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Mucosal co-immunization with AIM2 enhances
protective SIgA response and increases
prophylactic efficacy of chitosan-DNA vaccine
against coxsackievirus B3-induced myocarditis
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Abbreviations: CVB3, coxsackievirus B3; AIM2, absent in melanoma 2; SIgA, secretory immunoglobulin A; BAFF, B cell
activating factor of the tumor necrosis family; APRIL, a proliferation-inducing ligand; iNOS, inducible nitric oxide synthase;
RALDHI, retinaldehyde dehydrogenase 1; IL, interleukin; TGE-B, transforming growth factor $; MLN, mesenteric lymph node;
PPRs, pattern-recognition receptors; LVEF, left ventricular ejection fraction; LVES, left ventricular fraction shortening; CK,

creatine kinase; CKMB, creatine kinase MB; LD, lethal dose 50%; TCID,, tissue culture infective dose 50%

Coxsackievirus B3 (CVB3) infection is considered as the most common cause of viral myocarditis with no available
vaccine. Considering that CVB3 mainly invades through the gastrointestinal mucosa, the development of CVB3-
specific mucosal vaccine, which is the most efficient way to induce mucosal immune responses, gains more and more
attention. In this study, we used absent in melanoma 2 (AIM2) as a mucosal adjuvant to enhance the immunogenicity
and immunoprotection of CVB3-specific chitosan-pVP1 vaccine. Mice were intranasally co-immunized with 50 pg
chitosan-pAIM2 and equal amount of chitosan-pVP1 vaccine 4 times at 2 week-intervals, and then challenged with
CVB3 2 weeks after the last immunization. Compared with chitosan-pVP1 vaccine immunization alone, chitosan-pAIM2
co-immunization enhanced resistance to CVB3-induced myocarditis evidenced by significantly enhanced ejection
fractions from 55.40 + 9.35 to 80.31 + 11.35, improved myocarditis scores from 1.50 + 0.45 to 0.30 + 0.15, reduced viral
load from 3.33 £+ 0.50 to 0.50 + 0.65, and increased survival rate from 40.0% to 75.5%. This increased immunoprotection
might be attributed to the augmented level of CVB3-specific fecal SIgA with high affinity and neutralizing ability. In
addition, co-immunization with chitosan-pAIM2 remarkably facilitated dendritic cells (DCs) recruitment to mesenteric
lymph nodes (MLN), and promoted the expression of IgA-inducing factors (BAFF, APRIL, iNOS, RALDH1, IL-6, TGF-B), which
might account for its mucosal adjuvant effect. This strategy may represent a promising prophylactic vaccine against

CVB3-induced myocarditis.

Introduction

Viral myocarditis is a myocardial inflammatory
disease induced by viral infection and may lead to dilated
cardiomyopathy,' and poses a major health problem for the
higher mortality in young men.?? Coxsackievirus B3 (CVB3) is
a principle etiologic agent in acute myocarditis, whose infection
is involved about half of myocarditis cases.>*> CVB3 is a non-
enveloped, positive-sense, single-stranded RNA virus belonging
to the picornaviridae family.*® So far, there is no efficient
vaccines or therapeutic reagents against CVB3-induced
myocarditis in clinic.”*® Therefore, there is an obvious need to
develop a new and efficient vaccine.

AIM2, as a cytosolic DNA sensor, is a member of pattern-
recognition receptors (PRRs) with a PYRIN domain at its

*Correspondence to: Sidong Xiong; Email: sdxiongfd@126.com

N-terminus and a HIN-200 domain directly involved in dsDNA
recognition at its C-terminus.*” After binding to dsDNA,
AIM2 forms inflammasome to activate the procaspase-1.""%
The cleavage of pro-interleukin-13 by caspase-1 results in
the secretion of interleukin-18 (IL-1B),'*'"® which is a key
cytokine in the recruitment of immune cells and regulation of
immune-cell proliferation, differentiation, and apoptosis.”?° The
critical roles of AIM2 in host defense against bacterial and viral
infections have been confirmed in AIM2-knockout mice.!>!$?!
These characteristics of AIM2 allow us to assume that mucosal
co-immunization with AIM2 might benefit the induction of
mucosal immunity against CVB3 infection.

In the present study, we demonstrated that co-immunization
with chitosan-pAIM2 and chitosan-pVP1 could potentiate
intrinsic adjuvant properties of AIM2. Co-immunization
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Figure 1. Expression of AIM2 and VP1 plasmids in vitro and in vivo. 293T cells were transfected with pAIM2, pVP1, or vector with lipofectamine for 48 h,
and then cell lysates were subjected to western blot analysis using anti-AIM2, anti-VP1, or anti-B-actin antibody, respectively. (A) In vitro expression of AIM2
and VP1 plasmids. Lane 1: 293T cells transfected with pEFBOS vector; lane 2: 293T cells transfected with pEFBOS-AIM2; lane 3: 293T cells transfected with
pcDNA3.1 vector; lane 4: 293T cells transfected with pcDNA3.1-VP1. (B) Quantification of pAIM2 and pVP1 expression by densitometry. Data are from one
representative experiment of 3 performed and presented as the mean + SD ***P < 0.001. BALB/c mice were intranasally immunized with chitosan-pAIM2
or chitosan-pVP1 vaccines, respectively, and intranasal mucosa biopsies were taken 3 d later for gene expression analysis. (C) Western blot analysis of AIM2,
VP1, and B-actin expression for mucosal tissues from immunized mice. Lane 1: Mice immunized with pEFBOS vector; lane 2: Mice immunized with pEF-
BOS-AIM2; lane 3: Mice immunized with pcDNA3.1 vector; lane 4: Mice immunized with pcDNA3.1-VP1. (D) Quantification of AIM2 and VP1 expression by

densitometry in (C). Data are from one representative experiment of 3 performed and presented as the mean + SD (n = 10). ***P < 0.001.

with AIM2 enhanced mucosal immune responses elicited by
chitosan-VP1 vaccine and protection against CVB3-induced viral
myocarditis. Our results imply that the application of AIM2 as
an adjuvant may be a new approach for improvement of mucosal
vaccine for CVB3-induced acute myocarditis.

Results

Identification of AIM2 and VP1 plasmids expression in
vitro and in vivo

To verify the expression of AIM2 plasmid (pAIM2) and VP1
plasmid (pVP1) in vitro, the plasmids were transfected into 293T
cells. Western blot analysis of pAIM2-transfected cells showed
an increased expression of AIM2 compared with empty vector-
transfected cells at a predicted molecular weight 39KD (Fig. 1A
and B). Robust expression of VP1 was also detected in pVPI-
transfected cells at the size of 33KD (Fig. 1A and B). Next,
the expression of pAIM2 and pVP1 was evaluated in intranasal
mucosa of mice after intranasal application of 50 g chitosan-
DNA. Western blot analysis indicated that a higher expression of

www.landesbioscience.com

AIM2 and VP1 in chitosan-pAIM2-treated and chitosan-pVP1-
treated mice, respectively, than those of chitosan-vector treated
mice (Fig. 1C and D). Taken together, these data demonstrate
the high expression efficiencies of pAIM2 and pVP1 plasmids in
vitro and in vivo.

Enhanced resistance to CVB3-induced viral myocarditis by
co-immunization of chitosan-pAIM2 and chitosan-pVP1

To evaluate the protection efficacy of co-immunization of
chitosan-pAIM2 and chitosan-pVP1 vaccine, these 2 plasmids
were used for intranasal immunization individually or in
combination. Two weeks after the last immunization, mice were
intraperitoneally infected with a normal lethal dose of CVB3
(3LD, /mouse) to induce acute myocarditis. Seven days post-
infection, the severity of myocarditis was evaluated. As shown in
Figure 2A, chitosan-pVP1 immunized mice suffered significant
weight loss, indicating a severe ongoing infection, while
tiny change of weight was observed in chitosan-pAIM2 and
chitosan-pVP1 co-immunized mice. Compared with chitosan-
pVP1 immunized group, chitosan-pAIM2 and chitosan-pVP1
co-immunized group showed significant improvements on
cardiac function reflected by left ventricular ejection fraction
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Figure 2. The protective effects against CVB3-induced acute myocarditis by co-immunization of chitosan-pAIM2 and chitosan-pVP1. Seven days after
3LD,, CVB3 challenge at week 2 after the lastimmunization, the protect effects were evaluated in mice. (A) Body weight loss. (B) Representative M-mode
echocardiograms. (C) Left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) from echocardiographic data. (D) Serum
CK, CK-MB activity. (E) The representative heart section was shown for each group (magnification: 100 X). (F) Myocardial histopathological scores. (G)
Viral titers in the heart tissues were measured by plaque assays. Data are from one representative experiment of 3 performed and presented as the mean
+SD (n=10). *P < 0.05, **P < 0.01, ***P < 0.001. (H) The survival rate of mice was observed until day 28 following a lethal dose of CVB3 (5LD, ) infection.
Data are from one representative experiment of 3 performed and presented as the mean £ SD (n = 12). ***P < 0.001.

(LVEF) from 55.40 + 9.35 to 80.31 + 11.35 and left ventricular
fractional shortening (LVES) from 3552 + 7.40 to 55.54 =
6.35 (Fig. 2B and C). In addition, the serological indexes of
CK and CK-MB levels which reflect the myocardial injury
was significantly lower in chitosan-pAIM2 and chitosan-pVP1

co-immunized mice compared with those in chitosan-pVP1

1286

immunized mice (Fig. 2D). Consistently, histological analysis

of HE-stained heart sections showed tiny areas of myocytes
necrosis and infiltrating inflammatory cells in chitosan-pAIM2
and chitosan-pVP1 co-immunized mice compared with that
of chitosan-pVP1 immunized mice (Fig. 2E). The myocardial
pathology score of co-immunization group was also significantly
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Figure 3. Mucosal SIgA responses induced by co-immunization of chitosan-pAIM2 and chitosan-pVP1. Mice were immunized 4 times with vaccines at
2-wk intervals. Two weeks after the initial immunization, mucosal SIgA antibody elicited by intranasal immunization was detected. (A) Fecal IgA levels
were measured by ELISA at indicated time points. (B) Antibody titers, (C) Neutralizing titers, and (D) Affinity index were determined at week 10. Data are
from one representative experiment of 3 performed and presented as the mean + SD (n = 10). **P < 0.01, ***P < 0.001, ND, not detected.

reduced from 1.50 + 0.45 to 0.30 + 0.15 (Fig. 2F). The above
results were further supported by the remarkably decreased virus
titer in the heart of co-immunized mice than that of chitosan-
pVP1 immunized mice (0.50 + 0.65 vs. 3.33 + 0.50) at day 7
post-infection (Fig. 2G), indicating the more efficient control of
viral replication in co-immunized mice.

To further evaluate the immune protection effect, mice were
challenged with a lethal dose of CVB3 (5LD, ). The number
of surviving mice was monitored for up to 28 d. All mock-
immunized mice succumbed to severe illness and died within
10 d, while 40.0% of the chitosan-pVP1 immunized mice
and 75.5% of the co-immunized mice survived to 28 d with
no signs of illness (Fig. 2H), indicating that co-immunization
of chitosan-pAIM2 and chitosan-pVP1 group significantly
enhanced protection against CVB3 infection to compare control
groups. The result indicates that chitosan-pAIM2 and chitosan-
pVP1 co-immunization contributes to more efficient protection
against CVB3-induced myocarditis.

Augmented production of CVB3-specific SIgA with higher
affinity and neutralizing ability by co-immunization of
chitosan-pAIM?2 and chitosan-pVP1

SIgA antibody plays an important role in mucosal immune
responses against CVB3 infection.'®* To investigate whether
co-immunization of chitosan-pAIM2 and chitosan-pVP1 could

www.landesbioscience.com
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promote mucosal antibody responses, SIgA antibody levels were
determined in fecal samples of co-immunized mice. As shown
in Figure 3A, the CVB3-specific fecal SIgA titers in chitosan-
pAIM2 and chitosan-pVP1 co-immunized mice gradually
increased after week 4 and achieved maximum at week 10, and
then slightly decreased at week 14. The titer of SIgA antibody at
week 10 was significantly higher in co-immunized mice than that
of mice receiving chitosan-pVP1 alone (Fig. 3B). These results
indicate that co-immunization of chitosan-pAIM2 and chitosan-
pVP1 efficiently enhances CVB3-specific mucosal SIgA antibody
production. Meanwhile, the neutralizing capacity and affinity of
the antibody were also evaluated. The affinity indices of fecal SIgA
elicited by co-immunization of chitosan-pAIM2 and chitosan-
pVP1l were significantly higher than that of chitosan-pVP1
immunization (Fig. 3D). Consistently, the highest neutralizing
titers of fecal SIgA were produced by co-immunized mice, and
contributed to less cytolysis of Hela cells (Fig. 3C). These findings
clearly indicate that intranasal co-immunization of chitosan-
pAIM2 and pVP1 greatly enhances not only the quantity but also
the quality of CVB3-specific SIgA antibody.

Increased MLN DCs recruitment and IgA-inducing factor
expression by co-immunization with chitosan-pAIM2

Co-immunization of chitosan-pAIM2 and chitosan-pVP1
significantly enhanced mucosal SIgA antibody production,

1287

Do not distribute.

I0Science.

©2014 Landes B



A BAFF B APRIL
g 25+ s g 25+
® »
8 20 T @ 204 .
g S
g 154 5 154 T
% 10 T E 101
- T
2 s — 2 s
3 8 ,;_1
& c i ¥ v L] & G T T T T
5 v N > N Q N N
< S e NS < N Q
& QV} é ,95\ & QV}“ QA .‘35\
S &
] Qv'
C iNOS D RALDH1
§ 254 § 25+
@ @
@ 207 @ 20-
3 3 .
5 154 . 5 154
1
€ 104 - € 104
s © ——
= = l_-l-_I
& c v Ad ¥ v x c T T T T
N a (N N
& i R\ R\ & & & &
& Q?‘ ¢Q & QV‘ ,‘>Q
& &
< Qv.
E IL-6 F TGF$
5 257 § 25
@ @
° 20+ @ 20+
B g
5 154 g 15+
* & 4nl .
£ 104 £ 10
(] e g —_
;-E 5+ g 54 s
g c LJ Al g L4 g c L Ll . Ll
N N N 2 N ™
& & K K\ & & K\ K\
& F Q AR <€ Q ] AR
v\\“ v§‘
Q Q

Figure 4. The expression of IgA-inducing factors in MLN by co-immunization of chitosan-pAIM2 and chitosan-pVP1. (A-F) Two weeks after the last
immunization, the mRNA levels of IgA-inducing factors (BAFF, APRIL, iNOS, RALDH1, IL-6, TGF-B) were analyzed in MLN by real-time PCR using the assay
specific primer. Data are from one representative experiment of 3 performed and presented as the mean + SD (n = 10). *P < 0.05.

suggesting that expression of IgA-inducing factors by
lymphocytes could be increased in these mice. Indeed, real-
time PCR results demonstrated that the expression of BAFF,
APRIL, iNOS, RALDH]I, IL-6 and TGF-$3 were significantly
higher in MLN cells from chitosan-pAIM2 and chitosan-pVP1
co-immunized mice than that from chitosan-pVP1 immunized

mice (Fig. 4A-F). These results indicate that co-immunization

1288 Human Vaccines & Immunotherapeutics

with chitosan-pAIM2 effectively enhances SIgA production by
promoting IgA-inducing factor expression in the CVB3-specific
immune responses.

Dendritic cells (DCs) are the most potent secreting cells
of IgA-inducing factors and are important in promoting
IgA synthesis. % Thus, we determined the amount of DCs
recruited into MLN during chitosan-pAIM2 and chitosan-pVP1
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Figure 5. For figure legend, see page 1290.
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=10). *P < 0.05, **P < 0.01.

Figure 5 (See previous page). Increased DCs recruitment and IgA-inducing factors expression by co-immunization of chitosan-pAIM2 and chitosan-
pVP1. Two weeks after the last immunization, MLN cells from mice in each immunization groups were analyzed. (A) The percentages of CD11c* cells in
MLN. One representative flow cytometry result was shown for per group. (B) Statistical analysis of the frequency and the absolute number of CD11c*
cells in MLN. (C) Representative expression profile of CD40*, CD80*, MHCII* in DCs of MLN. (D) Real-time PCR analysis of BAFF, APRIL, iNOS, RALDHT, IL-6,
and TGF- relative to GAPDH for DCs cells from MLN. Data are from one representative experiment of 3 performed and presented as the mean + SD (n

co-immunization. It was found that compared with chitosan-
pVP1 immunization alone, chitosan-pAIM2 co-immunization
not only increased the percentage (10.80% vs 21.91%, P < 0.01)
and number (3.91 x 10% vs 7.16 x 10%, P < 0.01) of CD11c* DCs
in the MLN sites (Fig. 5A and B), but also significantly enhanced
the expression of costimulatory and activation markers (CD40,
CD80, and MHC 1I), indicative of the increased maturation of
DCs (Fig. 5C). Then, the inducing factors of IgA, including
BAFF, APRIL, iNOS, RALDHI, IL-6, and TGF-3 were assessed
by real-time PCR in DCs from MLN. Compared with the
chitosan-pVP1 immunized mice, the gene expression of BAFF,
APRIL, iNOS, RALDHI, IL-6, and TGF-B were markedly
increased in chitosan-pAIM2 and chitosan-pVP1 co-immunized
mice (Fig. 5D). These results indicate that co-immunization
with AIM2 enhances DCs recruitment and lgA-inducing factors
expression in intestinal mucosa.

Discussion

Coxsackievirus B3 (CVB3) is considered to be one of the
important causative agents for acute or chronic viral myocarditis.
Currently, mucosal DNA vaccination is an attractive approach
to induce mucosal immunity against CVB3 infection and
reduce virus-associated myocardial dysfunction.®'*?? The potent
adjuvants and delivery systems are needed for success of mucosal
229 Qur studies

clearly demonstrate that protection against CVB3-induced

DNA vaccines to induce immune responses.

myocarditis in mice can be effectively achieved by intranasal
co-immunization of chitosan-pAIM2 and chitosan-pVP1.

PRRs that sense intracellular DNA have been proven to
potentially enhance immunogenicity of DNA vaccines.?*? It
has been demonstrated that DNA-dependent activator of IFN-
regulatory factors (DAI) overexpression in vivo can boost DNA-
sensing innate immune activation and generate a proinflammatory
microenvironment, which is essential for effective CTL induction
and long-lasting antitumor immunity.* Co-immunization
with retinoic acid inducible-gene I (RIG-I) agonist enhances
humoral immune response induced by influenza virus DNA
vaccine.® Consistently, boosting innate immune PRR signaling
by co-expressing intracellular adaptor molecules or downstream
transcription factors as genetic adjuvants are efficient strategies
for enhancing immunogenic of DNA vaccines.*** These results
imply that AIM2 might serve as an adjuvant and enhance the
immunogenicity of pVP1 vaccine and efficiently induce CVB3-
specific immune responses. However, whether AIM2 can enhance
the immunogenicity of mucosal DNA vaccine is not yet known.

Mucosal immunization approach has been successful in
animal models.**** However, delivery systems of mucosal vaccines

1290 Human Vaccines & Immunotherapeutics

remain a challenge to induce maximal mucosal protection
simultaneously. In recent years, chitosan has gained increasing
interest as a safe delivery system for plasmid DNA (pDNA).¥
Chitosan is a natural polysaccharide bearing amino groups, its
beneficial qualities include low toxicity, low immunogenicity,
excellent biocompatibility, and the enhancing penetration of
molecules across mucosal surfaces.”*" Therefore, chitosan
can serve as a good vector for DNA vaccine delivery.* DNA
encapsulated in chitosan has been proved to efficiently enhance

4647 In the present study,

the immunogenicity of mucosal vaccines.
we used cytosolic DNA sensor AIM2 as an adjuvant to enhance
the mucosal immune response, meanwhile we used chitosan to
promote DNA uptake in nasal mucosal sites. Our results showed
that AIM2 and VP1 plasmids encapsulated in chitosan could be
efficiently expressed when chitosan-pAIM2 or chitosan-pVP1
was transfected into 293T cell line, indicating that a correctly
translated in vitro. Further study confirmed that the chitosan-
pAIM2 or chitosan-pVP1 could be efficiently expressed both in
vitro and in vivo.

showed that co-immunization with AIM2
significantly decreased the body weight loss, improved cardiac

Here, we

function and reduced myocardial injury compared with
chitosan-pVP1 immunization. Of note, co-immunized mice had
dramatically decreased viral load in the heart tissue, reduced tissue
destruction and inflammation in myocardial tissues and increased
survival rate. Secretory immunoglobulin A (SIgA) is recognized
as an important activity of mucosal surfaces and serves as a first
line of defense against viral infection.”® Co-immunization with
chitosan-pVP1 and chitosan-pAIM2 enhanced production of
CVB3 specific IgA antibody and neutralizing antibody titers in
mice, indicating that AIM2 enhanced mucosal immune response
against CVB3 infection. Antigens specific SIgA production
is dependent on antigen processing by antigen-presenting cells
such as DCs, T-cell activation, and ultimately B-cell class switch
recombination in gut-associated lymphoid tissues (GALTs),
mesenteric lymph nodes (MLN), and possibly neighboring lamina
propria.®>* We found that co-immunization of chitosan-pAIM2
and chitosan-pVP1 effectively promoted DCs recruitment to
MLN. In this study we mainly observed that chitosan-pAIM2
co-immunization could significantly recruite CD11c* mDC to
mucosal site, which highly expressed IgA-inducing factors (BAFF,
APRIL, iNOS, RALDHI, IL-6, and TGF-B). Both conventional
dendritic cells (¢cDCs) and plasmacytoid dendritic cells (pDCs)
are present in the mesenteric lymph nodes (MLNs). Previous
studies have been made to identify the ¢cDCs responsible for
inducing IgA secretion by secreting IgA-inducing factors (BAFF,
APRIL, iNOS, RALDHI, IL-6, TGF-B et al.).?? However,
whether co-immunization of chitosan-pAIM2 with chitosan-
pVP1 could enhance pDCs recruitment and maturation as well

Volume 10 Issue 5

Do not distribute.

I0Science.

©2014 Landes B



as the expression of IgA-inducing factors in MLN is unclear.
According to our results, AIM2 co-immunization also enhances
CD40, CD80, and MHCII expression on DCs in MLN. Mucosal
SIgA antibody responses can be induced by a vaccine regimen
through promoting IgA-inducing factors expression.’ Multiple
inducing factors of IgA, such as BAFF, APRIL, iNOS, RALDHI,
IL-6, and TGF-P are involved in the activation and the terminal
differentiation of IgA-secreting plasma cells and in intestinal
stimulation of SIgA intracellular transport.”>** Co-immunization
of chitosan-pAIM2 and chitosan-pVP1 effectively increased the
expression of IgA-inducing factors in MLN DCs. These results
were consistent with the results of increased SIgA production
induced by AIM2 co-immunization strategy. Taken together,
our findings demonstrated that AIM2 could be an effective
adjuvant for mucosal DNA vaccine against CVB3-induced acute
myocarditis.

In conclusion, our study showed that the use of cytosolic DNA
sensor AIM?2 as a mucosal adjuvant could efficiently enhance the
immunogenicity of chitosan-pVP1 DNA vaccine and mucosal
immune responses to confer protection. Thus, AIM2-adjuvanted
DNA vaccines may have protection potential for virus induced
diseases.

Materials and Methods

Experimental animals

Six-week-old male BALB/c (H-29) mice were purchased from
experimental animal center of Chinese Academy of Science. All
mice were bred and maintained under pathogen-free conditions.
All animal experimental protocols were approved by the Care and
Use of Laboratory Animals (Ministry of Health, China, 1998)
and the guidelines of the Laboratory Animal Ethical Committee
of Soochow University.

Transfection of AIM2 and VP1 plasmids in 293T cells

Murine AIM2 expression plasmid pEFBOS-AIM2 (pAIM?2)
was kindly provided by Dr Veit Hornung (Institute for Clinical
Chemistry and Clinical Pharmacology, University of Bonn,
Germany), and pcDNA3.1-VP1 (pVP1) has been described
previously.”® Plasmids were extracted from Escherichia coli
(DH5a) grown overnight using Qiagen EndoFree Plasmid Mega
kit. For cell transfection assays, plasmids were resolved in PBS at
a concentration of Img/ml. In transfection assays, 5 x 10° 293T
cells at about 70-80% confluence were transfected with 4 pg of
pAIM2 or pVPI in 35mm dishes by lipofectamine (Invitrogen)
according to the manufacturer’s protocol. Same amount of
empty vector pEFBOS (for pAIM2 transfection) or pcDNA3.1
(for pVP1 transfection) was used as a negative control. Forty-
eight hours after transfection, cells were harvested for further
experiment.

Western blot

Cells or tissues were lysed in cold lysis buffer containing
20 mM Tris—=HCI pH7.4, 150 mM NaCl, 1 mM EDTA, and
0.5% NP-40. The cell debris was depleted by centrifugation at
6000 g for 5 min. Equal amount of protein was loaded to 10%
SDS-PAGE gel for each sample, separated by electrophoresis,
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and transferred to PVDF membrane. The membrane was probed
with anti-mouse AIM2 (Santa Cruz Biotechnology, 100 pg/mL,
dilution 1:1000), mouse anti-enterovirus VP1 antibody (DAKO,
110 pg/mL, dilution 1:500) or anti-mouse P-actin (Cell
Singaling Technology, 100pL, dilution 1:1000), followed by
goat anti-Rabbit IgG-HRP (Southern Biotech, Img/mL, dilution
1:5000). The signals were developed with the SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific). B-actin
was used as the internal marker for loading control.

Preparation and immunization of chitosan-DNA

Plasmid DNA was encapsulated with chitosan had described
previously.'*?? Briefly, plasmids were resolved in 5 mM Na2SO4
at a concentration of 400 pg/mL. Equal volumes of chitosan
solution (0.02%, pH 5.5) and pVP1 or pAIM2 DNA solution
were heated to 55 °C, and then vigorously mixed for 30s. The
particle morphology was investigated using scanning electron
microscopy (SEM). Meanwhile, the concentration of non-
encapsulated DNA remaining in the aqueous suspension was
determined spectrophotometrically at 260 nm with the intact
particles or particles treated with chitosanase. DNA encapsulation
efficiency was measured as (I-[amount of non-encapsulated
DNA] / [total amount of DNA]) x 100%.

Groups of mice were mildly anesthetized by pentobarbital (40
mg/kg body weight, intraperitoneal) and intranasally immunized
with chitosan-pAIM2 and chitosan-pVP1, chitosan-pVPI,
chitosan-pAIM2, and chitosan-pcDNA3.1 (mock vaccine).
Every group was immunized for 4 times biweekly at a dose
of 50 g of each plasmid 4 times biweekly. For pVP1 alone,
pAIM2, or empty plasmid immunized group, mice were received
additional 50 pg pcDNA3.1 to make sure that the total DNA
amount was 100 pg. Mice were intranasally immunized with
chitosan-pAIM2 plus chitosan-pVP1, chitosan-pVP1, chitosan-
pAIM2, or mock vaccine comprising 50 g DNA for 4 times at
2-wk intervals. Fecal extracts were collected every 2 wk. Fecal
pellets were dissolved in PBS (containing 5% nonfat milk, 1 pg/
mL aprotinin, 1 mM PMSEF) at final concentration of 100 mg/
mL. After centrifuging at 15000 g for 10 min, supernatants were
collected and stored at =70 °C.

Cells and virus

HelLa cells (ATCC number: CCL-2) were cultured in RPMI
medium 1640 (Gibco) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Gibco), 100 U/mL penicillin and
100 pg/mL streptomycin at 37 °C in a CO2 incubator. The
CVB3 (Nancy strain) was a gift from Professor Yingzhen
Yang (Key Laboratory of Viral Heart Diseases, Zhongshan
Hospital, Shanghai Medical college of Fudan University) and
was maintained in Hel.a cells with 2% FBS and used for viral
challenge and virus neutralization assays after 3 passages. Viral
titer was routinely determined prior to infection by a 50% tissue
culture infectious dose (TCID,) assay of Hela cell monolayer.
Viral titer was also routinely determined prior to infection by a
median lethal dose (LD, ) assay according to previously published
procedures.”

CVB3 infection and evaluation of myocarditis

Mice were infected intraperitoneally with 3 x 50% lethal
dose (LD,)) CVB3 (Nancy strain) at week 2 after the final
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immunization. After 7 d later, assessment of cardiac function
was performed using high-resolution ultrasound imaging
system (Vevo2100, Visual Sonics) equipped with a 30-MHz
microscan transducer. The echocardiographic measurements
of left ventricular ejection fraction (LVEF) and left ventricular
fractional shortening (LVES) were performed according to the
operator’s manual. Serum creatine kinase (CK) and CK-MB
were measured by Suzhou Kowloon Hospital. Heart tissues were
fixed in 10% phosphate-buffered formalin, paraffin embedded,
sectioned, and stained with hematoxylin and eosin (HE). The
histopathological changes of immunized mice were compared
quantitatively by calculating the histopathological scores.” 0, no
lesions; 1, lesions involving <25%; 2, lesions involving 25-50%;
3, lesions involving 50-75%; 4, lesions involving >75%. Two
independent researchers scored separately in a blinded manner.
Quantization of viral burden in heart tissues 7 days after 3LD,
CVB3 challenge, heart tissues were collected, weighed, and
frozen at =70 °C in RPMI 1640 containing 10% FBS. Samples
were later thawed, homogenized, serially diluted in 10-fold
increments, and incubated on confluent Hela cell monolayers for
1 h at 37 °C and 5% CO2 to allow viral attachment, and then
incubated for 7 d to allow plaque formation. Virus titers were
expressed as the mean PFU/100 mg tissue + SD.

Evaluation of CVB3-specific IgA antibody titers

The titers of CVB3-specific fecal IgA were detected by ELISA
assays as described previously.” Briefly, Plates were coated with
10 pg/mL VP,  peptideat4 °Covernight. The plates were then
washed with 0.05% Tween 20 in PBS and blocked with 1% bovine
serum albumin in 0.05% Tween 20/PBS at room temperature for
2 h. Five-fold serially diluted fecal samples were added in duplicate
and incubated at 37 °C for 2 h. HRP-conjugated goat anti-mouse
IgA (Southern-Biotech) was added, followed by TMB substrate
addition. Absorbance at 490 nm was measured on an automated
microplate reader (Thermo Scientific).

Micro-neutralization test

An equal volume of serial fecal dilutions was incubated with
100 x 50% tissue culture infectious dose (TCID,) of CVB3 at
37 °C for 1 h. The mixture was added onto monolayer cultures
of 10000 Hela cells/well in 96-well plates. After incubating
for 1 h at 37 °C, the supernatantswere replaced by RPMI 1640
supplemented with 2% fetal calf serum (Gibco) and then
cultured until the control cells exhibited complete destruction.
The reciprocal of the sample dilution resulting in 50% cytopathic
effects reduction compared with the control fecal sample was
considered the neutralization titer.

Affinity of CVB3-specific IgA antibody

The affinity of fecal IgA was determined by ELISA with a
urea-elution step as previously described.” Briefly, fecal samples
(in 2-fold dilution) were tested in duplicate plates. In one of the
plates, 6M urea (Sigma) was added after incubation with samples
and incubated for 10 min. Results are expressed as affinity index
calculated as: (endpoint titer in the presence of urea/endpoint
titer in the absence of urea) x 100.

Isolation of RNA and quantitative real-time PCR

Total RNA was isolated from MLN cells or DCs cells from
MLN by flow cytometry sorting, and cDNA was prepared with
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a cDNA synthesis kit (Takara) according to the manufacturer’s
instructions. Transcript levels were determined by quantitative
real-time PCR using SYBR Green PCR Master Mix (Invitrogen)
on the realplex Mastercycler (Eppendorf) according to the
manufacturer’s instructions. To normalize the amounts of
input cDNA, the relative amount of the generated product was
divided by the relative amount of GAPDH. All samples were
analyzed in duplicate. Primers used were as follows: GAPDH,
forward primer, 5'-GAGCCAAACG GGTCATCATC T-3' and
reverse primer, 5'-GAGGGGCCAT CCACAGTCTT-3'; BAFF,
forward primer, 5-AGGCTGGAAG AAGGAGATGA G-3'
and reverse primer, 5-CAGAGAAGAC GAGGGAAGGG-3';
APRIL, forward primer, 5-CCATGGCAGA GCCTCTGG-3’
and reverse primer, 5-GAAGGATGGG GCGAAATCTC-3';
iNOS, forward 5-GCTCCTGCCT CATGCCATT-3" and
reverse primer, 5-CTACAGTTCC GAGCGTCAAAGA-3';
RALDH]I, forward 5-ATGGTTTAGC AGCAGGACTCTTC-
3" and reverse primer, 5-CCAGACATCT TGAATCCACC
GAA-3';  IL-6, forward primer, 5-ACAACCACGG
CCTTCCCTAC-3" and reverse primer, 5-CACGATTTCC
CAGAGAACAT GTG-3'; TGF-B, forward primer,
5-GTCTTTTGAC GTCACTGGAG TTGT-3" and reverse
primer, 5-GGAGTTTGTT ATCTTTGCTG TCACA-3".

Flow cytometry analysis

Single cell suspensions of MLN cells from immunized mice
were incubated with PerCP5.5-conjugated anti-mouse CD1lc
antibody, PE-conjugated anti-mouse CD40, CD80, MHCII
(dilution 1:100) (Biolegend) in PBS containing 2% FBS.
Isotype-matched mouse immunoglobulin served as controls.
Then labeled cells were analyzed and sorted by FACS using the
BD Biosystems Aria I1I flow cytometer. All flow cytometry data
were analyzed by Flow]Jo software (Tree Star Inc.).

Statistical analysis

Statistical analysis was performed with ANOVA followed by
Tukey’s post hoc test. Survival rates were analyzed by Kapla-Meier
test using GraphPad Prism version 5.01 (GraphPad Software
Inc.). All data are expressed as means + SD of 3 independent
experiments or from a representative experiment of 3 independent
experiments. The statistical significance level was set as *P < 0.05;
**P < 0.01; ***P < 0.001.
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