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Persistent fibroblast activation drives tissue fibrosis, yet how mechanical and inflammatory cues are inte-
grated to promote this aberrant behavior remains unclear. Using a hyaluronic acid (HA)-based hydrogel
platform to model normal and fibrotic lung mechanics, we examine the roles of Piezol and cadherin-11
(CDH11), both implicated in M2 macrophage—fibroblast crosstalk during pulmonary fibrosis progression,
in interleukin (IL)-6-mediated fibroblast activation. While both Piezol and CDH11 expression increase in
activated fibroblasts, blocking IL-6 signaling decreases CDH11, but not Piezol, expression. Instead, Piezol
activity promotes nuclear accumulation of the calcium-dependent transcription factor NFAT1. While
Piezol inhibition moderately reduces CDH11 expression, it does not prevent fibroblast activation as
measured by spreading and type | collagen expression, whereas CDH11 knockout suppresses fibroblast
activation metrics, reduces Piezol expression, and decreases IL-6 secretion in both fibroblast only and
fibroblast-M2 macrophage co-cultures. Furthermore, CDH11 levels increase in parallel with progressive
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fibroblast activation, highlighting its role in promoting this pro-fibrotic phenotype. Together, these
findings underscore a previously unrecognized signaling axis in which CDH11 serves as a key mediator of
sustained fibroblast activation, coordinating mechanical and inflammatory cues, and highlight CDH11 as a

rsc.li/biomaterials-science potential therapeutic target in pulmonary fibrosis.

trating proper wound healing and tissue repair, the alterna-
tively activated “M2” macrophage subset has been implicated
in fibrosis progression.””'>" In normal wound healing,

Introduction

Pulmonary fibrosis is a pathological wound healing process
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characterized by thickening of the alveolar interstitial tissue,
which impairs lung function and can ultimately lead to organ
failure." The most common form, idiopathic pulmonary fibro-
sis (IPF), has no known cause and currently lacks effective
treatments to stop or reverse disease progression.>* However,
it has been established that fibroblasts, macrophages, and
the (ECM) play
fibrogenesis. These key contributors have dynamic and
reciprocal relationships, where macrophages secrete cytokines
that activate fibroblasts, fibroblasts activate to ECM-producing

extracellular matrix central roles in

5-11

myofibroblasts, and both fibroblasts and macrophages
respond to mechanical cues from the ECM through
mechanotransduction.”™" These interconnected pathways

warrant the need for a more comprehensive understanding of
the cell-cell and cell-matrix interactions contributing to IPF
progression in order to develop more effective therapeutics.
While macrophages are highly plastic cells capable of
adopting a broad spectrum of phenotypes essential for orches-
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M2 macrophages promote tissue remodeling and resolution by
activating fibroblasts to produce ECM that helps restore tissue
integrity."*"'> However, when wound healing is dysregulated in
diseases like IPF, these same interactions lead to pathological
scarring.'*"> Recent work from our lab showed that interleu-
kin-6 (IL-6) is one of the mediators driving M2 macrophage-
induced fibroblast activation.'® In addition to other studies
that have demonstrated the pro-fibrotic effect of IL-6 both
in vitro and in vivo, these findings highlight a crucial signaling
pathway through which immune-stromal interactions contrib-
ute to fibrosis progression.'”>! Furthermore, our work demon-
strated that M2 macrophage crosstalk is capable of activating
fibroblasts even on soft viscoelastic hydrogels mimicking
normal tissue mechanics, and that blocking IL-6 signaling dis-
rupts this activation process."®

In addition to soluble signals like IL-6, direct mediators of
M2 macrophage-fibroblast crosstalk have also been connected
to fibroblast activation in IPF. These mediators include the
transmembrane protein cadherin-11 (CDH11) and the stretch-
activated membrane channel (SAC) Piezo1.>>>” CDH11 is upre-
gulated in IPF, where it sustains M2 macrophage—fibroblast
communication and promotes a profibrotic environment by
driving persistent transforming growth factor beta (TGF-p)
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signaling.>>”** Recent findings have also identified Piezol as
an early mediator of M2 macrophage-fibroblast crosstalk,
acting through avp3 integrin engagement to initiate fibroblast
activation.>® While both CDH11 and Piezo1 have been impli-
cated in macrophage—fibroblast crosstalk, they also respond to
cues from the surrounding ECM environment. Notably,
CDH11 is the only cadherin shown to interact with the ECM,
through its binding partner syndecan-4, which binds to
fibronectin and links cell adhesion directly to matrix
interactions.”®*® The role of Piezol in mechanosensing has
been well-established, with studies demonstrating its role in
focal adhesion formation and cytoskeletal remodeling to regu-
late cellular responses to substrate mechanics.>*>* Although
both CDH11 and Piezol have been independently linked to
promoting IL-6 signaling in fibrosis progression, their roles in
pulmonary fibrosis have not been investigated.>*” In this
context, the ability of CDH11 and Piezol to integrate both
mechanical and biochemical cues highlights the need for well-
controlled in vitro experimental systems that can recapitulate
mechanical and biochemical properties of tissue to better
understand the relationships driving diseases like IPF.

Biomaterial-based in vitro models have become powerful
platforms for modeling tissue microenvironments.****> Among
these, hydrogels have been particularly valuable for studying
cellular behavior within physiologically relevant settings,
offering critical insights into how matrix mechanics regulate
processes ranging from cell proliferation to stem cell
fate.*"**~*® These water-swollen polymer networks can be fab-
ricated from a range of materials, and the incorporation of
orthogonal chemistries enables precise control and tunability
of both static and dynamic mechanical properties.
Independent control over properties such as material stiffness
and viscoelasticity enables the decoupling of individual
mechanical cues, revealing distinct and critical roles for each
in regulating cell behavior. Studies from our lab and others
have leveraged this tunability to demonstrate that stiffer sub-
strates promote fibroblast activation as measured by increased
cell spread areas, more irregular and spread morphologies,
punctate focal adhesion formation, and expression of pro-
fibrotic markers like type I collagen and alpha smooth muscle
actin (aSMA) stress fibers."®*’~>* Control over substrate mech-
anics is particularly important for modeling fibrotic diseases
such as IPF, where pathological progression involves changes
in both the biochemical composition and mechanical pro-
perties of the ECM. By tuning these parameters in hydrogels, it
becomes possible to dissect how specific mechanical features
—either alone or in combination with biochemical signals—
drive fibroblast activation, macrophage polarization, and other
processes central to fibrogenesis.

We recently identified a compelling link between IL-6 sig-
naling and M2 macrophage-mediated fibroblast activation,
highlighting this pathway as a central driver of profibrotic
communication.'® Building on this, CDH11 and Piezol have
emerged as two candidate regulators that may sustain and
amplify this signaling axis.**” To probe their relative contri-
butions, we employed a hyaluronic acid (HA)-based hydrogel
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system previously developed in our lab to mimic the mech-
anics of normal and fibrotic lung tissue.””*° Using this plat-
form, we investigated how CDH11 and Piezo1l influence fibro-
blast activation and IL-6-mediated macrophage-fibroblast
crosstalk. This integrative approach begins to unravel the
multifaceted interactions driving fibroblast activation in IPF
and offers new insight into potential therapeutic targets.

Results and discussion

Piezol and cadherin-11 expression increase with hydrogel
stiffness and M2 macrophage co-culture

Given that Piezol and CDH11 not only mediate
M2 macrophage—fibroblast crosstalk but are also linked to IL-6
signaling, a signaling pathway shown to drive pro-fibrotic
fibroblast behavior, we first sought to examine their responses
to physiologically relevant substrates and co-culture with
M2 macrophages.'®>*>>*3737 Utilizing a hyaluronic acid (HA)-
based hydrogel system previously developed in our lab,*”*® we
fabricated soft (2 kPa) viscoelastic and stiff (25 kPa) elastic
hydrogels to mimic normal and fibrotic lung, respectively. We
seeded human lung fibroblasts on hydrogels with or without
the addition of M2 macrophages to probe how substrate
stiffness and macrophage co-culture influence Piezol and
CDH11 expression (Fig. 1). We observed significantly increased
cell area and more elongated, spindle-like morphology for
fibroblasts seeded on 25 kPa elastic substrates and those cul-
tured with M2 macrophages, regardless of substrate mechanics
(Fig. 1B and C). These results support previous work from our
lab, demonstrating that increased hydrogel stiffness activates
fibroblasts and that M2 macrophage co-culture can override
mechanical cues to promote fibroblast activation.'®
Additionally, we observed a significant increase in Piezol
(Fig. 1D) and CDH11 (Fig. 1E) expression in these groups, sup-
porting their role in fibroblast activation related to both sub-
strate mechanics and M2 macrophage signaling. Together,
these results highlight the role of Piezol and CDH11 in med-
iating stiffness- and macrophage-driven fibroblast activation
and underscore their potential roles in pro-fibrotic signaling.

Blocking interleukin-6 (IL-6) signaling reduces cadherin-11,
but not Piezo1, expression

IL-6 signaling has been established as a contributor to fibro-
blast activation, acting through a STAT3-dependent pathway
similar to TGF-B1 signaling.”®>**" In the context of IPF, inhi-
bition of IL-6 has been shown to attenuate fibrosis progression
in animal models of pulmonary fibrosis.***” Building on our
recent finding that IL-6 is a key mediator of M2 macrophage-
induced fibroblast activation,'® we next sought to investigate
how IL-6 signaling intersects with mechanotransduction and
cell-cell crosstalk. Specifically, we wanted to examine the effect
of IL-6 inhibition on the expression of Piezol and CDH11.

To investigate this, wild type (WT) human lung fibroblasts
and M2 macrophages were harvested from culture flasks, then
either immediately seeded on 2 kPa viscoelastic and 25 kPa
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Fig. 1 Piezol and CDH11 expression increase with hydrogel stiffness and M2 macrophage co-culture. (A) Representative images of human lung
fibroblasts (hLFs) seeded on 2 kPa viscoelastic (VE) and 25 kPa elastic substrates with or without the addition of M2 macrophages. Scale bars =
20 pm. (B) Fibroblasts cultured on 25 kPa elastic hydrogels and with M2 macrophages exhibited significantly increased spread areas compared to
those cultured alone on 2 kPa VE substrates. (C) Fibroblasts on stiff hydrogels and in M2 co-culture adopted a more elongated, spindle-like mor-
phology, reflected by significantly reduced cell shape index. (D) Piezol expression significantly increases in fibroblasts cultured on 25 kPa hydrogels
and those co-cultured with M2 macrophages. (E) CDH11 expression significantly increases in fibroblasts cultured on 25 kPa hydrogels and those co-
cultured with M2 macrophages. Each point represents one hydrogel average, n = 3 hydrogels per group, 45-104 individual cells per group.
Statistical analyses performed via two-way ANOVA with Tukey’s HSD post hoc testing. ****p < 0.0001, ***p < 0.001, *p < 0.05.

elastic hydrogels or incubated on ice with the IL-6R antibody,
tocilizumab, to prevent IL-6 signaling. After 48 hours of
culture, media was collected to quantify IL-6 via ELISA, and
cells were stained and imaged to quantify cell spreading, mor-
phology, and Piezol and CDH11 expression (Fig. 2). As
observed previously, WT fibroblasts on stiff substrates and in
co-culture with M2 macrophages exhibited increased acti-
vation, reflected by larger cell areas, more elongated mor-
phology, and elevated CDH11 expression (Fig. 2B-E). In con-
trast, inhibition of IL-6 led to decreased fibroblast spread
areas, promoted more rounded cell morphologies, and
decreased expression of CDH11 in M2 co-cultures compared to
control groups, consistent with prior work from our group.'®
Notably, while Piezol expression showed a moderate increase
in fibroblast-only cultures in response to IL-6 inhibition, its
levels in M2 co-cultures were not significantly altered com-
pared to untreated controls (Fig. 2D). These results suggest a
connection between IL-6 signaling and CDH11 expression in
fibroblast activation, while Piezol appears to operate more
independently, indicating potentially distinct regulatory
pathways.

1278 | Biomater. Sci, 2026, 14, 1276-1291

Piezol mediates early calcium-dependent responses in
fibroblast activation

Since IL-6 signaling does not appear to significantly influence
Piezol expression in lung fibroblasts, we next sought to investi-
gate alternative pathways. Given that Piezol activation pro-
motes calcium influx and that CDH11 function is calcium-
dependent, we investigated the relative influence of Piezol and
CDH11 signaling on the nuclear localization of the calcium-
dependent transcription factor nuclear factor of activated
T-cells 1 (NFAT1). NFAT1 was selected as a marker of calcium-
mediated signaling as it is activated by intracellular calcium
influx via calcineurin-dependent dephosphorylation.”®*® we
utilized the stretch activated ion channel (SAC) inhibitor
GsMTx4, a well-established inhibitor of Piezo1,>°'%* to
pharmacologically block Piezol activity in WT fibroblasts
cultured on 2 kPa viscoelastic or 25 kPa elastic hydrogels,
with or without M2 macrophages. WT fibroblasts cultured
without inhibitor served as controls. Because there is no
standardized small-molecule inhibitor of CDH11, we
instead developed a CDH11 knockout (KO) fibroblast line to

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 IL-6 signaling drives macrophage-mediated fibroblast activation and influences CDH11 expression. (A) Representative images of wild type
(WT) human lung fibroblasts (hLFs, top panel) and IL-6 inhibited (-IL-6) fibroblasts (bottom panel) seeded on 2 kPa viscoelastic (VE) and 25 kPa
elastic substrates after 48 hours of culture. Scale bars = 20 pm. (B) WT fibroblasts exhibited increased spread areas on 25 kPa hydrogels and in co-
culture with M2 macrophages regardless of hydrogel stiffness. Conversely, IL-6 inhibited fibroblasts displayed reduced spreading in M2 macrophage
co-culture groups, regardless of hydrogel stiffness. (C) Cell circularity evaluation, measured by cell shape index, showed fibroblasts exhibited
rounder morphologies in M2 macrophage co-cultures on 2 kPa VE gels when IL-6 was inhibited. (D) WT fibroblasts showed increased expression of
Piezol on 25 kPa substrates and in co-culture with M2 macrophages independent of hydrogel stiffness. IL-6 inhibited fibroblasts exhibited increased
levels of Piezol expression in fibroblast only cultures compared to WT controls. (E) WT fibroblasts showed higher levels of CDH11 expression on 25
kPa substrates and in M2 macrophage co-culture. IL-6 inhibited fibroblasts exhibited increased levels of CDH11 on 25 kPa hydrogels when cultured
alone. However, IL-6 inhibited fibroblasts co-cultured with M2 macrophages displayed very little CDH11 expression, comparable with fibroblasts cul-
tured alone on 2 kPa VE hydrogels. (F) IL-6 inhibited fibroblast cultures exhibited decreased levels of IL-6 compared to WT controls, independent of
stiffness or macrophage co-culture. (G) We propose that inhibiting IL-6 signaling blocks M2 macrophage-induced fibroblast activation and lowers
CDH11 expression, whereas Piezol signaling appears relatively unaffected. Each point represents one hydrogel average, n = 3 hydrogels per group,
47-104 individual cells per group. Statistical analyses performed via two-way ANOVA with Tukey's HSD post hoc testing. ****p < 0.0001, ***p <
0.001, **p < 0.01, *p < 0.05.
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Piezol inhibition significantly reduced nuclear NFAT1 local-
ization and cell area in these groups, while CDH11-KO fibro-
blasts displayed responses more similar to WT controls
(Fig. 3A and B). These findings indicate that Piezo1l activity
is linked to early NFAT1 activation, whereas CDH11 may not
yet be engaged.

assess its role in fibroblast activation (see SI File 1). After
4 hours, cells were fixed and stained to evaluate fibroblast
spreading, morphology, and expression of CDH11 and
NFAT1 (Fig. 3). At this early timepoint, NFAT1 nuclear local-
ization was elevated in WT fibroblasts cultured on 25 kPa
substrates and in co-culture with M2 macrophages (Fig. 3A).
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Fig. 3 Piezol mediates calcium-dependent NFAT1 nuclear localization. (A) Representative images of wild type (WT) human lung fibroblasts (hLFs,
top panel), cadherin-11 knockout (CDH11-KO) fibroblasts (middle panel), and Piezol-inhibited fibroblasts (bottom panel) seeded on 2 kPa visco-
elastic (VE) and 25 kPa elastic substrates after 4 hours of culture. Scale bars = 20 ym. (B) WT fibroblasts displayed higher levels of calcium-mediated
nuclear NFAT1 expression when cultured on 25 kPa substrates and co-cultured with M2 macrophages. CDH11-KO fibroblasts did not have signifi-
cantly different NFAT1 expression compared to WT controls in any culture group. Piezol-inhibited cells exhibited significantly less nuclear NFAT1
expression in all groups compared to WT controls. (C) WT fibroblasts exhibited increased spreading on 25 kPa hydrogels and in co-culture with
M2 macrophages regardless of hydrogel stiffness compared to fibroblast only cultures on 2 kPa VE hydrogels. CDH11-KO cells followed the same
trends as WT fibroblasts, however in fibroblast only cultures on 25 kPa hydrogels they did not spread to the same extent as controls. Piezol-inhibited
fibroblasts also followed a similar trend as WT controls; however, they did not spread to the same extent in any of the groups. (D) All groups exhibi-
ted similar cell morphologies as measured by cell shape index. While Piezol-inhibited fibroblasts exhibited slightly more elongated cell shapes com-
pared to WT controls on 25 kPa hydrogels, this trend was not consistent across culture types. Each point represents one hydrogel average, n =
3 hydrogels per group, 37—-59 individual cells per group. Statistical analyses performed via two-way ANOVA with Tukey's HSD post hoc testing. ****p
< 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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Similar to 48-hour cultures, we observed increased fibro-
blast spreading on 25 kPa substrates and in M2 macrophage
co-cultures in WT fibroblasts (Fig. 3B) after 4 hours. However,
fibroblasts cultured on 2 kPa viscoelastic substrates with
M2 macrophages did not spread to the same extent as those
on 25 kPa hydrogels, in contrast to the 48-hour results (Fig. 1B
and 3C). This suggests that fibroblast activation driven by
M2 macrophage co-culture on soft substrates is a progressive
process that requires extended signaling dynamics beyond this
4-hour timepoint. Consistent with this, no significant changes
in cell morphology were observed in WT fibroblasts across
hydrogel stiffness or co-culture conditions at this early time
point (Fig. 3D), indicating that cells are still undergoing pro-
gressive activation.

Furthermore, Piezol-inhibited groups supported decreased
cell areas and reduction in nuclear NFAT1 staining, while
CDH11-KO cells are more similar to WT controls (Fig. 3B and
C). Notably, compared to 48-hour time points, CDH11
expression is significantly lower after 4 hours of culture, while
Piezo1 levels are comparable across timepoints (Fig. S1). These
findings support the idea that CDH11 engagement does not
occur within the first 4 hours of culture, consistent with pre-
vious studies showing a lack of CDH11 expression in ‘naive’
fibroblasts and its increased expression in more mature, con-
tractile myofibroblasts.?>®® Overall, these results suggest that
Piezol-dependent nuclear localization of the calcium-depen-
dent transcription factor NFAT1 may play an important role in
early fibroblast responses to substrate stiffness and
M2 macrophage co-culture, while CDH11 could act as a down-
stream effector that is later engaged to support more sustained
or mature fibroblast activation.

Piezo1 inhibition moderately reduces cadherin-11 expression
but does not significantly alter fibroblast activation

Given the well-established role of Piezol in cellular
mechanotransduction,®®®” the increased levels of Piezol
expression we quantified in activated fibroblasts, and the role
of Piezol we observed in mediating early calcium-dependent
NFAT1 signaling, we next wanted to investigate how fibroblast
activation was influenced by Piezol inhibition. We again
seeded WT fibroblasts on 2 kPa viscoelastic and 25 kPa elastic
hydrogels, with or without the addition of M2 macrophages.
After allowing cells to adhere, media was changed to either
fresh media or media supplemented with 2 mM GsMTx4 to
inhibit Piezo1 activity. We then measured IL-6 levels in culture
media via ELISA and quantified fibroblast activation by
measuring cell spread area, shape morphology, and expression
of type I collagen, Piezol, and CDH11 in WT and Piezo1-inhib-
ited cells.

We found that WT fibroblasts maintained consistent trends
of activation on 25 kPa elastic substrates and in the presence
of M2 macrophages independent of stiffness, supporting pre-
vious results and our earlier experiments in this manuscript
(Fig. 4 and S2). Piezol inhibition did not significantly influ-
ence fibroblast spread area, shape, or type I collagen
expression compared to the WT controls, suggesting that

This journal is © The Royal Society of Chemistry 2026
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Piezol blockade alone is insufficient to suppress fibroblast
activation as measured by these markers (Fig. 4 and S2). While
Piezo1 inhibition led to a slight increase in IL-6 secretion, this
did not translate into functional differences, as we did not
observe corresponding increases in fibroblast activation
markers (Fig. 4F). This suggests that the IL-6 elevation reflects
compensatory inflammatory signaling rather than activation of
a pro-fibrotic phenotype. One pathway that may be contribut-
ing to this compensatory response is MAPK signaling, which is
regulated by both Piezol and IL-6 activity, where perturbation
of one input could modulate the other.>””°® Taken together,
these findings suggest that while Piezol influences early
calcium-mediated NFAT1 signaling, it is not essential for fibro-
blast activation as measured by cell spreading or type 1 col-
lagen expression under these conditions. This finding is con-
sistent with previous studies that have connected Piezol to
early fibroblast signaling events through rapid calcium influx
and NFAT1 nuclear translocation, but did not appear to
observe changes in fibroblast morphology with Piezol
inhibition.>®

Notably, Piezol inhibition led to moderate reduction in
CDH11 expression, suggesting a potential mechanistic
relationship between Piezol activity and CDH11 regulation
(Fig. 4E). Since Piezo1 drives early calcium signaling that pre-
cedes CDH11 expression, and CDH11 activation is calcium-
dependent, it is likely that reduced calcium influx contributes
to the decrease in CDH11 observed in Piezol-inhibited fibro-
blasts. Furthermore, the progressive increase in fibroblast acti-
vation from 4 to 48 hours, together with the significant
increase in CDH11 expression at 48 hours (Fig. S1), indicates
that CDH11 may play a more central role than Piezol in sus-
taining fibroblast activation.

Cadherin-11 KO significantly reduces Piezol expression,
interleukin-6 secretion, and fibroblast activation

Given our observations that CDH11 expression increases with
progressive fibroblast activation and is IL-6-dependent, we next
wanted to investigate changes in fibroblast behavior upon
knocking out CDH11. WT and CDH11-KO fibroblasts were
seeded on 2 kPa viscoelastic and 25 kPa elastic hydrogels, with
or without the addition of M2 macrophages. Media samples
were collected to measure IL-6 concentration and fibroblast
activation was assessed by measuring spread area, mor-
phology, and expression of type I collagen, Piezol, and
CDH11. Consistent with previous findings, we observed
increased fibroblast spread area, more elongated and spindle-
like morphology, and increased expression of type I collagen,
Piezo1, and CDH11 in WT fibroblasts seeded on stiffer elastic
substrates and in M2 macrophage co-cultures (Fig. 5, S3).
Notably, we found that CDH11-KO fibroblasts exhibited
decreased spreading, rounder cell morphologies, and
decreased levels of type I collagen and Piezol, regardless of
stiffness or macrophage co-culture (Fig. 5 and S3). Under base-
line conditions that mimic normal lung tissue (2 kPa, no M2s),
CDH11-KO fibroblasts exhibited morphology, type I collagen
expression, and Piezo1 levels comparable to WT cells, indicat-
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Fig. 4 Piezol inhibition does not significantly alter stiffness- or macrophage-induced fibroblast activation. (A) Representative images of wild type
(WT) fibroblasts (top panel) and Piezol inhibited (-Piezo1l) fibroblasts (bottom panel) seeded on 2 kPa viscoelastic (VE) and 25 kPa elastic substrates
after 48 hours of culture. Scale bars = 20 um. (B) WT and Piezol inhibited fibroblasts exhibited increased spread areas on 25 kPa hydrogels and in
co-culture with M2 macrophages regardless of hydrogel stiffness. Though there was a slight decrease in Piezol-inhibited fibroblast spreading in co-
culture with M2 macrophages on 25 kPa hydrogels, these cells still showed significantly higher areas than those cultured alone on 2 kPa substrates.
(C) Cell circularity evaluation, as measured by cell shape index, showed no significant difference in cell morphologies between Piezol-inhibited
fibroblasts and WT controls. (D) WT fibroblasts displayed increased Piezol expression on 25 kPa substrates and in co-culture with M2 macrophages
independent of hydrogel stiffness. Piezol-inhibited fibroblasts had very little Piezol expression in any group, indicating successful inhibition with
GsMTx4. (E) WT fibroblasts had higher levels of CDH11 expression on 25 kPa substrates and in M2 macrophage co-culture. Piezol-inhibited fibro-
blasts showed moderate reductions in overall CDH11 expression levels. (F) Piezol-inhibited fibroblast cultures exhibited marginally increased IL-6
levels compared to WT controls. (G) We propose that Piezol inhibition prevents calcium influx and downstream NFAT1 signaling, leading to moder-
ate reductions in CDH11 expression, but does not prevent fibroblast activation. Each point represents one hydrogel average, n = 3 hydrogels per
group, 51-95 individual cells per group. Statistical analyses performed via two-way ANOVA with Tukey’s HSD post hoc testing. ****p < 0.0001, **p <
0.01, *p < 0.05.
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Fig. 5 Cadherin-11 knockdown prevents stiffness- and M2 macrophage-dependent fibroblast activation. (A) Representative images of wild type
(WT) fibroblasts (top panel) and cadherin-11-knockout (CDH11-KO) fibroblasts (bottom panel) seeded on 2 kPa viscoelastic (VE) and 25 kPa elastic
substrates after 48 hours of culture. Scale bars = 20 pym. (B) WT fibroblasts exhibited increased spread areas on 25 kPa hydrogels and in co-culture
with M2 macrophages regardless of hydrogel stiffness. However, CDH11-KO fibroblasts showed significantly smaller spread areas in these con-
ditions, indicating a lack of response to mechanical or macrophage-derived cues. (C) Cell circularity evaluation, as measured by cell shape index,
showed that CDH11-KO fibroblasts exhibited more rounded cell morphologies compared to WT controls. (D) WT fibroblasts exhibited increased
Piezol expression on 25 kPa substrates and in co-culture with M2 macrophages independent of hydrogel stiffness. CDH11-KO fibroblasts showed a
significant reduction in Piezol expression in these same groups. (E) WT fibroblasts displayed higher levels of CDH11 expression on 25 kPa substrates
and in M2 macrophage co-culture, while CDH11-KO cells did not exhibit CDH11 expression as expected. (F) CDH11-KO fibroblast cultures had
decreased levels of IL-6 compared to WT controls, regardless of stiffness or macrophage co-culture, highlighting the reciprocal relationship
between IL-6 and CDH11 engagement. (G) We propose that CDH11-KO prevents both stiffness- and M2 macrophage-mediated fibroblast activation
through inhibitory effects on Piezol and IL-6 signaling. Each point represents one hydrogel average, n = 3 hydrogels per group, 52-115 individual
cells per group. Statistical analyses performed via two-way ANOVA with Tukey's HSD post hoc testing. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p <
0.05.
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ing that CDH11 loss does not alter fibroblasts’ basal pheno-
type but becomes functionally relevant only once activating
stimuli are present. CDH11-KO returns levels of these acti-
vation markers to those observed in WT fibroblasts seeded on
2 kPa viscoelastic hydrogels, suggesting that loss of CDH11 is
sufficient to prevent fibroblast activation in the presence of
mechanical and biochemical stimuli.

These results are consistent with studies from other groups
that demonstrate CDH11 knockdown leads to reduced fibrosis
and inflammation in in vivo models of pulmonary fibrosis,
myocardial infarction, and rheumatoid arthritis.**?%3*
Additionally, while Piezol and CDH11 have both been impli-
cated in fibrosis and macrophage crosstalk, there have not
been studies exploring the relationship between these
mediators.*>?*?>?” The reduction in Piezol we observed in
response to CDH11 knockdown has not been previously
reported but is not necessarily surprising, as CDH11 is the
only cadherin known to mediate both cell-cell and cell-ECM
crosstalk.?®?° Additionally, both CDH11 and Piezo1 have been
implicated in the regulation of MAPK signaling
pathways.***7-°®7% Within this context, it is possible that
CDH11 knockdown disrupts cell-ECM interactions and/or sig-
naling pathways that also influence the engagement of Piezol.
Overall, these results emphasize the important role CDH11
plays in driving fibroblast activation and the influence it may
have over other mechanotransduction pathways crucial to
fibrogenesis.

Moreover, media from CDH11-KO cell cultures contained
significantly lower levels of IL-6 compared to WT controls,
further supporting the dynamic relationship between CDH11
activation and IL-6 signaling (Fig. 5F). This result, in addition
to the decreased fibroblast activation observed in CDH11-KO
cells and significant decrease in CDH11 expression in IL-6
inhibited fibroblasts (Fig. 2E), supports work from other
groups that have shown that CDH11 engagement and IL-6 sig-
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naling have reciprocal relationships in cardiac®® and synovial**
fibroblasts. Combined with our findings that Piezol mediated-
calcium signaling precedes CDH11 expression and that block-
ing Piezol or CDH11 activity leads to a reduction in the other’s
expression, these results point to a novel mechanoinflamma-
tory circuit between Piezo1l, CDH11, and IL-6.

Summary and future directions

Overall, this work demonstrates the interconnected relation-
ships between Piezol, IL-6, and CDH11 in driving fibroblast
activation and identifies CDH11 as a key mediator of sustained
activation. We demonstrate that both Piezol and CDH11 are
upregulated in activated fibroblasts (Fig. 1) but found that only
CDH11 expression is dependent on IL-6 signaling (Fig. 2 and
6A), suggesting that Piezo1 contributes to fibroblast activation
through a separate pathway. Given that Piezol functions as a
mechanosensitive calcium channel, we hypothesized that it
may contribute to early calcium-dependent signaling events
that influence fibroblast activation. Indeed, at 4-hour time
points, Piezol influenced calcium-mediated signaling as
measured by nuclear NFAT1 levels (Fig. 3). These results align
with previous work demonstrating that Piezol governs fibro-
blast mechanotransduction through NFAT1 nuclear transloca-
tion and ovp3 integrin engagement.>> Additionally, we found
that CDH11 expression was significantly reduced at 4-hours
compared to 48-hours of culture, while Piezol levels were con-
sistent over this timeframe (Fig. S1). Given that CDH11 acti-
vation is calcium-dependent, we propose that Piezol engage-
ment contributes to CDH11 upregulation at 48-hour time-
points. Consistent with this, we found that Piezol inhibition
resulted in decreased CDH11 expression (Fig. 4 and 6B).

In contrast, we found that CDH11 knockdown prevented
both stiffness- and M2 macrophage-induced fibroblast acti-
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induced fibroblast activation
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Fig. 6 Summary of relationships between Piezol, IL-6 signaling, and CDH11. (A) Inhibiting IL-6 signaling prevents M2 macrophage-mediated fibro-
blast activation, reducing cell spreading and CDH11 expression. (B) Piezol inhibition moderately reduces CDH11 expression, likely due to a reduction
in calcium influx, but does not prevent fibroblast activation. (C) CDH11 knockdown prevents stiffness- and M2 macrophage-mediated fibroblast acti-

vation, highlighting its role in sustaining profibrotic phenotypes.
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vation as measured by reduced cell spreading, type I collagen
expression, and Piezol expression as well as decreased levels
of IL-6 secretion (Fig. 5 and 6C). Moreover, CDH11 expression
increases in parallel with fibroblast activation between 4 and
48 hours of culture, further supporting its role in amplifying
or sustaining fibroblast activation (Fig. S1). These findings are
supported by studies that have demonstrated CDH11’s role in
multiple fibrotic diseases, along with prior preclinical and
early clinical studies evaluating CDH11-targeting antibodies,
underscoring its potential as a therapeutic target and the rele-
vance of our mechanistic framework to fibrosis progression
in vivo.*>”'77* Although our findings highlight a more promi-
nent role for CDH11 over Piezol in fibroblast activation, this
work and others® clearly underscore the importance of Piezol
in fibroblast activation as well. Specifically, Piezol has been
shown to mediate fibroblast activation when in contact with
M2 macrophage as measured by cell contractility.>®

Despite our findings utilizing this mechanically-relevant
model, several limitations warrant attention. While our in vitro
hydrogel platform recapitulated key features of the fibrotic
lung, it does not fully capture the temporal and multicellular
complexity of fibrosis. Additionally, we utilize immortalized
fibroblasts and differentiated THP-1 macrophages and rely on
pharmacologic rather than genetic modulation of Piezo1, both
of which may influence the magnitude or kinetics of observed
responses. Future work using primary human cells and cell-
type-specific perturbation of Piezol and CDH11 in animal
models will be essential to validate the proposed signaling
axis. Future work could also examine a greater range of fibro-
blast activation markers including cell contractility, YAP/TAZ
nuclear localization, and TGF-f signaling. Furthermore, our
platform provides an opportunity to evaluate phase-specific
therapies, such as transient Piezol inhibition for early signal-
ing and CDH11 targeting for sustained activation, and would
enable testing of combination strategies that disrupt both the
initiation and progression of fibrosis.

Conclusions

Together, our findings uncover a dynamic interplay between
Piezol, IL-6, and CDH11, revealing a previously unrecognized
signaling axis that drives fibroblast activation in pulmonary
fibrosis. We found that while both Piezo1 and CDH11 increase
during fibroblast activation, only CDH11 is regulated by IL-6,
indicating that Piezol contributes through an independent
mechanosensitive pathway. Consistent with this, Piezol pri-
marily governs early calcium-dependent signaling and sup-
ports initial CDH11 upregulation, but its inhibition alone is
insufficient to prevent fibroblast spreading and type I collagen
expression.

In contrast, CDH11 is essential for maintaining the acti-
vated fibroblast phenotype. CDH11 loss blocks activation
induced by both stiff substrates and profibrotic macrophages,
reduces Piezol expression, and decreases IL-6 secretion.
CDH11 levels also rise in parallel with fibroblast activation
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over time, underscoring its role in sustaining and amplifying
this state. Together, these findings identify CDH11 as a central
mediator of sustained fibroblast activation that integrates
mechanical and inflammatory cues, highlighting its signifi-
cant influence over both mechanosensitive channels and cyto-
kine signaling.

Experimental section
Norbornene-modified HA (NorHA) synthesis

NorHA was synthesized according to previously described
methods.” Briefly, sodium hyaluronate (Lifecore, 82 kDa) was
first converted to a tetrabutylammonium salt (HA-TBA) using
Dowex 50 W proton-exchange resin. The exchange proceeded
for 2 h before filtering out the resin and adjusting the pH to
7.05 using TBA-OH. The product was then frozen, lyophilized,
and analyzed using 'H NMR (Bruker Neo 400 MHz NMR
Spectrometer) (Fig. S4). HA-TBA was dissolved in anhydrous
dimethyl sulfoxide (DMSO) and reacted with 5-norbornene-2-
methylamine, coupling to the carboxylic acid of HA with ben-
zotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium  hexa-
fluorophosphate (BOP). The reaction proceeded for 2 h at
25 °C before quenching with cold reverse osmosis (RO) water.
The product was dialyzed (molecular weight cutoff 6-8 kDa) in
brine for 5 days, filtered to remove side products, dialyzed
against brine an additional 5 days, dialyzed against RO water
for 2 days, frozen, and lyophilized. The degree of modification
was determined to be 29% by "H NMR (Fig. S5).

f-CD-HDA synthesis

B-CD hexamethylene diamine (f-CD-HDA) was synthesized
using previously reported methods.”® Briefly, p-CD was dis-
solved in RO water and degassed, p-toluenesulfonyl chloride
(TosCl) dissolved in acetonitrile was then added dropwise to
the B-CD solution (5:4 molar ratio of TosCl:CD) and pro-
ceeded to react for 2 h on ice. NaOH solution was added drop-
wise to the reaction (3.1:1 molar ratio of NaOH to CD), then
proceeded for 30 min at 25 °C. Ammonium chloride was then
added until the reaction was at a pH of 8.5, the solution was
again cooled on ice before precipitation using cold water and
acetone, then dried overnight. The CD-Tos product was
charged with excess hexamethylene diamine (HDA) (4 g g™
CD-Tos) and dissolved in dimethylformamide (DMF) (5 mL g~
CD-Tos). The reaction proceeded under nitrogen for 12 h at
80 °C, then was precipitated in cold acetone (5 x 50 mL
acetone/l1 g CD-Tos), washed with cold diethyl ether (3 x
100 mL), and dried. The B-CD-HDA product was confirmed
using "H NMR (Fig. S6).

CDHA synthesis

To synthesize B-CDHA, B-CD-HDA was coupled to HA-TBA
using BOP according to previously described methods. The
f-CD-HDA and HA-TBA were dissolved in anhydrous DMSO,
followed by dropwise addition of BOP. The reaction proceeded
for 3 h at 25 °C before quenching with cold RO water. The
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solution was then dialyzed against brine (molecular weight
cutoff 6-8 kDa) for 5 days, filtered to remove side products,
dialyzed against brine for an additional 5 days, then dialyzed
against RO water for 2 days, frozen, and lyophilized. The
degree of modification was determined to be 25% by "H NMR
(Fig. S7).

HA hydrogel fabrication and mechanical characterization

Glass coverslips (15 mm diameter) were thiolated to covalently
bond norbornene groups within hydrogel precursor solutions
using (3-mercaptopropyl) trimethoxysilane. Hydrogels were
crosslinked between the thiolated and an untreated (12 mm
diameter) coverslip. Prior to hydrogel precursor preparation,
thiolated adamantane peptide (Ad-KKKCG) and dithiothreitol
(DTT) crosslinker were reduced using tris(2-carboxyethyl)phos-
phine (TCEP) at a 0.5 : 1 molar ratio. To prepare 3 wt% HA soft
viscoelastic (2.5 kPa) hydrogels, CDHA and the thiolated ada-
mantane peptide were first combined (1.2:1 Ad:CD molar
ratio) to enable guest-host complexation. NorHA, DTT
(0.1 thiol: norbornene ratio), a thiolated RGD peptide
(GCGYGRGDSPG, 1 mM, GenScript), lithium acylphosphinate
photoinitiator (LAP, 1 mM), and phosphate-buffered saline
(PBS) (to reach a final volume of 17.5 pL) were subsequently
added. Stiff elastic (25 kPa) 5 wt% HA hydrogels were fabri-
cated similarly, without the inclusion of CDHA or the thiolated
adamantane peptide and with increased DTT (0.4 thiol:
norbornene ratio). After vortexing precursor solutions, hydro-
gels were photocrosslinked by exposing precursors to 365 nm
UV light (5 mW cm™2) for 2 min using a VWR UV Crosslinker.
After crosslinking, hydrogels were submerged in PBS and
swelled overnight at 37 °C before mechanical characterization
or cell seeding.

Hydrogel mechanical characterization was performed via
nanoindentation using an Optics11 Life Piuma nanoindenter
(Fig. S8). A borosilicate glass probe with a diameter of 50 pm
with a spring constant of 0.47 N m™~" was utilized for all tests.
Indentations were made to a depth of 4 pm using a constant
time ramp of 2 s. Storage (E') and loss (E") moduli were deter-
mined using dynamic mechanical analysis (DMA) at a fre-
quency of 1 Hz at a depth of 4 pm at 3 points per hydrogel
replicate.

Cadherin-11 knock-out (CDH11-KO) cell line generation and
characterization

Human lung fibroblasts (hTERT T1015 cell line purchased
from Applied Biological Materials) were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10 v/v% fetal bovine serum (FBS, Gibco) and 1 v/v% peni-
cillin/streptomycin/amphotericin B (100 U mL™" 100 pg mL™"
and 0.25 pg mL™" final concentrations, respectively, Gibco)
prior to transfection in 6-well tissue culture plates.
VectorBuilder was utilized to generate an mCherry-tagged
sgRNA/Cas9 vector targeting the CDH11 gene in human cells
and provided corresponding DNA. Lipofectamine 3000 reagent
(ThermoFisher, L3000001) was diluted in Opti-MEM medium
(ThermoFisher, 31985070) and used to transfect fibroblasts
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according to manufacturer protocol. 5 pg pL~" of DNA was
added to each well, media was refreshed after 24 h to remove
lipofectamine, and after 3 days cells were harvested for cell
sorting via the University of Virginia Flow Cytometry core facil-
ity (Supplemental File 1).

Cell culture

We utilized the human peripheral blood-derived monocyte
line THP-1 (ATCC TIB-202) because they can be reliably differ-
entiated into macrophages with well-established protocols and
have been widely used in in vitro studies of macrophage-
stromal interactions.”®®' Monocytes were used before passage
7 for all experiments. Roswell Park Memorial Institute (RPMI)
1640 (Gibco) medium supplemented with 10 v/v% heat-inacti-
vated FBS (Gibco), 1 v/v% penicillin/streptomycin/amphoteri-
cin B (100 U mL™", 100 pg mL™", and 0.25 pg mL™~" final con-
centrations, respectively, Gibco), 10 mM HEPES, 1 mM sodium
pyruvate, 2.5 ¢ L™" p-glucose, and 0.05 mM p-mercaptoethanol
was used for cell culture maintenance. Monocytes were differ-
entiated to MO macrophages by adding 50 ng mL™" of phorbol
12-myristate 13-acetate (PMA) to fresh media and culturing for
24 h. Macrophages were then polarized to an M2 phenotype
through the addition of IL-4 (40 ng mL™"; PeproTech) and
IL-13 (20 ng mL™"; PeproTech) to fresh media. After 48 h,
M2 macrophages were seeded onto hydrogels at a concen-
tration of 3.0 x 10° cells per hydrogel with either wild type
human lung fibroblasts or CDH11 KO fibroblasts. Prior to
seeding cells on hydrogels, hydrogels were sterilized for at
least 2 h by germicidal UV irradiation and incubated in culture
medium for 30 min.

wild type human lung fibroblasts (hTERT T1015 cell line
purchased from Applied Biological Materials) or CDH11-KO
fibroblasts generated from the same line were utilized before
passage 5 for all experiments. We used the hTERT T1015
immortalized human lung fibroblast line because it is a lung-
derived fibroblast line that has been utilized in hydrogel and
mechanobiology studies of fibroblast activation and pulmon-
ary fibrosis.*®**%278 Using this well-documented cell line
enabled reproducible experiments and establishment of
knockout cell lines while minimizing donor-to-donor varia-
bility. DMEM supplemented with 10 v/v% fetal bovine serum
(FBS, Gibco) and 1 v/v% penicillin/streptomycin/amphotericin
B (100 U mL™" 100 pg mL™" and 0.25 pg mL~" final concen-
trations, respectively, Gibco) was used to maintain fibroblast
culture. Fibroblasts were seeded on hydrogels at a concen-
tration of 1.0 x 10* cells per hydrogel and cultured with or
without macrophages for 4 h or 48 h before fixing and
immunocytochemistry.

Immunocytochemistry, imaging, and analysis

Cells seeded on hydrogels were fixed using 10% neutral-
buffered formalin for 15 min, followed by permeabilization
using 0.1% Triton X-100 in PBS for 10 min. Background stain-
ing was blocked through incubation with bovine serum
albumin (BSA; 3 w/v%) for 2 h at room temperature with gentle
shaking. Primary antibodies against CDH11 (mouse mono-
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clonal OB-cadherin/CDH11 antibody 16A, 1:200,
ThermoFisher MUB0306P) and one of the following: Piezo1l
(rabbit polyclonal Piezol antibody, 1:200, ThermoFisher
15939-1-AP), type 1 collagen (rabbit monoclonal anti-collagen I
antibody, 1:200, Abcam ab138492), or NFAT1 (rabbit polyclo-
nal NFAT1 antibody, 1 : 200, Cell Signaling Technologies 4389)
were incubated with hydrogels overnight at 4 °C. The next day,
hydrogels were washed 3 times with PBS then incubated with
rhodamine phalloidin (1:400, ThermoFisher R415) and sec-
ondary antibodies (AlexaFluor 488 goat anti-rabbit IgG, 1:400;
AlexaFluor 647 goat anti-mouse, 1:400) for 2 h at room temp-
erature protected from light. Hydrogels were again rinsed with
PBS 3 times then stained with 4’,6-diamidino-2-phenylindole
(DAPI, 1:5000, ThermoFisher D1306) for 5 min. After rinsing
3 times with PBS, hydrogels were stored protected from light at
4 °C until imaging on a Zeiss AxioObserver 7 inverted
microscope.

Cell area, cell shape index (form factor), and staining inten-
sity of CDH11 and Piezol were evaluated using a CellProfiler
(Broad Institute, Harvard/MIT) pipeline. We used cell mor-
phology and type I collagen expression as primary measures of
fibroblast activation because myofibroblast activation is
characterized by acquisition of a spread morphology and by
increased synthesis and deposition of fibrillar collagen, which
together drive tissue stiffening in fibrotic disease.””*®%> Cell
shape index measures cell circularity, where a perfect line and
circle are assigned values of 0 and 1, respectively. This cell
characteristic is quantified using the formula:

CSI = ALPL;({

Nuclei were identified from a single channel DAPI image
using adaptive thresholding, then overlaid with cells identified
from a corresponding F-actin image to separate cells from
background. Cells identified with equal nuclear and cellular
area were assumed to be debris and removed before down-
stream analysis.

Inhibitor experiments

Human lung fibroblasts were cultured as described above with
or without the addition of M2 macrophages on 2.5 kPa visco-
elastic or 25 kPa elastic hydrogels. Hydrogels were seeded as
described above with 1.0 x 10* fibroblasts and 3.0 x 10° macro-
phages per hydrogel. Cells treated with the IL-6R antibody toci-
lizumab (abcam ab275982) were incubated with the antibody
on ice in 2 v/v% FBS in PBS for 45 min, then washed 3 times
with 2 v/v% FBS in PBS, before being resuspended in sup-
plemented DMEM or RPMI media used for typical culture
maintenance described above and seeded on hydrogels. Cells
treated with the stretch-activated cation channel inhibitor
GsMTx4 (R&D Systems 4912) were seeded and incubated over-
night before switching to inhibitor containing media (2 mM
GsMTx4) or fresh media for control wells. All groups were then
cultured for an additional 4 h or 24 h before fixing and sub-
sequent staining as described above.
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Quantification of IL-6 levels

After 48 h of culture, media samples were taken from wild
type, CDH11 KO, Piezo1 inhibited, and IL-6 inhibited groups
for both fibroblast only and M2 macrophage co-culture groups
on 2.5 kPa viscoelastic and 25 kPa elastic hydrogels. Media
samples were centrifuged to remove any cell debris before
supernatants were flash frozen in liquid nitrogen and stored at
—70 °C until IL-6 quantification using a human IL-6 ELISA Kit
(R&D Systems, D6050B). All samples and standards were run
in duplicate according to manufacturer’s instructions and fluo-
rescence intensity measured at 450 and 570 nm with a Tecan
M200 plate reader.

Statistical analysis

All statistical analyses were performed using GraphPad Prism.
Outlier removal was performed using ROUT (Q = 1%) before
downstream analysis. Two-way ANOVA with Tukey’s HSD post
hoc analysis was used for comparisons between experimental
groups. Individual cell measurements were first averaged
within each hydrogel to generate a single mean per hydrogel,
which was treated as the independent unit for all statistical
comparisons. For each condition, a minimum of 3 hydrogels
were analyzed, with at least 30 cells measured per hydrogel.
Averaging per hydrogel ensures that intra-hydrogel variability
does not artificially inflate the sample size or underestimate
error, and each hydrogel mean equally contributes to the ana-
lysis. Statistically significant differences are indicated by *, **,
*** and **** corresponding to p < 0.05, 0.01, 0.001, or 0.0001
respectively. Additional information regarding sample size or
statistical analyses can be found in figure captions.
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