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A B S T R A C T

The tumor-cell microenvironment is recognized as a dynamic place where critical cell interactions occur and
play an important role in altering tumorigenesis. While many studies have investigated the effects of cellular
cross-talk within distinct tumor microenvironments, these interactions have yet to be fully examined in bone. It
is well-established that many common cancers metastasize to bone, resulting in the development of tumor-
induced bone disease (TIBD), a multi-facetted illness that is driven by complex cell interactions within the bone
marrow. Our group has previously published that myeloid progenitor cells expand in the presence of tumors in
bone, aligning with the notion that myeloid cells can act as tumor promotors. Several groups, including ours,
have established that transforming growth factor β (TGF-β), an abundant growth factor in bone, can regulate
both TIBD and myeloid expansion. TGF-β inhibitors have been shown to increase bone volume, decrease bone
destruction, and reduce but not eliminate tumor. Therefore, we hypothesize that inhibiting TGF-β will reduce
myeloid expansion leading to a reduction of tumor burden in bone and osteoclast-mediated bone loss, causing to
an overall reduction in TIBD. To address this hypothesis, two different mouse models of breast cancer bone
colonization were pre-treated with the TGF-β neutralizing antibody, 1D11, prior to tumor inoculation (athymic:
MDA-MB-231, BALB/c: 4T1) and continuously treated until sacrifice. Additionally, a genetically modified mouse
model with a myeloid specific deletion of transforming growth factor beta receptor II (TGF-βRII) (TGF-
βRIIMyeKO) was utilized in our studies. Systemic inhibition of TGF-β lead to fewer osteolytic lesions, and reduced
tumor burden in bone as expected from previous studies. Additionally, early TGF-β inhibition affected expansion
of distinct myeloid populations and shifted the cytokine profile of pro-tumorigenic factors in bone, 4T1 tumor
cells, and bone-marrow derived macrophages. Similar observations were seen in tumor-bearing TGF-βRIIMyeKO

mice, where these mice contained fewer bone lesions and significantly less tumor burden in bone, suggesting
that TGF-β inhibition regulates myeloid expansion leading to a significant reduction in TIBD.

1. Introduction

Breast cancer is the second leading cause of death among women
[1], and up to 80% of metastatic breast cancer patients will develop
bone metastases [2].Once established in bone, tumors can induce bone
destruction, increase fracture, and hypercalcemia, all factors associated
with high morbidity and mortality rates [2]. While current therapies,
including bisphosphonates and denosumab, targeting osteoclast-medi-
ated bone destruction have successfully improved patient morbidity

and time to skeletal-related events, they have limited effect on tumor
growth and patient survival [2]. Thus, therapies that reduce tumor
growth and extend survival are needed to help improve patient out-
comes.

Once tumors have established in bone they secrete factors (e.g.
parathyroid hormone-related protein (PTHrP)) that stimulate osteo-
clast-mediated bone resorption. Previous work has established trans-
forming growth factor beta (TGF-β) as a regulator of PTHrP expression,
and our lab and others have shown that when you inhibit TGF-β
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systemically or within tumor cells, tumor burden and tumor-induced
bone disease (TIBD) is reduced [3–6]. While this has been a promising
target, tumors have not been completely eliminated when treated with
TGF-β inhibitors, especially in models where tumors were allowed to
establish first [5,7,8]. This observation is supported by computational
modeling for the treatment of prostate cancer metastases that suggested
a minimal effect on tumor growth when using TGF-β inhibitors after the
establishment of tumors in bone [9]. Several studies have proposed that
in the context of TIBD, adjuvant TGF-β inhibition may be advantageous
over treatment of active disease [5,7,9]. However, the mechanisms of
how TGF-β inhibition reduces TIBD, remains unclear.

Work from our group and others have established the CD11b+ Gr-
1+ myeloid cells as contributors to TIBD through their expression of
TGF-β [10–12]. Outside of the bone, myeloid cells have been implicated
in the expression and secretion of TGF-β and regulation of tumorigen-
esis [13,14]. Since myeloid cells abundantly express and secrete TGF-β,
investigators have focused on targeting TGF-β receptor II (TGF-βRII),
which when removed in myeloid cells reduces primary tumor growth,
lung metastases and osteolytic lesions as compared to control mice
[15–17]. Past publications have focused on the role of myeloid cells in
the primary tumor microenvironment [15,18–21] and it is only recently
that investigators have started to explore the role of myeloid cells in the
context of TIBD [11,12,22,23].

Since previous work has provided evidence of interactions between
tumors and the bone microenvironment that can drive TIBD
[11,12,22,23], we hypothesized that pre-treatment with TGF-β in-
hibitors would reduce myeloid expansion, tumor burden in bone, and
osteoclast-mediated bone destruction. In this study, we show that early
pharmacological or genetic TGF-β inhibition remodels the bone mi-
croenvironment by altering myeloid populations and pro-tumorigenic
factors leading to a decrease in osteolytic lesions and tumor burden in
bone.

2. Materials and methods

2.1. Cell lines and reagents

Bone metastatic clones of the human breast cancer cell line MDA-
MB-231 and mouse mammary carcinoma cell line 4T1 were used in
these experiments as previously described by our laboratory [12,24]. A
bone metastatic clone of 4T1 cells was stably transduced with GFP.
Detailed methods can be found in supplementary methods. MDA-MB-
231 cells-GFP were maintained in DMEM (Corning, 10-013-CV) sup-
plemented with 10% fetal bovine serum (FBS, Peak Serum PS-500A)
and 1% penicillin/streptomycin (Corning, 30-002-CI). 4T1-GFP cells
were maintained in RPMI 1640 (Corning, 10-041-CV) supplemented
with 10% FBS and 1% penicillin/streptomycin. The MMTV-PyMT cells
were generously provided by Harold Moses (Vanderbilt University) and
derived as described previously [25,26]. Prior to experimentation, the
MMTV-PyMT cells were injected into the tibia of wild-type 6-week-old
female FVB mice. These cells were harvested and expanded once mice
developed bone lesions as observed though x-ray analysis. This bone-
derived MMTV-PyMT variant cell line was maintained in DMEM/F12
(Corning, 10-092-CV) with 5% adult bovine serum (ABS, HyClone La-
boratories SH30075) and 1% penicillin/streptomycin. Cells were cul-
tured in a 37 °C atmosphere with 5% CO2. The TGF-β neutralizing an-
tibody (1D11) and its isotype control (13C4) were generously provided
by SANOFI. TGF-β was purchased from R&D systems (240-B).

2.2. Animal studies

All procedures were performed with the approval of the Vanderbilt
University Institutional Animal Care and Use Committee and in ac-
cordance with Federal guidelines. For bone metastasis experiments,
n=12 mice per group, and tumorigenicity (intratibial) experiments,
n=8 mice per group, were calculated by a power analysis using a

probability of type I error ± 0.05; probability of type II error ± 0.20
based on previous data obtained in our laboratory. Female 4–5-week-
old athymic nude and BALB/c mice were purchased from Envigo. Mice
were inoculated with 10mg/kg of a TGF-β neutralizing antibody
(1D11) or the isotype control antibody (13C4) by intraperitoneal in-
jection seven days prior to tumor inoculation and were treated con-
tinuously 3 times per week until sacrifice. After 7 days of treatment,
6–7-week-old athymic nude mice were injected with MDA-MB-231-GFP
cells and BALB/c mice were injected with 4T1-GFP cells by intracardiac
injection. Mice were imaged weekly by X-ray and sacrificed at three
separate time points post tumor inoculation (athymic: 10, 14, 32 days,
BALB/c: 7, 10, 14 days). Female mice were specific pathogen free and
housed 4–5 per cage, and female athymic nude mice were housed in
sterile cages, also 4–5 per cage. Mice were fed an irradiated laboratory
rodent diet (Lab Diet, 5LOD). TGF-βRIIMyeWT (WT) and TGF-βRIIMyeKO

mice were generously provided by Harold Moses (Vanderbilt
University). To generate these mice, LysM-Cre mice were crossed with
TGFβRII floxed mice which were established and maintained as de-
scribed [27–29]. These mice are on a pure FVB background. Female
5–6-week-old FVB TGF-βRIIMyeWT (WT) and TGF-βRIIMyeKO mice (6–8
per group) were injected with MMTV-PyMT tumor cells by intratibial
injection. Mice were imaged weekly by x-ray and sacrificed at 10, 14,
28 days post tumor inoculation.

2.3. Intracardiac injections

MDA-MB-231-GFP cells and 4T1-GFP cells were trypsinized, washed
and resuspended in ice-cold PBS at a final concentration of
1× 106 cells/mL. Female, 6–7week old mice (12 per group) were an-
esthetized and inoculated as previously described [30]. Each mouse
received 1× 105 cells in a 100 μL volume or PBS as a control.

2.4. Intratibial injections

The bone-derived MMTV-PyMT cell line was trypsinized, washed
and resuspended in ice-cold PBS at a final concentration of
1× 105 cells/10 μL. Female 5–6week old FVB TGF-βRIIMyeWT (WT)
and TGF-βRIIMyeKO mice (6–8 per group) were injected with tumor cells
as previously described [30]. Each mouse received 1×105 cells/10 μL
or PBS as a control.

2.5. Western blot

Briefly, spleens from naïve BALB/c treated with 1D11 or 13C4 were
homogenized in Complete Lysis-M (Roche) as per manufacturer's in-
structions. Detailed methods can be found in supplementary methods.

2.6. Bone marrow derived macrophages (BMDM)

Bone marrow was harvested from 6week and younger female
BALB/mice. Bone marrow was flushed from the tibia and femur of the
mice and resuspended in PBS. Cell were incubated in red blood cell lysis
buffer for 5min on ice. After two PBS washes, cells were resuspended in
RPMI 1640 media (Corning, 10-041-CV) supplemented with 10% FBS,
1% penicillin/streptomycin, and 20 ng/mL of recombinant macrophage
colony stimulating factor (M-CSF, Sigma M6518) for 7 days on 150mm
dishes (Corning, 353025) [31]. On the 7th day, BMDM were plated in 6-
well plates at a concentration of 8× 105 cells/well in low serum RPMI
(RPMI 1640 media supplemented with 1% FBS, 1% penicillin/strepto-
mycin) and used for subsequent experiments.

2.7. In vitro experiments

For in vitro macrophage expression experiments, 8× 105 BMDM/
well were kept in a naïve state or stimulated with mouse IL-4 (40 ng/
mL, Sigma-Aldrich SRP3211), IFN-γ+LPS (each at 50 ng/mL, Sigma-
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Aldrich SRP3058), tumor-conditioned media (TCM) collected from 4T1
cells, for 24 h. After 24 h of stimulation, BMDM derived from BALB/c
mice were treated with 1D11 or 13C4 (20 μg/mL) ± TGF-β (5 ng/mL,
R&D systems 240-B) for 24 h. 4T1 cells were plated at 2×105 cells/
well and treated with 1D11 or 13C4 (20 μg/mL) ± TGF-β (5 ng/mL, R
&D systems 240-B) for 24 h. Supernatants were then collected and cells
were harvested and used for subsequent experiments.

2.8. Protein cytokine and chemokine array

BALB/c femurs were flash frozen at the time of sacrifice for all
stages of TIBD (early, middle and late disease) and stored at −80 °C.
BMDM and 4T1 cell supernatants were obtained as previously described
above and stored at −20 °C. Detailed methods can be found in sup-
plementary methods.

2.9. Histomorphometry

Mouse hind limbs were excised at death; soft tissues were removed
from the tibias and femurs; and tibias were fixed for 48 h in 10%
neutral-buffered formalin as previously described [12]. Detailed
methods can be found in supplementary methods.

2.10. Quantitative PCR (qPCR)

Cells were harvested by direct lysis using RNeasy Mini Kit (Qiagen),
per manufactor's instructions. Detailed methods can be found in sup-
plementary methods.

2.11. Flow cytometry

Bone marrow was flushed from the femurs of BALB/c and WT/TGF-
βRIIMyeKO and resuspended in PBS [12]. Cells were stained with the
following antibodies purchased from Miltenyi Biotec (with the excep-
tion of F4/80 pacific blue (AbD Serotec) and propidium iodide (Life
Technologies); anti-GR-1 PE, CD11b APC, Ly6C PE-Vio770, Ly6G Vio-
Blue, F4/80 PE. Flow Cytometry experiments were performed on a BD
LSRII instrument. Analysis was performed using Flowjo Software v.10.1
(Tree Star, Inc).

2.12. X-ray imagining and analysis

Mice were sedated using isoflurane vaporizer (2.5% Isoflurane:
2–3 L/min O2) and X-ray images were taken at 35 kVp for 8 s using a
digital radiography system (Faxitron LX-60). Mice were monitored by
X-ray imaging and three stages of disease were established: early,
middle and late disease. Images were saved and lesion numbers were
determined using MetaMorph Microscopy Automation and Image
Analysis Software (Metamorph, Molecuar Devices, Inc.). Lesion number
was calculated as total number of tibial lesions per mouse.

2.13. Micro-computed X-ray tomography (μCT)

μCT analysis was performed in the Vanderbilt Institute of Small
Animal Imaging. The long axis of each specimen was aligned with the
scanning axis. One hundred slices from the proximal tibia were scanned
at a 12-μm resolution (μCT Scanco Medical, Switerland). The region of
interest was trabeculae within the proximal metaphysis of the tibia
below the growth plate. Images were acquired using 55 kV, 114 μA,
300-ms integration and 500 projections per 180° rotation [12]. Images
were analyzed using the Scanco Medical Imaging software to determine
the bone volume/total volume (BV/TV), trabecular number and thick-
ness, and tissue mineral density.

2.14. Osteoclast resorption assays

Bone marrow was harvested from the hindlimbs of 5–6-week-old
BALB/c, WT and TGF-βRIIMyeKO mice and plated in MEMα (Corning,
10-022-CV) supplemented with 10% FBS and 1% penicillin/strepto-
mycin for 2 h. Detailed methods can be found in supplementary
methods.

2.15. Statistics and replicates

All data are presented as means ± the standard error mean (SEM).
All in vitro experiments were done in triplicate with a minimum of three
independent replicates. For experiments comparing two groups, a
standard two-tailed unpaired student's t-test was used unless otherwise
stated in the figure legend. For experiments comparing more than 2
groups, one-way ANOVA was used with a Tukey's post-hoc test unless
specifically stated in the figure legend. For all tests, a p value less than
0.05 was considered significant. All statistical analyses were done using
GraphPad Prism 7.01 (GraphPad Software, La Jolla, CA). n.s, not sig-
nificant.

3. Results

3.1. Inhibition of TGF-β alters expansion of different myeloid
subpopulations throughout the progression of tumor-induced bone disease
(TIBD)

5–6-week-old female athymic nude and BALB/c mice were pre-
treated with either the TGF-β neutralizing antibody, 1D11, or its iso-
type control, 13C4, beginning seven days prior to tumor inoculation by
intracardiac injection (athymic: MDA-MB-231-GFP, BALB/c: 4T1-GFP)
and continuously treated until sacrifice (Fig. 1A). To determine the
direct role for TGF-β in myeloid cells, we injected bone-derived MMTV-
PyMT cells directly into the tibia of genetically modified mice that
lacked the transforming growth factor beta receptor II (TGF-βRII) spe-
cifically in myeloid cells (TGF-βRIIMyeKO) and its wild-type control
(TGF-βRIIMyeWT, called from here on WT) (Fig. 1B). The mice were
monitored by X-ray imaging and three stages of disease were estab-
lished based on the appearance of bone lesions: early, middle and late
disease. Specifically, early disease was defined as no evidence of bone
loss, middle disease as minor to moderate bone loss, and late disease as
extensive bone loss (Fig. 1C–E).

In order to determine how TGF-β inhibition alters myeloid cell ex-
pansion in bone, flow cytometry analysis was performed at each stage
of TIBD, defined by the degree of bone loss, on bone marrow from both
tumor bearing and non-tumor bearing BALB/c mice treated with 1D11
or 13C4 or the WT/TGF-βRIIMyeKO mice. Gating strategy for all flow
cytometry analysis can be found in Supplementary Fig. 2A. When TGF-β
was systemically inhibited with 1D11 before tumor inoculation,
monocytic immature cells (CD11b+ CD11c− Ly6G− Ly6C+) sig-
nificantly decreased by 6% and the granulocytic immature cells
(CD11b+ CD11c− Ly6C− Ly6G+) significantly increased by 14%
(Fig. 2A–B). As TIBD progressed, specifically in this model, there were
no significant expansion changes in either monocytic or granulocytic
immature myeloid cells while there was a significant decrease (4%) in
mature myeloid cells (CD11b+ F4/80+, Fig. 2C) at middle disease.

In regard to the genetically modified model, there were no sig-
nificant expansion changes in either monocytic or granulocytic im-
mature myeloid cell (CD11b+ CD11c− Ly6G− Ly6C+, CD11b+

CD11c− Ly6C− Ly6G+) expansion between tumor-bearing WT and
TGF-βRIIMyeKO at any stage of TIBD (Fig. 3A–B). In contrast, mature
myeloid cells (CD11b+ F4/80+) increased by 4% in tumor-bearing
TGF-βRIIMyeKO mice as TIBD progressed to the middle disease state
(Fig. 3C). Considering that there were no significant changes in myeloid
cell expansion at late disease for either model of TGF-β inhibition
(systemic and genetically modified, Fig. 2A–C, Fig. 3A–C), these studies
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suggest that TGF-β signaling may play an important role in regulating
myeloid cell expansion in the earlier stages of disease, but not when
extensive bone loss is present in our models of TIBD.

3.2. TGF-β inhibition modulates expression and secretion of factors
associated with tumor progression and immune suppression

Since changes in myeloid expansion were observed when TGF-β
signaling was inhibited and TGF-β itself can stimulate the production of
pro-tumorigenic factors that can expand myeloid cells, we investigated
whether systemic TGF-β inhibition alters pro-tumorigenic factors in
whole bone from PBS and tumor-bearing BALB/c 13C4/1D11 treated
mice at all stages of TIBD (i.e. early, middle and late disease). Femurs
were subjected to a cytokine and chemokine analysis using a multiplex

assay system and results are outlined in Supplementary Table 1A–1I.
Analyses indicated that significant protein changes in femurs only oc-
curred at late disease (Supplementary Table 1C), thus, emphasis was
only placed on significant differences observed between cytokine and
chemokines at late disease. Compared to control femurs, two factors
significantly increased in femurs from tumor-bearing mice; granulocyte
colony-stimulating factor (G-CSF) and leukemia inhibitory factor (LIF);
but only G-CSF significantly decreased with TGF-β inhibition (Fig. 4A).
Unexpectedly, the pro-tumorigenic factor, vascular endothelial growth
factor (VEGF) was significantly increased in femurs from 1D11 treated
tumor-bearing mice (Fig. 4C). This data demonstrates that pre-treat-
ment with a TGF-β inhibitor can both reduce and increase pro-tu-
morigenic proteins in bone at the late disease state, suggesting multiple
mechanisms are at play.

Fig. 1. Mouse models utilized for TGF-β inhibition studies. A. Experimental outline for 1D11 experiments, athymic (left), BALB/c (right). B. Experimental outline for
WT/TGF-βRIIMyeKO mice. C. Representative athymic X-ray images of early, middle and late disease. D. Representative BALB/c X-ray images of early, middle and late
disease. E. Representative X-ray images of early, middle and late disease for WT/TGF-βRIIMyeKO mice. F. Western blot analysis from naïve BALB/c mice treated with
13C4 or 1D11. Spleen lysate from a mouse treated with 1D11 demonstrates a decrease in p-Smad 2/3 levels.
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Since TGF-β inhibition affects the cytokine and chemokine profile
within bone and TGFβ-responsive tumor and myeloid cell populations
reside in the tumor-bearing femurs that were analyzed, these two cell
subsets were further evaluated in vitro. To further investigate the cy-
tokine and chemokine profile of tumor and myeloid cells in response to
TGF-β inhibition, 4T1 tumor cells and differentially polarized bone
marrow derived macrophages (BMDM) were stimulated and simulta-
neously inhibited for TGF-β for 24 h, followed by a chemokine/cytokine
analysis performed on all cell supernatants (Supplementary
Table 1D–I). TGF-β stimulation increases protein levels of LIF and
VEGF, while inhibition of TGF-β with 1D11 reduces these cytokines
significantly in 4T1 tumor cells (Fig. 4E, F). Likewise, G-CSF levels were
reduced while VEGF protein levels were increased in tumor-conditioned
media (TCM) stimulated BMDM under TGF-β inhibitory conditions
(Fig. 4G, I). Thus, this in vitro data supports the notion that the changes
in G-CSF and VEGF observed in bone may be myeloid-dependent.

Since arginase has been implicated in promoting immune suppres-
sion in cancer [14,16,32,33], we investigated the effect of TGF-β in-
hibition on arginase expression in differentially polarized BMDMs. Ar-
ginase, a marker of immune suppression, was decreased significantly in
IL-4 stimulated macrophages (Supplementary Fig. 3B), and while TCM

stimulated macrophages responded similarly, their decrease in arginase
expression was not statistically significant (Supplementary Fig. 3C).
Interestingly, all BMDM independent of their stimulation profile had a
statistically significant increase in arginase expression after TGF-β sti-
mulation (Supplementary Fig. 3A–D). While publications have ad-
dressed the link between arginase expression and TGF-β stimulation
[32,33], our findings suggest that TGF-β may promote immune sup-
pression in bone, a microenvironment that contains an abundant
amount of TGF-β when tumor is present [34].

3.3. TGF-β inhibition decreases osteoclast function

Published work by our group and others has demonstrated that
myeloid cells found in the bone marrow, such as macrophages and
CD11b+ Gr-1+ cells, have the potential to differentiate into osteoclasts
[10–12,35]. Therefore, in order to explore if pre-treatment with a TGF-
β inhibitor would alter osteoclast number and activity, histological
analyses were performed on the tibias of tumor-bearing mice that were
treated with 1D11. These analyses indicated that although the number
of TRAP+ osteoclasts were decreased in both tumor-bearing athymic
nude and BALB/c mice treated with 1D11, only athymic nude mice had

Fig. 2. Early TGF-β inhibition alters immature myeloid cell expansion at early disease and mature myeloid cells at middle disease in tumor-bearing BALB/c. Bone
marrow was harvested and prepared for flow cytometry as described in the methods section. A. Tumor-bearing BALB/c mice treated with 1D11 have a cell percentage
decrease in the monocytic immature myeloid cells (CD11b+ CD11c− Ly6G− Ly6C+) at early disease. B. Granulocytic immature myeloid cells (CD11b+ CD11c−

Ly6C− Ly6G+) from tumor-bearing BALB/c mice treated with 1D11 have an increase in their expansion at early disease. C. Mature myeloid cells (CD11b+ F4/80+)
decrease at middle disease when TGF-β is inhibited. (5–6 mice per group).
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a statistically significant decrease when TGF-β was inhibited at late
stage disease (Fig. 5A, B). When osteoclast activity was examined in
vitro, treatment with 1D11 decreased both the percent of resorption
area and the number of resorption pits that were made by TRAP+ os-
teoclasts derived from BALB/c bone marrow (Fig. 5C, D). These data
suggest that pre-treatment with TGF-β inhibitors can reduce osteoclast
number and function.

Histological analyses of the WT/TGF-βRIIMyeKO tibiae indicated that
there was no change in TRAP+ osteoclasts between tumor-bearing TGF-
βRIIMyeKO and WT mice (Fig. 5E). Despite no significant changes in
osteoclast number, TGF-βRIIMyeKO TRAP+ osteoclasts have a significant
decrease in percent resorption area in vitro (Fig. 5H, I). Together this
suggests that TGF-βRIIMyeKO specific osteoclasts may be impaired in
their ability to resorb dentin, indicating a decrease in osteoclast func-
tion. While osteoclast number varies between the two models of TGF-β
inhibition (systemic and genetic) through histological analysis, osteo-
clast activity is significantly reduced in both tumor-bearing 1D11
treated mice and TGF-βRIIMyeKO mice implying a reduction in overall
TIBD.

3.4. Early TGF-β inhibition reduces osteolytic lesions and tumor burden in
bone

Since TGF-β inhibition has an effect on the bone microenvironment
once tumors are established, we hypothesized that TGF-β inhibition
prior to tumor inoculation would decrease TIBD. By X-ray imaging, we
identified that tumor-bearing athymic nude and BALB/c mice that were
treated with 1D11 had reduced osteolytic lesions as compared to their
isotype control, 13C4, at late disease (Fig. 6A, C). While it has been
previously published that 1D11 can increase overall bone volume in a
naïve mouse model [36] and our studies recapitulate those results
(Supplementary Fig. 5A–C), we demonstrate that treatment with 1D11
increases overall bone volume in both mouse models of early systemic
TGF-β inhibition at all stages of TIBD (Fig. 6B and D). Additionally,
mice treated with 1D11 (athymic and BALB/c mice) have an overall
decrease in tumor burden (as determined by histomorphometry) com-
pared to 13C4 treated mice at late stage disease (Fig. 7A, B).

In the genetic TGF-β inhibition mouse model, tumor-bearing TGF-
βRIIMyeKO mice had a significant decrease in the number of bone lesions
at late disease (Fig. 6E) while significant changes in overall bone

Fig. 3. Early TGF-β inhibition alters mature myeloid expression at middle disease for tumor-bearing TGF-βRIIMyeKO mice. Bone marrow was harvested and prepared
for flow cytometry as described in the methods section. A. No significant expansion differences in monocytic immature myeloid cells (CD11b+ CD11c− Ly6G−

Ly6C+)) between tumor-bearing WT and TGF-βRIIMyeKO mice. B. No significant expansion differences in granulocytic immature myeloid cells (CD11b+ CD11c−

Ly6C− Ly6G+) between tumor-bearing WT and TGF-βRIIMyeKO mice. C. Mature myeloid cells (CD11b+ F4/80+) from tumor-bearing TGF-βRIIMyeKO mice increase in
cell percentage at middle disease. (5–6 mice per group).
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volume between WT and TGF-βRIIMyeKO mice were only seen at early
disease (Fig. 6F). μCT analysis demonstrated that tumor-bearing TGF-
βRIIMyeKO mice had a decrease in overall bone volume (BV/TV), tra-
becular spacing and trabecular number as compared to WT mice at
early disease (Supplementary Table 2). While significant changes in
these bone parameters were only seen during early disease between
tumor-bearing WT and TGF-βRIIMyeKO mice, changes in overall bone
volume did not decrease as TIBD progressed in tumor-bearing TGF-
βRIIMyeKO mice (Fig. 6F). This may imply that loss of functional TGF-β
signaling specifically in myeloid cells may stabilize bone loss in the
presence of tumor. Analyses at late stage disease revealed that TGF-
βRIIMyeKO mice had lower tumor burden than WT tumor-bearing mice
(Fig. 7C). Overall, this data suggests that early TGF-β inhibition prior to
tumor inoculation can prevent TIBD by reducing osteolytic lesions and
decreasing tumor burden in bone.

4. Discussion

This study illustrates that TGF-β inhibition alters myeloid expansion
that leads to a reduction in tumor burden and bone destruction, and an
increase in bone volume. Specifically, we show that early TGF-β in-
hibition alters the tumor-bone microenvironment by affecting expan-
sion of myeloid cells that are at different stages of differentiation,
modulating pro-tumorigenic factors and decreasing osteoclast function.
Since systemic treatment with TGF-β inhibitors may alter other cell
types, we utilized a transgenic mouse model that lacked TGF-βRII
specifically in myeloid cells (TGF-βRIIMyeKO). In this model, mature
myeloid cells expand in the presence of tumor but have less bone le-
sions, contain deficient osteoclasts and have a significant reduction in
tumor burden in bone. Together these data strengthen the notion of the
complexity of the tumor-bone microenvironment and that early TGF-β

Fig. 4. TGF-β inhibition modulates secretion of factors associated with tumor promotion. BALB/c femurs and cell supernatants were collected and prepared for the
protein cytokine/chemokine array as described in the methods section. A. G-CSF protein levels increase in femur homogenates from tumor-bearing mice and levels
decrease when tumor-bearing mice were treated with 1D11 at late disease. B. LIF protein levels increase in femur homogenates from tumor- bearing mice at late
disease. C. VEGF protein levels increase in femur homogenates from 1D11 treated tumor- bearing mice at late disease. D. G-CSF proteins levels do not change when
TGF-β is inhibited in 4T1 cells. E. LIF protein levels increase with TGF-β stimulation and decrease when 4T1 cells are treated with 1D11. F. VEGF protein levels
increase with TGF-β stimulation and decrease when 4T1 cells are treated with 1D11. G. G-CSF levels decrease when TGF-β is inhibited in TCM stimulated BMDM. H.
Treatment with 1D11 does not change LIF protein levels in TCM stimulated BMDM. I. VEGF protein levels increase with TGF-β stimulation in TCM stimulated BMDM.
Protein cytokine/chemokine array data was analyzed using a two-way ANOVA with a Tukey's post-hoc test (3–4 femurs per group, 3 independent in vitro cell
supernatants per group).
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inhibition is a promising potential therapeutic target for reducing TIBD.
While it is well known that myeloid cells, specifically CD11b+ Gr-

1+ cells, expand in the presence of a tumor, and that this expansion
contributes to the production of pro-tumorigenic and immune sup-
pressive factors that support tumor progression and metastasis
[12,18,26,37], the regulation and function of these cells in TIBD is still
unclear. Since TGF-β has been shown to play an important role in
myeloid differentiation, chemotaxis and polarization [13,14,32], we
reasoned that inhibition of TGF-β signaling would decrease myeloid
expansion in bone in the context of TIBD. Our data reveals that systemic
TGF-β inhibition with 1D11 can both increase and decrease immature
myeloid cells (decrease: CD11b+ CD11c−Ly6G− Ly6C+, increase:
CD11b+ CD11c−Ly6C− Ly6G+) at early disease and reduce expansion
of mature myeloid cells (CD11b+ F4/80+) at the middle disease state
(Fig. 1A–C). However, loss of TGF-βRII in myeloid cells does not alter
the expansion profile in either monocytic or granulocytic immature

myeloid cells (CD11b+ CD11c−Ly6G− Ly6C+, CD11b+ CD11c−Ly6C−

Ly6G+, Fig. 3A–B) at any stages of TIBD. On the other hand, CD11b+

F4/80+ myeloid cells from tumor-bearing TGF-βRIIMyeKO are increased
as TIBD progresses to the middle disease state, where minor to mod-
erate bone loss was detected by x-ray analysis (Fig. 3C). Since the
strategies to neutralize TGF-β within our mouse models were different,
one model was injected with a TGF-β neutralizing antibody that would
affect all TGF-β responsive cells while the other model contained a
genetic deletion of TGF-βRII in myeloid cells; it is not surprising that
distinct myeloid expansion profiles are observed in our studies. While it
is possible that the changes in expansion are due to myeloid effects on
other cell types, our findings imply that TGF-β signaling plays a role in
regulating the expansion of immature and mature myeloid cells when
tumors in bone are first developing. However, once these tumors be-
come established in bone and begin promoting symptoms of TIBD (i.e.
bone loss and overwhelming tumor burden), myeloid expansion may no

Fig. 5. TGF-β inhibition decreases osteoclast activity in mouse models of TIBD. Tibial sections were stained with tartrate resistance acid phosphatase (TRAP) for
osteoclast analyses and in vitro osteoclast resorption assays were performed as described in the methods section. A&B. Histological osteoclast analyses for tumor-
bearing athymic and BALB/c mice at late disease. At late disease only tumor-bearing athymic mice that were treated with 1D11 have a significant reduction in their
osteoclast number per bone perimeter (11–12 tibias per group). C&D. Quantification of osteoclast resorption area and resorption pits for systemic TGF-β inhibition
experiments. Treatment with 1D11 significantly decreases osteoclast resorption area and resorption pits. E. At late disease, there is no significant difference in
osteoclast number per bone perimeter between tumor-bearing WT and TGF-βRIIMyeKO mice (6–8 tibias per group). F. Representative images of dentin discs containing
osteoclast resorption area and resorption pits for systemic TGF-β inhibition experiments. G. Representative images of dentin discs containing osteoclast resorption
area and resorption pits for WT and TGF-βRIIMyeKO experiments. H&I. Quantification of osteoclast resorption area and resorption pits for WT and TGF-βRIIMyeKO

experiments. TRAP+ osteoclasts derived from TGF-βRIIMyeKO bone marrow create a significantly smaller resorption area as compared to their WT control. BM, bone
marrow.
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longer be controlled by TGF-β signaling but by other mechanisms that
regulate myeloid expansion [38].

Recent studies have focused on investigating the cross-talk between
tumors and the immune system and how it contributes to immune
suppression and evasion. Immune evasion is currently considered an
emerging hallmark of cancer, and it involves the ability for tumors to
evade immunological destruction by T and B cells, natural killer cells,
and macrophages [39].

Specifically in breast cancer, TGF-β has been shown to promote pro-
tumorigenic and immunosuppressive factors [25,26], therefore we ex-
pected a significant reduction in these factors when TGF-β was sys-
temically inhibited in our BALB/c model of breast cancer metastasis to
bone. Surprisingly, our femur analyses revealed that systemic TGF-β
inhibition can both increase and decrease factors that contribute to
tumor progression at late disease. For example, the pro-tumorigenic
factor G-CSF is significantly reduced in femurs from tumor-bearing
mice that were treated with the TGF-β inhibitor 1D11 (Fig. 4A). G-CSF
has been shown to contribute to chemoresistance, migration and ex-
pansion of myeloid cells, and is correlated with a reduced overall sur-
vival in patients [40–43]. Evidence from pre-clinical studies indicate
that G-CSF can act directly on myeloid cells promoting their

mobilization from the bone marrow to the peripheral circulation [44].
Reduction of G-CSF by 1D11 could imply that bone marrow residing
myeloid cells are prevented from entering circulation and migrating to
tertiary organs to set up the pre-metastatic niche, allowing for addi-
tional metastases to form. Nonetheless, systemic TGF-β inhibition also
increases VEGF and CCL4, factors known to support tumor progression
in bone (Fig. 4C, Supplementary Table 1C) [45,46]. Since significant
cytokine changes in bone were only observed at late disease, it suggests
that these changes occur when severe symptoms of TIBD are present,
including but not limited to tumor burden.

Considering that both myeloid cells and 4T1 tumor cells are TGF-β-
responsive cells that reside in the tumor-bearing femurs that were
analyzed, we wanted to investigate whether the changes observed in
bone when TGF-β was inhibited were tumor or myeloid-dependent.
Thus, these two distinct cell populations were evaluated for changes in
their cytokine and chemokine profiles in vitro.

When TGF-β was inhibited, 4T1 tumor cells significantly decreased
both VEGF and LIF protein levels (Fig. 4E, F), while TCM stimulated
BMDM reduced G-CSF but increased VEGF levels significantly (Fig. 4G,
I). This implies that both tumor cells and BMDM have contrasting re-
sponses to TGF-β inhibition, and that both of these cell types contribute

Fig. 6. TGF-β inhibition reduces osteolytic lesions and improves overall bone volume.
X-ray analysis of tumor-bearing mice at late stage disease prior to sacrifice. Representative images are from late stage disease. Formalin fixed tibias were scanned and
analyzed by μCT as described in the methods section. Percent bone volume normalized to total volume (BV/TV) for each treatment group. A. Athymic mouse model:
X-ray images, 13C4 treated (left), 1D11 treated (right) and quantification of bone lesions. Tumor-bearing athymic mice treated with 1D11 have less osteolytic lesions
than isotype control. B. Left: three-dimensional (3D) rendered μCT images from two tumor-bearing athymic mice at late stage disease, 13C4 treated (left), 1D11
treated (right). Right: percent BV/TV over the course of tumor-induced bone disease (TIBD) in the athymic mouse model. Treatment with 1D11 increases overall bone
volume over the course of TIBD. C. BALB/c mouse model: X-ray images, 13C4 treated (left), 1D11 treated (right) and quantification of bone lesions. Tumor-bearing
BALB/c mice treated with 1D11 have less osteolytic lesions than isotype control. D. Left: 3D rendered μCT images from two tumor-bearing BALB/c mice at late stage
disease, 13C4 treated (left), 1D11 treated (right). Right: percent BV/TV over the course of tumor-induced bone disease in the BALB/c mouse model. Treatment with
1D11 increases overall bone volume over the course of TIBD. E. WT/TGF-βRIIMyeKO mice mouse model: X-ray images, WT tumor (left), TGF-βRIIMyeKO tumor (right)
and quantification of bone erosions. Tumor-bearing TGF-βRIIMyeKO have a reduced incidence of bone lesions as compared to tumor-bearing WT mice. F. Left: 3D
rendered μCT images from two tumor-bearing mice at early stage disease, WT (left), TGF-βRIIMyeKO (right). Right: percent BV/TV over the course of tumor-induced
bone disease in the WT/TGF-βRIIMyeKO mice mouse model. Tumor-bearing TGF-βRIIMyeKO mice only have a significant decrease in their overall bone volume at early
disease. (9–13 tibias per group).
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differently to the changes in pro-tumorigenic factors we observe in
bone. For example, the decrease in bone G-CSF when TGF-β is inhibited
suggests that this decrease is mediated through a myeloid-dependent
mechanism because a similar trend is seen in TCM-stimulated BMDM
(Fig. 4A, Fig. 4G). The same rational can be applied to the changes in
VEGF in bone, the increase in bone VEGF is also observed in TCM-
stimulated BMDM, suggesting a myeloid-dependent mechanism. It is
also reasonable that other cells of the bone microenvironment, such as
osteoblasts, are contributing to the changes in factors we observe in
bone. For example, osteoblasts produce an abundant amount of VEGF
[45] and LIF [47,48], and while the role of LIF in tumorigenesis is
complex [49,50], angiogenesis and osteogenesis has been established as
a coupled process in normal bone remodeling [51]. Thus, the increased
levels of VEGF in bone and TCM-stimulated BMDM in response to TGF-
β inhibition may reflect the increase in bone volume seen with 1D11
treatment. Therefore, the increase in VEGF may be beneficial and this
benefit may outweigh the consequences of an increased blood supply to
the tumor.

Since our in vitro analyses only included 4T1 tumor cells and BMDM
cells, we acknowledge that we may have missed important in vivo in-
teractions and changes in other cell types due to TGF-β inhibition.
Despite these limitations and the increase in pro-tumorigenic factors
with TGF-β inhibition, there is an overall reduction in TIBD in our
mouse model of breast cancer metastasis to bone. It is currently un-
known the concentration of factors that are needed to promote a pro-
tumorigenic environment. We reason that perhaps it is a certain ratio of
cytokines and chemokines that are needed to tip the scale between
tumor promoting and cytotoxicity and that a combination of the right
factors can determine which direction the scale tips.

TGF-β inhibitors are currently in clinical trials for the treatment of
gliomas, metastatic breast cancer, non-small cell lung cancer, mela-
noma, mesothelioma and renal cell carcinoma [52–54]. While many of
these clinical trials are still ongoing, evidence from preclinical studies
indicate that TGF-β inhibitors, like the human monoclonal antibody
fresolimumab, would be most effective if used in combination with
chemotherapy and/or radiation [55–58]. A preclinical study using an

Fig. 7. TGF-β inhibition reduces tumor burden at late stage disease in all three mouse models of TIBD. Tibal sections were stained with hematoxylin & eosin (H+E)
for tumor burden analysis at late stage disease as described in the methods section. A&B. 4× magnification H+E sections from two tumor-bearing mice (athymic
and BALB/c) at late stage disease, 13C4 treated (left), 1D11 treated (right) and quantification of percent tumor burden between treatment groups at late stage
disease. Tumor-bearing mice (athymic and BALB/c) treated with 1D11 have a reduction in tumor burden as compared to isotype control. C. 4× magnification H+E
sections from two tumor-bearing WT and TGF-βRIIMyeKO mice at late stage disease, WT (left), TGF-βRIIMyeKO (right) and quantification of percent tumor burden
between mice at late stage disease. Tumor-bearing TGF- βRIIMyeKO mice have a reduction in tumor burden as compared to isotype control. T, Tumor. BM, Bone
Marrow. Scale, 50 μm.
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orthotropic model of breast cancer demonstrated that 1D11 enhanced
the effects of chemotherapy by normalizing the tumor stroma [57].
Similar observations are seen in our studies where pre-treatment with
1D11 remodels the bone-tumor microenvironment by regulating the
expansion of the myeloid population, the ratio of pro-tumorigenic
factors and decreasing the function of osteoclasts leading to an overall
reduction in TIBD. While the combination of a TGF-β inhibitor and a
chemotherapeutic are not yet the standard of care for metastatic breast
cancer patients, it is worth exploring in preclinical setting in the context
of TIBD. In conclusion, our work supports the notion that early TGF-β
inhibition is a potential therapeutic approach for reducing TIBD.
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