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Theinflammatory process resulting in the fibrotic encapsulation of implants
has been well studied. However, how acellular dermal matrix (ADM) used
inbreast reconstruction elicits an attenuated foreign-body response
(FBR) remains unclear. Here, by leveraging single-cell RNA-sequencing
and proteomic data from pairs of fibrotically encapsulated specimens
(baresilicone and silicone wrapped with ADM) collected from individuals
undergoing breast reconstruction, we show that high levels of the
extracellular-matrix protein osteopontin are associated with the use of
ADM as asilicone wrapping. In mice with osteopontin knocked out, FBR
attenuation by ADM-coated implants was abrogated. In wild-type mice,
the sustained release of recombinant osteopontin from a hydrogel placed
adjacentto asiliconeimplant attenuated the FBR in the absence of ADM.
Our findings suggest strategies for the further minimization of the FBR.

Theuse ofimplantable biomedical devicesincreases exponentially each
year, propelled by acombination of ever-advancing technological inno-
vation and the clinical demands of an expanding senior population’.
Theimplantable devices market was valued at approximately US$120
billion dollars (all $ symbols refer to US dollars hereafter) worldwide
in2021and is estimated to rise to $168.3 billion dollars within the next
4 years’. Despite their notable potential forimproving health and qual-
ity of life, all biological implants are limited by foreign-body response
(FBR), animmune-mediated reactioninvolving chronicinflammation,
foreign-body giant cell formation and ultimately fibrous encapsulation
of foreign material' . Pathologic FBR can lead to implant malfunction,
superimposed infection, soft-tissue disfigurement, and may ultimately
necessitate reoperation procedures and material explant*®. Recent
studies over the past decade have gleaned some insights regarding the
mechanistic underpinning of FBR. For example, mechanotransduction
signalling pathways such as transforming growth factor beta (TGF-f3)

and transient receptor potential vanilloid 4 (TRPV4)-Ras-related C3
botulinum toxin substrate 1 (Racl) have been shown to play roles in
multinucleated giant cell formation and fibrosis®®. Meanwhile, sub-
stantialwork has also been conducted regarding the effect ofimplant
material stiffness on the extent of FBR, with stiffer materials leading
to increased fibrosis®*’. Furthermore, implant surface topography
has been shown to alter the degree of inflammation during FBR. One
study suggested that excess or absence of surface topography leads to
increased surface T cell-mediated immune response'®. With an increas-
ing understanding of the mechanism underlying FBR, many groups
currently focus on the development of strategies to minimize FBR,
including the application of new biomaterials and coatings".

For example, acellular dermal matrix (ADM), a decellularized tis-
sue often derived from cadaveric dermis with an intact extracellular
matrix (ECM), is thought to attenuate FBR by providing abiomimetic
scaffold for native tissue incorporation'>*. Animal models and human
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histopathologic studies suggest that rates of capsular contracture, the
clinicaltermused for FBR, are lower inthe presence of ADMbecause the
material may reduce or delay capsule formation' ", Other studies have
shown that ADM downregulates inflammation'?. However, the exact
mechanism of action through which ADM modifies the periprosthetic
FBR is not well understood. Rigorous molecular characterization of
this phenomenon presents an opportunity to not only revolutionize
prosthetic-based medicine, but also overcome the inevitable biologic
process of FBR. More specifically, we hypothesize that application of
ADM alters the implant microenvironment proximal to the implant.
As ADM is an adjunct frequently used in breast reconstruction that
is both expensive and in limited supply, a primary goal of this study
is to determine how ADM specifically modulates FBR. With a deeper
understanding of the biology underlying the mitigating effects of
ADM, we hope toidentify effective treatment strategies targeting this
mechanism without the use of costly ADM.

First introduced to support the lower pole of the breast and
improve aesthetic outcomes following implant-based breast
reconstruction®, subsequent clinical studies illustrated that ADM
use was associated with decreased rates of capsular contracture'* 2,
For example, in astudy of 1,584 ADM-assisted breast reconstruction
procedures, less than1% rate of capsular contracture was reported®.
These results are clinically important as capsular contracture may
often lead to pain, aesthetic changes and eventual revision proce-
dures®. Since the 2000s, ADM use in implant-based breast recon-
struction has grown in frequency. Despite limited understanding of
the mechanism underlying decreased FBR with ADM application, itis
estimated that ADM is utilized in over 60% of alloplastic reconstruc-
tionin the United States™.

Inthis study, we undertake a mechanistic approach toinvestigate
FBRinthe context of ADM use. We use implant-based breast reconstruc-
tionasamodel for understanding how ADM modulates FBR. Through
analysis of paired patient-derived capsule specimens collected during
breastreconstruction, weidentify that ADMis biologically active, with
significant differences seen in capsule architecture, microenviron-
ment protein signalling and transcriptional activity in capsule tissue
specimens adjacent to ADM (‘ADM capsule’) versus capsule tissue
not exposed to ADM (‘Native capsule’). Using multi-omic studies, we
demonstrate that ADM promotes an attenuated FBR associated with
activation of the SPPI gene in monocytes and macrophages. SPP1lis a
protein expressed in a variety of tissues, including bone, kidney and
brain®. It plays akey role in bone remodelling by enabling anchoring of
osteoclasts®. Inthe immune system, SPP1 has also been shown to bind
to a number of integrin receptors and provide function in cell adhe-
sion and migration®*. Outside of homeostasis, SPP1 has been shown
tobeimplicated inmultiple processes. Notably, it hasbeen associated
with pulmonary and liver fibrosis®*?®, as well as with both pro-fibrotic
and anti-fibrotic outcomes in FBR'***%, SPP1 signalling has also been
observed in different forms of cancer, including colon, head and neck,
and lung®. Interestingly, this gene also shows promise as a driver for
regenerationin certain tissues, such as muscle** %, Therefore, its func-
tion s highly context dependent.

Given the complex and nuanced nature of SPP1function, to further
interrogate these findings, we developed an analogous mouse model of
FBR, treated with and without ADM. Transcriptional analysis of mouse
capsules validated findings of attenuated FBR in the presence of ADM,
associated with SppI overexpressionin monocytes. Building on these
findings, genetic manipulation of Spp1 using transgenic Spp1 knockout
mice showed that SppI expression was necessary for FBR attenuation
inthe presence of ADM. Finally, to translate these findings, we applied
ahydrogel packaged for sustained release of recombinant SPP1to our
mouse model of FBR. Treatment as such was sufficient for rescue of the
ADM capsule phenotype in the absence of ADM, further suggesting
that Sppl overexpression, activated by the presence of ADM, is a key
mechanism for attenuating FBR.

Table 1| Summary demographics of the patients

Characteristics (paired capsule specimens)

Age (years): mean (s.d.), range 51.5 (11.2), 35-68

Sex, n (%)
Male 0(0)
Female 10 (100)
Time to implant exchange (months): mean (s.d.), range 7(3.9), 4-15

Expander volume: mean (s.d.), range (ml) 333 (117),125-500

Characteristics (capsules from patients without ADM)

Age (years): mean (s.d.), range 54 (4), 50-58
Sex, n (%)

Male 0(0)

Female 3(100)

Time to implant exchange (months): mean (s.d.), range 10.3 (11.85), 3-24

ADM alters foreign-body capsule phenotype and
decreases FBR
Capsule specimens were collected from patients undergoing
expander-based breast reconstruction. During this two-stage pro-
cedure, patients first receive a tissue expander and then undergo
exchange of the expander with a permanent implant following tissue
expansion. Expanders were partially wrapped in ADM at the time of
placement. As aresult, at the time of expander-implant exchange,
patients had both capsule that developed adjacent to the expander
(Native capsule) and capsule adjacent to ADM (ADM capsule). These
capsule specimens were retrieved from the same expander, allowing for
patient-matched capsule specimens of both native and ADM capsule
(Table1). Capsule specimens were sampled at aminimum distance of
2 cmtoavoid Native and ADM capsule overlap, and minimize the pos-
sibility of introducing tissue overlap as a confounding variable (Fig. 1a).
Importantly, capsules were taken consistently from the posterior side
of the expander pocket to minimize differencesin FBR capsule due to
variability in overlying tissue composition and resultant mechanical
force disparities*. This region was also chosen to protect against any
confounders from the mastectomy technique. By always collecting
capsule consistently against the pectoralis major muscle, we ensured
that perfusion remained consistent. Thus, these patient-matched
capsulesrepresent arigorous comparative model for intra-individual
intra-implant FBR. Clinically, the use of ADM for the purpose of
decreasing FBRis rarely applied on its own without an implantable
device. This model therefore reflects what is observed in patients.
Collected samples were processed for histology, amultiplexed immu-
noassay (Luminex) and single-cell RNA sequencing (scRNA-seq).
Gross photos from specimen collection are shown in Extended
DataFig.1a. At baseline, ADMis composed of elastin and collagen fol-
lowing adecellularization protocol. Hence, histological comparisons
between ADM and Native capsule were normalized to ADM alone, as
ADMwas not dissected offthe underlying tissue. On haematoxylin and
eosin (H&E) histological analysis, Native capsule demonstrated denser
fibrosis compared with ADM capsules (Fig. 1b). These observations
were most pronounced at the superficial aspect (top) of the capsule
specimen (Fig. 1b).In comparison, ADM capsule showed alooser, more
porous fibrosis phenotype at the superficial aspect (top), with connec-
tivetissueintegrated into the ADM layer (Fig.1b). H&E staining of ADM
aloneisshownin Extended DataFig. 1b. This finding was supported by
Masson’s trichrome staining of specimens, which confirmed signifi-
cantlyincreased mean normalized collagen density in Native compared
with ADM capsules (Fig.1c,1.4 vs 1.8,*P = 0.0122). Normalized collagen
density represents a ratio that was obtained by staining ADM alone
with Masson’s trichrome stain (Extended DataFig. 1c), calculating the
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mean percentage area of collagen density for ADM alone, and dividing
each individual value obtained for ADM capsule and Native capsule
percentage area of collagen density by this mean.

In addition, although collagen density among ADM and Native
capsules was significantly different (unpaired ¢-test, *P=0.0122), these
datadid notappear sufficient to explain the previously reported clinical
findings. As such, we explored additional features of fibrosis, including
elastin staining and ECM ultrastructure. Elastin staining of the Native
and ADM capsules was performed tointerrogate the presence of addi-
tional ECM proteins. Interestingly, there was a significant increase in
normalized mean elastin density found in ADM capsules relative to
Native capsules (Fig. 1d, 2.0 vs 0.10, ***P < 0.0001). It has previously
been observed that elastin participatesin wound healing by providing
mechanical elasticity, decreasing wound contracture and ultimately
assisting in improved regeneration of the dermis**. Notably, elastin
is known to confer elasticity to the ECM, thus indicating that ADM
capsules are more elastic than Native capsules®. This increased elastin
expression may provide insights into the reduced rates of pathologic
capsular contracture with ADM application. Normalized elastin density
viavan Gieson staining, similar to normalized collagen density, repre-
sents a ratio obtained by staining ADM alone with van Gieson’s stain
(Extended Data Fig. 1d), calculating the mean pixel density of elastin
staining for ADM alone and dividing each individual value obtained for
ADM capsule and Native capsule pixel density by this mean. Quantita-
tive analysis of ECM ultrastructure revealed that the ECMs of Native
and ADM capsule exhibit notable differences*®. Uniform manifold
approximation and projection (UMAP) mapping of 294 quantified
ECM ultrastructure parameters illustrated considerable divergence
between ADM capsule and Native capsule ultrastructures (Fig. 1e).
Thus, ECM deposition and ultrastructure analyses suggest that ADM
alters multiple features of FBR fibrotic capsules. Given our previous
work using ultrastructure analysis to evaluate fibrosis in human
specimens®, these data suggest that ECM analysis could be used to
predict and quantify the extent of human capsular fibrosis.

To interrogate protein mediators of altered FBR with ADM use,
proteinisolation was performed from freshly collected human capsule
specimens to assess tissue cytokine content using the Luminex multi-
plex immunoassay (Fig. 1f). Multiple cytokines were significantly
elevated in ADM capsule (Extended Data Fig. 1e), with the greatest
differences noted in stromal cell-derived factor-1 (SDF-1) aand b
(mean difference 137.5, **P < 0.0096), C-X-C motif chemokine ligand
10 (CXCL10) (mean difference 3,114, **P < 0.0066) and interleukin-1
alpha (IL-1a) (mean difference 15.94, *P < 0.0426)—proteins impli-
cated in inflammation, immune cell recruitment and angiogenesis,
respectively**~°, These changes in multiple cellular processes sug-
gest that ADM is not only altering the fibrosis seen with capsules,
but is also changing the implant environment on a broader cellular
level. Finally, as fibrotic tissues tend to be stiffer, we performed func-
tional mechanical testing of Native vs ADM capsule. This revealed
that Native capsules trend towards a higher Young’s elastic modulus,
although it was not statistically significant (Extended Data Fig. If).
Collectively, these data suggest that the divergence in cellular signal-
ling may lead to the phenotypic differences in capsule formation in
ADM and Native capsules.

Single-cell RNA-seq of ADM capsules reveals
upregulation of SPP1

Giventhe dissimilarities observed at a histologic and chemokine level
between ADM and Native capsules, we sought to explore the molecular
cell signalling mechanisms underlying the phenotypic differences
between Native and ADM capsules. Patient-matched human Native
and ADM-adjacent capsule tissue specimens were thus subjected
to scRNA-seq (Fig. 2a). scRNA-seq analysis demonstrated significant
heterogeneity across all cells (Fig. 2b). Sub-analysis confirmed rela-
tive overlap between the two experimental conditions (Extended
Data Fig. 2a). Further analysis centred on fibroblast and myeloid
cells (macrophages and monocytes), as these cell types predominate
in FBR®.

Louvain-based (Seurat) clustering identified seven transcription-
ally distinct fibroblast Seurat subclusters, with differences in contri-
bution between Native and ADM capsules (Extended Data Fig. 2b,c).
Exploring fibroblast subpopulations, two clusters with the great-
est differential prevalence between ADM and Native capsules were
cluster 0 (28.91% ADM vs 17.80% Native) and cluster 3 (7.03% ADM vs
19.36% Native) (Extended Data Fig. 2d). However, deeper analyses
via Enrichr illustrated that both subclusters exhibited overlapping
pathways and terms, including ‘collagen organization’, ‘ECM-recep-
tor interactions’ and ‘collagen-containing ECM’ (Extended Data
Fig. 2e)”. Given that few changes were observed among fibroblast
subpopulations, we shifted our attention to other cell typesinvolved in
FBR: macrophages and monocytes. As it has been previously dem-
onstrated that myeloid subpopulations play unique roles in fibrosis,
we sought to interrogate the subpopulations of monocytes and mac-
rophages within Native and ADM capsules®>**. For our analysis of
this scRNA-seq dataset, we combined Seurat-identified macrophage
and monocyte subclusters into four unique monocyte/macrophage
clusters (Fig. 2c).

These monocyte/macrophage subpopulations revealed differen-
tial clustering between ADM and Native capsules (Extended Data
Fig.2f). Comparison of monocyte/macrophage Seurat clusters between
ADM and Native capsules was notable for a decreased proportion of
cluster1(5.50% ADM vs 46.60% Native) and increased proportion of
cluster 2 in ADM capsules (43.10% ADM vs 6.80% Native) (Fig. 2d).
Investigation of the top differentially expressed genes for each Seurat
monocyte/macrophage cluster revealed Osteopontin-1 (SPPI) as the
most differentially expressed gene in cluster 2 (fold change of 4.19,
adjusted P=2.72 x107%) (Fig. 2e,f (top) and Extended Data Fig. 2g). SPP1
was also the highest differentially expressed gene between ADM and
Native capsule monocytes/macrophages (fold change of 3.70, adjusted
P=6.83 x10"®) (Fig. 2f, bottom). Further examination using pathway
analysis revealed enrichment for ‘HIF-1signalling’ in cluster 2 cells, a
pathway thatis knowntobe associated withtissue protection and adap-
tation®. Interestingly, this cluster also showed enrichment for ‘Lipo-
protein particle binding’. Lipoproteins have previously been shown
to have amodulating effect oninflammatory and fibrotic disease, and
the presence of this termfor cluster 2 is thus suggestive of a decreased
fibrotic signature in ADM capsules (Extended Data Fig. 2h, right top
and bottom rows)**”". In contrast, cluster 1 was enriched in Native
capsule, and notable for ‘complement and coagulation cascades’, and

Fig.1|ADM alters ECM ultrastructure in human capsule specimens and
leads to areductionin fibrotic encapsulation. a, Schematic of paired capsule
specimen retrieval obtained from human patients. b, H&E staining of ADM (left)
and Native (right) capsule. Black dashed regions indicate areas from which
magnified images were captured. ¢, Left: trichrome staining of ADM and Native
capsule. Right: quantification of collagen density in Native and ADM capsule.

e, Top: picrosirius red histology. Bottom: UMAP displaying quantified ECM
ultrastructure parameters (ADM and Native capsule data displayed in blue and
red, respectively). d, Left: elastin staining of ADM and Native capsule. Right:
quantification of percentage of elastin+ staining in ADM and Native capsule.

f, Left: schematic of Luminex workflow. Right: Luminex secretion assay
comparing median fluorescent intensity (MFI) of SDF1A+B, CXCL10 and IL-1a
secretion between Native and ADM capsules. Linked data points represent
Native and ADM capsules retrieved from the same patient. c,e, Datashown as
mean + s.d.; statistical comparisons were made using unpaired two-tailed ¢-test.
f, Data shown as absolute values; statistical comparisons were made using paired
two-tailed ¢-test. *P < 0.05,**P < 0.01, ***P < 0.0001. Scale bars, 300 um (b,c, top
row); 60 pm (b,c, bottom row); 50 pm (d); 100 pm (e); n =10 human specimens
unless otherwise specified.
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‘phagosome’ pathways, as well as terms including ‘complement’ and
‘neutrophil degranulation’, all suggestive of increased inflammatory
signature (Extended Data Fig. 2h, left top and bottom rows).
Cluster 0 and cluster 3 showed upregulation of more inflammatory
terms including ‘IL-1signalling” and ‘antigen presentation’ (Extended
Data Fig. 2i). Further subcluster analysis revealed similar changes to
SPP1 expression (Supplementary Fig. 1).

CellChat, acomputational tool to investigate cell-cell communi-
cation, showed elevated interactions between diverse cell types in
ADM capsules compared with Native capsules (Extended Data Fig. 3a)*.
Cell-cell signalling pathways also differed in ADM versus Native
capsules (Extended Data Fig. 3b). Interestingly, Wingless and Int-1
(WNT), neural cell adhesion molecule 1 (NCAM) and bone morpho-
genetic protein (BMP) signalling communication were enriched in
ADM compared with non-canonical WNT (ncWNT) and receptor
activator of nuclear factor kappa beta ligand (RANKL) in Native cap-
sules (Extended Data Fig. 3b). CellChat also suggested enhanced
SPP1signalling in ADM compared with Native capsules, particularly
between monocytes/macrophages, fibroblasts and endothelial
cells (Fig. 2g). Increased SPP1 signalling between macrophages/
monocytes, fibroblasts and endothelial cells is illustrated by
the increased thickness in the brown, blue and indigo vectors in
theplot.

Immunostaining further revealed significantly greater expression
of SPP1in ADM specimens compared with Native capsulesin Integrin
Alpha X (CD11c")-expressing cells (Fig. 2h) (***P < 0.001). Decreased
expression of collagen type 1 (COL1) was associated with increased
SPP1 expression in ADM capsules (Extended Data Fig. 3c). CD11c was
selected as a marker for monocytes and macrophages as its expres-
sion was specific to those two cell populations in comparison with
the pan-myeloid marker CD11b, which was also expressedinsome T cells
and fibroblasts (Extended Data Fig. 3d,e). SPP1is an integrin-binding
glycophosphoprotein with multiple roles in bone mineralization
and tumorigenesis® .. In wound healing, loss of function of SPP1in
mice has been shown to delay wound closure and cause defective
macrophage infiltration. Given the parallels between fibrotic wound
healing and FBR*?, we chose to investigate this gene further.

During the acute inflammatory phase of FBR, monocytesinfiltrate
theimplantsite and, over time, differentiate into macrophages®**. As
the mean time to implant exchange was 7 months, and thus beyond
the acute inflammatory phase of FBR, we hypothesized that the pre-
dominant myeloid cells at this stage of FBR and chronic inflammation
would be macrophages”. Macrophage subset analysis reinforced find-
ings from our monocyte/macrophage analysis, demonstrating five
Seurat macrophage clusters, with distinct proportional distribution
of macrophage Seurat clusters between ADM and Native capsules
(Extended DataFig.3f,g). Comparison of macrophage clustersbased on
experimental condition revealed relatively decreased proportions of
Cluster O (1.2% ADM vs 47.30% Native) and Cluster 4 (6.10% ADM vs
12.40% Native) and increased proportions of Cluster 1in ADM capsule
(52.10% ADMvs 7.30% Native) (Extended Data Fig.3h). Aswithmonocyte/
macrophage analysis findings, SPP1 was relatively overexpressed
in ADM capsule vs Native capsule (Extended Data Fig. 3i), and also
emerged as atop differentially expressed gene for Cluster 1 (Extended

Data Fig. 3j). Furthermore, Cluster 1 was enriched in ‘phagosome’,
‘fibroblast growth factor (FGF) signalling’ pathways and ‘glycerophos-
pholipid metabolism’ GO terms (Extended DataFig.4a). Notably, recent
literature has shown that lipid deposition profiles on the surface of
biomaterials caninfluence FBR, with anti-fibrotic materials modifying
lipid deposition and facilitating evasion of the immune response®*.
In contrast, clusters O and 4, more prevalent by population in Native
capsules, were enriched for ECM processes including ‘contraction’ and
‘actin cytoskeleton’,as well asimmune signalling, including ‘interleukin
17 (IL-17) signalling’ and ‘nuclear factor kappa beta (NF-k3)’ (Extended
Data Fig. 4a). Pathways and GO terms for clusters 2 and 3, which
were found to be in similar proportions between ADM and Native
capsule conditions, are illustrated in Extended Data Fig. 4b. Collec-
tively, these data suggest that distinct SPP1+ monocyte/macrophage
subpopulations may existin ADM to reduce FBR.

Due to this work’s study design, all patients received an ADM
wrap; however, as there is a possibility that cells and fluids can move
around animplant, which may alter signal diffusion across animplant,
pathology capsule specimens from patients undergoing implant-
based breast reconstruction without any ADM (‘Native - ADM’) were
compared to Native capsule specimens (Table 1 and Extended Data
Fig. 4c). Immunostaining demonstrated no significant difference in
CDl11cand SPP1co-expression (P> 0.9999) (Extended Data Fig. 4d,e).
These data provide support for the validity of this work’s study design.

Spatial proteomics demonstrate differing

cell-cell crosstalk

Although CellChat alongside scRNA-seq analysis and immunostaining
supportfindings that SPP1upregulation was observed in ADM capsule,
cell-cell signalling analyses via CellChat are inference based. Thus,
buildingupon the scRNA-seq analyses described above, we examined
the spatial cell-cell profiles of ADM and Native capsules at a protein
level to further validate these findings. We utilized CO-Detection by
indEXing (CODEX), an assay in which a panel of 37 individual protein
markers are sequentially labelled and iteratively imaged via cyclic
additions and washouts of dye-labelled oligonucleotide-conjugated
antibodies (Table 2 and Fig. 3a—c)**>*°, This technique allows for
high-throughput, multiplexed, single-cell imaging to visualize the
in situ expression of cellular markers and associated cellular popu-
lations while maintaining spatial tissue architecture. Thus, CODEX
permits usto build onthe scRNA-seq analyses described above, to also
explore changes to the spatial organization of proteins and examine
the spatial cell-cell profiles of ADM and Native capsules. Across all
treatmentgroups, 14 cell clusters were based on CODEX protein expres-
sion signatures including cluster of differentiation antigen 4 (CD4)
T cells, cluster of differentiation antigen 8 (CD8) T cells, 2 endothelial
clusters, 5 fibroblast clusters, 3 myeloid clusters and 2 smooth mus-
cle cell clusters (Fig. 3b,d). Myeloid cells were defined on the basis of
marker expression of CD45, CD68 and CD11c. SPP1 expression was
greater in ADM compared with Native capsules, while COL1 expres-
sion was greater in Native compared with ADM capsules (Extended
DataFig.5a). Theseresults parallel the histologic and scRNA-seq data,
wherein increased collagen was associated with increased fibrosis in
Native capsule, whileincreased SPP1was suggestive of the less fibrotic

Fig. 2| Single-cell transcriptomic analyses reveal changes in monocyte/
macrophage cell dynamics during foreign-body capsule formation in humans
with ADM application. a, Schematic of paired capsule specimen retrieval
obtained from human breast reconstruction patients followed by scRNA-seq
analysis. b, UMAP of scRNA-seq data from all human captured cells, coloured

by cell type. Black dotted region indicates cells transcriptomically classified

as monocytes/macrophages (that s, in silico selection) that were used for
downstream analysis. ¢, UMAP of monocytes/macrophages coloured by Seurat
cluster (0-3).d, Relative representation of monocytes/macrophages belonging
to Seurat clusters 0-3 from ADM and Native capsules. e, Dot plotillustrating

relative expression of the top 3 differentially expressed genes in each monocyte/
macrophage Seurat cluster. f, Violin plots showing expression of osteopontin
(SPPI)in monocytes/macrophages by Seurat cluster (top) and experimental
condition (bottom). g, Inferred SPP1signalling network in cells from ADM (left)
and Native (right) capsules. h, Top: IF staining of SPP1(green signal) and CD11c
(red signal) in Native and ADM capsules. Scale bar,100 pm. Bottom: quantification
of SPP1and CD11c co-expression from IF staining. Datashown asmean +s.d. (n=3
regions of interest from 3 biological replicates each for human ADM and Native
capsules). DAPI (4’,6-diamidino-2-phenylindole), nuclear counterstain (blue
signal). **P < 0.001. n = 6 human specimens unless otherwise specified.
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Table 2| List of protein markers and their associated barcodes for the CODEX experiment

CODEX marker Clone Barcode Company Product no.
1 CD31 C31.3+31.7+31.10 BX0O01 Novus Biologicals NBP2-47785
2 CK14 Poly19053 BX002 Akoya SKU 4450031
3 Ch4 EPR6855 BX003 Abcam ab181724
4 YAP EPR19812 BX010 Abcam ab223126
5 CDH1 4A2C7 BX014 Thermo Fisher 33-4000
6 CD68 KP-1 BX015 Biolegend 916104
7 IL-6 1.2-2B11-2G10 BX016 Abcam ab9324
8 MGP OTI8D6 BX020 Abcam ab273657
9 CD45 2B11+PD7/26 BX021 Novus Biologicals NBP2-34528
10 CD11c EP1347Y BX024 Abcam ab216655
n CD8 C8/144B BX026 Biolegend sc-53212
12 IL-1B Polyclonal BX027 Abcam ab9722
13 CD20 rIGEL/773 BX032 Novus Biologicals NBP2-54591
14 HLA-DR EPR3692 BX033 Abcam ab215985
15 S100A4 S100A4 BX035 Biolegend 810101
16 FN1 Polyclonal BX037 Abcam ab23751
17 CD26 Polyclonal BX040 R&D AF1180
18 PDGFRa 16A1 BX042 Abcam ab96569
19 COLIV Polyclonal BX045 Abcam ab6586
20 a-SMA Polyclonal BX046 Abcam ab5694
21 Ki67 B56 BX047 BD Biosciences 556003
22 VIM RV202 BX049 BD Biosciences 550513
23 PANCK AE-1+AE-3 BX019 Biolegend 914204
24 FAK Polyclonal BX030 Invitrogen PA5-88093
25 MYHT11 SP314 BX031 Abcam ab240983
26 ADIPOQ Arcp30 BX023 Novus Biologicals NB10065810
27 PLIN1 Polyclonal BX022 Abcam ab3526
28 CK19 KRT19/1959R BX025 Novus Biologicals NBP3-08635
29 CALD1 SP226 BX028 Abcam ab238782
30 TAGLN Polyclonal BX029 Abcam ab14106
31 PDGFRB Polyclonal BX034 Thermo Fisher PA5-96085
32 DES SP138 BX041 Abcam ab243931
33 PIEZO1 Polyclonal BX005 Thermo Fisher PA5-72973
34 PIEZO2 Polyclonal BX055 Thermo Fisher PA5-72975
35 PDPN EPR22182 BX017 Abcam ab2370033
36 cou Polyclonal BX036 Abcam ab34710
37 SPP1 Polyclonal BX052 Abcam ab283669

CD31, cluster of differentiation 31; CK14, cytokeratin 14; CDH1, E-cadherin; CD68, cluster of differentiation 68; IL-6, interleukin 6; MGP, matrix Gla protein; CD45, protein tyrosine phosphatase
receptor type C; CD20, membrane spanning 4-domain A1; HLA-DR, major histocompatibility complex class Il; ST00A4, S100 calcium binding protein A4; FN1, fibronectin 1; CD26,
dipeptidylpeptiidase IV; PDGFRa, platelet derived growth factor receptor alpha; COLIV, collagen type IV; Ki67, marker of proliferation Ki67; VIM, vimentin; PANCK, pan-cytokeratin; FAK, focal
adhesion kinase; MYH11, myosin heavy chain 11; ADIPOQ, adiponectin, C1Q and collagen domain containing; PLINT, perilipin 1; CK19, cytokeratin 19; CALD1, caldesmon 1; TAGLN, transgelin;
PDGFRB, platelet derived growth factor receptor beta; DES, desmin; PIEZOT1, piezo type mechanosensitive ion channel component 1; PIEZO2, piezo type mechanosensitive ion channel

component 2; PDPN, podoplanin.

phenotypein ADM capsule. Given the observations made inmonocytes
and macrophage subclusters in our scRNA-seq dataset, we homed
in on differential protein expression among myeloid subpopulations
in ADM and Native capsules, which we spatially resolved at a single-
cell level using CODEX. The proportions of 3 myeloid CODEX-
defined clusters differed between ADM and Native capsules. ADM
capsules had greater numbers of Myeloid 1and 3 (Fig. 3e, top and bot-
tomrow), while Native capsules had greater numbers of Myeloid 2

clusters (Fig. 3e, middle row). The crosstalk between Myeloid 1and 3
was alsosignificantly greater in ADM versus Native capsules (Extended
Data Fig. 5b). Thus, paralleling what was observed at an RNA level,
myeloid cells from ADM and Native capsules differed in their protein
expression as well.

Differential interaction maps were then used to visualize the
strength of spatial cell-cell interactions on the basis of K-nearest-
neighbour localization, which canbe uniquely assessed using CODEX
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Fig. 3| CODEX analysis of patient-matched ADM and Native human capsules. a,
Schematic of the CO-Detection by indEXing (CODEX) experiment. b, Example of
ADM and Native capsules following CODEX conjugation. ¢, Example of staining of
CODEX markers in ADM (top) and Native (bottom) capsules. Scale bar, 100 mm.
Images acquired for three separate regions of interest from ADM and Native

capsules.d, UMAP of CODEX-defined clusters. e, Bar graph quantifying myeloid
clusters in ADM and Native capsules. Data represent mean = s.d. f, Differential
interaction maps in Native vs ADM capsules. g, Ridge plot showing expression
of SPP1in myeloid clusters. n =3 regions of interest each from ADM and Native
capsules unless otherwise specified.

and other spatial phenotyping technologies. Cell segmentation
was performed so that cell-level analyses were conducted on the basis
of protein expression within the boundaries of cells. These spatial
cell-cell communications were found to differ between ADM and
Native capsules (Fig. 3f and Extended Data Fig. 5c). Interestingly,
CODEX-defined Myeloid 2 showed strong interactions with smooth

muscle cells in Native capsules (Fig. 3f and Extended Data Fig. 5d, top
and bottom left). As smooth muscle cells are associated with contrac-
ture, additional crosstalk between immune cells, the acute stage of
FBR and these myeloid cells, is suggestive of the increased contractile
nature of fibrotic tissue from native capsule and increased fibrosis®%,
Incontrast, CODEX-defined Myeloid1and 3 showed stronginteractions
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with CD4 cells and fibroblasts clusters (Fig. 3f and Extended Data
Fig.5d, top and bottomright).

Giventheimportance of SPPIinthe scRNA-seq data, we analysed
the protein expression of SPP1in the 3 CD11c*-expressing myeloid
clusters. Myeloid 1 and 3 showed higher levels of SPP1 expression
compared with Myeloid cluster 2 (Fig. 3g). Yes-associated protein-1
(YAP) is known to be associated with fibrosis in several organs*®*72,
For example, YAP signalling has been shown to play a key role in pro-
fibrotic fibroblasts during wound healing’. YAP-mediated mecha-
notransduction signalling has also been implicated with inflamma-
tion and stiffness sensing in macrophages during FBR”. Interestingly,
Myeloid cluster 2 was found to spatially express high levels of YAP.
Given the established role of YAP in increased inflammation and
fibrosis, elevated YAP expression in Myeloid cluster 2 may be
responsible for the fibrotic phenotype in Native capsules (Extended
Data Fig. 5e,f)™. Furthermore, smooth muscle cell clusters also
demonstrated high levels of YAP1, which were found to display high
crosstalk with Myeloid cluster 2 in Native capsules compared with
ADM capsules (Extended Data Fig. 5e). Together, these data suggest
that the spatial cell proteomic expression of ADM and Native cap-
sulesisdistinct, and that spatially SPP1-expressing myeloid cells could
beidentified.

ADM decreases foreign-body response in amouse
model

Although we have the unique opportunity to analyse human tissue at
amolecular level, to validate these findings from our patient-derived
samples, we sought out an in vivo model that allowed us to modulate
SPP1in ADM and FBR. To do so, we adapted a mouse dorsal implant
model”. C57BL/6) mice underwent dorsal implantation with steri-
lized 0.2 ml PDMS implants, prepared as previously detailed”. These
implants were either placed subcutaneously without ADM on the
mouse dorsum, referred to as ‘mNative capsule’ (n = 6), or covered
with ADM, referred to as ‘mADM capsule’ (n = 6). Mice were divided
into different experimental groups, each receiving one implant.
As previously reported, a foreign-body capsule forms, encasing
the implant by 21 days after surgery”. It has previously been shown
thatimplant stiffness can affect the extent of fibrosis observed follow-
ing implantation, where greater difference in stiffness between the
implantand interface tissue causes amore extensive fibrotic response®’.
To establish whether there were differences in stiffness between
ADM and the PDMS implants, we conducted tensile testing. No signi-
ficant difference in material elastic modulus was observed between
ADM and PDMS (P = 0.2455) (Extended Data Fig. 6a).

For our studies, we sought to characterize foreign-body capsule
formation 1 month after surgery (postoperative day (POD) 28). On
POD 28, capsules were collected and processed for histology (Fig. 4a).
Grossimages ofimplant placement and dissected capsule are shownin
Extended Data Fig. 6b. Histologic analyses revealed analogous findings
to human Native and ADM capsules by H&E and Masson’s trichrome
staining (Fig.4b,c). OnH&E, mNative capsule was significantly thicker

than mADM capsule, with mean thickness of mNative capsules cal-
culated to be 42.1 pm (s.d. 10.3) compared with a mean thickness of
25.9 um (s.d.3.5)inmADM capsules (****P < 0.0001, Fig. 4b).In addition,
Masson’s trichrome staining revealed significantly increased collagen
density measured by mean area of collagen staining in mNative cap-
sules (84.7%,s.d.7.2), compared with mADM capsules (65.2%, s.d. 6.3,
P < 0.0001, Fig. 4c). To quantify fibrotic patterns between capsule
conditions, 294 ECM ultrastructure parameters were measured from
picrosirius red-stained images of mNative and mADM capsules, again
demonstrating divergent fibrotic phenotypes between experimental
conditions (Fig. 4d), as observed in our human data. Importantly,
immunostaining of capsule specimens demonstrated significantly
increased alpha smooth muscle actin (a-SMA), a well-known marker
of fibrosis with an established presence in FBR capsule, in mNative
capsules compared with mADM capsules, mirroring patient-derived
capsule phenotypes (Fig. 4¢, **P < 0.001)%,

To control for potential crosstalk between PDMS and ADM, asepa-
rate cohort of mice underwent dorsal implantation with ADM alone
(‘ADM alone’). Histologic analyses confirmed no significant difference
in capsule thickness or collagen deposition when compared to the
mADM capsule condition (P=0.0954 and P=0.0940) (Extended Data
Fig. 6¢-e). Immunostaining also revealed no significant difference in
«-SMA expressionin ADM alone relative to mADM (P= 0.23) (Extended
DataFig. 6f).

Altogether, basic histology and immunostaining data collec-
tively support that the mouse implant FBR model recapitulated the
phenotypic characteristics of the patient-derived Native and ADM
foreign-body capsules, with attenuated fibrosis observed with ADM.

Increased SPP1in monocyte subclusters of mADM
capsule
Toexplore whetherapplication of ADM in our mouse FBR model would
lead to similar transcriptional changes to those observedinthe human
capsules, mNative and mADM capsules were subjected to scRNA-seq
atPOD 28 (Fig. 5a). Similar to human samples, there was cell heteroge-
neity across all cells in mouse capsules (Fig. 5b), with fibroblasts and
myeloid cellsencompassing alarge proportion of all cells. Examination
of fibroblasts revealed 5 transcriptionally unique Seurat-based subclus-
ters, with relative overlap between mNative and mADM conditions,
analogous to our human dataset (Extended DataFig. 7a,b). Two clusters
with the greatest differential prevalence between mADM and
mNative capsules were clusters 0 (42.98% mADM vs 34.19% mNative)
and 1 (16.44% mADM vs 25.59% mNative) (Extended Data Fig. 7c);
however, as with the human fibroblast clusters, Enrichr analysis high-
lighted that both of these clusters exhibited overlapping path-
ways and terms, including complement and coagulation cascades,
ECM organization and collagen deposition (Extended Data Fig. 7d).
Thus, as with the human dataset, we shifted our attention to macro-
phages and monocytes.

As we had high cell counts inboth monocytes and macrophages,
we chose to analyse these cell populations separately. On downstream

Fig. 4| Murine ADM FBR model recapitulates decreased fibrosis as observed
inhuman ADM capsule specimens. a, Silicone implants either coated with
ADM (mADM) or alone (mNative) were implanted subcutaneously in the dorsi
of C57BL/6j (wild-type) mice. Implant and peri-implant tissues were retrieved

at POD 28 for histological analyses. b, Left and middle columns: H&E staining of
mNative and mADM capsules. Black dashed regions indicate areas from which
magnified images were captured. Yellow lines indicate capsule area. Top right:
schematic representing skin layers and capsule. Bottom right: quantification

of capsule thickness in mNative and mADM capsules (n = 3 measurements from
three separate biological replicates each for mADM and mNative capsules, nine
total measurements). ¢, Left and middle columns: trichrome staining of mNative
and mADM capsules. Top right: schematic representing skin layers and capsule.
Bottom right: quantification of collagen density in mNative and mADM capsules

(n=3 measurements from 3 separate biological replicates each for mADM and
mNative capsules, 9 total measurements). d, Top: representative picrosirius

red histology from mADM capsule (left, blue) and mNative capsule (right, red).
Bottom: UMAP displaying quantified ECM ultrastructure parameters (mMADM
and mNative capsule data displayed inblue and red, respectively). e, Left and
middle: IF staining of a-SMA (red signal) in mNative and mADM capsules. Bright
red tissue is autofluorescence of panniculus carnosus. Right: quantification

of a-SMA co-expression from IF staining. b,c,e, Datashown as mean +s.d.;
statistical comparisons were made using unpaired two-tailed ¢-test. ***P < 0.001,
***P < (0.0001. Scale bars, 100 um (b,c, top row); 30 um (b,c, bottom row); 50 pm
(d); 100 um (e). n =3 biological replicates each for mADM and mNative capsule
unless otherwise specified.
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analysis, although macrophages from mADM capsules demonstrated
aslight increase in SPP1 expression compared with mNative mac-
rophages (Extended Data Fig. 7e), more striking differences in subclus-
ter analysis were observed among monocytes, and we thus focused
our analysis on the latter cell type. Once monocyte populations were
isolated, we identified 7 transcriptionally unique Seurat subclusters
(Fig.5c), with partial overlap when compared by condition (Extended
DataFig. 7f).

Monocytes derived from mADM specimens showed relatively
decreased proportions of clusters 2 (12.26% mADM vs 22.85% mNative)
and 3 (11.00% mADM vs 17.61% mNative) and an increased propor-
tion of cluster 4 compared with monocytes derived from mNative
specimens (21.56% mADM vs 2.31% mNative) (Fig. 5d). The top dif*-
ferentially expressed genes from each cluster areillustrated in Fig. 5e
and Extended Data Fig. 7g, with clusters 2 and 3 enriched for genes
involved in inflammation, including oxidative stress-related signal-
ling’and ‘chemokine/cytokine’ response. Inflammationis akey trigger
for fibrosis’” and plays a crucial role in the acute and chronic stages
of FBR®. These clusters were also elevated in genes associated with
mechanotransduction signalling pathways, such as focal adhesion
kinase (Extended Data Fig. 7h). Mechanotransduction signalling
is known to be a driver of fibrosis and FBR’®. Focal adhesion kinase
signalling has specifically been implicated in macrophage integ-
rin binding to material surfaces’*°. Formation of focal adhesions
promotes fibroblast activation and encourages the development
of contractile forces®. Contraction and stiff ECM deposition can
further activate integrins, ultimately leading to activation of TGF-f3
and therefore driving pro-fibrotic programmes®. These pathways
and terms are therefore suggestive of pro-inflammatory, fibrotic
function. These observations are in keeping with the inflammatory
signature of human monocyte/macrophage cluster 1 (Extended Data
Fig.2h), whichwas enriched in Native capsule. Cluster 4 from mouse
monocytes was enriched for genesinvolved in ECM-related GO terms,
as well as with ‘HIF-1 signalling” and ‘vascular endothelial growth
factor (VEGF) A-VEGFR2 signalling’. As stated earlier, HIF-1signalling
is known to be associated with tissue protection and adaptation®.
Meanwhile, VEGF signalling is known to play arole in angiogenesis and
tissue regeneration®’. Notably, fibrosis often leads to dysfunctional
and decreased vasculature®**; thus upregulation of this transcrip-
tional profile is suggestive of a pro-regenerative phenotype for this
cluster. These data mirror those from human monocyte/macrophage
cluster 2, which was enriched in ADM capsules, and are suggestive
of a decreased fibrotic signature in ADM. The remaining clusters
showed relatively similar proportions between mADM and mNative
conditions, with respective pathways and GO terms illustrated in
Extended Data Fig. 8a.

Interrogation of Spp1 expression revealed cluster 4 to be one of
3 clusters expressing this gene (Fig. 5f, left). SppI expression exhib-
ited increased expression in mADM specimens relative to mNative
specimens, reflecting findings from our human data (Fig. 5f, right).
Increased SPP1 signalling was also noted between fibroblasts and
myeloid cells on CellChatin ADM specimens (Fig. 5g), paralleling cell-
cellinteraction inference observed in our human scRNA-seq dataset.
Finally, immunostaining showed significantly enhanced SPP1 and

CD11cexpression (Fig. 5h,**P < 0.0016), and relatively decreased COL1
expression (Extended Data Fig. 7i) in mADM capsules compared with
mNative capsules, supporting our data from patient-derived capsules.
Analogousto our approach with the human dataset, CD11c was selected
as a marker for monocytes as its expression was specific to this cell
populationin comparison with the pan-myeloid marker CD11b, which
also showed more elevated expression in granulocytes, T cells and
macrophages (Extended Data Fig. 7j,k).

To determine the similarity between our humanand mouse data-
sets, we applied ananchor-based label transfer approach to project the
mouse monocytes (Fig. 5) onto the human monocytes/macrophages
(Fig.2).Analysis supported astrong correlation between humanmono-
cyte/macrophage cluster 2 with high SPPI expression and mouse
monocyte clusters 2,3 and 4, which also had elevated Spp1 expression
and pro-fibrotic gene ontology analyses (Extended Data Fig. 8b,c).
Theseresultsindicate that these mouse monocyte subclusters share a
similar transcriptional programme to human monocyte/macrophage
cluster 2. Further, they provide support that the mouse model reca-
pitulates human foreign-body capsule formation at a transcriptional
level. These results in conjunction with similarities between human
and mouse histologic data provide further evidence of the validity of
our modelin providing empirical support for the earlier clinical data.

SPP1 expressionis necessary for attenuation of
FBR

To determine whether SppI expressionis necessary to attenuate FBR,
we applied our murine FBR model to Spp1 knockout (KO) mice. SppI KO
mice exhibit disorganized remodelling of the ECM and defective mac-
rophage infiltration in the context of wound healing, compared with
wounds in wild-type mice®. Histologically, the KO mice exhibit more
celldebris and relatively homogeneous and smaller collagen fibrils at
thesite of wound healing, but this has been shown to have no effect on
thetensile strength of healing incisional wounds. These observations
were intriguing to us, as these attributes closely mirror features seen
in FBR progression and supported our hypothesis that ADM is modu-
lating capsule formation via SPP1. As such, we would expect capsule
formationto occurasitwouldinwild-type mice, although it may appear
histologically distinct. We compared FBR capsule formation under 5
conditions in SppI KO mice: (1) implant only (KO mNative), (2) ADM
covering the implant (KO mADM), (3) implant together with recom-
binant SPP1 (R&D Systems) formulated in a sustained-release hydro-
gel (KO +SPP1), (4) ADM covering implant with hydrogel-delivered
recombinant SPP1 (KO mADM +SPP1) and (5) ADM covering implant
with a non-drug-loaded empty hydrogel (KO mADM -SPP1) (Fig. 6a
and Extended DataFig.10a)®. Given the observations made on human
and mouse scRNA-seq datasets, we aimed to establish how capsule
composition changed with ADMin the absence of SppI, hypothesizing
that the capsule would revert to an mNative state. To further confirm
that the absence of SppI caused the change to capsule composition
in this experimental group, the implant together with recombinant
SPP1as well as the implant coated with ADM together with recombi-
nant SPP1were evaluated in Spp1 KO mice. Finally, theimplant coated
with ADM together with the non-drug-loaded empty hydrogel acted
as anegative control to confirm that the gel itself did not alter FBR.

Fig. 5|Single-cell transcriptomic analyses comparing murine Native and
ADM capsules mimic myeloid cell dynamicsin human FBR. a, Silicone
implants either coated with ADM (mADM) or alone (mNative) were implanted
subcutaneously in the dorsi of C57BL/6) (wild-type) mice. Implant and peri-
implant tissues were retrieved at POD 28 for scRNA-seq. b, UMAP of scRNA-seq
data from all mouse capsule cells, coloured by cell type. Black dotted region
indicates cells transcriptomically classified as monocytes (that s, in silico
selection) that were used for downstream analysis. ¢, UMAP of monocytes
coloured by Seurat subcluster (0-6). d, Relative representation of monocytes
belonging to Seurat subclusters 0-6 from mNative and mADM capsules. e, Dot

plot of relative expression of the top 2 differentially expressed genes in each
monocyte Seurat subcluster. f, Violin plots showing expression of osteopontin
(Spp1) in monocytes by Seurat subcluster (left) and experimental condition
(right). g, Inferred SPP1signalling network in cells from mADM (top) and
mNative (bottom) capsules. h, Left and middle: IF staining of SPP1(green signal)
and CD11c (red signal) in mADM and mNative capsules. Bright green tissue is
autofluorescence of panniculus carnosus. Right: quantification of SPP1and
CDl1l1c co-expression from IF staining. Data shown as mean + s.d.; statistical
comparisons were made using unpaired two-tailed ¢-test. **P < 0.01. Scale bar,
100 pm. n =3 biological replicates each for mADM and mNative capsules.
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This polymer-nanoparticle (PNP) hydrogel is easily injectable and
rapidly self-heals, limiting cargo burst release, and has excellent bio-
compatibility in several species (rodents, sheep and rabbits)®* *°. The
PNP hydrogel has previously been shownto facilitate slow release of a
variety of cargos, including cells, small molecules and proteins such as
the receptor-binding domain of the SARS-CoV-2 spike protein, which
is of comparable molecular size to SPP1 (refs. 89-94). In vitro studies
of SPP1-formulated PNP hydrogel confirmed sustained release of SPP1
over the course of amonthat physiologic temperature, with a half-life of
16 days (Extended DataFig. 9a). As softer materials have been shown to
elicitless-severe FBR?, to avoid introducing a confounding variable with
application of the gel, we specifically injected it as a sustained-released
drug depot adjacent to the implant.

On histological analysis, no significant differences in capsule
thickness or collagen density between KO mNative specimens and
KO mADM specimens were observed (Fig. 6b,c). KO +SPP1 capsules,
however, measured a mean of 20.4 um (s.d. 4.3) and were signifi-
cantly thinner compared with KO mNative capsules (mean 47.5 um,
s.d. 7.9; ***P < 0.0001) or KO mADM capsules (mean 48.9 pum, s.d.
12.9;***P < 0.0001) (Fig. 6b). Similarly, collagen density, measured as
percentarea, was significantly lower in KO +SPP1 capsules (mean 54.2%,
s.d. 28.5) compared with KO mNative capsules (mean 98.0%, s.d. 1.4;
***P < (0.001) or KO mADM capsules (mean 96.8%, s.d. 3.3; ***P < 0.001)
(Fig. 6¢). Ultrastructural analysis of 294 unique ECM features using
picrosirius-red-stained capsules revealed overlap of KO mNative and
KO mADM capsules. Meanwhile, KO +SPP1 capsules were distinct in
UMAP space relative to the remaining experimental groups (Extended
Data Fig. 9b). Immunostaining showed increased SPP1 expression in
CDl1c-co-expressing cells and decreased fibrotic marker expression
(a-SMA and COL1) in KO +SPP1 capsules relative to KO mNative and
KO mADM capsules (Fig. 6d, ***P< 0.001 compared to KO mNative and
*P=0.0101 compared to KO mADM; Extended Data Fig. 9¢, ***P < 0.001
forboth).

Comparing capsule thickness, KO mADM +SPP1 (mean 19.3 pum,
s.d. 3.567) capsules were significantly thinner than KO mADM -SPP1
capsules (mean 47.84 um, s.d. 11.95; ****P < 0.0001) (Extended Data
Fig. 10b). Similarly, collagen density was significantly lower in KO
mADM +SPP1capsules (mean 44.85%,s.d.19.09) relative to KO mADM
-SPP1capsules (mean93.92%, s.d.3.971;***P < 0.0001) (Extended Data
Fig.10c). KO mADM +SPP1capsule thickness and collagen density par-
alleled those of KO +SPP1 capsules (Fig. 6b,c), while KO +mADM -SPP1
capsule thickness and collagen density paralleled those of KO -SPP1
and KO mADM capsules (Fig. 6b,c). Upon picrosirius red staining,

KO mADM +SPP1 displayed similar architectural properties to
KO +SPP1 capsule specimens (Extended Data Figs. 9b and 10d).
Immunostaining showed decreased fibrotic marker expression (a-SMA
and COL1) in KO mADM +SPP1 capsules (Extended Data Fig. 10e,f,
**P=0.0048 and **P=0.0011, respectively), as well as increased SPP1
expression in CD11c-co-expressing cells (Extended Data Fig. 10f).
Thus, these five experimental groups support that SPP1expression
may be necessary for inducing the attenuated fibrotic capsule phe-
notype normally seenin ADM and mADM capsules in wild-type mice.

Sustained release of SPP1sufficient to decrease
FBRinmice

Havingestablished that SPP1was necessary to decrease fibrotic capsule
formation in our murine FBR model, we next investigated whether
sustained release of recombinant SPP1in a wild-type mouse would be
sufficient to recapitulate the observed phenotypic change upon ADM
application, as genetic knockouts are not clinically translatable. To this
end, we treated wild-type C57BL/6) mice with: (1) implant together
with empty PNP hydrogel without recombinant SPP1 (mNative —SPP1);
(2) ADM-coveredimplant (mADM) as our positive control; or (3) implant
together with recombinant SPP1-loaded PNP hydrogel (mNative +SPP1)
(Fig. 6e). As before, gel wasinjected as a sustained-released drug depot
adjacent to the implant to avoid changing the stiffness of the implant
atthetissueinterface.

Histology revealed significantly decreased capsule thickness and
collagen density in mNative +SPP1 capsules relative to mNative -SPP1
capsules. Nosignificant difference in capsule thickness was observed
between mNative and mNative -SPP1groups, indicating that the depot
gelalone did notimpact FBR (P=0.0534). Although capsule thickness
was greater in mNative +SPP1capsules compared withmADM capsules,
collagen density measurements were comparable between these two
groups (Fig. 6f,g). Mean mNative +SPP1 capsule thickness was 30.9 pm
(s.d.4.9), compared with 50.0 pm (s.d. 6.7; ****P < 0.0001) in mNative
-SPP1 capsulesand 26.2 um (s.d. 2.7; **P = 0.0022) in mADM capsules
(Fig. 6f). Mean percent area of collagen density was significantly lower
inmADM (29.5%, s.d.15.3) and mNative +SPP1 (30.3%, s.d. 9.9) capsules
compared with mNative -SPP1 capsules (75.7%, s.d.16.8; ****P < 0.0001
and **P < 0.001, respectively), and there was no difference between
mADM and mNative +SPP1 with respect to collagen density (P=0.99,
Fig. 6g). ECM ultrastructural analysis of 294 unique parameters on
picrosirius-red-stained capsule specimens revealed overlap of capsule
ultrastructure of mADM and mNative +SPP1capsules, and divergence
from mNative -SPP1capsule (Extended Data Fig. 9d). Immunostaining

Fig. 6 | Osteopontin (SPP1) is both necessary and sufficient to decrease fibroti
cencapsulation due to foreign-body response. a, Schematic of experimental
flow of the murine FBR model used. Silicone implants either alone (KO mNative),
coated with ADM (KO mADM) or combined with anipsilateral injection of
recombinant SPP1-loaded PNP hydrogel (KO +SPP1) were implanted
subcutaneously in the dorsi of SppI knockout (SPP1KO) mice. Implant and peri-
implant tissues retrieved at POD 28 for histologic analyses. b, Left: H&E staining
of KO mNative, KO mADM and KO +SPP1 capsules. Black dashed regions indicate
areas from which magnified images were captured. Yellow lines indicate capsule
area. Top right: schematic representing skin layers and capsule. Bottom right:
quantification of capsule thickness in KO mNative, KO mADM and KO +SPP1
capsule. ¢, Left: trichrome staining of KO mNative, KO mADM and KO +SPP1
capsules. Black dashed regions indicate areas from which magnified images
were captured. Top right: schematic representing skin layers and capsule.
Bottom right: quantification of collagen density in KO mNative, KO mADM and
KO +SPP1capsule.d, Top and bottom left: IF staining of a-SMA (red signal) in

KO mNative, KO mADM and KO +SPP1 capsule. Bottom right: quantification of
«-SMA expression from IF staining. e, Schematic of experimental flow of the
murine FBR model used. Silicone implants either combined with anipsilateral
injection of empty PNP hydrogel (mNative -SPP1), coated with mADM or
combined with anipsilateral injection of recombinant SPP1-loaded PNP hydrogel
(mNative +SPP1) were implanted subcutaneously in the dorsi of C57BL/6)

(wild-type) mice. Implant and peri-implant tissues retrieved at POD 28 for histologic
analyses. f, Left: H&E staining of mNative ~SPP1, mMADM and mNative +SPP1
capsules. Black dashed regions indicate areas from which magnified images were
captured. Yellow lines indicate capsule area. Top right: schematic representing
skinlayers and capsule. Bottom right: quantification of capsule thickness in
mNative ~SPP1, mMADM and mNative +SPP1 capsules. g, Left: trichrome staining

of mNative-SPP1, mADM and mNative +SPP1 capsules. Black dashed regions
indicate areas from which magnified images were captured. Top right: schematic
representing skin layers and capsule. Bottom right: quantification of collagen
inmNative -SPP1, mMADM and mNative +SPP1 capsules. h, Top and bottom left:

IF staining of a-SMA (red signal) in mNative ~-SPP1, mADM and mNative +SPP1.
Bottom right: quantification of a-SMA expression from IF staining. Bright red
tissue is autofluorescence of panniculus carnosus. (b-d,f-h) Datashown as
mean +s.d.*P<0.05,*P< 0.01, **P< 0.001, ***P< 0.0001; NS, not significant.
Scalebars, 50 pm (b,c,f,g, bottom rows); 100 pm (b,c,f,g, top rows); 50 um (d,h).
n=4measurements from 3 separate biological replicates each for mADM and
mNative capsules, 12 total measurements (b,c,f); n = 3 measurements from 3
separate biological replicates each for mADM and mNative capsules, 9 total
measurements (g); n = 3 biological replicates for each condition (d,h). Statistical
comparisons were made using repeated measure one-way ANOVA with Turkey’s
correction for multiple comparisons (b,c,f,g) or ordinary one-way Anova with
Bonferroni correction for multiple comparisons (d,h).
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confirmed decreased a-SMA and COL1 expression in mNative +SPP1
and mADM relative to mNative —SPP1 capsules (Fig. 6h, **P = 0.0043
and *P=0.0107; and Extended Data Fig. 9e, *P=0.0242 for both con-
ditions). Immunostaining also showed increased SPP1 expression in
CDl1l1c-expressing cellsin mNative +SPP1and mADM relative to mNative
-SPP1capsules (Extended DataFig. 9e). Collectively, these data support
that SPP1release could substitute for ADM and is sufficient to restore
the attenuated fibrotic capsule phenotype in our murine FBR model.

To evaluate whether SPP1recombinant protein caused any toxic-
ity, SPP1resuspended in PBS was injected subcutaneously every other
day for 28 daysin an otherwise healthy, wild-type mouse. As observed
on H&E staining, no visible toxicity was observed, with all expected
skinarchitecture and associated appendages present (Extended Data
Fig.9f). To ensure that the hydrogel onits own did notinfluence capsule
formation, an additional group of wild-type C57BL/6 mice received
implants and injections of SPP1 resuspended in PBS every other day
for 28 days (mNative +SPP1 PBS) (Extended Data Fig. 9g). Relative to
the implant alone control, capsule thickness and collagen density in
mNative +SPP1PBS were significantly reduced (mean 33.68 pm, s.d.
5.496;*P=0.0377 and mean 47.78%, s.d. 12.52; ***P < 0.0001, respec-
tively) (Extended DataFig. 9h,i). Inmunostaining showed significantly
reduced a-SMA expression in mNative +SPP1PBS relative to the control
group aswell (*P=0.0064) (Extended DataFig. 9j). These datasuggest
reduced fibrosis asaresult of SPP1, in keeping with the results observed
with the sustained-released SPP1-loaded gel.

SPP1is well known to interact via two separate pathways. First,
it has been shown that SPP1 can bind to integrin avf33 and activate
integrin-mediated signalling®?*. Second, SPP1 can activate down-
stream gene expression via CD44 (refs. 42,95). Investigation of
expression of Integrin Subunit Alpha V (ITGVS) and Integrin Subunit
Beta 3 (ITB3) genes encoding for subunits of integrin avp3 suggested
expression of only one of the two subunits and only in Seurat cluster 2
of human monocytes/macrophages (Extended Data Fig. 10g). In
contrast, CD44 showed expression across all subclusters of human
monocytes/macrophages (Extended Data Fig.10h) and was confirmed
at a protein level viaimmunostaining (Extended Data Fig. 10i). Inter-
estingly, MMP9, a known direct downstream target of SPP1-CD44
signalling, was expressed at significantly higher levels in ADM
capsule monocytes/macrophages relative to Native capsule mono-
cytes/macrophages (log fold change 1.57, adjusted P=6 x107°)
(Extended Data Fig. 10j). Staining via IF confirmed increased protein
expression of MMP9 (*P < 0.0287) (Extended Data Fig. 10k). Thus,
these data may suggest a potential mechanism by which SPPI acts,
by binding CD44 and activating its downstream target, MMP9.

Discussion

Since the biomaterial’s initial use in the early 2000s, ADM’s appli-
cations have grown in breadth and frequency, with clinical studies
correlating its application with decreased capsular contracture
and improved native tissue integration; however, the molecular
mechanisms responsible for this biomaterial’s beneficial proper-
ties remain elusive. Applying ADM as a case study to understand
the mechanisms underlying fibrotic encapsulation, this work evaluated
patient-matched specimens from human patients alongside supportive
investigations in murine FBR models. Using a molecular approach,
we have shown via histologic, transcriptomic and proteomic studies
that ADM use leads to an upregulation of SPP1signalling in monocytes
and macrophages, ultimately decreasing fibrotic encapsulation as
aresult of FBR. These data were supported with a loss-of-function
experiment wherein ADM-coated implants placed in Spp1 constitu-
tive knockout mice mimicked Native capsule, supporting that Spp1
expression is necessary for this ADM-associated phenotype. Finally,
when aslow-release SPP1-loaded hydrogel was added to our wild-type
mouse FBR model, it resulted in reduced fibrotic capsule formation.
This reduction was similar to the effects observed with ADM capsules,

providing evidence that overexpression of SPP1alone is enough to
mimic the effects of ADM on FBR.

SPPlisanintegrin-binding glycophosphoprotein that has been
shown to play significant roles in cancer, bone homeostasis and
metabolism**°, In addition, SPP1 has been shown to also bind and
mediate signals via CD44 in hair follicle stem cells**. Associated with
tumour progression, invasion and metastasis, elevated expression
levels of SPP1 have been connected with poor prognosis; yet, how
it relates to gene mutation and immune cell infiltration is not well
understood®. Some reports have shown SPPI to be associated with
fibrotic outcomes, including FBR. For example, in a study exploring
FBR as aresult of different material classes demonstrated that SPPI
was one of the highest-expressed genes”. Mirroring these results,
a group exploring FBR-associated transcriptome demonstrated a
collection of hub genes associated with FBR, including SPPI (ref. 37).
However, as these groups did not explore gene expression at asingle-
cell level, we are left to speculate that perhaps elevation of SPP1
expressionwithin specific cell types may lead to the decreased fibro-
sis associated with ADM. In support of this hypothesis, it has been
previously shown that SPP1knockout mice demonstrated increased
foreign-body giant cells relative to implanted wild-type controls,
while addition of soluble SPP1led to reduced macrophage fusion®. As
foreign-body giant cells are akey indicator of theinflammation of FBR
that eventually leads to fibrosis, these results strongly suggest a par-
allel tothe decreased response we observe with application of ADM.

In specific conditions, upregulation of SPPI has previously been
demonstrated to decrease fibrosis in certain organ systems. Notably,
onerecentstudy established that macrophage-derived SPP1 upregula-
tionled toactivation of STAT3 signalling and had an overall protective
effect on non-alcoholic steatohepatitis*. Further, multiple studies
indicate that SPPI expression is important for muscle regeneration
following injury**®°°, Thus, SPP1 signalling may play both fibrotic
and anti-fibrotic roles depending on the organ pathology, and further
investigations willbe needed to distinguish between pro-regenerative
and pro-fibrotic mechanisms.

A key finding from our investigations suggests that upregula-
tion of SPPI leads to a reduction in fibrotic encapsulation following
FBR. Nevertheless, limitations to this study remain. In particular, for
both the human capsule samples along with those retrieved from our
murine FBR model, we made use of silicone-based implants. Given
the breadth of biomaterials used in surgery (for example, ceramic,
titanium, polyurethane), understanding whether SPP1signalling can
reduce FBR in non-silicone biomaterials will be of clinical interest.
For example, in orthopaedics, many of the materials used for total
joint replacements include ceramic, metal and polyethylene-based
biomaterials. These replacements invoke aforeign-body reaction that
has been associated with periprosthetic osteolysis, loss of bony sup-
port,andloosening and subsequent failure of the implant®. Similarly,
as multiple observations have been made that implant material and
stiffness affect the extent of FBR®, further investigations into how SPP1
may affect biomaterial mechanical properties is warranted. These
mechanical considerations will be important for potential clinical
translation. Investigating specifically how differences in biomaterial
stiffness might impact SPP1 expression is also warranted. Multiple
groups have previously demonstrated that increased extracellular
matrix stiffness leads to or is associated with upregulation of SPP1
expressionin urinary and hepatic cancers'°°'2, As mentioned, given
that SPP1signalling may play both fibrotic and anti-fibrotic roles, how
these observations may impact foreign-body response outcomes
when applying SPP1protein to materials of different stiffnessis worth
furtherinvestigation.

Given that the majority of our work was conducted in a small
animal model, the potential application of recombinant SPP1
administration in reducing FBR would require further translational
investigations for safety and dosing evaluation. As ADM is typically
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decellularized human cadaveric dermis, it willbeimportant toinves-
tigate the potential effects that species-specific ECM matrix proteins
have or whether post-translational modifications in ADM remain
for further in vivo animal studies exploring the underlying mecha-
nism of ADM and FBR attenuation'®®. For example, species-specific
post-translational glycosylation modifications have been shown to
alter immune-mediated responses'®*. Although histologic and tran-
scriptomic datafrom mouse studies recapitulated what was observed
inthe human samples, these modifications could lead to achangein
the response observed. Conducting a glycosylation analysis of ADM
toidentify human-specific glycosylationsites presentin ADM via mass
spectrometry may indicate off-target immunologic effects when uti-
lized in experimental procedures in mice'”. There is also a possibility
that cells and fluids can move around an implant, and this may alter
signal diffusion across animplant. Due to this work’s study design, we
did not have the opportunity to collect non-patient-matched capsule
specimens, as all patients undergoing expander-based breast recon-
struction received an ADM wrap. Although significant differences
at histologic, transcriptomic and proteomic levels were observed
between conditions, further investigations include exploring the pos-
sibility of native capsule signals reaching and affecting ADM-treated
regions and vice versa. It is possible that additional differences at
transcriptomic and proteomic levels could be observed had capsules
beenretrieved from different pockets entirely, as potential mingling
between Native and ADM capsules could dampen observed changes.
Alternatively, thereisachance that the interaction between ADM and
PDMS materials specifically may have caused some of the histologic
and molecular differences seen among experimental groups. From
aclinical standpoint, certain pathologic diagnoses such as BIA-ALCL
involves lavage and washout of the breast implant pocket'*. For fur-
ther applications in the context of neoplasms, the inclusion of two
material systems may make understanding the underlying pathology
more difficult. Inaddition, tissue composition and mechanical force
disparities may affect FBR capsule formation®. Although chosen as
this was the most consistent collection site among patients, poste-
rior wall capsule may be different from other regions and may not
fully reflect FBR processes elsewhere. Further investigation into
the application of ADM and SPP1 function in other tissue types and
regions will help broaden the scope of this work beyond applications
inreconstructive surgery.

From a technical standpoint, although the application of
inference-based analyses such as CellChat offers valuable insights
into potential cell-cell interactions, some caution needs to be taken
wheninterpreting these data without further experimental evidence.
Similarly, within our human dataset, differencesin captured cell counts
were observed between Native and ADM groups. This may have resulted
insize-associated trends that cannot be removed via standard scaling
normalization. This difference in cell count may also make visualiza-
tion of these data and their overlap in UMAP space more challenging.
To overcome this, we incorporated downsampling computational
tools (Supplementary Fig. 1) to confirm that cell counts were not a
confounding factor for downstream analysis. Our downsampling
analysis further suggested that SPPI expression remained upregulated
in ADM monocytes and macrophages relative to those from Native.
On the other hand, given the computationally stochastic nature of
downsampling using our approach, choosing to downsample before
data analysis may lead to a loss of cells of interest in a given dataset,
and thus limit downstream data analysis.

Moreover, CODEX is limited to a panel of proteins (-100 at time
of writing), which requires the user to be selective with the makers
chosen. Forexample, the markers utilized in the CODEX panel used to
define myeloid cell types were CD45, CD68 and CD11c. These markers
have overlap between macrophages, monocytes and dendritic cells,
which made it challenging to further define myeloid subpopulations.
Additional explorations on the specific types of myeloid cells involved

in decreasing FBR with application of ADM at a protein-specific level
will further our mechanistic understanding of this process. Moreover,
we placed the SPP1withinahydrogel adjacent to theimplant. Develop-
inganimplantfromwhichthe SPP1isreleased directly fromits surface
would enhance the clinical translation of this protein. Asitis well known
that proteinadsorptionis specific to both the biomaterials and protein
applied'”, further investigation on the effect of SPP1adherent to other
biomaterials will be needed to confirm a similar biological response
and optimize a translational approach.

In summary, we used clinical and mouse models to establish
molecular pathways that may provide therapeutic targets to over-
come the FBR. Through a histologic and transcriptomic approach,
we provide evidence for a potential mechanism by which ADM may
alter theimplant microenvironment and change the resulting fibrotic
capsule. Interestingly, as SppI expression differed most strikingly
among monocytes as opposed to all myeloid-lineage cells within the
mouse scRNA-seq data, we are led to hypothesize that ADM may func-
tion via modulation of monocytes, specifically. Future work should
further explore the mechanistic drivers of SPP1 upregulation and
investigate the possibility that this modulation occurs within certain
myeloid-lineage targets. Finally, with deeper understanding of the
underlying biology of ADM-modulated FBR, there may be exciting
opportunities to modulate these drivers in broader contexts.

Methods
Mice
Transgenic mouse strains (acquired from Jackson Laboratories):
B6 (C57BL/6J, 000664), SpplKO (B6.12956(Cg)-Sppltm1Blh/J,
004936). Mice were housed at the Stanford University Comparative
Medicine Pavilion following Stanford APLAC guidelines (APLAC34177)
under the supervision of the Veterinary Service Center (VSC). Mice were
provided rodent chow and water ad libitum, and were keptin tempera-
ture, humidity and light-regulated (12 h dark/light cycling) housing.
Male and female mice in equal numbers between 8 and 12 weeks
of age were used. Aminimum of 3 mice and upwards of 6 per condition
per experiment were used.

Patient sample collection
All patients undergoing tissue expander-based breast reconstruc-
tionimplant exchange by a single plastic surgeon (Dr Arash Momeni)
were informed of the Stanford University institutional review
board-approved study (n =10). For those patients who wished to
provide consent for involvementin the study, patient demographics
and medical history were recorded in a secure encrypted database.
The senior surgeon performed an incomplete ADM wrap of tissue
expanders at the time of first-stage tissue expander pre-pectoral
reconstruction. Thus, capsule specimen could be obtained from (1)
the periprosthetic capsule that develops adjacent to the expander
(hereafter referred to as ‘native capsule’) but distinct from the
ADM capsule and (2) from the capsule that develops adjacent to the
ADM (hereafter referred to as ‘ADM capsule’). At the time of tissue
expander-implant exchange, a3 x 1-cm area of native and ADM cap-
suleswere obtained and divided into three smaller portions for (1) his-
tological analysis, (2) fluorescence-activated cell sorting (FACS) and
transcriptomic analysis and (3) proteomic analysis. Intra-operatively,
capsule specimens were obtained from the native capsule and the
ADM capsule. The ADM capsule was removed with the ADM attached,
asitwaswellintegrated into the surrounding tissues. If the ADM was
notincorporated, the patient’s samples were excluded from analysis.
An additional three capsule specimens were collected for patients
who underwent tissue expander-implant exchange without ADM
wrap. Patient demographic information is presented in the lower
half of Table 1.

Participants did not receive compensation for their participation
inthe study.
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Acellular dermal matrix preparation

ADM (Alloderm RTM, LifeCell) was donated from leftover operating
room materials. The ADM was stored in PBS at 4 °C for up to 4 weeks
in a sterile environment. Before implantation in the mouse, the ADM
underwent 3 phosphate buffered saline (PBS) washes to remove any
remaining associated preservative. Following washing, the ADM was
cutinto1lcm x1cmsquares with sterile surgical scissors.

Implant fabrication

Implants were fabricated using a modified method as previously
reported’. Briefly, hemispherical 0.2 ml implants were created by
casting Sylgard 184 (Sigma-Aldrich) polydimethylsiloxane (PDMS) in
alO:1ratioof base agentto curingagentinaprefabricated mould. The
PDMS solution was then temperature treated at 65 °C for 15 min and
the reaction was allowed to continue for an additional 15 min at room
temperature before theimplants were removed from the mould. After
fabrication, the moulds were placedin100% ethanol to allow unreacted
materials to leach out and sterilize the implants before storing them
insterile containers.

Implant preparation

The implants were sterilized in Betadine Surgical Scrub Veterinary
solution (Avrio Health) for12 h at 4 °C before surgery. For ADM cover-
ageoftheimplant,alcm x1cmsquare of ADMwas placed coveringthe
converse surface of the implant. Three equally spaced simple inter-
rupted Monocryl monofilament 4-0 sutures (Ethicon) were used to
anchor the ADMto theimplant at theimplant-ADM interface.

Hydrogel preparation

The hydrogel was formulated as previously described®. Briefly,
the hydrogel was formulated with final concentrations of 2 wt%
hydroxypropylmethylcellulose (HPMC)-C,,and 10 wt% poly(ethylene
glycol)-block-poly(lactic acid) (PEG-PLA) nanoparticles (NPs).
HPMC-C,, was synthesized as previously described, dissolved in PBS
at 6 wt% and loaded into al-mlluer-lock syringe. A 20 wt% solution of
NPs in PBS was diluted with additional PBS, or PBS containing recom-
binant osteopontin protein (SPP1) (R&D Systems) for a final dose of
15 pg per 100 pland loaded into aseparate 1-ml luer-lock syringe. The
two syringes were connected with a female-female luer-lock elbow
with care to avoid air at the interface of HPMC-C,, and the NP solu-
tion. The two solutions were mixed for 1 min or until a homogeneous
hydrogel was formed. After mixing, the elbow was removed, aluer-lock
cap was placed and the material was stored at 4 °C for up to 7 days
before surgery.

Invitrorelease

Labelled recombinant osteopontin protein (SPP1) (R&D Systems)
was made by reacting Alexa Fluor 647 (AF647) NHS ester (Lumiprobe)
at 8x molar excess with SPP1. Briefly, 200 pg SPP1 was dissolved in
200 pl PBS, and 22 pl of AF647 NHS ester at 2.44 mg ml™ was added
dropwise with stirring. After 4 hat room temperature, 750 pul PBS was
addedto quenchthereaction and the solution was spin filtered (Ami-
con 0.5 ml, 10 KMWCO) with PBSrinses until flowthrough had no more
visible dye. SPP1-AF647 was concentrated to1 mg ml™and incorporated
into hydrogel at 15 pg per 100 pl for the in vitro release assay. Glass
capillary tubes were cut to 4 inches, sealed on one end with epoxy and
allowed to cure for atleast 24 h. Hydrogel (100 pl) wasinjected into the
bottom of each tube (n=3), 400 pl PBS was injected on top carefully
tonotdisrupt the gel surface, and tubes were sealed with parafilmand
stored upright at37 °C. Ateach time point, all 400 pul PBS was carefully
removed from the tube and replaced with fresh PBS, avoiding distur-
bance of the gel surface. Samples were taken at 6,14,24 hand 2, 3, 5,
8,12,16,19,28 days, and fluorescence at 647 nm was measured using a
Synergy H1 plate reader (BioTek). At the end of the study, gel was col-
lected fromthe tubes, diluted with PBS, and the remaining AF647-SPP1

was quantified. Data are presented as AF647-SPP1 remaining in gel,
calculatedas1-M,/M., where M,is the accumulative amount released
at each time point and M., is the total amount loaded in the gel at
the beginning of the assay. Data were fit with a one-phase decay in
GraphPad Prism and the half-life of release was determined.

Implant placement

For dorsalimplantinsertion, anaesthesia wasinduced and maintained
with 1-3% isoflurane at a flow rate of 21 min™. Adequate anaesthesia
was confirmed with loss of hind-limb reflex to nociceptive stimuli.
The dorsal skin was shaved and sterilized with Betadine Surgical Scrub
Veterinary solution (Avrio Health), followed by sterile alcohol prep
pads (FisherScientific). Next, a transverse incision was made through
the panniculus carnosus on the medial aspect of the left mid-back with
sterile scissors and forceps. A2 cm x 2 cm subcutaneous pocket was
raised caudally and laterally, large enough to fit the implant. APDMS
implant alone or PDMS implant covered with ADM was then placed
inthe subcutaneous pocket. Mice were divided into different experi-
mental groups, eachreceiving one implant. For mice that received the
ADM alone, a1l x1cmsquare of ADM was placed in the subcutaneous
pocket. The wound was closed without tension using 6 interrupted
nylon monofilament 4-0 sutures (Dynarex). The incision was dressed
using Krazyglue (Elmer’s Products). Incisions were inspected daily.

Formice that received the hydrogel with recombinant SPP1,100 pl
of the gel suspension was injected adjacent to the implant once the
incision was closed and glued.

For mice that received the recombinant SPP1PBSinjections, 10 pl
of 50 ng nl' SPP1resuspended in sterile PBS were injected subcutane-
ously over the top of the implant as well as adjacent to the implant
(for a total of 20 pl) every other day for 28 days. The dosage of SPP1
was calculated on the basis of the release curve of SPP1 established
through the in vitro release experiment, which demonstrated that
0.5 pg of SPP1 was released per day. We paralleled this amount by
injecting 1 pg of SPP1every other day.

Mice were hydrated with1 ml of PBS at the end of the procedure.

Mouse FBR model collection

On POD 28, the capsule surrounding the implant was collected with
dissecting scissors under x2.5 Loupe magnification and processed for
subsequent analysis. Mice were euthanized by carbon dioxide (CO,)
narcosis and cervical dislocation. The superior surface of the capsule
was meticulously dissected following the edge of the implant, with
overlyingskinintact. Collected capsule was sent for histology. In addi-
tion, capsule used for FACS was removed from the overlying skin using
x2.5Loupe magnification and mechanically digested using dissecting
scissors to finely mince each specimen. Collected capsules for use in
histology and IF staining were placed in tissue embedding cassettes.

Tensile testing (human samples)

Capsule specimens obtained from patients (Native capsule and
ADM capsule) were tested using an Instron 5565 utilizinga100-N load
cell (n=6). The capsule was excised with sharp surgical scissors as
above and carefully cut into tapered 4 mm x 15 mm pieces. Tissue
pieces were subsequently anchored between grips. The tissue was
slowly separated (1% increase per second) until failure (defined by a
clear drop in measured stress as tensionincreased). Young’s modulus
was determined by taking the slope of the linear portion of the stress—
strain curve.

Tensile testing (ADM and PDMS)

ADM and PDMS samples were tested using an Instron 5565 utilizing a
100-Nload cell. Materials were cutinto tapered 5 mm x 10 mm pieces.
Tissue pieces were subsequently anchored between grips. The tissue
was slowly separated (1% increase per second) until failure (defined by
acleardropinmeasured stress astensionincreased). Young’s modulus
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was determined by taking the slope of the linear portion of the
stress—strain curve.

Tissue fixation (human and mouse samples)

Mouse capsule specimens were fixed in 4% paraformaldehyde solution
in PBS for 24 h at 4 °C (n =3 per condition). All human samples were
fixed in10% neutral buffered formalin (Thermo Fisher) for 24 hat room
temperature (n=10).

Materials and initial processing for all staining

Haematoxylin and eosin (H-3502, Vector Laboratories), Masson’s
trichrome (ab150686, Abcam), picrosirius red (ab150681, Abcam) and
modified Verhoeffvan Gieson’s stain (Abcam) with standard protocols
were used.

Immunofluorescence staining
Immunofluorescence staining was performed as previously
described**'%%,

Haematoxylin and eosin staining
H&E staining was performed as described by the manufacturer
(Sigma-Aldrich).

Insets for H&E staining were established by measuring capsule
thickness across a given sample, determining the average thickness
and selecting the region to magnify for the inset (n = 6).

Elastin stain

Verhoeff van Gieson staining was performed (Abcam) as described
by the manufacturer. Normalized elastin density via van Gieson stain-
ing was determined by staining ADM alone with van Gieson’s stain,
calculating the mean pixel density of elastin staining for ADM alone
and dividing each individual value obtained for ADM capsule and
Native capsule pixel density by this mean.

Masson’s trichrome stain

Trichrome staining was performed as described by the manufacturer
(Abcam). Insets for Masson’s trichrome figures were established by
measuring collagen density across a given sample, determining the
average collagen density and selecting the region to magnify for the
inset (n=6).

Picrosirius red staining and histologic analysis

Picrosirius red staining was performed as described by the manufac-
turer (Abcam), and histologic analysis using an image-processing
algorithm was performed as previously described”’.

Luminex multiple immunoassay for Native and ADM capsule
cytokine analysis (human samples)

Freshly collected human capsule specimens were collected from the
operating room and placed on ice. The tissue was then minced and
placedinliquid nitrogen. Proteinisolation was then performed follow-
ing the tissue homogenate protocol (MAN0O017834, Thermo Fisher)
using the recommended cell lysis buffer (Thermo Fisher, EPX-99999-
000). Protein concentration was measured using the bicinchoninicacid
method (Thermo Fisher). The 62-plex Luminex assay (custom built by
eBioscience) to assess tissue cytokine content was conducted follow-
ing manufacturer protocol. Two biological replicates were analysed
per patient specimen.

Tissue preparation, FACS, multiplexing and scRNA-seq for
human Native and ADM capsules

Capsule tissue from human specimens were prepared and isolated
cells sorted via FACS as previously described (n = 6 per condition)*.
Individual human native and ADM capsule dissociated tissue cellular
suspensions were tagged with hashtag oligonucleotides (HTOs)

following manufacturer protocol and then pooled. Quality control
and scRNA-seqwere performed onsorted cells using the 10x Chromium
Single Cell platform (Single Cell 3’ v.3, 10x Genomics) at the Stanford
Functional Genomics Facility (SFGF), Stanford University, Palo Alto.

Data processing, fastq generation and read mapping (human
samples)

Base calls were converted to reads with the software Cell Ranger’s (10x
Genomics, v.3.1) implementation ‘mkfastq’. These were then aligned
against the GRCh38v.3.0.0 (for human) genome using Cell Ranger’s
count function (animplementation of STARv.2.7.0) with SC3Pv3 chem-
istryand 5,000 expected cells per sample'”’. Cell barcodes representa-
tive of quality cells were delineated from barcodes of apoptotic cells
or background RNA on the basis of a threshold of having at least 200
transcripts profiled and less than 10% of their transcriptome of mito-
chondrial origin.

Data normalization, hashtag oligo demultiplexing and cell
subpopulation identification (human samples)

Unique molecular identifiers (UMIs) from each cell barcode were
retained for all downstream analysis. Raw UMI counts were normal-
ized with a scale factor of 10,000 UMIs per cell and subsequently
natural log transformed with a pseudocount of 1 using the R package
Seurat (v.4.0.5)"°. DNA hashtag oligonucleotides (HTOs) for human
samples were demultiplexed using Seurat’simplementation ‘HTODe-
mux_. Briefly, k-medoid clustering was performed on the normalized
HTO values, after which a ‘negative’ HTO distribution was calculated.
For each HTO, the cluster with the lowest average value was treated
as the negative group and a negative binomial distribution was fit to
this cluster. Using the 0.99 quantile of this distributionas a threshold,
each cellwas classified as positive or negative foreach HTO. Cells that
were positive for more than one HTO were annotated as doublets and
removed. Cells that were not positive for any HTO were also removed.
Aggregated data were then evaluated using UMAP analysis over the
first15 principal components™.

We chose Louvain-based clustering analysis for our scRNA-seq data
as it is the most used graph-based clustering method for scRNA-seq
dataandis used toassist usersinidentifying different cell types or cell
subpopulations withinagiven dataset. Itiscommonly used in partdue
toitsscalability for large scRNA-seq analysis datasets. Further, we made
use of Seurat for our scRNA-seq analyses, which applies the Louvain
algorithm as the default clustering method"?.

Cell annotations were assigned using SingleR (v.3.11) against the
Blueprint+ ENCODE reference database for human cells.

Generation of characteristic subpopulation markers and
enrichment analysis (human samples)

Cell-type marker lists were generated using two separate approaches. In
the first approach, we employed Seurat’s native FindMarkers function
with alog fold-change threshold of 0.25 using the receiver operating
characteristic (ROC) test to assign predictive power to each gene.
However, to better account for the mutual information contained
within highly correlated predictive genes, we also employed a charac-
teristic direction analysis™. The 100 most highly ranked genes from
this analysis for each cluster were used to perform gene set enrichment
analysis against the BROAD Institute databases (http://software.broad-
institute.org/gsea/index.jsp) inaprogrammatic fashion using EnrichR
(v.2.1)*. To identify differences in gene expression between ADM and
Native capsule monocytes/macrophages, a Wilcoxon rank-sum test
was implemented in Seurat.

Tissue preparation, dissociation and scRNA-seq of mouse
Native and ADM capsules

Mouse capsules were collected at POD 28. Capsules were processed
as previously described**"*. Quality control and scRNA-seq were
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performed onunsorted cells using the 10x Chromium Single Cell plat-
form (Single Cell 3’ v.3,10x Genomics) at the SFGF.

Data processing, fastq generation and read mapping (mouse
samples)

Base calls were converted to reads using the Cell Ranger (10x Genomics,
v.3.1) implementation ‘mkfastq’ and then aligned against the Cell
Ranger mm10 reference genome using Cell Ranger’s count func-
tion with SC3Pv3 chemistry and 5,000 expected cells per sample, as
previously described*®. For mouse datasets, a maximum percent
mitochondrial RNA cut-off of 15%, 7,500 maximum unique genes and
85,000 maximum RNA counts were used.

Data normalization and cell subpopulation identification
(mouse samples)

UMIs from each cell barcode were retained for all downstream analysis,
normalized withascale factor of 10,000 UMIs per cell and subsequently
natural log transformed with a pseudocount of 1 using the R package
Seurat (v.4.0.5)". The first 15 principal components of the aggregated
datawere then used for UMAP analysis'.

Cell annotations were assigned using SingleR (v.3.11) against the
mouse RNA-seq reference dataset available at https://rdrr.io/github/
dviraran/SingleR/man/mouse.rnaseq.html. Cell-type marker lists
were generated using Seurat’s native ‘FindMarkers’ function with a
log fold-change threshold of 0.25, using the ROC test to assign predic-
tive power to each gene. The 200 most highly ranked genes from this
analysis for each cluster were used to perform gene set enrichment
analysisinaprogrammatic fashion using EnrichR (v.2.1)*. For integra-
tion of humanand mouse scRNA-seq datasets, integrated cross-species
analyses were performed using orthologue mapping viaSeurat’s label
transfer approach, as previously described"”.

CellChat receptor-ligand analysis

To evaluate the potential for interactions between different cell types
in our dataset, we applied the recently developed CellChat platform’®,
This was implemented using our scRNA-seq Seurat object in R, in
conjunction with the standalone CellChat Shiny App for its Cell-Cell
Communication Atlas Explorer. Cells were binned according to the
SingleR-defined cell type classifications. Default parameterizations
were used throughout, and secreted signalling, ECM-receptor and
cell-cell contact relationships were considered.

CODEX spatial analysis

To spatially phenotype the human specimens, we used Co-Detection
by Indexing (CODEX), an assay in which markers are labelled with
oligonucleotide-conjugated antibodies and iterativelyimaged between
cyclic additions and washouts of dye-labelled oligonucleotides. A
custom CODEX panel was designed to assess capsule cells within the
tissue (Table 2).

Using a CODEX-integrated Keyence BZ-X instrument (Akoya
Biosciences) image acquisition was then performed. Using software
from Akoya Biosciences, the raw images were processed, with cell
segmentationand rendering. Cell segmentation (Voronoi-based) was
performed using default platform settings, so that all downstream
cell-level analyses were conducted on the basis of protein expression
within the boundaries of individual cells.

The CODEX was visualized using Akoya Biosciences Multiplex
Analysis Viewer (MAV) in Image]. The resulting .fcs files were then
concatenated in FlowJo and imported into the Monocle3 (v.1.3.6) and
STVEA (v.0.2.0) R packages for further analysis. After debris removal,
the processed UMAP manifold was analysed through Monocle3 with
a post-manifold threshold of >10,000 cells per cluster. Analysis of
the protein staining patterns was then used to assign cell types.
The cell interactions were then inferred using STVEA for cell types at
>2.5% of total abundance at k= 20 nearest neighbours to quantify cell

spatialinteractions, and differential interaction maps were generated
using graph scores.

Statistical methods

Statistical testing was performed in GraphPad Prism v.9 unless
otherwise stated. For two-group comparisons, unpaired ¢-test was
used. For multigroup analysis, one-way analysis of variance (ANOVA)
with Bonferroni’s post hoc correction was used to compare groups;
P <0.05 conferred statistical significance for all tests.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNA-seq data generated during the study are available from
the GEO repository (GSE: GSE279258). Original scripts for the ECM
ultrastructure algorithmare available on Github at https://github.com/
shamikmascharak/Mascharak-et-al-ENF (ref.116). The raw and analysed
datasets generated during the study are available for research purposes
from the corresponding authors on reasonable request.
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Extended Data Fig. 2 | scRNA-seq analysis of human capsule specimens
with and without acellular dermal matrix (ADM). (a) Uniform-manifold
approximation and projection (UMAP) of all cells colored by experimental
condition [implant alone (Native) or Acellular Dermal Matrix-coated (ADM)
capsule]. (b) UMAP of fibroblast cells (that is, in silico selection) colored

by Seurat cluster (0-6). (c) UMAP of fibroblasts colored by experimental
condition (Native or ADM capsule). (d) Relative representation of fibroblasts
belonging to Seurat clusters 0-6 from ADM and Native capsules. (e) Enrichr
analysis results for Pathways and Gene Ontology (GO) terms characteristic to
cellsin fibroblast Seurat clusters 0 and 3. (f) UMAP of myeloid cells colored by

experimental condition (Native or ADM capsule). (g) Heatmap displaying top
differentially expressed genes for each monocytes/macrophages Seurat cluster.
Thered square emphasizes that SPPIis a gene highly expressed in monocytes/
macrophages Seurat cluster 2. (h) EnrichR analysis results for Pathways and
Gene Ontology (GO) terms characteristic to cells in monocytes/macrophages
cell Seurat clusters1and 2. (i) EnrichR analysis results for Pathways and Gene
Ontology (GO) terms characteristic to cells in monocytes/macrophages Seurat
clusters 0 and 3. Pathways: NCI-Nature 2016 (blue), KEGG 2021 Human (red),
WikiPathway 2021 Human (yellow). GO Terms: GO Cellular Component 2021
(blue), GO Molecular Function 2021 (red), GO Biological Process (yellow).
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Extended DataFig. 3| Cell-cell interaction analysis of human capsule
specimens with and without acellular dermal matrix (ADM). (a) Cell-cell
interaction maps among cells from ADM capsule (left) and Native capsule
(right). (b) Relative information flow for each significant pathway identified via
CellChat. X-axis indicates the percentage of interactions per pathway identified
inthe dataset, split by experimental condition. Top signaling pathways colored
inred are more enriched in ADM capsule, while those in green are more enriched
in Native capsule. Red arrows highlight specific pathways enriched in ADM
capsule, while green arrows highlight specific pathways enriched in Native
capsule. (c) Immunofluorescence (IF) staining of Osteopontin (SPP1) (green
signal) and Collagen Type 1(COL1, green signal) in Native and ADM capsule. (d)
All human cell single-cell RNA-sequencing Uniform-manifold approximation
and projection (UMAP) colored by expression level for Integrin Alpha M (CD11b)

(top) and Integrin Alpha X (CDIIc) (bottom). (e) IF staining of SPP1(green

signal) and CD11b (red signal) in Native and ADM capsule. (f) Uniform-manifold
approximation and projection (UMAPs) of macrophage cells colored by Seurat
subcluster (0-4). (g) UMAP of macrophages colored by experimental condition
(Native or ADM capsule). (h) Relative representation of macrophages belonging
to Seurat subclusters 0-4 from ADM and Native capsule. (i) Violin plot displaying
Osteopontin (SPPI) expression in macrophages by experimental condition
(ADM or Native capsule). (j) Heatmap displaying top differentially expressed
genes for each macrophage Seurat subcluster. The red square emphasizes that
SPP1is agene highly expressed in macrophage Seurat subcluster 1. (c, €) DAPI
(4’,6-diamidino-2-phenylindole), nuclear counterstain (blue signal). Scale bars
100 pm.
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Extended DataFig. 4 | Further scRNA-seq analysis of human capsule biological replicates each of ADM, Native, and Native ~ADM capsules, 9 total
specimens with and without acellular dermal matrix (ADM), and comparison measurements). (a, b) Pathways: NCI-Nature 2016 (blue), KEGG 2021 Human
of native capsule to native capsule with no ADM exposure. (a) Enrichr analysis (red), WikiPathway 2021 Human (yellow). GO Terms: GO Cellular Component
results for Pathways and Gene Ontology (GO) terms characteristic of cellsin 2021 (blue), GO Molecular Function 2021 (red), GO Biological Process (yellow).
macrophage Seurat clusters 0, 1, and 4. (b) EnrichR analysis results for Pathways (d) DAPI (4,6-diamidino-2-phenylindole), nuclear counterstain (blue signal).
and Gene Ontology (GO) terms characteristic of cells in macrophage Seurat Data shown as mean + standard deviation (S.D.); Statistical comparisons were
clusters 2 and 3. (c) Haematoxylin and eosin (H&E) staining of Native ~ADM made using an ordinary, one-way ANOVA, applying Bonferroni correction
capsule. (d) Immunofluorescence (IF) staining of Osteopontin (SPP1) (green for multiple comparisons. DAPI (4’,6-diamidino-2-phenylindole), nuclear
signal) and Integrin alpha X (CD11c) (red signal). (e) Quantification of SPP1and counterstain (blue signal). ****P < 0.0001, ns = not significant. Scale bars,
CD11c co-expression from IF staining (n = 3 measurements from 3 separate (c) 400 pm; (d) 100 pm.
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Extended Data Fig. 5| Further CODEX analysis of human capsule specimens
with and without acellular dermal matrix (ADM). (a) Bar graphs of Osteopontin
(SPP1), Integrin AlphaM (CD11c), and Collagen Type 1 (COL1) protein expression
in Acellular Dermal Matrix-coated (ADM) and implant alone (Native) capsules.
(b) Bar graph quantifying Myeloid 1and Myeloid 3 communicationin ADM

and Native capsules. (c) Differential interaction maps in ADM (top) and Native
(bottom) capsules (d) Bar graph quantifying Smooth muscle cell and Myeloid

cell communicationin ADM and Native capsules (left, top and bottom). Bar
graph quantifying cluster of differentiation 4 (CD4) cell and Myeloid cell
communicationin ADM and Native capsules (right, top and bottom).

(e) Ridge plot showing Yes-associated protein (YAP) expressionin all cells.
(F) YAP expression in Myeloid clusters. Error bars represent mean + standard
deviation. n =3 regions of interest each from ADM and Native capsules.
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Extended Data Fig. 6 | Further mouse acellular dermal matrix (ADM) FBR
model characterization. (a) Tensile Young’s modulus of PDMS and ADM (n =8
measurements from each material). (b) Gross photograph of mNative and mADM
capsule retrieval (left). Photos on the right show magnified images of mNative
and mADM capsules. (¢) Schematic of experimental flow of the murine FBR
model applied using ADM on its own. Implant and peri-implant tissue retrieved
at postoperative day (POD) 28 for histology analysis. (d) Hematoxylinand
eosin (H&E) staining of ADM alone capsule. Quantification of capsule thickness
inmADM and ADM alone capsule (right) (n =3 measurements from
3 separate biological replicates each of mADM and mADM alone capsules, 9 total
measurements). (e) Trichrome staining of ADM alone capsule. Quantification of
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collagen density in mADM and ADM alone capsule (right) (n = 3 measurements
from 3 separate biological replicates each of mMADM and mADM alone capsules,

9 total measurements). (f) Immunofluorescence (IF) staining of a-Smooth
Muscle Actin (a-SMA) (red signal) in ADM alone (far left). Quantification of x-SMA
expression from IF staining (second panel from left) (n = 3 regions of interest
from 3 separate biological replicates each of mADM and mNative capsules, 9 total
measurements). (f) DAPI (4’,6-diamidino-2-phenylindole), nuclear counterstain
(blue signal). Data shown as mean + standard deviation (S.D.); statistical
comparisons were made using an unpaired, two-tailed t-test. ns = not significant.
Scalebars (b, ¢) 50 pm; (d) 100 pm. Created in BioRender. Parker, J. (2025)
https://BioRender.com/t99s331.
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Extended Data Fig. 7| scCRNA-seq analysis of mouse capsules with and without
acellular dermal matrix (ADM). (a) Uniform-manifold approximation and
projection (UMAP) of fibroblasts colored by Seurat cluster (0-4). (b) UMAP of
fibroblasts colored by experimental condition [Acellular Dermal Matrix-coated
(mADM) or implant alone (mNative) capsule]. (c) Relative representation of
fibroblasts belonging to fibroblast Seurat clusters 0-4 from mADM and mNative
capsules. (d) EnrichR analysis results for Pathways and Gene Ontology (GO)
terms characteristic to cells in fibroblast Seurat clusters 0 and 1. (e) Violin plot
displaying Osteopontin (SPPI) expression in macrophages by experimental
condition [Acellular Dermal Matrix-coated (mADM) or implant alone (mNative)
capsule]. (f) UMAP of monocytes colored by experimental condition (mNative
or mADM capsule). (g) Heatmap displaying top differentially expressed genes
for each monocyte Seurat cluster. (h) EnrichR analysis results for Pathways and

Gene Ontology (GO) terms characteristic of cellsin monocyte Seurat clusters
2,3,and 4. (i) Immunofluorescence (IF) staining of SPP1 (green signal) and
Collagen Type I (COL1) (red signal) in mNative and mADM capsule. Bright green
tissue is autofluorescence of panniculus carnosus. (j) All mouse single cell RNA-
sequencing (scRNA-seq) UMAP colored by expression level for Integrin alpha M
(Cd11b) (top) and Integrin alpha X (CdIIc) (bottom). (k) IF staining of SPP1 (green
signal) and CD11b (red signal) inmNative and mADM capsule. Bright green tissue
is autofluorescence of panniculus carnosus. (i, k) DAPI, nuclear counterstain
(blue signal). Pathways: NCI-Nature 2016 (blue), KEGG 2021 Human (red),
WikiPathway 2021 Human (yellow). GO Terms: GO Cellular Component 2021
(blue), GO Molecular Function 2021 (red), GO Biological Process (yellow). Scale
bars=100 pm.
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Extended Data Fig. 9| SPP1PNP hydrogel characterization and further
histologic analysis of its application in vivo. (a) Schematic of Osteopontin-1
(SPP1) release from polymer-nanoparticle (PNP) hydrogel wherein 100 pL of
PNP hydrogel with 15 pL of SPP1-AF647 isinjected into the bottom of a capillary
tube and PBS buffer added (left). Buffer is sampled over time to quantify SPP1
release. Quantification of release assay (right). (b) Picrosirius red histology

(left) and uniform manifold approximation and projection (UMAP) displaying
quantified extracellular matrix (ECM) ultrastructure parameters for KO mNative,
KO mADM, and KO +SPP1 capsules (right), with capsule data displayed inred,
blue, and yellow, respectively. (c) Immunofluorescence (IF) co-staining of
Osteopontin-1(SPP1) (green signal) and Integrin alpha X (CD11c) (red signal)
(top) and co-staining of SPP1 (green signal) and Collagen Type I (COL1) (red
signal) bottom in KO mNative, KO mADM, and KO +SPP1 capsules. Quantification
of COL1expression from IF staining (bottom) (n =3 regions of interest from 3
separate biological replicates each of KO mNative, KO mADM, and KO +SPP1
capsules, 9 total measurements). (d) Picrosirius red histology (bottom) and
uniform manifold approximation and projection (UMAP) displaying quantified
extracellular matrix (ECM) ultrastructure parameters for mNative -SPP1,
mADM, and mNative +SPP1 capsules (top), with capsule data displayedinred,
blue, and yellow, respectively. (e) IF co-staining of SPP1 (green signal) and CD11c
(red signal) (top) and co-staining of SPP1 (green signal) and COL1 (red signal)
bottom in mNative -SPP1, mADM, and mNative +SPP1 capsules. Quantification
of COL1expression from IF staining (bottom) (n =3 regions of interest from 3
separate biological replicates each of mNative -SPP1, mADM, and mNative +SPP1
capsules, 9 total measurements). (f) Hematoxylin and eosin (H&E) staining of

mouse skininjected subcutaneously every other day with SPP1resuspended in
PBS. (g) Schematic of experimental flow of the murine FBR model used. Silicone
implants combined with a subcutaneous injection of SPP1in PBS (mNative + SPP1
PBS). Implant and peri-implant tissue retrieve at postoperative day (POD) 28 for
histology analysis. (h) Hematoxylin and eosin (H&E) staining of mNative + SPP1
PBS capsule. Quantification of capsule thickness in mNative, mNative + SPP1,
and mNative + SPP1PBS capsule (right) (n = 3 measurements from 3 separate
biological replicates each of mNative, mNative +SPP1, and mNative +SPP1 PBS
capsules, 9 total measurements). (i) Trichrome staining of mNative + SPP1 PBS.
Quantification of collagen density in mNative, mNative + SPP1, and mNative
+SPP1PBS capsule (right) (n = 3 measurements from 3 separate biological
replicates each of mNative, mNative +SPP1, and mNative +SPP1PBS capsules,

9 total measurements). (j) Immunofluorescence (IF) staining of a-Smooth
Muscle Actin (x-SMA) (red signal) in mNative +SPP1PBS (left). Quantification

of a-SMA expression from IF staining (right) (n =3 regions of interest from

3 separate biological replicates each of mNative, mNative +SPP1, and mNative
+SPP1PBS capsules, 9 total measurements). (a) Data are shown as mean + SD
and fit with a one-phase decay in GraphPad Prism and half-life of 16.11 days
calculated. (c, e, h, i,j) Data shown as mean + standard deviation (S.D.).
Statistical comparisons were made using an ordinary, one-way ANOVA, applying
Bonferroni correction for multiple comparisons. (c, e, j) DAPI (4’,6-diamidino-
2-phenylindole), nuclear counterstain (blue signal). *P < 0.05, **P < 0.01,
***P<0.001, ***P<0.0001. (b,d) Scale bars 50 pm. (c, e, j) Scale bars 100 pm.

n =3 capsule specimens per condition unless otherwise specified. Created in
BioRender. Parker,]. (2025) https://BioRender.com/e24s120.
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Extended Data Fig. 10 | Additional SPP1KO groups and exploration into
potential mechanistic pathways of SPP1 anti-fibrotic function. (a) Schematic
of experimental flow of the murine FBR model used. Silicone implants coated
with Acellular Dermal Matrix combined with anipsilateral injection of empty
PNP hydrogel (KO mADM -SPP1) and silicone implants coated with ADM
combined with anipsilateral injection of recombinant SPP1-loaded PNP
hydrogel (KO mADM +SPP1) were implanted subcutaneously in the dorsi of
SppIKnock-Out (SPP1KO) mice. Implant and peri-implant tissue retrieved

at postoperative day (POD) 28 for histologic analyses. (b) Hematoxylin and
eosin (H&E) staining of KO mADM -SPP1 (left) and KO mADM +SPP1 capsule
(middle). Black dotted regions indicate areas from which magnified images were
captured. Schematic representing skin layers and capsule (right, top). Yellow
lines indicate capsule area. Quantification of capsule thickness in KO mADM
-SPP1and KO mADM +SPP1 capsule (right, bottom) (n = 4 measurements from
3 separate biological replicates each of KO mADM -SPP1and KO mADM +SPP1,
12 total measurements). (c) Trichrome staining of KO mADM -SPP1 (left) and
KO mADM +SPP1 capsules (middle). Black dotted regions indicate areas from
which magnified images were captured. Schematic representing skin layers and
capsule (right, top). Quantification of collagen density in KO mADM -SPP1and
KO mADM +SPP1 capsule (right, bottom) (n =4 measurements from 3 separate
biological replicates each of KO mADM -SPP1and KO mADM +SPP1, 12 total
measurements). (d) Picrosirius red histology of KO mADM -SPP1and KO mADM
+SPPL. (e) Immunofluorescence (IF) staining of alpha Smooth Muscle Actin
(a-SMA) (red signal) in KO mADM -SPP1and KO mADM +SPP1 (left and middle).
Quantification of a-SMA expression from IF staining (bottomright) (n =3 regions

of interest from 3 separate biological replicates each of KO mADM -SPP1and KO
mADM +SPP1, 9 total measurements). (f) IF co-staining of Osteopontin-1 (SPP1)
(greensignal) and Integrin alpha M (CD11b) (top) and co-staining of SPP1 (green
signal) and Collagen Type 1(COL1) (red signal) (bottom) in KO mADM -SPP1and
KO mADM +SPP1 capsules. Quantification of COL1expression from IF staining
(bottom right) (n =3 regions of interest from 3 separate biological replicates
each of KO mADM -SPP1and KO mADM +SPP1, 9 total measurements). (g) Violin
plots displaying Integrin Subunit Alpha V (ITGAV) and Integrin Subunit Beta 3
(ITGB3) expression in human monocytes/macrophages by Seurat cluster (0-6).
(h) Violin plot displaying Cluster of Differentiation 44 (CD44) expression in human
monocytes/macrophages by Seurat cluster (0-6). (i) Immunofluorescence (IF)
staining of CD44 (red signal) in ADM and Native capsule (left and right).

(§) violin plot displaying Matrix Metallopeptidase 9 (MMP9) in human monocytes/
macrophages by experimental condition (ADM or Native capsule). (k) IF
co-staining of MMP9 (green signal) and Integrin AlphaM (CD11b) in ADM and
Native capsules (left and middle). Quantification of MMP9 expression from IF
staining (right) (n =3 regions of interest from 3 separate biological replicates
each of human ADM and Native capsules, 9 total measurements. (b, ¢, e, f, k)
Datashown as mean + standard deviation (S.D.); statistical comparisons were
made using an unpaired, two-tailed t-test. ns = not significant. (e, f, i, k) DAPI
(4’,6-diamidino-2-phenylindole), nuclear counterstain (blue signal). *P < 0.05,
*P<0.01,***P<0.0001. (b, c) Scale bars 50 pm; Scale bar insets 100 pm

(d) Scalebars 50 pm. (e, f, i, k) Scale bars 100 um. n = 3 unless otherwise specified.
Created in BioRender. Parker, J. (2025) https://BioRender.com/q41e611.
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Human and mouse scRNA-seq libraries were sequenced on the lllumina platform, and data retrieved using CellRanger's mkfastq command to
generate FASTQ files from BCL sequencing files.

Data analysis The following R packages were used for downstream scRNA-seq analysis: Seurat (v.4.9), SingleR (v.2.2.0), CellChat (2.1.2). Monocle 3 (v. 1.3.6)
and STVEA (v. 0.2.0) were used for spatial proteomic analysis. Prism Graphpad was used for statistical analyses. Matlab was used for
ultrastructure analysis. Photoshop and Imagel) were used for other histological analyses.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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The scRNA-seq data generated during the study are available from the GEO repository (GSE: GSE279258). Original scripts for the ECM ultrastructure algorithm are




available from Github at https://github.com/shamikmascharak/Mascharak-et-al-ENF. The raw and analysed datasets generated during the study are available for
research purposes from the corresponding authors on reasonable request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The patients were drawn from a population undergoing reconstructive breast surgery, a procedure for which the population
at Stanford at the time of collection was 100% female. Although men were indirectly excluded from the study, these results
may have broad implications applicable to both sexes.

Reporting on race, ethnicity, or These data were not recorded.
other socially relevant

groupings

Population characteristics Female adult patients (range 35 to 68 years). Specimens were obtained at time of implant procedure (range 3 to 24 months)
following exapander placement.

Recruitment Adult patients undergoing staged implant-based breast reconstruction either for prophylactic or therapeutic purposes.
Specimens were obtained at time of implant procedure (range, 3 to 24 months) following expander placement. None of
those patients had a history of post-op complications following expander or implant exchange.

Ethics oversight Institutional Review Board at Stanford University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was determined via Power analysis. In order to provide a power of 0.8 and to detect differences in the degree of fibrosis of 30%
or greater between groups, we calculated that we needed 3 capsules minimum per time point per condition.

Data exclusions  All samples were included in the dataset.
Replication All experiments were performed min n = 3, with all attempts at replication being successful.

Randomization  Human patients were not randomized, as the same procedure and tissue-collection method were performed on consecutive patients across
the study time period. Mice were randomized between experimental and control groups.

Blinding Human patients were not blinded, as the same procedure and tissue collection method were performed on consecutive patients across the
study time period.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Antibodies

Antibodies used Abeam ab216028 (anti-Integrin Alpha X; 1 10 100), Abeam abS694 (anti-Alpha Smooth Muscle Actin; 1 to 200), ThermoFisher
Scientific MAI-26771 (anti-Collagen Type I; 1 to 100), Abeam ab214050 (anti-Osteopontin; 1 to 100), ThermoFisher Scientific
14-0196-82 (anti-Integrin Alpha M; 1 to 100), ThermoFisher Scientific 14-0112-82 (anti-Integrin Alpha M; 1 to 100), ThermoFisher
Scientific MAS-13890 (anti-Cluster of Differentiation 44; 1 to 100), ThermoFisher Scientific MAS-32705 (anti-Matrix Metallopeptidase
9; 1 to 100). Secondary antibodies include Alexa Fluor 488-conjugated anti-rabbit (Cat A11008; Lot: 2775963), anti-rat (Cat A21208;
Lot 2482958), or anti-mouse (Cat A11029; Lot 2306579) antibodies (Invitrogen, Waltham, MA) and Alexa Fluor 594-conjugated anti-
rabbit (Cat: A11037; Lot: 2841610), anti-rat (Cat A21209; Lot 2400917), or anti-mouse (Cat A11005; Lot 2641993) (Invitrogen,
Waltham, MA). All secondaries were applied at a 1 to 200 dilution.
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Validation All antibodies were validated for immunohistochemistry by their respective manufacturer.
ab216028: recombinant fragment protein within Human ITGAX aa 600—-850. Exact immunogen is proprietary; however, Abcam
confirmed that the product has been tested on human paraffin-based IHC.
ab5694: synthetic peptide within Human ACTA2. Exact immunogen is proprietary; however, Abcam confirmed that the product has
been tested on both human and mouse paraffin-based IHC.
mal-26771: Invitrogen confirmed testing of the antibody in both frozen and FFPE specimens. Reactivity confirmed for mouse and
human.
ab214050: Abcam confirmed that this antibody has been tested on human-based IF and IHC (paraffin).
14-0196-82: Invitrogen confirmed testing of the antibody on paraffin-based IHC in human tissue.
14-0112-82: Invitrogen confirmed testing of the antibody on paraffin-based IHC in mouse tissue.
ma5-13890: Invitrogen confirmed testing of the antibody on paraffin-based IHC in human tissue.
ma5-32705: Invitrogen confirmed testing of the antibody on paraffin-based IHC and IF in human tissue.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Transgenic mouse strains (acquired from Jackson Laboratories): B6 (CS7BL/6J, Stock: 000664), Sppl (B6.12956(Cg)-Sppltm1BIh/J,
Stock: 004936). Mice were housed at the Stanford University Comparative Medicine Pavilion per Stanford APLAC guidelines, under
the supervision of the Veterinary Service Center (VSC). Mice were all 8-12 weeks of age at the start of experiments.

Wild animals The study did not involve wild animals.

Reporting on sex Female and male mice were used for the animal studies.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight Administrative Panel on Laboratory Animal Care.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

>
<
=,
N
S
No
w




	Osteopontin attenuates the foreign-body response to silicone implants

	ADM alters foreign-body capsule phenotype and decreases FBR

	Single-cell RNA-seq of ADM capsules reveals upregulation of SPP1

	Spatial proteomics demonstrate differing cell–cell crosstalk

	ADM decreases foreign-body response in a mouse model

	Increased SPP1 in monocyte subclusters of mADM capsule

	SPP1 expression is necessary for attenuation of FBR

	Sustained release of SPP1 sufficient to decrease FBR in mice

	Discussion

	Methods

	Mice

	Patient sample collection

	Acellular dermal matrix preparation

	Implant fabrication

	Implant preparation

	Hydrogel preparation

	In vitro release

	Implant placement

	Mouse FBR model collection

	Tensile testing (human samples)

	Tensile testing (ADM and PDMS)

	Tissue fixation (human and mouse samples)

	Materials and initial processing for all staining

	Immunofluorescence staining

	Haematoxylin and eosin staining

	Elastin stain

	Masson’s trichrome stain

	Picrosirius red staining and histologic analysis

	Luminex multiple immunoassay for Native and ADM capsule cytokine analysis (human samples)

	Tissue preparation, FACS, multiplexing and scRNA-seq for human Native and ADM capsules

	Data processing, fastq generation and read mapping (human samples)

	Data normalization, hashtag oligo demultiplexing and cell subpopulation identification (human samples)

	Generation of characteristic subpopulation markers and enrichment analysis (human samples)

	Tissue preparation, dissociation and scRNA-seq of mouse Native and ADM capsules

	Data processing, fastq generation and read mapping (mouse samples)

	Data normalization and cell subpopulation identification (mouse samples)

	CellChat receptor–ligand analysis

	CODEX spatial analysis

	Statistical methods

	Reporting summary


	Acknowledgements

	Fig. 1 ADM alters ECM ultrastructure in human capsule specimens and leads to a reduction in fibrotic encapsulation.
	Fig. 2 Single-cell transcriptomic analyses reveal changes in monocyte/macrophage cell dynamics during foreign-body capsule formation in humans with ADM application.
	Fig. 3 CODEX analysis of patient-matched ADM and Native human capsules.
	Fig. 4 Murine ADM FBR model recapitulates decreased fibrosis as observed in human ADM capsule specimens.
	Fig. 5 Single-cell transcriptomic analyses comparing murine Native and ADM capsules mimic myeloid cell dynamics in human FBR.
	Fig. 6 Osteopontin (SPP1) is both necessary and sufficient to decrease fibrotic encapsulation due to foreign-body response.
	Extended Data Fig. 1 Comparison of human capsule specimens with and without acellular dermal matrix (ADM).
	Extended Data Fig. 2 scRNA-seq analysis of human capsule specimens with and without acellular dermal matrix (ADM).
	Extended Data Fig. 3 Cell-cell interaction analysis of human capsule specimens with and without acellular dermal matrix (ADM).
	Extended Data Fig. 4 Further scRNA-seq analysis of human capsule specimens with and without acellular dermal matrix (ADM), and comparison of native capsule to native capsule with no ADM exposure.
	Extended Data Fig. 5 Further CODEX analysis of human capsule specimens with and without acellular dermal matrix (ADM).
	Extended Data Fig. 6 Further mouse acellular dermal matrix (ADM) FBR model characterization.
	Extended Data Fig. 7 scRNA-seq analysis of mouse capsules with and without acellular dermal matrix (ADM).
	Extended Data Fig. 8 Further scRNA-seq analysis of mouse capsules with and without acellular dermal matrix (ADM) and integration with human scRNA-seq data.
	Extended Data Fig. 9 SPP1 PNP hydrogel characterization and further histologic analysis of its application in vivo.
	Extended Data Fig. 10 Additional SPP1 KO groups and exploration into potential mechanistic pathways of SPP1 anti-fibrotic function.
	Table 1 Summary demographics of the patients.
	Table 2 List of protein markers and their associated barcodes for the CODEX experiment.




