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PURPOSE. Cornea, the outermost transparent layer of the eye, is the first line of defense
against external threats. Following injury, the wound healing response is crucial to
corneal repair and regeneration, yet its underlying mechanism is poorly understood.
Our study was designed to investigate the role of dsRNA and its regulatory network in
corneal wound healing.

METHODS. A corneal wound healing model was established via the surgical removal of
half of the corneal surface and adjoining limbus. RNase III was then used to clarify
the role of dsRNA in corneal wound closure and RNA-seq was performed to investigate
the mechanism of dsRNA in the healing process. Related gene expression was assessed
using immunofluorescence staining, qPCR, and Western blot. Flow cytometry and scratch
assay were used to analyze the proliferation and migration of limbal stem/progenitor
cells (LSCs) in vitro and functional analysis of the target genes was completed using the
corneal wound healing model.

RESULTS. Corneal wound healing was delayed and impaired when the dsRNAs were
removed or damaged following RNase III digestion. The dsRNAs released following
corneal damage activate type I interferon (IFN-I) signaling, primarily IFNβ, via the corneal
epithelium and neutralizing IFNβ or blocking IFN-I signaling delays corneal wound
closure. Moreover, our data identified MMP13 as a downstream effector of IFNβ where
its expression promotes LSC proliferation and enhances corneal epithelial reconstruction
in vivo.

CONCLUSIONS. The dsRNA induced IFNβ-MMP13 axis plays a key role in corneal wound
healing.

Keywords: corneal injury, dsRNA, type I interferon, wound healing

The corneal surface and tear film act as the outermost
barrier of the eye working to defend against damage and

pathogens.1,2 The continuous self-renewal of the corneal
epithelium is sustained by limbal stem/progenitor cells
(LSCs), located in the basal part of the limbal epithelium
in the peripheral cornea.3,4 Upon injury, the activated LSCs
proliferate, differentiate, and migrate toward the central
cornea to restore the epithelial layers.5 Although the cornea
acts as a mucosal surface with similar functional properties
to those of the skin, and the mucus membranes of the respi-
ratory tract and gut,6 it should be noted that only the cornea
needs to account for optical properties.7 Thus, a successful
wound response must allow for rapid repair without jeopar-
dizing corneal clarity.

Corneal wound healing is a complex process involv-
ing programmed cell death, proliferation, migration, and
extracellular matrix remodeling.8 Epidermal growth factor
(EGF) signaling in wounded corneas has been shown to
stimulate corneal wound healing by initiating cell migra-
tion and proliferation.9–11 Insulin-like growth factor (IGF)-1
expressed by corneal keratocytes and epithelial cells also
plays important roles in energy metabolism, growth, cell

migration, and proliferation, and can synergistically enhance
corneal wound closure when induced in the presence of
substance P.12 Inflammatory cytokines, such as IL-6 and IL-
10, secreted by immune or epithelial cells, enhance cell
migration and accelerate corneal wound healing.13 However,
the mechanisms underlying corneal regeneration following
injury remain poorly understood.

Tissue injury results in cell necrosis and apoptosis,
releasing damage-associated molecular patterns (DAMPs),
including dsRNA, which functions as a cell death signal in
the innate immune system.14 The release of dsRNA from
damaged cells has been shown to be involved in the initi-
ation of the inflammatory response, which is crucial for
normal wound repair.15,16 It has been reported that dsRNA
could activate Toll like receptor 3 (TLR3), which has been
extensively linked to tissue regeneration process.17,18 Several
parallel systems have been hypothesized to respond to
dsRNA induced regulation but very few have been evalu-
ated, including corneal wound healing.

In this study, we demonstrate that the dsRNA acts as a
key trigger for corneal wound healing through its induction
of IFNβ. MMP13 exerts as a downstream effector of IFNβ,

Copyright 2022 The Authors
iovs.arvojournals.org | ISSN: 1552-5783 1

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

mailto:ouyhong3@mail.sysu.edu.cn
https://doi.org/10.1167/iovs.63.2.14
http://creativecommons.org/licenses/by-nc-nd/4.0/


IFNβ-MMP13 Axis Drives Corneal Wound Healing IOVS | February 2022 | Vol. 63 | No. 2 | Article 14 | 2

which is involved in epithelial proliferation and enhanced
injury repair.

MATERIALS AND METHODS

Animal Model and Treatments

All animal experiments were approved by the Animal Ethics
Committee at Zhongshan Ophthalmic Center and were
conducted following the guidelines established by the Asso-
ciation for Research in Vision and Ophthalmology Statement
on the Use of Animals in Ophthalmic and Vision Research.

C57BL/6 mice (4–8 weeks old) were anesthetized using
sodium pentobarbital (50 mg/kg). For corneal injury model,
Algerbrush II corneal rust ring remover (Alger Co., Lago
Vista, TX, USA) was used to scrape half of the corneal surface
and adjoining limbus. To ensure consistency of the injury
depth between groups, all mice received an optical coher-
ence tomography (OCT) scan to evaluate the thickness of
the corneas before and after surgery. Vertical and horizon-
tal lines were measured and the minimal and the maximal
depth of the pathology were recorded. For dsRNA digestion,
RNase III (0.6 U/μL (New England Biolabs, M0245S) was
applied to the right eyes of the mice by subconjunctival injec-
tion (5 μL) twice per day (Supplementary Fig. S1C) and eye
drops to the wounded ocular surface 4 times per day for 3
days. Other chemicals and proteins 0.4 ug/μL IFNβ antibody
(Thermofisher, PA5-20390); 0.8 μM ruxolitinib (MedChemEx-
press, HY-50856); 0.3 μg/uL MMP13 antibody (Proteintech,
18165-1-AP); 3 ng/μL recombinant mouse MMP13 (rMMP13;
MyBioSource, MBS960550); and PBS and IgG (EMD Milli-
pore, 12-371, as control) were applied to the right eyes of
the mice by subconjunctival injection (5 μL) twice per day
for 3 days. To evaluate epithelial defects in wounded mice,
sodium fluorescein staining areas were analyzed by software
ImageJ (National Institutes of Health, Bethesda, MD, USA).

Culture of LSCs

LSCs were cultured from limbal tissue of human donor
eyes with the approval of the Ethics Committee of Zhong-
shan Ophthalmic Center. The culture medium of LSCs was
prepared as described previously.1 Briefly, limbal tissues
were cut into small pieces and incubated with 0.2% colla-
genase IV (Gibco) solution at 37°C for 2 hours and 0.25%
trypsin-EDTA (Gibco) for 15 minutes. Cells were cultivated
in Collagen I-coated dishes. 400 ng/mL recombinant human
IFNβ (Abbkine, PRP100183) was applied to evaluate the
interferon stimulated gene expression. PBS was used as
control.

Western Blot Analysis

LSCs were washed by PBS two times and then lysed by
RIPA Lysis Buffer with protease inhibitor. Mice corneas
were lysed by Minute Total Protein Extraction Kit (Invent
Biotechnologies, SD001) containing 1% protease inhibitor
cocktail (Sigma-Aldrich, P8340). Equal amounts of protein
were measured by bicinchoninic acid protein assay kit
(Millipore, USA), electrophoresed on SDS-PAGE (Bio-Rad,
4561094), and transferred to a polyvinylidene difluoride
(PVDF) membrane. Then, PVDF membranes were blocked
with 5% bovine serum albumin (BSA) in TBS containing
0.1% Tween-20 (TBST) and incubated with primary anti-
bodies overnight at 4°C. After incubation, the membranes

were washed with TBST and incubated with secondary anti-
bodies conjugated by HRP. The HRP signal was visualized
using the ECL kit by Bio-Rad (Bio-Rad Laboratories, USA)
and analyzed by Image J software. Antibodies were listed in
Supplementary Table S1.

Hematoxylin and Eosin and Immunofluorescence
Staining

Tissue samples were fixed with 10% neutral buffered
formalin (NBF). After dehydration and paraffin embedding,
tissues were sectioned to a thickness of 5 μm. The tissue
sections were stained with hematoxylin and eosin after
de-paraffinization. LSCs were fixed with 4% paraformalde-
hyde overnight at 4°C. For immunofluorescence stain-
ing, tissue sections or cell samples were permeabilized
and blocked using 0.3% Triton X-100 and 5% BSA for 1
hour, followed by primary antibodies incubation overnight
at 4°C. After washes, sections and cells were incubated
with secondary antibodies for 1 hour at room tempera-
ture. Cell nuclei was stained with DAPI (4′,6-diamidino-2-
phenylindole). Immunofluorescence images were captured
by ZEISS LSM 800 microscope. Antibodies are listed in
Supplementary Table S2.

EdU Assay

C57BL/6 mice were injected with 50 mg/kg EdU (Beyotime
Biotechnology, C0071S) following corneal injury and were
euthanized 24 hours later. The eyeballs were fixed with
10% NBS. Tissue sections were incubated with Click Addi-
tive Solution for 30 minutes after dewaxing, and nuclei was
stained with DAPI.

RNA Isolation and qPCR

Total RNAs were extracted using RNeasy Mini Kit and
RNeasy Protect Mini Kit (Qiagen, 74704 and 74124) and
transcripted into cDNA using PrimeScript RT Master Mix
(TaKaRa, HRR036A). The qPCR was performed using SYBR
Green Supermix Kit (Bio-Rad, 1708880) on QuantStudio
7 Flex system (Life Technologies, USA). All samples were
performed in triplicates and normalized by glyceraldehyde
3-phosphate dehydrogenase (GAPDH) levels. Primers are
listed in Supplementary Table S3.

Scratch Assay and Cell Proliferation Assay

Scratch wounds were made by 200 μL pipette when LSCs
reached 100% confluency. The recombinant human MMP13
(rhMMP13; R&D Systems, 511-MM-010) were added to the
culture medium with a concentration of 1 μg/mL. PBS was
used as control. Scratch open area were photographed and
analyzed by ImageJ software. For cell proliferation assay,
LSCs were stained by 2.5 μM CFSE (5,6-carboxyfluorescein
diaceta succinimidyl ester). For the starting point (original
fluorescence intensity), CFSE labeled LSCs were immedi-
ately fixed and stored at 4°C. The proliferation ratios were
determined by flow cytometry (BD LSRFortessa cell analyzer,
USA).
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RNA-Seq Data Processing

Total RNAs were extracted using RNeasy Mini Kit. RNA
sequencing libraries were generated by TruSeq Stranded
mRNA Library Prep kit (Illumina, 20020594) and sequenced
using paired-end (2 × 125 bp) sequencing method on
HiSeq Xten platform (Annoroad Gene Technology Co. Ltd.).
Trimmed reads were aligned to mouse GRCm38 reference
genome with STAR software (version 2.6.1a) 64 to calcu-
late read counts of each gene. TPM values were calcu-
lated using RSEM (version v1.3.0). Differential gene expres-
sion from two biological replicates was analyzed using
DESeq2 (version 1.20.0). Gene ontology (GO) biological
process analysis was conducted using clusterprofiler R
package (version 3.6.1, P value threshold 0.05, q-value
threshold 0.05). Genes were annotated as interferon stim-
ulated genes according to database Interferome version
2.0 (http://interferome.its.monash.edu.au/interferome/). All
RNA sequencing data are available through Gene Expression
Omnibus accession number: GSE191228.

Statistical Analysis

All data were presented as the mean ± standard error (SE).
GraphPad software (GraphPad Software, USA) was used to
perform statistical analyses. The Student’s t-test was used to
compare differences between groups. Comparisons among
three or more groups were analyzed by 1-way or 2-way
ANOVA followed by Bonferroni’s post hoc test. *P value <

0.05 was regarded as a significant difference.

RESULTS

dsRNA is Critical to Corneal Wound Healing

We established a corneal injury model to evaluate the role
of dsRNA in corneal wound healing, in which half of the
limbus, corneal epithelium, and part of the stroma were
surgically removed. Corneal thickness was determined using
OCT which validated that all animals received a similar
injury to the corneal lamella (29.7 ± 1.2 μm; Supplementary
Figs. S1A, S1B). Slit-lamp microscopy and sodium fluores-
cein staining showed that the unwounded cornea was trans-
parent and had no epithelial defects, whereas the half of
the corneal surface was defective in wounded cornea after
injury (Fig. 1A).

RNase III, the dsRNA-specific endonuclease, was applied
to the wounded cornea by sub-conjunctiva injection and
eye drops to digest dsRNA (see Supplementary Fig. S1C).
As expected, immunostaining showed that dsRNA induced
by wounding could be partially removed by RNase III treat-
ment (see Supplementary Fig. S1D). Surprisingly, a signifi-
cant delay of wound closure was observed from day 2 (d2) in
RNase III-treated mice compared to the control (see Fig. 1A).
Evaluation of the epithelial defect at d3 revealed that the
cornea was almost healed in the control group (6.6% ± 0.4%
defect), whereas there was still a significant defect in the
treated mice (30.9% ± 2.7%; see Fig. 1B). Meanwhile, the
unwounded corneas exhibited no epithelial defects upon
treatment with RNase III (see Supplementary Fig. S1E). We
also observed a significant reduction in Ki67-and EdU (5-
ethynyl-2-deoxyuridine)-positive cells in the corneal epithe-
lium of RNase III-treated mice at d1, indicating a decline
in the proliferative activity in the wounded cornea when
dsRNA was degraded (see Figs. 1C, 1D, Supplementary

Fig. S2A). Taken together these data demonstrate that dsRNA
is involved in corneal wound healing.

By d7, all of the corneal wounds were completely healed
(see Figs. 1A, 1B). P63 was only expressed in the epithelial
basal layer of the unwounded mice, but was distributed in
each epithelial layer in both the control and RNase III-treated
mice, whereas corneal specific keratin 12 (KRT12) was posi-
tively expressed across all three groups (see Fig. 1E). In addi-
tion, Keratin 6 (KRT6), the wound-response marker for the
epithelium, was highly expressed in wounded corneas at d1
(see Supplementary Fig. S2B), but could not be detected
when the wound was closed at d7 (see Fig. 1E). Notably,
although the RNase III-treated corneal wounds were even-
tually repaired, fewer layers of corneal epithelium when
compared to both the unwounded and control mice at
d7 (see Fig. 1E). Moreover, the disarranged appearance in
the stroma of RNase III-treated corneas was accompanied
by opacification with positive staining of fibrosis related
protein, α-SMA (see Figs. 1A, 1E, Supplementary Fig. S1F).
Taken together, these data suggest that interfering with the
natural release of dsRNA during the wound healing process
could lead to impaired corneal regeneration.

dsRNA Activates Type I Interferon Signaling in
Wounded Corneas

Given the fact that RNase III treatment delayed the closure
of corneal wounds, we then went on to explore the potential
mechanism responsible for dsRNA mediated wound healing
using RNA sequencing. Comparison of the gene expression
profiles of the wounded and unwounded corneas allowed
us to identify 2681 differentially expressed transcripts in
these tissues, with these transcripts clustered into three main
expression patterns according to variations in their TPM
values (Fig. 2A). Transcripts in group I were downregu-
lated in wounded corneas when compared to unwounded
ones (Fig. 2A) and gene ontology (GO) analysis showed that
the genes preferentially expressed in group I are linked to
development and differentiation pathways, such as synapse
organization, cell junction assembly, and eye development.
These biological events might contribute to the homeostasis
of quiescent cornea. Transcripts in group II were upregu-
lated in wounded corneas compared to unwounded corneas
regardless of RNase III treatment and these genes were
linked to several immunological processes, including posi-
tive regulation of response to external stimuli, cytokine
production, and external stimulus-mediated signaling path-
ways (see Fig. 2B).

Interestingly, transcripts in group III were upregulated in
wounded corneas, but attenuated in the RNase III treated
samples. The genes in this group were influenced by
the reduction of dsRNA and were enriched for epithe-
lial cell proliferation, leukocyte migration, and response to
wounding like those of group II, but were also specifically
enriched in response to type I interferon (see Fig. 2B).
Gene set enrichment analysis (GSEA) confirmed that GO
term “response to type I interferon” was enriched in the
control group relative to the unwounded group (see Fig. 2C)
but repressed in wounded corneas treated with RNase III
(see Fig. 2D). Moreover, the type I interferon responsive
genes upregulated in wounded corneas, including Isg15,
Bst2, Mx1, Mx2, and Ifit1, were significantly downregulated
when evaluated in treated samples (see Fig. 2E). These
results provide compelling evidence that dsRNA-activated

http://interferome.its.monash.edu.au/interferome/
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FIGURE 1. RNase III delays corneal wound healing. (A) Representative images of the epithelial defect in wounded corneas of control
and RNase III treated group (for each treatment: upper panel, white light micrograph; lower panel, fluorescein staining of corneal surface).
(B) Quantification of re-epithelialization in control and RNase III treated group. Epithelial defect is presented as the percentage of the
original wound size (Students t-test, n = 5). The black asterisk indicates a significant difference among groups (*P < 0.05, **P < 0.01,
***P < 0.001). (C) Representative immunofluorescence staining of Ki67 in wounded corneas (d1 post-injury). Scale bars, 200 μm.
(D) Quantifications of Ki67 positive cells from independent samples (Students t-test, n = 5, P < 0.001). (E) Representative immunoflu-
orescence staining (left panel) of K12, P63, and KRT6, and H&E staining (right panel) in unwounded and wounded corneas at d7 post-injury.
Scale bars, 100 μm.

type I interferon signaling is involved in corneal wound
healing.

IFNβ Mediated Corneal Wound Healing

Quantitative evaluations indicated that IFNβ was signif-
icantly increased in wounded corneas and significantly
decreased in RNase III-treated mice, whereas IFNα expres-
sion was barely detectable (Fig. 3A). Positive staining of
IFNβ and KRT6 was also observed in the wounded corneal

epithelium, but not in unwounded corneas (see Fig. 3B).
Thus, IFNβ is the major type I IFN in corneal epithelium
wound healing, and that its induction is attenuated by the
reduction of dsRNA.We then used IFNβ antibody and ruxoli-
tinib, a JAK inhibitor known to specifically inhibit IFNβ

signaling, to examine the effect of IFN signaling on corneal
wound healing. An isotype-matched non-immune IgG anti-
body was used as a control. As expected, we noticed a
marked delay in wound closure in injured corneas following
2 days of treatment with IFNβ antibody (see Figs. 3C, 3D). By
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FIGURE 2. Transcriptional profiling of corneal wounds. (A) Heatmap of differentially regulated transcripts in mice corneas of unwounded
group, wounded (control and RNase III treated group) at d1 post-injury. The candidate genes are mainly divided into three groups. (B) GO
biological process (BP) analysis of genes of three groups. (C) GSEA of response to type I interferon genes that are expressed higher in
wounded (control) cornea than in unwounded cornea at d1 post-injury. (D) GSEA of response to type I interferon genes that are expressed
higher in wounded (control) cornea than in wounded cornea treated with RNase III (RNase III) at d1 post-injury. (E) The qPCR analysis
of ISGs expression in wounded cornea treated with or without RNase III at d1 post-injury (Students t-test, n = 3). Data are represented as
mean ± SE (*P < 0.05, **P < 0.01).

d5, antibody-neutralized wounds were still not completely
closed (1.1% ± 0.7%) and similar results were also found

in corneas treated with ruxolitinib at d3 (see Figs. 3C, 3D).
Consistently, Ki67 staining and EdU assay revealed a notable
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FIGURE 3. IFNβ mediates corneal wound healing. (A) Western blot analysis of IFNα and IFNβ proteins in unwounded cornea and
wounded cornea at d1 treated with or without RNase III (n = 3). Expression of IFNβ relative to GAPDH for each group was deter-
mined (Students t-test, n = 3, *P < 0.05, ***P < 0.001). (B) Representative immunofluorescence staining of IFNβ and KRT6 in mice
corneas of each group. Scale bar, 100 μm. (C) Representative images of the epithelial defect in wounded corneas of control, IFNβ anti-
body, and ruxolitinib (Rux) treatment (for each treatment: upper panel, white light micrograph; lower panel, fluorescein staining of corneal
surface). (D) Quantification of re-epithelialization in control, IFNβ antibody and ruxolitinib (Rux) treated mice corneas. Epithelial defect is
presented as the percentage of the original wound size (Students t-test, n = 5). Data are represented as mean ± SE (*P < 0.05, **P < 0.01,
***P < 0.001). (E) Representative immunofluorescence staining of Ki67 in control, IFNβ antibody, and Rux treated corneas at d1 post-injury.
Scale bars, 200 μm. (F) Quantifications of Ki67 positive cells from independent samples; n = 5. Data are represented as mean ± SE (*P <

0.05, **P < 0.01). (G) Representative H&E images of control, IFNβ antibody, and Rux treated corneas at d7 post-injury. Scale bar, 100 μm.

decrease in epithelial cell proliferation when IFNβ was inter-
rupted in the wounded corneas (see Figs. 3E, 3F, Supple-
mentary Fig. S2C). In addition, the interruption of IFNβ

produced a recovered cornea with a thinner epithelium at

d7, recapitulating the RNase III phenotype observed above
(see Fig. 3G). Taken together, these results suggest that
IFNβ signaling is induced by dsRNA during corneal wound
healing.
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FIGURE 4. MMP13 promotes LSCs proliferation and migration. (A) Pie chart showing 192 genes of group III are annotated as interferon
regulated genes. (B) Top 10 interferon regulated genes preferentially upregulate in wounded cornea. The size of the dot represents the gene
expression. (C) Representative immunofluorescence staining of P63, PAX6, and Ki67 expression in LSCs. Scale bar, 50 μm. (D) The qPCR
analysis of top 10 genes expression in recombinant IFNβ treated LSCs (n = 3). Data are represented as mean ± SE. (E) Western blot analysis
of MMP13 expression in recombinant IFNβ treated LSCs at indicated time points. (F) FACS analysis of carboxyfluorescein succinimidyl ester
(CFSE) labeled LSCs. The original fluorescence intensity at d0 represents the starting point. The control group and recombinant MMP13
treated group are analyzed at d3. Representative data from three independent experiments are shown. (G) Scratch wound assays of control
LSCs and recombinant MMP13 treated LSCs. Representative images of LSCs at indicated time-points. Scale bar, 500 μm. (H) Quantifications
of wound closure of LSCs are shown (Students t-test, n = 3). Data are represented as mean ± SE (*P < 0.05).
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IFNβ Downstream Effector MMP13 Promotes LSC
Proliferation

We next determined the downstream IFNβ signaling part-
ners associated with these phenotypes. Remarkably, of the
258 genes in group III known to be downregulated by RNase
III treatment, 192 were identified as interferon-responsive
genes by Interferome version 2.0 (Fig. 4A). The top 10 differ-
entially expressed genes, including inflammatory cytokines
and chemokines, were selected for further validation in
human LSCs (see Fig. 4B). Cultured LSCs were shown to
be positive for P63, PAX6, and the cell proliferation marker
Ki67 (see Fig. 4C). As expected, treatment with recombi-
nant IFNβ upregulated the expression levels of CCL2, IL6,
and IL1B (>2-fold) in these LSCs (see Fig. 4C) and matrix
metalloproteinase 13 (MMP13) was significantly increased at
both the mRNA (>100-fold) and protein level in response to
IFNβ (see Figs. 4D, 4E). Moreover, FACS analysis showed that
the lower 5,6-carboxyfluorescein diaceta succinimidyl ester

(CFSE) fluorescence intensity of rhMMP13-treated LSCs was
21.1% at d3, whereas that of control LSCs was 4.93%. Thus,
recombinant MMP13 was able to accelerate LSC prolifera-
tion (see Fig. 4F). Time-point imaging assay of LSC migration
showed that the rhMMP13 treated cells could completely
close a scratch defect within 12 hours, whereas the scratch
remained open in the control group (see Fig. 4G). Quan-
tification of the scratch assay also confirmed the significant
acceleration in scratch closure associated with the treatment
of rhMMP13 in LSCs (see Fig. 4H). These findings suggest
that MMP13, an interferon-stimulated gene, promotes the
proliferation and migration of LSCs in vitro.

IFNβ-MMP13 Promotes Corneal Wound Healing

This effect was further evaluated in our mouse model,
where we found that Mmp13 mRNA expression was dramat-
ically elevated in wounded corneas when compared to
unwounded controls (Fig. 5A). Immunostaining for MMP13

FIGURE 5. MMP13 enhances corneal wound closure. (A) The qPCR analysis of Mmp13 in unwounded and wounded cornea at d1 post-
injury. (B) Representative immunofluorescence staining of MMP13 and KRT6 in unwounded and wounded cornea at d1 post-injury. Scale
bar, 100 μm. (C) Western blot analysis of MMP13 proteins in unwounded cornea and wounded cornea treated with or without IFNβ antibody.
Representative immunoblots are presented, n = 3. (D) Representative images of the epithelial defect in wounded corneas of control, MMP13
antibody, IFNβ antibody and IFNβ antibody combined with recombinant MMP13 treatment (for each treatment: upper panel, white light
micrograph; lower panel, fluorescein staining of corneal surface). (E) Quantification of re-epithelialization in control, MMP13 antibody, IFNβ

antibody, and IFNβ antibody combined with recombinant MMP13 treated mice corneas. Epithelial defect is presented as the percentage of
the original wound size (Students t-test, n = 5). Data are represented as mean ± SE (*P < 0.05, **P < 0.01, ***P < 0.001).
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also revealed that MMP13 and KRT6 were positively
expressed in the corneal epithelium at d1 post wound-
ing but were not detected in the unwounded corneas (see
Fig. 5B). Meanwhile, this wound-induced upregulation of
MMP13 was attenuated following treatment with an IFNβ

antibody (see Fig. 5C). As expected, injured corneas treated
with an MMP13 antibody were still not closed on d3 post
wounding (wound area: 14.1 ± 2.0%) when compared with
the control group. Taken together, these data suggests that
MMP13 plays a key role in corneal wound healing (see
Figs. 5D, 5E). Moreover, delayed wound healing caused by
the neutralization of IFNβ could be rescued by the adminis-
tration of rMMP13. By d4, full recovery of the corneal surface
was observed in both the IFNβ antibody and rMMP13 treated
group, whereas the wound area remained 4.6% ± 0.8% open
in the IFNβ antibody-treated group (see Figs. 5D, 5E). These
results confirmed that MMP13 acts as a downstream effector
of IFNβ to facilitate corneal wound repair in vivo.

DISCUSSION

Our study shows that a novel IFNβ-MMP13 axis is essen-
tial for corneal wound healing. Based on our findings, we
propose that the following events occur during corneal
injury and repair: (1) dsRNA is released from the damaged
cells upon injury, (2) this dsRNA triggers IFNβ expression
in the corneal epithelium, and (3) MMP13 acts as a down-
stream effector of IFNβ and promotes corneal epithelial cell
proliferation and migration (Fig. 6).

Several lines of evidence support the idea that dsRNA
released by dying or damaged cells are an early molecular
signal initiating tissue regeneration.16,19 Although we could
not entirely eliminate dsRNA during our corneal wound
healing process, our data does show that dsRNA plays a
key role in corneal recovery after injury. Interruption of
dsRNA resulted in a significant delay in wound closure and
impaired reconstruction of the corneal epithelium during
the 7-day healing process. Moreover, GO analysis revealed
that the regulation of collagenic metabolic processes was
disrupted following RNase III treatment in injured corneas,
and induced disarranged collagen fibers in the corneal
stroma following wound closure. It is possible that this
impaired matrix may be related to the delayed healing of the
epithelial wound evaluated in this study. However, wound
closure does not indicate the completion of corneal regen-
eration, which may take months. Thus, the long-term effect
of dsRNA on corneal injury still requires further investiga-
tion.

Interferons were originally identified as antiviral
cytokines during viral infection and are known to
regulate both the adaptive and innate antiviral immune
responses.20–23 Local administration of IFNα, which success-
fully reduces HPV load in infected cells, has been used to
treat conjunctival papillomatosis.24 In eye diseases, ocular
surface autoimmunity is mediated by Th17 cells via IL-17A
and IFNγ .25 IFNβ production of epidermis also plays a
vital role in skin wound healing.21,26,27 Locally injected
recombinant IFNβ on the palatal mucoperiosteal wound
stimulated re-epithelialization.28 Here, we found that IFNβ

was specifically induced by dsRNA in the corneal epithelium
upon injury and mediated corneal wound closure. Of note,
TLR3 has been shown to be a mediator that can recognize
dsRNA and induce IFNs production.29,30 Thus, it will be
interesting to explore whether the dsRNA TLR3 IFNβ signal
is involved in the corneal wound healing process.

FIGURE 6. Corneal wound healing process. (1) The dsRNA is
released from damaged cells in wounded cornea, (2) the dsRNA trig-
gers IFNβ expression in corneal epithelium, and (3) MMP13 exerts
as a downstream effector of IFNβ and promotes corneal epithelial
cells proliferation and migration.

MMP13 was identified as a downstream effector of IFNβ

that could enhance corneal wound repair. Notably, hundreds
of ISGs, including inflammatory cytokines, were shown
to be upregulated in the wounded corneas evaluated in
this study, with many of these ISGs having been shown
to be involved in numerous pathological and homeostatic
processes, including regulation of cell proliferation, survival,
migration, and protein degradation.31 Upregulation of IL-6
in the early stages of keratitis could recruit polymorphonu-
clear neutrophils to defend against infectious pathogens.32

Whereas proinflammatory cytokine IL1B modulates the
corneal wound healing process via p16-STAT3 signaling.33 In
addition, CCL2 and its primary receptor CCR2 are associated
with macrophage infiltration and neovascularization follow-
ing corneal injury.34 Further studies are needed to investigate
the function of the other ISGs in the corneal wound healing
process.

Corneal injury may result in susceptibility scarring, opaci-
fication, and loss of visual acuity.6,35 Proper wound repair
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is vital for corneal epithelial integrity and transparency.36,37

Our work provides new insights into the corneal wound
healing process and identifies the IFNβ-MMP13 axis as a
potential therapeutic target to promote corneal regeneration.
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