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bstract

Induction of T help cell type 1 (Th1) response seems to be a prerequisite of HBV clearance. DNA vaccines have shown its potential to elicit
h1-biased immune response. However, its immunogenicity needs to be improved. Regulated upon activation normal T cell expressed and secreted

RANTES) is an inflammatory chemokine that promotes the accumulation and activation of CD4+, CD8+ T cells, and dendritic cells (DCs), which
ould favor antiviral immunity. In this study, the efficacy of a DNA vaccine encoding hepatitis B virus (HBV) preS2 plus S protein was enhanced

hrough co-injection of a plasmid encoding RANTES in a BALB/c model. Co-injection of RANTES gene resulted in a moderate increase in the HBV

pecific humoral and cellular immune responses and a significant increase following an HBsAg booster vaccination compared to DNA encoding
BsAg alone. This enhancement was due to an enrichment of DCs in the draining lymph node and an up-regulation of DCs maturation by RANTES.
ore importantly, RANTES polarized the specific immunity towards a dominant Th1 profile and even converted an established Th2 response to
Th1 phenotype. Our study suggested the feasibility of using a plasmid-encoded RANTES as a modulatory Th1 adjuvant in genetic vaccination.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Persistent hepatitis B virus (HBV) infection represents a
ajor public health concern worldwide, with two billion peo-

le affected and an estimated 400 million people chronically
nfected which has a great propensity to progress to liver
irrhosis and hepatocellular carcinoma (HCC) (Michel and
ancini-Bourgine, 2005).
Recovery from acute HBV infection requires induction

f both strong humoral and multispecific cellular immune
esponses (Mizukoshi et al., 2004). Patients with chronic HBV
nfection but with remission or with a self-limiting disease

evelop a vigorous CTL and a strong type-1 T helper (Th1)
ell cytokine response represented by predominant production
f TNF� and IFN�. However, weak and limited CTL response
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s observed in chronic HBV carriers demonstrating the sig-
ificance of Th1-biased immune response for HBV clearance
Beckebaum et al., 2002). Therefore strategies aimed to stimu-
ate Th1 immunity would be very critical for the design of HBV
accine.

DNA vaccination represents an attractive immunization strat-
gy against infectious diseases since its discovery in 1990. The
nduction of CTLs, due to the de novo synthesis of Ag in vivo,
akes DNA vaccines as effective as attenuated virus vaccines for

reating chronic HBV infection (Davis and McCluskie, 1999).
he CpG residues in the bacterial backbone make DNA vac-
ine prone to polarize Th1 immune response (Sato et al., 1996).
herefore DNA-based vaccine appears as a promising approach

or prophylaxis and therapy of hepatitis B (Michel and Loirat,
001; Thermet et al., 2003).

However, a major problem in developing DNA vaccines is

heir limited immunogenicity, which is highly dependent on
unction of dendritic cells (DCs). DCs are transfected directly
y DNA or cross-primed indirectly by the antigen secreted
rom the transfected muscle cells (Doe et al., 1996) and then
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esponsible for CD4+ or CD8+ T cell stimulation. Since the
mounts of DCs residing in the muscle are really small, the
hance DCs are transfected by the antigen is relatively very
ittle. Efficiency of DNA vaccine may therefore be enhanced
sing DCs-intensifying strategies (Hung et al., 2006). Cytokines
Shimizu et al., 1998) and growth factors (Kwon and Park, 2002;
ayak et al., 2006) were widely used to increase the numbers or
aturation of DCs. IgG Fc fragment (You et al., 2001) and heat

hock protein (HSP) (Hauser et al., 2004) targeted antigens to
Cs. Bclx was used to prolong DC life (Kim et al., 2003a,b)
hich contributed to enhanced CD8+ T and Th1 response.
egional recruitment of APCs represents another promising DC-

ntensifying strategy (Sang et al., 2003). Chemokines subsets,
hich attract immune cells, are ideal candidates for recruitment
f DCs to the DNA injection site.

Regulated on activation normal T cell expressed and secreted
RANTES) is a member of the consecutive cysteines (CC)-
hemokines that promotes the migration and activation of
everal types of leukocytes expressing CC-chemokine receptors
(CCR1), CCR3, and CCR5. It is able to recruit unstimulated
D4+ memory T cells, stimulated CD4+ and CD8+ T cells,
atural killer cells, and immature DCs (Appay and Rowland-
ones, 2001; O’Neill et al., 2004). RANTES was effective to
timulate CD4+ T cell response (Shimizu et al., 2007; Sin et
l., 2000a,b) and enhance HIV-specific Th1 responses and T-
ell cytotoxicity in rodent and monkey models (Xin et al., 1999;
aterman et al., 2004,). In addition, RANTES increased the

pecific IgG production (Kim et al., 2003a,b). It also exhibited a
roinflammatory effect by increasing the numbers of local infil-
rating monocytes, macrophages, and neutrophils (Braciak et
l., 1996). In particular, RANTES appears to be one of the main
hemokines participating in the recruitment and maintenance of
C at the inflammatory site (Foti et al., 1999). Taken together,

hese data suggest RANTES as a potent monocyte chemoattrac-
ant and a Th1 adjuvant. We hypothesize that RANTES may act
o enhance the Th1 immune response induced in the context of
n HBV DNA vaccine.

To study the adjuvant effect of RANTES on a DNA vaccine
ncoding the middle envelope protein (PreS + S) of HBV, plas-
id encoding PreS + S or RANTES was constructed separately

nd evaluated their expression efficiency in vitro and in vivo.
he biological activity of RANTES was examined by a chemo-

axis assay. Co-injection of HBsAg and RANTES gene into
ALB/c mice was performed to see if RANTES could enhance

he HBsAg-specific humoral and cellular immune response. A
icistronic plasmid coexpressing the two proteins was used to
ompare the effects.

. Materials and methods

.1. Plasmids construction

The RANTES gene was amplified from murine genomic

NA using a forward primer (5′-CG GGATCC GCCACC
TGAAGATCTCT-3′) engineered with a BamHI site upstream
f the GOZAK sequence and the ATG, and a reverse
rimer (5′-C GAATTC CTAGCTCATCTCCAAATAGTT-3′)

2

B
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ngineered with an EcoRI site downstream of the stop codon.
he PCR fragment was subcloned into the pVAX1 vector

invitrogen, USA) to generate pRANTES. The middle enve-
ope genes of HBV were amplified by PCR from plasmid
EHH, which contains full-length of HBV genome, using
rimers as 5′-C GAATTC GCCACC ATGCAGTGGAAC-
′ and 5′-T GGGCCC TTAAATGTATACCCAAAGACA-3′
oth engineered with EcoRI sites and cloned into pVAX1 to
enerate pPreS2/S. The gene segment comprising CMV pro-
oter, RANTES and polyA sequence was PCR-amplified from

RANTES and subcloned into the MluI site of pPreS2/S result-
ng in a bicistronic plasmid designated as pRBpPSB. Plasmid
NA was purified using EndoFree plasmid mega kit (Qiagen,
alencia, CA) following the manufacturer’s protocol.

.2. DOT-immunoblot assay

C2C12 (ATCC: CRL-1772) murine skeletal muscle cells was
ultured in Dulbecco’s modified Eagle’s medium or RMPI 1640
upplemented with 10% fetal bovine serum (FBS). After DNA
ransfection using lipofectamine (Gibco BRL, USA) according
o the protocol of manufacturer, protein expression in the super-
atant was detected using a dot immunoblot assay according
o a standard protocol (Loi et al., 1997). Twenty microliters of
ell culture supernatants were spotted onto a 0.22-�m nitrocel-
ulose membrane (Amersham, USA). The membrane was air
ried at room temperature and fixed at 37 ◦C for 60 min. After
ashing, it was incubated for 60 min in a blocking solution con-

aining 0.3% bovine serum albumin (BSA) in 0.1 M Tris buffer
pH 7.4) then was incubated overnight with a rat antimouse
ANTES mAb (R and D systems, USA) or a mouse antihuman
BsAg mAb (Chemicon, USA), followed by a biotinylated sec-
ndary antibody (Dako, USA) for 30 min. The membrane was
hen transferred to a solution of streptavidin-biotin-peroxidase
omplex (Vector, USA) for 30 min and revealed by DAB
ubstrate. The spot was taken as photographs, scanned into
omputer and adjusted for equal brightness and contrast using
hotoShop.

.3. Immunohistochemical analysis of the muscle

Hundred micrograms of RANTES or PreS2/S plasmid was
njected into the quadriceps muscles of mice, which were
emoved quickly before making cryosections. Seven days later,
ollowing acetone and normal serum treating, sections were
ncubated with rat antimouse RANTES mAb (R and D sys-
ems, USA) or a mouse antihuman HBsAg mAb (Chemicon,
SA) overnight at 4 ◦C. Following three times of washing in
BS, sections were incubated for 1 h with biotinylated sec-
ndary antibody (Dako, USA) at 37 ◦C then for 30 min with
treptavidin-biotin-peroxidase complex (Vector, USA) before
evealed by DAB.
.4. DC culture and chemotaxis assay

Immature and mature DCs were cultured by standard method.
riefly, murine bone marrow cells were extracted and resus-
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ended as 1 × 106/ml in RMPI 1640 plus 10% FBS. For the
eneration of immature DCs, BM cells were incubated with
ng/ml GM–CSF for 48 h then with 4 ng/ml GM–CSF for
nother 72 h of incubation. To stimulate mature DC, 10 ng/ml
M–CSF and then 10 ng/ml GM–CSF plus 200 ng/ml TNF�
ere used. For the chemotaxis assay, 27 �l of preheated
ANTES-transfected supernatant and were added into the lower
hemotaxis chamber (Neuroprobe, USA); while 45 �l of DCs
retreated with or without anti-RANTES mAb (R and D Sys-
ems, USA) was placed into the upper chamber. After 4 h
ncubation at 37 ◦C, migrated cells in the lower chamber were
tained and counted.

.5. Mice immunization

Female BALB/c, 6–8 weeks old, was obtained from the cen-
er of experimental animal, Fudan University (Shanghai, China).
ll animals were housed in the pathogen-free mouse colony

nd all animal experiments were performed according to the
uidelines for the care and use of medical laboratory animals
Ministry of Health PR China, 1998) and the guidelines of
he laboratory animal ethical commission of Fudan University.
or DNA injection, groups of BALB/c (n = 5) were 24 h before
reinjected with 100 �l of 0.25% bupavokein (Sigma, St. Louis,
O) into the tibialis anterior muscle to induce muscle regen-

ration following cardiotoxin-induced degeneration. Then the
ame muscle was co-injected with 100 �g pPreS2/S DNA plus
00 �g pRANTES DNA diluted in 100 �l PBS. Control mice
ere immunized with 100 �g pVAX1 DNA. For protein boost-

ng, 2 �g of yeast-derived HBsAg (SABC, China) was given
ubcutaneously 12 weeks later. Serum samples from mice were
ollected by retro-orbital bleeding.

.6. ELISA measurements of HBsAg-specific antibodies

HBsAg-specific antibody was measured by ELISA assay.
icrotiter plates were coated with 5 �g purified HBsAg protein

n 100 �l PBS for each well. After blocking with 5% NBS and
% goat serum in PBS-Tween (0.05%) for 1 h, two-fold serially
iluted serum samples were added and incubated for 1 h at 37 ◦C
hen with horseradish peroxidase (HRP)-conjugated goat anti-

ouse IgG (Southern Biotech, USA). After color developing by
PD, the reaction was stopped by 2 N H2SO4, and absorbance at
92 nm was measured in a microplated reader (BioLab, USA).

.7. Lymphoproliferative assay

CD4+ T cell proliferation was evaluated following in
itro stimulation with 10 �g/ml HBsAg. Splenocytes from
mmunized mice were isolated and were used as responders.
oncanavalin A was used as a positive stimulatory reagent con-
rol. The cultures were incubated for 72 h at 37 ◦C in 5% CO2,
ulsed with 3.7 × 104 Bq [3H]-thymidine (Amersham, USA) per
ell during the last 18 h of incubation, and then were harvested.

3H]-thymidine uptake was determined by standard liquidscin-
illation.

t
i
m
t
w
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.8. Cytotoxicity analysis

A standard chromium release assay was used to monitor CTL
ctivity. Briefly, 5 × 106 SP2/0 (ATCC: CRL-1646) cells were
ransiently transfected with pPreS2/S DNA and labeled with
.4 × 106 Bq 51Cr (Amersham, USA) for 90 min and used as
arget cells. They were mixed at appropriate ratios with res-
imulated effectors in duplicate and incubated at 37 ◦C for 4 h.
upernatants were harvested and radioactivity was counted in
gamma counter (LKB, Gaithersburg, MD). Each animal was

nalyzed independently. Percent-specific lysis was calculated
sing the equation: 100 × [(experimental release − spontaneous
elease)/(maximum release − spontaneous release)]. Results are
resented as HBsAg-specific lysis, calculated by subtracting the
pecific lysis of control SP2/0 target cells from the specific lysis
f the pPreS2/S DNA-transfected SP2/0 target cells at the same
:T ratio. Spontaneous release was determined by incubating

abeled target cells with RPMI 1640 and ranged between 10 and
5% in various experiments. Maximum release was determined
y lysing the target cells with 5% SDS.

.9. Flow cytometry

The inguinal LNs and the splenocytes were harvested and
ingle cell suspensions were prepared by mechanical dissoci-
tion. One milliliter aliquots of the cells at a concentration of
06 cells/ml in PBS (1% BSA and 0.05% NaN3) were labeled
ith 1 �g/ml anti-CD11c-FITC and anti-CD86-PE or anti-I-
d-PE conjugated antibodies (BD Biosciences PharMingen,
an Diego, CA) for 30 min. Cells were washed, fixed with 2%
araformaldehyde, and acquired with a FACScan Plus (Becton
ickinson, Boston, MA). All data represent cells that fall within

he lymphocyte gate determined by forward and 90-degree light
catter. Fifty thousand events were acquired and the frequency
f DC subsets determined with AttractorsTM 3.0 software.

.10. Statistical analysis

Data are shown as means and standard deviations; Statisti-
al analyses of data were performed using the GraphPad Prism
Version 4.0) statistical program. Means were compared using
he Student’s two-sample t-test. A probability of less than 0.05
as taken as significant.

. Results

.1. Cloning of HBV preS2/S and RANTES gene into
VAX1 vector

As shown in Fig. 1, gene coding for the middle envelop pro-
ein (PreS2 plus S) of HBV or RANTES was placed under the

ranscriptional control of cytomegalovirus promoter/enhancer
n the eukaryotic expression vectors pVAX1, resulting in plas-

ids designated as pPreS2/S and pRANTES, respectively. In
he bicistronic vector, pRBpPSB, HBsAg and RANTES genes
ere under discrete transcriptional control.
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Fig. 1. Schematic diagram of expression vectors for HBsAg and RANTE

.2. In vitro and in vivo expression of RANTES and HBsAg
roteins

To verify the transcriptional efficiency of pPreS2/S and
RANTES in vitro, a lipofectamin-aided transfection assay was
onducted on C2C12 skeletal muscle cells. The presence of
BsAg or RANTES protein in the culture supernatant was ana-

yzed by a DOT-EIA assay. As shown in Fig. 2A and C, the
xpression of HBsAg and RANTES was detectable as soon as
4 h and peaked at 24 h posttransfection.

To measure the in vivo expression, BALB/c mice were
njected intramuscularly with 100 �g pPreS2/S or pRANTES
NA, and the tibialis anterior muscle was sectioned seven days

ater and subjected to immunochemistry examination. HBsAg
nd RANTES staining was only visualized in muscles injected
ith pPreS2/S or pRANTES (Fig. 2B and D), not in the
ock-injected muscle. Both of the protein expression could be

bserved on the first day (data not shown), lasting at least seven
ays after injection.

.3. Co-injection of RANTES with HBsAg DNA increased
nti-HBsAg antibody induction
In order to analyze the effect of RANTES coexpression along
ith HBsAg DNA on HBV-specific humoral immune response,
ALB/c mice were inoculated with 100 �g DNA of pPreS2/S

D
b
i
t

ig. 2. In vitro and in vivo expression of pPreS2/S and pRANTES in vitro expressio
ollowing transfection of murine C2C12 cells with Lipofectamine-aided plasmid. In
uadriceps muscles was removed and made cryosections and then stained with rat ant
he immunohistochemical analysis of the muscle tissue seven days following DNA in
V, cytomegalovirus promoter/enhancer; BGH, bovine growth hormone.

lus 100 �g pRANTES. Serum IgG was analyzed by ELISA
ssay. Mice injected with pPreS2/S plus pRANTES produced
ong-lasting serum anti-HBsAg IgG after Week 4, the titer of
hich being significantly higher than that of mice receiving
PreS2/S alone from Week 12 (1:1520 vs. 1:720, p = 0.0158),
eaking at Week 18 (1:3880 vs. 1:360, p = 0.0035) and main-
ained that level at least to Week 22 (Fig. 3A).

The effect of a bicistronic vector (pRBpPSB, Fig. 1)
oexpressing PreS2/S and RANTES was compared with the co-
njection strategy. However, pRBpPSB immunization could only
lightly enhance the IgG titer (peak titer 1:900) while no signif-
cant difference (p = 0.0792) was seen compared with pPreS2/S
mmunization group, although a significant difference existed
etween pRBpPSB and pVAX control group (p < 0.001).

In another parallel experiment, mice immunized with DNA
accine at Week 0 were boosted with HBsAg proteins at Week 12
o measure the memory Ab responses. pPreS2/S plus pRANTES
o-injection showed a robust memory responses which produced
ignificant higher IgG titer than the pPreS2/S DNA vaccine
lone from Week 16 (1:13,600 vs. 1:2200, p = 0.0087, Fig. 3B),
ven at Week 24 (ten weeks after boosting), the titer gener-
ted by co-injection was significant higher than that by the one

NA-injection(1:60,000 vs. 1:12,000, p = 0.0188).The HBsAg
ooster immunization induced HBsAg-specific IgG response
n pVAX1 and pRANTES control group as well, but the IgG
iter was much lower, only 1:2400 and 1:4600 separately. The

n of HBsAg or RANTES was evaluated by a dot-immunoblot assay 24–72 h
vivo, 100 �g pVAX, pPreS2/S or pRANTES DNA was injected to mice, the

i-mouse RANTES or a mouse anti-human HBsAg mAb. Fig. 2B and D showed
jection (magnification: ×200).
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Fig. 3. HBsAg-specific serum IgG production after coimmunization with HBsAg and RANTES plasmid. BALB/c mice were i.m. immunized with a single injection
of 100 �g of pPreS2/S plus pRANTES, pRBpPSB, pPreS2/S, pRANTES or pVAX1. Presence of IgG in the sera was examined by ELISA assay before (A) or after
H ter the
f p < 0.
a
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V

BsAg boosting (B). HBsAg protein was subcutaneously injected 12 weeks af
or each group. Asterisk(s) indicate statistically significant differences, that is,
lone.

oosting results confirmed that co-injection of pRANTES plas-
id could significantly increase the HBsAg-specific memory
b production by pPreS2/S DNA vaccine.

.4. Co-injection of RANTES gene augmented specific
D4+ T cell proliferation and CD8+ CTL response after

ooster immunization

To measure the effects of cotransfer of RANTES with HBsAg
NA on the T cell-mediated immune response, CD4+ Th

s
i
t

ig. 4. T cell immune response induced by co-injection of RANTES DNA with HBs
eeks after the DNA injection or HBsAg boosting, the splenocytes were isolated a
edium (negative control), ConA (5 �g/ml, positive control), HBsAg (10 �g/ml). C

rotein and 20 U/ml IL-2 for 48 h. pPreS2/S-sustained transfected SP2/0 was used a
y �-counter. Data are presented as the SI (experimental counts/spontaneous counts)
alues represent the mean of triplicate cultures and are representative of three indepe
DNA priming. Data were presented as mean ± S.D. representing five animals
05 (*) or p < 0.01 (**), relative to Ab titers of mice immunized with pPreS2/S

ell proliferation and CD8+ T cell cytotoxicity were evalu-
ted. RANTES co-injection slightly enhanced the proliferation
f CD4+ T cells by a single pPreS2/S injection. While a
ignificantly higher Th proliferation conferred by RANTES co-
njection was observed following HBsAg boosting (Fig. 4A,
< 0.05).
Cytotoxicity assay also showed that, pRANTES co-injection
lightly elevated the specific CTL cytotoxicity by pPreS2/S
mmunization. This enhancement was significant only after
he booster immunization (23.5% vs. 13.2%, 10:1; p < 0.05,

Ag DNA as measured by CD4+ T proliferation (A) and CTL activity (B). Four
nd incubated in the presence of the following stimulators and controls: 1640
TLs were prepared in vitro by stimulating splenocytes with 10 �g/ml HBsAg
s target cells. After 4 h incubation, the Cr51 in the supernatant was measured
, where the spontaneous count wells are from the 1640-negative control wells.
ndent experiments. *p < 0.05.
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Fig. 5. RANTES gene coimmunization directed Th1 polarization as measured by IgG isotype (A) and Th-associated transcription factor expression (B). Four groups
of mice were immunized with 100 �g of pVAX1 (Lane 1), pRANTES (Lane 2), pPreS2/S (Lane 3) or pPreS2/S +pRANTES (Lane 4), an HBsAg protein boosting was
a aluate
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dministered at Week 12, presence of HBV-specific serum IgG1 or IgG2a was ev
eanwhile, RT-PCR was performed to evaluate the mRNA expression level of

ividing the band intensity of each CK product by that of GAPDH. *, p < 0.05;

ig. 4B). Altogether, RANTES DNA coimmunization moder-
tely enhanced HBV-specific cellular immune response.

.5. RANTES co-injection dominantly enhanced the Th1
olarization

Effects of RANTES on the Th immune deviation was
ssessed by evaluation of the serum Ab isotype profiles (reflect-
ng Th1 or Th2 polarization) and Th-associated transcriptional
actors expression at the fourth and 22nd weeks. As shown
n Fig. 5A, co-injection of pRANTES significantly enhanced
gG2a production over that with pPreS2/S DNA vaccine alone
IgG2a/IgG1 ratio as 3.25 vs. 1.70, p < 0.05). The HBsAg
ooster generated a significant increase in the level of IgG2a
hile a decrease in IgG1 resulting in a significantly aug-
ented IgG2a/IgG1 ratio (9.31 vs. 0.29, p < 0.01) (Fig. 5A right)

uggesting that pRANTES dominantly oriented the Th1 polar-
zation and could even convert the established Th2 polarization
ack to a Th1 phenotype.

Consistent with the above results, RANTES gene co-injection
ignificantly enhanced Th1 transcriptional factor expression of
-bet especially after HBsAg boosting (p < 0.01). While the
ame boosting triggered a dominant expression of Th2 tran-
criptional factor GATA-3 in the pVAX and pPreS2/S treated
ice (Fig. 5B) confirming RANTES as a good Th1 adjuvant.

.6. RANTES co-injection promoted the migration of DCs
o the draining lymphoid node with elevated

aturation-associated phenotype

We anticipated that the immune promotion by RANTES
ight be implemented through DC intensification. To assess this

H
i
p
m

d by ELISA four weeks after the DNA priming or ten weeks after the boosting.
anscriptional factor T-bet and GATA-3. Relative expression was calculated by
< 0.01.

ypothesis, first, effects of RANTES on DC chemotaxis were
valuated in vitro by enumeration of migrated DCs in response
o the RANTES. It found that RANTES was only attractive
or imDCs but not mDCs, and this chemotaxis was RANTES-
pecific since anti-RANTES mAb totally blocked this activity
Fig. 6A).

The effect of RANTES on DC accumulation in the draining
N and the spleen was then examined by flow cytometry. Follow-

ng pRANTES injection, a significant increase in the number of
D11c+ DCs was observed in the inguinal draining lymph node

IDL) compared to pVAX1 immunization (1.56% vs. 0.84%,
< 0.05, Fig. 6B and C), but not in the spleen (6.00% vs. 5.72%,
> 0.05). Co-injection of pRANTES and pPreS2/S moderately
nhanced the DC recruitment (1.86%) into the IDL.

We next assessed whether pRANTES could influence the
aturation of local infiltrated DCs. Fig. 6C showed that the

RANTES injection significantly increased the expression of
aturation-associated phenotypic markers (CD86, I-Ad) on sur-

ace of DCs, holding 49.4% CD86+ DCs and 75.2% I-Ad+

Cs within the total CD11c+ DCs in the ILN, significantly
igher than the 39.2% CD86+ and 65.8% I-Ad+ DCs infil-
ration seen after pVAX immunization (p < 0.05, Fig. 6C),
ndicating RANTES enhanced both the migration and the mat-
ration of DCs in the draining lymph node. Co-injection of
RANTES and pPreS2/S moderately enhanced the maturation
f DCs, possessing 54.5% CD86+ and 78.3% I-Ad+ DCs in the
DL.

To see the immune infiltration at the primary injection site,

E-staining of the injected quadriceps muscle revealed no

mmune infiltration after pVAX vaccination (Fig. 6D, left); while
RANTES injection induced a substantial higher level of inflam-
atory cell infiltration on Day 3 and Day 7 (Fig. 6D, middle
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nd right) indicating a considerable amount of DCs have been
ecruited into the DNA injection site.

All these results indicated that in situ expressed RANTES
ould efficiently chemoattract imDCs to the DNA injection site
or the antigen uptake, leading to more matured DCs enrichment
n the DLN, where they could stimulate HBsAg-specific T cell
nd B cell immune response more efficiently.

. Discussion

We reported here that administration of a RANTES DNA
y i.m. injection could induce more imDCs recruitment to the
njection site and subsequent into the inguinal draining lymph
ode where they acquired elevated maturation phenotype (I-Ad

nd CD86), leading to an enhanced immune response to a HBV
iddle envelope plasmid vaccine as shown by both humoral and

ellular immune assays.
However, the bicistronic vector (pRBpPSB, Fig. 1) coex-

ressing PreS2/S and RANTES failed to display the adjuvant
ffect of RANTES since one injection of pRBpPSB slightly
ncreased HBV-specific IgG compared with pPreS2/S immu-
ization and had no effect on the T cell response. The possible
eason is that the two CMV promoters within one vector com-
ete with each other, thus impairing the expression efficiency of
ANTES and HBsAg.

As we have known, immunity to infection is controlled by
istinct Th1 and Th2 subpopulations of T cells and their balance
McGuirk and Mills, 2002). As an effective DNA vaccine, the
nduction of Th1-type response is important for prevention of
BV infection (Mizukoshi et al., 2004). DCs play a critical role

n the stimulation of Th1 immune response by DNA vaccines
Gurunathan et al., 2000), and their potential is not fully utilized
n the DNA vaccine setting since they take up only a minor
raction of the injected DNA in the muscle. Therefore DCs-
ntensifying approaches have been utilized including growth-
acilitative, function stimulating, or life-prolonging strategies
Haddad et al., 2000; Ara et al., 2001; Hung et al., 2006; Eo et al.,
001). We employed a natural DC-chemoattractant molecule,
ANTES, to recruit more DCs to the antigen expression site to

acilitate improved antigen-processing and presentation.
An important finding of this study is that we found RANTES

ominantly polarized Th1 immune responses and could even
onvert the protein immunization-driven Th2 immunity to the
h1 profile as evidenced by predominant IgG2a production and

-bet expression. We reasoned that RANTES directed Th1 polar-
zation via the recruitment and stimulation of DCs at the primary
nflammatory site. It has been well documented that RANTES
reatment (10–100 ng/ml) will induce DC’s rapid expression of

o
c

fi

ig. 6. RANTES attracted more DCs in vitro (A) and in vivo (B, C, D). (A) DC-chemo
upernatant of pVAX1 or pRANTES-transfected C2C12 cells was added into the low
laced into the upper chamber. After 4 h incubation at 37 ◦C, migrated cells in the low
B) The frequency of CD11c+DC subsets in the inguinal LN and the spleen was deter
RANTES, or pRANTES+ pPreS2/S. Data are presented as mean ± SEM (five mic
D86 and I-Ad, the maturation- associated marker of DC was also determined by flow

D) Histologic examination of the pRANTES-injected .muscle. The quadriceps muscl
ormalin. Thin sections were stained with hematoxylin and eosin (magnification: ×2
rch 76 (2007) 140–149 147

ranscripts for the cytokines TNF� and IL-6 (Fischer et al., 2001)
hich are direct potent DC maturation stimuli (O’Neill et al.,
004). Therefore, following pRANTES immunization, the in
itu expressed RANTES would attract more CCR1+/CCR5+
mDCs to the muscle (as demonstrated by Fig. 6D) and acti-
ate immature DC to secret inflammatory cytokine TNF� and
L-6. This autocrine secretion promotes their maturation by
p-regulating the expression of costimulatory and MHC II
olecules (Fig. 6C) and facilitates their movement into the

nguinal draining lymphonode (Fig. 6B) where T cell activa-
ion and Th differentiation was initiated. Since RANTES has
een reported to stimulate lymphocytes to secret Th1 cytokine
IL-2, IFN�) (Sin et al., 2000a,b; Yoon and Eo, 2007) which
ould facilitate both DC1 and Th1 stimulation; RANTES could
irectly influence a variety of other CCR1+, CCR5+ cells pre-
ominantly associated with Th1 responses (Fukada et al., 2002);
nd our study also demonstrated that RANTES significantly up-
egulated the expression of T-bet, a master transcription factor
ssential for Th1 development. Altogether, RANTES induces
he recruitment and maturation of imDCs in the draining lym-
honode, meanwhile promotes the Th1 cytokines secretion by a
ariety of immune cells and T-bet expression in T cells, which
rives Th1 polarization.

Induction of Th1 immune responses renders the recipients
ore resistant to virus infection. Therefore various molecules,

hemokines, and cytokines have been reported to orient naı̈ve
D4+Th cell toward Th1 polarization including CpG,IL-2, IL-
2, IL-8, IFN�, CD40L, B7, C5b-9, HSP70, CD38 (Sin et al.,
000a,b; Bhatia et al., 2002; Kumar et al., 2007). However, in
ase of chronic viral infection, it seems very difficult to convert
n established Th2 phenotype back to a Th1 phenotype. Our
tudy indicated that RANTES gene coimmunization not only
odulated a Th1 differentiation, more importantly could convert

he strong Th2-biased immune response established by a protein
ooster back to a Th1 type indicating RANTES as a potential
herapeutic Th1-modulating chemokine. This unique function is
imilar as a scavenger receptors-based APCs-targeting strategy,
hich modulated an established Th2 immunity to a nonallergic
h1 phenotype (Bhatia et al., 2002).

Several other reports also confirmed the Th1-immuno-
odulatory effect of RANTES. RANTES DNA was able to

nhance Th1-mediated protective immunity against herpes sim-
lex virus (HSV) (Sin et al., 2000a,b), to up-regulate the
ostimulatory molecules expression (CD28, CD40L, and CD80)

n CD4+ T and APCs (Lillard et al., 2001) and enhanced CD8+T
ell response (Kim et al., 2003a,b).

In our trial to use RANTES as a genetic adjuvant, we con-
rmed that the best vaccine effects would be achieved only

tactic activity by RANTES was assayed using Transwell chambers. The culture
er chemotaxis chamber, DCs pretreated with or without anti-RANTES Ab was
er chamber were stained and counted. **, p < 0.01 compared with pVAX group.
mined by flow cytometry seven days after the administration of 100 �g pVAX,
e per group). *, p < 0.05 compared with pVAX control. (C) The expression of

cytometry. One representative out of three independent experiments is shown.
es were isolated three and seven days after immunization, fixed in 10% buffered
00).
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hen RANTES was delivered as a co-injection plasmid DNA
ith an equal amount (single injection of 100 �g) with the
reS2/S DNA. This finding was consistent with a recent work
onfirming that co-injection (i.m.) of Flt3L DNA (for DC
xpansion) with DNA vaccine was required to reveal the best
djuvant activity of the FLt3L (Nayak et al., 2006). Because
here is a critical timeframe for the local DC expansion after
ANTES injection (from Day 0 to Day 7, Fig. 6D) during which

he expression of HBsAg antigens in vivo also increased and
eaked on Day 7 (Fig. 2B), therefore co-injection of RANTES
nd the antigen DNA provided more possibility for expanded
C to recognize specific antigen at the primary injection

ite.
Taken together, our study demonstrated that co-injection of a

hemokine, RANTES, in the form of a DNA vaccine, polarized
h1 immune response, and could cause a rebalancing of the

mmunity to a Th1 profile, which would benefit the protective
fficacy against a virulent virus infection.
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