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SUMMARY

The extracellular matrix (ECM) contributes to the
biological and clinical heterogeneity of breast can-
cer, and different prognostic groups can be identified
according to specific ECM signatures. In high-grade,
but not low-grade, tumors, an ECMsignature charac-
terized by high SPARC expression (ECM3) identifies
tumors with increased epithelial-to-mesenchymal
transition (EMT), reduced treatment response, and
poor prognosis. To better understand how this
ECM3 signature is contributing to tumorigenesis,
we expressed SPARC in isogenic cell lines and
found that SPARC overexpression in tumor cells
reduces their growth rate and induces EMT. SPARC
expression also results in the formation of a highly
immunosuppressive microenvironment, composed
by infiltrating T regulatory cells, mast cells, and
myeloid-derived suppressor cells (MDSCs). The
ability of SPARC to induce EMT depended on the
localization and suppressive function of myeloid
cells, and inhibition of the suppressive function
MDSCs by administration of aminobisphosphonates
could revert EMT, rendering SPARC-overexpressing
tumor cells sensitive to Doxil. We conclude that
that SPARC is regulating the interplay between
MDSCs and the ECM to drive the induction of EMT
in tumor cells.
INTRODUCTION

As part of the tumor stroma, immune cells participate in

neoplastic transformation and co-evolve with malignancies

through a bi-directional crosstalk. The understanding of the
Cell Re
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mechanisms that govern this crosstalk could contribute to the

identification of an approach to interrupt this interplay (Hanahan

and Coussens, 2012). Non-cellular components of the microen-

vironment such as the extracellular matrix (ECM) also contribute

to many aspects of tumor progression. For example, increased

collagen deposition and augmented ECM stiffness can impact

integrin signaling and promote tumor cell survival and prolifera-

tion (Lu et al., 2012).

The regulatory role of the ECM can extend to the immune cell

compartment and abnormal ECM composition or organization

may impact immune cell infiltration, differentiation, and function

(Lv et al., 2013). Indeed, non-structural matricellular proteins,

and in particular secreted protein acidic and rich in cysteine

(SPARC), have emerged as master regulators of stromal remod-

eling (Brekken and Sage, 2001). M2-macrophages are often

recruited into the tumor microenvironment, where they can

help sustain tumor growth and promotemetastasis, for example.

In SPARC-deficient mice, decreased collagen deposition results

in increased recruitment of infiltrating inflammatory (M1) macro-

phages, suggesting that modifications of the ECM may simulta-

neously influence the number and function of immune cells

(Sangaletti et al., 2003).

In addition to macrophages, altered ECM composition can

impact other myeloid populations such as neutrophils. Impor-

tantly, their homeostasis is affected by SPARC-mediated regula-

tion of ECM assembly at both central and peripheral sites, as

both the myelopoietic potential of bone marrow (BM) and the

granulocytic infiltration of peripheral tissues are influenced by

stromal SPARC expression (Sangaletti et al., 2014b; Tripodo

et al., 2012).

During tumorigenesis, myeloid-derived suppressor cells

(MDSCs) can be licensed from the BM (Bronte et al., 2016).

MDSCs have been shown to promote tumor invasiveness by

supporting epithelial-to-mesenchymal transition (EMT) (Toh

et al., 2011). This evidence suggests that the EMT is determined

not only by tumor cell-intrinsic events but also by the quality of

immune cells populating the tumor stroma.
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Depending on their EMT status, mammary tumors display

different ECM composition. Indeed, breast cancer prognostic

groups can be identified according to differences in enrichment

of ECM genes, leading to the identification of four specific ECM

signatures (ECM0–ECM3) (Bergamaschi et al., 2008). Among

these signatures, ECM3, which is characterized by high Sparc

expression, is found in �35% of breast carcinomas and is asso-

ciated with high-grade tumors with increased EMT features and

poor response to therapy (Triulzi et al., 2013). This suggests that

the interaction between the tumor and the ECM may influence

tumor progression. However, the mechanisms responsible for

the association between ECM composition and tumor grade

remain largely unknown. In this study, we investigate the

concomitant activity of the ECM gene Sparc in regulating the

quality of the tumor-associated ECM and directing the infiltrating

immune cells to determine the cancer phenotype and behavior.

RESULTS

ECM and EMT Cancer Characteristics Correlate with
Myeloid Cell Infiltration and Localization
To determine whether the ECM profile correlates with tumor

differentiation and grading, EMT characteristics, and immune

response, we performed unsupervised clustering on ECM-

related genes to classify ECM3and non-ECM3 tumors according

to Triulzi and colleagues (Triulzi et al., 2013) using whole frozen

tissues from 97 consecutive primary breast tumors (Huang

et al., 2015). This classification, together with histological

grading, subdivided the 97 cases cohort into 11 high-grade

ECM3, 37 high-grade non-ECM3, 20 low-grade ECM3, and 24

low-grade non-ECM3 tumors. Five cases were excluded due to

unclear ECM classification or the absence of data on tumor

grade. Considering the capacity of the ECM3 signature to interre-

late with the tumor grade, which is prognostic in high-grade tu-

mors, but not low-grade tumors (Triulzi et al., 2013), we focused

our analysis on ECM3 and non-ECM3 high-grade tumors.

Gene expression profile (GEP) analysis showed that high-grade
Figure 1. The ECM Characteristics Determine the Interaction between

(A) Expression of SPARC and collagen 1A1, 5A1, and 6A3mRNAs (representative o

ECM3 and non-ECM3 breast cancer samples from the Huang dataset (Huang et a

higher in ECM3 tumors than in non-ECM3 tumors (Mann-WhitneyU test, p < 0.000

and third quartiles, and the band inside the box is the median. The ends of the w

(B) Functional profile of high-grade breast carcinomas according to ECM charact

normalized enrichment scores (NES) of significantly enriched gene sets (nominal

breast cancer samples from the Huang dataset (Huang et al., 2015).

(C) Pearson correlation analysis of gene expression levels of distinctive ligand/

samples.

(D) IHC analysis of Twist and b-catenin in ECM3 and non-ECM3 tumors indicates

mainly localized in the nucleus and b-catenin is mainly expressed in the cytoplas

tumors. Scale bars, 100 mm.

(E) Quantitative IHC data showing the percentage of Twist-positive nuclei and the i

grade non-ECM3 tumors (***p < 0.001, ****p < 0.0001; Mann-Whitney U test). Sin

(F) Representative IHC analysis of SPARC expression in high-grade ECM3 and n

(G) Quantitative IHC data showing the intensity score for SPARC in tumor and stro

(**p < 0.01, ****p < 0.0001; Mann-Whitney U test). Single values are shown; bar i

(H) Representative IHC analysis of CD33+ cells infiltrating high-grade ECM3 and

(I) Quantification of CD33+ cells in 11 high-grade ECM3 and 15 high-grade non-E

indicates mean ± SEM.

For additional data, see Figure S1 and Tables S1 and S2.
ECM3 tumors were characterized by a significant increase in

the expression of SPARC and 13 collagen genes, including

COL1A1, COL5A1, and COL6A3 (Bergamaschi et al., 2008) (Fig-

ure 1A; p < 0.0001). Focusing on the ECM3 high-grade fraction,

we observed enrichment of genes belonging to the EMT, trans-

forming growth factor b, integrin signaling, and cell adhesion

pathways (Figure 1B). In contrast, high-grade non-ECM3 tumors

were characterized by overexpression of proliferation genes.

Moreover, high-grade ECM3 and non-ECM3 tumors also

differed in the expression of genes related to immune functions,

with ECM3 tumors being deficient in natural killer (NK), T, and

B cell-related genes, which were enriched in their non-ECM3

counterparts (Figure 1B; Table S1). Myeloid-related genes

were expressed at comparable levels in high-grade ECM3 and

non-ECM3 tumors, with high expression of myeloid-related

genes such as CD33, KIT, KITLG, TNF, CCL5, IL6, IL8, IL10,

CCL2, CXCL12, CCR2, and CXCL4 (Figure S1A). However, the

analysis of ligand/receptor pairs that identify pathways by

function (Murdoch et al., 2008) showed that the CCL2/CCR2,

CXCR4/CXCL12, and KITLG/KIT pairs were significantly corre-

lated with ECM3 tumors (Figure 1C).

In support of the results of gene set enrichment analysis

(GSEA), immunohistochemical analysis performed on all 11

available ECM3 high-grade cases and 15 out of 37 non-ECM3

high-grade cases showed predominant EMT characteristics in

the high-grade ECM3 tumors, with Twist mainly localizing in

the nucleus and b-catenin being reduced or confined to the cyto-

plasm rather than localized at the cellular membrane (Figures 1D,

1E, and S1B; Table S2). High-grade ECM3 and non-ECM3 tu-

mors can be further classified on the basis of SPARC immuno-

localization in both stroma and neoplastic cells or mostly in the

stroma cell component, respectively (Figures 1F, 1G, and S1B;

Table S2). Moreover, SPARC expression in neoplastic cells

was associated with the enrichment of infiltrating CD33+myeloid

cells in direct contact with cancer cells (Figures 1H, 1I, and S1B;

Table S2). In contrast, the cases in which SPARC was confined

to the stroma were characterized by a paucity of CD33+ myeloid
Tumor and Myeloid Cells and the Enrichment of EMT Features

f the 13 collagen genes of the ECM3 signature; Triulzi et al., 2013) in high-grade

l., 2015). The expression levels of SPARC and collagen genes are significantly

1). Box and whisker plots: the bottom and the top of the box represent the first

hiskers represent the minimum and maximum of all data.

eristics through gene set enrichment analysis (GSEA). The heatmap shows the

p value < 0.05, FDR q-value < 0.20) in grade III non-ECM3 and grade III ECM3

receptor pairs in MDSCs in non-ECM3 (left) and ECM3 (right) breast cancer

enrichment of EMT characteristics in high-grade ECM3 tumors, where Twist is

m rather than on the cellular membrane, as observed in high-grade non-ECM3

ntensity score of b-catenin staining in 11 high-grade ECM3 tumors and 15 high-

gle values are shown; bar indicates mean ± SEM.

on-ECM3 tumors. Scale bars, 100 mm.

mal cells of 11 high-grade ECM3 tumors and 15 high-grade non-ECM3 tumors

ndicates mean ± SEM.

non-ECM3 tumors. Scale bars, 100 mm.

CM3 tumors (***p < 0.001; Mann-Whitney U test). Single values are shown; bar
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cells with a monocytoid morphology dispersed within stroma

bundles (Figures 1H, 1I, and S1B; Table S2). This finding sug-

gests that the different ECM characteristics of high-grade breast

cancers lay the basis for a direct interaction between the tumor

and myeloid cells and eventually affects the EMT features.

SPARC-Overexpressing Cells Undergo Epithelial-to-
Mesenchymal Transition In Vivo, but Not In Vitro
To functionally link SPARC expression in cancer cells with tu-

mor-myeloid cell contact and gaining of EMT phenotype, we

developed ad hocmurine models consisting of SPARC-deficient

(SN25A) or low-SPARC-expressing (N3D) breast cancer cell

lines and their SPARC-transduced isogenic counterparts

(SN25ASP and N3DSP). The parental and SPARC-transduced

cells injected into syngeneic BALB/c mice mimicked non-

ECM3 and ECM3 high-grade carcinomas, showing SPARC

expression confined to stroma cell components or extending

to tumor clones, as exemplified by SN25A and SN25ASP,

respectively (Figure 2A). In vivo, SPARC-transduced tumors

showed a reduction of both tumor growth (Figure S2) and prolif-

erative index (Ki-67 staining) (Figures 2B and S2) compared to

SPARC null (SN25A) tumors. Histological and immunohisto-

chemistry (IHC) analysis of H&E-stained SN25ASP tumors

showed the presence of cells with a spindle-like morphology in-

termingled with abundant collagen and forming ill-defined nest-

like structures, a characteristic typical of cancers undergoing

EMT (Figures 2C and 2D). Additionally, the stromal septa were

interrupted and unable to form defined lobular structures (Fig-

ures 2C and 2D). Indeed, SN25ASP tumors displayed more

evident infiltrative growth and better integration within the sur-

rounding stroma (Figures 2C and 2D). In sharp contrast, parental

SN25A tumors were characterized by epithelial cells organized in

lobular structures with regular contours embedded in a dense

stroma (Figures 2C and 2D). The histopathological results were

supported by fluorescence-activated cell sorting (FACS) anal-

ysis showing decreased E-cadherin expression and increased

N-cadherin expression in a fraction of the cells deriving from

SN25ASP tumors (Figure S2). A more in-depth IHC analysis,

extended to other markers, showed upregulation and nuclear

localization of N-cadherin and Zeb-1 as well as a downregulation

of b-catenin and E-cadherin (see Figures 2E and 2F and Table S3
Figure 2. SPARC Expression in Cancer Cells Promotes EMT and Tumo

(A) Immunofluorescence analysis of SPARC expression in SN25A and SN25ASP

(B) Representative IHC analysis of the Ki-67 marker in SN25A and SN25ASP tum

(C) H&E analysis of SN25A and SN25ASP tumors showing the presence of cells

tumors also displayed more evident infiltrative growth with better integration w

(bottom).

(D) Collagen deposition in SN25A and SN25ASP tumors evaluated using Masso

bars, 200 mm). Both analyses highlight the increased collagen deposition charac

(E) IHC analysis of epithelial (b-catenin and E-cadherin) and mesenchymal (N-ca

bars, 100 mm.

(F) Quantitative IHC data for the EMT are shown as the intensity score in the case

case of Zeb1 (*p < 0.05, n = 10 cases per tumor type; Mann-Whitney U test).

(G) Representative H&E analysis of lungs from SN25A and SN25ASP tumor-bea

metastases (lower panels) (CK8+, inset) in the case of SN25ASP bearers. Scale b

(H) Quantitative data on micrometastases were obtained by measuring the siz

**p < 0.01, ***p < 0.0001; n = 10 cases per tumor type, Mann-Whitney U test).

Graphs show mean values plus SEM (upper bar). For additional data, see Figure
for cumulative data), which also showed a cytoplasmic to nu-

clear relocalization in some areas of SN25ASP tumors. The pres-

ence of metastasis in lungs from SN25ASP (but not SN25A)

tumor-bearing mice confirmed the more aggressive phenotype

of SN25ASP tumors (Figures 2G and 2H).

The lack of differences in E-cadherin and N-cadherin expres-

sion in all the cell lines in vitro (Figure S2) suggested that SPARC-

induced EMT is not cell autonomous but requires contributions

from other cells in the microenvironment, which, according to

the patient data, could be of myeloid origin.

In situ immunostaining of Gr-1 and Ly6Cmarkers showed that

SN25ASP tumors exhibited more Gr-1+ and Ly6C+ myeloid cell

infiltration than the parental SN25A tumors (Figures 3A and

3B). Cells with this phenotype belong to the so-called myeloid-

derived suppressor cell (MDSC) populations that can be subdi-

vided, by FACS analysis, into two canonical subsets: the granu-

locytic (G-MDSCs) (CD11b+Gr-1highLy6Clow) and monocytic

(M-MDSCs) subsets (CD11b+Gr-1lowLy6Chigh) (see Figure S2

for the gating strategy) (Gabrilovich et al., 2012). In accordance

to the IHC data, FACS analysis confirms that SN25ASP tumors

contain more myeloid cells of both subsets (Figure 3C). Similar

to their high-SPARC ECM3 human breast counterparts (Fig-

ure 1B), myeloid cells were closely associated with cancer cells

in SN25ASP tumors (Figure S2). Additionally, similarly to what

had been observed in human non-ECM3 tumors, SN25A tumors

showed few myeloid cells, mainly localized within the stroma,

surrounding cancerous epithelial nests (Figures 3A and S2).

Collectively, these results indicate that sustained SPARC

expression in cancer cells promotes EMT and tumor aggressive-

ness in vivo.

To validate the above results in another tumor cell line, the

BALB-NeuT transgenic-derived N3D cell line, chosen on the

basis of its low expression of SPARC (Sangaletti et al., 2003),

was rendered high SPARC expressing through retroviral gene

transduction. SPARC overexpression affected poorly or not at

all the in vivo growth and proliferation of tumors (Figure S3), as

observed for the SN25A and SN25ASP pair, while it induced

EMT. Indeed, the transduction of SPARC in N3D cells promoted

a shift toward a spindle-shape morphology with an increased

collagen content (Figure S3). IHC analysis showed the upregula-

tion of N-cadherin and Zeb-1 together with the downregulation
r Aggressiveness In Vivo

tumors. Scale bars, 50 mm.

or sections (cumulative data are shown in Figure S2B). Scale bars, 200 mm.

with a mesenchymal, spindle-like morphology in SN25ASP tumors. SN25ASP

ithin the surrounding stroma. Scale bars represent 200 mm (top) and 50 mm

n’s trichrome staining (scale bars, 100 mm) and IHC for collagen type IV (scale

teristic of SN25ASP tumors compared with their SN25A counterparts.

dherin and Zeb-1) markers performed in SN25A and SN25ASP tumors. Scale

of b-catenin, E-cadherin, and N-cadherin or as the fraction of positive nuclei in

ring mice showing the increase in overall cellularity (upper panels) or micro-

ars, 200 mm.

e and the number of micrometastases (LasV program, Leica Microsystems;

s S2–S4 and Table S3.
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of b-catenin and E-cadherin, compatible with a shift toward a

mesenchymal cell phenotype (Figure S3); notably, the pheno-

type of the N3DSP tumors showed reduced EMT and less

aggressiveness compared to SN25ASP (Figure S4), most

likely because of reduced expression of SPARC. Moreover, the

N3DSP tumor-bearing mice showed diffuse lung colonization,

which never induced solid tumor masses (Figure S4).

In situ immunostaining and FACS analysis of Gr-1 and Ly6C

markers confirmed that SPARC overexpression induced more

Gr-1+ and Ly6C+ myeloid cell infiltration in N3DSP than in its

N3D counterpart (Figure S4).

SPARC Expression in Cancer Cells Affects Myeloid Cell
Expansion and Function
Myeloid cells have been associated with tumor growth and

metastasis and, more recently, with the EMT (Toh et al., 2011).

We have previously shown that SPARC produced by mesen-

chymal cells affects myeloid cell precursors within normal BM

niches (Tripodo et al., 2012), suggesting that SPARC andmesen-

chymal and myeloid cell characteristics could be linked in the

cancer microenvironment. The injection of transplantable murine

breast carcinoma cells into mice produces a marked leukemoid

reaction, which is a myeloproliferative response characterized

by the expansion of myeloid cells and relative precursors in he-

matopoietic organs (Wilcox, 2010). We evaluated the expansion

of myeloid cells (CD11b+, G-MDSCs and M-MDSCs) in the BM,

spleen, and peripheral blood (PB) of SN25A and SN25ASP tu-

mor-bearing mice. Both types of tumors induced the expansion

of myeloid cells in all analyzed compartments (see Figure S5 for

quantitative data and gating parameters), with some differences

in progeny maturation being observed, as SN25ASP tumors

were more efficient in expanding monocytic myeloid cells in

the PB (Figure S5). This difference is even more relevant consid-

ering the generally reduced tumor burden of SN25ASP tumors

and suggests that this type of tumor induces myeloid cell expan-

sion more efficiently than its SN25A counterpart. In line with the

tumor-associated immunosuppression activity attributed to tu-

mor-induced myeloid cells, we compared the ability of spleen-

derived myeloid cells from mice bearing SN25A and SN25ASP
Figure 3. SPARC Expression in Cancer Cells Affects the Expansion, R

(A) IHC analysis of the myeloid markers Gr-1 and Ly6C performed on SN25A and

tumor cells in SN25ASP tumors. Scale bars, 100 mm.

(B) Quantitative IHC data for Gr-1and Ly6C were obtained by counting the numbe

(***p < 0.001, ****p < 0.0001; Mann-Whitney U test).

(C) FACS analysis of G- and M-MDSCs performed on fresh tumors isolated from

Whitney U test).

(D) Immunosuppressive activity of CD11b+Gr-1+ myeloid cells isolated from the s

suppress a-CD3/a-CD28-induced CD4 and CD8 T cell proliferation in vitro (one o

Student t test was used for statistical analysis (*p < 0.05).

(E) Semiquantitative real-time PCR analysis of the Stat3, Nos2, Arginase1, Ptgs2

sorted from the spleens of SN25A and SN25SP tumor-bearing mice (n = 5 per sub

0.05; **p < 0.01; ***p < 0.001).

(F) Semiquantitative real-time PCR analysis of Arginase1 and Nos2 was perform

tumors (n = 3/subset of MDSCs, n = 3/tumors; each sample represents a group o

(G) Top: representative IHC analysis of Foxp3+ cells in SN25A and SN25ASP tumo

toluidine blue staining highlighting mast cell infiltration in SN25A and SN25ASP t

(H) Semiquantitative RT-PCR analysis of Ccl2 genes performed on G- and M-MD

represents a group of three mice). The Student’s t test was used for statistical a

Graphs show mean value plus SEM (upper bar). For additional data, see Figures
tumors to suppress a-CD3- and a-CD28-induced T cell prolifer-

ation. Results showed that the whole CD11b+Gr-1+ myeloid

cells (comprising both MDSC subsets) isolated from SN25ASP

tumor-bearing mice, according to Melani and co-workers (Mel-

ani et al., 2003), suppressed T cell proliferation more efficiently

than those from SN25A tumor-bearing mice (Figure 3D). The

above findings were confirmed with the N3D model, in which

SPARCoverexpression promoted the expansion ofmyeloid cells

in the spleen and PB (Figure S6), and resulted in amore suppres-

sive phenotype (Figure S6).

The two G-MDSC and M-MDSC subsets were obtained from

the spleens of mice bearing SN25A or SN25ASP tumors through

cell sorting and then analyzed through semiquantitative real-time

PCR to determine the expression of key MDSC genes, including

Stat3, Arginase1, Nos2, Ptgs2, IL6, and Tgfb1. Splenic myeloid

cells isolated from SN25ASP-bearing mice expressed higher

levels of Stat3, IL6, and Tgfb1, which is the master inducer of

MDSCs. Arginase1 was barely detectable in the splenic myeloid

cell subsets, and it was therefore not possible to assess signifi-

cant differences between the groups (Figure 3E). However,

when Arginase1 was evaluated in tumor-associated myeloid

cells, it was found to be expressed at a significantly higher level

inM-MDSCs fromSN25ASP tumors than in those fromSN25A tu-

mors (Figure 3F). In contrast to the other MDSC markers, Nos2

was reduced in both tumor and splenic suppressive MDSC iso-

lated fromSN25ASP-bearingmice (Figures 3Eand3F).Neverthe-

less, NOS2 is known for its dual function, and it is also expressed

in inflammatory M1-type myeloid cells (Mantovani et al., 2002).

Because myeloid cells interact and co-exist with regulatory

T cells (Huang et al., 2006), B cells, and mast cells (MCs) (Danelli

et al., 2015), to generate an immunosuppressive microenvi-

ronment, we also evaluated whether variations in myeloid cells

were associated with changes in other immune cell populations

within tumors. IHC analysis of SN25ASP showed enrichment in

Foxp3+ regulatory T (Treg) cells (Figures 3G and S6), increased

MC recruitment (Figures 3G and S6) and inversion of the T/B

lymphocyte ratio in favor of B cells (Figure S6). The recruitment

of immunosuppressive cells could be explained by the increased

expression of CCL-2 by intra-tumor MDSCs in SN25ASP
ecruitment, and Function of Myeloid Cells

SN25ASP tumors, showing enrichment in myeloid cells and close proximity to

r of Gr-1+ or Ly6C+ cells in five fields from ten SN25A and ten SN25ASP tumors

ten SN25A and ten SN25ASP-bearing mice (*p < 0.05, ***p < 0.0001; Mann-

pleens of SN25A and SN25ASP tumor-bearing mice evaluated as the ability to

f three representative experiments performed with similar results). The multiple

, IL6, and Tgfb1 genes was performed on the G-MDSC and M-MDSC subsets

set of MDSCs). The Mann-Whitney U test was used for statistical analysis (*p <

ed on the G-MDSC and M-MDSC subsets sorted from SN25A and SN25SP

f three mice). The Student’s t test was used for statistical analysis (*p < 0.05).

rs (quantitative IHC data are shown in Figure S5). Scale bars, 100 mm. Bottom:

umors (quantitative IHC data are shown in Figure S5). Scale bars, 50 mm.

SCs isolated from SN25A and SN25ASP tumors (n = 3/tumors, each sample

nalysis (*p < 0.05).

S5 and S6.
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tumor-bearing mice (Figure 3H), as CCL-2 is a chemo-attractant

for both Treg cells andMCs (Collington et al., 2010). Further con-

firming the increase of local immunosuppression, the microenvi-

ronment of SN25ASP tumors was rich in interleukin-10 (IL-10),

a prototypical immunosuppressive cytokine (Figure S6). Similar

findings were obtained using the N3D/N3DSP pair in which

SPARCoverexpression increasedMCand Foxp3+ cell infiltration

(data not shown).

These data indicate that cancers characterized by high endog-

enous SPARC expression can generate an immunosuppressive

microenvironment mainly through the action of MDSCs.

Tumor-Derived SPARC Promotes GM-CSF and IL-6
Production via COX-2
The mechanism underlying the tumor-intrinsic SPARC modula-

tion of tumor-associated myeloid cell phenotypes was investi-

gated, considering that myeloid cell polarization is chiefly influ-

enced by granulocyte-macrophage colony-stimulating factor

(GM-CSF). GM-CSF, which is expressed at different levels in

various tumor types, is one of the main inducers of tumor-asso-

ciated myelopoiesis and, together with IL-6, is responsible for

the expansion of MDSCs (Marigo et al., 2010). Thus, we evalu-

ated GM-CSF levels in 48-hr supernatants from SN25A and

SN25ASP tumor cell lines and observed a higher production in

the latter cell line (Figure 4A). Additionally, IL-6 production was

higher in SN25ASP cells than their wild-type (WT) counterparts,

whereas granulocyte colony-stimulating factor (G-CSF) was pro-

duced in equal amounts (Figures 4B and 4C). The link between

SPARC and GM-CSF production is thought to depend on

COX-2, an enzyme that is co-regulated with SPARC, in various

pathological settings (Said et al., 2007) and plays a key role in

tumor immunosuppression (Rodriguez et al., 2005). SPARC

regulation of fibrillar collagens (Sangaletti et al., 2003) can in

turn modulate COX-2 expression (Lyons et al., 2011). Indeed,

in models of pregnancy-associated breast cancer, non-steroidal

anti-inflammatory drug (NSAID) treatment inhibits tumor pro-

gression, suppressing COX-2-dependent collagen deposition

(Alique et al., 2011).

IHC evaluation of SN25ASP tumors showed that, consistent

with a tight ECM (Figure 2), the expression of COX-2 was high
Figure 4. Tumor-Derived SPARC Promotes GM-CSF and IL-6 Producti

(A–C) Production of G-CSF, GM-CSF, and IL-6 in the 48-hr supernatants of SN25

line; *p < 0.05; ***p < 0.001; Mann-Whitney U test).

(D) IHC analysis of COX-2 expression performed on SN25A and SN25ASP tumors

infiltrating myeloid cells (white arrows) in SN25ASP tumors. Scale bars, 100 mm.

(E) Semiquantitative real-time PCR analysis of Ptgs2 performed on G- and M-MD

subset represents a group of three mice; *p < 0.05; Student’s t test).

(F and G) Production of GM-CSF and IL-6 in 48-hr supernatants of SN25A and

celecoxib (one of two representative experiments performed with similar results)

(H) Cumulative data showing the percentage of CD11b+Gr-1+ cells thatmigrated to

performed with similar results). The Mann-Whitney U test was used for statistica

(I) IHC analysis of CXCR4 expression in SN25A and SN25ASP tumors upon cele

100 mm.

(J) Serum level of CXC12 inmice bearing SN25A or SN25ASP tumors and treatedw

U test: *p < 0.05; **p < 0.01).

(K) PB FACS analysis showing the expression of CXCR4, evaluated as the mean

bearing mice. The Mann-Whitney U test was used for statistical analysis (****p <

Graphs show mean value plus SEM (upper bar).
both in tumor cells and in infiltrating myeloid cells (Figure 4D).

In particular, qPCR analysis confirmed that MDSC isolated

fromSN25ASP tumors, but not SN25A tumors, expressed higher

COX-2 gene (Ptgs2) levels (Figure 4E), confirming their suppres-

sive activity as reported in splenic MDSCs.

To test whether the increased production of GM-CSF and IL-6

depends on COX-2 activity in SN25ASP tumor cells, cells were

treated with the COX-2-specific inhibitor celecoxib for 48 hr,

and cell supernatants were subsequently analyzed via ELISA.

The treatment significantly reduced not only GM-CSF but also

IL-6 production (Figures 4F and 4G), without affecting G-CSF.

These results indicate that COX-2 activity regulates the balance

between G-CSF and GM-CSF in SPARC-rich tumors, stimu-

lating GM-CSF and promoting the environmental immuno-

suppression by upregulating IL-6 secretion. In addition, these

tumors are locally enriched in infiltrating myeloid cells, whose

recruitment might depend on COX-2 (Obermajer et al., 2011).

Notably, the high chemotactic activity of SN25ASP in myeloid

cell recruitment, measured using a transwell-based migration

assay, was abrogated by the addition of celecoxib (Figure 4H).

The pathway controlled by COX-2 was found to be relevant

also in vivo, where celecoxib reduced the recruitment of

CXCR4+ infiltrating cells (Figure 4I) via downregulation of

CXCL12, which is highly expressed in SN25ASP tumors. Further-

more, ELISAs performed on sera from SN25A and SN25ASP

tumor-bearing mice showed higher CXCL12 levels in SN25ASP

bearers and a decrease of this chemokine upon celecoxib treat-

ment in vivo (Figure 4J). This decrease in CXCR4+ myeloid cell

infiltration was not determined by a different surface expression

of CXCR4, which was similar in circulating MDSCs from SN25A

and SN25ASP-bearing mice (Figure 4K).

These data correlate with human cases of high-grade ECM3

tumors that display increased COX-2 expression in both tumor

and stromal cells compared to non-ECM3 tumors (Figure 5;

Table S2).

Targeting the Suppressive Subset of Myeloid Cells
Improves theOutcome of Chemotherapy in EMT Tumors
To determine whether myeloid cells with immunosuppressive

properties are a limiting partner in the EMT, the activity of these
on as well as CXCR4+ Cell Recruitment via COX-2

A and SN25ASP cell lines in vitro, quantified through specific ELISAs (n = 5/cell

showing increased production of COX2 by both tumor cells (black arrows) and

SCs sorted from SN25A and SN25ASP tumors (n = 3/subset of MDSCs; each

SN25ASP tumors treated with or without scalar doses of the COX-2 inhibitor

. The Student’s t test was used for statistical analysis (*p < 0.05; **p < 0.01).

ward SN25A and SN25ASP tumors (one out of two representative experiments

l analysis (*p < 0.05).

coxib treatment in vivo (for quantitative data, see also Figure S5). Scale bars,

ith celecoxib (n = 5/tumor type/treatment; statistical analysis byMann-Whitney

fluorescence intensity (MFI), in G- and M-MDSCs from SN25A- and SN25ASP-

0.0001; n = 5/tumor type).
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Figure 5. Differential COX-2 Expression in

ECM3 and Non-ECM3 Tumors

(A) IHC analysis of COX-2 expression in two

representative high-grade ECM3 and non-ECM3

tumors. Scale bars, 50 mm.

(B) Quantitative IHC data showing the intensity

score for COX-2 in tumor and stromal cells of 11

ECM and 15 non-ECM 3 high-grade tumors (**p <

0.01; ***p < 0.001, Mann-Whitney U test). Single

values are shown; bar indicates mean ± SEM.

For additional data, see Table S2.
cells was targeted using aminobisphosphonates (zoledronic acid

[ZA]),whichwehadpreviouslyshown toreduce tumor-induced im-

mune suppression in transgenic p185/HER-2 mice (Melani et al.,

2007). Mice bearing SN25ASP tumors 8 mm3 in size were treated

daily with ZA (0.1 mg/kg). Three weeks later, mice were sacrificed

and their tumorswerehistologically analyzed. ZA treatment didnot

significantly reduce tumor growth; however, histological and IHC

analyses showed a reversion of the EMT phenotype in vivo (see

Figures 6A–6D and Table S3 for cumulative data). To investigate

the correlation between the EMT reversion and the changes in

the suppressive function of MDSCs, we performed a semiquanti-

tative PCR analysis of suppressive markers on myeloid cells

isolated from the spleens (Stat3, TGFbeta) or tumors (Arg1,

CCL2) of ZA-treated mice and tested their suppressive activity

in vitro. Results showed a significant down-modulation of Stat3,

Arginase1, Tgfb1, and Ccl2 in both the G- and M-MDSC subsets

(Figure 6E). Moreover, ZA treatment abrogated the capacity of

myeloid cells (CD11b+Gr-1+) to suppress T cell proliferation (Fig-

ure 6F). These data indicate that ZA treatment reverts the suppres-

sive phenotype ofMDSCs and their activity in promoting the EMT.

As a consequence of the reduction of EMT, treatment with ZA

increased the Ki-67 proliferation index (Figures 7A and 7B) in

SN25ASP tumors. This finding could be clinically relevant,

considering that DNA-intercalating drugs exhibit poor activity
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in quiescent cells, and was therefore

investigated in mice bearing SN25ASP

and SN25A tumors. Mice bearing tumors

of nearly 8 mm3 in size were randomized

in four groups, which received the

following treatments: (1) Doxil, a pegy-

lated non-cardiotoxic form of doxorubicin

(10 mg/kg once a week); (2) ZA; (3) a

combination of Doxil and ZA; and (4) sa-

line, as a control. Although SN25ASP

tumors were less sensitive to Doxil treat-

ment than SN25A (Figures 7C–7G), in

accordance to their EMT status and low

proliferation rate (Figure 2), the addition

of ZA rendered SN25ASP and SN25A

tumors equally sensitive to treatment

(Figures 7C–7G). These data indicate

that the detrimental effect of MDSCs on

immune function and the EMT can be re-

verted using ZA. Notably, ZA treatment

also reduced lung metastasis, particularly
in combination with Doxil (Figures 7H–7J). Finally, as with ZA

treatment, the COX-2 inhibitor celecoxib showed an additive ef-

fect together with Doxil in reducing the tumor volume (Figure S7);

however, it mainly affected the recruitment of MDSCs (Figure S7)

rather than their suppressive function (data not shown). Notably,

celecoxib-treated tumors showed fewer Zeb-1+ nuclei and

increased b-catenin expression suggestive of reduced EMT fea-

tures (see Figure S7 and Table S3 for cumulative data).

DISCUSSION

In this study, we have shown that the matricellular protein

SPARC is involved in the dynamics linking MDSCs and breast

cancer cells toward EMT.

In solid cancers, the degree of EMT correlates with tumor

aggressiveness. Breast cancers can vary the composition of

the associated ECM, together with their EMT status. In this

context, two breast cancer prognostic groups (ECM3 and non-

ECM3) were defined on the basis of specific ECM signatures

(Triulzi et al., 2013). Of note, Sparc was the leading gene of the

ECM3 signature marking high-grade tumors with EMT charac-

teristics and poor response to therapy.

Here, we have shown that high-grade human breast cancers

with a Sparc-high ECM signature expressed SPARC in both



Figure 6. Targeting the Suppressive Subset of Myeloid Cells Reverts the EMT Phenotype
(A) Histological analysis of two representative controls and ZA-treated SN25ASP tumors showing a reduction in cells with a mesenchymal, spindle-like

morphology in tumors from ZA-treated mice. Scale bars, 200 mm.

(B) Representative IHC analysis of epithelial (b-catenin and E-cadherin) and mesenchymal (N-cadherin and Zeb-1) markers, performed on SN25ASP tumors

treated with or without ZA. Scale bars, 100 mm.

(C) Quantitative IHC data for EMTmarkers are shown as intensity scores in the case of b-catenin, E-cadherin, and N-cadherin or as the fraction of positive nuclei in

the case of Zeb-1 (*p < 0.05; **p < 0.01; n = 10 case/treatment; Mann-Whitney U test). Additional data are shown in Table S3.

(legend continued on next page)
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tumor cells and stroma, a combination that was associated

with evident EMT features. In clear contrast, high-grade tu-

mors in which SPARC was confined to the stroma exhibited

a lower degree of EMT. An important distinction between

ECM3 and non-ECM3 cancers, together with SPARC immuno-

localization, derived from the homing of immature CD33+

myeloid elements. These cells were in close contact with tu-

mor cells expressing high levels of SPARC while remaining

confined within the mesenchymal cell axes when SPARC pro-

duction was limited to the stroma. This finding suggested a

complex interplay between the ECM properties and myeloid

cells in determining the EMT phenotype. Indeed, EMT can

result from either cancer cell-intrinsic molecular programs

(Yang et al., 2004) or pressure from the microenvironment

(Reiman et al., 2010).

In this work, we demonstrate that the microenvironmental

induction of EMT depends on SPARC regulation of the interplay

between MDSCs and ECM. Indeed, SPARC produced by tumor

cells promoted the expansion and recruitment of the immuno-

suppressive myeloid cells that were necessary for EMT. High-

SPARC tumors were characterized by abundant collagen bun-

dles, which have been shown to induce the expression of

COX-2 in the mammary epithelium (Lyons et al., 2011). In turn

COX-2 induced GM-CSF and IL-6 expression, which explained

the preferential expansion of myeloid cells with suppressive ac-

tivity (Marigo et al., 2010). In addition, COX-2 activation of the

CXCL12-CXCR4 axis promoted the recruitment of myeloid cells

to the tumor site. Accordingly, a COX-2 inhibitor (celecoxib) was

able to block the migration of myeloid cells to SPARC-producing

tumors.

To study the role of myeloid cells in the EMT, mice were

treated with ZA, a type of drug that is capable of interfering

with MDSC expansion (Melani et al., 2007) and differentiation.

We showed that ZA inhibited the suppressive activity of MDSCs

and, in turn, reverted EMT. This proves that MDSC activity was

required to maintain a non-cell-autonomous EMT. This is in clear

agreement with what we observed in celecoxib-treated tumors

that displayed reduced EMT features because of diminished

intra-tumor accumulation of MDSCs.

High-grade ECM3 human breast cancers are generally resis-

tant to chemotherapy. Our experimental model suggests that

the combination of cytotoxic agents with ZA (or celecoxib) can

revert chemoresistance in this particular ECM setting. Discor-

dant data exist concerning whether the adjuvant use of ZAmight

be effective in ameliorating the outcome of breast cancer pa-

tients. Strikingly, both an increased overall survival (Diel et al.,

1998) and an absence of activity (Saarto et al., 2004); (Kristensen

et al., 2008) have been reported. A study involving 1,803 premen-

opausal women with estrogen-receptor-positive breast cancer
(D) FACS analysis of N-cadherin and E-cadherin performed on freshly isolated

treatment increases the fraction of E-cadherin-positive cells while decreasing th

Whitney U test).

(E) Semiquantitative real-time PCR analysis of Stat3, Tgfb1,Arginase1, andCcl2w

(Stat3, Tgfb) or tumors (Arginase, CCL2) of SN25SP tumor-bearing mice treated

(F) In vitro suppressive activity (day 3) of CD11b+Gr-1+ MDSCs isolated from the

were examined in triplicate. The experiment was performed three times, with ov

Graphs show mean value plus SEM (upper bar).
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showed a reduced risk of disease recurrence (Gnant et al.,

2009). On the contrary, a larger study, involving 3,360 patients,

showed no increase in overall survival or change in the rate of

invasive disease-free survival when ZA was added to standard

adjuvant therapy (Coleman et al., 2011).

In the light of our results, ZA treatment could be effective in

cases where the interplay between immune cells and the tu-

mor-associated ECMdetermines a progressive EMT phenotype.

For example, ZA treatment could be exploitable in the treatment

of high-grade ECM3 tumors (Triulzi et al., 2013) or low-claudin tri-

ple-negative breast tumors showing a concomitant enrichment

in EMT and immune cell genes (Perou, 2010; Taube et al.,

2010). Here, we describe a novel level of regulation of tumor

EMT based on the interplay between tumor-associated ECM

and MDSCs, presenting new immunomodulatory approaches.

Our model is in line with the emerging relevance of the immune

landscape of human tumors, to which it adds the ECM as a

further determinant.
EXPERIMENTAL PROCEDURES

Patient Samples and Gene Expression Data

Consecutive primary breast tumors (97 cases) were surgically resected at

Fondazione IRCCS Istituto Nazionale Tumori (Huang et al., 2015). The study

was approved by themedical ethics committee, and all clinical data and tissue

samples were obtained after receiving informed consent, according to institu-

tional rules.

GSEA to assess the ECM, grade, and immune function associations of

breast samples was performed using GSEAv2.2.0 (Subramanian et al., 2005)

and a previously described cancer-related gene set database (Triulzi et al.,

2013). Genes represented by more than one probe were collapsed to the

probe with the maximum value using the collapse dataset tool. The gene set

permutation type was applied 1,000 times. The enrichment score represents

the degree to which each gene set is overrepresented at the top or bottom

of the ranked list of genes in the expression dataset; the normalized enrich-

ment score (NES) estimates the enrichment score after it has been normalized

across analyzed gene sets; the NOM p value estimates the statistical signifi-

cance of the enrichment score for a single gene set; the false discovery

rate (FDR) q-value is adjusted for the size of the gene set and multiple hypoth-

esis testing. A gene set was considered significantly enriched at nominal

p value < 0.05 and FDR q-value < 0.20.

Animals and Cell Lines

BALB/cAnNCrl mice (BALB/c) were purchased from Charles River Labora-

tories. All experiments involving animals described in this studywere approved

by the Ministry of Health (authorization number 03/2012). The primary breast

carcinoma cell line SN25A was obtained from Sparc-deficient mice that

spontaneously developed mammary tumors due to the expression of the rat

oncogene HER2 transgene (BALB/c; SPARC < tm1Hwe > Tg(MMTV-Erbb2)

NK1Mul/J), whereas the N3D cell line was derived from transgenic Her2/Neu

mice (BALB/c-Tg(MMTV-Erbb2)NK1Mul/J). Both cell lines were infected with

the retroviral vector LXSPARCSH (Sangaletti et al., 2011) and subjected to

ectopic SPARC expression.
SN25ASP tumors treated with or without ZA. FACS analysis showed that ZA

at of N-cadherin-positive cells in SN25ASP-treated tumors (*p < 0.05; Mann-

as performed on the G-MDSC andM-MDSC subsets isolated from the spleens

with ZA (n = 5/subset of MDSCs; *p < 0.05; **p < 0.01; Mann-Whitney U test).

spleens of SN25ASP tumor-bearing mice treated or not with ZA. The samples

erlapping results (*p < 0.05; **p < 0.01; multiple t test).



Figure 7. Targeting the Suppressive Function of Myeloid Cells Improves Chemotherapy

(A) IHC analysis of the Ki-67 proliferation marker performed on SN25ASP tumors treated with or without ZA. Scale bars, 200 mm.

(B) Proliferation index of SN25ASP tumors treated with or without ZA (n = 10/group; *p < 0.05; Mann-Whitney U test).

(legend continued on next page)
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Treatments

Mice were subcutaneously injected with SN25A and SN25ASP tumor cells.

When the tumors measured 8 mm3, the mice were randomized into four

different groups (ten mice per group) and treated with a pegylated form

of doxorubicin (Doxil, Caelyx, 5 mg/kg once a week), ZA (Zometa, daily,

0.1 mg/kg) or celecoxib (5 mg/Kg, daily, ip), a combination of doxorubicin

and ZA (or doxorubicin and celecoxib), or left untreated.

Isolation of Splenic MDSCs

G-MDSCs (CD11b+Gr-1highLy6Clow) and M-MDSCs (CD11b+Gr-1lowLy6Chigh)

were isolated from the spleens of tumor-bearing mice through immunomag-

netic separation using a specific kit purchased from Miltenyi Biotec. The

purity of the G-MDSC and M-MDSC populations was checked via FACS using

the following antibodies: PerCP-CY5.5-conjugated anti-mouse CD11b

(M1-70), fluorescein isothiocyanate (FITC)-conjugated anti-mouse Ly-6G

(Gr-1) (RB6-8C5), and allophycocyanin (APC)-conjugated Ly6C anti-mouse

(clone HK1.4). MDSCs obtained through immunomagnetic separation were

used for real-time PCR analysis and suppression assays. Low-abundance

tumor-derived MDSCs were obtained through cell sorting using a FACSAria

cell sorter (BD Biosciences). The purity of the cell populations was >99%.

Tumor tissues were cut into small pieces and treated with collagenase

(type IV, 1 mg/mL, Sigma-Aldrich) and elastase (6 U/mL, Sigma-Aldrich) for

45 min at 37�C, and dead cells were then removed via centrifugation using a

Ficoll-Hypaque gradient (Atlanta Biotechnology). Cell suspensions were

stained with the following mixture of antibodies: PerCP-CY5.5-conjugated

rat anti-mouse CD11b (M1-70), anti-mouse Ly-6G (Gr-1) FITC (clone RB6-

8C5), and APC-conjugated rat anti-mouse Ly6C (clone HK1.4).

Suppression Assay

The suppression assay was performed as described previously (Sangaletti

et al., 2014a). Briefly, 4 3 105 naive BALB/c splenocytes were labeled with

carboxyfluorescein succinimidyl ester (CFSE; Sigma-Aldrich) and cocultured

with CD11b+Gr-1+ myeloid cells at different ratios, in the presence of

2 mg/mL soluble anti-CD3 and 1 mg/mL anti-CD28 to activate lymphocytes.

CD11b (Mac-1)+/Gr-1+ cells were isolated from spleen cells by means of

CD11b-conjugated microbeads (Miltenyi) according to the manufacturer’s

instructions and as previously described (Melani et al., 2003). Each sample

was seeded in triplicate. The proliferation of CD4 and CD8 T cells was as-

sessed 2 and 3 days later through flow cytometry, evaluating CFSE dilution

in the CD4+- and CD8+-gated populations. The results are shown as the per-

centage of proliferating cells.

Quantitative Real-Time PCR

For quantitative real-time PCR,myeloid cells were lysed with TRIzol (Invitrogen

Life Technologies) and RNA was extracted using the RNeasy Kit (QIAGEN).

DNA contaminants were removed by treatment with DNase I. cDNA was

reverse transcripted from 1 mg total RNA. PCR was performed using TaqMan

Universal PCR master mix (Applied Biosystems) and a target gene assay mix

containing sequence-specific primers for the Ccl2, Stat3, Arginase1, Nos2,

Tgfb, IL6, and Ptgs2 genes. Gene-specific primers were purchased from

Applied Biosystems (Ccl2, RefSeq NM_011333.3; Stat3 NM_0114886.4;

Arginase1 NM_000036.2; Nos2 NM_010927.3; Tgfb1 NM_011577.2; IL6

NM_ 031168.2; and Ptgs2NM_0111983). The reactions were set up according

to the standard TaqMan qPCR conditions reported in the Applied Biosystems
(C and D) Mean tumor volume of SN25A and SN25ASP tumors treated with Dox

taneously injected with SN25A and SN25ASP tumor cells. Once a tumor size of 8

mice per group) and treated with Doxil, ZA, a combination of Doxil and ZA, or le

were less sensitive to Doxil treatment and the sensitivity to this treatment was gre

***p < 0.0001; Mann-Whitney U test; n = 10/treatment).

(E–G) Efficacy of Doxil or Doxil plus ZA treatment expressed as the percentage of

U test; n = 10/treatment).

(H) Representative H&E analysis of lungs from SN25ASP tumor-bearing mice tre

(I and J) Quantitative data onmicrometastases were obtained bymeasuring the siz

mice (LasV program, Leica; *p < 0.05; **p < 0.01; ***p < 0.0001; Mann-Whitney U

Graphs show mean value plus SEM (upper bar). For additional data, see Figure S
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protocol and were performed in duplicate for each sample. The qPCR assays

were run using the ABI PRISM 7900 Fast Real Time PCR system and the ABI

PRISM 7900 HT Sequence Detection System (Applied Biosystems), and the

resulting data were analyzed with SDS Software 2.3 (Applied Biosystems).

The mRNA level of the target gene was quantified by measuring the CT

value to determine its relative expression. The results are reported using the

fold change in the gene expression of the target genes relative to the internal

control gene (GAPDH). The mean-fold change in target gene expression was

calculated as 2-DDCT, where DDCT = ((CT,Target � CT,GAPDH)sample-

(CT,Target � CT,GAPDH)) internal control.

Histology and Immunohistochemistry

Histological and immunohistochemistry analyses of human andmouse tissues

were performed as described previously (Tripodo et al., 2012), and details are

provided in Supplemental Experimental Procedures.

ELISA Assay

To quantify GM-CSF, G-CSF, and IL-6 in supernatants, 106 SN25A and

SN25ASP cells/mL were seeded in culture dishes. Cell-free supernatants

were collected 48 hr later and then tested according to the manufacturer’s

instructions. The following kits were used: mouse IL-6 Quantikine ELISA

(R&D Systems, M6000B), mouse G-CSF Quantikine ELISA (R&D, MCS00),

and mouse GM-CSF ELISA Ready-SET-Go! (eBioscience, 88-7334-22).

Serum level of CXCL12 was determined by using the mouse CXCL12

(SDF-1B) LEGEND MAX ELISA Kit (BioLegend, 444207) according to manu-

facturer’s instructions.

Statistical Analysis

Statistical analysis of single treatments was performed using the Mann-Whit-

ney U test. The significance of different combined treatments was assessed

through one-way ANOVA with Dunn’s multiple comparison test. For other an-

alyses related to MDSC frequency or ELISA data, differences between groups

were tested for significance using a two-tailed unpaired t test. Values were

considered statistically significant when p < 0.05. All of the analyses were per-

formed using Prism software Version 5.0d (GraphPad).
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The accession number for the gene expression data from the profiled samples
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SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2016.08.075.

AUTHOR CONTRIBUTIONS

S.S. and M.P.C. conceived the study, interpreted data, and designed the ex-

periments. S.S., M.P.C. and C.T. wrote the manuscript. S.S., C.C., A.S., N.C.,

P.P., L.B., B.C., M.P., and A.G. performed the experiments and acquired data.

S.S., C.C., and C.T. analyzed the data. R.O. analyzed GEP data. E.T., C.T., and
il or ZA, either as single agents or in combination. BALB/c mice were subcu-

mm3 was reached, the mice were randomized into four different groups (seven

ft untreated. The representative experiment shows that SN25ASP tumors (D)

atly improved when Doxil was administered in combination with ZA (*p < 0.05;

tumor volume reduction for both cell lines (*p < 0.05; **p < 0.01; Mann-Whitney

ated with ZA, Doxil, or their combination. Scale bars, 200 mm.

e (I) and the number (J) of micrometastases in lungs from treated and untreated

test; n = 10/treatment).

7.

http://dx.doi.org/10.1016/j.celrep.2016.08.075


R.O. contributed to data interpretation and relevance or provided key

reagents.

ACKNOWLEDGMENTS

We thank Dr. Daniele Lecis for critically reviewing the manuscript. The authors

thank the Conventional and Confocal Microscopy Facility for confocal images

acquisition, the Flow Cytometry Facility for sorting the MDSC subsets, and the

Immunohistochemistry Facility for paraffin sections. We also thank Dr. Alessia

Burocchi for artwork.

This work was supported by the Associazione Italiana per la Ricerca sul

Cancro (My First AIRC Grant 12810 to S.S.; Program Innovative Tools for Can-

cer Risk Assessment and Diagnosis, 5 per mille number 12162 to C.T. and

M.P.C.; and Investigator Grant 10137 to M.P.C.) and the Italian Ministry of

Health (grant GR-2013-02355637 to S.S.).

Received: February 3, 2016

Revised: June 3, 2016

Accepted: August 22, 2016

Published: September 27, 2016

REFERENCES

Alique, M., Calleros, L., Luengo, A., Griera, M., Iñiguez, M.A., Punzón, C.,
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