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Abstract
Background

Fungal keratitis is a severe sight-threatening ocular infection, without effective treatment strategies
available now. Calprotectin S100A8/A9 has recently attracted great attention as a critical alarmin
modulating the innate immune response against microbial challenges. However, the unique role of
S100A8/A9 in fungal keratitis is poorly understood.

Methods

Experimental fungal keratitis was established in wild-type and gene knockout mice by infecting mouse
corneas with Candida albicans. The degree of mouse cornea injuries was evaluated by clinical scoring.
To interrogate the molecular mechanism in vitro, macrophage RAW264.7 cell line was challenged with
Candida albicans or recombinant S100A8/A9 protein. Label-free quantitative proteomics, quantitative
real-time PCR, western blotting and immunohistochemistry were conducted in this research.

Results

Herein, we characterized the proteome of mouse corneas infected with Candida albicans and found that
S100A8/A9 was robustly expressed at the early stage of the disease. S100A8/A9 significantly enhanced
disease progression by promoting NLRP3 inflammasome activation and Caspase-1 maturation,
accompanied by increased accumulation of macrophages in infected corneas. In response to Candida
albicans infection, toll-like receptor 4 (TLR4) sensed extracellular S100A8/A9 and acted as a bridge
between S100A8/A9 and NLRP3 inflammasome activation in mouse corneas. Furthermore, the deletion
of TLR4 resulted in noticeable improvement in fungal keratitis. Remarkably, NLRP3/GSDMD-mediated
macrophage pyroptosis in turn facilitates S100A8/A9 secretion during Candida albicans keratitis, thus
forming a positive feedback cycle that amplifies the proinflammatory response in corneas.

Conclusions

The present study is the first to reveal the critical roles of the alarmin S100A8/A9 in the
immunopathology of Candida albicans keratitis, highlighting a promising approach for therapeutic
intervention in the future.

1. Background
Fungal keratitis (FK) is a severe pathogenic condition that may lead to permanent visual impairment. FK
seriously affects the quality of life of patients and has replaced bacterial keratitis in some regions as the
major contributor to corneal blindness [1]. As a common keratomycosis, Candida albicans (C. albicans)
keratitis often occurs secondary to preexisting ocular surface disease (dry eye, incomplete eyelid closure,
viral keratitis, etc.) or compromised immunity (diabetes, immunosuppression, etc.) [2, 3], requiring a deep
understanding of the molecular pathogenesis. The innate immune system constitutes the first line of
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corneas against invading fungal pathogens, which detects distinct pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns (DAMPs) (also known as alarmins) via
pattern recognition receptors (PRRs) and is indispensable for maintaining corneal functional structure
[4–6]. Among the innate immune cells combating fungal infection, macrophages are considered one of
the key cell types that can be activated by alarmins generated by damaged and dying cells [7, 8]. Upon
interaction with PRRs, alarmins relay intracellular defence signals that culminate in the induction of
inflammatory cytokines and chemokines to eliminate fungal pathogens [9].

S100A8 and S100A9 are S100 calcium-binding proteins and exert mainly biological functions by forming
heterodimers (S100A8/A9 complex) after release from myeloid cells or epithelial cells [10]. The
S100A8/A9 complex has attracted increasing interest as a vital alarmin modulating the inflammatory
response under infection or sterile conditions. Extracellular S100A8/A9 interacts with cell-surface
recognition molecules, including toll-like receptor 4 (TLR4) and receptor of advanced glycation end
products (RAGE), mediating multiple immune signalling pathways involved in NF-κB, MyD88, and
p38/MAPK [11, 12]. While S100A8/A9 is important for tissue repair and regeneration [13], its deleterious
role in accelerating the progression of numerous diseases has also been demonstrated. Emerging studies
have described that S100A8/A9 is widely implicated in the pathogenesis of tumour development [14],
systemic infections [15], acute coronary syndrome [16], and autoimmune diseases [17]. For example,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) induced aberrant expression of
S100A8/A9 in COVID-19 animal models, which subsequently resulted in immunological imbalance and
the expansion of abnormal immature neutrophils in circulation [18]. With regard to keratitis, S100A8/A9
augmented corneal defects infected by Pseudomonas aeruginosa by enhancing inflammatory responses
[19]. Nevertheless, the correlation between S100A8/A9 and the progression of C. albicans keratitis is not
fully understood. In addition, it is worth noting that S100A8/A9 has the ability to shape the phenotype
and function of macrophages [20]. Thus, the effect of S100A8/A9 on macrophages during C. albicans
keratitis warrants further research.

Inflammasomes are a group of multiprotein complexes in the cytoplasm, and the assembly of each
inflammasome is determined by a unique sensor following the detection of pathogen-associated
molecular patterns or other endogenous danger-associated molecular patterns, which facilitates
Caspase-1 (CASP1) activation and the secretion of the cytokines IL-1β/IL-18 [21, 22]. Among the
identified inflammasomes, NLRP3 inflammasome is considered to be the best understood in terms of
molecular mechanisms in response to C. albicans infection, showing that candidalysin not only activated
NLRP3 inflammasome-dependent CASP1 but also drove the inflammasome-independent cytolysis of
macrophages [23]. Notably, several alarmins have been reported to contribute to the activation of
inflammasomes, particularly NLRP3. Neutrophil-derived S100A8/A9 primed the NLRP3 inflammasome in
acute myocardial infarction [24, 25], and HMGB1 was necessary for hepatocyte NLRP3 inflammasome
activation in liver injury following heatstroke [26]. Our previous study demonstrated that the NLRP3
inflammasome-mediated gasdermin-D (GSDMD) pathway participated in the pathogenesis of C. albicans
keratitis [27]. However, whether and how NLRP3 senses the alarmin S100A8/A9 in C. albicans keratitis
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and connects this endogenous danger signal to inflammatory and innate immune responses remain
unknown.

Pyroptosis represents a form of regulated cell death seen primarily in inflammatory cells such as
macrophages and may be triggered by bacterial or other pathogen infections [28]. This type of cell death
is characterized by the requirement for the cleavage of GSDMD mediated by inflammatory caspases [29].
A strong relationship between pyroptosis and alarmins has been reported: it has been reported that
immunostimulatory alarmins released during pyroptosis, including ATP and HMGB1, in turn enhance the
pyroptosis of tumour cells and infiltrating immune cells, creating a positive feedback loop [30]. Moreover,
the activation of the NLRP3 inflammasome causes not only the maturation of IL-1β and IL-18 but also
the release of alarmins such as HMGB1 [31, 32]. In our previous study, we found that GSDMD maturation
is dependent on NLRP3 inflammasome activation in mouse corneas infected with C. albicans [27].
However, it is unclear whether NLRP3-mediated pyroptosis affects the release of the alarmin S100A8/A9.

To date, few studies on S100A8/A9 and C. albicans keratitis have been conducted, and the extracellular
function of S100A8/A9 in fungal keratitis (FK) is unclear. In the current study, we identified S100A8/A9 as
an alarmin molecule with a critical role in keratitis induced by C. albicans using quantitative proteomics
analysis. The first direct evidence shows that S100A8/A9 worsens corneal injuries by promoting the
NLRP3 inflammasome activation in macrophages following C. albicans infection, in which the TLR4
pathway is required to induce NLRP3 transcription. Interestingly, NLRP3-mediated macrophage
pyroptosis in turn drives the production of S100A8/A9, which amplifies inflammatory signals and forms a
regulatory circuit in the development of C. albicans keratitis. These results uncover the potential of
therapeutically targeting alarmin S100A8/A9 for suppressing the excessive inflammatory response in
fungal keratitis (FK) and provide information on the interaction between alarmins and inflammasome
activation.

2. Methods

2.1 Establishing experimental fungal keratitis in a mouse
model
C. albicans strain SC5314 was purchased from the China General Microbiological Culture Collection
Center (CGMCC, Beijing, China), and it was cultured on malt agar medium (BINDER, Qindao, China) for
three days at 25°C. Colonies were collected and diluted in sterile PBS (phosphate buffered saline) to yield
a 2 × 105 CFU/µL inoculum based on an optical density (OD) at 600 nm with a conversion factor of 1
OD600 = 3 × 107 CFU/mL. Female C57BL/6J mice aged 6–8 weeks were anaesthetized intraperitoneally
(ip) with ketamine-xylazine (80 mg/kg), and then corneas were superficially scarified by a 22-gauge
needle to make a grid-like scratch wound of 30 marks, followed by inoculation with 1 × 106 CFU of C.
albicans to induce keratitis.

2.2 Quantitative proteomics analysis based on LC‒MS/MS
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Our main strategy for quantitative proteomics analysis was a label-free approach using an UltiMate 3000
nano UPLC system (Thermo Fisher Scientific, San Jose, CA, USA) and a Thermo Fisher Orbitrap mass
spectrometer. Briefly, corneal tissues from C. albicans-infected mice and negative controls (mock
inoculated with sterile PBS) were collected for protein extraction followed by digestion with an enzyme to
produce peptides. Afterwards, peptide mixture separation was performed with the UPLC system
(analytical column: Acclaim™ Pepmap™ C18, 0.2 µm, 100 Å, 75 µm × 25 cm; trap column: Acclaim™
Pepmap™ C18, 3 µm, 75 µm × 2 cm; mobile phase: A: 0.1% formic acid in water; B: 0.1% formic acid in
acetonitrile). Mass spectrometry was conducted under the following conditions: Tune: Spray voltage 2.1
kV, Capillary temperature: 320°C; Full MS: Resolution 120,000@m/z 200, RF lens: 40%, AGC target: 4e5,
Max IT: 50 ms, Scan range: m/z 350–1500; MS/MS: Intensity threshold: 1e4, Charge state: 2–7, Dynamic
exclusion: 60 s, AGC target: 2e4, Max IT: 10 ms, Isolation window: 1 Da, Collision energy: 30% HCD, Scan
range: m/z 200–1400.

Raw mass spectrometry data were analysed using Proteome Discoverer 2.5 (Thermo Fischer Scientific)
and were subjected to protein identification against the reviewed UniProt Mus musculus (mouse)
database (including 17030 proteins). We defined a 2-fold increase or 0.5-fold decrease and p value < 0.05
as the threshold for different proteins. GO (Gene Ontology) enrichment analysis and KEGG pathway
enrichment analysis for these dysregulated proteins were performed. An additional file shows proteome
profiling raw data in more detail (see Additional file 2).

2.3 TLR4- and GSDMD-knockout mice
To generate TLR4- or GSDMD-knockout mice, this project used CRISPR/Cas9 technology to introduce
mutations by nonhomologous recombination repair, causing a frameshift of the TLR4 (or GSDMD) gene.
In brief, the procedure was as follows: Cas9 mRNA and gRNA were obtained by in vitro transcription, and
F0 generation mice were microinjected into the fertilized eggs of C57BL/6J mice. Confirmation by PCR
product sequencing yielded F0 mice frameshifted for the target gene protein, and F0 strains were mated
with C57BL/6J mice for positive F1 mice. All experimental mice in this research were bred and
maintained in a specific pathogen-free (SPF) house. Sequencing was used for genotyping TLR4- or
GSDMD-knockout mice. The primers were as follows:

mTLR4-Wild-type allele

Forward: 5'-AGCAAAGACAAGGGAGTAAGAA-3',

Reverse: 5'-GCCTGAAATACTGGCTAAAAG-3';

mTLR4-Mutant allele

Forward: 5'-GTCCCTGATGACATTCCTTCT-3',

Reverse: 5'-CTGTTTCTTGCCCATAGTTGA-3';

mGSDMD Forward: 5'-CGATGGAACGTAGTGCTGTG-3';
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Reverse: 5'-TCCTTCCCAACCTGCTGTTG-3'.

2.4 Clinical Scoring
Animals were scored for the severity of fungal keratitis (FK) with a dissecting microscope and a slit lamp.
A grade of 0 to 4 was assigned to each mouse following the three criteria: area of opacity, density of
opacity, and surface regularity [33]. Normal, unscratched mouse corneas were scored of 0 in each
category, resulting in an overall score of 0. All three categories for each eye were scored daily, with a
possible total score between 0 and 12. A total score of 5 or less was considered mild eye disease, a total
score of 6 to 9 was categorized moderate eye disease, and a total score of more than 9 was considered
severe eye disease.

2.5 Macrophage culture and treatment
RAW264.7 macrophages (#CTCC-001-0048, MeisenCTCC, Zhejiang, China) were cultured in DMEM
(#C11995500BT, Gibco, USA) supplemented with 10% foetal bovine serum (#10099141, Gibco, USA) and
1% penicillin‒streptomycin (#15140122, Gibco, USA) at 37°C in 5% CO2. When the cells reached 60–80%

confluence, they were treated with 1 × 106 CFU/mL C. albicans suspension or 100 ng/ml mouse
recombinant S100A8/A9 protein (#RPK504Mu01, Cloud-Clone, Wuhan, China) for 24 h. After harvesting,
the cells were lysed in RIPA buffer (#R0010, Solarbio, China) for total protein extraction, and were lysed in
TRIzol reagent (Invitrogen, USA) for RNA extraction.

2.6 Quantitative real-time PCR (RT‒qPCR)
Total RNA from mouse corneas was extracted by TRIzol reagent (Invitrogen, USA) and quantified by
Thermo Nanodrop 2000 spectrophotometry. One microgram of RNA was used to produce a cDNA
template for PCR using a reverse transcription kit (#1708891, Bio-Rad, USA). cDNA was amplified via iTaq
Universal SYBR® Green Supermix (#1725121, Bio-Rad, USA) on a quantitative real-time PCR instrument
(Light Cycler 480II, Roche, Switzerland). The mRNA levels of specific genes were normalized against the
reference gene GAPDH using the comparative Ct method (2−∆∆Ct). The primers sequence used in this
study were in supplementary table 1 (see Additional file 1).

2.7 Western blotting
Total proteins extracted from mouse corneas or RAW264.7 macrophages were measured by the BCA
protein assay kit (#23227, Thermo Scientific, USA). Extracted proteins were then separated on 4–20%
Mini-PROTEAN Precast Gels (#456–1094, Bio-Rad, USA) and transferred onto polyvinylidene difluoride
(PVDF) membranes (0.2 µm pore size; #ISEQ00010, Millipore, USA) or nitrocellulose membranes (0.45 µm
pore size; Merck, USA). The membranes were blocked with NcmBlot Blocking Buffer (NCM Biotech) for 10
min at room temperature and then incubated with primary antibodies at 4°C overnight. Primary
antibodies targeting S100A8 (1:250; #MAB3059, R&D systems), S100A9 (1:500; #ab242945, Abcam),
TLR4 (1:500; #ab13556, Abcam), NLRP3 (1:500; #ab263899, Abcam), cleaved CASP1 (1:250; #89332,
Cell Signaling Technology), ASC (1:250; #sc-514414, Santa Cruz Biotechnology), GSDMDC1 (1:250; #sc-
393581, Santa Cruz Biotechnology) and β-actin (1:1000; #AC026, ABclonal) were used in this study.
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Subsequently, the membranes were incubated with HRP-conjugated secondary antibodies (1:1000) at
room temperature for 1 h and detected with enhanced chemiluminescence (ECL) reagent (#32106,
Thermo Scientific, USA). To perform densitometry analysis, digital images of the positive bands were
analysed using the image analysis software ImageJ 1.48.

2.8 Immunohistochemical/immunofluorescence staining
For immunohistochemical staining, mouse corneal sections or RAW264.7-cell climbing slices were
deparaffinized in xylene and then dehydrated in gradient ethanol. Sections were filled with EDTA buffer in
the microwave oven to repair antigen. To block nonspecific binding, 3% bovine serum albumin (BSA) was
added to cover the tissue for 30 min. The samples were then incubated with primary antibodies (diluted
with BSA appropriately) overnight at 4°C, followed by incubation with secondary antibodies at room
temperature for 50 min in the dark. Nuclei were labelled with 4,6-diamido-2-phenylindole dihydrochloride
(DAPI). Spontaneous fluorescence quenching reagent was added and incubated for 5 min. At last, the
photographs were taken with a Nikon imaging system (Nikon DS-U3, Nikon, Japan). The primary
antibodies were as follows: anti-S100A8 + S100A9 (1:100; #ab288715, Abcam), anti-S100A8/A9 complex
(1;100; #ab22506, Abcam) anti-CD68 (1:100; #ab283654, Abcam), anti-F4/80 (1:100; #ab90247, Abcam),
anti-NLRP3 (1:100; #GB11300, Wuhan Servicebio Technology Co., Ltd.), and anti-GSDMDC1 (1:100, #sc-
393581; Santa Cruz Biotechnology).

2.9 Treatment regimen
After intraperitoneal injection system anaesthesia, mice were subconjunctively injected with 10 µL of
mS100A8 siRNA (50 nM, Ribobio, #siBDMV002), 10 µL of mNLRP3 siRNA (50 nM, Ribobio,
#siBDMV002), 10 µL of mouse recombinant S100A8/A9 protein (1000 ng/mL, Cloud-Clone,
#RPK504Mu01), 10 µL of paquinimod (2 µg/µL, MCE, #ABR25757) or 10 µL of azeliragon (2 µg/µL, MCE,
#HY50682) twice at 24 h and 6 h before C. albicans infection. Additionally, 2 µL of siRNA (mS100A8
siRNA or mNLRP3 siRNA), mouse recombinant S100A8/A9 protein, paquinimod or azeliragon was
topically administered to the mouse eyes in the treated group four times per day.

2.10 Statistics
GraphPad Prism 6.0 software program (GraphPad Software, Inc. United States) was used for statistical
analysis. All experiments were conducted at least three times independently. The data are presented as
the mean ± standard error of the mean (SEM) and were analysed by Student's t test or one-way ANOVA
post Dunnett's post-hoc test. A p value < 0.05 was considered to indicate statistical significance.

3. Results

3.1 C. albicans infection induces aberrant expression of the
alarmin S100A8/A9 in mouse corneas
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To characterize the early immune responses during fungal keratitis (FK) in depth, we infected mouse
corneas with C. albicans and performed quantitative proteomics analysis on corneas collected from
infected and mock-infected mice at Day 1 postinfection (dpi). A total of 498 proteins were significantly
upregulated (fold change > 2, p value < 0.05), and 860 proteins were downregulated (fold change < 0.5, p
value < 0.05) in C. albicans-infected mouse corneas compared with mock-infected corneas (Fig. 1A). GO
analysis of upregulated proteins demonstrated an enrichment in several biological processes associated
with C. albicans keratitis, such as the innate immune response, inflammatory response, and programmed
cell death (Fig. 1B). Given that alarmins are pivotal participants in the innate immunity of the host
against microbial invasion, we subsequently focused on all known alarmins and noticed that two
calcium-binding proteins termed S100A8 and S100A9 were markedly upregulated (fold change 29.8 and
25.9, respectively, p value < 0.05) at 1 dpi (Fig. 1C). The protein abundance obtained using label-free
protein quantification methods was further validated by western blotting, revealing that S100A8 and
S100A9 protein expression increased with time in mouse corneas after C. albicans infection, reached a
maximum at 1 dpi, and began to decrease thereafter (Figures S1A and S1B, see Additional file 1).
Afterwards, RT‒qPCR analysis indicated that the mRNA expression levels of S100A8 and S100A9 were
closely associated with the progression of C. albicans keratitis (Fig. 1D), wherein S100A8 and S100A9
may provide an early alarm signal for the disease. Since extracellular S100A8 and S100A9 function in the
form of heterodimer proteins, immunohistochemistry staining was performed to detect the S100A8/A9
complex in mouse corneas. The results revealed that elevated S100A8/A9 complex signals were
observed both in the stroma and epithelium of the corneas exposed to C. albicans but not in the mock-
infected group (Fig. 1E). To probe the precise function of S100A8/A9 in C. albicans keratitis, we knocked
down S100A8/A9 in infected corneas by subconjunctival injection of S100A8 small interfering RNA
(S100A8-siRNA) (Figure S2A, see Additional file 1). Decreased expression of S100A8/A9 not only reduced
the density of corneal opacity but also attenuated the opacity area in the infected corneas, especially in
the middle phase (3 and 5 dpi) (Figs. 1F and 1G), implying that S100A8/A9 serves as a critical factor
contributing to the pathogenesis of C. albicans keratitis. In addition to S100A8 and S100A9, CASP1 was
also screened by proteomics analysis and validated at the mRNA and protein levels in the FK model
(Figs. 1H and 1I). CASP1 is an indicator of NLRP3 inflammasome activation, suggesting the involvement
of S100A8/A9 in C. albicans keratitis by inducing NLRP3 inflammasome production. However, this
hypothesis requires further experimental confirmation.

3.2 C. albicans keratitis is characterized by S100A8/A9
driving NLRP3 inflammasome activation
Elevated levels of NLRP3, ASC and cleaved CASP1 protein were observed in corneas following C. albicans
infection in our previous study [27], implying the contribution of the NLRP3 inflammasome signalling
pathway to the pathogenesis of FK. The S100A8/A9 blocker paquinimod, which inhibits the interaction of
extracellular S100A8/A9 with its receptors (TLR4 and RAGE) on the cell surface, was used to explore the
role of S100A8/A9 in mouse corneal NLRP3 inflammasome activation against C. albicans infection. The
results verified that the corneas treated with the S100A8/A9 blocker exhibited a reduced severity level
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compared to vehicle-treated corneas, evidenced by a significant decrease in clinical scoring (Figs. 2A and
2B). Notably, the S100A8/A9 inhibitor significantly suppressed the mRNA increase in NLRP3 and CASP1
but not ASC (Fig. 2C), indicating that S100A8/A9 might provide a prime signal for NLRP3 inflammasome
activation in FK. Western blotting showed dramatically decreased expression of NLRP3, ASC and cleaved
CASP1 protein in the infected corneas following S100A8/A9 inhibition (Figs. 2D and 2E).
Immunofluorescence and immunohistochemistry staining data revealed that diminished NLRP3 was
accompanied by decreased macrophages (CD68+) in infected mouse corneas when S100A8/A9 was
inhibited (Figs. 2F and 2G), which further demonstrated S100A8/A9 functions via NLRP3 inflammasome
activation in C. albicans keratitis. These findings link S100A8/A9 to its downstream NLRP3
inflammasome signal; however, the specific functional component between S100A8/A9 and NLRP3
inflammasome activation remains unclear.

3.3 TLR4 is required for S100A8/A9-induced NLRP3
inflammasome activation in C. albicans keratitis
Among the PRRs identified on the cell surface, TLR4 and RAGE are two major PRRs that are believed to
be responsible for S100A8/A9 recognition [34]. GO enrichment for different proteins also showed that
S100A8 was closely related to TLR4 binding in C. albicans keratitis (Figure S3A, see Additional file 1). We
found that the expression of TLR4 mRNA was significantly upregulated in mouse corneas as early as 1
dpi, although the change in RAGE expression was not statistically significant (Fig. 3A). Further
immunofluorescent staining targeting TLR4 revealed that the TLR4 protein was mainly located in the
corneal stroma and epithelium after fungal infection (Fig. 3B), indicating that TLR4 is activated during C.
albicans keratitis. Therefore, we explored the role of TLR4 in the S100A8/A9-NLRP3 pathway in C.
albicans keratitis using TLR4-knockout mice. The results showed that ablating TLR4 significantly
alleviated disease severity (Figs. 3C and 3D) and simultaneously suppressed the expression of NLRP3
and CASP1 at both the protein and mRNA levels (Figs. 3E-3G) in C. albicans-infected mouse corneas. Our
results also proven that NLRP3 protein expression was significantly decreased in the corneal epithelium
and stroma of TLR4-deficient mice, evidenced by the immunofluorescent staining (Fig. 3H). In addition, it
is known that S100A8/A9 is also implicated in the RAGE pathway; nevertheless, whether RAGE is
engaged in NLRP3 inflammasome activation in C. albicans keratitis is not well understood. To figure this
out, we treated mice infected with C. albicans with the RAGE signalling inhibitor azeliragon. The data
showed that inhibiting RAGE pathway did not markedly prevent the production of NLRP3, ASC or cleaved
CASP1 protein (Figs. 3K and 3L), while the corneal opacity deficit was not significantly attenuated, as
evidenced by clinical scoring (Figs. 3I and 3J). These loss-of-function studies reflected that TLR4, not
RAGE, was needed for S100A8/A9-mediated NLRP3 inflammasome activation in FK.

3.4 Macrophage pyroptosis facilitates S100A8/A9 release
in an NLRP3-dependent manner
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Cell rupture causes the release of the cytokines IL-1β and IL-18 and alarmins, signifying the inflammatory
potential of pyroptosis. Our previous studies have proven that the maturation of the pyroptosis effector
molecule GSDMD is dependent on NLRP3 inflammasome activation in C. albicans keratitis. In the present
study, F4/80-positive macrophages costained with GSDMD were detected in FK mouse corneas, as
evidenced by the immunofluorescent staining data (Fig. 4A), implying that mature macrophage
pyroptosis is involved in C. albicans keratitis. To further probe the molecular nature of S100A8/A9
production in mouse corneas against C. albicans invasion, we next built a FK model using GSDMD-
knockout mice, followed by monitoring the expression levels of S100A8/A9 by western blotting and RT‒
qPCR. The experimental results indicated that genetic deletion of GSDMD led to diminished S100A8/A9
protein and mRNA levels (Figs. 4B-4D), accompanied by the attenuation of inflammation in mouse
corneal tissues (Figs. 4E and 4F). Further immunofluorescent staining results showed that GSDMD
deficiency caused a reduction in S100A8/A9-positive macrophages in FK mouse corneas (Fig. 4G), which
together suggests that macrophage pyroptosis is a key determinant in S100A8/A9 processing. We next
investigated the role of NLRP3 in S100A8/A9 production by inhibiting NLRP3 expression via small
interfering RNA (NLRP3-siRNA). The results demonstrated that the knockdown of NLRP3 resulted in an
apparent decrease in the levels of S100A8/A9 both at the mRNA and protein levels (Figs. 4H-4J). Mice
with NLRP3 deficiency had attenuated corneal disease severity compared to wild-type mice (Figs. 4K and
4L). Immunofluorescence staining revealed that silencing NLRP3 not only inhibited S100A8/A9
expression but also decreased the accumulation of GSDMD-positive mature macrophages in FK
(Fig. 4M). All these results demonstrated that macrophage pyroptosis promoted S100A8/A9 release
during FK, and this process was dependent on NLRP3 inflammasome activation.

3.5 S100A8/A9 amplifies inflammatory responses by
forming a positive feedback loop with the NLRP3
inflammasome
As described above, macrophage pyroptosis facilitates the production of the alarmin S100A8/A9 in C.
albicans-infected corneas. Then, what is the effect of S100A8/A9 on macrophages themselves? To
address this issue, we first overexpressed S100A8/A9 in both mock-infected and C. albicans-infected
mouse corneas by subconjunctival injection of mouse recombinant S100A8/A9 (r-S100A8/A9). As shown
in Figs. 5A and 5B, after C. albicans infection, the mean score of disease severity in the group with r-
S100A8/A9 was markedly higher than that in the group with PBS, whereas no significant defects were
detected in the mock-infected group with r-S100A8/A9, indicating that r-S100A8/A9 administration could
worsen corneal defects under C. albicans infection. Next, we examined the levels of NLRP3, ASC and
cleaved CASP1 in corneas with or without re-S100A8/A9 at 2 dpi by western blotting and found that the
overexpression of S100A8/A9 could promote NLRP3, ASC and cleaved CASP1 expression in C. albicans-
infected corneas rather than mock-infected corneas (Figs. 5C and 5D). Further immunofluorescent
staining also verified that NLRP3 expression was markedly increased in corneas when mice were
subconjunctivally injected with r-S100A8/A9 one day before fungal infection (Fig. 5E). We next
investigated the effects of S100A8/A9 on macrophage NLRP3 inflammasome activation in vitro using
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the mouse macrophage cell line RAW264.7. After 24 h of coculture with C. albicans, the protein
expression levels of NLRP3, ASC and cleaved CASP1 increased in RAW264.7 cells (Figs. 5F and 5G).
Further study showed that exogenous administration of r-S100A8/A9 led to elevated NLRP3, ASC and
cleaved CASP1 protein in both C. albicans-infected and uninfected macrophages (Figs. 5F and 5G).
Immunofluorescence staining data provided evidence that more NLRP3-positive macrophages were seen
in the r-S100A8/A9-treated cells than in the control cells (Fig. 5H). These results, together with the
previous results, reflected that S100A8/A9 had the ability to induce its own production by promoting
NLRP3/GSDMD-mediated macrophage pyroptosis, thereby forming a positive loop and amplifying the
aberrant immunity responses in C. albicans keratitis.

4. Discussion
As one of the leading causes of corneal blindness worldwide, fungal keratitis has become an increasingly
serious threat to public ocular health without the availability of effective treatment strategies [35]. Among
the pathogenic fungi involved in keratitis, C. albicans has been identified as one of the dominant
pathogens, especially in Europe and America [36]. C. albicans specifically penetrates the corneal stroma
after a transition from yeasts into filamentary forms, which disrupts the ocular surface defence and leads
to corneal inflammation and ulceration [37]. Following fungal invasion, various alarmin molecules (also
known as damage-associated molecular patterns, DAMPs) released from stressed or damaged cells relay
intracellular defence signals by interacting with pattern recognition receptors (PRRs) to activate innate
immune responses [38]. The fine tuning of alarmin expression is essential for maintaining immune
homeostasis; however, its aberrant expression can be deleterious to corneas, triggering a cytokine storm
or excessive inflammatory responses. Therefore, finding a balance between eliminating pathogenic fungi
and reducing inflammatory damage in corneas is a subject worthy of intensive investigation.

To elucidate the molecular mechanism underlying C. albicans keratitis, a diverse spectrum of alarmin
molecules was investigated by quantitative proteomics based on LC‒MS/MS. Herein, our research found
that S100A8 and S100A9 were two major upregulated alarmins at the early stage (1 dpi) of C. albicans
keratitis, and the changes in their expression tightly correlated with the disease process, qualifying the
protein as a reliable biomarker for corneal inflammation. Notably, the S100A8/A9 complex was
detectable either within or outside the cells after C. albicans corneal infection, which further validates that
extracellular S100A8/A9 serves as a warning signal for the host in the form of heterodimers. In addition
to its expression in myeloid cells, S100A8/A9 is reported to be found in keratinocytes and epithelial cells
under inflammatory conditions [39, 40]. Currently, most of the positive staining for S100A8/A9 was
located in the corneal stroma, but they were also observed in the epithelium after C. albicans infection.
This finding indicates that corneal epithelial cells contribute to the source of S100A8/A9 against fungal
stimulation. Unfortunately, to date, the specific cell source of S100A8/A9 has not been completely defined
in C. albicans keratitis, and we believe that single-cell sequencing will serve to resolve the contribution of
individual cells to S100A8/A9 in the future. Additionally, CAMP (cathelicidin antimicrobial peptide),
another alarmin, was abundantly expressed in mouse corneas after C. albicans infection. Our previous
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study indicated that CAMP might exhibit antimicrobial activity in fungal keratitis [41]; however, its precise
role still needs to be further explored.

The NLRP3 inflammasome is critical for host defences against bacterial, fungal, and viral infections [42].
Two signals have been proposed for NLRP3 inflammasome activation. The priming signal is provided by
microbial components or endogenous danger molecules, leading to the activation of the transcription
factor NF-κB and subsequent upregulation of NLRP3 [43, 44]. Our previous work demonstrated that
NLRP3 inflammasome activation was engaged in the pathogenesis of C. albicans keratitis [27]. In the
present research, we found that inhibiting S100A8/A9 significantly downregulated NLRP3 expression at
both the mRNA and protein levels, accompanied by decreased cleaved CASP1 protein levels, indicating
that alarmins S100A8/A9 are potent activators of the NLRP3 inflammasome during C. albicans keratitis.
In addition, reduced corneal infiltration by CD68+ macrophages was detected following S100A8/A9
blockade, which suggests that S100A8/A9 is engaged in macrophage activation.

Acting as a crucial pattern recognition receptor, TLR4 recognizes lipopolysaccharide (LPS) or endogenous
signals, including HMGB1 and S100A8/A9, which induce the release of proinflammatory cytokines that
are necessary to activate potent immune responses [45, 46]. In addition, the activation of the NLRP3
inflammasome occurs through a prime signal provided by the activation of Toll-like receptors (TLRs),
interleukin-1 (IL-1) receptors, or tumour necrosis factor receptors (TNFRs) [47, 48]. Our results showed
that TLR4 expression significantly increased after C. albicans infection, and the protein levels of NLRP3,
ASC and cleaved CASP1 were diminished after TLR4 knockout in vivo, verifying that TLR4 activation is
upstream of the NLRP3 inflammasome. Based on this, it is possible that S100A8/A9 contributes to the
activation of TLR4 signalling, in turn providing danger signals to intracellular NLRP3. In addition, RAGE is
also believed to be a major receptor for S100A8/A9, and a recent study reported that S100A8/A9
promoted RAGE and carboxylated-glycan-dependent activation of the MAPK and NF-κB signalling
pathways in colon tumour cells [49, 50]. Therefore, we further explored the role of RAGE in C. albicans
keratitis development using the inhibitor azeliragon. The results revealed that the inhibition of RAGE
failed to prevent NLRP3 inflammasome formation and reduce the disease severity in the mouse models.
Recently, glycosaminoglycans (GAGs) and EMMPRIN (CD147) were shown to be potential receptors for
S100A8/A9 in melanoma cells [51, 52]. However, data confirming the functional relevance of this
interaction in C. albicans keratitis are still lacking. In future studies, further investigation of the role of
other pattern recognition receptors in addition to TLR4 and RAGE in corneal tissue is highly desirable.

Alarmins can be released by membrane rupture due to pyroptosis, apoptosis, and other types of cell
death. Emerging studies have shown that C. albicans-induced macrophage pyroptosis is due to physical
disruption caused by hyphae and is NLRP3 inflammasome dependent [53]. In the present study, we
observed that upon knocking out GSDMD (a key effector of pyroptosis), the alarmin S100A8/A9 showed
significant downregulation in C. albicans keratitis models. In addition, the colocalization of F4/80 and
S100A8/A9 (or GSDMD) by immunofluorescence staining supports the idea that macrophage pyroptosis
partially contributes to S100A8/A9 secretion. Further knockdown experiments in vivo showed that the
release of the alarmin S100A8/A9 was dependent on NLRP3, which implies that macrophage
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NLRP3/GSDMD pathway activation is necessary for S100A8/A9 processing in C. albicans keratitis.
Previous research revealed that monosodium urate crystals promoted macrophages that expressed
S100A8/A9, and these S100A8/A9 further enhanced monosodium urate-induced the NLRP3
inflammasome activation in macrophages, mediating the release of cytokine IL-1β in gout pain [54]. This
result immediately suggested the involvement of S100A8/A9 in the positive feedback loop of the NLRP3-
GSDMD axis in fungal keratitis. To verify this notion, we overexpressed S100A8/A9 in vivo and vitro and
found that exogenous r-S100A8/A9 contributed to the exacerbation of fungal keratitis and the activation
of the NLRP3 inflammasome. Curiously, in vivo NLRP3 inflammasome activation by exogenous
S100A8/A9 has been hindered thus far in the absence of C. albicans infection. Therefore, we hypothesize
that without a stimulus by fungal pathogen products (pathogen-associated molecular patterns, PAMPs),
S100A8/A9 alone is unable to elicit the activation of the NLRP3 inflammasome in corneas, which is
supported by a previous study that showed that under completely sterile conditions, DAMPs released
following brain injury failed to induce inflammasome activation [55]. Additionally, we found that
S100A8/A9 enhanced NLRP3, ASC and cleaved CASP1 expression in RAW264.7 cells even without C.
albicans stimulation in vitro. This result implied that after fungal pathogen invasion, extracellular
S100A8/A9 signals to macrophages that have infiltrated the corneas to induce the NLRP3
inflammasome. Regarding the effects of S100A8/A9 on other cells, this issue has not been fully resolved.

In summary, our study validates the key roles of S100A8/A9 in C. albicans keratitis. Aberrant expression
of S100A8/A9 magnifies the inflammatory response by promoting NLRP3 inflammasome activation,
which induces a positive feedback loop and aggravates the keratitis. Macrophage pyroptosis facilitates
the secretion of the alarmin S100A8/A9 in C. albicans keratitis, in which NLRP3-GSDMD pathway
activation is a determinant. Moreover, we revealed that TLR4 but not RAGE relays the S100A8/A9 signal
to intracellular NLRP3 in corneas against fungal challenge. These results shed light on the characteristics
of innate immunity in the pathogenesis of C. albicans infection and provide therapeutic targets for the
treatment of fungal keratitis.
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Figure 1

Alarmin S100A8/A9 is significantly induced at the early stage of C. albicans keratitis. (A) Volcano plots
showing differentially expressed proteins in mouse corneas infected with C. albicans at 1 dpi. Expression
of 498 proteins was significantly upregulated, and the expression of 860 proteins was downregulated in
the infected group compared with the mock-infected. Fold change > 2 or < 0.5, p value < 0.05 was
statistically significant. (B) Go analysis of the upregulated proteins in mouse corneas infected with C.
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albicans compared with mock (fold change > 2, p value < 0.05). (C) Scatter plot showing that S100A8 and
S100A9 were the most significantly induced proteins among the all known alarmins (fold change > 2, p
value < 0.05). (D) Correlation between disease progression and S100A8/A9 mRNA expression in C.
albicans-infected mice. One-way ANOVA post hoc Dunnetts test, n = 6, data are presented as the mean ±
SEM, ****p < 0.0001. (E) Immunohistochemical analysis of the location and expression of S100A8/A9 in
the cornea tissue of mice infected with C. albicans at 0, 1, 3, 5 dpi. S100A8/A9 complex was increased
significantly both in the stroma and epithelium of the corneas exposed to C. albicans. The red arrows
indicated the S100A8/A9+ signals. Scale bars, 50 μm. (F and G) Representative images and quantitative
analysis of cornea defects of infected mice treated with negative (NC) or S100A8 siRNA (si). Student's t
test, n = 6, data are presented as the mean ± SEM, *p < 0.05, N.S. means no significant difference. (H)
RT‒qPCR analysis for the mRNA expression of CASP1 at 0, 1, 3, 5 dpi. Student's t test, n = 3, data are
presented as the mean ± SEM, *p < 0.05, **p < 0.01. (I) Representative images of fluorescent staining
targeting CASP1 in corneas of mock-infected and infected mice at 1 dpi. Scale bars, 50 μm.
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Figure 2

Inhibiting S100A8/A9 attenuates C. albicanskeratitis progression by preventing the activation of NLRP3
inflammasome. (A and B) Representative images and quantitative analysis of cornea defects of mock-
infected and infected mice treated with vehicle or S100A8/A9 inhibitor (inh) at 2 dpi. n = 6. (C) Inhibition
of S100A8/A9 significantly decreased mRNA expression of NLRP3 and CSAP1 in vivo. n = 3. (D and E)
S100A8/A9 regulated the protein expression of NLRP3, ASC and cleaved CASP1 (CL-CASP1) in vivo. n =
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3. The protein bands were normalized to β-actin and the mock-infected group was taken as the calibrator.
(F and G) Fluorescent or immunohistochemical analysis of the location and expression of NLRP3 or
CD68 in the cornea tissue of mock-infected and infected mice treated with vehicle or S100A8/A9 inhibitor.
Scale bars, 50 μm. Student's t test, data are presented as the mean ± SEM, *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, N.S. means no significant difference.

Figure 3
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S100A8/A9-induced NLRP3 inflammasome activation is dependent on TLR4 in C. albicans keratitis. (A)
RT‒qPCR analysis for the mRNA expression of TLR4 and RAGE in mock-infected and infected mouse
corneas at 1 dpi (n=3). (B) Fluorescent staining analysis showing TLR4 was increased in mouse corneas
after C. albicans infection. Scale bars, 50 μm. (C and D) Representative images and quantitative analysis
of cornea defects of wild type and TLR4-KO mice infected with C. albicans. n = 8. (E to G) Western
blotting and RT‒qPCR analysis detecting mRNA and protein levels of NLRP3 inflammasome in wild-type
and TLR4-KO mice mice treated with C. albicans. n = 3. The protein bands were normalized to β-actin and
the mock-infected group was taken as the calibrator. (H) Fluorescent staining analysis of the location and
expression of NLRP3 in the cornea tissue of wild-type and TLR4-KO mice mice treated with C. albicans.
Scale bars, 50 μm. (I and J) Representative images and quantitative analysis of cornea defects of mock-
infected and infected mice treated with vehicle or RAGE inhibitor (inh) at 2 dpi. n = 8. (K and L) Western
blotting analysis detecting protein levels of NLRP3 inflammasome in mock-infected and infected mice
treated with vehicle or RAGE inhibitor. n = 3. The protein bands were normalized to β-actin and the mock-
infected group was taken as the calibrator. Student's t test, data are presented as the mean ± SEM, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, N.S. means no significant difference.
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Figure 4

Macrophage pyroptosis promotes S100A8/A9 release in a NLRP3-dependent manner during C. albicans
keratitis. (A) Representative images of fluorescent staining targeting F4/80 (mature macrophage maker)
and GSDMD in mock-infected and infected mouse corneas. The white arrows indicated the GSDMD+

macrophages. Scale bars, 50 μm. (B to D) Knockout of GSDMD markedly decreased the mRNA and
protein levels of S100A8/A9 in mouse corneas infected with C. albicans. n = 3. The protein bands were
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normalized to β-actin and the mock-infected group was taken as the calibrator. (E and F) Representative
images and quantitative analysis of cornea defects of wild type and GSDMD-KO mice infected with C.
albicans. n = 8. (G) Fluorescent staining showing ablating GSDMD led to decrease of S100A8/A9+

macrophages (white arrows) in the infected mouse corneas. Scale bars, 50 μm. (H to J) Western blotting
and RT‒qPCR analysis showing that knockdown of NLRP3 prevented the production of S100A8/A9 in
mouse corneas infected with C. albicans. n = 3. The protein bands were normalized to β-actin and the
mock-infected group was taken as the calibrator. (K and L) Representative images and quantitative
analysis of cornea defects of mock-infected and infected mice treated with NC or NLRP3 siRNA. n = 8.
(M) Fluorescent staining analysis showing that silencing NLRP3 decreased both S100A8/A9 and
GSDMD+ macrophages (white arrows) in the infected mouse corneas. Scale bars, 50 μm. Student's t test,
data are presented as the mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5

S100A8/A9 worsens C. albicans keratitis by forming a positive feedback loop with NLRP3
inflammasome. (A and B) Representative images and quantitative analysis of mouse corneas treated
with recombinant S100A8/A9 (n=8). r-S100A8/A9: recombinant mouse S100A8/A9 protein. (C and D)
Western blotting showing that the protein expression of NLRP3, ASC, and cleaved CASP1 significantly
increased in the C. albicans-infected corneas after r-S100A8/A9 treatment (n=3). The protein bands were
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normalized to β-actin and the mock-infected group was taken as the calibrator. (E) Representative images
of fluorescent staining targeting NLRP3 in mock-infected and infected mouse corneas treated with r-
S100A8/A9. Scale bars, 50 μm. (F and G) Western blotting showing that NLRP3, ASC and cleaved CASP1
protein expression in RAW 264.7 cells treated with C. albicans and r-S100A8/A9 (n=3). The protein bands
were normalized to β-actin and the mock-infected group was taken as the calibrator. (H) Representative
images of fluorescent staining targeting NLRP3 in RAW 264.7 cells treated with C. albicans and r-
S100A8/A9. Scale bars, 50 μm. Student's t test, data are presented as the mean ± SEM, *p < 0.05, **p <
0.01, ****p < 0.0001, N.S. means no significant difference.
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