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Abstract—To determine whether IL-21 receptor signaling plays a significant role in
promoting Tth cell-mediated cardiac injury in viral myocarditis (VMC), we com-
pared IL-21R-deficient mice for some parameters of VMC. Balb/c and IL-21R™"
mice were infected with CVB3. Frequencies of splenic Tth cells were determined by
flow cytometric analysis, and productions of anti-adenine nucleotide translocator
(ANT) autoantibodies were detected by enzyme-linked immunosorbent assay. To
determine the effects of IL-21R signal on the proliferation of B cells, lymphocytes
from spleens of the IL-21R™~ and Balb/c mice infected by CVB3 were tagged with
carboxyfluorescein succinimidyl ester (CFSE) and then were stimulated with lipo-
polysaccharides plus IL-21 or anti-IL-21 neutralizing antibody for 3 days. The
proliferation of B cells was analyzed by flow cytometry. Anti-ANT antibodies in
the supernatants were detected by ELISA. Results showed that IL-21R™" mice
developed significantly less inflammation of the myocardium than Balb/c mice.
Numbers of the Tth cells and levels of anti-ANT antibody were decreased in IL-
21R™" mice, indicating IL-21 signaling plays a role on the Tfh cell response. The
percentage of CD19"CFSE* B cells decreased in IL-21R™" mice compared to VMC
mice. And anti-ANT antibodies were detected at lower levels in cultured supernatant
from IL-21R™" mice than in those from VMC mice. These data suggest that IL-21R
signal may contribute to anti-ANT antibody production and expansion of B cells in
VMC mice.
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Myocarditis is inflammation of the myocardium as-
sociated with microbial infections, which may explain 10%
of patients with acute heart failure for unknown causes and
account for 12% of sudden deaths in young adults less than
40 years old [1]. Among viral causes, coxsackievirus B3
(CVB3) is the leading cause of viral myocarditis (VMC),
which can develop into dilated cardiomyopathy (DCM)
[2]. Excessive immune response and activated CD4* T
lymphocytes, such as Thl, Th2, Th17, and Th22 cells,
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have been reported participating in the procedure of
myocardial cell damage [3-7]. Upon activation, CD4" T
cells can activate autoreactive B cells via cytokines and
chemokines. The autoantibodies thus produced can
precipitate inflammation by triggering complement
protein cascade. Assisting autoantibody, produced by
activated CD4" T cells, is a fundamental respect of
immune responses. Anti-[3 1-adrenergic receptor autoanti-
bodies, anti-adenine nucleotide translocator (ANT) auto-
antibodies, and anti-cardiac myosin autoantibodies were
commonly seen in VMC and DCM patients, suggesting
the existence of abnormal humoral autoimmune responses
in VMC.

Interleukin-21 (IL-21) is produced by activated CD4*
T cells and regulates the T cell, B cell, and natural killer
(NK) cell responses. Follicular helper T cells (Tth) are one
of the potential sources [8, 9]. IL-21 receptor (IL-21R),
which specifically binds IL-21, together with the common
cytokine receptor y-chain, is expressed on multiple im-
mune cell types, such as T cells, B cells, NK cells, and
dendritic cells. In mouse models of systemic lupus erythe-
matosus (SLE), type 1 diabetes mellitus, and arthritis, IL-
21R deficiency completely stops the progress of disease
[10-12]. Our initial studies have suggested a role for IL-21
acting through Tth in VMC [13]. In the present study, we
investigated whether IL-21R signaling is essential to in-
duction of Tth cells and anti-ANT antibodies in the CVB3
model of myocarditis. Our results indicate that mice lack-
ing the IL-21R develop less serious myocarditis. And IL-
21R defects correlate with decrease of the proportion of
Tth cells and the level of anti-ANT antibody. These find-
ings suggest a novel mechanism that IL-21R signaling by
which Tth cells can contribute to the pathogenesis of mice
models of VMC.

MATERIAL AND METHODS

Mice

Male IL-21R™" mice were purchased from Jackson
Laboratories. Four-week-old SPF male Balb/c mice were
obtained from Hunan Silaike Jingda Animal Center, Chi-
nese Academy of Sciences. All mice were 4 weeks of age
when infected. All of the studies have been reviewed and
approved by the Guangxi Medical University Animal Care
and Use Committee. Animals were housed according to
standard procedures and maintained under a standard reg-
imen of food and water ad libitum.
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Virus and Infection of Mice

Heart-passaged CVB3 (Nancy strain) was propagated
in Hep-2 cells, the 50% tissue culture infectious dose
(TCIDsy) titer was determined by the cytopathic effects
visible after 72 h. The TCIDs assay result for Hep-2 cells
was 1 x 107, IL-21R™" mice (IL-21R~ group, n = 8) and
Balb/c mice were infected by intraperitoneal (i.p.) injection
of 0.1 ml of PBS containing approximately 100TCIDs, of
the virus (VMC group, n = 8). The day of injection was
defined as week 0. Surviving mice were separately
sacrificed by cervical dislocation on 2 weeks after i.p.
injection.

Histology

Ventricular tissue was fixed in 10% buffered formalin
for 48 h and then paraffin embedded, sectioned, and
stained by hematoxylin and eosin. Histopathological
change was observed by using light microscopy (Nikon
Eclipse E800 Microscope, Japan). Image analysis of car-
diac inflammation was blindly graded by two independent
pathologists separately based on the following semi-
quantitative scale: 0, no inflammatory infiltrates; 1, small
foci of inflammatory cells between myocytes or inflamma-
tory cells surrounding individual myocytes; 2, larger foci
of 100 inflammatory cells or involving at least 30
myocytes; 3, 10% of a myocardial cross-section involved,;
and 4, 30% of a myocardial cross-section involved [14].

Lymphocyte Isolations and Flow Cytometry

The spleens were removed and pressed through fine-
mesh screens aseptically. Lymphoid cells were isolated by
Ficoll Plaque (Solarbio Science & Technology, China)
gradient centrifugation and then maintained in a 24-well
flat-bottom tissue culture plate with RPMI 1640 supple-
mented with 10% fetal calf serum (Gibco, USA) at 37 °C in
a humidified atmosphere with 5% CO,. Lymphocytes (10%/
tube) were stained with fluorescein isothiocyanate (FITC)-
conjugated anti-CD4, phycoerythrin-Cy5 (PE-CyS5)-conju-
gated anti-ICOS, and phycoerythrin (PE)-conjugated anti-
CXCRS5 (BD PharMingen San Diego, CA), or isotype-
matched control IgG, according to the manufacturer’s pro-
tocol and fixed in 4% paraformaldehyde. Flow cytometric
analysis was performed by using conventional multiparam-
eter procedures. Data were analyzed on a FACS Calibur
flow cytometer (BD Biosciences). Cell Quest software
(BD Biosciences) was used for data acquisition. Viable
cells were determined by trypan blue exclusion. At least
50,000 cells were evaluated. Cells were gated on the
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forward scatter of living cells and then centered on CD4* T
cells. After setting the threshold using isotype control
staining for CXCRS5 and ICOS, the proportion of Tth
cells was analyzed as the percentage of CXCR5* ICOS*
cells within total CD4" T cells for each sample, and
percentages of CXCR5" ICOS*/CD4™ cell proportion
were defined as Tth cells.

Enzyme-Linked Immunosorbent Assay

Blood was collected via retro-orbital bleeding, and
serum was separated. The amounts of ANT autoantibody
in the blood serum were detected using the ANT Immuno-
assay (CUSABIO, China). No cross-reactivity was ob-
served in detection. All samples were measured in
triplicate.

Lymphocyte Preparation, Culture Conditions, and
Differentiation Stimulation

To determine the effects of IL-21R signal on the
proliferation of B cells, the spleens from the IL-21R ™
and Balb/c mice which were infected by CVB3 were
harvested aseptically. The lymphocyte fractions of these
samples were obtained by Ficoll Paque (Solarbio Science
& Technology) gradient centrifugation. Lymphocytes were
tagged with carboxyfluorescein succinimidyl ester (CFSE,
Invitrogen) and then were stimulated with 10 pg/ml lipo-
polysaccharides (LPS) (Sigma-Aldrich) plus 20 ng/ml IL-
21 (eBioscience) or stimulated with 10 pg/ml LPS (Sigma-
Aldrich) plus 0.5 ng/ml anti-IL-21 neutralizing antibody
(eBioscience) for 3 days. The proliferation of B cells was
analyzed by flow cytometry using phycoerythrin PE-
conjugated anti-CD19 antibody. Anti-ANT antibodies in
the supernatants were detected by ELISA.

Statistical Analysis

All data were expressed as mean = SD. One-way
ANOVA and ¢ test were used for comparison among
groups. All data were analyzed with SPSS 17.0 for Win-
dows. A significant difference was defined as P < 0.05.

RESULTS

IL-21R Deficiency Partially Alleviated the
Development of Myocarditis and the Severity of
Myocardium Inflammation

Mice of Balb/c and IL-2IR™" were infected with
CVB3, and surviving animals were sacrificed 2 weeks post
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infection for determination of myocarditis. Results showed
that IL-21R deficiency alleviates the severity of myocarditis.
The survival rate of IL-21R” group mice was significantly
improved comparing with the VMC groups (Fig. 1). The
number of mice survived to 14 days was eight and five for
IL-21R™" group and VMC groups separately. Figure 2 gives
representative histology of CVB3-infected Balb/c and IL-
21R™" mice. Less cardiac inflammation and T, B cell
infiltration were observed in IL-21IR™" mice (Supplement
Material). As our preliminary results showed that anti-IL-
21mAD can partially protect from CVB3-induced myocardi-
tis, these results indicate that IL-21/IL-21R signaling has a
significant role in myocarditis.

Analysis of Involvement of Tth

Total numbers of spleen CD4" Tfh cells were
determined in Balb/c mice and IL-21R”" mice 14 days
after CVB3 infection. Tth cell numbers were significantly
increased in infected Balb/c mice compared to the infected
IL-21R™" mice. Compared with those in the VMC group,
the percentages of Tth cells in the IL-21R ™~ group trended
lower, and there was significant difference between them
(P <0.05, Fig. 3). The frequencies of the Tth cells in VMC
and IL-21R™" groups on day 0 and day 14 were
(0.15+0.03%) vs (0.15 £ 0.01%) and (12.17 £ 2.76%) vs
(3.26 £ 0.69%), respectively.

Reduction of Anti-ANT Antibody from IL-21R™~ Mice

Our preliminary study showed that the humoral man-
ifestations in VMC mice include marked elevation in serum
levels of anti-ANT antibody, and there is a positive relation-
ship between IL-21 and anti-ANT antibody. Inhibiting IL-21
in vivo can decrease the level of anti-ANT antibody and
reduce the frequency of Tth cells [13]. To examine whether
IL-21R signal contributes to the Tth cells and production of
anti-ANT antibody, we studied the change of Tth cells’ anti-
ANT antibody in IL-21R™" mice. We compared serum
levels of anti-ANT antibody in normal and IL-21R™"
which received CVB3 i.p. The levels of anti-ANT antibody
were markedly lower in serum of IL-21R™" mice than those
in the VMC groups (Fig. 4, P < 0.05). These data showed
that ANT antibody was greatly decreased in mice unable to
signal through the IL-21R.

IL-21R Signal Deficiency Is Related to B Cell
Expansion and Anti-ANT Antibody Production

By flow cytometry, we found that the percentage of
CDI19"CFSE™" B cells increased in VMC mice
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Fig. 1. Effects of IL-21R deficiency on survival rate. The survival rate of
IL-21R™" group mice was significantly improved comparing with the
VMC group (P < 0.05). Eight mice in the IL-21R™" group, and five
mice in VMC group survival to 14 days. Kaplan-Meier life span analysis
indicated a significant difference for survival differences.

(5.53 + 0.61%) compared to IL-21R™'" mice
(1.88 £0.50%, P < 0.05, Fig. 5a). By use of ELISA, anti-
ANT were detected at higher levels in cultured supernatant
from VMC mice than in those from IL-21R™" mice
(6.03 £ 0.70 pg/ml) compared to IL-21R™" mice
(2.05 £ 0.21 pg/ml), Fig. 5b. These data indicate that the
expansion of B cells and the increase of anti-ANT antibody
in VMC mice may be related to IL-21. To test this possi-
bility, a neutralizing antibody to IL-21 was added in the
culture medium. Results showed that anti-ANT antibody
decreased the proportion of B cells in VMC mice
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(2.61 £ 0.46%), but a litter bit higher than those of IL-
21R mice (1.90 + 0.52%), Fig. 5b. These data suggest
that IL-21R signal may contribute to anti-ANT antibody
production and expansion of B cells in VMC mice.

DISCUSSION

In 2000, IL-21 and its receptor IL-21R were first
identified [15]. IL-21 is primarily produced by a cluster
of CD4" cells and natural killer cells, while IL-21R is
broadly expressed on B cells, activated T cells, and other
myeloid cells. A large number of studies confirm that IL-21
can stimulate B cell proliferation and differentiation in the
context of a co-stimulatory T cell signal. Due to its ability
to regulate immune responses, numerous studies have
shown that enhancing or inhibiting the action of IL-21 as
antitumor treatment. What more, blocking IL-21R in auto-
immune disease has therapeutic effects in animal models of
a wide range of diseases, and various clinical trials are
ongoing [16].

Interaction of IL-21 with its receptor leads to regula-
tion of activation, proliferation, and survival of both Tth
and B cells. Moreover, IL-21 plays an important role in the
development of Tth [17]. Recent studies have shown that
IL-21 is not required for the generation of Tth cells, but Tth
cell-derived IL-21 is essential for formation of GC by
acting directly on B cells [8]. It has been suggested that
the expression of IL-21/IL-21R has high relationship with
different autoimmune diseases, such as multiple sclerosis
[18] and EAE [19, 20]. Several studies have reported that
IL-21 contributes to the pathogenesis of myocarditis [13,
21]. As IL-21 is a pleiotropic cytokine, which effects on
multiple lymphocyte subpopulations, a major question in
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Fig. 2. IL-21R deficiency prevents myocarditis in IL-21R™~ mice. Representative histopathological images of heart tissue. Heart sections from VMC and
IL-21R™"" mice were stained with H&E, original magnification x400. a BABL/C mice after 2 weeks CVB3 infection. b IL-21R ™" mice after 2 weeks CVB3

infection.
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Fig. 3. Decreased Tth cells in IL-21R " mice 14 days after CVB3 infection. Numbers in the upper right quadrants indicate the mean percentages of Tth
cells. a Representative picture of CXCR5*ICOS*CD4* Tth cells in VMC mice on week 0. b Representative pictures of Tth cells in IL-21R™~ mice on week
0. ¢ Tth cells in VMC mice on week 2 after CVB3 infection. d Tfh cells in IL-21R ™ mice on week 2 after CVB3 infection.

this study was whether IL-21/IL-21R signals impact Tth and decrease Tth cells and ANT autoantibody, indicating

cell responses. In the previous study, we sought to block IL-21 signaling plays a role on the Tth cell response. Here,
IL-21 signaling by treating VMC mice with anti-IL- we show that IL-21R signaling is essential for the VMC
21mAD. Results showed that neutralization of IL-21 with mice and also documented changes in myocarditis. The
anti-IL-21 can ameliorate the myocardium inflammation results described here demonstrate that development of the
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Fig. 4. The levels of serum anti-ANT antibody in different groups, measured by ELISA. The levels of anti-ANT antibody were (1.41 £ 0.11) vs
(1.57 £ 0.16) pg/ml (0 week) and (2.16 = 0.67) vs (9.26 + 0.67) pg/ml in IL-21R”" group and VMC group, respectively. *P < 0.05, vs week 0 VMC
mice. P < 0.05, vs week 2 IL-21IR™" mice.
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Fig. 5. IL-21R signal deficiency is related to B cell expansion and anti-ANT antibody production. a Splenocytes were isolated from VMC and IL-2 IR
mice and stimulated with LPS, or LPS + IL-21, or LPS + anti-IL-21 for 72 h. CFSE* cells among CD19" B cells were detected by flow cytometry analysis. a
Numbers in the upper right quadrants indicate the mean percentages of CD19* B cells. b The levels of serum anti-ANT antibody in different groups,
measured by ELISA. The levels of anti-ANT antibody were (3.33 £0.17) vs (2.07 £0.27) pg/ml (LPS) and (6.03 +0.70) vs (2.05 £ 0.21) pg/ml (LPS + IL-21)
and (1.87 £ 0.19) vs 1.99 + 0.19 pg/ml (LPS + anti-IL-21) in VMC group and IL-21R™ group, respectively. 4P < 0.05.

myocarditis is critically dependent on IL-21/IL-21R sig-
naling. To further determine how IL-21R signal could
impact the Tth and anti-ANT antibodies, the spleens of
the IL-21R—/— and BALB/c mice infected by CVB3 were
tagged with CFSE and then were stimulated with LPS plus
IL-21 or anti-IL-21 neutralizing antibody. Results showed
that the percentage of CD19*CFSE" B cells decreased in
IL-21R™" mice compared to VMC mice. And anti-ANT
antibodies were detected at lower levels in cultured super-
natant from IL-21R ™" mice than in those from VMC mice.
These data suggest that IL-21R signal may contribute to
anti-ANT antibody production and expansion of B cells in
VMC mice.

As IL-21 promotes development of Tth cells involved
in the inflammatory process associated with VMC, there-
fore, inhibition of IL-21 or IL-21R signal may be consid-
ered a potential target for VMC therapy. However, it
should be noted that IL-21 affects the development and
function of other immune cells, including Th17, Treg, NK,
and B cells. Since these cells play an important role in the
immune responses, Treg and Th17 cells are in reciprocal
regulation and development of each cell is associated with
expansion of another one. Although IL-21 has immuno-
modulatory effects on multiple lymphoid cell subsets, in-
cluding CD4*, CD8", B cells, and NK cells, in the CVB3
myocarditis model, IL-21 inhibition resulting in the Tth
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cell population reduction provides the same level of myo-
carditis protection as observed in IL-21R™~ mice lacking
IL-21 signal transduction in Tth subpopulations.

Although it remains to be shown definitely that IL-
21R signal contributes to mice VMC, the observation that
defects in the IL-21R is a protect factor for mice VMC.
Taken together, these results suggest that interruption of the
IL-21/IL-21R signaling pathway may be a therapeutic
option for treating VMC. Although our studies have shown
that IL-21R signal plays an important role in the pathogen-
esis of VMC, it is still necessary to conduct studies to
clarify the precise function of IL-21R signal in the patho-
genesis of this disease. Further investigations regarding the
immunobiology of IL-21 are required to enable the design-
ing of novel therapeutics based on IL-21 targeting.
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