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Abstract
Elevated levels of plasmacytoid dendritic cells (pDC) have been reported in breast cancer patients,
the significance of which remains undefined. Using three different immunocompetent mouse
models of BCa bone metastasis, we identified a key role for pDC in facilitating tumor growth
through immunosuppression and aggressive osteolysis. Following infiltration of macrophages
upon breast cancer dissemination, there was a steady increase of pDC within the bone, which
resulted in a sustained Th2 response along with elevated levels of Treg and MDSC. Subsequently,
pDC and CD4+ T cells, producing osteolytic cytokines, increased with tumor burden causing
severe bone damage. Micro-CT and histology analyses of bone showed destruction of femur and
tibia. Therapeutic significance of this finding was confirmed by depletion of pDC, which resulted
in decreased tumor burden and bone loss by activating tumor-specific cytolytic CD8+ T cells and
decreasing suppressor cell populations. Thus, pDC depletion may offer a novel adjuvant strategy
to therapeutically influence breast cancer bone metastasis.
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INTRODUCTION
Nearly 80–90% of breast cancer patients with advanced disease have osteolytic disease,
characterized by increased bone damage resulting from enhanced osteoclast activity (1). The
presence of such bone lesions usually signifies serious morbidity and a grave prognosis with
severe pain, pathological fractures, nerve compression syndromes and hypercalcemia (2).
Current therapies for bone metastasis in breast cancer patients are limited and are focused
only on symptomatic management, limiting the progression of established disease (3).
Although a significant amount of research has been carried out on understanding breast
cancer bone metastasis, not much is known about the events leading to the bone metastasis.
Hence, a better understanding of the molecular mechanisms involved in the formation and
progression of bone metastases is needed.

Dissemination of the primary tumor to the bone triggers the production of osteolytic
cytokines and growth factors that result in osteoclast activation and promote tumor growth
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and immune-suppression in the bone microenvironment (4). Conversely, products of bone
cells are critical for normal development of the hematopoietic and immune systems (4). In
osteopenic conditions like osteoporosis, bone destruction results from enhanced osteoclast
activity with a concomitant decrease in osteoblast numbers, without a significant alteration
in the immune system (5). But the osteolytic bone changes observed in bone metastasis are
triggered by a coordinated interplay of bone homing cancer cells, osteoclasts and the
immune cells in the bone marrow (BM) (6). Thus, elucidation of the molecular mechanisms
during these interactions should provide new insights into the treatment for cancer bone
metastasis.

Using immunocompetent mouse models of breast cancer dissemination to bone and other
organs, the present study characterized the immune mechanisms that regulate osteolytic
breast cancer metastasis at different stages of tumor progression. Results indicated that the
vicious cascade promoting tumor growth, immune-suppression and bone damage is
regulated by plasmacytoid dendritic cells (pDC), shifting the T helper cell (Th) homeostasis
greatly towards the Th2 phenotype, independent of the effects of myeloid suppressor cells.
Depletion of pDC in vivo resulted in a significant increase in Th1 response, leading to a
decrease in both tumor growth and bone damage. Further, such a reversal of Th2 to Th1
response resulted in an increased CD8+ T cell activity against the tumor in bone and visceral
organs. Collectively, these data indicate the potential of this strategy for advanced stage
breast cancer patients to decrease bone morbidity and increase survival.

MATERIALS AND METHODS
An in vivo model for breast cancer bone metastasis

Mouse breast cancer cell lines 4T1, constitutively expressing firefly luciferase [4T1(fLuc)],
TM40D and r3T were kind gifts from Dr. Xiaoyuan Chen (Stanford University), Dr. Andre
Lieber (University of Washington), and Dr. Susan Rittling (Forsyth Institute), respectively
and cultured as described before (7–9). Approximately, 105 cells from each cell line were
injected via the intra-cardiac route in respective syngeneic, female mice of 6–8 weeks of age
(Frederick Cancer Research and Development Center, Frederick, MD). Progression of the
4T1 tumor growth and dissemination to the bone was followed by non-invasive imaging of
mice using the IVIS Imaging System (Xenogen Corp.). On days 3, 7, 10 and 14, cohorts of
mice were sacrificed for analyses. Blood was collected and serum separated. Selected
visceral organs and bones were collected for histology. Spleen and BM were used for
enumerating the immune cell profile and activation status. Tumor progression was also
assessed in an interferon alpha receptor knock-out mouse model (IFNAR−/−) in BALB/c
background (kindly provided by Dr. Andrew Mellor, Georgia Health Sciences University)
and in C57BL/6 background using a syngeneic osteolytic cell line.

Immune cell depletion
To deplete pDC, mice were injected intra-peritoneally with 250 μg of PDCA-1 antibody
(clone # JF05-IC2.41; Miltenyi Biotec, Auburn, CA) every other day (10). As a control,
mice were injected with similar amounts of IgG antibody (Miltenyi Biotec, Auburn, CA).
Four days after injection of antibodies, blood was collected by retinal bleeding.
Mononuclear cells obtained by Ficoll-Hypaq (GE Healthcare, Piscataway, NJ) gradient
extraction were incubated with PDCA-1-Alexa 647 antibody (eBioscience, San Diego, CA)
for 30 min and were enumerated by flow cytometry. Once depletion of pDC was confirmed,
mice were challenged with 105 4T1(fLuc) cells by intra-cardiac route. Injection of PDCA-1
or IgG antibodies was continued until the end of the experiment.
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Micro-CT and histology
Upon sacrifice of tumor-challenged mice at different time points, both femur and tibia were
collected and fixed in 4% buffered-formalin for 2 days and were subjected to micro-CT
analysis (Micro- CT40; SCANCO Medical, Wayne, PA). The formalin-fixed bones were
then decalcified in 2.5% EDTA, pH 8.0, for 2 weeks. Five μm paraffin-embedded sections
were used for histological analysis.

Immunohistochemistry
The presence of breast cancer cells in the visceral tissues and bone was detected by
conventional light microscopic evaluation of H&E stained tissue sections by a senior
anatomic pathologist and confirmed by staining with cytokeratin-8 antibody (Abcam,
Cambridge, MA) as described previously (11). The presence of osteoclasts within the bone
sections was detected by tartarate-resistant acid phosphatase (TRAP) staining as described
previously (12). All the microscopic images were obtained using Leica DMI4000B
microscope, attached to a Leica DFC500 digital camera. The LASv3.6.0 software was used
to optimize picture quality and also for generating scale bars for individual images.

Isolation of immune cells and FACS analysis
Immune cells were isolated from the bone of tumor challenged mice. Both femur and tibia
were flushed to collect bone marrow cells. Following RBC lysis using the ACK lysis buffer
(Quality Biologicals Inc., Gaithersburg, MD), cells were suspended in FACS staining buffer
(PBS + 2% FBS + 0.01% sodium azide) and incubated with Fc-Block, for 15 min at 4°C.
These cells were stained (106 cells/group) to detect various immune cell populations using
cell specific fluorescence conjugated antibodies, purchased from ebioscience, San Diego,
CA, for 30 min at 4°C. Upon fixation with 4 % paraformaldehyde, cells were enumerated
using a FACS Caliber Flow Cytometer (Beckman Coulter, Hialean, FL) (13). Thirty × 103

events were acquired for each sample. The data were analyzed using FlowJo software. For
detecting the presence of Treg cells, cells stained with antibodies to CD3 (Clone 17A2),
CD4 (Clone GK1.5) and CD25 (Clone PC61.5) were permeabilized with a commercially
available permeabilization buffer (eBioscience, San Diego, CA), for 30 min, at 4°C and then
stained with antibody to Fox-P3 for 30 min at 4°C. Within the CD3+CD4+ cells, subset of
CD25+FoxP3+ cells was detected. These cells were considered as Treg.

For detecting the presence of PDCA-1 antigen on the 4T1(fLuc) cells, bone marrow cells
were collected upon sacrifice of mice with established breast cancer bone metastasis.
Following Fc-block, cells were stained with antibodies to CD45 (Clone 30-F11) and
PDCA-1 (Clone eBio927) for 30 min at 4°C. Cells which stained negative for both the
antibodies were sorted and cell lysate was prepared. Luciferase assay was carried out as per
the manufacturer’s instructions (Promega). As a control, 4T1(fLuc) cells grown in vitro
were used for the luciferase assay.

Co-culture assay for osteoclast activity
For isolation of monocytes, cells were incubated with biotinylated CD115 antibody
(eBioscience, San Diego, CA), for 15 min, at 4°C followed by incubation with anti-biotin
microbeads (Miltenyi Biotec, Auburn, CA). Magnetic separation was carried out as per the
manufacturer’s instructions. For isolation of CD4+ T cells, a commercially available kit was
used (Miltenyi Biotec, Auburn, CA). Monocytes and CD4+ T cells were cultured at a ratio
of 1:100 where monocytes were plated in 96-well tissue culture plates (Corning Inc.,
Corning, NY) and CD4+ T cells were placed in 0.2 μm tissue culture inserts (Nalge Nunc
International, Rochester, NY). Media was changed as described previously (14). For
determining the role of RANKL and IL-15 in osteoclast generation, recombinant OPG (100
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ng/ml) and/or IL-15 antibody (10 μg/ml) was added in the co-culture either individually or
in combination. After 10 days, presence of osteoclasts was detected by TRAP staining.

Cytokine assay
RNA was isolated from CD4+ T cells by the TRIZOL RNA extraction method (Invitrogen,
Carlsbad, CA). cDNA was prepared as per the manufacturer’s instructions (Bio-Rad Labs.,
Hercules, CA) and was used in real-time RT-PCR assays for detecting the presence of
cytokines IL-3, IL-6, IL-10, IL-11, IL-12, IL-15, IL-17, TGF-β and RANKL.

Serum cytokine levels were assayed using a commercially available Mouse 22-plex cytokine
assay kit obtained from Millipore (Millipore Inc., Billercia, MA). Each assay was performed
in triplicate.

Cytotoxicity assay
CD8+ T cells were isolated from the BM using a commercially available CD8a+ T cell
isolation kit II (Miltenyi Biotec, Auburn, CA) and were used as the effector cells (E).
4T1(fLuc) cells were used as the target population (T). The assay was set up with E:T ratios
of 5:1, 10:1, 20:1 and 40:1. The cytotoxicity assay was performed using the commercially
available LIVE/DEAD cell-mediated cytotoxicity kit (Molecular Probes, Eugene, OR).

Statistical analysis
Data are presented as mean ± SE. Statistical analysis was performed using the Student’s t-
test. Statistical significance was determined at < 0.05 level.

RESULTS
An in vivo model of breast cancer bone dissemination

For understanding possible mechanisms that are conducive for the growth of breast cancer in
the bone, we employed three different models with syngeneic breast cancer cell lines
4T1(fLuc) cells in BALB/c; r3T cells in 129S and TM40D cells in BALB/c mice. These
cells upon intracardiac injection readily metastasized to various organs including the bone
(Fig. 1a). Histologic analysis verified the presence of cancer cells in the liver and lungs (Fig.
1b) and in the tibia and femur (Fig. 1c). Micro-CT analysis of the tibia and femur, 14 days
after tumor challenge, showed a dramatic destruction of bone compared to age-matched
controls (Fig. 1d and Fig. S1) with increased osteoclast numbers (Fig. 1e).

Dissemination of cancer cells to the bone initiates an inflammatory reaction followed by
pDC enrichment

As tumor cells disseminated to the bone, cohorts of mice were sacrificed and cells were
collected from the BM to examine the profile of immune cells mediating the disease
pathology. Results indicated that as breast cancer disseminated to the bone, there was an
initial macrophage infiltration (Fig. 2a) followed by an increase in the B220+CD11c+ (Clone
RA3-6B2 for B220 and Clone N418 for CD11c antibody) pDC population (Fig. 2b). To
further confirm pDC specifically, B220+CD11c+ cells were stained for markers including
SinglecH (Clone eBio440c), PDCA-1 and Gr-1. Close to or more than 90% of the
B220+CD11c+ cells were positive for these markers, confirming the pDC increase in the
bone (Fig. 2c).

Increased pDC numbers with increased bone metastasis was observed in all three models,
confirming that elevated pDC numbers during progressive stages of breast cancer
dissemination is not due to the variability (Fig. 2d and e).
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Elevation of pDC numbers is accompanied by skewing of immune response towards Th2
Next, the effect of elevated pDC levels on T cell immune response was analyzed by
characterizing the T-helper response in BALB/c mice with 4T1(fLuc) cells. Results of this
study indicated significantly high levels of IL-4 compared to IFN-γ levels that progressed
with tumor growth and bone metastasis, thus indicating a skewing towards Th2 response as
the cancer progressed to invade and proliferate within the bone (Fig. 3a). The multiplex
cytokine analysis from the sera of mice revealed an increased secretion of Th2 specific
cytokines; IL-5 and IL-6 and reduced levels of Th1 specific IL-12 and IP-10 (data not
shown). The switch to Th2 response also correlated with increased pDC levels.

As pDC skew the immune response towards a Th2 phenotype via a CD40-CD40L
interaction in the presence of IL-3 (15), we examined the surface expression of CD40 (Clone
1C10) on pDC and CD40L (Clone PC61.5) on CD4+ T cells. The skewing of the immune
response towards the Th2 phenotype correlated with increased expression of CD40 and
CD40L on pDC and CD4+ T cells, respectively (Fig. 3b). IL-3 levels were elevated in CD4+

T cells (Fig. 3c). Together, these data show that elevated pDC in the bone microenvironment
polarizes the immune response towards a suppressive Th2 phenotype that allows tumor
growth and spread into bone.

Increased production of osteolytic cytokines leads to increased osteoclast numbers and
bone destruction

Cytokine analysis by the multiplex assay using sera from mice indicated a significant
increase in the levels of IL-15, RANTES and MCP-1, known inducers of osteoclasts, as
cancer dissemination progressed into and within the bone (Fig. S1). As CD4+ T cells are a
major source of osteolytic cytokines, we assayed for the presence of these cytokines in
CD4+ T cells from the BM of tumor-challenged mice. Our data indicated significantly
higher levels of IL-6, IL-11, and IL-15 with increased bone destruction (Fig. 4a). We next
determined if the increased cytokine production by CD4+ T cells resulted in increased
osteoclast numbers. To assay for osteoclast numbers, CD4+ T cells, isolated from either
spleen or BM, were co-cultured with BM-derived monocytes. Results indicated significantly
high numbers of osteoclasts by TRAP staining when monocytes were co-cultured with BM-
derived CD4+ T cells compared to those from spleen (Fig. 4b). Further, the number of
osteoclasts increased as breast cancer metastasized within the bone.

We next determined if the CD4+ T cells in the BM of tumor-bearing mice are more primed
to effect monocyte differentiation into osteoclasts. For this purpose, monocytes from control
mice were co-cultured with CD4+ T cells from tumor-challenged mice, and monocytes from
the tumor-challenged mice with CD4+ T cells from control mice. Results indicated a
significant increase in osteoclast numbers when CD4+ T cells from tumor-bearing mice were
co-cultured with monocytes either from tumor-challenged mice or from control mice (Fig.
4c). Conversely, CD4+ T cells from control mice induced lesser numbers of osteoclasts
when cultured with tumor-derived monocytes. However, osteoclast numbers were still
significantly higher than that obtained after culturing monocytes and CD4+ T cells from
control mice suggesting that monocytes from tumor-challenged mice are more primed
towards osteoclast differentiation.

Further, to determine which osteolytic cytokines played a major role in osteoclast activation,
osteoprotegerin (OPG), a soluble decoy receptor of RANKL, and antibody to IL-15 were
added to the culture either individually or in combination. Results of this study indicated that
the number of osteoclasts was considerably reduced when OPG and IL-15 antibodies were
added individually or in combination (Fig. 4d), confirming that both RANKL and IL-15
induce monocyte differentiation towards osteoclasts.
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Depletion of pDC in vivo results in reduced tumor growth and absence of bone metastasis
In order to confirm that pDC are key regulators of breast cancer bone metastasis, pDC
depletion was performed in vivo with PDCA-1 antibody (Fig. S2). As a control, cohorts of
mice received isotype IgG antibody. On day-12 post tumor challenge, tumor growth was
observed in the bones of both naïve (challenged with 4T1 cells but without any antibody
treatment) and IgG injected mice. However, PDCA-1 injected mice not only showed a
dramatic reduction in overall tumor burden (Fig. 5a & b), but the tumor cells did not
disseminate to bone (Fig. 5a). Metastasis to lungs was significantly less compared to naïve
and IgG injected groups (Fig. 5c & d). Cytokeratin-8 staining did not reveal the occult
presence of cancer cells in the tibia of PDCA-1 injected mice, further supporting the
luciferase image analysis (Fig. 5e).

To rule out the possibility that reduced tumor burden in PDCA-1 injected mice was not due
to binding of the PDCA-1 antibody to 4T1(fLuc) cells, which could have prevented their
proliferation, 4T1(fLuc) cells isolated from tumor-bearing mice were tested for their ability
to bind to PDCA-1 antibody. Once breast cancer bone metastasis was established in mice,
the animals were sacrificed and bone marrow cells were collected. Cells were stained for
antibodies to CD45 and PDCA-1. As non-immune cells do not express CD45, staining for
PDCA-1 was detected among CD45− cells. Results clearly indicated an absence of PDCA-1
staining on CD45− cells. Further, to confirm that the CD45− cells that did not bind to
PDCA-1 were indeed 4T1(fLuc) cells, these cells were sorted and luciferase activity was
determined in that population since the 4T1(fLuc) cells used in this study constitutively
expressed firefly luciferase. High luciferase count was detected suggesting that a major
fraction of CD45−PDCA-1− cells were indeed breast cancer cells (Fig. S2). This observation
confirmed that in vivo breast cancer cells isolated from the bone microenvironment do not
express PDCA-1, thus eliminating any direct effect of PDCA-1 antibody treatment on tumor
growth and dissemination and validating its use for this study.

For further direct confirmation that pDC indeed play a vital role in breast cancer bone
metastasis, a genetic mouse model lacking expression of interferon alpha receptor
(IFNAR−/−) was used as these mice lack functional pDC (16, 17). A similar study in this
model showed a dramatic reduction in the growth of breast cancer in IFNAR−/− mice
compared to the syngeneic WT mice thus confirming a role for pDC in promoting tumor
growth and metastasis (Fig. 5f).

Micro-CT analysis of femur and tibia following PDCA-1 injection did not show bone
destruction as seen in the naïve and IgG injected mice (Fig. 6a), which also correlated with
less TRAP+ osteoclasts in tibia (Fig. 6b). These results were further confirmed when upon
co-culture of CD4+ T cells and monocytes, PDCA-1 group had significantly less numbers of
osteoclasts compared to the naïve and IgG groups (Fig. 6c). The decreased osteoclast
numbers can be attributed to decreased amounts of osteoclast-inducing cytokines in mice
treated with PDCA-1 antibody (Fig. 6d, Fig. S3). Similar to results observed in PDCA-1
group, micro-CT analysis also revealed reduced bone destruction in tumor-challenged
IFNAR−/− mice compared to the WT mice (Fig. 6e). Together, these data demonstrate that
pDC enhance breast cancer bone metastasis.

Additionally, to rule out the possibility that the genetic background of IFNAR−/− mice
(BALB/c) played a role in reduced tumor growth and osteolysis, similar study was also
carried out in IFNAR−/− mice in C57BL/6 background using an osteolytic cell line. Data
clearly demonstrated that the genetic background of IFNAR−/− mice did not affect outcome
of results as reduced tumor growth and osteolysis was also observed in IFNAR−/− mice in
C57BL/6 background (Fig. S4).
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Depletion of pDC restores a Th1 type immune response
We next analyzed the effect of pDC depletion on the anti-tumor immunity. As expected, the
numbers of pDC were markedly reduced in PDCA-1 injected mice compared to naïve and
IgG injected mice (Fig. 7a). Decreased pDC levels resulted in an increase in Th1 cells with
concomitant decrease in Th2 cells as assessed by high IFN-γ and low IL-4 levels
respectively in PDCA-1 antibody injected group (Fig. 7b). But in both naïve and IgG
antibody injected mice, elevated Th2 cells were seen as observed before. Multiplex cytokine
analysis further supported the immune profile, showing increased secretion of Th1-
associated cytokines (Fig. S3). Depletion of pDC also resulted in a decrease in MDSC and
Treg numbers compared to naïve and IgG injected mice (Fig. 7c & d). To determine the
possible mechanism for reduced tumor growth in pDC-depleted mice, CD8+ T cells were
isolated and used in cytotoxicity assay. Freshly isolated CD8+ T cells from pDC-depleted
mice exhibited significantly enhanced cytotoxicity compared to those from naïve and IgG
groups against 4T1 cells as the target population (Fig. 7e).

We also detected pDC levels in bone marrow of WT and IFNAR−/− mice after tumor
challenge. Unlike, elevated pDC levels observed in WT mice, IFNAR−/− mice did not
exhibit such high pDC levels (Fig. 7f). This observation is concomitant with low pDC levels
observed in PDCA-1 antibody injected group. Both these groups of mice also show
drastically reduced breast cancer growth and bone metastasis.

DISCUSSION
Studies using tissues from human breast cancer patients have documented infiltration of
pDC at the periphery of tumor and at sites of metastasis (18, 19). Plasmacytoid DC are also
present in lymph nodes carrying breast cancer metastasis (20). However, the significance of
this is not clearly defined. Using metastatic models of breast cancer in immunocompetent
mice, the present study first established and then systematically defined these events
connecting cancer growth and osteolysis through immune modulation. Results of these
analyses clearly demonstrate that pDC play a key role in this vicious cascade.

From our studies, it is apparent that dissemination of the breast cancer to the bone initiates
infiltration of macrophages (Fig. 2a), which produces an inflammatory response, resulting in
the triggering of a pDC response (Fig. 2b). Although the signal that induces pDC
accumulation has not yet been identified, it is possible that infiltration of macrophages to the
site of invading cancer cells, as well as proliferating breast cancer cells in the bone
microenvironment, may cause an increase in the production of Flt-3 ligand. Production of
Flt-3 ligand in turn has been linked to inflammation in the bone post neoplastic breast cell
infiltration (21).

Macrophage differentiation, growth and chemotaxis are regulated by many growth factors,
including CSF-1, GM-CSF, IL-3 and several chemokines including MCP-1 (CCL-2) and
RANTES (CCL5). MCP-1 over-expression has been reported in many cancers including
breast cancer (22–25). Similarly, a significant increase in RANTES has also been reported in
BM micro-environment of multiple myeloma patients (26). Results of multiplex analysis
indicated a significant increase in MCP-1, RANTES, IL-3 and IL-6, suggesting a probable
role of these cytokines and growth factors in macrophage infiltration (Fig. S1). Levels of
pro-inflammatory cytokines were significantly reduced following pDC depletion, which
correlated with an absence of bone metastasis. On the other hand IP-10, a potent inhibitor of
both angiogenesis and tumor growth in the bone in vivo (27, 28) was upregulated in pDC
depleted mice (Fig. S3) thus supporting the importance of these molecules in suppressing
bone metastasis in these mice.
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Another notable finding of the present study is elevated levels of pDC, Treg, Th2 and
MDSC in the BM compared to that in the spleen suggesting the suppressive immune
response is polarized more in the BM than in the spleen (data not shown). As pDC reside
mainly in the bone, it was not surprising to note greater pDC levels in BM. However, a
striking discovery in the present study was the prevalence of an increasing pDC population
as cancer growth progressed in the bone. pDC activation of CD4+ T cells was correlated
with higher CD40 expression on pDC and higher CD40L expression on CD4+ T cells along
with increased IL-3 production by the CD4+ T cells. This ligation was maintained
throughout the period of progressive cancer burden and bone destruction, suggesting that
constant stimulation of CD4+ T cells by pDC is critical for skewing and maintaining the
immune response towards a Th2 phenotype (29, 30). Concomitant to this effect, the levels of
osteolytic cytokines IL-3, IL-6, IL-11, and IL-15 were maintained at elevated levels (31,
32).

Skewing of the immune response towards the Th2 phenotype was associated with decreased
Th1 response. Elevated Th2 associated cytokines IL-13, IL-4 and IL-5 alongwith low levels
of Th1 cytokines like IP-10 and IFN-γ (Fig. 3 & S3), further maintained Th2 polarization.
At the initial stage of cancer dissemination (notably days 3 and 7), there was an initial spike
in Th1 cells (Fig. 3). This observation suggests that although a significant Th1 response was
not noted during progressive stages of breast cancer dissemination, a notable increase in Th1
cells during the first few days caused an initial influx of anti-tumor activity-inducing
immune effector cells, which may have been dampened by a gradual increase in pDC and
Th2 cells and associated cytokine production, facilitating immunosuppression, tumor growth
and osteolysis.

It was not surprising to observe increased levels of both Treg and MDSC in the bone
microenvironment. Both of these immunosuppressive cells are known to be upregulated in
the presence of IL-10 and TGF-β (33). Interestingly, activated Treg were noted even at a late
stage of the disease, when the overall host immune response may have been greatly
dampened due to increased tumor burden. Recent studies have shown that MDSC induce
immune-suppression and allow progression of several cancers including breast cancer and
reduction of MDSC significantly delays primary tumor growth (34–37).

The significance of high pDC numbers and a shift in T cell homeostasis in promoting tumor
growth, immunosuppression and osteolytic bone damage was further confirmed by depletion
of the pDC population prior to tumor challenge. Dampening of the pDC response not only
resulted in a greater decrease of tumor growth in the bone but also in other metastatic sites
including lungs, and liver. Results indicated a shift from a Th2 to Th1 immune response
following pDC depletion, as evidenced by an increase in IL-12 production (Fig. S3) and
activated Th1 cells. Cytotoxicity assay using CD8+ T cells isolated from pDC depleted mice
further confirmed a direct effect on both the reversal to Th1 polarization and anti-tumor
activity both in the bone and in visceral tissues, along with an increase in IFN-γ levels.
Thus, it remains possible that by depleting pDC accumulation in breast cancer patients (18,
19) augmentation of anti-tumor immunity may be achieved.

Coupled to other cancer immunotherapy strategies, whether active immune response through
tumor antigen-specific vaccines or treatments aimed at non-specific activation of immune
effectors by passive immunotherapy including GM-CSF and IL-2 therapies, pDC depletion
therapy is likely to promote an augmented anti-tumor effect and extend survival. A
remarkable decrease in the production of osteolytic cytokines following pDC depletion also
strongly suggests that incorporation of this unique axis into therapy regimens will improve
bone remodeling significantly and decrease progressive bone loss in patients with breast
cancer.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In vivo model for bone metastasis of the breast cancer
(a) The murine breast cancer cell line 4T1(fLuc) was injected into female BALB/c mice via
the intra-cardiac route. Growth and spread of the tumor was followed on days 3, 7, 10 and
14 by non-invasive luciferase imaging. A representative image for each time point is shown.
(b) Mice were sacrificed and liver and lungs were collected and paraffin sections were
stained with H&E to detect the presence of tumor cells. Representative images from mice
sacrificed 14 days post-tumor challenge are presented. (c) Cytokeratin-8 staining was
performed on paraffin sections of the femur and tibia from mice 14 days after tumor
challenge. Inset represents 40x image. (d) Fourteen days post-tumor challenge, tibia and
femur were collected and subjected to Micro-CT analysis. As a control, tibia and femur from
age-matched mice were included. (e) Paraffin sections from fourteen days post tumor-
challenged mice were TRAP stained to detect osteoclasts. Six mice were used for each time
point and the experiment was performed 3 times independently.
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Figure 2. Numbers of pDC increase with increased dissemination of the breast cancer to bone
(a) On days 3, 7, 10 and 14 following tumor cell injection, mice were sacrificed and BM
cells were isolated as mentioned in Materials and Methods. The presence of macrophages
was detected using anti-F4/80 and enumerated by flow cytometry. (b) pDC were detected by
staining with B220 and CD11c antibodies and analyzed by flow cytometry. A representative
data set from each time point is shown. (c) Presence of pDC (B220+CD11c+) was further
confirmed with Singlec-H, PDCA- 1, Gr-1 and CD11b antibodies. Data are shown for mice
14 days post-tumor challenge. (d) BALB/c and 129S mice were injected with TM40D and
r3T cells respectively via intra- cardiac route. pDC levels were evaluated by flow cytometry
using B220 and CD11c, antibodies on days 7, 10 and 14 from BM, similar to that described
above. Representative data from each time point for both the cell lines is provided here.
Bone marrow cells were isolated from 6 mice for every time point and were treated as
individual samples. For each sample, the above mentioned flow cytometry analysis was
performed. This experiment was performed three times independently.
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Figure 3. Elevation in pDC is concomitant with elevation in Th2 cells
(a) Serum samples from mice on days 3, 7, 10 and 14 post-tumor challenge were assayed for
levels of IFN-γ and IL-4 by multiplex ELISA as per the manufacturer’s instructions. Results
are expressed as pg/ml of respective cytokine ± SE (N=3, *p<0.05). (b) Cells stained for
pDC and CD4+ T cell markers were stained for CD40 and CD40L respectively. Results are
shown as percent positivity in the expression of these markers compared to control. (c) Cells
isolated from BM were cultured in RPMI-1640 in the presence of 5 ng/ml PMA, 500 ng/ml
Ionomycin and 1 μg/ml GolgiPlug protein transport inhibitor for 4 hrs. Cells were then
stained with surface antibodies to CD3 and CD4. Upon permeabilization, cells were stained
with antibody to IL-3. Percent of IL-3 secreting CD+ T cells was analyzed by flow
cytometry by intra-cellular staining. Data is a representative curve at each time point.
Statistical analysis included N=3, *p<0.05 by Student’s t-test. Six mice were included for
each time point and the experiment was repeated three times independently.
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Figure 4. RANKL and IL-15 antagonist decrease osteoclast activity during bone metastasis of the
breast cancer cells
(a) RNA was isolated from BM CD4+ T cells, cDNA was synthesized and used in real-time
RT-PCR analysis for IL-6, IL-11, IL-15 and RANKL. Data is presented as fold change in
the expression of RNA as compared to the control. (b) Monocytes and CD4+ T cells isolated
from BM and spleen were co-cultured in a ration of 1:100, respectively, for osteoclast
differentiation. Cells with 3 or more nuclei were scored as osteoclasts following TRAP
staining. (c) Monocytes isolated on day 14 from tumor-challenged mice were co-cultured
with CD4+ T cells from either the tumor-challenged or the control mice for osteoclast
differentiation. (d) On days 10 and 14, OPG or antibody to IL-15 was added to the co-
cultures of monocytes and CD4+T cells individually or in combination. After 10 days,
TRAP staining was performed to detect the presence of osteoclasts. For statistical analysis,
N=3, *p<0.05 by Student’s t-test. The above experiments were performed by isolating cells
from 6 different mice for each time point. The experiments were repeated 3 times
independently.
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Figure 5. Depletion of pDC significantly reduces the growth of the breast cancer cells in vivo
(a) Representative luciferase imaging of naïve, IgG-treated and PDCA-1-treated mice
twelve days after tumor challenge are presented. (b) Total luciferase counts from mice of
each group, 12 days post tumor challenge are presented. (c) Paraffin section of lungs from
naïve, IgG injected and PDCA-1 injected mice were stained with H&E. A representative
section from each group is shown. Inset represents 20x magnification. (d) Breast cancer
metastasis sites in the lungs were counted for naïve, IgG injected and PDCA-1 injected
mice. (e) Paraffin sections of tibia from naïve, IgG- and PDCA-1-treated mice were stained
with cytokeratin-8 antibody. Arrows indicate presence of breast cancer cells on the section.
(f) Representative luciferase imaging of 4T1(fLuc) cell-challenged WT and IFNAR−/− mice
(BALB/c background) 12 days post tumor challenge are shown. Statistical analysis included
N=3, *p<0.05, **p<0.01 by Student’s t-test. Depletion of pDC was performed twice
independently. For each time point, 3 mice were included in naïve, IgG and PDCA-1
groups.
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Figure 6. Decreased numbers of osteoclasts results in the absence of bone destruction in pDC
depleted mice
(a) Twelve days post-tumor challenge, tibia and femur from naïve, IgG-and PDCA-1-treated
group were subjected to micro-CT analysis. (b) Paraffin sections of tibia from the naïve, IgG
injected and PDCA-1 injected mice twelve days after tumor challenge were stained for
TRAP to detect osteoclasts. (c) On day 12 post tumor challenge, monocytes and CD4+T
cells from naïve, IgG and PDCA-1 antibody injected mice were co-cultured to assay
osteoclast numbers. (d) cDNA from CD4+T cells of naïve, IgG- and PDCA-1 antibody
treated mice were used to detect the levels of IL-6, IL-11, IL-15 and RANKL by real-time
RT-PCR. Data is presented as a fold change in expression of RNA compared to the control.
(e) Micro-CT analysis of tibia and femur from WT and IFNAR−/− mice 12 days post tumor
challenge. For statistical analysis, N=3, *p<0.05 by Student’s t-test. Presented data is from 3
different mice from each group. These experiments were repeated twice separately.
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Figure 7. Depletion of pDC skews the immune response towards Th1 and results in decreased
immunosuppression
(a) Presence of pDC was detected in BM from naïve, IgG and PDCA-1 antibody injected
mice 12 days post tumor challenge. A representative image from the 3 groups is presented.
(b) IFN-γ and IL-4 levels were measured as mentioned before. (c) Numbers of monocytic
MDSC (CD11b+Ly6C+Ly6Glo) in the BM after pDC depletion was enumerated by flow
cytometry. (d) The presence of Treg cells was detected by staining BM cells from control,
IgG and PDCA-1 antibody treated mice. (e) CD8+ T cells isolated from the BM of IgG and
PDCA-1 treated animals 3 days post tumor challenge were used as the effector population
(E) with 4T1(fLuc) cells as the target population (T). Cytotoxicity assay was carried out
using a commercially available kit. (f) Presence of pDC was detected in BM from WT and
IFNAR−/− mice 12 days post tumor challenge. Mice with no tumor challenge included as the
control group. A representative image for each group, showing percent of pDC, is presented.
Statistical analysis included N=3, *p<0.05 by Student’s t-test. The flow cytometry and
cytotoxicity assays were from 3 mice for each group and for each time point. The
experiments were repeated twice independently.
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