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OX40 ligand promotes follicular helper T cell differentiation and 
development in mice with immune thrombocytopenia
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Abstract: Immune thrombocytopenia (ITP) is a hemorrhagic autoimmune disease characterized by antibody-mediated platelet 
injury. ITP has complicated immunopathological mechanisms that need further elucidation. It is well known that the costimulatory 
molecules OX40 ligand (OX40L) and OX40 play essential roles in the immunological mechanisms of autoimmune diseases. 
Previously, we discovered that the expression of OX40L and OX40 is significantly increased in the peripheral blood mononuclear 
cells (PBMCs) of ITP patients. In our present study, OX40L-induced follicular helper T (Tfh) cells exhibited an activated phenotype 
with elevated expression of inducible T-cell costimulator (ICOS), programmed cell death protein-1 (PD-1), and cluster of 
differentiation 40 ligand (CD40L) in vitro. Moreover, aberrant OX40L‒OX40 expression might promote the Tfh1-to-Tfh2 shift 
in vivo, inducing the generation of autoantibodies by enhancing the helper function of Tfh cells for B lymphocytes in a mouse 
model, which might accelerate the progression of ITP. Additionally, signal transduction through the OX40L‒OX40 axis might 
be related to the activation of tumor necrosis factor receptor-associated factor (TRAF)‒nuclear factor-κB (NF-κB) and Janus ki‐
nase (JAK)‒signal transducer and activator of transcription (STAT) signaling pathways. Overall, OX40L‒OX40 signaling is pro‐
posed as a potential novel therapeutic target for ITP.
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1 Introduction 

Immune thrombocytopenia (ITP) is a heterogeneous 
acquired disease characterized by antibody-mediated 
platelet injury and low baseline platelet counts (Mingot-
Castellano et al., 2022). Epidemiological data showed 
that ITP affects 2 to 4 per 100 000 persons annually, 
with a total incidence rate of 10 in 100 000 individuals 
(Ghanima et al., 2021). Patients show an increased 
risk of skin bruising and bleeding. Besides, low platelet 
counts may result in internal bleeding, particularly 
intracranial bleeding, which can be severe and even 
life-threatening to ITP patients (Ghanima et al., 2021). 

Currently, multiple therapeutic approaches are uti‐
lized for the clinical treatment of ITP, including 
thrombopoietin receptor agonists, rituximab, and sple‐
nectomy (Liu et al., 2023). However, some patients are 
unresponsive to multiple treatment regimens and ul‐
timately develop refractory ITP with prolonged and 
severe thrombocytopenia (Liu et al., 2023). There‐
fore, it is important to further elucidate the pathogene‐
sis of ITP and identify new targeted therapies for this 
disease.

Platelet destruction and the suppression of platelet 
production are aggravated by multiple humoral immune 
responses and immune cell abnormalities in ITP patients. 
It has been well recognized that the pathogenesis of ITP 
is associated with the production of antiplatelet auto‐
antibodies (Chen et al., 2022). However, the exact 
underlying mechanisms of ITP remain unclear. Follicu‐
lar helper T (Tfh) cells are a particular subset of cluster 
of differentiation 4-positive (CD4+) T cells, which can 
migrate to target points and produce multiple cytokines 
that promote the occurrence and development of auto‐
immune disorders (Chen et al., 2022). The percentage 
of Tfh cells is increased in B cell-related autoimmune 
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disorder patients, such as those with systemic lupus 
erythematosus (SLE), primary Sjögren’s syndrome, and 
rheumatoid arthritis (RA), which exhibits features of a 
highly activated state (Pontarini et al., 2020; Caza et al., 
2022; Sasaki et al., 2022; Wei and Niu, 2023). Another 
critical role of Tfh cells in autoimmune diseases is to 
support B lymphocyte differentiation and facilitate the 
production of high-affinity autoantibodies (Audia et al., 
2014; Hernandez-Molina et al., 2021). Tfh cells highly 
express CXC chemokine receptor type 5 (CXCR5) and 
the classical Tfh-associated transcription factor B-cell 
lymphoma 6 (Bcl6), and typically secrete interleukin-21 
(IL-21) and several important surface markers, includ‐
ing inducible T-cell costimulator (ICOS), programmed 
cell death protein-1 (PD-1), and the costimulatory mol‐
ecule OX40 (Jensen et al., 2022).

OX40 is a promising therapeutic target for diverse 
T cell-mediated disorders (Iriki et al., 2023). In several 
animal models of autoimmune disease and infectious 
disease, an OX40 agonist was shown to ligate OX40 
and convey signals to activate T cells, thereby facilitating 
T-cell activation and proliferation (Fu et al., 2020). 
Researchers revealed that treating lupus patients with 
soluble OX40 ligand (OX40L) enhanced the expression 
levels of multiple characteristic markers associated with 
Tfh cells in vitro. Moreover, in murine models, OX40L‒
OX40 interactions encourage CD4+ T cells to accumu‐
late in B-cell follicles and at the T‒B boundary (Fu 
et al., 2020). The mechanism through which the OX40L‒
OX40 axis influences T-cell function is complex. OX40L‒
OX40 signals, via the tumour necrosis factor (TNF) 
receptor-associated factor (TRAF) family, nuclear 
factor-κB (NF-κB) pathway, and Janus kinase–signal 
transducer and activator of transcription (JAK–STAT) 
pathway, can expand the immune response in T-cell 
subsets (Fu et al., 2020; Zhao et al., 2022). We previ‐
ously reported that the peripheral blood mononuclear 
cells (PBMCs) of ITP patients exhibited considerably 
higher messenger RNA (mRNA) levels of OX40L and 
OX40 (Cui et al., 2019). However, the specific mecha‐
nism of OX40L‒OX40 costimulation signals pro‐
moting the development of ITP is unclear.

In this study, we sought to determine the expan‐
sion and activation patterns of Tfh cells and their sub‐
set induced by the abnormal signal of the OX40L‒
OX40 axis in ITP, which will offer new insights into 
exploration the pathogenesis of ITP, providing a novel 
targeted therapy for this disease.

2 Methods 

2.1 Animals

We obtained 8-week-old C57BL/6J wild-type (WT) 
female mice from Ziyuan Experimental Animal Technol‑
ogy Co., Ltd., Hangzhou, China. The animals were main‐
tained under a 12-h light/dark cycle with a controlled 
temperature and were allowed to acclimate for one week 
before experimentation. All animal experiments were 
carried out based on the Guide for the Use and Care of 
Laboratory Animals, 8th Edition (National Research 
Council (US) Committee for the Update of the Guide 
for the Care and Use of Laboratory Animals, 2011).

2.2 Passive ITP model

Twenty female mice were equally divided into two 
groups: control group (n=10) and ITP group (n=10). 
Murine thrombocytopenia was induced and maintained 
as previously described (Sun et al., 2018): each mouse 
was intraperitoneally injected with 4 µg/d agents (mono‐
clonal platelet antibody (MWReg30) in 200 µL of 
phosphate-buffered saline (PBS) at pH 7.2) for 7 d. 
Meanwhile, the control mice were treated with the same 
amount of PBS. Whole blood samples (5 μL) were col‐
lected through the tail vein, mixed with diluents (V-3D, 
Mindray, Shenzhen, China), and collected in ethylene di‐
amine tetraacetic acid (EDTA)-K2 tubes. The baseline 
platelet counts of the mice were determined before in‐
jection, and the platelet numbers were counted daily for 
7 d after injection. Platelet counts were performed by an 
automatic hematology analyzer (BV-30Vet, Mindray).

2.3 Histopathological study and immunofluorescence 
assay

The mice were sacrificed after 7 d of injection and 
spleen tissues were harvested for histopathological analy‐
ses. Hematoxylin and eosin (H&E) staining, immunohis‐
tochemical (IHC) staining, and immunofluorescence 
staining, as well as imaging, were performed by Wuhan 
Pinuofei Biological Technology Company (China). 
The numbers of megakaryocytes and positively im‐
munostained cells were determined using ImageJ 
software.

2.4 Cell purification and cultivation

We purified splenic naive CD4+ T cells from 
8-week-old female C57BL/6 WT mice using the 
MojoSortTM CD4+ Naive T Cell Isolation Kit (480041, 
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BioLegend, San Diego, CA, USA). In the expansion 
and activation assays, 1×105 cells were placed in 96-well 
plates with 200 μL of medium per well and stimulated 
with the T Cell Activation and Expansion Kit (130-093-
627, Miltenyi Biotec, Bergisch Gladbach, Germany). 
Dry powders of the OX40L recombinant protein (CM74, 
novoprotein, Beijing, China) were dissolved in steril‐
ized deionized water. The cell samples were harvested 
and stimulated with or without 4 mg/mL OX40L recom‐
binant protein (CM74, novoprotein). After culture for 
6 d, the culture supernatants and cell samples were sub‐
jected to enzyme-linked immunosorbent assay (ELISA) 
and flow cytometry (FCM) analysis, respectively.

2.5 ELISA

The levels of IL-4, IL-6, IL-10, IL-17A, IL-21, 
and transforming growth factor-β (TGF-β) in the serum 
or culture supernatants were measured via ELISA kits 
(Proteintech, China). The experiments were performed 
in accordance with the manufacturer’s protocols. The 
absorbance of samples was measured with a Synergy 
Neo2 multimode reader (BioTek, Vermont, USA) at 
450 nm, and the serum concentrations of cytokines were 
calculated using standard curves.

2.6 Western blotting

Total proteins were extracted from the control and 
ITP model mice with a total protein extraction kit 
(BestBio, Shanghai, China). The albumin concentration 
of spleen samples was quantified by a bicinchoninic 
acid (BCA) assay kit (BestBio). The proteins were 
separated via 10% (0.1 g/mL) sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) at 
80 V. Subsequently, the proteins were transferred to poly‐
vinylidene fluoride membranes (Millipore, Billerica, 
MA, USA) at 330 mA for 60 min and blocked with 
0.05 g/mL skimmed milk (Solarbio, Beijing, China). 
The protein membranes were incubated with primary 
antibodies (Abs) overnight at 4 ℃ and then with the 
appropriate secondary horseradish peroxidase (HRP)-
conjugated Abs for 1 h. Images of the protein bands 
were ultimately taken with the ChemiDoc MP imag‐
ing system (Bio-Rad, Hercules, CA, USA). Protein gray‐
scale analysis was conducted with ImageJ software.

2.7 FCM analysis

Before staining, the cells were incubated with Fc-
blocking antibody for 15 min, subsequently washed 

with stain buffer (fetal bovine serum (FBS), BD Bio‐
sciences, San Jose, CA, USA) and centrifuged at 300g 
for 5 min. The fixable viability stain 440UV (BD Bio‐
sciences) was then used to stain dead cells for 15 min. 
The samples were washed with stain buffer and centri‐
fuged at 300g for 5 min. Subsequently, the cells were 
preincubated with brilliant stain buffer (BD Biosci‐
ences) for 15 min. The cell samples were then stained 
with APC-Cy7-conjugated anti-mouse CD3, BUV496-
conjugated anti-mouse CD4, fluorescein isothiocyanate 
(FITC)-conjugated anti-mouse CD8, BB700-conjugated 
anti-mouse CD45RA, BV421-conjugated anti-mouse 
CXCR5, BV605-conjugated anti-mouse OX40, BV480-
conjugated anti-mouse PD-1, and BV750-conjugated 
anti-mouse CD40 ligand (CD40L) (BD Biosciences), 
and with BV711-conjugated anti-mouse CD62L, BV785-
conjugated anti-mouse C-C chemokine receptor type 6 
(CCR6), and PE/Fire 810-conjugated anti-mouse 
CXCR3 (BioLegend) for 45 min. After surface staining, 
the samples were washed with stain buffer, centrifuged 
at 300g for 5 min, and resuspended in 200 μL stain buf‐
fer. The data were obtained using the Sony ID7000 
Spectral Cell Analyzer (Sony Biotechnology, Tokyo, 
Japan) and analyzed with FlowJo v10.8.1 software.

2.8 Statistical analysis

All data in our study were presented as mean±
standard deviation (SD). The significance of differences 
between the control and ITP groups was determined 
using a t-test or Mann-Whitney U-test depending on the 
normality of the data. All statistical calculations were im‐
plemented using GraphPad Prism version 8.0 software, 
with a P value of <0.05 indicating statistical significance.

3 Results 

3.1 Establishment of passive murine models of ITP 
(antibody injection)

In order to examine the vital role of OX40 in the 
immunopathological mechanisms of ITP, we established 
a passive ITP mouse model (Fig. 1a). First, an anti-
mouse CD41 antibody was injected into the peritoneal 
cavity of C57BL/6 WT mice, and control mice were 
injected with the same volume of PBS. The mice treated 
with the monoclonal platelet antibody became thrombo‐
cytopenic; the platelet counts were significantly reduced 
within 24 h after injection and gradually decreased 
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from Day 2 to Day 7 (Fig. 1b). Meanwhile, platelet 
counts in the control mice remained stable throughout 
the study (Fig. 1b). Compared to those of the controls, 
the spleens of the ITP model mice exhibited abnormal 
appearance, with significantly greater enlargement and 
weight increase (Fig. 1c). In addition, histopathological 
examinations were performed on the spleens of the 
mice in the control and ITP groups. By H&E section 
observation, thrombocytopenic mice exhibited signifi‐
cant histopathological changes compared to control 
mice. In the spleens of mice with ITP, the lympho‐
cytes were dense and the red blood sinuses were ex‐
panded (Fig. 1d). Compared to those in the controls, a 
greater percentage of infiltrating megakaryocytes in 
the spleen was observed in the model group (Fig. 1d). 
In addition, the antiplatelet agent MWReg30 induced 
morphological aberrations of megakaryocytes, which 
consisted of pyknotic nuclei and cytoplasmic bleb‐
bing (Fig. 1d).

3.2 Abnormal expression levels of OX40L‒OX40 
in ITP model mice

The costimulatory signals of OX40L‒OX40 play 
a major role in the pathophysiology of autoimmune 
diseases (Edner et al., 2020). To explore the potential 

roles of OX40L and OX40 in aggravating the patho‐
genesis of ITP, the protein levels of OX40L and OX40 
in the spleens of control and ITP model mice were 
determined via western blotting and IHC assays. For 
both datasets, the results showed that the expression 
levels and positive immunostaining of splenic OX40L 
and OX40 in ITP model mice were markedly higher 
than those in normal controls (Figs. 2a and 2b). Inter‐
estingly, OX40-positivity was detected in the germi‐
nal center (GC) of the white pulp in the splenic lym‐
phoid nodule of ITP model mice (Fig. 2b).

3.3 Effect of OX40L‒OX40 immunoregulatory axis 
on Tfh differentiation in vitro

Antiplatelet antibody-producing B lymphocytes 
play a critical role in the pathogenesis of ITP (Audia 
et al., 2021). In the GC, the maturation of high-affinity 
B-cell clones depends on support from Tfh cells (Liu 
et al., 2021). The costimulating signal of the OX40L‒
OX40 axis is important for T-cell activation and func‐
tion. To evaluate the potential effects of OX40L and 
OX40 on Tfh cells, we purified splenic CD4+ naive T 
cells from C57BL/6 WT mice via activation with anti-
CD3e/CD28 beads with or without incubation with the 
recombinant protein OX40L for 6 d. The phenotype 

Fig. 1  Assessment of platelet count, splenomegaly, and megakaryocytes in the spleen. (a) Flowchart of the passive immune 
thrombocytopenia (ITP) murine model. (b) Peripheral blood was extracted at different time points for measuring platelet 
count (n=10). (c) Wet weights of spleens and gross appearance of representative spleen tissues in control and ITP mice 
(n=10). (d) Photomicrograph of hematoxylin and eosin (H&E) staining of pathological changes of the spleens in ITP mice 
(n=3). HPF: high-power field. Data are expressed as mean±standard deviation (SD). Significant differences are indicated 
by **P<0.01 and ***P<0.001.
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and expression of specific markers OX40, ICOS, PD-1, 
and CD40L in Tfh cells were examined by FCM.

Compared to those in the controls, the frequencies 
of CD4+CD45RA−CXCR5+ Tfh cells in the group treated 
with OX40L were significantly greater after 6 d of 
differentiation and the expression of ICOS, PD-1, and 
CD40L was upregulated (Figs. 3a and 3c‒3e). Mean‐
while, the expression of OX40 in Tfh cells were signifi‐
cantly downregulated in the OX40L-stimulated group, 
indicating that OX40L increased binding to OX40 
(Fig. 3b). Next, we examined the levels of several Tfh-
related cytokines in the cell supernatant. In the OX40L-
treated group, the concentrations of IL-4, IL-17A, and 
IL-21 were significantly increased (Fig. 3f). These data 
indicated that the surface-bound molecule OX40L com‐
bined with OX40 promotes Tfh cell differentiation and 
function in vitro (Fig. 3a).

3.4 Function of OX40L‒OX40-mediated Tfh dif‐
ferentiation in ITP model mice

In order to further study the differentiation and 
function of Tfh cells in the ITP model mice, we meas‑
ured the phenotype of splenic T cells and the expres‐
sion levels of characteristic markers in Tfh cells in the 
control and ITP model mice. In the ITP group, the Tfh 
molecules CXCR5, Bcl6, ICOS, PD-1, and CD40L were 
upregulated (Fig. 4a). Splenic Tfh cells were also ana‐
lyzed by FCM in the present study, and we observed 
a 1.3-fold increase in the percentage of CD4+CD45
RA−CXCR5+ Tfh cells in ITP model mice compared 
to that in controls (Fig. 4b). According to the documented 
gating strategy, we further investigated three Tfh cell 
subtypes, Tfh1 (CXCR3+CCR6−), Tfh2 (CXCR3−CCR6−), 
and Tfh17 (CXCR3−CCR6+) cells in the spleens of 

Fig. 2  Upregulated expression of OX40 ligand (OX40L) and OX40 in the spleens of immune thrombocytopenia (ITP) 
mice. (a) The protein levels of OX40L and OX40 in the spleens of ITP mice (n=6). (b) Immunohistochemical (IHC) 
staining for OX40L and OX40 performed on splenic tissues (n=3). IOD: integrated optical density. Data are expressed as 
mean±standard deviation (SD). Significant differences are indicated by *P<0.05, **P<0.01, and ***P<0.001.
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control and ITP model mice (Bonami et al., 2020). Com‐
pared to the controls, the percentage of Tfh2 cells was 
greater, but the percentage of Tfh1 cells was lower in 
the ITP model mice (Fig. 4b). The percentage of Tfh17 
cells was extremely low, with no significant difference 
between the two groups (Fig. 4b). The Tfh1/Tfh2 cell 
ratio in ITP model mice was lower than that in normal 
mice (Fig. 4b). These findings imply that the cell popu‐
lations exhibited a Tfh1-to-Tfh2 shift in mice with ITP. 
Furthermore, the expression of the key Tfh activation 
markers OX40, ICOS, and PD-1 on Tfh2 cells was sig‐
nificantly increased in ITP model mice, while that of 
CD40L slightly increased, with no statistical signifi‐
cance (Fig. 4c). We further assessed the plasma levels of 
pro- and anti-inflammatory cytokines that are related 
to Tfh differentiation and ITP pathogenesis. As shown 
in Fig. 4d, in the serum of ITP model mice, the secretion 
of the proinflammatory cytokines IL-4, IL-6, IL-17A, 
and IL-21 was increased, whereas the secretion of the 

anti-inflammatory cytokines IL-10 and TGF-β was de‐
creased. These data imply that OX40L‒OX40 coupling 
might stimulate the proliferation, expansion, and func‐
tion of Tfh cells and shift Tfh populations to Tfh2 cells 
in ITP.

3.5 Colocalization of OX40 with Tfh and B cells 
during the migration of B cells to germinal centers 
in ITP model mice

In order to determine the localization of OX40, 
we stained spleen tissues from control and ITP model 
mice with anti-CD4, anti-CXCR5, anti-CD19, and anti-
OX40 antibodies. In the spleens of ITP model mice, 
OX40 was highly expressed in the GCs of the white 
pulp and colocalized with CD4 and CXCR5 (Figs. 5a 
and 5b). These results suggest that OX40L‒OX40 coup‑
ling might contribute to aberrant Tfh cell activation in 
ITP. Splenic CD4+CD19+ B cells from normal mice were 
found mainly in the marginal zone, whereas CD4+CD19+ 

Fig. 3  Effects of OX40 ligand (OX40L)‒OX40 axis on follicular helper T (Tfh) differentiation and development in vitro. 
Purified splenic cluster of differentiation 4-positive (CD4+ ) naive T cells were activated by anti-CD3e/CD28 beads and 
cultured in the presence or absence of recombinant protein OX40L for 6 d. (a) Frequency of Tfh cells among the total CD4+ 
T cells from normal and ITP mice. CXCR5: CXC chemokine receptor type 5; SSC-A: side scatter-area. (b) Percentage of 
OX40 expression on Tfh cells. (c) Percentage of inducible T-cell costimulator (ICOS) expression on Tfh cells. (d) Percentage 
of programmed cell death protein-1 (PD-1) expression on Tfh cells. (e) Percentage of CD40 ligand (CD40L) expression on 
Tfh cells. (f) Levels of interleukin (IL)-4, IL-17A, and IL-21 in the culture supernatants. Data are expressed as mean±
standard deviation (SD), n=3. Significant differences are indicated by *P<0.05, **P<0.01, and ***P<0.001.
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B cells from the spleens of ITP model mice were abun‐
dantly distributed in the GCs of white pulp and colo‐
calized with CD4, CXCR5, and OX40 (Fig. 5b). Taken 
the above findings together, we speculated that the ab‐
errant expression of OX40L and OX40 increases Tfh 
cell differentiation and helper function. Subsequently, 
Tfh cells may interact with B lymphocytes, which pro‐
motes their migration to GCs and their maturation into 
antibody-produced plasma cells. The OX40L‒OX40 axis 
plays a pivotal role in ITP pathogenesis; however, the 
specific regulatory mechanism of Tfh cells’ helper func‐
tion on B lymphocytes in ITP, regulated by this axis, 
needs to be further explored.

3.6 Signaling pathways associated with Tfh dif‑
ferentiation in ITP model mice

We confirmed that the OX40L‒OX40 axis plays an 
essential role in Tfh cell differentiation and development 

in ITP, but the downstream signaling pathways of 
OX40L‒OX40 in Tfh-mediated ITP remained to be dis‐
covered. Previously, the signaling mechanism of OX40 
was considered to be associated with the activation of 
the TRAF‒NF-κB pathway (Pedros et al., 2018). To as‐
sess the possible regulatory mechanisms of the OX40L‒
OX40 axis in ITP, we extended our study by investi‐
gating the expression of TRAF proteins and the acti‐
vation of NF-κB pathway in an ITP mouse model. 
Among the six members of the TRAF protein family 
(TRAF1‒6), TRAF2, TRAF3, TRAF4, and TRAF5 were 
significantly upregulated in the ITP mouse model 
(Fig. 6a). The protein level of TRAF1 or TRAF6 was 
not significantly different between the control and ITP 
groups (Fig. 6a). Moreover, the NF-κB pathway was 
activated in ITP model mice, as evidenced by a signifi‐
cantly increased ratio of phospho-p65 (p-p65)/p65 
(Fig. 6a). Crosstalk between the JAK‒STAT pathway 

Fig. 4  Differentiation and function of follicular helper T (Tfh) subtypes in immune thrombocytopenia (ITP) mice. 
(a) Expression of key molecules (CXC chemokine receptor type 5 (CXCR5), B-cell lymphoma 6 (Bcl6), inducible T-cell 
costimulator (ICOS), programmed cell death protein-1 (PD-1), and cluster of differentiation 40 ligand (CD40L)) of Tfh 
cells in the spleens of normal and ITP mice (n=6). (b) Frequencies of splenic CXCR5+CD45RA− Tfh cells and Tfh subtypes 
in normal and ITP mice (n=7); CXCR3+CCR6− represents Tfh1, CXCR3−CCR6− represents Tfh2, and CXCR3−CCR6+ 
represents Tfh17. (c) Expression of OX40, ICOS, PD-1, and CD40L on Tfh2 cells (n=7). (d) Levels of proinflammatory 
cytokines (interleukin (IL)-4, IL-6, IL-17A, and IL-21) and anti-inflammatory cytokines (IL-10 and transforming growth 
factor-β (TGF-β)) in the serum of normal and ITP mice (n=10). SSC-A: side scatter-area. Data are expressed as mean±
standard deviation (SD). Significant differences are indicated by *P<0.05, **P<0.01, and ***P<0.001.
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and TRAF-mediated pathway has been reported in pre‐
vious research (Nagashima et al., 2018). Therefore, to as‐
sess the activation of the JAK‒STAT pathway, we further 
evaluated the expression and phosphorylation of JAK 
kinases and STAT family members in ITP model mice. 
Compared to that in normal mice, the p-JAK3/JAK3 
ratio was significantly lower, whereas the phospho-
tyrosine kinase 2 (p-Tyk2)/Tyk2 ratio was notably greater 
in ITP model mice (Fig. 6b). The p-JAK1/JAK1 or 
p-JAK2/JAK2 ratio was not significantly different 
between the two groups (Fig. 6b). In the ITP mouse 
model, western blotting analysis demonstrated a notable 
increase in the p-STAT3/STAT3 and p-STAT6/STAT6 
ratios and a significant decrease in the p-STAT2/STAT2 
and p-STAT5/STAT5 ratios (Fig. 6c). Taken together, 
the above data suggest that OX40 might activate the 
downstream TRAF‒NF-κB signaling pathway and cross‐
talk with the JAK‒STAT pathway, regulating Tfh dif‐
ferentiation in ITP model mice.

4 Discussion 

ITP is a complicated autoimmune disease charac‐
terized by impaired platelet generation and exacerbated 
platelet injury (Mingot-Castellano et al., 2022). Some 
ITP patients with prolonged and severe thrombocyto‐
penia are insensitive to current therapies, and these pa‐
tients also have an increased risk of bleeding and com‐
plications (Vianelli et al., 2022; Cines, 2023). There‐
fore, the identification of novel therapeutic methods 
for ITP is necessary.

The OX40L‒OX40 axis has been proposed as a 
promising target for treating autoimmunity (Furue and 
Furue, 2021). A previous study indicated the crucial 
role of the OX40L‒OX40 interaction in the immuno‐
pathological mechanisms of autoimmune diseases, such 
as SLE, RA, and allergic asthma (Cui et al., 2019). In an 
SLE mouse model, the expression of OX40 on several 
CD4+ T-cell subsets was enhanced in kidney and spleen 

Fig. 5  Expression and localization of OX40, follicular helper T (Tfh) cells, and B cells in the spleens of normal and immune 
thrombocytopenia (ITP) mice. (a) Individual markers cluster of differentiation 4 (CD4), OX40, CXC chemokine receptor type 5 
(CXCR5), and CD19 of images. (b) Composite images of multiple markers. WhPu, GC, and MaZo represent white pulp, 
germinal center, and marginal zone, respectively.
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tissues and this was correlated with disease severity 
(Sitrin et al., 2017). OX40L expression tended to in‐
crease in RA patients, and it also increased in an age-
dependent manner in the serum of healthy volunteers 

(An et al., 2019). In our previous study, to explore the 
clinical significance of OX40L and OX40 expression 
in ITP patients, we collected samples from 54 newly 
diagnosed ITP patients and 24 healthy controls (HCs). 

Fig. 6  Activation of tumor necrosis factor receptor-associated factor (TRAF)‒nuclear factor-κB (NF-κB) and Janus kinase 
(JAK)‒signal transducer and activator of transcription (STAT) signal pathways in normal and immune thrombocytopenia 
(ITP) mice. (a) Expression of TRAF proteins and phosphorylation of NF-κB p65 in the spleens of normal and ITP mice. 
(b) Phosphorylation of JAKs in the spleens of normal and ITP mice. (c) Phosphorylation of STATs in the spleens of 
normal and ITP mice. Data are expressed as mean±standard deviation (SD), n=6. Significant differences are indicated by 
*P<0.05, **P<0.01, and ***P<0.001.
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Compared with HCs, the expression levels of OX40L 
and OX40 mRNA in PBMCs were significantly up‑
regulated in ITP patients, accompanied by significantly 
elevated OX40+CD4+ T cells’ frequencies and plasma 
soluble OX40L (sOX40L) levels (Cui et al., 2019). In the 
present study, we discovered that splenic OX40L and 
OX40 were significantly upregulated in mice with ITP, 
similar to the findings of previous research (Cui et al., 
2019). On this basis, we inferred that the abnormal ex‐
pression of OX40L and OX40 might contribute to the 
development of ITP. Numerous studies have shown that 
the costimulatory signals of OX40L‒OX40 can sup‐
port Tfh cell development and survival and enhance 
the ability of Tfh cells to support B lymphocytes (Fu 
et al., 2021). Jacquemin et al. (2015) discovered that 
OX40L and OX40 are involved in the abnormal Tfh 
response in patients with SLE (Jacquemin et al., 2015). 
Recently, many studies have shown that abnormal 
OX40L and OX40 expression on regulatory T cells 
(Tregs) and follicular regulatory T (Tfr) cells im‐
pairs the ability of Tfh cell-dependent B lymphocyte 
activation (Jacquemin et al., 2018). In our survey, we 
found that OX40L increased the expression of mul‐
tiple Tfh cell molecules (ICOS, PD-1, and CD40L) and 
promoted effector cytokine secretion (IL-4, IL-17A, 
and IL-21), likely enhancing the helper function of Tfh 
cells for B cells in vitro. Consistent with the in vivo re‐
sults, in the ITP mouse model, the percentage of OX40+ 
Tfh cells increased, and this change was accompanied 
by the high expression of characteristic molecules 
strongly related to Tfh cell differentiation and function. 
These data implied that upregulated OX40-mediated 
abnormal Tfh activity might play a major pathogenic 
role in ITP.

In order to explore the interaction between OX40L‒
OX40, Tfh cells, and B cells in ITP, we conducted im‐
munofluorescence staining of spleen tissues from con‐
trol and ITP model mice. The immunofluorescence 
images showed that splenic CD4+CD19+ B cells in ITP 
model mice were concentrated in the GC of the white 
pulp and colocalized with Tfh cells and OX40, while 
CD4+CD19+ B cells in normal mice were distributed 
in the marginal zone. OX40L‒OX40 costimulatory sig‐
nals play critical roles in improving the function of T 
cells, enhancing their survival, and preventing their 
apoptosis (Fu et al., 2021). Jacquemin et al. (2018) 
discovered that OX40L‒OX40 could induce the ex‐
pression of multiple molecules on human-derived Tfh 

cells and promote them to become functional B cell 
helpers in vitro (Jacquemin et al., 2018). A previous 
study considered that OX40L‒OX40 interaction could 
promote both GC Tfh and GC B cell differentiation, 
and accelerate B cell differentiation into plasma cells 
with the help of GC Tfh cells (Fu et al., 2021). Anti‐
platelet autoantibodies produced by B lymphocytes 
are the main pathogenic factors for ITP; they not only 
increase platelet destruction but also impair the ability 
of megakaryocytes to generate platelets (Wang et al., 
2020). The majority of antiplatelet antibodies are spe‐
cifically generated by long-lived plasma cells in the 
spleen and the bone marrow (Vernava and Schmitt, 
2023). In the resting state, B lymphocytes are mainly 
located in the T-cell zone and the marginal zone in the 
spleen (Victora and Nussenzweig, 2022). After antigen 
stimulation, B cells are activated and migrate to GCs, 
where Tfh cells help B lymphocytes differentiate into 
long-lived plasma cells to produce antiplatelet anti‐
bodies against glycoproteins (like GPIIb/IIIa and GPIb/
IX) in thrombocytes and megakaryocytes (Victora and 
Nussenzweig, 2022; Vernava and Schmitt, 2023). Anti‐
platelet antibodies can target glycoproteins, especially 
the GPIIb/IIIa, through interactions with Fc gamma 
receptors (FcγRs) and complement receptors, inducing 
platelet phagocytosis (Audia et al., 2021). Indeed, a 
study reported that splenic Tfh cells were increased 
and this was correlated with increased GCs and plasma 
cells in ITP patients (Audia et al., 2014). In vitro, the 
activation of Tfh cells promoted the differentiation of 
splenic B cells into plasma cells and induced the 
secretion of antiplatelet antibodies in ITP patients 
(Audia et al., 2014). These data suggested that up-
regulated OX40 signaling might induce abnormal 
Tfh activity, promoting the establishment of GCs and 
regulating the migration, differentiation, and matura‐
tion of antibody-secreting B lymphocytes. Overall, 
OX40 signaling likely contributes to the production 
of autoantibodies by enhancing the helper function 
of Tfh cells for B lymphocytes, resulting in the acceler‐
ation of ITP progression.

Because of the important effect of Tfh cells on ITP 
pathogenesis, our study further explored the subtype 
distribution of Tfh cells in an ITP animal model. The 
results indicated that the percentages of Tfh1 and Tfh2 
cells in the spleens of ITP model mice decreased and 
increased, respectively, and the ratio of Tfh1/Tfh2 cells 
decreased. The percentage of Tfh17 cells was extremely 
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low in the present study, so further analysis of this subset 
was not performed. Similar trends have been observed 
in other autoimmune diseases in other studies. For in‐
stance, Xu et al. (2019) reported that antineutrophil 
cytoplasmic antibody (ANCA)-associated vasculitis 
(AAV) patients exhibit a Tfh1-to-Tfh2 shift, with a de‐
crease in Tfh1 cells and an increase in Tfh2 cells. More‐
over, in ankylosing spondylitis (AS) patients, a high 
degree of disease activity was associated with elevated 
Tfh2 effector memory levels (Shesternya et al., 2022). 
Patients with juvenile dermatomyositis also had an in‐
creased ratio of Tfh2/Tfh1 cells, with Tfh1 cells incap-
able of assisting naive B lymphocytes (Morita et al., 
2011; Schmitt et al., 2014). These findings illustrated 
that changes in the subtype composition of Tfh cells 
(Tfh1-to-Tfh2 shift) might participate in the progression 
of ITP and that Tfh2 cells likely play a major role in pro‐
moting B lymphocyte differentiation and development.

To further verify the molecular mechanisms of 
OX40L‒OX40 signaling in ITP, the downstream inter‐
acting proteins and phosphorylation pathways of OX40 
were explored, and the expression of TRAF2, TRAF3, 
TRAF4, and TRAF5 was significantly increased in the 
ITP mouse model. OX40 is a TRAF-dependent TNF 
receptor superfamily (TNFRSF) member associated 
with the differentiation and function of Tfh cells (Pedros 
et al., 2018). OX40L binding to OX40 results in the 
recruitment of TRAF2, TRAF3, and TRAF5 (Fu et al., 
2021). Previous studies have reported that OX40 liga‐
tion by OX40L can promote the assembly of a unique 
complex TRAF‒receptor-interacting protein (RIP)‒
inhibitor of κB kinase α/β/γ (IKKα/β/γ) that activates 
NF-κB to provide survival signals to T cells (So et al., 
2011). NF-κB activation plays an essential role in T-cell 
responses, and TRAFs are viewed as strong activators 
of NF-κB for T-cell immunity (So et al., 2011). Re‐
searchers discovered that activated OX40 signaling 
proteins can interact with TRAF2 and TRAF5, promot‐
ing the NF-κB pathway to positively regulate Tfh dif‐
ferentiation (Nagashima et al., 2018; Furue and Furue, 
2021). Moreover, TRAF3 plays an important role in the 
conduction of OX40 signaling and may also inhibit 
OX40 activation and Tfh development (Nagashima et al., 
2018). TRAF6 could induce the activation of the non-
canonical NF-κB pathway in the presence of OX40 liga‐
tion (Xiao et al., 2012). Aberrant ubiquitination of 
TRAF6 can also facilitate the activation of the NF-κB 
pathway; however, TRAF6 levels were not significantly 
different between the control and ITP groups in our study 

(Yang et al., 2023). He et al. (2018) suggested that NF-
κB expression significantly increases in ITP patients, 
and overexpressed NF-κB co-incubation with CD34+ 
cells can result in a reduction in megakaryocytic dif‐
ferentiation and thrombopoiesis in vitro, indicating 
the important role of the NF-κB signal in ITP patho‐
genesis. Certainly, we observed increased phosphory‐
lation of the NF-κB p65 protein in the spleens of ITP 
model mice. Nonetheless, more experiments should be 
conducted to further clarify the role of OX40L‒OX40 
axis in mediating TRAF‒NF-κB to regulate ITP patho‐
genesis. Additionally, the JAK‒STAT pathway, which 
is generated by the cytokine receptors IL-6 and IL-21, 
influences Tfh cell development, and its interactions 
with TRAF-mediated pathways can facilitate the gen‐
eration of the integrated signals required to induce and 
maintain Tfh differentiation (Nagashima et al., 2018). 
In this study, the levels of IL-6 and IL-21 in the serum 
of ITP model mice were increased. The p-Tyk2/Tyk2, 
p-STAT3/STAT3, and p-STAT6/STAT6 ratios were not‑
ably raised, while the p-JAK3/JAK3, p-STAT2/STAT2, 
and p-STAT5/STAT5 ratios were significantly decreased. 
Thus, we speculated that the OX40‒OX40 axis might 
activate the TRAF‒NF-κB pathway in ITP, promoting 
Tfh differentiation. Subsequently, the secretion of the 
Tfh-related cytokines IL-6 and IL-21 was increased, 
which acted on cytokine receptors of Tfh cells, induc‐
ing the activation of the JAK‒STAT signaling pathway, 
promoting Tfh differentiation. However, the regulatory 
mechanism of the OX40L‒OX40 downstream signal‐
ing pathway in ITP is complex and needs further ex‐
ploration by experiments.

In the present work, we constructed a passive ITP 
mouse model of MWReg30. Compared to the controls, 
MWReg30 induced a significant reduction in the platelet 
counts of ITP model mice, leading to spleens exhibiting 
enlargement, weight increase, and aberrant histopatho‐
logical changes. MWReg30 was discovered by Burstein 
et al. (1992) and has been widely used to construct pas‐
sive ITP animal models (Burstein et al., 1992; Guo et al., 
2018). Guo et al. (2018) found that MWReg30 could 
reduce the platelet counts and significantly increase the 
number of bone marrow megakaryocyte counts. Simi‐
larly, we observed a higher concentration infiltration of 
megakaryocytes in the spleen of ITP model mice. Yu 
et al. (2018) used the passive ITP mouse model to vali‐
date the progranulin deficiency impairing proliferation 
of Tregs. Li et al. (2019) established another efficient 
murine model of ITP through immunized CD41-KO 
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mice. Different from the ITP mouse model constructed 
with MWReg30, the mature megakaryocytes in bone 
marrow were obviously decreased in this novel ITP mu‐
rine model (Li et al., 2019). In the future, we aim to de‐
velop more efficient ITP murine models to make our 
conclusions more robust and explore the complicated 
pathophysiology of ITP.

5 Conclusions 

Our study demonstrated that upregulated OX40L- 
and OX40-mediated abnormal Tfh activity plays a 
major pathogenic role in ITP. Aberrant OX40L‒OX40 
signaling might activate the TRAF‒NF-κB and JAK‒
STAT signaling pathways. We speculated that the in‐
teractions between the two signaling pathways likely 
promote the Tfh1-to-Tfh2 shift, inducing the gener‑
ation of autoantibodies by enhancing the helper func‐
tion of Tfh cells for B cells, which results in the accel‐
eration of the pathogenetic progression of ITP. Over‐
all, our results suggest that the costimulation signaling 
pathway of OX40L‒OX40 might be a potential thera‐
peutic target for ITP. As a limitation of this study, we 
only used a passive ITP mouse model; therefore, addi‐
tional investigations of the OX40L‒OX40 axis medi‐
ating Tfh cell differentiation and function in ITP patho‐
genesis should be conducted in other efficient ITP mu‐
rine models and clinical samples of ITP patients.
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