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PURPOSE. To explore the effect and mechanism of NOD-, LRR-, and pyrin domain-
containing protein 3 (NLRP3) inflammasomes on corneal fibrosis.

METHODS. The wild-type, NLRP3 knockout (KO), and myeloid cell-specific NLRP3 KO
(NLRP3 Lyz-KO) C57 mice were used to establish a corneal scarring model. NLRP3
inhibitor, IL-1β neutralizing antibody, and an IL-1R antagonist were used to investigate the
role of NLRP3 and IL-1β in corneal fibrosis. The expression of the NLRP3 signaling path-
way related proteins, alpha-smooth muscle actin, TGF-β was determined by quantitative
real-time polymerase chain reaction, Western blotting, and immunofluorescence stain-
ing. Flow cytometry was used to detect the infiltration of macrophages during corneal
fibrosis.

RESULTS. The components of the NLRP3 inflammasomes were elevated and activated
during corneal scarring. Additionally, genetic or chemical-mediated blocking of NLRP3 as
well as IL-1β significantly alleviated corneal fibrosis. Moreover, neutrophil (CD45+Ly6G+)
and macrophage (CD45+ F4/80+) accumulation increased in the cornea during the
progression of corneal fibrosis. Intriguingly, the increased concentrations of NLRP3 and
IL-1β were prominently colocalized with the infiltrating F4/80+ macrophages. Expect-
edly, NLRP3 Lyz-KO mice exhibited a marked decrease in their corneal fibrosis symptoms.
Mechanistically, the activation of IL-1β or macrophage NLRP3 stimulated the expression
of TGF-β1 in the corneal epithelial cells, whereas an NLRP3 deficiency decreased its
expression in the corneal epithelium.

CONCLUSIONS. These observations revealed that the NLRP3 inflammasome activation in
infiltrating macrophages contributes to corneal fibrosis by regulating corneal epithelial
TGF-β1 expression. Targeting the NLRP3 inflammasome might be a promising strategy
for the treatment of corneal scarring.
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Ocular surface diseases, such as corneal scarring (or
fibrosis), occur owing to trauma, infection, or surgical

intervention, thereby compromising corneal transparency
and causing visual impairment.1,2 The disruption of corneal
transparency blocks the transmission of external light to the
retina, which is essential for optimal visual acuity. Corneal
tissue repair is a dynamic process involving three phases,
namely, the initial inflammatory phase, the intermediate
proliferative phase, and the ultimate remodeling phase.3–5

Various inflammatory cells secrete cytokines that activate
corneal stromal cells that, in turn, cause excessive connective
tissue proliferation and scar formation.4 During this inflam-
matory phase, corneal epithelial cells release cytokines and
mediators that trigger an inflammatory response by recruit-
ing neutrophils, macrophages, and other inflammatory cells.
In the remodeling phase, the damaged corneal epithe-
lial cells as well as infiltrating inflammatory cells secrete
large amounts of cytokines, such as stromal cell-derived

factor-1, TGF-β1, and platelet-derived growth factor.6 These
can transform the corneal stromal cells into alpha-smooth
muscle actin (α-SMA)–positive myofibroblasts that synthe-
size and release collagen, fibronectin, hyaluronic acid, and
other extracellular matrix components.7,8

Macrophages are essential for the regulation of fibrob-
last functions during the repair of corneal injuries.9 Specif-
ically, during the proliferative phase, myofibroblasts are
surrounded by massive macrophages. In fact, these two
types of cells remain in close spatial contact and interact with
each other to mediate corneal stromal remodeling and fibro-
sis.10,11 Furthermore, the cytokine secretion by macrophages
is also vital for the repair of corneal injuries. In fact, during
the inflammatory phase, activated M1 macrophages migrate
to the periwound area. After activation, the macrophages
not only engulf and remove foreign bodies, pathogens,
and cellular debris, but also secrete multiple inflammatory
factors, including IL-1, IL-6, TNF-α, and other cytokines.11,12
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These inflammatory factors, in turn, cause the further accu-
mulation of macrophages at the injury site. After removing
the cellular debris, the macrophages transform into an anti-
inflammatory phenotype (M2) and secrete anti-inflammatory
factors, such as IL-10 and IL-4, to promote inflammatory
regression and epithelial repair.13

The NOD-, LRR-, and pyrin domain-containing protein 3
(NLRP3) is an important member of the Nod-like receptor
family of pattern recognition receptors. Interestingly, NLRP3,
an essential component of intrinsic immunity, plays a key
role in mediating the functions of macrophages during the
body’s immune responses.14 When a signal stimulus is gener-
ated, NLRP3 recognizes the corresponding signal and under-
goes oligomerization as well as metamorphosis to recruit the
apoptosis-associated speck-like protein containing a CARD
(ASC) and pro-caspase 1, and they form the NLRP3–ASC–
pro-caspase 1 inflammatory complex. Coincidentally, the
NLRP3/IL-1β pathway is activated in macrophages in some
large organs, such as lung, kidney, and liver, during the
development of tissue fibrosis.15–17 Moreover, recent studies
have reported that IL-1β induces apoptosis of corneal stro-
mal cells and participates in the repair of corneal injuries,
as well as in corneal neovascularization.18,19 However, the
involvement of the NLRP3/IL-1β pathway of macrophages
in corneal stromal cell activation and corneal scar formation
is yet to be confirmed.

This study determined the critical role of NLRP3/IL-
1β signaling pathway in the corneal myofibroblast differ-
entiation and corneal scar formation. Simultaneously, it
was observed that blockade of the NLRP3/IL-1β pathway
promoted the maintenance of corneal transparency. Mech-
anistically, activation of the NLRP3 inflammasome releases
IL-1β, which stimulates TGF-β1 synthesis in corneal epithe-
lial cells. Moreover, this increased TGF-β1 synthesis induces
a corresponding increase in the differentiation of myofibrob-
lasts. Therefore, our observations provide some fundamental
insights with respect to the molecular mechanisms involved
in corneal scarring or fibrosis that, in turn, might help to
develop novel therapeutic strategies for these conditions in
future.

METHODS

Animals

All animal experiments strictly conformed with the ARVO
Statement for the Use of Animals in Ophthalmic and
Vision Research, and the entire study design was formally
approved by the Ethics Committee Medical College of
Qingdao University (QDU-AEC-2021192). Wild-type (WT),
male, 8 to 10 weeks old, C57BL/6 mice were purchased
from Ji’nan Pengyue Experimental Animal-Breeding Co.
Ltd. ( Ji’nan, Shandong, China). Additionally, B6.129P2-
Lyz2tm101(Cre)/V (Lyz-Cre) mice were purchased from
Viewsolid Biotech Co. Ltd. (Beijing, China). B6.C-Tg(CMV-
cre)/Nju (CMV-Cre) and B6JNju;B6NNju-Nlrp3(flper)tm1/Nju
[NLRP3 locus of X-over P1 (NLRP3loxp)] mice (loxp sites
flanking the entire NLRP3 sequence) were purchased
from GemPharmatech Co., Ltd. (Nanjing, China). To
produce whole body deficiency of NLRP3, the NLRP3loxp

mice were crossbred with CMV-Cre mice to generate
CMV-Cre+NLRP3loxp/loxp mice (NLRP3−/−, NLRP3 knockout
[KO]). Furthermore, myeloid cell-specific NLRP3 KO mice
(LyzCre+NLRP3loxp/loxp, NLRP3 Lyz-KO) were generated by
crossing the NLRP3loxp mice with Lyz-Cre mice. All breeds,

except the WT mice, were backcrossed for at least 10 gener-
ations on a C57BL/6 background.

Corneal Scarring Model

The corneal scarring mice model was created according
to previous reports20,21 with minor modification. First, the
mice were subjected to gaseous anesthesia (2% isoflurane
in oxygen; VETEASY, RWD Life Science, Shenzhen, China),
and 3-mm diameter corneal epithelium, as well as anterior
stromal tissue of one eye were mechanically removed using
Algerbrush II corneal rust ring remover (Alger Co, Lago
Vista, TX). The other eye was used as a normal control.
Subsequently, a topical ofloxacin eye ointment (Santen Phar-
maceutical Co. Ltd., Tokyo, Japan) was applied to the injured
eye. To assess corneal wound healing and determine the
grade of corneal scarring, images of the eyes (normal control
as well as injured) were captured on days 1, 3, 5, and
7 after injury, using a slit lamp (YZ5S; 66 Vision Tech
Co, Ltd, Suchow, China), with or without 0.25% fluores-
cein sodium staining. The corneal scarring was graded on
a scale of 0 to 4, where a grade of 0 meant completely
clear, 0.5 meant minimal scarring with careful oblique illu-
mination, 1 implied mild scarring not interfering with visi-
bility of fine iris details, 2 meant mild opacification of
iris details, 3 meant moderate opacification of the iris and
lens, and 4 implied complete opacification of the anterior
chamber and iris.22 ImageJ software was used to analyze
the fluorescein sodium stained area and, subsequently, the
percentage or rate of wound healing was calculated. To
determine the effects of NLRP3 and IL-1β on the devel-
opment of corneal fibrosis, the model mice received sub-
conjunctival injections of 5 μL NLRP3 inhibitor (MCC950,
10 mg/mL; MCE, Houston, TX), IL-1β neutralizing antibody
(a-IL-1β antibody, 100 ng/mL; R & D Systems, Minneapo-
lis, MN), IL-1R antagonist (anakinra, 10 mg/mL; MCE), or
PBS (control) on days 0, 3, and 6 after injury. There-
after, the mice were euthanized on day 7 after injury.
Finally, the mouse eyeballs were collected for immunofluo-
rescence staining, and the corneas were harvested for West-
ern blot, quantitative RT-PCR (qRT-PCR), and flow cytometry
analyses.

Isolation and Stimulation of Peritoneal
Macrophages

The peritoneal macrophages were isolated, according to a
previously described protocol.23 First, the WT and NLRP3−/−

mice were humanely euthanized, followed by sterilization
with 75% ethanol for 5 minutes. Thereafter, the peritoneal
cavity was lavaged using 5 mL PBS supplemented with 0.1%
EDTA to collect the macrophages. First, the cells were resus-
pended in 5 mL red blood cell lysis buffer for 2 minutes to
lyse the erythrocytes. Thereafter, the cell suspension was
centrifuged at 1000 rpm for 5 minutes and washed with
PBS. Subsequently, the cells were resuspended in RPMI-
1640 medium supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin and plated in a six-well
plate at 4 × 106 cells/well. After sedimentation, the medium
was replaced with a fresh medium to discard unattached
cells. Thereafter, to induce a proinflammatory response, the
purified peritoneal macrophages were pretreated with 100
ng/mL lipopolysaccharide (LPS InvivoGen, Cayla, France)
from Escherichia coli K12 for 3 hours, followed by the
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TABLE. Gene-Specific Primers Used in the qPCR

Gene Accession Number Primer Sequences

m-GAPDH NM_001289726.1 Forward: GCCACCCAGAAGACTGTGGAT
Reverse: GGAAGGCCATGCCAGTGA

m-α-SMA NM_007392.3 Forward: TGCCGAGCGTGAGATTGTC
Reverse: CGTTCGTTTCCAATGGTGATC

m-Collagen I NM_007742.4 Forward: TGACTGGAAGAGCGGAGAGTACT
Reverse: TTCGGGCTGATGTACCAGTTC

m-Fibronectin NM_010233.2 Forward: TCATTTCATGCCAACCAGTTG
Reverse: AACCTCTTCCCGAACCTTGTG

m-NLRP3 NM_145827.4 Forward: AACCTCTTCCCGAACCTTGTG
Reverse: AGGTTGCAGAGCAGGTGCTT

m-ASC NM_023258.4 Forward: TGGACGCCATAGATCTCACTGA
Reverse: CTGCCACAGCTCCAGACTCTT

m-Caspase1 NM_009807.2 Forward: CTGGGACCCTCAAGTTTTGC
Reverse: CCCTCGGAGAAAGATGTTGAAA

m-IL-1β NM_008361.4 Forward: CTTTCCCGTGGACCTTCCA
Reverse: CTCGGAGCCTGTAGTGCAGTT

m-IL-18 NM_008360.2 Forward: GACCAAGTTCTCTTCGTTGACAAAA
Reverse: CTATCCTTCACAGAGAGGGTCACA

m-TGF-β NM_011577.2 Forward: CAACAATTCCTGGCGTTACCTT
Reverse: CAAGAGCAGTGAGCGCTGAA

h-GAPDH NM_002046.7 Forward: CATGTTCGTCATGGGTGTGAA
Reverse: GGCATGGACTGTGGTCATGAG

h-TGF-β NM_000660.7 Forward: CGCCAGAGTGGTTATCTTTTGA
Reverse: CGGTAGTGAACCCGTTGATGT

addition of 10 μM nigericin (Nig; Sigma, St Louis, MO) for
1 hour. The macrophages were divided into four groups,
namely, WT-unstimulated, WT-LPS + Nig, KO-Con, and KO-
LPS + Nig. After stimulation, the cell supernatants were
collected and prepared for ELISA, and the cells were
harvested for Western blotting analysis.

Cell Culture

Human corneal epithelial cells were cultured as previ-
ously described.24 In brief, human corneal epithelial cells
were cultured in Dulbecco’s modified Eagle’s medium/F12
medium (DF12, Hyclone, Logan, UT) containing 10% fetal
bovine serum (ExCell Bio, Shanghai, China) and 1% strep-
tomycin/penicillin (Solarbio, Beijing, China) with 5% CO2

at 37°C. When the cells reached 70% to 80% confluency,
rhIL-1β (R & D Systems; 0, 1, 5, and 10 ng/mL) was
added to the medium, followed by a 24-hour incuba-
tion period. Subsequently, the cell lysates were prepared
for Western blotting and qRT-PCR analyses. Additionally,
primary mouse corneal epithelial cells (pMCECs) were
harvested from eyeballs of WT mice. First, the eyeballs
were soaked in 1.2 U/mL Dispase II (Gibco, Waltham,
MA) for 16 hours at 4°C. Thereafter, the corneal epithe-
lium was separated and placed in a 24-well plate for
adherent culture. The cells were maintained in keratinocyte
serum-free medium (Gibco) supplemented with 2% serum-
free culture factor B27 (ThermoFisher Scientific, Waltham,
MA), 1% penicillin/streptomycin, 1% insulin-transferrin-
selenium (Gibco), and 0.1% Y-27632 (Sigma) in an incu-
bator containing 5% CO2 at 37°C. The supernatant from
the macrophages (WT-unstimulated, WT-LPS + NIG, KO-
CON, and KO-LPS + NIG) was mixed with an equal volume
of keratinocyte serum-free medium complete medium to
form the conditioned medium for the pMCECs. After 24
hours of culture, the cells were finally collected for qRT-PCR
analysis.

Quantitative Real-Time PCR

Total RNA was extracted from the corneal tissue (three
corneas were pooled together as a sample) or cells using
GeneJET RNA purification kit (ThermoFisher Scientific),
according to the manufacturer’s protocol. Subsequently,
cDNAs for α-SMA, collagen I, fibronectin, NLRP3, ASC,
caspase 1, IL-1β, and IL-18 were synthesized using Prime-
Script First Strand cDNA synthesis kit (TaKaRa, Dalian,
China), as per the manufacturer’s guidelines. As previously
reported,25 the cDNAs were subjected to qRT-PCR using
SYBR Premix Ex Taq (Vazyme, Nanjing, China), and the
reaction products were analyzed using Bio-Rad CFX96 Real-
Time Systems (Bio-Rad, Hercules, CA), with glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as an internal control.
All primer sequences used for PCR analysis are specified in
the Table.

Western Blot Analysis and ELISA

As previously described,26 corneal tissues (three corneas
per sample) and cells were subjected to radioimmunopre-
cipitation assay buffer lysis to extract the total protein.
Thereafter, the protein samples were separated using 10%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. The separated proteins were transferred to polyvinyli-
dene fluoride membranes (Millipore, Billerica, MA). After
blocking the membranes with 5% skim milk for 1 hour,
they were incubated with primary antibodies against
NLRP3 (1:1000; Adipogen Life Sciences, San Diego, CA),
ASC (1:1000; Abcam), IL-1β (1:1000; Abcam), caspase 1
(1:1000; Abclonal, Wuhan, China), α-SMA (1:1000, Abcam),
TGF-β1 (1:1000, Affinity Biosciences, Cincinnati, OH),
and β-actin (1:1000, Affinity Biosciences). Subsequently,
the membranes were incubated with the corresponding
horseradish peroxidase-conjugated secondary antibodies
(1:1000; Zhongshan Jinqiao Biotech, Beijing, China). Finally,
the proteins were visualized using an automatic chemilumi-
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nescence image analysis system (Tanon, Shanghai, China),
and the expression levels of the target proteins were
analyzed using ImageJ software with β-actin as an inter-
nal control. The IL-1β levels in the supernatants of the
macrophage suspensions were analyzed using commercially
available murine IL-1β ELISA kits (BOSTER, Pleasanton, CA),
according to the manufacturer’s instructions.

Flow Cytometry Analysis

As previously reported,27 the corneal tissues (four corneas
per group) were digested using RPMI media containing
0.05 mg/mL DNase I (Roche Corp., Indianapolis, IN) and
2 mg/mL collagenase type IV (Sigma-Aldrich Corp., St. Louis,
MO) for 1 hour at 37°C to collect corneal monocyte. There-
after, the digested mixture was filtered through a 70-μm
cell strainer (Becton & Dickinson, Franklin Lakes, NJ) to
obtain the cell suspension. The single cell suspensions were
stained with FITC-conjugated anti-mouse CD45 (#103206,
BioLegend, San Diego, CA), allophycocyanin-conjugated
anti-mouse F4/80 (#123115, BioLegend), and phycoerythrin-
conjugated anti-mouse Ly6G (#127608, BioLegend) for
30 minutes. Subsequently, the cells were washed twice with
PBS and resuspended in the same. Finally, the cells were
analyzed using LSR II flow cytometer (BD Biosciences Inc.,
San Jose, CA), and data were analyzed using FlowJo software
vX.5.3 (FlowJo LLC., Ashland, OR).

Immunofluorescence Staining

For immunohistochemical analyses, cryosections of the
mouse eyeball specimens were fixed in 4% paraformalde-
hyde and blocked using 5% BSA. The sections were incu-
bated with primary antibodies, namely anti–α-SMA (1:100,
Abcam), anti-NLRP3 (1:100, Abcam), anti-IL-1β (1:100,
Abcam ), and anti–TGF-β1 (1:100, Affinity Biosciences)
overnight at 4°C. Thereafter, the tissue sections were incu-
bated with corresponding fluorescein-conjugated secondary
antibodies. For double immunofluorescence labeling, the
tissue sections were initially incubated with antibodies
against NLRP3 or IL-1β, followed by fluorescein-conjugated
secondary antibody and anti-F4/80 staining. Finally, the
nuclei were stained using 4′,6-diamidino-2-phenylindole
(DAPI; Beyotime, Shanghai, China) and examined using an
Olympus BX50 fluorescence microscope (Tokyo, Japan).

Statistical Analyses

All data in this study were obtained from at least three
independent experiments, and they are presented as mean
± standard deviation. Prism 8.0 software (GraphPad, San
Diego, CA) was used to perform the statistical analyses.
Differences between two groups were determined using an
unpaired Student t-test, and the differences were considered
as statistically significant if the P values was less than 0.05.

RESULTS

Corneal Scarring Is Associated With NLRP3
Activation

During the progression of corneal fibrosis in the
corneal scarring mice models, the injured corneas were
photographed using a slit-lamp microscope, with or without
fluorescein sodium staining, on days 0, 1, 3, 5, and 7 after

injury. In the control group, there was a disk-shaped,
central scar with a high scar grade (Figs. 1A, B). The corneal
wound healed completely on day 7 after injury (Figs. 1A, C).
Coincidentally, the qRT-PCR analysis of the corneal tissues
revealed a remarkable increase in the expression levels of
α-SMA, collagen I, and fibronectin mRNAs on day 5, and
these high expression levels persisted on day 7 (Fig. 1D).
Subsequently, the mRNA levels of the NLRP3 inflammasome
components were examined to explore the inflammatory
mechanism of corneal fibrosis. As shown in Figure 1E, the
inflammasome activation led to an increased secretion of
NLRP3, ASC, caspase 1, and downstream cytokines, like
IL-1β and IL-18, in the corneal tissue. Moreover, there
was a simultaneous increase in the expression levels of
the proteins of the NLRP3 inflammasome as well as the
fibrosis marker α-SMA (Figs. 1F, G). Therefore, these results
indicate the close association of NLRP3 activation with the
development of a corneal scar.

Inhibition of IL-1β Alleviates Corneal Fibrosis

To investigate the role of IL-1β in corneal fibrosis, the
corneal fibrosis mice models were treated with a-IL-1β anti-
body and anakinra. As depicted in Figures 2A and B, block-
ing the IL-1β signaling pathway reversed corneal fibrosis in
vivo. Additionally, it led to a marked improvement in the
healing of corneal defects (Supplementary Fig. S1) on day
3 after injury. Furthermore, α-SMA–specific immunofluores-
cent staining revealed an apparent increase in the accumula-
tion of myofibroblasts in the control group, whereas a-IL-1β
antibody and anakinra treatments diminished their numbers
(Fig. 2C). In fact, qRT-PCR revealed a decrease α-SMA, colla-
gen I mRNA level in the corneas with a-IL-1β antibody and
anakinra treatments (Fig. 2D). Furthermore, Western blot-
ting analysis confirmed that the inhibition of IL-1β could
decrease α-SMA protein expression in the corneal tissues
(Fig. 2E).

Small Inhibitor MCC950 Inhibits Corneal Scarring

To explore the potential role of the NLRP3 inflammasome in
the regulation of corneal scar formation, an NLRP3 inhibitor
(MCC950) was subconjunctivally administered in vivo. After
injury, the mice in the control group (PBS) developed
remarkable corneal opacity, whereas the MCC950-pretreated
mice exhibited a notably lesser corneal opacity than that
in the control group; in fact, the latter portrayed a near-
complete restoration of corneal transparency, especially on
day 7 after injury (Figs. 3A, B). Moreover, the corneal epithe-
lial was repaired without accelerated healing in the MCC950-
pretreated mice (Supplementary Fig. S2). At 7 days after
injury, corneal tissues were collected, and the effect of
MCC950 on fibrosis was determined with respect to the
mRNA and protein expression levels. The qRT-PCR analysis
revealed a substantial decrease in the expressions of α-SMA
and collagen I in the MCC950-treated corneas, as compared
with that in the control group corneas (Fig. 3C). Moreover,
immunostaining and Western blotting (Fig. 3D) confirmed
that MCC950 significantly inhibited α-SMA expression in
corneas.

KO of NLRP3 Reduces Corneal Scarring

Because the inhibition of NLRP3 decreased corneal
scarring, it was necessary to further investigate the
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FIGURE 1. Corneal scarring is associated with the activation of the NLRP3. Corneal scarring model was established by mechanical-injury
in WT mice. The corneas were gathered on days 1, 3, 5, and 7 after injury. (A, Representative images of injured cornea under bright-field
microscopic (top) and corneal epithelial defect area with fluorescein sodium staining (bottom). (B, The quantification of corneal scarring (n
= 10). (C, The quantification of corneal epithelial wound healing rate (n = 10). (D, The mRNA levels of fibrosis markers (α-SMA, collagen
I, and fibronectin) in the corneal tissue of an established corneal scarring model. (E, The mRNA levels of NLRP3-associated inflammatory
markers (NLRP3, ASC, caspase1, IL-1β, and IL-18) in the corneal tissue of an established corneal scarring model. (F, G) Western blot and
statistical analysis for the protein expression of NLRP3, caspase1, ASC, pro-caspase1, c-caspase1, pro-IL-1β, c-IL-β, and α-SMA in corneas.
All experiments were repeated three times independently. Data are presented as the mean ± standard deviation. *P < 0.05, **P < 0.01,
***P < 0.001. ASC, apoptosis-associated speck-like protein containing a CARD; c-caspase1, cleaved caspase 1; C-IL-β, cleaved IL-1 beta.

involvement of NLRP3 in corneal fibrosis using NLRP3 KO
mice. Coincidentally, in comparison with the WT mice, the
NLRP3−/− mice experienced a reduced corneal scarring; that
is, their corneal scars exhibited lower scar grades than that in
the WT mice (Figs. 4A, B). Additionally, the NLRP3−/− mice
had a better corneal epithelial wound healing ability than
that in the WT mice (Supplementary Fig. S3), as observed on
day 3 after injury. Moreover, qRT-PCR analysis revealed that

the α-SMA and collagen I mRNAs were markedly decreased
in the corneas of NLRP3−/− mice after injury (Fig. 4C). This
finding was further confirmed by the weaker immunostain-
ing (Fig. 4D) and a decreased protein expression of α-SMA
(Fig. 4E) in the NLRP3−/− mice corneas, as compared with
that in the WT mice corneas on day 7 after injury. These
observations indicate that inhibition of the NLRP3 signaling
pathway reverses corneal scarring in vivo.
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FIGURE 2. IL-1β inhibition alleviates corneal fibrosis. Established corneal scarring models were induced by mechanical injury in WT
mice. α-IL-1β antibody (IL-1β neutralizing antibody), anakinra (IL-1R antagonist), or PBS (control group) was subconjunctivally injected.
(A) Representative bright-field photographs of injured corneas on days 3, 5, and 7 after injury. (B) The quantitative statistics of corneal
scarring (n = 10). (C) The representative fluorescent image of α-SMA in corneas at day 7 after injury. Scale bar, 50 μm. (D) The qRT-PCR
analysis of α-SMA and collagen I mRNA level in corneal tissue on day 7 after injury. (E) Western blotting detecting the protein level of α-SMA
in corneal tissue on day 7 after injury. All experiments were repeated three times independently. Data are presented as the mean ± standard
deviation. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 3. Small inhibitor MCC950 inhibits corneal scar formation. Established corneal scarring models were caused by mechanical injury in
WT mice. MCC950 (NLRP3 inhibitor) or PBS (control group) was treated in mice via subconjunctival injection. (A) Bright field microscopy of
corneas on days 3, 5, and 7 after injury. (B) The score of corneal scarring was rated on a scale (n = 10). (C) Relative mRNA level of fibrotic
associated genes (α-SMA, collagen I) in corneal tissue on day 7 after injury. (D) Representative fluorescence staining images and relative
protein level of α-SMA and in corneas on day 7 after injury. Scale bar, 50 μm. All experiments were repeated three times independently. Data
are presented as the mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001.

Macrophage Infiltration Is Associated With
Corneal Scarring

To explore the incidence of inflammatory cell, especially
macrophage, infiltration during corneal scar formation,
single-cell suspensions of corneal tissues were examined

using flow cytometry (Fig. 5A). This analysis revealed
that the CD45+ leukocytes (Fig. 5B) and CD45+ F4/80+

macrophages (Fig. 5C) increased dramatically in the corneas
collected from the WT mice on day 5 after injury.
However, the number of CD45+Ly6G+ neutrophils was
significantly low at the corresponding time points (Fig. 5D).
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FIGURE 4. The NLRP3 KO reduces corneal scarring. Mechanical corneal injury was established in NLRP3−/− mice and NLRP3loxp mice.
(A) Macroscopic images of corneas under bright field microscopy on days 3, 5, and 7 after wounding. (B) The quantitative analysis of
corneal scarring (n = 10). (C) A qRT-PCR analysis for the mRNA expression of fibrosis genes (α-SMA, collagen I) in corneal tissue on day 7
after injury. (D) Representative images of fluorescence staining targeting α-SMA in corneas on day 7 after injury. Scale bar, 50 μm. (E) The
protein level of α-SMA in corneas on day 7 after injury. All experiments were repeated three times independently. Data are presented as the
mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001.

Interestingly, immunofluorescence double staining revealed
a strong colocalization of F4/80 with NLRP3 and IL-1β in the
corneas of WT mice on day 5 after injury (Fig. 5E). Therefore,
macrophage infiltration is closely associated with corneal
scar formation.

Macrophage-Specific NLRP3 KO Reduces Corneal
Scarring

Because the NLRP3 inflammasome is highly expressed in
tissue macrophages and circulating monocytes, it was vital
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FIGURE 5. Macrophage infiltration is associated with corneal scar formation. Mechanical injury induced corneal scarring in WT mice and
the corneas were removed at different time points. (A) Gating strategy for single cells (irregular quadrilateral), blood leukocytes (CD45+,
rectangle), neutrophils (CD45+/Ly6G+, rectangle), macrophages (CD45+/F4/80+, rectangle). (B, D) The number of blood cells, neutrophils
and macrophages in the normal corneas and corneas on days 1, 3, 5, and 7 after injury (n = 6). (E) Immunofluorescence staining displayed
the colocalization of F4/80 with NLRP3 (top) or IL-1β (bottom) in corneas on day 7 after injury. Scale bar, 50 μm. All experiments were
repeated three times independently. Data are presented as the mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001.

to assess the effect of macrophage-specific NLRP3 deletion
on corneal scarring. Similar to NLRP3−/− mice, the NLRP3
Lyz-KO mice exhibited a markedly attenuated corneal opac-
ity with a lower scar grade after injury (Figs. 6A and B), as
compared with that exhibited by the WT mice. Additionally,

these NLRP3 Lyz-KO mice demonstrated an enhanced ability
of corneal epithelial healing on day 3 after injury (Supple-
mentary Fig. S4). Consistent with this finding, the corneas
of NLRP3 Lyz-KO mice exhibit decreased immunostaining of
α-SMA, as compared with that in the Lyz-Cre mice on day 7
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FIGURE 6. Macrophage-specific NLRP3 KO reduces corneal scarring. Mechanical corneal injury was established in NLRP3 Lyz-KO
(LyzCre+NLRP3loxp/loxp) mice and Lyz-Cre mice. (A) The photograph of corneas under bright field microscope of corneas on days 3, 5,
and 7 after injury. (B) The quantitative analysis of corneal scarring (n = 10). (C) Representative fluorescence staining images showing
α-SMA expression in corneas on day 7 after injury. Scale bar, 50 μm. (D) The relative protein level of α-SMA in corneas on day 7 after injury.
All experiments were repeated three times independently. Data are presented as the mean ± standard deviation. *P < 0.05, **P < 0.01,
***P < 0.001.

after injury (Fig. 6C). In fact, this finding was verified further
by the decreased α-SMA protein expression in the NLRP3
Lyz-KO mice corneas (Fig. 6D), as detected by Western blot-
ting. These observations indicate that macrophage-specific
NLRP3 KO alleviates mechanical damage-induced corneal
scarring in vivo.

Corneal Myofibroblast Differentiation Is Mediated
by TGF-β1 Secreted by Corneal Epithelial Cells
Upon IL-1β Stimulation

TGF-β1 plays a critical role in epithelial migration and
corneal scar development. Immunofluorescence staining of
the corneal epithelium of WT mice revealed an increase in
the TGF-β1 expression in the injured corneas on days 5 and
7 after injury, as compared with that in normal corneas as
well as in the injured ones on days 1 and 3 after injury
(Fig. 7A). These observations were further confirmed by the
progressive increase in the TGF-β1 mRNA (Fig. 7B) and
protein expressions (Figs. 7C, D) in the injured corneas
of WT mice. In subsequent in vitro experiments, the IL-
1β recombinant factor–stimulated human corneal epithe-
lial cells demonstrated an upregulated TGF-β1 mRNA and
protein level, as compared with that in the control group;
in fact, the TGF-β1 expression increased along with the
increase in the dose of IL-1β factor treatment (Figs. 7E–
G). Furthermore, the experiments demonstrated that the

fluorescence intensity as well as the protein expression
level of TGF-β1 was significantly decreased in the corneas
of NLRP3−/− mice and NLRP3 Lyz-KO mice, as compared
with those in NLRP3loxp mice after injury (Figs. 8A–C). To
ascertain the effect of NLRP3 activation in macrophages in
vitro, peritoneal macrophages were extracted from WT and
NLRP3−/− mice. Coincidentally, LPS treatment followed by
Nig stimulation significantly increased the protein expres-
sion of NLRP3 in macrophages derived from WT mice.
However, macrophages derived from NLRP3−/− mice hardly
expressed NLRP3 under similar stimulus (Fig. 8D). Addi-
tionally, the NLRP3-induced IL-1β secretion was predom-
inantly decreased in the cell supernatants derived from
NLRP3−/− mice (Fig. 8E). To examine whether the NLRP3-
induced IL-1β secretion by the mouse macrophages has
any effect on TGF-β1 expression in the corneal epithelium,
the pMCECs derived from the WT mice were preincubated
with mouse macrophage supernatants for 24 hours. Even
though significantly high TGF-β1 levels were observed in
the culture supernatants of LPS-treated macrophages derived
from WT mice, this effect was significantly diminished in
case of the pMCECs cocultured with supernatants obtained
from NLRP3−/− macrophages (Fig. 8F). Interestingly, IL-
1β–blocking antibodies reversed the IL-1β-induced TGF-β1
upregulation in macrophages from WT mice (Fig. 8G). The
macrophage NLRP3-mediated IL-1β production stimulated
TGF-β1 expression in the corneal epithelium, thereby caus-
ing myofibroblast differentiation.
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FIGURE 7. IL-1β stimulates TGF-β1 expression in corneal epithelium. For the in vivo experiment, the corneal tissue was taken from normal
WT mice (control group) and WT mice on days 1, 3, 5, and 7 after injury. For the in vitro experiments, IL-1β factor (0, 1, 5, and 10 ng/mL)
were added in culture medium of human corneal epithelial cell (HCECs) for 24 hours, the cell samples were collected for qRT-PCR and
Western blot. (A) Representative photographs of immunofluorescent staining targeting TGF-β1 in corneal tissue. Scale bar, 50 μm. (B) qRT-
PCR analysis detecting the mRNA level of TGF-β1. (C, D) Western blotting analysis detecting the protein level of TGF-β1 in corneas. (E) The
expression of TGF-β1 at mRNA level in HCECs. (F, G) Western blot analysis showing TGF-β1 level in HCECs. All experiments were repeated
three times independently. Data are presented as the mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 8. The NLRP3 KO blocks TGF-β1 synthesis in corneal epithelial cells. In vivo, mechanical corneal injury was established in NLRP3loxp

(control group), NLRP3−/− and NLRP3 Lyz-KO mice respectively. In vitro, peritoneal macrophage extracted from WT mice and NLRP3−/–
mice. Macrophages were treated with or without LPS and Nigercin (classic NLRP3 inflammasome inducer). Cell precipitation and culture
supernatant was collected. Cell supernatant from peritoneal macrophage was cocultured with human corneal epithelial cell (HCECs).
(A) Representative images of immunofluorescent staining targeting TGF-β1 in corneal tissue post injury. Scale bar, 50 μm. (B, C) West-
ern blotting analysis comparing protein levels of TGF-β1 between unwound corneas and injured corneas on day 7. (D) The protein level of
NLRP3 in peritoneal macrophage with or without stimulation. (E) Quantitative assay detecting release of IL-1β in cellular supernatant after
stimulation with PBS (control group) or LPS with Nigercin (LPS + Nigercin). (F) qRT-PCR assay showing TGF-β1 mRNA level in HCECs with
or without the macrophage (derived from WT mice and NLRP3−/− mice) supernatants. (G) The mRNA level of TGF-β1 in HCECs with or
without macrophage (derived from WT mice) supernatants. Cell supernatants were exposed to LPS + Nigercin or LPS + Nigercin +_α-IL-1β
antibody (IL-1β neutralizing antibody). All experiments were repeated three times independently. Data are presented as the mean ± standard
deviation. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 9. Schematic diagram showing the NLRP3 activation in infiltrating macrophages contributes to corneal fibrosis by inducing TGF-β1
expression in the corneal epithelium.

DISCUSSION

Corneal scarring or corneal fibrosis is characterized by
myofibroblast differentiation and a massive amount of
extracellular matrix production. The fibroblasts and myofi-
broblasts establish fibrous connections among the corneal
tissues, resulting in a loss of corneal transparency and forma-
tion of a corneal scar.28 This study has confirmed the involve-
ment of the NLRP3/IL-1β signaling pathway of macrophages
in corneal scarring and associated inflammatory responses
via the regulation of the downstream TGF-β1 (Fig. 9). More-
over, it has been established that blocking the NLRP3/IL-1β
signaling pathway inhibits the differentiation of myofibrob-
lasts and maintains corneal transparency.

Emerging evidence has demonstrated that the activa-
tion of the NLRP3 inflammasome involves an inflammatory

response, which is mainly driven by the release of proin-
flammatory cytokine IL-1β and IL-18.29,30 Coincidentally, IL-
1β plays a pivotal role in the pathogenesis of inflamma-
tion and fibrosis31,32; moreover, it amplifies the effects of
other cytokines.18 In liver diseases, the NLRP3 inflamma-
some activation indirectly induces liver inflammation and
fibrosis in a cytokine-dependent manner.33 In contrast, acti-
vation of the inflammasome in hepatic stellate cells directly
promotes liver fibrosis.34 The NLRP3 inflammasome also
plays a pivotal role in cardiac fibroblast differentiation,
and it mediates the Smad2/3 signaling, thereby resulting in
cardiac fibrosis.35 Additionally, it is involved in the develop-
ment of pulmonary36 or renal fibrosis.37 However, the role
of NLRP3 inflammasome in corneal fibrosis has not been
explored extensively. Previous studies have demonstrated
the proinflammatory role of the NLRP3 inflammasome
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in a corneal alkali burn injury model.38,39 Consistent with
this finding, the present study revealed that the NLRP3
inflammasome and its downstream components, namely,
ASC, caspase 1, and IL-1β, were significantly elevated during
corneal scarring, whereas the NLRP3−/− mice exhibited
significantly decreased corneal scarring symptoms, includ-
ing improved corneal transparency and an accelerated heal-
ing rate of corneal wounds. Similarly, subconjunctival injec-
tion of NLRP3 inhibitor, IL-1β neutralizing antibodies or
IL-1R antagonists in WT mice had the same effects in
vivo.

Furthermore, the NLRP3 inflammasome is recognized
as a crucial complex in the regulation of macrophage
function in response to inflammatory stimuli. Coinciden-
tally, fibrosis and scarring occur when a prolonged inflam-
matory response leads to delayed wound healing.40 As
portrayed in Figure 5D, in the early stages of corneal
scarring, the number of neutrophils is significantly upreg-
ulated, thereby suggesting that neutrophil infiltration is
the first step of corneal fibrosis. Interestingly, as the
corneal scarring progressed, that is, on days 5 and 7
after injury, the number of neutrophils decreased, whereas
the macrophage recruitment increased. Additionally, the
macrophage recruitment process was consistent with the
increased expression of NLRP3 during the development
of corneal scars. These observations indicate that, after
an injury, the NLRP3 in macrophages mediates inflam-
matory responses in the corneal tissues, ultimately lead-
ing to abnormal extracellular matrix deposition and poor
remodeling of the corneal stroma. Nonetheless, our prelim-
inary results revealed that the supernatant of NLRP3 acti-
vated macrophage did not alter the phenotype of corneal
keratocyte (data not shown), indicating that macrophage
NLRP3 activation play an indirect role in myofibroblast
differentiation.

Recent studies provide increasing evidence indicating
that the enhanced TGF-β1 synthesis after a corneal injury
is closely associated with the progression of ocular fibro-
sis.41–43 Moreover, TGF-β1 and its receptors can inhibit
the proliferation of corneal epithelial cells and stimulate
the proliferation of mesenchymal fibroblasts.44–46 There-
fore, the increased synthesis of TGF-β1 at the injury site
leads to increased myofibroblast differentiation,47 delayed
re-epithelialization,48,49 and increased collagen gel contrac-
tion.50,51 Interestingly, this study has demonstrated an
increase in the TGF-β1 synthesis in the corneal epithelium
during the development of corneal scars (Figs. 8A–C). More-
over, in vitro experiments have revealed that NLRP3 activa-
tion produces a large amount of IL-1β that, in turn, stimu-
lates TGF-β1 upregulation in the corneal epithelium. Addi-
tionally, this effect has been reversed in NLRP3 KO mice or
by the administration of an IL-1β neutralization antibody.
Therefore, these experiments have confirmed the role of
proinflammatory factor IL-1β in stimulating TGF-β1 synthe-
sis in corneal epithelium post corneal injury, ultimately acti-
vating corneal stromal cells and promoting the differentia-
tion of myofibroblasts.

In summary, this study has demonstrated that NLRP3 acti-
vation in macrophages mediates a massive release of IL-1β
that stimulates TGF-β1 synthesis in the corneal epithelium
that, in turn, promotes corneal scar formation. Consequently,
the NLRP3/IL-1β signaling pathway might form a promising
target for developing a novel, antifibrotic treatment strategy
for corneal scarring.
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