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Since toll-like receptor 9 (TLR9) or interferon regulatory factor 5 (IRF5) was reported to be associated with the
development of myocarditis, we wondered if the TLR9-IRF5 pathway could contribute to the development of
coxsackievirus B3 (CVB3)-induced myocarditis. We detected signaling molecules of TLR9-IRF5 pathway in
CVB3-infected patients and mice. The results showed that TLR9, IRF5 and its downstream molecules such as
tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6) were significantly increased, and the increase was
correlated with the severity of heart injury during CVB3 infection. In addition, we demonstrated that an AAAG

ODN with IRF5 interfering activities significantly decreased the levels of the TLR9-IRF5 pathway molecules in
hearts, spleens as well as white blood cells, and alleviated the myocarditis in CVB3-infected mice. The data
suggest that interfering TLR9-IRF5 pathway could be an approach to treat CVB3-induced myocarditis.

1. Introduction

Viral myocarditis (VMC), caused by viruses, is inflammation of the
heart muscle [1]. Coxsackievirus B3 (CVB3), a type of enteroviruses, is
the most common pathogen for the VMC, implicated in 20-40% of VMC
patients [2]. Being treated with ribavirin, interferon-beta, im-
munoglobulins and corticosteroids, CVB3-induced myocarditis remains
one of the most challenging clinical problems in cardiology, and still
accounts for up to 20-30% of dilated cardiomyopathy in the VMC pa-
tients, and 2% to 12% human sudden deaths [1,3]. Thus, novel medi-
cations are required to be developed for treating the CVB3-induced
myocarditis.

In recent years, the innate immune response induced by CVB3 has
been realized to be both beneficial and detrimental to hearts. During
the infection, the innate immune cells are activated through re-
cognizing pathogen-associated molecular patterns (PAMPs), such as
viral RNAs, by a broad panel of pattern recognition receptors (PRRs),
including Toll-like receptors (TLRs), such as TLR9 [4]. TLR9 is activated
by the endogenous molecules released from the heart cells damaged by
CVB3 replication in the development of the CVB3-induced myocarditis
[5,6]. The released molecules, such as high-mobility group box 1

(HMGB1) and mitochondrial DNA (mtDNA), act as damage associated
molecular patterns (DAMPs) to initiate sterile inflammatory responses,
aggregating the heart damage. The DAMPs activate TLR9 and conse-
quently trigger the recruitment of myeloid differentiation primary re-
sponse gene 88 (MyD88), interleukin-1 associated kinase (IRAK4) and
TNF receptor-associated factor 6 (TRAF6). The TRAF6 in turn activates
transforming growth factor activated kinase-1 (TAK1), and subse-
quently mitogen-activate protein kinase (MAPK) and the IkB kinase
(IKK) complex, to activate nuclear factor kappa B (NF-kB). The NF-kB
induces the production of inflammatory cytokines, such as tumor ne-
crosis factor-a (TNF-a) and interleukin-6 (IL-6) [7]. The TLR9/MyD88/
NF-kB/TNF-a axis, if overly activated, could aggravate CVB3-induced
myocarditis, exemplified by the evidences that the VMC mice with
deficiency of TLR9 or MyD88 displayed improved left ventricular (LV)
function and reduced cardiac inflammation [5,8], and that blocking NF-
kB lessens cardiac injury in CVB3-infected mice [9].

In addition to NF-«B, interferon regulatory factor 5 (IRF5) is another
downstream transcription factor in TLR9/MyD88 signaling pathways
[10]. TLR9 activation induces the formation of MyD88-IRF5-TRAF6
complexes, which in turn activates IRF5 [11]. The activated IRF5 moves
from cytoplasm into the nucleus where it binds cis-regulatory elements
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to promote the transcription of TNF-a and IL-6 [12]. TNF-a is sig-
nificantly increased in hearts of the CVB3-infected mice. TLR9 deficient
mice infected with CVB3 show significantly lower levels of TNF-a in the
heart [5]. The increased levels of IL-6 are associated with prognosis of
the VMC patients, and injecting an anti-IL-6 receptor antibody reduces
CVB3 replication and improves LV functions in the VMC mice [13].
These evidences suggest that TLR9O-IRF5 signaling pathway could be
involved in the development of CVB3-induced myocarditis, and that
IRF5 could be targeted for the treatment of VMC.

To develop IRF5 inhibitors for treating autoimmune/inflammatory
diseases, various efforts have been made. Trichostatin A (TSA) capable
of depressing promoter activities of IRF5 and reducing productions of
TNF-a and IL-6 was tested as a potential drug for the treatment of
childhood onset systemic lupus erythematosus (SLE) [14]. Sub-
cutaneously applied sMiR-146b, a microRNA that drives degradation of
IRF5 mRNA, ameliorates colitis in mice [15]. An IRF5 decoy peptide
binds to IRF5 and reduces IRF5 translocation to the nucleus, therefore
reducing myocardial inflammation and improving LV function in mice
with systemic sclerosis (SSc) [16]. Interestingly, in our previous work,
an AAAG-rich oligodeoxynucleotide (AAAG ODN) was demonstrated to
interfere IRF5 activities [17]. The AAAG ODN was designed based on
the sequence of human micro-satellite DNA. Coincidentally, the AAAG
ODN (5-AAAGAAAGAAAGAAAGAAAGAAAG-3’) is consensus to the
IRF5 binding motif (G/C)(A)AAA(N),3AAA(G/C)(T/C) in the reg-
ulatory element of TNF-a and IL-6 genes [11]. The AAAG ODN was
demonstrated to rescue mice from bacterial septic peritonitis [18] and
attenuate burn-induced systemic inflammatory responses in mice [19].
Moreover, the AAAG ODN was found to lessen acute lung inflammatory
injury by reducing TNF-a production in the mice infected by influenza
virus [17]. Together with these findings, we could propose that the
AAAG ODN may alleviate the CVB3-induced myocarditis through in-
terfering TLR9-IRF5 signaling pathway.

To confirm this, in this study, we assessed the levels of TLR9, IRF5,
TNF-a and IL-6 in pericardial fluids of the VMC patients, and tested
whether the AAAG ODN could lessen myocarditis by interfering TLR9-
IRF5 signaling pathway in the mice. The data obtained suggest that the
activation of TLR9-IRF5 pathway is involved in the pathogenesis of
CVB3-induced myocarditis and inhibiting the pathway could be a novel
treatment for VMC.

2. Materials and methods
2.1. Patients and pericardial fluid collection

From January 2016 - July 2018, in the First hospital of Jilin
University, Changchun, P.R.China, 7 patients with viral myocarditis
(VMC) and 7 patients with congenital heart disease (CHD) were in-
vestigated. The VMC patients were clinically diagnosed with coxsack-
ievirus B-IgM positive blood plus at least two of the four following
criteria established by the Chinese Heart Association in 1999 [20,21]:
Cardiac insufficiency, cardiogenic shock or cardio-cerebral syndrome;
cardiac enlargement; abnormal electrocardiogram lasted 4 days longer;
elevated levels of creatinine kinase myocardial band (CK-MB), cardiac
troponin T (cTnT) or cardiac troponin I (cTnI). The CHD patients, used
as a control, include 2 patients with atrial septal defect, 3 patients with
ventricular septal defect and 2 patients with tetralogy of fallot. The
clinical data of the 14 patients were shown in Table 1. The cardiac size
and cardiac function in the VMC and CHD patients were statistically
analyzed by student's t-test and shown no significant differences
(p < 0.05). Written consents were obtained from all of the participants
or family members and the protocol for collecting clinical samples was
approved by Institutional Review Board, the First hospital, Jilin Uni-
versity.

The pericardial fluids of the VMC patients were collected by aspir-
ating under echocardiographic guidance, while the fluids of the CHD
patients were extracted using 10 ml syringe during open-heart surgery.
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Table 1
The clinical data of patients (mean * SEM).

VMC patients CHD patients

Participants (n) 7 7
Age (years) 5.6 £ 29 4.7 £ 1.6
Gender
Male (n) 5/7 4/7
Female (n) 2/7 3/7
Course of VMC (days) 57 += 6.3 0
Clinical Sign
Cardiac insufficiency (n) 1/7 0/7
Cardiogenic shock (n) 1/7 0/7
Cardio-cerebral syndrome (n) 0 0
Heart function (NYHA) 31 =09 3.1 =09
LAD (mm) 12.7 * 2.2 143 = 1.1
LVEDs (mm) 34.6 = 9.8 30.8 = 7.8
LVEDd (mm) 53.1 + 10.8 50.6 = 9.3
EF (%) 49 + 9.8 529 + 3.2
CTR 0.55 = 0.08 0.49 = 0.04
Arrhythmia
Sinus tachycardia (n) 2/7 1/7
Supraventricular tachycardia (n) 1/7 0/7
Atrioventricular block (n) 2/7 0/7
Blood test
CVB3-IgM + (n) 7/7 0/7
CK-MB (U / L) 76.9 = 8.9 23.4 = 438
(normal range 0-25U / L)
cTnl (ng / ml) 0.12 = 0.089 0.011 = 0.005
(normal range 0-0.034 ng / ml)
CRP (mg / ml) 29 = 1.2 1.9 + 0.7

(normal range 0-3 mg / ml)

Note: VMC, viral myocarditis; CHD, congenital heart disease; NYHA, New York
Heart Association; LAD, Left Atrial Diameter; LVEDs, Left Ventricular End-
Systolic Diameter; LVEDd, Left Ventricular End-Diastolic Diameter; EF, Ejection
Fraction; CTR, Cardiothoracic Ratio; CK-MB, MB isoenzyme of creatine kinase;
cTnl, cardiac Troponin I; CRP, C-Reactive protein. The heart functions were
assessed with the NYHA Classification, graded as: I, no symptoms with ordinary
activity; II, mild limitation of physical activity and symptoms with ordinary
physical activity; III, marked limitation of physical activity and symptoms with
less than ordinary physical activity; and IV, symptoms with any physical ac-
tivity or at rest [64].

5 ml pericardial fluids were centrifuged at 300g for 10 min to separate
cells and supernatants. The cells were used to detect expression of TLR9
and IRF5 by the Western blot. The supernatants were stored at —80 °C
for detecting TNF-a and IL-6 by the Cytometric Bead Array.

2.2. Oligodeoxynucleotides

Nuclease-resistant phosphorothioate-modified ODNs, including an
AAAG ODN (5-AAAGAAAGAAAGAAAGAAAGAAAG-3’) and a non-
specific ODN (5-CCTCCTCCTCCTCCTCCTCCTCCT-3’), were synthe-
sized in Takara Biotechnology Company (Dalian, China) and diluted in
PBS buffer without detectable endotoxin (Limulus amebocytelysate
assay, Associates of Cape Cod, Inc.). The non-specific ODN was de-
signed by replacing AAAG motifs in the AAAG ODN with CCT, and used
as a control ODN in the mouse experiments.

2.3. Virus

The Coxsackievirus B3 (CVB3) obtained from Department of
Immunology, Jilin University, Changchun, P.R.China was multiplied in
Hela cell line cells, harvested 48 h later by freezing and thawing the
infected cells for three times, and stored at —70 °C. Hela cells, from
American Type Culture Collection (ATCC), were maintained in Iscove's
modified Dulbecco's medium (IMDM) supplemented with 10% heat-
inactivated fetal bovine serum (GIBCO). Viral titers were determined by
cytopathic effect on Hela cells and expressed as 50% tissue culture in-
fective dose (TCID50) per milliliter.
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2.4. Mice

Six-week-old specific pathogen-free male BALB/c mice (18 = 2g),
obtained from the Experimental Animal Center, Jilin University
(Changchun, P.R.China), were used for establishing CVB3-induced
myocarditis model. The mice were maintained at 22 = 2°Cwitha12h
light / dark cycle, and had free access to food and water for experiments
in accordance with the National Institute of Health Guide for the Care
and Use of Laboratory Animals.

2.5. Animal experiment

The mouse model of CVB3-infected myocarditis was established by
intraperitoneally (i.p.) administration with 10* TCID50 CVB3 in 0.1 ml
IMDM. On day 0, 1, 4, 7, 10 and 14 post-infection, six of the mice were
randomly sacrificed and their hearts were isolated. The left ventricles
were kept in the solution of 10% formaldehyde for pathological analysis
and the rest parts of the hearts were used for isolating total RNA.

To study the effect of AAAG ODN on CVB3-induced acute myo-
carditis, we took four different times to inject i.p. 25 pg AAAG ODN into
each mouse, including 1 day prior infection (day —1), stimulate with
infection (day 0), day 1 and day 4 post-infection. The mice sham-in-
oculated with sterile PBS on day 0 were used as normal. After infection,
the mice were weighted daily, and valued their clinical manifestations
by scores based on the occurrence of the symptoms including lethargy,
piloerection, tremors, periorbital exudates, respiratory distress and
diarrhea [22]. On day 7 post-infection, all of the mice were bled and
sacrificed, then their hearts were isolated. The right ventricle was used
for pathological analysis, the left ventricle was used for measuring the
necrosis area, the right atrium was homogenized for viral load detec-
tion, and the rest part was for isolating total RNA. Meanwhile, the
spleens and blood were isolated for detecting TLR9, IRF5, TNF-a, IL-6
expression. Besides, to confirm the effect of the AAAG ODN treatment
on day 4 post-infection, we infected another 18 mice. On day 4 post-
infection, the mice (6 in each group) were i.p. treated with PBS, control
ODN or AAAG ODN (25 ug per mouse), respectively. On day 14, all of
the mice were bled and then sacrificed. Their hearts were isolated and
divided into three parts, the right atrium, the right ventricle and the rest
part. The right atrium was homogenized in 1 ml DMEM containing 2%
fetal calf serum, then the supernatants were subjected by the cen-
trifugation at 2000g for 10 min at 4 °C for detecting the TNF-a and IL-6
expression, and CVB3 titers, the right ventricles were used for isolating
total protein, and the rest parts were used for isolating total RNA.
Meanwhile, the spleens and blood were also isolated for detecting
TLR9, IRF5, TNF-a, IL-6 expression.

2.6. Examination of myocardial necrosis

The myocardial necrosis was represented by the ratio of myocardial
necrosis. To generate the ratio, the left ventricles were frozen at —20°C
for 3 h, and then cut perpendicularly to the septum from the apex to the
mitral valve into 3 mm slices. The slices were incubated in 1% TTC (2,
3, 5-triphenyltetrazolium chloride from Sigma Chemical, St. Louis, MO)
in 0.1 M Tris buffer (pH 7.8) at 37 °C for 15 min, and grossly observed
for the necrotic areas. The necrotic areas were unstained, in contrast to
the red strained areas presenting nonischemic and viable ischemic
areas. The slice was photographed and analyzed with Image 1.38 (NIH,
Bethesda, MD) to obtain the myocardial necrosis size and the left
ventricle size. The percentage of myocardial necrosis size / left ventricle
size was used as the ratio of myocardial necrosis, which indicates the
extent of the myocardial necrosis.

2.7. Pathological examination of hearts

The heart lesions caused by CVB3-induced myocarditis were re-
presented by the pathological scores. To score the lesions, the ventricles
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were fixed in 10% neutral formalin, embedded in paraffin, cut into
5 um-thick sections, stained with hematoxylin and eosin (H&E), and
examined by two independent observers. The severity of the heart le-
sions were graded using a five-point system from 0 to 4 [23]. A ‘0’ score
indicates no or questionable infiltration of inflammatory cells. A ‘1’
score indicates very limited focal distribution of myocardial lesions. A
score of ‘2’describes multiple lesions, and ‘3’ describes multiple and
regular lesions with some confluence and extensive necrosis. A score of
‘4’ describes the presence of coalescent and pervasive lesions spreading
throughout most of the observed tissue.

2.8. Quantitative reverse transcription-polymerase chain reaction

Quantitative reverse transcription-polymerase chain reaction (qQRT-
PCR) was conducted using SYBR Green and Light Cycler 480 system
(Roche, Shanghai, China). For RNA preparation, the heart and spleen
tissue samples were homogenized, and total RNA was extracted using
RNeasy Mini kit (Qiagen, Valencia, CA, USA), reverse transcribed into
cDNA wusing Tagqman reverse transcription reagents (Applied
Biosystems, Foster city, USA) with random hexamer primer, according
to the manufacturer's instructions. The two-temperature cycle of 95 °C
for 15s and 60 °C for 1 min (repeated for 40 cycles) was used. Relative
quantities of transcripts were calculated using the 224" method with
GAPDH as a reference. The primers used for qRT-PCR were synthesized
by Sangon Biotech (Shanghai, China) and listed as follows (forward and
reverse primers, respectively): TLR9: 5-ACCCTGGAAGAGCTAAAC
CTG-3’ and 5-CAGTTGCCGTCCATGAATAGG-3’; IRF5: 5-AGCGGGAA
GTCAAGACGAAGCTCT-3" and 5-CTGAGAACATCTCCAGCAGCA-3’;
TNF-a: 5-GGCTCCAGGCGGTGCTTGTT-3’ and 5-GGCTTGTCACTCGG
GGTTCG-3; IL-6: 5-GGATACCACTCCCAACAGACC-3’ and 5-TCCAGT
TTGGTAGCATCATCA-3’; GAPDH: 5-TGCTGAGTATGTCGTGGA-3’ and
5’-TTCAGCTCTGGGATGACCT-3".

2.9. Western blot

The pericardial fluid cells of VMC patients and the heart tissues of
VMC mice were lysed in ice-cold RIPA buffer (150 mM NaCl, 50 mM
Tris, pH7.4, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and
PMSF) for protein preparation, respectively. The protein concentration
was measured by the BCA method. Western blot analyses were per-
formed using primary antibodies raised against IRF5 (1:500, Abcam),
TLR9 (1:1000, Abcam), TNF-a (1:1000, Abcam), IL-6 (1:1000, Abcam)
and incubated with 5% milk overnight at room temperature.
Chemiluminescence detection was performed with ECL Plus
(Amersham Biosciences Hyperfilm, GE Healthcare), detected with the
use of X-ray films, and analyzed by densitometric analysis program
(Image Gauge V3.12; Fuji Photo Film, Tokyo, Japan). The house
keeping gene GAPDH was used as a loading control.

2.10. Flow cytometry

The whole blood was harvested from the mice on day 7 and day 14
post-CVB3 infection using the tubes containing 3.8% sodium citrate (1/
9v/v). The tubes were centrifuged (2000 g at 4 °C) for 5 min. The cell
pellet was re-suspended using ACK buffer (1/9 v/v) (NH4Cl 8024 mg / 1,
KHCO3 1001 mg / 1, Na,EDTA 3.7 mg / 1, pH 7.2-7.4) for 7-10 min to
lyse red blood cells, followed by washing and centrifugating twice. The
obtained white blood cells (WBCs) were diluted 1:1 with RMIP1640
medium, then added into a 12-well plate and incubated with monensin
(eBioscience) for 2h in 5% CO, at 37 °C. Afterwards, the cells were
collected, fixed with 4% paraformaldehyde, and permeabilized with
0.1% saponin, followed by staining with APC rat anti-mouse TLR9, FITC
rat anti-mouse IRF5, PE-Cy7 rat anti-mouse TNF-a, APC rat anti-mouse
IL-6. All stained cells were analyzed by Accuri C6 (BD) and FACSCanto
(BD) flow cytometers. Live cells were carefully gated by forward and
side scattering. Data were analyzed with FlowJo software (FlowJo
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7.6.1, LLC, Ashland, Oregon).
2.11. Cytometric bead array

The concentrations of TNF-a and IL-6 in pericardial fluids of the
patients and in heart homogenates of the mice were determined by
Cytometric Bead Array (CBA), according to the manufacturer's protocol
(BD Biosciences) with minor modification. Supernatants of individual
pericardial fluids or murine heart homogenates (50 pl) were subjected
in duplicate using the CBA kit on a FACS Calibur flow cytometry. The
concentrations were quantified using the CellQuestPro and CBA soft-
ware (Becton Dickinson).

2.12. Virus titers

The hearts were removed from the VMC mice and perfused with
10 ml of PBS. The right atrium of the heart was homogenized in 1 ml
DMEM containing 2% fetal calf serum. The cellular debris was removed
by centrifugation at 2000 g for 10 min at 4 °C. Following 10-fold serial
dilutions in DMEM, 200 pl of supernatants was added in triplicate to a
confluent monolayer of Hela cells on a 12-well plate and incubated at
37 °C and 5% CO,. The CVB3 titers were expressed as TCID50 assays,
calculated by the method of Reed & Muench Reed [24]. Results were
read on day 4-7 after infection.

2.13. Statistical analysis

Statistical analyses were conducted using SPSS 19.0 software. A
Student's test was used for two-group comparisons, and one-way ana-
lysis of variance (ANOVA) for three or more-group comparisons.
P < 0.05 was considered to be statistically significant.

3. Results

3.1. The expression of TLR9, IRF5, TNF-a and IL-6 in patients with CVB3-
induced myocarditis

To explore whether the TLRO-IRF5 pathway is activated during the
development of CVB3-induced myocarditis, we collected pericardial
fluids from the VMC patients with CVB3 infection and the CHD patients
without CVB3 infection, and tested their levels of TLR9, IRF5 by
Western blot. As shown in Fig. 1 A, the levels of TLR9 and IRF5 protein
were increased by 22% and 14%, respectively, in the pericardial fluids
from the VMC patients as compared with those from the CHD patients,
indicating that the CVB3 infection could induce the expression of TLR9
and IRF5 in hearts. Since the TLR9-IRF5 signaling drives the production
of TNF-a and IL-6 from inflammatory cells [11], we next tested the
levels of TNF-a and IL-6 in the pericardial fluids by Cytometric bead
array (CBA). The results showed that levels of TNF-a and IL-6 were
obviously elevated in the pericardial fluids of VMC patients, compared
to those in CHD patients (p < .05) (Fig. 1 B). Together, these ob-
servations support that the TLR9-IRF5 pathway could be activated in
hearts of the VMC patients with CVB3 infection.

3.2. The effect of TLR9-IRF5 signaling on cardiac injury of VMC mice

Upon the findings that activation of the TLR9-IRF5 pathway is re-
lated to the VMC development in human, we infected mice with 10*
TCID50 CVB3 intraperitoneally on day 0 to induce myocarditis. On day
1, 4, 7, 10, and 14 post-infection, the mice were randomly sacrificed
and their hearts were separated into the left ventricles and the rest
parts. The left ventricle was used to observe the pathological lesions,
and the rest part was tested for mRNA levels of signaling molecules in
TLRO-IRF5 pathway, including TLR9, IRF5, TNF-a and IL-6.
Pathological observations showed minimally infiltrated lymphocytes in
the hearts on day 1 post-CVB3 infection. The infiltration became
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Fig. 1. TLR9, IRF5, TNF-a and IL-6 levels in pericardial fluids of VMC patients.
The cells and supernatants in pericardial fluids were collected from 7 VMC
patients and 7 CHD patients without CVB3 infection for detecting the expres-
sion of TLR9, IRF5, TNF-a and IL-6. (A) Western blot detection of the TLR9 and
IRF5 in the cells. (B) Cytometric bead array (CBA) detection of the TNF-a and
IL-6 in the supernatants. Each symbol represents one patient. Horizontal lines
represent means.

apparent on day 4, peaked on day 7, and then gradually reduced until
day 14. Notably, the hearts displayed extensive lesions with massive
necrosis of the myocytes on day 7 post-infection. The lesions were
quantitatively evaluated with the pathological scores, which increased
from day 4 (p = .013) and peaked on day 7 post-infection (p = .005)
(Fig. 2 A). The mRNA detection showed that the CVB3 induced ob-
viously elevated expression of TLR9, IRF5, and IL-6 mRNAs on day 4
post-infection and peak expression of IRF5 mRNA on day 7 (p = .012).
Interestingly, CVB3 induced the steadily increased TLR9 expression and
decreased IL-6 expression up to the day 14, and induced the sig-
nificantly increased expression of TNF-a mRNA on day 7 post-infection
(p = .046) (Fig. 2 B and C). These results indicated that vigorous acti-
vation of the TLR9-IRF5 signaling pathway could be involved in the
cardiac injury induced by CVB3 infection.

3.3. The roles of AAAG ODN on CVB3-induced myocarditis in mice

Since the AAAG ODN was demonstrated to alleviate acute lung in-
jury caused by influenza virus infection [17], we were curious to find
whether the AAAG ODN could also alleviate the CVB3-induced in-
flammatory damage in hearts. To start with, the CVB3-infected mice (3
/ group) were treated with AAAG ODN once on day —1, 0, 1, or 4 prior
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Fig. 2. Expressions of TLR9-IRF5 pathway molecules in myocardial tissues from.
CVB3-infected mice. The mice were infected with CVB3 on day 0 and sacrificed on day 1, 4, 7, 10, 14 post-CVB3 infection for isolating their hearts. (A) The
pathological changes (x 200) and scores of H&E stained heart tissues. Scale bar, 200 um. (B) qRT-PCR analysis on the kinetically expressed mRNAs of TLR9, IRF5,
TNF-a and IL-6. Each symbol represents one mouse. Horizontal lines represent means. (C) The comparison of the kinetic expression of the mRNAs. Each symbol
represents the mean and standard deviation of data from the six mice. Data of one representative experiment from the three are shown.

or post-infection, respectively, at a dose of 25 g / mouse as used in our
previous work [25,26], and were weighted and observed daily. On day
7 post-infection, the mice were sacrificed and their hearts were pa-
thologically analyzed. It was found that the AAAG ODN treatment once
on day 4 post-infection obviously improved the general status, and
dramatically lessened the heart damage of the VMC mice, while the
AAAG ODN treatment on —1, 0 and 1 day failed to. To confirm the
efficacy and to find whether the efficacy was sequence dependent, we
conducted a set of mouse experiments, in which 6 mice were used in
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Days post-CVB3 infection

each group and a control ODN was included to verify the sequence
specificity of the AAAG ODN, to detect the roles of AAAG ODN on
CVB3-induced myocarditis and the influence of AAAG ODN on TLRY-
IRF5 pathway in the heart, spleen, white blood cells as well as on the
cardiac viral load. On day 0, the mice were infected with CVB3, treated
with AAAG ODN (i.p. 25 ug / mouse) on day —1, 0, 1, or 4, or treated
with control ODN on day 4, respectively, afterwards, were weighted
and observed daily. Compared with that of the PBS group, the body
weight of the CVB3-infected mice treated with AAAG ODN on day 4
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Fig. 3. Influence of AAAG ODN on CVB3-induced myocarditis in mice. The mice were infected with CVB3 on day 0 and treated with AAAG ODN or Ctrl ODN before
or after the infection, respectively, and observed / weighted daily. On day 7 post-infection, the mice were sacrificed and their hearts were isolated for surface
observation, weighting, necrosis area measurement and pathological examination. (A) The body weight of the mice (n = 6 mice / group). ,p < .05 vs that in normal
mice; # p < .05 vs that in the mice treated with PBS. (B) The clinical manifestation score of the mice on day 7 post-infection. (C) The surface observation of the
hearts. Scale bar, 2 mm. (D) The heart weight and heart / body weight ratio of the mice. (E) The percentage of necrosis area to the left ventricle area of the hearts. (F)
The pathological changes (X 200) and scores of H&E stained heart tissues of the mice. Scale bar, 200 pm. Each symbol represents one mouse. Horizontal lines
represent means. Data from one representative experiment of the three are shown. Nor, normal; Ctrl ODN, control ODN.

post-infection declined slightly, whereas the body weight of the mice
treated with AAAG ODN on day —1 underwent a dramatic and con-
tinuous loss, up to 35% on day 7 post-infection (Fig. 3 A). With the
reference that > 70% BALB/c mice died post-HSV infection when their
body weights lost up to 20% [27], we ended the experiments on the day
7 post-CVB3 infection. Interestingly, we found that the AAAG ODN
treatment on day 4 significantly improved the clinical manifestations of
the CVB3-infected mice (p = .024), while the AAAG ODN treatment on
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day —1 (p = .004) and day O (p = .024) worsened the clinical mani-
festations, and on day 1 failed to improve the clinical manifestations
(Fig. 3 B).

To determine whether the improvement was relevant to the alle-
viation of the CVB3-induced inflammatory responses in hearts, we
further examined the pathological changes of the hearts on day 7 post-
infection. As shown in Fig. 3 C, on the surface of the hearts, CVB3 in-
fection induced the obvious tan-yellow marbling, an indicator of severe
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inflammation, eosinophilic degeneration, calcification, or fibrosis [28].
The AAAG ODN treatment on day 4 significantly reduced the extent of
the tan-yellow marbling. In contrast, the AAAG ODN treatment on day
—1 aggravated the marbling. Besides, the heart weight and the heart /
body weight ratio were used to evaluate the cardiac edema and necrosis
[29]. As shown in Fig. 3 D, the AAAG ODN treatment on day 4 in-
creased the heart weights (p = .023) and reduced the heart / body
weight ratio (p = .048), while the treatment on day —1 decreased the
heart weight (p < 0.001) and increased the ratio (p = .046). Also, the
AAAG ODN treatment on day 4 significantly deceased the cardiac ne-
crosis areas of the mice (p = .024), while the treatment on day —1
(p = .006) increased the areas (Fig. 3 E). Histological analysis revealed
that the AAAG ODN treatment on day 4 markedly reduced the foci of
inflammation (clusters of cells that stain blue) and cell necrosis (areas
of clearance) in hearts, led to decreased pathological scores (p = .047).
In contrast, the treatment on day —1 induced the severe myocarditis
manifested by tissue damage and massive inflammatory cell infiltration,
with the increased pathological scores (p = .047) (Fig. 3 F). The AAAG
ODN treatment on day 0 and on day 1 failed to display therapeutic
effect on the hearts of the CVB3-infected mice, compared with the PBS
treatment. Suggestively, the day 4 post-infection should be an appro-
priate time point to use the AAAG ODN for treating the CVB3-induced
myocarditis.

3.4. The influence of AAAG ODN on TLR9-IRF5 pathway in heart of mice
with CVB3-induced myocarditis

As above, CVB3 infection significantly elevated the levels of TLR9,
IRF5 and their downstream cytokines (TNF-a and IL-6) in hearts, and
the AAAG ODN treatment on day 4 was therapeutic on the CVB3-in-
duced myocarditis, we tried to find whether the AAAG ODN could in-
fluence the expressions of TLR9-IRF5 pathway molecules, including
TLRY, IRF5, TNF-a and IL-6. The mice were infected with CVB3 on day
0, treated with AAAG ODN (i.p. 25 ug / mouse) on day —1, 0, 1, or 4, or
treated with control ODN on day 4, respectively. On day 7 post-infec-
tion, the mice were sacrificed to test the mRNA expressions of TLR9-
IRF5 pathway molecules in hearts. As shown in Fig. 4 A, the AAAG ODN
treatment on day 4 significantly decreased cardiac mRNA expression of
TLR9 (p =.017), IRF5 (p =.044), TNF-a (p =.025) and IL-6
(p = .040), respectively. In contrast, the AAAG ODN treatment on day
—1 significantly increased cardiac mRNA expressions of TLR9
(p < 0.001), IRF5 (p = .041), TNF-a (p = .044), respectively, and de-
creased the IL-6 expression (p = .024). Whereas the AAAG ODN treat-
ment on day O only increased the TLR9 (p = .007) expression, and the
treatment on day 1 only decreased the IL-6 expression (p = .037) (Fig. 4
A). Besides, to confirm the effect of AAAG ODN treatment on day 4
post-infection, we infected the mice (6 in each group) on day 0 and
treated (i.p.) mice with AAAG ODN, PBS or control ODN, respectively,
on day 4 post-infection. On day 14 post-CVB3 infection, the mice were
sacrificed and their hearts were isolated to assess the mRNAs and
proteins of TLR9, IRF5, TNF-a and IL-6. Consistently, the AAAG ODN
treatment on day 4 post-infection significantly decreased the cardiac
mRNA expressions of TLR9 (p = .004), IRF5 (p = .004), and TNF-a
(p = .001) (Fig. 4 B) and the protein expressions of TLR9 (p = .026),
IRF5 (p = .026), TNF-a (p = .016) detected by western blot (Fig. 5 A),
respectively. Interestingly, the cardiac mRNA expression (p = .001) and
protein expression (p = .001) of IL-6 were significantly increased in the
mice treated with AAAG ODN on day 4 (Fig. 4 B and 5 A). Alternatively,
we also detected the TNF-a and IL-6 in the heart homogenates by the
CBA as described in methods and found that the AAAG ODN treatment
on day 4 significantly decreased the TNF-a (p = .029) and increased the
IL-6 (p = .030) (Fig. 5 B), respectively. These results suggested that the
AAAG ODN treatment on day 4 could alleviate the CVB3-induced
myocarditis by suppressing the expression of the TLR9-IRF5 pathway
molecules in hearts.
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Fig. 4. Effect of AAAG ODN on mRNA expression of TLR9-IRF5 pathway mo-
lecules in hearts of the mice with CVB3-induced myocarditis. The mice were
infected with CVB3 on day 0 and treated with AAAG ODN or Ctrl ODN before or
after the infection, respectively. On day 7 or day 14 post-infection, the hearts of
the mice were isolated for analyzing the mRNA levels of TLR9, IRF5, TNF-a and
IL-6. (A) The mRNA levels on day 7. (B) The mRNA levels on day 14. Each
symbol represents one mouse. Horizontal lines represent means. Data from one
representative experiment of the three are shown. Nor, normal; Ctrl ODN,
control ODN.

3.5. The effect of AAAG ODN on expression of TLR9-IRF5 pathway
molecules in peripheral immune cells of the mice with CVB3 infection

Next, we explored whether the AAAG ODN could influence the in-
flammatory responses in hearts by acting on the spleen cells and the
white blood cells (WBCs) in periphery. The CVB3-infected mice were
treated with AAAG ODN on day —1, 0, 1, or 4, respectively. On day 7 or
14 post-CVB3 infection, we isolated the spleen cells and WBCs, and
assessed their activation of the TLR9-IRF5 pathway molecules. The
results showed that in the spleen cells, the AAAG ODN treatment on day
4 decreased the mRNA expressions of TLR9 (p = .049), IRF5 (p = .042)
and TNF-a (p =.049); the treatment on day —1 increased the
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Fig. 5. Effect of AAAG ODN on protein levels of TLR9-IRF5 pathway molecules.
in hearts of the mice with CVB3-induced myocarditis. The mice were infected
with CVB3 on day 0 and treated with AAAG ODN or Ctrl ODN on day 4 for
detecting the protein expressions of TLR9, IRF5, TNF-a, IL-6 in their hearts on
day 14 post-infection. (A) Western blot detection of the TLR9, IRF5, TNF-a, IL-6
in the heart tissues. (B) Cytometric bead array (CBA) detection of the TNF-a and
IL-6 in the heart homogenates. Each symbol represents one mouse. Horizontal
lines represent means. Data from one representative experiment of the three are
shown. Nor, normal; Ctrl ODN, control ODN.

expressions of TLR9 (p = .031), IRF5 (p = .047) and TNF-a (p = .008)
on day 7 (Fig. 6 A); The increases and the decreases couldn't be detected
on day 14 (Fig. 6 B). By using flow cytometry, we found that the AAAG
ODN treatment on day 4 decreased the expressions of TLR9
(p < 0.001), IRF5 (p = .016) and TNF-a (p = .048) proteins in WBCs of
the mice on day 7 (Fig. 6 C), and didn't influence the expressions of the
TLRO-IRF5 pathway molecules on day 14 (Fig. 6 D).The results indicate
that the AAAD OND treatment on day 4 participates in the myocardial
inflammatory responses in the mice by regulating the immune cells in
periphery.

31

Clinical Immunology 207 (2019) 24-35

3.6. The effect of AAAG ODN on the CVB3 load in hearts of the mice with
CVB3 infection

To see if the AAAG ODN could influence the CVB3 load in hearts,
the CVB3-infected mice were treated with AAAG ODN on day 4 post-
infection and sacrificed on day 7 or 14, respectively, for detecting the
CVB3 load in their hearts. The results shows that the cardiac CVB3 titers
of the mice treated with the AAAG ODN were within the same range as
that of the mice treated with the PBS (Fig. 7), suggesting that the AAAG
ODN couldn't induce the inhibition on CVB3.

4. Discussion

In this study, we have found that TLR9-IRF5 pathway is activated
during the development of CVB3-induced myocarditis, and interfering
its activation lessens the detrimental inflammation in hearts. Based on
the findings and the data from other labs, we may propose a model
(Fig. 8) about how the TLR9-IRF5 pathway is activated during the CVB3
infection and involved in the development of CVB3-induced myo-
carditis. Although unable to directly sense CVB3 by recognizing the
nucleic PAMPs derived from the CVB3 replication, TLR9 does recognize
the damage associated molecular patterns (DAMPs) released from the
CVB3-damaged cadiomyocytes [5,8,21,30,31]. The DAMPs, such as
HMGBI1 [32] and mtDNA [31], are sensed by TLR9s expressed in car-
diomyocytes, denditic cells, neutrophils and macrophages in hearts
[34,35]. The HMGB1 [36] and/or mtDNAs [33] activate TLR9 and
trigger the production of pro-inflammatory cytokines [37]. Thus, a
positive feedback loop apparently exists. The DAMPs released from the
damaged cadiomyocytes during CVB3 infection amplify the in-
flammatory responses, which in turn damage the cadiomyocytes
causing further release of the DAMPs. In the loop, TLR9 could serve as
an endogenous sensor of heart damage, and its activation could be
causally linked to the development of VMC. The linkage could be evi-
denced by the findings that TLR9 deficiency improved LV function and
decreased cardiac inflammation in the VMC mice [5], and by the ob-
servations in this study that the decreased expression of TLR9 in the
hearts was associated with improved clinical manifestations and re-
duced cardiac injury. After being activated, the TLR9 recruits and ac-
tivates MyD88 which initiates two distinctive signaling pathways using
NF-kB and IRF5 as downstream transcription factors, respectively [38].
By far, the activation of the TLR9-NF-kB signaling pathway has been
documented as a common cause of the inflammatory injury of hearts
after CVB3 infection [9]. In this study, TLRO-IRF5 signaling pathway
was revealed pivotal in the development of CVB3-induced myocarditis,
possibly other inflammatory diseases. Evidently, IRF5 activation was
associated with SLE [14], rheumatoid arthritis [39] and inflammatory
bowel disease [40], and the individuals with deficient expression of
IRF5 were invulnerable to develop lethal shock induced by a TLR9
agonist [11].

To verify the roles of the TLR9O-IRF5 signaling pathway in the de-
velopment of CVB3-induced myocarditis, we used the AAAG ODN to
intervene the IRF5 activity. Structurally, AAAG ODN is consensus with
the IRF5 binding site in the regulatory element of genes for TNF-a and
IL-6 [11,17,41]. The sequence similarity could render the AAAG ODN
to bind IRF5. The binding was demonstrated to hinder the nuclear
translocation of IRF5 [18] and to compete with the regulatory element
to bind IRF5, and therefore interfering IRF5 to drive the transcription of
genes for TNF-a and IL-6 [19]. By doing this, the AAAD ODN could
reduce the production of pro-inflammatory cytokines in CVB3-infected
patients and mice. The presumption could be strengthened by the
presented data that the AAAG ODN, when applied on day 4 post-in-
fection, significantly reduced the production of TNF-a and IL-6 in the
hearts, and the production of TNF-a in peripheral immune cells of the
mice on day 7 post-CVB3 infection when the AAAG ODN was applied on
day 4. Interestingly, as shown in Fig. 4B and Fig. 5B, the mRNA ex-
pression and the protein expression of the IL-6 were significantly
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Fig. 6. Effect of AAAG ODN on TLR9-IRF5 pathway molecules in peripheral immune cells of the mice with CVB3 infection. The mice were infected with CVB3 on day
0 and treated with AAAG ODN or Ctrl ODN before or after the infection, respectively. On day7 or day 14 post-infection, the spleens of the mice were isolated for
mRNA analysis of the TLR9, IRF5, TNF-a and IL-6 by qRT-PCR, and the white blood cells (WBCs) in peripheral blood of the mice were harvested for protein detection
of the TLR9, IRF5, TNF-a and IL-6 by flow cytometry. (A) The mRNA levels in the spleens on day 7. (B) The mRNA levels in the spleens on day 14. (C) The protein
levels in the WBCs on day 7. (D) The protein levels in the WBCs on day14. Each symbol represents one mouse. Horizontal lines represent means. Data from one
representative experiment of the three are shown. Nor, normal; Ctrl ODN, control ODN.
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Fig. 7. Viral load in hearts of the CVB3-infected mice treated with AAAG ODN.
The mice were infected with CVB3 on day 0 and treated with PBS or AAAG ODN
on day 4 post-infection for titering the CVB3 in their hearts on day 7 and 14
post-infection. Each symbol represents one mouse. Horizontal lines represent
means. Data from one representative experiment of the three are shown. n.s.
denotes the insignificance.

increased in the hearts of the mice on day 14 post-CVB3 infection.
Obviously, the increase could not be explained by the AAAG ODN
mediated interferences of IRF5 to prime the IL-6 gene transcription.
However, the increase could be attributed to the heart recovery of the
mice treated with AAAG ODN. In the process of heart recovery, a large
amount of IL-6 is produced by myocytes in the mice experienced
myocarditis-induced cardiac damage [42]. The abundantly produced
IL-6 is associated with activation of adenosine monophosphate-acti-
vated protein kinase (AMPK) [43,44]. As an energy sensor, AMPK is
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activated by adenosine monophosphate (AMP) which is dramatically
generated during the heart recovery [45], whose activation eventually
increases the catabolic metabolism and the IL-6 production [43,44,46].
Importantly, the myocyte-derived IL-6 in turn induces more IL-6 in an
autocrine manner [47]. In this setting, the abundantly existed IL-6 ex-
erts cardio-protection by sustaining the vitality of myocytes [48,49],
and by reducing the production of TNF-a [50,51], a sufficiently car-
diodepressive cytokine in the development of CVB3-induced myo-
carditis [5]. Taken together, we may propose that suppressing TLR9-
IRF5 pathway could be a major underlining mechanism for the AAAG
ODN to alleviate CVB3-induced myocarditis. Potentially, as demon-
strated in our previous work, the AAAD ODN could be also used for the
treatment of other inflammatory diseases, such as bacterial septic
peritonitis [18], burn-induced systemic inflammatory response syn-
drome caused by burning [19], and acute lung inflammatory injury
induced by influenza virus [17].

Noticeably, as shown in Fig. 3, CVB3 infection reduced the heart
weight on day 7 post-infection, especially in the mice treated with
AAAG ODN on day — 1. The deteriorated effect of the AAAG ODN could
be attributed to the immune restoration which refers to the erratic
immune response before / after using immunomodulatory drugs and
the resultant immunopathological abnormality in tissues infected by
pathogens. The immune restoration may lead to immune restoration
diseases (IRD). The IRD could be exemplified by that the patients re-
ceived antiviral therapy were vulnerable to developing cryptococcal
meningitis which was paralleled with reactivation of monocytes and
pathological overproduction of cytokines [52]. Presumably, the AAAG
ODN treatment on day — 1 post-CVB3 infection may condition the mice
to launch erratic immune responses to the coming CVB3 infection. As

Fig. 8. Schematic representation of possible roles of
the TLR9-IRF5 signaling pathways in the develop-
ment of CVB3-induced myocarditis. The damage as-
sociated molecular patterns (DAMPs), such as
HMGB1 and mtDNA, released from the CVB3-da-
maged cadiomyocytes could activate the TLR9-IRF5
signaling pathway, leading to excessive production
of TNF-a and IL-6. The cytokines could aggravate the
cadiomyocyte damage, causing the release of more
DAMPs. The AAAG ODN could alleviate the CVB3-
induced myocarditis by interfering the TLR9-IRF5
signaling pathway.

A




S. Nie, et al.

shown in this study, the mice received the AAAG ODN prior to the
CVB3 infection were detected with significantly higher level of TLR9,
IRF5 and TNF-a in the white blood cells, spleens and hearts, reflecting
the over-activation of TLR9-IRF5 pathway, that was in parallel with the
severity of heart injury. Interestingly, administration of the AAAG ODN
on day 4 post-infection could avoid inducing immune restoration.
Moreover, the AAAG ODN applied at this time point beneficially sup-
pressed the expression of TLR9-IRF5 pathway molecules and therefore
alleviated the CVB3-induced myocarditis. Possibly, the immune re-
storation induced by the priorly applied AAAG ODN could be used to
explain the most significant decrease of heart weight in the CVB3-in-
fected mice. The mice conditioned by AAAG ODN produced higher level
of proinflammatory cytokines, such as TNF-a. The TNF-a was reported
to evoke catabolic reaction that promotes a high degradation of myo-
cyte proteins and myocyte death by mechanisms of apoptosis, autop-
hagy and necrosis [53,54], eventually contributing to the heart weight
loss [55]. Furthermore, when evaluating the extent of heart in-
flammation caused by CVB3 infection, the body weight of the mice
needs to be mulled together since severe loss of body weight also
happened in the CVB3-infected mice. To reflect this, we also used heart
/ body weight ratio to evaluate the extent of the heart inflammation
[56], and found that the ratio was increased in the mice treated with
AAAG ODN on day —1 and decreased in the mice treated with AAAG
ODN on day 4.

In addition to TLR9, TLR4 is another IRF5 regulating receptor in-
volved in the development of CVB3-induced myocarditis [57]. Activa-
tion of TLR4-IRF5 signaling pathway mediates transcription of the IL-
1B, IL-12, IL-8 [58] and RANTES (regulated upon activation normal T
cells expressed and secreted) genes [59]. The increased expression of
these cytokines was observed in blood or left ventricle in CVB-infected
mice [60,61], accompanied with the vigorous CVB3 replication and
cardiac dysfunction [62]. The data are instructive to investigate the
roles of TLR4-IRF5 signaling pathway molecules in the development of
CVB3-induced myocarditis. The TLR4 involvement may remind us to
find whether receptor for advanced glycation end products (RAGE)
could also play a role in the development of CVB3-induced myocarditis
because that RAGE also induces the production of TNF-a and IL-6, and
its short cytoplasmic tail is highly homologous to TLR4 cytoplasmic
Toll/interleukin-1 receptor [63].
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