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Abstract 

Background Previous reports have indicated that disrupting the Wnt/β-catenin pathway in dendritic cells (DCs) may 
affect the progression of autoimmune inflammation; however, the factors and timing that regulate Wnt/β-catenin 
signaling have not been clearly understood.

Methods Experimental autoimmune uveitis (EAU) mice and Vogt–Koyanagi–Harada disease (VKH) patient samples 
were used to detect the expression of Wnt/β-catenin pathway genes. Western blot, real-time PCR, flow cytometry, and 
ELISA were performed to examine the expression of components of the Wnt/β-catenin pathway and inflammatory 
factors. DC-specific β-catenin knockout mice and 6-bromoindirubin-3′-oxime (BIO) administered mice were used to 
observe the effect of disrupting the Wnt pathway on EAU pathogenesis.

Results Wnt/β-catenin signaling was inhibited in DCs during the induction phase of EAU. The inhibition was medi-
ated by pertussis toxin (PTX), which promoted DC maturation, in turn promoting pathogenic T cell proliferation and 
differentiation. In vivo experiments confirmed that deleting β-catenin in DCs enhanced EAU severity, and pre-injec-
tion of PTX advanced EAU onset. Administration of a Wnt activator (BIO) limited the effects of PTX, in turn ameliorat-
ing EAU.

Conclusions Our results demonstrate that PTX plays a key role as a virulence factor in initiating autoimmune inflam-
mation via DCs by inhibiting Wnt/β-catenin signaling in EAU, and highlight the potential mechanism by which infec-
tion can trigger apparent autoimmunity.
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Introduction
Autoimmune uveitis is an umbrella term for numerous 
types of ocular autoimmune diseases that threaten vision 
in patients of all ages, including Vogt–Koyanagi–Harada 
disease (VKH), HLA-B27-positive uveitis, sympathetic 
ophthalmia, and Behçet disease uveitis [1]. However, the 
etiology of uveitis remains elusive. Based on the findings 
of animal model studies of experimental autoimmune 
uveitis (EAU), abnormally activated dendritic cells (DCs) 
and T helper cell subsets play key roles in EAU pathogen-
esis [2–5]. Activated DCs regulated by various signaling 
networks, such as nuclear factor kappa-B (NF-κb), mito-
gen-activated protein kinase (MAPK), and mammalian 
target of rapamycin (mTOR) signaling [6–8] control the 
activation, proliferation, and differentiation of pathogenic 
T cells by secreting various cytokines. Recent reports 
have demonstrated that the activation of canonical Wnt/
β-catenin signaling programs DCs to a tolerogenic state 
by regulating the secretion of factors such as interleu-
kin-6 (IL-6), IL-12, and IL-10; that way, Wnt/β-catenin 
signaling limits the occurrence of autoimmune diseases 
in clinical settings and in animal models, such as experi-
mental autoimmune encephalomyelitis (EAE), inflamma-
tory bowel disease, and rheumatoid arthritis (RA) [9–12]. 
Conversely, deletion of β-catenin in DCs promotes the 
differentiation of  CD4+ T cell subsets and induces severe 
autoimmune inflammation [10, 13]. However, the factors 
and timing that regulate Wnt/β-catenin signaling in DCs 
have not yet been reported.

Canonical Wnt/β-catenin signaling is required for 
numerous developmental processes in mutiple organs 
and species, including cell proliferation, cell fate deci-
sions, cell polarity, and stem cell maintenance [14–17]. 
The activation of Wnt/β-catenin signaling relies on the 
binding of Wnt ligands to Frizzled receptors and their 
co-receptors (LRP5 and LRP6), which results in the sta-
bilization and translocation of cytosolic β-catenin to the 
nucleus, where it interacts with T cell factor/lymphoid 
enhancer factor (TCF/LEF) family members to regulate 
the transcription of target genes [18, 19]. Kallistatin and 
Dickkopf WNT signaling pathway inhibitor 1 (DKK1) are 
crucial Wnt antagonists, which serve to inhibit Wnt sign-
aling [20, 21].

Wnt signaling can be regulated by numerous factors, 
including microbiotas and their toxins. PTX is an A-B 
toxin produced by the whooping cough-causing bacte-
rium, Bordetella pertussis [22]. The A-protomer exhib-
its ADP-ribosyltransferase activity and ribosylates the 
α subunits of heterotrimeric Gi/o proteins, resulting in 
the uncoupling of receptors from the Gi/o proteins. The 
B-oligomer binds proteins expressed on the cell surface, 
such as Toll-like receptor 4, and activates an intracel-
lular signal transduction cascade. PTX has been used 

extensively as an adjuvant for inducing autoimmune dis-
ease models, including experimental autoimmune EAE, 
GPI-induced rheumatoid arthritis (RA), and EAU [23]. 
The role of PTX in the induction of EAU models had not 
been completely elucidated. Optimal doses of PTX can 
promote EAU pathogenesis by increasing vascular per-
meability, disrupting the blood–eye barrier, and promot-
ing lymphocyte infiltration into the retina; conversely, 
supraoptimal doses of PTX can prevent EAU progres-
sion via the inhibition of lymphocyte recirculation dur-
ing the efferent phase of the disease [24]. In addition, 
PTX administration during the lymphocyte migration 
stage prevents EAU progression by disrupting signal-
ing through PTX-sensitive Gi protein-coupled receptors 
[25]. Therefore, the dose and timing of PTX treatment 
influences inflammation severity.

The aim of the present study was to demonstrate the 
activation status of Wnt/β-catenin signaling in an EAU 
model and elucidate its effect on EAU pathology. We 
explore the factors that regulate Wnt/β-catenin signaling 
in EAU and report that PTX-induced downregulation of 
Wnt/β-catenin signaling in DCs plays a key role in initiat-
ing autoimmune uveitis.

Materials and methods
Uveitis patients
Studies involving human participants were reviewed and 
approved by the Ethics Committee of Tianjin Medical 
University Eye Hospital, Tianjin, China (No. 2016KY-
14). All participants provided written informed con-
sent. Patients with VKH disease were enrolled at Tianjin 
Medical University Eye Hospital, Tianjin, China. Blood 
samples were collected from 10 donors diagnosed with 
VKH and 10 healthy controls for qPCR and FACs. All the 
patients had newly onset VKH and had not received any 
therapy. Individuals with comorbidities, including dia-
betes, hypertension, cancer, and other systemic diseases, 
were excluded. No remarkable sex or age differences 
were observed between patients with VKH and healthy 
controls.

Animals
All procedures involving mice were approved by the Lab-
oratory Animal Care and Use Committee of Tianjin Med-
ical University Eye Hospital and conformed to the ARVO 
Statement for the Use of Animals in Ophthalmic and 
Vision Research. C57BL/6J (B6) mice were obtained from 
the Vital River Experimental Animal Center (Beijing, 
China). OT-II TCR transgenic mice were a gift from Prof. 
Xiaoming Feng (Chinese Academy of Medical Sciences 
& Peking Union Medical College). β-cateninflox/flox mice 
(β-cateninfl/fl), Axin2 (LacZ) reporter mice, and CD11c-
Cre mice were obtained from Jackson Laboratories. 
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β-cateninflox/flox mice were bred with transgenic mice 
(DC-Cre) expressing Cre enzyme under the control of 
the CD11c promoter to generate mice lacking β-catenin 
in DCs (β-cateninDC−/−). Mice were maintained under 
specific pathogen-free conditions.

EAU induction and clinical evaluation
Mice were immunized subcutaneously on day 0 with 
300  µg of Interphotoreceptor Retinoid-Binding Protein 
(IRBP) 651–670 (Hanheng Group, Shanghai, China) 
emulsified in CFA (incomplete Freund’s adjuvant plus 
4  mg/ml of Mycobacterium tuberculosis strain 37RA, 
Difco). Pertussis toxin (0.5 µg in 200 µl saline; List Biolog-
ical Laboratories, USA) was administered twice intraperi-
toneally on day 0 and day 1 after immunization. Disease 
status was assessed by fundus examination on a scale of 
0–4 based on the number, type, and size of lesions and 
extent of inflammation, as described previously [26].

Histological evaluation
Mice were euthanized with tribromoethanol on day 
21 post-immunization. Eyeballs were obtained from 
β-cateninfl/fl and β-cateninDC−/− mice and fixed in 
10% formaldehyde (Solarbio, Beijing, China) for 24  h, 
dehydrated, and embedded in paraffin. Sections  (5  µm) 
were cut through the pupil and optic nerve axis and 
stained with hematoxylin and eosin (H&E). Retinal his-
topathological changes were graded on a scale of 0–4, as 
described previously [27].

β‑Galactosidase staining
Wild-type (WT) and EAU mice were killed and the 
spleen, liver, kidney, and eye were quickly dissected, 
and frozen in optimum cutting temperature compound 
(OCT) in liquid nitrogen, and stored at − 80 °C until sec-
tioning. Sections  (15  μm) were mounted on superfrost 
plus slides, fixed for 10 min in 2% paraformaldehyde/0.5% 
glutaraldehyde solution in phosphate buffered saline 
(PBS), briefly washed in PBS, and incubated in phosphate 
buffer (pH 6.0) containing potassium ferrocyanure, NaCl, 
 MgCl2, and X-gal for 24 h at 37 °C. After color develop-
ment, sections were dehydrated, coverslipped in per-
mount, and imaged under a microscope.

Western blot
For total protein extraction from spleen and retinal tis-
sue, RIPA lysis buffer (Sigma-Aldrich, Missouri, USA) 
with protease mixture (Sigma-Aldrich, Missouri, USA) 
was used to obtain whole-cell lysates. Equal amounts of 
protein (35  µg) were separated using sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 
Proteins were transferred onto polyvinylidene fluoride 
(PVDF) membranes for Western blot analysis using 

rabbit anti-β-actin, rabbit anti-β-catenin, and rabbit anti-
active catenin (Cell Signaling Technology). Chemilumi-
nescent horseradish peroxidase substrate (Millipore, MA, 
USA) was used to detect antibody–antigen complexes.

Quantitative real‑time polymerase chain reaction (qPCR)
Total RNA was isolated from spleen, retina, and DCs 
using TRIzol reagent, according to the manufacturer’s 
instructions (Invitrogen, USA). Reverse transcription 
to cDNA was performed using RevertAid First Strand 
cDNA Synthesis reagents (Thermo Scientific, USA). All 
gene transcripts were analyzed using the SYBR green 
mix (Newbio industry, China) and detected using an 
ABI 7500 fast instrument (Applied Biosystems, CA). The 
relative mRNA expression in each sample was displayed 
as  2−ΔΔCt values and was representative of at least three 
independent replicates. The following primer sequences 
were used for the real-time PCR analysis:

Lef-1 Forward: TCA CTG TCA GGC GAC ACT TC
Reverse: ATG AGG TCT TTT GGG CTC CT
Tcf-1 Forward: GCT GCC ATC AAC CAG ATC CT
Reverse: TGC ATT TCT TTT TCC TCC TGTGG 
Sox9 Forward: GAC GTG CAA GCT GGG AAA GT
Reverse: CGG CAG GTA TTG GTC AAA CTC 
Axin2 Forward: ATG AGT AGC GCC GTG TTA GTG 
Reverse: GGG CAT AGG TTT GGT GGA CT
Wnt1 Forward: TGG CTG GGT TTC TGC TAC G
Reverse: CCC GGA TT TTG GCG TAT 
Wnt3a Forward: ATA CAC CAC CCA ACC TCA CG
Reverse: AGA CAC CAT CCC ACC AAA CT
Wnt5a Forward: CAA CTG GCA GGA CTT TCT CAA 
Reverse: CCT TCT CCA ATG TAC TGC ATGTG 
Wnt5b Forward: AAG TGT CAT GGC GTC TCA G
Reverse: GGT TCC AAC AGA GGG TTT TT
Kallistatin Forward: TAG GGC GGA TCC GGT ACC GAG 

GAG ATC TGC 
Reverse: TAG GGC CGG CCG CTA TGG TTT CGT 
DKK1 Forward: CAG CTC AAT CCC AAG GAT GT
Reverse: CAG GGG AGT TCC ATC AAG AA
IL-6 Forward: AGC CAG AGT CCT TCA GAG AG
Reverse: GAT GGT CTT GGT CCT TAG CC
IL-1βForward: TAA AGA CCT CTA TGC CAA CAC AGT 
Reverse: CTG ACT TGG CAG AGG ACA AAG 
IL-12 Forward: GAG CAC TCC CCA TTC CTA CT
Reverse: GCA TTG GAC TTC GGT AGA TG
IL-23 Forward: GGA AGC ACG GCA GCA GAA TA
Reverse: AAC TTG AGG GAG AAG TAG GAA TGG 
TGF-β1 Forward: GTG TGG AGC AAC ATG TGG AAC 

TCT A
Reverse: TTG GTT CAG CCA CTG CCG TA
IL-10 Forward: CGG GAA GAC AAT AAC TGC ACCC 
Reverse: CGG TTA GCA GTA TGT TGT CCAGC 
GAPDH Forward: ACC ACA GTC CAT GCC ATC AC
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Reverse: TCC ACC ACC CTG TTG CTG TA

Splenic  CD11c+ DC isolation
CD11c+ DCs were sorted from the spleens of WT mice 
or mice with EAU on day 3 using anti-mouse CD11c 
magnetic microbeads (Miltenyi Biotec, Auburn, CA) 
according to the manufacturer’s instructions. The purity 
of  CD11c+ DCs was approximately 95%, and was deter-
mined by flow cytometry analysis.

Splenic  CD11c+ DC culture
CD11c+ DCs sorted from the spleens of mice with EAU 
on day 3 were cultured  (106 cells/ml) in Dulbecco’s modi-
fied Eagle’s medium for 24  h, and then stimulated with 
adenosine triphosphate (ATP) for 60  min. mRNA and 
culture supernatant were collected and subjected to 
qPCR and enzyme-linked immunosorbent assay (ELISA).

IRBP, M. tuberculosis, and PTX stimulation  CD11c+ DCs
CD11c+ DCs sorted from the spleens of WT mice were 
cultured  (106 cells/ml) with IRBP (20  µg/ml), M. tuber-
culosis (25 µg/ml), and PTX (5 ng/ml) for 24 h. The cul-
ture supernatants were collected for cytokine analysis by 
ELISA.

ELISA
To measure cytokine concentrations in cell culture super-
natants, the following ELISA kits purchased from R&D 
Systems (Minneapolis, MI, USA) were used: IL-1β, IL-12, 
and IL-10. The following ELISA kits were used to meas-
ure protein concentrations in mouse plasma: kallista-
tin (MyBioSource) and DKK1 (R&D Systems). ELISA 
assays were performed according to the manufacturer’s 
instructions.

Naïve OT‑II T cell isolation
CD4+  CD44low  CD62Lhigh  CD25− naïve OT-II T cells 
were purified by fluorescence activated cell sorting 
(FACS; FACSAria, BD Biosciences).  CD4+ cells were then 
isolated using MACS beads (Dynabeads™ Untouched™ 
Mouse CD4 cells, Invitrogen, USA), according to the 
manufacturer’s instructions.

Coculture of naïve OT‑II  CD4+ T cells with DCs
CD11c+ DCs  (106 cells/ml) sorted from WT mice were 
stimulated with PBS or PTX (25  μg/ml) for 8  h and 
washed with RPMI 1640 medium. For T cell prolifera-
tion assays, activated DCs (2 ×  104) were cultured with 
carboxyfluorescein diacetate, succinimidyl ester (CFSE)-
labeled naïve OT-II  CD4+ T cells at a ratio of 1:2 or 1:5, in 
the presence of ovalbumin 323–339 (OVA 323–339) pep-
tide (2 μg/ml). After 4 days, cells were subjected to FACS. 
For T cell differentiation assays, activated DCs (2 ×  104) 

were cultured with naïve OT-II  CD4+ T cells at a ratio of 
1:2 in the presence of OVA peptide (2 μg/ml) and TGF-β 
(1 ng/ml; R&D). After 5 days, cells were collected and re-
stimulated for intracellular cytokine staining followed by 
FACS analysis.

T helper cell proliferation and differentiation
Forty-eight-well plates were pre-coated with anti-CD3 
mAb (5  μg/ml; BioLegend, CA, USA) and anti-CD28 
mAb (2  μg/ml; BioLegend, CA, USA) and incubated at 
4  °C overnight. For T cell proliferation assays, 2.5 ×  105 
CFSE-labeled  CD4+ T cells were seeded in 48-well plates 
and cultured for 4  days. For Th17 cell differentiation 
assays, 2.5 ×  105  CD4+ T cells were seeded in 48-well 
plates and cultured in Th17-polarizing conditioned 
medium supplemented with IL-6 (20  ng/ml), TGF-β1 
(1 ng/ml), anti-IL4 (10 μg/ml), and anti-IFN-γ (10 μg/ml) 
for 4  days. For Th1 cell differentiation assays, 2.5 ×  105 
 CD4+ T cells were seeded in 48-well plates and cultured 
in Th1-polarizing conditioned medium supplemented 
with IL-12 (20 ng/ml) and anti-IL4 (10 μg/ml) for 4 days.

Isolation of infiltrating cells from the eyes
The eyes of mice with EAU were collected on day 21 
post-immunization. After removal of the cornea, lens, 
optic nerve, and excess connective tissue, the remain-
ing eye tissue was ground, followed by digestion with 
RPMI1640 containing 1 mg/ml collagenase D (Roche) for 
1 h at 37 °C on a shaker at 220 rpm. A single cell suspen-
sion of inflamed eye tissue was obtained by passing the 
sample through a 70-µm strainer.

Flow cytometry
Isolated splenocytes, ocular lymphocytes, human periph-
eral blood mononuclear cells (PBMCs), and T cells were 
resuspended in PBS containing 2% fetal bovine serum 
(FBS). Cells were either immediately analyzed or stimu-
lated with 50  ng/ml phorbol 12-myristate 13-acetate 
(PMA), 500  ng/ml ionomycin, and 1  μg/ml brefeldin A 
for 5 h. For surface marker staining, cells were incubated 
with antibodies against CD11C, CD3, B220, MHC-II, 
CD80, CD86, and CD4 (BioLegend, CA, USA). For intra-
cellular staining, cells were washed, fixed, permeabilized, 
and stained with active β-catenin, β-galactosidase, IFN-
γ, IL-17a, and Foxp3, according to the manufacturer’s 
instructions. The appropriate isotype-matched mAbs 
were used as negative controls. Cells were detected using 
a FACS flow cytometer (BD Biosciences) and analyzed 
using flowjo_v10 software (FlowJo LLC, USA).
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Statistics
GraphPad Prism 9.0 (GraphPad Software Inc., San Diego, 
CA, USA) was used for statistical analyses. Multiple-
group comparisons were performed using one-way or 
two-way analysis of variance (ANOVA) tests followed by 
Bonferroni’s post hoc test. Unpaired two-tailed Student’s 
t tests were used for comparisons of two conditions. 
Mann–Whitney U tests were used for comparing EAU 
clinical scoring. Data are expressed as mean ± stand-
ard deviation (SD). P values < 0.05 were considered 
significant.

Results
Wnt/β‑catenin signaling is suppressed in EAU mice 
and uveitis patients
To determine the activation status of Wnt/β-catenin 
signaling in uveitis, EAU was induced in mice and the 
expression of β-catenin and Wnt target genes (Lef1, 
Sox9, Axin2, and Tcf1) measured at different stages of 
EAU, including the induction phase (days 1 and 5 post-
immunization; D1 and D5), onset phase (day 12 post-
immunization; D12), and peak phase (days 18 and 25 
post-immunization; D18 and D25) (Fig.  1a). From D5, 

Fig. 1 Wnt/β-catenin pathway activity in autoimmune uveitis. a Schematic of the clinical evaluation of EAU models (n = 10). b Detection of active 
β-catenin and total β-catenin levels in spleens from WT mice and mice with EAU on D1, D5, D12, D18, and D25 post-immunization using Western 
blotting (n = 6). c Expression of Wnt target genes, Lef1, Sox9, Axin2, and Tcf1, in spleens from WT mice and mice with EAU, at D1, D5, D12, D18, and 
D25 post-immunization, quantified using qPCR (n = 5). d Active β-catenin and total β-catenin levels in the spleens from WT mice and mice with 
EAU, at D1, D2, D3, D4, and D5 post-immunization, detected using Western blotting (n = 6). e Expression of active β-catenin in  CD11c+ DCs,  B220+ 
B cells, and  CD3+ T cells in the spleens of WT mice and mice with EAU at D3 and D12 post-immunization, detected using FACS (n = 3). f Active 
β-catenin and total β-catenin levels in the retinas from WT mice and mice with EAU at D1, D5, D12, D18, and D25 post-immunization, detected 
using Western blotting (n = 5). g Expression of Wnt target genes, Lef1, Sox9, Axin2, and Tcf1, in retinas from WT mice and mice with EAU at D1, D5, 
D12, D18, and D25 post-immunization, quantified using qPCR (n = 5). h β-Galactosidase reporter gene expression is illustrated in blue color in 
the spleen, liver, kidney, and eyes of Wnt reporter mice (Axin2-LacZ) post-immunization on D3 and D12 detected using β-galactosidase staining 
(n = 3). i Expression of active β-cateninin in  CD11c+ DCs,  CD3+ T cells, and  B220+ B cells from the PBMCs of acute VKH patients and healthy controls 
detected using FACS. j Mean fluorescence intensity (MFI) was measured from VKH patients (n = 10) and healthy controls (n = 10). Data are presented 
as mean ± SD. NS > 0.05, *p < 0.05, **p < 0.01
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the levels of both active β-catenin and total β-catenin in 
the spleen decreased significantly (Fig. 1b). Sox9 mRNA 
expression declined from D5, and Tcf1 and Lef1 expres-
sion decreased from D12 (Fig. 1c). To identify the exact 
timing of β-catenin downregulation, we measured active 
β-catenin and total β-catenin levels daily from days 1 to 
5 post-immunization, and observed that both active and 
total β-catenin expression levels were suppressed signifi-
cantly, from D3, in the spleen (Fig. 1d). Flow cytometry 
analysis revealed that active β-catenin levels in  CD11c+ 
DCs,  CD3+ T cells, and  B220+ B cells were all down-
regulated at D3 and D12 in the spleen (Fig. 1e); however, 
both active and total β-catenin levels were unaltered 
in the eyes of EAU mice (Fig. 1f ). Among the four Wnt 
signaling target genes assayed, the mRNA levels of Tcf1 
increased on D12, and Lef1 increased on D18 in the eyes 
(Fig.  1g). We also induced EAU in Wnt reporter mice 
(Axin2-LacZ) and found that β-gal expression decreased 
at D5 and D12 in the spleen, kidney, and liver (Fig. 1h). 
In Wnt report mice, β-gal expression in the eyes of EAU 
mice and WT mice was similar at D3 and D12 (Fig. 1h).

To explore the activation status of Wnt/β-catenin sign-
aling in patients with uveitis, we collected PBMCs from 
healthy controls and patients with acute Vogt–Koyan-
agi–Harada disease (VKH) and assessed Wnt/β-catenin 
pathway activation in total PBMCs,  CD11c+ DCs,  CD3+ 
T cells, and  B220+ B cells. We found that the levels of 
active β-catenin in the cells were reduced significantly in 
patients with VKH (Fig. 1i, j).

Overall, the results indicate that Wnt/β-catenin signal-
ing is inhibited in DCs, T cells, and B cells at very early 
stages of EAU and in patients with acute uveitis.

PTX inhibits Wnt/β‑catenin signaling
To identify the factors that led to the downregulation of 
Wnt/β-catenin signaling, we assessed the expression of 
Wnt ligands (Wnt1, Wnt3a, Wnt5a, and Wnt5b) and Wnt 
antagonists (kallistatin and DKK1) in spleen and plasma. 
The results revealed that only the expression of Wnt1 and 
Wnt5a decreased at D12 at the mRNA level, while the 
expression levels of Wnt3a and Wnt5b exhibited decreas-
ing trends, from D12 to D25 (Fig. 2a–c). There were no 
significant differences in the mRNA levels of Kallistatin 
and Dkk1 in the spleen (Fig. 2d). No significant changes 
in kallistatin levels in EAU mouse plasma were observed 
at any stages of the disease (Fig. 2e), whereas DKK1 levels 
decreased significantly from D3 to D18, when compared 
with those in WT mouse plasma (Fig.  2f ). The results 
suggest that the changes in Wnt ligands and Wnt antago-
nists may not be associated with the inhibition of Wnt/β-
catenin pathway that occurred in the early stage of EAU.

We also assessed the effects of different components 
used for immunization on Wnt/β-catenin pathway 

activity. We used CFA, PTX, and IRBP651-670 (IRBP), 
separately or in combination, to immunize mice. Immu-
nization with PTX alone, PTX + CFA, or PTX + IRBP, 
suppressed β-catenin expression at D3 in the spleen sig-
nificantly (Fig. 2g). The mice injected with CFA, or IRBP 
alone, did not suppress active β-catenin in DCs (Fig. 2h). 
The results indicate that PTX leads to inactivation of 
Wnt/β-catenin signaling.

PTX programs DCs to induce pro‑inflammatory factor 
secretion and uveogenic Th1/17 cell development in vivo
The secretion of pro-inflammatory factors by DCs is a 
key step in initiating immune response [28]. To explore 
the effect of PTX-induced Wnt/β-catenin inhibition on 
the response of DCs in  vivo, we injected mice with or 
without PTX at D0 and D2. The inhibition of Wnt/β-
catenin signaling by PTX was confirmed using DCs 
from Wnt reporter mice at D3 (Fig. 3a). At D3, we sorted 
 CD11c+ DCs from the spleen and examined the sponta-
neous production of pro- or anti-inflammatory factors. 
Flow cytometric analysis revealed that PTX inhibited 
the expression of CD86 significantly, but not MHC-II 
or CD80 (Fig.  3b). Il1β, Il6, Il12, and Il23 mRNA levels 
in DCs were upregulated following PTX injection, while 
no significant changes were observed for Tgfb or Il10 
expression (Fig.  3c). By performing an ELISA for the 
culture supernatant, we confirmed that PTX prompted 
the secretion of IL-1β and IL-12, but not IL-10 (Fig. 3d), 
demonstrating that PTX induces the secretion of inflam-
matory factors from DCs.

DCs determine the fate of T cells by producing vari-
ous inflammatory cytokines [29]; therefore, we explored 
the effects of PTX on the development of T helper cells 
in  vivo. We detected Th1, Th17, and Treg cells in the 
spleen at D5 in PTX- or PBS-treated groups and found 
that PTX injection increased the proportions of Th1 and 
Th1/Th17 cells significantly (Fig. 3e, f ) without affecting 
the proportions of Th 17 or Treg cells (Fig. 3g, h). Overall, 
the data demonstrate that PTX induces the development 
of pathogenic Th1 cells in vivo.

PTX programs DCs to induce pro‑inflammatory factor 
secretion and Th1/17 cell proliferation and differentiation 
in vitro
We further investigated the effect of PTX on DC func-
tion in  vitro. We purified splenic DCs and pre-treated 
them with IRBP, M. tuberculosis (active ingredient of 
CFA), and PTX for 24  h. We then extracted mRNA 
from the cultured cells for qPCR analysis and collected 
the culture supernatant for ELISA. As shown in Fig. 4a, 
PTX inhibited the expression of active β-catenin in DCs 
in vitro significantly. Compared with the IRBP651-670 
and TB treatments, PTX treatment enhanced Il1β, Il6, 
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and Il12 mRNA expression, but inhibited Il10 mRNA 
expression, in DCs (Fig. 4b). Compared to IRBP651-670 
treatment, TB treatment enhanced Il12 mRNA expres-
sion (Fig. 4b). Neither TB nor PTX treatment affected 
the expression of TGF-β or Il23 (Fig.  4b). We further 
used ELISA to confirm that PTX treatment promoted 
IL-1β and IL-12 secretion, but inhibited IL-10 secre-
tion, from DCs (Fig.  4c). The data indicate that PTX 
is essential for DCs to produce pro-inflammatory 
cytokines and inhibit anti-inflammatory cytokines. We 
then investigated whether PTX affected T cell biology 
by mediating the responses of DCs in vitro. We began 
by assessing the effect of PTX-treated DCs on naïve 

OT-II  CD4+ T cell proliferation. When PTX-pretreated 
DCs were co-cultured with CFSE-labeled T cells at a 
1:5 ratio, T cell proliferation was enhanced significantly 
when compared with PBS-pretreated DCs (Fig.  4d, e). 
Subsequently, we evaluated the effect of PTX-treated 
DCs on the differentiation of naïve OT-II  CD4+ T 
cells. When DCs were co-cultured with T cells at a 1:2 
ratio, T cell differentiation toward both Th1 and Th17 
lineages was promoted by PTX treatment significantly 
(Fig. 4f, g). Conversely, PTX treatment did not directly 
inhibit CD3/28-induced T cell proliferation (Fig. 4h, i) 
or differentiation (Fig.  4j, k). Overall, the data suggest 
that PTX treatment promotes T cell proliferation and 
differentiation by regulating DC response.

Fig. 2 Changes in Wnt ligands and antagonists in mice with EAU after immunization and the effect of different elements used for immunization on 
β-catenin expression. a–d Expression of Wnt ligands (Wnt1, Wnt3a, Wnt5a, and Wnt5b) and Wnt antagonists (kallistatin and DKK1) in spleens from 
WT mice and mice with EAU on D1, D5, D12, D18, and D25 post-immunization quantified using qPCR (n = 5). e, f The levels of Kallistatin and DKK1 
in plasma from WT mice and mice with EAU on D1, D5, D12, D18, and D25 post-immunization measured using ELISA (n = 7). g Expression of active 
β-catenin and total β-catenin in the spleens of WT mice immunized with CFA, PTX, and IRBP, separately or in combination, from D1 to D3 detected 
using Western blotting. h Expression of active β-catenin in  CD11c+ DCs from the spleens of WT mice immunized with CFA, PTX, or IRBP on D3 
post-immunization detected using FACS (n = 3). Data are presented as mean ± SD. NS > 0.05, *p < 0.05, **p < 0.01



Page 8 of 16Zhang et al. Journal of Neuroinflammation           (2023) 20:24 

β‑Catenin deletion in DCs enhances the severity of EAU
As described above, PTX treatment may mediate the 
initiation of autoimmune inflammation by inhibiting 
Wnt/β-catenin signaling in DCs. We next explored the 
effect of deleting β-catenin in DCs on EAU pathogen-
esis. We generated a DC-specific deletion of β-catenin 
(β-catDC−/−) by crossing β-catenin floxed mice (β-catfl/

fl) with CD11c-cre mice. β-catfl/fl and β-catDC−/− mice 
were immunized with IRBP-CFA and injected with PTX 
or PBS on day 0 and day 2. The fundus digital image 
and clinical score results revealed that IRBP-CFA-PTX-
injected β-catDC−/− mice developed more severe uveitis 

than IRBP-CFA-PTX-injected β-catfl/fl mice (Fig.  5a, b). 
Histological staining results showed that IRBP-CFA-
PTX-injected β-catDC−/− mice developed more severe 
uveitis than IRBP-CFA-PTX-injected β-catfl/fl mice 
(Fig.  5c, d). Flow cytometry analysis revealed a greater 
accumulation of infiltrating  CD4+ T cells in the eyes of 
IRBP-CFA-PTX-injected β-catDC−/− mice than in IRBP-
CFA-PTX-injected β-catfl/f mice (Fig.  5e). The propor-
tions of Th17, Th1, and Th1/Th17 (IFN-γ and IL-17A 
double-positive) cells were also significantly higher in 
the eyes of IRBP-CFA-PTX-injected β-catDC−/− mice 
than in the eyes of IRBP-CFA-PTX-injected β-catfl/fl mice 

Fig. 3 Effects of PTX treatment on DCs and T cells in vivo. a β-Galactosidase expression on D3 post-immunization in  CD11c+DCs from the spleens 
of Axin2-reporter mice immunized with IRBP-CFA and injected intraperitoneally with PTX or PBS at day 0 and day 2 detected using FACS (n = 3). b–d 
WT mice were immunized with IRBP-CFA and injected intraperitoneally with PTX or PBS at day 0 and day 2. b Expression of MHC Class II, CD80, and 
CD86 in  CD11c+ DCs sorted from the spleen on D3 post-immunization measured using FACS (n = 3). c, d Expression levels of inflammatory factors 
expressed in or secreted by  CD11c+ DCs from the spleen at D3 post-immunization after 24 h of culture and 60 min of ATP stimulation detected 
using qPCR or ELISA (n = 5). e–h WT mice were immunized with IRBP-CFA and injected with PTX or PBS at day 0 and day 2. e Representative FACS 
plot showing the expression of IFN-γ and IL-17A in draining lymph node (DLN)-derived  CD4+ T cells on D5 post-immunization (n = 5). f Percentages 
of the Th1 and Th17 cell subpopulations in DLN-CD4+ T cells (n = 5). g Representative FACS plot showing the expression of Foxp3 in DLN-derived 
 CD4+ T cells on D5 post-immunization (n = 5). h Percentages of Treg cell subpopulations among DLN-CD4+ T cells (n = 5). The data shown are 
representative of three independent experiments. Data are presented as the mean ± SD. NS, p > 0.05, *p < 0.05, **p < 0.01
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Fig. 4 Effects of PTX treatment on DCs and T cells in vitro. a–c  CD11c+ DCs were isolated from WT mice and stimulated with IRBP (20 µg/ml), 
CFA (25 µg/ml), and PTX (5 ng/ml) for 24 h in culture medium. a Expression levels of active β-catenin detected using FACS (n = 3). b, c Expression 
levels of inflammatory factors expressed in or secreted by  CD11c+ DCs detected using qPCR or ELISA (n = 5). d, e  CD11c+ DCs from the spleens 
of WT mice were stimulated with PBS or PTX for 8 h and then co-cultured with CFSE-labeled naïve OT-II T cells at 1:2 or 1:5 ratios for 4 days in the 
presence of OVA peptide. d Representative FACS plot showing CFSE-labeled naïve OT-II T cell proliferation stimulated by PBS- or PTX-treated DCs. 
e The percentages of CFSE-labeled proliferating T cells (n = 3). f, g  CD11c+ DCs from the spleens of WT mice were stimulated with PBS or PTX for 
24 h and then co-cultured with naïve OT-II T cells in a 1:2 ratio in the presence of OVA peptide for 5 days. f Representative FACS plot showing IFN-γ+ 
and IL-17A+  CD4+ T cell differentiation stimulated by PBS- or PTX-treated DCs. g The percentages of Th17 and Th1 differentiated cells (n = 3). h, i 
CFSE-labeled T cells were stimulated with CD3/28 and treated with PBS or PTX for 96 h. h Representative FACS plot showing CFSE-labeled naïve 
OT-II T cell proliferation following treatmeant with PBS or PTX. i The percentages of CFSE-labeled proliferating T cells (n = 3). j, k CFSE-labeled T cells 
were cultured under Th1 or Th17 differentiation conditions and treated with PBS or PTX for 96 h. j Representative FACS plot showing naïve OT-II T 
cell differentiation following treatment with PBS or PTX. k The percentages of differentiated T cells (n = 3). Data shown are representative of thre 
independent experiments. Data are mean ± SD. NS, p > 0.05, *p < 0.05, **p < 0.01
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(Fig. 5f, g). However, the injection of IRBP-CFA-PBS into 
β-catDC−/− or β-catfl/fl mice did not induce any clinical 
symptoms in the animals, indicating that PTX promotes 
EAU development via multiple pathways. Nonetheless, 
the data demonstrate that blocking the Wnt/β-catenin 
pathway in DCs enhances EAU pathologies.

The GSK3 inhibitor, BIO, rescues PTX‑induced Wnt/
β‑catenin inhibition
6-Bromoindirubin-3′-oxime (BIO) is a GSK3 inhibitor 
widely used to mimic the activation of the Wnt signal-
ing cascade [30]. We explored the effect of pre-admin-
istration of PTX or BIO on EAU pathology (Fig.  6a). 
Compared to the controls, mice pre-treated with PTX 

exhibited earlier disease onset, while pretreatment 
with BIO reduced inflammation severity (Fig. 6b). The 
fundus digital image and histological staining results 
showed that the fundus inflammation was milder 
in BIO-pretreated mice than in the control group 
(Fig. 6c–e). Flow cytometry analysis revealed that BIO 
pretreatment suppressed the infiltration of total  CD4+ 
T cells, including Th1, Th17, and Th1/Th17 cells, in the 
eye (Fig. 6f–h). The results indicate that inhibiting the 
Wnt/β-catenin pathway in advance via PTX primes the 
mice for an autoimmune response and advances the 
onset of the disease. Conversely, mice treatment with a 
Wnt/β-catenin pathway activator limits the inhibitory 
effect of PTX on Wnt/β-catenin signaling, and amelio-
rates inflammation severity.

Fig. 5 Effects of conditional β-catenin knockout in DCs on EAU pathogenesis. β-catfl/fl and β-catDC−/− mice were immunized with IRBP-CFA and 
intraperitoneally injected with PTX or PBS on day 0 and day 2. a–c The fundus digital image, clinical scores (n = 10), and histological staining 
(n = 5) of β-catfl/fl IRBP-CFA-PBS-treated mice, β-catDC−/− IRBP-CFA-PBS-treated mice, β-catfl/fl IRBP-CFA-PTX-treated mice, and β-catDC−/− 
IRBP-CFA-PTX-treated mice. d Histopathological scores for EAU in β-catfl/fl IRBP-CFA-PBS-treated mice, β-catDC−/− IRBP-CFA-PBS-treated mice, β-catfl/fl 
IRBP-CFA-PTX-treated mice, and β-catDC−/− IRBP-CFA-PTX-treated mice at day 21 post-immunization (n = 5). e Total number of  CD4+ T lymphocytes 
infiltrating the eye on day 21 post-immunization (n = 8). f Expression of IFN-γ and IL-17A in eye-derived  CD4+ T cells from β-catfl/fl PBS-treated 
mice, β-catDC−/− PBS-treated mice, β-catfl/fl PTX-treated mice, and β-catDC−/− PTX-treated mice detected using FACS at D21 post-immunization. 
g The percentages of  IL17+ cells and IFN-γ+ cells in eye-derived  CD4+ T cells from β-catfl/fl PBS-treated mice, β-catDC−/− PBS-treated mice, β-catfl/

fl PTX-treated mice, and β-catDC−/− PTX-treated mice (n = 3). Data are representative of three independent experiments. Data are mean ± SD. NS, 
p > 0.05, *p < 0.05, **p < 0.01
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Discussion
Wnt/β-catenin signaling plays a key role in the pathogen-
esis of autoimmune diseases by programing DCs; how-
ever, the factors regulating the Wnt/β-catenin pathway 
in DCs have remained elusive, and the role of Wnt/β-
catenin signaling in autoimmune uveitis had never been 
reported. In the present study, PTX treatment suppressed 
Wnt/β-catenin signaling in DCs during the induction 
phase of EAU. Additionally, downregulation of the Wnt/
β-catenin pathway induced the maturation of DCs and 
the secretion of inflammatory cytokines, which, in turn, 
stimulated the pathogenic Th1/Th17 cells and promoted 
an autoimmune response.

The function of DCs, proportions of T effector/T regu-
latory cells, and the expression of inflammatory factors 
are all closely associated with the occurrence of uveitis 
[31]. The EAU mouse model is an animal model com-
monly used for the investigation of autoimmune ocular 

diseases [32]. During the induction stage, the peripheral 
immune system becomes activated, DCs mature, and 
autoreactive T cells proliferate and differentiate [33]. 
During the effect phase, activated autoreactive T cells 
infiltrate the retina and interact with local parenchymal 
cells, microglia and astrocytes, which further recruit 
non-specific infiltrating cells, leading to an inflamma-
tory cascade and retinal damage through the secretion 
of inflammatory cytokines and chemokines [34–36]. 
In the present study, the Wnt/β-catenin signaling was 
inhibited as early as 3 days after immunization (i.e., at 
the beginning of the induction phase) in the spleens of 
EAU mice. The level of β-catenin in PBMCs isolated from 
patients with acute uveitis was also reduced. Decreased 
β-catenin activity has previously been reported in leu-
kocytes from lupus-prone mice and patients with sys-
temic lupus erythematosus [37]. We also observed that 
decreased β-catenin activity inhibited the expression 

Fig. 6 Effect of PTX pretreatment and BIO treatment on EAU development. a Diagram of the time of EAU induction and PTX and BIO 
administration. b EAU clinical scores of PTX-pre-treated mice, control mice, and BIO-pretreated mice recorded daily from day 6 to day 25 
post-immunization (n = 6). c Representative fundus image of PTX-pre-treated mice, control mice, and BIO-pre-treated mice on day 21 after 
immunization. d Pathological representatives of hematoxylin and eosin (H&E) staining of the eye sections from PTX-pre-treated mice, control 
mice, and BIO-pre-treated mice on day 21 after immunization. e Histopathological scores for EAU in PTX-pre-treated mice, control mice, and 
BIO-pre-treated mice on day 21 post-immunization (n = 5). f Total number of  CD4+ T lymphocytes infiltrating the eye on day 21 post-immunization 
(n = 6). g Expression of IFN-γ and IL-17A in eye-derived  CD4+ T cells from PTX-pre-treated mice, control mice, and BIO-pre-treated mice detected 
using FACS on D21 post-immunization (n = 3). h The percentages of IL-17+ cells and IFN-γ+ cells in eye-derived  CD4+T cells from PTX-pre-treated 
mice, control mice, and BIO-pre-treated mice (n = 3). Data are representative of three independent experiments. Data mean ± SD. NS > 0.05, 
*p < 0.05, **p < 0.01
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of Wnt-associated genes, such as Sox9, Axin2, Tcf1, and 
Lef1. Transcription factors TCF1 and LEF1 could regu-
late the proliferation, apoptosis, and function of DCs, 
Treg cells, and  CD8+ T cells [38–40]. Sox9 regulated 
by Wnt/β-catenin plays a key role in the polarization of 
macrophages [41]. The results indicate that the downreg-
ulation of Wnt/β-catenin signaling before disease onset 
may be an event triggering autoimmune responses.

The effect of Wnt/β-catenin signaling on the immune 
system, including DCs, has been studied extensively. 
Recent studies have highlighted that Wnt/β-catenin sign-
aling regulates the delicate immune balance by repro-
gramming DCs to a regulatory state [9]. Activation of 
Wnt/β-catenin signaling can condition DCs to produce 
high levels of regulatory factors, such as IL-10 and TGF-
β, and low levels of inflammatory cytokines, including 
IL-6, IL-12, and TNF-α [42]. Such regulatory DCs can 
induce regulatory T cells and suppress the Th1/Th17 cell 
response, thereby protecting mice against autoimmune 
responses [10, 11, 43]. Conversely, mice that specifically 
lack Wnt/β-catenin signaling in DCs are more susceptible 
to antigen-induced autoimmune diseases. In both mouse 
models and patients with autoimmune hepatitis, Wnt/β-
catenin signaling was deficient in hepatic DCs. Wnt 
ligand engagement restored the immunoregulatory phe-
notype of hepatic DCs by reactivating the Wnt/β-catenin 
pathway, thus alleviating the severity of autoimmune 
hepatitis [13]. Our results further support that down-
regulation of Wnt/β-catenin signaling in DCs plays a key 
role in inducing autoimmune responses. Although Wnt/
β-catenin signaling was inhibited in the DCs, B cells, and 
T cells of mouse spleens in the present study, the down-
regulation of Wnt/β-catenin signaling did not directly 
affect the response of T cells in  vitro, but promoted T 
cell proliferation and differentiation by inducing the 
maturation of DCs. Using DC-specific deletion β-catenin 
(β-catDC−/−) mice, our in  vivo experiments confirmed 
that β-catenin deletion in DCs enhanced EAU severity. 
One possible limitation of this study is that we only used 
CD11c as marker for DCs. Although CD11c is commonly 
used as a DC marker [44, 45], it is also expressed by other 
immune cells such as macrophage, B and T cells, and it 
is better to combine CD11c with other markers such as 
MHCII, CD11b, or CD103 to identify different subsets of 
DCs specifically [46, 47].

Previous work has demonstrated that PTX treatment 
can promote the maturation of DCs in vitro and upregu-
late their production of co-stimulatory molecules [48]; 
that way, PTX mediates the production of pro-inflam-
matory cytokines, such as IL-6, IL-12, and IL-1β, in DCs, 
and increases T cell responses, which may lead to auto-
immune diseases, in  vivo [49–52]. Alternatively, PTX 
could be selectively toxic to the endogenous tolerogenic 

cDC1 population, thereby removing the restraining effect 
of the DC subpopulation on immunogenicity [53]. Gαi/o 
proteins link to Frizzled-1, and the inhibition of Gαi/o 
proteins by PTX blocks Wnt-3A-induced Wnt/β-catenin 
signal activation [54, 55]. Therefore, the mechanism of 
β-catenin downregulation induced by PTX treatment 
may be attributed to the ADP-ribosyltransferase activity 
of PTX, which leads to the uncoupling of Frizzled-1 from 
the Gαi/o proteins and the subsequent inhibition of Wnt 
signaling.

Infections and human autoimmune diseases have mul-
tifaceted and multidirectional relationships [56]. Indeed, 
infection is believed to trigger autoimmune responses; 
for instance, cytomegalovirus (CMV) infection may pro-
mote the development of systemic lupus erythematosus 
(SLE) [57, 58]; CMV infection may stimulate the genera-
tion of T cells that cross-react with tyrosinase through a 
molecular mimicry mechanism, thereby inducing VKH 
pathogenesis [59]; activation of B cells by Epstein–Barr 
virus infection may be an early step in SLE pathogenesis 
[60–62]; Epstein–Barr viral infection may be involved 
in the pathogenesis of uveitis [63]; influenza viral infec-
tion is highly correlated with the occurrence of Guil-
lain–Barré syndrome [64, 65] and bacterial infections, 
including Campylobacter, Streptococcus pyogenes, and 
Staphylococcus aureus, have been shown to be associated 
with the occurrence of multiple sclerosis, chronic rheu-
matic heart disease, Sjogren syndrome, VKH, and other 
autoimmune diseases [66–70]. The Wnt/β-catenin path-
way is believed to be an important target of virulence fac-
tors produced by viruses, bacteria, and parasites [71]. The 
mechanisms by which such virulence factors interfere 
with Wnt/β-catenin activity are diverse and include the 
repression of Wnt inhibitors via epigenetic modification 
of histones [72], blocking of Wnt–Frizzled ligand binding 
[73], activation or inhibition of β-catenin nuclear translo-
cation, and inhibition of Axin-1 expression (which pro-
motes β-catenin activity) [74]. Notably, we observed that 
Wnt/β-catenin signaling was also inhibited in PBMCs 
isolated from patients with acute VKH. Collectively, 
although substantial evidence is insufficient, these data 
highlight a potential route via which infection can trig-
ger apparent autoimmunity, and the results suggest that 
PTX may mimic the roles of virulence factors in humans 
to induce an autoimmune response, at least in part, by 
inhibiting Wnt/β-catenin signaling in DCs.

Su et  al. reported that pretreatment of animals with 
PTX before adoptive transfer could protect from T 
cells from transferred EAU (tEAU), which is differ-
ent from antigen-induced EAU (aEAU) [25]. They also 
reported that injection of PTX during the migration 
of effector T cells could block the induction of aEAU 
[25, 75]. The protective effect of PTX shown in tEAU 
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and aEAU is associated with inhibition of lymphocyte 
migration. The data suggest that PTX may exert inhibi-
tory or enhancing effects on autoimmune response 
PTX, with one or the other predominating at different 
stages. In the present study, PTX was injected before or 
at the same time as immunization. We believe that at 
this time PTX may mainly promote immune response 
by inhibiting the Wnt pathway. In an adoptive trans-
fer EAU model, although no adjuvants are used for the 
induction of uveitis, the antigen specific T cells or DCs 
used for adoptive transfer EAU model are isolated from 
aEAU [76], in which the DCs have been pretreated by 
PTX, and T cells have been primed by PTX-treated 
DCs. Therefore, without adjuvants, such transferred 
antigen specific T cells or DCs already possess function 
similar to those of cells in aEAU in inducing uveitis.

After stimulation, DCs express co-stimulation mol-
ecules, such as CD80 and CD86 [77]. Both CD80 and 
CD86 facilitate the proliferation of T cells, and CD86 
is associated with the Th17 response [78]. Dysregula-
tion of CD80 and/or CD86 occurs in diverse autoim-
mune diseases, including EAE, RA, and EAU [79, 80]. 
Cytokines secreted by DCs, such as IL-12, IL-6, TGF-
β, IL-10, IL-23, and IL-1β, may determine the fate of T 
cells [81]. IL-6 and TGF-β promote the polarization of 
Th17 cells [82], and IL-12 is a the key molecule for the 
formation of Th1 cells [83]. Conversely, IL-1β, TGF-β, 
and IL-23 play crucial roles in the development of path-
ogenic T cells [84–86]. There is also evidence that PTX 
may stimulate DCs to secrete IL-1β and regulate the 
formation of IL-17 and IFN-γ double-positive T cells 
[50]. In the present study, PTX induced DCs to express 
CD86, IL-6, IL-12, and IL-1β in vivo and in vitro. Simul-
taneously, PTX strongly induced the formation of IL-17 
and IFN-γ double-positive T cells, which may be the 
result of increased IL-1β secretion by PTX stimulation.

Conclusion
Overall, according to the results of the present study, 
during the induction phase of EAU, PTX inhibited 
Wnt/β-catenin signaling in DCs. The inhibition of the 
Wnt pathway promoted EAU pathogenesis by inducing 
the maturation of DCs and their secretion of inflam-
matory factors that promote uveitogenic T cells. Con-
sequently, PTX-induced inhibition of Wnt/β-catenin 
signaling plays a key role in inducing autoimmune 
responses in EAU, providing new insights into the 
pathogenesis of autoimmune responses, as well as a 
novel immunotherapy target for autoimmune diseases.
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