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Abstract 

Background:  Interleukin (IL)-38, a novel member of the IL-1 family, has been reported to be involved in several 
diseases associated with viral infection. However, the expression and functional role of IL-38 in acute viral myocarditis 
(AVMC) have not been investigated.

Methods:  Male BALB/c mice were treated with intraperitoneal (i.p.) injection of coxsackievirus B3 (CVB3) for estab-
lishing AVMC models. On day 7 post-injection, the expression of IL-38 and IL-36R (IL-36 receptor) were measured. 
Mice were then treated with i.p. injection of mouse Anti-IL-38 Antibodies (Abs) for neutralization of IL-38. The survival, 
bodyweight loss, cardiac function, and myocarditis severity of mice were recorded. The percentages of splenic Th1 
and Th17 cells, the expression levels of Th1/Th17-related master transcription factors (T-bet and RORγt) and cytokines 
were determined by flow cytometry, RT-qPCR, and ELISA, respectively. Cardiac viral replication was further detected.

Results:  The mRNA and protein expression levels of IL-38 in myocardium and serum, as well as cardiac IL-36R mRNA 
levels were significantly elevated in mice with AVMC. Increased IL-38 levels were negatively correlated with the sever-
ity of AVMC. Neutralization of IL-38 exacerbated CVB3-induced AVMC, as verified by the lower survival rate, impaired 
cardiac function, continuous bodyweight loss, and higher values of HW/BW and cardiac pathological scores. In addi-
tion, neutralization of IL-38 suppressed Th1 cells differentiation while promoted Th17 cells differentiation, accompa-
nied by decreased T-bet mRNA expression and increased RORγt expression. Down-regulation of IFN-γ and up-regula-
tion of IL-17, TNF-α, and IL-6 mRNA and protein expression levels in myocardium and serum were also observed in the 
IL-38 neutralization group. Furthermore, neutralization of IL-38 markedly promoted cardiac viral replication.

Conclusions:  Neutralization of IL-38 exacerbates CVB3-induced AVMC in mice, which may be attributable to the 
imbalance of Th1/Th17 cells and increased CVB3 replication. Thus, IL-38 can be considered as a potential therapeutic 
target for AVMC.
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Background
Acute viral myocarditis (AVMC), a common inflamma-
tory myocardial disease, is one of the leading causes of 
acute-onset heart failure and sudden death among young 
patients [1, 2]. Some patients with AVMC may progress 
into chronic myocarditis, causing continuous destruc-
tion of cardiomyocytes and the initiation of remodeling 
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process [3]. Coxsackievirus B3 (CVB3), a member of the 
Picornaviridae family, has been identified as the most 
common pathogen for AVMC [4]. Although a multitude 
of studies have demonstrated that the major pathogen-
esis of AVMC is excessively uncontrolled inflammatory 
responses triggered by myocardial damage following viral 
infection, the direct attack of the virus on cardiomyo-
cytes is also considered a critical component for AVMC 
development and progression [5, 6]. Accumulating evi-
dence has revealed that both T helper (Th) 1 and Th17 
cells play a crucial role in the early immune reaction to 
CVB3 infection [7–9]. However, up to now, the treatment 
of AVMC is still mostly restricted to  supportive meas-
ures as there is no specific treatment for the disease. It is 
essential to clarify the fundamental mechanisms respon-
sible for AVMC.

Interleukin (IL)-38 (IL-1F10), a newly identified 
cytokine of the IL-1 family, is located in the IL-1 family 
cluster on chromosome 2 next to the genes encoding IL-1 
receptor antagonist (IL-1Ra) and IL-36Ra, and shares 
nearly 41% homology with IL-1Ra and 43% homology 
with IL-36Ra [10]. Similar to other IL-1 family members, 
IL-38 lacks a signal peptide and has no caspase-1 consen-
sus cleavage site [10, 11]. It mediates its biological effects 
via the specific receptor IL-36R, a partial receptor antag-
onist of IL-36. Therefore, IL-38 plays an antagonistic 
role in the pro-inflammatory effects of IL-36 cytokines, 
including IL-36α, IL-36β, and IL-36γ [12]. IL-38 is an 
abundant, ubiquitously expressed cytokine, which can 
be secreted by fibroblast-like synoviocytes, peripheral 
blood mononuclear cells (PBMCs), keratinocytes, epi-
thelial cells, and various immune cells, such as B cells, 
natural killer (NK) cells, macrophages, and dendritic cells 
(DCs) [11, 12]. Abnormal expression of IL-38 has been 
found in many inflammatory diseases, including rheu-
matoid arthritis (RA), allergic asthma (AA), and systemic 
lupus erythematosus (SLE) [13–15]. In addition, elevated 
serum IL-38 levels at baseline can be used to predict 
virological response in telbivudine-treated patients with 
chronic hepatitis B [16]. Moreover, Gao and Conti have 
reported that IL-38 is a potential therapeutic cytokine 
that inhibits inflammation in viral infections, including 
those caused by the influenza virus and Coronavirus-19 
[17, 18]. These findings indicate that IL-38 may play an 
important role in the pathogenesis of diseases associated 
with viral infection. However, the expression and func-
tional role of IL-38 in AVMC are still largely unknown.

To tentatively tap this field, we investigated the expres-
sion of IL-38 and IL-36R in vivo in mice with AVMC. The 
percentages of splenic Th1 and Th17 cells, the expres-
sion levels of Th1/Th17-related master transcription fac-
tors (T-bet and RORγt) and cytokines, and cardiac viral 
replication were determined. Additionally, neutralizing 

Anti-IL-38 Antibodies (Abs) were given to AVMC mice 
to further explore the effect of IL-38 on myocarditis.

Methods
Mice
Specific pathogen-free grade wild-type male BALB/c 
mice aged 6  weeks (production license:  SCXK (Zhe) 
2019-0001) were purchased from the Zhejiang Vital 
River Laboratory Animal Technology Co., Ltd. (Zhejiang, 
China). Mice were housed under standard pathogen-free 
conditions at the Experimental Animal Center (Fujian 
Academy of Medical Sciences, Fuzhou, Fujian, China). 
All studies were approved by the Animal Experimenta-
tion Ethics Committee of Shengli Clinical Medical Col-
lege of Fujian Medical University (SYXK: 2016-0004). 
The experimental methods were performed in accord-
ance with the approved guidelines.

CVB3 infection
The CVB3 (Nancy strain, a kind gift from Prof. Weif-
eng Wu of Guangxi Medical University) was produced 
in monolayers of HeLa cells (ATCC, CCL-2) and stored 
at −80 °C. The virus titer, determined based on a stand-
ard plaque-forming unit (PFU) assay on HeLa cells, was 
1 × 108 PFU/ml. Male BALB/c mice aged 6  weeks were 
infected by intraperitoneal (i.p.) injection of 200 μl phos-
phate-buffered saline (PBS) containing 2 × 105 PFU of 
CVB3 to establish the AVMC models.

Induction of AVMC
A total number of 28 BALB/c mice were randomly 
assigned into two groups as follows: (1) Control group 
(n = 10) containing mice treated with i.p. injection of PBS 
(200 μl per mouse); (2) AVMC group (n = 18) comprising 
mice administered CVB3. The day of i.p. injection was 
defined as day 0. All surviving mice were sacrificed on 
day 7 after CVB3 infection. The heart, spleen, and blood 
were collected.

Neutralization of IL‑38
To elucidate the role of IL-38 in  vivo, Anti-IL-38 Abs 
were used to neutralize IL-38 in mice. We performed a 
dose–response experiment of Anti-IL-38 Abs in  vivo 
based on the dose previously reported in the studies [19, 
20]. As shown in Additional file 1: Figure S1, mice were 
treated with three different doses of Anti-IL-38 Abs (25, 
50, or 75 μg per mouse) by i.p. injection on day 0 and day 
4 after CVB3 infection. It was observed that Abs dose 
of 50 or 75 μg per mouse per injection was more effec-
tive in neutralizing IL-38 expression in vivo than that of 
25 μg per mouse per injection (both P < 0.01), while there 
was no significant difference in effectiveness between 
the doses of 50 and 75 μg per mouse per injection (both 
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P > 0.05). Since the Abs dose of 50  μg per mouse per 
injection was sufficient to effectively neutralize IL-38 
expression in  vivo, this dose was used for subsequent 
experiments. A total of 55 BALB/c mice were randomly 
divided into four groups: 1) IL-38 neutralization (IL-38N) 
group [mice treated with i.p. injection of Anti-IL-38 Abs 
(50 μg per mouse, on day 0 and day 4, n = 15) after CVB3 
infection]; 2) IgG group [mice treated with i.p. injection 
of IgG2A isotype control (50 μg per mouse, on day 0 and 
day 4, n = 15) after CVB3 infection]; 3) PBS group [mice 
treated with i.p. injection of PBS (50  μg per mouse, on 
day 0 and day 4, n = 15) after CVB3 infection]; and 4) 
Sham group [untreated mice administered an i.p. injec-
tion of PBS on day 0 and day 4 (n = 10)]. Mouse Anti-
IL-38 Abs and IgG2A isotype control were obtained from 
R&D Systems, Minneapolis, MN, USA. The survival rates 
and bodyweight changes were monitored daily until day 
7. The spleen and heart were removed aseptically to be 
measured on day 7 post CVB3 infection. Before mice 
were killed, the cardiac function was assessed and then 
serum was collected for the study.

Transthoracic echocardiography
The cardiac function of mice was evaluated non-inva-
sively on day 7 by transthoracic echocardiography using 
a Vevo2100 Ultrasound System (Fujifilm VisualSonics, 
Bothell, WA, USA) equipped with a 40 MHz transducer-
phased-array transducer. Mice were anesthetized with i.p. 
administration of sodium pentobarbital  (1%, 50  mg/kg) 
and immobilized in a supine position. The parameters of 
heart function were recorded in two-dimensional mode, 
and left ventricular parasternal long-axis views were 
obtained in M-mode imaging at the papillary muscle 
level. Ventricular parameters, including left ventricular 
end-systolic diameter (LVESD), left ventricular end-dias-
tolic diameter (LVEDD), fractional shortening (FS), and 
ejection fraction (EF) were measured and analyzed using 
a standard formula as described previously [21]. The 
sonographer was unaware of the group allocations.

Histopathological examination
Heart ventricular tissues fixed in 10% phosphate-buffered 
formalin were embedded in paraffin, and sections (5 μm 
thick) were stained with hematoxylin and eosin (H&E) to 
quantify the severity of inflammation. Histopathological 
changes were viewed using a Leica DM2000 LED micro-
scope (Leica, Wetzlar, Germany). Cardiac pathologi-
cal scores were graded by two independent researchers 
in a blinded manner according to the following scoring 
method: 0, no inflammation; 1, 1–5 distinct mononu-
clear inflammatory foci with involvement of 5% or less 
of the cross-sectional area; 2, > 5 distinct mononuclear 
inflammatory foci, or involvement of over 5% but not 

over 20% of the cross-sectional area; 3, diffuse mononu-
clear inflammation involving over 20% of the area, with-
out necrosis; and 4, diffuse inflammation with secondary 
necrosis and acute inflammation [22].

Immunohistochemistry
For immunohistochemistry, the streptavidin–biotin com-
plex method was applied. The staining was performed 
using a Streptavidin–Biotin Complex kit (Boster, Wuhan, 
Hubei, China) according to the manufacturer’s instruc-
tions. The obtained sections of heart ventricular tissues 
were deparaffinized using xylene, followed by rehydra-
tion using alcohol and washing with PBS. The sections 
were microwaved in citrate buffer for 15 min to retrieve 
antigen and then treated with 3% hydrogen peroxide for 
10  min to block endogenous peroxidase. The sections 
were treated with 10% goat serum (Boster) for 30  min 
at room temperature to block the binding of nonspe-
cific Abs. Rabbit anti-mouse IL-38 polyclonal antibody 
(1: 200, Bioss, Beijing, China) was added to the sections, 
and incubation was performed overnight at 4  °C. Histo-
chemical reactions were then developed using 3, 3-diam-
inobenzidine (Sigma-Aldrich, St. Louis, MO, USA) as the 
chromogenic substrate for peroxidase. Negative controls 
replaced the primary antibody with nonimmune goat 
serum, with all other steps performed as above. The semi-
quantitative analysis of IL-38 deposition was performed 
using Image-Pro Plus 6.0 software (Media Cybernetics, 
Bethesda, MD, USA). For each slide, 5 randomly chosen 
fields at 400× magnification were photographed and ana-
lyzed by two independent pathologists uninformed of the 
experimental grouping to measure the integrated optical 
density (IOD).

Flow cytometric analysis
The spleen from each mouse was removed aseptically 
and dispersed through nylon mesh to generate a single-
cell suspension. After red blood cells removal by Red 
Blood Cell Lysing Buffer (Sigma-Aldrich), the splenic 
mononuclear cells were washed twice in RPMI 1640 
(Invitrogen, Carlsbad, CA, USA) and resuspended in 
RPMI 1640 medium with 10% FBS (Invitrogen). Cells 
were stimulated with phorbol myristate acetate (25 ng/
ml, Sigma-Aldrich) and ionomycin (1  μg/ml, Sigma-
Aldrich) for 5  h at 37  °C in the presence of GolgiPlug 
(1 μl/106 cells, BD Biosciences, Breda, the Netherlands). 
After stimulation, cells were collected, washed, and 
stained with phycoerythrin cyanine-5-conjugated anti-
mouse CD4 (eBioscience, San Diego, CA, USA). Cells 
were stained intracellularly with anti-IFN-γ, or IL-17 
mouse Abs conjugated with Alexa Fluor®488, or phyco-
erythrin after fixation and permeabilization according 
to the manufacturer’s instructions (eBioscience), and 
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then measured by flow cytometry using a FACSCalibur 
flow cytometer (BD Biosciences). The data were ana-
lyzed using the FCS Express 7 Research Edition soft-
ware (DeNovo Software, Glendale, CA, USA).

Quantitative real‑time PCR (RT‑qPCR)
Total RNA was extracted from cardiac tissue using TRI-
zol reagent (Invitrogen), followed by transcription into 
cDNA with a PrimeScript™ RT reagent kit (TaKaRa, 
Dalian, Liaoning, China) according to the instructions 
provided by the manufacturer. Primers for IL-38, IL-
36R, IFN-γ, IL-17, TNF-α, IL-6, T-bet, RORγt, CVB3, 
and the housekeeping gene β-actin were designed with 
the Primer Premier 5.0 software (Premier Biosoft, 
Palo Alto, CA, USA) and are shown in Table  1. RT-
qPCR was performed in an ABI 7500 Sequence Detec-
tion System (Applied BioSystems, Foster City, CA, 
USA) using a SYBR® Premix Ex Taq™ II kit (TaKaRa) 
for detection. The thermal cycling conditions were: 
initial denaturation at  94  °C  for  3  min, followed by 40 
cycles of 94 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s. 
The relative expression of target genes was normalized 
to β-actin mRNA expression and quantified by the 2−
ΔΔCT method [23]. Reactions were performed in a 25 μl 
volume, and each sample was run at least in duplicate.

Plaque‑forming assay
Plaque-forming assays and viral titers were performed 
using standard methods. A portion of heart tissue was 
weighed and then homogenized in 2  ml of sterile PBS, 
followed by three freeze/thaw cycles to lyse the cells and 
release the virus. After spinning at 450×g for 10 min, the 
supernatants were sequentially 10-diluted in RPMI 1640 
medium. Virus-containing supernatants were overlaid 
on HeLa cell monolayers and incubated for 1  h at 5% 
CO2, 37  °C, in six-well plates. Cells were then washed 3 
times with PBS and covered with 2 ml 0.4% agar contain-
ing RPMI 1640 and 10% FBS. To allow counting of the 
plaques, the cell monolayers were fixed and stained after 
3  days of incubation. The viral titers were calculated as 
PFU per organ weight (in grams).

Cytokine assay
The serum samples were obtained by centrifugation. The 
level of IL-38 in mouse serum was detected by using a 
Mouse IL-38 ELISA kit (SND-M144, Chuzhou Shin-
uoda Biological Technology Co., Ltd., Anhui, China), 
and the levels of IFN-γ, IL-17, TNF-α, and IL-6 in serum 
were detected by Mouse ELISA kits (ExCell Biology Inc., 
Shanghai, China) according to the instructions provided 
by the manufacturer. The lowest detectable concentra-
tions of IL-38, IFN-γ, IL-17, TNF-α, and IL-6 were 7.5, 
4, 7, 7, and 7  pg/ml, respectively. No significant cross-
reactivity or interference was observed. All samples 
were measured in triplicate, and the mean value was 
calculated.

Statistical analysis
Data are expressed as mean ± SD. Statistical analysis of 
data was performed by unpaired 2-tailed t-test or one-
way ANOVA, as indicated. The difference in cardiac 
pathological scores was performed by the Mann–Whit-
ney U test. Survival was estimated using the Kaplan–
Meier method, and the difference in survival was 
compared by the log-rank test. Correlation between vari-
ables was determined by the Spearman rank test. All data 
were analyzed with GraphPad Prism 8 software (Graph-
Pad Software, La Jolla, CA, USA). P < 0.05 was considered 
statistically significant.

Results
Assessment of AVMC severity
All mice in the control group grew normally without 
any apparent behavioral abnormalities. Starting on day 
2, CVB3-treated mice showed the symptoms of AVMC, 
including weakness, coat ruffling, back arching, loss 
of appetite, fatigue, weight loss, and even death. The 
7-day survival rates of mice after CVB3 infection were 

Table 1  Primers used in RT-qPCR

Primer name Sequence (5′–3′)

IL-38 Forward: GTG​AAC​ATC​GAG​GAC​CTA​TAC​AAG​

Reverse: TCA​GTA​TGG​GTG​GAG​GGT​TC

IL-36R Forward: TGC​TTC​TGC​TTT​TCG​TGG​CAGCA​

Reverse: GCC​CCG​TTT​GTT​TCT​GGC​GG

IFN-γ Forward: CTC​AAG​TGG​CAT​AGA​TGT​GGAAG​

Reverse: GCT​GGA​CCT​GTG​GGT​TGT​TGA​

IL-17 Forward: CTG​TGT​CTC​TGA​TGC​TGT​T

Reverse: TGG​AAC​GGT​TGA​GGT​AGT​

TNF-α Forward: AGT​CCG​GGC​AGG​TCT​ACT​TT

Reverse: TTG​GAC​CCT​GAG​CCA​TAA​TC

IL-6 Forward: CCA​GAA​ACC​GCT​ATG​AAG​TTCC​

Reverse: TTG​TCA​CCA​GCA​TCA​GTC​CC

T-bet Forward: AGC​AAG​GAC​GGC​GAA​TGT​T

Reverse: GTG​GAC​ATA​TAA​GCG​GTT​CCC​

RORγt Forward: TGC​GAC​TGG​AGG​ACC​TTC​TAC​

Reverse: TCA​CCT​CCT​CCC​GTG​AAA​AG

CVB3 Forward: CGG​TAC​CTT​TGT​GCG​CCT​GT

Reverse: CAG​GCC​GCC​AAC​GCA​GCC​

β-actin Forward: AAT​TCC​ATC​ATG​AAG​TGT​GA

Reverse: ACT​CCT​GCT​TGC​TGA​TCC​AC
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monitored. A total of 13 out of 18 (72.22%) mice survived 
in the AVMC group. In detail, a total of 1, 2, 1, and 1 mice 
died on day 3, 4, 5, 6 post-infection in the AVMC group, 
respectively. In contrast, none of the mice died in the 
control group (Fig. 1A). The bodyweights of AVMC mice 
significantly decreased compared to control mice from 
day 3 to day 7 (Fig. 1B, all P < 0.01). In addition, the val-
ues of heart weight/bodyweight (HW/BW) and cardiac 
pathological scores of heart sections in AVMC mice were 
dramatically higher than those of control mice on day 7 
(Fig. 1C-E, P < 0.05 or P < 0.01).

Elevated expression of IL‑38 and IL‑36R in AVMC
On day 7 post-infection, the protein and mRNA expres-
sion levels of IL-38 were enhanced in the myocardium of 
AVMC mice, compared to those of control mice (Fig. 2A, 
B and D, both P < 0.01). As shown in Fig. 2C, the mark-
edly increased level of circulating IL-38 protein was also 

observed in the AVMC group compared to that in the 
control group (P < 0.01). Furthermore, the cardiac rela-
tive mRNA expression of IL-36R, the specific receptor 
of IL-38, was significantly elevated in the AVMC group 
compared to that in the control group (Fig. 2D, P < 0.01).

Association between IL‑38 expression and the severity 
of AVMC
To explore the potential role of IL-38 in the pathogene-
sis of AVMC, we examined the association of IL-38 lev-
els with disease severity, including bodyweight loss and 
cardiac pathological scores on day 7 post-infection. As 
shown in Fig. 2E–F, cardiac IL-38 mRNA expression was 
negatively correlated with bodyweight loss (r =  − 0.714, 
P = 0.008) and cardiac pathological scores (r =  − 0.600, 
P = 0.033). Meanwhile, similar results were obtained for 
the serum IL-38 levels (Fig. 2G–H), indicating that IL-38 
may play a protective role in CVB3-induced AVMC.

Fig. 1  Assessment of AVMC severity. Male BALB/c mice were infected with CVB3 on day 0. The survival rates (A) and bodyweight changes (B) of 
mice in the control (n = 10) and AVMC (n = 18) groups were monitored daily until day 7. C Values of HW/BW in two groups were recorded on day 7. 
D Representative images of myocardial histopathology H&E staining in two groups (magnification × 200 and × 400). E Cardiac pathological scores 
in two groups. Each point represents an individual mouse. *P < 0.05, **P < 0.01, compared to control group
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Fig. 2  Elevated expression of IL-38 and IL-36R in AVMC. A Representative images of IL-38 immunohistochemistry of heart tissue from the control 
(n = 10) and AVMC (n = 13) groups (Brown granules, magnification × 400). B Morphometric quantitation of cardiac IL-38 protein expression. C ELISA 
analysis of serum IL-38 levels. D Relative cardiac mRNA expression of IL-38 and IL-36R detected by RT-qPCR. E–F Negative association of cardiac IL-38 
mRNA expression with bodyweight loss and cardiac pathological scores on day 7 post-infection. Each point represents an individual mouse. G–H 
Negative association of serum IL-38 levels with bodyweight loss and cardiac pathological scores on day 7 post-infection. Each point represents an 
individual mouse. **P < 0.01, compared to control group. Data are expressed as mean ± SD
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Neutralization of IL‑38 reduced survival rate and impaired 
cardiac function
We further investigated the protective role of IL-38 
against CVB3-induced AVMC by using Mouse Anti-
IL-38 Abs in  vivo. The number of mice surviving to 
day 7 was 10, 11, 5, and 11 for Sham, PBS, IL-38N, 
and IgG groups, respectively. The 7-day survival rates 
of the PBS and IgG groups both decreased to 73.33% 
(11/15), and a marked decline in survival rate (33.33%, 

5/15) was observed in the IL-38N group compared 
to that of the IgG group (P = 0.037, Fig.  3A). Mean-
while, mice treated with Anti-IL-38 Abs suffered sig-
nificant and continuous bodyweight loss from day 3 
to day 7 (Fig. 3B, P < 0.05 or P < 0.01). To compare car-
diac function in different groups, LVESD, LVEDD, FS, 
and EF were measured and analyzed by transthoracic 
echocardiography on day 7. As shown in Fig.  3C–G, 
compared to IgG2A isotype control-treated mice, the 

Fig. 3  Neutralization of IL-38 reduced survival rate and impaired cardiac function. Male BALB/c mice were infected with CVB3 on day 0 and 
then treated with i.p. injection of PBS, Anti-IL-38 Abs, or IgG2A isotype control on day 0 and 4 after CVB3 infection. A Survival analysis in the Sham 
(n = 10), PBS (n = 15), IL-38N (n = 15), and IgG (n = 15) groups after CVB3 infection. B The bodyweight changes were monitored daily until day 7. 
C Representative M-mode echocardiography images of the left ventricle in different groups on day 7 post-infection. D–G LVESD, LVEDD, FS, and 
EF were measured on day 7 post-infection. *P < 0.05, **P < 0.01, compared to Sham group; #P < 0.05, ##P < 0.01, compared to IgG group. Data are 
expressed as mean ± SD
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echocardiographic assessment revealed that LVESD 
was larger, while FS and EF were lower in mice treated 
with Anti-IL-38 Abs (all P < 0.01). There was no sta-
tistical difference in LVEDD between the IL-38N and 
IgG groups (Fig.  3E, P > 0.05). Regarding the survival 
rates, bodyweight loss, LVESD, LVEDD, FS, and EF, no 
significant differences were observed between the PBS 
and IgG groups (all P > 0.05).

Neutralization of IL‑38 exacerbated CVB3‑induced 
myocarditis
As shown in Fig.  4, mice treated with Anti-IL-38 Abs 
developed more severe myocarditis. Firstly, the val-
ues of HW/BW in mice treated with Anti-IL-38 Abs 
were higher than those in the IgG group on day 7 post-
infection (Fig.  4A. P < 0.01). Additionally, the cardiac 
pathological scores of heart section in mice receiving 
Anti-IL-38 Abs were significantly increased compared to 
those in the IgG group (Fig. 4B–C, P < 0.05). There were 
no significant statistical differences between the PBS and 

IgG groups regarding the values of HW/BW and cardiac 
pathological scores (both P > 0.05).

Neutralization of IL‑38 regulated Th1 and Th17 cells 
differentiation in vivo
Previous studies have suggested that Th cells differentia-
tion and their production of cytokines, such as IFN-γ-
producing Th1 cells and IL-17-producing Th17 cells, are 
involved in the pathogenesis of AVMC [7–9]. Moreo-
ver, there is growing evidence that IL-38 can mediate an 
effective immune response via the regulation of Th cells 
differentiation [12, 24]. Therefore, the percentages of 
splenic Th1 and Th17 cells, and the mRNA expression 
levels of master transcription factors (T-bet and RORγt) 
in myocardium were measured on day 7 post-infection. 
As shown in Fig.  5, the percentages of splenic Th1 and 
Th17 cells, and cardiac mRNA expression levels of T-bet 
and RORγt were markedly increased in the PBS, IL-38N, 
and IgG groups compared to those in the Sham group 
(all P < 0.01). Furthermore, compared to those in the 
IgG group, the percentages of Th1 cells in the IL-38N 
group were significantly diminished (Fig. 5A–B, P < 0.05), 

Fig. 4  Neutralization of IL-38 exacerbated CVB3-induced myocarditis. A Values of HW/BW in the Sham (n = 10), PBS (n = 11), IL-38N (n = 5), and 
IgG (n = 11) groups. B Cardiac pathological scores in different groups. Each point represents an individual mouse. C Representative images of 
myocardial histopathology H&E staining in different groups (magnification × 200 and × 400). *P < 0.05, **P < 0.01, compared to Sham group; #P < 0.05, 
##P < 0.01, compared to IgG group
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whereas the percentages of Th17 cells were significantly 
elevated (Fig.  5A and D, P < 0.01). Similarly, cardiac 
mRNA expression level of T-bet associated with Th1 cells 
was decreased in the IL-38N group compared to that in 
the IgG group, whereas RORγt associated with Th17 cells 

was increased (Fig. 5C and E, P < 0.05 or P < 0.01). No sig-
nificant differences in the percentages of Th1/Th17 cells 
and the expression levels of transcription factors were 
observed between the PBS and IgG groups (all P > 0.05).

Fig. 5  Neutralization of IL-38 regulated Th1 and Th17 cells differentiation in vivo. A Representative flow cytometry dot plots of splenic 
CD4+IFN-γ+ Th1 cells and CD4+IL-17+ Th17 cells in the Sham, PBS, IL-38N, and IgG groups. Numbers in upper left quadrants and lower right 
quadrants indicate the separate percentages of CD4+ Th1 cells and CD4+ Th17 cells. B Abundance of Th1 cells in different groups. C Cardiac mRNA 
expression levels of T-bet in different groups. D Abundance of Th17 cells in different groups. E Cardiac mRNA expression levels of RORγt in different 
groups. **P < 0.01, compared to Sham group; #P < 0.05, ##P < 0.01, compared to IgG group. Data are expressed as mean ± SD
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Neutralization of IL‑38 reduced IFN‑γ production, 
increased IL‑17, TNF‑α, and IL‑6 levels, and promoted CVB3 
replication
Cardiac mRNA expression levels of Th1-related 
cytokine (IFN-γ) and Th17-related cytokines (IL-17, 
TNF-α, and IL-6) were detected by RT-qPCR. Addi-
tionally, serum protein levels of these cytokines were 
measured by ELISA. The mRNA and protein expres-
sion levels of IFN-γ, IL-17, TNF-α, and IL-6 were mark-
edly higher in the PBS, IL-38N, and IgG groups than 
those in the Sham group (Fig. 6A–D, all P < 0.01). Com-
pared to those in the IgG group, the mRNA and pro-
tein expression levels of IL-17, TNF-α, and IL-6 were 
significantly increased in the IL-38N group, in contrast 
to the levels of IFN-γ, which were decreased (Fig. 6A–
D, P < 0.05 or P < 0.01). Moreover, cardiac CVB3 RNA 
levels and CVB3 titers in the IL-38N group were sig-
nificantly elevated compared to those in the IgG group 
(Fig. 6E–F, all P < 0.01). No significant differences in the 
levels of these cytokines and CVB3 replication were 
detected between the PBS and IgG groups (all P > 0.05).

Discussion
IL-38 has been considered as an IL-1 family antagonist for 
its high homology to IL-36Ra and IL-1Ra [10]. Most stud-
ies conclude that IL-38 exerts anti-inflammatory effects 
in several autoimmune diseases, including RA, AA, and 
SLE [13–15]. On the contrary, several other studies have 
shown that IL-38 can act as a pro-inflammatory factor, 
and it can modestly enhance candida-induced IL-22 and 
IL-17 expression in human PBMCs at a higher concen-
tration [12, 25]. Truncated IL-38 and mature IL-38 have 
an anti-inflammatory effect, whereas full-length IL-38 
needs to be cleaved in an apoptosis environment to exert 
its anti-inflammatory effect [26]. However, it has also 
been reported that knocking out IL-38 does not cause 
changes in pro-inflammatory cytokines and has no effect 
on imiquimod-induced psoriasis in mice [27]. Therefore, 
IL-38 can have pro-inflammatory or anti-inflammatory 
properties that are likely dependent on its concentra-
tion, form, and local environment. Its functional role in 
CVB3-induced AVMC, if any, is hence unclear. In this 
study, we provide, for the first time, evidence of signifi-
cant elevation in cardiac mRNA expression and protein 

Fig. 6  Neutralization of IL-38 reduced IFN-γ production, increased IL-17, TNF-α, and IL-6 levels, and promoted CVB3 replication. Cardiac mRNA 
expression levels of IFN-γ, IL-17, TNF-α, and IL-6 were detected by RT-qPCR, and serum protein levels of these cytokines were measured by ELISA 
in the Sham, PBS, IL-38N, and IgG groups. A–D IFN-γ, IL-17, TNF-α, and IL-6, respectively. E Levels of cardiac CVB3 RNA in different groups. F Levels 
of cardiac CVB3 titers in different groups. **P < 0.01, compared to Sham group; #P < 0.05, ##P < 0.01, compared to IgG group. Data are expressed as 
mean ± SD
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levels of IL-38, and serum IL-38 protein in AVMC. Car-
diac mRNA expression of IL-36R, the specific receptor of 
IL-38, was also markedly up-regulated after CVB3 infec-
tion. Moreover, it is noteworthy that the increased IL-38 
levels in myocardium and serum were negatively corre-
lated with the severity of AVMC, suggesting that IL-38 
may act as a protective agent against AVMC. Further 
research on IL-38 will help shed new light on the patho-
genesis of AVMC.

Based on the observation that the levels of IL-38 and 
IL-36R were elevated in AVMC, and that the IL-38 levels 
showed a negative correlation with the severity of AVMC, 
we tentatively explored the potential role of IL-38 in a 
mouse model of AVMC with the use of Anti-IL-38 Abs 
in vivo. Our experimental results demonstrated that neu-
tralization of IL-38 exacerbated the severity of AVMC, as 
verified by the lower survival rate, impaired cardiac func-
tion, continuous bodyweight loss, and higher values of 
HW/BW and cardiac pathological scores. Aberrant IL-38 
expression has been reported in many organs and tissues, 
such as skin, spleen, placenta, tonsil, thymus, and salivary 
gland [11]. However, reports concerning the expression 
and function of IL-38 in inflammatory myocardial dis-
eases remain scarce so far. Previous studies have shown 
that IL-38 can be a predictor of successful reperfusion 
and a diagnostic and prognostic marker in patients with 
myocardial infarction (MI) [28]. Recently, Wei and col-
leagues demonstrated that inflamed cardiomyocytes 
and infiltrated macrophages are the main cellular source 
of IL-38, and that IL-38 plays a protective effect in ven-
tricular remodeling in mice with MI [29]. These findings, 
together with ours, suggest that IL-38 may be a novel 
therapeutic target for the treatment of inflammatory 
myocardial diseases.

In the early stage of CVB3 infection, direct viral inva-
sion causes cardiomyocytes necrosis/apoptosis, which 
induces the infiltration of immune cells and cytokines 
production to regulate the host immune response. Th1 
cells are known to play a crucial immunoregulatory 
role in both the innate and adaptive immune responses 
to viral infections, based on the production of IFN-γ, a 
broad-spectrum antiviral cytokine [7]. Recent studies 
indicate that Th17 cells, which secrete the characteristic 
cytokine IL-17, contribute to cardiac viral replication by 
inhibiting Th1 cells differentiation via IL-17 signaling and 
promote an autoimmune response in AVMC through 
the excessive release of pro-inflammatory cytokines [8, 
30]. The role of IL-38 in regulating Th1 and Th17 cells 
responses has not been identified in AVMC. It has been 
reported that IL-38 exerts a protective role by prevent-
ing the activation and function of Th1 and Th17 cells in 
most inflammatory and autoimmune diseases [11]. How-
ever, Chu et al. found that IL-38 treatment attenuates the 

severity of SLE due to a reduction in Th17 numbers, with 
no influence on Th1 cells in mice [31]. Thus, it seems 
that the regulatory role of IL-38 on Th1 and Th17 cells 
is not entirely consistent across different disease models 
and requires further in-depth investigation. In this study, 
the infiltration of Th1 and Th17 cells, as well as the lev-
els of related cytokines in myocardium and serum were 
increased in mice with AVMC. Additionally, the aggra-
vating effect of neutralizing IL-38 on myocarditis was 
closely associated with Th1/Th17 cells imbalance and 
related cytokines production during the development of 
AVMC, which had not been reported before. T-bet and 
RORγt are the master transcription factors in direct-
ing differentiation of naïve CD4+ T cells to Th1 and 
Th17 cells, respectively [32]. The present study showed 
that IL-38 neutralization in  vivo suppressed the expres-
sion of T-bet but promoted RORγt expression, suggest-
ing that T-bet and RORγt may be the potential targets of 
IL-38 neutralization in inducing Th1/Th17 cells imbal-
ance. In an in vitro study, Chai et al. demonstrated that 
Th17 cells differentiation and IL-17 production have no 
significant changes after the treatment with Anti-IL-38 
Abs, while IL-38 recombination protein can significantly 
decrease percentages of Th17 cells through the suppres-
sion of p-STAT3 (another important transcription factor 
of Th17 cells) [33]. Since there is no expression of IL-38 
in mouse CD4+ T cells, but mouse CD4+ T cells display 
surface expression of IL-36R (IL-38 specific receptor) 
[10, 11], making them capable of receiving the biological 
signal of IL-38 released by a large number of infiltrated 
immune cells (e.g., B cells, NK cells, macrophages, and 
DCs) during the acute phase of infection, this may be an 
important mechanism by which Anti-IL-38 Abs partici-
pate in the regulation of Th cells differentiation in  vivo. 
More specifically, neutralization of IL-38 in the IL-38N 
group could significantly promote CVB3 replication, 
which was consistent with the previous observation that 
IL-38 contributed to resistance to viral infection [16–18], 
further highlighting an antiviral role for IL-38 in AVMC. 
We then conclude that IL-38 may play a role in regulating 
the balance between antiviral immunity and autoimmun-
ity in CVB3-induced AVMC.

To our knowledge, this is the first report of IL-38 
being involved in the pathogenesis of AVMC. However, 
the study has several limitations. First, all experiments 
were performed exclusively in male mice. Previous 
studies have shown that female mice are less suscepti-
ble to CVB3 infection and less prone to develop severe 
AVMC than male mice, mainly due to the protective 
effect of estradiol [34]. Therefore, to simplify the cur-
rent study, we chose to focus on male mice. Whether 
Anti-IL-38 Abs have the same effect on AVMC in 
female mice requires further assessment. Second, it 
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has been shown that IL-38 binds to IL-36R and exerts 
its effects by antagonizing the activation of intracellu-
lar signaling pathways such as JNK/AP1, p38 MAPK, 
ERK1/2, and NF-κB [14, 35], which have been widely 
confirmed to be involved in the pathogenesis of AVMC 
[2, 5, 6]. Studies on the downstream signaling pathway 
of IL-38 will help reveal its regulatory mechanisms in 
AVMC in more detail. Furthermore, recent studies 
have shown that IL-38 treatment can effectively reduce 
fibrosis in different animal models [29, 36]. The poten-
tial role of IL-38 in chronic myocarditis and dilated car-
diomyopathy is still an interesting open issue.

Conclusions
In summary, our preliminary data demonstrate that 
neutralization of IL-38 significantly exacerbated CVB3-
induced AVMC in mice. Neutralization of IL-38 in vivo 
resulted in the imbalance of Th1/Th17 cells and increased 
CVB3 replication. Therefore, our investigation shows that 
IL-38 may play a myocardium-protective role in AVMC 
and suggests IL-38 as a potential therapeutic target.
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