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a b s t r a c t

The ideal adjuvants for hepatitis B vaccines should be capable of eliciting both strong humoral and cellular
immune responses, especially Th1 cell and cytotoxic T lymphocyte (CTL) responses. However, Alum used as
adjuvants in the hepatitis B vaccines currently commercialized offers limitation in inducing cell-mediated
response. Therefore, a less hemolytic saponin platycodin D (PD) from the root of Platycodon grandiflorum
has been explored for its potential as an alternative adjuvant. In order to compare the adjuvant activity
with Alum, antigen-specific cellular and humoral immune responses were evaluated following immu-
nization with a formulation containing hepatitis B surface antigen (HBsAg) adjuvanted with PD and Alum
in mice. The Con A-, LPS-, and HBsAg-induced splenocyte proliferation and the serum HBsAg-specific
IgG, IgG1, IgG2a, and IgG2b antibody titers in the HBsAg-immunized mice were significantly enhanced
by PD (P < 0.05, P < 0.01 or P < 0.001). PD also significantly promoted the production of Th1 (IL-2 and IFN-
�) and Th2 (IL-10) cytokines and up-regulated the mRNA expression of Th1 cytokines (IL-2 and IFN-�)
in splenocytes from the mice immunized with HBsAg (P < 0.001). Besides, PD remarkably increased the
killing activities of natural killer (NK) cells and CTLs from splenocytes in the HBsAg-immunized mice
(P < 0.001), which may have important implications for vaccination against hepatitis B virus. The results

indicated that PD has strong potential to increase both cellular and humoral immune responses and elicit
a balanced Th1/Th2 response against HBsAg, and that PD may be the candidates as adjuvants for use in
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. Introduction

Hepatitis B virus (HBV) is a common virus. Two billion peo-
le have been infected with HBV, and 360 million have chronic

nfection worldwide [1]. Once infected, 5–10% adults and 25–90%
hildren become chronic virus carriers [2]. About 25% of HBV
arriers die from chronic active hepatitis, cirrhosis, or primary
iver cancer [3]. Chronic infection with HBV has become a major
ealth problem worldwide [4]. No treatment is currently avail-
ble for acute Hepatitis B, and immunization with vaccine is the
ffective means of preventing HBV infection and its consequences
1]. Hepatitis B surface antigen (HBsAg) adsorbed on Alum is

he commonly used vaccine against HBV, and has been used for

any years to induce protection against HBV infection. Though
ecognized as an effective vaccine, nearly 10% of vaccinees with
BsAg fail to develop protective levels of anti-HBsAg antibodies
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5]. Thus, approaches to improve vaccination efficacy are actively
ought.

It is well accepted that strong antibody responses are impor-
ant for clearing the HBV and protection against HBV infection.
here are some increasing evidences showing that the Th1 cell and
TL response to HBV and the associated antiviral cytokines (IFN-�,
NF-� and IL-2) developed may play a key role in virus resolution
uring natural infection [6,7]. Optimization of vaccine effectiveness
ould be achieved by the use of appropriate adjuvants which could
nhance vaccine coverage of non-responders [8]. Currently, alu-
inum compounds (Alum) are the only vaccine adjuvants licensed

y the Food and Drug Administration (FDA) for use in humans, and
sed as adjuvants in the hepatitis B vaccines currently commercial-

zed. While Alum is safe, it is a relatively weak adjuvant particularly
hen used with subunit antigens. Moreover, the Alum adjuvant

sed in the hepatitis B vaccine is a mild Th2 adjuvant that can
ffectively enhance IgG1 antibody responses, but it is rarely asso-
iated with Th1 type immune responses [9]. Furthermore, Alum
s poor at stimulating cell-mediated immune responses, and may
ctively block activation and differentiation of CD8+ CTLs follow-

http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:sunhx@zju.edu.cn
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Fig. 1. Chemical structure of platycodin D (PD, C57H92O28, MW: 1224.5854) from
the roots of P. grandiflorum. Its structure was elucidated on the basis of chem-
i
r
�

i
o

cal and spectral evidences including mass spectrometry and nuclear magnetic
esonance spectroscopy. Api, �-d-apiofuranosyl; Ara, �-l-arabinopyranosyl; Glc,
-d-glucopyranosyl; Rha, �-l-rhamnopyranosyl; Xyl, �-d-xylopyranosyl.

ng immunization with HBsAg [10]. In addition, Alum results in
ccasional local reactions at the site of injection and augmenta-
(2009) 757–764
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.6. Splenocyte proliferation assay

Spleen collected from the HBsAg-immunized mice under asep-
ic conditions, in Hank’s balanced salt solution (HBSS, Sigma), was

inced using a pair of scissors and passed through a fine steel mesh
o obtain a homogeneous cell suspension, and the erythrocytes
ere lysed with ammonium chloride (0.8%, w/v). After centrifu-

ation (380 × g at 4 ◦C for 10 min), the pelleted cells were washed
hree times in PBS, and resuspended in complete medium. Cell
umbers were counted with a hemocytometer by trypan blue dye
xclusion technique. Cell viability exceeded 95%. Splenocytes were
eeded into three to four wells of a 96-well flat-bottom microtiter
late (Nunc) at 5 × 106 cells/ml in 100 �l complete medium, there-
fter Con A (final concentration 5 �g/ml), LPS (final concentration
0 �g/ml), HBsAg (final concentration 4 �g/ml), or medium were
dded giving a final volume of 200 �l. The plates were incubated at
7 ◦C in a humid atmosphere with 5% CO2. After 44 h (for Con A and
PS) or 68 h (for HBsAg), 50 �l of MTT solution (2 mg/ml) was added
o each well and incubated for further 4 h. The plates were cen-
rifuged (1400 × g, 5 min) and the untransformed MTT was removed
arefully by pipetting 150 �l of a DMSO (Sigma, USA) working solu-
ion (192 �l DMSO with 8 �l 1N HCl) was added to each well, and the
bsorbance was evaluated in an ELISA reader at 570 nm after 15 min.
he stimulation index (SI) was calculated based on the following
ormula: SI = the absorbance value for mitogen-cultures divided by
he absorbance value for non-stimulated cultures.

.7. Measurement of HBsAg-specific antibody

HBsAg-specific IgG, IgG1, IgG2a, and IgG2b antibodies in sera
ere detected in individual serum samples by an indirect ELISA. In
rief, microtiter plate wells were coated with 100 �l HBsAg solu-
ion (2 �g/ml in 50 mM carbonate–bicarbonate buffer, pH 9.6) for
4 h at 4 ◦C. The wells were washed three times with PBS contain-

ng 0.05% (v/v) Tween 20 (PBS/Tween), and then blocked with 5%
CS/PBS at 37 ◦C for 2 h. After three washings, 100 �l of a series
f diluted sera sample or 0.5% FCS/PBS as control were added to
riplicate wells. The plates were then incubated for 2 h at 37 ◦C,
ollowed by three times of washing. Aliquots of 100 �l of rabbit anti-

ouse IgG horseradish peroxidase conjugate diluted 1:20,000, goat
nti-mouse IgG1 peroxidase conjugate 1:16,000, IgG2a peroxidase
onjugate 1:8000, and IgG2b peroxidase conjugate 1:8000 with
.5% FCS/PBS were added to each plate. The plates were further

ncubated for 2 h at 37 ◦C. After washing, the peroxidase activity
as assayed as following: 100 �l of substrate solution (10 mg of
-phenylenediamine and 37.5 �l of 30% H2O2 in 25 ml of 0.1 M
itrate–phosphate buffer, pH 5.0) was added to each well. The plate
as incubated for 10 min at 37 ◦C, and enzyme reaction was ter-
inated by adding 50 �l/well of 2N H2SO4. The optical density
as measured in an ELISA reader at 490 nm, where sets of sera

amples have been subjected to within and between group com-
arisons, ELISA assays were performed on the same day for all of
he samples.

.8. Assay of natural killer (NK) cell activity

The NK cell activity from spleen was determined using a Cyto-
ox 96R Non-Radioactive Cytotoxicity Assay Kit (Promega). YAC-1
ells were used as target cells and seeded in 96-well U-bottom
icrotiter plate at 4 × 104 cells/well in RPMI-1640. Splenocytes
repared as described above were used as the effector cells and
ere added at 2 × 106 cells/well to give E/T ratio 50:1. Each test
as repeated four wells. The plate was centrifuged at 250 × g for
(2009) 757–764 759
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Table 1
Sequences of primer used for real-time quantitative RT-PCR.

Gene Primer sequence Product
size/bp

Acc no.

GAPDH
5’-AAATGGTGAAGGTCGGTGTG-3’ 108 NM 001001303
5’-TGAAGGGGTCGTTGATGG-3’

IL-2
5’-GCACCCACTTCAAGCTCCA-3’ 174 NM 008366
5’-AAATTTGAAGGTGAGCATCCTG-3’

I

G

p
d
T
T

2

b
(
H
u
i

FN-�
5’-CGGCACAGTCATTGAAAGCCTA-3’ 199 NM 008337
5’-GTTGCTGATGGCCTGATTGTC-3’

APDH, glyceraldehyde-3-phosphate dehydrogenase.

lex (ABC). After incubation for 30 min, plates were washed and
eveloped with tetramethyl benzidine (TMB) at 37 ◦C for 15 min.
he reaction was stopped by addition of 100 �l of stop solution.
he absorbance was measured in an ELISA reader at 450 nm.

.11. Real-time RT-PCR for cytokine gene expression

Splenocytes from the immunized mice prepared as described
efore were seeded into a 24-well flat-bottom microtiter plate
Nunc) at 5 × 106 cell/ml in 1 ml complete medium, thereafter
BsAg (final concentration 4 �g/ml) was added giving a final vol-
me of 2 ml (triplicate wells). The plates were incubated at 37 ◦C

n a humidified atmosphere with 5% CO2
(2009) 757–764
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Fig. 3. Effect of platycodin D (PD) on HBsAg-specific IgG, IgG1, IgG2a, and IgG2b
antibody in HBsAg-immunized mice. Sera were collected 2 weeks after the last
immunization, and HBsAg-specific IgG, IgG1, IgG2a, and IgG2b antibodies in the
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Fig. 5. Effect of platycodin D (PD) on CTL activity in mice immunized with HBsAg.
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era were measured by an indirect ELISA as described in the text. The values are pre-
ented as means ± S.E. (n = 5). Significant differences with HBsAg alone group were
esignated as aP < 0.05, bP < 0.01, and cP < 0.001; those with HBsAg/Alum group as
P < 0.05, eP < 0.01, and fP < 0.001.

gG1, IgG2a, and IgG2b antibody titers in the serum were mea-
ured 2 weeks after the last immunization using ELISA and the
esults were shown in Fig. 3. HBsAg alone induced low levels of
BsAg-specific IgG, IgG1, IgG2a, and IgG2b antibody. Alum and
D significantly enhanced the serum HBsAg-specific IgG and IgG1
iters in HBsAg-immunized mice (P < 0.05, P < 0.01, or P < 0.001).
owever, the combination of HBsAg with PD especially at dose of
00 �g produced higher serum total IgG and IgG1 titers compared
ith Alum and HBsAg combinations. Significant enhancements in
BsAg-specific serum IgG2a and IgG2b titers were observed in PD-

mmunized mice compared with HBsAg alone group (P < 0.01 or
< 0.001). Moreover, IgG2a and IgG2b antibody titers in the mice

mmunized with PD were higher than those in the Alum-treated
ice. There were, however, no significant differences (P > 0.05) in

he serum IgG2a and IgG2b levels between mice groups immunized
ith HBsAg/Alum and HBsAg alone. The findings indicated that PD

ignificantly enhanced serum HBsAg-specific antibody production
n mice immunized with HBsAg. Moreover, antibody titers induced
y PD-adjuvanted HBsAg after two injections were still higher than
hose elicited by Alum-adjuvanted vaccine.

.3. Effects of PD on NK cell activity in mice immunized with
BsAg
The effects of PD on NK cell activity in mice immunized
ith HBsAg were shown in Fig. 4. PD significantly enhanced the

illing activity of NK cell in the HBsAg-immunized mice at three

ig. 4. Effect of platycodin D (PD) on NK cell activity in mice immunized with HBsAg.
plenocytes were prepared 2 weeks after the last immunization, and assayed for NK
ell activity by the LDH release method as described in the text. The values are pre-
ented as means ± S.E. (n = 5). Significant differences with HBsAg alone group were
esignated as cP < 0.001; those with HBsAg/Alum group as eP < 0.01 and fP < 0.001.
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plenocytes were prepared 2 weeks after the last immunization, and assayed for CTL
ctivity by the LDH release method as described in the text. The values are presented
s means ± S.E. (n = 5). Significant differences with HBsAg alone and HBsAg/Alum
roups were designated as cP < 0.001 and fP < 0.001, respectively.

oses (P < 0.001). There were, however, no significant differences
P > 0.05) in the killing activity of NK cell between mice groups
mmunized with HBsAg/Alum and HBsAg alone. The findings indi-
ated that PD could promote activation of NK cell lytic activity in
ice immunized with HBsAg.

.4. Effects of PD on specific CTL activity in mice immunized with
BsAg

The effects of PD on antigen-specific CTL activity in the HBsAg-
mmunized mice were shown in Fig. 5. Immunization of mice with
BsAg alone induced the lower specific CTL activity 2 weeks after

he secondary immunization. Addition of Alum to HBsAg did not
esult in further increase in HBsAg-specific CTL activity above those
een with HBsAg alone. In contrast, PD significantly enhanced the
pecific killing activity of CTL in mice immunized with HBsAg at
hree doses (P < 0.001). The findings indicated that PD could pro-

ote specific killing activity of CTL in mice immunized with HBsAg.

.5. Effect of PD on cytokine secretion by splenocytes from
BsAg-immunized mice

In order to assess effect of PD on Th1 and Th2 cytokines
esponding to HBsAg, cytokine productions from splenocytes in
BsAg-immunized mice were detected using ELISA. The calibra-

ion curves of IL-2, IFN-�, and IL-10 were constructed with mouse
ytokine standards, and their correlation coefficient were all bigger
han 0.9980. As shown in Fig. 6, the contents of cytokines IL-2, IFN-
, and IL-10 in the culture supernatants from HBsAg-stimulated
plenocytes of the mice immunized with HBsAg/PD were sig-
ificantly higher than those in HBsAg control mice (P < 0.01),
uggesting that PD significantly enhanced the production of the
h1 and Th2 cytokines in HBsAg-immunized mice. However,
lum significantly increased only the IL-10 production the HBsAg-

mmunized mice (P < 0.001).

.6. Effect of PD on mRNA expression of cytokines in splenocytes
rom HBsAg-immunized mice

Since PD significantly enhanced IgG2a and IgG2b antibody
esponses and Th1 cytokine production, we next measured IL-2
nd IFN-� mRNA expression in splenocytes from mice immunized
ith HBsAg. The splenocytes from the immunized mice were stim-

lated in vitro with HBsAg, and total RNA were extracted. Real-time
uantitative RT-PCR for IL-2 and IFN-� cytokine mRNA expres-
ions were performed. GAPDH was used as a normalization control
or the RT-PCR reactions. As shown in Fig. 7, the IL-2 and IFN-�

RNA expression in the mice immunized with PD were higher than
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Fig. 6. Effects of platycodin D (PD) on HBsAg-induced cytokine production in spleno-
cytes from the HBsAg-immunized mice. Splenocytes were prepared 2 weeks after
the last immunization, and cultured with HBsAg (final concentration 4 �g/ml) for
48 h. The culture supernatants were collected, and the contents of cytokines IL-2,
IFN-�, and IL-10 were determined by ELISA. The values are presented as means ± S.E.
(n = 5). Significant differences with HBsAg alone and HBsAg/Alum groups were des-
ignated as cP < 0.001 and fP < 0.001, respectively.

Fig. 7. Effect of platycodin D (PD) on mRNA expression of cytokines IL-2 and IFN-
� in splenocytes from the HBsAg-immunized mice. Splenocytes were prepared
2 weeks after the last immunization, and cultured with HBsAg (final concentra-
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ion 4 �g/ml) for 24 h. The mRNA expression level of GAPDH, IL-2, and IFN-� were
etected by real-time RT-PCR using specific primers. The relative mRNA expression

evel are presented as means ± S.E. (n = 5). Significant differences with HBsAg alone
nd HBsAg/Alum groups were designated as cP < 0.001 and fP < 0.001, respectively.

hose in the HBsAg alone and HBsAg/Alum groups (P < 0.001). There
ere, however, no significant differences (P > 0.05) in the IL-2 and

FN-� mRNA expressions between mice groups immunized with
BsAg/Alum and HBsAg alone. Thus, findings further confirmed

hat PD significantly induced Th1 cytokine secretion by splenocytes
rom the HBsAg-immunized mice.

. Discussion

Evidence now exists to clearly suggest that Th1 or Th2 responses,
enerated upon antigenic stimulation, can be modulated in vivo
epending on the adjuvant used for immunization [15,16]. The
ifferent Th1 and Th2 immune response profiles correspond to
he activation of two distinct major subsets of T-cells character-
zed by their pattern of cytokine production [17]. Th1 responses
re associated with IFN-�, IL-2 and IL-12 production and enhance
mmunoglobulin isotype switching to IgG2a, IgG2b and IgG3.
he Th1 response can be correlated with the induction of cell-
ediated immunity [18], which has been described as being
mplicated for the elimination of virus during infection [19,20].
h2 responses, which control the humoral immune response
hrough the triggering of B cell proliferation and differentiation
21], are characterized by high levels of circulating antibodies, of

ainly IgG1 isotype, and the secretion of the cytokines IL-4, IL-
(2009) 757–764

, IL-10 and IL-13. For protective immunity to certain infectious
iseases differential induction of Th1 or Th2 responses or both is
equired.

Alum is used as adjuvants in the hepatitis B vaccines cur-
ently commercialized. Alum-adsorbed vaccines have been shown
o elicit essentially Th2 immune responses, and to poorly induce
ell-mediated immunity. It was reported that a Th2 adjuvant,
uch as Alum, is not efficacious in seroconversion in this non-
esponding population, while an adjuvant inducing a balanced
h1/Th2 response against HBsAg was able to overcome non-
esponsiveness to HBsAg in B10.M mice. Meanwhile, cellular
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emonstrated that PD modulated the quality of immune responses,
nd elicited a balanced Th1/Th2 immune response to HBsAg in mice
s associated sensitively with an enhancement of IgG2a, IgG2b and
gG1 levels [29].

In order to clearly establish that Th cell-derived cytokines
ere involved in the adjuvant activity of PD, we analyzed the

h1/Th2 cytokine secretion profiles in HBsAg-immunized mice
sing ELISA. PD not only significantly increased the production of
h2 cytokines IL-10, but also strongly enhanced the production
f Th1 cytokines IL-2 and IFN-� from splenocytes in the HBsAg-

mmunized mice. High IL-2 secretion correlated with the induction
f an antigen-specific cellular proliferative response, while the
igh level of IFN-� is consistent with the increase of IgG2a and

gG2b antibodies. Similarly, the mice immunized with Alum and
D had high level of IL-10 and corresponded to the high levels
f IgG1 titers in the mice. Together, the HBsAg-specific antibody

sotypes and cytokine profiles confirm that the PD promoted a
alanced Th1/Th2 type immune response, while Alum was asso-
iated with predominantly Th2 type immune responses. In order
o further elucidate the mechanism responsible for the changes
n the amounts of Th1 cytokines, we utilized real-time RT-PCR
(2009) 757–764 763
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