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Myeloid-derived

suppressor cells

expand during breast cancer progression
and promote tumor-induced bone destruction
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Myeloid-derived suppressor cells (MDSCs), identified as Gr1*CD11b* cells in mice, expand during cancer and promote
tumor growth, recurrence and burden. However, little is known about their role in bone metastases. We hypothesized that
MDSCs may contribute to tumor-induced bone disease, and inoculated breast cancer cells into the left cardiac ventricle
of nude mice. Disease progression was monitored weekly by X-ray and fluorescence imaging and MDSCs expansion by
fluorescence-activated cell sorting. To explore the contribution of MDSCs to bone metastasis, we co-injected mice with
tumor cells or PBS into the left cardiac ventricle and Gr1*CD11b* cells isolated from healthy or tumor-bearing mice into the
left tibia. MDSCs didn’t induce bone resorption in normal mice, but increased resorption and tumor burden significantly
in tumor-bearing mice. In vitro experiments showed that Gr1*CD11b* cells isolated from normal and tumor-bearing mice
differentiate into osteoclasts when cultured with RANK ligand and macrophage colony-stimulating factor, and that
MDSCs from tumor-bearing mice upregulate parathyroid hormone-related protein (PTHrP) mRNA levels in cancer cells.
PTHrP upregulation is likely due to the 2-fold increase in transforming growth factor B expression that we observed in
MDSCs isolated from tumor-bearing mice. Importantly, using MDSCs isolated from GFP-expressing animals, we found
that MDSCs differentiate into osteoclast-like cells in tumor-bearing mice as evidenced by the presence of GFP*TRAP*
cells. These results demonstrate that MDSCs expand in breast cancer bone metastases and induce bone destruction.
Furthermore, our data strongly suggest that MDSCs are able to differentiate into osteoclasts in vivo and that this is

stimulated in the presence of tumors.

Introduction

Breast cancer, which is the second leading cause of death among
women, represents 30% of all malignancies affecting women.'
While much progress has been made in diagnosis and therapeutic
options, resulting in improved survival rates, a substantial num-
ber of breast cancer patients are still diagnosed with advanced
disease, and up to 80% of them develop bone metastases."?
Breast cancer bone metastases are primarily osteolytic, inducing
intense pain, pathological fractures as well as hypercalemia, and
are associated with high mortality rates.?

When tumor cells metastasize to the bone they begin to
secrete mediators such as parathyroid hormone-related protein
(PTHrP) that stimulate osteoclast-mediated bone destruction.
This results in a release of growth factors including transform-
ing growth factor B (TGEP) that stimulate the growth of tumor
cells and hence the release of additional osteoclast-stimulating
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factors, in a feed-forward loop.*> While many studies have been
performed to address the signal transduction cascades that are
involved in these late stages of bone destruction, much less is
known about the eatly steps of tumor cell establishment in the
bone. Nevertheless, it has become clear that interactions between
tumor cells and other cells within the bone microenvironment
significantly contribute to the metastatic process, including bone
colonization as well as its subsequent destruction.
Mpyeloid-derived suppressor cells (MDSCs) are a heteroge-
neous population of myeloid cells at different stages of differ-
entiation that include immature macrophages, granulocytes
and dendritic cells as well as myeloid cell precursors at earlier
stages of differentiation.® First dubbed “natural suppressor cells,”
MDSC:s have a pronounced ability to expand in almost all cancer
patients and animal models of malignancy and potently suppress
the immune response. They have been the focus of numerous
studies in the last few years and now appear as a cell population
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playing critical roles in promoting multiple aspects of cancer
progression, including tumor growth, angiogenesis and metas-
tasis.” In humans, although MDSCs are commonly defined as
LIN-HLA-DR-CD33* or CD11b*CD14-CD33" cells, their pre-
cise phenotype appears to be much more heterogeneous, varying
with cancer types as well as in distinct MDSC subpopulations.5-*°

In mice, MDSCs are generally described as Gr1*CD11b*
cells but can be further subdivided into two subpopulations
based on the expression of different Gr-1 epitopes, i.e., granu-
locytic CD11b*Gr-1* (Ly6G*) and monocytic CD11b*Gr-1*
(Ly6C*Ly6G~) MDSCs. Both these MDSC populations have
immunosuppressive activities. In healthy mice, total Gr1*CD11b*
immature myeloid cells (iMCs) represent around 30% and 3% of
total bone marrow (BM) and spleen cells, respectively. They are
much more abundant in tumor-bearing mice. Indeed, these cells
accumulate under the influence of various tumor-derived factors
such as the vascular endothelial growth factor (VEGF), TGFp1,
multiple interleukins and prostaglandin E, (PGE,) and can
represent up to 40% of spleenic cells and 80% of BM cells.!'-*?
Studies focusing on the role of MDSCs in cancer progression
showed that the main activity of these cells is to suppress immu-
nity by perturbing both innate and adaptive immune responses,'
identifying them as the main cell population that is responsible
for cancer-associated immunosuppression. In fact, it is now well
established that MDSCs suppress multiple immune effectors,
especially CD4* and CD8* T lymphocytes, by inhibiting their
proliferation and activation through mechanisms involving argi-
nine I, nitrix oxide metabolism and the overproduction of reactive
oxygen species (ROS).""" Despite their role in immunosuppres-
sion, MDSCs can also directly exert pro-tumorigenic functions
by infiltrating into primary lesions and secreting factors such as
TGFR1 or matrix metallopeptidase 9 (MMP9), which have been
shown to promote tumor growth, angiogenesis and invasion.'®

Based on MDSC cell surface markers, their ability to differ-
entiate into different cell types, and our previous data obtained
in models of multiple myeloma,"” we hypothesized that MDSCs
could promote the development of breast cancer metastasis to the
bone through immunosuppression-independent mechanisms.
To test this hypothesis, we chose to employ athymic nude mice,
thus eliminating the effects of T cell-MDSC interactions. In this
study, we demonstrate that MDSCs play an important role in
tumor biology even in the absence of T cells. We also show that,
during cancer progression, MDSCs acquire a “tumorigenic” phe-
notype to promote breast cancer-associated bone resorption in
part by differentiating into osteoclasts and also by promoting the
expression of osteolytic factors by cancer cells.

Results

MDSCs expand in immunodeficient nude mice. Since MDSC
biology is closely related to immunology, we thought it would
be critical to first evaluate the use of nude mice as an appropri-
ate model to study MDSCs. To do so, we inoculated immu-
nocompetent BALB/c mice with 4T1 breast cancer cells and
immunodeficient nude mice with MDA-MB-231 breast cancer
cells. In both models, cancer cells (or PBS as a control) were
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Figure 1. Gr-1*CD11b* cells expand during cancer progression in nude
mice as in immunocompetent balb/c mice. Balb/c and nude mice were
injected in the 4th mammary fat pad with 471 and MDA-MB-231 breast
cancer cells respectively or PBS as a control. After 4 weeks of tumor
growth, mice were sacrificed. Spleen and BM cells were isolated and
Gr-1*CD11b* cells expansion examined in tumor bearing mice. (A) Spleen
and bone marrow of control and tumor nude mice were analyzed by
flow cytometry. (B) Quantitative analysis of the expansion of Gr-1*CD11b*
cells in spleens and bone marrow of balb/c and nude mice 4 weeks after
mammary fat pad inoculation of 4T1 or MDA-MB-231 breast cancer

cells respectively. In both strands, control mice were injected with PBS.
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Results are presented as the mean + SEM (5 mice per group).

injected into the 4th mammary fat pad and tumors allowed to
grow for approximately 3 weeks. At this point, mice were sacri-
ficed and splenic and BM cells were harvested and labeled with
Gr-1-PE and CD11b-APC conjugates for FACS analysis. MDSCs
expanded in the spleen and BM of BALB/c mice, representing up
to 40% and 60% of the total cells, respectively (Fig. 1A and B),
which was in accordance with results previously obtained by oth-
ers.”? MDSCs also expanded in the spleen and BM of tumor-
bearing nude mice. The splenic expansion was more limited in
nude mice than in BABL/c mice, Gr1*CD11b* cells reaching only
20% of total cells. Nevertheless, MDSCs represented up to 68%
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of total BM cells in tumor-bearing nude mice (Fig. 1A and B),
which was comparable with the results obtained in BALB/c mice,
giving a first indication that the nude mice model is appropriate
to study MDSCs.

MDSCs promote cancer growth in immunodeficient nude
mice. To further investigate the role of MDSCs in tumor progres-
sion in nude mice, MDA-MB-231 cancer cells were co-injected
in the 4th mammary fat pad of nude mice with 10% (as previ-
ously described)? of either naive Gr1*CD11b* iMC sorted from
the BM of control mice, or tumor-induced Gr1*CD11b* MDSCs
isolated from tumor-bearing mice, and tumor growth was moni-
tored by means of a common caliper until day 23 post-injection.
As observed in Figure 2A, mice co-injected with cancer cells and
tumor-induced MDSCs developed neoplastic lesions that reached
a final mean volume 2.7-times higher than the final mean vol-
ume of lesions developing in mice co-injected with cancer cells
and naive iMCs. These results were confirmed ex vivo by weigh-
ing and measuring tumors from both groups (Fig. 2B and C).
No significant difference in tumor volume between mice who
received cancer cells with PBS or cancer cells with iMCs was
observed after 18 d of tumor growth (Fig. S1).

Upon sacrifice, the hindlimbs and lungs of mice were col-
lected and processed for hematoxylin and eosin (H&E) stain-
ing. By microscopic observation of one stained tissue section per
mouse, we found that one out of 10 mice that received MDSCs
together with cancer cells had lung metastases while no mice co-
injected with naive iMCs did. As a note, bone metastases were
observed in neither group (data not shown). Based on these
results, it appears that MDSCs do not significantly increase lung
metastases from subcutaneous tumors. Nevertheless, it remains
possible that metastases were present but not detectable in our
examinations. Taken together, our results indicate that MDSCs
accumulate and acquire a phenotype that promotes the growth
of cancer cells during tumor progression in nude mice. These
results were confirmed by observations made in immunocompe-
tent mice, further validating the use of nude mice in our study.

Tumor-induced MDSCs compromises bone mass. Even
though no breast cancer cells were detected in the bone, assess-
ment of bone mass by micro-computed X-ray tomography (wCT)
analysis showed a significant 30% decrease in the trabecular bone
volume of mice injected with the tumor MDSCs compared with
the control iMCs. Consistent with reduced bone volume, nCT
analyses showed that these mice had less trabeculae, reduced tra-
becular thickness and increased trabecular spacing (Fig. 2D).
These data indicate that tumor-induced MDSCs acquire a phe-
notype that promotes bone loss and that they may create a favor-
able microenvironment for breast cancer cells to grow and induce
osteolysis. Indeed, we observed a higher number of osteoclasts
(normalized to the bone surface) in mice that were injected with
MDSC:s derived from tumor-bearing mice as compared with ani-
mals that received control iMCs (Fig. 2E).

MDSCs promote breast cancer growth and bone dis-
ease under the influence of tumor-derived factors. To test the
hypothesis that MDSCs isolated from tumor-bearing mice pro-
mote bone metastases and osteolytic lesions more effectively
than naive iMCs, we used the well-characterized model of breast
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cancer metastasis to the bone in which MDA-MB-231 cells are
inoculated into the left cardiac ventricle of athymic nude mice.
The mice also received intratibial injections of naive iMCs or
tumor-induced MDSCs previously isolated from the bone mar-
row of control mice or from mice with mammary fat pad tumors,
respectively. All mice were injected with PBS in the contralat-
eral limb. Tumor cell homing to the bone was followed by GFP
imaging, and osteolysis was monitored by radiography. As seen
in Figure 3A and B, mice that received MDSCs had significantly
larger tumors in the bone and increased osteolytic lesions, after
4 weeks than mice inoculated with naive iMCs. This indicates
that tumor-derived MDSCs are able to promote osteolytic bone
destruction. Analysis of TRAP-stained slides as obtained from
metastatic bones showed that this effect is due, at least in part,
to an increased population of osteoclasts, since mice co-injected
with cancer cells and tumor-induced MDSCs showed a signifi-
cant higher number of osteoclasts (again normalized to the bone
surface) when compared with mice receiving cancer cells together
with naive iMCs (Fig. 3C).

Interestingly, when the areas of osteolytic lesions in both
limbs (that injected with GR1*CDI11b* cells and that injected
with PBS) were analyzed separately, we observed that (1) both
iMCs and MDSCs are able to increase bone resorption locally as
compared with PBS, (2) MDSCs induced higher levels of bone
resorption than do control iMCs and (3) tumor-derived MDSCs
promote bone resorption not only locally but also systemically,
since the PBS-injected limbs of MDSCs injected mice developed
larger lesions than PBS-injected limbs of the iMCs injected mice
(Fig. 3C).

To test whether MDSCs could induce osteolysis in the absence
of tumor cells, we performed a similar experiment in which mice
were intratibially inoculated only with either naive iMCs or
tumor-induced MDSCs. After 3 weeks, mice were sacrificed and
bone parameters assessed by pCT. We observed no decrease in
overall bone mass in mice who received tumor-induced MDSC:s,
suggesting that MDSCs can lose their “tumorigenic” phenotype
and revert to naive iMCs when no longer exposed to tumor-
derived factors (Fig. 4).

Total and monocytic MDSCs expand in the intracardiac
model. In order to investigate the mechanisms that could under-
pin tumor-induced MDSC-promoted osteolysis, we used intra-
cardiac inoculations of nude mice with MDA-MB-231 cancer
cells or PBS as a control, and measured MDSC expansion after
2 and 4 weeks. FACS analyses (Fig. 5A) indicated that, in the
intracardiac model, MDSCs expand in the BM, similar to what
observed in the MFP model. Splenic MDSC expansion was also
observed, but at a lower rate and with no significant difference
between the control and tumor-bearing groups. Interestingly,
the CD11b*Ly6C*Ly6G~ population of monocytic MDSCs
expanded to significantly higher extents in tumor mice than in
control animals (Fig. 5A).

MDSCs express TGFP1 in BM and induce the expression
of osteolytic factors by cancer cells. Gr1*CD11b* cells were iso-
lated by magnetic cell sorting from the BM of both groups and
used for in vitro assessments (Fig. 5B). Co-culture experiments
of MDA-MB-231 and Gr1*CD11b" cells followed by quantitative
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Figure 2. Tumor-induced Gr-1*CD11b* cells promote tumor cells growth and impair bone mass. One x 10¢ MDA-MB-231 and 1 x 10° Gr-1*CD11b* cells
isolated from the spleen of control or tumor mice were co-injected in the 4th mammary fat pad of nude mice. Tumor growth was monitored by caliper
measurement every 2-3 d (A). At day 24, mice were sacrificed, tumors removed, measured (B) and weighed (C). Results were presented as the mean

+ SEM (10 mice per group). (D) Bone mass was assessed by microCT analysis of right femurs from both groups. Data are presented as the mean + SEM

(810 mice per group).
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Figure 3. Tumor-induced Gr-1*CD11b* cells promote bone metastasis in a model of breast cancer metastasis to bone. One x 10° MDA-MB-231 were
inoculated into the left cardiac ventricle in nude mice and 1 x 10° Gr-1*CD11b* cells isolated from the BM of control or tumor mice were injected in

the left tibia of the same mice. The right tibia was injected with PBS as a control. (A) Quantitative analysis of GFP fluorescence detected in mice long
bones. (B) Quantitative analysis of osteolytic lesions observed in long bones after radiographs (C) Representative pictures of TRAP staining on bone
sections from co-injected mice (left panel) after sacrifice at week 4, and quantitative analysis of the ratio bone surface/osteoclast number (right panel).
(D) Osteolytic lesions area were quantified separately in right and left hindlimbs for each mouse.

RT-PCR (gPCR), showed that, compared with MDA-MB-231 PTHRP mRNA, coding for two factors involved in osteoclast
cells cultured with naive iMCs, MDA-MB-231 cells cultured activation and in the development of osteolytic lesions (Fig. 5C).
with tumor-induced MDSCs express higher levels of GLI2 and ~ As TGFB1 (which stimulates PTHrP expression through GLI2
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cells from both groups were able
to differentiate into osteoclasts.
However, tumor-induced MDSCs
generated more osteoclasts than
naive iMCs, and this result was paralleled by increased dentine
resorption (Fig. GA).

MDSCs differentiate into osteoclasts and increase osteo-

sessed by pCT.

clast number in vivo. To assess whether MDSCs differentiate
into osteoclasts in vivo, Gr1*CD11b* cells from the BM of GFP-
expressing mice were isolated and injected directly into the tibia
of nude mice that also received MDA-MB-231 cells or PBS via
the intracardiac route. After 4 weeks, mice were sacrificed, and
hind limbs were processed for TRAP staining and immunostain-
ing with a GFP-specific antibody. As shown in Figure 6B, we
observed a significantly higher percentage of both GFP*TRAP*
cells in tumor-bearing mice compared with control mice.
Interestingly, we also observed a higher amount of TRAP* cells
in non-tumor bearing mice that received intratibial injections on
Grl*CD11b* positive cells as compared with animals receiving
PBS, meaning that naive GR1*CDI11b* cells also increase the
number of osteoclasta in the absence of tumor cells. Finally, we
observed that in tumor-bearing mice, 37% and 46% of GFP*
cells were multinucleated bone lining cells and TRAP* cells,
respectively, suggesting that MDSCs are able to differentiate into
osteoclasts in vivo (Fig. 6C). Osteoclast-like GFP* cells were also
detected in the control group but to lower extents (around 20%).

Discussion
As far as we know, our study is the first one showing that MDSCs

are able to promote tumor growth in immunodeficient nude mice
lacking mature T lymphocytes, the most prominent target for
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Figure 4. Tumor-induced MDSCs lose their ability to decrease bone mass in the absence of tumor cells.
1 % 10° Gr-1*CD11b* cells isolated from the BM of control or tumor mice were injected in intratibial in the
left tibia. Right tibiaes of the same mice were injected with PBS as a control. Bone parameters were as-

their immunosuppressive functions. Moreover, this is the first
study showing that MDSCs can contribute to breast cancer-asso-
ciated osteolysis. Although it remains unclear whether MDSCs
directly attract tumor cells to the bone, it is clear that they locally
create a favorable microenvironment for tumor growth.

MDSCs are characterized by their myeloid origin, their
immature state and, most importantly, by their ability to suppress
immune responses. Indeed, MDSCs have been shown to impair
anticancer immune responses in multiple ways, especially by
inhibiting cytokine production, T-cell proliferation and by sup-
pressing antigen specific T-cell responses. This latest characteris-
tic is the most studied of the main process involved in the ability of
MDSC:s to promote cancer growth and metastasis. Nevertheless,
we show here that MDSCs promote breast cancer growth and
metastasis to bone in nude mice, hence, through a process that
is independent from T cells. Indeed, we show that in orthotopic
and intracardiac models of breast cancer, MDSCs expand in
nude mice and promote tumor growth. MDSCs expansion has
previously been shown to occur under the influence of various
tumor-derived factors that include—among others—interleu-
kins, VEGF, M-CSF, MMP9 and cyclooxygenase 2.013:22-24
Since most of these factors signal through pathways that converge
to transcriptional activators of the STAT family, the expansion of
MDSCs in nude mice might not be surprising. However, some
data suggested that MDSCs enhance tumor angiogenesis and
18,20 and

the ability of MDSCs to promote cancer progression has been

metastasis by modulating the activity of immune cells,

mainly linked to their immunosuppressive activity. Our findings
that MDSCs promote breast cancer-associated bone osteolysis in
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MDA-MB-231 or PBS were injected in IC in nude mice. After 2 and 4 weeks, mice were sacrificed and the Gr-1*CD11b* cell population in spleen and BM
analyzed by flow cytometry. The Gr-1lowCD11b+ population was also analyzed at week 4 in BM. (B) Gr-1"CD11b* were isolated from the BM of control
or tumor mice using MACS magnetic microbeads cell sorting and their purity checked. (C and D) Gr-1*CD11b* cells sorted from control or tumor mice
were plated in 6 wells plates and co-cultured with MDA-MB-231 plated in transwells. After 48 h, RNA was extracted from both cell types; PTHrP and
Gli2 expression in MDA-MB-231 cells (C) and TGF3 expression in Gr-1*CD11b* cells (D) were analyzed by qRT-PCR.

immunodeficient mice strongly supports that the role of MDSCs
in cancer progression is not limited to their immunosuppressive
properties, but also involves their ability to directly interact with
and adapt to the tumor microenvironment. Moreover, our results
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show that immune-independent properties of MDSCs are suf-
ficient to promote breast cancer metastasis to the bone.

In fact, it seems that MDSCs are a source of growth and inva-
sion factors that contribute to tumor growth in the fat pad and
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Figure 6. Gr1*CD11b* cells differentiate into osteoclasts in vitro and in vivo. (A) Sorted MDSCs were plated in 48 well plates with dentine discs and cul-
tured in vitro with 25 ng/ml of M-CSF and 50 ng/ml of RANKL for about 14 d. Wells and dentine discs were then stained and the number of osteoclasts
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tibia of mice. Mice were co-injected with 10° MDA-MB-231 breast cancer cells or PBS in intracardiac. Four weeks after injections, mice were sacrificed
and bones collected for immunostaining with a GFP antibody and for TRAP staining (4—8 mice per group). The percentage of total BM positive cells

for each staining is represented on the graph. (C) Percentage of bone lining cells and TRAP positive cells among GFP* cells from (B) (left panel). A repre-

bone. They express high level of TGEBI in the BM of tumor-
bearing mice, inducing the expression of GLI2 and PTHrP by
tumor cells (Fig. 5), two factors that are known to promote
breast cancer-associated osteolysis.” Interestingly, Yang et al.
have shown that, in primary breast cancer tumors, infiltrating
MDSCs express TGEBL and promote angiogenesis by secret-
ing MMP9, which in turn enhances VEGF bio-availability (and
likely TGFP1 activation). Thus, MDSCs appear to stimulate
cancer cells to express factors that they need to invade and/or to
grow at specific sites at least in part through TGFp1.

We also demonstrate that Grl1*CD11b* cells are able to differ-
entiate into active osteoclasts, both in vitro and in vivo (Fig. 6).
Our data suggest that these osteoclasts are generated by the
CD11b*Ly6C*Ly6G- subpopulation of MDSCs. Indeed, this
subpopulation is formed by immature monocytic myeloid cells,
and it is well established that immediate osteoclasts precursors
are cells of the monocyte/macrophage lineage.?® This monocytic
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subpopulation is less abundant than the granulocytic subpopu-
lation. Nevertheless, it does increase in the intracardiac model
of breast cancer and represent around 12% of total BM cells.
While this percentage might seem low, an initial increase in
bone resorption leads to the release of high amounts of TGF
in the microenvironment, in turn enhancing PTHrP expression
by tumor cells hence initiating a vicious cycle leading to bone
destruction. There are additional lines of evidence supporting
the idea that MDSC:s can differentiate into cell types that tumor
cells “need” in their microenvironment. Yang et al. showed that
MDSCs recruited into mammary fat pad tumors in mice can
differentiate into endothelial cells that are localized in the tumor
endothelium of large and small blood vessels.?® Corzo et al. also
reported that MDSCs infiltrated in primary tumors rapidly dif-
ferentiate into tumor-associated macrophages, which contribute
to tumor growth.?”” Overall, this indicates that MDSCs not only
expand during tumorigenesis, but also differentiate or support
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the differentiation of other cells that contribute to tumor pro-
gression. Here, we identified two mechanisms by which MDSCs
promote breast cancer bone metastases and associated bone
osteolysis. Interestingly, both mechanisms directly or indirectly
involve TGFB overexpression in the bone microenvironment.
This suggests that MDSCs participate in the activation and
maybe the initiation of a vicious cycle that plays a central role in
the development of bone metastases.

Because the orthotopic model of MDA-MB-231 injections in
the 4th mammary fat pad doesn’t metastasize to the bone in nude
mice, Gr1*CD11b* cells were mostly studied in the intracardiac
model. Nonetheless, we observed that bone mass decreases and
that the number of osteoclasts increases in nude mice co-injected
with cancer cells and MDSCs as compared with mice co-injected
with cancer cells and naive iMCs, in the mammary fat pad experi-
ment (Fig. 2D and E). This suggests that in the orthotopic model,
which best reflects what happens in breast cancer patients in terms
of cellular interactions during tumor progression, MDSC expan-
sion causes an increased pool of osteoclast precursors.

It is well accepted that breast cancer cells preferentially
metastasize to the bone, because the bone constitutes a favor-
able soil for their growth and proliferation. Indeed, it has been
shown that bone resorption, which releases growth factors such as
TGEFR, insulin-like growth factors (IGFs), fibroblast growth fac-
tors (FGFs), platelet-derived growth factors (PDGFs) and bone
morphogenetic proteins (BMPs), stimulates bone metastasis in
several malignancies including breast cancer.”*° Even though
further studies are needed to determine whether the favorable
microenvironment created by MDSCs plays a role in the estab-
lishment, rather than in the development, of bone metastases,
our observation that bone mass is decreased in mammary fat pad
tumor-bearing mice co-injected with tumor MDSCs supports
this hypothesis. Finally, the finding that tumor-induced MDSCs
lose their ability to promote bone destruction in tumor-free mice
indicates the tumorigenic phenotype of MDSCs is related to
their interactions with cancer cells and is reversible. The revers-
ibility of this process is critical when considering strategies for
therapeutic interventions.

Bone metastasis remains an important issue for breast cancer
patients, causing high morbidity and mortality. Our work, show-
ing that MDSCs not only exert immunosuppressive functions but
also induce bone lesions, identifies this cell population as a criti-
cal regulator of breast cancer metastasis to the bone and associ-
ated osteolytic bone disease, and as a potential therapeutic target.
Recent studies investigating the benefits of targeting MDSCs by
inhibiting their expansion or favoring their differentiation into
mature cells have already shown promising results.»=* Further
studies are needed to determine the clinical impact of these find-
ings, but our results strongly suggest that targeting MDSCs will
limit the negative effects of tumors on the skeleton.

Materials and Methods
Cell lines. Mouse 4T1 cells were purchased from ATCC and

MDA-MB-231 cells are a bone-trophic variant developed by Dr.
Mundy’s group in San Antonio that has been routinely used by our
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laboratory and many others.”*** Both cell lines were maintained
in DMEM (Invitrogen) supplemented with 10% fetal bovine
serum (FBS, Hyclone laboratories) and 1% penicillin/streptomy-
cin (Mediatech). For some experiments, MDA-MB-231 stably
transfected with the green fluorescent protein (GFP) obtained as
previously described were used.”’ They were maintained in the
conditions indicated above plus 200 pg/mL G418 (Invitrogen).
Cells were cultured in a 37°C atmosphere with 5% CO,.

Mouse models. All procedures were performed with the
approval of the Vanderbilt University Institutional Animal Care
and Use Committee and in accordance with Federal guidelines.

Mammary fat pad injections. Nude mice were anesthetized
using a ketamine/xylazine mixture and positioned ventral
side up. Fifty thousand 4T1 cells or 1 x 10° GFP-expressing
MDA-MB-231 cells resuspended in 100 pL PBS were then
injected into the 4th mammary fat pad of four to five weeks old
BALB/c and nude mice, respectively. Control mice were injected
with PBS only. Tumor growth was followed by caliper measure-
ment every 2-3 d, and tumor volumes determined using the for-
mula volume = length x (width)? x 0.5. After 3—4 weeks, mice
were sacrificed, tumors removed and spleen and bone marrow
cells collected for FACS analysis and Gr-1*CD11b* cell sorting.
For co-injections experiments, MDA-MB-231 cancer cells were
injected in nude mice in the same way with 1 x 10° of either naive
or tumor-induced MDSCs.

Intracardiac injections. MDA-MB-231 cells were trypsinized,
washed and resuspended in ice-cold PBS at a final concentration
of 1 x 10° cells/mL. Nude mice were anesthesized using a ket-
amine/xylazine mixture and positioned ventral side up. Tumor
cells were injected into the left cardiac ventricle using a percu-
taneous approach with a 27-gauge needle attached to a 1 mL
syringe, as described previously. Correct position injection in
the left ventricle was confirmed by the appearance of bright red
blood at the hub of the needle in a pulsatile fashion. Each mouse
received 1 x 10° cells in a 100 L volume or PBS as a control.
Bone metastasis and lesions were followed by GFP fluorescent
imaging and X-rays, respectively.

Radiographs of mice. Tumor-bearing animals were sedated
using ketamine/xylazine and placed in a prone position. X-ray
images were taken at 35 kVp for 8 sec using a digital radiog-
raphy system (Faxitron LX-60). Images were saved and lesions
area and numbers were determined using image analysis software
(Metamorph, Molecuar Devices, Inc.).

GFP imaging. GFP-labeled tumor cell growth was measured
and quantified using the CRi Maestro system. Mice were anes-
thetized using isoflurane and then placed in the Maestro imag-
ing equipment. After the image was obtained, it was spectrally
unmixed to remove the background fluorescence. Images were
quantified using region of interest (ROI) analysis software that is
supplied with the Maestro system.

Bone  histomorphometry. Hind-limb specimens (tibiae and
femora) were removed during autopsy and fixed in 10% neu-
tral buffered formalin (Fisher Scientific) for 48 h at room tem-
perature. Bone specimens were decalcified in 10% EDTA for
2 weeks at 4°C and embedded in paraffin. Spm-thick sections of
bone were stained with hematoxylin & eosin (H+E), orange G,

Volume 1 Issue 9



and phloxine for Tumor burden analysis. Sections for osteoclast
analysis were stained with Tartrate Resistance Acid Phosphatase
(TRAP) (25 mg/ml Pararosaniline dye (Sigma) and 0.2 mg/ml
Naphthol AS-BI substrate (Sigma)). Sections for GFP+ cell anal-
ysis were stained with Immunohistochemistry (IHC) (primary
antibody: anti-GFP (GeneTex) 1:400 1 hr RT, secondary anti-
body: Goat anti-rabbit IgG-HRP (SantaCruz) 1:400 1 hr, RT).
Stained femora and tibiae sections were examined under a micro-
scope and quantified using Metamorph software (Molecular
Devices, Inc.) and region of interest (ROI) analysis.

Micro-CT  analysis. Micro-computed X-ray tomography
(WCT) analysis was performed in the Vanderbile Institute of
Small Animl Imaging. The long axis of each specimen was
aligned with the scanning axis. One hundred slices from the
proximal femur or tibia were scanned at a 12-pum resolu-
tion (WCT Scanco Medical, Switerland). The region of inter-
est was trabeculae within the proximal metaphysis of the tibia
(0.24-1.20 mm) below the growth plate. Images were acquired
using 55 kV, 114 wA, 300-ms integration and 500 projections
per 180° rotation. Contiguous cross sections images of the entire
metaphyseal region were acquired. Following reconstruction, the
bone tissue was segmented from air soft tissue using a thresh-
old of 270 per thousand, a Gaussian filter of 0.8 and support
of 2. Standard architectural characteristics such as trabecular
bone volume (BV/TV), trabecular thickness (Tb. Th.), trabecu-
lar number (Tb.N.) and t and mean volumetric trabecular space
(Tb. Sp.) were calculated using the Scanco evaluation software.

Flow cytometry. BM cells were flushed from the tibia and
femur of the mice ad spleens were homogenized in PBS. Cell sus-
pensions were filtered through a 70 pm filter and then incubated
for 5 min on ice in red blood cells lysis buffer. After 2 PBS washes,
cells were labeled with Gr-1-PE and CD11b-APC fluorescence-
conjugated antibodies (Miltenyi Biotec) and analyzed on a flow
cytometer BD LSRII (Becton Dickinson). For Gr-1*CD11b* cell
sorting, cells were labeled in the same way and then incubated for
15 min with anti-PE magnetic microbeads. MDSCs were then
isolated by running the cell samples on AutoMACS.

In vitro cell differentiation. Ten thousand MDSCs were
seeded in 48-well plates and cultured in a-MEM supplemented
with 50 ng/mL RANKL and 25 ng/mL M-CSE. Media was
changed every 3 d for a 15 d period. At the end of the assay, cells
were fixed in ice-cold methanol and stained using a colorimetric
TRACP kit (Sigma-Aldrich) and counter stained in hematoxylin.
Multinucleated (more than 3 nuclei) TRACP cells were counted
in each well using a 106 microscopic objective. For osteoclast
functionality assays, osteoclasts were grown in the same condi-
tions on dentine discs. At the end of the experiment, dentine
discs were removed from culture and sonicated for 2 min in 5 mL
0.25 M ammonium hydroxide to remove cells. The discs were
then stained for 5 min 0.05% toluidine blue in 40% MeOH and
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air-dried. The total resorbed area was calculated using Adobe
Photoshop image analysis software.

Co-cultures. Ten thousand naive or tumor-induced MDSCs
were seeded in 24-well plates. MDA-MB-231 were seeded in 2 pm
wells insert. After 48 h of co-cultures, RNA from MDA-MB-231
and MDSCs was extracted from cells using RNeasy Mini Kit
(QIAgen), following manufacturer’s instructions.

Quantitative RT-PCR. PTHrP, GLI2 and 18§ mRNA
expression were measured by quantitative PCR (qgPCR). cDNA
was synthesized from 1-5 pg of total RNA using SuperScript
II First-Strand Synthesis System for RT-PCR (Invitrogen) and
random hexamers, per manufacturer’s instructions. cDNA was
serially diluted to create a standard curve and combined with
TagMan Universal PCR Master Mix (Applied Biosystems)
and primer: TaqMan PTHLH (Hs00174969_ml), TagMan
GLI2(Hs00257977_m1l), or TagMan Euk 78S rRNA (Applied
Biosystems, 4352930-0910024). Samples were loaded onto an
optically clear 96-well plate (Applied Biosystems) and the qPCR
reaction was performed under the following cycling conditions:
50°C for 2 min, 95°C for 10 min, (95°C for 15 sec, 60°C for
1 min) x 40 cycles on a 7300 Real-Time PCR System (Applied
Biosystems). qPCR reactions were quantified using the 7300
Real-Time PCR Systems software (Applied Biosystems).

Statistical analyses. All values are expressed as means + SEM.
Values were compared using multifactorial analysis of vari-
ance followed by the Student—Newman—Keuls test for multiple
comparisons. p < 0.05 was considered significant. * p < 0.05,
b < 0.01, *** p < 0.005.
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