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PURPOSE. This research was designed to explore the expression patterns and functional
significance of hypoxia-inducible factor-1α (HIF-1α) in the inflammatory response
associated with Aspergillus fumigatus (A. fumigatus) keratitis.

METHODS. Mouse models of A. fumigatus keratitis were created by scraping the corneal
epithelium and applying A. fumigatus on the corneal surface. In the in vitro experiments,
human corneal epithelial cells (HCECs) and THP-1 macrophages stimulated by A. fumi-
gatus were used to investigate the cellular responses. HIF-1α was inhibited using LW6.
Western blot, immunofluorescence, and quantitative reverse transcription polymerase
chain reaction (qRT-PCR) were performed to assess the expression levels of HIF-1α in
A. fumigatus keratitis. The inflammatory response was evaluated using clinical scoring,
corneal thickness measurements, hematoxylin and eosin (H&E) staining, corneal fluo-
rescein sodium staining, and a cell scratch test. The polarization of macrophages was
determined using flow cytometry. The molecular mechanisms of HIF-1α were assessed
by qRT-PCR and Western blot.

RESULTS. In A. fumigatus keratitis, the expression of HIF-1α was significantly increased
at both the mRNA and protein levels. Compared with the controls, HIF-1α inhibitor
accelerated corneal epithelial repair, reduced the infiltration of macrophages, induced
shift in macrophage polarization, and attenuated the inflammatory response. HIF-1α
exerts a pro-inflammatory effect in A. fumigatus keratitis by modulating the expres-
sion of inflammatory mediators and engaging in pyroptosis via the caspase-8/GSDMD
signaling pathway.

CONCLUSIONS. In conclusion, HIF-1α promotes A. fumigatus keratitis by inhibiting corneal
epithelial repair and promoting inflammation, leading to increased severity of the
disease.
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Fungal keratitis (FK) is a major cause of monocular
blindness, with Aspergillus fumigatus (A. fumigatus)

being a significant pathogen.1,2 FK has a poorer progno-
sis than bacterial keratitis due to limited treatment response
and scarce antifungal medications.3,4 Thus, identifying new
pathogenic pathways and therapeutic targets for FK is
critical.

One of the most important functions of the cornea is
maintaining homeostasis.5,6 FK often occurs with epithe-
lial damage, disruption of the corneal barrier function, and
pathogen invasion into the corneal tissue, triggering infec-
tion. The corneal epithelium frequently detects pathogen-
associated molecular patterns (PAMPs) during infection,
such as the “non-self” structure of fungi. These PAMPs acti-
vate pattern recognition receptors (PRRs) and subsequently
initiate an immune response, promoting the recruitment of
macrophages and neutrophils.7,8 Activation of these recep-

tors triggers immune and inflammatory responses to combat
infection, repair tissue damage, and restore homeostasis.9,10

The molecular details of the complex process of pathogen
infection and corneal tissue regeneration are still being
uncovered. Recent research has started to reveal how tissue
injury triggers acute inflammatory responses.11–14 Hypoxia-
inducible factor-1α (HIF-1α) serves as a transcription factor
that modulates the activation of immune cells, angiogen-
esis, cell proliferation or survival, and glucose and iron
metabolism.15,16 As a result, HIF-1α plays a role in vari-
ous conditions that create hypoxic microenvironments,
including cancer, stroke, and heart disease.17–19 However,
it remains largely unclear if and how HIF-1α contributes
to corneal tissue damage and initiates the innate immune
response to infection.

In the current study, we developed both mouse and
cellular models of A. fumigatus infection to examine the
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potential involvement of HIF-1α in the inflammatory
response and tissue repair processes.

METHODS

Mice

Female wild-type C57BL/6 mice, aged 6 to 8 weeks, were
obtained from Jinan Pengyue Laboratory Animal Co., Ltd.,
Jinan, China (vendor license number: SCXK [Lu] 2022–
0006). The study protocol was approved by the Animal Care
and Use Committee of the Affiliated Hospital of Qingdao
University and adhered to the Association for Research in
Vision and Ophthalmology (ARVO) Statement on the Use of
Animals in Ophthalmic and Vision Research.

Mouse Model of A. Fumigatus Keratitis

The mouse model was established according to a previously
published protocol.20 Mice were anesthetized via intraperi-
toneal injection with a mixture of ketamine (100 mg/kg) and
xylazine (15 mg/kg). A sterile 26-gauge needle was used
to gently scrape the central corneal epithelium of the right
eye, creating 2-mm-diameter incisions to disrupt the epithe-
lial barrier. After applying A. fumigatus (1 × 108 colony-
forming units [CFU]/mL) topically to the injured cornea, a
soft contact lens was applied, followed by suturing of the
eyelids for 24 hours.

Cell Culture

Human corneal epithelial cells (HCECs) were procured
from the Ocular Surface Laboratory of the Zhongshan
Ophthalmic Center. The cells were cultured in an equal
mixture of Dulbecco’s Modified Eagle Medium (DMEM) and
Ham’s F12, fortified with 5% fetal bovine serum and 1%
penicillin-streptomycin. THP-1 macrophages were sourced
from Meilunbio in Dalian, China, and differentiated using
phorbol-12-myristate 13-acetate (PMA) at a concentration of
100 ng/mL for 24 to 48 hours. These macrophages were
cultured in RPMI-1640 medium.

Administration of HIF-1α Inhibitor

LW6, used as a HIF-1α inhibitor in this study, was purchased
from MedChemExpress (MCE, USA, 13671). The mice
received 2 subconjunctival injections of LW6 (100 μM) over
1 day, with PBS serving as the control. Two hours after the
second subconjunctival injection, the corneas were infected
with A. fumigatus. LW6 (10 μM) was administered to THP-1
macrophages and HCECs for a duration of 2 hours prior to
stimulation with A. fumigatus spores.

Clinical Examination and Corneal Thickness
Measurement

Clinical scores were assigned using Wu et al.’s scoring system
by two independent observers in a blinded manner.21 A
detailed description of the scoring criteria is within Table 1.
Corneal thickness was assessed using anterior segment
optical coherence tomography, with the TOPI-SIGMA-1000
device (TowardPi, China).

Quantification of Colony-Forming Units

To determine the fungal growth in the cornea, the entire
mouse corneas were processed under aseptic conditions.
The samples were homogenized in 1 mL of PBS using the
Mixer Scientz-48 (Scientz, Ningbo, China) at a frequency
of 33 hertz (Hz) for 4 minutes. Following homogenization,
serial dilutions were prepared and plated onto Sabouraud
dextrose agar plates (BDMS, Cockeysville, MD, USA). The
inoculated plates were subsequently incubated at 37°C for
24 hours, after which the CFUs were quantified by direct
counting.

CCK-8 Cell Activity Assay

The activity of THP-1 macrophages was assessed using the
CCK-8 method. The cells were subjected to a 2-hour pretreat-
ment with PBS or LW6 and stimulated with hyphae for
24 hours. Each well was then supplemented with 100 μL
of serum-free medium (SFM) and 10 μL of CCK-8 solution
(Meilunbio, Dalian, China). Following an incubation period
of 2.5 hours at 37°C, the absorbance was measured at a wave-
length of 450 nm using a microplate reader.

LDH Release Assay

The LDH release assay was conducted to evaluate cell
membrane integrity. THP-1 macrophages were pretreated
and stimulated same with CCK-8 assay. Following the
instructions of the LDH Cytotoxicity Assay Kit (MCE, USA),
the appropriate reagents were added, and the absorbance
was measured at a wavelength of 490 nm.

Corneal Fluorescein Sodium Staining

The extent of corneal epithelial defects was assessed using
corneal fluorescein sodium staining. Ninety percent of
the corneal epithelium was gently scraped using a blade.
Corneal fluorescein sodium staining was performed at 0, 8,
16, and 24 hours following epithelial damage using slit-lamp
microscopy equipped with a cobalt blue light.

TABLE 1. Clinical Scoring System

Score Corneal Opacity Area Corneal Opacity Density Corneal Surface Regularity

1 1%–25% Slight cloudiness (outline of iris and
pupil discernable)

Slight surface irregularity

2 26%–50% Cloudy (but outline of iris and
pupil remain visible)

Rough surface (some swelling)

3 51%–75% Cloudy (opacity not uniform) Significant swelling (crater or serious
descemetocele formation)

4 76%–100% Uniform opacity Perforation or descemetocele

Total score is the sum of opacity area, density, and surface regularity scores.
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TABLE 2. Primer Sequences Used for qRT-PCR

Gene Primer Sequence (5′-3′)

Mouse β-actin F: CATCCGTAAAGACCTCTATGCCAAC; R: ATGGAGCCACCGATCCACA
Mouse HIF-1α F: GAAACGACCACTGCTAAGGCA; R: GGCAGACAGGTTAAGGCTCCT
Mouse TNF-α F: ACCCTACACTCAGATCATCTT; R: GGTTGTCTTTGAGATCCATGC
Mouse IL-6 F: CACAAGTCCGGAGAGGAGAC; R: CAGAATTGCCATTGCACAAC
Mouse IL-10 F: TGCTAACCGACTCCTTAATGCAGGAC; R: CCTTGATTTCTGGGCCATGCTTCTC
Mouse IL-1β F: CGCAGCAGCACATCAACAAGAGC; R: TGTCCTCATCCTGGAAGGTCCACG
Human GAPDH F: GCACCGTCAAGGCTGAGAAC; R: TGGTGAAGACGCCAGTGGA
Human HIF-1α F: AGAGGTTGGGGGAGGAGAGAT; R: GCACCAGCAGGTCATAGGT
Human TNF-α F: ACCCTCACACTCAGATCATCTT R: GGTTGTCTTTGAGATCCATGC
Human IL-6 F: AAGCCAGAGCTGTGCAGATGAGTA; R: TGTCCTGCAGCCACTGGTTC
Human IL-10 F: GACTTTAAGGGTTACCTGGGTTG R: TCACATGCGCCTTGATGTCTG
Human IL-1β F: ATGCACCTGTACGATCACTGA; R: ACAAAGGACATGGAGAACACC

F, forward; R, reverse.

TABLE 3. Antibodies Used for Western Blot, Immunofluorescence, and Flow Cytometry

Antibody Company Order Number Remarks

HIF-1α Cell Signaling Technology, America 36169S Western blot
TNF-alpha Proteintech, China 17590-1-AP Western blot
IL-6 Proteintech, China 21865-1-AP Western blot
IL-10 Proteintech, China 60269-1-Ig Western blot
caspase-1 Proteintech, China 22915-1-AP Western blot
caspase-8 Proteintech, China 13423-1-AP Western blot
GSDMD Novus, America NBP2-33422 Western blot
IL-1 beta R&D Systems, America AF-401-NA Western blot
β-actin Cell Signaling Technology, America 4967 Western blot
F4/80 Santa Cruz Biotechnology, America sc-377009 Immunofluorescence
Anti-rabbit IgG 488 Conjugate Cell Signaling Technology, America 4408 Immunofluorescence
Anti-rabbit IgG 555 Conjugate Cell Signaling Technology, America 4413 Immunofluorescence
PE/Cyanine7 anti-mouse CD45 BioLegend, America 103114 Flow cytometry
FITC anti-mouse F4/80 BioLegend, America 123108 Flow cytometry
APC anti-mouse CD86 BioLegend, America 105012 Flow cytometry
PE anti-mouse CD206(MMR) BioLegend, America 141705 Flow cytometry

Cell Scratching Assay

HCECs were seeded and grown until the cell density
exceeded about 90%. Four parallel lines were drawn at the
bottom of the wells using a sterile pipette tip. The cells were
then cultured in media containing either PBS or LW6. Scratch
width was recorded at 0, 24, and 48 hours under a light
microscope to assess cell migration ability.

Hematoxylin and Eosin Staining

Mouse eyeballs were immersed in 4% paraformaldehyde
solution for 3 days, followed by sectioning into 8-μm thick
slices. Paraffin embedding was carried out, and the sections
were hydrated using an ethanol gradient after dewax-
ing in xylene. Hematoxylin and eosin (H&E) staining was
performed, and the sections were examined under the light
microscope.

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was isolated from the samples using the RNAiso
Plus kit (Takara, Dalian, China). Subsequently, the extracted
RNA was reverse-transcribed into complementary DNA
(cDNA) using the PrimeScript RT kit (Takara, Dalian, China).
The cDNA was then amplified via quantitative real-time PCR

using the SYBR Green PCR Master Mix (Vazyme, China) on
an Eppendorf Mastercycler system. GAPDH or β-actin was
used as the internal reference gene. The relative expression
levels were calculated using the ��CT method. The primers
used in this study are detailed in Table 2.

Western Blot

Cells and mouse cornea samples were lysed using RIPA
buffer. The protein samples were separated by 10%–12%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred onto Millipore polyvinyli-
dene difluoride (PVDF) membranes. The membranes were
blocked with 3% BSA blocking buffer (Beyotime, Shanghai,
China) for 2 hours, then incubated with primary antibod-
ies overnight at 4°C and secondary antibodies for 2 hours.
Chemiluminescent signals were detected using a Vilber
Fusion FX imaging system. The antibodies used in this study
are listed in Table 3.

Immunofluorescence Staining

Mouse eyeball sections (8 μm) and cell slides were immersed
in paraformaldehyde for 30 minutes and blocked with
10% animal serum (Solarbio, Beijing, China). Sections were
incubated with primary antibodies at 4°C overnight and
secondary antibodies for 1 hour. Nuclei were stained with
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DAPI solution (Solarbio, China) for 10 minutes. Images were
acquired using the EVOS M5000 microscope. The antibodies
utilized in this study are detailed in Table 3.

Flow Cytometry

The excised corneas underwent treatment with 50 μL of
Liberase TL (2.5 mg/mL, 5401020001; Roche, Basel, Switzer-
land) for 40 minutes at a temperature of 37°C. They were
then homogenized via a 70-μm cell strainer to prepare
single-cell suspensions. We referenced the gating strategy
for macrophage polarization used in previous flow cytom-
etry experiments.22,23 Flow cytometry was used to analyze
the single-cell suspensions of the cornea using a CytoFLEX
S instrument (Beckman Coulter, USA) and analyzed using
FlowJo version 10.8.1 software. Details regarding the anti-
bodies utilized are presented in Table 3.

Statistical Analysis

Statistical analyses were conducted using GraphPad Prism
10 software. For comparisons between the 2 groups, an
unpaired 2-tailed t-test was used, whereas -way analysis of
variance (ANOVA) was used for comparisons involving more
than 2 groups.

RESULTS

A. Fumigatus Infection Induced HIF-1α

Expression in Mouse Corneas

To verify the effects of A. fumigatus infection in mouse
corneas, we photographed the corneas at 1, 3, and 5 dpi.
As shown in Figure 1A, corneal opacity increased following
infection, and clinical scores are displayed in the accompany-
ing chart. Compared with naïve corneas, HIF-1α mRNA and

FIGURE 1. A. fumigatus infection induces HIF-1α expression in C57BL/6 mouse corneas. (A) Slit-lamp images of mouse corneas with
A. fumigatus keratitis at 1, 3, and 5 dpi, with clinical scores shown in the accompanying statistical chart. (B) The qRT-PCR of HIF-1α mRNA
expression in naïve and A. fumigatus infected corneas. (C) Western blot analysis of HIF-1α protein in corneas from A. fumigatus keratitis
groups compared to the naïve group at 1, 3, and 5 dpi. (D) IF staining of HIF-1α at 2 dpi (40 × magnification). The stars at the top of each
column represent P values comparing to the normal control. ns, non-significant, **P < 0.01, ***P < 0.001, ****P < 0.0001 (ANOVA). Data are
presented as mean ± SEM from three independent experiments.
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FIGURE 2. A. fumigatus stimulation induces HIF-1α expression in THP-1 macrophages and HCECs. The qRT-PCR of
HIF-1α in THP-1 macrophages (A) and HCECs (C) were performed at 4, 8, and 16 hpi. Western blot analysis of HIF-1α protein expression
in THP-1 macrophages (B) and HCECs (D) was performed at 8, 16, and 24 hpi, with quantification shown in bar graphs. (E) IF staining of
HIF-1α in THP-1 macrophages and HCECs was performed at 16 hpi (40 × magnification). (F) Shows the statistical analysis of fluorescence
density in Figure E. The stars at the top of each column represent P values comparing to the normal control. ns, nonsignificant, ***P <

0.001, ****P < 0.0001 (ANOVA). Data are presented as mean ± SEM from three independent experiments.

protein levels were elevated from 1 to 5 dpi (Figs. 1B, 1C).
To identify the source of HIF-1α in the cornea, samples
were collected on 2 dpi for immunofluorescence (IF) experi-
ments. Figure 1D shows that HIF-1α was primarily localized
in the infected corneal epithelium and stromal layer.

A. Fumigatus Stimulation Increased HIF-1α

Expression in THP-1 Macrophages and HCECs

HIF-1α mRNA expression showed a progressive increase
in THP-1 macrophages, peaking at 16 hours post-infection
(hpi; Fig. 2A). At the protein level, HIF-1α expression was
significantly elevated at 8 hpi, decreased by 16 hpi, and
continued to decline (Fig. 2B). HIF-1α mRNA expression
was first detected at 4 hpi and increased significantly by 16
hpi (Fig. 2C). HIF-1α protein expression rose at 8 hpi and
decreased by 24 hpi (Fig. 2D). IF staining at 16 hpi revealed
HIF-1α localization in the cytoplasm and nucleus of both
THP-1 macrophages and HCECs (Fig. 2E).

Inhibiting HIF-1α Enhanced Corneal Epithelial
Repair

HIF-1α, a transcription factor associated with injury,24 may
play a role in corneal epithelial repair. Western blotting of
THP-1 macrophages and corneas confirmed effective inhibi-
tion of HIF-1α by LW6 (10 μM) in vitro, and downregulation
of HIF-1α in vivo with LW6 (100 μM; Figs. 3A, 3B). As shown

in Figure 3C, corneal epithelial repair was faster after HIF-
1α inhibition compared to the PBS control. Similarly, HIF-1α
inhibitor increased the migration of HCEC cells (Fig. 3D).
These results demonstrate that inhibiting HIF-1α enhanced
corneal epithelial repair.

Inhibiting HIF-1α Reduced the Severity of
A. Fumigatus Keratitis in Mouse Corneas

The severity of FK was quantified using a clinical scor-
ing system that assessed ulcer area, opacity density, and
ulcer morphology.21 At 2 dpi, the PBS control corneas
exhibited severe keratitis, whereas the LW6-injected corneas
showed less severe keratitis, thinner corneal thickness,
and fewer inflammatory cells in the central corneas, as
observed in H&E staining (Fig. 4A). Compared with PBS-
treated controls, LW6-treated mouse corneas exhibited a
higher fungal burden at 2 dpi (Fig. 4D). The IF staining
demonstrated that macrophage infiltration in the corneal
stroma was reduced following LW6 injection compared to
the control group (Fig. 4E). The CCK8 results showed that
after infection with A. fumigatus, cell viability decreased,
whereas treatment with LW6 could rescue the reduced cell
viability (Fig. 4G). Compared with the PBS-treated group
stimulated by A. fumigatus, the LDH release was signifi-
cantly reduced after treatment with LW6 (Fig. 4H). These
research findings suggest that inhibiting HIF-1α may impair
immune activation by affecting pyroptosis, leading to an
increased fungal burden.
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FIGURE 3. The repair capacity of the corneal epithelium increased following HIF-1α inhibition. (A) Immunoblot analysis of HIF-1α in THP-1
macrophage cell lysates treated with different concentrations of LW6 or PBS (control) at 16 hpi. (B) Mice were subconjunctivally injected
with 100 μM LW6 or PBS, and corneas were collected at 2 dpi for Western blot analysis to detect HIF-1α expression. (C) Cobalt blue light
images were captured at 0, 8, 16, and 24 hours after applying fluorescein sodium solution to the eyes. The green fluorescence indicates the
area of corneal epithelial defects. Corneal epithelial healing rate is shown in the broken line graph. (D) The healing ability of HCECs was
evaluated using a cell wound scratch assay. Yellow lines represent the cell edges. The wound healing rate is shown in the broken line graph.
P values were calculated using 1-way ANOVA for panels A and B, and an unpaired Student’s t-test for panels C and D. ns, nonsignificant,
***P < 0.001, ****P < 0.0001. Data are presented as mean ± SEM from three independent experiments, with six mice per group.

Inhibiting HIF-1α Affected the Macrophage
Polarization

Macrophages derived from mouse corneas were analyzed
using flow cytometry (Fig. 5A). On 2 dpi, compared with

the PBS-treated group, the LW6-treated group showed a
significant reduction in the total macrophages cell rate, M1
macrophage cell rate. Meanwhile, the ratio of M2 to M1 was
elevated. Cytokines involved in macrophage polarization-
related cytokines were also altered. As shown in Figure 5C,
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FIGURE 4. Inhibiting HIF-1α reduces the severity of A. fumigatus infection in mouse corneas. (A) Mouse corneas were monitored daily, and
images were captured up to 2 dpi. Slit-lamp images were used to assess the clinical score, anterior segment optical coherence tomography
was used to observe corneal edema, and H&E staining was performed to detect inflammatory cell infiltration in the central corneas. Clinical
scores (B) and corneal thickness (C) were measured daily and statistically analyzed. (D) As shown by the CFUs, HIF-1α inhibitor led to
higher fungal load at 2 dpi. (E) F4/80 red fluorescence indicates infiltrating macrophages in the cornea, (F) as observed through IF analysis.
(G) The viability of THP-1 macrophages was assessed using a CCK-8 assay. (H) The integrity of THP-1 macrophage membranes following
various treatments was evaluated via an LDH release assay. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as mean
± SEM from three different experiments.
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FIGURE 5. The influence of HIF-1α on the polarization of corneal macrophages and expression of TNF-α, IL-6, and IL-10 in mouse corneas
and THP-1 macrophages. (A) The corneas of mice infected with A. fumigatus were collected after 2 dpi. Whole corneas treated with PBS or
LW6 were subjected to flow cytometry analysis. On a single-cell level, CD45+ cells are indicative of immune cells. Specifically, CD45+F4/80+
cells are identified as macrophages. Within the macrophage population, CD86+ cells are classified as M1 macrophages, whereas CD206+
cells are categorized as M2 macrophages. (B) Representative dot plots show the numbers and percentages of total cells, macrophages, M1
macrophages, M2 macrophages, as well as the M2/M1 ratio. (C) The qRT-PCR were conducted to measure TNF-α, IL-6, and IL-10 mRNA
in mouse corneas at 2 dpi. (D) The qRT-PCR was conducted in THP-1 macrophages at 8 hpi. (E) Western blot analyses were conducted
to measure TNF-α, IL-6, and IL-10 protein levels in mouse corneas at 2 dpi. (F) In addition, the Western blot was conducted in THP-1
macrophages at 16 hpi. The P values were generated using 1-way ANOVA, with ns = nonsignificant, *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001. Data are presented as mean ± SEM from three different experiments with six mice per group.
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FIGURE 5. Continued.

A. fumigatus infection enhanced the expression of TNF-α
and IL-6 at both the mRNA levels, whereas LW6 reduced
their expression in the infected corneas. Notably, inhibiting
of HIF-1α further increased IL-10 expression in the infected
corneas. Consistent with the in vivo results, the expression
of TNF-α, IL-6, and IL-10 was also induced by A. fumigatus
infection in the in vitro study (Fig. 5D). This expression was
further validated at the protein level (Figs. 5E, 5F).

HIF-1α Regulated the Caspase-8/GSDMD
Pyroptosis Pathway, Contributing to the
Inflammatory Response to A. Fumigatus Keratitis

Pyroptosis plays a critical regulatory role in FK.25 Cell
membrane rupture is an important characteristic of pyrop-

tosis.26 The results of the CCK8 and LDH assays (see
Figs. 4H, 4I) suggest that HIF-1α mediates the occurrence
of pyroptosis. Although caspase-1 involved in the pyropto-
sis classical pathway were unaffected by LW6, the active
form, clv-caspase-8, N-terminal GSDMD (N-GSDMD), and
the downstream factor interleukin-1 beta (IL-1β) exhib-
ited marked upregulation following HIF-1α inhibitor in A.
fumigatus-infected corneas (Fig. 6A). Consistent with the
results observed in mouse corneas, the protein expression
of clv-caspase-8, N-GSDMD, pro-IL-1β, and clv-IL-1β was
induced by A. fumigatus stimulation and attenuated with
HIF-1α inhibitor in THP-1 macrophages (Fig. 6C). Conse-
quently, HIF-1α inhibitor resulted in the downregulation
of the caspase-8/GSDMD pathway in A. fumigatus-infected
corneas. The decreased host response and significantly
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FIGURE 6. HIF-1α affects pyroptosis by regulating the caspase-8/GSDMD pathway. (A) Mouse corneas were treated with LW6 or control
PBS before being inoculated with A. fumigatus. Corneal samples were obtained at 2 dpi for Western blot analysis of the protein expression
levels of pro-caspase-1, clv-caspase-1, pro-caspase-8, clv-caspase-8, F-GSDMD, N-GSDMD, pro-IL-1β, and clv-IL-1β. (B) Grayscale analysis
is shown in the bar graph. (C) THP-1 macrophages were treated with LW6 or control PBS and stimulated with A. fumigatus. Samples
were collected at 16 hpi for Western blot analysis to detect the protein levels of pro-caspase-1, clv-caspase-1, pro-caspase-8, clv-caspase-8,
F-GSDMD, N-GSDMD, pro-IL-1β, and clv-IL-1β. (D) Grayscale analysis is shown in the bar graph. The P values were generated using 1-way
ANOVA, with ns = nonsignificant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as mean ± SEM from three different
experiments with six mice per group.
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lower inflammatory response in the inhibitor group may be
linked to the downregulation of pyroptosis following HIF-1α
inhibiting.

DISCUSSION

The present study demonstrated that HIF-1α was markedly
induced by A. fumigatus infection in C57BL/6 mice, THP-1
macrophages, and HCECs during the early stages of infec-
tion. Functional analysis revealed that the inhibition of HIF-
1α resulted in faster epithelial repair, reduced inflamma-
tion response, infiltration of macrophages, and changed
macrophage phenotypes during A. fumigatus infection.
Additionally, the application of LW6 markedly reversed
the elevated expression of pyroptotic proteins, specifically
the caspase-8/GSDMD pathway. Collectively, our findings
suggest that HIF-1α may be a key regulator in the immune
response to fungal infections and increases corneal suscep-
tibility to A. fumigatus infections.

The corneal epithelium is essential for immune defense.
In the early phases of infection, most invasive pathogens
remain within the epithelial layer.27,28 Pathogens in the
epithelium can be innately killed within the first few hours
of infection, significantly reducing their invasion into the
stroma.29 Our study found that HIF-1α inhibited corneal
epithelial repair, supporting the notion that epithelium is
the primary site of innate defense. It suggests that the
epithelial layer is probably where HIF-1α’s effects on innate
defense mechanisms begin, impairing mucosal immunity at
the ocular surface.

After breaching the defenses of the corneal epithelium,
the fungus invades the corneal stroma. In response to
tissue infection, the host mounts an acute inflammatory
response to contain the invasive pathogens.30 The presence
of A. fumigatus on the cornea triggers vasodilation in the
adjacent tissues. This process facilitates the recruitment of
macrophages and neutrophils. These immune cells subse-
quently release inflammatory mediators that not only medi-
ate the inflammatory response but also initiate an immune
response.31–33 Our results clearly indicated that the inflam-
matory response of the cornea was reduced and the quan-
tity of macrophages decreased in the cornea of mice follow-
ing the inhibition of HIF-1α, confirming that HIF-1α can
promote the recruitment of macrophages into the corneal
stroma. CFU counting experiments confirmed that the abil-
ity of immune cells to phagocytose spores of A. fumiga-
tus significantly decreased after inhibition with HIF-1α. In
other studies, it has been found that HIF-1α performs a
corresponding regulatory effect on local tissues by acting on
macrophages and neutrophils.34,35 Our research findings are
similar, with the activity of HIF-1α being able to promote the
recruitment and phagocytosis of macrophages to a certain
extent, thereby facilitating the inflammatory response in
keratitis.

The macrophage immune mechanism consists of two
classical parts: activated M1 and M2 macrophages.7,36,37 M1
macrophages are classically activated immune cells that
play a crucial role in pro-inflammatory responses, lead-
ing to the production of key pro-inflammatory cytokines,
including TNF-α and IL-6. In contrast, M2 macrophages are
alternatively activated and are primarily involved in anti-
inflammatory processes and tissue repair. One of the key
cytokines produced by M2 macrophages is IL-10, which is
a potent anti-inflammatory mediator. Reducing the recruit-
ment of macrophages and promoting the M2 phenotype

can help in reducing inflammation and promoting tissue
repair, which is crucial for the cornea to reduce inflam-
mation and restore transparency. The transition from M1
to M2 macrophage phenotypes holds substantial signifi-
cance. These phenotypes respond distinctively to various
immune challenges and play a crucial role in the patho-
genesis of FK.32,38 Consistent with this, our experimen-
tal findings demonstrated that LW6 pretreatment effectively
suppressed the expression of M1-associated inflammatory
factors, namely TNF-α and IL-6. Conversely, it enhanced the
expression of M2-associated inflammatory factors, specif-
ically IL-10. We plan to incorporate the ELISA detection
method in future experiments, which can directly measure
the secreted forms of cytokines and offers high sensitiv-
ity and specificity. Flow cytometry analysis more intuitively
demonstrated that inhibiting HIF-1α led to a reduction in
both the total macrophage cell rate and the M1 macrophage
cell rate in mouse corneas. Meanwhile, the ratio of M2 to M1
macrophages was increased. Similarly, Eva et al.39 demon-
strated that inhibiting HIF-1α mitigated the LPS-induced pro-
inflammatory M1 macrophage phenotype while promoting
characteristics typical of the M2 macrophage phenotype.
Wu et al.40 demonstrated that targeted inhibition of HIF-
1α effectively alleviated ulcerative colitis in mice. This ther-
apeutic effect was likely achieved by suppressing the M1
macrophage phenotype while promoting the polarization
of macrophages towards the M2 phenotype. By modulating
HIF-1α activity, we may be able to influence the balance
between these two phenotypes, which could have therapeu-
tic implications in various inflammatory and immune-related
diseases.

Infection and pyroptosis act as combined inflammatory
triggers, playing critical roles in clearing microorganisms
and healing host tissue damage during A. fumigatus infec-
tion.25 The classical pathway of pyroptosis mainly relies on
caspase 1, which can cleave the GSDMD protein. Interest-
ingly, our research indicates that in FK, HIF-1α-mediated
pyroptosis occurs through the caspase-8 pathway, rather
than the classical pathway. A recent study on rheumatoid
arthritis (RA) indicated that inhibiting HIF-1α can suppress
hypoxia-induced pyroptosis in patients with RA.41 Our find-
ings regarding HIF-1α as a negative mediator in A. fumiga-
tus keratitis are consistent with the RA study, albeit through
distinct mechanisms. In our A. fumigatus keratitis model,
HIF-1α induces the caspase-8/GSDMD signaling pathway,
promoting the release of the downstream factor IL-1β, which
results in a stronger inflammatory response. Based on these
results, the inflammatory response mediated by HIF-1α in
our study is a complex process involving both epithelial and
immune components. The corneal epithelial cells play a key
role in initiating the response and wound healing, but the
immune cells such as macrophages also contributes to the
overall inflammatory outcome.

Using LW6 alone to examine HIF-1α’s role is a study
limitation. Future research should use genetic knockdown
methods like siRNA or CRISPR to validate effects and better
understand HIF-1α.

CONCLUSIONS

In summary, our findings demonstrated that HIF-1α might
play a critical pro-inflammatory role in A. fumigatus kerati-
tis by activating pyroptosis through caspase-8/ GSDMD
pathway. These conclusions are supported by data from a
diverse range of experimental models, including A. fumi-
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gatus keratitis in mice, THP-1 macrophages, and human
corneal epithelial cell lines.
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