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PURPOSE. The purpose of this study was to explore the role of thymic stromal lymphopoi-
etin (TSLP) secreted by Aspergillus fumigatus–stimulated dendritic cells (DCs) during the
T helper 17 (Th17) immune response, and further clarify the mechanisms contributing
to the Th17 immune response of fungal keratitis (FK).

METHODS. A carboxyfluorescein diacetate succinimidyl ester assay, PCR, and flow cytom-
etry were performed to detect Th17 differentiation of CD4+ T cells; PCR, ELISA, and
Western blot were used to detect the expression of TSLP and JAK/STAT–related proteins;
Signaling pathways involved in Th17 response was evaluated using RNA sequence;
C57BL/6 mice were infected with A. fumigatus and treated with ruxolitinib or BBI608.
Slit-lamp examination, fluorescein staining, and clinical scores were used to assess the
clinical manifestation.

RESULTS. A. fumigatus–infected DCs could drive naïve CD4+ T-cell proliferation and
promote the production of Th17 cytokines IL-17A, IL-17F, and IL-22. A. fumigatus stimu-
lation increased the expression of TSLP in DCs. DC-derived TSLP contributed to a Th17-
type inflammatory response via the JAK/STAT signaling pathway. TSLP small interfering
RNA, TSLPR small interfering RNA, or JAK/STAT inhibitors inhibited the Th17 immune
response induced by A. fumigatus–infected DCs. Moreover, TSLP promoted A. fumiga-
tus keratitis disease progression in a mouse model. However, inhibition of the JAK/STAT
signaling pathway using a specific inhibitor reversed the development of FK by A. fumi-
gatus infection.

CONCLUSIONS. TSLP secreted by A. fumigatus–stimulated DCs played a significant role
in the Th17-dominant immune response of FK through its JAK/STAT activation. Our
findings may contribute to the elucidation of the molecular mechanisms of FK and to the
development of novel therapeutic approaches.
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Fungal keratitis (FK) is one of the most destructive corneal
infections caused by pathogenic fungi, and it has high

morbidity with a global distribution.1,2 FK usually develops
in people infected with pathogenic fungi such as Aspergillus
fumigatus and Fusarium.3,4 In China, the most common
pathogenic fungus is the plant-associated A. fumigatus.5 FK
has become a major cause of blindness in many developing
countries owing to the increasing use of antibiotics, poor
visual prognosis, and the absence of effective symptomatic
treatment.6 Therefore, clarifying the pathogenesis of FK and
developing new therapies are essential.

Both innate and adaptive immune responses participate
in fungal infections of the cornea.7 The innate immunity is
the first line of host defenses to control infections.8 After
corneal infection, the pattern recognition receptors of the
cornea interact with the fungal pathogen-associated molec-

ular patterns, and initiate an innate immune response to
defend the cornea against fungal pathogens. This response
produces many chemokines and cytokines to recruit inflam-
matory cells and eliminate the pathogens, which are events
that are important for maintaining the normal corneal struc-
ture.9,10 The activated innate immunity subsequently leads to
an effective adaptive immune response. Dendritic cells (DCs)
are responsible for sampling antigenic material from the
environment, expressing several pattern recognition recep-
tors that recognize A. fumigatus, shaping T-cell responses
through the secretion of cytokines, and priming T-cell
responses via antigen presentation.11,12 DCs are key regula-
tors of immunity and the most important cells for initiating
adaptive fungal immunity.13–17

CD4+ T helper (Th) cells are crucial to the adap-
tive immune system.18 After antigenic stimulation, naïve
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CD4+ T cells get activated, proliferate, and differentiate
into cells with different effector phenotypes, including Th1,
Th2, Th17, and regulatory T-cell lineages.19 Several reports
have implicated DC-derived Th17-promoting cytokines, such
as IL-1β, IL-6, and IL-23, that are thought to promote
Th17 responses that develop during bacterial and fungal
infections.20 However, whether an A. fumigatus–induced
Th17 inflammatory response takes place during FK remains
unknown. How DCs sense A. fumigatus and further induce
CD4+ T-cell responses also needs to be explored.

Thymic stromal lymphopoietin (TSLP) is an IL-7–related
cytokine that mainly expresses in human epithelial cells in
response to several stimuli, including bacteria, fungi, para-
sites, and inflammatory cytokines.21 Recent studies have
revealed that other types of cells such as mast cells, smooth
muscle cells, fibroblasts, DCs, trophoblasts, and cancer or
cancer-associated cells are also able to produce TSLP under
certain inflammatory conditions.22 TSLP is thought to medi-
ate its biological activity through a heterodimeric receptor
complex consisting of the IL-7 receptor subunit α (IL-7RA)
and a TSLP-specific receptor (TSLPR).23 The role of TSLP in
the induction of the allergic Th2 immune response by DCs
and the pathogenesis of allergic diseases (asthma, atopic
dermatitis, and inflammatory bowel disease, and others)
has been previously clarified.24 Our initial research demon-
strated that TSLP, produced by human corneal epithelial
cells under the stimulation of A. fumigatus, could increase
the proliferation of CD4+ T cells, promote CD4+ T cells to
express IL-4 and IL-13, and finally induce a Th2 inflamma-
tory response.25 However, whether DCs secrete TSLP and
what the role of this cytokine is in the Th17 inflammatory
response that occurs during FK remain unknown.

In the present study, we seek to understand the role of
TSLP secreted by A. fumigatus–stimulated DCs during the
Th17 immune response. In addition, we aim to clarify the
mechanisms contributing to the Th17 immune response of
FK in vitro and in vivo.

METHODS

Ethics Statement

All animal studies were approved by the Laboratory Animal
Ethics Committee of Qilu Hospital of the Shandong Univer-
sity, and experimental conditions and treatments were in line
with the guidelines of the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

Animals, Corneal Infection, and Disease
Evaluation

Wild-type C57BL/6 mice (male; age, 6–8 weeks; weight, 20–
25 g) were purchased from the Laboratory Animal Center of
Shandong University. Mice were anesthetized by intraperi-
toneal injection of pentobarbital (40 mg/kg). For corneal
infection, the right cornea was wounded with three paral-
lel 1-mm incisions using a sterilized 26G needle. A cover
of parafilm M film cut with a 3-mm trephine was used
as a contact lens on the surface of the scarified cornea.
A fungal suspension (5 μL of a 1 × 108 pieces/mL stock)
was applied to the surface of the wounded cornea and an
artificial molded parafilm contact lens was placed onto the
cornea. An additional 5 μL injection of fungal suspension
was applied to the gap between the parafilm M film and
the cornea after the eyelids had been seamed together. The

left cornea treated with PBS was used as a negative control.
The artificial contact lenses were removed after 12 hours
and the eyes were examined at different times (0.5, 1, 3, 5,
and 7 days). Clinical examinations were graded by corneal
photographs, and clinical scores were calculated according
to the scoring system by Wu et al.26

Generation and Identification of Murine Bone
Marrow-Derived DCs

Bone marrow-derived DCs were isolated from the femur
and tibia of 4- to 6-week-old C57BL/6 mice (both males
and females) following the method of Inaba et al.27 The
cells were suspended in a 100-mm Petri dish (bacterial
culture quality) and cultured in RPMI 1640 Medium (Gibco,
Grand Island, NY) supplemented with 10% fetal bovine
serum (FBS, Gibco), 1% penicillin/streptomycin (15140-122,
Gibco), 20 ng/mL recombinant granulocyte-macrophage
colony-stimulating factor (315-03, PeproTech, Rocky Hill,
NJ), and 10 ng/mL IL-4 (214-14, PeproTech). A half-volume
of fresh culture medium containing 20 ng/mL granulocyte-
macrophage colony-stimulating factor and 10 ng/mL IL-4
was added on days 3 and 5. DCs were cultured for 7 days at
37 °C with 5% CO2 and then stimulated with A. fumigatus
hyphae (1 × 106 pieces/mL) for different periods.

Isolation and Stimulation of CD4+ T Cells

Murine splenic CD4+ T cells were purified using a nega-
tive selection Dynal CD4+ T-cell isolation kit (130-104-
454, Miltenyi Biotec, Bergisch Gladbach, Germany). A flow
cytometry assay was performed to detect the purity of the
isolated CD4+ T cells. Purified naïve CD4+ T cells (>95%
purity) were activated with plate-bound anti-CD3 (2 μg/mL;
16-0031, Thermo Fisher, Waltham, MA) and soluble anti-
CD28 (5 μg/mL; 16-0281, Thermo Fisher) for 3 days. Cells
were seeded at 1 × 105 cells/well in 96-well plates and
cultured in RPMI 1640 containing 10% FBS, L-glutamine
(G2150, Sigma-Aldrich, St. Louis, MO), β-mercaptoethanol
(M3148, Sigma-Aldrich), 1% penicillin/streptomycin, and
20 ng/mL IL-2 (214-12-100, PeproTech).

Co-culture of CD4+ T Cells With DCs

For co-culture experiments, purified naïve CD4+ T cells were
activated by anti-CD3/CD28 for 3 days as described else-
where in this article. DCs were seeded in 6-well plates at
a density of 2 × 106 cells/well, and then stimulated with a
heat-inactivated A. fumigatus suspension for 3 hours. Next,
the activated CD4+ T cells were seeded into the upper cell
culture inserts with A. fumigatus-stimulated DCs seeded
in the lower wells of a Transwell system (pore size, 0.4
μm; diameter, 24 mm; Corning, Corning, NY) and formed
a nontouching co-culture unit. CD4+ T cells and DCs were
co-incubated at a ratio of 10:1 (CD4+ T cells:DCs) for specific
times. After co-culture for the indicated times, CD4+ T
cells in the upper inserts were collected and prepared for
flow cytometry, quantitative real-time PCR, and Western blot
assays.

Antibodies and Reagents

Antibodies for p-JAK1 (ab138005), p-JAK2 (ab32101), and
TSLP (ab188766) were purchased from Abcam (Cambridge,
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UK). β-Actin (AF5001) antibody and carboxyfluorescein
diacetate succinimidyl ester (CFSE, C1031) were purchased
from Beyotime (Shanghai, China). JAK1 (66466-1-Ig), JAK2
(17670-1-AP), and STAT3 (10144-2-AP) were obtained from
Proteintech (Wuhan, China). p-STAT3 (9145T) antibody was
purchased from CST (Danvers, MA). Antibody for RORγ t
(14-6988-82) was purchased from Thermo Fisher. TSLPR
(SAB2900760) antibody was obtained from Sigma-Aldrich.
Antibodies for APC-CD3 (100236), FITC-CD4 (100406),
APC-IL-17A (506916), APC-MHC-II (107614), APC-CD80
(104714), APC-CD86 (105012), and FITC-CD11c (117306)
were purchased from BioLegend (San Diego, CA). Recombi-
nant mouse TSLP (rmTSLP) (555-TS-010) was derived from
R&D System (Minneapolis, MN). Ruxolitinib (S1378) and
BBI608 (S7977) were purchased from Selleck Chemicals
(Houston, TX).

Flow Cytometry Assay

For the proliferation assay, extracted CD4+ T cells were
labeled with CFSE according to the manufacturer’s protocol.
The CFSE-labeled CD4+ T cells were activated with rmTSLP
for 4 days or co-cultured with A. fumigatus-stimulated DCs
for 4 days, and then analyzed using a BD FACSCalibur
flow cytometer. Modfit software was used for data analy-
sis. To detect cell surface antigens of bone marrow-derived
DCs and CD4+ T cells, a total of 1 × 106 cells were
harvested, washed with PBS, and then directly incubated
with the indicated fluorescein-conjugated monoclonal anti-
bodies (CD11c, CD86, MHC-II, CD80, IL-17A, CD4, and CD3)
or isotype controls for 30 minutes at 4 °C. Subsequently, the
cells were rinsed and resuspended in 500 μL PBS, and fluo-
rescence data were collected using a BD FACSCalibur flow
cytometer. The data were processed with FlowJo 10.0.7 soft-
ware.

Quantitative Real-Time PCR

Total RNA was extracted from DCs and CD4+ T cells with
TRIzol reagent (15596018, Invitrogen). The cDNAs were
synthesized using the First Strand cDNA Synthesis Kit (FSQ-
101, Toyobo, Osaka, Japan) according to the manufacturer’s
protocol. Real-time PCR was performed using the SYBR
green PCR master mix (488735200, Toyobo, Osaka, Japan)
with the 7900HT Fast Real Time PCR System (Applied
Biosystems, Waltham, MA). The mRNA levels of specific
genes were normalized against the reference gene GAPDH
using the comparative Ct method (2−��Ct). The primer pairs
used are shown in the supplementary information.

ELISA

For the in vivo study, the corneas were ground using ultra-
sound and homogenized in 500 μL PBS supplemented with
a protease inhibitor cocktail (P1005, Beyotime) and then
centrifuged. For the in vitro study, DCs and CD4+ T cells
were treated for indicated times, and the culture super-
natants were harvested and centrifuged. The production
of TSLP, IL-17A, IL-17F, and IL-22 were measured with
ELISA detection kits (Anoric, Tianjin, China) according to
the manufacturer’s instructions. All results of samples were
normalized with a comparison against a standard curve and
the experiments were performed in triplicate.

Western Blot

DCs and CD4+ T cells were lysed in RIPA Lysis Buffer
(P0013K, Beyotime) with 1 mM phenylmethanesulfonyl fluo-
ride, and then quantified using the BCA protein assay kit
(P0012, Beyotime). After separating proteins by SDS-PAGE
and transferring them to PVDF membranes (Merck Milli-
pore, Burlington, MA), the membranes were blocked in
5% nonfat dried milk for 1 hour at room temperature and
incubated overnight at 4 °C with the primary antibodies.
Subsequently, membranes were incubated with the appro-
priate secondary antibodies for 1 hour at room temperature,
followed by detection using an enhanced chemilumines-
cence detection kit (ORT2655, PerkinElmer, Waltham, MA).
To perform densitometry analysis, β-actin was used as an
internal control. The relative protein levels were analyzed
using the ImageJ 1.52a software.

Statistical Analysis

All cell experiments were independently repeated at least
three times. For mouse experiments, each group contained
at least six mice. The data were presented as the mean ± SEM
and were analyzed with a one-way ANOVA using SPSS v24.0
(SPSS, Chicago, IL). Images were processed using GraphPad
Prism 8.3.0 (GraphPad Software, La Jolla, CA) and Adobe
Photoshop CC 20.0.5 (Adobe, San Jose, CA). Differences
were considered statistically significant at a P value of less
than 0.05.

RESULTS

A. fumigatus-Stimulated DCs Induced a Th17
Inflammatory Response in CD4+ T Cells

First, we identified the morphology and purity of the DCs
derived from mouse bone marrow. The cells presented a
typical dendritic morphology with a large number of elon-
gated pseudopods after being cultured for 3, 5, and 7 days
(Supplementary Fig. S1A). Flow cytometry assays showed
that the proportion of CD11c+ cells reached approximately
82.3% on average at day 5 (Supplementary Fig. S1B). The
expressions of costimulatory molecules CD80, CD86, and
MHC class II on the cell surfaces were increased after A.
fumigatus stimulation (Supplementary Fig. S1C). Besides,
the purity of the isolated CD4+ T cells was more than
95% (Supplementary Fig. S1D). To clarify the influence of
A. fumigatus–stimulated DCs on the proliferation of CD4+

T cells, CD4+ T cells were traced with the CFSE dilu-
tion method. The CFSE assay showed that A. fumigatus-
stimulated DCs could significantly promote the proliferation
of CD4+ T cells (Fig. 1A and B). To investigate whether A.
fumigatus–stimulated DCs could induce a Th17 differenti-
ation, we used A. fumigatus–stimulated DCs or nonstimu-
lated DCs to differentiate naïve CD4+ T cells into Th cells in
co-culture systems. After 4 days of co-culture, the qRT-PCR
results showed that A. fumigatus-stimulated DCs induced
CD4+ T-cell differentiation into Th cells that expressed IL-
17A, IL-17F, and IL-22, which are features of Th17 polar-
ization (Fig. 1C). Flow cytometry assay showed that the
level of IL-17A in CD4+ T cells infected with A. fumigatus–
stimulated DCs was markedly increased compared with
that in the control group (Fig. 1D and E). Collectively,
these results suggest that the Th17 inflammatory response
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FIGURE 1. A. fumigatus–stimulated DCs promotes Th17 inflammatory response. Cells were divided into three groups: (a) CD4+ T cell; (b)
DCs co-cultured with CD4+ T cells for 4 days (DC–CD4+ T cell); and (c) DCs were stimulated with heat-killed A. fumigatus hyphae (1 ×
106 pieces/mL) for 3 hours and then co-cultured with CD4+ T cells for 4 days (DC-CD4+ T cell+A. f). (A) CFSE was conducted to detect cell
proliferation of CD4+ T cells. (B) Quantification of the cell proliferation rate in (A). (C) qRT-PCR was performed to assess the mRNA levels
of IL-17A, IL-17F, and IL-22 in CD4+ T cells. (D) Protein levels of IL-17A were detected by flow cytometry. (E) Quantification of IL-17A levels
in (D). (Data are mean ± SEM, *P < 0.05, **P < 0.01, n = 3).

was induced in CD4+ T cells when co-cultured with A.
fumigatus–stimulated DCs.

A. fumigatus Enhanced TSLP Expression in DCs

To detect the expression of TSLP in A. fumigatus-stimulated
DCs, DCs were treated with heat-killed A. fumigatus hyphae
(1 × 106 pieces/mL) for 1, 3, 6, 12, 24, and 48 hours. The qRT-
PCR (Fig. 2A) and ELISA (Fig. 2B) assay results showed that
the expression of TSLP was increased at 1, 3, 6, 12, 24, and 48

hours in DCs after A. fumigatus infection. Consistently,West-
ern blot results showed that the TSLP protein levels in the
same DCs were also increased in a time-dependent manner
(Fig. 2C). Furthermore, DCs were treated with heat-killed
A. fumigatus hyphae for 12 hours, and then subjected to
immunofluorescence analysis for TSLP. The result confirmed
that DCs expressed more TSLP in response to A. fumiga-
tus stimulation than in their nonstimulated state (Fig. 2D).
Another group of DCs was transfected with TSLP small inter-
fering RNA (siRNA) to verify the specificity of the TSLP anti-
body we used (Fig. 2D).
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FIGURE 2. A. fumigatus hyphae induces TSLP expression in DCs. DCs were stimulated with heat-killed A. fumigatus hyphae (1 × 106

pieces/mL) for 1, 3, 6, 12, 24, and 48 hours. (A) qRT-PCR and (B) ELISA were performed to analyze the mRNA and protein levels of TSLP.
(C) Protein levels of TSLP in DCs were detected by Western blot. (D) DCs were transfected with TSLP siRNA (80 nM) for 48 hours or treated
with heat-killed A. fumigatus hyphae for 12 hours, then subjected to immunofluorescence analysis of TSLP (red) and CD11c (green). Scale
bar = 20 μM. C57BL/6 mice corneas were scratched with 26G needles followed by treatment with A. fumigatus for 0.5, 1, and 3 days. (E)
qRT-PCR was used to assess CD11c mRNA levels in mouse corneas. (F) Immunofluorescence analysis of CD11c and TSLP co-staining on
the cornea at 0.5, 1, and 3 days after A. fumigatus infection. Nuclei were counterstained with DAPI (blue). The CD11c and TSLP co-staining
presented the bright yellow fluorescent light. Scale bar = 100 μM. (Data are mean ± SEM, *P < 0.05, **P < 0.01, n = 3; for mouse, n = 6).

To monitor the disease progression of A. fumigatus–
infected corneas, mice corneas were examined under
slit-lamp photography and clinical scoring at 0 (control), 0.5,
1, 3, 5, and 7 days after infection to estimate the disease
severity. Typical lesions of early stage corneal fungal infec-
tion, such as corneal edema or epithelial coloboma, were
present in corneal epithelia at 0.5 days after infection. These
corneal injuries continued to develop at 1 day after infec-
tion, and epithelial lesions began to decrease at 3 days after
infection (Supplementary Fig. S2A and B). To determine

whether DCs were involved in A. fumigatus infection, we
measured the expression of CD11c, a defining marker for
DCs. The qRT-PCR results demonstrated that the mRNA level
of CD11c was increased at 0.5, 1, and 3 days after infection
in the infected corneas (Fig. 2E). Immunofluorescence assay
images also showed that A. fumigatus infection enhanced
CD11c and TSLP expressions both in epithelium and stroma
at 0.5 and 1 day post infection (Fig. 2F). Therefore, these data
indicate that A. fumigatus stimulation increased the expres-
sion and secretion of TSLP in DCs.
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TSLP Increased the Proliferation of CD4+ T Cells
and the Expression of Th17 Cytokines

Considering the upregulation of TSLP in A. fumigatus–
infected DCs, we then turned to investigate the influence of
TSLP on naïve CD4+ T-cell differentiation. First, we deter-
mined whether TSLP could increase the proliferation of
CD4+ T cells; we stained cells with CFSE and stimulated
them with 100 ng/mL rmTSLP or with a negative control
solution for 4 days, and surveyed them using a flow cytom-
etry assay. The results showed that TSLP stimulated CD4+

T-cell proliferation compared with cells cultured without
rmTSLP (Fig. 3A and B). The qRT-PCR (Fig. 3C) and ELISA
(Fig. 3D) results suggest that the expression of IL-17A, IL-
17F, and IL-22 was increased at 1, 2, and 3 days in CD4+ T
cells treated with rmTSLP. Moreover, a flow cytometry assay
showed that TSLP promoted CD4+ T cells to express more IL-
17A in a time-dependent manner (Fig. 3E and F). Our results
indicate that TSLP promoted a Th17 inflammatory response
by CD4+ T cells.

Th17 Inflammatory Response Induced by A.
fumigatus-Stimulated DCs Was Dependent on
TSLP

Next, we determined whether A. fumigatus-stimulated DCs
promoted the Th17 inflammatory response through TSLP.
DCs were incubated with negative control (NC) siRNA or
TSLP siRNA (80 nM) for 48 hours, and then were stimulated
with A. fumigatus or grown without the inactivated fungi
for 12 hours. TSLP depletion efficiency was detected by qRT-
PCR. The results showed that TSLP was deleted 80% by TSLP
siRNA compared with the TSLP amount in NC siRNA-treated
cells (Fig. 4A). The knockdown efficiency of TSLP was also
confirmed by Western blot (Fig. 4B). To clarify the influence
of TSLP on CD4+ T-cell proliferation, DCs were transfected
with NC siRNA or TSLP siRNA, challenged with A. fumiga-
tus hyphae, and then co-cultured with CFSE-stained CD4+

T cells for 4 days. Flow cytometry results showed that the
increased proliferative response of CD4+ T cells was inter-
rupted by the knockdown of TSLP in the DCs (Fig. 4C and
D). The mRNA levels of IL-17A, IL-17F, and IL-22 were also
decreased in the TSLP siRNA-treated group compared with
the levels in the NC siRNA treated group (Fig. 4E). In addi-
tion, the knockdown of TSLP downregulated IL-17A produc-
tion compared with the NC siRNA treated group (Fig. 4F).

To elucidate the role of the TSLPR in the Th17 response
induced by A. fumigatus–stimulated DCs, we treated CD4+

T cells with TSLPR siRNA (80 nm) for 24 hours, then co-
cultured them with A. fumigatus–stimulated DCs for 4 days.
The results showed that A. fumigatus–stimulated DCs failed
to increase the mRNA levels of IL-17A, IL-17F, and IL-22 in
CD4+ T cells with TSLPR knockdown (Supplementary Fig.
S3C and D, Fig. 4G). In addition, the protein level of IL-
17 was significantly lower in the TSLPR knockdown group
than those observed in the control group (Fig. 4H). These
data suggest that A. fumigatus–stimulated DCs promoted the
Th17 inflammatory response of CD4+ T cells through TSLP.

High-throughput Sequencing Assay of Signaling
Pathways in the Th17 Response of CD4+ T Cells

To analyze the signaling pathways that participated in the
Th17 response of CD4+ T cells during A. fumigatus infec-

tion, we performed RNA sequencing to detect the differences
in mRNA expression between CD4+ T cells co-cultured with
A. fumigatus–stimulated DCs or grown by themselves. We
identified 1273 upregulated and 986 downregulated differ-
entially expressed genes between DC–CD4+ T cells and DC–
CD4+ T cells plus A. fumigatus (Fig. 5A). Kyoto Encyclope-
dia of Genes and Genomes results showed that JAK/STAT
was the most remarkable signaling pathway in CD4+ T cells
co-cultured with A. fumigatus–stimulated DCs (Fig. 5B and
C). We verified the mRNA expression profile involved in the
JAK/STAT signaling pathway obtained by high-throughput
sequencing using qRT-PCR in DC–CD4+ T cells and DC–
CD4+ T cells plus A. fumigatus (Fig. 5D). Our results indicate
that the JAK/STAT signaling pathway might play an impor-
tant role in the Th17 response of CD4+ T cells.

A. fumigatus–Stimulated DCs Activated the
JAK/STAT Signaling Pathway Through TSLP
Secretion

Based on the RNA sequencing results suggesting that the
JAK/STAT signaling pathway is activated during the A.
fumigatus-induced Th17 response of CD4+ T cells, we inves-
tigated whether A. fumigatus–stimulated DCs activated the
JAK/STAT signaling pathway in CD4+ T cells. Our results
showed that the phosphorylation levels of JAK1, JAK2, and
STAT3, key molecules of the JAK/STAT signaling cascade
were high in CD4+ T cells co-cultured with A. fumigatus–
infected DCs. Moreover, A. fumigatus–infected DCs also
enhanced the expression of RORγ t, which acted as a down-
stream transcription factor of the JAK/STAT signaling path-
way and promoted Th17 cell differentiation (Fig. 6A and C).
Consistently, we observed the activation of the JAK/STAT
signaling pathway in CD4+ T cells stimulated with rmTSLP
for 3 days (Fig. 6B and D). To further confirm the role of
TSLP in the activation of the JAK/STAT signaling pathway in
CD4+ T cells, DCs transfected either with NC siRNA or with
TSLP siRNA were stimulated with A. fumigatus hyphae and
then co-cultured with CD4+ T cells for 4 days. The West-
ern blot results showed that the expression of RORγ t, p-
JAK1, p-JAK2, and p-STAT3 was significantly decreased in
TSLP siRNA-transfected DCs compared with the levels in NC
siRNA-transfected DCs (Fig. 6E). Moreover, A. fumigatus–
infected DCs failed to promote the protein levels of RORγ t,
p-JAK1, p-JAK2, and p-STAT3 in CD4+ T cells incubated with
TSLPR siRNA (Fig. 6F). Taken together, these results indicate
that TSLP mediated the activation of the JAK/STAT signaling
pathway in CD4+ T cells evoked by A. fumigatus–stimulated
DCs.

A. fumigatus–Stimulated DCs Promoted a Th17
Response in CD4+ T Cells via the JAK/STAT
Signaling Pathway

We next determined whether the activation of the JAK/STAT
signaling pathway was involved in the Th17 inflammatory
response induced by A. fumigatus-infected DCs. Different
concentrations (5, 10, 100, and 300 nM) of ruxolitinib, a
selective inhibitor of JAK1/JAK2,28 were used to inhibit
JAK1/2. The results from Western blotting showed that
100 nM ruxolitinib could effectively suppress the phospho-
rylation of JAK1/2 (Supplementary Fig. S4A). Similarly, 3 μM
BBI608, a specific inhibitor of STAT3,29 was used to disrupt
the function of STAT3 (Supplementary Fig. S4B). Our data
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FIGURE 3. TSLP promotes CD4+ T cell proliferation and Th17 cytokine expression. (A) CD4+ T cells were stained with CFSE and then
cultured with or without 100 ng/mL rmTSLP for 4 days, flow cytometry was performed to detect the proliferation of CD4+ T cells. (B)
Quantification of cell proliferation rate in (A). CD4+ T cells were cultured with rmTSLP (100 ng/mL) for 1, 2, and 3 days. (C) qRT-PCR and
(D) ELISA were performed to detect the mRNA and protein levels of IL-17A, IL-17F, and IL-22 in CD4+ T cells. (E) Flow cytometry was
conducted to analyze the protein levels of IL-17A in CD4+ T cells. (F) Quantification of IL-17A levels in (E). Ctr, control. (Data are mean ±
SEM, *P < 0.05, **P < 0.01, n = 3).

showed that the inhibition of the JAK/STAT signaling path-
way with ruxolitinib or BBI608 effectively abrogated the
increased protein levels of IL-17A in CD4+ T cells induced by
A. fumigatus–infected DCs (Fig. 7A and B). Consistently, the
increased mRNA levels of IL-17A, IL-17F, and IL-22 were also

disrupted with ruxolitinib or BBI608 treatment in CD4+ T
cells co-cultured with A. fumigatus–stimulated DCs (Fig. 7C).
Moreover, flow cytometry analysis showed a reduction of
IL-17A expression in CD4+ T cells treated with rmTSLP in
the presence of ruxolitinib or BBI608 (Fig. 7D and E). The
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FIGURE 4. A. fumigatus–stimulated DCs promotes the Th17 response of CD4+ T cells through TSLP. DCs were incubated with NC siRNA
or TSLP siRNA (80 nM) for 48 hours, then stimulated with or without A. fumigatus for 12 hours. (A) Total RNA was isolated from DCs to
assess the mRNA level of TSLP. (B) Western blot was used to analyze the protein level of TSLP. To co-culture with CD4+ T cell, four types
of DCs were applied: (a) DCs treated with culture medium; (b) DCs stimulated with A. fumigatus hyphae (A. f); (c) DCs treated with NC
siRNA followed by stimulated with A. fumigatus hyphae (NC siRNA+A. f); d) TSLP knockdown DCs stimulated with A. fumigatus hyphae
(TSLP siRNA+A. f). After incubated with NC siRNA or TSLP siRNA (80 nM) for 24 hours, A. fumigatus-stimulated DCs were co-cultured with
CD4+ T cells for 4 days. (C) CFSE was conducted to detect cell proliferation of CD4+ T cells. (D) Quantification of cell proliferation rate in
(C). (E) qRT-PCR was used to detect the mRNA levels of IL-17A, IL-17F, and IL-22 in CD4+ T cells. (F) Flow cytometry was performed to
detect the protein levels of IL-17A in CD4+ T cells. Quantification of IL-17A level was shown in Supplementary Figure S3A. CD4+ T cells
were incubated with TLSPR siRNA (80 nM) or NC siRNA for 24 hours, then co-cultured with A. fumigatus–stimulated DCs for 4 days. (G)
qRT-PCR was performed to detect the mRNA levels of IL-17A, IL-17F, and IL-22 in CD4+ T cells. (H) Flow cytometry was performed to detect
the protein levels of IL-17A in CD4+ T cells. Quantification of IL-17A level was shown in Supplementary Figure S3B. (Data are mean ± SEM,
*P < 0.05, **P < 0.01, n = 3).
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FIGURE 5. A next-generation sequencing analysis of the signaling pathways in the Th17 response of CD4+ T cell. DCs were stimulated with
A. fumigatus and then co-cultured with CD4+ T cells for 4 days. A high-throughput RNA sequencing analysis was conducted to determine
the mRNA expression profile of CD4+ T cells. (A) A volcano plot revealed the differentially expressed genes (DEGs) in DC-CD4+ T cell
and DC-CD4+ T cell+A. f groups. (B) Pathway analysis of DEGs based on the Kyoto Encyclopedia of Genes and Genomes database. (C) A
heatmap of DEGs in JAK/STAT signaling pathway between DC-CD4+ T cell and DC-CD4+ T cell+A. f groups. (D) A qRT-PCR verification of
representative DEGs between the above two groups. (Data are mean ± SEM, *P < 0.05, **P < 0.01, n = 3).

mRNA levels of IL-17A, IL-17F, and IL-22 were also decreased
in response to ruxolitinib or BBI608 in CD4+ T cells treated
with rmTSLP (Fig. 7F). Therefore, these results suggest that
A. fumigatus–stimulated DCs promoted the Th17 response
of CD4+ T cells via the JAK/STAT signaling pathway.

TSLP Promoted FK Progression Through
JAK/STAT

Given the significance of TSLP and JAK/STAT in the Th17
response induced by A. fumigatus–stimulated DCs, we
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FIGURE 6. A. fumigatus–stimulated DCs activates JAK/STAT through TSLP. (A) DCs were treated with A. fumigatus and then co-cultured
with CD4+ T cells for 4 days, a Western blot analysis was performed to determine the protein levels of RORγ t, p-JAK1, JAK1, p-JAK2, JAK2,
p-STAT3, STAT3, and β-actin in the CD4+ T cells. (B) CD4+ T cells were cultured with rmTSLP (100 ng/mL) for 3 days, protein levels of
RORγ t, p-JAK1, JAK1, p-JAK2, JAK2, p-STAT3, STAT3, and β-actin were analyzed by western blot. Quantification of relative protein levels in
(A) and (B) were shown in (C) and (D), respectively. Cells were divided into four groups and were treated as described in Figure 4C. (E)
Western blot analysis of the protein levels of RORγ t, p-JAK1, JAK1, p-JAK2, JAK2, p-STAT3, STAT3, and β-actin in CD4+ T cells. (F) CD4+ T
cells were incubated with TLSPR siRNA (80 nM) or NC siRNA for 24 hours, then co-cultured with A. fumigatus–stimulated DCs for 4 days.
A Western blot was performed to detect the protein levels of RORγ t, p-JAK1, JAK1, p-JAK2, JAK2, p-STAT3, STAT3, and β-actin in CD4+ T
cells. Quantification of relative protein levels in (E) and (F) were shown in Supplementary Figure S4C and D. (Data are mean ± SEM, *P <

0.05, **P < 0.01, n = 3).
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FIGURE 7. A. fumigatus–stimulated DCs promotes Th17 response of CD4+ T cell via JAK/STAT. CD4+ T cells were co-cultured with A.
fumigatus–stimulated DCs in the presence or absence of ruxolitinib (100 nM) or BBI608 (3 μM) for 4 days. (A) Flow cytometry was
conducted to analyze the protein levels of IL-17A in CD4+ T cells. (B) Quantification of IL-17A levels in (A). (C) qRT-PCR was performed to
detect the mRNA levels of IL-17A, IL-17F, and IL-22 in CD4+ T cells. The CD4+ T cells were treated with or without rmTSLP (100 ng/mL),
ruxolitinib (100 nM), and BBI608 (3 μM) for 3 days. (D) Flow cytometry was conducted to analyze the protein levels of IL-17A in CD4+ T
cells. (E) Quantification of IL-17A levels in (D). (F) qRT-PCR was performed to detect the mRNA levels of IL-17A, IL-17F, and IL-22. (Data
are mean ± SEM, *P < 0.05, **P < 0.01, n = 3).

decided to further study the role of TSLP and JAK/STAT
signaling in A. fumigatus–infected corneas with FK. To
clarify the role of TSLP in A. fumigatus–infected corneas,
we pretreated mice by subconjunctival injection with BSA,
rmTSLP, NC siRNA, or TSLP siRNA before infection with A.

fumigatus hyphae. The corneal injury degree was deter-
mined by clinical scoring at 1 day after infection. These
results suggested that corneal damages, including keratitis,
necrosis, and epithelial edema, were enhanced in the group
treated with rmTSLP, whereas the injuries were less severe in
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the TSLP siRNA group at 1 day after infection (Fig. 8A and B).
The qRT-PCR results showed that the TSLP levels in the TSLP
siRNA group were knocked down to approximately 75% of
the normal level seen in the NC siRNA group (Fig. 8C).
The mRNA and protein levels of Th17 cytokines (IL-17A,
IL-17F, and IL-22) were evidently decreased in TSLP siRNA-
treated corneas compared with the levels in the NC siRNA-
treated corneas. However, by comparison, we observed a
significant increase in IL-17A, IL-17F, and IL-22 mRNA and
protein levels in the mouse corneas with rmTSLP treatment
(Fig. 8D and E). To investigate the function of JAK/STAT in
FK, we subconjunctivally injected the mouse corneas with
PBS (control), ruxolitinib, or BBI608 before treatment with
A. fumigatus hyphae for 1 day. The corneas showed a severe
cellular infiltration with destruction of the corneal epithe-
lium stroma 1 day after A. fumigatus infection, whereas
the corneal inflammatory response was significantly allevi-
ated in the ruxolitinib or BBI608 injected group (Fig. 8F).
The average clinical scores of the ruxolitinib or BBI608-
treated corneas were also lower than those of ordinary
infected corneas (Fig. 8G). Consistently, we observed that
the mRNA levels and protein secretions of Th17 cytokines
(IL-17A, IL-17F, and IL-22) were evidently reduced in the
ruxolitinib or BBI608 injected group (Fig. 8H and I). Taken
together, our results suggest that TSLP promoted the disease
progression of A. fumigatus keratitis. However, inhibition of
the JAK/STAT signaling pathway reversed the development
of FK.

DISCUSSION

FK is a severe infective corneal disease caused by pathogenic
fungi; it continues to be an important cause of corneal blind-
ness with global distribution owing to its rapid progression,
poor prognosis, and absence of effective symptomatic treat-
ment.6 However, the underlying mechanisms of FK remain
obscure. Therefore, understanding the specific mechanisms
and identifying effective therapeutic targets for FK is of enor-
mous clinical significance. In the current study, we demon-
strated that A. fumigatus promoted TSLP expression in DCs;
DC-derived TSLP induced the activation of CD4+ T cells and
contributed to mounting a Th17-type inflammatory response
via JAK/STAT signaling in vitro and in vivo.

Th17 cells are potent inducers of tissue inflammation
and have been implicated in the pathogenesis of many
experimental autoimmune diseases and human inflamma-
tory conditions. Previous studies have demonstrated that
mice infected with Cryptococcus neoformans could develop
protective Th17-type T-cell responses.30 Wan et al.31 report
that regulatory T cells and Th17 cells display complicated
interplays during viral infections: Th17 cells contribute to
immune activation and disease progression, whereas regu-
latory T cells inhibit this process and play a key role in the
maintenance of immune homeostasis. Pseudomonas aerug-
inosa infection induces a strong Th17-mediated corneal
pathology, and application of Galectin-1 diminishes corneal
lesion severity by inhibition of Th17 responses.32 Aspergillus
and Fusarium corneal infections are regulated by Th17
cells and IL-17–producing neutrophils, which are proven
to participate in the growth of fungal hyphae and the
severity of corneal disease.33 A study from human corneal
tissues infected with Aspergillus or Fusarium shows that
IL-17 expression is elevated compared with uninfected
donor corneas.34 Previous data from our laboratory demon-
strated that A. fumigatus can promote Th2 inflammation

of human corneal epithelial cells.25 We further proved that
TSLP-activated DCs induce Th2 inflammation in A. fumi-
gatus keratitis.35 However, relatively little is known about
the immune mechanism that drives the induction of the
Th17 inflammatory response in FK. In the present study,
we found that A. fumigatus–stimulated DCs could signifi-
cantly promote the proliferation of CD4+ T cells. Moreover,
A. fumigatus–stimulated DCs could stimulate CD4+ T cells to
produce large amounts of Th17-type cytokines. These results
show that A. fumigatus–stimulated DCs could induce a Th17
inflammatory response of CD4+ T cells, which promoted the
progression of FK.

The cytokine TSLP has been demonstrated to play impor-
tant roles in maintaining immune homeostasis and regulat-
ing inflammatory responses. Previous studies have reported
that TSLP can strongly activate DCs and produce several
phenotypic changes, including improved survival, upreg-
ulation of MHC class II, and the production of a vari-
ety of chemokines.22,36 Our previous studies showed that
A. fumigatus–stimulated human corneal epithelial cells to
express more TSLP, which further increased the proliferation
of CD4+ T cells and induced Th2 inflammation to participate
in adaptive immunity.25 However, the relationship between
DC-derived TSLP and Th17 inflammation in FK has not been
reported. In this study, we found that CD4+ T cells produced
large amounts of Th17-type cytokines and showed a signif-
icant proliferative response upon TSLP treatment. In addi-
tion, knockdown of TSLP in DCs or of TSLPR in CD4+ T
cells inhibited the differentiation and proliferation of CD4+ T
cells induced by A. fumigatus–stimulated DCs. Our data also
confirmed that TSLP could polarize a Th17 inflammatory
response and promote the worsening of FK in mice experi-
ments. However, knockdown of TSLP obviously diminished
the corneal injury induced by A. fumigatus infection. Thus,
TSLP was involved in the regulation of both the innate and
adaptive immune responses, and regulating TSLP may be a
promising approach for moderating Th17 responses.

The JAK/STAT signaling pathway is a significant signal-
ing transduction cascade of numerous cytokines that regu-
late the innate and adaptive immune responses.37 JAK/STAT
signaling is of paramount importance in regulating the
development and differentiation of CD4+ T cells into Th1,
Th2, or Th17 cells. Previous findings from Shi et al.38

suggested that blocking the JAK/STAT pathway restrained
the inflammatory Th2 cell response induced by TSLP-DCs
in allergic rhinitis. Taylor et al.39 demonstrated that IL-6 and
IL-23 induced the phosphorylation of STAT3 in neutrophils
and that blockage of this pathway using JAK/STAT inhibitors
impaired ROS production and hyphal killing in vitro and in
FK. However, before this study, little research had been done
on the molecular mechanisms of the JAK/STAT pathway link-
ing CD4+ T cells with A. fumigatus keratitis and TSLP. In
the current study, high-throughput sequencing showed that
JAK/STAT was the most remarkable signaling pathway in
CD4+ T cells co-cultured with A. fumigatus–stimulated DCs.
We found that the JAK/STAT pathway could be activated
by TSLP secreted by A. fumigatus–infected DCs and that
the pathway eventually participated in a Th17-type immune
response. Moreover, ruxolitinib (a JAK1/2 inhibitor) or
BBI608 (a STAT3 inhibitor) significantly blocked the A.
fumigatus–induced Th17 inflammatory response. In addi-
tion, knockdown of TSLP or TSLPR also disrupted the activa-
tion of the JAK/STAT pathway, which could be activated by
exogenous rmTSLP treatment. The administration of ruxoli-
tinib or BBI608 obviously suppressed the progression of FK
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FIGURE 8. TSLP promotes FK progression through the JAK/STAT signaling pathway. C57BL/6 mice were pretreated by subconjunctival
injection with 5 μL BSA, 5 μL rmTSLP (100 ng/μL), 5 μL NC siRNA, or 5 μL TSLP siRNA 1 day before infection with A. fumigatus hyphae
(5 μL) for 1 day. (A) Slit-lamp examination was used to assess the clinical manifestation; fluorescein staining was performed to assess the
denuded epithelium at 1 day after infection. (B) The average clinical scores were calculated to assess the clinical manifestation at 1 day
after infection. (C and D) qRT-PCR was performed to detect the mRNA levels of TSLP, IL-17A, IL-17F, and IL-22 in mouse corneas at 1 day
post infection. (E) ELISA was performed to detect the protein levels of IL-17A, IL-17F, and IL-22 in mouse corneas at 1 day after infection.
The mouse eyes were subconjunctivally injected with PBS, 5 μL ruxolitinib (0.1 mmol/L), or 5 μL BBI608 (3 mmol/L) 1 day before infection
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with A. fumigatus hyphae for 1 day. (F) Slit-lamp examination was used to assess the clinical manifestations and fluorescein staining was
performed to assess the denuded epithelium at 1 day after infection. (G) The average clinical scores were calculated to assess the clinical
manifestation at 1 day after infection. (H) qRT-PCR and (I) ELISA were performed to analyze the mRNA and protein levels of IL-17A, IL-17F,
and IL-22 in mouse corneas at 1 day post infection. (Data are mean ± SEM, *P < 0.05, **P < 0.01, n = 6).

in the mice model of fungal infection. Therefore, targeted
inhibition of the JAK/STAT pathway using specific inhibitors
might represent a novel therapy for FK.

We have demonstrated that DCs served as a bridge
between the innate and acquired immunities. DCs infected
by A. fumigatus could drive naïve CD4+ T-cell differentia-
tion and trigger Th17 inflammatory responses in vitro and
in vivo. Moreover, TSLP, secreted by A. fumigatus–stimulated
DCs, acted as a significant molecule in the Th17-dominant
immune responses of FK by activating JAK/STAT signal-
ing. Our study expands the current understanding of the
antifungal immune response and suggests novel therapeutic
approaches for FK.
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