
Cornea

MiR-223-3p Regulates Autophagy and Inflammation by
Targeting ATG16L1 in Fusarium solani–Induced Keratitis

Hanfeng Tang, Yi Lin, Liwei Huang, and Jianzhang Hu
Department of Ophthalmology, Fujian Medical University Union Hospital, Fu Zhou, China

Correspondence: Jianzhang Hu,
Department of Ophthalmology,
Fujian Medical University Union
Hospital, 29 Xinquan Road, Fuzhou
350005, China;
ophhjz@163.com.

HT and YL contributed equally to
this article.

Received: October 3, 2021
Accepted: January 5, 2022
Published: January 28, 2022

Citation: Tang H, Lin Y, Huang L, Hu
J. MiR-223-3p regulates autophagy
and inflammation by targeting
ATG16L1 in Fusarium
solani–induced keratitis. Invest
Ophthalmol Vis Sci. 2022;63(1):41.
https://doi.org/10.1167/iovs.63.1.41

PURPOSE. Increasing evidence suggested that microRNAs (miRs) are implicated in the
regulation of the inflammatory response and autophagy in multiple diseases. The present
study aimed to explore the effect of miR-223-3p on inflammation and autophagy in fungal
keratitis (FK).

METHODS. An FK mouse model was established, and primary corneal stromal cells
were isolated by inoculation with Fusarium solani. The expression of miR-223-3p
was determined by quantitative RT-PCR. Subsequently, the target gene of miR-223-
3p was identified by a dual-luciferase reporter assay. The levels of miR-223-3p were
altered by transfecting miR agomir/antagomir to evaluate its effects. Slit-lamp biomi-
croscopy and hematoxylin and eosin staining were employed to detect corneal damage.
The levels of autophagy were assessed by immunofluorescence, Western blotting,
mRFP-GFP-LC3 fluorescence microscopy, and electron microscopy. In addition, inflam-
mation was demonstrated by determining the proinflammatory mediators IL-1β and
TNF-ɑ.

RESULTS. Our data suggested that miR-223-3p was increased and that autophagic flux was
impaired in mouse FK. Then, we confirmed that autophagy-related gene 16L1 (ATG16L1)
was a potential target of miR-223-3p and that this miR negatively regulated the expression
of ATG16L1. The inhibition of miR-223-3p attenuated inflammation in FK, reduced P62
expression, and increased the ratio of LC3-II/LC3-I, whereas the overexpression of miR-
223-3p displayed the opposite results.

CONCLUSIONS. Taken together, miR-223-3p might regulate autophagy via targeting
ATG16L1 in experimental F. solani keratitis and is associated with the inflammatory
response. MiR-223-3p might be a potential therapeutic target for FK.
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Fungal keratitis (FK) is an infectious disease of the cornea
that leads to severe visual impairment.1 According to

previous studies, FK has shown a prominently increasing
morbidity, accounting for 20% to 60% of infectious keratitis
in tropical and subtropical regions.2 Among them, Fusar-
ium solani is the most common species that causes FK in
many countries.3 The cornea is the frontline defender against
invading pathogenic fungi by providing a mechanical barrier
and initiating an immune and inflammatory response.4

Excessive immune reactions and inflammatory responses
play a crucial role in the injured cornea.5 However, its patho-
genesis is not fully understood,which limits its effective ther-
apy.6,7 Thus, it is urgent to unravel the pathogenesis of FK
and develop effective treatment strategies.

MicroRNAs (miRs) are highly conserved endogenous
noncoding single-stranded small RNA molecules that regu-
late the expression of the protein-coding gene after tran-
scription by binding with the 3′ untranslated region (3′UTR)
of mRNAs.8,9 Increasing evidence has illustrated that miRs
are involved in the regulation of inflammatory response
in multiple diseases.10–12 Recent studies revealed that miR-
223-3p is an essential regulator of inflammation and infec-
tion.13,14 MiR-223-3p could regulate signal transducer and

transcription activator 3 expression in macrophages trig-
gered by Toll-like receptors, which are bound up with
inflammatory responses in macrophages during micro-
bial infection.15 Long et al.16 further demonstrated that
miR-223-3p targeting the NOD-like receptor protein 3
could suppress inflammasome activation in endothelial cells
infected with Treponema pallidum subsp. pallidum. Of
note, previous studies found that the levels of miR-223-
3p were obviously increased in F. solani–infected mouse
corneal tissues.17,18 Nonetheless, the potential mechanism
and biological role of miR-223-3p in FK have not been well
revealed.

Autophagy is a highly conservative catabolism process
in eukaryotes that is very important to maintain in intra-
cellular homeostasis, whereas autophagy dysfunction leads
to the occurrence of diseases.19,20 A previous study indi-
cated that autophagy was altered in the mouse corneas after
infection with Aspergillus fumigatus and played an anti-
inflammatory role in the innate immune response.21 Our
previous findings also suggested that autophagy plays an
indispensable role during the occurrence of FK.17 However,
the upstream pathway of autophagy in FK is unclear;
thus, we attempted to identify key upstream regulators
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of autophagy. More recently, the regulatory influence of miR-
223-3p on autophagy has attracted increasing attention.22,23

For instance, the inhibition of miR-223-3p suppresses
autophagy and reduces cisplatin resistance in non–small cell
lung carcinoma via targeting F-box/WD repeat-containing
protein 7 (FBXW7).24 Hu et al.22 pointed out that the knock-
down of miR-223-3p activates the pathway of autophagy by
enhancing forkhead box O3 (FOXO3) in an atrial fibrillation
model. Hence, we are curious about whether miR-223-33p,
which is notably increased in fungal keratitis, can also regu-
late autophagy.

To explore the role of miR-223-3p in autophagy in
FK, changes in autophagy and the inflammatory response
were detected through modulating miR-223-3p expression.
Our research aimed to identify miR-223-3p as a prognostic
biomarker and potential therapeutic target for the treatment
of FK.

MATERIALS AND METHODS

Fungal Species

The standard fungal strain F. solani (AS 3.1829) used in
the study was obtained from the China General Microbio-
logical Culture Collection Center (CGMCC, Beijing, China),
originally isolated from human skin. The fungal strain was
inoculated on Sabouroud medium (lot. 1900518; OXOID,
Basingstoke, Hampshire, UK) by the scratch method and
cultured at 28°C for 7 days.

Preparation of Fungal Suspensions

Sterile PBS (1 mL) was added to the petri dish; the mycelia
and conidia were scraped, and the mixed solution was
collected. Then, the mycelia were removed by filtration with
sterile gauze. After that, the conidia were adjusted with ster-
ile water to a concentration of 1 × 108 CFU/mL. Finally, the
conidial suspension could be used for subsequent experi-
ments.

Experimental Animals

BALB/C (6–8 weeks) mice were obtained from Charles
River Lab Biological Technology Co., Ltd (Beijing, China).
We performed a slit-lamp examination to ensure that the
eyeballs of mice were healthy. During the rearing and test-
ing of mice, we strictly followed the guidance from ARVO.
Before being infected by F. solani, mice were randomized
into the following four groups (n = 6/group): miR-NC (Ribo-
Bio Co. Guangzhou, China; miR3N0000001-4-5), miR-223
(miR41236163457), Ant-223 (miR30000665), and the control
group. The FK models were implemented based on a previ-
ous protocol.25 Briefly, mice were injected intraperitoneally
with a pentobarbital suspension (50 mg/kg). Subsequently,
the corneal epithelium (approximately 2.5 mm in diame-
ter) was removed with an electric scraper. Then, the full-
thickness rat cornea was cut along the corneal limbus under
relatively sterile conditions and made into soft contact lenses
with a diameter of about 5 mm to cover the mouse corneas.
After the mouse eyelids were sutured with 5-0 silk thread,
5 μL fungal suspension was injected into the conjunctival
sac. Next, the contact lenses were removed after incubation
for 24 hours, while the mouse eyelid sutures were disman-
tled. The corneas of mice were carefully observed and
photographed daily under a slit-lamp microscope. Accord-

ing to the previously described scoring system,26 a clinical
score from 0 to 12 was used to assess the severity of FK. A
grade from 0 to 4 was assigned to each item: opacity density,
opacity area, and surface regularity. The total scores from
these three categories were classified as mild (score 0–5),
moderate (score 6–9), or severe (score 10–12). Corneas were
harvested for the following experiments.

Hematoxylin and Eosin Staining

The corneas of mice from different groups were harvested
and immersed with 4% paraformaldehyde (Sigma-Aldrich,
St. Louis, MO, USA) overnight. After being dehydrated in
gradient alcohol, the samples were embedded with paraf-
fin and sectioned with an ultramicrotome. Paraffin sections
were dewaxed with xylene, rehydrated with gradient alco-
hol, and rinsed three times. The tissues were immerged in
hematoxylin solution for 5 minutes, followed in eosin solu-
tion for 1 to 2 minutes; dehydrated with gradient alcohol;
and finally mounted with neutral resin. After hematoxylin
and eosin (HE) staining, tissues were observed with an opti-
cal microscope (Nikon, Tokyo, Japan).

Primary Cell Culture

The removed mouse eyeballs were washed with sterile PBS
containing penicillin and streptomycin (100 U/mL, TMS-
AB2-C; Merck Millipore, Boston, MA, USA) three times. Each
eyeball was digested for 12 hours at 4°C with 150 μL dispa-
seII enzyme (15 mg/mL; Sigma-Aldrich). Next, the corneal
tissues were cut into small fragments after the removal
of loose corneal epithelium. Furthermore, the tissues were
digested with collagenase A (10 mg/mL; Sigma-Aldrich) at
37°C for 1 hour. Then, corneal stromal cells were suspended
in a 25-cm2 culture flask with DF12 medium (DMEM F-12;
Sigma-Aldrich). Adherent cells were observed after 10 to 12
hours at 37°C.

Cell Transfection

The corneal stromal cells (1 × 105 cells/well) were divided
randomly into four groups: miR-223-3p NC (miR-NC) group,
miR-223-3p agomir (miR-223) group, miR-223-3p antagomir
(Ant-223) group, and control group (without any treatment).
Then, according to standard protocols, we transfected them
(at a density of 60%–70%) with the respective miR reagent
at 100 nM using Lipofectamine 2000 (Thermo Fisher Scien-
tific; Invitrogen, Inc., Massachusetts, USA). Fresh medium
containing penicillin and streptomycin was replaced after 8
hours, and the incubation was continued for 48 hours.

RNA Extraction

The mouse corneas or corneal stromal cells were harvested.
Each mouse cornea was digested with 800 μL TRIzol reagent
(Takara Bio, Inc., Tokyo, Japan). After discarding the culture
medium of corneal stromal cells in a 6-well plate, 500 μL
TRIzol reagent was applied to each well, and the cells
were scraped and transferred to a 1500-μL eppendorf (EP)
tube. Each sample was added to a 1/5 volume of chlo-
roform, mixed vigorously, and centrifuged (12,000 rpm)
for 15 minutes at 4°C. Thereafter, the supernatants were
absorbed, and the same volume of isopropanol was applied
and centrifuged. The precipitates were added to 500 μL
75% alcohol, mixed, and centrifuged. After discarding the



The Role of miR-223-3p in Fungal Keratitis IOVS | January 2022 | Vol. 63 | No. 1 | Article 41 | 3

supernatant, we dissolved RNA with diethylpyrocarbonate
(DEPC) treated water and detected the concentration and
purity. The extracted RNA was stored in a –80°C refrigerator
for further study.

miR Microarray Analysis

TRIzol reagent (Takara Bio, Inc.) was applied to extract RNA
from corneas. The 260/280-nm ratio of all RNA samples
ranged from 1.9 to 2.1. By using poly(A) polymerase, the
3′ end of the miR samples was incorporated with the poly-
A tail. Oligonucleotide tags were attached to the poly-A tail
in later fluorescent dye staining. Samples were hybridized
with microfluidic miR array chips (Agilent Technologies,
Inc., Palo Alto, CA, USA) overnight. The chips were observed
by an Agilent G2565BA microarray scanner, and the images
were processed to generate the original signal values by
Agilent Feature Extraction Software V10.10. The original
signal values were normalized, logarithmically transformed,
and centered using Partek Genomics Suite 6.6 (Partek, Inc.,
St. Louis, Missouri, USA). The data obtained were processed
with Origin 2018 analysis software (OliginLab, Northamp-
ton, MA, USA).

Quantitative RT-PCR

To explore the level of miR-223-3p, specific miR stem-loop
reverse transcription was performed using a miR first-strand
cDNA synthesis kit (Vazyme, Nanjing, China). RT-PCR was
performed by using SYBR green Master Mix (Vazyme). The
primer sequences were as follows: U6, forward primer (5’-
GCTTCGGCAGCACATATACTAAAAT-3’) and reverse primer
(5’-CGCTTCAGAATTTGCGTGTCAT-3’); miR-223-3p, forward
primer (5’-TGTCAGTTTGTCAAA-3’) and reverse primer (5’-
CAGTGCGTGTCGTGGAGT-3’). The relative quantification of
miR levels was calculated using the 2−��Ct method.

Western Blotting

The corneal stromal cells or mouse corneal tissues were
harvested and lysed with RIPA reagent (Beyotime, Shang-
hai, China) supplemented with 1% Phenylmethylsulfonyl
Fluoride (PMSF) reagent (Beyotime). Recombinant proteins
(20 μg) were electrophoresed on 12.5% SDS-PAGE gels,
transferred electrophoretically to PVDF membranes (Milli-
pore, Boston, MA, USA), and blocked with 5% skimmed
milk for 60 minutes. Afterward, the proteins were incu-
bated with the corresponding primary antibodies at 4°C for
12 hours. The antibodies were as follows: anti-P62 (P0067;
Sigma-Aldrich), anti-LC3B (ab192890; Abcam, Cambridge,
MA, USA), anti-ATG16L1 (ab187671; Abcam), anti–TNF-α
(ab183218; Abcam), anti–IL-1β (ab9722; Abcam), and anti-
GAPDH (ab9485; Abcam) antibodies. On the second day,
membranes were washed with TBS+Tween (TBST) thrice,
incubated with the secondly antibodies horseradish perox-
idase (HRP) (ab6721, Abcam) for 60 minutes, and washed
again. Finally, the protein bands were visualized with ECL
solution (Millipore).

Transmission Electron Microscopy

After fresh mouse corneas were harvested, the samples were
quickly soaked in fixative for 3 hours and immerged in
1% osmium acid for 2 hours at 4°C. Fixed tissues were
dehydrated in gradient alcohol and acetone for 15 minutes

per time. Afterward, samples were infiltrated with acetone
at 37°C overnight. The samples were sliced to an 80-nm
thickness with an ultramicrotome. Finally, the sections were
stained with 2% double uranium–lead citrate for 15 minutes
and then dried for 24 hours. The specimens were examined
under a transmission electron microscope (HT-7700; Hitachi
Ltd., Tokyo, Japan).

Immunofluorescence

The corneas were removed from the mouse eyeball, embed-
ded in O.C. T gel, and stored at –80°C. The specimens
were sliced into 7-μm sections when used. Next, the
samples were permeabilized (0.1% Triton X-100, 5 minutes),
blocked (5% BSA, 30 minutes), and incubated (primary anti-
body, overnight) at 4°C. The antibodies were as follows:
anti-P62 (P0067; Sigma-Aldrich), anti-ATG16L1 (ab187671;
Abcam), and anti-GAPDH (ab9485; Abcam). After wash-
ing with PBS three times, tissue sections were incubated
with Alexa Fluor–conjugated secondary antibodies (Alex488
or Alex594; Proteintech, Wuhan, China). Last, the tissue
sections were visualized and images were captured with a
Nikon TE2000U confocal microscope.

mRFP-GFP-LC3 Reporter Assay

AAV9-mRFP-GFP-LC3 was purchased from Hanbio Co. Ltd
(Shanghai, China), and transfection was performed as per
the manufacturer’s protocol.27 Briefly, mouse corneal stro-
mal cells (1 × 105/well) were inoculated in 24-well plates.
When cell fusion reached 30% to 50%, 500 μL medium and
5 μL adenovirus (1010/mL, multiplicity of infection (MOI) =
500) were added. Cells were detected under a Nikon confo-
cal laser microscope 48 hours later. The autophagic flux
was investigated based on the different sensitivities of green
fluorescent protein (GFP) and red fluorescent protein (RFP)
to acidic environments. In an acidic environment, the GFP
signal was quenched, conversely, and the RFP signal was not
changed. RFP-positive puncta (red dots) indicate autolyso-
somes, and RFP-GFP–positive puncta (yellow dots) indicate
autophagosomes.

Colony Counts

The fungal burden was assessed by enumeration of CFU.
On day 5 postinfection, the corneas were harvested and
homogenized in 1mL sterile PBS. After 1:5 dilutions,
50 μL homogenates was uniformly inoculated onto
Sabouroud medium plates. The plates were incubated at
28°C for 3 days. Finally, the colonies were counted and multi-
plied by dilution factor.

Statistical Analysis

All statistical analyses were determined by GraphPad Prism
8.0 statistical software (GraphPad Software, San Diego, CA,
USA) and expressed as mean ± SD. All measurements
were performed with distinct three biological replicates.
The differences between the two groups were performed
using unpaired two-tailed Student’s t-tests. Comparisons
between multiple groups were evaluated by one-way
ANOVA followed by Tukey’s post hoc test. P < 0.05 was
considered statistically significant.
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RESULTS

Clinical Features and Potential Key Targets in
Fungal Keratitis Mouse Models

To observe the features during the pathologic process of FK,
we established a mouse model of FK. The pictures showed
that the corneas of mice became opaque and swollen from
the first day after fungal infection and more serious over
time. On day 7, this phenomenon was resolved (Fig. 1A).
From the HE staining results, obvious epithelial defects and
inflammatory aggregation could be clearly observed, partic-
ularly on the fifth day after infection (Fig. 1B). We found that
corneal congestion occurred in the limbus on day 1. Then
corneal edema aggravated and neovascularization devel-
oped on day 3. On day 5, the tissue structure was obviously
damaged and local ulcer or perforation appeared. Last, the
severity of cornea infection was mitigated, and there was a
trend of scar healing on day 7. The clinical score was consis-
tent with the above results (Fig. 1C). We further analyzed
our previous results of a miR chip on mouse fungal kerati-

tis17 and displayed differentially expressed miRs between
fungal keratitis and the control by a volcano plot (adjusted
P ≤ 0.05, |log2Fold-change| ≥ 2) (Fig. 1D). Among these
miRs, miR-223-3p was significantly upregulated, which was
further verified by PCR (Fig. 1E).

Identification and Biological Validation of
ATG16L1 as miR-223-3p Target

We performed the target prediction analysis of miR-223-
3p by the prediction TargetScan algorithms (http://www.
targetscan.org/vert_71/) to determine the putative target for
miR-223-3p. We found that autophagy-related protein 16L1
(ATG16L1) contained phylogenetically conserved miR-223-
3p binding sites in the 3′UTR (Fig. 2A). Human embryonic
kidney 293 cells were transfected in a dual luciferase assay
reporter vector containing the ATG16L1 3’UTR sequence and
cotransfected with miR-223-3p mimics or negative control
(NC). Under this setting, a significant downregulation in
luciferase activity was observed following transfection with a

FIGURE 1. Clinical features and potential key targets in a mouse model of fungal keratitis. (A) Slit-lamp photographs of the eyes at 1, 3, 5,
and 7 days after fungal infection. (B) Histopathologic observation of HE staining on the corneas of mice. Scale bar: 50 μm. The immune
cells are indicated by arrows. (C) The clinical scores showed that inflammation reached its highest level at day 5. (D) The volcano plot
displays the differentially expressed miRs between the FK and control groups. (E) MiR-223-3p expression was notably upregulated in the
fungus-infected group. n = 6. *P < 0.05. ****P < 0.0001.

http://www.targetscan.org/vert_71/
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FIGURE 2. Identification and biological validation of ATG16L1 as a miR-223-3p target. (A) The binding site between miR-223-3p and the
3′UTR of ATG16L1 was predicted, and the mutation site (red) was constructed. (B) Relative luciferase activity was significantly downregulated
when ATG16L1–3′UTR and miR-223-3p mimic were cotransfected. In contrast, the mutation of the complementary site of ATG16L1–3′UTR
eliminated the inhibitory effect. (C, D) WB results in corneal stromal cells showed that the ATG16L1 expression was markedly upregulated
in the miR-223-3p antagomir group compared with the miR-NC group. n = 6. *P < 0.05. ***P < 0.001.

miR-223-3p mimic. In contrast, no significant difference
in the luciferase activity was observed from the mutant
construct. The results of the dual luciferase assay confirmed
an interaction between 3′UTR of ATG16L1 and miR-223-
3p (Fig. 2B). Western blot (WB) results in corneal stromal
cells demonstrated that, compared with miR-NC treatment,
the levels of ATG16L1 were upregulated in the miR-223-3p
antagomir group, while the expression was downregulated
in the miR-223-3p agomir group (Figs. 2C, 2D).

Autophagic Flux Was Restrained in the Cornea in
a Fungal Keratitis Model

To detect autophagy activity in the process of FK, we
analyzed the autophagy-associated gene expression, includ-
ing P62, LC3B, and ATG16L1. WB results indicated an obvi-
ous upregulation of P62 and the LC3B II/I ratio at 5 days
postinfection (Figs. 3A–C). ATG16L1 protein level was down-
regulated at day 5 and upregulated at day 7 postinfection
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FIGURE 3. Autophagic flux was restrained in cornea of the FK model. (A–D) Western blot analysis confirmed the levels of P62, LC3B, and
ATG16L1 protein in the mouse eyes 1, 3, 5, and 7 days postinfection. (E) Transmission electron microscopy was performed to detected
autophagosomes (black arrows) in both groups. Scale bar: 10 μm. n = 6. *P < 0.05. **P < 0.01. ***P < 0.001.

(Figs. 3A, 3D). These findings indicated that the degradation
of autophagy was interfered during the development of FK.
We further evaluated the ultrastructure of corneal epithe-
lium and superficial corneal stroma in FK. We found that

the autophagosome in fungal-infected cornea changed with
a similar morphology but in a rarer amount compared to the
vehicle group (Fig. 3E), which consistently revealed that the
autophagy was restrained in the FK.
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FIGURE 4. Suppression of miR-223-3p promoted autophagy activity in corneal stromal cells with fungi. (A, B) Immunofluorescence analysis
of ATG16L1 and P62 proteins in F. solani–treated corneal stromal cells. (C–F) The expression of P62, LC3B, and ATG16L1 proteins in
fungal corneal stromal cells was detected by WB. (G) The detection of autophagic flux in corneal stromal cells that were transfected with
AAV-mRFP-GFP-LC3 for 48 hours. Scale bar: 70 μm. n = 6. *P < 0.05. **P < 0.01. ***P < 0.001.

Suppression of miR-223-3p Promoted Autophagy
Activity in Mouse Corneal Stromal Cells Infected
by Fungi

To evaluate the regulation effect of miR-223-3p on
autophagy in vitro, we transfected into the mouse corneal
stromal cells with respective miR agomir, antagomir, and the
negative control. Immunofluorescence staining results illus-
trated that compared with the miR-NC group, the protein
expression of P62 was upregulated in the miR-223 group and
downregulated in the Ant-223 group. (Fig. 4A). Conversely,
compared with miR-NC group, the levels of ATG16L1 protein

were notably reduced in the miR-223 group and raised in
the Ant-223 group (Fig. 4B). These conclusions were further
validated in WB quantification experiments (Figs. 4C–F). To
demonstrate the changes in autophagic flux, we applied the
classical AAV9-mRFP-GFP-LC3 transfection method. In the
miR-223 group, the autophagic flux was blocked according
to the dramatically decreased amounts of red and yellow
bolts. In contrast, the autophagic flux was smooth in the Ant-
223 group (Fig. 4G). In conclusion, the exogenous downreg-
ulation of miR-223-3p increased the autophagy, while the
upregulation of miR-223-3p suppressed the autophagy in
mouse corneal stromal cells infected with fungi in vitro.
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FIGURE 5. Inhibition of miR-223-3p increased autophagy activity in the mouse model of FK. (A, B) Immunofluorescence analysis of P62 and
ATG16L1 proteins in the mouse model of FK. (C–F) The protein expression of P62, LC3B, and ATG16L1 in corneal tissues of model mice
was tested by Western blotting. (G) The detection of autophagic flux in the mouse model of FK that was transfected with mRFP-GFP-LC3
adenovirus for 48 hours. Scale bar: 130 μm. n = 6. *P < 0.05. **P < 0.01. ***P < 0.001.

Inhibition of miR-223-3p Increased Autophagy
Activity in the Mouse Model of Fungal Keratitis

We then tested the above results in a mouse animal model.
The immunofluorescence staining results demonstrated that,
in contrast with the miR-NC group, the level of autophagy
substrate protein P62 (red) was dramatically increased in
the miR-223 group, whereas the expression of P62 in
Ant-223 group was observably decreased (Fig. 5A).
Conversely, compared with miR-NC , ATG16L1 (green) was
markedly upregulated in the Ant-223 group and dramatically
downregulated in the miR-223 group (Fig. 5B). The trend of
results further verified by WB quantitative experiments was
consistent with the conclusions above (Figs. 5C–F). Finally,
we performed the AAV9-mRFP-GFP-LC3 for autophagic flux
detection. In the Ant-223 group, the conspicuous increases

in red and yellow fluorescence represented free autophagy
flux, whereas in the miR-223 group, the prominent decreases
in the amounts of red and yellow fluorescence suggested a
block in the flow of the autophagy pathway (Fig. 5G). In
summary, exogenous upregulation of miR-223-3p restrained
the autophagy of FK, and the inhibition of miR-223-3p facil-
itated the autophagy activity of FK in vivo.

Downregulation of miR-223-3p Reduced
Inflammation and Improved Clinical Scores of
Fungal Keratitis

On day 5 postinfection, slit-lamp photography was
performed. The results showed that in comparison with miR-
NC, corneal edema and turbidity in the miR-223 group were
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FIGURE 6. Downregulation of miR-223-3p reduced inflammation and improved clinical scores of FK. (A) Slit-lamp biomicroscope
photographs of the mouse eyes at 5 days postinfection. (B) Histopathologic observation of HE staining on the corneas of mice. Scale
bar: 50 μm. The immune cells are indicated by arrows. (C) The clinical scores showed that the inflammation of the Ant-223 group was
notably decreased compared with that of the miR-NC group. (D) The fungal colonies in the corneas of mice in each group. (E–G) The
protein levels of IL-1β and TNF-α in the miR-223 group were notably increased in contrast with that in the miR-NC group. n = 6. **P < 0.01.
***P < 0.001. ****P < 0.0001.
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more serious, and abundant neovascularization grew in the
corneal limbus. However, corneal edema and turbidity in the
Ant-223 group were alleviated, and rare neovascularization
was observed (Fig. 6A). Compared with the control group,
corneal edema and neutrophil infiltration were alleviated in
the Ant-223 group, while the pathologic damage in the miR-
223 group was severe, manifested as corneal edema, the
irregular arrangement of epithelial structure, and the aggra-
vation of neutrophil infiltration (Fig. 6B). The clinical scores
illustrated that, in contrast with the miR-NC group, the Ant-
223 group was lower, while the miR-223 group was higher
(Fig. 6C).

After treatment with miR-223-3p inhibitor, the colonies
in the mouse corneas were significantly reduced (Fig. 6D).
Therefore, we speculate that the downregulation of miR-
223-3p can accelerate recovery and improve the clinical
symptoms of FK. Then, we conducted a quantitative WB
experiment to detect the inflammatory-related indicators
IL-1β and TNF-α. The results illustrated that in compar-
ison with the miR-NC group, the protein levels of IL-1β
and TNF-α in the miR-223 group were notably increased,
in contrast to the Ant-223 group, which were decreased
(Figs. 6E–G). In summary, we concluded that the exoge-
nous increased miR-223-3p aggravated the inflammatory
response of FK; conversely, the downregulation of miR-223-
3p improved clinical manifestations and reduced the inflam-
matory response.

DISCUSSION

Fungal keratitis is a severe infectious disease that might
lead to irreversible visual impairment and eyeball loss.28,29

To date, plant-associated Fusarium infection is the most
common cause of FK in northern China.30 However, due
to its strong virulence and fungal invasiveness, there are
no effective antifungal agents.31,32 Excessive inflammation
caused by increased corneal inflammatory cell infiltration is
an important factor in corneal injury in FK,5 so it is very
important to regulate the progression of corneal inflam-
mation. Increasingly, studies have explored that miR-223-
3p, as a crucial cell modulator, is involved in mediating
infection and inflammation.14 In particular, a previous study
detected the miR expression profile in the cornea of patients
infected with fungi and suggested the elevated expression
of miR-223-3p.18 Consistent with this, we also validated an
increase of miR-223-3p level in a mouse model infected with
F. solani.17 At present, the precise function of miR-223-3p in
FK is still vague.

To determine the precise functions of miR-223-3p, which
is significantly upregulated in FK, we employed bioinformat-
ics screening to predict the downstream target of miR-223-
3p. We found that the 3′UTR of autophagy-related protein
16-1 (ATG16L1) has a putative junction for miR-223-3p. We
performed dual luciferase reporter analysis and found that
miR-223-3p dramatically decreased the luciferase levels of
the ATG16L1 3′ UTR. Furthermore, the negative regulatory
influence of miR-223-3p on the downstream gene ATG16L1
were also determined by WB. ATG16L1 plays an essential
role in autophagy and can bind to ATG5–ATG12 to form
a conjugate complex, activate downstream molecules, and
promote the conversion of LC3-I to LC3-II.33,34 Li et al.35

confirmed that miR-223-3p inhibits autophagy and aggra-
vates inflammation of the central nervous system by target-

ing ATG16L1. We thus speculate that miR-223-3p may act
as an essential autophagy-associated miR that is involved in
the occurrence and progression by affecting the autophagy
pathway in FK.

Autophagy is an evolutionarily conserved process in
eukaryotes that degrades longevity proteins and damaged
organelles through lysosomes and regulates intracellular
homeostasis.19 Accumulating evidence supports that inflam-
mation is an essential regulator of autophagy.36,37 Briefly,
autophagy modulates inflammation by influencing the secre-
tion of inflammatory cytokines and altering the inflamma-
tory cell survival environment.38 Recent studies have illus-
trated that autophagy also plays a key role in the pathologic
progress of FK.39 Autophagy can reduce the severity of
A. fumigatus keratitis by regulating the recruitment of
neutrophils and balancing the production of proinflam-
matory and anti-inflammatory cytokines.21 Likewise, our
study also found that autophagic flux was restrained in
the cornea of a FK model. Further experiments need to
be done to determine the regulation of miR-223-3p on
autophagy in FK. We revealed that the inhibition of miR-
223-3p increased the LC3B II/I ratio and ATG16L1 protein
levels, whereas the expression of P62 was reduced. However,
following miR-223-3p overexpression, the opposite results
were obtained. Considering that autophagy is a dynamic
process, we employed a mRFP-GFP-LC3 reporter assay to
detect autophagic flux. The data demonstrated that reduc-
ing miR-223-3p enhanced the activity of autophagic flux.
In summary, our research identified that downregulat-
ing miR-223-3p can improve ATG16L1-activated autophagy
in FK.

It was mentioned earlier that miR-223-3p is involved in
several inflammatory diseases.14 We next explored whether
miR-223-3p played roles in F. solani–triggered corneal
inflammation. Our study revealed that the inflammatory
response and clinical scores were alleviated by inhibit-
ing the expression of miR-223-3p. Prior studies illustrated
that IL-1β and TNF-α are closely related to the defense
against congenital antimicrobial infection and are widely
involved in the induction and release of a variety of inflam-
matory factors.40–42 As expected, the expression of inflam-
matory proteins was reduced by suppressing miR-223-3p
expression. In addition, reducing miR-223-3p significantly
decreased the fungal colonies in mouse corneas. Consistent
with this, the silencing of miR-223-3p expression could
attenuate the damage in experimental arthritis. We there-
fore hypothesized that miR-223-3p might have proinflam-
matory effects in multiple diseases and alter the inflam-
matory response of FK via regulating the expression of
miR-223-3p.

In conclusion, our data demonstrated for the first time
that miR-223-3p was overexpressed in FK and that inhibiting
miR-223-3p could promote autophagy and alleviate inflam-
mation by targeting ATG16L1. We believe that new interven-
tions to treat FK by silencing miR-223-3p will be feasible in
the future.
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