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PURPOSE. Fibrosis or scarring is a pathological outcome of wound healing and is character-
ized by terminally differentiated myofibroblasts. Heavy chain-hyaluronic acid/pentraxin
3 (HC-HA/PTX3) is a unique matrix component purified from amniotic membrane that
exerts an anti-inflammatory effect. Herein, we investigate whether HC-HA/PTX3 can also
exert an antiscarring effect.

METHODS. Human corneal fibroblasts and myofibroblasts were seeded on plastic, immo-
bilized HA or HC-HA/PTX3 or on plastic with or without soluble HA and HC-HA/PTX3 in
DMEM+10% FBS, with or without AMD3100 or SB431542 in DMEM+ITS with or without
transforming growth factor–β1 (TGF-β1). Transcript expression of keratocyte and signal-
ing markers was determined by RT-qPCR. Immunostaining was performed to monitor
cytolocalization of signaling markers and α-SMA. Western blotting was used to measure
relative protein level.

RESULTS. Human corneal fibroblasts and myofibroblasts cultured in or on HC-HA/PTX3,
but not HA, were refrained from cytoplasmic expression of αSMA and nuclear transloca-
tion of pSMAD2/3 when challenged with exogenous TGF-β1. Such an antiscarring action
by suppressing canonical TGF-β1 signaling was surprisingly accompanied by phenotypic
reversal to keratocan-expressing keratocytes through activation of BMP signaling. Further
investigation disclosed that such phenotypic reversal was initiated by cell aggregation
mediated by SDF1-CXCR4 signaling highlighted by nuclear translocation of CXCR4 and
upregulation of CXCR4 transcript and protein followed by activation of canonical BMP
signaling.

CONCLUSIONS. These findings collectively provide mechanistic understanding explaining
how amniotic membrane transplantation exerts an antiscarring action. In addition, HC-
HA/PTX3 and derivatives may be developed into a new biologic to treat corneal blindness
caused by stromal scar or opacity in the future.

Keywords: HC-HA/PTX3, corneal fibroblasts, keratocytes, CXCR4, BMP

F ibrosis is considered as aberrant wounding healing
resulting in progression rather than resolution of scar-

ring. Fibrosis involves unabated fibroblast activity leading
to excessive accumulation of extracellular matrix causing
disruption of normal tissue architecture and function. In the
cornea, this pathological process may occur in wound heal-
ing where relatively quiescent stromal keratocan-expressing
keratocytes are activated and differentiated into fibroblasts
and myofibroblasts expressing α–smooth muscle actin (α-
SMA) as a contractile cytoskeletal element organized in
stress fibers.1

Clinically, transplantation of cryopreserved amniotic
membrane (AM) is effective in reducing scar during ocular
surface reconstruction in ophthalmology (for reviews, see
reference 2). We have previously shown downregulation of
TGF-β ligands and TGF-β receptors and α-SMA transcripts by
human corneal and limbal fibroblasts3 and human conjunc-

tival and pterygium fibroblasts4 when cultured on the AM
stromal surface. In addition, human5 and murine6 kerato-
cytes can maintain their normal phenotypes when cultured
on AM stromal surface without activation of and expres-
sion of α-SMA even when TGF-β is added in a serum-
containing medium.6 Furthermore, water-soluble AM stro-
mal extract can reverse myofibroblasts derived from the AM
stroma to fibroblasts with downregulation of α-SMA.7 These
data suggest that the AM stromal matrix can prevent differ-
entiation of corneal keratocytes and fibroblasts into myofi-
broblasts although the exact molecular mechanism remains
unclear.

Our laboratory has successfully purified HC-HA/PTX3
from water-soluble AM extract as a unique matrix consist-
ing of high molecular weight hyaluronic acid (HA) cova-
lently linked with heavy chain 1 (HC1) from inter-α-
trypsin inhibitor (“-” denotes covalent linkage) and further
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complexed with pentraxin 3 (PTX3) (“/” denotes nonco-
valent linkage).8,9 HC-HA/PTX3 has been shown to exert
an anti-inflammatory action that extends from innate
immune responses by facilitating apoptosis of stimulated
neutrophils and polarizing M2 macrophages to adaptive
immune responses by suppressing activation of Th1 and
Th17 lymphocytes to downregulate alloreactive immune
responses.10,11 Herein, we demonstrate that HC-HA/PTX3,
but not HA, can revert human corneal fibroblasts and
myofibroblasts to keratocytes by inhibiting canonical TGF-β
signaling and by activating BMP signaling following an early
event of cell aggregation mediated by SDF1-CXCR4 signal-
ing.

MATERIALS AND METHODS

Materials

All materials used for assays, cell culture, expansion, and
experiments were listed in Supplementary Table S1. All
primers used for quantitative real time polymerase chain
reaction (qRT-PCR) were listed in Supplementary Table S2,
whereas all antibodies used for immunofluorescence stain-
ing or Western blotting were listed in Supplementary
Table S3, and for the validation data for these antibodies
see also the Supplementary Figures.

Purification and Immobilization of HC-HA/PTX3

HC-HA/PTX3 was purified from cryopreserved amniotic
membrane after retrieval from human placenta provided
by TissueTech, Inc. (Miami, FL, USA) as reported8,9 with
modification. In brief, AM was cryopulverized by FreezeMill
(FreezerMill 6870; SPEX SamplePrep, Metuchen, NJ, USA),
extracted by phosphate-buffered saline solution (PBS; pH
7.4) at 4°C for 1 hour and then centrifuged at 48,000g at 4°C
for 30 minutes. The supernatant designated as water-soluble
AM extract was fractionated by ultracentrifugation in a CsCl
gradient at an initial density of 1.35 g/mL in 4 mol/L GnHCl
at 125,000 rpm at 15°C for 48 hours (Optima L-80 X, SW41
rotor; Beckman Coulter, Indianapolis, IN, USA). A total of
12 fractions (1 mL/fraction) were collected and subjected to
the measurement of HA and protein contents by the enzyme-
linked immunosorbent HA Quantitative Test Kit and the BCA
Protein Assay Kit, respectively. The fractions of 2–12, which
contained most of HC-HA/PTX3, were pooled and further
subjected to three consecutive runs of ultracentrifugation
at 125,000g in CsCl/4 mol/L guanidine HCl at a density of
1.40 g/mL for the second, third, and fourth runs, each run
at 15°C for 48 hours. The fractions 3–9 after the fourth run
were pooled and dialyzed against distilled water at 4°C for
48 hours, lyophilized, stored at −80°C and designated as HC-
HA/PTX3. Before use, HC-HA/PTX3 was qualified by verify-
ing its biochemical composition containing high molecular
weight HA based on agarose gel electrophoresis and HC-
HA/PTX3 based on Western blotting to HC1 and PTX3 with
or without hyaluronidase (1U/μg HA) digestion and with or
without reduction by 100 mmol/L dithiothreitol in the pres-
ence of proteinase inhibitors (10 mmol/L ethylenediamine
tetra-acetic acid [EDTA], 10 mmol/L aminocaproic acid, 10
mmol/L N-ethylmaleimide, and 1 mmol/L phenylmethane-
sulfonyl fluoride (PMSF)) as reported.8,9 Because the negli-
gible amount of protein therein, the amount of HC-HA/PTX3
used in the experiment was expressed based on the HA
amount.

HA or HC-HA/PTX3 was immobilized on Covalink-
NH 96 wells (Nalge Nunc International, Rochester, NY,
USA) as reported11 by first sterilizing the Covalink-NH
96 wells in 70% alcohol for 30 minutes, and then the
wells were washed with distilled water two times. HA
(2 μg/well) or HC-HA/PTX3 (2 μg/well) with the cross-
linking reagents of Sulfo-NHS at 9.2 mg/mL (Pierce) and
1-ethyl-3(3-dimethylaminopropyl) carbodiimide (Pierce) at
6.15 mg/mL were added to each well (100 μL) and incubated
at 4˚C overnight. After that, the un-cross-linked HC-HA/PTX3
and cross-linking reagents were removed, and the wells were
washed twice with 2 mol/L NaCl/ 50 mmol/L MgSO4 /PBS,
followed by two washes of PBS.

Isolation, Culture, and Treatment of Human
Corneal Fibroblasts and Myofibroblasts

Human corneas from donors aged 18 to 76 years and main-
tained at 4°C in Optisol (Chiron Vision, Irvine, CA, USA)
for less than seven days after death were obtained from
the Florida Lions Eye Bank (Miami, FL, USA) and handled
according to the Declaration of Helsinki.

Human corneal fibroblasts (HCF) were isolated and
cultured as reported.12 Briefly, the endothelium was peeled
off from cornea by forceps and the epithelium removed by
10 mg/mL dispase overnight. The remaining corneal stroma
was cut into cubes of approximately 1 mm3, incubated in
2 mg/mL collagenase for 16 hours at 37°C, and then
1 × 104 cm2 cells were placed on plastic in a culture
medium consisting of Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum
(DMEM+10%FBS) containing 50 mg/mL gentamicin and
1.25 mg/mL amphotericin B. The culture medium was
changed twice a week. HCF cultured on plastic in
DMEM+10% FBS until 70% confluence at passage 3 were
switched to a serum free medium (DMEM+ITS), which
contained DMEM plus 5 μg/mL Insulin, 5 μg/mL Transfer-
rin, 5 ng/mL sodium selenite for one day before being added
with 10 ng/mL TGF-β1 in DMEM+ITS medium for three days
to induce myofibroblasts. Passage 3 HCF or myofibroblasts
detached by 0.25% trypsin were pretreated for 30 minutes
before being seeded at 5000 cells/96-well and continuously
cultured in DMEM+10% FBS with or without 0.1% DMSO
with or without 20 μg/mL AMD3100 or 10 μmol/L SB431542
and on plastic with or without immobilized HA or HC-
HA/PTX3 and soluble HA or HC-HA/PTX3, each at 20 μg/mL
for seven days before being harvested for analysis.

RNA Extraction, Reverse Transcription and
qRT-PCR

Total RNAs were extracted using RNeasy Mini Kit and
reverse-transcribed using High Capacity Reverse Transcrip-
tion Kit (Applied Biosystems). The cDNA was ampli-
fied by real-time RT-PCR using specific primers obtained
from Applied Biosystems (Supplementary Table S2) and
DNA polymerase in Quant Studio 5 Real-time PCR System
(Applied Biosystems). Real-time RT-PCR profile consisted
of 10 minutes of initial activation at 95°C, followed by
40 cycles of 15 seconds denaturation at 95°C, and 1 minute
annealing and extension at 60°C. The genuine identity of
each PCR product was confirmed by the size determina-
tion using 2% agarose gels followed by ethidium bromide
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staining together with PCR marker according to EC3 Imag-
ing System (BioImaging System, Upland, CA, USA).

Immunofluorescence Staining

HCF or myofibroblasts were harvested with 0.05% trypsin
and 1 mmol/L EDTA at 37°C for 10 minutes and prepared
for cytospin using Cytofuge (StatSpin Inc., Norwood, MA,
USA) at 1000 rpm for eight minutes. Cells were fixed with
4% formaldehyde, pH 7.0, for 15 minutes at room temper-
ature, permeabilized with 0.2% Triton X-100 in PBS for
15 minutes, and blocked with 2% bovine serum albumin for
1 hour before being incubated with primary antibodies for
16 hours at 4°C. After three washes with PBS, the corre-
sponding Alexa Fluor-conjugated secondary immunoglob-
ulin G (IgG; all 1:100 dilution) were incubated for
60 minutes and three washings with PBS. After three
washes with PBS, the second antibodies were incubated for
60 minutes and followed with the corresponding Alex Fluor-
conjugated secondary IgG. The nucleus was counterstained
with Hoechst 33342 before being analyzed with Zeiss LSM
700 confocal microscope (Carl Zeiss, Thornwood, NY, USA).
Corresponding mouse and rabbit sera were used as negative
controls for primary monoclonal and polyclonal antibodies,
respectively.

Western Blotting

Cell lysates and nuclear extracts were prepared in RIPA
buffer, the protein concentrations determined by The BCA
Protein Assay Kit (ThermoFisher Scientific, Waltham, MA,
USA), and 10 μg of protein for each sample resolved on
4% to 15% (w/v) gradient acrylamide gels under dena-
turing and reducing conditions for Western blotting. The
protein extracts were transferred to the nitrocellulose
membrane, which was then blocked with 5% (w/v) fat-
free milk in Tris-Buffered Saline, 0.1% Tween 20 Deter-
gent (TBST) (50 mmol/L Tris-HCl, pH 7.5, 150 mmol/L
NaCl, 0.05% [v/v] Tween-20), followed by sequential incu-
bation with the specific primary antibody against kerato-
can and its respective horseradish peroxidase–conjugated
secondary antibody using β-actin as the loading control.
Immunoreactive proteins were detected with Western Light-
ing Chemiluminescence (PerkinElmer, Waltham, MA, USA).
For nuclear proteins, NE-PER Nuclear and Cytoplasmic
Extraction Reagents were used to separate membranous,
cytoplasmic and nuclear proteins before we do Western blot-
ting.

Statistical Analysis

All summary data were reported as mean ± SD. calculated
for each group and compared using analysis of variance and
the Student unpaired t-test by Microsoft Excel (Microsoft,
Redmon, WA, USA). Test results were reported as two-tailed
P values, where P < 0.05 was considered statistically signif-
icant.

RESULTS

Human Corneal Myofibroblasts Form Aggregates
and Revert to Keratocytes by HC-HA/PTX3

To examine whether HC-HA/PTX3 purified from water-
soluble AM extract might be responsible for preventing

human and mouse keratocytes from differentiating to
myofibroblasts8,9 and for reverting AM stromal myofibrob-
lasts to fibroblasts,7 we induced HCF into myofibroblasts
by adding 10 ng/mL TGF-β1 in DMEM+ITS for three
days and verified their phenotype by positive cytoplas-
mic immunofluorescence staining of α-SMA (Fig. 1A). We
then seeded human corneal myofibroblasts on plastic
in DMEM+10% FBS with or without immobilized HA or
HC-HA/PTX3 for seven days. The results showed that
human corneal myofibroblasts uniquely formed aggre-
gates on HC-HA/PTX3 but not plastic or HA at day 1,
and such aggregates became to spread to a monolayers
of spindle cells (Fig. 1B). Immunofluorescence stain-
ing confirmed the expression of α-SMA by spindle cells
seeded on plastic throughout seven days and by those
on immobilized HA until day 4 with a slight reduced
expression at day 7 (Fig. 1B). In contrast, expression of
α-SMA was absent in aggregated cells on HC-HA/PTX3
at day 1 and continued to be negative until day 7, even
when spindle cells spread out (Fig. 1B). Such rever-
sal of myofibroblasts was accompanied by emergence
of 14-fold increase of keratocan mRNA expression at
day 1 (Fig. 1C) and positive expression of keratocan
protein at day 2 (Fig. 1D). These results collectively
suggested that human corneal myofibroblasts were reverted
to keratocan-expressing keratocytes by immobilized
HC-HA/PTX3.

HCF Form Aggregates, Revert to Keratocytes, and
Resist to TGF-β1 Challenge on HC-HA/PTX3

To determine whether HCF might also respond to HC-
HA/PTX3 in the same manner, we seeded passage 3 HCF
in DMEM+10% FBS on plastic with or without immobi-
lized HA or HC-HA/PTX3 for seven days. Phase contrast
micrographs showed that HCF also formed cell aggregates
on HC-HA/PTX3 on day 1 that last until day 7 whereas
HCF only formed few aggregates on plastic or HA at Day
1 (Fig. 2A). Expression of keratocan transcript was elevated
24-fold (Fig. 2B), together with positive expression of kerato-
can protein by HCF on HC-HA/PTX3 at day 1 and extended
to day 7, when cells began to migrate from the aggregate
(Fig. 2C). When compared to plastic or HA, the transcript
expression of TGF-β1, TGF-β2, TGF-βRI, TGF-βRII, and TGF-
βRIII 3 did not show any significant changes while that
of TGF-β3 was significantly upregulated by HCF on HC-
HA/PTX (Fig. 2D, P < 0.001 and P < 0.001 c.f., plastic and
HA, respectively). To demonstrate whether such a pheno-
typic reversal was resulted from the resistance to TGF-β
activation, HCF were challenged by exogenous addition of
10 ng/mL of TGF-β1 in DMEM+ITS medium at day 1 for 3
days. Immunofluorescence staining of resultant cells showed
nuclear staining of pSMAD2/3 and cytoplasmic staining of
α-SMA in HCF cultured on plastic or immobilized HA but
cytoplasmic staining of nuclear pSMAD2/3 and the lack of
cytoplasmic staining of α-SMA in HCF cultured on immobi-
lized HC-HA/PTX3 after TGF-β1 challenge (Fig. 2E). These
findings collectively suggested that HCF also formed cell
aggregation and reverted to keratocan-expressing kerato-
cytes on immobilized HC-HA/PTX3 and that such a change
was accompanied by withstanding the challenge of exoge-
nous TGF-β1, which did not yield canonical TGF-β signaling
mediated by Smad2/3.
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FIGURE 1. Human corneal myofibroblasts on HC-HA/PTX3 form aggregation and revert to keratocytes. Passage 3 HCF were induced into
myofibroblasts by addition of TGFβ1 as verified by immunofluorescence staining to α-SMA (A) and passaged on plastic with or with-
out immobilized HA or HC-HA/PTX3 for 7 days for phase contrast micrography and immunostaining to α-SMA (B, nuclear staining by
Hoechst 33342, Bar = 100 μm). Expression of keratocan mRNA and protein was determined at Day 1 by quantitative RT-PCR using the
expression level on plastic set as 1 (C, *P < 0.05, ***P < 0.001, n = 3) and by Western blot using β-actin as the loading control (D),
respectively.

Cell Aggregation and Reversal to Keratocytes
Promoted by HC-HA/PTX3 Is Mediated by
SDF1-CXCR4 Signaling and BMP Signaling but
not by Integrin β1 Signaling

Cell aggregation of human corneal myofibroblasts and HCF
was an early event uniquely promoted by immobilized
HC-HA/PTX3 (Figs. 1 and 2). Such aggregation mediated
by HC-HA/PTX3 differs from that caused by low attach-
ment condition because that by HC-HA/PTX3 was dose-
dependent. By adding an increasing concentration of solu-
ble HC-HA/PTX3, we noted that cell aggregation, increase of
keratocan expression, and reduction of α-SMA were all dose-
dependently affected by soluble HC-HA/PTX3 (Figs. 3A, 3B).
We have excluded the likelihood that cell aggregation by HC-
HA/PTX3 was mediated by integrin β1 and FAK (phospho-
rylation at Tyr-397) (Figs. 3C and 3D), of which the latter is

an integrin-mediated cell adhesion-dependent phosphoryla-
tion event.13 Furthermore, we have also excluded the possi-
bility that the observed reversal to keratocytes was due to
the survival of nonmyofibroblastic cells because we did not
observe any cell death measured by trypan blue (Fig. 3C).

We previously reported that immobilized HC-HA/PTX3,
but not 3D Matrigel, uniquely upregulates the BMP signaling
in limbal niche cells and that this action is responsible for the
maintenance of limbal epithelial stem cell quiescence main-
tained in HC-HA/PTX3.14 In addition, the aforementioned
outcome requires a close contact between limbal niche cells
and epithelial stem cells through SDF-1/CXCR4 signaling15

to prevent limbal epithelial stem cells from adopting corneal
fate decision.16,17 Thus we decided to perturb the above two
signaling by adding AMD3100 known to block CXCR418 or
SB431542, a small molecule BMP inhibitor,19 30 minutes
before and continuously after seeding passage 3 HCF in
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FIGURE 2. HCF on HC-HA/PTX3 Form Aggregates, Revert to Keratocytes, and Resist to TGFβ1. Passage 3 HCF were seeded on plastic with
or without immobilized HA or HC-HA/PTX3 for 7 days (A, Bar = 100 μm). Transcript expression of keratocan (B) and TGFβs and TGFβRs
(D) was determined at day 1 by quantitative RT-PCR using the expression level on plastic set as 1 (*P < 0.05, ***P < 0.001, n = 3). Expression
of keratocan protein was determined at Day 2 and Day 7 by Western blot using β-actin as the loading control (C). HCF seeded on plastic
with or without immobilized HA or HC-HA/PTX3 in DMEM+10% FBS were switched to DMEM+ITS for 24 hours before being added with
10 ng/mL TGFβ1 for 24 hours before immunostaining of pSmad2/3 and for 72 hours before immunostaining to α-SMA (E, nuclear staining
by Hoechst 33342, Bar = 100 μm).

DMEM+10% FBS on plastic with or without immobilized
HA or HC-HA/PTX3 for seven days. The results showed
that addition of AMD3100, but not SB431542, abolished
cell aggregation that occurred uniquely on immobilized HC-
HA/PTX3 but not plastic or immobilized HA (Fig. 4A), indi-
cating that SDF-1/CXCR4 signaling was, but BMP signal-
ing was not, involved in cell aggregation triggered by HC-
HA/PTX3. Compared to plastic and HA, the upregulation
of keratocan transcript by 24-fold (Fig. 4B) and keratocan
protein (Fig. 4D) by immobilized HC-HA/PTX3 was abol-
ished by both AMD3100 and SB431542, suggesting that the
aforementioned phenotypic reversal to keratocytes by HC-
HA/PTX3 was controlled by both SDF-1/CXCR4 and BMP
signaling. Expression of SDF-1 transcript was upregulated
3-fold whereas that of CXCR4 transcript was upregulated 2-
fold by HC-HA/PTX3, and such upregulation was inhibited
by AMD3100, but not SB431542 (Fig. 4B), suggesting that
cell aggregation was accompanied by upregulation of SDF-1
and CXCR4 transcript, and such an event was not affected
by BMP signaling. Immunofluorescence staining to CXCR4
was membranous and cytoplasmic in HCF seeded on plastic
or immobilized HA but nuclear in those seeded on immo-
bilized HC-HA/PTX3 (Fig. 4C). Such nuclear CXCR4 stain-
ing and presence of CXCR4 protein in the nuclear extract
were abolished by AMD3100 but not SB431542 (Figs. 4C
and 4D). As expected, HC-HA/PTX3 uniquely upregulated 6-
fold and 20-fold expression of BMP4 and BMP6 transcripts
and 3-fold and 5-fold expression of BMPR1A and BMPR2
transcripts (Fig. 4B), and such transcript upregulation was
accompanied by nuclear staining of pSMAD1/5 (Fig. 4C),

indicating the activation of canonical BMP signaling by HC-
HA/PTX3. Although also as expected, such BMP signaling
was abolished by SB431542 (Fig. 4B), it was also abolished
by AMD3100. Therefore we concluded that cell aggrega-
tion was mediated by SDF-1/CXCR4 signaling but not BMP
signaling and led to the phenotypic reversal to keratocytes,
of which the latter was mediated by both SDF-1/CXCR4 and
BMP signaling.

SDF-1/CXCR4 Signaling Precedes BMP Signaling

Although both SDF-1/CXCR4 and BMP signaling were
involved in the aforementioned phenotypic reversal to kera-
tocytes, the former, but not the latter, was involved in
cell aggregation uniquely triggered by immobilized HC-
HA/PTX3 (Fig. 4). Because cell aggregation perturbed by
AMD3100 also resulted in suppression of BMP signaling, we
thus speculated that SDF-1/CXCR4 signaling that was critical
to cell aggregation also led to the activation of BMP signal-
ing, which was pivotal for phenotypic reversal. To further
substantiate this notion, we repeated the above experiment
using passage 3 HCF cultured in plastic with or without addi-
tion of soluble HA or HC-HA/PTX3 in DMEM+10% FBS with
or without AMD3100 or SB431542 and performed analysis
at different time points in a period of 60 minutes. Phase
contrast microscopy showed that cell aggregation was also
promoted by soluble HC-HA/PTX3, but not HA, on plastic
and such aggregation was abolished by AMD3100, but not
SB431542, at the end of 60 minutes (Fig. 5A). Immunoflu-
orescence staining showed nuclear staining of CXCR4 at 15
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FIGURE 3. Promotion of cell aggregation, keratocan expression and inhibition of α-SMA in HCF are dose-dependent and not mediated by
integrin β1 signaling or cell death. Passage 3 HCF were seeded on plastic with or without immobilized HC-HA/PTX3 or soluble HC-HA/PTX3
for 1 day at the concentration of 0, 5, 10, or 20 μg/mL (A, Bar = 100 μm). HCF seeded on immobilized HC-HA/PTX3 in DMEM+10% FBS
were switched to DMEM+ITS for 24 hours before being added with 10 ng/mL TGFβ1 for 72 hours before immunostaining to α-SMA (A,
nuclear staining by Hoechst 33342, Bar = 100 μm). Expression of keratocan was determined in HCF on immobilized HC-HA/PTX3 (20
μg/ml) at Day 2 (B) while that of integrin β1 (activated) and pFAK (Tyr-397) at 15 minutes (C) by Western blot using β-actin and total FAK
as the loading controls. Trypan blue staining was performed on HCF after cultured on immobilized HC-HA/PTX3 for 7 days and counted as
stained cells in total cells (%) (D, n = 3, P > 0.05).

minutes, but nuclear staining of pSMAD1/5 at 30 minutes
in HCF seeded on plastic with soluble HC-HA/PTX3 but not
soluble HA (Fig. 5B). AMD3100 abolished nuclear staining
of both CXCR4 and pSMAD1/5 whereas SB431542 abolished
only nuclear pSMAD1/5 staining but not nuclear CXCR4
staining (Fig. 5C). When the transcript expression levels
were analyzed by qRT-PCR, the expression of both CXCR4
and BMP4 transcripts were upregulated by HC-HA/PTX3
as early as 15 minutes and CXCR4 upregulation reached a
peak level by 30 minutes whereas BMP4 upregulation grad-
ually increased by 24 hours and thereafter (Fig. 5B). Expres-
sion of SDF-1 and BMP6 transcript was upregulated by HC-
HA/PTX3 only after 24 hours (Fig. 5B). Such upregulation of
CXCR4, SDF-1, BMP4 and BMP6 transcripts by HC-HA/PTX3
was abolished by AMD3100 whereas upregulation of BMP4
and BMP 6 transcripts, but not that of CXCR4 and SDF-1 tran-
scripts, was downregulated by SB431542 (Fig. 5B). Collec-
tively, these results indicated that cell aggregation was medi-
ated by SDF-1/CXCR4 signaling but not BMP signaling and
that SDF-1/CXCR4 signaling preceded BMP signaling caus-
ing the phenotypic reversal.

DISCUSSION

Transplantation of cryopreserved AM during ocular surface
reconstruction has been shown to reduce scarring.2,20–22 The
mode of action for such antiscarring action is thought to
be mediated indirectly through the AM’s anti-inflammatory
action. From water-soluble AM extract, our laboratory has

successfully purified and characterized HC-HA/PTX3 as
a unique matrix8,9 to exert an anti-inflammatory action
extends from innate to adaptive immune responses.10,11

Herein, we demonstrate that HC-HA/PTX3 also exerts a
direct antiscarring action as evidenced by the lack of cyto-
plasmic staining of α-SMA and activation of pSMAD2/3-
mediated canonical TGF-β signaling under the challenge of
exogenous TGF-β1 (Fig. 2). Interestingly, on immobilized
HC-HA/PTX3, addition of TGFβ1 actually upregulated tran-
script expression of TGFβ3, which is an isoform known to be
more abundantly upregulated during fetal development and
exerts an antiscarring action.23,24 This finding explains the
reported antiscarring action in human corneal and conjuncti-
val fibroblasts3,4 and AM stromal fibroblasts7 when cultured
on human AM stroma. It also explains why human and
murine keratocyte phenotype can be maintained if cultured
on AM stromal surface even challenged with exogenous
TGF-β1 in a serum free medium.6,25

To our surprise, the aforementioned antiscarring action
by HC-HA/PTX3 was accompanied by phenotypic rever-
sal of both human corneal fibroblasts and myofibroblasts
to keratocan-expressing keratocytes (Figs. 1 and 2). Our
study further disclosed that such phenotypic reversal was
mediated by BMP signaling as evidenced by the upregu-
lation of transcript expression of BMP4, BMP6, BMPR1A,
BMPR1B, and BMPR2 and nuclear staining pf pSMAD1/5
in HCF 24 h on plastic with immobilized HC-HA/PTX3 but
not plastic or plastic with immobilized HA (Fig. 4). Addi-
tion of SB431542, a small molecular BMP inhibitor,19 abol-
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FIGURE 4. Cell Aggregation and Reversal to Keratocytes Promoted by HC-HA/PTX3 Is Mediated by SDF1-CXCR4 Signaling and BMP Signaling.
Passage 3 HCF were pre-treated for 30 minutes before seeding and continuously culturing on plastic with or without immobilized HA or
HC-HA/PTX3 for 7 days with or without AMD3100 or SB431542 (A, bar =100 μm). Cells were harvested at Day 1 for quantitative RT-PCR
using the expression level on plastic set as 1 (B, *P < 0.05, **P < 0.01, ***P < 0.001, n = 3) and for immunofluorescence staining (C, nuclear
staining by Hoechst 33342, Bar = 100 μm) and at Day 2 for Western blot using β-actin or histone as the loading control for total or nuclear
extract, respectively (D).

ished the aforementioned transcript expression and nuclear
staining of pSMAD1/5, resulting in the loss of expression
of keratocan transcript and protein (Fig. 4). BMPs are a
subgroup of the TGF-β superfamily26 and bind with BMPRII
to phosphorylate and activate BMPRI to recruit and activate
SMAD1/5/8 for nuclear translocation in order to activate
canonical BMP signaling.27 The finding that HC-HA/PTX3
upregulates BMP signaling might be a broader phenomenon
because it has also been reported in human limbal niche
cells, which upon close contact with limbal epithelial stem
cells also help prevent the latter from adopting the corneal
fate decision14–16 and maintain BMP signaling in the latter
for SC renewal28 in 3D Matrigel but SC quiescence in HC-
HA/PTX3.14

BMP signaling is also involved in the early stage of
somatic cell reprogramming, which is also highlighted by
cell aggregation.14,28 Herein, we noted that phenotypic rever-
sal to keratocytes by immobilized HC-HA/PTX3 was initiated
by an early event of cell aggregation (Figs. 1 and 2) and that
such cell aggregation could be replicated dose-dependently
by soluble HC-HA/PTX3 but not soluble HA in 60 minutes
(Fig. 5). Cell aggregation caused by HC-HA/PTX3 immobi-
lized on plastic has been observed in other human primary
cultured cells such as limbal niche cells,29 bone marrow
mesenchymal stem cells, and trabecular meshwork cells
(Tighe et al., unpublished observations, 2020; Zhang et al.,
unpublished observations, 2020). Our data suggest that cell
aggregation by soluble or immobilized HC-HA/PTX3 is not

mediated by integrin β1. This notion was consistent with the
finding that the cell adhesion of RAW264.7 cells on immo-
bilized HC-HA/PTX3 was not affected by adding neutral-
ized anti-integrin β1 antibody before seeding (unpublished
data). Because we did not observe any cell death measured
by trypan blue (Fig. 3), we also exclude the likelihood
that the reversal to keratocytes was due to the survival of
non-myofibroblastic cells. Because cell aggregation, reduc-
tion of α-SMA and upregulation of keratocan were dose-
dependent on addition of soluble HC-HA/PTX3 (Fig. 3), we
conclude that cell aggregation is specific to HC-HA/PTX3.
In fact, this notion is further supported by upregulation
of transcript expression of BMP4 as early as 15 minutes
followed by nuclear staining of pSmad1/5 at 30 minutes
and BMP6 at 24 hours on addition of soluble HC-HA/PTX3
(Fig. 5). Furthermore, cell aggregation was mediated by SDF-
1/CXCR4 signaling before activation of BMP signaling. Addi-
tion of AMD3100, known to block CXCR4,18 aborted cell
aggregation, upregulation of BMP transcripts, nuclear stain-
ing of pSMAD1/5, and phenotypic reversal to keratocytes
in HCF seeded on plastic with immobilized HC-HA/PTX3
(Figs. 4 and 5). In contrast, disruption of BMP signaling by
SB431542 did not affect cell aggregation and upregulation
of CXCR4 and SDF-1 transcripts (Figs. 4 and 5).

The notion that cell aggregation mediated by SDF-
1/CXCR4 preceded BMP signaling was further supported by
the finding that nuclear staining of CXCR4 occurred at 15
minutes whereas nuclear staining of pSMAD1/5 was noted
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FIGURE 5. SDF-1/CXCR4 signaling precedes BMP signaling. Passage 3 HCF were pretreated before seeding and continuously cultured on
plastic with addition of soluble HA or HC-HA/PTX3 with or without inhibitors AMD3100 or SB431542 for different times in a period of 60
min before being harvested for phase contrast micrography (A, Bar = 100 μm) and immunostaining to CXCR4 and pSMAD1/5 with nuclear
staining by Hoechst 33342 (C, Bar = 100 μm) and for a total of 48 hours before quantitative RT-PCR using the expression level at time 0 as
1 (B, *P < 0.05, **P < 0.01, ***P < 0.001, n = 3).

at 30 minutes before cell aggregation at 60 minutes facili-
tated by HC-HA/PTX3 (Figs. 3 and 5). The nuclear translo-
cation of CXCR4 at 15 minutes was accompanied by remark-

able early upregulation of CXCR4 transcript at 15 minutes
peaking at 30 minutes. Interestingly, such nuclear transloca-
tion and transcript upregulation of CXCR4 were abolished
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by the addition of AMD3100 but not SB431542, of which
the latter only suppressed upregulation of BMP4 and BMP6
(Fig. 5). We thus speculate that cell aggregation mediated
by SDF-1/CXCR4 signaling highlighted by nuclear transloca-
tion of CXCR4 should be a unique cellular hallmark partic-
ularly in view of the finding that nuclear CXCR4 before this
time has been regarded as a strong indicator for high malig-
nancy in several cancer cells.30–34 We have also observed
that SDF1/CXCR4 signaling is also involved om cell aggre-
gation of human limbal niche cells induced by HC-HA/PTX3
(manuscript submitted). Future studies are needed to deter-
mine the mechanism leading to nuclear translocation of
CXCR4 by HC-HA/PTX3.

In summary, HC-HA/PTX3 is a unique matrix in AM that
may exert not only anti-inflammatory actions by modulat-
ing both innate and adaptive immune responses8,11 but also
a direct antiscarring action. Consequently, we also envisage
that HC-HA/PTX3 and derivatives may be developed into
a new biologic to treat corneal blindness caused by stro-
mal scar or opacity in the future. These actions together
with its ability of supporting limbal niche cells for main-
taining SC renewal and quiescence14 further support why
transplantation of AM may promote regenerative healing35

and augments the success of in vivo36–38 and ex vivo39–41

expansion of limbal SCs to treat corneal blindness caused
by limbal SC deficiency.
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