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Myocarditis is an inflammatory disease of the myocardium that is associated

with immune dysfunction. Earlier studies have suggested that T helper 1/2

cell imbalance plays an important role in the development of myocarditis,

but the role of T follicular helper (Tfh) cells in the development of autoim-

mune myocarditis has not previously been reported. Here, we investigated

this involvement by using a rat model of experimental autoimmune

myocarditis (EAM). Inflammatory cell infiltration, myocardial structure

destruction and tissue necrosis were observed in EAM myocardial tissues,

and the percentages of CD4+CXCR5+ Tfh cells and CD19+ B cells were

both significantly higher in spleen and myocardial tissues of the EAM model

as compared with the control group. Furthermore, the expression levels of

interleukin-21, CXCL13 and myosin antibody were significantly higher in the

serum of rats with EAM compared with the control group on days 14 and 35

after immunization. Fourteen or 35 days after immunization, the expression

levels of interleukin-21 and CXCL13 were both significantly higher in

myocardial tissues of rats with EAM as compared with the control group.

Our findings suggest that Tfh cell balance is disrupted during the pathologi-

cal process of autoimmune myocarditis.

Myocarditis is an inflammatory disease of the myo-

cardium that is associated with immune dysfunction

and characterized by myocardial necrosis, fibrosis and

inflammatory cell infiltration. It may be idiopathic,

infectious or autoimmune and may cause dilated car-

diomyopathy [1]. As the gold standard for the diagnosis

of myocarditis, endomyocardial biopsy is not commonly

used in clinical practice; therefore, the diagnosis of

myocarditis is challenging. The prognosis of myocarditis

varies greatly depending on the cause [2]. It has been

confirmed that the pathological immune response plays

an extremely important role in the development of

myocarditis [3]. Clinical studies have found that hor-

mones are effective in the treatment of severe myocardi-

tis, suggesting that the body’s abnormal immune

response is involved in the occurrence and development

of myocarditis [4]. T cell-mediated immunity has been

closely linked to autoimmune myocarditis [5]. There-

fore, it is of great significance to explore the pathogene-

sis of autoimmune myocarditis caused by T cells.

Recent studies have found that various CD4+ T cell sub-

sets show high plasticity in maintaining myocardial

immune homeostasis and regulating disease phenotypes

[6]. Therefore, understanding the specific role of these T

cell subsets may be critical to the development of suc-

cessful treatment strategies for autoimmune myocardi-

tis.

It is well-known that T helper (Th) cells can be

classified into various subpopulations depending on

the functions and the cytokines secreted by them

[7–9]. For a long time, Th2 cells have been consid-

ered to be the major T cell subset of helper B cells
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[10–12]. Recent studies have found that T follicular

helper (Tfh) cells, a T cell subset that assists B cells

to produce antibodies, are the basis for the formation

of body germinal centers (GCs) and humoral immu-

nity [13–15]. This subpopulation is located in the

lymphoid follicular T cell region of the lymphoid

nodule, and the surface induces the expression of the

chemokine receptor CXCR5, which migrates to lym-

phoid follicle B cells under the recruitment of the

chemokine CXCR13 secreted by B cells in lymphoid

follicles [16,17]. In recent years, a small number of

studies have reported that Tfh cells are involved in

the pathogenesis of autoimmune diseases such as sys-

temic lupus erythematosus, rheumatoid arthritis and

Sj€ogren syndrome [18–20]. Previous studies have

demonstrated that Tfh cells help B cells produce

abnormally high affinity antibodies [21]. The forma-

tion of ectopic GC was found in the secondary lym-

phoid organs of the lupus mouse model [22]. Tfh

cells play a key role in the activation of these ectopic

GCs, anti-dsDNA Ig secretion and organ damage;

however, down-regulation of Tfh cells can reduce

antibody production and lupus symptoms. Another

study found that interleukin-21 (IL-21) was signifi-

cantly elevated in the labial glands, salivary glands

and serum of patients with primary Sj€ogren syndrome

[23]. Similarly, IL-21 has been shown to play an

important role in autoimmune diseases in the lupus

mouse model, the rheumatoid arthritis model, the

type 1 diabetes model and the glomerulonephritis

model [24–27]. Moreover, in rats with IL-21 overex-

pression, the number of plasma cells and B cells

undergoing class switching was significantly increased,

whereas in rats with depletion of IL-21 or its recep-

tor, IL-21R, the synthetic function of T cell-depen-

dent antibodies was severely impaired [28]. By

blocking the interaction between Tfh and B cells, the

disease progression of models such as for systemic

lupus erythematosus and rheumatoid arthritis can be

significantly improved [19,29]. In an in vitro experi-

ment of Tfh B cells, the addition of IL-21R antibody

significantly reduced the amount of immunoglobulin

produced by B cells [30]. Past studies have suggested

that Th1/Th2 cell imbalance plays an important role

in the occurrence and development of myocarditis

[31,32]. However, to date, the role of Tfh cells in the

development of autoimmune myocarditis has not been

reported.

In view of the key supporting role of Tfh cells in the

production of B cell antibodies in autoimmune dis-

eases, our study aimed to explore the role of Tfh cells

in experimental autoimmune myocarditis (EAM) from

rats with autoimmune myocarditis.

Materials and methods

Preparation of porcine cardiac myosin

The porcine cardiac myosin stock at a concentration of

11.6 mg�mL�1 was diluted to a 10-mg�mL�1 solution by

sterile PBS buffer. An equal volume of porcine cardiac

myosin solution (1 mg�mL�1) and Freund’s complete adju-

vant (containing mycobacteria, 10 mg�mL�1; F5881; Sigma,

Shanghai, China) were separately extracted with two 5-mL

glass syringes. Subsequently, the porcine cardiac myosin

was fully emulsified. To identify whether the porcine car-

diac myosin was completely emulsified, we dripped a drop

of the emulsion into the ice water. If not dispersed, it was

completely emulsified on the surface of the water. If imme-

diately dispersed, it was not emulsified sufficiently. The

emulsification process was performed in the dark and in

sterile conditions. After the emulsification was completed,

the concentration of porcine cardiac myosin was

0.5 mg�mL�1.

EAM model

Ten female Lewis rats were randomly divided into the

EAM model group (n = 8) and control group (n = 2). In

the EAM model group, 0.2 mL porcine cardiac myosin and

Freund’s complete adjuvant mixed milk (containing 0.1 mg

porcine cardiac myosin) were injected subcutaneously into

the left groin and underarm. After 7 days, the EAM model

rats were injected at the same dose in the right groin and

underarm again. The control group was subcutaneously

injected with the same dose of PBS instead of porcine car-

diac myosin. The experiments were performed in accor-

dance with the Guide for the Care and Use of Laboratory

Animals of the National Institutes of Health. Our research

was approved by the Ethics Committee of Zhejiang Provin-

cial People’s Hospital.

Specimen collection

Blood was collected from the orbit of the rats on the 14th

and 35th days, respectively. After the rats were sacrificed,

the spleen and heart were removed under aseptic condi-

tions. According to the vertical axis of the interventricular

septum, the heart was divided into two parts: one half was

fixed with 10% neutral formaldehyde for histopathological

study; and the other half was placed in the cryotube, frozen

in liquid nitrogen at �196 °C. After 24 h, it was stored in

a refrigerator at �80 °C for molecular biology research.

Hematoxylin and eosin staining

Fresh heart tissues were fixed in 4% paraformaldehyde for

more than 24 h. After removing the tissues from the fixa-

tive, the tissues were smoothed with a scalpel in a fume

1305FEBS Open Bio 10 (2020) 1304–1315 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Q. Xue et al. Tfh in autoimmune myocarditis



hood. The trimmed tissues were dehydrated through a ser-

ies of alcohol (Sinopharm Chemical Reagent Co., Ltd.,

Beijing, China) in sequence. The wax-impregnated tissues

were embedded. The sections were sliced to a thickness of

4 lm and were placed in a 60 °C oven. Paraffin sections

were dewaxed to water. The sections were stained with

Harris hematoxylin for 5–10 min, followed by eosin stain-

ing for 1–3 min. After dehydration, histopathological

changes were observed under a microscope (Olympus,

Hatagaya, Japan). Myopathological scores were calculated

using a semiquantitative analysis of Rezkalla. Five fields

were randomly taken from each section, and the ratio of

the area of inflammatory cell infiltration and necrotic area

to the entire field of view in each field of view was calcu-

lated. Scoring criteria were as follows: no inflammatory cell

infiltration (0 points), inflammatory cell infiltration <5% (1

point), inflammatory cell infiltration 5–10% (2 points),

inflammatory cell infiltration 10–20% (3 points) and

inflammatory cell infiltration >20% (4 points).

Flow cytometry assay

After the rats were sacrificed, spleen tissues and myocardial

tissues were removed and placed in precooled PBS. After

that, the tissues were placed on a 200 mesh screen, gently

grounded with a syringe stopper and rinsed with a 5-mL

lymphocyte separation solution. The lymphocyte separation

with the cell suspension was added into a clean 15-mL

tube. On the upper layer of the cell suspension, 2 mL

serum-free 1640 was gently superimposed, followed by cen-

trifugation at 800 g for 30 min at room temperature. The

middle layer of white mistlike lymphocytes was pipetted.

After that, collected cells were incubated with 100 µL Fc

receptor blocker (anti-CD16/32 Ig; 1 : 200) at 4 °C for

30 min, followed by centrifugation. After discarding the

supernatant, the cell pellet was retained, and the PBS was

resuspended in two portions for two staining protocols.

One portion was incubated with 100 µL anti-CXCR5

(1 : 50) at 37 °C for 2 h, followed by incubation with

R-Phycoerythrin (1 : 500), CD4-FITC (1 : 100) and

7-aminoactinomycin D (1 : 50) at room temperature in the

dark for 1 h. The other portion was incubated with 10 µL
7-aminoactinomycin D (1 : 50) and 5 µL CD19-FITC

(1 : 100) at 4 °C for 30 min in the dark. After staining, the

suspension was stored at 4 °C in the dark overnight.

CD4+CXCR5+ Tfh and B cell ratios were examined with

flow cytometry.

ELISA

Blood was collected from the orbit of the rats on the 14th

and 35th days for ELISA. According to the manufacturer’s

instructions, myosin antibody (MYSAb), CXCL13 and IL-

21 were detected using Rat MYSAb ELISA Kit (OM626374;

OmnimAbs, New Jersey, USA), Rat CXCL13 ELISA Kit

(SEB601Ra; Cloud-clone, China) and Rat ELISA Kit

(SEB688Ra; Cloud-clone, Hangzhou, China), respectively.

Quantitative RT-PCR

TaKaRa MiniBEST Universal RNA Extraction Kit (Cata-

log #9767; Takara, Dongjing, Japan) was used to extract

RNA from myocardial tissues according to the manufac-

turer’s instructions. To assess RNA quality, we determined

the A260/A280 ratio. The ratio met the experimental require-

ments between 1.8 and 2.0. After that, the total RNA was

stored in a �80 °C freezer. The total RNA was reverse

transcribed into cDNA under the following conditions:

37 °C for 15 min; 85 °C for 5 s and 4 °C hold. Then the

expression levels of target genes were detected using quanti-

tative RT-PCR (qRT-PCR) under the following thermocy-

cler conditions: 95 °C for 5 min, 40 cycles of 95 °C for

20 s and 62 °C for 15 s, followed by 72 °C for 3 min. The

primer information for IL-21 and CXCL13 is listed in

Table 1. GAPDH was used as an internal control. The rel-

ative expression levels were calculated with the 2�DDCt

method.

Tfh/B cell coculture assays

CD19+ B cells and each group of Tfh cells (including Tfh1,

Tfh2 and Tfh17) were purified from blood on the 14th and

35th days after immunization. The levels of IL-21 and

CXCL13 in supernatant of Tfh1, Tfh2 and Tfh17 were mea-

sured using ELISAs. Prior to coculture, the purity of B cells

and each group of Tfh cells was >95%. An equal number of

purified Tfh1, Tfh2, Tfh17 and CD19+ B cells (1 9 105

cells/well) were cocultured in a 96-well plate and then stimu-

lated with staphylococcal enterotoxin B (Sigma) for 6 days.

Cell Counting Kit 8 (CCK-8) assay was performed to detect

CD19+ B cell viability. After purification, B cells were

Table 1. Primer information for qRT-PCR.

Gene

name 50–30 sequence
Product

size (bp)

GAPDH 50-CAAGTTCAACGGCACAGTCAAG-3’

(forward)

123

50-ACATACTCAGCACCAGCATCAC-3’

(reverse)

IL-21 50-GGACCGTGGCCCATAAATCA-3’

(forward)

166

50-GCAAAAGCTTCGTGCTCACA-3’

(reverse)

CXCL13 50-AAGCCACTGTCACCCCAAAA-
3’(forward)

108

50-ACAGCCGTGTTTGTAGAGGG-3’

(reverse)

1306 FEBS Open Bio 10 (2020) 1304–1315 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Tfh in autoimmune myocarditis Q. Xue et al.



incubated in a 96-well plate (2000 cells per well). Ten micro-

litres CCK-8 reagent was added into each well. After 24 h,

the cell viability was measured at a 450-nm wavelength

using a microplate reader (Labsystem, Shanghai, China).

Statistical analysis

GRAPHPAD PRISM 7.0 (GraphPad, San Diego, CA, USA) was

used for statistical analyses. All experiments were indepen-

dently repeated at least three times. The data are expressed

as mean � SD. Comparisons between two groups were

analyzed with unpaired t-test, whereas one-way ANOVA

was presented for comparison between multiple groups. P-

value <0.05 was considered statistically significant.

Results

Increased myocardial inflammation in myocardial

tissues of the EAM model

Hematoxylin and eosin (H&E) staining results showed

that inflammatory cell infiltration, myocardial structure

destruction and tissue necrosis were observed in the

myocardial tissues of the EAM model group (Fig. 1A).

In addition, myocardial tissue damage 35 days after

the initial immunization was significantly more severe

than 14 days after the initial immunization (Fig. 1A).

There was a large number of focal inflammatory cell

infiltrates, mainly lymphocytes, accompanied by capil-

lary expansion and myocardial cell necrosis in the

myocardial tissues of the EAM model group 35 days

after the initial immunization. Inflammatory scores

were significantly higher in the EAM model group 14

or 35 days after the initial immunization compared

with those in the control group (Fig. 1B,C).

Increased percentage of the CD4+CXCR5+ Tfh

cells in spleen and myocardial tissues of the

EAM model

The percentage of CD4+CXCR5+ Tfh cells in spleen

and myocardial tissues of the EAM model was

detected by flow cytometry analysis. We found that

there was no statistically significant difference on day

14 after immunization in rat spleen tissues between

two groups (Fig. 2A,B). However, 35 days after immu-

nization, the results showed that the percentage of

CD4+CXCR5+ Tfh cells in spleen tissues of the EAM

model group was significantly higher than in the

Fig. 1. Histopathology analysis. H&E

staining of myocardial tissues was

observed 14 or 35 days after the initial

immunization. (A) Representative images

of H&E staining of myocardial tissues.

Scale bars: 20 lm; original magnification:

9200. (B, C) H&E staining inflammatory

scores on day 14 or 35 after immunization.

*P < 0.05, ****P < 0.0001. The data are

expressed as mean � SD; each

experiment was n ≥ 3. Comparisons

between two groups were analyzed with

unpaired t-test.
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control group (Fig. 2C,D). Similar results were

observed in myocardial tissues. As shown in Fig. 3A,

B, no significant difference in CD4+CXCR5+ Tfh cells

on day 14 after immunization in rat myocardial tissues

was found between the EAM model and control

groups. Thirty-five days after immunization,

CD4+CXCR5+ Tfh cells had a significantly higher per-

centage in rat myocardial tissues of the EAM model

group than the control group (Fig. 3C,D).

Increased percentage of CD19+ B cells in spleen

tissues of the EAM model

We detected the percentage of CD19+ B cells in spleen

tissues of the EAM model using flow cytometry analy-

sis. The results showed that, 14 days after immuniza-

tion, the percentage of CD19+ B cells in spleen tissues

of the EAM model was higher than in the control

group; however, it was not statistically significant

(Fig. 4A,B). Thirty-five days after immunization, we

found that the percentage of CD19+ B cells in spleen

tissues of the EAM model group was significantly

higher than in the control group (Fig. 4C,D).

Elevated expression levels of IL-21, CXCL13 and

MYSAb in the serum of rats with EAM

The expression levels of IL-21, CXCL13 and MYSAb

in the serum of rats with EAM were detected using

ELISA. On day 14 or 35 after immunization, we found

that the expression level of IL-21 was significantly ele-

vated in the serum of rats with EAM compared with

the control group (Fig. 5A,B). Furthermore, the

results showed that the expression level of CXCL13

was significantly higher in the serum of rats with

EAM compared with the control group (Fig. 5C,D).

As for MYSAb, our results showed that its expression

level was significantly higher in the serum of rats with

EAM compared with the control group (Fig. 5E,F).

Elevated expression levels of IL-21 and CXCL13 in

myocardial tissues of rats with EAM

We examined the expression levels of IL-21 and

CXCL13 in myocardial tissues of rats with EAM using

qRT-PCR. As shown in Fig. 6A,B, 14 days after

immunization, the expression levels of IL-21 and

Fig. 2. Increased percentage of the CD4+CXCR5+ Tfh cells in spleen tissues of the EAM model. (A, B) The percentage of CD4+CXCR5+ Tfh

cells in spleen tissues of the EAM model on day 14 after immunization. (C, D) The percentage of CD4+CXCR5+ Tfh cells in spleen tissues of

the EAM model on day 35 after immunization. **P < 0.01. The data are expressed as mean � SD; each experiment was n ≥ 3.

Comparisons between two groups were analyzed with unpaired t-test.
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CXCL13 were both significantly higher in myocardial

tissues of rats with EAM compared with the control

group. Moreover, we found that the expression levels

of IL-21 and CXCL13 were both significantly elevated

in myocardial tissues of rats with EAM compared with

the control group on day 35 after immunization

(Fig. 6C,D).

Tfh cells in the serum of rats with EAM can

produce increased levels of IL-21 and CXCL13

After the purification of each group of Tfh cells in the

serum of rats with EAM on day 14 or 35 after immu-

nization, ELISA was performed to examine the levels

of IL-21 and CXCL13 in the supernatant. On day 14

after immunization, the levels of IL-21 (Fig. 7A) and

CXCL13 (Fig. 7B) in each group of Tfh cells in the

serum of rats with EAM were significantly higher than

those in the control group. Furthermore, when Tfh

cells were immunized on day 35, higher levels of IL-21

(Fig. 7C) and CXCL13 (Fig. 7D) were found in the

EAM group compared with the control group.

Tfh cells in the serum of rats with EAM promote

B cell viability in vitro

After Tfh/B cells coculture, CCK-8 was used to detect

B cell viability. The results showed that, compared

with the control group, Tfh cells, including Tfh1, Tfh2

and Tfh17, in the serum of rats with EAM on day 14

or 35 after immunization both significantly promoted

B cell viability in vitro (Fig. 8A,B).

Discussion

In this study, we constructed the EAM model. Based

on the characteristics of Tfh cells that can migrate to

nonlymphoid tissues and form lymphoid tissues con-

taining ectopic GCs, we investigated the overexpres-

sion of Tfh and B cells in spleen and myocardial

tissues of rats with autoimmune myocarditis. The

expression levels of IL-21, CXCL13 and MYSAb were

elevated in the serum of rats with EAM. Furthermore,

we also observed the expression of cytokine IL-21 and

chemokine CXCL13 in the spleen of rats with

Fig. 3. Increased percentage of CD4+CXCR5+ Tfh cells in myocardial tissues of the EAM model. (A, B) The percentage of CD4+CXCR5+ Tfh

cells in myocardial tissues of the EAM model on day 14 after immunization. (C, D) The percentage of CD4+CXCR5+ Tfh cells in myocardial

tissues of the EAM model on day 35 after immunization. **P < 0.01. The data are expressed as mean � SD; each experiment was n ≥ 3.

Comparisons between two groups were analyzed with unpaired t-test.
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autoimmune myocarditis. In vitro, Tfh cells (including

Tfh1, Tfh2 and Tfh17) in the serum of rats with EAM

can produce increased levels of IL-21 and CXCL13.

Furthermore, Tfh1, Tfh2 and Tfh17 cells in the serum

of rats with EAM promote B cell viability. Our study

revealed that Tfh cells might play a key role in the

pathogenesis of autoimmune myocarditis.

Tfh cells are a group of independent T cell subsets,

which are significantly different from Th1, Th2, Th17

and regulatory T cells. It has been well recognized that

follicular homing receptor CXCR5 is an important

molecular marker of Tfh cells [33]. Its ligand is the

chemokine CXCL13 and is mainly secreted by follicu-

lar dendritic cells [34]. After receiving the body stimu-

lation signal, the Tfh cells inducibly express CXCR5

and underexpress the T cell homing receptor CCR7

[35]. Therefore, CXCR5 becomes an important ‘trans-

porter molecule’ for Tfh migration and localization,

and is also an important surface marker of Tfh cells.

In this study, our results showed that the percentage

of CD4+CXCR5+ Tfh cells was significantly higher in

spleen and myocardial tissues of the EAM model than

the control group 35 days after immunization. Our

results indicated that Tfh cells could play an important

role in myocarditis.

IL-21 is a major cytokine in which Tfh cells perform

effector functions, which is mainly produced in Tfh

cells [36]. A previous study found that rats with IL-21

knockout had essentially no Tfh cells, and GC also

disappeared, indicating that IL-21 may be required for

Tfh cell differentiation [37]. Its receptor, IL-21R, is

mainly expressed on the surface of B cells, and the

combination of the two can induce differentiation of

all B cell subsets into immunoglobulin-secreting cells,

which is a key factor for stimulating plasma cell differ-

entiation, and T cell-dependent antigen in B cells. The

cytokine IL-21 can be produced to assist B cells in a

humoral immune response [38]. In this study, we

found that the percentage of CD19+ B cells was signifi-

cantly higher in spleen tissues of the EAM model than

the control group 35 days after immunization. In vitro,

Tfh cells in the serum of rats with EAM promote B

cell viability in vitro. On days 14 or 35 after immuniza-

tion, the expression level of IL-21 was significantly

Fig. 4. Increased percentage of the CD19+ B cells in spleen tissues of the EAM model. (A, B) The percentage of CD19+ B cells in spleen

tissues of the EAM model on day 14 after immunization. (C, D) The percentage of CD19+ B cells in spleen tissues of the EAM model on

day 35 after immunization. ***P < 0.001. The data are expressed as mean � SD; each experiment was n ≥ 3. Comparisons between two

groups were analyzed with unpaired t-test.

1310 FEBS Open Bio 10 (2020) 1304–1315 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Tfh in autoimmune myocarditis Q. Xue et al.



Fig. 5. Elevated expression levels of IL-21, CXCL13 and MYSAb in the serum of rats with EAM. (A, B) ELISA results showing the

expression level of IL-21 in the serum of rats with EAM on day 14 or 35 after immunization. (C, D) The expression level of CXCL13 in the

serum of rats with EAM on day 14 or 35 after immunization using ELISA. (E, F) The expression level of MYSAb in the serum of rats with

EAM on day 14 or 35 after immunization using ELISA. ***P < 0.001. The data are expressed as mean � SD; each experiment was n ≥ 3.

Comparisons between two groups were analyzed with unpaired t-test.

Fig. 6. Elevated expression levels of IL-21

and CXCL13 in myocardial tissues of rats

with EAM. (A, B) qRT-PCR results

showing the expression levels of IL-21 and

CXCL13 in myocardial tissues of rats with

EAM on day 14 after immunization. (C, D)

qRT-PCR results showing the expression

levels of IL-21 and CXCL13 in myocardial

tissues of rats with EAM on day 35 after

immunization. *P < 0.05. The data are

expressed as mean � SD; each

experiment was n ≥ 3. Comparisons

between two groups were analyzed with

unpaired t-test.
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elevated in the serum of rats with EAM compared

with the control group. Furthermore, the expression

level of IL-21 was also significantly higher in myocar-

dial tissues of rats with EAM compared with the con-

trol group. Studies have reported that the levels of IL-

21 in the serum of EAM rats were significantly higher

than in normal controls [39]. Myocarditis is a common

disease in the cardiovascular system. Autoimmunity is

the main cause of disease. The abnormality of Tfh

cells is closely related to the occurrence and

Fig. 7. Tfh cells in the serum of rats with EAM can produce increased levels of IL-21 and CXCL13. (A, B) ELISA results showing the

expression level of IL-21 and CXCL13 in Tfh cells on day 14 after immunization. (C, D) ELISA results showing the expression level of IL-21

and CXCL13 in Tfh cells on day 35 after immunization. ****P < 0.0001. The data are expressed as mean � SD; each experiment was n

≥ 3. Comparisons between two groups were analyzed with one-way ANOVA.

Fig. 8. Tfh cells in the serum of rats with EAM promote B cell viability in vitro on day 14 (A) or 35 (B) after immunization. *P < 0.05,

***P < 0.001, ****P < 0.0001. The data are expressed as mean � SD; each experiment was n ≥ 3. Comparisons between two groups

were analyzed with one-way ANOVA.
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development of other classic autoimmune diseases.

Our results indicated that overexpression of Tfh cells

(including Tfh1, Tfh2 and Tfh17) in autoimmune

myocarditis might lead to the increased secretion of

IL-21, causing autoimmune myocarditis to produce

excess autoantibodies.

Studies have found that the B cell chemokine

CXCL13 is involved in the infiltration of Tfh cells

[34]. Moreover, CXCL13 may enhance humoral

immunity via recruiting both Tfh and GC B cells

[34,40]. In our study, we found elevated expression

levels of CXCL13 in serum and myocardial tissues of

rats with EAM. CXCL13 has been considered as a

plasma biomarker of GC activity. In a stable internal

environment, Tfh cells are localized in lymphoid folli-

cles, and their regulation of B cell proliferation and

plasma cell differentiation is also mainly done in lym-

phoid follicles, providing necessary assistance for the

body to produce normal antibodies. However, when

pathological conditions such as autoimmune diseases

occur, Tfh cells undergo pathological activation and

amplification, including abnormal expression of mole-

cules such as CXCR5, and migration to nonlymphoid

tissues of the body to form lymphoid tissues contain-

ing ectopic GC. Furthermore, our findings suggested

that Tfh cells could generate a large number of

cytokines IL-21 and CXCL13 to stimulate B cells to

produce a large number of autoantibodies, which ulti-

mately accelerates the development of autoimmune

myocarditis.

Therefore, the abnormality of Tfh cells in autoim-

mune myocarditis and its regulation mechanism could

play a key role in the pathogenesis of autoimmune

myocarditis.

Conclusions

In this study, we successfully constructed the EAM

model. We found that Tfh cells can migrate to non-

lymphoid tissues. The expression levels of IL-21 and

CXCL13 were elevated in the serum and spleen of rats

with autoimmune myocarditis. Our study revealed that

Tfh cells might play a key role in the pathogenesis of

autoimmune myocarditis, which provides a basis for

finding new therapeutic targets.
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