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The role of Syk signaling in antifungal innate
immunity of human corneal epithelial cells
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Abstract

Background: Fungal keratitis is a kind of intractable and sight-threatening diseases. Spleen-tyrosine kinase (Syk) is a
non-receptor tyrosine kinase, which plays an important role in the signaling pathway of the receptors. In the current
study, we investigate the expression and function of Syk in human corneal epithelial cells with Aspergillus fumigatus
(A. fumigatus) infection.

Methods: Cultured telomerase-immortalized human corneal epithelial cells (THCEs) were treated with A. fumigatus
hyphae with or without treatment of Syk inhibitors. Activation of Syk and the role of Syk in regulating inflammatory
cytokines and chemokines expression were evaluated. The mRNA expression was determined by real time PCR, and
protein activation was measured by western blotting.

Results: Syk protein was detected in THCEs, and its activation was enhanced after treatment of A. fumigatus hyphae.
Expression of inflammatory cytokines (IL-1β and IL-6) and chemokines (IL-8 and CXCL1) mRNA were significantly
increased after stimulation of A. fumigatus hyphae in THCEs. Activation of Syk and expression of IL-1β, IL-6, IL-8
and CXCL1 by A. fumigatus hyphae were blocked by Syk inhibitors.

Conclusion: These findings demonstrate that normal human corneal epithelial cells produce Syk, and Syk
activation plays an important role in regulating A. fumigatus hyphae-induced inflammatory responses in THCEs.
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Background
Fungal keratitis is a corneal ulcer disease caused by the
infection of pathogenic fungi [1]. There is a highly con-
servative consensus sequence named as pathogen asso-
ciated molecular patterns (PAMPs) on the fungi. After
the invasion of fungi, the innate immune response can
immediately identify the PAMPs by pattern recognition
receptors (PRRs). PRRs is the first defense line to identify
and resist the pathogen infections. Then it mediates the
adhesion, absorption and eradication of pathogen [2]. The
PRRs that participate in the immune response of fungi
mainly include Toll-like receptors (TLRs), C-type lectin
receptors (CLRs) and nucleotide-binding oligomerization
domain-like receptors (NLRs) [3].
Studies have shown that many CLRs, such as Dectin-1

and Mincle, resist the fungi mainly by activating the
downstream Syk-CARD9-NF-κB signaling pathway [4].
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A number of CLRs function on the base of signaling via
association with immunoreceptor tyrosine-based activa-
tion motif (ITAM)-containing adapter proteins, while
other CLRs contain ITAM-related motifs or immunore-
ceptor tyrosine-based inhibitory motifs (ITIMs) in their
cytoplasmic tails [5]. Researchers have proved that Syk, as
a potential tumor suppressor gene, was widely expressed
in the hematopoietic cell lines and non-hematopoietic cell
lines [6]. Its reduction or absence associates with the inva-
sive of breast cancer [7]. Study also showed that Syk is
closely related to the occurrence and development of
digestive tract tumor [8]. Recent studies have revealed
the importance of Syk during C. albicans infection [9].
Syk, as a non-receptor tyrosine kinase, can integrate
with the protein receptors which contain ITAM motif
and phosphorylated-Syk (p-Syk) can activate downstream
targets. Typically, Syk can undergo auto-phosphorylation
when it bound to the ITAM domain of immune response
receptors [10]. Syk is the common signaling pathway of
many receptors and also is the key kinase which mediates
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the downstream cell signaling [11]. Up to now, there is
little research on whether Syk exists in human corneal
epithelial cells and its function in A. fumigatus keratitis.
In our research, we detected the production of p-Syk
protein and the expression of inflammatory cytokines
(IL-1β and IL-6) and chemokines (IL-8 and CXCL1) in
the A. fumigatus hyphae infected THCEs with or without
pretreatment of PRT062607 or Piceatannol, the specific Syk
inhibitors. Then we preliminarily discussed the role of Syk
in innate immune response of fungal infection in THCEs.

Methods
Materials and reagents
The THCE cells were kindly given by Xiamen eye center.
Delbeccon’s modified Eagle’s medium(DMEM), Fetal
Bovine Serum(FBS) and 0.25 % trypsin/0.03 % EDTA
solution were purchased from Gibco (San Diego, California,
USA); Dimethylsulfoxide (DMSO) was purchased from
Solarbio (Beijing, China); Sabouroud medium was pur-
chased from Babio biotech (Jinan, China); RNAiso Plus and
reverse transcriptase polymerase chain reaction (RT-PCR)
kits and SYBR® Premix Ex Taq™ (Tli RNaseH Plus) were
purchased from TaKaRa (Dalian, China); Primary anti-
bodies against phospho-Syk and Syk came from Cell Signal-
ing Technology (Danvers, MA). A mouse antibody against
GAPDH, Bicinchoninic Acid Assay, ECL Western Blotting
Detection Reagent were from Beyotime (Shanghai, China);
The secondary antibodies were from Cwbiotech (Beijing,
China); Syk inhibitors, PRT062607 and Piceatannol, were
purchased from Selleck Chemicals (Houston, USA); Phe-
nylmethylsulphonylfluoride (PMSF) and radio immunopre-
cipitation assay (RIPA) lysis buffer were purchased from
Solarbio (Beijing, China).

Preparation of Aspergillus fumigates hyphae
The standard A. fumigatus strain was purchased from
China General Microbiological Culture Collection
Center (CGMCC) and grown in Sabouroud medium at
28 °C for 5–7 days. Then the conidia were inoculated
to liquid medium at 37 °C for 3–4 days. We collected
the hyphae after centrifugation and grinded hyphae to
the size of 20 ~ 40 μm fragment. The hyphae were inac-
tivated by treatment with 75 % ethanol overnight, washed
for 3 times by sterile phosphate buffer saline solution
(PBS) and adjusted the concentration to 5 × 106/ml with
DMEM [12].

Culture of human corneal epithelial model
THCEs were cultured in DMEM with 10 % FBS, 0.075 %
growth factor, 0.075 % insulin, 1 % penicillin G and
streptomycin sulfate at 37 °C in a humidified atmosphere
containing 5 % CO2, and the medium was replaced every
2 days. Confluent corneal epithelial cultures were
switched to serum-free DMEM and treated with A.
fumigatus hyphae for 15, 30, 45, 60 min in 6-well plates
and 4, 8, 16 h in 12-well plates. After treatment of 4–
16 h, cells were lysed for total RNA extraction and
mRNA detection. After treatment of 0–60 min, cell lys-
ate was collected for immunoassay. To investigate the
function of Syk, the inhibition experiments were done.
THCEs were pre-incubated with specific Syk inhibitors
PRT062607 (1 and 2 μM) [13] and Piceatannol (5 and
10 μM) [14] for 30 min. Then added A. fumigatus hy-
phae and incubated for 45 min, 4 h and 8 h, respectively.
Cells with or without pretreatment of Syk inhibitors
were uesd for PCR and western blotting. Piceatannol
dissolved in DMSO, preliminary experiments showed no
obvious difference between the DMSO group and nor-
mal group.

Western blotting analysis
Protein was extracted from cultured cells via RIPA
lysis buffer plus 1 mM PMSF. Total protein was quan-
tified via Bicinchoninic Acid Assay, denatured with
SDS-PAGE Sample Loading Buffer at 95 °C for 5 min.
Proteins (40 μg/well) were separated by 12 % sodium
dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS-PAGE) in Tris/glycine/SDS buffer and electro-
blotted onto nitrocellulose transfer membranes. After
blocking by the Western blocking buffer for 2 h the
membranes incubated with primary antibodies of p-Syk,
Syk and GAPDH at 4 °C overnight. Then membranes were
incubated with secondary antibodies for 1.5 h. All blots
were detected with BeyoECL Plus.

RNA isolation and real time RT-PCR assay
Cells were harvested and saved in −80 °C. Total RNA
was isolated from cells by RNAiso plus reagent and
quantified by spectrophotometry rapidly. RNA (2 μg)
was used for first-strand cDNA synthesis according to
the protocol for a reverse transcription system. Then
cDNA (2 μl) was used for PCR in 20 μl reaction volume
following the manufacturer’s instructions. Primer pairs
of IL-1β, IL-6, IL-8, CXCL1 and β-actin were shown in
Table 1. All reactions performed following cycling pa-
rameters: 95 °C for 30s, followed by 40 cycles of 94 °C
for 5 s, 60 °C for 30s, 95 °C for 15 s and 60 °C for 30s,
followed by a final stage of 95 °C for 15 s. Quantifica-
tion of gene expression was analyzed by the compara-
tive threshold cycle (CT) method and normalized by
β-actin [15].

Statistical Analysis
All data shown are the mean ± SD from at least three in-
dependent experiments. Data analysis was done by One-
way ANOVA test and further comparison in pairs was
analysed by LSD test using SPSS17.0 software. Values were
considered significant at p < 0.05.



Table 1 Primer list used for RT qPCR and the product size

Forward primer 5′-3′ Reverse primer 5′-3′ Product size

β-actin TGGCACCCAGCACAATGAA CTAAGTCATAGTCCGCCTAGAAGCA 186 bp

IL-1β GCTGATGGCCCTAAACAGATGAA TCCATGGCCACAACAACTGAC 140 bp

IL-6 AAGCCAGAGCTGTGCAGATGAGTA TGTCCTGCAGCCACTGGTTC 150 bp

IL-8 TTTCAGAGACAGCAGAGCACACAA CACACAGAGCTGCAGAAATCAGG 145 bp

CXCL1 AGGGAATTCACCCCAAGAAC CACCAGTGAGCTTCCTCCTC 193 bp
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Results
A. fumigatus hyphae stimulated the expression of
inflammatory mediators in THCEs
To explore inflammatory response of THCEs stimulated
by A. fumigatus hyphae (5 × 106/mL), the mRNA expres-
sion of inflammatory cytokines (IL-1β and IL-6) and
chemokines (IL-8 and CXCL1) in THCEs were evaluated
by qPCR at 4, 8, 16 h. IL-1β (p < 0.01, p < 0.01, p < 0.01),
IL-6 (p < 0.05, p < 0.01, p < 0.01), IL-8 (p < 0.01, p < 0.01,
p < 0.01) and CXCL1 (p < 0.05, p < 0.01, p < 0.01) mRNA
levels were elevated after the A. fumigatus hyphae
stimulation of 4, 8, 16 h compared with untreated nor-
mal THCEs. For IL-6, IL-8 and CXCL1, the mRNA ex-
pression reached peak after treatment of A. fumigatus
hyphae for 8 h, while the expression of IL-1β mRNA
reached its peak at 4 h (Fig. 1). These results showed the
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Fig. 1 A. fumigatus hyphae induced mRNA expression of inflammatory medi
and IL-6) and chemokines (IL-8 and CXCL1) in THCEs were evaluated at
p < 0.01), IL-8 (p < 0.01, p < 0.01, p < 0.01) and CXCL1 (p < 0.05, p < 0.01,
stimulation of 4, 8, 16 h separately compared with untreated normal TH
expression of inflammatory cytokines (IL-1β and IL-6)
and chemokines (IL-8 and CXCL1) in THCEs increased
after the stimulation of A. fumigatus hyphae.

Activation of Syk in THCEs stimulated by A. fumigatus
To investigate the activation of Syk after A. fumigatus
hyphae treatment, THCEs were incubated with A. fumi-
gatus hyphae (5 × 106/mL) for 15, 30, 45, and 60 min,
followed by western blotting. There was no significant
difference between infected cells and normal control
cells for Syk protein expression. However, p-Syk was ele-
vated in the infected THCEs compared with the control
at 30, 45, and 60 min (Fig. 2a). p-Syk levels were upreg-
ulated after 30 min incubation with A. fumigatus hy-
phae and sustained for 45 and 60 min (Fig. 2b, p < 0.01,
p < 0.01, p < 0.01 separately). These findings indicated
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ators in THCEs. The mRNA expression of inflammatory cytokines (IL-1β
4, 8, 16 h. IL-1β (p < 0.01, p < 0.01, p < 0.01), IL-6 (p < 0.05, p < 0.01,
p < 0.01) mRNA levels were elevated after A. fumigatus hyphae
CEs. **p < 0.01, *p < 0.05



Fig. 2 Syk and p-Syk in THCEs before or after A. fumigatus hyphae stimulation. There was no significant difference between infected cells and normal
control cells for Syk protein expression. p-Syk was elevated in the infected THCEs compared with the control at 30, 45, and 60 min a. p-Syk levels were
upregulated after 30 min incubation with A. fumigatus hyphae and sustained for 45 and 60 min b (p < 0.01, p < 0.01, p < 0.01 separately). **p < 0.01,
*p < 0.05 compared with normal control
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the presence of Syk in THCEs and its activation by A.
fumigatus hyphae.
A. fumigatus hyphae stimulated inflammatory mediators
via Syk signaling in THCEs
To further investigate whether Syk signaling pathway
involved in A. fumigatus hyphae stimulated inflamma-
tory response, THCEs were pretreated with Syk inhibi-
tors PRT062607(1 and 2 μM) and Piceatannol (5 and
10 μM) for 30 min and stimulated with A. fumigatus
hyphae for 45 min. From the results of Fig. 1 and Fig. 2,
peak times were selected to test the effect of Syk inhibi-
tors. As is shown in Fig. 3, after stimulation with A.
fumigatus hyphae (5 × 106/mL) for 45 min, activation of
Syk and the mRNA expression of IL-6, IL-8, CXCL1
and IL-1β were significantly increased, which consistent
with the above results. After pretreated with PRT062607
and Piceatannol for 30 min before A. fumigatus hyphae
stimulation, activation of Syk was inhibited by 1 μM
PRT062607 (p < 0.05), 2 μM PRT062607 (p < 0.01), 5 μM
Piceatannol (p < 0.05), 10 μM Piceatannol (p < 0.01)
(Fig. 3a) compared with untreated cells. mRNA expression
of IL-6, IL-8, CXCL1 and IL-1β induced by A. fumigatus
hyphae were significantly suppressed (Fig. 3b). mRNA ex-
pression of IL-1β (1 μM PRT062607 (p < 0.05), 2 μM
PRT062607 (p < 0.01), 5 μM Piceatannol (p < 0.05), 10 μM
Piceatannol (p < 0.01)), IL-6 (1 μM PRT062607 (p < 0.01),
2 μM PRT062607 (p < 0.01), 5 μM Piceatannol (p < 0.01),
10 μM Piceatannol (p < 0.01)), IL-8 (1 μM PRT062607
(p < 0.01), 2 μM PRT062607 (p < 0.01), 5 μM Piceatannol
(p < 0.01), 10 μM Piceatannol (p < 0.01)), CXCL1 (1 μM
PRT062607 (p < 0.01), 2 μM PRT062607 (p < 0.01), 5 μM
Piceatannol (p < 0.01), 10 μM Piceatannol (p < 0.01)) were
downregulated significantly. The results confirmed that
Syk plays an important role in A. fumigatus hyphae in-
duced inflammation in THCEs.
Discussion
Fungal keratitis is a very common and serious infective
corneal disease in many developing countries [16–18].
Corneal epithelium is an important biological barrier in
the eye, and pathogenic fungi invade the cornea through
injured epithelium, producing various enzymes and
causing corneal ulcer [2].
Innate immune response against A. fumigatus plays a

crucial role in controlling infection [19]. Inflammatory
mediators participate in the development of fungal kera-
titis. In our study, we showed that A. fumigatus hyphae
significantly upregulate the mRNA levels of inflamma-
tory cytokines IL-1β, IL-6 and chemokines IL-8, CXCL1
by THCEs. Research has shown the increased IL-1β
expression in mice pseudomonas aeruginosa keratitis,
which can aggravate the inflammatory response and cor-
neal tissue destruction [20]. IL-6 is an important inflam-
mation factor and it plays defensive role in the corneal
inflammation response [21]. Chemokines can mediate
the recruitment of neutrophils and macrophages to
eradicate pathogenic fungi. IL-8 is a chemokine in in-
flammatory response. It can aggregation the poly-
morphonuclear neutrophils (PMNs) in the immune
process [22]. Study in LPS induced keratitis models of
mice showed that the expression of CXCL1 increased
and it plays an important role in the expression of che-
mokine and neutrophil infiltration [23–25]. This sug-
gests that the corneal epithelial cells can express more
IL-1β, IL-6, IL-8 and CXCL1 after identifying the fungus,
which resist the fungal infection and induce inflamma-
tory cells infiltration to remove pathogenic fungi.
The immune system plays the leading role through the

cooperation of different PRRs. Studies have shown that
many PRRs participate in the antifungal immune re-
sponse system, such as TLR2, TLR4, Dectin-1, Dectin-2
and Mincle, etc [26–29]. Syk, as the core part in the
downstream signaling pathway of many receptors, plays
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Fig. 3 Change of protein and mRNA with or without the pretreatment of Syk inhibitors. After pretreated with PRT062607 and Piceatannol for
30 min before A. fumigatus hyphae stimulation, activation of Syk was inhibited by 1 μM PRT062607 (p < 0.05), 2 μM PRT062607 (p < 0.01), 5 μM
Piceatannol (p < 0.05), 10 μM Piceatannol (p < 0.01) a compared with untreated cells. mRNA expression of IL-1β, IL-6, IL-8 and CXCL1 induced by
A. fumigatus hyphae were significantly suppressed b. mRNA expression of IL-1β, IL-6, IL-8, CXCL1 downregulated significantly by 1 μM PRT062607,
2 μM PRT062607, 5 μM Piceatannol, 10 μM Piceatannol. **means p < 0.01, *p < 0.05
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a key role in the innate immune system in response to
fungal infection [30]. Syk pathway is the most important
intracellular signaling pathways of Dectin-1. Studies had
showed that Dectin-1 dependent cytokine production,
MAPK activation and NF-κB activation can be inhibited
by Syk deficiency or Syk inhibitors [31]. Dominikus
Strasser etc. found that zymosan could stimulate the
production of p-Syk in bone marrow-derived dendritic
cells compared with the normal group [32]. Syk-related
signal transduction mechanism is very complicated.
Studies have shown that it activates the downstream
molecule CARD9, which is the necessary signaling mol-
ecule that connect the coupling receptor and NF-κB
pathway [33]. CARD9 can form a trimolecular complex
with Bcl10 and MALT1 and they can activate the tran-
scription factor NF-κB, causing production of inflamma-
tory cytokines, such as IL-6, TNF-α and ProIL-1β [34].
In addition, Syk can also motivate the NLRP3 inflamma-
tory complexes under the action of ROS generated by
ERK, cause the activation of Caspase-1, and change the
ProIL-1β into the activated form, IL-1β [9, 35, 36]. Our
findings showed that A. fumigatus hyphae treated
THCEs had higher p-Syk protein level compared with
untreated THCEs. These results suggest that Syk in-
volved in the innate immunity of the corneal resistance
to fungal infection.
Inflammatory mediators stimulated by A. fumigatus

hyphae were markedly blocked by Syk inhibitors in
cultured THCEs, suggesting that Syk signaling path-
ways involved in the innate immune response of THCE
cells against A. fumigatus hyphae. Syk activation is related
to the expression of inflammatory mediators (IL-1β, IL-6,
IL-8 and CXCL1). These findings demonstrated that
inflammatory cytokines and chemokines production
can through activation of Syk after A. fumigatus hyphae
stimulation.
Conclusion
In conclusion, our findings demonstrate that A. fumiga-
tus hyphae stimulate the production of inflammatory
mediators and Syk is activated after the fungal infection
in the human corneal epithelial cells. We further prove
that Syk inhibitors can suppressed the production of in-
flammatory mediators apparently. This study suggests
that A. fumigatus hyphae stimulate the expression of in-
flammatory cytokines and chemokines through Syk sig-
naling pathways in corneal epithelial cells. With the
further study of Syk pathways will provide more targets
for the prevention and treatment of fungal infections.
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