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Fibrosis, characterized by aberrant tissue scarring from activated myofibroblasts, is often untreatable. Although
the extracellular matrix becomes increasingly stiff and fibrous during disease progression, how these physical cues
affect myofibroblast differentiation in 3D is poorly understood. Here, we describe a multicomponent hydrogel that
recapitulates the 3D fibrous structure of interstitial tissue regions where idiopathic pulmonary fibrosis (IPF) initiates. In
contrast to findings on 2D hydrogels, myofibroblast differentiation in 3D was inversely correlated with hydrogel
stiffness but positively correlated with matrix fibers. Using a multistep bioinformatics analysis of IPF patient
transcriptomes and in vitro pharmacologic screening, we identify matrix metalloproteinase activity to be essential
for 3D but not 2D myofibroblast differentiation. Given our observation that compliant degradable 3D matrices amply
support fibrogenesis, these studies demonstrate a departure from the established relationship between stiffness
and myofibroblast differentiation in 2D, and provide a new 3D model for studying fibrosis and identifying

antifibrotic therapeutics.

INTRODUCTION

Fibrosis is implicated in nearly 45% of all deaths in the developed
world and plays a role in numerous pathologies, including pul-
monary fibrosis, cardiac disease, atherosclerosis, and cancer (1). In
particular, interstitial lung diseases, such as idiopathic pulmonary
fibrosis (IPF), are fatal and incurable with a median survival of only
2 to 5 years (2). Often described as dysregulated or incessant wound
healing, fibrosis involves persistent cycles of tissue injury and depo-
sition of extracellular matrix (ECM) by myofibroblasts (MFs). These
critical cellular mediators of fibrogenesis are primarily derived from
tissue-resident fibroblasts (I). MFs drive eventual organ failure
through excessive fibrous ECM deposition, force generation and
tissue contraction, and eventual disruption of parenchymal tissue
function (I). As organ transplantation remains the only curative
option for late-stage disease, effective antifibrotic therapeutics that
slow MF expansion or even reverse fibrosed tissue remain a major
unmet clinical need. Undoubtedly, the limited efficacy of antifibrotic
drugs at present underscores limitations of existing models for
identifying therapeutics, the complexity of the disease, and an in-
complete understanding of MF biology.

A strong correlation between lung tissue stiffening and worse
patient outcomes suggests an important role for matrix mechano-
sensing in fibrotic disease progression (3). Preclinical models of
fibrosis in mice have supported the link between tissue stiffening
and disease progression. However, a precise understanding of how
physical cues from the microenvironment influence MF differen-
tiation in vivo is confounded by concurrent structural (e.g., collagen
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density and laminin/elastin degradation) and biochemical (e.g., matrix
composition and inflammatory) changes to the microenvironment
(4). Consequently, natural and synthetic in vitro tissue models have
provided great utility for the study of MF mechanobiology. Seminal
studies using natural type I collagen gels have elucidated the role
of profibrotic soluble cues [e.g., transforming growth factor-p1
(TGF-B1)] in promoting cell contractility, ECM compaction, and
MF differentiation, and more recently, precision-cut lung slices,
have emerged as a powerful tool to study the complexity of the
pulmonary microenvironment in IPF (4, 5). However, their utility
in identifying physical microenvironmental determinants of MF
differentiation suffers from an intrinsic coupling of multiple bio-
chemical and mechanical material properties (6). Rapid degradation
kinetics (1 to 3 days) and resulting issues with material stability
(1 to 2 weeks) further impede the use of natural materials for study-
ing fibrogenic events and drug responses, which occur over weeks
to months in in vivo models or years in patients (7, 8).

Synthetic hydrogels that are more resistant to cell-mediated
degradation have provided a better controlled setting for long-term
studies of disease-related processes (9). For example, synthetic
hydrogel-based cell culture substrates with tunable stiffness have
helped establish a paradigm for mechanosensing during MF dif-
ferentiation in two-dimensions (2D), where compliant matrices
maintain fibroblast quiescence in contrast to stiffer matrices that
promote MF differentiation (10, 11). Extensive findings in 2D
suggest a causal role for matrix mechanics (e.g., stiffness) during
MEF differentiation in vitro and potentially in human disease, but
these models lack the 3D nature of interstitial spaces where fibrosis
originates (12). The interstitium surrounding alveoli is structurally
composed of two key components: networks of fibrous ECM
proteins (namely, type I collagen fibers) and interpenetrating
ground substance, an amorphous hydrogel network rich in glycos-
aminoglycans such as heparan sulfate proteoglycan. Mechanical
cues from fibrotic ECM that promote MF differentiation may arise
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from changes to the collagen fiber architecture or the gel-like
ground substance; whether matrix stiffness is a prerequisite for MF
differentiation in 3D fibrous interstitial spaces remains unclear (13).
Furthermore, the limited efficacy of antifibrotic therapies identified
in preclinical and in vitro models of IPF motivates the development
of 3D tissue-engineered systems with improved structural and me-
chanical biomimicry, relevant pharmacokinetics, and the potential
to incorporate patient cells (9). Furthermore, recapitulating key
features of the fibrotic progression in an in vitro setting that better
approximates interstitial tissues could (i) improve our current un-
derstanding of MF mechanobiology and (ii) serve as a more suitable
test bed for potential antifibrotic therapeutics.

Accordingly, here, we describe a microengineered pulmonary
interstitial matrix that recapitulates mechanical and structural
features of fibrotic tissue as well as key biological events observed
during IPF progression. Design parameters of these engineered
microenvironments were informed by mechanical and structural
characterization of fibrotic lung tissue from a bleomycin mouse
model. We then investigated the influence of dimensionality, matrix
cross-linking/stiffness, and fiber density on TGF-pl-induced MF
differentiation in our pulmonary interstitial matrices. Increased
hydrogel cross-linking/stiffness substantially hindered MF differ-
entiation in 3D in contrast to findings in 2D, while fibrotic matrix
architecture (i.e., high fiber density) potently promoted fibroblast
proliferation and differentiation into MFs. Long-term (21 days)
culture of hydrogels with a fibrotic architecture engendered tissue
stiffening, collagen deposition, and secretion of profibrotic cyto-
kines, implicating fiber density as a potent fibrogenic cue in 3D
microenvironments. Pharmacologic screening in fibrotic pulmonary
interstitial matrices revealed matrix metalloproteinase (MMP) ac-
tivity and hydrogel remodeling as a key step during 3D fibrogenesis,
but not in traditional 2D settings. To explore the clinical relevance
of our findings, we leveraged a multistep bioinformatics analysis of
transcriptional profiles from 231 patients, highlighting increased MMP
gene expression and enriched signaling domains associated with matrix
degradation in patients with IPF. Together, these results highlight the
utility of studying fibrogenesis in a physiologically relevant 3D hydrogel
model, underscore the requirement of matrix remodeling in IPF, and
establish a new platform for screening antifibrotic therapies.

RESULTS

Evaluating the role of matrix mechanics and dimensionality
on MF differentiation

To inform key design criteria for our pulmonary interstitial matrices,
we began by characterizing mechanical properties of fibrotic inter-
stitial tissue in a bleomycin-induced lung injury model in mouse.
Naive C57BL/6 mice were intratracheally challenged with bleomycin
to induce lung injury and subsequent fibro-proliferative repair, with
saline-treated animals maintained as a control group. After 2 weeks,
animals were sacrificed and lung tissue was dissected out, sectioned
and stained, and then mechanically tested by atomic force micros-
copy (AFM) nanoindentation to map the stiffness of interstitial
tissue surrounding alveoli. While single-dose bleomycin adminis-
tration does not recapitulate human IPF, the fibro-proliferative
response is well characterized and leads to MF differentiation,
collagen deposition, and lung stiffening events that are reminiscent
of what occurs in human disease over longer time scales. As pre-
viously documented (14), bleomycin treatment corresponded to an
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increase in the thickness of interstitial tissue regions surrounding
alveoli, a structural change that occurred alongside matrix stiffening
(Fig. 1, A and B); bleomycin-treated lungs had elastic moduli nearly
fivefold greater than healthy control tissues. To generate synthetic
hydrogels with elastic moduli tunable over this range, we function-
alized a biocompatible and protein-resistant polysaccharide, dextran,
with pendant vinyl sulfone groups amenable to peptide conjugation
(termed DexVS; Fig. 1C). To permit cell-mediated proteolytic hydrogel
degradation and thus spreading of encapsulated cells, we cross-linked
DexVS with a bifunctional peptide (GCVPMS|MRGGCG, abbreviated
VPMS) primarily sensitive to MMP9 and MMP14, two MMPs im-
plicated in fibrosis-associated matrix remodeling (15, 16). Tuning
input VPMS cross-linker concentration yielded stable hydrogels span-
ning the full range of elastic moduli we measured by AFM nano-
indentation of lung tissue (Fig. 1D). Additional functionalization with
cell-adhesive moieties (CGRGDS, abbreviated RGD) facilitated ad-
hesion of primary normal human lung fibroblasts (NHLFs) (Fig. 1E).

To confirm the role of matrix mechanics on cell proliferation
and MF differentiation, we seeded patient-derived NHLFs on 2D
DexVS protease-sensitive hydrogel surfaces varying in VPMS cross-
linker density and resulting stiffness and stimulated cultures with
TGF-B1 to promote MF differentiation. In accordance with previ-
ous literature, we observed a stiffness-dependent stepwise increase
in cell proliferation (day 5) and MF differentiation (day 9) as mea-
sured by Ki67 and a-smooth muscle actin (a-SMA) immuno-
fluorescence, respectively (Fig. 1E) (11). As the influence of matrix
elasticity on MF differentiation in 3D synthetic matrices has not
previously been documented, we also encapsulated NHLFs in 3D
within identical DexVS hydrogels. The opposing trend with respect
to stiffness was noted for cells encapsulated in 3D; compliant (E =
560 Pa) hydrogels that limited a-SMA expression in 2D plated cells
instead exhibited the highest levels of MF differentiation in 3D
(Fig. 1F). Decreasing proliferation and cell-cell contact formation as
a function of increasing hydrogel stiffness were also noted in 3D
matrices and may be one reason why rigid hydrogels limit differen-
tiation in 3D. Similar findings have been reported for mesenchymal
stem cells encapsulated in hyaluronic acid matrices, where compli-
ant gels promoted stem cell proliferation and yes-associated protein
(YAP) activity in 3D, yet inhibited YAP activity and proliferation in
2D (17). These results suggest that while stiff, cross-linked 2D sur-
faces promote cell spreading, proliferation, and MF differentiation,
an equivalent relationship does not directly translate to 3D settings.
High cross-linking and stiffness (E = 6.1 kPa) in 3D matrices steri-
cally hinder cell spreading, proliferation, and the formation of cell-
cell contacts, all well-established promoters of MF differentiation (18).

Microengineered pulmonary interstitial matrices

to recapitulate fibrotic matrix transformation

Cell-degradable synthetic hydrogels with elastic moduli approxi-
mating that of fibrotic tissue proved nonpermissive to MF differen-
tiation in 3D. Although matrix cross-linking and densification of
ground substance has previously been implicated in fibrotic tissue
stiffening, remodeled collagenous architecture can also engender
changes in tissue mechanics and may modulate MF development in
IPF independently. To characterize the fibrous matrix architecture
within healthy and fibrotic lung interstitium, we used second-
harmonic generation (SHG) microscopy to visualize collagen micro-
structure in saline- and bleomycin-treated lungs, respectively. Per
previous literature, saline-treated lungs contained limited numbers
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Fig. 1. Matrix cross-linking and stiffness have opposing effects on myofibroblastic differentiation of fibroblasts plated on 2D versus in 3D hydrogels. (A) Histo-
logical preparations of healthy control and bleomycin-treated murine lung tissue (n = 3 mice per group) stained for collagen by picrosirius red (scale bar, 100 um).
(B) Young's modulus of mouse lung tissue as measured by AFM nanoindentation, with data fit to the Hertz contact model to determine Young’s modulus (n = 3 mice per
group, n =50 indentations per group on n =9 tissue sections). (C) Schematic of proteolytically sensitive, cell-adhesive DexVS-VPMS bulk hydrogels. (D) Young's modulus
determined by AFM nanoindentation of DexVS-VPMS hydrogels formed with different concentrations of VPMS cross-linker (n =4 samples per group, n =20 total inden-
tations per group). (E and F) Representative images of F-actin (cyan), nuclei (yellow), and a-SMA (magenta); image-based quantification of a-SMA expression (left axis,
magenta bars, day 9) and nuclear Ki67 (right axis, gray bars, day 5) in 2D and 3D (n =4 samples per group, n = 10 fields of view per group, n > 50 cells per field of view; scale
bars, 200 um). All data presented are means + SDs with superimposed data points; asterisk denotes significance with P < 0.05 determined by one-way analysis of variance

(ANOVA). AU, arbitrary units.

of micrometer-scale (~1-um-diameter) collagen fibers, primarily
localized to the interstitial spaces supporting the alveoli (Fig. 2A)
(19). In contrast, bleomycin-treated lungs had, on average, fourfold
higher overall SHG intensity, with collagen fibers localized to both
an expanded interstitial region and in disrupted alveolar networks.
While no difference in fiber diameter was noted with bleomycin
treatment, we did observe thick (~2- to 5-um) collagen bundles
containing numerous individual fibers in fibrotic lungs, potentially
arising from physical remodeling by resident fibroblasts (Fig. 2A
and fig. S1). Given that typical synthetic hydrogels amenable to cell
encapsulation (as in Fig. 1) lack fibrous architecture, we leveraged a
previously established methodology for generating fiber-reinforced
hydrogel composites (20). Electrospun Dex VS fibers approximating
the diameter of collagen fibers characterized by SHG imaging (fig. S1)
were co-encapsulated alongside NHLFs in DexVS-VPMS hydrogel
matrices, yielding a 3D interpenetrating network of DexVS fibers
ensconced within proteolytically cleavable DexVS hydrogel (Fig. 2B).
To recapitulate the adhesive nature of collagen and fibronectin
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fibers within interstitial tissues, we functionalized DexVS fibers
with RGD to support integrin engagement and 3D cell spreading.
While increasing the weight % of type I collagen matrices increases
collagen fiber density and simultaneously increases hydrogel stiff-
ness (fig. S2), our synthetic matrix platform enables changes to fiber
density (0.0 to 5.0%) without altering mechanical properties assessed
by AFM nanoindentation (Fig. 2C), likely due to the constant
weight percentage of DexVS and VPMS cross-linker within the
bulk hydrogel.

Beyond recapitulating the multiphase structural composition of
interstitial ECM, we also sought to mimic the adhesive ligand pre-
sentation and protein sequestration functions of native interstitial
tissue. More specifically, the gel-like ground substance within fibrotic
tissue intrinsically lacks integrin-binding moieties and is increasingly
rich in heparan sulfate proteoglycans, primarily serving as a local
reservoir for nascent ECM proteins, growth factors, and profibrotic
cytokines. In contrast, synthetic hydrogels are often intentionally
designed to have minimal interactions with secreted proteins and
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Fig. 2. Microengineered fibrous hydrogel composites to model the lung interstitium. (A) SHG imaging of collagen microstructure within healthy and bleomycin-
treated lungs on day 14, with quantification of average signal intensity (arrows indicate interstitial tissue regions adjacent to alveoli; n = 3 mice per group, n =10 fields of
view per group; scale bar, 100 um). (B) Schematic depicting polymer cross-linking and functionalization for generating fibrous DexVS hydrogel composites to model
changes in fiber density within lung interstitial tissue ECM. (C) Images and intensity quantification of fluorophore-labeled fibers within composites varying in fiber density
(n=4 samples per group, n= 10 fields of view per group; scale bar, 100 um). Young’s modulus determined by AFM nanoindentation of fibrous composites formed with
different concentrations of VPMS cross-linker (n =4 samples per group, n = 20 measurements per group). (D) Representative high-resolution images of NHLFs on day 1in
fibrous composites formed with bulk hydrogels (12.5 mM VPMS) functionalized with integrin ligand arginylglycylaspartic acid (RGD) or heparin-binding peptide (HBP)
[F-actin (cyan), nuclei (yellow), and DexVs fibers (magenta); scale bar, 50 um]. Quantification of fiber recruitment as measured by contact between cells and DexVS fibers
(n=10 fields of view per group, n > 25 cells analyzed). (E) Representative high-resolution images of NHLF on day 1 fibrous composites formed with bulk hydrogels func-
tionalized with integrin ligand RGD or HBP [F-actin (cyan), fibronectin (yellow), and DexVS fibers (magenta); scale bar, 5 um]. Quantification of fibronectin deposition into
tshe hydrogel matrix as measured by immunostain intensity (n = 10 fields of view per group, n > 25 cells analyzed). All data presented are means + SDs with superimposed
data points; asterisk denotes significance with P < 0.05 determined by one-way ANOVA or Student'’s t test, where appropriate; NS denotes nonsignificant comparison.

require uniform functionalization with a cell-adhesive ligand to
support cell attachment and mechanosensing. We hypothesized that
RGD-presenting fibers alone would support cell spreading (20),
enabling the use of a nonadhesive bulk DexVS hydrogel functional-
ized with heparin-binding peptide (HBP; CGFAKLAARLYRKAG)
(21). While both RGD- and HBP-functionalized bulk DexVS gels
supported cell spreading upon incorporation of RGD-presenting
fibers, HBP-functionalized hydrogels encouraged matrix remodel-
ing in the form of cell-mediated fiber recruitment (Fig. 2D) and en-
hanced the deposition of fibronectin fibrils into the adjacent matrix
(Fig. 2E). Given the multiphase structure of lung interstitium,
changes in collagen fiber density noted with fibrotic progression,
and the importance of physical and biochemical matrix remodeling
to fibrogenesis, we used HBP-tethered 560-Pa DexVS-VPMS bulk
hydrogels with tunable density of RGD-presenting fibers in all
subsequent studies.
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Probing fibroblast-ECM interactions in a 3D
tissue-engineered fibrous matrix

We next investigated whether changes in fiber density reflecting
fibrosis-associated alterations to matrix architecture could influence
MF differentiation in our 3D model. NHLFs were encapsulated in
compliant DexVS-VPMS hydrogels ranging in fiber density (E = 560 Pa,
0.0 to 5.0 volume % fibers). Examining cell morphology after 3 days
of culture, we noted increased cell spreading (Fig. 3, A and B) and
evident F-actin stress fibers (fig. S3) in fibrous conditions compared
to nonfibrous controls. Increased frequency of direct cell-cell inter-
actions was also observed as a function of fiber density, as evidenced
by higher area:perimeter ratios and the number of fibroblasts per
contiguous multicellular cluster (Fig. 3A and fig. $3). As evidenced
by changes in the ratio of nuclear to cytosolic YAP localization, we
detected changes in mechanosensing as a function of fiber density,
with the highest nuclear ratio measured in samples containing the
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Fig. 3. Increasing matrix fiber density in HBP-presenting 3D fibrous hydrogels primes fibroblasts for activation into MFs. (A) Immunofluorescence images of
NHLFs in hydrogel composites over a range of fiber densities after 3 days of culture [F-actin (cyan), fibronectin (FN, yellow), YAP (magenta), Ki67 (white), and nuclei
(blue); scale bars, 100 um (F-actin), 20 um (FN), 20 um (YAP), and 100 um (Ki67/nuclei)]. (B) Corresponding image-based quantification of cell area, deposited FN, YAP
nuclear to cytosolic ratio, and % of proliferating cells (n =4 samples per group; for cell spread area analysis, n > 50 cells per group; for FN, YAP, and Ki67 analyses,
n =10 fields of view per group and n > 25 cells per field of view). (C) Cytokine secretion into culture medium on day 3 (all data were normalized to background levels
in control medium, n =4 samples per condition). (D) Expression of MF-related genes in NHLFs stimulated with TGF-B1 on day 3, in either highly fibrous (FD 5.0%) or
nonfibrous (FD 0.0%) hydrogels (data presented are GAPDH-normalized fold changes relative to NHLFs within an FD 0% hydrogel lacking TGF-B1 supplementation).
All data presented are means + SDs with superimposed data points; asterisk denotes significance with P < 0.05 determined by one-way ANOVA or Student'’s t test

where appropriate.

highest fiber density examined. Given that nuclear YAP activity
(a transcriptional coactivator required for downstream mechano-
transduction) has been implicated as a promoter of MF differentiation
(22), we also assayed other markers associated with fibroblast acti-
vation. With increases in fiber density, we found significant increases
in cell proliferation and local fibronectin deposition (Fig. 3, A and B).
Luminex quantification of cytokine secretion at this time point re-
vealed elevated secretion of inflammatory and profibrotic cytokines
(Fig. 3C), suggesting that matrix fibers may modulate the soluble
milieu known to regulate the response to tissue damage and repair
in vivo (23-25). While no a-SMA expression or collagen deposition
was observed at this early time point, F-actin stress fibers, YAP ac-
tivity, and fibronectin expression have been previously established
as proto-MF markers in vivo (26), suggesting that physical inter-
actions with matrix fibers prime fibroblasts for activation into MFs.
Supplying the profibrotic soluble factor TGF-B1 prompted increases
in the expression of various profibrotic YAP-target genes (ACTA2,
COLI1A1, FN1, CD11, and CTGF) relative to nonfibrous (FD 0.0%)
controls at day 5 (Fig. 3D). Together, these data suggest that height-
ened fiber density promotes a fibrotic phenotype (Fig. 3, A to C)
and gene expression (Fig. 3D), despite the absence of a stiff sur-
rounding hydrogel.
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Fibrous pulmonary interstitial matrices recapitulate
pathologic events observed during fibrogenesis in vivo

To explore whether fibrotic matrix cues in the form of heightened
fiber density could promote 3D MF differentiation over longer-term
culture, NHLFs were encapsulated within hydrogels varying in fiber
density and maintained in medium supplemented with TGF-p1
beginning on day 1. Immunofluorescent imaging and cytokine
quantification were performed on days 3, 5, 7, and 9 to capture dy-
namic changes in cellular phenotype and secretion, respectively. No
0-SMA-positive stress fibers or changes in total cytokine secretion
were observed on day 3 or 5. On day 7, we noted the sparse appear-
ance of a-SMA-positive cells alongside increased total cytokine
secretion (Fig. 4D) in FD 5.0% conditions containing TGF-f1,
indicating the beginning of a potential phenotypic shift. Extensive
MF differentiation (designated by a-SMA-positive cells) and a
sixfold increase in total cytokine secretion occurred rapidly be-
tween days 7 and 9 (Fig. 4, B, D, and E) in the highest fiber density
(FD 5.0%) condition. Despite the high proliferation within high
fiber density hydrogels (Fig. 4C), o-SMA-positive cells were not
evident in samples lacking exogenous TGF-B1 supplementation.
Moreover, a-SMA-positive cells were also absent in TGF-B1 sup-
plemented conditions that lacked fibrous architecture, indicating a
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Fig. 4. Profibrotic soluble and physical cues promote MF differentiation in 3D and initiate a progression of fibrosis-associated changes over long-term culture.
(A) Representative immunofluorescence images of NHLFs in microenvironmental conditions leading to low (top row) or high (bottom row) MF differentiation after 9 days
in culture [a-SMA (magenta) and nuclei (cyan); n =4 samples per group, n =10 fields of view per group, and n > 50 cells per field of view; scale bar, 200 um], with corre-
sponding image-based quantification in (B) and (C). Insets depict representative fiber densities. (D) Measurement of total cytokine secretion over time as a function of
fiber density (n =4 samples per condition; * indicates significant differences between FD 5.0% and all other groups at a given time point; NS denotes nonsignificant
comparison). (E) Secretion of specific cytokines and chemoattractants as a function of fiber density on day 9 (n =4 samples per condition). (F) Representative images and
quantification of tissue contraction within day 14 fibroblast-laden hydrogels of varying fiber density (n =4 samples per group, dashed line indicates initial diameter
of 5 mm). Photo credit: Daniel Matera, University of Michigan. (G) AFM measurements of day 14 fibroblast-laden hydrogels of varying fiber density (n = 20 measurements
from n=4 samples per group). Dashed line indicates original hydrogel stiffness. (H) SHG images of fibrous collagen within fibroblast-laden hydrogels after 21 days of
culture in medium supplemented with ascorbic acid (scale bar, 100 um). (I) Measurement of total collagen content within digested DexVS hydrogels at day 21 as mea-
sured by biochemical assay (n =4 samples per group). All data presented are means + SDs with superimposed data points; asterisk denotes significance with P <0.05
determined by one-way ANOVA; NS denotes nonsignificant comparison.
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requirement for both soluble and physical fibrogenic cues in 3D.
Furthermore, inhibiting integrin engagement by incorporating fibers
lacking RGD also abrogated MF differentiation and proliferation
despite the presence of TGF-B1 (Fig. 4, A and B), suggesting that a
fibrotic matrix architecture drives a-SMA expression primarily
through integrin engagement and downstream mechanosensing
pathways. These results were replicated with primary human dermal
fibroblasts and mammary fibroblasts, where similar trends with
0-SMA expression as a function of fiber density were observed (fig. S4).
While high fiber density promoted proliferation in dermal fibroblasts,
mammary fibroblasts underwent MF differentiation in the absence
of higher proliferation rates, demonstrating intrinsic differences
between cell populations originating from different tissues. Never-
theless, these results suggest that fibrotic matrix architecture may be
promoting MF differentiation in other pathologies, namely, dermal
scarring in systemic sclerosis and desmoplasia in breast cancer.
While proliferation and a-SMA expression are accepted markers
of activated fibroblasts, fibrotic lesions contribute to patient mortality
through airway inflammation, collagen secretion, tissue contraction,
and lung stiffening—pathogenic events that hinder the physical
process of respiration (27). Luminex screening of 41 cytokines and
chemokines within hydrogel supernatant revealed elevated total
cytokine secretion as a function of fiber density over time (Fig. 4D),
many of which were soluble mediators known to regulate airway
inflammation (Fig. 4E) (23). Numerous other cytokines were addi-
tionally secreted at day 9 but did not change as a function of fiber
density despite differences in cell number at this time point (fig. S5),
suggesting that cell number alone cannot account for the increased
cytokine secretion in high fiber density conditions. By generating
free-floating hydrogels that allow contraction over time, we also
examined macroscale changes in tissue geometry. Consistent with
the influence of fiber density on a-SMA expression, hydrogels con-
taining high fiber densities underwent greater hydrogel contraction
compared to nonfibrous or low fiber density conditions (Fig. 4F).
Day 14 fibrotic hydrogels (FD 5.0%) were also fourfold stiffer
(2.0 versus 0.5 kPa) as measured by AFM nanoindentation (Fig. 4G)
compared to conditions that yielded low rates of MF differentiation
in shorter-term studies (i.e., FD 0.0 or FD 0.5% in Fig. 4, A and B).
When medium was supplemented with ascorbic acid to permit pro-
collagen hydroxylation, collagen deposition into the surrounding
matrix was evident by SHG microscopy by day 21 in high fiber density
hydrogels (Fig. 4H) as compared to nonfibrous controls. Further
biochemical analysis of hydrogel collagen content confirmed a step-
wise increase in collagen production as a function of fiber density
(Fig. 41). Together, these findings demonstrate a clear influence of
fiber density on MF differentiation and phenotype in 3D and fur-
thermore suggest that this in vitro model recapitulates key patho-
genic events associated with the progression of fibrosis in vivo.

Therapeutic screening in fibrotic matrices alongside
transcriptional profiling of patients with IPF highlights

the requirement for matrix remodeling during MF
differentiation and in clinical fibrosis

Having established microenvironmental cues that promote robust
3D MF differentiation, we next evaluated the potential of our fibrous
hydrogel model for use as an antifibrotic drug screening platform.
Nintedanib, a broad-spectrum receptor tyrosine kinase inhibitor, and
pirfenidone, an inhibitor of the mitogen-activated protein kinase
(MAPK)/nuclear factor kB (NF-xB) pathway, were selected due to
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their recent Food and Drug Administration approval for use in
patients with IPF (28). We also included dimethyl fumarate, an in-
hibitor of the YAP/TAZ pathway clinically approved for treatment
of systemic sclerosis, and marimastat, a broad-spectrum MMP
inhibitor that has shown efficacy in murine preclinical models of
fibrosis (29, 30). We generated fibrotic matrices (560-Pa DexVS-
VPMS-HBP bulk hydrogels containing 5.0 volume % DexVS-RGD
fibers) that elicited the highest levels of MF differentiation, matrix
contraction, and collagen secretion in our previous studies (Fig. 4).
As a comparison to the current standard for high-throughput com-
pound screening, we also seeded identical numbers of NHLFs on
2D tissue culture plastic in parallel. Cultures were stimulated with
TGF-B1 on day 1, and pharmacologic treatments were added on
day 3, following extensive fibroblast spreading, cell-cell junction
formation, and proliferation (Fig. 3A).

As in our earlier studies, TGF-B1 supplementation promoted
proliferation and o-SMA expression within 3D constructs as well as
on rigid tissue culture plastic (Fig. 5A). Nintedanib and pirfenidone
had differential effects on NHLFs depending on culture format;
NHLFs on 2D tissue culture plastic were resistant to pirfenidone/
nintedanib treatment with no difference in proliferation or a-SMA
expression relative to vehicle controls, whereas modest but signifi-
cant decreases in a-SMA expression (pirfenidone and nintedanib)
and proliferation (nintedanib) were detected in 3D (Fig. 5, A to E).
Combined treatment with pirfenidone and nintedanib provided
an antifibrotic effect only in fibrotic matrices, supporting ongoing
clinical studies exploring their use as a combinatorial therapy
(ClinicalTrials.gov identifier NCT03939520). Dimethyl fumarate
abrogated cell proliferation and a-SMA expression across all condi-
tions, suggesting that inhibition of downstream mechanosensing
inhibits MF differentiation in both 2D and 3D contexts in support
of the general requirement for mechanosensing during MF differ-
entiation independent of culture substrate (11). Inhibition of YAP
activity in vivo has been shown to mitigate fibrosis and may be an
advantageous therapeutic target (22). Blockade of MMP activity via
marimastat treatment proved ineffectual in reducing 0-SMA expres-
sion or proliferation on 2D tissue culture plastic, but surprisingly
fully abrogated the proliferation and differentiation response in 3D
fibrotic matrices (Fig. 5, A to E). Given the role of protease activity
in tissue remodeling in vivo (30) and in cellular outgrowth within
3D hydrogels (17, 31), our data suggest that degradative matrix
remodeling is a requirement for MF differentiation in 3D, but not
in more simplified 2D settings. To summarize, multiple antifibrotic
agents (pirfenidone, nintedanib, dimethyl fumarate, and marimastat)
demonstrating efficacy in clinical literature elicited an antifibrotic
effect in our engineered fibrotic pulmonary interstitial matrices, but
not in the 2D tissue culture plastic contexts traditionally used for
compound screening.

As the protease inhibitor marimastat fully ablated TGF-B1-induced
0-SMA expression and proliferation in our 3D fibrotic matrices, we
leveraged bioinformatics methodologies to investigate the role of
matrix proteases in patients with IPF on a network (Reactome) and
protein (STRING) basis. Differential expression analysis of micro-
array data within the National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus (GEO) (dataset #GSE47460) was
used to generate an uncurated/unbiased dataset composed of the
top 1000 differentially regulated genes in IPF, revealing MMP]I as
the most up-regulated gene in patients with IPF, with other matrix
proteases (MMP1, MMP3, MMP7, MMP9, MMP10, MMP11, and
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Fig. 5. Pharmacologic treatment of NHLFs plated on tissue culture plastic in 2D compared to encapsulated within 3D fibrous hydrogels reveals differential drug
responses. (A) Representative confocal images stained for a-SMA (magenta), F-actin (cyan), and nuclei (yellow) of NHLFs after 9 days of culture on tissue culture plastic
(TCP) (top row) or 3D fibrotic matrices (bottom row) with pharmacologic treatment indicated from days 3 to 9 (scale bar, 100 um). Imaged regions were selected to max-
imize the number of a-SMA™ cells per field of view within each sample. (B) Quantification of a-SMA and (C) total cell count within 2D NHLF cultures. (D) Quantification of

0-SMA and (E) total cell count within 3D fibrotic matrices (n =4 samples per group,

n=10 fields of view per group, and n > 50 cells per field of view). All data presented

are means * SDs with superimposed data points; asterisk denotes significance with P < 0.05 determined by one-way ANOVA; NS denotes nonsignificant comparison.

MMP12) and matrix remodeling proteins (COL1A2, LOX, ACAN,
DCN, and HS6ST2) similarly up-regulated (Fig. 6B, table S1, and
data file S1). To focus on genes associated with MF differentiation
for subsequent analyses, we performed Gene Ontology (GO) term
enrichment (via GEO2R) to compile a curated dataset containing
188 key genes associated with MF differentiation (data file S1)
and used Reactome and STRING analyses to investigate network
signaling within both the uncurated and curated datasets. Analyses
revealed 103 (uncurated) and 89 (curated) enriched signaling path-
ways in IPF (data file S1). The top 3/5 (uncurated) and 5/5 (curated)
significantly enriched pathways in IPF involved matrix degradation
and remodeling (Fig. 6C). Subsequent STRING protein-protein
interaction analysis of datasets revealed that top signaling nodes
were MMPs (uncurated: MMP1 and MMP3; Fig. 6D), fibrous col-
lagens (uncurated: COLIA2 and COL3A1), or cytokines (curated:
IL6, VEGFA, IL1B, and IGF1I; Fig. 6D) known to increase MMP
expression in fibroblasts (32-35). These results emphasize the
interdependence between MMP activity and systems-level patho-
genic signaling in IPF and, in combination with our 3D drug
screening results, highlight fibroblast-specific protease activity as
a potential therapeutic target. Furthermore, given that protease
inhibition had no effect on MF differentiation in 2D culture, these
data also support the growing sentiment that simplified 2D screen-
ing models may be masking the identification of potentially viable
antifibrotics.
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DISCUSSION

Despite fibrosis widely contributing to mortality worldwide, in-
adequate understanding of fibrotic disease pathogenesis has limited
the development of efficacious therapies (12). Preclinical studies
in vivo, while indispensable, often fail to translate to clinical settings
as evidenced by the failure of ~90% of drugs identified in animal
studies (36). In addition, limitations in current technologies (e.g.,
the embryonic lethality of many genetic ECM knockouts and the
limited resolution/imaging depth of intravital microscopy) have
hindered the application of preclinical in vivo models for the study
of cell-ECM interactions that underlie fibrogenesis (37). In contrast,
existing in vitro models use patient-derived cells that are affordable,
scalable, and amenable to microscopy, but often fail to recapitulate
the complex 3D matrix structure of the interstitial tissue regions
where fibrotic diseases such as IPF originate. We leveraged electro-
spinning and bio-orthogonal chemistries to engineer novel pulmo-
nary interstitial matrices that are 3D and have fibrous architecture
with biomimetic ligand presentation. In the presence of profi-
brotic soluble factors, these settings reproduce hallmarks of fibro-
sis at cellular and tissue levels (Figs. 2 to 4). Examining the influence
of physical microenvironmental cues (cross-linking/stiffness and
fiber density) on MF differentiation, we find that cross-linking/
stiffness has opposing effects on MF differentiation in 2D versus 3D
(Fig. 1) and that incorporation of a fibrous architecture in 3D is a
prerequisite to MF differentiation (Fig. 4). Furthermore, supported
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Fig. 6. Bioinformatics analysis of IPF patient transcriptomes reveals matrix remodeling as a key signaling node in human disease. (A) Schematic representation
of bioinformatics workflow: Whole-genome transcriptomes from 91 healthy and 140 patients with lung fibrosis were fetched from the NCBI GEO. Differential expression
analysis was used to assemble an uncurated list of the top 1000 differentially expressed genes. GO enrichment of choice biological pathways was used to assemble a
curated list of genes associated with MF differentiation. Datasets were fed through a previous knowledge-based analysis pipeline to identify enriched signaling pathways
(Reactome) and key protein signaling nodes (STRING) within patients with IPF. (B) Heatmaps of the top 20 differentially expressed genes within specified GO categories,
which were manually selected for curated analysis. Cy values indicate a high degree of interaction between proteins selected for curated analysis. Colors are based on
differential expression values that were not log-normalized. (C) Summary of the top 5 significantly enriched pathways in the curated and uncurated gene set. (D) Repre-
sentative STRING diagram depicting protein interactions within the curated dataset, with summary of the top 5 signaling nodes in the uncurated and curated gene set.
Blue nodes and edges represent interactions within the top 5 signaling nodes for the curated dataset.

by the importance of protease signaling in IPF (Fig. 6), we per-
formed proof-of-concept pharmacologic screening within our 3D
fibrotic matrices (Fig. 5) and highlighted enhanced biomimicry as
compared to traditional 2D drug screening substrates where matrix
remodeling appears to be dispensable for MF differentiation.
While tunable synthetic hydrogels have identified mechanosens-
ing pathways critical to MF differentiation in 2D, these observations
have yet to be translated to 3D fibrous settings relevant to the inter-
stitial spaces where fibrosis originates. Given that late-stage IPF
progresses in the absence of external tissue damage, current dogma
implicates fibrotic matrix stiffness as the continual driver of MF
differentiation in vivo (10, 11, 38). While we cannot disregard this
hypothesis, our work elucidates a contrasting MMP-dependent
mechanism at play in 3D, whereby a compliant, degradable, and fi-
brous matrix architecture supports MF differentiation, with matrix
contraction and stiffening occurring downstream of a-SMA ex-
pression, nearly a week later. Given numerous 2D studies indicating
matrix stiffness as a driver of MF differentiation, the finding that a
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compliant matrix promotes MF differentiation may appear counter-
intuitive (10, 11). However, MF accumulation has been documented
before tissue stiffening in human disease (3), and a recent phase 2
clinical trial (ClinicalTrials.gov Identifier: NCT01769196) targeting
the LOX pathway (the family of enzymes responsible for matrix
stiffening in vivo) failed to prevent disease progression in patients
with IPF and was terminated due to lack of efficacy (39). Further-
more, compelling recent work by Fiore et al. (3) combined immuno-
histochemistry with high-resolution AFM to characterize human
IPF tissue mechanics and found that regions of active fibrogenesis
were highly fibrous but had a similar Young’s modulus as healthy
tissue. In concert with our in vitro data, these findings suggest that
ME differentiation is possible within soft provisional ECM in vivo
and that the initiation of fibrogenesis may not be dependent on
heightened tissue stiffness so long as matrix fibers and appropriate
soluble cues (e.g., TGF-P1) are present.

Consequently, understanding the source of profibrotic soluble
cues in vivo is of critical importance when identifying therapeutic
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targets for IPF. Luminex screening of supernatant from 3D fibrotic
matrices revealed sixfold increases in cytokine secretion during
fibrogenesis, most of which were potent inflammatory factors [e.g.,
granulocyte-macrophage colony-stimulating factor (GM-CSF),
interleukin-6 (IL-6), IL-8, and vascular endothelial growth factor
A (VEGF-A)] and chemoattractants (e.g., CCL2, CCL7, CCL11, and
CXCL1) (Fig. 4E). Furthermore, IL-6 and VEGF-A were found to
be major signaling nodes in patients with IPF (Fig. 6D). While not
typically regarded as an immunomodulatory cell population, these
findings suggest that MFs may maintain localized inflammation to
support continual fibrogenesis. Mitogens such as IL-6 and IL-8
promote endothelial- and epithelial-to-mesenchymal transition, a
process that gives rise to matrix-producing MF-like cells in IPF
(40). CCR2 (CCL2 and CCL7) and CXCR1 (CXCLI and IL-8) liga-
tion facilitates macrophage chemotaxis, potentially leading to a sus-
tained influx of TGF-B1-producing cells in IPF, and glycoproteins
such as GM-CSF inhibit caspase activity in mononuclear cells, po-
tentially preventing apoptotic events required for the resolution of
wound repair and return to homeostasis (23, 41). In addition, secre-
tion of nearly all cytokines was increased as a function of fiber
density, highlighting a potential feed-forward loop distinct from
canonical TGF-B1 signaling. Further model development (e.g.,
coculture platforms) will be required to examine these hypotheses
and the role of MF-derived cytokines in persistent inflammation
and fibrosis.

In addition to documenting the role of fibrotic matrix archi-
tecture in 3D fibrogenesis, we demonstrate proof-of-concept phar-
macologic screening within our synthetic pulmonary interstitial
matrices and highlight their improved relevance to human disease.
Previous work in vitro has documented profound reductions in MF
differentiation after treatment with clinically approved antifibrotics
(pirfenidone and nintedanib), whereas in the clinic, pirfenidone and
nintedanib impede disease progression but are far from curative
(4, 28, 42, 43). Pirfenidone or nintedanib had insignificant effects in
2D settings in our hands and only modest effects in 3D (Fig. 5). One
reason for this discrepancy may be the use of supraphysiologic
pirfenidone and nintedanib concentrations in previous in vitro
studies, whereas we selected dosages based on plasma concentra-
tions in patients with IPF (44). Differences in pharmacokinetics,
nutrient/growth factor diffusion, and cell metabolism between 2D
and 3D tissue constructs likely also play a role. Furthermore, as
evidenced by the preventative effect of the protease inhibitor mari-
mastat in 3D hydrogels but not 2D settings (Fig. 5), pharmacologics
that influence matrix degradation and remodeling are likely to have
a minimized effect in 2D settings due to the less dynamic nature
of tissue culture plastic and flat hydrogels (45). Nintedanib and
pirfenidone have been shown to influence protease activity and
matrix remodeling in vivo (16), and may be mediating their effects
within fibrotic matrices through modulation of ECM remodeling.
Given the identification of numerous potential antifibrotic agents
(microRNA, TGF-B1 inhibitors, IL-4, IL-13 neutralizing anti-
bodies, and integrin blockers) in preclinical models, application
of the system described here could elucidate how choice pharma-
cologics affect MF differentiation and matrix remodeling processes
that are difficult to recapitulate in 2D culture. Further development
of our interstitial matrices as an arrayed platform, as has been ele-
gantly implemented with collagen matrices (42), is a critical next
step to moving this technology toward high-throughput screening
applications.
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It is important to note that this work has several potential limita-
tions. Our material approach allows facile control of initial micro-
environmental conditions (e.g., dimensionality, fiber density, ligand
density, and elastic modulus), and of note, composites of RGD-
bearing nondegradable fibers and degradable bulk hydrogel decouple
degradation-induced changes in matrix mechanics and ligand avail-
ability. However, we have no experimental control over subsequent
dynamic cell-driven remodeling events (e.g., MMP-mediated hy-
drogel softening, fibronectin and collagen deposition, and hydrogel
contraction/stiffening from resident cells) that likely affect local
matrix mechanics, cellular mechanosensing, and MF differentiation.
Exciting recent technologies such as 3D traction force microscopy
(TEM) and magnetic bead microrheology could enable future ex-
amination of how these dynamic changes in cell-scale mechanics
potentiate MF differentiation in 3D. Along similar lines, although
our study suggests a requirement for initial adhesion to the surround-
ing matrix, how the dynamics of ligand presentation due to matrix
remodeling regulates mechanosensing was not explored here. We
present this platform as a reductionist approach to modeling the
activation of fibroblasts within the 3D fibrous interstitia associated
with fibrosis, a pathology that develops over years in vivo and in-
volves multiple cell types. Human pulmonary tissue and fibrotic foci,
in particular, also have viscoelastic and nonlinear mechanical behaviors
(3, 46) that were not explored in our AFM measurements of murine
lung or hydrogel composites. Given the important role such mechanical
features can play in ECM mechanosensing, incorporating new syn-
thetic material strategies in combination with cell-scale mechanical
measurements will be essential to modeling physiologic complexity.
Given that the development of lung organoids is still in its infancy,
decellularized precision-cut lung slices currently represent the
best culture platform to capture the full complexity of the lung
microenvironment (5).

In summary, we designed a tunable 3D and fibrous hydrogel
model that recapitulates dynamic physical (e.g., stiffening and
contraction) and biochemical (e.g., secretion of fibronectin, collagen,
and cytokines) alterations to the microenvironment observed during
the progression of IPF. Implementation of our model allowed us
to establish a developing mechanism for MF differentiation in 3D
compliant environments, whereby cell spreading upon matrix fibers
drives YAP activity, cytokine release, and proteolysis-dependent MF
differentiation. Furthermore, we leveraged bioinformatics techniques
to explore protease signaling in clinical IPF and, in concert with our
therapeutic screening data, establish a strong role for proteases
during IPF pathogenesis and in 3D MF differentiation. Whether
protease activity promoted MF differentiation directly through
modulation of intracellular signaling or indirectly through affects
on the local matrix environment has yet to be explored in these
settings but will be the focus of future efforts. Consequently, these
results highlight critical design parameters (3D degradability and
matrix architecture) frequently overlooked in established synthetic
models of MF differentiation. Future work incorporating macro-
phages, endothelial cells, and epithelial cells may expand current
understanding of how developing MF populations influence other-
wise homeostatic cells and how matrix remodeling influences para-
crine signaling networks and corresponding drug response. Given
the low translation rate of drugs identified in high-throughput
screening assays, we show that the application and development of
engineered biomimetics, in combination with preclinical models,
can improve drug discovery and pathophysiological understanding.
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MATERIALS AND METHODS

Reagents

All reagents were purchased from Sigma-Aldrich and used as re-
ceived, unless otherwise stated.

Synthesis and characterization of modified dextran

Dextran vinyl sulfone

A previously described protocol for vinyl sulfonating polysaccharides
was adapted for use with linear high-molecular weight (MW) dextran
(MW 86,000 Da; MP Biomedicals, Santa Ana, CA) (20). Briefly, pure
divinyl sulfone (12.5 ml; Thermo Fisher Scientific, Hampton, NH)
was added to a sodium hydroxide solution (0.1 M, 250 ml) containing
dextran (5 g). This reaction was carried out at 1500 rpm for 3.5 min,
after which the reaction was terminated by adjusting the pH to 5.0
via the addition of hydrochloric acid. A lower functionalization of
DexV'S was used for hydrogels, where the volume of divinyl sulfone
reagent was reduced to 3.875 ml. All reaction products were dialyzed
for 5 days against Milli-Q ultrapure water, with two water exchanges
daily, and then lyophilized for 3 days to obtain the pure product.
Functionalization of DexVS was characterized by 'H nuclear mag-
netic resonance (NMR) spectroscopy in D,0 and was calculated as
the ratio of the proton integral [6.91 parts per million (ppm)] and
the anomeric proton of the glucopyranosyl ring (5.166 and 4.923 ppm);
here, vinyl sulfone/dextran repeat unit ratios of 0.376 and 0.156 were
determined for electrospinning and hydrogel DexVS polymers,
respectively.

Fiber segment fabrication

DexVS was dissolved at 0.6 g mI ™" in a 1:1 mixture of Milli-Q ultrapure
water and dimethylformamide with 0.015% Irgacure 2959 photo-
initiator. Methacrylated rhodamine (0.5 mM; Polysciences Inc.,
Warrington, PA) was incorporated into the electrospinning solution
to fluorescently visualize fibers under 555 laser. This polymer solu-
tion was used for electrospinning within an environment-controlled
glovebox held at 21°C and 30% relative humidity. Electrospinning
was performed at a flow rate of 0.3 ml hour™, gap distance of 5 cm,
and voltage of —10.0 kV onto a grounded collecting surface attached
to a linear actuator. Fiber layers were collected on glass slabs and
primary cross-linked under ultraviolet light (100 mW cm2) and then
secondary cross-linked (100 mW cm™) in an Irgacure 2959 solution
(1 mg ml™"). After polymerization, fiber segments were resuspended
in a known volume of phosphate-buffered saline (PBS) (typically 3 ml).
The total volume of fibers was then calculated via a conservation of
volume equation: total resulting solution volume = volume of fibers +
volume of PBS (3 ml). After calculating total fiber volume, solutions
were re-centrifuged, supernatant was removed, and fiber pellets were
resuspended to create a 10 volume % fiber solution, which were then
aliquoted and stored at 4°C. To support cell adhesion, 2.0 mM RGD
was coupled to vinyl sulfone groups along the DexVS backbone via
Michael-type addition chemistry for 30 min, followed by quenching
of excess VS groups in a 300 mM cysteine solution for 30 min.

Hydrogel formation

DexVS gels were formed via a thiol-ene click reaction at 3.3% (w/v)
(pH 7.4, 37°C, 45 min) with VPMS cross-linker (12.5, 20, and 27.5 mM)
(GCRDVPMSMRGGDRCG, GenScript, George Town, KY) in the
presence of varying amounts of arginylglycylaspartic acid (RGD,
CGRGDS, 2.0 mM; GenScript, George Town, KY), HBP (GCGA-
FAKLAARLYRKA, 1.0 mM; GenScript, George Town, KY), and
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fiber segments (0.0 to 5.0%, v/v). For experiments comparing hydro-
gels of varying ligand type (1 mM HBP versus 2 mM RGD), cysteine
was added to precursor solutions to maintain a final vinyl sulfone
concentration of 60 mM. All hydrogel and peptide precursor solu-
tions were made in PBS containing 50 mM Hepes. To create fibrous
hydrogels, a defined stock solution (10% v/v) of suspended fibers in
PBS/Hepes was mixed into hydrogel precursor solutions before
gelation. By controlling the dilution of the fiber suspension, fiber
density was readily tuned within the hydrogel at a constant hydro-
gel weight percentage. For gel contraction experiments, DexVS was
polymerized within a 5-mm-diameter polydimethylsiloxane (PDMS)
gasket to ensure consistent hydrogel area on day 0.

Cell culture and biological reagents

NHLFs (University of Michigan Central Biorepository), normal
human dermal fibroblasts (Lonza, Basel, Switzerland), and normal
human mammary fibroblasts (Sciencal, Carlsbad, CA) were cultured
in Dulbecco’s modified Eagle’s medium containing 1% penicillin/
streptomycin, L-glutamine, and 10% fetal bovine serum (Atlanta
Biologicals, Flowery Branch, GA). NHLFs derived from three sepa-
rate donors were used for experiments. Cells were passaged upon
achieving 90% confluency at a 1:4 ratio and used for studies until
passage 7. For all hydrogel studies, cells were trypsinized, counted
and either encapsulated into or seeded onto 25-ul hydrogels at a
density of 1,000,000 cells ml™" of hydrogel, and subsequently cul-
tured at 37°C and 5% CO; in serum-containing medium. For studies
comparing 3D hydrogels to tissue culture plastic, the number of cells
seeded into 2D conditions was analogous to the total cell number
within hydrogel matrices. Medium was refreshed the day after en-
capsulation and every 2 days after. In selected experiments, recom-
binant human TGF-B1 (5 ng/ml; PeproTech, Rocky Hill, NJ) was
supplemented into the medium at 5 ng ml™". For pharmacological
studies, nintedanib (50 nM; Thermo Fisher Scientific, Hampton, NH),
pirfenidone (100 uM; Thermo Fisher Scientific, Hampton, NH),
marimastat (1.0 uM), and dimethyl fumarate (100 nM) were sup-
plemented in serum-containing medium and refreshed every 2 days.

Fluorescent staining, microscopy, and analysis

Cultures were fixed with 4% paraformaldehyde for 30 min at room
temperature. To stain the actin cytoskeleton and nuclei, samples were
permeabilized in PBS solution containing Triton X-100 (5%, v/v),
sucrose (10%, w/v), and magnesium chloride (0.6%, w/v); blocked
in 1% bovine serum albumin (BSA); and stained simultaneously with
phalloidin and 4’,6-diamidino-2-phenylindole (DAPI). For immuno-
staining, samples were permeabilized, blocked for 8 hours in 1% (w/v)
BSA, and incubated with mouse monoclonal anti-YAP antibody
(1:1000; Santa Cruz Biotechnology, SC-101199), mouse monoclonal
anti-fibronectin antibody (FN, 1:2000; Sigma-Aldrich, #F6140),
rabbit monoclonal anti-Ki67 (1:500; Sigma-Aldrich #PIMA514520),
or mouse monoclonal anti-a-SMA (1:2000; Sigma-Aldrich, #A2547)
followed by secondary antibody for 6 hours each at room tempera-
ture with 3x PBS washes in between. High-resolution images of YAP,
FN, and actin morphology were acquired with a 40x objective. Unless
otherwise specified, images are presented as maximum intensity
projections of 100-um Z-stacks. Hydrogel samples were imaged on
a Zeiss LSM 800 laser scanning confocal microscope. SHG imaging
of lung tissue was conducted on a Leica SPX8 laser scanning confocal
microscope with an excitation wavelength of 820 nm and a collec-
tion window of 400 to 440 nm. Single-cell morphometric analyses
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(cell spread area) were performed using custom Matlab scripts with
sample sizes >50 cells per group, while YAP, 0-SMA, Ki67, and FN
immunostains were quantified on an image basis with a total of
10 frames of view. MFs were denoted as nucleated, F-actin®, 0-SMA*
cells. For cell density (number of nuclei) calculations, DAPI-stained
cell nuclei were thresholded and counted in six separate 600 pm X
600 um x 200 um image volumes, allowing us to calculate a total
number of cells per mm® of gel. Fiber recruitment analysis was con-
ducted via a custom Matlab script; briefly, cell outlines were created
via actin masking and total fiber fluorescence was quantified under
each actin mask on a per-cell basis. A similar analysis method using
Matlab was used for cell-cell junction analysis as published previ-
ously, with higher area:perimeter ratios and clusters/cell indicative
as more pronounced network formation (47).

Reverse transcription quantitative polymerase

chain reaction

For all experiments, additional hydrogel replicates were finely minced
and degraded in dextranase solution (4 IU/ml; Sigma-Aldrich)
for 20 min and homogenized in buffer RLT (Qiagen, Venlo, The
Netherlands), and RNA was isolated according to the manufacturer’s
protocols. Complementary DNA (cDNA) was generated from deoxy-
ribonuclease (DNase)-free RNA and amplified, and gene expression
was normalized to the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Experiments were run with technical trip-
licates across three individual biological experiments. For a complete
list of primers, see table S2.

Mechanical testing

To determine the elastic modulus of lung tissue and DexVS hydro-
gels, indentation tests were used with a Nanosurf FlexBio AFM
(Nanosurf, Liestal, Switzerland). Samples were indented via a 5-um
bead at a depth of 10 um and an indentation rate of 0.333 pum/s.
Resulting force-displacement curves were fit to a spherical Hertz
model using Atomic]J. Poisson’s ratios of 0.5 and 0.4 were used for
hydrogels and lung tissue, respectively.

Animal studies

All animal studies were approved by the Animal Care and Use
Committee at the University of Michigan. Bleomycin (0.025 U;
Sigma-Aldrich) was instilled intratracheally in C57BL6 mice (8 weeks
of age; The Jackson Laboratory, Bar Harbor, ME, USA) on day 0.
Briefly, mice were anesthetized with sodium pentobarbital, the tra-
chea was exposed and entered with a 30-gauge needle under direct
visualization, and a single 30-ul injection containing 0.025 U of
bleomycin (Sigma-Aldrich) diluted in normal saline was injected.
Lungs were collected on day 14 for mechanical and histological
analysis. For histology samples, lungs were perfused with saline and
inflated with 4% paraformaldehyde, sectioned, and stained with
picrosirius red. For mechanical characterization via AFM, lungs
were perfused with saline, infused with OCT (optimal cutting tem-
perature) compound (Thermo Fisher Scientific), and flash-frozen
in a slurry of dry ice and ethanol. Sections were mechanically tested
via AFM nanoindentation immediately upon thawing.

Cytokine and collagen measurements

To characterize the inflammatory secretome associated with various
DexVS-VPMS environments, medium was collected from NHLF
cultures 3, 5, 7, and 9 days after encapsulation. A Luminex FlexMAP
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3D (Luminex Corporation, Austin, TX) systems technology was
used to measure 41 cytokines/chemokines (HCTYMAG-60 K-PX41,
Milliplex, EMD Millipore Corporation) in the medium samples
according to the manufacturer’s instructions. Total secretion was
reported as the sum of all 41 analytes measured for each respective
condition. Cell-secreted collagen was measured using the established
colorimetric Sircol assay in hydrogels cultured with serum-free
medium in the presence of ascorbic acid (25 ug ml™).

Bioinformatics

The NCBI GEO database was consulted [dataset GSE47460 (GP14550)]
to fetch gene expression data from 91 healthy patients and 140 pa-
tients with IPF; patients with chronic obstructive pulmonary disease
and nonidiopathic fibrotic lung diseases were excluded from the
analysis (48). GEO2R (www.ncbi.nlm.nih.gov/geo/geo2r/) software
was used for GO term enrichment, with keywords ECM, MMP,
integrin, cytoskeleton, cytokine, chemokine, and MAPK used as
search terms for dataset curation (48). Noncurated datasets were
composed of the top 1000 differentially expressed genes between
healthy and interstitial lung disease (ILD) conditions. Differential
expression was calculated on the basis of subtracting normalized ex-
pression values between diseased and healthy patients. All genes
were normalized before analysis with GEO2R via a pairwise cyclic
losses approach. For pathway and protein-protein enrichment analyses,
a curated pathway database [Reactome (49)] and Search Tool for
Retrieval of Interacting Genes/Proteins [STRING (50)] methodology
were consulted, respectively. For STRING analyses, up-regulated
genes within the druggable genome were focused upon. A tabulated
list of top genes, pathways, and nodes can be seen in data file S1.

Statistical analysis

Statistical significance was determined by one-way analysis of
variance (ANOVA) or Student’s ¢ test where appropriate, with
significance indicated by P < 0.05. All data are presented as
means * SD.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/37/eabb5069/DC1

View/request a protocol for this paper from Bio-protocol.
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