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Abstract
Cutaneous fibrosis is a common complication seen in mixed connective tissue diseases. It often occurs as a result of TGF-β-
induced deposition of excessive amounts of collagen in the skin. Lysyl oxidases (LOXs), a family of extracellular matrix
(ECM)-modifying enzymes responsible for collagen cross-linking, are known to be increased in dermal fibroblasts from
patients with fibrotic diseases, denoting a possible role of LOXs in fibrosis. To directly study this, we have developed two
bioengineered, in vitro skin-like models: human skin equivalents (hSEs), and self-assembled stromal tissues (SASs) that
contain either normal or systemic sclerosis (SSc; scleroderma) patient-derived fibroblasts. These tissues provide an organ-
level structure that could be combined with non-invasive, label-free, multiphoton microscopy (SHG/TPEF) to reveal
alterations in the organization and cross-linking levels of collagen fibers during the development of cutaneous fibrosis, which
demonstrated increased stromal rigidity and activation of dermal fibroblasts in response to TGF-β1. Specifically, inhibition
of specific LOXs isoforms, LOX and LOXL4, in foreskin fibroblasts (HFFs) resulted in antagonistic effects on TGF-β1-
induced fibrogenic hallmarks in both hSEs and SASs. In addition, a translational relevance of these models was seen as
similar antifibrogenic phenotypes were achieved upon knocking down LOXL4 in tissues containing SSc patient-derived-
dermal fibroblasts (SScDFs). These findings point to a pivotal role of LOXs in TGF-β1-induced cutaneous fibrosis through
impaired ECM homeostasis in skin-like tissues, and show the value of these tissue platforms in accelerating the discovery of
antifibrosis therapeutics.

Introduction

Skin fibrosis is linked to excessive dermal deposition of
collagenous and non-collagenous extracellular matrix
(ECM) components as a consequence of aberrant

production and altered remodeling by fibroblasts [1, 2].
Pathologic hallmarks of dermal fibrosis include an
increased number of αSMA-expressing myofibroblasts
and the excess production and altered remodeling of
collagenous ECM, leading to elevated tissue contraction
and stiffness [3, 4]. As a classical effector molecule of
fibrogenesis, transforming growth factor β (TGF-β) binds
to its cognate receptor on fibroblasts, promoting
fibroblast–myofibroblast transdifferentiation and con-
tributing significantly to tissue fibrosis [5]. TGF-β1 is the
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isoform most commonly associated with skin fibrosis, as
elevated levels of activated TGF-β1 are found in the
systemic circulation of patients with fibrotic disease and
TGF-β1 levels in skin lesions are correlated with the
degree of skin fibrosis [6]. Additional pro-fibrotic
mechanisms that could account for ECM alterations
upon TGF-β1 stimulation are largely unknown.

One possible mechanism for altered ECM remodeling is
through collagen cross-linking. The lysyl oxidase family of
enzymes (LOXs) contains five genes, LOX and LOX-like
(LOXL1-4), that function to covalently cross-link collagens
via deamination of lysine residues [7]. This cross-linking
reaction provides mechanical strength to the ECM thus
making it more resistant to degradation [8]. It was pre-
viously shown that LOXs-mediated cross-linking might be
a critical process in TGF-β signaling, inducing fibrotic
phenotypes by modifying ECM organization and tissue
stiffness [9]. This study further investigates the role of
LOXs-mediated collagen cross-linking to understand how
TGF-β regulates cutaneous fibrogenesis.

Previous researchers have demonstrated that human skin
equivalents (hSEs) mimic their in vivo counterparts as they
comprise both epithelium and underlying connective tissues
[10, 11]. In addition to hSEs, we developed a dermal model
of self-assembled stromal tissues (SASs), in which fibro-
blasts secrete and organize ECM similar to granulation
tissue, providing insights into de novo ECM deposition and
remodeling [12]. Recapitulating pro-fibrotic phenotypes in
two distinct 3D skin-like tissue systems has allowed us to
identify changes in ECM organization by using non-
invasive imaging, namely second-harmonic generation and
two-photon excited fluorescence (SHG/TPEF) microscopy.
We previously validated that the TPEF signal is strongly
correlated to liquid chromatography-mass spectrometry
(LC/MS) measurements of LOXs-mediated crosslinks,
which is a traditional method to directly analyze collagen
cross-linking [13]. However, sample preparation for LC/MS
requires hydrolysis, which limits the detection of spatial
heterogeneities in the cross-linking of small-scale samples.
In this study, SHG/TPEF was used to compare collagen
production and cross-linking with tissue stiffness measure-
ments recorded by atomic force microscopy (AFM). We
found that these 3D tissue models mimic key pro-fibrogenic
features in the skin by revealing that ECM composition and
organization were correlated with structural and mechanical
properties of connective tissues. Our results showed that
inhibition of LOXs blocked collagen cross-linking and
resulted in dramatic alterations in ECM composition and
structure, revealing that LOXs are critical for pro-fibrotic
phenotypes. This suggested that the 3D tissue platforms and
analytical image tools can be used to accelerate the dis-
covery and test of antifibrotic therapies by enabling the
screening of therapeutic compounds.

Materials and methods

Cell culture

Using a protocol approved by the Tufts Medical Center
Institutional Review Board (IRB), a 4-mm in diameter and
3-mm depth skin biopsy was performed on the forearm of a
de-identified, systemic sclerosis (SSc; scleroderma) patient
and an age-, gender-matched health control. Dermal fibro-
blasts were isolated as previously described [14]. Briefly,
the skin biopsy was incubated overnight at 4 °C in dispase
(Invitrogen, CA) to remove the epidermis. The dermal tis-
sues was minced and incubated in collagenase (Invitrogen,
CA)/hyoluronidase (Sigma-Aldrich, MO)/DMEM-F12
(Invitrogen, CA) for 1 h at 37 °C with constant stirring. Red
blood cell lysis buffer (Sigma-Aldrich, MO) was added for
2 min, and the remaining cells and tissues were collected by
centrifugation. Human foreskin fibroblasts (HFFs) and SSc
dermal fibroblasts (SScDFs) were cultured in fibroblast
growth medium containing 1 g/L glucose DMEM (Invitro-
gen, CA), 10% FBS (HyClone, UT), 0.19 g/mL HEPES
(Sigma-Aldrich, MO), and 100U Pen/Strep (Invitrogen,
CA) at 37 °C in a 5% CO2 humidified atmosphere. At
confluence, experiments were conducted on passages
between 6 to 8.

3D constructs

hSEs were constructed in transwell inserts as previously
described [8]. Briefly, the fibroblasts contracted and remo-
deled bovine collagen matrices for 7 days to generate
human dermal equivalents (hDEs). Then, 5 × 105 keratino-
cytes isolated from human neonatal foreskin were seeded
onto the plateau of collagen to make hSEs. Both hDEs and
hSEs were submerged in epidermal growth medium (0.3%
bovine calf serum, organogenesis) for 5 days, then lifted to
a liquid–air interface for 4 days, followed by additional 1, 2,
5 ng/mL TGF-β1 (R&D, MN) or 8 µM BAPN (Sigma, MO)
treatment for 8 days. The stromal layer was isolated from
the epithermal layer by submerging hSEs in 2.4 U/mL
Dispase (Invitrogen, CA) for 10 min. To make SASs,
fibroblasts were seeded onto 0.1 µm polyethylene ter-
ephthalate membranes (Millipore, MA) at a density of 1.6 ×
105 cells/insert. Self-assembly medium [12] supplemented
with 10 µg/mL ascorbic acid (Sigma, MO) was changed
twice every week for 2 weeks followed by 2 ng/mL TGF-β1
(R&D, MN) or 8 µM BAPN (Sigma, MO) added for the 3
additional weeks.

shRNA transduction

pLKO.1-derived expression vectors for small interfering
RNAs against LOX, LOXL1, LOXL4, and SMAD3, designed
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according to the RNAi consortium (TRC), were purchased
from Sigma shRNA library. The sense strand of the short
hairpin RNA (shRNA) are: LOX 5′-CCGG CTGCACAA
TTTCACCGTATTACTCGAGTAATACGGTGAAATTG
TGCAGTTTTTG-3′ LOXL1 5′-CCGGACTATGTGCAAG
CATCCACTTCTCGAGAAGTGGATGCTTGCACATAG
TTTTTG-3′’ LOXL4 5′-CCGGAGAGTCAGATTTCTCC
AACAACTCGAGTTGTTGGAGAAATCTGACTCTTTT
TTG-3′ SMAD3 5′-CCGGCCCAGCACATAATAACTTG
GACTCGAGTCCAAGTTATTATGTGCTGGGTTTTT-
3′. Plasmids encoding shRNA sequences (1 µg) were co-
transfected with 0.75 µg psPAX2 and 0.25 µg pMD2.G
(Addgene, MA) into HEK293T cells. Supernatant of lenti-
virus was harvested and filtered through a 0.4-µm filter
(Millipore, MA) and then applied to HFF with 1 ng/mL
polybrene (Sigma, MO) for 7 h followed by 2 µg/mL pur-
omycin selection for 2 weeks.

Atomic force microscopy (AFM)

A 5-µm diameter borosilicate spherical tip (Novascan, IA)
with a spring constant of 0.06 N/m was used to determine
elastic modulus on both the lower (stromal) and upper
(epithelial) surfaces of hSEs and on the hDEs. Nine or more
valid measurements were collected randomly across an area
of 5-mm in diameter under force-contact mode on each side
of these tissues. One tissue in each group from three inde-
pendent experiments was used to measure the tissue stiff-
ness by AFM.

SHG/TPEF microscopy

Images (512 × 512 pixels; 600.0 × 600.0 µm) were acquired
at 3-µm z-stacks (70 z-slices) by a Leica TCS SP2 confocal
microscope equipped with a tunable titanium–sapphire laser
(Spectra Physics, CA) and a water-immersion 25× objec-
tive. To collect SHG signal, an excitation wavelength of
800 nm and an emission range of 400 ± 10 nm was used.
TPEF signal was collected using a 525 ± 25 nm emission
filter at 755 nm excitation. Reflected signals were collected
under epi-illumination mode for both TPEF and SHG
imaging. The TPEF and SHG images were processed in
MATLAB to obtain quantitative metrics of ECM micro-
structure. A weighted vector summation algorithm was used
to determine the collagen fiber orientation by 2D variance
[15]. The cumulative and mean TPEF signals were com-
puted within the collagen-positive mask as measures of
collagen cross-linking [13, 16].

Hydroxyproline assay

Hydroxyproline Assay kit (Cell Biolabs, CA) was used
according to the manufacture’s manual. Briefly, SASs were

homogenized with PBS using a plastic pestle and hydro-
lyzed using 12 N hydrochloride acid at 120 °C for 3 h. They
were then mixed with activated charcoal by vortexing and
centrifuging at 10000 g for 5 min. Supernatants were
transferred into new tubes and incubated with chloramine T
mixture for 30 min at room temperature, followed by an
incubation with 4-(dimethylamino) benzaldehyde (DMAB)
mixture for 90 min at 60 °C. The absorbance was read at
540–560 nm and hydroxyproline content was determined by
comparison with a predetermined standard curve and nor-
malized to the cell number indicated by DNA amount using
Quant-iT PicoGreen dsDNA Assay kit (TheroFisher Sci-
entific, IL).

ELISA of cross-linked carboxy-terminal telopeptide
of type I collagen (CTX-1)

Human C Telopeptide of Type I Collagen (CTX-1) ELISA kit
(MyBioSource, CA) was used according to the manufacture’s
manual. Briefly, SASs were homogenized with PBS using a
plastic pestle on ice. Samples were centrifuged for 15min at
1500 g, and the supernatants were aliquoted and stored at
−80 °C to avoid repeated freeze–thaw cycles. In total, 50 μL
of each sample in duplicates were incubated on a microtiter
plate pre-coated with HPR conjugated CTX-1 antibody at
37 °C for 1 h. The enzyme–substrate reaction was terminated
by adding 50 μL of sulfuric acid solution, and the color
change was measured spectrophotometrically at a wavelength
of 450 nm. The CTX-1 concentration in each sample was
interpolated from the standard curve and normalized to total
collagen content detected by hydroxyproline assay kit (Cell
Biolabs, CA) using the same homogenates in PBS.

Statistics

Results were demonstrated as mean ± SD of three replicates
(n= 3) within the same group for all experiments in this
study. Statistical analysis was performed using GraphPad
Prism (GraphPad, SD). Nonparametric t test
(Mann–Whitney test) was used for comparison within two
groups and one-way ANOVA with Tukey’s posttest or two-
way ANOVA with Bonferroni’s posttest were used for
multiple comparisons within more than two groups. P <
0.05 was considered to be statistically significant.

Results

hSEs mimic hallmarks of tissue fibrosis upon
stimulation with TGF-β1

To mimic pro-fibrotic progression, hSEs were treated with
TGF-β1 at various doses (1, 2, 5 ng/mL) and compared with
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their responses in human dermal equivalents (hDEs), har-
boring human foreskin fibroblasts (HFFs), but grown
without an overlying epithelium (Fig. 1a). Morphologic
contraction was observed in hSEs after treatment with TGF-
β1 in a dose-dependent manner, as seen by a continuous
decrease in the relative tissue surface area with increasing
dose of TGF-β1 (S1A-B Figs and Fig. 1b). In contrast, no

contraction of hDEs constructs was seen at any dose treat-
ment of TGF-β1 (S1A Fig and Fig. 1b). Additionally, a
distinct gene profile of TGF-β-response was found in HFFs
grown in hSEs compared with those cultured in 2D
monolayer. Transcripts of TGF-β1-targeted genes (CTGF,
PAI-1, ACTA2) were consistently three to fourfold lower in
hSEs than in 2D cultures at various dose treatment (S1C and

Fig. 1 TGF-β1 induces pro-
fibrotic hallmarks including
increased contractility, fibroblast
activation and tissue stiffness in
hSEs. a Schematic of hDEs and
hSEs. b Representative images
of hDEs and hSEs treated with 2
ng/mL TGF-β1. c qPCR of
COL1A2 and ACTA2 in HFFs
isolated from hDEs and hSEs
treated with 2 ng/mL TGF-β1. d,
e Immunohistochemistry
staining of αSMA in hDEs (d)
and hSEs (e) treated with TGF-
β1 (2 ng/mL). Myofibroblast
percentage was calculated by
counting αSMA-positive
fibroblasts out of a total number
of nuclei. Scale bar: 50 μm. f
Expression of KGF in HFF from
hSEs and hDEs treated by 2 ng/
mL TGF-β1. g AFM
measurements of hSEs and
hDEs treated with TGF-β1 (2
ng/mL) or vehicle control. Valid
measurements ( >= 9) were
collected randomly under force-
contact mode. Error bars show
mean ± SD (n= 3). (*P < 0.05,
**P < 0.01, ***P < 0.001, ns not
significant)
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D Figs). Notably, COL1A2 was increased significantly with
2 ng/ml TGF-β1 in 2D but remained unchanged in hSEs
(S1C-D Figs), as previously observed using in vivo skin
fibrosis models [17, 18]. Thus, 2 ng/ml was selected for
subsequent experiments to evaluate the TGF-β-response of
stromal fibroblasts in hSEs compared with that in hDEs.
Similar with findings in 2D cultured HFFs, both ACTA2 and
COL1A2 were significantly increased by TGF-β1 in hDEs
(Fig. 1c). Myofibroblast activation was confirmed by
immunohistochemical staining of αSMA in hSEs, showing
an increase in fibroblasts positive for αSMA from 17.4% to
79.1%, and was accompanied by an increased proliferation
of HFFs (Fig. 1d). In hDEs, there was approximately half
the number of HFFs (< 40 counted on cross-section), but a
higher proportion of myofibroblasts than in hSEs (Fig. 1e).
Furthermore, keratinocyte growth factor (KGF), a para-
crine-acting, epithelial mitogen produced by stromal cells,
was significantly decreased by TGF-β1 only in hSEs but not
in hDEs (Fig. 1f).

Skin stiffening is a hallmark of fibrotic progression. In
light of this, the elastic modulus of both the top (epithelial)
and bottom (stromal) surfaces of hSEs were measured by
AFM to determine if changes in TGF-β1-mediated gene
expressions were associated with changes in tissue stiffness
in hSEs. Measuring stiffness from the epithelial surface of
hSEs did not yield differences between TGF-β1 and vehicle
treatment (Fig. 1g, Top). However, there was a fivefold
increase in stiffness on the stromal surface of hSEs induced
by TGF-β1 (Fig. 1g, Stromal), which constitutes the region
of skin where fibrosis occurs. Importantly, neither mea-
surement from the top nor bottom surfaces of hDEs found
an increased stiffness in response to TGF-β1 (Fig. 1g),
demonstrating that a well-developed epithelial layer was
essential for TGF-β1-mediated changes in stromal rigidity.
Additionally, IL-13, known to be a pro-fibrotic cytokine
that induces cutaneous fibrosis [19], modulated stromal
tissues in a way similar to TGF-β1, inducing tissue stiffness
in the stroma of both hDEs and hSEs that was accompanied
by an increase of myofibroblasts expressing αSMA (S2
Fig).

Taken together, the epithelial–stromal interaction in the
tissue microenvironment of hSEs provides a useful model
for recapitulating hallmarks of skin fibrosis including tissue
contraction, fibroblast activation, and tissue stiffness.

Inhibition of LOXs modulates fibrotic phenotypes in
hSEs

It is known that fibrotic processes in the skin are char-
acterized by excessive Type I collagen (COLI) deposition
[20]. While TGF-β1 did not increase the transcription of
COL1A2 in hSEs (Fig. 1c), we hypothesized that collagen
homeostasis was impaired by TGF-β1 through the

augmentation of posttranslational modification of COLI. To
test this, we investigated the role of the LOXs in mediating
collagen cross-linking by adding β-aminopropionitrile
(BAPN), a small molecule inhibitor that is known to irre-
versibly block the activity of LOXs, either alone or in
combination with TGF-β1 to hSEs. Interestingly, the
greatest degree of tissue contraction was found when BAPN
and TGF-β1 were added in combination compared with
TGF-β1 alone (25.6% vs. 60.3% of remaining tissue surface
area) (Fig. 2a). This suggested that blocking collagen cross-
linking resulted in a reduction of the resistance of hSEs to
TGF-β1-induced tissue contraction. Furthermore, BAPN led
to a decreased stiffness in stromal tissues and this decrease
was maintained even with the presence of TGF-β1 (Fig. 2b),
further indicating that collagen cross-linking is critical to
maintain the mechanical properties of the stroma, corro-
borating the findings of previous studies [21, 22]. The
unchanged COL1A2 showed that the mechanical property
of hSEs was not associated with altered de novo synthesis
of COLI by HFFs (Fig. 2c). However, the induction of
ACTA2 seen in response to TGF-β1 was greatly reduced by
BAPN (Fig. 2c), indicating that the TGF-β1-mediated
contraction in hSEs is independent of the increased
expression of ACTA2.

hSEs treated with TGF-β1 in combination with BAPN
demonstrated a loss of stromal tissue architecture char-
acterized by the misalignment of HFFs being with collagen
fibers in the stroma, in comparison with parallel oriented
HFFs seen in other conditions (Fig. 2d, arrows). To further
explore this, SHG/TPEF signals were collected to quanti-
tatively assess modification of collagen microstructure.
Collagen cross-linking was suppressed by BAPN in the
presence of TGF-β1 (Fig. 2e, TPEF and 2f, red). In addi-
tion, the collagen fibers were less aligned in the presence of
BAPN (Fig. 2d, e, variance), in line with previous findings
that collagen fibers were less parallel in non-fibrotic skin
[23]. The total amount of fibrillar collagen was significantly
increased by TGF-β1 but was attenuated by BAPN (Fig. 2e,
SHG and 2f, green and 2g), implying that blocking LOXs-
mediated cross-linking of collagen resulted in a decreased
deposition of fibrillar collagen and further explained the
dramatic tissue deformation induce by TGF-β1 with the
present of BAPN (Fig. 2a). These findings suggest that
TGF-β1-induced stiffness, contraction, and alterations in
collagen organization via LOXs-mediated collagen cross-
linking.

LOXs activity is required for TGF-β1-induced
accumulation of de novo collagen

The dermal tissue model of SASs, in which fibroblasts
produce and assemble their endogenous ECM, was used to
evaluate the de novo deposition of ECM by HFFs (Fig. 3a).
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SASs were treated with TGF-β1 in the presence or absence
of BAPN-formed nodules (Fig. 3b, arrow), which showed a

homogeneous ECM with sparse HFFs that lacked the
fibrillar structure seen in vehicle-treated and BAPN-treated

Fig. 2 Suppression of LOXs-mediated collagen cross-linking alters
stromal stiffness and collagen organization in hSEs. hSEs were treated
with 2 ng/mL TGF-β1 or/and 8 μM BAPN for 8 days. a Representative
hSEs images and relative surface area that was calculated by com-
paring tissue surface to transwell membrane surface using Image J. b
AFM measurement on the stromal surface of hSEs. Valid measure-
ments (>= 9) were collected randomly under force-contact mode. c
qPCR of COL1A2 and ACTA2 in fibroblasts. d H&E staining. Arrows:
fibroblasts alignment. Scale bar: 50 μm. e Collagen microstructures

quantified by SHG/TPEF microscopy. f Representative images of
SHG/TPEF microscopy. Green: SHG signals (800 nm excitation, 400
± 10 nm emission); red: TPEF signals (755 nm excitation, 525 ± 25 nm
emission). Scale bar: 100 µm. g Representative images of Picrosirius
red (PSR) staining. Yellow–orange birefringence: Type I collagen;
blue: polycarbonate membrane. Scale bar: 50 µm. Error bars show
mean ± SD (n= 3). (*P < 0.05, **P < 0.01, ***P < 0.001, ns not
significant)
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tissues (Fig. 3c). Total collagen content was significantly
increased by TGF-β1, but was inhibited with the addition of
BAPN (Fig. 3d). Similarly, the elevated deposition and
cross-linking of COLI were detected in the presence of

TGF-β1, but tempered by exposure to BAPN (Fig. 3e, f). In
line with these observations, the microstructural changes of
collagen showed that BAPN decreased collagen cross-
linking level (Fig. 3g, red and 3h, TPEF), alignment
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(Fig. 3h, 2d, variance), and total collagen amount (Fig. 3g,
green and 3h, SHG). Thus, blocking LOXs by BAPN
interferes with the structural organization of collagen, and
limits the TGF-β-induced collagen deposition in a stroma-
like tissue.

In addition to collagen, other ECM components were
also found to be upregulated by TGF-β1. For example, both
transcriptional and protein levels of EDA-fibronectin (EDA-
Fn) splice isoform were strongly increased with TGF-β1
stimulation (S3 Fig), suggesting that EDA-Fn may play an
important role in de novo ECM deposition and
organization.

TGF-β1-induced collagen remodeling mediated by
LOXL4 in both hSEs and SASs

To further explore mechanisms of LOXs-mediated collagen
cross-linking, expressions of specific isoforms were ana-
lyzed in HFFs harbored by hSEs. LOX, LOXL1, and LOXL4
were increased by 3.1-, 1.7-, and 2.3-fold, respectively, in
response to TGF-β1, whereas LOXL2 and LOXL3 were
unchanged (Fig. 4a). In light of this, HFFs were transduced
by lentivirus encoding shRNA to knockdown LOX, LOXL1,
and LOXL4 (Fig. 4b). We found that stromal stiffness was
significantly decreased in hSEs harboring HFFs with the
suppression of LOX or LOXL4 ((Fig. 4c). These findings
indicate that LOX- and LOXL4-mediated cross-linking is
important in maintaining stromal stiffness in tissues that
mimic human skin.

Next, the roles of LOX, LOXL1, and LOXL4 were studied
in the de novo synthesized ECM by SASs. The inhibition of
LOXL4 completely blocked the TGF-β1-induced formation
of nodules, whereas it was persistently seen in tissues
containing HFFs upon knockdown LOX or LOXL1 (Fig. 4d,
arrows). Importantly, TGF-β1-induced collagen was sig-
nificantly suppressed by knocking down LOX, LOXL1, or
LOXL4 (Fig. 4e, f). However, only blocking LOXL4 was
sufficient to inhibit TGF-β1-induced COLI cross-linking

(Fig. 4g). Such similar inhibitory effects were seen in SASs
harboring HFFs upon knockdown of SMAD3, a known
mediator of TGF-β-induced fibrosis, where TGF-β1-
induced production of collagen was completely sup-
pressed (S4B-D Figs). However, knockdown of SMAD3
failed to block nodule formation (S4A Fig), implying that
ECM components other than collagen might be regulated by
TGF-β1 through non-Smad3 pathways. For instance, EDA-
Fn was continuously increased by TGF-β1 in SASs that
harbored HFFs with knockdown of SMAD3 or any LOXs
isoforms (S5 Fig), suggesting that LOXs-mediated ECM
modification was more restricted to collagen and indepen-
dent from SMAD3 regulated by TGF-β1. Taken together,
these suggest LOXL4 might be a potential target to inhibit
TGF-β1-induced stromal stiffness and collagen accumula-
tion, both of which appear to be associated with the col-
lagen cross-linking level.

Modification of fibrotic phenotypes by targeting
LOXL4 in SScDFs

To further establish the clinical relevance of our skin-like
tissue models, we tested the role of LOXL4 in a connective
tissue disease characterized by tissue fibrosis. We incor-
porated SSc patient-derived fibroblasts (SScDFs) in hSEs
and found elevated transcripts of LOXL4 in comparison
with normal dermal fibroblasts (NDFs) (Fig. 5a). The
upregulation of LOXL4 mRNA was also observed in our
previous finding [24] based on DNA microarray analyses
of skin biopsies from 24 SSc patients and six healthy
controls (S6 Fig). By performing knockdown of LOXL4 in
SScDFs, we found decreased matrix stiffness in hSEs as
determined by AFM (Fig. 5b). In addition, there was less
matrix contraction with suppression of LOXL4 in SScDFs
as seen by the enlarged plateau measured on the epithelial
surface of hSEs (Fig. 5c). Interestingly, a significant
increase of ACTA2 induced by TGF-β1 was found in
SScDFs while COL1A2 stayed almost unchanged
(Fig. 5d, e), as was seen in previous findings in HFFs
(Figs 1c and 2c). Similar to HFFs treated with BAPN in
the presence of TGF-β1, we found a significant reduction
of both ACTA2 and COL1A2 induced by TGF-β1 in
SScDFs with LOXL4-KD (Figs 5d, e, and 2c), suggesting
that TGF-β1-mediated fibroblasts activation could be
suppressed by targeting LOXL4 in SScDFs. Furthermore,
de novo ECM of SScDFs was assessed using SASs. TGF-
β1-induced collagen aggregation and accumulation was
demonstrated by the nodule formation, which was blocked
by inhibition of LOXL4-mediated collagen cross-linking
(Fig. 5f, g). Taken together, these results demonstrated
that TGF-β response modulated by LOXL4 could be stu-
died in our tissue models harboring primary cells from
SSc patients. This suggests the future translational use of

Fig. 3 Blocking LOXs-mediated cross-linking inhibits the de novo
ECM accumulation in SASs. SASs were treated with TGF-β1 (2 ng/
mL) or/and 8uM BAPN for 3 weeks. a Schematic of SASs.
b Representative SASs images. Arrows: nodule formation. c H&E
staining. Scale Bar: 50 μm. d Hydroxyproline assay of whole tissue
lysate, normalized to total cell number. e Protein levels of COLI by
western blot (200 kDa) and normalized to GAPDH (37 kDa). f COLI
cross-linking level measured by CTX-I ELISA kit and normalized to
total protein amount detected in (d). g Representative images of SHG/
TPEF microscopy. Green: SHG signals (800 nm excitation, 400 ± 10
nm emission); red: TPEF signals (755 nm excitation, 525 ± 25 nm
emission). Scale bar: 100 µm. h Levels of collagen cross-linking
(TPEF), alignment (2D variance) and the total amount collagen (SHG)
measured multiphoton (SHG/TPEF) microscopy. Error bars show
mean ± SD (n= 3). (*P < 0.05, ** P < 0.01, ***P < 0.001, ns not
significant)
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hSEs and SASs to investigate pathways and mechanisms
of fibrosis.

Discussion

There is a compelling need to understand the underlying
mechanisms linked to fibrogenic phenotypes in human

tissues. However, the shortage of accurate animal models
that mimic fibrogenic processes have been a rate-limiting
factor for basic science and preclinical studies [25]. In
recent years, novel tissue engineering approaches have
resulted in human, 3D tissue-based, in vitro tissue models
with high fidelity to human disease, that can shorten pre-
clinical drug development timelines, reduce testing in ani-
mals and limit drug failure rates that can improve the

Fig. 4 Knockdown of specific LOXs suppresses TGF-β1-mediated
induction of stromal stiffness in hSEs and de novo COLI in SASs. a
qPCR of LOX and LOXL1-4 in HFFs isolated from hSEs treated with
2 ng/mL TGF-β1. b qPCR of LOX, LOXL1 and LOXL4 in HFFs
transduced with LOX-shRNA, LOXL1-shRNA and LOXL4-shRNA
respectively compared to vector control. c AFM measurements of
Young’s modulus on the stromal surface of hSEs. Valid measurements
( >= 9) were collected randomly under force-contact mode. d

Representative images and H&E staining of SASs treated with 2 ng/
mL TGF-β1. Arrows: nodule formation. e Collagen content measured
by hydroxyproline assay of SASs lysate in PBS. Signal was normal-
ized to total cell number. f Western blot bands showed the protein
levels of COLI (200 kDa) and GAPDH (37 kDa). g COLI cross-
linking level of SASs lysate in PBS using CTX-I ELISA kit and
normalized to total collagen amount detected in (e). Error bars show
mean ± SD (n= 3). (*P < 0.05, ***P < 0.001, ns not significant)
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Fig. 5 Modulating fibrotic phenotypes in hSEs and SASs incorporated
with SScDFs by targeting LOXL4. SScDFs transduced with lentivirus
encoding the shRNA targeting LOXL4 were treated with 2 ng/mL
TGF-β1 in hSEs and SASs. a qPCR of LOXL4 in NDFs and SScDFs.
b AFM measurement on the stromal surface of hSEs. Valid mea-
surements (>= 9) were collected randomly under force-contact mode.
c Representative hSEs images and relative surface area that was

calculated by comparing surface of tissue plateau to transwell mem-
brane surface using Image J. d, e qPCR of ACTA2 and COL1A2 in
SScDFs dissociated from hSEs. f Representative images of SASs.
Arrows: nodule formation. g Hydroxyproline assay of SASs lysate.
Signal was normalized to total cell number. Error bars show mean ±
SD (n= 3). (*P < 0.05, **P < 0.01, ***P < 0.001, ns not significant)
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development process for new and effective disease ther-
apeutics [26, 27]. To fill gaps between these existing models
needed to study fibrosis, we have developed 3D tissue
models of human skin that can mimic the complex cell
interactions that more closely simulate fibrogenic processes
and phenotypes as they occur in humans [28–33]. Table 1
lists the most commonly used mouse models [34–37] to
study fibrosis and compares their prominent features to
human, 3D tissue-based, in vitro models (hSE and SAS).

The data in this study indicate that hSEs and SASs
provide consistent and reproducible findings upon TGF-β1
stimulation, including increased tissue contractility and
stiffness, fibroblast activation as determined by αSMA
staining, as well as altered ECM deposition and structure.
Mediators of fibrosis (TGF-β1 and IL-13) result in alteration
of collagen cross-linking mediated by LOXs, modifying the
mechanical properties of the ECM. Whereas the opposite
effects were achieved in 3D tissues by inhibiting LOX-
mediated collagen cross-linking via BAPN. Furthermore,
analyses of the LOXs family members using shRNA
knockdown identify LOXL4 as the key enzyme mediating
these fibrotic phenotypes. Therefore, targeting of LOXL4
therapeutically may reduce fibrosis in multiple diseases. By
fabricating bioengineered tissues that recapitulate fibrotic
phenotypes in a biologically relevant system, we provide
physiologically relevant tissue models in which to identify
pathways driving pathogenesis (e.g., skin stiffness and
thickening), which can be used to test the efficacy of drugs
that target fibrotic pathways.

In light of our findings, we have further established the
utility of 3D human skin-like tissues as a paradigm for
studying rare fibrotic skin diseases, such as that found in the
systemic autoimmune disease, SSc. Currently, there are no
FDA-approved therapies for SSc. Skin fibrosis is a hallmark
of SSc, and prior studies have indicated that SSc dermal
fibroblasts (SScDFs) grown in 2D culture poorly recapitu-
late the phenotype found in SSc skin biopsies [38, 39]. We
have also identified this difference in our tissue system as
seen by elevated COL1Α2 expression in 2D monolayer

compared with unchanged levels in 3D tissues such as hSEs
(S1C and D Figs). Thus, there is a desperate need for tissue-
based, in vitro model systems that accurately recapitulate
the SSc phenotypes observed in patients. Here, we extend
our observations on LOXL4 in 3D tissues made from HFFs
to tissues that incorporate SScDFs. hSEs made from
SScDFs have a approximatelythreefold increase in stromal
stiffness (Young’s modulus of ~5kPa, Fig. 5c) compared
with hSEs made from HFFs (Young’s modulus of ~2kPa,
Fig. 2b), consistent with the increased level of dermal
stiffness observed both in bleomycin-treated mice model
and SSc patients [40, 41]. Knockdown of LOXL4 nor-
malizes the stiffness of SScDFs in hSEs to levels similar to
that found in tissues incorporating HFFs (Figs 2b and 5c),
while reducing expression of ACTA2 and COL1A2 (Figs 5d,
e). This supports previous observations that regulation of
ECM gene expression depends on the tissue micro-
environment [17, 18], suggesting that mechanistic studies of
cutaneous fibrosis also need to be investigated in tissues that
more closely mimic in vivo physiologic conditions. While
more work is needed to determine the utility of hSEs and
SASs for studying SSc, this study provides confidence that
such a system will recapitulate the molecular processes
observed in SSc skin biopsies.

The ECM composition of fibrotic skin and its corre-
sponding mechanical properties are dynamically changing
as a result of ECM remodeling. We have previously
demonstrated the value of SHG/TPEF microscopy as a non-
destructive method for real-time monitoring of ECM
structure, including collagen fiber organization, content, and
cross-linking by comparing these optical biomarkers with
conventional analysis of collagen composition and cross-
linking [13, 15, 16]. Quantitative comparisons of SHG and
TPEF signals between different samples require the samples
to have similar optical properties including scattering and
absorption [42, 43]. However, TGF-β1 induces SASs to
form highly scattering nodules, changing significantly the
excitation and collection light paths and resulted in different
baselines for both SHG and TPEF signals between flat and

Table 1 Prominent features of animal models and in vitro 3D models of fibrosis

Animal model 3D skin-like tissue model

Bleomycin-induced
skin fibrosis [36]

Graft-versus-host
disease [35, 37]

TSK-1/
TSK-2 [34]

hSE SAS

Fibrotic site Skin and lung Skin Dermis Mimic fibrosis in dermis

Origin of cells Mouse Human, patient specific

Complexity Multiorgan system Complex microenvironment
(epithelium and dermis)

Complex microenvironment
(dermis only)

Throughput Single mouse 6 well 24 well

ECM stroma Mouse Human and bovine All human
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contracted tissues. Therefore, we compared groups of SASs
with similar optical properties: vehicle vs. BAPN and TGF-
β1 vs. TGF-β1+ BAPN. When such differences are
appropriately considered, the integration of SHG/TPEF
microscopy with gene expression and mechanical properties
of 3D skin models leads to a powerful platform to monitor
fibrotic changes in human skin.

TGF-β is a critical mediator of fibrotic responses, known
to induce fibroblast synthesis, assembly, and contraction of
ECM. Thus, a better understanding of how the TGF-β
signaling pathway regulates downstream targets linked to
skin fibrosis, such as the activity of LOXs during skin
fibrosis, can fill a gap in our understanding of TGF-β-
associated, pro-fibrotic progression. It has been reported
that the physical properties of the collagenous ECM, rather
than the amount of collagenous structures within a tissue,
are linked to loss of tissue function in tissues or organs
affected by fibrosis [44]. Therefore, we studied how cova-
lent cross-linking of COLI, mediated by LOXs, can modify
the properties of 3D tissues in response to fibrotic stimuli.
We found that BAPN, an inhibitor of all LOXs [45],
blocked the TGF-β1-mediated increase in stromal stiffness
and was linked to suppression of αSMA, which in turn
induced a dramatic alteration in the stromal morphology of
hSEs. Previously, several knockout mouse models revealed
that LOX and LOXL1-3 played important roles during
embryonic development and their absence generated
abnormal phenotypes due to deficiencies in ECM [46–49].
Additionally, these studies indicated that circulating level of
LOX is an important biomarker for fibrosis [50]. By further
dissecting the role of specific LOXs isoforms (LOX,
LOXL1, and LOXL4) regulated by TGF-β1, we have found
that suppression of LOXL4 in HFFs and SScDFs generated
a lower stiffness in hSEs and blocked TGF-β1-induced
ECM aggregation in SASs. This indicates that LOXL4 may
play a pivotal role in the regulation of ECM homeostasis
and could serve as an important mediator of cutaneous
fibrosis.

Further understanding of ECM components that are
altered in tissue fibrosis, such as COLI and EDA-Fn, will be
critical to discovering pathways to treat this condition. For
example, COLI is regulated by TGF-β in a Smad-dependent
manner in human skin fibroblasts [51, 52]. In contrast,
Smad-independent pathways regulate EDA-Fn-associated
fibroblast activation through integrin binding in cutaneous
fibrosis [53, 54]. Consistent with these previous findings,
we observed that the suppression of SMAD3 led to a
reduction of TGF-β1-induced COLI while deposition of
EDA-Fn was sustained at a high level in response to TGF-
β1. In addition, the knockdown of LOX, LOXL1, and
LOXL4 led to the suppression of TGF-β1-induced COLI
deposition, suggesting specific LOXs isoforms may be
responsible for Smad3-mediated accumulation of COLI. As

it was recently shown that LOX expression can be regulated
by α1β2 integrin binding to COLI, there seems to be an
intriguing feedback loop between LOXs and COLI that
warrants further study in the context of fibrosis [55].

In summary, our findings demonstrate that two distinct
yet complementary 3D skin models (hSEs and SASs) pro-
vide biologically relevant insights into the role of TGF-β1-
induced and LOXs-mediated processes that are central to
dermal fibrosis in human diseases. Future studies can
exploit the utility of these tissues by increasing the tissue
complexity by incorporating endothelial and immune cells
or transplanting these tissues onto immune-deficient mice,
as we have previously shown to create humanized-animal
models of tissue fibrosis that can provide insights into skin
fibrosis [10, 30, 56].
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