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CELL BIOLOGY

Dissecting the recruitment and self-organization of
aSMA-positive fibroblasts in the foreign body response

Maria Parlani’2, Matthew L. Bedell?, Antonios G. Mikos3, Peter Friedl'-?>#, Eleonora Dondossola*

The foreign body response (FBR) is a clinically relevant issue that can cause malfunction of implanted medical
devices by fibrotic encapsulation. Whereas inflammatory aspects of the FBR have been established, underlying
fibroblast-dependent mechanisms remain unclear. We here combine multiphoton microscopy with ad hoc re-
porter mice expressing a—smooth muscle actin («(SMA) protein to determine the locoregional fibroblast dynam-
ics, activation, and fibrotic encapsulation of polymeric materials. Fibroblasts invaded as individual cells and
established a multicellular network, which transited to a two-compartment fibrotic response displaying an
aSMA cold external capsule and a long-lasting, inner aSMA hot environment. The recruitment of fibroblasts
and extent of fibrosis were only incompletely inhibited after depletion of macrophages, implicating coexistence
of macrophage-dependent and macrophage-independent mediators. Furthermore, neither altering material
type or porosity modulated aSMA™ cell recruitment and distribution. This identifies fibroblast activation and
network formation toward a two-compartment FBR as a conserved, self-organizing process partially indepen-
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dent of macrophages.

INTRODUCTION

The foreign body response (FBR) is the end-stage result of inflam-
matory and wound healing processes to shield external material
after intrusion (1). This pathophysiological process has obtained in-
creasing clinical attention, as it leads to inflammation and fibrotic
encapsulation of medical implants in patients, compromising both
long-term tissue integration and function (I, 2). The interplay
between inflammatory cells, vascular networks, and activated fibro-
blasts is critical to mount a response. The FBR starts with vascular
damage and plasma protein engagement on the implant surface (3).
This is followed by neutrophilic inflammation and the recruitment
of monocytes, which become activated to macrophages and, by
fusion, foreign body giant cells (FBGCs) (4). In parallel, a neoangio-
genic vascular network is formed, and fibroblasts are activated to
deposit a collagenous capsule (I, 5). Although the role of the
immune compartment has been thoroughly dissected, including
both the cellular and molecular nature of the infiltrating cells (4,
6-11), the principles governing the engagement of fibroblasts
during the FBR in vivo have not been systematically investigated
(12, 13).

Interstitial fibroblasts represent central effectors involved in
tissue homeostasis, remodeling, and wound healing processes (14,
15) and present distinct molecular and morphological characteris-
tics according to their organ of origin, body site, and spatial location
(16). Fibroblast populations further comprise blood vessel-associ-
ated pericytes (17) and myofibroblasts, which are activated fibro-
blasts that critically contribute to tissue repair (18, 19). Upon
tissue damage, quiescent fibroblasts are engaged by transforming
growth factor—f (TGFp) and platelet-derived growth factor
(PDGF) produced by inflammatory cells (20, 21). When activated,
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myofibroblasts reversibly up-regulate a—smooth muscle actin
(aSMA), which confers contractile properties and modifies their bi-
osynthetic, secretory, and migratory functions (14, 19, 22). Besides
depositing collagens and fibronectin, myofibroblasts produce met-
alloproteinases that remodel the extracellular matrix and release
growth factors and proinflammatory cytokines including TGFp,
PDGTF, vascular endothelial growth factor a, hepatocyte growth
factor, and tumor necrosis factor, which foster the fibrotic process
(14, 19).

At the end of a transient fibrotic process, such as wound healing,
myofibroblasts become eliminated by apoptosis (19). If the insult
persists, however, the repair response chronicizes and causes
long-lasting fibrosis (23). In this case, fibroblasts may acquire
further properties such as permanent hyperactivation, increased
proliferation, and functional diversification, including specialized
matrix remodeling ability, a highly secretory phenotype, and in-
creased immunomodulatory functions (14, 16, 24). Now, our un-
derstanding of the critical contribution of fibroblasts to the FBR
is still unclear. Specifically, the kinetic steps of fibroblast recruit-
ment, the timing and location of activation, and their self-organiza-
tion to achieve fibrotic encapsulation of the foreign material have
not been observed in vivo, mainly because of the inability to longi-
tudinally track this dynamic process with cellular resolution in situ
in living organisms (12, 15, 25).

Experimental approaches to probe the FBR in small animals are
mostly based on ex vivo endpoint analysis, which reveals the cellular
content and extent of fibrosis from two-dimensional (2D) sections
and the activity of the wound using macroscopic imaging (I). Al-
though informative, these strategies lack sensitivity, time resolution,
and insights into 3D organization and evolution of this process. In-
travital microscopy, including nonlinear intravital multiphoton mi-
croscopy (iMPM), complements these approaches by providing
mechanistic, 3D, and time-resolved insight into the position, dy-
namics, and function of single cells at subcellular resolution and
in real time (8, 9, 25-27). In combination with window models in
fluorescent reporter mice, iMPM delivers real-time access to the
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microenvironmental niches that mediate the FBR progression, in-
cluding immune and stromal cell recruitment, matrix remodeling,
and neovessel anatomy and function (25, 26, 28). Using iMPM, we
have recently developed noninvasive imaging procedures for mon-
itoring the development of the FBR in intact green fluorescent
protein (GFP) reporter mice and identified that immune infiltrating
cells dynamically engage with implanted materials over time, fol-
lowed by collagen deposition and blood vessel formation (26). In
this work, we extended iMPM to multiparameter fluorescent re-
porter mouse models and investigated the step-wise recruitment,
activation, and self-organization of fibroblast networks in the
FBR. We further addressed the impact of macrophages and material
composition on the temporal progression of fibroblast activation
and function and fibrosis outcome.

RESULTS

Fibroblast activation upon material implantation

To monitor fibroblast engagement and fate during the FBR in the
deep dermis in vivo, we applied an established intravital window
model combined with fibrous polycaprolactone (PCL) scaffold im-
plantation (26) in dual-color reporter mice. C57BL/6 ubiquitin
(UBC)-GFP mice expressing GFP ubiquitously were crossed with
C57BL/6 [Acta2-red fluorescent protein (RFP)]1Rkl/] mice ex-
pressing RFP in all cells that produce aSMA to generate an
aSMA-RFP/GFP model (Fig. 1A and fig. S1). To exclude confound-
ing fluorescence by immune cells, aSMA-RFP/GFP mice were le-
thally irradiated and transplanted with the bone marrow from
wild-type, nonfluorescent C57BL/6 donors (Fig. 1A and fig. S1).
The resulting aSMA-RFP/GFP(stroma) reporter mouse displayed
GFP- and RFP-expressing aSMA™ stromal cells, as detected by
iMPM through a dorsal skinfold chamber (fig. S2). Before material
implantation, the superficial interstitial connective tissue of the hy-
podermis was covered by a thin layer (~10 to 20 pum thick) of qui-
escent GFP* aSMA-RFP™ cells displaying fibroblast features,
including spread, stellar-like shape with lamellipodia (27). Deeper
skin layers additionally contained adipocytes, nerves, and muscle
fibers (fig. S2), with a limited number of GFP* aSMA-RFP—express-
ing fibroblasts and pericytes. Besides fluorescent stromal cells, the
tissue did not show evidence of infiltrating GFP* immune cells (fig.
S2). Implanted material consisted of porous scaffolds (5 mm x 5
mm x 0.25 mm), made of electrospun PCL, a hydrophobic and
semicrystalline polymer prepared by ring opening of e-caprolac-
tone, and endowed with no positive or negative charge (29). After
implantation, the recruitment and activation of GFP* aSMA-RFP~
and GFP* aSMA-RFP™ fibroblasts were monitored longitudinally
for 11 days (Fig. 1, A to C). The total number of GFP™ cells signifi-
cantly increased by day 7, reaching a plateau by day 11 (Fig. 1, B and
D). Whereas directly after scaffold implantation resident stromal
cells lacked aSMA expression, only 1 day later, aSMA-RFP expres-
sion was up-regulated in a subset of GFP* cells (~10%; Fig. 1, B, C,
and E). By day 7, the GFP* aSMA-RFP* subset increased to 50%,
reaching ~100% by day 11 (Fig. 1, B, C, and E). Whereas the mor-
phology of GFP* aSMA-RFP~ resident cells was generally spread,
the area covered by each fibroblast decreased by day 1 after implan-
tation before aSMA up-regulation (Fig. 1, C and F). The observed
shape change associated with aSMA induction is in line with the
evolution of resting fibroblasts to protomyofibroblasts, which pre-
cedes aSMA expression and full maturation to contractile
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myofibroblasts (30). To examine whether the conversion from
resting to aSMA*-activated fibroblasts modulates fibroblast migra-
tion, we performed time-resolved cell tracking at days 0, 4, 7, and 11
after PCL scaffold implantation. GFP* aSMA-RFP~ cells (day 0)
were positionally stable, with a dynamic cytoplasmic protrusive ac-
tivity (Fig. 1, G and H, and fig. S3). By day 4, both GFP* aSMA-
RFP-negative and aSMA-RFP—positive cells increased their speed
and invaded as individual elongated, spindle-shaped cells (movie
S1; Fig. 1, G and H; and fig. S3). With an acceleration reaching
0.4 to 0.6 pm/min, this mesenchymal migration mode was retained
in aSMA-RFP* cells up to day 11. Thus, a migrating state emerges in
fibroblasts before aSMA expression and persists in GFP* aSMA-
RFP* cells. In our time-lapse recordings from day 4, cell division
was a rare event (<1% over 4 hours) in both aSMA-RFP-negative
and aSMA-RFP-positive cells (n = 2 dividing cells per subset in
>300 recorded cells; movies S2 and S3). These results suggest that
fibroblast activation and aSMA up-regulation are initiated within 24
hours after biomaterial implantation and concur with the induction
of fibroblast migration rather than proliferation.

Spatiotemporal 3D mapping of aSMA* fibroblast activation
and fibrosis

To identify the impact of the temporal progression and subregions
of aSMA up-regulation, aSMA-RFP/GFP(stroma) mice implanted
with PCL scaffolds were monitored by ex vivo 3D MPM at different
time points (7, 21, 35, and 60 days after implantation; Fig. 2A). We
identified two subregions: a fibrotic capsule, comprising fibroblasts
and bundled collagen [detected by second harmonic generation
(SHG)], which is connected to the surrounding interstitial tissue,
and an inner core zone, where cells and collagen fill the space
between implant structures (Fig. 2, A and B). By day 7 after implan-
tation, 85% of the GFP* cells also expressed aSMA-RFP, with com-
parable frequency in both subregions of the implant (Fig. 2C). By
day 21, aSMA expression in the core, between PCL fibers, remained
stable; however, it gradually declined in the capsule and returned to
aSMA negativity by day 35. Notably, 60 days after implantation,
aSMA-RFP™ cells persisted in the graft core, while no aSMA-
RFP™ cell was visible within the fibrotic capsule surrounding the
implant (Fig. 2C). On the basis of morphology and patterning, we
excluded that the interfiber-activated cells were pericytes only
(Fig. 2D), because rare blood vessels were covered by aligned
aSMA™ cells (Fig. 2D). These results define the end stage of the
FBR as a two-compartment process, consisting of an aSMA cold fi-
brotic capsule and an aSMA hot core with ongoing fibroblast
activity.

aSMA™ fibroblast self-organization and interaction with

the implant

To gain insight into the organization of aSMA™ cells during mate-
rial encapsulation, their key homotypic and heterotypic interactions
with cellular, extracellular, and noncellular elements of the FBR
were monitored by longitudinal multiparametric iMPM. aSMA-
RFP mice transplanted with the bone marrow of a GFP donor
mouse were used (fig. S1), which allow reliable discrimination of
myofibroblasts (GFP~ aSMA-RFP") from inflammatory cells
(GFP™; fig. S4, A to D). The resulting aSMA-RFPSFP mouse
showed fully reconstituted GFP* bone marrow (fig. S4, B to D)
and peripheral organs, such as the skin (fig. S5). Multiparameter
image acquisition included the PCL implant [third harmonic
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Fig. 1. Monitoring fibroblast ac-
tivation and dynamics upon ma-
terial implantation by
longitudinal iMPM. (A) Schematic
representation of the model. An
aSMA-RFP/GFP model is generated
by breeding followed by bone
marrow transplant, resulting in the
aSMA-RFP/GFP(stroma) reporter
mouse, which is implanted with a
dorsal skinfold chamber (DSFC) and
a PCL scaffold. WT, wild type. (B)
Longitudinal intravital imaging of
the fibroblast recruitment on the
day of the scaffold implantation
and after 1, 4, 7, and 11 days.
Dotted lines, scaffold position;
GFP* cells, cyan; aSMA-RFP* cells,
red. Scale bar, 50 um. (C) Morphol-
ogy of representative quiescent
and activated fibroblast over time
(days 0, 1,4, 7, and 11 after the
scaffold implantation). GFP* cells,
cyan; aSMA-RFP* cells, red. Scale
bar, 50 um. (D) Average number of
fibroblasts counted over time (360
um by 360 um by 50 pum, three mice
per time point). (E) Percentage of
aSMA™ (cyan) and aSMA™* (red)
fibroblasts over time (360 um by
360 um by 50 um, three mice per
time point). (F) Cell size over time
with frequency distribution over
time; n = 3 mice, 50 cells per time
point. (G) Sequential frames ob-
tained at different time points of
representative aSMA™ cell before
scaffold implantation, an aSMA~

me—.m

aSMA-RFP  aSMA-RFP/GFP

cell and an aSMA™ cell 4 days after - 10
the scaffold implantation. The dy- € ”
namics of aSMA~ and aSMA* cells 2 3
at different time points were mon- ~ § “Cz %
itored by time-lapse intravital mi- &
croscopy and analyzed by single- o

cell tracking. Cell speed over time is
shown, n = 25 to 40 cells in three

mice per time point. Scale bar, 10 G
pum. (H) Heatmaps of the speed
from seven representative cells per
time points are shown. *P < 0.05,
**P < 0.01, and ***P < 0.001; one-
way analysis of variance (ANOVA)
followed by Tukey's honestly sig-
nificantly different (HSD) post

hoc test.
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generation (THG) and SHG], GFP immune cells, RFP-activated fi-
broblasts, perfused blood vessels (Alexa Fluor 750-labeled 70-kDa
dextran), and fibrillar collagen (SHG). The implant site was pro-
gressively infiltrated by aSMA-RFP* cells and GFP* immune
cells, paralleled by neoangiogenesis by day 7 and collagen deposi-
tion by day 14 (Fig. 3A and fig. S6), as described (26). Initially,
aSMA-RFP* fibroblasts were recruited as single cells and
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reciprocally interacted to form an interconnected network by day
4, with >90% of the cells connected by homotypic epithelial-like
or fibrillar-like interactions by day 7 (Fig. 3B). Epithelial-like junc-
tions were blunt and involved a broader area of contact, while fibril-
lar-like junctions were thin and elongated and could extend up to 20
pm to reach more distant cells (Fig. 3B). These connections are pre-
dicted to sense the reciprocal distribution in space and autoregulate
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Fig. 2. Longitudinal analysis of fibroblast activation. (A) Schematic representation of the model; PCL scaffolds were implanted subcutaneously in the back of aSMA-
RFP/GFP(stroma) reporter mice (n = 4 per group); explanted at days 7, 21, 35, and 60; and analyzed by ex vivo MPM. (B) Orthogonal view and details of the capsule and
interfiber space. Scale bar, 100 um. (C) Representative images of the fibroblast activation in the external capsule (overviews shown as xy and xz sections) and inside the
scaffold pores (XY sections, interfiber space), at days 7, 21, 35, and 60. Dot plots (ratio between the area covered by GFP and RFP signal) in the capsule and the interfiber
space are shown over time. GFP* cells, cyan; aSMA-RFP* cells, red. Scale bar, 50 um. (D) Details of blood vessels covered with RFP* pericytes. Scale bar, 50 um. GFP* cells,
cyan; aSMA-RFP* cells, red; collagen, SHG, green. ***P < 0.001; one-way ANOVA followed by Tukey's HSD post hoc test.
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Fig. 3. Longitudinal iMPM
imaging of aSMA™ fibroblast in-
teraction with partner elements
of the FBR. (A) FBR at day 14 after
implantation, single channels, and
merge. Scale bar, 100 um. A quan-
tification is shown; AF750, Alexa
Fluor 750 ; means + SD, n = 4 mice
per implant; four independent 15
fields per implant were averaged.
*P < 0.05, **P < 0.01, and

***P < 0.001; one-way ANOVA fol-
lowed by Tukey’s HSD post hoc
test. (B) Details of aSMA* cell in-
teractions captured by iMPM and
quantification; three mice, two im-
plants per mouse, two indepen-
dent fields per implant. Box, inset;
scale bar, 10 um. (C) Kinetics of re-
cruitment of aSMA™ cells in relation
to the distance from the scaffold; a
quantification is shown. Solid box,
proximal cells; dashed box, distal
cells. Magnifications are shown;
two independent fields per
implant, three mice, two implants
per mouse. Scale bar, 100 um. (D)
Interaction of aSMA™* cells with
GFP* immune cells in regions
proximal to the PCL fiber (proxi-
mal) or in the interfiber space
(distal), 4 and 14 days after the
scaffold implantation. Dotted line,
scaffold; arrow, space between
scaffold and aSMA™ cells. Scale bar,
20 um. (E) Interaction of aSMA*
cells with neovessels (AF750). His-
togram, percentage of vascular
coverage by the aSMA* cells, 14
days after the scaffold implanta-
tion. n = 3 mice, four areas per
implant. Scale bar, 20 um. (F) Col-
lagen deposition. Merged repre-
sentation of aSMA™ cells and SHG
detection (scaffold fibers and the
collagen bundles) over time. Mag-
nifications of the SHG channel for
each time point are shown. Scale
bar, 100 pum.

4 7 10 14

4 7

the cellular density (27, 31). To determine the positioning of aSMA-
RFP* fibroblasts relative to the scaffold fibers over time, we distin-
guished the proximal positioning of fibroblasts (within <50-um dis-
tance from the PCL implant) from distal positioning (defined as >50
pm from the scaffold fiber) and counted them. At days 4 and 7 after
implantation, aSMA™ fibroblasts preferentially distributed near
PCL fibers rather than within the interfiber spaces, followed by
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equal distribution between the proximal and distal positioning by
day 10 (Fig. 3C). This may suggest that connective tissue formation
initiates from the solid scaffold structures toward free space.
Notably, neither at the early nor late stages of the FBR, aSMA™ fi-
broblasts were detected in direct contact with the PCL material
(Fig. 3D). This spatial separation was maintained by immune
GFP* cells that are recruited to the scaffold fibers and mature to
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FBGC:s (26). These infiltrating cells were expressing interferon reg-
ulatory factor 5 (IRF-5), a marker of the M1 phenotype (fig. S8),
which is typically associated with a proinflammatory activity, and
lacked the M2 marker CD163, which is expressed by immunomod-
ulatory macrophages (32, 33). aSMA™ cells further interacted with
blood vessels, covering about 30% of the material-induced vascula-
ture (Fig. 3E). Despite early onset of fibroblast activation, significant
de novo collagen deposition initiated only between days 4 and 7
after implantation (Fig. 3F). This is consistent with the concept of
two functional types of aSMA™ fibroblasts, including a collagen
nonsecretory and a secretory populations (30). In conclusion,
without directly engaging with the material, aSMA™" fibroblasts
first populate the implant site as nonsecretory cells and establish a
dynamic multicellular network during the phase of collagen
secretion.

aSMA* fibroblast activation in relation to cellular
subcompartments

To further identify whether the presence of cellular subcompart-
ments, such as enrichment of the specialized FBGCs, affects the re-
cruitment and positioning of aSMA™ cells, we implanted PCL
scaffolds with varying pore sizes (100 x 100, 200 x 200, or 400 X
400 pm grid) and monitored the recruitment and self-organization
aSMA™ cells over time (Fig. 4A). The grid size and relative different
density of FBGCs did not affect the kinetics of aSMA™* cell recruit-
ment at any time point (Fig. 4B). Furthermore, the spatial analysis
did not show preferential proximal or distal positioning relative to
the scaffold fibers (Fig. 4C). Thus, implantation of a PCL scaffold,
regardless of its porosity, was sufficient to induce recruitment, acti-
vation, and redistribution of aSMA™ cells, which equally distributed
regardless of the distance from the material interface and FBGCs.

Effects of macrophage ablation on aSMA* fibroblast
recruitment and positioning

Macrophages and FBGCs, two key regulators of the FBR, actively
support local fibrotic encapsulation (8, 26). To address whether
aSMA induction and myofibroblast network formation are orches-
trated by myeloid cells, we depleted the macrophage lineage in scaf-
fold-bearing mice using clodronate liposomes. Clodronate, a first-
generation bisphosphonate that causes apoptosis upon internaliza-
tion within phagosomes (34), ablated macrophages and FBGCs, fol-
lowed by markedly reduced collagen deposition and fibrotic
encapsulation of the implant (Fig. 5A). When administered to
mouse fibroblasts (NIH 3T3 cells), in vitro, clodronate liposomes
did not affect their viability (fig. S7), as previously shown for
smooth muscle and endothelial cells (35). As monitored by longi-
tudinal iMPM over 14 days, clodronate-treated aSMA-RFPSF? mice
(Fig. 5B and fig. S1) showed a significantly decreased infiltration of
GFP* immune cells (60% less) and lacked FBGCs, compared to
control mice (Fig. 5C). The decrease of infiltrating immune cells
was paralleled by a 75% reduction of the aSMA-RFP* population
(Fig. 5C). Likewise, aSMA-RFP™ fibroblast network formation
was prevented, with spare connections formed between individual
cells (Fig. 5C). Whereas in control mice direct interaction of aSMA™*
fibroblasts with the polymer was usually prevented by the physical
interpositioning by FBGCs, clodronate treatment allowed direct in-
teraction with the PCL surface and overall recruitment of a signifi-
cantly higher number of aSMA™ fibroblasts within 5 pm of distance
from PCL fibers (Fig. 5, C and D). Thus, both multicellular self-
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organization to networks and interstitial positioning without
direct contact with the implant material were perturbed by the ab-
lation of macrophages. As a limitation, aSMA-RFPS*? mice dis-
played fluorescent aSMA™ fibroblasts only (fig. S1), so we could
not exclude the presence of aSMA™ fibroblasts. To monitor
whether the activation of aSMA was affected by clodronate treat-
ment, aSMA-RFP/GFP dual-color mice were treated with clodro-
nate liposomes. In these mice, all cells express GFP, including
immune cells (which we monitored as a readout of clodronate in-
hibition), and fibroblasts, with aSMA™* cells additionally up-regulat-
ing RFP (Fig. 5B and fig. S1). All the fibroblasts recruited by
scaffolds implanted in mice treated with clodronate liposomes dis-
played aSMA expression, whereas GFP* aSMA™ spindle-shaped
multicellular networks were not detected (Fig. 5E), which suggests
that conversion to aSMA™ state is unperturbed in the fibroblast
subset. In conclusion, clodronate treatment reduced the recruit-
ment of infiltrating immune cells, as expected, and decreased the
number of aSMA* cells and their positioning but did not impair
their activation.

aSMA™ fibroblast engagement in response to the material
composition

Material properties, such as composition, charge, and porosity, can
modulate the severity of the FBR (I, 6, 36). Thus, we hypothesized
that modulating the material type and geometry of the implant
would also affect the recruitment and self-organization of aSMA*
cells. Therefore, we compared the kinetics and extent of the FBR
after implantation of PCL or two clinically relevant porous bioma-
terials, polysulfone (PSU) and polyethylene terephthalate (PET).
PSU is a rigid and amorphous thermoplastic polymer constituted
by aromatic groups, joined by a sulfone group, which displays a
weakly negative charge (37). PET, the most common thermoplastic
polymer of the polyester family, consists of polymerized units of the
monomer ethylene terephthalate; it may exist as an amorphous or
semicrystalline polymer, with a negative surface charge (38, 39).
Geometrically, PCL and PET scaffolds were similar in fiber diame-
ter, number of fibers, and porosity, while the PSU fiber diameter
was significantly smaller and the fiber density was higher (Fig. 6,
A to C). When longitudinally monitored by iMPM (Fig. 6D), the
three different implants became gradually infiltrated by GFP* and
aSMA-RFP* cells, followed by deposition of fibrillar collagen and
perfused neovessels (Fig. 6E) in line with the previous analysis of
PCL (Fig. 3). PSU caused an accelerated emergence of aSMA™ fibro-
blasts compared to PCL and PET, followed by comparable levels of
both cell subsets by day 14 (Fig. 6E). Whereas collagen deposition
showed an accelerated trend in response to PCL, despite delayed
aSMA-RFP* cell recruitment, collagen content by day 14 did not
differ among implant types. Neovascularization was not statistically
different in the biomaterials tested (Fig. 6E). We further examined
whether these biomaterials elicit macrophage polarization to a dif-
ferent extent (figs. S8 and S9) by detecting the expression of IRF-5
and CD163, two established markers of M1 and M2 polarization
that we previously applied (26, 40—42). PCL induced an M1-domi-
nated response in macrophages and FBGCs, with very rare M2-in-
filtrating macrophages and no M2-positive FBGCs at day 14 (figs.
S8 and S9), whereas PSU and PET elicited a mixed M1/M2 response
(fig. S9). Notably, in contrast to macrophages and regardless of the
implanted biomaterial, FBCGs developed a uniform M1 polariza-
tion (fig. S9). Thus, porous materials that differed (43) in
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Fig. 4. Analysis of aSMA-RFP* cell recruitment by scaffolds of different grid sizes. (A) Schematic representation of the model; scaffolds of three different grid sizes
(pore sizes of 100 x 100, 200 x 200, and 400 x 400 um) were implanted inside the DSFC. (B) Total amount of aSMA-RFP* cells recruited measured as % area occupied, over
time (days 4,7, 11, and 14). (C) Overviews of the fibroblast distribution in the three different scaffold types. Dotted lines, scaffold position. XY intensity profile along single

pores for each of the three scaffold geometries is shown.

composition, charge, geometry, and M1/M2 polarization capability
induced a highly conserved program of activation and self-organi-
zation of aSMA™ fibroblasts in coordination with M1-type polari-
zation of immune infiltrating cells.

DISCUSSION

Fibroblasts are known effectors of fibrosis in the FBR, but their re-
cruitment, activation, and dependence on myeloid-derived cells
remain mostly unexplored (13). We here close a knowledge gap
by applying iMPM in situ to dissect the contribution of fibroblasts
in promoting the FBR and identify their step-wise activation and
self-organization as a canonical conserved process that is partially
independent of macrophage-derived signals.

Timing of self-organization to a secretory

fibroblast network

Mouse fibroblasts are recruited in early granulation tissue 2 to 4
days after wounding (44, 45). In the FBR, fibroblasts infiltrated poly-
meric porous materials as early as 1 to 4 days after implantation.

Parlani et al., Sci. Adv. 8, eadd0014 (2022) 21 December 2022

However, instead of a multicellular, dense front of an activated fi-
broblast network collectively invading an acute surgical wound
(46), initial recruitment occurred as sparsely and evenly distributed
single fibroblasts, which dynamically self-assembled in a multicel-
lular network by day 7. This is consistent with fibroblasts recipro-
cally sensing their distribution in space through interconnectivity
by filamentous protrusions, which allows for autoregulating their
cellular density (27, 31). As a key difference, the healing of an exci-
sional wound aims to rapidly adapt the margins. During the FBR,
instead, the wounded tissue hosts a cell- and collagen-free material
that is filled by a provisional fibrin and plasma protein network and
gets progressively populated by individually immigrating immune
and stromal cells, which self-assemble to form a de novo desmoplas-
tic tissue. These data suggest that networks can form via two distinct
kinetic mechanisms in response to the type of tissue damage: self-
assembly from individually immigrated fibroblasts or network
invasion.
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Fig. 5. Monitoring the fibrosis-driving macrophage-fibroblast A _ _

cross-talk in aSMA-RFP/GFP mice. (A) Histology (H&E, hema-
toxylin and eosin ; left), bright-field, and SHG microscopy in
control- and clodronate liposome-treated whole-mount samples.
Bright-field overviews of PCL scaffolds day 14 after implantation in
control- or clodronate liposome-treated mice. Zooms show col-
lagen fibers associated with PCL fibers. Scale bar, 1 mm (over-
views) and 100 um (zooms). Images were acquired ex vivo by
multiphoton microscopy. Scale bar, 100 um. Quantification of the
area covered by the SHG signal (means + SD) for n = 4 scaffolds,
one scaffold per mouse. **P < 0.01; unpaired two-tailed Student’s
t test. (B) Cartoon, mouse models applied for clodronate treat-
ment. (C) Longitudinal iMPM of the FBR elicited by PCL in control-
or clodronate liposome—treated aSMA-RFPSP mice after scaffold
implantation. Micrographs represent single and merged channels
at day 14 after implantation. Scale bar, 100 um. Graphs show the
means + SD of GFP- and RFP-covered area for PCL in control- and
liposome-treated mice (n = 4 mice, one implant per mouse; two
independent fields per implant were averaged). ***P < 0.001;
unpaired two-tailed Student's t test. (D) Effect of clodronate on
cell recruitment and topology of fibroblasts and infiltrating cells
(day 14, three independent examples are shown). White arrow-
head, fibroblast in direct contact with the material. Scale bar, 50
um. The graph shows the means + SD of the number of aSMA-
RFP* cells within 5 um of distance from the scaffold (n = 3 mice,
one implant per mouse; two independent fields per implant were
averaged). **P < 0.01; unpaired two-tailed Student's t test. (E)
Activation of aSMA-RFP* cells (red) in aSMA-RFP/GFP in control-
and clodronate liposome-treated dual-color mice, over time

(n = 4 mice, one implant per mouse). GFP™* cells, cyan; arrow,
aSMA-RFP™ cells. Scale bar, 50 um.

Clodronate

o

Clodronate

Control

Clodronate

aSMA activation

aSMA activation occurred as soon as 1 day after implantation in
10% of the cells, with widespread expression within 10 days. This
timing of fibroblast activation is consistent with the kinetics of fi-
broblast activation achieved for deep fascia wound healing (46, 47).
The expression of aSMA, which confers high contractile force via
stress fibers (19, 30), was correlated with a progressive reduction
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of cell spreading. This in vivo outcome is in line with the gradual
maturation process that leads resting fibroblasts to evolve into con-
tractile aSMA™ protomyofibroblasts, followed by maturation into
highly contractile «SSMA* myofibroblasts (19, 30). Throughout all
phases monitored by iMPM, both aSMA™ and aSMA™* cells
showed limited proliferative ability, suggesting that they were
likely engaged in the process through migration. We could not
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Fig. 6. Longitudinal intravital imaging of the FBR in the three different biomaterials. (A) 3D reconstruction of PCL, PSU, and PET scaffolds by THG, macroscopic
overview; scale bar, 100 um. (B) High-resolution SHG and THG projection of a single fiber of each scaffold in the horizontal (xy) and orthogonal (xz) directions. Scale bar, 50
um. (€) Quantification of fibers diameter, number of fibers per field, and porosity of each scaffold (image size, 360 x 360 um) are shown, means + SD.***P < 0.001 by one-
way ANOVA followed by Tukey's HSD post hoc test. (D) Schematic representation of the model; PCL, PET, or PSU scaffolds were implanted subcutaneously in the back of an
aSMA-RFPSFP reporter mouse analyzed by iMPM. (E) Longitudinal iMPM of the FBR elicited by different biomaterials (PCL, PET, and PSU). Single channels and merged
representations at day 14 after implantation are shown. THG (gray); GFP-positive cells (cyan); GFP-positive cells (red); Alexa Fluor 750 70-kDa dextran (magenta) and SHG
(green). Scale bar, 100 um. Bottom panels, a quantification of THG, SHG, GFP, RFP, and Alexa Fluor 750 for the different biomaterials at days 4, 7, 10, and 14 are shown;
means + SD. n = 4 mice per implant; four independent fields per implant were averaged. *P < 0.05 by one-way ANOVA followed by Tukey's HSD post hoc test. No
significant differences were identified at day 14 after implantation in any of the parameters detected, as analyzed by one-way ANOVA followed by Tukey's HSD post
hoc test. Scale bar, 100 pm.
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exclude recruitment of aSMA™ fibroblasts from intact deeper skin
layers due to insufficient z-resolution of iMPM precluding optical
access to tissue below the implant.

Identification of a long-term activation niche

Long-term imaging of wound healing processes has shown a reces-
sion of myofibroblasts by day 70 after injury (47). After implanta-
tion of porous materials, the aSMA activation program by
fibroblasts was sustained up to day 60 within the inner core zone,
where cells and collagen fill the interfiber space, while aSMA down-
regulation occurred in fibroblasts localized in the external fibrotic
capsule, which was completed after 35 days. As an outcome, the
FBR to encapsulated porous material maintains two distinct
niches: an internal aSSMA™ hot environment confined inside a pe-
ripheral aSMA™ cold capsule. The nature of these two niches re-
quires further exploration to understand the determinants of
persistent fibroblast activation and inactivation, which might be
aimed at concealing the presence of an active fibrotic environment
in the host. The presence of a relatively limited number of infiltrat-
ing immune cells within the fibrotic capsule and the potential rela-
tively lower stiffness/tension of this surrounding fibrotic tissue
(compared to the polymeric material) could play a role in support-
ing long-term aSMA activation. Accordingly, tensile forces exerted
within microtissues in vitro have been shown to support the transi-
tion from fibroblasts to myofibroblasts and aSMA expression at the
highly tensed growth front (48). Thus, although the quiescent
fibrous capsule surrounding the implant may suggest an inert,
shielded integration, the persistent aSMA activation may sustain
the activity of the FBR from inner implant regions, notunlike a
wound that never heals. Such persistent aSMA expression could
offer an opportunity for targeted therapies. This includes chimeric
antigen receptor—expressing T cells (49, 50) and anti-TGF signal-
ing strategies, although the latter has proved challenging, with
limited/no efficacy in patients and causes adverse effects possibly
linked to a broad inhibition of the homeostatic responses (51, 52).

Fibroblast heterogeneity

Fibroblasts present distinct molecular phenotypes based on their
organ of origin and spatial location (15), but the subset heterogene-
ity in the FBR is overall not well characterized. Several markers have
been used to classify fibroblasts, including aSMA, fibroblast activa-
tion protein (FAP), PDGF receptor-a and PDGF receptor-f3
(PDGFR), fibroblast-specific protein 1 (FSP1), vimentin, desmin,
and discoidin domain-containing receptor 2 (14). However, none of
these markers are specific for myofibroblasts: FSP1 is also expressed
in macrophages and cancer cells, FAP is expressed in some immune
cells, and desmin and PDGFR} are in perivascular cells (14). In ad-
dition, the level of expression of putative markers varies greatly at
the single-cell level, which confounds reliable subset classification.
Recently, single-cell RNA sequencing has allowed capturing fibro-
blast heterogeneity in both healthy tissues and pathological condi-
tions, including fibrotic diseases, cancers, and wound healing (53—
56). This work has identified multiple fibroblast subtypes character-
ized by high transcriptional heterogeneity and different gene ex-
pression signatures. To more extensively characterize the status of
quiescent and activated fibroblasts in the FBR, future studies will
be required to identify the temporal and spatial evolution of fibro-
blast subsets and their roles in the perpetuation of the FBR and
fibrosis.
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Regulation of the FBR by macrophages

The macrophage lineage has been established as a key driver of the
FBR and fibrosis (4, 6, 8, 12). However, in response to the implan-
tation of porous polymeric materials, comparable aSMA™ cell re-
cruitment, fibroblast network assembly, and collagen production
were obtained regardless of M1 (PCL) or mixed M1/M2 infiltrate
(PSU; PET). This M1/M2 classification, which has been extensively
applied in materials science (1, 12, 33, 57), may oversimplify the di-
versity of myeloid-derived cell activation and requires further inves-
tigation on the differential impact on the step-wise myofibroblast
recruitment and activation in response to a greater variety of
materials.

The elimination of the macrophage population by clodronate ad-
ministration affected aSMA™ cell absolute number (that was
reduced by ~75% but not totally ablated), their positioning
(which usually lacks direct contact of fibroblasts with the material),
and the density required to self-organize into a mature interconnec-
ted network but did not perturb aSMA expression. The remaining
aSMA™ myofibroblasts were still able to generate a de novo fibrotic
matrix, albeit at much-reduced overall density and network forma-
tion, suggesting that their principal ability to deposit collagen fibers
was unperturbed. Macrophage-independent regulation of fibrosis
may include molecular cues derived from other immune cells
[e.g., B cells (1)], endothelial cells, or autocrine stimulation. In ad-
dition, high strain/mechanical stress induced by material implanta-
tion and implant stiffness can further modulate myofibroblast
activation without affecting the number of macrophages (58).

Material properties and antifibrotic effects

Antifibrotic materials generally focus on attenuating inflammation
and consequently fibrosis (1). Recent studies, however, suggest that
decreased levels of fibrosis might result from direct modulation of
fibroblast activation. Modifications of silicone implant surface to-
pography (average roughness, 0 to 90 pm) influenced the overall es-
tablishment of material-induced fibrosis, with an average surface
roughness of 4 um eliciting the least amount of FBR (36). In addi-
tion, materials printed with a micrometer-scale hexagonal pattern
have shown antiadhesive properties by lowering myofibroblast acti-
vation and spreading (59). Softening of the material surface pre-
vents stiffness-mediated fibroblast activation of implants, in vitro
and in vivo (58, 60, 61), and similar results have been achieved in
vitro through hydrogel coating, which decreased myofibroblast ad-
hesion possibly because of higher hydrophilicity and lowered stift-
ness (62). Follow-up studies directly comparing materials with
varying topography and stiffness will allow discrimination of how
material properties stimulate fibroblast recruitment, dynamics,
and self-organization.

In conclusion, aSMA-expressing fibroblasts are a persistent
element of the FBR. Their recruitment, activation, and self-organi-
zation results in a conserved two-compartment process irrespective
of the type of porous implant material, which might have major im-
plications for perpetuating the fibrotic status.

MATERIALS AND METHODS

Scaffold design and fabrication

PCL scaffolds were produced by the Biomaterials Lab, Rice Univer-
sity, Houston, TX, USA; PSU scaffolds were from eSpin Technolo-
gies, Chattanooga, TN, USA; PET hernia repair meshes were from
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Medtronic, Dublin, Ireland. To fabricate scaffolds, PCL (43 kDa,
Polysciences; Warrington, PA) was melted at 85°C and printed at
a collector velocity of 40 mm s™*, 5.0 kV, 1.0 bar, and at a distance
of 10 mm using a 3D Discovery Evolution printer, RegenHU, Swit-
zerland. Scaffolds, designed using computer-aided design software
BioCAD (RegenHU, Switzerland), had a filament width of 40 um
and a pore size of 100 x 100, 200 x 200, or 400 x 400 pum.

Mouse model generation

Animal studies were approved by the Institutional Animal Care and
Use Committee of The University of Texas, MD Anderson Cancer
Center, which is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care. Mice were housed with a
maximum of five animals per cage in a state-of-the-art, air-condi-
tioned, specific pathogen—free animal facility, and all procedures
were performed in accordance with the National Institutes of
Health (NIH) Policy on Humane Care and Use of Laboratory
Animals. C57BL/6 wild-type mice were from the Department of Ex-
perimental Radiology, UT MD Anderson Cancer Center. C57BL/6-
Tg (UBC-GFP) 30Scha/] mice, which ubiquitously express GFP,
were from the Jackson Laboratory. C57BL/6-Tg(Acta2-
DsRed)1Rkl/] mice, which express DsRed RFP under the aSMA,
were a gift of R. Kalluri, UT MD Anderson Cancer Center (63,
64). C57BL/6-Tg (UBC-GFP) 30Scha/] and Tg(Acta2-
DsRed)1Rkl/] mice were crossed to generate a dual-color model
(aSMA-RFP/GFP mouse) that displays GFP in each cell and RFP
in aSMA-expressing cells. Then, we established a mouse model
that displays GFP in immune cells only and RFP in aSMA-express-
ing cells (aSMA-RFPF* mouse) by bone marrow transplantation,
as previously described (65). Briefly, whole-body irradiation of re-
cipient mice in a cobalt irradiator (Shepherd Mark I-65 137Cs vy ir-
radiator) at 5.5 grays (Gy) was performed twice, with a recovery
interval of 3 hours between doses, for a total of 11 Gy per mouse.
Fresh bone marrow was flushed from the posterior leg bones of the
GFP donor mice (femur and tibia) using ~1 ml of 2% fetal bovine
serum in phosphate-buffered saline (PBS). The bone marrow cells
were centrifuged for 5 min at 1500 rpm, the supernatant was dis-
carded, and the red blood cells were lysated, adding 250 ul of
water for 20 s. The cells were centrifuged again for 5 min at 1500
rpm, the supernatant was discarded, and PBS was added to obtain
a cell suspension of 5 x 107 to 10 x 107 cells/ml. Each recipient
mouse was infused with 100 pl of cell suspension by retro-orbital
injection. We established a second bone marrow—transplanted
mouse model (aSMA-RFP/GFP stroma) that displays nonimmune
(fibroblasts, pericytes, muscle fibers, and nerves) GFP stromal cells
and RFP aSMA -expressing cells. C57BL/6-Tg (UBC-GFP) 30Scha/]
and Tg(Acta2-DsRed)1Rkl mice were crossed to generate the dual-
color aSMA-RFP/GFP mouse, which was transplanted with the
bone marrow—derived from wild-type C57BL/6 donor, following
the procedure detailed above.

Dorsal skinfold chamber model and scaffold implantation
Scaffolds were implanted within a dorsal skinfold chamber system
or subcutaneously into >8-week-old mice, as previously described
(26). Briefly, during surgery, a 5 mm by 5 mm by 0.25 mm scaffold
was surgically implanted into the subcutaneous tissue of either
imaging window-bearing or window-free mice. For surgery, mice
were anesthetized using isoflurane, and buprenorphine (0.01 mg/
kg) was given postoperatively through intramuscular injection.

Parlani et al., Sci. Adv. 8, eadd0014 (2022) 21 December 2022

Image acquisition

For intravital microscopy, experiments were performed as previous-
ly described (26). Mice were anesthetized with isoflurane and stably
mounted onto a temperature-controlled platform (37°C). The FBR
elicited by an implanted scaffold was monitored using a custom in-
travital multiphoton microscope (LaVision BioTech) with three Ti:-
Sapphire lasers (Chameleon-XR, Coherent) and two optical
parametric oscillators (APE/Coherent), resulting in a tunable exci-
tation range from 800 to 1300 nm. Multispectral detection was per-
formed using up to five backward or two forward photomultipliers
and up to three excitation wavelengths in two consecutive scans, to
separate the following excitation and emission channels: GFP (920
nm; 525/50 nm), DsRed (1090 nm; 595/40 nm), SHG (1090 nm;
525/50 nm), THG (1180 nm; 387/15 nm), and Alexa Fluor 750
(1180 nm; 810/90 nm). For intravital detection, long-working dis-
tance x 16 numerical aperture (NA) 0.8 water or x 25 NA 1.05
multi-immersion oil/water objectives (Olympus) were used. The
volumes acquired were characterized by the same constant in-
plane physical spatial resolutions of 360 x 360 pum, 1064 x 1064
pixels, while the depth physical resolution, in-between slices, was
5 pm, for a maximum depth of 250 to 300 um. Images were acquired
in a random fashion within the subcutaneous tissue up to the
dermis. Perfused blood vessels were visualized by intravenous injec-
tion of Alexa Fluor 750—conjugated dextran (70 kDa; Invitrogen; 1
mg per mouse). mPCL-CaP, PSU, and PET scaffolds in vitro were
analyzed using SHG and THG imaging.

Digital image processing, segmentation, and quantitative
analysis

Methods developed previously were further implemented for these
analyses (26). Images were reconstructed, stitched, and analyzed
using FIJI (66). Individual 3D scan fields representing z-projections
of 50 to 300 pm were stitched to large-field montages for both over-
view and detailed analysis.

Area analysis

Quantitative analysis of THG, SHG, and fluorescent channels was
performed on 3D stacks of 360 um by 360 um, with 10-um step in-
tervals in the z-direction. Single-channel z-stacks were masked,
thresholded (default or Li algorithm), and converted to binary
images; the signal-positive area was obtained and reported as per-
centage of the total area analyzed. For each sample, the relative fluo-
rescence density was obtained from 10 slices per z-stack, averaged,
and represented as the percentage of the total area. n = 4 mice per
implant; four independent fields per implant were averaged. The ex-
periment was repeated three times.

Quantification of aSMA-RFP* cells

The number of aSMA™ cells next to the scaffold fiber or in the in-
terfiber space, as well as the number of single versus connected
aSMA™ cells, was manually quantified over time (days 4, 7, 11,
and 14 after the scaffold implantation) using the support of the
Cell Counter plugin (Kurt De Vos University of Sheffield, Academic
Neurology) of Image] (NIH) (three mice, two implants per mouse,
two independent fields per implant). The total number of GFP* and
aSMA-RFP* cells over time (days 0, 1, 4, 7, and 10 after scaffold im-
plantation) was automatically quantified using the HK-mean seg-
mentation method of the image analysis platform Icy (67) (360
pum by 360 um by 50 pm, three mice per time point).
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aSMA™ cell size analysis

The perimeter of 50 random cells per time point (three mice) in the
aSMA-RFP/GFP stroma mouse model was manually traced, and
the area was automatically calculated.

Time-lapse analysis

The manual tracking (Cordelieres F, Institut Curie, Orsay France) of
Image] was used to record single-cell velocities from time-lapse
sequences.

Therapeutic intervention

Mice bearing the scaffolds in the subcutaneous tissue received
clodronate liposomes (200 pl per mouse) every 2 to 3 days, starting
3 days before scaffold implantation to deplete macrophages by the
day of implantation. For intravital microscopy, n = 4 mice per
implant; two independent fields per implant were averaged. The ex-
periment was repeated twice.

Histological analysis

This analysis was performed as previously described (26). Briefly,
mice were euthanized 14 days after implantation of the scaffold.
Scaffold-bearing skin was excised, fixed (4% buffered formalde-
hyde), and embedded in paraffin for hematoxylin and eosin or
IRF-5 and CD163 staining (five sections per sample, 5 um thick,
three to four samples per scaffold). The experiment was repeat-
ed twice.

Cell culture

NIH 3T3 mouse fibroblasts were from the American Type Culture
Collection. Cells were cultured in Dulbecco’'s modified Eagle's
medium (Invitrogen) supplemented with 10% fetal bovine serum
(Sigma-Aldrich) and 1% penicillin and streptomycin (both 100
pg/ml; Sigma-Aldrich). NIH 3T3 cells were seeded in a 96-well
plate (n = 4 wells per group, 25,000 cells per well); 24 hours after,
cells were treated for 48 hours with clodronate liposomes (1:100 and
1:200 of the original suspension) diluted in complete cell culture
medium. Cell viability was measured by staining cells for 15 min
with propidium iodide (PI; 25 pg/ml) and Hoechst (50 pg/ml)
and by subsequent imaging using the EVOS FL Cell Imaging
System (AMG) equipped with a 4x objective. The number of
Hoechst™ and PI* nuclei was counted using the Stardist plugin
(68) in FIJI software, and the number of PI* cells is expressed as a
percentage of the total number of cells.

Statistical analysis

For statistical analyses, Student's ¢ test was used for paired samples
with Gaussian distribution. For independent samples, irrespective
of distribution, the one-way analysis of variance (ANOVA) test
was used. For all multiple analyses, Tukey's honestly significantly
different post hoc correction was performed. GraphPad Prism
9.2.0 software was used for statistical analysis.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S3

Parlani et al., Sci. Adv. 8, eadd0014 (2022) 21 December 2022

REFERENCES AND NOTES

1.

20.

21.

22.

23.

O. Veiseh, A. J. Vegas, Domesticating the foreign body response: Recent advances and
applications. Adv. Drug Del. Rev. 144, 148-161 (2019).

. F.J. O'Brien, Biomaterials & scaffolds for tissue engineering. Mater. Today 14,

88-95 (2011).

. W. K. Ward, A review of the foreign-body response to subcutaneously-implanted devices:

The role of macrophages and cytokines in biofouling and fibrosis. J. Diab. Sci. Tech. 2,
768-777 (2008).

. Z.Sheikh, P. J. Brooks, O. Barzilay, N. Fine, M. Glogauer, Macrophages, foreign body giant

cells and their response to implantable biomaterials. Materials 8, 5671-5701 (2015).

. J. M. Anderson, A. Rodriguez, D. T. Chang, Foreign body reaction to biomaterials. Semin.

Immunol. 20, 86-100 (2008).

. 0. Veiseh, J. C. Doloff, M. Ma, A. J. Vegas, H. H. Tam, A. R. Bader, J. Li, E. Langan, J. Wyckoff,

W. S. Loo, S. Jhunjhunwala, A. Chiu, S. Siebert, K. Tang, J. Hollister-Lock, S. Aresta-Dasilva,
M. Bochenek, J. Mendoza-Elias, Y. Wang, M. Qi, D. M. Lavin, M. Chen, N. Dholakia, R. Thakrar,
1. Lacik, G. C. Weir, J. Oberholzer, D. L. Greiner, R. Langer, D. G. Anderson, Size- and shape-
dependent foreign body immune response to materials implanted in rodents and non-
human primates. Nat. Mater. 14, 643-651 (2015).

. A.J.Vegas, O. Veiseh, J. C. Doloff, M. Ma, H. H. Tam, K. Bratlie, J. Li, A. R. Bader, E. Langan,

K. Olejnik, P. Fenton, J. W. Kang, J. Hollister-Locke, M. A. Bochenek, A. Chiu, S. Siebert,

K. Tang, S. Jhunjhunwala, S. Aresta-Dasilva, N. Dholakia, R. Thakrar, T. Vietti, M. Chen,

J. Cohen, K. Siniakowicz, M. Qi, J. McGarrigle, A. C. Graham, S. Lyle, D. M. Harlan,

D. L. Greiner, J. Oberholzer, G. C. Weir, R. Langer, D. G. Anderson, Combinatorial hydrogel
library enables identification of materials that mitigate the foreign body response in pri-
mates. Nat. Biotech. 34, 345-352 (2016).

. D.B. Gurevich, K. E. French, J. D. Collin, S. J. Cross, P. Martin, Live imaging the foreign body

response in zebrafish reveals how dampening inflammation reduces fibrosis. J. Cell Sci.
133, jcs236075 (2020).

. C.E. Witherel, D. Gurevich, J. D. Collin, P. Martin, K. L. Spiller, Host-biomaterial interactions

in Zebrafish. ACS Biom. Sci. Eng. 4, 1233-1240 (2018).

. G.S. Selders, A. E. Fetz, M. Z. Radic, G. L. Bowlin, An overview of the role of neutrophils in

innate immunity, inflammation and host-biomaterial integration. Regen. Biomat. 4,
55-68 (2017).

. J. C. Doloff, O. Veiseh, A. J. Vegas, H. H. Tam, S. Farah, M. Ma, J. Li, A. Bader, A. Chiu,

A. Sadraei, S. Aresta-Dasilva, M. Griffin, S. Jhunjhunwala, M. Webber, S. Siebert, K. Tang,
M. Chen, E. Langan, N. Dholokia, R. Thakrar, M. Qi, J. Oberholzer, D. L. Greiner, R. Langer,
D. G. Anderson, Colony stimulating factor-1 receptor is a central component of the foreign
body response to biomaterial implants in rodents and non-human primates. Nat. Mat. 16,
671-680 (2017).

. C. E. Witherel, D. Abebayehu, T. H. Barker, K. L. Spiller, Macrophage and fibroblast inter-

actions in biomaterial-mediated fibrosis. Adv. Healthc. Mater. 8, €1801451 (2019).

. N. Noskovicova, B. Hinz, P. Pakshir, Implant fibrosis and the underappreciated role of

myofibroblasts in the foreign body reaction. Cell 10, 1794 (2021).

. R. Kalluri, The biology and function of fibroblasts in cancer. Nat. Rev. Canc. 16,

582-598 (2016).

. M. D. Lynch, F. M. Watt, Fibroblast heterogeneity: Implications for human disease. J. Clin.

Invest. 128, 26-35 (2018).

. H.Y.Chang, J.-T. Chi, S. Dudoit, C. Bondre, M. van de Rijn, D. Botstein, P. O. Brown, Diversity,

topographic differentiation, and positional memory in human fibroblasts. Proc. Natl. Acad.
Sci. US.A. 99, 12877-12882 (2002).

. S. Paquet-Fifield, H. Schluter, A. Li, T. Aitken, P. Gangatirkar, D. Blashki, R. Koelmeyer,

N. Pouliot, M. Palatsides, S. Ellis, N. Brouard, A. Zannettino, N. Saunders, N. Thompson, J. Li,
P. Kaur, A role for pericytes as microenvironmental regulators of human skin tissue re-
generation. J. Clin. Invest. 119, 2795-2806 (2009).

. G. Gabbiani, G. B. Ryan, G. Majne, Presence of modified fibroblasts in granulation tissue

and their possible role in wound contraction. Experientia 27, 549-550 (1971).

. P. Pakshir, N. Noskovicova, M. Lodyga, D. O. Son, R. Schuster, A. Goodwin, H. Karvonen,

B. Hinz, The myofibroblast at a glance. J. Cell Sci. 133, jcs227900 (2020).

D. Ohlund, E. Elyada, D. Tuveson, Fibroblast heterogeneity in the cancer wound. J. Exp.
Med. 211, 1503-1523 (2014).

M. Lodyga, B. Hinz, TGF-B1 - A truly transforming growth factor in fibrosis and immunity.
Semin. Cell Dev. Biol. 101, 123-139 (2020).

L. Micallef, N. Vedrenne, F. Billet, B. Coulomb, I. A. Darby, A. Desmouliére, The myofibro-
blast, multiple origins for major roles in normal and pathological tissue repair. Fibrogenesis
Tissue Repair 5, S5 (2012).

H. F. Dvorak, Tumors: Wounds that do not heal. Similarities between tumor stroma gen-
eration and wound healing. N. Engl. J. Med. 315, 1650-1659 (1986).

12 of 14

€202 ‘ST AN Uo 610°30Us 195" MMM//:SANY WO.J popeojuMod



SCIENCE ADVANCES | RESEARCH ARTICLE

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Parlani et al., Sci. Adv. 8, eadd0014 (2022)

E. Hamburg-Shields, G. J. DiNuoscio, N. K. Mullin, R. Lafyatis, R. P. Atit, Sustained p-catenin
activity in dermal fibroblasts promotes fibrosis by up-regulating expression of extracellular
matrix protein-coding genes. J. Pathol. 235, 686-697 (2015).

E. Dondossola, P. Friedl, Host responses to implants revealed by intravital microscopy. Nat.
Rev. Mat. 7, 6-22 (2021).

E. Dondossola, B. M. Holzapfel, S. Alexander, S. Filippini, D. W. Hutmacher, P. Friedl, Ex-
amination of the foreign body response to biomaterials by nonlinear intravital microscopy.
Nat. Biomed. Eng. 1, 0007 (2016).

E. Marsh, D. G. Gonzalez, E. A. Lathrop, J. Boucher, V. Greco, Positional stability and
membrane occupancy define skin fibroblast homeostasis In Vivo. Cell 175,
1620-1633.e13 (2018).

H. E. Koschwanez, W. M. Reichert, B. Klitzman, Intravital microscopy evaluation of angio-
genesis and its effects on glucose sensor performance. J. Biomed!. Mat. Res. Part A 93A,
1348-1357 (2010).

M. A. Woodruff, D. W. Hutmacher, The return of a forgotten polymer—Polycaprolactone in
the 21st century. Progr. Polym. Sci. 35, 1217-1256 (2010).

M. Sawant, B. Hinz, K. Schénborn, I. Zeinert, B. Eckes, T. Krieg, R. Schuster, A story of fibers
and stress: Matrix-embedded signals for fibroblast activation in the skin. Wound Repair
Regen. 29, 515-530 (2021).

H. M. Langevin, C. J. Cornbrooks, D. J. Taatjes, Fibroblasts form a body-wide cellular
network. Histochem. Cell Biol. 122, 7-15 (2004).

C.D. Mills, K. Kincaid, J. M. Alt, M. J. Heilman, A. M. Hill, M-1/M-2 macrophages and the Th1/
Th2 paradigm. J. Immunol. 164, 6166-6173 (2000).

C. E. Witherel, K. Sao, B. K. Brisson, B. Han, S. W. Volk, R. J. Petrie, L. Han, K. L. Spiller, Reg-
ulation of extracellular matrix assembly and structure by hybrid M1/M2 macrophages.
Biomaterials 269, 120667 (2021).

N. Van Rooijen, A. Sanders, Liposome mediated depletion of macrophages: Mechanism of
action, preparation of liposomes and applications. J. Immunol. Methods 174, 83-93 (1994).
H. D. Danenberg, I. Fishbein, J. Gao, J. Ménkkdnen, R. Reich, I. Gati, E. Moerman, G. Golomb,
Macrophage depletion by clodronate-containing liposomes reduces neointimal formation
after balloon injury in rats and rabbits. Circulation 106, 599-605 (2002).

J. C. Doloff, O. Veiseh, R. de Mezerville, M. Sforza, T. A. Perry, J. Haupt, M. Jamiel,

C. Chambers, A. Nash, S. Aghlara-Fotovat, J. L. Stelzel, S. J. Bauer, S. Y. Neshat, J. Hancock,
N. A. Romero, Y. E. Hidalgo, I. M. Leiva, A. M. Munhoz, A. Bayat, B. M. Kinney, H. C. Hodges,
R.N. Miranda, M. W. Clemens, R. Langer, The surface topography of silicone breast implants
mediates the foreign body response in mice, rabbits and humans. Nat. Biomed. Eng. 5,
1115-1130 (2021).

M. J. Ariza, J. Benavente, Streaming potential along the surface of polysulfone membranes:
A comparative study between two different experimental systems and determination of
electrokinetic and adsorption parameters. J. Membr. Sci. 190, 119-132 (2001).

M. F. Maitz, Applications of synthetic polymers in clinical medicine. Biosurf Biotribol. 1,
161-176 (2015).

P. Benes, M. Paulenovd, Surface charge and adsorption properties of polyethylene in
aqueous solutions of inorganic electrolytes. Kolloid-Zeitschrift und Zeitschrift fiir Polymere
251, 766-771 (1973).

J. M. Hu, K. Liu, J. H. Liu, X. L. Jiang, X. L. Wang, Y. Z. Chen, S. G. Li, H. Zou, L. J. Pang, C. X. Liu,
X. B. Cui, L. Yang, J. Zhao, X. H. Shen, J. F. Jiang, W. H. Liang, X. L. Yuan, F. Li, CD163 as a
marker of M2 macrophage, contribute to predicte aggressiveness and prognosis of Kazakh
esophageal squamous cell carcinoma. Oncotarget 8, 21526-21538 (2017).

S.D. Jayasingam, M. Citartan, T. H. Thang, A. A. Mat Zin, K. C. Ang, E. S. Ch'ng, Evaluating the
polarization of tumor-associated macrophages into M1 and M2 phenotypes in human
cancer tissue: Technicalities and challenges in routine clinical practice. Front. Oncol. 9,
1512 (2020).

M. Weiss, K. Blazek, A. J. Byrne, D. P. Perocheau, I. A. Udalova, IRF5 is a specific marker of
inflammatory macrophages in vivo. Mediators Inflamm. 2013, 245804 (2013).

T. Krausgruber, K. Blazek, T. Smallie, S. Alzabin, H. Lockstone, N. Sahgal, T. Hussell,

M. Feldmann, I. A. Udalova, IRF5 promotes inflammatory macrophage polarization and
TH1-TH17 responses. Nat. Immunol. 12, 231-238 (2011).

G. Gabbiani, The myofibroblast in wound healing and fibrocontractive diseases. J. Pathol.
200, 500-503 (2003).

B. Hinz, D. Mastrangelo, C. E. Iselin, C. Chaponnier, G. Gabbiani, Mechanical tension con-
trols granulation tissue contractile activity and myofibroblast differentiation. Am. J. Pathol.
159, 1009-1020 (2001).

D. Jiang, S. Christ, D. Correa-Gallegos, P. Ramesh, S. Kalgudde Gopal, J. Wannemacher,

C. H. Mayr, V. Lupperger, Q. Yu, H. Ye, M. Muick-Hausl, V. Rajendran, L. Wan, J. Liu,

U. Mirastschijski, T. Volz, C. Marr, H. B. Schiller, Y. Rinkevich, Injury triggers fascia fibroblast
collective cell migration to drive scar formation through N-cadherin. Nat. Commun. 11,
5653 (2020).

21 December 2022

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

D. Correa-Gallegos, D. Jiang, S. Christ, P. Ramesh, H. Ye, J. Wannemacher, S. Kalgudde
Gopal, Q. Yu, M. Aichler, A. Walch, U. Mirastschijski, T. Volz, Y. Rinkevich, Patch repair of
deep wounds by mobilized fascia. Nature 576, 287-292 (2019).

P. Kollmannsberger, C. M. Bidan, J. W. C. Dunlop, P. Fratzl, V. Vogel, Tensile forces drive a
reversible fibroblast-to-myofibroblast transition during tissue growth in engineered clefts.
Sci. Adv. 4, eaao4881 (2018).

J. G. Rurik, I. Tombacz, A. Yadegari, P. O. M. Fernandez, S. V. Shewale, L. Li, T. Kimura,
O.Y.Soliman, T.E. Papp, Y. K. Tam, B. L. Mui, S. M. Albelda, E. Puré, C. H. June, H. Aghajanian,
D. Weissman, H. Parhiz, J. A. Epstein, CAR T cells produced in vivo to treat cardiac injury.
Science 375, 91-96 (2022).

H. Aghajanian, T. Kimura, J. G. Rurik, A. S. Hancock, M. S. Leibowitz, L. Li, J. Scholler,

J. Monslow, A. Lo, W. Han, T. Wang, K. Bedi, M. P. Morley, R. A. Linares Saldana, N. A. Bolar,
K. McDaid, C.-A. Assenmacher, C. L. Smith, D. Wirth, C. H. June, K. B. Margulies, R. Jain,

E. Puré, S. M. Albelda, J. A. Epstein, Targeting cardiac fibrosis with engineered T cells.
Nature 573, 430-433 (2019).

N. G. Frangogiannis, Transforming growth factor—{ in tissue fibrosis. J. Exp. Med. 217,
20190103 (2020).

A. H. Gyorfi, A-E. Matei, J. H. W. Distler, Targeting TGF-p signaling for the treatment of
fibrosis. Matrix Biol. 68-69, 8-27 (2018).

X. Liu, W. Chen, Q. Zeng, B. Ma, Z. Li, T. Meng, J. Chen, N. Yu, Z. Zhou, X. Long, Single-Cell
RNA-sequencing reveals lineage-specific regulatory changes of fibroblasts and vascular
endothelial cells in keloids. J. Inv. Derm. 142, 124-135.e11 (2022).

L. Muhl, G. Genové, S. Leptidis, J. Liu, L. He, G. Mocci, Y. Sun, S. Gustafsson, B. Buyandelger,
I. V. Chivukula, A. Segerstolpe, E. Raschperger, E. M. Hansson, J. L. M. Bjérkegren, X.-R. Peng,
M. Vanlandewijck, U. Lendahl, C. Betsholtz, Single-cell analysis uncovers fibroblast het-
erogeneity and criteria for fibroblast and mural cell identification and discrimination. Nat.
Commun. 11, 3953 (2020).

A. C. Habermann, A. J. Gutierrez, L. T. Bui, S. L. Yahn, N. |. Winters, C. L. Calvi, L. Peter, M.-
I. Chung, C. J. Taylor, C. Jetter, L. Raju, J. Roberson, G. Ding, L. Wood, J. M. S. Sucre,

B. W. Richmond, A. P. Serezani, W. J. McDonnell, S. B. Mallal, M. J. Bacchetta, J. E. Loyd,

C. M. Shaver, L. B. Ware, R. Bremner, R. Walia, T. S. Blackwell, N. E. Banovich, J. A. Kropski,
Single-cell RNA sequencing reveals profibrotic roles of distinct epithelial and mesenchymal
lineages in pulmonary fibrosis. Sci. Adv. 6, eaba1972 (2020).

M. B. Buechler, R. N. Pradhan, A. T. Krishnamurty, C. Cox, A. K. Calviello, A. W. Wang,

Y. A. Yang, L. Tam, R. Caothien, M. Roose-Girma, Z. Modrusan, J. R. Arron, R. Bourgon,

S. Mdiller, S. J. Turley, Cross-tissue organization of the fibroblast lineage. Nature 593,
575-579 (2021).

B. N. Brown, B. D. Ratner, S. B. Goodman, S. Amar, S. F. Badylak, Macrophage polarization:
An opportunity for improved outcomes in biomaterials and regenerative medicine. Bio-
materials 33, 3792-3802 (2012).

N. Noskovicova, R. Schuster, S. van Putten, M. Ezzo, A. Koehler, S. Boo, N. M. Coelho,

D. Griggs, P. Ruminski, C. A. McCulloch, B. Hinz, Suppression of the fibrotic encapsulation of
silicone implants by inhibiting the mechanical activation of pro-fibrotic TGF-B. Nat. Biomed.
Eng. 5, 1437-1456 (2021).

F. Robotti, S. Bottan, F. Fraschetti, A. Mallone, G. Pellegrini, N. Lindenblatt, C. Starck, V. Falk,
D. Poulikakos, A. Ferrari, A micron-scale surface topography design reducing cell adhesion
to implanted materials. Sci. Rep. 8, 10887 (2018).

R. Goswami, R. K. Arya, S. Sharma, B. Dutta, D. R. Stamov, X. Zhu, S. O. Rahaman, Mecha-
nosensing by TRPV4 mediates stiffness-induced foreign body response and giant cell
formation. Sci. Sci. Signal. 14, eabd4077 (2021).

R.I.R. Ibafiez, R. J. F. C. do Amaral, R. L. Reis, A. P. Marques, C. M. Murphy, F. J. O'Brien, 3D-
printed gelatin methacrylate scaffolds with controlled architecture and stiffness modulate
the fibroblast phenotype towards dermal regeneration. Polymers 13, 2510 (2021).

M. Gori, S. M. Giannitelli, G. Vadalg, R. Papalia, L. Zollo, M. Sanchez, M. Trombetta, A. Rainer,
G. Di Pino, V. Denaro, A soft zwitterionic hydrogel as potential coating on a polyimide
surface to reduce foreign body reaction to intraneural electrodes. Molecules 27,

3126 (2022).

V. S. LeBleu, Y. Teng, J. T. O’Connell, D. Charytan, G. A. Miiller, C. A. Mdller, H. Sugimoto,
R. Kalluri, Identification of human epididymis protein-4 as a fibroblast-derived mediator of
fibrosis. Nat. Med. 19, 227-231 (2013).

K. M. McAndrews, Y. Chen, J. K. Darpolor, X. Zheng, S. Yang, J. L. Carstens, B. Li, H. Wang,
T. Miyake, P. Correa de Sampaio, M. L. Kirtley, M. Natale, C.-C. Wu, H. Sugimoto, V. S. LeBleu,
R. Kalluri, Identification of functional heterogeneity of carcinoma-associated fibroblasts
with distinct IL6-mediated therapy resistance in pancreatic cancer. Cancer Discov. 12,
1580-1597 (2022).

E. Dondossola, R. Rangel, L. Guzman-Rojas, E. M. Barbu, H. Hosoya, L. S. St John,

J. J. Molldrem, A. Corti, R. L. Sidman, W. Arap, R. Pasqualini, CD13-positive bone marrow-
derived myeloid cells promote angiogenesis, tumor growth, and metastasis. Proc. Natl.
Acad. Sci. US.A. 110, 20717-20722 (2013).

13 of 14

€202 ‘ST AN Uo 610°30Us 195" MMM//:SANY WO.J popeojuMod



SCIENCE ADVANCES | RESEARCH ARTICLE

66. C. A.Schneider, W. S. Rasband, K. W. Eliceiri, NIH Image to ImageJ: 25 years of image
analysis. Nat. Methods 9, 671-675 (2012).

67. F.de Chaumont, S. Dallongeville, N. Chenouard, N. Hervé, S. Pop, T. Provoost, V. Meas-
Yedid, P. Pankajakshan, T. Lecomte, Y. Le Montagner, T. Lagache, A. Dufour, J.-C. Olivo-
Marin, Icy: An open bioimage informatics platform for extended reproducible research.
Nat. Methods 9, 690-696 (2012).

68. U. Schmidt, M. Weigert, C. Broaddus, G. Myers, in MICCAI 2018, A. F. Frangi, J. A. Schnabel,
C. Davatzikos, C. Alberola-Lépez, G. Fichtinger, Eds. (Springer International Publishing,
2018), pp. 265-273.

Acknowledgments: We thank R. Kalluri for providing us with C57BL/6-Tg(Acta2-DsRed)1Rkl/J
mice and K. Anand for helping with tracking analyses. Funding: This work was funded by The
Prostate Cancer SPORE (P50 CA140388-07); the European Research Council (ERC-CoG

Parlani et al., Sci. Adv. 8, eadd0014 (2022) 21 December 2022

DEEPINSIGHT, 617430); EU-H2020-ITN 955576 Inflanet; the National Institutes of Health (U54
CA210184-01, P41 EB023833, and P30 CA016672); and the Cancer Genomics Centre, The
Netherlands. Author contributions: M.P,, P.F,, and E.D. designed research. M.P., M.L.B., A.G.M.,
and E.D. performed research. M.L.B. and A.G.M. generated materials. M.P., M.L.B., A.G.M,, P.F.,
and E.D. analyzed data. M.P., P.F,, M.L.B.,, A.G.M,, and E.D. wrote the paper. Competing interests:
The authors declare that they have no competing interests. Data and materials availability:
All data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials.

Submitted 13 May 2022
Accepted 5 November 2022
Published 21 December 2022
10.1126/sciadv.add0014

14 of 14

€202 ‘ST AN Uo 610°30Us 195" MMM//:SANY WO.J popeojuMod



Science Advances

Dissecting the recruitment and self-organization of #SMA-positive fibroblasts in
the foreign body response
Maria Parlani, Matthew L. Bedell, Antonios G. Mikos, Peter Friedl, and Eleonora Dondossola

Sci. Adv., 8 (51), eadd0014.
DOI: 10.1126/sciadv.add0014

View the article online

https://www.science.org/doi/10.1126/sciadv.add0014
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

€202 ‘ST AN Uo 610°30Us 195" MMM//:SANY WO.J popeojuMod


https://www.science.org/content/page/terms-service

	INTRODUCTION
	RESULTS
	Fibroblast activation upon material implantation
	Spatiotemporal 3D mapping of αSMA+ fibroblast activation and fibrosis
	αSMA+ fibroblast self-organization and interaction with the implant
	αSMA+ fibroblast activation in relation to cellular subcompartments
	Effects of macrophage ablation on αSMA+ fibroblast recruitment and positioning
	αSMA+ fibroblast engagement in response to the material composition

	DISCUSSION
	Timing of self-organization to a secretory fibroblast network
	αSMA activation
	Identification of a long-term activation niche
	Fibroblast heterogeneity
	Regulation of the FBR by macrophages
	Material properties and antifibrotic effects

	MATERIALS AND METHODS
	Scaffold design and fabrication
	Mouse model generation
	Dorsal skinfold chamber model and scaffold implantation
	Image acquisition
	Digital image processing, segmentation, and quantitative analysis
	Area analysis
	Quantification of αSMA-RFP+ cells
	αSMA+ cell size analysis
	Time-lapse analysis

	Therapeutic intervention
	Histological analysis
	Cell culture
	Statistical analysis

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this &break /;manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

