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A B S T R A C T

Coxsackievirus group B (CVB) is considered as one of the most common pathogens of human viral myocarditis.
CVB-induced myocarditis is mainly characterized by the persistence of the virus infection and immune-mediated
inflammatory injury. Costimulatory signals are crucial for the activation of adaptive immunity. Our data reveal
that the CVB type 3 (CVB3) infection altered the expression profile of costimulatory molecules in host cells.
CVB3 infection caused the decrease of PD-1 ligand expression, partially due to the cleavage of AU-rich element
binding protein AUF1 by the viral protease 3Cpro, leading to the exacerbated inflammatory injury of the myo-
cardium. Moreover, systemic PD-L1 treatment, which augmented the apoptosis of proliferating lymphocytes,
alleviated myocardial inflammatory injury. Our findings suggest that PD1-pathway can be a potential im-
munologic therapeutic target for CVB-induced myocarditis.

1. Introduction

Coxsackievirus group B (CVB) is a nonenveloped positive single-
stranded RNA virus belonging to the Enterovirus genus of Picornaviridae
(Cheung et al., 2002; Garmaroudi et al., 2015; Jubelt and Lipton, 2014;
Marchant et al., 2008). It is one of the most common pathogens that
cause human viral myocarditis (VCM) (Rose, 2016). CVB infection is a
principle etiologic agent of human acute myocarditis (Heymans et al.,
2016). Pancreatitis and aseptic meningitis are also frequently asso-
ciated with the infection of enteroviruses, including CVB (Jubelt and
Lipton, 2014). CVB-induced myocarditis is characterized by the per-
sistence of the inflammation with leukocyte infiltration in the myo-
cardium (Fairweather and Rose, 2007; Rose, 2016), which may lead to
dilated cardiomyopathy (Fairweather et al., 2012). CVB-induced myo-
carditis is usually life-threatening in newborns (Duncan et al., 2001;
Knowlton et al., 1996; Woodruff, 1980) with considerable neonatal
morbidity and mortality (Durani et al., 2010).

Myocarditis induced by CVB is proposed to be the consequence of

the direct damage to the myocardium by viral replication combined
with the adverse effect of the host-antiviral immunity (Liao et al.,
2015). Immune-mediated inflammation is thought to be one of the
primary mechanisms for the myocardial damage induced by viral in-
fection (Kim et al., 2001; Marchant et al., 2008). However, the immune
response against CVB is still poorly understood. T cells play a central
role in cell-mediated immunity (Frisancho-Kiss et al., 2007; Kim et al.,
2007). Both antigen recognition signal which is provided by the inter-
action of the antigenic peptide-major histocompatibility complex
(MHC) with the T cell receptor (TCR), and costimulatory signal which is
generated by the binding of B7 ligands to the CD28 family on lym-
phocytes, are crucial for the activation of naïve T cells (Fairweather
et al., 2005; Huang and Yang, 2009; Rose, 2011; Yajima and Knowlton,
2009). The programmed cell death protein 1 (PD-1), a receptor in the
CD28 family, has been well characterized as a negative regulator of T
cells that delivers inhibitory signal to T cells (Paiva et al., 2015; Ray
et al., 2015; Sponaas et al., 2015; Tamura et al., 2013). Interactions
between PD-1 and programmed cell death ligands, also known as PD-L1
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(B7H1; CD274) and PD-L2 (B7-DC; CD273), which are expressed on
various tissues and on antigen-presenting cells (APCs) that present self-
antigens, can activate the cytoplasmic immunoreceptor tyrosine-based
inhibitory motif (ITIM) of PD-1, and which inhibits the activation and
proliferation of T cells (Hong et al., 2018). Thus, PD-L1 and PD-L2 are
potent molecules that can prevent the generation of self-reactive T ef-
fector cells and promote the differentiation of CD4+CD25+Foxp3+

Treg cells (Frisancho-Kiss et al., 2007; Kmieciak et al., 2009). It has also
been shown that PD-L1 and PD-L2 suppress the expansion of escaping of
the self-reactive T cells and prevent autoimmunity (Hong et al., 2018).
PD-1-deficient C57BL/6 mice develop severe lupus-like glomerulone-
phritis and progressive arthritis (Guo et al., 2014), indicating that PD-1
functions as a key molecule in the development of autoimmune diseases
(Sharpe and Pauken, 2018). Meanwhile, PD-L1 is highly expressed on a
variety of tumors and usually is associated with poor clinical prognosis.
Therapeutic blockade of this pathway using anti-PD-1/PD-L1 mono-
clonal antibodies, is effective in promoting antitumor immunity, and
has taken the central stage in immunotherapies for cancer after multiple
clinical successes (Lesokhin et al., 2016; Lipson et al., 2013).

Previously, we reported that the protease 3C (3Cpro) of CVB con-
tributed to the cleavage of AUF1, an RNA-binding protein of the host
cells. Cleaving AUF1 may be a strategy employed by CVB to enhance
the stability of its genome and to influence the immune micro-
environment (Wong et al., 2013). We found that CVB infection led to a
dramatic downregulation of the negative costimulatory molecules,
which were also partially associated with the 3Cpro-induced cleavage of
AUF1. In this study, we have evaluated the effect of CVB infection on
the expression of costimulatory molecules PD-L1 and PD-L2 in infected
cells and the interaction between CVB and PD-1 ligands. Our results
provide novel insight into the immune mechanism involved in the
myocardial injury caused by CVB. This study may also shed light for the
prevention and treatment of viral myocarditis through manipulating
immunologic targets.

2. Materials and methods

2.1. Cell culture, virus and mouse

Cells were cultured in high-glucose Dulbecco's modified Eagle's
medium (DMEM) (Gibco, Invitrogen, Cat# 11965-084, USA) containing
10% inactivated fetal bovine serum (FBS, Biotechnology, Israel) and
penicillin-streptomycin (100 IU/ml-μg/ml) (Gibco, Invitrogen, Cat#

15070063, USA). Cells were maintained at 37 °C and 5% CO2. When
cell confluency reached 80%–90%, the cells were washed with PBS
twice and treated with 0.25% Trypsin-EDTA (Gibco, Invitrogen, Cat#

25200056, USA). The second-passage of the cells were reseeded in
culture dishes at an appropriate density.

Balb/c mice were purchased from the Experimental Animal Center
of Harbin Medical University, Harbin, China. All procedures involving
in animals were approved by the Ethics Committee of Harbin Medical
University in accordance with the Regulation for the Use of Laboratory
Animals at Harbin Medical University.

EGFP-CVB3, which expresses enhanced green fluorescence protein
(EGFP), was constructed previously by our laboratory based on pMKS1,
a plasmid containing the full-length CVB3 genomic complementary
DNA (cDNA) (Tong et al., 2011). The virus virulence was examined by
TCID50 as described previously (Malenovska, 2013).

2.2. Plasmid construction

EGFP-labeled AUF1 isoforms (Accession: NM_031370, NM_031369,
NM_002138, and NM_001003810) expression vectors were constructed
previously (Wong et al., 2013). The pcDNA3.1+-EGFP vector was
modified by inserting a linker sequence between the EGFP sequence
and the multiple cloning site (MCS) to ensure noninterference between
EGFP and the inserted portion. As the four AUF1 isoforms share the

same first and last exons, we designed one pair of primers to amplify the
four isoform sequences by PCR assay. The primer sequences are listed in
Supplementary Table 2. All four isoforms were separated through DNA
agarose gel electrophoresis, and the Hind III and KpnI restriction en-
zyme sites were used for terminal digestion. Then, the four isoform
fragments were purified from the gel and inserted into the pcDNA3.1+-
EGFP vectors, which were designated as EGFP-AUF1 p45, EGFP-AUF1
p42, EGFP-AUF1 p40, and EGFP-AUF1 p37, respectively.

2.3. Plasmids and siRNA transfection

Plasmids were extracted with an Axygen AxyPrep Plasmid Midiprep
Kit (Cat# AP-MD-P-10, Corning, NY). Two AUF1-specific siRNAs tar-
geting exon 3 and 5 were designed and synthesized by GenePharma
(Shanghai, China) (Supplementary Table 2). To avoid potential off-
target effects, two siRNAs were mixed and simultaneously transfected
into cells. Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was used to
transfect the plasmids and siRNAs according to the manufacturer's in-
struction.

2.4. Western blotting

Whole cell extracts were lysed by incubation with RIPA buffer
(Pierce Biotechnology, Rockford, IL) containing PMSF for 30min on ice
and vortexed 5–6 times during the incubation. After centrifugation at
12,000 rpm for 15min at 4 °C, the supernatants were collected and
quantified by bicinchoninic acid assays (BCA kit; Cat# AR0146, Boster,
Wuhan, China). After separation with SDS-PAGE electrophoresis, the
proteins were transferred to a 0.22 μm PVDF membrane, followed by
blocking in 5% nonfat milk. The targets were blotted with antibodies
including polyclonal anti-PD-L1 antibodies (1:200 dilution, Cat#

17952-1-AP, Proteintech, Wuhan, China; 1:500 dilution, Cat#

ab238697, Abcam, Cambridge, MA), polyclonal anti-PD-L2 antibody
(1:500 dilution, Cat# 18251-1-AP, Proteintech, Wuhan, China), poly-
clonal anti-AUF1 antibody (1:1000 dilution, Cat# ab61193, Abcam),
monoclonal anti-β-actin antibody (1:3000, Cat#TA811000, OriGene,
Rockville, MD), or monoclonal anti-VP1 antibody (1:3000, Cat#5-D8/1,
DAKO, Denmark). PVDF membranes were incubated with the corre-
sponding primary antibodies overnight at 4 °C. After being washed with
Tris-buffered saline containing 1% Tween-20 (TBST; 20mM Tris-Cl, pH
7.5, 0.5mol/L NaCl, 0.05% Tween-20) three times, the membranes
were then incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies at room temperature for 1 h. A Novex ECL
Chemiluminescent Substrate Reagent kit (Cat# WP20005, Invitrogen,
U.S) was used to visualize the blots. The grayscale value of the blots was
analyzed with ImageJ software.

2.5. mRNA stability

To measure RNA stability, HeLa cells were seeded in 24-well plates
and cultured until 70%–80% confluence. AUF1 was overexpressed by
transfecting cells with EGFP-AUF1 for 24 h or knocked down with
siRNAs for 48 h. The cells were treated with actinomycin D (ActD)
(10 μg/ml) for 30min before harvest. Total RNA was extracted with
TRIzol reagent (Cat# 15596018, Invitrogen, U.S) according to the
manufacturer's protocol. RNA concentrations were examined with a
Nanodrop 2000 (ThermoFisher, U.S). RNA samples were first treated
with gEraser and then by reverse transcription PCR (RT-PCR) with a
PrimeScript 1st Strand cDNA Synthesis kit (TaKaRa, Cat# RR047A,
Dalian, China) for reverse transcription. The total reaction volume for
the reverse transcription reaction was 10 μl, in which 1 μl oligo-dT
(50 μM), 1 μl RNA template, 2 μl 5× PrimeScript buffer, 5.5 μl RNase
free H2O, and 0.5 μl PrimeScript RTase (200 U/μl) were added and
mixed well. Reverse transcription was carried out for 15min at 37 °C
and followed by 5 s at 85 °C to inactive the enzyme using a DNA Engine
Peltier Thermal Cycler (Bio-Rad, Hercules, CA).
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The quantitative real-time PCR (RT-qPCR) was performed by using
CFX96 Touch (Bio-Rad) according to the protocol recommended by the
manufacturer of TB Green Premix Ex Taq II (Tli RNaseH Plus) (TaKaRa,
Beijing, China). The reaction was carried out in a mixture with a total
volume of 20 μl, which included 10 μl SYBR Premix Ex TaqII (TaKaRa,
Beijing, China), 0.8 μl of forward and reverse primers (10 μM), 2 μl
cDNA template, and 6.4 μl ddH2O. Forty amplification cycles were
performed as follows: 95 °C for 5 s, 55 °C for 20 s, and 72 °C for 15 s.
Data were analyzed with 2–ΔΔCt method described previously (Livak and
Schmittgen, 2001). The sequences of the primers used are listed in
Supplementary Table 2. The remaining PD-L1/2 mRNAs were calcu-
lated to determine their half-lives (t1/2, the period for each transcript to
reach 50% of their original abundance). Transcript levels were nor-
malized to the abundance of GAPDH mRNA.

2.6. Isolation of cardiac myocytes and fibroblasts

Cardiac myocytes and fibroblasts were prepared from neonatal mice
within 72 h of birth. The heart was minced into 0.5–1mm3 pieces,
washed twice with cold D-Hanks' medium and then treated with step-
wise enzymatic digestion with 0.1% trypsin and 0.2% collagenase I. The
dissociated cells were washed with PBS and adsorbed onto plastic flasks
at 37 °C and 5% CO2 for 2 h for fibroblast attachment. The attached
cardiac fibroblasts were then washed and cultured in DMEM supple-
mented with 10% FBS for 24 h. The remaining non-adherent cells were
re-suspended in 10% FBS DMEM/F12 with BrdU (0.1 mmol/L) and
inoculated into a new culture flask for 48 h to harvest cardiac myocytes.
According to the observation of the beating activity of the cells ob-
tained, more than 95% of the cells were identified as cardiac myocytes.

2.7. Immunohistochemical staining and myocarditis severity evaluation

The heart tissues were collected at day 8 p.i., fixed in 4% paraf-
ormaldehyde solution, then sectioned and stained with hematoxylin
and eosin (HE). The heart sections were examined by two independent
investigators to assess the severity of myocarditis. For im-
munohistochemical staining (IHC), paraffin-embedded samples were
stained with the corresponding primary antibodies (anti-AUF1, Cat#

61193, Abcam; anti-PD-L1, Cat# 66248-1-Ig and anti-PD-L2, Cat#
18251-1-AP, Proteintech, Wuhan, China) according to the manufac-
turer's protocol. The slides were counterstained with hematoxylin.
Images were obtained using a Nikon Eclipse 80i microscope.

2.8. Recombination of mPD-L1-Fc and mPD-L2-Fc fusion proteins and
hydrodynamic injection

The plasmids expressing fusion proteins mPD-L1-IgG1 Fc and mPD-
L2-IgG1 Fc were constructed based on pCMV3 according to the strategy
described previously (Chen, 2004; Deng et al., 2015). The cDNAs en-
coding the extracellular region of murine PD-L1 and PD-L2 were fused
with the CH2-CH3 region of human IgG1, respectively, and inserted to
the multiple cloning site of pCMV3. The constructs were verified by
sequencing and designated as mPD-L1-Fc and mPD-L2-Fc. A plasmid
expressing the CH2-CH3 fragment of IgG1 was also constructed as
control. For hydrodynamic injection, the purified plasmids (10 μg/ml)
were injected into the tail vein at a volume (ml) of 10% body weight (g)
(Li et al., 2012; Liu et al., 1999; Suda and Liu, 2007). At day 3, 5, 7, 14,
21, and 28 p.i., serum was obtained by cutting off tails of the mice, and
the concentration of the recombinant protein was detected by ELISA.

Fig. 1. PD-L1/2 expression decreased in CVB3-infected mouse cardiac myocytes and fibroblasts. (A) The heatmap of the differential expression of various
molecules detected by a protein array (QAH-ICM-1). The bars represent the levels of tested proteins in the CVB3-infected cells (MOI= 0.1 at 24 h p.i., MOI= 10 at
12 h p.i., and MOI= 50 at 6 h p.i., respectively) and control cells (NC). (B) The heatmap of the differential expression of cytokines tested with a protein array (QAH-
INF-3). The bars represent the cytokine levels in the control cells (Lipo, treated with Lipofectamine 2000 only), in the cells with overexpression of the p45 and p37
isoforms of EGFP-AUF1, and in the cells with AUF1 knockdown. The color gradients from bright green to red represent the levels from low to high expression. (C, D)
The expression of AUF1, PD-L1, and PD-L2 in the primary cardiac myocytes (C) and fibroblasts (D) infected with CVB3 (MOI=10) at 12 h p.i. β-Actin was used as
loading control. VP1 was detected to check viral infection. (E) HE staining and IHC staining for the myocardial frozen sections of the suckling Balb/c mice infected
with 106 pfu of CVB3 for 4–5 days. The typical lesion and staining foci are indicated by red box, and amplified views are showed in the lower panel. White arrow
indicates the healthy or non-infected myocardial tissues of the control and the CVB3-infected mice. Red arrow indicates the typical myocardial lesion in the CVB3-
infected mice.
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2.9. Bioinformatic analysis

All the bioinformatic analysis was done by R software. R package
pheatmap was used for plotting the heatmap in Supplementary Fig. 1. R
package limma was used for variation analysis. R package ggfortity was
used for principle component analysis in Supplementary Fig. 1. (R
version 3.5.3 was used).

3. Results

3.1. The expression of PD-1 ligand is decreased in CVB3-infected cells

Previously, we reported that AUF1 can be cleaved by CVB3 3Cpro

(Wong et al., 2013). To focus on the changes brought by AUF1 clea-
vage, HeLa cells were transfected with plasmids expressing EGFP-
tagged p45 and p37 isoforms of AUF1, and with siAUF1, respectively.
The cytokine expression profiles were detected with a protein array
(QAH-INF-3 Array, Raybiotech, Guangzhuo, China) 24 h post-transfec-
tion. As shown in Fig. 1B, the cytokine expression was mostly down-
regulated in the cells with AUF1 overexpression, while up-regulated in
the cells with AUF1 knockdown. The list of the cytokines, which were
differentially expressed in the cells with AUF1 overexpression or
knockdown (Fig. 1B) is provided in Supplementary Table 1. According
to previous study (Palanisamy et al., 2008), this might be the con-
sequence that AUF1 regulates mRNA stability through binding with AU-
rich elements in the mRNA's 3′UTR. However, we cannot rule out an-
other possibility - the potential effects of AUF1 on other pathways, e.g.,
immune checkpoint molecules that relate to the activation or inhibition

of T cells.
To evaluate the effects of AUF1 during CVB3 infection, we first

detected the expression of cytokines and immune checkpoint molecules
(Supplementary Table 1) in the CVB3-infected HeLa cells with a protein
array (QAH-ICM-1 Array, Raybiotech). Interestingly, as shown in
Fig. 1A, the expression of these costimulatory molecules including
CD28 moderately increased in the cells infected with a small dose of
CVB3 (multiplicity of infection (MOI)= 0.1) for 24 h, while the ex-
pression of the inhibitory costimulatory molecules, including PD-L1,
PD-L2, and CTLA-4, significantly decreased in the cells infected with
higher doses of CVB3 (MOI=10 and 50). The level changes of both
CVB3 infection and AUF1 significantly affected the expression of in-
hibitory costimulatory molecules such as PD-1, PD-1 ligands, and CTLA-
4 (Supplementary Fig. 1A).

To verify these findings, primary cardiac myocytes isolated from
suckling Balb/c mice were infected with CVB3 (MOI=10). As shown in
Fig. 1C, the levels of PD-L1 and PD-L2 decreased at 12 h post-infection
(p.i.). The level of AUF1 was also simultaneously decreased. We also
verified it under in vivo condition. About three-week-old Balb/c mice
were inoculated with CVB3 (106 pfu) intraperitoneally. The myocardial
tissues were collected and observed with HE staining and IHC assay at
4–5 days p.i. As shown in Fig. 1E, typical inflammatory lesions in the
myocardial tissues confirmed the CVB3 infection occurred in HE
staining sections (left, red box). Compared to the normal controls (NC
AUF1), AUF1 expression dramatically reduced in the infected myo-
cardial tissues (CVB3 AUF1). The translocation of AUF1 from the nu-
cleus to cytoplasm could be observed in the lesions (red arrows), in
contrast, AUF1 mostly located in the nucleus in the adjacent non-

Fig. 2. CVB3-induced AUF1 cleavage affects PD-L1 protein expression, while not PD-L1 mRNA stability. (A) HeLa cells were infected by CVB3 with various
MOIs and time courses. The infected groups are labeled as “CVB3 (MOI/hours of infection)”. The expression of AUF1, PD-L1, CVB3 VP1 were detected by western
blotting. β-Tubulin was used as loading control. (B) The expression of AUF1 and PD-L1 in HeLa cells transfected with EGFP-tagged p45, p42, p40, and p37 isoforms of
AUF1 were detected by western blotting. β-Tubulin was used as loading control. (C) The half-life of PD-L1 mRNA was detected in the cells with AUF1 overexpression
(red) or with siAUF1 treatment (green). Actinomycin D (ActD, 10 μg/ml) was added to the medium 30min before the RNA extraction at 0-h post-treatment. Error
bars represent standard deviation (n=3).
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infected tissues (white arrows). Coincidentally, PD-L1 expression was
also significantly reduced in the lesions (CVB3 PD-L1, red arrows), and
elevated in adjacent non-infected tissues (CVB3 PD-L1, white arrows).
We further examined the expression of PD-L1 in the CVB3-infected
cardiac fibroblasts. Although the level of AUF1 significantly reduced,
PD-L1 level did not show an obvious decrease in the CVB3-infected
fibroblasts (Fig. 1D). In addition, bioinformatic analysis showed that
under the conditions of overexpression or knockdown of AUF1, along
with CVB3 infection (Supplementary Fig. 1B and 1C), PD-1 and PD-L2
were significantly regulated based on principle component analysis
(PCA).

Taken together, it seems that the expression of PD-1 and its ligands
can be heavily affected by CVB3 infection and the consequent AUF1
degradation.

3.2. The abnormal expression of PD-1 ligands during CVB3 infection is
related to AUF1 degradation

A series of protein turnovers are regulated by AUF1 through its
binding to the AU-rich elements (AREs) in the 3′UTR of the mRNAs. To
explore the connection among PD-1 ligands, AUF1, and CVB3 infection,
HeLa cells were infected with various doses of CVB3 for 6–24 h. We
found that AUF1 level was significantly decreased in the cells with high
MOI (10, 20, 50) of CVB3 and long period of infection (12 and 24 h p.i.)
(Fig. 2A). This is consistent with our previous report, which demon-
strated that AUF1 was degraded by the protease 3Cpro of CVB (Wong
et al., 2013). Interestingly, PD-L1 expression was also significantly
decreased in the infected cells (Fig. 2A). The synchronized loss of AUF1
and PD-L1 implies a possible connection between them, although there
was no obvious change of PD-L1 expression in the cells expressing
EGFP-tagged AUF1 isoforms (p45, p42, p40, and p37) (Fig. 2B).

We further observed the stability of PD-L1 mRNA in the cells with
AUF1 p45 or siAUF1 by testing the half-life of PD-L1 mRNA (Fig. 2C).
Compared to the control cells (transfected with pEGFP-C1) (Fig. S2),
PD-L1 mRNA degradation kept the same rates in the cells with over-
expression or knockdown of AUF1. The half-life data suggest that PD-L1
mRNA might not be solely modulated by AUF1. It is likely that there are
other RNA-binding proteins that also participate in the modulation of
the stability of PD-L1 mRNA.

On the other hand, our data indicated that AUF1 directly influenced
the stability of PD-L2 mRNA. PD-L2 expression was significantly in-
creased in the cells with AUF1 overexpression (Fig. 3A), while it was
reduced in the cells with siAUF1 (Fig. 3A). The half-life of PD-L2 mRNA
in the cells transfected with AUF1 p45 and p37 isoforms showed a

slower degradation rate than that in the control cells (EGFP-C1)
(Fig. 3B). The half-life of PD-L2 mRNA in the cells with AUF1 knock-
down was not detectable probably due to the low baseline at the initial
time point (when ActD was added). Therefore, PD-L2 mRNA abundance
in the cells with AUF1 overexpression or AUF1 knockdown for 48 h was
detected. Indeed, the abundance of PD-L2 mRNA significantly de-
creased in siAUF1-treated cells. Conversely, it increased in the cells
overexpressing AUF1 p45 (Fig. 3C). These findings demonstrate that
AUF1 not only stabilizes PD-L2 mRNA but also facilitates its tran-
scription. Loss of AUF1 could destabilize PD-L2 mRNA, leading to the
reduced PD-L2 expression.

3.3. PD-1 ligands suppress the inflammatory infiltration caused by CVB3
infection

To evaluate the outcome of reduced PD-1 ligands expression in the
myocardial pathogenesis of CVB3 infection, two recombinant CVB3
variants, which carried the mouse genes of PD-L1 and PD-L2, respec-
tively, were constructed and designated as rCVB3-L1 and rCVB3-L2
(Fig. 4A). Both rCVB3-L1 and rCVB3-L2 could infect cells and be stably
passaged. The mouse PD-L1 and PD-L2 could be expressed in the HeLa
cells infected with the variants (Fig. 4C).

Upon inoculating Balb/c mice with EGFP-CVB3, rCVB3-L1, and
rCVB3-L2 (106 pfu, i.p.), respectively, the myocardial tissues were col-
lected at the 8-day post-infection. HE staining showed that both rCVB3-
L1 and rCVB3-L2 could cause typical inflammatory injury in the myo-
cardial tissues of the infected mice (Fig. 4B). Both rCVB3-L1 and rCVB3-
L2 exhibited the viral replication levels which are similar to that of
EGFP-CVB3 (Fig. 4D, no significant difference was found by Student's t
test). However, the inflammatory infiltration induced by the rCVB3-L1/
L2 variants was significantly alleviate compared to that of the EGFP-
CVB3 (Fig. 4E).

3.4. PD-L1 Ig treatment alleviates the inflammatory injury caused CVB3
infection

To further identify the role of the PD-1 pathway in the pathogenesis
of CVB infection, a fusion protein of the extracellular region of murine
PD-L1 or PD-L2 and the CH2-CH3 region of human IgG1 Fc fragment
was used in this study (designed as mPD-L1-Fc and mPD-L2-Fc), re-
spectively. The recombinant plasmids and a control plasmid were given
to Balb/c mice through hydrodynamic injection, respectively (Deng
et al., 2015; Flies et al., 2011; Li et al., 2012) (Fig. 5A). Sera were
collected and examined at day 0, 3, 5, 7, 14, 21, and 28 post-injection.

Fig. 3. CVB3-induced AUF1 cleavage affects the expression, mRNA stability, and transcription of PD-L2. (A) HeLa cells were transfected with the EGFP-tagged
p45, p42, p40, and p37 isoforms of AUF1, siAUF1, and siMock. At 24 h (for the cells with EGFP-AUF1 plasmid) or 48 h (for the cells with siRNA) post-transfection, the
expression of AUF1 and PD-L2 was detected by western blotting. β-Tubulin was used as loading control. (B) To examine the stability of PD-L2 mRNA, the remaining
PD-L2 mRNA abundance was detected in the cells with overexpression of AUF1 p45 (longest isoform) (red) or p37 (shortest isoform) (pink). ActD (10 μg/ml) was
added to terminate the transcription 30min ahead the RNA extraction at 0-h post-treatment. Error bars represent standard deviation (n=3). (C) PD-L2 mRNA levels
at 24 h post-transfection of EGFP-AUF1 p45 and 48 h post-transfection of siAUF1 were detected by RT-qPCR. GAPDH mRNA was employed as internal reference. A
plasmid expressing EGFP only was transfected as normalization control (EGFP-C1). Error bars represent standard deviation (n=3). Student's t test was used for the
statistical analysis.
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Serum mPD-L1-Fc and mPD-L2-Fc in the Balb/c mice reached the peak
levels at day 7 post-injection (Fig. 5B and 5C) and were maintained for
approximately one week.

According to the preliminary test, we decided to inoculate the mice
with CVB3 (106 pfu) intraperitoneally at day 5 post-injection of the
fusion plasmids and harvested at day 12 post-injection (Fig. 5A, red
arrows). The viral replication levels of mPD-L1/2-Fc treated groups
were significantly reduced compared to that of control group (Fig. 5E).
Compared with the control mice, increased apoptosis of the splenic
lymphocytes was observed in the PD-L1-Fc-expressing mice (Fig. 5G
and Supplementary Fig. 3). The myocardial injury also reduced sig-
nificantly in the mPD-L1-Fc plasmid inoculated mice observed by HE
staining (Fig. 5D and F). However, there was no obvious difference in
the splenic lymphocyte apoptosis and the inflammatory infiltration in
heart between the control and mPD-L2-Fc inoculated mice (Figs. 5D,

5F, 5G and Supplementary Fig. 3). Our findings suggest that PD-L1 may
play a protective role in CVB infection. The decrease of PD-1 ligand
expression during CVB infection may counteract its protection and lead
to a severe injury in the heart.

4. Discussion

T cells play a vital role in the adaptive immune response. T cell-
mediated cytotoxicity is the most effective mechanism for virus clear-
ance (Chang and Laimins, 2000). T cell activation requires two major
signals: one is the signal that TCR recognizes a peptide - MHC complex
presented by APCs; another is the signal provided by costimulatory
molecules (Liu et al., 2017). Adaptive immune response to defend the
host or maintain auto-tolerance is determined by the balance of positive
and negative signals from costimulatory molecules (Bahrami et al.,

Fig. 4. PD-L1/2-expressing CVB3 variants alleviate the inflammatory infiltration in the myocardial tissue caused by CVB3 infection. (A) A schematic
diagram for the construction of CVB3 variants, rCVB3-L1 and rCVB3-L2, which expressed mouse PD-L1 and PD-L2, respectively. The EGFP-coding sequence was
replaced by the coding sequence of PD-L1 and PD-L2, respectively. A CVB3 3Cpro cleavage site was designed in the beginning of CVB3 open reading frame, which
enables PD-L1 and PD-L2 separating from the viral proteins and secures the maturation and assembly of the viral progeny proteins. (B) HE staining of the in-
flammatory infiltration and injury in the myocardial tissues of the suckling Balb/c mice infected by 106 pfu of rCVB3-L1, rCVB3-L2, and EGFP-CVB3, respectively. An
amplified view of the red area is shown at the lower right corner (black box). (C) The expression of PD-L1 and PD-L2 in the cells infected with rCVB3-L1, rCVB3-L2,
and EGFP-CVB3, respectively, was examined by Western blotting. (D) Titers of rCVB3-L1 and rCVB3-L2 compared to EGFP-CVB3 were detected by TCID50 assay. Pfu
per gram tissue was calculated. (E) The infiltrating inflammatory cells in the EGFP-CVB3-, rCVB3-L1-, and rCVB3-L2-infected cells were counted in the sections with
HE staining. For each group, six views at 200× magnification were randomly selected and the number of infiltrating inflammatory cells (number per mm2) was
counted by two investigators in double-blind way. Student's t test was used for statistical analysis. Error bars represent standard deviation (n=6).
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2014; Liu et al., 2017). During viral infection, viruses have to evade the
host's defense mechanisms, including innate and adaptive immunes.
Accumulated data reveal that viruses can block Toll-like receptor and
interferon pathways by down-regulating or simply degrading certain
key players in these pathways (Huang et al., 2015; Lind et al., 2016;
Mukherjee et al., 2011). Presently, it is unclear whether virus circum-
vents the host's immune response through manipulating costimulatory

molecules.
CVB is the major pathogen of human myocarditis and dilated car-

diomyopathy. CVB infection induces the host's antiviral immune re-
sponse, which, conversely, causes inflammatory infiltration and injury
(Palanisamy et al., 2008; Wong et al., 2013). In this study, we at-
tempted to evaluate the role of negative costimulatory molecules - PD-1
ligands in the pathogenesis of CVB. We demonstrated that CVB3

Fig. 5. PD-L1/2-Fc treatment increases the apoptosis of proliferating lymphocytes and decreases the inflammatory infiltration. (A) A diagram for the
plasmid injection and virus infection. The plasmids expressing mPD-L1-Fc, mPD-L2-Fc, and IgG1 Fc (as control) were injected to tail veins in suckling Balb/c mice at
day 0. The sera were collected in every five days for testing the serum level of PD-L1-Fc and PD-L2-Fc until day 28. According to serum test, the EGFP-CVB3 was
intraperitoneally inoculated at day 5 and the mice were sacrificed at day 12 for pathological detection (red line). (B, C) The serum levels of PD-L1-Fc and PD-L2-Fc
detected by ELISA. (D) The inflammatory infiltration in the mice with Fc-, mPD-L1-Fc-, and mPD-L2-Fc-expressing plasmids examined by HE staining. An amplified
view (400×) is shown at left lower corner. (E) The viral titer per gram tissue from the mice with treatment of mPD-L1-Fc, mPD-L2-Fc, and Fc only, respectively, was
calculated by TCID50 assay. (F) The average number of infiltrating inflammatory cells (number per mm2) in the myocardial tissue was counted in the section with HE
staining under 200× magnification. (E) The splenic lymphocyte percentage in the mice with various treatments was detected by flow cytometry. The percentage of
Annexin V+ CD4+ Tcon cells was analyzed. The error bars represent standard deviation (n=4). Student's t test was used for statistical analysis.
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infection caused a decreased expression of PD-1 ligands. The decrease
of PD-1 ligands expression was partly due to the cleavage of AUF1 by
CVB3 protease 3Cpro. Supplementation of PD-1 ligands could greatly
improve the inflammatory infiltration in the myocardial tissues of
CVB3-infected mice. Overall, suppressing the expression of PD-1 li-
gands contributes to the pathogenic mechanisms of CVB-related myo-
carditis. This study implies that PD-1 ligands could be used as protec-
tive agents for the therapy of viral myocarditis.

So far, only a few studies paid attention to the relation between CVB
infection and PD1 pathway. Seko Y et al. (Filippi et al., 2009; Seko
et al., 2007) reported previously that CVB3 infection strongly increased
PD-L1 levels in mice cardiac myocytes. Filippi CM et al. (Filippi et al.,
2009; Seko et al., 2007) also reported that PD-L1 level increased tran-
siently on lymphoid cells in the pancreas and spleen of non-obese
diabetic (NOD) mice infected with CVB3. It seems that there is an in-
consistence between our study and these reports. However, after
checking these reports carefully, we conclude that there is no conflict
among these studies. Our IHC data show that the decreased PD-1 ligand
expression predominantly occurred in infection lesion of the myo-
cardial tissue (Fig. 1E). However, in the adjacent “healthy” tissue, PD-
L1 expression was actually increased, which was even higher than that
in NC mice (Fig. 1E, NC PD-L1). Under in vitro condition, the expression
of PD-1 ligands was consistently down-regulated in the isolated primary
cardiomyocytes and cardiac fibroblasts infected with CVB3 (Fig. 1Cand
D). A similar tendency was also observed in HeLa cells (Fig. 2A). The in
vitro evidence supported our in vivo observation. Therefore, we postu-
late that it is very likely that the global expression of PD-L1 is elevated
in the entire cardiac tissue of the infected mouse.

It is unknown why PD-1 ligands expression reduced in the CVB3-
infected cells. Previously, we revealed that AUF1 can be degraded by
CVB protease 3Cpro (Wong et al., 2013). AUF1 degradation relieves its
negative effect on the stability of CVB genomic RNA, through which
CVB protects itself and successfully replicates in the host cells (Wong
et al., 2013). Recently, AUF1 has been reported to be a double-edged
sword for mRNA stability. In most cases, AUF1 promotes the degrada-
tion of mRNAs, while in some cases, AUF1 can also stabilize mRNAs
(Palanisamy et al., 2008; Sarkar et al., 2008). Recent studies showed
that AUF1 can degrade the mRNAs of various inflammatory cytokines,
as long as their mRNAs contain the AREs in the 3′UTRs (DeMaria and
Brewer, 1996). Based on our data of cytokine array, overexpression or
knockdown of AUF1 could affect the expression of many cytokines and
PD-1 ligands (Fig. 1B). AUF1 could stabilize PD-L2 mRNA (Fig. 3B and
C), but it seems that AUF1 did not affect the half-life of PD-L1 mRNA
(Fig. 2B and C). Probably, there are other RNA-binding proteins parti-
cipating in the modulation of PD-L1 expression. For example, oncogenic
RAS signaling was found to be able to upregulate PD-L1 expression
through tristetraprolin (TTP), an AU-rich element-binding protein, in
tumor cells (Coelho et al., 2017). TTP can stabilize PD-L1 mRNA
(Coelho et al., 2017). Therefore, we concluded that CVB3 could ma-
nipulate PD-1 ligands expression, partially due to virus-induced AUF1
degradation. Further study is needed to elucidate the mechanism for the
aberrant PD-L1 expression during CVB infection.

T cells orchestrate adaptive immune responses to defend against
pathogens while simultaneously avoiding self-reactivity (Hisaeda et al.,
2008). The costimulatory molecules expressed on the antigen-pre-
senting cells can interact with T cells. The interaction between T cells
and the costimulatory molecules, along with the antigen-specific sig-
nals, is crucial for the activation of lymphocytes (Chapoval et al., 2001;
Chen, 2004). There is a complex network of stimulatory and inhibitory
receptors as well as ligands expressed on T cells (Podojil et al., 2018;
van der Vegt et al., 2007). The balance between the stimulatory and
inhibitory costimulatory signals determines the initiation, occurrence
rate and development of autoimmunity (Chapoval et al., 2001;
Montufar-Solis et al., 2007). As an inhibitory costimulatory molecule,
compared with CD28, CTLA-4 has greater affinity and avidity for CD80
and CD86, thus enabling it to outcompete CD28 for these ligands. In

addition to CTLA-4, PD-1, BTLA, and TIM-3 are newly discovered in-
hibitory costimulators (Frisancho-Kiss et al., 2007; Su et al., 2016).

PD-1 is critical in the adaptive immune, including humoral and
cellular immune responses. PD-1 exerts distinct independent effects
during different phases of T cell responses, including regulating the
threshold for T cell activation, downregulating T cell proliferation, and
inducing apoptosis in activated T cells (Patsoukis et al., 2015). It has
been reported that CVB infection suppresses the virus-specific CD8+ T
cell response (Lin et al., 2009; Vossen et al., 2002). However, even with
the suppression on CD8+ T cell response, lethal inflammation is still
frequently developed in the myocardium during the acute phase of CVB
infection. According to our data, the decrease of PD-1 ligands may fa-
cilitate the inflammatory response during CVB infection. Under in vivo
condition, supplementing PD-L1/2 by rCVB3-L1/2, two recombinant
CVB3 variants, showed a high efficiency of relieving the infiltration of
inflammatory cells and structural destructions in the heart tissue
(Fig. 4). Furthermore, PD-L1/2-Ig expressing plasmids treatment
showed an obvious reduction in inflammatory cell infiltration (Fig. 5).
Overall, our work illustrated the potential therapeutic role of PD1 and
its ligands against the direct injury and autoimmune response induced
by CVB infection. A putative mechanism about the interaction between
CVB infection and PD-1 ligands is plotted as Fig. 6.

Besides the potential role of PD-1 for the prevention and treatment
of viral infection, PD-1 also shows contribution in targeting therapy of
tumors. PD-1 is ligated on T cells through ligands expressed on tumor
tissue, normal tissue or virus-infected lesions. This ligation inhibits
ZAP70 phosphorylation and its association with CD3ζ (Sheppard et al.,
2004) to prevent effector T cell generation and expansion and to
maintain effective peripheral tolerance. PD-L1 is expressed widely on
macrophages, dendritic cells (DCs), T cells, as well as some non-
hematopoietic cells and tissues, including various solid tumor cells
(Keir et al., 2008). Therapeutic targeting of the PD-1/PD-L1 pathway
with blocking monoclonal antibodies has resulted in the successful
enhancement of T cell immunity against various solid tumors. The ex-
pression of PD-L2, a new B7 family member discovered in 2001, is re-
latively restricted to dendritic cells and macrophages stimulated with
IFN-γ, GM-CSF, or IL-4 (Yamazaki et al., 2002), while its expression on
nonimmune cells is closely related to the local microenvironment. En-
gagement of PD-1 by PD-L2 dramatically inhibits B7-CD28 signaling
and cytokine secretion by CD4+ T cells (Latchman et al., 2001). It has
also been reported that PD-L2 expression in solid tumor cells predicts
poor prognosis (Shin et al., 2016).

In summary, based on the present study, CVB infection reduces PD-1
ligand expression, partially due to the degradation of AUF1 related with

Fig. 6. A putative mechanism for the role of PD-1 ligands in CVB infection.
The CVB3 infection decreases the level of PD-L1/2 by degrading AUF1 through
its protease 3Cpro. Treatment with PD-L1/2 by the CVB3 variants rCVB3-L1 and
rCVB3-L2, or by the plasmids that express mPD-L1-Fc and mPD-L2-Fc suggests
that PD-L1/2 can negatively modulate the inflammatory response caused by
CVB3 infection and alleviate the inflammatory injury in the myocardial tissue
during CVB3 infection.
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the enzymatic cleavage by viral protease 3Cpro. Addition of PD-L1 and
PD-L2 can dramatically relieve the inflammatory infiltration and injury
in the heart muscles caused by CVB infection. PD-1 pathway may be a
potential immunotherapeutic target for CVB infection.
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