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ABSTRACT 16 

Breast cancer bone metastasis is the leading cause of mortality in patients with advanced breast 17 
cancer. Although decreased mineral density is a known risk factor for bone metastasis, the 18 
underlying mechanisms remain poorly understood because studying the isolated effect of bone 19 
mineral density on tumor heterogeneity is challenging with conventional approaches. Here, we 20 
investigate how bone mineral content affects tumor growth and microenvironmental complexity 21 
in vivo by combining single-cell RNA-sequencing with mineral-containing or mineral-free 22 
decellularized bone matrices. We discover that the absence of bone mineral significantly 23 
influences fibroblast and immune cell heterogeneity, promoting phenotypes that increase tumor 24 
growth and alter the response to injury or disease. Importantly, we observe that the stromal 25 
response to matrix mineral content depends on host immunocompetence and the murine tumor 26 
model used. Collectively, our findings suggest that bone mineral density affects tumor growth by 27 
altering microenvironmental complexity in an organism-dependent manner. 28 
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INTRODUCTION 33 
Bone matrix is crucial for the normal function of the skeletal system and also plays a significant 34 
role in the development of pathologies such as osteoporosis and breast cancer bone 35 
metastasis1,2. Both conditions lead to the weakening of bones through osteolytic degradation, 36 
resulting in reduced bone density, chronic pain, increased fragility, and ultimately, worse clinical 37 
prognosis2. It is widely appreciated that phenotypic changes of osteoblasts, osteocytes, and 38 
osteoclasts govern pathological bone loss and thus, bone matrix changes3, but it is much less well 39 
known how bone matrix changes alter the recruitment and activity of stromal and cancer cells, 40 
due in part to a lack of model systems that can separate the effects of changes in bone mineral 41 
density from other factors. 42 

Healthy bones are hierarchically structured and primarily composed of hydroxyapatite (HA)-43 
embedded type I collagen matrix. Approximately 70% of the matrix in bone is normally composed 44 
of HA, but HA content declines with age, diet, and disease4–6; i.e., conditions independently 45 
associated with increased risk of bone metastasis7–9. Moreover, pathologic fractures result in the 46 
formation of hypomineralized, collagen type-I-rich bone matrix10, while increasing metastatic 47 
colonization around the injury site11. As bone resident cells can sense and respond to bone matrix 48 
changes and secrete factors that influence the recruitment of other cell types, pathological 49 
alterations in HA content are likely to influence cellular phenotypes and composition of the 50 
skeletal microenvironment and thus, bone pathologies. Indeed, microenvironmental 51 
heterogeneity is well-established to affect tumor initiation, growth, and immunity12–14, but it is 52 
much less clear how reduced bone matrix mineral content controls this interplay and which 53 
effects these changes have on disease progression. Elucidating these connections is crucial for 54 
advancing prophylactic strategies to interfere with bone pathologies including metastasis. 55 

While in vitro studies using HA-mineralized biomaterials demonstrate that bone-resident cells 56 
are responsive to variations in mineral content15,16, these systems fail to mimic the complex 57 
interplay between various cell types in vivo. Vice versa, in vivo studies enable analysis of cellular 58 
complexity in bone, but cannot conclusively determine how mineral content affects these results. 59 
For example, osteomalacic hypophosphatemic (hyp) or vitamin D deficient (VDR) mice have both 60 
hypomineralized bones and altered immune cell function17–19. Whether or not these observations 61 
are functionally linked is unclear due to accompanying systemic effects20,21. To better understand 62 
the isolated effect of HA on cell behavior, we developed protocols to selectively control mineral 63 
content in physiologic bone matrices2,22 and deconvolve the effect of bone matrix on cancer cells 64 
from the effect of bone resident cells. Using these scaffolds in vitro, we have previously found 65 
that breast cancer cells alter mechanosignaling and adapt their phenotype in response to varying 66 
HA content2. Nevertheless, how bone matrix mineral content regulates microenvironmental 67 
complexity in vivo and which effect these changes have on cancer progression is unknown. 68 

Single-cell RNA-sequencing has been used previously to analyze the holistic cellular phenotypic 69 
response to biomaterials23, disease24, and development25. In this study, we performed single-cell 70 
RNA-sequencing on implanted decellularized bovine bone scaffolds in which the mineral was 71 
either maintained at physiological levels or removed to simulate scenarios of impaired bone 72 
mineralization as, for example, present during aging4, injury11, or metastasis26. Using this 73 
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approach, we explored the heterogeneous stromal response to varied bone mineral content in 74 
both an immunocompromised and immunocompetent syngeneic mouse model in the presence 75 
and absence of cancer cells. Collectively, our study provides new perspectives on the impact of 76 
matrix mineralization on microenvironmental complexity and resulting consequences on tumor 77 
growth. We additionally contribute new single-cell atlases of cellular response to bone matrix-78 
derived biomaterials, which are widely pursued to repair bone defects in the clinic. Findings from 79 
our work hold implications for future research on bone metastasis and contribute to the growing 80 
body of knowledge surrounding the systemic response to biomaterial implants. 81 

 82 

RESULTS 83 
 84 
Bone matrix mineral content slows early tumor growth without broad effects on host cell 85 
recruitment 86 
To investigate the effect of bone matrix mineral content on cellular heterogeneity, we produced 87 
6 mm diameter, 1 mm thick scaffolds from neonatal bovine trabecular bone as previously 88 
described2. Scaffolds were decellularized and then either used as matrices with physiological 89 
levels of mineralization (M-Bone) or subjected to ethylenediaminetetraacetic acid (EDTA)-based 90 
demineralization to yield demineralized scaffolds (DM-Bone) (Fig. 1A, Methods). 91 
Characterization of the M-Bone versus DM-Bone scaffolds by compression test and 92 
microcomputed tomography confirmed that EDTA demineralization reduced the bulk elastic 93 
modulus of scaffolds (Fig. 1B) and completely removed inorganic mineral matrix components in 94 
DM-Bone scaffolds (Fig. 1C), respectively. Scanning electron microscopy (SEM) further validated 95 
that bone matrix macro- and microstructure were unaffected by EDTA-based demineralization 96 
consistent with our previous work2 (Fig. 1D). In addition, the fibrillar structure of collagen I, the 97 
principal organic component of bone matrix, was comparable in both scaffold systems as 98 
polarized-light microscopy of Picrosirius Red-stained samples did not reveal differences between 99 
both conditions27 (Supp. Fig. 1A).  100 
 101 
To examine the naïve stromal response to bone matrix mineral content, we implanted M-Bone 102 
and DM-Bone scaffolds subcutaneously (s.q.) onto the dorsal flanks of 6-8-week-old female 103 
immunocompromised athymic nude mice. In these mice, we also implanted M-Bone and DM-104 
Bone scaffolds pre-seeded with luciferase-expressing MDA-MB231 breast cancer cells, a well-105 
accepted and widely used model to study bone metastasis28,29 (Fig. 1E, 1F, Methods). As the 106 
phenotype of stromal cells recruited during the early-stages of tumor initiation is a critical 107 
determinant for the severity of lesion formation5,30, we explanted the different scaffolds two 108 
weeks after implantation. This protocol enabled assessment of stromal composition following 109 
the conclusion of the initial wound healing response31 and mimicked early stages of tumor 110 
formation. We used longitudinal bioluminescent imaging (BLI) to assess tumor growth weekly. 111 
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Next, the implants were removed, enzymatically digested, and phenotypically assessed via single-112 
cell RNA-sequencing (scRNA-seq) (Fig. 1E). We observed that immediately after implantation, 113 
and up to one week after implantation, bioluminescence did not differ between scaffold types. 114 
After two weeks, the luminescence of tumors forming on DM-Bone scaffolds (Tumor-DM-Bone) 115 
was significantly higher than on M-Bone scaffolds (Tumor-M-Bone). This observation indicates 116 
that reduced bone mineral content promotes tumor growth. (Fig. 1F, 1G). After explantation, we 117 
generated scRNA-seq data for 16,973 cells from M-Bone and DM-Bone scaffolds implanted with 118 
and without tumor cells (Methods, Fig. 1H, Supp. Fig. 1A). The single-cell transcriptomes from 119 
these different implants identified six distinct cell types for each group, including cancer cells and 120 
stromal cells such as endothelial cells, fibroblasts, smooth muscle cells, monocytes, and T 121 
cells/NK T cells. As expected, tumor cells were only present in explants of scaffolds pre-seeded 122 
with tumor cells. At the study endpoint, more tumor cells were isolated from DM-Bone scaffolds 123 
relative to mineral-containing scaffolds, consistent with our BLI data (Fig 1H, 1I and Supp. Fig. 124 
1B). Regardless of whether implants contained tumor cells, stromal cells were the most abundant 125 
class of cells in the tumor microenvironment. Among stromal cells, fibroblasts and monocytes 126 
constituted the two most abundant cell types, with relative proportions that were roughly equal 127 
across conditions. Therefore, we investigated these populations in more detail next.   128 
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 129 
Figure 1. Bone matrix mineral content alters tumor growth without global effects on host cell 130 
recruitment. A) Schematic showing the process of generating implantable 1-2 mm long, 6 mm diameter 131 
bone scaffolds. B) Compression testing of M-Bone and DM-Bone scaffolds indicates differences in elastic 132 
modulus. (*P=0.0332, **P=0.0021, ***P=0.0002, ****P<0.0001) C) Representative microcomputed 133 
tomography (micro-CT) images of M-Bone and DM-Bone scaffolds. Pseudocolor indicates mineral content. 134 
D) Representative SEM images of M-Bone and DM-Bone scaffolds. Scale bar = 200 μm (left) and 2 μm 135 
(right). E) Schematic showing experimental design for single-cell transcriptomics experiments using 136 
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luciferase-expressing MDA-MB231 triple negative human breast cancer cells seeded onto M-Bone and 137 
DM-Bone scaffolds and implanted into female athymic nude mice. F) Longitudinal bioluminescent imaging 138 
(BLI) and quantification of luciferase-expressing tumor cells on implanted M-Bone and DM-Bone scaffolds. 139 
(****P<0.0001) Pseudocolor indicates radiance pixel intensity between 3.5 x 105 and 1.25 x 107 140 
p s−1 cm−2 sr−1. G) Bar plot showing comparison of normalized flux of MDA-MB231 tumor cells on M-141 
Bone and DM-Bone scaffolds at three time points post implantation in athymic nude mice. H) t-Distributed 142 
Stochastic Neighbor Embedding (t-SNE) map of 16,973 single-cell transcriptomes clustered by gene 143 
expression and colored by the labeled cell types. I) Bar plot showing relative proportion of various cell 144 
types across the four experimental conditions. 145 

 146 
 147 
Bone matrix mineral content regulates the phenotype of recruited fibroblasts 148 
Fibroblasts are intrinsically heterogeneous and critical regulators of both physiological and 149 
pathological tissue remodeling. Depending on their phenotype, fibroblasts can direct a 150 
profibrotic or wound-healing response to a biomaterial implant with functional consequences for 151 
immune cell phenotype and implant engraftment32,33. In a tumor, fibroblasts assume a variety of 152 
phenotypes, known as cancer-associated fibroblasts (CAFs), that can be tumor-suppressive 153 
through the secretion of growth-inhibitory and immunoregulatory cytokines. Conversely, they 154 
may also promote tumor outgrowth and invasion through the secretion of growth factors, matrix 155 
metalloproteinases (MMPs), and extracellular matrix (ECM) proteins34–36. Given this plasticity, 156 
and because fibroblasts represented the most abundant host cell type in explants across all 157 
conditions, we characterized the fibroblast phenotypes that were associated with the different 158 
bone scaffolds in the presence or absence of tumor cells. Unsupervised clustering of single-cell 159 
transcriptomes from all four scaffold conditions yielded four distinct subpopulations of 160 
fibroblasts that were distributed differently based on mineral content of the scaffold and 161 
whether tumor cells were present (Fig. 2A-2C). Two distinct clusters, S100a4+ and Saa3+ 162 
fibroblasts, were enriched in M-Bone scaffolds in both tumor and tumor-free conditions. A third 163 
cluster of Col8a1+ Mfap4+ fibroblasts was enriched in tumor-free DM-Bone scaffolds relative to 164 
M-Bone scaffolds but almost entirely absent in all tumor-containing explants (Fig. 2A, 2B and 165 
Supp. Fig. 2A). In contrast, a fourth cluster of Acta+ Tagln+ fibroblasts was enriched in Tumor-166 
DM-Bone scaffolds relative to Tumor-M-Bone scaffolds, but largely absent in all tumor-free 167 
explants.  168 
 169 
To isolate the effect of matrix mineral content on fibroblast phenotype in the absence of tumor 170 
cells, we analyzed Col8a1+ cells as they were much more abundant in all tumor-free explants and 171 
highly enriched in DM-Bone scaffolds as compared to M-Bone scaffolds. Interestingly, these cells 172 
not only had elevated expression of collagen Col8a1 but also Col11a1 as well as matricellular 173 
glycoprotein gene thrombospondin, suggesting that decreased bone mineral content induces a 174 
matrix-remodeling phenotype in fibroblasts (Fig. 2D). We also observed elevated expression of 175 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 23, 2024. ; https://doi.org/10.1101/2024.07.19.604333doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.19.604333
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

matrix gla protein (Mgp) in these cells, which inhibits pathological calcifications in heart valves 176 
and arteries37, while also regulating healthy bone formation and activity of bone morphogenetic 177 
protein 2 (BMP-2) (Fig. 2D)38,39. This suggests reduced bone mineral content upregulates factors 178 
involved in matrix remodeling, a finding that was supported by differential gene expression and 179 
gene ontology analysis of fibroblast cells on tumor-free scaffolds. More specifically, we found 180 
that genes associated with bone matrix remodeling including genes associated with bone 181 
formation, biomineralization and wound healing were enriched in fibroblasts in tumor-free DM-182 
Bone relative to M-Bone scaffolds (Supp Fig. 2B-2D). Last, we analyzed the Acta2+ fibroblast cell 183 
cluster resembling previously defined cancer-associated fibroblast-Bs (CAF-Bs) and 184 
myofibroblastic cancer-associated fibroblasts (myCAFs)40–42 (Fig. 2A, 2C, and 2E). This cluster was 185 
highly enriched in DM-Bone scaffolds as compared to M-Bone scaffolds (Fig. 2A) and 186 
characterized by high expression levels of the canonical myofibroblast markers alpha-smooth 187 
muscle actin (Acta2), transgelin (Tagln), and myosin light chain 9 (Myl9) in addition to the 188 
tropomyosin gene Tpm2, and matrix-remodeling gene Mmp13 (Fig. 2E).  189 
 190 
To validate that mineral affects myCAF phenotype, we performed histology on tumor sections. 191 
Increased Masson’s trichrome staining of tumors grown in DM-Bone scaffolds supports that lack 192 
of bone mineral induces a collagen-depositing myCAF phenotype (Fig. 2F, G). While Acta2+ 193 
fibroblasts were detected in both tumor-free and tumor-containing explants, considerably more 194 
Acta2+ cells were detected in tumors growing within DM-Bone scaffolds (Tumor-DM-Bone) 195 
relative to all other conditions providing additional evidence for our conclusion (Supp. Fig. 2E). 196 
Collectively, our data indicate that fibroblast populations are relatively similar in tumor-free and 197 
tumor-containing scaffolds as long as mineral is present. In the absence of mineral, however, 198 
fibroblasts change dramatically, and these changes are further enhanced by the presence of 199 
tumor cells likely shaping the microenvironment in a manner that contributes to increased tumor 200 
outgrowth. 201 
 202 
Myeloid cells represented the second largest population of cells in the different explants (Supp. 203 
Fig. 3A). Unsupervised clustering yielded four distinct subpopulations of macrophages that were 204 
distributed differently based on mineral content of the scaffold and whether tumor cells were 205 
present (Supp. Fig. 3A-C). Most macrophages in the M-Bone scaffolds were unactivated Cd163+ 206 
cells, whose population size decreased in DM-Bone scaffolds regardless of tumor status. 207 
Importantly, we also identified two distinct phenotypes of activated monocytes that were 208 
enriched on DM-Bone scaffolds relative to M-Bone scaffolds, but whose specific phenotype was 209 
further dictated by the presence of tumor cells. Specifically, macrophages in tumor-free 210 
conditions expressed tumor necrosis factor (Tnf), a master regulator of inflammation and 211 
proliferation, and Ccl2 which is increased by NF-κB signaling and associated with an inflammatory 212 
phenotype. These Tnf+ macrophages were more abundant in DM-Bone scaffolds relative to M-213 
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Bone scaffolds. In contrast, tumor-containing explants were almost devoid of Tnf+ macrophages. 214 
Macrophages in tumor-containing scaffolds were enriched for Cd72+ proinflammatory 215 
macrophages in DM-Bone versus M-Bone scaffolds but were almost absent in tumor-free 216 
scaffolds (Supp. Fig. 3C). We also captured populations of Cd9+ macrophages and dendritic cells 217 
that did not change significantly across conditions (Supp. Fig. 3A-C). Although macrophage 218 
phenotypes appeared to be responsive to the matrix, typical markers of tumor-associated 219 
macrophages, such as Nos2, Cd274, Mmp13, and Cxcl3, were not detected in any of our tumor-220 
containing scaffolds (Supp. Fig. 3D). 221 

222 
Although tumor growth was consistently increased in scaffolds devoid of mineral, we observed 223 
minimal transcriptional changes in captured tumor cells (Supp. Fig. 4A, B). Thus, scaffold-224 
dependent changes to the microenvironment, including altered fibroblast phenotypes, may be 225 
more important for tumor growth at this early stage than the phenotype of the tumor cells 226 
themselves. This may be particularly important as myofibroblasts resembling those detected in 227 
our murine samples are a significant component of human bone metastases (Supp. Fig. 5). As the 228 
aforementioned experiments were performed with human breast cancer cells in 229 
immunocompromised mice to mimic conventionally used mouse models of bone metastasis43, it 230 
is possible that the absence of a fully functional immune system may have contributed to this 231 
observation. Yet, dysregulated bone formation and mineralization are accompanied by changes 232 
in immune cell function17,18. Thus, we next evaluated how bone mineral content affects immune 233 
cell types in immunocompetent mice implanted with syngeneic triple-negative mammary cancer 234 
cells. 235 

236 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 23, 2024. ; https://doi.org/10.1101/2024.07.19.604333doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.19.604333
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 237 
Figure 2. Fibroblast phenotype is altered by bone matrix mineral content and tumor cells. A) t-238 
Distributed Stochastic Neighbor Embedding (t-SNE) map of 7,935 fibroblast single-cell transcriptomes 239 
clustered by gene expression and colored by the fibroblast clusters. B) Bar plot showing relative 240 
proportion of various fibroblast cell clusters across the four experimental conditions. Colors represent the 241 
fibroblast subtypes as shown in Fig. 2A. C) Heat map showing the log-normalized and scaled expression of 242 
top-ten differentially expressed genes in each fibroblast cluster. Colors in the color bar on top represent 243 
the fibroblast subtypes as shown in Fig. 2A. D) Violin plots showing the log-normalized expression of genes 244 
upregulated in Col8a1+ fibroblast cells enriched on tumor-free demineralized bone scaffolds (Control-DM-245 
Bone). E) Volcano plot of differential gene expression analysis showing genes upregulated in myCAF-like 246 
Acta2+ fibroblasts relative to all other fibroblasts. F) Representative Masson’s Trichrome images of 247 
explanted tumor-free and tumor-containing M-Bone and DM-Bone scaffolds and (G) Analysis of collagen 248 
pixel intensity by mean intensity per region of interest. Scale bar = 100 μm, dashed line denotes scaffold. 249 

 250 
 251 
Bone matrix mineral content regulates the immune microenvironment 252 
Immune cells play an important role in bone formation and remodeling, and changes of bone 253 
materials properties regulate immune cell function44–46. For example, immune cells prepare bone 254 
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niches for subsequent tumor cell colonization47, while bone mineral properties, including mineral 255 
particle size or crystallinity influence the phenotype of immune cells including dendritic cells48 256 
and macrophages49,50. As tumor-resident immune cells such as tumor-associated macrophages 257 
(TAMs) or tumor-associated neutrophils (TANs) can either promote or suppress tumor growth 258 
depending on their specific microenvironmental context51–53, it is important to understand which 259 
role bone mineral content may play in this process.  260 
 261 
To determine how bone matrix mineral content alters stromal cell recruitment in mice with a 262 
fully functional immune system, we implanted tumor-free and tumor-containing M-Bone and 263 
DM-Bone scaffolds s.q. into the dorsal flanks of 6-8 week old female Balb/C mice (Fig. 3A). For 264 
the tumor condition M-Bone and DM-Bone scaffolds were seeded with syngeneic luciferase-eGFP 265 
expressing triple-negative 4T1.2 mouse metastatic mammary cancer cells prior to implantation. 266 
Similar to the studies described above, we tracked tumor cell growth longitudinally and removed 267 
the implants after two weeks for single-cell transcriptomics. In comparison to the xenografted 268 
human MDA-MB-231 cells, tumor development was much more rapid, BLI signal was unaffected 269 
by mineral content of the implants (Fig. 3B, 3C), and tumors were characterized by limited 270 
desmoplasia and significant necrosis (Fig. 3D). Consistent with these observations, the parental 271 
cell line of the 4T1.2 has been characterized by its rapid growth and granulocytosis54, where the 272 
dominant microenvironmental phenotype is characterized by necrosis resulting from aggressive 273 
tumor growth. 274 
 275 
At study endpoint, we generated scRNA-seq data for 9,253 cells from M-Bone and DM-Bone 276 
explants containing or lacking tumor cells (Fig. 3E and Supp. Fig. 6A). The single-cell 277 
transcriptomes represented seven distinct cell types, including tumor cells and stromal cells such 278 
as endothelial cells, fibroblasts, smooth muscle cells, monocytes, neutrophils, T cells/ NK T cells, 279 
and B cells. (Fig. 3F and Supp. Fig. 6B). Interestingly, the number of fibroblasts in all samples was 280 
substantially lower in this model compared to the immunocompromised model and to clinical 281 
bone metastasis samples55. Fibroblasts accounted for only 7%-17% of the total cells, with slightly 282 
different proportions across conditions. These results were consistent with previous findings that 283 
tumors from MDA-MB231 are inherently more myofibroblastic and desmoplastic than 4T1 284 
tumors56. Fibroblast differences between the two mouse models could be driven by innate 285 
differences in tumor cell proliferation as 4T1 tumors in Balb/C mice grow much more quickly than 286 
MDA-MB231 in immunocompromised mice57 possibly affecting the recruitment of host cells via 287 
both altered biochemical and biophysical parameters. Interestingly, myeloid cells were the most 288 
abundant cell type representing 53%-78% of the total cells across the four conditions (Fig. 3F). In 289 
addition, we observed a substantial increase in the number of neutrophils on scaffolds with 290 
tumor relative to scaffolds without tumors (Fig. 3F). Clustering of neutrophil transcriptomes 291 
revealed that this difference was largely mediated by an increase of Ccl3+ Cxcl3+ activated 292 
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neutrophils expressing Icam+ Cxcr2- Sell-, which are canonical markers of tumor-associated 293 
neutrophils (TANs) . These activated TAN-like cells were enriched on DM-Bone scaffolds relative 294 
to M-Bone scaffolds in both the absence and presence of tumor cells (Supp. Fig. 7A-E). A small 295 
increase in the proportion of activated neutrophils on DM-Bone scaffolds, even in absence of 296 
tumor cells, suggests that mineral alone can influence neutrophil activation (Supp. Fig. 7A, 7C). 297 
Further analysis of gene markers for N1 (anti-tumor) and N2 (pro-tumor) type neutrophils 298 
suggested that the activated TAN-like cells expressed pro-inflammatory N1-type markers such as 299 
Il1a, Tnf, and Ccl3 and low levels of typical N2 markers (Supp. Fig. 7F-G). Our results imply that 300 
increased tumor growth caused by lack of mineral could enhance the recruitment of activated 301 
N1-type TANs, which can promote a tumor-suppressive microenvironment by altering the 302 
immune response52. As expected, cancer cells were only detected in the tumor samples and 303 
represented 3.9% and 15.0% of total cells in M-Bone and DM-Bone explants, respectively. These 304 
results are consistent with the immunocompromised system, in which we also detected fewer 305 
cancer cells on M-Bone relative to DM-Bone (Fig 1I, 3E). Hence, it is possible that 4T1.2 tumors 306 
in Balb/C mice grew more on DM-Bone scaffolds relative to M-Bone, but that these differences 307 
were undetectable via BLI due to the significant amount of necrosis.  308 

309 
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 310 
Figure 3. Bone matrix mineral content regulates stromal cell recruitment in immunocompetent mice. 311 
A) Schematic showing experimental design for single-cell transcriptomics experiments using luciferase-312 
expressing 4T1.2 bone tropic triple negative murine breast cancer cells implanted in Balb/C mice on M-313 
Bone and DM-Bone scaffolds. B) Longitudinal bioluminescent imaging (BLI) of luciferase-expressing tumor 314 
cells seeded onto M-Bone and DM-Bone scaffolds and implanted s.q. into female Balb/C mice. 315 
Pseudocolor indicates radiance pixel intensity between 6.00 x 107 and 7.16 x 109 p s−1 cm−2 sr−1. C) Bar 316 
plot showing comparison of normalized flux of 4T1.2 tumor cells on M-Bone and DM-Bone scaffolds at 317 
three time points post implantation in Balb/C mice. D) Representative H&E images of tumor-free and 318 
4T1.2 tumor-containing M-Bone and DM-Bone scaffolds. Scale bar = 300 μm. E) t-Distributed Stochastic 319 
Neighbor Embedding (t-SNE) map of 9,253 single cell transcriptomes clustered by gene expression and 320 
colored by the labeled cell types. F) Bar plot showing relative proportion of various cell types across the 321 
four experimental conditions. 322 

 323 
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Macrophage activation state is altered by bone mineral content 324 
Since monocytes were the most abundant cell type in our dataset and are primarily composed of 325 
macrophages, we next analyzed macrophages. Macrophages play important roles in dictating the 326 
response to biomaterial implants and are ubiquitous at bone-metastatic sites. Macrophages also 327 
represent the most abundant leukocyte population in mammary tumors and play critical and 328 
multifaceted roles at each stage of cancer progression58. For example, tumor-associated 329 
macrophages facilitate neoplastic transformation, tumor immune evasion, and metastasis, but 330 
can also drive tumor suppression58. To understand how the individual and combined effects of 331 
mineral and tumor presence affect the phenotype of macrophages, we reanalyzed the 332 
monocytes detected in our tumor-free and 4T1.2 tumor-containing M-Bone and DM-Bone 333 
scaffolds (Fig. 4A, Methods).  334 
 335 
Unsupervised clustering of monocytes revealed three distinct macrophage clusters: i) Selenop+ 336 
Apoe+ macrophages were similarly abundant on M-Bone and DM-Bone but were slightly 337 
decreased in the presence of a tumor suggesting that this subpopulation is not responsive to 338 
mineral content but regulated by tumor cells. ii) Arg1+ Gja1+ macrophages were highly enriched 339 
in tumor-free scaffolds devoid of mineral, but mineral had no effect when tumor cells were 340 
present. Hence, this subpopulation could regulate bone remodeling as a function of bone mineral 341 
content in tumor-free conditions. Vice versa, iii) Nos2+ Inhba+ macrophages were detected 342 
almost exclusively in tumor-containing scaffolds and were enriched on Tumor-DM-Bone vs. 343 
Tumor-M-Bone scaffolds. These results imply that this subpopulation may affect tumor 344 
progression differentially depending on bone mineral content (Fig. 4B). We also detected a small 345 
population of H2-Aa+ Ccr2+ dendritic cells that was slightly enriched in mineral-containing 346 
conditions both in the presence and absence of tumor cells (Fig. 4B). Since dendritic cells are 347 
essential innate immune system responders to biomaterial implants59, this increase may be 348 
caused by varied host responses at the stiffer M-Bone scaffold interface. Alternatively, the HA 349 
content of scaffolds can directly alter or enhance dendritic cell maturation48. As some tumor-350 
immune microenvironments can direct dendritic cell differentiation into osteoclasts that drive 351 
metastasis-associated bone resorption60, our results may indicate that bone matrix changes could 352 
affect metastatic progression via differential dendritic cell recruitment or phenotypic changes. 353 
 354 
To characterize the effect of mineral on macrophage phenotype in more detail, we first compared 355 
macrophages in tumor-free M-Bone and DM-Bone explants. Consistent with epidemiological 356 
data and our findings that decreased bone matrix mineral content generates a microenvironment 357 
that is more permissive to secondary tumor formation, macrophages on DM-Bone expressed 358 
more Arg1. The post-translational product of Arg1, arginase, is responsible for catabolism of L-359 
arginine into urea and L-ornithine, an amino acid required for cell proliferation and collagen 360 
synthesis61. Because Arg1 is a canonical marker of M2 polarization, which suppresses 361 
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inflammation and antitumor immunity, our results imply that reduced bone mineral content 362 
stimulates macrophage polarization into a phenotype that is conducive to tumor growth51 (Supp. 363 
Fig. 8A). The detected M2-biased macrophages also expressed higher levels of Fn1, another 364 
indicator of M2 polarization, as well as Cd163, and Mmp9 (Fig. 4C, 4D), which have been 365 
associated with worse patient prognosis62,63. Differential gene expression and gene ontology 366 
analysis of monocyte cells on tumor-free scaffolds confirmed enrichment of genes associated 367 
with arginine transport on DM-Bone scaffolds as compared to M-Bone scaffolds (Supp Fig. 7A, 368 
7B).  369 
 370 
Similar to our findings in the immunocompromised mouse model, absence of mineral enhanced 371 
pro-tumorigenic stromal cell traits in tumor-implanted Balb/C mice. More specifically, 4T1.2 372 
tumors growing in mineral-free DM-Bone scaffolds contained more tumor-associated 373 
macrophages (TAMs) than tumors in mineral-containing M-Bone scaffolds. These TAMs were 374 
characterized by co-expression of the canonical M1 macrophage marker, Nos2, and markers of 375 
inflammation Ccl5 and Il1b (Fig. 4E, 4F). These TAM cells also upregulated the M2 marker Arg1 376 
as well as the matrix remodeling genes MMP12 and MMP13 and cell adhesion and migration 377 
molecule CXCL3. Although M1 phenotypes are thought to be tumor-suppressing, and elevated 378 
expression of Arg1 in cells resembling M1 macrophages seems counterintuitive, macrophages 379 
can co-express both markers when degrading and endocytosing collagen I64, the primary ECM 380 
component in our scaffolds. Indeed, tumors growing in DM-Bone scaffolds were enriched in 381 
macrophage phenotypes driving both inflammation and matrix remodeling, processes known to 382 
stimulate tumor outgrowth and invasion (Fig. 4B). This mixed macrophage polarization 383 
phenotype has been observed in solid tumors in vivo, including breast cancer65,66, and has been 384 
associated with worse outcomes67. Together these data indicate that reduced bone mineral 385 
content may bias macrophages into an M2-like, anti-inflammatory phenotype when no tumor 386 
cells are present. Lack of bone mineral in the presence of tumor cells alters macrophage 387 
activation and polarization state further and biases macrophages to be even more pro-388 
tumorigenic.  389 
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 390 
Figure 4. Macrophage activation state is altered by bone mineralization. A) t-Distributed Stochastic 391 
Neighbor Embedding (t-SNE) map of 5,836 monocyte single-cell transcriptomes clustered by gene 392 
expression and colored by the monocyte subtype clusters. B) Bar plot showing relative proportion of 393 
various monocyte cell clusters across the four experimental conditions. Colors represent the monocyte 394 
subtypes as shown in Fig. 4A. C) Heat map showing the log-normalized and scaled expression of top-ten 395 
differentially expressed genes in each monocyte cluster. Colors in the color bar on top represent the 396 
monocyte subtypes as shown in Fig. 4A. D) Violin plots showing the log-normalized expression of genes 397 
enriched in monocyte cells on DM-Bone (top row) and on M-Bone (bottom row) scaffolds. E) Volcano plot 398 
of differential gene expression analysis showing genes upregulated in TAM-like Nos2+ macrophages 399 
relative to all other macrophage cells. F) t-SNE feature plots showing expression of genes enriched in 400 
tumor-associated macrophages.  401 

 402 
 403 
DISCUSSION  404 

Decreased bone mineral content is a risk factor for bone metastasis and associated with stromal 405 
changes7,68,69, but the functional link between bone mineral content and stromal heterogeneity 406 
in the presence and absence of tumor cells remains unexplored. Our results suggest that, even 407 
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in the absence of tumor cells, bone matrix demineralization may prime stromal cells to 408 
phenotypes that are supportive of tumor growth regardless of mouse model. The respective 409 
mouse model, however, will influence whether fibroblasts or immune cells are the primary 410 
mediators of these effects. These findings demonstrate the importance of careful consideration 411 
of matrix, mouse, and tumor models when conducting bone metastasis studies, and may help 412 
explain why low bone mineral density increases the risk of bone metastasis. 413 

Although ECM modifications and stromal cell phenotype are contributing factors to breast cancer 414 
progression47,70–72, their importance in bone metastasis is not well characterized in part due to a 415 
lack of model systems offering precise control over bone ECM properties. As many conditions 416 
comorbid to breast cancer, such as aging, chemotherapy, decreased exercise, hormone changes, 417 
and radiation lead to bone mineral decline4–6, understanding these connections is critical. While 418 
bone mineral density decline can be induced in mice, these models are accompanied by broad 419 
systemic effects that impact stromal cell behavior independent of bone matrix19–21. Here, we used 420 
implantable scaffolds that capture the structure and composition of bone while offering selective 421 
control of mineral levels in vivo. Leveraging these scaffolds in conjunction with two well accepted 422 
and widely used models of triple-negative breast cancer and single-cell RNA-sequencing, we 423 
determined that the stromal and immune microenvironment vary significantly in response to 424 
changes in bone mineral density, with implications for tumor growth. 425 

Bone-resident stem and stromal cells are known regulators of the outgrowth and aggressiveness 426 
of disseminated breast cancer cells, and in other metastatic sites, fibroblasts play critical roles as 427 
both tumor-suppressors and tumor-promoters34,36. For example, mineralizing culture substrates 428 
with HA can affect the differentiation and phenotype of mesenchymal stem cells (MSCs) and their 429 
progeny73,74, but little is known about how these effects may impact tumor growth. 430 

Previous work with polymeric and urinary bladder ECM implants following muscle injury23 431 
revealed new biomaterial signaling modules and cell subsets not previously implicated in 432 
response to biomaterials. Expanding upon these findings, our results indicate that bone mineral 433 
further regulates host responses to implanted biomaterials and that these changes regulate 434 
tumor growth. More specifically, our data suggest that bone matrix devoid of mineral can induce 435 
a profibrotic myofibroblastic phenotype, which worsens in the presence of tumor cells. 436 
Consistent with clinical evidence that myofibroblasts impair cancer outcomes75, this polarization 437 
correlated with more rapid tumor growth. Moreover, the fibrotic response to biomaterial 438 
implants is correlated with changes in myeloid cell phenotype76. Therefore, our findings could 439 
have clinical implications as bone matrix-derived, demineralized implants are often used to repair 440 
skeletal defects77. Our transcriptomic data was corroborated by the increased detection of alpha-441 
SMA+ cells by IHC as well as increased collagen deposition characteristic of myofibroblast activity. 442 
Although Acta2+ CAFs were the dominant phenotype in the absence of an active immune system, 443 
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we captured few fibroblasts in our immunocompetent model. This could be due to the rapid 444 
growth of the 4T1.2 cells, where the driving microenvironmental factor for these tumors is likely 445 
necrosis or hypoxia rather than matrix and stromal cell interactions. Thus, while this model 446 
enabled examination of immune cells, a limitation of the immunocompromised model, it lacks 447 
fibroblast involvement which is a common component of human tumors and bone 448 
metastases34,55,78. Accordingly, future studies will need to look into these results in other models 449 
and explore mechanisms that control increased fibroblast recruitment in bone. 450 

Immune cell state, particularly macrophage polarization state, is a similarly important regulator 451 
of tumor growth at metastatic sites79, and, according to our results, is influenced by bone mineral 452 
content. Prior work indicates that macrophage activation and subsequent polarization to M1 or 453 
M2-biased phenotypes, a simplification of the broad spectrum of macrophage transitional states, 454 
dictates whether microenvironments are pro- or anti-tumorigenic79. For example, cell-cell 455 
crosstalk, tumor cell-secreted cytokines, and ECM mechanical properties and sequestered factors 456 
have all been found to alter macrophage polarization80–82. We now show that in the absence of 457 
tumor cells, bone matrix devoid of bone mineral directs macrophages towards M2-biased states 458 
which have been associated with worse patient outcomes83,84. In mineral-free implants with 459 
tumor cells, however, we observed transitional-activated macrophages that co-expressed both 460 
M1 and M2 markers and genes regulating matrix remodeling and adhesion. Notably, while Arg1 461 
is a canonical marker of M1 polarization84, its post-translational product, arginase, is also involved 462 
in regulating biosynthetic pathways controlling the metabolism of alternatively activated 463 
macrophages85 in a process that depends on collagen degradation and subsequent endocytosis64. 464 
Since absence of mineral exposes more of the underlying collagen matrix to cells, it is possible 465 
that the Nos2+ cells we observed are a profibrotic TAM subtype characterized by high nitric oxide 466 
levels induced by increased intracellular arginine from collagen catabolism86. Implantation of 467 
biomaterial scaffolds into Balb/C mice has been shown previously to recruit immune cells53,76,87, 468 
and that altering biomaterial properties affects immune cell recruitment. Our results are 469 
consistent with these findings (Fig. 3F), and warrant consideration of matrix composition for 470 
future site-specific studies of immune cells in metastasis. 471 

In this study we used triple-negative mammary cancer cells, although bone metastases are often 472 
found in patients with estrogen receptor-positive (ER+) breast cancers. We chose these cells as 473 
they are widely used to study bone metastasis in mice43, and we have validated that ER+ cells are 474 
similarly responsive to mineral changes2. Nevertheless, recurrence in the bone is more common 475 
in patients with ER+ breast cancer88. Our findings suggest that changes in bone mineral density 476 
could contribute to these differences, as triple-negative breast cancer occurs more frequently in 477 
younger women with physiological bone mineral density while ER+ breast cancer develops more 478 
frequently in post-menopausal women, whose reduced estrogen levels decrease bone mineral 479 
density89. Given these connections, follow-up studies are necessary to compare the role of bone 480 
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mineral density on the cellular composition of metastatic environments and thus, metastasis 481 
formation in different cancer subtypes. 482 

While implanting decellularized bone scaffolds into the flank of mice allowed us to interrogate 483 
the effect of bone mineral content on tumor heterogeneity and growth under standardized 484 
conditions in vivo, several bone-resident cell types could not be considered. However, some of 485 
these cell types, such as bone marrow-derived MSCs, can be recruited to implanted biomaterials 486 
and tumors via the bloodstream. As HA can drive osteoblast (OB) differentiation, we analyzed 487 
our transcriptomic data for OB markers, but did not observe any. This absence could be because 488 
MSCs were not recruited to our implants, the short implantation time, or because MSCs 489 
differentiated into other cell types, such as CAFs. As both MSC-derived OBs and CAFs play 490 
important roles in metastatic lesion progression30,90, future studies using bone marrow transplant 491 
models to track the fate of bone-marrow derived cells in our implants should study their 492 
contribution to tumor growth as a function of matrix mineral content91. Moreover, additional 493 
work will need to validate the importance of our results with more clinically relevant models of 494 
impaired bone mineralization, such as following anti-estrogen therapy5, chemotherapy4, or 495 
vitamin D deficiency7. Approaches known to encourage healthy bone formation and 496 
mineralization, including mechanical loading92,93, could then be tested to see if any such 497 
phenotypes can be reversed to prevent tumor growth. 498 

Although the models used here had some limitations, our findings corroborate data collected 499 
from clinical bone metastasis samples and thus may offer insights for future investigations. We 500 
compared our results to those of an EGFR- (ER+/PR-/HER2-) breast cancer that metastasized to the 501 
tibia and pelvis55. scRNA-seq of these metastases yielded six cell types, and like in our 502 
immunocompromised data, contained predominantly fibroblasts (Supp. Fig. 5A). Within the 503 
stromal cells, nine fibroblast clusters with diverse functions were identified and a population of 504 
ACTA2+ MCAM+ myofibroblasts as well as a population of myCAF cells were detected across the 505 
bone metastases, similar to the Acta2+ myCAF-like fibroblasts, which were enriched in the tumor 506 
microenvironments on our mineral-free scaffolds (Supp. Fig. 5B-D, 8C). Hence, specific fibroblast 507 
populations and ACTA2+ CAFs, in particular, affect tumor growth in both our model and clinical 508 
bone metastasis samples, underscoring the relevance of our findings to human disease. Future 509 
work should aim to evaluate the immune component of bone metastases in a similar manner. 510 

In conclusion, our results suggest that bone matrix changes not only affect the early-stage 511 
development and growth of bone lesions via direct interactions with tumor cells, but also that 512 
bone demineralization may alter lesion outgrowth via interactions with stromal cells and 513 
subsequent changes to the microenvironment (Fig. 5). The finding that lack of bone mineral alone 514 
can induce a profibrotic state in stromal and immune cells motivates additional research and 515 
early clinical intervention to prevent a decrease of bone mineral density resulting from primary 516 
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cancer treatments like radiation, hormone therapy, and chemotherapy. Additionally, this finding 517 
corroborates that efforts to maintain or increase bone mineral density, such as mechanical 518 
loading of bones, may not only be a strategy to interfere with bone metastasis formation in breast 519 
cancer patients, but may also improve bone engraftment and defect repair in regenerative 520 
settings93,94. Collectively, our results motivate careful consideration of the heterogeneous and 521 
multicellular responses to bone matrix changes in metastasis and disease and could yield new 522 
avenues of research toward clinical intervention that could improve bone defect repair or bone 523 
disease treatment and slow bone metastatic progression. 524 

 525 

Figure 5. Reduced bone matrix mineral content induces global changes to the tumor microenvironment. 526 
Microenvironmental changes caused by reduced mineral density include 1) the induction of 527 
proinflammatory, myofibroblastic, and pro-tumorigenic conditions via the induction of myofibroblastic 528 
cancer-associated fibroblasts (myCAFs) in the absence of immune activation, and 2) the induction of 529 
complex tumor-promoting and pro-inflammatory conditions, induced by tumor-associated macrophages 530 
(TAMs) with a mixed-polarization phenotype and activated tumor-associated neutrophils (TANs) in the 531 
presence of a competent immune response. 532 

METHODS 533 

Fabrication of bone matrix scaffolds 534 
M-Bone and DM-Bone bone matrix scaffolds were fabricated as previously described2. Briefly, 6 535 
mm diameter cylindrical subchondral bone plug biopsies were extracted from 1-3 day old 536 
neonatal bovine femurs, flushed with deionized water to remove marrow, and cut into 1 mm 537 
thick sections. Cells and debris were removed by incubation in an extraction buffer of 20 mM 538 
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NaOH and 0.5% Triton X-100 in PBS at 37 °C. Scaffolds were then treated with 20 U/mL DNase I 539 
to remove residual DNA, washed 5 times with PBS and labeled as “M-Bone''. To produce 540 
demineralized “DM-Bone” scaffolds, mineral-containing “M-Bone” scaffolds were demineralized 541 
at physiological pH in a solution of 9.5% ethylenediaminetetraacetic acid (EDTA), then washed 5 542 
times in PBS. Before use, scaffolds were sterilized by overnight incubation in 70% ethanol, then 543 
washed with PBS and pre-incubated in complete culture medium.  544 
 545 
Materials characterization of bone matrix scaffolds 546 
For characterization of bone matrix scaffolds, M-Bone and DM-Bone samples were prepared and 547 
excess moisture was removed by aspiration. Mechanical testing of scaffolds was performed by 548 
dynamic mechanical thermal analysis (DMA Q800, TA Instruments, US) in compression mode. 549 
Samples were loaded between the two plattens of the clamp with a preload force of 0.1 N. M-550 
Bone and DM-Bone scaffolds were compressed at ambient temperature and pressure with force 551 
ramps of 0.1 N/min and 2 N/min to a threshold of 0.8 N and 18 N, respectively. Scaffold 552 
mineralization and structure was assessed by micro-computed tomography using a Skyscan 1276 553 
(Bruker, DE). Scaffolds were fixed with 4% PFA and contrast enhanced with diffusible-iodine in a 554 
0.5% solution in buffered Lugol solution, then scanned with a voltage of 100 kV, using an Al and 555 
Cu filter, at a resolution of 10 microns per pixel, reconstructed using the standard Bruker 556 
reconstruction software, and false-colored on the basis of attenuation coefficient (Avizo, 557 
ThermoFisher, US). Scaffold trabecular structure and collagen fiber structure were assessed by 558 
scanning electron microscopy (Gemini 500, Zeiss, DE). Samples were fixed with 2% 559 
glutaraldehyde in 0.05M sodium cacodylate buffer, stained for 1 hour with 1% (w/v%) OsO4, and 560 
sequentially dehydrated by ethanol series before CO2 critical point drying for 48 hours. Samples 561 
were carbon coated (Desk II, Denton Vacuum, US) and imaged in secondary electron mode (SE) 562 
with an electron voltage of 10 kV.  563 
 564 
Cell culture and implant preparation 565 
MDA-MB231 breast cancer cells (ATCC) expressing RFP and luciferase were routinely cultured in 566 
DMEM (ThermoFisher Scientific, US) supplemented with 10% fetal bovine serum (FBS) (Atlanta 567 
Biologicals, US) and 1% penicillin/streptomycin (P/S) (ThermoFisher Scientific, US) in a 5% CO2 568 
incubator. 400,000 cells (P12) were seeded onto M-Bone and DM-Bone scaffolds and cultured 569 
overnight before implantation. Bone-tropic Balb/C-syngeneic 4T1.2 cells expressing GFP and 570 
luciferase were routinely cultured in RPMI-1640 (ThermoFisher Scientific, US) supplemented with 571 
10% fetal bovine serum (FBS) (Atlanta Biologicals, US) and 1% penicillin/streptomycin (P/S) 572 
(ThermoFisher Scientific, US) in a 5% CO2 incubator. 50,000 cells (P4) were seeded onto M-Bone 573 
and DM-Bone scaffolds and cultured overnight before implantation. 574 
 575 
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Animal experiments  576 
Mouse experiments were conducted following Cornell University animal care guidelines and 577 
were approved by Cornell University’s Institutional Animal Care and Use Committee. All animals 578 
received 4 scaffolds implanted on the subcutaneous flank: 1 unseeded DM-Bone, 1 unseeded M-579 
Bone, 1 pre-seeded DM-Bone, and 1 pre-seeded M-Bone scaffold. For immunocompromised 580 
experiments, scaffolds were implanted on the subcutaneous flank of 6–8-week-old female 581 
athymic nude-Foxn1nu mice (Envigo, US). Bioluminescence images were taken with an in vivo 582 
imaging system (IVIS Spectrum, Perkin Elmer, US) 10 minutes after intraperitoneal (IP) injection 583 
of 150 mg/kg D-luciferin (Gold Biotechnology, US) in DPBS once a week. For immunocompetent 584 
experiments, pre-seeded scaffolds were implanted on the subcutaneous flank of 6–8-week-old 585 
female Balb/C mice. Bioluminescence images were taken 15 minutes following IP injection of 150 586 
mg/kg D-luciferin in DPBS twice a week. Implants were followed for 14 days and candidates for 587 
sequencing were identified by bioluminescent signal. Samples for single-cell transcriptomics 588 
were processed as below. Other samples were fixed in 4% paraformaldehyde (PFA) overnight at 589 
4 ℃, washed with PBS, stored in 70% EtOH, and paraffin-embedded.  590 
 591 
Histology and staining 592 
Explanted scaffolds were fixed with ice-cold 4% paraformaldehyde and decalcified with 10% 593 
EDTA. Paraffin sections were used for H&E staining as well as Masson’s Trichrome staining and 594 
immunohistochemical staining of αSMA and F4/80. For IHC stains, sections were deparaffinized, 595 
and subjected to antigen retrieval in citrate buffer at 95℃ for 20 minutes. After extraction, 596 
samples were blocked with horse serum, then incubated with either primary rabbit anti-mouse 597 
αSMA antibody (ab124964, Abcam) or primary rat anti-mouse F4/80 antibody (ThermoFisher, 598 
clone 14-4801-82). Primaries were detected with biotinylated horse anti-rabbit and rabbit anti-599 
rat secondaries (Vectorlabs), respectively, then incubated with a streptavidin-peroxidase tertiary 600 
antibody and developed with stable peroxidase substrate solution (ThermoFisher). All sections 601 
were counterstained with Mayer’s or Harris hematoxylin (ThermoFisher) and imaged using a 602 
Scanscope slide scanner (Aperio CS2, Leica Biosystems) with a 40x objective. To quantify the 603 
collagen content of Masson’s Trichrome stained sections, images of trichrome stained sections 604 
were uploaded to QuPath v.0.2.095 and split into 3 vector channels (0.762, 0.609, 0.222) then 605 
segmented into a grid. Trabeculae and white space were excluded, pixel intensity in the collagen 606 
channel was calculated for each ROI.  607 
 608 
Sample preparation for single-cell transcriptomics (MDA-MB-231) 609 
Mice implanted with scaffolds were sacrificed on day 14 post implantation and the scaffolds with 610 
tumor microenvironment were isolated aseptically for single-cell RNA-sequencing experiments. 611 
One half of the collected scaffolds from each condition was minced into 1-2 mm pieces and 612 
transferred to 1.5 ml Eppendorf tube for dissociation into a single cell suspension. Tissue pieces 613 
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were then digested in a tissue dissociation media with 5 mg/mL dispase, 2.5 mg/mL collagenase 614 
I, and 2.5 mg/mL collagenase II in 1x basal culture medium in a 37°C incubator. At the end of the 615 
digestion, the cells were passed through a 40 µm filter and centrifuged into a pellet. To remove 616 
erythrocytes from the suspension, samples were resuspended in an ammonium-chloride-617 
potassium (ACK) lysis buffer (Lonza #10-548E) for 3-5 minutes and centrifuged at 180 g for 6 618 
minutes. Samples were then washed 3x in PBS with 0.04% BSA and then resuspended at 1 × 106 619 
cells per ml. Cells from each sample were stained with Trypan Blue and cell viability was 620 
calculated on an automated cell counter (Countess II) before loading the cells on 10x Chromium. 621 
We used these cell viabilities to adjust the number of cells loaded on 10x Chromium to get the 622 
desired number of transcriptomes from viable cells for each sample (5000 cells per sample). 623 
 624 
Sample processing for single-cell RNA-sequencing with Cell Multiplexing (4T1.2) 625 
Mice implanted with scaffolds were sacrificed on day 14 post implantation and the scaffolds with 626 
tumor microenvironment were isolated aseptically for single-cell RNA-sequencing experiments. 627 
One half of the collected scaffolds from each condition was minced into 1-2 mm pieces and 628 
transferred to a 1.5 ml Eppendorf tube for dissociation into a single cell suspension. Tissue pieces 629 
were then digested in a tissue dissociation media with 5mg/mL dispase, 2.5 mg/mL collagenase 630 
I, and 2.5 mg/mL collagenase II in 1x basal culture medium in a 37°C incubator. At the end of the 631 
digestion, the cells were passed through a 40 µm filter and centrifuged into a pellet. To remove 632 
erythrocytes from the suspension, samples were resuspended in an ammonium-chloride-633 
potassium (ACK) lysis buffer (Lonza #10-548E) for 3-5 minutes and centrifuged at 180 g for 6 634 
minutes. Samples were then washed twice in PBS with 0.04% BSA and then resuspended at 635 
0.5 × 106 cells in 1 ml total buffer. The cells were then centrifuged, and the supernatant was 636 
removed without disturbing the pellet. Distinct 10x Genomics Cell Multiplexing Oligos were then 637 
added to all samples and incubated for 5 minutes at room temperature. Samples Control-M-638 
Bone, Control-DM-Bone, Tumor-M-Bone, and Tumor-DM-Bone were tagged with CMO301, 639 
CMO302, CMO303, and CMO304 respectively. Labeled cell suspensions were then washed 3x in 640 
pre-chilled wash and resuspension buffer containing 1% BSA in 1x PBS as recommended in the 641 
manufacturer’s Cell Multiplexing Oligo Labeling protocol for Single-cell RNA Sequencing. The cells 642 
were resuspended in the resuspension buffer at 1500 cells/ul and were counted on an automated 643 
cell counter (Countess II). Labeled cells from individual samples were pooled in equal 644 
proportions, stained with Trypan Blue, and cell viability was calculated on an automated cell 645 
counter (Countess II) before loading the cells on 10x Chromium. We used these cell viabilities to 646 
adjust the number of cells loaded on 10x Chromium to get the desired number of transcriptomes 647 
from viable cells for each sample (4,000 cells per sample; 16,000 total cells for four samples). 648 
 649 
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Single-cell RNA-sequencing library preparation (MDA-MB-231) 650 
Single-cell suspensions were loaded on the Chromium platform (10x Genomics) with one 651 
microfluidic channel per condition and ~5000 target cells per channel. Single-cell mRNA libraries 652 
were made using the Chromium Next GEM Single Cell 3’ Library Construction V3.1 Kit according 653 
to the manufacturer’s protocol. Sequencing Libraries sequenced on an Illumina NextSeq 500/550 654 
using 75 cycle high output kits (Index 1 = 8bp, Index2 =8bp, Read 1 = 28, and Read 2 = 55bp). Raw 655 
sequencing data was aligned to a combined human and mouse genome reference (assembly: 656 
GRCh38 and mm10) using the Cell Ranger 6.1.1 pipeline (10x Genomics) to obtain single-cell gene 657 
expression matrices for individual samples.  658 
 659 
Single-cell RNA-sequencing library preparation (4T1.2) 660 
Oligo-tagged and pooled single-cell suspension derived from all four experiment conditions was 661 
loaded on a single microfluidic channel of the Chromium platform (10x Genomics) with a target 662 
of ~16,000 cells (~4,000 cells per experiment condition). A single-cell mRNA library and a cell 663 
multiplexing oligo library were made using the Chromium Next GEM Single Cell 3’ Library 664 
Construction V3.1 Kit with Feature Barcode technology for Cell Multiplexing, according to the 665 
manufacturer’s protocol. Sequencing Libraries sequenced on an Illumina NextSeq 500/550 using 666 
75 cycle high output kits (Index 1 = 10 bp, Index2 =10 bp, Read 1 = 28 bp, and Read 2 = 90 bp). 667 
Raw sequencing data was aligned to a combined human and mouse genome reference 668 
(assembly: GRCh38 and mm10) using the Cell Ranger 6.1.1 pipeline (10x Genomics).  669 
 670 
scRNA-seq data preprocessing, analysis, and visualization (MDA-MB-231) 671 
Raw gene expression matrices for individual samples were loaded in an R-4.0.3 environment 672 
using Seurat package (v4.3.0)96. After excluding the cells with less than 200 unique genes, less 673 
than a 1,000 unique transcript UMIs, or more than 30 percent mitochondrial transcripts, we 674 
analyzed 5063, 4822, 3401, and 3687 single-cell transcriptomes from Control-M-Bone, Control-675 
DM-Bone, Tumor-M-Bone, and Tumor-DM-Bone, respectively. The 16,973 cells across four 676 
experiment conditions were then normalized and log-transformed using the Seurat package. We 677 
used the FindVariableFeatures function in Seurat to choose the top 2000 highly variable genes 678 
from the dataset using the “vst” selection method. We then performed mean centering and 679 
scaling, followed by principal component analysis (PCA) to reduce the dimensions of the data to 680 
the top 20 principal components. t-Distributed Stochastic Neighbor Embedding (t-SNE) was 681 
initialized in this PCA space to visualize the data on reduced t-SNE dimensions. The cells were 682 
clustered on PCA space using the Louvain algorithm on a k-nearest neighbors graph constructed 683 
using gene expression data as implemented in FindNeighbors and FindClusters commands in the 684 
Seurat package. Cell-type-specific canonical gene markers were used to label cell clusters 685 
differentially expressing those markers. To accurately label individual clusters, differentially 686 
expressed genes for each cluster were found with the FindAllMarkers command using the Wilcox 687 
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test. Single-cell gene expression was visualized using FeaturePlot, DoHeatMap, and VlnPlot 688 
functions from Seurat.  689 
 690 
scRNA-seq data preprocessing, analysis, and visualization (4T1.2) 691 
Cell multiplexing oligo sequencing data was used to demultiplex the raw gene expression data 692 
for individual samples using the multi command in Cell Ranger 6.1.1 pipeline. The cell 693 
multiplexing oligo IDs were provided in a config file to the CellRanger multi command and min-694 
assignment-confidence was set to 0.9 (recommended default). Raw gene expression matrices for 695 
cellplex samples were loaded in an R-4.0.3 environment using Seurat package (v4.3.0). After 696 
excluding the cells with less than 200 unique genes, less than a 1,000 unique transcript UMIs, or 697 
more than 30 percent mitochondrial transcripts, we analyzed 2082, 1649, 2270, and 3252 single-698 
cell transcriptomes from Control-M-Bone, Control-DM-Bone, Tumor-M-Bone, and Tumor-DM-699 
Bone, respectively. Single-cell transcriptomes were preprocessed, analyzed, and visualized 700 
similar to the analysis for MDA-MB-231 cells discussed above. 701 
 702 
scRNA-seq data preprocessing, analysis, and visualization for human bone metastases  703 
Single-cell gene expression count matrices and meta data files were downloaded from Gene 704 
Expression Omnibus and loaded directly in an R-4.0.3 environment. The single cell transcriptomes 705 
from 10,056 cells across two human bone metastases samples were then processed using Seurat 706 
package (v4.3.0). We used the FindVariableFeatures function in Seurat to choose the top 2000 707 
highly variable genes from the dataset using the “vst” selection method. We then performed 708 
mean centering and scaling, followed by principal component analysis (PCA) to reduce the 709 
dimensions of the data to the top 20 principal components. t-Distributed Stochastic Neighbor 710 
Embedding (t-SNE) was initialized in this PCA space to visualize the data on reduced t-SNE 711 
dimensions. Cell type labels provided in the meta data were directly used to identify all cell types 712 
and to isolate stromal fibroblast cells. Single-cell gene expression for genes of interest was 713 
visualized using FeaturePlot functions in the Seurat package.  714 
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