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PURPOSE. To determine the role of autophagy in the innate immune response to fungal
keratitis (FK) caused by Aspergillus fumigatus infection.

METHODS. Corneal samples obtained from patients and mice with FK were visualized via
transmission electron microscopy (TEM). Autophagy-related proteins LC3B-II, Beclin-1,
LAMP-1, and p62 in A. fumigatus-infected corneas of C57BL/6 mice were tested by West-
ern blot. After treatment with autophagy inhibitors 3-methyladenine (3-MA), chloroquine
(CQ), or inducer rapamycin, autophagy-related proteins were detected by Western blot.
Corneas were photographed with slit lamp microscopy and pathological changes were
observed by hematoxylin and eosin staining. Polymorphonuclear neutrophilic leukocytes
(PMNs) were assessed by immunofluorescent staining and observed under TEM. The
levels of CXCL-1, IL-1β, HMGB1, IL-18, TNF-α, and IL-10 were tested by reverse tran-
scription polymerase chain reaction and Western blot. The quantification of fungal loads
was detected and photographed.

RESULTS. The accumulation of autophagosomes in corneas of patients and mice with FK
was observed with TEM. The expression of LC3B-II, Beclin-1, and LAMP-1 was elevated
in corneas after fungal infection, whereas p62 was reduced. Treatment with 3-MA or CQ
upregulated clinical scores, pathological changes, and the expression of CXCL-1, IL-1β,
HMGB1, IL-18, and TNF-α except IL-10. The morphology of PMNs was changed and PMN
recruitment was increased in mice corneas treated with 3-MA or CQ, whereas rapamycin
reduced the inflammatory response to keratitis. These results were statistically significant.

CONCLUSIONS. A. fumigatus infection increases the expression of autophagy in corneas.
Autophagy plays an anti-inflammatory role in the innate immune response to A. fumiga-
tus keratitis.
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Fungal keratitis (FK), a serious ocular disease caused
by fungal pathogens infection, is one of the princi-

pal causes of blindness in developing countries.1 Increased
corneal injury, especially agricultural trauma, excessive use
of corticosteroids and long-term usage of antibiotics gradu-
ally increase the incidence of this disease.2 The treatment
of FK remains challenging because of the lack of effec-
tive medical and surgical treatment.3 Numerous researches
focus on the pathogenesis mechanism of FK to find effective
prevention and treatment of FK.4,5

Autophagy is a lysosome-mediated degradation process,
which regulates intracellular homeostasis of eukaryotes
by mediating the degradation of proteins and organelles.6

Macroautophagy (hereinafter referred to as autophagy)
segregates long-lived proteins and bulky cytoplasmic
contents within double-bilayer autophagosomes, and
delivers them to lysosomes for degradation.7 It can be
significantly activated in response to starvation, stress,
hypoxia, tumor, and infection.8 Autophagy is proved to

be a crucial player in immune responses. An increasing
number of studies have shown that autophagy can decrease
the vulnerability to infection, clear intracellular pathogens,
and function in antigen presentation.9–11 A previous study
indicates that autophagy maintains the cellular and immune
homeostasis during the Candida albicans infection.12

Autophagy can regulate IL-1β release in human primary
macrophage to resist the fungal infection.13

In recent years, more and more studies have explored the
role of autophagy in the pathogenesis of ocular diseases.
Autophagy enhanced the ability to clear Toxoplasma gondii
and herpes simplex virus of ocular infections.14 Intravitreal
injection of 3-methyladenine (3-MA) reduced the death of
retinal ganglion cell in rat models of chronic hypertensive
glaucoma, and upregulation of autophagy attenuated the
degeneration of retinal ganglion cell after optic nerve
severance in mice.15 In addition, rapamycin increased LC3-II
levels in models of uveitis by intraperitoneal injection of
lipopolysaccharide (LPS), exerting neuroprotective effects
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and maintaining visual function.16 Autophagy may play a
part in the formation of drusen in aged mice and age-related
macular degeneration patients.

However, the function of autophagy in Aspergillus
fumigatus keratitis is still unknown. In this article, we
established murine models of A. fumigatus keratitis with or
without treatment with phosphoinositide 3-kinase (PI3K)
inhibitor 3-MA, late autophagy inhibitor chloroquine (CQ),
or mammalian target of rapamycin inhibitor, which are
commonly used to inhibit or induce autophagy, to describe
the expression and the role of autophagy in the innate
immune response to mice with A. fumigatus keratitis.

MATERIALS AND METHODS

Corneal Samples of Patients with FK

A total of 20 cornea samples of patients with FK (Fusarium
9, Aspergillus infection 11; aged 40–70 years) and remaining
tissues of 20 healthy donors used for keratoplasty were
collected as control groups. The corneas were preserved
into 2.5% glutaraldehyde (Solarbio, Beijing, China) for
2 minutes, preparing for examination by transmission
electron microscopy (TEM). The protocol for the research
abide by the provisions of the Declaration of Helsinki in
1995 (as revised in Edinburgh 2000). Patients consented
to the management of samples, and the experiment was
approved by the Institutional Research Ethics Committee at
the Affiliated Hospital of Qingdao University.

Preparation of A. fumigatus

A. fumigatus strain 3.0772 was bought from China General
Microbiological Culture Collection Center (Beijing, China)
and cultured in Sabouraud medium for 5 to 7 days. After
being shaken in Sabouraud liquid medium for 3 days, A.
fumigatuswas collected and separated into 20 to 40 μm frac-
tions. Fungal fractions were washed with sterile phosphate-
buffered saline (PBS) and centrifuged three times. Then
the liquid supernatant was discarded. Dulbecco’s Modified
Eagle’s Medium (DMEM; Gibco, San Diego, CA, USA) was
added into A. fumigatus and yielded 1 × 108 CFU/mL.

Murine Model of FK

Specific pathogen-free C57BL/6 mice (female, 8 weeks) were
purchased from Changzhou Cavens Laboratory Animal Co.,
Ltd. ( Jiangsu, China). The animals were treated according
to the Statement for the Use of Animals in Ophthalmic and
Vision Research made by the ARVO. The left corneas of mice
were chosen as experimental group and infected by routine
method.4 Six scraped corneas were randomly selected as
sham-operation group without infection. The right eyes were
used as normal control eyes. Mice corneas were obtained at
12 hours, 1 day, and 3 days postinfection (p.i.). The standard
of clinical scoring referred to Wu et al.17 The total score of 5
or less was mild, 6 to 9 was moderate, and over 9 was severe.

3-MA, CQ, and Rapamycin Treatment of Murine
Model

Autophagy inhibitor 3-MA (Sigma, St. Louis, MO, USA)
dissolved in dimethyl sulfoxide (DMSO) was diluted with
PBS to a concentration of 15 μg/5 μL, and then subcon-
junctivally injected into the left eyes of C57BL/6 mice.

Additional 3-MA (300 μg/100 μL) was injected intraperi-
toneally 1 day p.i.18 CQ (Sigma) was given to mice by
subconjunctival injections (25 μg/5 μL) 1 day before infec-
tion and intraperitoneal injections (500 μg/100 μL) 1 day
p.i.19 Infected controls were similarly injected with DMSO
or PBS. Mice were injected subconjunctivally (0.5 μg/5 μL)
with autophagy inducer rapamycin (MCE, Princeton, NJ,
USA) 1 day before infection and injected intraperitoneally
(120 μg/100 μL) 1 day p.i. The vehicle group was injected
with PBS containing 3% alcohol and 5% Tween-80 (Solarbio)
1 day before infection and injected intraperitoneally 1 day
p.i. as infected control group.20 The corneas were collected
at 3 days for reverse transcription polymerase chain reaction
(RT-PCR) and Western blot. Eyeballs were removed at 3
days for observation with fluorescence microscopy and
hematoxylin and eosin (H&E) staining.

Transmission Electron Microscopy

Corneal tissue samples from patients with FK, healthy
donors, and mice (n = 6/group/time) with or without
A. fumigatus infection were fixed with 2.5% glutaraldehyde
at 4°C for 3 days. Experimental procedures for prepara-
tion of corneal sample observed by TEM were performed
according to routine methods.21 Autophagosomes and
polymorphonuclear neutrophilic leukocytes (PMNs) were
examined and photographed under a TEM. The absolute
number of autophagosomes and granules in each cell was
counted, and the definition of euchromatin fraction was
based on previous studies.22

Western Blot Analysis

Mice corneas (n = 6/group/time) were harvested at 3 days
p.i. Protein extraction and concentration determination
were performed as described previously.4 The protein was
separated on 12% acrylamide SDS-PAGE and transferred
to polyvinylidene difluoride (PVDF; Solarbio) membrane.
Membranes were washed in PBS containing 0.05% Tween-
20 (Bio-Rad, Hercules, CA, USA) (PBST) three times. After
being blocked with blocking buffer (Beyotime, Jiangsu,
China) at 37°C for 2 hours, the membrane was incubated
with antibodies to GAPDH (1:1000; Elabscience, Wuhan,
China), CXCL-1 (1:1000; Affinity Biosciences, Jiangsu,
China), LC3B (1:1000; Cell Signaling Technology, Danvers,
MA, USA), SQSTM1/p62 (1:1000; Cell Signaling Technol-
ogy), Beclin-1 (1:1000; Cell Signaling Technology), LAMP-1
(1:1000; Cell Signaling Technology), IL-1β (1:1000; NOVUS,
Littleton, CO, USA), IL-18 (1:500; Abcam, Cambridge, MA,
USA), HMGB1 (1:1000; Abcam), TNF-α (1:2000; Proteintech
Group, Wuhan, China), or IL-10 (1:1000; Abcam) at 4°C
overnight. Membranes were washed in PBS containing
0.05% Tween-20 (Bio-Rad, Hercules, CA, USA) (PBST) three
times. Membranes were incubated with corresponding
peroxidase-conjugated secondary antibodies (1:5000; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) at 37°C for 1
hour. Membranes were developed by chemiluminescence
(ECL; Thermo Fisher Scientific, Waltham, MA, USA).

Immunofluorescent Staining

The eyeballs of mice (n = 6/group/time) were removed and
frozen rapidly in optimal cutting temperature compound
(O.C.T.; SAKURA Tissue-Tek, Torrance, CA, USA) by liquid
nitrogen. A total of 10 μm slices were fixed in acetone for
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TABLE. Primer List Used for RT-PCR

Gene GenBank No. Primer Sequence (5’-3’)

β-actin NM_007393.3 F: GATTACTGCTCTGGCTCCTAG C
R: GACTCATCGTACTCCTGCTTGC

CXCL-1 NM_008176.3 F: TGC ACC CAAACC GAA GTC
R: GTC AGAAGC CAG CGT TCA CC

TNF-α NM_013693.2 F: ACCCTCACACTCAGATCATCTT
R: GGTTGTCTTTGAGATCCATGC

IL-1β NM_008361.3 F:CGCAGCAGCACATCAACAAGAGC
R:TGTCCTCATCCTGGAAGGTCCACG

HMGB1 NM-000071.6 F: GGCGAGCATCCTGGCTTATC
R: GGCTGCTTGTCATCTGCTG

IL-18 NM_008360.2 F: GCCTGTGTTCGAGGATATGACTGA
R: TTCACAGAGAGGGTCACAGCCA

IL-10 NM_010548.2 F: TGCTAACCGACTCCTTAATGCAGGAC
R: CCTTGATTTCTGGGCCATGCTTCTC

5 minutes and washed with PBS. The slices were blocked
with 10% blocking goat serum (Solarbio) at 37°C for 30
minutes. The slices were incubated with rat anti-mouse
NIMP-R14 (1:200; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA) at 4°C overnight, and then washed with
PBS. After being stained with fluorescein isothiocyanate–
conjugated goat anti-rat antibody (1:100; Bioss, Beijing,
China) for 1 hour and with DAPI for 10 minutes, the slices
were photographed by fluorescence microscope and confo-
cal microscopy. The number of neutrophil fluorescent spots
in each corneal tissue were counted.

H&E Staining

The eyeballs (n = 6/group/time) were fixed in 4%
paraformaldehyde at 4°C for 3 days and then removed
the lens. The eyeballs were embedded in paraffin and were
filleted under cryostat. The slices were stained according
to routine methods23 and photographed under a light
microscopy.

Real-Time RT-PCR

Mice (n = 6/group/time) were euthanized at 3 days p.i.
Experimental procedures for RNA extraction, concentration
determination, reverse transcription, and RT-PCR reaction
were performed as described previously.4 The primer pair
sequences used in this study are shown in the Table.

Quantification of Fungal Loads

Corneas of mice (n = 6/group/time) were harvested at
3 days p.i. Each cornea was ground and diluted with 500 μL
PBS, and then cultured in Sabouraud medium at 37°C for
2 days. Colonies were counted according to the previous
methods.24 Results are shown as CFU (103)/mL.

Statistical Analysis

The statistical test used was 1-way ANOVA with post hoc
least-significant difference t-test. Data in this study were
shown as the mean ± SEM and considered to be significant
at P ≤ 0.05. Images of Western blot and nuclear euchro-
matin fraction were analyzed by Image J (National Institutes
of Health, Bethesda, MD, USA) according to a previous
study.22 The number of neutrophil fluorescent spots were

counted using Image-Pro Plus 6.0 (Media Cybernetics, Inc.,
Rockville, MD, USA). Statistical analysis and charting were
performed with GraphPad Prism 5 (GraphPad Software, San
Diego, CA, USA). The images in this study were processed
by Adobe Photoshop CS6 (Adobe, San Jose, CA, USA) for
aesthetics with the authenticity assured. All experiments
were repeated twice to ensure the credibility.

RESULTS

Autophagosome Formation in Corneas of Patients
with FK and Mice after A. fumigatus Infection

TEM images showed that autophagosomes were not present
in the cornea of healthy donors (Fig. 1A). The cornea of
patients with FK increased the accumulation of autophago-
somes with double-bilayer membranes in the cytoplasm.
Digested and degraded substances were present inside
the bodies (Fig. 1B). Next, we tested the expression of
autophagy-related proteins in corneas of mice after fungal
infection. Photographs taken by a slit lamp showed an obvi-
ously elevated disease severity assessed by clinical scores at
12 hours, 1 day, and 3 days p.i. Clinical scores were shown
in Figure 1F. Compared with sham-operation group, results
of Western blot demonstrated that A. fumigatus infection
gradually increased the expression of LC3B-II (Fig. 1G; P <

0.001, P < 0.001, P < 0.001), LAMP-1 (Fig. 1I; P < 0.01, P <

0.001, P < 0.01), and Beclin-1 (Fig. 1J; P < 0.001, P < 0.001,
P < 0.001) in corneas of mice at 12 hours, 1 day, and 3 days
p.i. However, the protein level of p62 (Fig. 1H; P< 0.001, P<

0.001, P < 0.001) was gradually decreased at 12 hours, 1 day,
and 3 days p.i. To confirm these data, we observed the accu-
mulation of autophagosomes in corneas of mice at 3 days p.i.
Photographs showed that A. fumigatus infection (Fig. 1L)
increased the formation of autophagosomes in the cyto-
plasm in mice corneas when compared with normal group
(Fig. 1K). Multiple vesicular bodies with double-bilayer
membranes containing digested and degraded substances
were observed in corneas after A. fumigatus infection.

Effect of Autophagy on Clinical Score and
Pathology

To evaluate the role of autophagy in disease response and
pathology, we detected disease severity with slit lamp and
pathology with H&E staining in mice corneas treated with
3-MA, CQ, or rapamycin at 3 days p.i. Results showed that
corneal edema and opacity were more severe in corneas
after 3-MA treatment (Fig. 2B) than in DMSO control group
(Fig. 2A; P < 0.05). Clinical score was higher in corneas
after CQ treatment (Fig. 2D) versus PBS control group
(Fig. 2C; P < 0.05). However, rapamycin treatment (Fig. 2J)
significantly reduced the corneal manifestation compared
with the infected group (Fig. 2I; P < 0.01). Consistent
with the clinical scores, results of pathology manifested
higher severity of ulcer and larger number of inflamma-
tory cells in corneas after 3-MA treatment (Fig. 2F) versus
DMSO control corneas (Fig. 2E). Pathological changes
were significantly aggravated in corneas after CQ treatment
(Fig. 2H) compared with PBS control group (Fig. 2G).
Treatment with rapamycin (Fig. 2M) alleviated the corneal
pathological changes when compared with the infected
corneas (Fig. 2L). There was no significant difference in
clinical scores (Fig. 2K) and pathological changes (Fig. 2N)
between A. fumigatus infected corneas and each infected
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FIGURE 1. Autophagosome formation in corneas of patients with FK and mice after A. fumigatus (marked as AF in figures) infection. (A-B)
TEM images of autophagosomes in corneas of healthy donors and patients with FK. Arrows indicate autophagosomes; (C-E) Infected corneas
of C57BL/6 mice at 12 hours, 1 day, and 3 days p.i.; (F) Clinical scores are shown as mean ± SEM. Each symbol represents an individual mouse;
(G-J) Protein levels of LC3B-II, p62, LAMP-1, and Beclin-1 in corneas of C57BL/6 mice after 12 hours, 1 day, and 3 days p.i. Quantitation of
proteins is shown as mean ± SEM; (K-L) TEM images of autophagosomes in normal and infected corneas of C57BL/6 mice. Arrows indicate
autophagosomes. Results revealed that the accumulation of autophagosomes was increased in corneas of human and mice with FK.
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FIGURE 2. Effect of autophagy on clinical score and pathology. (A-B) Infected corneas of C57BL/6 mice after 3-MA or DMSO treatment;
(C-D) Infected corneas of C57BL/6 mice after CQ or PBS treatment; (E-F) Pathological changes in corneas of C57BL/6 mice after 3-MA or
DMSO treatment; (G-H) Pathological changes in corneas of C57BL/6 mice after CQ or PBS treatment; (I-J) Infected corneas of C57BL/6
mice after rapamycin or infected control treatment; (K) Infected corneas of C57BL/6 mice at 3 days p.i.; (L-M) Pathological changes in
corneas of C57BL/6 mice after rapamycin or infected control treatment; (N) Pathological changes in corneas of C57BL/6 mice at 3 days p.i.;
(O) Clinical scores are shown as mean ± SEM. Each symbol represents an individual mouse. Treatment with 3-MA and CQ increased the
clinical scores and pathological changes in infected corneas compared with infected control group, whereas rapamycin alleviated disease
severity. Magnification (E-H, L-N): × 200.

control groups separately. Clinical scores are shown
in Figure 2O.

Expression of Autophagy-Related Proteins in
Corneas of C57BL/6 Mice after 3-MA, CQ, and
Rapamycin Treatment

To evaluate the effects of 3-MA, CQ, and rapamycin on
autophagy, we examined the expression of autophagy-
related proteins by Western blotting. The results indicated
that the expression of LC3B-II (Fig. 3A; P < 0.05), LAMP-1
(Fig. 3C; P < 0.05), and Beclin-1 (Fig. 3D; P < 0.01) was
reduced, and the expression of p62 (Fig. 3B; P < 0.05) was
upregulated in 3-MA-treated corneas compared with DMSO
control corneas at 3 days p.i. Treatment with CQ increased
the expression of LC3B-II (Fig. 3E; P < 0.01), LAMP-1
(Fig. 3G; P < 0.05), Beclin-1 (Fig. 3H; P < 0.01), and p62
(Fig. 3F; P < 0.01) when compared with PBS control group
at 3 days p.i. In contrast to the results of 3-MA treatment,

higher expression of LC3B-II (Fig. 3I; P < 0.01), LAMP-1
(Fig. 3K; P < 0.01), Beclin-1 (Fig. 3L; P < 0.01) and lower
expression of p62 (Fig. 3J; P < 0.001) were detected in
rapamycin-treated corneas versus infected control group.

Effect of Autophagy on PMN Recruitment and
Morphology in Corneas after A. fumigatus
Infection

The mRNA and protein levels of CXCL-1, which plays an
important role in the recruitment of PMNs, were detected
in corneas after 3-MA, CQ, and rapamycin treatment at
3 days p.i. Results investigated that the relative mRNA level
of CXCL-1 was elevated in corneas after 3-MA (Fig. 4A; P <

0.01) and CQ (Fig. 4B; P < 0.05) treatment compared with
infected control group at 3 days p.i. Rapamycin decreased
the mRNA level of CXCL-1 in mice corneas (Fig. 4C; P <

0.001). The protein level of CXCL-1 was also increased in
corneas treated with 3-MA (Fig. 4D; P < 0.05) or CQ (Fig. 4E;



Autophagy in Fungal Keratitis IOVS | February 2020 | Vol. 61 | No. 2 | Article 25 | 6

FIGURE 3. Expression of autophagy-related proteins in corneas of C57BL/6 mice after 3-MA, CQ, and rapamycin treatment. (A-D) The
protein levels of LC3B-II, p62, LAMP-1, and Beclin-1 in corneas of C57BL/6 mice after 3-MA treatment at 3 days p.i; (E-H) The protein levels
of LC3B-II, p62, LAMP-1, and Beclin-1 in corneas of C57BL/6 mice after CQ treatment at 3 days p.i; (I-L) The protein levels of LC3B-II, p62,
LAMP-1, and Beclin-1 in corneas of C57BL/6 mice after rapamycin treatment at 3 days p.i. Quantitation of proteins is shown as mean ± SEM.
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FIGURE 4. Effect of autophagy on PMN recruitment and morphology. (A-C) The mRNA levels of CXCL-1 in corneas of C57BL/6 mice
after 3-MA, CQ, or rapamycin treatment at 3 days p.i.; (D-F) The protein level of CXCL-1 in corneas of C57BL/6 mice after 3-MA, CQ, or
rapamycin treatment at 3 days p.i.; (G-K) The fluorescence of PMNs (green) in normal and infected corneas of C57BL/6 mice after treatment
with or without 3-MA, CQ, and rapamycin at 3 days p.i.; (L) Quantitation of PMNs is shown as mean ± SEM; (M-P) TEM images of PMNs
morphology in corneas after treatment with or without 3-MA, CQ, and rapamycin at 3 days p.i.; (Q) Quantitation of euchromatin fraction
of the nucleus is shown as mean ± SEM.; (R) Quantitation of granules per cytoplasm area is shown as mean ± SEM. Results indicated that
autophagy reduced the production of CXCL-1 and inhibited the recruitment of PMNs in corneas at 3 days p.i. Autophagy inhibition changed
the morphology of PMNs in mice corneas after A. fumigatus infection. Magnification (E-I): × 200.
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P < 0.05), and reduced in corneas after rapamycin treatment
(Fig. 4F; P < 0.05) when compared with the infected group
at 3 days p.i. Based on these results, immunofluorescence
staining was used to confirm the effect of autophagy on
PMN recruitment. Data showed that A. fumigatus infection
after 3 days (Fig. 4H) elevated the number of PMNs when
compared with normal corneas (Fig. 4G; P < 0.001). After
treatment with 3-MA (Fig. 4I; P < 0.001) and CQ (Fig. 4J; P
< 0.001), the number of PMNs was significantly increased
in corneas compared with infected control corneas at 3
days p.i. On the contrary, rapamycin (Fig. 4K; P < 0.05)
can reduce the number of PMNs in corneas after fungal
infection. Statistical analysis of PMN fluorescence staining is
shown in Fig. 4L. To further detect the effect of autophagy
on PMNs, we used TEM to observe the morphology of PMNs.
Results of TEM suggested that inhibition of autophagy with
3-MA (Fig. 4N) or CQ (Fig. 4O) increased the euchromatin
fraction of the nucleus (Fig. 4Q; P < 0.05) and reduced the
number of granules per cytoplasm area (Fig. 4R; P < 0.05)
at 3 days p.i. when compared with infected control corneas
(Fig. 4M). In addition, there was no significant difference
between rapamycin treatment group (Fig. 4P) and infected
control group.

Effects of Autophagy on Inflammatory Factors in
A. fumigatus-Infected Corneas

To investigate the effect of autophagy on inflammatory
factors in corneas after A. fumigatus infection, we tested
the relative mRNA levels of HMGB1, IL-1β, IL-18, TNF-α, and
IL-10 in corneas after 3-MA, CQ, and rapamycin treatment.
The results indicated that the relative mRNA expression of
IL-1β (Fig. 5A; P < 0.05), HMGB1 (Fig. 5B; P < 0.05), IL-18
(Fig. 5C; P < 0.01), and TNF-α (Fig. 5D; P < 0.05) was signifi-
cantly higher in 3-MA-treated corneas than in DMSO control
group at 3 days p.i., whereas the relative mRNA expression
of IL-10 was lower after 3-MA treatment (Fig. 5E; P < 0.05).
In line with the results of 3-MA treatment, CQ increased the
relative mRNA levels of IL-1β (Fig. 5F; P < 0.05), HMGB1
(Fig. 5G; P < 0.05), IL-18 (Fig. 5H; P < 0.05), and TNF-α
(Fig. 5I; P < 0.05) and reduced the relative mRNA level of
IL-10 (Fig. 5J; P < 0.01) when compared with PBS control
group at 3 days p.i. However, the relative mRNA levels of
IL-1β (Fig. 5K; P < 0.001), HMGB1 (Fig. 5L; P < 0.001), IL-18
(Fig. 5M; P < 0.01), and TNF-α (Fig. 5N; P < 0.01) were
downregulated, and the production of IL-10 (Fig. 5O; P <

0.05) was enhanced in rapamycin-treated corneas compared
with infected control group. To confirm the results of mRNA
levels, inflammatory cytokines were examined by Western
blot. Higher protein expression of IL-1β (Fig. 6A; P < 0.001),
HMGB1 (Fig. 6B; P < 0.05), IL-18 (Fig. 6C; P < 0.05), and
TNF-α (Fig. 6D; P < 0.01) and lower expression of IL-10
(Fig. 6E; P < 0.01) were detected in 3-MA-treated corneas
than in DMSO control group at 3 days p.i. CQ treatment
increased the protein levels of IL-1β (Fig. 6F; P < 0.01),
HMGB1 (Fig. 6G; P < 0.01), IL-18 (Fig. 6H; P < 0.01), and
TNF-α (Fig. 6I; P < 0.05) and reduced the protein level
of IL-10 (Fig. 6J; P < 0.05) compared with PBS control
group at 3 days p.i. On the contrary, the protein levels of
IL-1β (Fig. 6K; P < 0.05), HMGB1 (Fig. 6L; P < 0.05), IL-18
(Fig. 6M; P < 0.01), and TNF-α (Fig. 6N; P < 0.05) were
downregulated, and the production of IL-10 (Fig. 6O; P <

0.05) was elevated in rapamycin-treated corneas compared
with infected control group.

Effects of Autophagy on Fungal Loads in
A. fumigatus-Infected Corneas

We detected the quantification of fungal loads in mice
corneas after 3-MA, CQ, and rapamycin treatment. Results
showed that the quantification of fungal loads was signif-
icantly higher in mice corneas after 3-MA (Fig. 7; P <

0.05) treatment than infected control group at 3 days p.i.,
whereas CQ (Fig. 7; P < 0.05) and rapamycin (Fig. 7; P <

0.05) decreased the quantification of fungal loads compared
with infected control group.

DISCUSSION

Autophagy, which regulates the intracellular homeostasis
of eukaryotes, is emerging as a crucial player in immune
responses. The defects of autophagy are associated with
neurodegeneration, aging, metabolic syndrome, and inflam-
matory disorders.25 The TEM results presented in this study
revealed that the accumulation of autophagosomes was
increased in corneas of patients with FK compared with
healthy donors. Next, we established A. fumigatus keratitis
models to further determine the expression of autophagy.
Results showed that A. fumigatus infection gradually
increased the expression of autophagy-related proteins
LC3B-II, Beclin-1, and LAMP-1 and reduced the level of p62
in corneas at 12 hours, 1 day, and 3 days, indicating that the
expression of autophagy was highest in corneas at 3 days p.i.
To confirm these data, corneas infected with A. fumigatus
for 3 days were observed with TEM. We observed the accu-
mulation of autophagosomes was significantly enhanced
compared with normal mice corneas, showing that A. fumi-
gatus infection elevated the level of autophagy in corneas of
mice. Our findings are consistent with the previous studies
in murine models of acute kidney injury, indicating that
the expression of autophagy is rapidly increased after LPS
infection.26 Our results are also consistent with previous
studies demonstrating that the accumulation of autophagy
is elevated to regulate the release of inflammatory factors
in human primary macrophage to resist A. fumigatus
infections.13 These data suggest that autophagy may play a
potential role in corneas with A. fumigatus infection.

Previous studies indicated that autophagy, along with
other innate immune responses activation, represents the
first line of defense against pathogen infection.27 It can
lead to decreased susceptibility to infection, clear intracel-
lular pathogens and function in antigen presentation.28 To
determine the role of autophagy in A. fumigatus keratitis,
corneas were injected with autophagy inhibitors 3-MA and
CQ. Results showed that 3-MA decreased the accumulation
of LC3B-II, Beclin-1, and LAMP-1 and upregulated the level
of p62 in corneas of mice after A. fumigatus infection,
indicating that 3-MA effectively reduced the formation
of autophagosomes by inhibiting PI3K. CQ decreased
autophagy flux by inhibiting autophagosome fused with
lysosome resulting in elevated levels of LC3B-II, Beclin-
1, LAMP-1, and p62. Autophagy inducer rapamycin was
also injected into corneas. Higher expression of proteins
LC3B-II, Beclin-1, and LAMP-1 and lower expression of p62
were observed in corneas with rapamycin treatment versus
infected control group, which suggested that rapamycin
effectively induced the formation of autophagosomes.

Consistent with the observations that autophagy has an
effect on inflammation and pathology in irritable bowel
disease and ischemic limb muscle myopathy,29,30 inhibition
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FIGURE 5. Effect of autophagy on inflammatory factor relative mRNA levels in corneas after A. fumigatus infection. (A-E) The mRNA levels
of IL-1β, HMGB1, IL-18, TNF-α, and IL-10 in corneas of C57BL/6 mice after 3-MA treatment at 3 days p.i.; (F-J) The mRNA levels of IL-1β,
HMGB1, IL-18, TNF-α, and IL-10 in corneas of C57BL/6 mice after CQ treatment at 3 days p.i.; (K-O) The mRNA levels of IL-1β, HMGB1,
IL-18, TNF-α, and IL-10 in corneas of C57BL/6 mice after rapamycin treatment at 3 days p.i. 3-MA and CQ enhanced the expression of IL-1β,
HMGB1, IL-18, and TNF-α, and reduced the level of IL-10 in corneas compared with infected control group, whereas rapamycin decreased
the production of IL-1β, HMGB1, IL-18, and TNF-α, and increased the expression of IL-10 in infected corneas. Quantitation of mRNA levels
is shown as mean ± SEM.
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FIGURE 6. Effect of autophagy on inflammatory factor protein levels after A. fumigatus infection. (A-E) The protein levels of IL-1β, HMGB1,
IL-18, TNF-α, and IL-10 in corneas of C57BL/6 mice after 3-MA treatment at 3 days p.i.; (F-J) The protein levels of IL-1β, HMGB1, IL-18, TNF-α,
and IL-10 in corneas of C57BL/6 mice after CQ treatment at 3 days p.i.; (K-O) The protein levels of IL-1β, HMGB1, IL-18, TNF-α, and IL-10 in
corneas of C57BL/6 mice after rapamycin treatment at 3 days p.i. 3-MA and CQ enhanced the expression of IL-1β, HMGB1, IL-18, and TNF-α,
and reduced the level of IL-10 in corneas compared with infected control group, whereas rapamycin decreased the production of IL-1β,
HMGB1, IL-18, and TNF-α, and increased the expression of IL-10 in infected corneas. Quantitation of protein levels is shown as mean ± SEM.
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FIGURE 7. Effects of autophagy on fungal loads in A. fumigatus-infected corneas. Quantitation of fungal loads is shown as mean ±
SEM. The quantification of fungal loads in corneas of mice was increased after 3-MA treatment, whereas CQ or rapamycin decreased the
quantification of fungal loads compared with infected control group.

of autophagy with 3-MA and CQ significantly aggravated
corneal manifestations and pathological changes when
compared with infected control group, whereas disease
severity was alleviated in corneas after rapamycin treat-
ment. In addition, several groups have reported that the
expression of CXCL-1 was increased after ATG5 silencing in
chondrocytes, and autophagy can increase the recruitment
of PMNs in lung tissue after 3-MA and CQ treatment.31,32

Consistent with our expectation, the production of CXCL-1
and the recruitment of PMNs were markedly enhanced after
autophagy inhibition compared with infected control group,
whereas rapamycin treatment reduced the expression of
CXCL-1 and the recruitment of PMNs, which suggested that
autophagy can reduce the recruitment of PMNs in A. fumi-
gatus keratitis. Interestingly, as we detected the euchromatin
fraction of the nucleus and the number of granules per cyto-
plasm area in corneas of mice by TEM analysis, we observed
that the morphology of PMNs was changed in corneas with
3-MA and CQ treatment, indicating that autophagy may play
an essential role in activation, differentiation, and antibac-
terial ability of neutrophil. These data were consistent with
studies showing that defective autophagy lead to a distinct
reduction in granules and nuclear lobularization, as well as
defective differentiation and dysfunction of neutrophils.33–35

To further determine the role of autophagy in A. fumi-
gatus keratitis, the levels of inflammatory cytokines IL-1β,
IL-18, HMGB1, TNF-α, and IL-10 were detected after treat-
ment with 3-MA, CQ, and rapamycin. Results indicated that
treatment with 3-MA and CQ significantly increased mRNA
and protein levels of IL-1β, IL-18, HMGB1, and TNF-α,
and reduced the expression of IL-10 in comparison with
infected control corneas. In contrary, higher expression
of IL-1β, IL-18, HMGB1, TNF-α, and lower expression of
IL-10 were detected in corneas after rapamycin treatment
versus infected control corneas. These data suggested that
autophagy has an anti-inflammatory effect on A. fumigatus
keratitis. Our results are consistent with studies showing that
autophagy plays an important role in the defense against
Mycobacterium tuberculosis infection in human cells.36 Our
results are also consistent with the investigations indicating
that autophagy can enhance the production of IL-1β and IL-

18 in response to pathogen-associated molecular patterns or
LPS compared with autophagy deficient mice.37 According
to the data from animal researches, increased autophagy
can mitigate the renal injury by decreasing the cytokines
TNF-α, IL-6, and HMGB1, and upregulating IL-10 to balance
the proinflammation and anti-inflammation responses.38

3-MA and CQ improve the expression of HMGB1, IL-6, and
TNF-α, and decrease the production of IL-10 in acute lung
injury, whereas treatment with rapamycin can downregulate
the levels of HMGB1, IL-6, and TNF-α, and increase the
expression of IL-10.32

The quantification of fungal loads in corneas of mice was
increased after 3-MA treatment, whereas CQ or rapamycin
decreased the quantification of fungal loads compared with
infected control group. Autophagy was attenuated in corneas
after being treated with 3-MA, resulting in the increased
quantity of fungal loads. Conversely, rapamycin induced
autophagy, leading to the amount of fungi phagocytized
by autophagy increase. These results are consistent with
studies that autophagy can clear intracellular pathogens and
function in antigen presentation.11 CQ interferes with the
formation of autolysosome by increasing the pH in the cells.
Previous studies have shown that pH also affect the growth
of A. fumigatus,39 which may be the cause of decreased
fungal loads in our study. These three interventions are
not specific to autophagy and may affect the fungal load
through other pathways. Therefore further studies need to
be done to explore the effects of specific interventions on
autophagy on fungal loads in FK.

CONCLUSIONS

Our study demonstrates that the expression of autophagy is
gradually enhanced with the progression of FK caused by
A. fumigatus. Inhibition of autophagy aggravated the sever-
ity of A. fumigatus keratitis, whereas autophagy inducer
alleviated the severity of keratitis via regulating the recruit-
ment of PMNs, balancing the production of proinflammation
and anti-inflammation cytokines, and possibly affecting the
differentiation of neutrophils. Autophagy may play an
important role in alleviating A. fumigatus keratitis and may
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become a novel target for the treatment of FK. Further
studies of autophagic signaling mechanisms in A. fumigatus
keratitis of mice may deepen our understanding of the
protective role of autophagy in FK.
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