cancer
subtype (n = 62)

others have shown that 4T1-tumor-bearing BALB/c mice
also show infiltration of SI00A8+ tumor-associated mye-
loid cells, similar to our observations in the NSG model.
Importantly, we additionally show that this recruitment is
not observed in non-metastatic 67NR tumors, confirming
our initial observation in xenograft models that metastatic
BrC cells preferentially recruit SIO0A8+ cells. Previous
studies have demonstrated that depletion of MDSCs in
BALB/c mice suppresses metastasis of 4T1 [30]. Our data
suggest that this result may be due to the loss of the
metastasis promoting population of S100A8+4 myeloid
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cells that are seen in NSG tumor-bearing mice. In addition,
it has been recently shown that mice transplanted with bone
marrow from S100A9 knockout mice (which also fail to
express SI00A8) were much less susceptible to mammary
fat pad xenograft tumor growth and metastasis than mice
transplanted with wild-type bone marrow. This provides
compelling evidence for the role of SI00A8/A9+ myeloid
cells in driving primary and metastatic tumor growth [46].
A critical part of our study consists in the validation of
our observations in mouse models regarding the presence
of SI00A8+ cells in clinical samples of human BrC. Our
data suggest that the infiltrating immune cells contribute a
great part of the increased levels of SIO0AS transcript and
protein found in human breast tumors. In clinical samples
of ten independent datasets, we have shown that increased
transcript levels of S100A8 and S100A9 correlate with
increased hazard of a death event at 5 years and basal BrC.
A previous study by Arai et al. investigated the relationship
between the expression of SIO0A8 and S100A9 proteins in
the tumor cells with several pathological parameters. They
found that protein expression of the SIO0A8/A9 complex
in tumor cells correlated with poor pathological parameters
of invasive ductal carcinoma (IDC) as well as with poorly
differentiated ductal carcinoma in situ, which has a higher
recurrence rate. Additionally, in agreement with our data,
strong positive reaction of both proteins in the infiltrating
myelomonocytic cells was also detected; however, the
correlation of these cells is not addressed in that study [20].
Importantly, in this study we show for the first time that
S100AS8 protein expression in the host (immune) com-
partment of clinical samples consistently correlates with
poor prognosis, and thus, SI00A8+- infiltrating cells should
be considered as a prognosis marker in BrC.
Interestingly, a recent study demonstrated that MDSCs
in human colon patients are SIO0A8/A9 positive and that
S100A9 staining in combination with anti-CD14 could be
used to identify MDSC in whole blood from patients with
colon cancer [19]. This suggests that our finding that
S100A8+ MDSCs can be used as an additional marker of
tumor-promoting myeloid cells in mice, may also apply to
humans. Our data are consistent with another recent study
that showed that BrC patients with high expression of
S100AS8/A9 in their lung metastases had a significantly
shorter overall survival compared to low S100A8/A9
(p value = 0.01) and [46], supporting our results from
primary BrC tumors. These data suggest that it may be
possible to inhibit SI00A8/A9 myeloid cells in patients to
inhibit metastatic progression. Data from pre-clinical
models indicate that this strategy may be effective.
S100A8/A9 depleting antibodies have been used to inhibit
metastasis of Lewis lung cancer cells successfully in mice
[27]. In addition, the S100A9 knockout mouse, which also
lacks any S100A8 expression, is phenotypically normal,
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suggesting there should not be major toxicity problems
associated with this approach. Moreover, our data suggest
that infiltration of SI00A8+ myeloid cells occurs most
frequently in the basal BrC subtype, which is aggressive
and in need of effective targeted therapies. The develop-
ment of small molecule inhibitors or depleting antibodies
targeting SI00A8/A9 may, therefore, be an effective ther-
apeutic strategy in these patients.

In summary, our data suggest that during BrC progres-
sion, populations of SIO0A8+ tumor-associated myeloid
cells are recruited by tumor-derived factors, including MIF,
and promote BrC progression. The use of immunosup-
pressed mouse models permits the elucidation of novel
role(s) of MDSCs aside from their canonical effects on T
cells. Analysis of clinical data supports S100A8+ infil-
trating cells to be an important prognosis marker in BrC.
Our results suggest several new potential therapeutic
strategies, including neutralizing antibodies targeting MIF
and/or S100A8+4 myeloid cells that may be useful for
inhibiting BrC progression and metastasis.

Materials and methods
Ethics statement

The Institutional Animal Care and Use Committee
(IACUC) at the University of Miami approved the animal
experiments described in this study (protocol 11-227). All
animals were maintained in accordance with TACUC
guidelines.

BrC cell lines and cultures

Human BrC cells (MCF-7, BT474, MDA-MB-231, and
MDA-MB-436) were obtained from the American Type
Culture Collection and maintained according to the sup-
plier’s instructions. Authentication of the human BrC cell
lines was performed by sequencing of the hypervariable
regions of the mitochondrial DNA. Human BrC DT cells
have been generated and characterized by group as previ-
ously described [29]. Murine BrC cells 4T1 and 67NR cells
were obtained from the American Type Culture Collection
and from the Karmanos Cancer Institute (Detroit, MI),
respectively. All cells were harvested at the exponential
phase of growth for injection into the mammary fat pads of
mice.

Mice
BALB/c, NOD SCID and NOD scid gamma (NSG) mice

were purchased from Jackson Laboratory. BrC cells were
unilaterally injected by subcutaneous injection at the base
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of the nipple of the fourth abdominal mammary fat pad of
eight-week-old female mice. Human BrC lines (2.5 x 10°
cells) and DT cells (1 x 10° cells) were injected in 200 pl
of 50:50 Matrigel/Collagen. Murine 4T1 (1 x 10’ cells)
and 67NR (1 x 10’ cells) cells were injected into BALB/c
mice. Tumor growth was monitored externally using ver-
nier calipers for up to 30 weeks, and animals were sacri-
ficed when tumors reached 10 % of body weight.
Necropsies were performed to identify macro-metastases.
Primary tumors and organs were harvested and samples
were taken for RNA extraction and for pathological ana-
lysis. Pathology samples were fixed in 10 % formalin,
paraffin embedded, sectioned and stained with hematoxylin
and eosin, or antibodies against cytokeratin 18 (CK18),
S100AS, or SIO0A9. Pathology processing and staining of
harvested mouse tissues was performed at the Lombardi
Comprehensive Cancer via Science Exchange, Inc. Slides
were analyzed by a pathologist to confirm the presence of
metastases. RNA was isolated from three independent
metastases and primary xenograft tumors for analysis.
Normal tissue was harvested from three independent age
matched non-tumor-bearing mice.

RNA isolation

RNA was extracted using Trizol Reagent (Invitrogen)
according to the manufacturer’s instructions. Concentration
and yield of RNA samples were determined using a
NanoDrop ND-1000 Spectrophotometer (NanoDrop Tech-
nologies). RNA integrity was determined by analysis on an
Agilent 2100 Bioanalyzer (Agilent Technologies) follow-
ing the manufacturer’s recommendations. Only samples
with a RIN score >7.0 were used for microarray analysis.

Microarray analysis

Samples were prepared according to the manufacturer’s
instructions and analyzed using MouseWG-6_V2 Expres-
sion BeadChips (Illumina, Inc.). Non-normalized, non-
background subtracted data were generated using the Gene
Expression module (v1.9) of GenomeStudio (v2011.1). The
datasets were combined before performing log2-transfor-
mation and quantile normalization in R (version 2.14.1)
using the lumi package at Wayne State University. Dif-
ferential expression was calculated by performing analysis
of variance (ANOVA) using Partek® software (version
6.6). Gene expression alterations were determined by
identifying genes differentially expressed in tissues from
non-tumor-bearing control mice compared to tissues from
mice bearing MDA-MB-231 and MDA-MB-436 mammary
fat pad tumor xenografts and metastases. A p value with
FDR <0.05 was used as a cut-off for differentially
expressed genes. The differentially expressed genes from

comparisons were used to create Venn diagrams based on
gene symbols. Microarray experiments and analyses of
datasets were performed at Wayne State University via
Science Exchange, Inc.

S100A8 and S100A9 expression meta-analyses

S100A8 and S100A9 gene expression and clinical follow-
up information from the following BrC datasets were
obtained from Oncomine™: Bild, Boersma, Curtis, Des-
medt, Esserman, Kao, Pawitan, Sorlie, vandeVijver. R
statistical software (version 2.15.2; http://www.R-project.
org) and the ‘meta’ package (version 3.0-1; http://CRAN.
R-project.org/package=meta) were used to perform meta-
analysis and forest plot visualization for impact of SI00AS8
or S1I00A9 expression on 5-year survival.

Tumor immunophenotyping by flow cytometry

Mammary fat pad tumors were collected, minced into
small pieces, enzymatically digested with a blend of lib-
erase (Roche) and DNase I (Sigma), and filtered to generate
single cell suspensions. Cells were then blocked for 30 min
with purified anti-CD16/CD32 (BD Biosciences) and
stained with anti-CD45 Brilliant Violet 421 (Biolegend),
anti-mouse F4/80 PE (Biolegend), anti-CD11b PerCP-
Cy5.5 (Biolegend), anti-Ly6G PE-C7 (BD Biosciences),
and anti-Ly6C APC-Cy7 (BD Biosciences). After 30 min
incubation, cells were washed in 2 ml of PBS-FBS 1 %
buffer. Cell pellets were resuspended in 100 pl of BD
Cytofix/Cytoperm solution (BD Bioscience) and incubated
on ice for 20 min. Cells were washed twice in 1x Perm-
Wash buffer (BD Bioscience) and stained with Alexa Fluor
488-conjugated anti-S100A8 (Novus Biologicals). Cells
were washed twice in PermWash buffer and resuspended in
300 l of PBS 1x and acquired on the same day. Data were
acquired using the LSRFortessa instrument (BD Biosci-
ences) and analyzed using FlowJo software.

MDSC depletion

Starting on the day of tumor injection, mice were injected
intraperitoneally bi-weekly with 50 pg anti-Gr-1 antibody
(eBioscience, clone: RB6-8C5, Functional Grade Purified)
or anti-isotype (Rat IgG2b K Isotype Control Functional
Grade Purified) control antibody (eBioscience, clone:
eB149/10H5).

Cytokine profiling
Following manufacturer’s instructions, serum from naive

(non-tumor-bearing control) and MDA-MB-231 tumor-
bearing NSG mice were profiled for the levels of 36
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human cytokines using a human cytokine array (Panel A
Proteome Profiler, R&D Systems) and BioRad’s BioPlex
assays (Cancer Panel 1, 27-plex, and 21-plex cytokine
assays).

Preparation of T cells and isolation of tumor-associated
MDSCs for proliferation suppression assay

Spleens were removed from non-tumor-bearing BALB/C
mice and mechanically disaggregated into single cell sus-
pensions. Cells were washed with PBS and spun at 350 g.
RBrCs were lysed by hypotonic shock (RBrC lysis buffer,
eBioscience cat. 00-4333). Cells were washed with PBS
and labeled with CellTrace™ Violet proliferation reagent
(Invitrogen) following manufacturer’s instructions. Cells
were resuspended in RPMI supplemented with 10 % FBS,
L-glutamax (1x), 50 uM beta-mercaptoethanol, and peni-
cillin/streptomycin 50 U/ml, and plated in 96-well ultra-
low attachment plates at 1 x 10° cells/ml and stimulated
with ConA (2.5 pg/ml) and recombinant murine IL-2
(10 ng/ml). MDSCs were isolated from spleens and
digested tumors using magnetic beads in the MDSC iso-
lation kit mouse (Miltenyi Biotec, cat. 130-094-538) fol-
lowing manufacturer’s instructions.

Cytokine silenced cell lines

Cytokine silenced MDA-MB-231 cells were generated by
lentiviral transduction with pools of specific shRNAs from
the Open Biosystems pGIPZ shRNA lentiviral collection.
Cytokine secretion levels were assessed by immunoblot
analysis of conditioned media and cell lysates using anti-
IL-8, Serpin E1, MIF, GM-CSF, and anti-actin antibodies
(Abcam) to confirm successful silencing. Pooled popula-
tions of silenced cells, obtained after 5 days of drug
selection (1.0 pg/ml puromycin) without subcloning, were
used for experiments. Negative control cells were gener-
ated by transducing cells with a pGIPZ non-silencing
control (NSC) construct, which did not yield any appre-
ciable knockdown of the cytokines.

Wound-healing assay

Cell migration was assessed using a wound-healing
(scratch) assay. Cells were plated in 24 well plates and
allowed to proliferate to form a confluent monolayer. A
200 pl pipette tip was used to scratch a single wound
through the middle of the cell monolayer. Cells were fixed
0 and 24 h after scratching, stained with crystal violet and
imaged. Images from matched time-points were compared
to determine differences in the rate of cell migration.

@ Springer

Proliferation assay

5 x 10° cells were plated in 24 well plates and maintained
for 5 days in culture. Cells were quantified by trypsiniza-
tion and counting of the cell number using a Coulter
Counter. Assays were performed in triplicate.

Patient data for IHC analysis of infiltrating S100A8+
myeloid cells

A cohort of 245 patients with invasive BrC (186 IDCs, 27
invasive lobular carcinomas, 24 invasive mixed ductal and
lobular carcinomas, and 8 invasive breast carcinomas of
other special types) was retrospectively retrieved from a
prospectively maintained database of patients diagnosed
and managed at the Royal Marsden Hospital, London, UK.
All patients were treated with therapeutic surgery (69
mastectomy and 156 wide local excision) followed by
anthracycline-based chemotherapy. Adjuvant endocrine
therapy was prescribed for patients with ER-positive
tumors (tamoxifen alone in 96.4 % of the patients for the
available follow-up period). Complete follow-up was
available for 244 patients, ranging from 0.5 to 125 months
(median = 67 months, mean = 67 months). Tumors were
graded according to a modified Bloom—Richardson scoring
system and size was categorized according to the TNM
staging. The details of this cohort of patients have been
previously described [47].

Representative  3-pum-thick formalin-fixed paraffin-
embedded (FFPE) sections were cut from each tumor.
Sections were pre-treated using a pressure cooker for
2.5 min with citrate buffer at pH 6.0. The primary antibody
used was a rabbit monoclonal anti-MRPS, clone EPR3554
(Abcam®—Cambridge, UK) and visualization was done
using the EnVision™ kit (DAKO®—Copenhagen, Den-
mark). For developing, the 3,3-diaminobenzidine (DAB),
method was used. Positive controls included tonsil tissue,
where non-germinal center lymphoid cells expressed
MRPS8. Negative controls included omission of the primary
antibody and substitution of the primary antibody by IgG-
matched control.

The semi-quantitative analysis of the distribution of
S100A8 expression in the inflammatory component of
BrCs was based on the assessment of ten high power fields
representative of three compartments of the tumor, namely
(i) intratumor compartment (within the tumor cell nests),
(i1) distant stroma (defined as >one tumor cell diameter
away from the tumor), and (iii) adjacent stroma (within one
tumor cell diameter of the tumor), as previously described
[41]. Within each compartment of the tumor, cells dis-
playing unequivocal macrophage morphology and
expressing membranous MRP8 were counted. The THC
analysis was performed by two of the authors on a multi-
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headed microscope, without previous knowledge of the
expression of other markers and patients’ outcome. Kap-
lan—Meier curves were generated for metastasis free sur-
vival based on numbers of distant infiltrating S100A8+
cells. Significance was determined by log-rank test.

Patient data for AQUA analysis of infiltrating
S100A8+ myeloid cells

FFPE tissue blocks of invasive BrCs (n = 62) were
obtained from the files of the Department of Pathology,
University of Michigan Medical Center, Ann Arbor, MI.
This study was conducted with Institutional Review Board
approval. After pathological review, a construction of the
TMA was constructed from the most representative area
using the methodology of Nocito et al. [48]. Normal breast
tissue and control tissue was included in the construction of
the TMA. Simultaneously, with the construction of the
TMA, an addition set of cores, were used for intrinsic
subtyping using the PAM50 method [49].

Double immunofluorescence staining and AQUA
analysis

Double immunofluorescence staining was performed as
previously described [50]. Briefly, after deparaffinization
and rehydration, TMA slides were subjected to microwave
epitope retrieval in 10 mM citrate buffer, pH 6. After
rinsing several times in 10 mM Tris—HCI buffer, pH 8
containing 0.154 M NaCl (TBS), endogenous peroxidase
activity was blocked with 2.5 % (v/v) H,O, in methanol
for 15 min. Non-specific binding of the antibodies was
extinguished by a 30 min incubation with Background
Sniper (BioCare Medical, Concord, CA). The TMA slides
were then incubated with the tumor specific antibody, CK
(mouse monoclonal antibody, clone KL1, AbD Serotec,
Raleigh, NC, cat. MCA144HT, 1:50) overnight at 4 °C and
S100A8 [rabbit monoclonal antibody, clone EPR3554,
Novus Biologicals, Littleton, CO, cat. NBP1-42076
(1:1,500)] for 60 min at room temperature. Slides are then
washed as described above and incubated with a combi-
nation of goat anti-mouse IgG conjugated to AF555
(Molecular Probes, Carpinteria, CA, A21424, 1:200) in
goat anti-rabbit Envision+ (DAKO) for 60 min at room
temperature in a dark humidity tray. The slides are then
washed as described above and the target image is devel-
oped by a CSA reaction of Cy5 labeled tyramide (Perkin-
Elmer, Waltham, MA, 1:50). The slides are washed with
three changes of TBS and stained with the DNA staining
dye 4',6-diaminodo-2-phenylindole (DAPI) in a non-fading
mounting media (ProLong Gold, Molecular Probes, Car-
pinteria, CA). The slides are allowed to dry overnight in a

dark dry chamber, and the edges are sealed. The AQUA
system (HistoRx, New Haven, Connecticut) was used for
the automated image acquisition and analysis. Briefly,
images of each TMA core are captured with an Olympus
BX51 microscope at three different extinction/emission
wavelengths. Within each TMA spot, the area of tumor is
distinguished from stromal and necrotic areas by creating a
tumor specific mask from the anti-CK protein, which is
visualized from the Alexa Fluor 555 signal. The DAPI
image is then used to differentiate between the cytoplasmic
and nuclear staining within the tumor mask. Finally, the
fluorescence pixel intensity of the SI00AS8 protein/antibody
complex is obtained from the Cy5 signal and reported as
mean pixel intensity. The stromal area is calculated using
the total area of the TMA core minus the tumor specific
mask.
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