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CD4+ T follicular helper (Tfh) cells, a new subset of immune cells, have been

demonstrated to be involved in granulomatous responses to Schistosoma japonicum

(S. japonicum) infection. However, the role and underlying mechanisms of Tfh cell

aggregation in S. japonicum infection remain incompletely understood. In this study, we

provide evidence that S. japonicum infection enhances the accumulation of Tfh cells

in the spleen, lymph nodes, and peripheral blood of C57BL/6 mice. Infection-induced

Tfh cells exhibited more potent effects directly on B cell responses than the control

Tfh cells (P < 0.05). Furthermore, reduced apoptosis of Tfh cells was found both in

S. japonicum infected mice and in soluble egg antigen (SEA) treated Tfh cells (P < 0.05).

Mechanistic studies reveal that caspase-3 is the primary drivers of down-regulated

apoptotic Tfh cell death in S. japonicum infection. In summary, this study demonstrates

that Tfh cell accumulation might have an impact on the generation of immune responses

in S. japonicum infection, and caspase-3 signaling mediated apoptosis down-regulation

might responsible for the accumulation of Tfh cell in this course.
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INTRODUCTION

Schistosomiasis remains a devastating public health problem that affects about 240 million people
worldwide and more than 700 million persons are at risk of infection, especially in developing
countries (1). Once infected, the eggs released by S. japonicum will deposited in the body, such
as liver, lung, and enteric wall, which later cause the organ pathologies including granuloma and
fibrosis, and finally lead to organ failure (2). The deposited worm eggs secreting soluble egg antigen
(SEA) could induce a Th2 dominant humoral immune response in both infected human and
animals host (3). Many different types of immune cells, effector molecules, and numerous cytokines
are involved in the development or progression of the disease (4–7).

Follicular helper T (Tfh) cells are specialized providers of T cell help to B cells, and are essential
for germinal center formation, affinity maturation, and the development of most high-affinity
antibodies and memory B cells (8). Although, there is no single marker for distinguishing Tfh cells
from other CD4 subsets, they are defined by their expression of surface co-stimulatory molecules
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CXCR5, CD200, ICOS, and a high density of PD-1 (9). It has
been shown that ICOS in Tfh cells can promote the activation
of B cells by interacting with ICOSL, which is highly expressed
on the surface of B cells, and up-regulate the expression of BcL-
6, a key transcription factor for Tfh cell differentiation (10).
In addition, IL-21 is the most important molecule to facilitate
Tfh cells to assist in the differentiation and function of B cells.
Kong et al. found that increased CD4+CXCR5+ Tfh cells could
promote the enrichment of CD27+IgG+ B cells through IL-21
secretion (11).

Recently, Tfh cells have emerged to play a beneficial role in
mediating anti-parasitic immunity including the resistance to
schistosome infections (12). For example, Chen et al. found that
after S. japonicum infection, Tfh cells were recruited into the
liver in large quantities to promote the formation of granuloma
(13). It is well-known that when the host is infected by the
parasite, the number of immune cells can increase dramatically
due to either the expansion of cell division (extension of cell
life) (14) or the decrease in cell apoptosis (15). Apoptosis can
occur in the whole process of lymphocyte development and
differentiation (16), and is regulated by the relevant signal
transduction pathway. Caspase-3, a key enzyme and executor
of apoptosis (17), belongs to the cysteine protease family and is
an important downstream effector protease of T-cell apoptosis.
It is widely believed that the mRNA level of caspase-3 is an
important indicator of cell apoptosis (18). When a cell is affected
by an immunosuppressant, caspase-3 is considered to be the
most suitable indicator for apoptosis assessment of any T-cell
subgroup (19). In most cases, caspase-3 exists in the form
of procaspase-3, which is activated to initiate apoptosis (17).
It is believed that procaspase activating compound-1 (PAC-
1) protein is one of the strongest activators of procaspase-
3, which can promote the self-activation of procaspase-3 and
induce apoptosis by chelating zinc ions (20). Caspase-3 can
regulate the activity of many kinds of anti-apoptotic associated
genes, such as Mcl-1, XIAP, and Bcl-2 (21). Apoptotic Bcl-2
members such as Bcl-2, Bcl-xL, and Mcl-1 can lead to defective
apoptosis, resulting in enhancing cell survival and drug resistance
(22). BAX is an intrinsic apoptosis effector that is wildly used,
especially in chemical drug research (23, 24). XIAP can impair
mitochondrial function during apoptosis by regulating the Bcl-
2 family in renal cell carcinoma (25). Down-regulation of
survivin expression can induce apoptosis in renal cancer Caki
cells (26).

In human schistosome infection, an induce apoptosis of
CD4+ Th cells was reported previously (27). In addition,
Wang et al. found that SEA could induce apoptosis of
hepatic stellate cells by down-regulating Akt expression
and up-regulating DR5 expression dependent on p53, in
combating liver fibrosis caused by S. japonicum infection
(28). Whether, the apoptosis plays a significant role in Tfh
accumulation during S. japonicum infection remains elusive.
In this study, we, therefore, systematically investigated
the role of Tfh cells in the course of S. japonicum
infected C57BL/c mice, and explored the possible
mechanism of Tfh cells accumulation by focusing on the
Tfh apoptosis.

MATERIALS AND METHODS

Mice, Parasites, and Infection
Female C57BL/6 mice were purchased from the Animal
Experimental Center of Sun Yat-Sen University (Guangzhou,
China). All mice were maintained under specific pathogen-free
conditions and used at 6–8 weeks of age. S. japonicum cercariae
were shed from naturally infected Oncomelania hupensis snails,
which were purchased from Jiangsu Institute of Parasitic Disease
(Wuxi, China). C57BL/6 mice were infected percutaneously
with 40 ± 5 cercariae, and they were sacrificed at 5–6 weeks
after infection. Animal experiments were performed in strict
accordance with the regulations for the Administration of Affairs
Concerning Experimental Animals, and all efforts were made to
minimize suffering.

Reagents and Antibodies
RPMI 1640, FBS, penicillin, and streptomycin were obtained
from Invitrogen (Grand Island, NY). Recombinant murine
IL-21 was purchased from Peprotech (Oak Park, CA). The
antibodies against caspase-3, caspase-8, β-actin, and HRP-
conjugated secondary antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Phorbol 12-myristate
13-acetate (PMA), Brefeldin A, ionomycin, CD3, CD28, and
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich
(St. Louis, MO). We obtained the following fluorescein-
conjugated anti-mouse antibodies from eBioscience (San Diego,
CA) or biolegend (San Diego, CA): CD3e-PE-Cy7 (145-2C11),
CD4-PerCP-5.5 (GK1.5), PD-1-APC (J43), PD-1-PE-Cy7
(eBioJ105 (J105)), CXCR5-BV421 (J252D4), ICOS-PE-Cy7
(C398.4A), CD25-PE (PC61.5), CD69-FITC (H1.2F3), CD19-
APC-Cy7(6D5), CD27-FITC (B30C7), IL21-PE (MHALX21),
IL10-APC (JES5-16E3), IFN-γ-APC (XMG1.2), IL17-PE
(eBio17B7), IL4-PE (11B11), and IL5-APC (TRFK5) and their
corresponding isotype controls. The Annexin V-FITC/PI
Apoptosis Detection Kit and anti-caspase-3-FITC (C92-605)
were obtained from BD Biosciences (San Jose, CA). The caspase-
3 activator PAC-1 (315183-21-2) was purchased from Selleck
(Houston, TX).

SEA Preparation
SEA of S. japonicum cercariae were obtained from Jiangsu
Institute of Parasitic Diseases (China) (29). SEA was sterile-
filtered, and endotoxin was removed with the use of Polymyxin
B agarose beads (Sigma). The Limulus amoebocyte lysate assay
kit (Lonza, Switzerland) was used to confirm the removal of
endotoxins from the SEA.

Histology Studies
Parts of livers were cut and perfused three times with 0.01M
phosphate-buffered saline (pH = 7.4), fixed in 10% formalin,
embedded in paraffin, and sectioned. The slice was stained by
standard hematoxylin-eosin (H&E) staining, and examined by
light microscopy under 100×magnification.

Lymphocyte Isolation
Mice were sacrificed, peripheral blood (PB) was collected, liver,
spleen (SP), and mesenteric lymph nodes (LN) were removed.

Frontiers in Immunology | www.frontiersin.org 2 September 2019 | Volume 10 | Article 2154

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Yang et al. Caspase-3 Mediate Tfh Cells Response

Spleen, and MLN were mechanically dissociated and processed
through a 100-um cell strainer (BD Falcon), and suspended in
HBSS. Lymphocytes were isolated by Ficoll-Hypaque (DAKEWE,
SZ, China) density gradient centrifugation from cell solution and
diluted in blood solution. Isolated cells were washed twice in
HBSS and re-suspended at 2 × 106 cells/ml in complete RPMI
1640 medium supplemented with 10% heat-inactivated fetal
calf serum (FCS), 100 U/ml penicillin, 100µg/ml streptomycin,
2mM glutamine, and 50 µM 2-mercaptoethanol.

Quantitative Real-Time PCR (qRT-PCR)
and Western Blotting
These experiments were performed following previously
described procedures (7). Briefly, RNA was extracted with an
RNase Mini Kit and cDNA was synthesized with a SuperScript
III Reverse Transcriptase (QIAGEN, Valencia, CA, USA).
qRT-PCR was performed with 2.5 µL of cDNA, 12.5 µL of SYBR
Master Mixture (Applied Biosystems, Foster City, CA, USA),
and target gene–specific primers (Table 1). Amplification of
β-actin was used as an internal control. For western blotting,
the cultured or purified cells were collected and lysed. The
protein concentration was measured with a bicinchoninic acid
protein assay kit (Beyotime). The protein sample was separated
in 10% SDS-denatured polyacrylamide gel and transferred onto
a polyvinylidene difluoride membrane. The polyvinylidene
difluoride membranes were blocked with 5% skim milk in TBST
at room temperature for 2 h. The targeted molecules were probed
using specific primary antibodies andHRP-conjugated secondary
antibodies and detected with an ECL HRP chemiluminescent
substrate reagent kit (Invitrogen, Carlsbad, CA).

Cell Surface Staining and Cell Population
Isolation
Cells were washed twice in PBS and blocked in PBS buffer
containing 1% BSA for 30min. Then, the cells were stained
with conjugated antibodies that were specific for cell surface
antigens for 30min at 4◦C in the dark. These antigens included
CD3e, CD4, PD-1, CXCR5, ICOS, CD25, CD69, CD19, IgD, and
CD27. The stained lymphocytes were analyzed by using flow

TABLE 1 | Sequences of primers.

Gene Forward Primer (5’-3’) Reversed Primer (5’-3’)

BAX TGGAGATGAACTGGACAGCA GAAGTTGCCATCAGCAAACA

Survivin GGCAGCTGTACCTCAAGAA TCTATCGGGTTGTCATCGGG

XIAP ACCCTGCCATGTGTAGTGAA ACGATCACAGGGTTCCCAAT

Bcl-2 CTTCAGGGATGGGGTGAACT TACTCAGTCATCCACAGGGC

Mcl-1 GATGGCGTAACAAACTGGGG AACTCCACAAACCCATCCCA

GATA3 GGCCAGGCAAGATGAGAAAG AGGGCGGATAGGTGGTAATG

Bcl-6 GACGCACAGTGACAAACCAT AACTGCGCTCCACAAATGTT

BATF AAGAGCCGACAGAGACAGA TCCTCGGTGAGCTGTTTGAT

T-bet GTGTCTGGGAAGCTGAGAGT GGTGAAGGACAGGAATGGGA

MAF GCGCACCTGGAAGACTACTA GCATAGCCATCGGAAGCCAC

β-actin CCGTAAAGACCTCTATGCCAAC GGGTGTAAAACGCAGCTCAGTA

cytometry (Beckman Coulter, Fullerton, CA), and the results
were analyzed with use of the software CytoExpert 2.0 (Beckman
Coulter). Isotype-matched cytokine controls were included in
each staining protocol. For purification of the Tfh cells, mouse
splenocytes were stained with CD4-PerCP-5.5, CXCR5-FITC,
and PD-1-BV421 antibodies, and CD4+CXCR5+PD-1+ cells
were isolated by cell sorting on a FACS Aria cell sorter (BD,
Mountain View, CA). For purification of the-B cells, mouse
splenocytes were stained with CD19-PE-cy7, and CD19+ B cells
were isolated by cell sorting on a FACS Aria cell sorter (BD,
Mountain View, CA).

Cell Intracellular Cytokine and Molecule
Staining
Single-cell suspensions from the spleens of control mice and
mice infected with S. japonicum were stimulated with 20 ng/mL
phorbol 12-myristate 13-acetate (PMA) plus 1µg/mL ionomycin
for 5 h at 37◦C under a 5% CO2 atmosphere. Brefeldin A (10
g/mL, Sigma, Shanghai, China) was added during the last 4 h
of incubation. Cells were washed twice in PBS, fixed with 4%
paraformaldehyde, and permeabilized overnight at 4◦C in PBS
buffer containing 0.1% saponin (Sigma), 0.1% BSA, and 0.05%
NaN3. Cells were then stained for 30min at 4◦C in the dark
with conjugated antibodies specific for the cell surface antigens
CD4, CXCR5, and PD-1 as well as the intracellular cytokines
or proteins IL-21, IL-10, IFN-γ, IL-17, IL-4, and IL-5. For
staining of BcL-6 and caspase-3: cells were isolated and fixed
and permeabilized overnight at 4◦C by Fixation/Permeabilization
Solution according to the manufacturer’s instructions (BD, San
Jose, CA). Different fluorescence labeled antibody was added,
and stained for 30min at 4◦C in the dark. The expression
phenotypes of the antibody-labeled lymphocytes were analyzed
by flow cytometry (Beckman Coulter, Fullerton, CA), and the
results were analyzed with the software CytoExpert 2.0 (Beckman
Coulter). Isotype-matched cytokine controls were included in
each staining protocol.

Tfh Cell and B Cell Co-culture
Naive B cells were co-cultured with Tfh cells (2 × 105 cells
per well) at a ratio of 1:1 in RPMI 1640 complete medium
supplemented with 10% fetal bovine serum. Culture medium was
collected at day 3 or 10, and the levels of immunoglobulin G (IgG)
and IgM were determined by enzyme-linked immunosorbent
assay (ELISA) according to the manufacturer’s instructions
(Bethyl Laboratories). The expression of CD27, and CD69 on B
cells was detected using cell surface staining.

Annexin V-FITC/Propidium Iodide Staining
For apoptosis assays, C57BL/6mice were infected percutaneously
with or without 40 ± 5 cercariae as described earlier. At
5–6 weeks after infection, the mice were sacrificed, and the
spleens were collected for analysis of apoptotic cells. Cells
were initially stained using the makers for Tfh cells (CD4+PD-
1+CXCR5+), washed, and then stained with the annexin V-
FITC and propidium iodide (PI) according to the manufacturer’s
instructions (BD Pharmingen).
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Measurement of Caspase-3 Activity
The activity of caspase-3 was measured using the caspase-
3 Activity Assay Kit (Beyotime, China). Following the
manufacturer’s instructions, a standard curve was generated
by measuring the absorbance (A405) of varying amounts of
standard p-nitroaniline (pNA). Then, the Tfh cells were purified
from normal or S. japonicum infected mice, and the proteins
were harvested. Acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-
DEVD-pNA) was then added to each sample at 37◦C for 2 h. The
absorbance was determined on an ELISA reader (BioTek, USA)
and converted to the amounts of pNA that were produced in
the cells.

Statistics
Statistical analysis between different groups was performed using
unpaired t-tests. One-way ANOVA was used to analysis the
dynamic proportions of splenic Tfh cells. The software packages
GraphPad Prism version 5.0a and SPSS Statistics 17.0 were used.
P < 0.05 was considered statistically significant.

RESULTS

Accumulation of Tfh Cells in Schistosoma

japonicum Infected Mice
Twenty female SPF C57BL/6 mice (6–8 weeks old) were
randomly divided into the infection group and the control
group, with 10 mice in each group. The infected mice were
infected with S. japonicum (40 ± 5) through the abdominal
skin. At 5–6 weeks later, liver lesions and granuloma were
observed in infected mice (Figures 1A,B). Lymphocytes from
different immune organs, such as liver, spleen and lymph node,
and peripheral blood were isolated from mice in the control
and the infected groups and stained as described in Materials
and Methods. The proportions of Tfh (CD4+CXCR5+PD-1+

cells) in each group were detected by flow cytometry. Results
showed that the ratio and absolute number of Tfh cells in the
organs of the infected mice increased significantly (P < 0.05,
Figures 1C–E). Furthermore, the dynamic proportions of splenic
CD4+CXCR5+PD-1+ Tfh cells in the S. japonicum infected mice
was evaluated by flow cytometry. The result showed that dynamic
up–regulation of splenic Th cells was observed during the course
of S. japonicum infection (Figure 1F).

Activation of Tfh Cells From S. japonicum

Infected Mice
Next, the isolated splenocytes from both normal and infected
mice were stained by different fluorescence labeled antibodies,
and the expression of activation-related molecules CD25 and
CD69 ICOS were detected on splenic CD4+CXCR5+PD-1+ Tfh
cells by using FACS. As shown in Figure 2A, the expression
of CD69 [mean fluorescence intensity (MFI) value] on the
surface of Tfh cells from the infection group was significantly
higher than that of the control group (P < 0.05). There was no
significant difference in CD25 expression between normal and
infected mice (P > 0.05). In addition, Tfh cell function associated
molecule ICOS was detected on the surface of splenocytes from
both normal and infected mice. The results showed that ICOS

expression was up-regulated on the Tfh cells of infected mice
(P < 0.05, Figure 2B).

Moreover, splenocytes from both normal and infected mice
were isolated and stimulated by PMA plus ionomycin, and
intracellular cytokine staining was done. The ability of Tfh cells
to produce cytokines, including IL-21, IL-17, IL-10, IFN-γ, IL-4,
and IL-5, was detected by FACS. As shown in Figure 2C, results
show that infection induced Tfh cells has significantly improved
the ability to produce IL-21, IL-17, and IFN-γ, especially IL-21,
compared with control Tfh cells (P < 0.05).

Tfh Cells From S. japonicum Infected Mice
Promote B Cell Responses
We further investigated the ability of infection-induced Tfh
cells to promote B cell responses. CD4+CXCR5+PD-1+ Tfh
cells from spleen of both normal and S. japonicum infected
mice were sorted out with FACS and co-cultured with B cells
isolated from spleen of normal mice, at the ratio of 1:1 in
complete medium (Figure 3A). At 3 or 10 days later, the state
of maturity and activation of B cells was detected by FACS.
Results showed that both CD27 and CD69 expression levels were
significantly elevated 10 days later (P < 0.05, Figures 3B,C). The
supernatant of cultured cells was also collected at days 3 and
10, and the levels of IgG and IgM were detected with ELISA.
Compared with normal Tfh cells, infected Tfh cells significantly
increased the ability of B cells to secrete IgG and IgM antibodies
(P < 0.05, Figures 3D,E).

S. japonicum Infection Reduce Apoptosis
Related to the Caspase-3 Pathway
Next, we investigated how S. japonicum infection induce Tfh
cells apoptosis. First, CD4+CXCR5+PD-1+ Tfh cells in the
spleen of normal and infected mice were separated, and
the expressions of important Tfh cell differentiation-related
transcription factors were detected with qRT-PCR. No significant
difference was detected in the expression of BATF, Bcl-6, and
T-bet (P > 0.05) except the decreasing of GATA-3 (P < 0.05,
Figure 4A). We further examined the dynamic apoptosis of
Tfh cells after infection. Interestingly, results showed that the
apoptosis rate of Tfh cells in the spleen of infected mice was
significantly decreased compared with that in normal mice (0W)
(P < 0.05), while the apoptosis of CD4+CXCR5−PD-1− non-
Tfh cells was not significantly changed (P > 0.05, Figures 4B,
C). The expression of the key apoptotic protein caspase-3 in
Tfh cells in the spleen of both normal and infected mice
was further examined with FACS. The expression of caspase-
3 in Tfh cells from infected mice was also significantly down-
regulated (P < 0.05, Figure 4D). Caspase-3 activity was also
detected in Tfh cells separated from the spleen of both normal
and infected mice by the Caspase-3 Activity Assay Kit as
described in materials and methods. Results showed that the
activity of caspase-3 was decreased in Tfh cells from infected
mice (P < 0.05, Figure 4E). In addition, the expressions of
caspase-3 and caspase-8 in splenic Tfh cells from both normal
and infected mouse were detected by western blotting (WB).
Results (Figure 4F) showed that the expression of caspase-3 was
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FIGURE 1 | S. japonicum-infection induce Tfh cells in vivo. (A–D) C57BL/6 mice were infected percutaneously with 40 ± 5 cercariae and sacrificed at 5–6 weeks

after infection, and different tissues were harvested. (A) Representative images of livers. (B) Representative images of liver H&E staining; arrows indicate granuloma.

The percentage (C,D) and absolute numbers (E) of CD4+CXCR5+PD1+ cells in the lymphocytes isolated from spleen (SP), lymph node (LN), peripheral blood (PB),

and live of both normal and infected mice were evaluated by flow cytometry after staining with specific antibodies. Each group included 10 mice. (F) Spleens from

infected mice were harvested; the dynamic proportions of CD4+CXCR5+PD-1+ Tfh cells in the S. japonicum infected mice was evaluated by flow cytometry. Data

are shown as mean ± SEM of six samples in each group from one representative experiment, and repeat three times with similar results. *P < 0.05, **P < 0.01,

***P < 0.001 compared with the corresponding controls (0W), One-way ANOVA was used.
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FIGURE 2 | Activation associated molecules and cytokines expressing on Tfh cells. Single-cell suspensions of spleens were isolated from normal and infected mice.

The expression of CD25 and CD69 on Tfh cells was detected using cell surface staining. The expression of CD25, CD69 (A), and ICOS (B) was analyzed using FCM;

average expression of CD25, CD69, and ICOS was calculated from FACS data. Three independent experiments with similar results were performed and mean± SEM

values of six samples pooled from three experiments are shown. *P < 0.05, compared with the controls; unpaired t-tests were used. (C) Single-cell suspensions of

spleen cells from normal and S. japonicum infected mice were stimulated with or without PMA and ionomycin. Expressions of IL-21, IL-10, IL-17, IFN-γ, IL-4, and IL-5

were detected in Tfh cells by FACS analysis. Numbers in quadrants are percentages of cells in each expression phenotype (n = 5 mice per group). A representative of

two independent experiments is shown. *P < 0.05, compared with the controls.
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FIGURE 3 | Function of Tfh cells from S. japonicum infected mice. (A) CD4+CXCR5+PD-1+ Tfh cells from normal or infected mice and allogeneic CD19+ B cells

from normal controls are incubated at a ratio of 1:1 in RPMI1640 complete medium. (B,C) After 3 and or days of culture, the B cell subpopulations are examined

based on surface phenotype. (B) Representative staining of CD27 and CD69 on B cells from naive mice at days 3 and 10 following co-culture with Tfh cells from

normal and S. japonicum infected mice. (D,E) Mean ± SEM of one representative experiment. IgM and IgG concentration in the supernatant at day 3 or 10. Data are

shown as mean ± SEM of 4–6 samples in each group from one representative experiment. *P < 0.05, **P < 0.01 compared with the corresponding controls;

unpaired t-tests were used.

significantly decreased in infected Tfh cells (P < 0.05), while
the expression of caspase-8 only slightly decreased (P > 0.05).
Next, the expression of apoptosis associated molecules (Mcl-1,
XIAP, BcL-2, BAX, Survivin) on the splenic Tfh cells from both
normal and infected mice were explored with the use of qRT-
PCR. Results (Figure 4G) showed that the expressions of BcL-2
and Mcl-1 (anti-apoptotic proteins) were increased significantly
(P < 0.05). However, there was no significant difference in

the expressions of XIAP, Survivin, and proapoptotic protein
BAX (P > 0.05).

SEA Reduces Apoptosis by the Caspase-3
Pathway in vitro
We further explored the causes of Tfh aggregation after
S. japonicum infection in vitro. SEA was added to stimulate the
splenocytes isolated from normal mice, and the non-stimulated
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FIGURE 4 | S. japonicum infection reduces apoptosis via caspase-3 pathway in vivo. (A) In spleen Tfh cells purified from normal or S. japonicum infected mice, gene

expression was determined by qRT-PCR. (B,C) Single-cell suspensions of spleens were isolated from in different time points infected mice, and apoptosis was

detected using Annexin V-FITC/PI double staining on CD4+CXCR5+PD-1+ Tfh cells and CD4+CXCR5−PD-1− non-Tfh cells by flow cytometry. (D) The percentage

of caspase-3+ Tfh cells in the spleen of normal and S. japonicum infected mice. Representative images (left) and pooled data (right) were shown. (E) The caspase-3

activity of the spleen Tfh cells purified from normal or S. japonicum infected mice (*P < 0.05). (F) In spleen Tfh cells purified from normal or S. japonicum infected

mice, caspase-3 and caspase-8 expression was determined by Western blotting. (G) Quantitative RT-PCR analysis of Mcl-1, XIAP, BCL-2, BAX, and Survivin

expression in spleen Tfh cells purified from normal or S. japonicum infected mice. The data are relative levels of expression compared with those of control cells

after normalization with β-actin expression. Data are shown as mean ± SEM of six samples in each group from one representative experiment. *P < 0.05; ns, not

significant (P > 0.05); unpaired t-test.
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control was set. After 24 h of treatment, the apoptosis and
caspase-3 expressions of Tfh were analyzed by flow cytometry.
The results showed that SEA can significantly inhibit the
apoptosis of Tfh and the expression of caspase-3 (P < 0.05,
Figure 5A). In order to further verify these results, Tfh cells
in the spleen of normal mice were separated and treated with
SEA in vitro. Apoptosis and caspase-3 expressions of Tfh were
analyzed by flow cytometry 24 h later. Consistent with these
results, SEA could significantly inhibit the apoptosis of Tfh and
the expression of caspase-3 (P < 0.05, Figure 5B). At the same
time the stimulated cells were collected, mRNA was extracted.
The expression of apoptosis-related genes was detected with qRT-
PCR. Results (Figure 5C) show a significant increase in anti-
apoptotic factor BcL-2 and Mcl-1 (P < 0.05) and no obvious
difference in the expression of anti-apoptotic genes XIAP and
survivin and apoptosis-promoting factor BAX in SEA-stimulated
cells (P > 0.05).

Effects of SEA on Tfh Cells Are Dependent
on the Caspase-3 Pathway
In order to further explore the action of SEA on the apoptosis of
Tfh cells, Tfh cells and lymphocytes from the spleen of normal
mice were stimulated by SEA (SEA group), caspase-3 agonist
PAC-1 (PAC-1 group), and SEA plus PAC-1 (S+P group); solvent
control was also set. At 12 h later, the apoptosis and expression

of caspase-3 of Tfh cells were detected by FACS. Results showed

that apoptosis and caspase-3 expressions of Tfh cells in the SEA
group were significantly lower than those in the control group
(P < 0.05, Figure 6). As an agonist of caspase-3, the PAC-1
could significantly up-regulated the expression of caspase-3 and
cell apoptosis (P < 0.05). However, the addition of SEA could
directly inhibit the up-regulation of caspase-3 expression and the
apoptosis of Tfh cells induced by PAC-1 (P < 0.05).

DISCUSSION

Follicular helper T cell is an effector CD4+ T cell subgroup
that plays an important role in both protection and pathological
immune response. Our experimental results demonstrated that
after S. japonicum infection, the proportion and absolute number
of CD4+CXCR5+PD-1+ Tfh cells in the spleen, lymph nodes,
and peripheral blood of mice increased significantly (P < 0.01),
especially in the spleen. The percentage of splenic Tfh cell
increased sharply from week 3 to 5 after infection (Figure 1).
These results indicated that S. japonicum infection could induce
the aggregation of Tfh cells, and spleen might be the main
deposition organs for these infections induced Tfh cells. This
results consistented with Chen et al. have reported (13). It implied
that Tfh cells might involve in S. japonicum infection induced
tissue damages.

The spleen is the largest peripheral immune organ in the body
and the main organ for B cell somatic cell mutation, affinity
maturation, receptor editing and type transformation, and other
processes through which immune effects are finally exerted (30).
The phonotypic and functional changes of the Tfh cells were
further explored in the spleen of S. japonicum infected mice.

As shown in Figure 2, compared with normal Tfh cells, the
expression of CD69 and ICOS were significantly up-regulated
in Tfh cells from infected mice (P < 0.05, Figures 2A,B). It
demonstrated that S. japonicum infection could induce the
activation of Tfh cells in the spleen of mice. Tfh cells can secrete
a variety of cytokines to play a regulatory role after activation
(31, 32). IL-21 was the main cytokine produced by Tfh cells after
activation and is the key cytokine for Tfh cells to assist B cells
(33). Our results (Figure 2C) showed that S. japonicum infection
significantly increased the ability of Tfh cells to secrete IL-21, IL-
17, and IFN- γ (P < 0.05). It further suggested that Tfh cell is
a multi-functional cell, which could play a variety of important
roles in the course of S. japonicum infection.

Tfh cells have showed important roles in promoting B
lymphocytes proliferation and differentiation, helping antibody
production and classification transformation (1, 34). To
investigate the ability of infection-induced Tfh cells to promote
B cell responses, Tfh cells from the spleen of both normal
and S. japonicum infected mice were sorted out by FACS and
co-cultured with B cells isolated from spleen of normal mice. As
shown in Figure 3, our results indicated that Tfh cells separated
from infected mice could assist in B cell activation more
quickly and strongly (P < 0.05), especially the differentiation
of the CD19+CD27+ memory B cells (P < 0.05). Moreover, it
could increase the content of IgG and IgM in the supernatant
(P < 0.05). These results suggested that S. japonicum infection
induced Tfh cells could directly promote B cell activation and
differentiation in vitro. It means that splenic Tfh cells play an
important role in the course of S. japonicum infection induced
immune response.

BATF and MAC, T-bet, GATA-3 are lymphocytes activation
and differentiation related molecules (35–37). As shown in
Figure 4A, only the expression ofGATA-3, the classic Th2-related
gene (37), was decreased (P< 0.05). It was reported that infection
of S. mannii could promote the apoptosis of CD4+ T cells (27).
As shown in Figures 4B,C, our dynamic results indicated that
continual decreasing of apoptosis was found in splenic Tfh cells
from S. japonicum infected mice (from week 3 to 6, P < 0.05).
It suggests that the accumulation of Tfh cells after infection is
closely related to the down-regulating apoptosis of Th cells.

Caspase-3 is downstream of the apoptotic enzyme cascade
reaction, which directly performs the task of causing cell death
(38). This protein is involved in the hydrolysis of cellular proteins
required for apoptosis, which lead to the lysis of functional
proteins and mediate the occurrence of apoptosis (39). Both
qRT-PCR and Western results (Figures 4D–F) demonstrate that
the expression of caspase-3 in Tfh cells significantly decreased
after S. japonicum infection (P < 0.05). It implied that the
decrease in apoptosis of Tfh cell after infection might regulated
by caspase-3. Moreover, the expression of caspase-3-regulated
apoptosis-related genes (BcL-2, Mcl-1, XIAP, Survivin, and BAX)
was compared between Tfh cells from normal and infected mice.
Results showed that the expression of anti-apoptosis factors Mcl-
1 and Bcl-2 on Tfh cells from infected mice was obviously higher
(Figure 4F, P < 0.05). It suggested that the decrease in apoptosis
of Tfh cells might induced by the up-regulation of anti-apoptosis
factors Mcl-1 and BcL-2 in this model.
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FIGURE 5 | SEA reduces apoptosis via caspase-3 pathway in vitro. (A,B) Mouse spleen cells (A) or Tfh cells (B) purified from spleen in normal mice were cultured in

medium containing IL-21 (10 ng/ml) with SEA (100µg/mL) or PBS (control); vehicle was used as control. Apoptosis was detected using Annexin V-FITC/PI double

staining with flow cytometry. (Left) Representative results from three independent experiments. (Right) Mean ± SEM values from three independent experiments. (C)

Tfh cells were cultured in IL21 with the indicated treatments for 24 h; mRNA expression of Mcl-1, XIAP, BCL-2, BAX, and Survivin was determined by qRT-PCR. The

data are relative levels of expression compared with those of control cells after normalization with β-actin expression. Data are shown as mean ± SEM of three to five

samples in each group from one representative experiment. *P < 0.05; ns, not significant (P > 0.05); unpaired t-test.

SEA is the initial factor in the formation of granuloma, and
it has many regulatory effects on the immune response of the
host (40, 41). It was reported that SEA immunization could
induce obvious IL-4 and IL-21 secreting Tfh cells in the reactive
LN, which could enhance GC development and class switching
(42). Studies have shown that SEA can induce the apoptosis

of activated HSCs through the Akt/P53/DR5 signaling pathway
and caspase-3/8 signaling pathway (43). Thus, SEA was used to
stimulate splenoctes and the purified splenic Tfh cells in vitro.
As shown in Figures 5A,B, our results indicate that Tfh cell
apoptosis and caspase-3 expression were significantly decreased
after 12 h stimulation by SEA (P < 0.05). It indicates that
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FIGURE 6 | SEA reduces apoptosis via caspase-3 pathway in vitro. (A,B) Splenocytes (A) was isolated from normal mice, and CD4+CXCR5+PD-1+ Tfh cells was

purified by FACS. The splenocytes and Tfh cells were cultured in medium containing IL-21 (10 ng/ml) with SEA (100µg/mL), PAC-1 (100 µM/mL); vehicle was used as

control. Apoptosis was detected using Annexin V-FITC/PI double staining with flow cytometry. (Left) Representative results from three to five independent experiments.

(Right) Data are shown as mean ± SEM of six samples in each group from one representative experiment, and repeat three times with similar results. *P < 0.05.
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SEA could directly suppress the apoptosis of Tfh cells mediated
by caspase-3. The expression of apoptosis and anti-apoptosis-
related molecules induced by SEA was consistent with the in vivo
results (Figure 5C).

PAC-1 is the first discovered regulatory gene that can be
directly applied to procaspase-3 small molecule compounds, can
activate cell suicide process, cause apoptosis (44). To further
evaluate the effect of SEA on caspase-3 expression and Tfh cells
apoptosis, SEA was used to simulate PAC-1 cultured splenocytes
and purified Tfh cells. As shown in Figures 6A,B, SEA could
directly inhabit PAC-1 induced Tfh cell apoptosis and caspase-
3 expression significantly (P < 0.05). It confirms that SEA
promotes the aggregation of Tfh cells by inhibiting the expression
of caspase-3 and down-regulating the apoptosis of Tfh cells.

In conclusion, this study indicated that SEA could induce
the aggregation of Tfh cells in the spleen of S. japonicum
infected C57BL/6 mouse, which then activate and interact with
B cells. Inhibiting the apoptosis of Tfh cells by down-regulating
the expression of caspase-3 is the main mechanism for Tfh
cell aggregation.
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