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Modulation of Immunogenicity and Immunoprotection
of Mucosal Vaccine Against Coxsackievirus B3 by Optimizing
the Coadministration Mode of Lymphotactin Adjuvant

Yan Yue, Wei Xu, and Sidong Xiong

Induction of potent mucosal immune response is a goal of current vaccine strategies against mucus-infectious
pathogens such as Coxsackievirus B3 type (CVB3). We previously showed that administration of lymphotactin
(LTN) as an adjuvant could enhance the specific immune responses against a mucosal gene vaccine, chitosan-
pVP1, against CVB3. To optimize the coadministration mode of the mucosal adjuvant, we compared the mucosal
immune responses induced by chitosan-DNA vaccine with different combinations of the target VP1 antigen gene
and the adjuvant LTN gene. The two genes were either cloned in separate vectors or coexpressed as a fusion or
bicistron protein in the same vector before encapsulation in chitosan nanoparticles. Four doses of various adjuvant-
combined chitosan-DNA were intranasally administrated to mice before challenge with CVB3. The results indi-
cated that chitosan-formulated pVP1-LTN fusion plasmid exhibited very weak improvement of CVB3-specific
immune responses. Although the bicistronic coexpression of LTN with VP1 was expected to be powerful, this
combination had enhanced effects on serum IgG and systemic T cell immune responses, but not on mucosal T cell
immunity. Coimmunization with VP1 and LTN as separate chitosan-DNA formulation remarkably enhanced
antibody and T cell immune responses both in systemic and mucosal immune compartments, leading to the most
desirable preventive effect on viral myocarditis. Taken together, how the adjuvant is combined with the target

antigen has a strong influence on the mucosal immune responses induced by mucosal DNA vaccines.

Introduction

INDUCTION OF CONSIDERABLE MUCOSAL immune response
is the goal of many current vaccine strategies against
mucus-infectious microorganisms. This is particularly true
for mucosal-invading pathogens such as human immuno-
deficiency virus (HIV), Mycobacterium tuberculosis, and Cox-
sackievirus, against which induction of mucosal secretory
IgA and T cell immune responses have proven critical for
protection (Xu et al., 2004; Tudor et al., 2009; Jeyanathan et al.,
2010; Salyaev et al., 2010). However, the overall magnitude of
the immune response induced in the mucosa is relatively
weak compared with that induced in the spleen and lymph
nodes. Thus, the search for novel strategies maximizing
mucosal immune responses remains the focus of vaccine
development for HIV, Mycobacterium tuberculosis, cholera,
and Coxsackievirus (Takahashi et al., 2009; Yue et al., 2009;
Duerr, 2010; Hokey and Misra, 2011). This will be greatly
facilitated by a better understanding of the processes that
underlie induction of mucosal immunity and the special
features that individual vaccine vectors have to offer.
Currently, among the most vigorously pursued ap-
proaches inducing mucosal immunity are vaccines formu-

lated or complexed with mucosal delivery carrier,
attenuated viral vector, and mucosal adjuvant. Attenuated
viral vector has a number of attractive features such as
potent immunogenicity and long-lasting antigen expres-
sion, but safety is a concern. Cationic polymer is a desirable
mucosal vector for gene vaccines to induce immune re-
sponses with an excellent safety and immunogenicity re-
cord (Cranage and Manoussaka, 2009). Extensive studies
have confirmed its better stability, low toxicity, and mucus
absorbance promoting effects. Nanoparticles based on bio-
degradable chitosan can deliver antigen protein very effi-
ciently through mucus (Prego et al., 2010) and have shown
high efficiency as gene carriers to promote transfection of
the gene at the mucosal surface (Tong et al., 2009). Our
previous study showed that chitosan-DNA encoding VP1,
the major structural protein of Coxsackievirus B3 type
(CVB3), significantly enhanced the mucosal immune re-
sponses and conferred the improved prevention against
viral myocarditis (Xu et al., 2004).

To further improve the abilities of chitosan-pVP1 to induce
strong immune responses and superior immunoprotection, we
introduced lymphotactin (LTN) as a mucosal adjuvant. LTN, a
C family chemokine, is believed to be the most abundant
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chemokine produced by mucosal intraepithelial lymphocytes
bearing vd TCR upon activation, and is efficiently chemotactic
toward T, B, and NK cells, and neutrophils (Hedrick and
Zlotnik, 1998), suggesting that LTN plays an early, specific role
during the progress of mucosal inflammation. The interaction
between LTN and its receptor XCR1 is associated with mucosal
inflammation and T cell-mediated mucosal pathology in
Crohn’s disease (Middel et al., 2001). Based on the above
properties, LTN is believed to play an important role in
bridging innate and adaptive immunities and could be applied
as a potent adjuvant in mucosa (Lillard ef al., 1999). LTN may
perform immune-stimulating functions in two ways. On one
hand, it could recruit more immune cells to immunization sites
and increase the efficiencies of antigen uptake and presenta-
tion; on the other hand, as a Thl cytokine, it may modulate the
bias of immune responses and promote specific Thl and cy-
totoxic T lymphocyte (CTL) responses (Huang ef al., 2005). A
recent study reported that LTN significantly increased the in-
terleukin 2 (IL-2) and interferon gamma (IFN-y) production by
splenocytes of EG-7 tumor-bearing mice and decreased the
percentages of CD4 " Foxp3™ regulatory T cells and CD11b"
Gr-1* myeloid-derived suppressor cells, and, therefore, en-
hanced T cell cytotoxicity and increased the antitumor effects
(Zhang et al., 2011). Our previous work proved that LTN sig-
nificantly enhanced the mucosal secrectory IgA level when
coimmunized with target antigen VP1 (Yue et al., 2009).

To maximize the mucosal immune responses induced by a
DNA vaccine, combination of mucosal adjuvant and the
chitosan-formulated DNA vaccine would be ideal. However,
the method of coadministration of the adjuvant is a problem.
Previous studies have suggested that the temporal and
spatial coexpression of antigens and adjuvants seems to be
critical for optimal immune priming. Yo et al. (2007) found
that compared with two monocistronic plasmids, coexpres-
sion of FMS (colony stimulating factor 1 receptor)-like tyro-
sine kinase 3 receptor ligand and granulocyte-macrophage
colony-stimulating factor genes in a bicistronic plasmid
could promote a potent CD8" T cell immunity induced by
human epidermal growth factor 2 (HER2)/neu DNA vaccine
against bladder tumors. Fusion plasmid encoding human
papillomavirus L1 protein with regulated upon activation
normal T cell expressed and secreted (RANTES) generated
higher frequency of specific splenic T cells than the combi-
nation of plasmids encoding L1 and RANTES separately
(Kim et al., 2003). And CpG oligodeoxynucleotides linked to,
but not simply admixed with, cholera toxin B subunit was a
more potent stimulator of proinflammatory cytokine re-
sponses in murine splenocytes and human peripheral blood
mononuclear cells (Adamsson et al., 2006). All these studies
indicated that the combination fashion of the adjuvant with
the target antigen can significantly influence the magnitude
of immune responses.

Therefore, in this study, to optimize the coadministration
fashion of the mucosal adjuvant LTN with the antigen VP1, we
compared the mucosal immune responses induced by chit-
osan-DNA vaccine with different combination fashions of the
adjuvant LTN and target VP1. The two genes were either
cloned in separate vectors or coexpressed as a fusion or bicis-
tron protein in the same vector before encapsulated in chitosan
nanoparticles. Four doses of various adjuvant-combined chit-
osan-DNA were intranasally administrated to mice. Then mice
were challenged with CVB3 to assess the preventive effect
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against viral myocarditis. Mucosal immune responses were
carefully examined to evaluate the influence of the combination
fashion of the adjuvant with the antigen on the mucosal im-
mune responses induced by mucosal DNA vaccines.

Materials and Methods
Animal and virus

Male inbred BALB/c (H-2%) mice 6-8 weeks of age were
obtained from the Experimental Animal Centre of Chinese
Academy of Science (Shanghai, China). All animals were
housed in the pathogen-free mouse colonies and all animal
experiments were performed according to the guidelines for
the Care and Use of Laboratory Animals. This study was car-
ried out in strict accordance with the recommendations in the
Guide for the Care and Use of Medical Laboratory Animals
(Ministry of Health, People’s Republic of China, 1998). The
protocol was approved by the Ethical Committee of Soochow
University. Each group contained six mice; for survival rate
observation following lethal CVB3 infection, each group con-
tained eight mice. Experiments were repeated three times.

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 by passage through HelLa cells which were
grown in Roswell Park Memorial Institute (RPMI) medium
1640 (Gibco) supplemented with 10% fetal calf serum (Gibco)
and 0.2% penicillin/streptomycin.

Preparation of DNA vaccines with various combination
fashions of LTN and VP1

Plasmids encoding VP1 and LTN were constructed as de-
scribed previously (Xu et al., 2004; Yue et al., 2009). The fusion of
LTN and VPI was created by DNA splicing through overlap
extension of several synthetic nucleotide sequences, and then
incorporated into pcDNA3.1 to form recombinant plasmid
pVP1-LTN. To construct the bicistronic expression vector, des-
ignated as pVP1-IRES-LTN (EMCV-derived IRES was obtain
from pIRES vector), VP1 and LTN were sequentially and di-
rectionally inserted into the empty plasmid. Transcription of the
VPI1-IRES-LTN insert was driven by a cytomegalovirus imme-
diate-early promoter and translation of the downstream LTN
gene was IRES dependent. DNA plasmids were purified with a
commercially available plasmid purification kit (Qiagen).

DNA encapsulated in chitosan was generated by the fol-
lowing method: equal volumes of 0.02% chitosan solution and
pVP1 or pLTN DNA solution were heated to 55°C, and then
vigorously mixed for 30s. Mice were mildly anesthetized and
intranasally immunized with chitosan-pVP1, chitosan-pVP1
plus chitosan-pLTN, chitosan-pVP1-LTN, chitosan-pVP1-
IRES-LTN, or chitosan-pcDNA3.1 (vector) for four times bi-
weekly at a dose of 50 ug of each plasmid. For pVP1 alone,
fusion plasmid bicistronic or empty plasmid immunized
group, mice were received additional 50 pg pcDNA3.1 to make
sure that the total DNA amount was 100 pg. Serum and fecal
extracts were collected 2 weeks following the final immuniza-
tion. Fecal pellets were dissolved in phosphate-buffered
saline (PBS; 5% nonfat milk, 1pg/mL aprotinin, 1 mM phe-
nylmethanesulfonyl fluoride [PMSF]) at final concentration of
100mg/mL. After centrifugation at 15,000 g for 10min, su-
pernatants were collected and stored at —70°C.



OPTIMIZATION OF ADJUVANT LTN ADMINISTRATION

CVB3 infection and evaluation of myocarditis

Four weeks after the final immunization, mice were in-
fected intraperitoneally with three times the 50% lethal dose
(LDsp) of CVB3. Seven days later, hearts were collected and
fixed in 10% phosphate-buffered formalin, paraffin embed-
ded, and sectioned and stained with hematoxylin and eosin
(HE). Sections were examined by two independent investi-
gators in a blinded manner.

Quantization of viral burden in heart tissues

Seven days after 3LDs; CVB3 challenge, hearts were col-
lected, weighed, and frozen at —70°C in RPMI 1640 contain-
ing 10% fetal bovine serum. Samples were later thawed,
homogenized, serially diluted in 10-fold increments, and in-
cubated on confluent HeLa monolayer cells for 1 h at 37°C and
5% CO, to allow viral attachment, and then incubated for 7
days to allow plaque formation. Virus titers were expressed as
the mean plaque forming unit (PFU)/100 mg tissue + standard
deviation (SD).

Enzyme-linked immunosorbent assay measurement
of CVB3-specific antibody

Plates were coated with VP1 peptidessy49 (10 pg/mL) at
4°C overnight and then blocked with 1% bovine serum
albumin-PBS for 2h at 37°C. Serum samples (1:100 dilution)
and fecal samples (no dilution) were added in duplicate and
incubated for 2h at 37°C. Horseradish peroxidase (HRP)-
labeled goat anti-mouse IgG and IgA were added, followed
by tetramethylbenzidine substrate addition. Absorption at
450nm was measured in a microplated reader (BioLab).

T cell proliferation assay

Recombinant CVB3 VP1 protein for in vitro—specific T cell
stimulation was prepared by the following method: the nu-
cleotide sequence encoding the CVB3 VP1 was amplified with
polymerase chain reaction and then cloned into the prokaryotic
expression plasmid pGEX-5X-1 (GE Healthcare) to generate
glutathione S-transferase (GST)-tagged VP1 protein. The re-
combinant fusion protein was purified by affinity chromatog-
raphy using a glutathione sepharose 4B matrix and then
cleaved by factor Xa to obtain recombinant VP1 without GST
tag for T cell proliferation.

Two weeks following the final immunization, mice were
intraperitoneally infected with 3LD5; CVB3, and spleen and
mesenteric lymph node (MLN) T cells were collected 4 days
later. T cells (5x10°/well) were seeded in 96-well plate and
stimulated for 72h under 37°C, 5% CO, condition with or
without 10 pg/mL recombinant CVB3 VP1 protein. Then,
10 uL CCK-8 (Dojindo) was added to each well; the culture
plates were maintained in the same condition for an addi-
tional 4 h, and absorption (A) value at 450 nm was measured.
The stimulation index (SI) was calculated from the formula:
SI:(Arestimulated_Ablank)/ (Aunrestimulated_Ablank)~ An SI value
>2 indicates significant CVB3-specific proliferation.

CTL activity assay

Two weeks following the final immunization, mice were
intraperitoneally infected with 3LDsy, CVB3. Spleen and
MLN lymphocytes were collected 4 days later and were used
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as effector cells. Plasmid pVP1 stable-transfected autologous
SP2/0 cells (H-2%) or heterologous EL-4 cells (H-2°) were
used as target cells. A nonradioactive CTL assay was per-
formed using lactate dehydrogenase cytotoxicity detection
kit (Roche). In brief, effector cells were titrated in U-bottom
96-well plates at the effector cell to target cell (E:T) ratios
50:1, 25:1, and 12.5:1, and then 1x10* target cells were ad-
ded. After incubating at 37°C for 4h, 100 pL cell supernatant
per well was removed and transferred into corresponding
wells of a 96-well plate. Reaction mixture (100 pL) was added
to each well and incubated for 30 min at room temperature.
Then absorbance value at 492nm was measured. The per-
centage cytotoxicity of CTL was calculated as follows: Cy-
totoxicity (%)=[(Effector and target cell mix — effector cell
control) — low control]/(high control — low control)] x 100%.

IFN-y enzyme-linked immunosorbent
plot (ELISPOT) assay

Splenocytes and MLN cells from immunized mice were
isolated, plated (1 x 10° cells/well), and stimulated with VP1
protein (10 ug/mL) for 48h at 37°C with 5% CO,. After se-
quential incubation with biotinylated detection antibody,
streptavidin-HRP, and alkaline phosphatase substrate (BD
PharMingen), color was developed and spot-forming cells
(SFC) were enumerated with an ImmunoSpot Series 3 Ana-
lyzer (CellularTechnology Ltd.).

Western blot

293T cells were transfected with pLTN, pVP1, pVP1-LTN,
pVPI-IRES-LTN, or empty plasmid by lipofectamine (Invitro-
gen) and cultured for 48h. The cell lysates were electro-
phoresed on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gels and transferred to polyvinylidene fluoride
membrane. The membrane was probed with goat anti-murine
LTN (R&D Systems) or mouse anti-enterovirus VP1 antibody
(Dako) followed by HRP-conjugated anti-goat antibody (Dako)
or anti-mouse antibody (SouthernBiotech). The signals were
developed by chemiluminescence (Amersham Biosciences).

Chemotaxis assay

293T cells were transfected with pLTN, pVP1-LTN, pVP1-
IRES-LTN, or empty plasmid by lipofectamine and cultured for
48h. The supernatant was then collected and subjected to
chemotaxis assay which was conducted using a modified 48-
well Boyden chamber migration assay. Splenocytes were
transferred to upper chambers (1x10° cells/50 uL). The su-
pernatants from various plasmid-transfected 293T cells were
pretreated with anti-LTN (10 ug/mL) or isotype antibody be-
fore addition to the lower chamber. After 4h of incubation at
37°C, the filter with migrated cells (to the lower chamber) was
stained and cell number was counted in five fields by micros-
copy set at 200 x magnification. The chemotaxis index (CI) is
calculated with the following formula: CI=(number of cells
migrated in response to LTN)/(number of cells migrated to the
medium). A CI value >2 indicates significant cell chemotaxis.

Statistical analysis

All data are given as mean*SD. Statistical analysis of the
data was performed using the SPSS program (SPSS Inc.).
Means were compared using the Student’s t-test. The
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survival rates were analyzed with Kaplan-Meier plot. A
p<0.05 was considered statistically significant.

Results

Compatrative protection effects of prophylactic CVB3
DNA vaccines with various combinations of LTN and
VP1 in chitosan formulation

To optimize the administration of adjuvant LTN in CVB3
mucosal DNA vaccine, we constructed two monocistronic
plasmids separately encoding LTN and antigen VP1 protein,
a bicistronic plasmid (pVP1-IRES-LTN) containing both
genes, and a fusion gene construct (pVP1-LTN) encoding
fusion protein without any linker sequence (Fig. 1A). Fol-
lowing encapsulated with chitosan, vaccines were intrana-
sally administrated to BALB/c with four doses biweekly.
The protection effects of the various vaccines were evaluated
by histological observation of the HE-stained heart tissue
sections 7 days following 3LD5, CVB3 infection. As shown in
Figure 1B and C, widespread myocardial infiltration and
mass necrosis were seen in the heart tissue of vector and
PBS group, and moderate preventive effect was showed in
chitosan-pVP1 immunization group. Treatment with the
bicistronic or fusion plasmid resulted in less-severe myo-
carditis with immune cell infiltration limited to the sub-
endocardium but not dispersed in the myocardium. Limited
inflammation was observed in mice coimmunized with
chitosan-pLTN indicating the most efficient prevention of
myocarditis. Consistently, 0.62 and 0.37 logs less viral load
(Fig. 1D) were found in the hearts of mice treated with bi-
cistronic or fusion plasmid compared with mice treated with
chitosan-pVP1, while a 0.65 log reduction of viral load was
seen in mice coimmunized with chitosan-pLTN.

Parallely, the survival of mice challenged with a lethal
dose of 5LDs; CVB3 was examined. All PBS- or empty
vector-immunized mice succumbed to severe illness and
died before 8 days (Fig. 1E). Compared with chitosan-pVP1
group, although no statistically significant difference in sur-
vival was evidenced in chitosan-pLTN coimmunization
group, its cumulative survival rate tended to be higher than
chitosan-pVP1 group (87.5% vs. 50%, p=0.106).

Coimmunization of monocistronic LTN plasmid
significantly enhanced CVB3-specific serum 1gG
and fecal IgA levels compared with bicistronic
and fusion plasmids in chitosan formulation

To explore the mechanism of different immunoprotection
effects induced by above various genetic combinations of
VP1 and LTN in chitosan formulation, the levels of CVB3-
specific serum IgG and fecal IgA of immunized mice were
detected at week 10 following the first immunization. Con-
sistent with our previous study (Xu et al., 2004), chitosan-
pVP1 alone elicited modest CVB3-specific serum IgG and
fecal IgA responses (Fig. 2A, B). Significantly higher level of
serum IgG was induced by coimmunization of chitosan-
pVP1 with chitosan-pLTN or by chitosan-pVP1-IRES-LTN
administration, while treatment with chitosan-pVP1-LTN
caused a marginal increase. Chitosan formulation of pVP1-
IRES-LTN and pVP1-LTN constructs comparably induced
elevated fecal IgA level than chitosan-pVP1 alone; while
coimmunization with chitosan-pLTN elicited the most pro-
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found enhancement of fecal IgA (Fig. 2B; p<0.05). Mean-
while, the highest titers of neutralizing serum IgG was
detected in chitosan-pLTN coimmunization and chitosan-
pVPI1-IRES-LTN groups, while the highest titers of neutral-
izing fecal IgA was only seen in the coimmunization group.
These results indicated that distinct CVB3-specific systemic
and mucosal antibody responses were induced by different
ways of combining LTN with VP1, among them, intranasal
coimmunization with chitosan-pLTN seemed to simulta-
neously enhance serum IgG and mucosal IgA levels more
efficiently than other vaccines.

Monocistronic but not bicistronic or fusion plasmid

of LTN could comprehensively enhance both systemic
and mucosal T cell immune responses induced by VP1
DNA vaccine

The CVB3-specific T cell immune responses induced by
various vaccines were also detected in spleen and MLN. As
shown in Figure 3A, compared with chitosan-pVP1 admin-
istration, coimmunization with chitosan-pLTN or immuni-
zation with chitosan-pVP1-IRES-LTN coexpression plasmid
exhibited a remarkable augmentation in splenic T cell pro-
liferation (p<0.05); much less increase was observed in the
chitosan-pVP1-LTN fusion plasmid. Only chitosan-pLTN
coimmunization raised a significantly elevated T cell prolif-
eration responses in MLN compartment.

IFN-y ELISPOT assay indicated that mice coimmunized
with chitosan-pLTN developed the most IFN-y—secreting T
cells in spleen and MLN, the frequencies reaching 473 and 264
SFC/10° cells, respectively (Fig. 3B). Mice receiving bicistronic
plasmid developed comparable splenic (421 SFC/10°) but
fewer mucosal IFN-y™ T cell frequency (190 SFC/10°, p <0.05).
The fusion plasmid only modestly increased the splenic IFN-
7" T cell frequency compared with chitosan-pVP1 treatment.

In line with the ELISPOT data, the strongest CVB3-specific
cytotoxicity responses were also detected in the splenic
(52.5%) and mesenteric lymphocytes (36.5%) derived from
mice coimmunized with chitosan-pLTN at an E:T ratio of
25:1, (Fig. 3C; p<0.05). Taken together, all these data indi-
cated that the combination of two monocistronic plasmids
was superior in inducing systemic and mucosal CVB3-
specific T cell immune responses compared with the bicis-
tronic and fusion plasmids in the chitosan formulation.

Improved systemic and mucosal Th1 immune
responses were induced by coimmunization

of monocistronic but not bicistronic or fusion LTN
with VP1 in chitosan formulation

To further analyze the pattern of splenic and MLN T cell
immune responses induced by various DNA vaccines, lym-
phocytes were stimulated with recombinant VP1 protein for
48h and cell supernatants were then collected and subjected
to Th1/Th2 cytokine enzyme-linked immunosorbent assay
(ELISA). As shown in Figure 4, compared with chitosan-
pVP1, immunization with chitosan-pVP1-IRES-LTN in-
creased Thl cytokine (IFN-p, IL-12) in spleen but not in
MLN, while coimmunization of chitosan-pLTN significantly
promoted Th1 cytokine secretions both in spleen and MLNs,
driving systemic and mucosal immune responses to Thl
bias. No notable changes in Th1/Th2 cytokine secretion were
detected in the chitosan-pVP1-LTN-immunized group.
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FIG. 1. Prevention of CVB3 myocarditis and protection against lethal CVB3 challenge by intranasal immunization with
various combinations of LTN and VP1 genes in chitosan formulations. (A) Schematic representation of VP1 and LTN DNA
constructs. (B) One representative heart section was shown for each group (magnification: 100 x ). Four weeks after four doses
of DNA immunization, mice were intraperitoneally challenged with 3LDsy CVB3. Seven days later, heart tissues were
collected and HE-stained sections were evaluated for the incidence of acute myocarditis. Heart tissues from normal mice were
used as control. (C) Myocarditis was assessed as the percentage of the heart section with inflammation compared with
the overall size of the heart section, with the aid of a microscope eyepiece grid. (D) Viral load in heart was determined by
plaque forming unit (PFU) assays. *p <0.05. (E) The survival rate of mice was observed until day 28 following a lethal dose of
CVB3 (5LDsy) challenge. CVB3, Coxsackievirus B3 type; LTN, lymphotactin; HE, hematoxylin and eosin.

Diverse chemotactic abilities were found in various
combinations of VP1 and LTN

To further find out the possible reasons for the different
patterns and strength of immune responses elicited by vari-
ous combinations of LTN and VP1 genes, we evaluated the
expression level and chemotactic ability of LTN protein ex-

pressed by various DNA vaccines. As shown in Figure 5A, a
14kDa LTN protein and a 33kDa VP1 protein were detected
separately in the lysates of pLTN- and pVPI1-
tranfected cells. A fusion protein with molecular weight of
about 47kDa was also expressed following pVP1-LTN
transfection and recognized by antibodies against both
VP1 and LTN. The ECMV-derived IRES sequence allowed
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pVPI-IRES-LTN to express both the VP1 and LTN genes
simultaneously. Similar expression levels of VP1 and LTN
were seen in various plasmids, indicating that the different
immune response strength and biases induced by various
plasmids were not attributable to their different antigen and
adjuvant protein expression levels. In terms of chemotactic
ability, LTN expressed by the monocistronic plasmid che-
moattracted the most T cells (Fig. 5B; p <0.05) with CI of 4.28
compared with that expressed by pVP1-IRES-LTN (CI=3.56)
and pVPI-LTN (CI=241), indicating that the chemotaxis
activities of expressed LTN protein differed among various
DNA constructs and pLTN exhibited the most efficient
chemoattractive ability.

Discussion

Viral infection is a major cause of acute myocarditis with
enteroviruses most often responsible (Calabrese and Thiene,
2003; Luo et al., 2010). There are no available preventive or
therapeutic reagents to protect humans against viral myocarditis.

There are several distinct approaches to increase the po-
tency of DNA vaccines (van Drunen Littel-van den Hurk
et al., 2010; Lin et al., 2011; Wheatley et al., 2011). One is the
use of adjuvants. These include proteins, small molecule
compounds, or DNA plasmids encoding immunologically
active proteins, such as cytokines, costimulatory molecules,
and chemokines (Hirschhorn-Cymerman and Perales, 2010).
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FIG. 3. CVB3-specific T cell
response elicited by intrana-
sal immunization with vari-
ous combinations of LTN and
VP1 in chitosan formulations.
Mice were intraperitoneally
challenged with 3LDs, CVB3
2 weeks after final immuni-
zation and the spleen and
MLN cells were collected

4 days later. (A) CVB3-specific
T cell proliferation was as-
sessed by CCK-8 kit after
stimulation with 10 pg/mL
recombinant VP1 protein and
20U/mL IL-2 for 72 h. Re-
sults are represented as the
mean +SD of three separate
experiments. (B) Frequency of
CVB3-specific IFN-y—secret-
ing lymphocytes was mea-
sured by ELISPOT assay after
stimulation with CVB3 VP1
protein for 48 h. *p <0.05. (C)
CVB3-specific CTL activity of
splenic and mesenteric cells
was evaluated by lactate de-
hydrogenase assays using
pVP1 stable-transfected au-
tologous SP2/0 cells or het-
erologous EL-4 cells as target
cells. The effector/target cell
ratio was between 50:1 and
12.5:1. Data represent the
mean +SD using six mice in
each group. MLN, mesenteric
lymph node; IL, interleukin;
IFN, interferon; ELISPOT,
enzyme-linked
immunosorbent plot; CTL,
cytotoxic T lymphocyte.
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FIG. 4. Thl/Th2 cytokine secretion in spleen and MLN
induced by intranasal immunization with various combina-
tions of LTN and VP1 genes in chitosan formulations. Sple-
nocytes (A) and MLN (B) cells were stimulated with 10 pug/
mL recombinant VP1 protein for 48h, and then cell super-
natants were collected and subjected to IFN-y, IL-12, IL-4,
and IL-10 ELISA. *p <0.05. The results are represented as the
mean +SD of three separate experiments.

Considering the abundance of LTN on mucosal surfaces and
its potential to enhance mucosal and humoral immune re-
sponses, in our previous work, we used LTN as a mucosal
adjuvant and found improved immunoprotection against
CVB3-induced myocarditis when coimmunized with chit-
osan-pVP1 vaccine. In this study, we focused on the opti-
mization of the mode of coadministration of mucosal
adjuvant LTN with the target antigen VP1.

One of the important factors affecting the strength of an
immune response is the amount of immunogen. That is also
true for the adjuvant although other factors including dose,
transfer vector, routes of administration, and formulation
type are also involved (Marinaro et al., 2003; Le Guiner et al.,
2007; Moreira et al., 2008). Simple mixtures of DNA vaccines
with adjuvants are sometimes effective, but appropriate
formulation may be required. For example, DNA vaccines
mixed with aluminium phosphate enhance antibody re-
sponses, while inhibit responses if mixed with aluminium
hydroxide, as a consequence of electrostatic interaction be-
tween the negatively charged DNA and positively charged
adjuvant (Vajdy et al., 2004). Inappropriate delivery of ad-
juvant even aggravates the diseases (Hope et al., 2004).
Therefore, optimization of adjuvant usage including appro-
priate amount and formulation is very critical.
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FIG. 5. Expression and chemotactic activity of LTN protein
expressed by plasmids with various combinations of LTN and
VP1 genes. (A) 293T cells were transfected with indicated
plasmids with lipofectamine for 48h, and then cell lysates
were subjected to western blot analysis using anti-LTN and
anti-VP1 antibodies, respectively. (B) Meanwhile, superna-
tants were collected and subjected to in vitro chemotaxis as-
says, which were conducted using a modified 48-well Boyden
chamber migration assay. *p<0.05. The results are re-
presented as the mean+SD of three separate experiments.

In this study, we used chitosan to encapsulate DNA plas-
mid to facilitate delivery and transfection to the mucosal cells,
minimize the degradation, and ensure long-term and con-
trolled release of DNA. Also LTN is utilized to increase the
immunogenicity and protection effect of chitosan-pVP1 mu-
cosal DNA vaccine. However, how to combine the adjuvant
LTN with the target VP1 is a question. There are several
possible approaches. One method is to deliver the antigen and
adjuvant DNA simultaneously with separate expression but a
codelivery system; the second method is to deliver a coex-
pression DNA plasmid encoding both genes. A third ap-
proach is to mix the two plasmid DNA and then formulate
them into one chitosan nanoparticle, which we ruled out be-
cause large aggregates were produced during preparation. In
the first scenario, we used cationic chitosan nanoparticles to
entrap the anionic adjuvant DNA, which was coadministered
with chitosan-pVP1 nanoparticles. To coexpress the antigen
and adjuvant genes, bicistronic and fusion plasmids were
constructed and an IRES sequence facilitated the translation of
both the genes from a single bicistronic mRNA.

We observed that all combined LTN DNA vaccines ex-
hibited preventive effects against CVB3-induced myocar-
ditis, with the most potent one being chitosan-pLTN
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coimmunization. To further examine the underlying mech-
anisms of different immunoprotection induced by various
DNA vaccines, we compared the strength and patterns of
both systemic and mucosal immune responses and found
that although all the combined LTN DNA vaccines enhanced
serum IgG and fecal IgA levels, chitosan-pLTN coimmuni-
zation was the most efficient. Regarding T cell immune re-
sponses, although coimmunization with chitosan-pLTN and
immunization with chitosan-pVP1-IRES-LTN could elevate
the systemic T cell immune responses compared with the
chitosan-pVP1 protovaccine, mesenteric mucosal T cell im-
mune responses were only enhanced by the coimmunization
of monocistronic LTN DNA, which was in accordance with
its maximal myocarditis prevention and protection effects.
The activity of LTN protein expressed by fusion, nonfusion,
or bicistronic plasmid is different (Fig. 5B) and may account
for the different intensity of immunity induced. One reason
is the conformation of LTN protein may be influenced by the
different construction methods. As two native conformations
of LTN have been reported, one conformation (LTN10) ag-
onizes functional XCR1 and mediates lymphocyte migration;
while another conformation (LTN40) exhibits limited che-
motactic ability (Tuinstra et al., 2008). We hypothesized that
the LTN expressed by monocistronic plasmid might exhibit
LTN10 conformation, while that expressed by the bicistronic
plasmid may display LTN40 conformation; the second pos-
sibility may lie in the different vaccine formulations. Various
LTN formulations with target antigen may influence the
expression duration as well as the stability of LTN and VP1.
The third reason may be that VP1 antigen could be better
processed in antigen-presenting cells (APCs) when DNA
plasmids are administered separately. Herein, our observa-
tion was not in agreement with previous studies showing
that intramuscular injection of bicistronic plasmid provoked
more potential systemic immune responses than the mixture
of two monocistronic plasmids encoding antigen and adju-
vant (Yo et al., 2007; Tang et al., 2008). However, there is also
a lot of evidence indicating that simultaneous delivery of
antigens and adjuvants in nanoparticles ensures that both
agents can be efficiently expressed and delivered into
the same APC or T cell population and the maximal adju-
vant effects could be achieved (Singh et al.,, 2001; Vajdy
et al., 2004).

Fusion of chemokine adjuvant with antigen offers another
alternative strategy to enhance the immune efficacy of DNA
vaccines, as they might more effectively recruit and target
antigens to APCs (Williman et al., 2008). However, in the
present study, although the fusion pVP1-LTN DNA slightly
enhanced the antibody level and splenic T cell activity
compared with the pVP1 plasmid, the total adjuvant effect
was weak which was supported by the weakest chemotactic
activity of expressed LTN among the three plasmids. It can
be assumed that large arm of VP1 protein at the amino-
terminal might likely interfere with the interaction of LTN to
its receptor leading to the compromised chemotactic capacity
and weak adjuvant effects. Our findings were in compliance
with other reports that fusion proteins usually have lower
specific biological activities due to decreased binding sta-
bility or increased stereo-specific blockade between proteins
and their receptors (Huang et al., 2007). Another explanation
comes from the recent report showing less expression dura-
tion time of the fusion plasmid than the bicistronic construct
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(Mishra et al., 2009). In addition, as LTN is a unique protein
with a known conversion between two native conformations
(Tuinstra ef al., 2008), it is likely that the fusion protein results
in altered structures for both the VP1 and the LTN and may
well lower the antigenicity of the VP1.

In the present work, we have optimized the administra-
tion of mucosal adjuvant LTN in chitosan formulation in a
CVB3-induced myocarditis murine model. We found a
strong influence of the combination means of adjuvant LTN
formula with the antigen DNA vaccine on the spatial pat-
terns and strength of immune responses. Learning about
these processes will be helpful for the future design of more
potent mucosal vaccines.
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