
https://doi.org/10.1177/1721727X16686980

European Journal of Inflammation
2017, Vol. 15(1) 28–34
© The Author(s) 2017
Reprints and permissions: 
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/1721727X16686980
journals.sagepub.com/home/eji

Creative Commons Non Commercial CC-BY-NC: This article is distributed under the terms of the Creative Commons 
Attribution-NonCommercial 3.0 License (http://www.creativecommons.org/licenses/by-nc/3.0/) which permits non-commercial 

use, reproduction and distribution of the work without further permission provided the original work is attributed as specified on the SAGE and 
Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Introduction

Experimental autoimmune myocarditis (EAM) is a 
T cell-mediated disease.1 Myocarditis usually leads 
to fatal events including progressive heart failure 
and sudden death.2 The pathogenesis of myocarditis 
is still not clear, but growing evidence has suggested 
that excessive activation of T cells is an important 
initiator and mediator for EAM.3 Therefore, inhibit-
ing activation of T cells may effectively reduce the 
inflammatory response of cardiomyocytes.4

Cytotoxic T-lymphocyte-associated-antigen 4 
(CTLA4, CD152) is expressed on the surface of acti-
vated T cell membrane and has a 10–20-fold higher 
binding affinity to CD80 (B7-1) and CD86 (B7-2) 
than CD28. Due to its engagement of negative 
costimulatory signal (co-inhibitory signal), CTLA4Ig 

has been the most widely used to regulate the immune 
response through blockade of the CD28–B7 path-
way.5 Also, the CD40 ligand (CD40L or CD154) 
binds to CD40, which also plays an important role in 
costimulation.6 Studies have shown that costimula-
tion blockade with CTLA4Ig and anti-CD40L 
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monoclonal antibody (anti-CD40L mAb) efficiently 
prevented acute rejection and extended survival of 
grafts.6 However, in myocarditis, the effect of block-
ade of CD28–B7 or CD40–CD40L pathways, espe-
cially using combination CTLA4Ig and anti-CD40L 
mAb, is still not clear.

In this study, in order to investigate the effect of 
costimulation blockade by combination CTLA4Ig 
with anti-CD40L mAb on inflammatory response 
of EAM, the model of EAM was used and the 
inflammatory response was assessed.

Material and methods

Animals

Male 7-week-old specific pathogen free (SPF) 
BALB/c mice (weight range, 18–22 g) were pur-
chased from Silaike Laboratory Animal Co., Ltd 
(Shanghai, PR China) and maintained in Laboratory 
Animal Center, Fujian Medical University, PR 
China. Throughout the studies, the protocols for 
these experiments were approved by the special 
committee on Animal Welfare of Fujian Medical 
University.

Induction of EAM and costimulation blockade

In order to induce EAM, mice were immunized 
twice as previously described,2 with some modifi-
cations. Briefly, the left groin and armpit on day 0 
and right groin and armpit on day 7 were injected 
subcutaneously multiple times with 0.1 mg per 
mouse of the porcine cardiac myosin (Sigma 
Chemicals, St Louis, MO, USA) emulsified 1:1 
with Freund’s complete adjuvant (Sigma 
Chemicals). BALB/c mice were randomly divided 
into six groups including ten mice each. In the EAM 
group, mice were injected with porcine cardiac 
myosin and PBS (0.2 mL per mouse); in the single 
intervention groups, including EAM + CTLA4Ig 
and EAM + anti-CD40L mAb groups, mice were 
injected with porcine cardiac myosin and CTLA4Ig 
(10.0 mg/kg of body weight; BD Pharmingen, 
USA) in the EAM + CTLA4Ig group and mice 
were treated with porcine cardiac myosin and anti-
CD40L mAb (10.0 mg/kg of body weight; BD 
Pharmingen, USA) in the EAM + anti-CD40L mAb 
group; in the combined intervention group (EAM + 
CTLA4Ig + anti-CD40L mAb group), mice were 
injected with porcine cardiac myosin, CTLA4Ig 
(5.0 mg/kg of body weight), and anti-CD40L mAb 

(5.0 mg/kg of body weight); in the EAM + IgG 
group, mice were injected with porcine cardiac 
myosin and IgG (10.0 mg/kg of body weight; BD 
Pharmingen, USA); in the normal group, BALB/c 
mice were injected with the complete Freund's 
adjuvant. The mice tail vein injections of PBS, 
CTLA4Ig, anti-CD40L mAb, and IgG were on days 
0, 1, and 2 in the whole experiment. All animals 
were killed on day 21, and their hearts were removed 
freshly and aseptically for detection. Before killing, 
the blood of these mice was collected via retro-
orbital bleeding and the serum was prepared for 
measurement.

Histopathological examination

After the mice were sacrificed, the hearts were 
fixed with perfusion of 3.8% formaldehyde, 
embedded in paraffin, sectioned into 4-μm slices, 
and stained with hematoxylin and eosin (H&E) for 
histological examination. The severity impairment 
of myocarditis was graded in a double-blind man-
ner by two independent investigators, according to 
a semi-quantitative scale based on the presence of 
inflammatory cell infiltration and accompanying 
cardiac myocyte necrosis.7 The detailed scoring 
system was as follows: grade 0, no; grade 1, <10% 
of the heart section is involved; grade 2, 10–30%; 
grade 3, 30–50%; grade 4, 50–90% and grade 5, 
>90%.

Measurement of CTLA4, CD40L, IFN-γ, and 
IL-4 messenger RNA (mRNA) levels

For extraction of total RNA, the hearts of mice 
were snapfrozen in liquid nitrogen immediately 
after excision and stored at −80°C until used. The 
preserved heart was homogenized and total RNA 
was isolated with Trizol (Invitrogen, Carlsbad, CA, 
USA). The first strand of complementary DNA 
(cDNA) was synthesized from total RNA using a 
PrimeScript 1st strand cDNA synthesis kit (TaKaRa 
Bio, Inc., Otsu, Shiga, Japan) according to a stand-
ard protocol. The mRNA levels of CTLA4, CD40L, 
IFN-γ, and IL-4 were measured by quantitative 
real-time polymerase chain reaction (RT-qPCR). 
The reaction mixture consisted of cDNA from 100 
ng of total RNA, 10 μM of each primer indicated in 
Table 1, and 10 μL 2 × SYBR (TaKaRa Bio, Inc., 
Otsu, Shiga, Japan) for a final volume of 20 μL. 
β-actin was amplified as an internal control. The 
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fold change (2–ΔΔCT) was calculated to evaluate the 
mRNA levels of CTLA4, CD40L, IFN-γ, and IL-4.

Measurement of serum IFN-γ and IL-4 levels

The serum levels of IFN-γ and IL-4 were evaluated 
with ELISA kits (Mouse IFN-γ and IL-4 ELISA 
Kits; R & D Systems, Minneapolis, MN, USA) 
according to the manufacturer’s instructions.

Statistical analysis

All data were analyzed with SPSS version 16.0 
(SPSS Inc., Chicago, IL, USA). Variables were 
presented as mean ± SD and analyzed by one-way 
analysis of variance (ANOVA) test and student’s 
t-test among groups. For all tests, a two-sided P 
value <0.05 was considered to be statistically 
significant.

Results

Costimulation blockade ameliorates myocardial 
injury

Histological analysis was performed to evaluate 
inflammatory infiltration in the heart (Figure 1a). 
The hearts in the EAM and EAM + IgG groups 
showed the features of acute myocarditis charac-
terized by inflammatory infiltration of the myocar-
dium, cardiac myocyte necrosis, and fibrosis. 
However, compared to the EAM and EAM + IgG 
groups, myocardial inflammatory cell infiltration 
in myocardial tissues was much milder in the sin-
gle intervention group, which showed limitations 
of inflammatory cell infiltration, especially in the 
combined intervention group, which showed low 
mononuclear cell infiltration.

The inflammatory scores of myocardial tissue 
are shown in Figure 1b. The inflammatory scores 
of the EAM and EAM + IgG groups were 3.3 ± 
0.73 and 3.4 ± 0.77, respectively. There was no dif-
ference between these two groups (P = 0.7694). 
After immune intervention, the inflammatory 
scores of the EAM + CTLA4Ig, EAM + anti-
CD40L mAb, and EAM + CTLA4Ig + anti-CD40L 
mAb groups (0.85 ± 0.23, 1.11 ± 0.41, and 0.2 ± 
0.20, respectively) were significantly decreased 
compared to EAM groups (P <0.01). Moreover, 
the inflammatory score of the combined interven-
tion group was lower than the single intervention 
group (P <0.01), while there was no difference 
between the EAM + CTLA4Ig group and EAM + 
anti-CD40L mAb group (P = 0.1028).

Costimulation blockade decreased the mRNA 
levels of CTLA4 and CD40L in myocardial 
tissues

In order to verify that the CD28–B7 and CD40–
CD40L pathways are involved in the development 
of EAM, we examined the expression of CTLA4 
and CD40L on hearts with EAM. The mRNA lev-
els of CTLA4 and CD40L are shown in Figure 2. 
The expression of these two molecules was signifi-
cantly enhanced in the hearts of EAM and EAM + 
IgG groups compared with normal group (P <0.01). 
After immune intervention, they were significantly 
decreased compared to the EAM group (P <0.01). 
Moreover, the mRNA levels of CTLA4 and CD40L 
of the combined intervention group were lower 
than single intervention group (P <0.05), while 
there were no differences between the EAM + 
CTLA4Ig group and the EAM + anti-CD40L mAb 
group (P >0.05).

Table 1.  Primer sequences for RT-qPCR.

Primer sequence (5’–3’) Fragment
sizes (bp)

CTLA4 Forward: TAAGCGAAGCCAACAGTAATGCAG 134
Reverse: GCTGCTAGCCAACACCACTGAA

CD40L Forward: TAAGCGAAGCCAACAGTAATGCAG 178
Reverse: T GACTCGAAGGCTCCCGATTAG

IFN-γ Forward: CGGCACAGTCATTGAAAGCCTA 199
Reverse: GTTGCTGATGGCCTGATTGTC

IL-4 Forward: TCTCGAATGTACCAGGAGCCATATC 183
Reverse: AGCACCTTGGAAGCCCTACAGA

β-actin Forward: CATCCGTAAAGACCTCTATGCCAAC 171
Reverse: ATGGAGCCACCGATCCACA



Chen et al.	 31

Figure 1.  Costimulation blockade ameliorates myocardial injury. (a) The myocardial tissues were stained with H&E. One 
representative image was shown for each group. H&E staining showed that myocardial cells were arranged in neat rows and there 
were no necroses nor inflammatory cell infiltration in the myocardial tissue of the normal group. The EAM and EAM + IgG groups 
showed features of acute myocarditis, which were disordered arrangement and extensive infiltration of inflammatory cells in 
myocardial tissues, myocardial interstitium, and interstitium under the epicardium. Infiltration of inflammatory cells was decreased 
after immune intervention, especially in combined intervention group. Scale bar = 50 μm. (b) Inflammatory scores of myocardial 
tissue. The severity impairment of myocarditis was graded according to a semi-quantitative scale based on the presence of 
inflammatory cell infiltration and accompanying cardiac myocyte necrosis. Values are presented as mean ± SD (*P <0.01).
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Costimulation blockade modulates the mRNA 
expression of IFN-γ and IL-4 in myocardial 
tissues

The mRNA levels of IFN-γ and IL-4 are shown in 
Figure 3. The mRNA levels of IFN-γ and IL-4 in 
the EAM or EAM + IgG group were significantly 
higher than normal control (P <0.01), especially 
the Th1 cytokines IFN-γ. The mRNA expression of 
Th1 cytokines IFN-γ was decreased (P <0.01), 
while Th2 cytokines IL-4 was increased (P <0.01) 
after single intervention. However, the mRNA lev-
els of IFN-γ and IL-4 were decreased (P <0.05) 
after combined intervention.

Costimulation blockade significantly decreased 
serum levels of IFN-γ and upregulated serum 
levels of IL-4

The serum IFN-γ and IL-4 levels are shown in 
Figure 4. The serum IFN-γ levels were significantly 
higher in the EAM or EAM + IgG group than in the 
normal group (P <0.01). However, there were no 
significant differences for serum IL-4 levels among 
the EAM, EAM + IgG, and normal control groups. 
After immune intervention, the concentrations of 
serum IFN-γ were significantly decreased com-
pared to the EAM group (P <0.01). Moreover, it 
was lower in the combined intervention group than 

Figure 2.  Costimulation blockade decreased the mRNA levels of CTLA4 and CD40L in myocardial tissues. The mRNA levels 
of CTLA4 and CD40L were measured by RT-qPCR. β-actin was amplified as an internal control. The fold change (2-ΔΔCT) was 
calculated to evaluate the mRNA levels. Values are presented as mean ± SD (*P <0.01, ▲P <0.05).

Figure 3.  Costimulation blockade modulates the mRNA expression of IFN-γ and IL-4 in myocardial tissues. The mRNA levels of 
IFN-γ and IL-4 were measured by RT-qPCR. β-actin was amplified as an internal control. The fold change (2-ΔΔCT) was calculated 
to evaluate the mRNA levels. Values are presented as mean ± SD (*P <0.01, ▲P <0.05).
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the single intervention group (P <0.05). Contrary to 
serum IFN-γ, the results showed that the concentra-
tions of serum IL-4 were significantly increased 
after immune intervention compared to EAM (P 
<0.01), while there were no differences among the 
EAM + CTLA4Ig, EAM + anti-CD40L mAb and 
EAM + CTLA4Ig + anti-CD40L mAb groups.

Discussion

This study illustrated the effect of inhibition inflam-
matory response on mice with EAM through costim-
ulation blockade by CTLA4Ig and anti-CD40L 
mAb. The study showed that the combination of 
CTLA4Ig with anti-CD40L mAb could effectively 
reduce inflammatory response on mice with EAM.

CTLA4Ig and anti-CD40L mAb effectively sup-
press the development of EAM. In agreement with 
Matsui et al.,8 this study showed that inflammatory 
infiltration and scores in mouse myocardial tissue 
were significantly decreased after immune inter-
vention compared to the EAM or IgG control 
groups. Moreover, the inflammatory scores of the 
combination intervention group were lower than 
the single intervention group, which reflects that 
combination CTLA4Ig with anti-CD40L mAb is 
really a viable option for controlling inflammatory 
response.

Cytokines play an important role in the develop-
ment and severity of autoimmune myocarditis.9 
Th1 cytokines, such as IFN-γ, have predominant 
functions during the progressive phase of acute 
myocarditis,10–12 while Th2 cytokines such as IL-4 

have an inhibitory effect in EAM.3 In line with 
Massilamany et al.,13 this study showed that IFN-γ 
was decreased while IL-4 was increased after sin-
gle intervention. Our results indicate that early 
immune intervention may shift the Th1/Th2 bal-
ance toward Th2; our results are also consistent 
with Kishimoto et al.14 Our study also found that 
not only was the mRNA level of IFN-γ decreased 
after combined intervention, but also that of IL-4. 
The possible reason was that the proliferation of T 
cells in myocardial tissues were suppressed after 
blocking the two costimulatory signal pathways, 
and the T cell anergy was increased, which led to 
the a reduction in the secretion of both Th1 and 
Th2 cytokines.

In conclusion, costimulation blockade by combi-
nation CTLA4Ig with anti-CD40L mAb can regulate 
the balance of Th1/Th2 and effectively inhibit the 
development of EAM in the early stages of EAM. 
Although the conclusion was obtained from an ani-
mal model, and further clinical evaluation is needed, 
it provides evidence for the treatment of EAM using 
a new application of costimulation blockade by com-
bining CTLA4Ig with anti-CD40L mAb.
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Figure 4.  Costimulation blockade modulated the serum levels of IFN-γ and IL-4. Sera were tested for IFN-γ and IL-4 concentration 
by ELISA. Values are presented as mean ± SD (*P <0.01, ▲P <0.05).
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