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a b s t r a c t

Saponins are natural glycosides of steroid or triterpene which exhibited many different biological and
pharmacological activities. Notably, saponins can also activate the mammalian immune system, which
have led to significant interest in their potential as vaccine adjuvants. The most widely used saponin-
based adjuvants are Quil A and its derivatives QS-21, isolated from the bark of Quillaja saponaria Molina,
which have been evaluated in numerous clinical trials. Their unique capacity to stimulate both the Th1
immune response and the production of cytotoxic T-lymphocytes (CTLs) against exogenous antigens
makes them ideal for use in subunit vaccines and vaccines directed against intracellular pathogens as
well as for therapeutic cancer vaccines. However, Quillaja saponins have serious drawbacks such as high
aponin
tructure–activity relationship

toxicity, undesirable haemolytic effect and instability in aqueous phase, which limits their use as adju-
vant in vaccination. It has driven much research for saponin-based adjuvant from other kinds of natural
products. This review will summarize the current advances concerning adjuvant effects of different kinds
of saponins. The structure–activity relationship of saponin adjuvants will also be discussed in the light
of recent findings. It is hoped that the information collated here will provide the reader with informa-
tion regarding the adjuvant potential applications of saponins and stimulate further research into these

compounds.

© 2009 Elsevier Ltd. All rights reserved.

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1788
2. Saponins with the adjuvant properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1788

2.1. Quil A and its purified saponins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1788
2.2. Ginseng saponins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1790
2.3. Panax notoginseng saponins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1790
2.4. Platycodon grandiflorum saponins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1790
2.5. Polygala saponins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1790
2.6. Others . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1791

3. Structure–activity relationship of saponins with the adjuvant properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1791
3.1. Structure–activity relationship of the adjuvant activities of saponins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1791

3.1.1. Effect of some particular functional groups on the adjuvant activities of saponins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1791

3.1.2. Influence of the sugar side chain on the adjuvant activitie

3.2. Structure–activity relationship of the haemolytic activities of sapo
4. Conclusion and perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

∗ Corresponding author. Tel.: +86 571 8697 1091; fax: +86 571 8697 1091.
E-mail address: sunhx@zju.edu.cn (H.-X. Sun).

264-410X/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.vaccine.2009.01.091
s of saponins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1792
nins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1792

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1793

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1793
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1793

http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:sunhx@zju.edu.cn
dx.doi.org/10.1016/j.vaccine.2009.01.091


1 cine 27

1

a
N
r
l
v
o

[
t
t
m
a
o
r
g
i
T
b
i
s

r
t
p
p
i
d
a
t
s
v

e
p
f
f
a
u
p
s
a
i
(
n
l
r
r
A
g
i
i
b
h
o
n
s
t
i

e
s
l
[

788 H.-X. Sun et al. / Vac

. Introduction

Vaccination remains the most cost-effective biomedical
pproach for the control and prevention of infectious diseases.
ew generations of vaccines, particularly those based on purified

ecombinant proteins, synthetic peptides and plasmid DNA, are
ikely to be less reactogenic and immunogenic than traditional
accines [1]. Therefore, there is an urgent need for the development
f a new and improved vaccine adjuvant [2–4].

Immunological adjuvants were originally described by Ramon
5] as “substances used in combination with a specific antigen
hat produce more immunity than the antigen alone”. Nowadays,
he increase of knowledge in the immunology field is leading to a

ore rational vaccine design aiming to elicit a specific, protective,
nd long-lasting immunity after vaccination. A rational selection
f adjuvants can be driven by the nature of the immune response
equired (Th1, Th2, antibodies, and CTLs) [6]. In case of toxins, a
ood humoral immune response is required; however, in case of
ntracellular bacteria the cell mediated response, mainly cytotoxic
cells and Th1 cells, is the most important. In case of viral infection
oth humoral and cellular response are fundamental to control the

nfection. After this, a strategy to elicit the suitable type of immunity
hould be planned [1].

Adjuvants have significant effects on the nature of the immune
esponses, and can tilt the immune system in favor to Th1 or Th2
ype response [7]. The versatile adjuvant that can induce the appro-
riate type of immune response to antigens for producing optimal
rotection against each type of infection would be highly desirable

n the vaccine industry [8]. Thus, one of the main challenges for the
evelopment of adjuvants is to learn how to selectively induce the
ppropriate type of immune response against each type of infec-
ion. On the other hand, suitable adjuvant should be low toxicity and
ide effects allowing their license to be used in human or veterinary
accine formations [9].

While several hundred different adjuvants including min-
ral salts, microorganism-derived adjuvants, emulsions, cytokines,
olysaccharides, nucleic acid-based adjuvants have been tested
or the research or usage in novel vaccine design over the last
ew decades, the vast majority have not been successful in being
pproved for human use, with limitations including lack of efficacy,
nacceptable local or systemic toxicity, difficulty of manufacture,
oor stability, and prohibitive cost [9–11]. Meanwhile, exacerbating
ub-clinical autoimmune diseases in addition to fever and erosion
t the local injected lesion induced by nature of adjuvants has lim-
ted their clinical use [12]. For example, freund’s complete adjuvant
FCA) causes inflammation, induration or necrosis with dissemi-
ated granulomas being reported in the lungs, liver, kidneys, heart,

ymph nodes and skeletal muscles of rabbits or rats [13]. For this
eason, until recently, only aluminum-based mineral salts (alum)
emain the most widely used adjuvant in human vaccines [14].
lum was the first adjuvants discovered in 1926 [15] and has a
ood safety record. However, alum is a weak adjuvant for antibody
nduction to protein subunits and a poor adjuvant for cell-mediated
mmunity [16]. Moreover, alum can induce immunoglobulin E anti-
ody responses, which is associated with some allergic reactions in
uman subjects [17]. In addition, alum mainly induces the increases
f IgG1, instead of IgG2a and IgG2b, indicating mainly Th2 immu-
ity induced in mouse medol [18]. MF59, consisting of emulsified
qualene, was the only adjuvant licensed for human use in addition
o alum [19–21]. Similarly, MF59 was also reported to favor Th2
mmune response [22].
Saponins are natural glycosides of steroid or triterpene which
xhibited many different biological and pharmacological actions
uch as immunomodulatory, antitumor, antiinflammatory, mol-
uscicidal, antiviral, antifungal, hypoglycemic, hypocholesterolemic
23,24]. Saponins have a diverse range of properties, which include
(2009) 1787–1796

sweetness, bitterness [25–27], foaming, emulsifying [28], and
haemolytic properties [23,29]. Saponins have wide applications in
beverages and confectionery, as well as in cosmetics [30,31] and
pharmaceutical products [23]. They are believed to form the main
constituents of many plant drugs and folk medicines, and are con-
sidered responsible for numerous pharmacological properties [32].
Notably, saponins can activate the mammalian immune system,
which has led to significant interest in their potential as vaccine
adjuvants [33]. The lead candidate saponin adjuvants are Quil A
and its derivatives QS-21 [34], which have been included as adju-
vant in vaccine formulations against HIV in guinea pig and human
[35–37], cancer in human [7,38], malaria in Aotus monkeys and
mice [39], respiratory syncytial virus [40], cytomegalovirus [41],
Toxoplasma gondii [42], and visceral leishmaniasis in mice [43–45].
The unique capacity of Quil A and QS-21 to stimulate both the
Th1 immune response and the production of CTLs against exoge-
nous antigens makes them ideal for use in subunit vaccines and
vaccines directed against intracellular pathogens as well as for ther-
apeutic cancer vaccines [46,47]. However, Quillaja saponins have
serious drawbacks such as high toxicity, undesirable haemolytic
effect and unstability in aqueous phase, which limits their use as
adjuvant in human vaccination [48–52]. Meanwhile, the overex-
ploitation of the Q. saponaria bark has caused important ecological
damage and a considerable shortage of the available supplies [53].
Therefore, many saponins from other kinds of natural product have
been screened and shown to possess the adjuvant activities during
the last decade. There have been several reviews in recent years
of published reports about saponin-based adjuvants [54,55]. Most
of them, however, deal with the chemical structure and adjuvant
activities of Quillaja saponins. The purpose of the present review
was to summarize adjuvant effects of different kinds of saponins
and their structure–function relationship and try to understand the
molecular mechanism of their activity, as far as the available liter-
ature permits. It is hoped that the information collated here will
provide the reader with information regarding the adjuvant poten-
tial applications of saponins and stimulate further research into
these compounds.

2. Saponins with the adjuvant properties

2.1. Quil A and its purified saponins

The literature dealing with the adjuvant properties of saponins
almost exclusively focuses on the extracts of Quillaja saponaria
Molina [54,55]. Q. saponaria extract as adjuvants was first described
in the 1930s, and later used to improve a foot-and-mouth dis-
ease vaccine. In 1978, Dalsgaard first obtained an enriched mixture
of saponins (Quil A) from this extract, and found Quil A stimu-
lated both humoral and cellular immunity as well as to induce
differential antibody isotypes [56]. Quil A had been used commer-
cially in a veterinary foot-and-mouth disease vaccine as well as
in some experimental vaccines [57–59]. However, its toxicity pre-
cludes expanded use in human vaccines.

Since Quil A was a heterogenous mixture of saponins when ana-
lyzed using RP-HPLC (Fig. 1) [60], it was possible that the various
components may produce different levels of adjuvanticity and tox-
icity that could be exploited to produce useful adjuvants for human
vaccines. The purification and structure–function relationships of
adjuvant-active saponins have been the subject of interest. The first
detailed immunological study of saponin fractions isolated by RP-
HPLC using bovine serum albumin as the antigen showed that 10

of the fractions including the major peaks QS-7, QS-17, QS-18, and
QS-21 had adjuvant activity [61]. While the adjuvant and physical
properties of these saponins are similar, their toxicity varies consid-
erably. QS-18 is lethal in mice at doses as low as 25 �g, while QS-21
shows only some lethality at 500 �g [60]. These results and others
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Fig. 1. HPLC chromatograms of an aqueous extract of Q. saponaria bark treated
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y ultrafiltration (A), saponin QS-7 (B), saponin QS-17 (C), saponin QS-18 (D) and
aponin QS-21 (E). Gradient was 30–40% 0.1% TFA/acetonitrile/30 min, 40%/15 min
t a flow rate of 1 ml/min. A total of 100 �g of purified saponin or 200 �g bark extract
dry weight) was used per injection [60].

ed to the development of QS-21 as an effective adjuvant with a
ecombinant subunit vaccine against feline leukemia virus (FeLV)
hich is commercially available [60,62]. The addition of QS-21 to a
enatured recombinant FeLV-A envelope glycoprotein expressed in
scherichia coli resulted in the protection of cats against a challenge
ith infectious FeLV. In effect, several authors have shown that Quil-

aja saponins (including QS-21) stimulated the production of CTLs
nd induces Th1 cytokines (IL-2 and IFN-�) and antibodies of the
gG2a isotype to protein antigens [46,63,64]. In addition, QS-21 can
e applied in subunit vaccines to produce variant-specific antibody
esponses, inducing CTL also to an additional unidentified epitope
utside antigen-specific region [65]. QS-21 has also been claimed to
erform as an adjuvant for DNA vaccines, following both systemic
nd mucosal administration [66].

The high toxicity and undesirable haemolytic effects of Quil A
nd QS-21 have been pointed out as the main restriction to their
se in human vaccination [50]. The hemolytic activity of Quil A and

S-21 was shown to relate to the presence of side chains bearing
glycone (sugar chains) [67], acyl residues or the epoxy-framework
ystem [28]. QS-21 consists of quillaic acid with one branched
risaccharide and one unbranched tetrasaccharide attached, and a
imeric fatty acyl group attached to the first sugar of the tetrasac-
(2009) 1787–1796 1789

charide by an ester linkage (Fig. 2). The presence of fatty acids could
favor interactions between the saponin and membrane cholesterol
promoting the haemolysis [68], because deacylsaponins showed
no toxicity [45]. Their lipophilic acyl side chain was showed to be
responsible for the remarkable stimuli for CTL production against
exogenous proteins and instability under physiological conditions
[51]. Spontaneous deacylation would occur in aqueous solution
[69], leading to the production of the deacylated saponins which
are significantly less toxic and capable of eliciting a Th2 response
while fail to stimulate either a lymphoproliferative response or the
formation of CTL [51].

Adjuvant activities of Quil A and its purified saponins have been
proved in the research of veterinary and human vaccination. In
veterinary vaccine research, QS-21 was found to improve immune
response of both particulate and soluble antigens of Aujeszky’s
disease virus (ADV) by promoting the production of IgG1 and
IgG2a antibodies in a large extent [70]. The advantages of Quil
A over leading to Th1 immune response can be demonstrated
by their comparison with other adjuvants in combination with
the fucose–mannose ligand of Leishmania donovani (FML). It was
showed that the QS-21/FML and Quil A/FML groups achieved the
highest IgG2a response, while Quil A/FML developed the strongest
delayed type of hypersensitivity (DTH) and QS-21/FML animals
showed the highest serum IFN-� concentrations among five kinds
of adjuvants including Riedel de Haen (R), Quil A, QS-21 saponins,
IL-12 and BCG in vaccination of an outbred murine against visceral
leishmaniasis [71]. Moreover, vaccination research against Plas-
modium falciparum [72], purified opacity protein from the major
outer membrane proteins of the pathogenic Neisseria [73], native
Ostertagia ostertagi polyprotein allergen in cattle [74], foot-and-
mouth disease [75] and Measles virus in mice [76] all showed that
Quil A or QS-21 can elicit serum antigen-specific Th1-associated
immunoglobulin level in the vaccinated animals. While being
suitable for veterinary applications, Quil A was less satisfactory
for human applications as it causes the local reactions, typically
consisting of transient mild or moderate pain, tenderness, and
induration. In some human vaccine design, QS-21 has been eval-
uated for their adjuvant activities. Improving immunogenicity of
a synthetic malaria peptide vaccine SPf66 was achieved by using
SPf66/QS-21 vaccines. It reported that vaccine formulations con-
taining QS-21 induced a 45- to over 200-fold increase in anti-SPf66
IgG titers over the alum formulation after the second and third
doses, respectively in healthy adults. And antibody responses gen-
erated by the QS-21 formulations were of longer duration compared
to those evoked by the alum formulation, demonstrating that the
use of QS-21 can substantially enhance the immunogenicity of pep-
tide vaccines [77]. However, no clear immune response advantage
was identified among healthy adults for QS-21 adjuvanted influenza
vaccine while vaccination site pain and post vaccination myalgias
were greater in the QS-21 group [78], indicating that adjuvant activ-
ities of QS-21 in human vaccine should be further confirmed in the
future studies.

Quil A can also be applied in the novel design of immunothera-
peutic or tumor vaccine. Leishmune vaccine, formulated with an
increased adjuvant from Quil A, decreased average of the clin-
ical scores, but increased average of CD4+ Leishmania-specific
lymphocytes for the immunotherapy-treated dogs, indicating the
immunotherapeutic potential of this vaccination on canine vis-
ceral leishmaniasis [79]. Induction of an immune response against
cancer antigens is generally difficult because these antigens are
autoantigens. To get maximal benefit from the adjuvant component

of cancer vaccines, researches had tested effects of combinations
of optimal adjuvants on improving immune response against vac-
cines containing two cancer antigens, GD3 ganglioside and MUC1
peptide, covalently attached to keyhole limpet hemocyanin (KLH)
[80–82]. It showed that twelve different adjuvant combinations and
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PI-0100 (semi-synthetic saponin from Quil A) were superior to
S-21 alone for induction of IgM and IgG antibodies against MUC1
nd/or GD3 and their corresponding IFN-� release and DTH against
LH.

.2. Ginseng saponins

Ginseng saponins (ginsenosides) are believed to be the active
ubstances in the root of Panax ginseng. Ginseng extract significantly
ncreased the blood polymorphonuclear leukocyte phagocytosis
nd intracellular killing [83], and lymphocyte proliferation [84], and
FN-� and TNF production [85]. Ginseng extract could also enhance
pecific antibody response against diphtheric toxoids in mice [86]
nd increase IgG and IgM antibody responses in mice immunized
ith sheep red blood cells (SRBC) [87]. Rivera et al. [88] reported

hat ginseng extract potentiated the antibody response to porcine
arvovirus (PPV) in guinea pigs. Adjuvant effect of ginsenoside on
acterial antigens can be obtained by evaluating the enhancing
ffect on vaccinating pigs against Erysipelothrix rhusiopathiae infec-
ions [89]. Ginsenosides may induce Th1 and Th2 immune isotype,
arying according to the antigen and the species [90]. Ginsenoside
b1 induced balanced Th1 or Th2 type of immunity of PPV vaccines
91], while ginsenoside Rg1 enhanced Th2 lineage development
rom the naive CD4+ T cell both by increasing Th2 specific cytokine
ecretion and by repressing Th1 specific cytokine production [92].

.3. Panax notoginseng saponins

The roots of P. notoginseng (Burk.) F. H. Chen has been used in tra-
itional Chinese medicine for treatment of cardiovascular diseases,

nflammation, different body pains, trauma, and internal and exter-
al bleeding due to injury [93]. Over 50 different saponins isolated

rom P. notoginseng belong to the dammarane-type saponins, which
re the main bioactive principles in this drug and account for 12% of
he total root [94]. These saponins include ginsenosides, notogin-
enosides and gypenosides and are composed of a protopanaxadiol
nd of protopanaxatriol glycosides [95,96]. Although some of its
hemical constituents were similar to those present in two other

ell-known species in the same plant genus—P. ginseng and P.

uinquefolium, notoginsenosides are the inherent constituents in
. notoginseng. P. notoginseng saponins were shown to display a
light haemolytic effect and enhance significantly a specific anti-
ody and cellular immune response against OVA in mice [97]. From
he acyl side chain responsible for Th1 type responses, CTL stimulation and toxicity.

this extract, Sun et al. isolated eleven immunological adjuvant-
active saponins, notoginsenosides K, R1, R2, R4 and U, as well as
ginsenosides Rb1, Rd, Re, Rg1, Rh1, Rh4 [98–101]. Yoshikawa et al.
also examined the adjuvant effect of eleven notoginsenosides (A,
C, D, G–N), two ginsenosides (Rb1, Rg1), and five quinquenosides
(I–V) from P. notoginseng and P. ginseng, and found that noto-
ginsenosides D, G, H and K could increase the sera IgG level in
OVA-immunized mice, and notoginsenosides A, C, I, L, and N and
quiquenosides III–V tended to show this activity [102]. In order to
further elucidate the mechanism responsible for adjuvant activity
of P. notoginseng saponin, ginsenoside Rd was evaluated for induc-
ing Th1 or Th2 immune responses in mice against OVA, and was
proved to increase a antigen-specific antibody and cellular response
and elicit a Th1 and Th2 immune response by regulating production
and gene expression of Th1 cytokines and Th2 cytokines [103].

2.4. Platycodon grandiflorum saponins

The saponins from the root of P. grandiflorum increased a specific
antibody and cellular response against OVA in mice, and could be
a promising balanced Th1 and Th2 directing immunological adju-
vants [104]. The further purification of this extract afforded four
adjuvant-active saponins, platycodin D, D2, D3, and platycoside E.
These four saponins all significantly enhanced the Con A-, LPS-
, and OVA-induced splenocyte proliferation, serum OVA-specific
IgG, IgG1, IgG2a, and IgG2b antibody titers in the immunized mice.
Platycodin D and D2 were found to promote the mRNA expression
of cytokines IL-2, IFN-�, IL-4, and IL-10 and transcription factors
T-bet and GATA-3 in Con A-stimulated mice splenocytes, suggest-
ing that these saponins could simultaneously elicited a Th1 and
Th2 immune response by regulating gene expression of Th1/Th2
cytokines and transcription factors [105,106]. Platycodin D and D2
have recently proved to possess the adjuvant activities on recom-
binant hepatitis B surface antigen (rHBsAg), Newcastle disease
virus-based live attenuated vaccine, and fowlpox virus expressing
the avian influenza virus H5 gene [107–109].

2.5. Polygala saponins
The earliest report on adjuvant activity of saponins from Poly-
gala was given by Mita et al. [110] in 1979. In his study, onjisaponin
B was reported to increase antigen-specific antibody producing
cells in the serum in SRBC-immunized mice. Two saponin fractions
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rom the root of P. senega increased specific antibody levels in mice
mmunized with ovalbumin and hens immunized with rotavirus.
n mice, there was a preferential increase of the IgG2a subclass,
igh IL-2 and IFN-� production. These two fractions were less toxic
han Quil A at the same dose [111]. Katselis et al. [112] evaluated
he immunological activity of eight pure saponins from the root
f P. senega in mouse models with OVA. Among eight saponins,
S1, onjisaponin A and onjisaponin B significantly increased the
gG2a subclass antibody and IL-2 production. Among the hot water
xtracts from 267 different types of Chinese and Japanese medici-
al plants screened for the adjuvant activity, the root of Polygala
enuifolia contained the most potent adjuvants when combined
ith nasal influenza or diphtheria–pertussis–tetanus (DPT) vac-

ine, and its active substances were identified as onjisaponins A,
–G. These four onjisaponins provided safe and potent adjuvants for
ntranasal inoculation of influenza HA and DPT vaccines [113]. We
ave recently isolated six adjuvant-active saponins, onjisaponins
, B, polygalasaponin XXVII, XXXII, and tenuifolisaponin A, B from

he root of P. tenuifolia [114]. Tenuifolisaponin A and B significantly
nhanced ORF2-specific IgG, IgG1 and IgG2b antibody titers in the
ice immunized with porcine circovirus type 2 ORF2-based DNA

accine by up-regulating expressions of cytokine IL-2, 4, 10 and
NF-� mRNA [115].

.6. Others

The other adjuvant-active saponins isolated in recent years were
hown in Table 1.

. Structure–activity relationship of saponins with the
djuvant properties
Saponins are present in a wide range of plant species and in
ome marine organisms [147]. Saponins are complex molecules
onsisting of non-sugar aglycone coupled to sugar chain units [148].
aponins are often subdivided into two main classes, the triter-

able 1
pecification of the other adjuvant-active saponins isolated in recent years.

pecies Saponin typea Features

chyranthes bidentata saponins 3-MD, 3,28-BD Slight haemolytic; pro
IgG2b antibody titers.

nemone raddeana saponins 3-MD, 3,28-BD
stragalus membranaceus 3-MD, 3,6 (25)-BD, 3,6,25-TD Slight hemolytic; enha

antibody titers; prom
titer in chicken vaccin

henopodium quinoa saponins 3-MD, 3,28-BD Mucosal adjuvant; po
and OVA; increase mu

scins 3-MD Low toxicity; induce l
lycyrrhiza saponins 3-MD Slight haemolytic; enh

antibody titers, and IL
ypenosides 3-MD, 3,21-BD Slight haemolytic; inc

antibody levels, releas
ujubosides 3-MD Less or no haemolytic
inmoonosides 3,28-BD Activate T and B cells;
ablabosides 3,28-BD Induce the production
eriandradulcins 3-MD Slight haemolytic; inc
ulcherrimasaponin (CP05) 3,28-BD Induced an equally po

and IgG3 titers compa
uillaja brasiliensis saponins 3-MD Low toxicity; enhance

levels.
aikosaponins 3-MD Slight haemolytic; enh

and IgG2b antibody le
cytostatic activity and

oyasaponins 3-MD, 3,22-BD Little haemolytic; ind
predominantly the IgG

aurosides 3-MD Induce strong humora
rgp120.

rigoneosides 3,26-BD No haemolytic; increa

a Described on the basis of the number and position of sugar chain(s). MD: monodesm
(2009) 1787–1796 1791

penoid and the steroid saponins [149], which are both derived from
the 30 carbon atoms containing precursor oxidosqualene [150]. The
difference between the two classes lies in the fact that the steroid
saponins have three methyl groups removed (i.e. they are molecules
with 27 C-atoms), whereas in the triterpenoid saponins all 30 C-
atoms are retained. Saponins have one or more linear or branched
sugar chains containing glucose, galactose, glucuronic acid, xylose,
rhamnose or methylpentose, attached to the aglycone via a glyco-
sidic ether or ester link. In some saponins, the presence of acylated
sugars has also been detected. According to the number of sugar
chains attached to the aglycone, the saponins can be monodesmo-
sidic saponins (with a single sugar chain), or bidesmosidic saponins
(with two sugar chains). In the monodesmosidic saponins, the sugar
chain is typically attached by a glycosidic ether linkage at the C-3
of the aglycone. In addition to the C-3 linked sugar chain, bidesmo-
sidic saponins have a second sugar chain bound at C-28 (triterpene
saponins) or at C-26 (steroid saponins) by an ester linkage. Because
of the typical lability of esters, bidesmosidic saponins are readily
converted into their monodesmosidic forms by mild hydrolysis. The
bidesmosidic saponins may have potent biological and pharmaco-
logical activities in animals [151].

3.1. Structure–activity relationship of the adjuvant activities of
saponins

The adjuvanticity of saponin depends on its structure comprised
of hydrophilic sugar side chains and hydrophobic aglycone back-
bone [29]. The adjuvant activity of saponins was also thought to be
related to branched sugar chains or aldehyde groups [144] or to an
acyl residue bearing the aglycone [63].
3.1.1. Effect of some particular functional groups on the adjuvant
activities of saponins

The adjuvant activity of saponins was thought to be related to
aldehyde groups in the aglycones [47,144]. QS-21 derivatives that
were modified at the carboxyl group on an anionic sugar, glucuronic

Ref.

mote OVA-specific splenocyte proliferation, and IgG, IgG1 and [116]

[117]
nce OVA-specific splenocyte proliferation, and IgG, IgG1 and IgG2b

ote the peripheral lymphocyte proliferation and serum antibody
ated with Newcastle disease vaccine; activate macrophages.

[118–120]

tentiate specific IgG and IgA antibody responses to cholera toxin
cosal permeability.

[121,122]

ower antibody responses to OVA than QS-21. [29]
ance OVA-specific splenocyte proliferation, IgG, IgG1 and IgG2b

-12 production from lymphocytes and macrophages.
[123,124]

rease OVA-specific splenocyte proliferation, IgG, IgG1 and IgG2b
e of IL-2 from splenocyte and IL-1 from macrophages.

[125–127]

; increase OVA-specific antibody response. [128]
enhance OVA-specific IgG, IgG1 IgG2a and IgG2b antibody levels. [129,130]
of large IgG1 and little IgG2a antibody response to ADV antigen. [131,132]

rease IgG, IgG1, IgG2a and IgG2b response to FML antigen. [67]
tent DTH to FML and IgG2b response, and a slight lower IgG, IgG2a
red with QS-21.

[133,134]

bovine herpesvirus type 1 specific IgG, IgG1 and IgG2a antibody [135]

ance OVA-specific splenocyte proliferation, and serum IgG, IgG1
vels; increase level of IL-1 and cellular lysosomal enzyme, induce
expression of Fc receptor and Ia antigen of macrophages.

[136–142]

uce a stronger antibody response to OVA than QS-21,
1 isotype but little IgG2a.

[143–145]

l immune responses to HIV-1 envelope glycoproteins rgp160 and [146]

se OVA-specific antibody response. [29].

oside; BM: bisdesmoside; TD: tridesmoside.
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hemolytic activity [71], mice lethality [69] and loss of hair [71].
Deacylsaponins from QS-21 or CP05 were reported to show no
792 H.-X. Sun et al. / Vac

cid, by reacting the glucuronic acid carboxyl group of QS-21 with
ree amino groups, retained adjuvant activity for antibody stimula-
ion, in contrast, QS-21 derivatives modified at an aldehyde on the
riterpene did not show adjuvant activity for antibody stimulation
r for induction of cytotoxic T-lymphocytes [47]. These results stress
he pivotal role that the aldehyde group plays in the adjuvant prop-
rties of Quillaja saponins. One possible mechanism involving the
ldehyde might be the formation of a Schiff base with a free amino
roup on the surface of an immune cell target [152]. Palatnik de
ousa et al. [153] suggested that the proportion of conformational
somers of the triterpen-aldehyde is crucial for the integrity of the
h1 adjuvant response and it seems that axial aldehyde are more
mportant in humoral immune response while equatorial alde-
yde are more relevant to the cellular protective immune response.
lthough the similarities in the potency of the humoral response

nduced by the QS-21 and CP05–FML formulations are related to
heir similarities in composition and structure, the presence of the
ldehyde group in QS-21 but not in CP05 could then explain the
tronger induction of the typical Th1 IgG2a subtype in QS-21 [44].
he study on the saponins from the root of P. tenuifolia showed that
carboxyl function at position 23 instead of an aldehyde group can
e just as effective for inducing adjuvant activity [113].

It was reported that the adjuvant activity of saponins also relates
o the acyl residue bearing the aglycone [63]. In contrast to the

ajority of saponins from other species, Quillaja saponins are acy-
ated. The three most predominant saponins (QS-17, QS-18 and
S-21) are acylated at the 4-hydroxyl position of fucose with two

inked 3,5-dihydroxy-6-methyloctanoic acids containing a glyco-
ylation site at the 5-OH position of one of the acyl chains. It was
roved that the remarkable property of Quillaja saponins to stimu-

ate CTL production against exogenous proteins appears to depend
n their lipophilic acyl side chain [51]. Deacylated QS-18 and QS-
1 induced a lower total-IgG response to bovine serum albumin
han that induced by the native acylated forms [61], and the dea-
ylsaponin of QS-21 (termed DS-1) did not stimulate a strong level
f antibody or OVA-specific CTL responses [154]. DS-1 (deacylated
S-21) and RDS-1 (reacylated DS-1 with dodecylamine at a dif-

erent site than QS-21) induced IgG1 responses at higher doses
ompared with that induced by QS-21. However, DS-1 was inac-
ive for inducing IgG2a or CTL responses at any doses, while RDS-1
howed moderate IgG2a response, but did not show CTL response
t any dose evaluated [155]. Oliveira-Freitas et al. [45] reported
hat the QS-21 exhibited mild toxicity, significant adjuvant effect
n the anti-FML humoral response before and after L. donovani
nfection, and decrease in liver relative weight, while the deacyl-
aponins showed no toxicity, less haemolysis, antibody and DTH
esponses increased mainly after infection. This suggests that acy-
ation is highly critical to Th1 type responses (CTL, IgG2a), but less
ritical to Th2 type responses (IgG1). However, studies from another
ind of saponin CP05 from Calliandra pulcherrima gave the different
esults [134]. Balb/c mice were immunized either intact saponin
CP05), the monoterpene-deprived (BS), the C-28 carbohydrate-
eprived (HS) or the sapogenin fraction in formulation with the FML
ntigen of L. donovani and challenged with L. chagasi. The results
howed that the monoterpene acylated moiety is not necessary for
he induction of a protective global Th1 response, because BS vac-
ine showed powerful protective effect and anti-FML antibody or
FN-� secretion [134].

Although aldehyde, carboxyl or some acylate groups in molec-
lar structure play the pivotal role in the adjuvant properties of
uillaja saponins, many saponins lacking the aldehyde group and
cyl residues such as soyasaponins and lablabosides also showed
trong adjuvant activity. On the other hand, the most of the escins

hat have acyl residues did not show adjuvant activity. Thus, the
ldehyde group and the acyl residue in a saponin molecule are not
onsidered to be essential for adjuvant activity [29].
(2009) 1787–1796

3.1.2. Influence of the sugar side chain on the adjuvant activities
of saponins

It was recognized that the sugar side chain in saponins may be
essential to their adjuvanticity [61]. Soyasaponins bearing sugar
chain(s) showed adjuvanticity stimulating anti-OVA total-IgG and
IgG1 antibody responses while their corresponding aglycones soy-
asapogenols A and B, did not. Among bisdesmosidic soyasaponins,
soyasaponin A1 with a long sugar side chain induced stronger
total-IgG and IgG1 antibody responses than soyasaponin A2. For
monodesmosidic soyasaponins, the ranking in terms of antibody
response was soyasaponin I > soyasaponin II > soyasaponin III. Thus,
Oda et al. concluded that the adjuvant activity tended to increase
with the sugar side chain length and the HLB value [145]. The impor-
tance of glycidic chain was also demonstrated in other saponins
with triterpenoid aglycone such as CP05 [134]. The HS saponin of
CP05, which is C-28 carbohydrate-deprived, showed diminished
responses in FML vaccine, except for IFN-� secretion, indicating that
the integrity of the carbohydrate moiety attached to C-28 is manda-
tory for the these functions. In a study of relationship between
haemolytic and adjuvant activity and structure of protopanaxadiol-
and protopanaxatriol-type saponins from the roots of P. notogin-
seng, it was found that the number, length and position of sugar
side chains, and the type and the linkage of glucosyl group in
the structure of these saponins could not only affect the adjuvant
potentials, but have significant effects on the nature of the immune
responses [156,157]. It has recently been reported that the number
of sugar residues in the glycidic chains attached to C-3 of aglycone
could affect the adjuvant activities of platycodigenin-type saponins,
and the adjuvant activity decreased with the increased number of
monosaccharide of the glycidic moieties at the C-3 of the aglycone
[105].

A lot of adjuvant components have an amphipathic struc-
ture. Saponins also have those features. Especially the overall
conformation harmoniously constructed by both hydrophilic
and hydrophobic functional groups, rather than each individual
functional group itself, is the most essential element for the con-
sideration of adjuvant activity.

3.2. Structure–activity relationship of the haemolytic activities of
saponins

It was claimed in the past that saponins should not be used
as adjuvant due to their intrinsic haemolytic properties. Neverthe-
less, there are saponins that show low or no haemolytic effect. The
haemolytic activity of saponins is considered to be influenced by the
affinity of the aglycone to cholesterol in cell membranes [158]. The
degree of activity or affinity depends on the type of aglycone itself
[159,160], or the presence of side chains bearing aglycone; i.e. sugar
chains [67,161–163], acyl residues [164], or the epoxy-framework
system [165]. Takechi and Tanaka analyzed the haemolytic activity
of 27 saponins out of 75 synthetic steroid and triterpene glyco-
sides and found that the haemolytic activity of the steroids were
greater than that of the triterpenoids and the haemolytic rates of
the steroids were faster than those of the triterpenoids [160]. San-
tos et al. [67] also reported that saponins of Agave sisalana and
Smilax officinalis shared a steroid aglycone moiety were the most
haemolytic, while saponins obtained from Bredemeyera floribunda
and Periandra mediterranea with a triterpenoid aglycone moiety the
less haemolytic. QS-21, however, although a triterpenoidal saponin
is still highly haemolytic [45,153]. The fatty acid moiety in QS-
21 was reported to be the responsible for the toxicity evident by
toxicity, less haemolysis [45,134]. Ronnberg et al. [166] also demon-
strated that reduction of toxicity of Quillaja saponins is obtained
after the carbohydrate moiety degradation with IO4Na treatment.
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nother treatment of Riedel de Haen saponin (R) and Quil A with
2SO4 gave rise to their sapogenin fractions, which showed much

lighter in vivo toxicity and reduced hemolytic potential without
ffecting their aldehyde and Th1 cellular immune response [153].
hus, the presence of a monoterpene hydrophobic moiety could
avor interactions between the saponin and membrane choles-
erol promoting the haemolysis. On the other hand, the size of
he attached glicidic chains also modulates the hemolytic activ-
ty of saponins. The saponin from P. mediterranea, for instance, has

single sugar chain which is composed of two residues of glu-
uronic acid attached to carbon C-3 via oxygen. The hemolytic effect
f this triterpenoid saponin was further reduced by removal of
he glycosidic moiety [67]. The saponin and sapogenin fractions
solated from B. floribunda and Riedel De Haen or Quil A [153]
lso showed that the removal of the glicidic moiety abolished the
ndesirable hemolytic activity but still maintaining the adjuvant
otential. Sun et al. reported that the number, the length and the

ocation of sugar side chains, and the type of sugar in sugar moiety
ll could affect the haemolytic activity of protopanaxadiol-type and
rotopanaxatriol-type saponins [156,157]. The hemolytic potentials
f platycodigenin-type saponins could decrease with the increased
umber of monosaccharide of the glycidic moieties at the C-3 of the
glycone [105]. Therefore, it is considered that not only the func-
ional groups and the glycidic moieties themselves, but their overall
onformation affects haemolytic activity of saponins.

. Conclusion and perspective

This review has summarized the current development of
aponin-based adjuvant for potential use in human or veterinary
accines. More and more researches have focused on improved
aponin-based adjuvant which may increase the effectiveness of
urrent vaccines. There is, however, no universal ideal adjuvant for
ach vaccine and they should be adapted according to specific cri-
eria to have the best balance between safety and efficacy. Until
ecently, Quil A remains most widely used in research or produc-
ion for novel vaccines, and most studies on the mechanisms or
tructure–activity relationship of saponins are focused on Quil A
r its purified compounds. However, several drawbacks of Quil A
nd its purified saponins have limited their clinical use in vaccine
esigns. The researches have paid more and more attentions to
ther kinds of saponins extracted from natural products or tradi-
ional Chinese medicines.

Several saponins have been showed to possess excellent adju-
ant effect with relatively lower haemolysis, making them ideal
djuvant candidate for future use. Consequently, these kinds of
djuvants also need elaborated research to show their detailed
echanism of protection against different diseases and their spe-

ific enhancement of humoral or cellular immune response should
e further confirmed in various novel vaccines for human or vet-
rinary use. ISCOMTM and ISCOMATRIXTM combine the advantages
f a particulate carrier system with the presence of an in-built
djuvant (Quil A) and consequently have been found to be more
mmunogenic than other colloidal systems such as liposomes
nd protein micelles [167]. Critically, formulation of ISCOMTM

nd ISCOMATRIXTM vaccines retained the adjuvant activity of the
aponin, while removing its haemolytic activity, producing no tox-
city. They also required substantially less antigen and adjuvant to
nduce immunity in the host than vaccination with simple mixtures
f free antigen and saponins [33]. Many studies have demon-
trated the ability of ISCOMTM and ISCOMATRIXTM vaccines to

nduce strong antigen-specific antibody and cell-mediated immune
esponses to a wide range of antigens in a number of animal models
168–170]. As such, the adjuvant properties of these other saponins
eserve further investigations when incorporated into ISCOMTM

nd ISCOMATRIXTM.
(2009) 1787–1796 1793

Although some saponins have a strong adjuvant activity when
administered parenterally, in general, they have a low or no activ-
ity when delivered orally. This low oral activity may be due to (i)
the relatively low doses of saponin delivered to the gastrointestinal
tract, and (ii) the saponin’s breakdown to non-absorbable byprod-
ucts by gastric and intestinal secretions and the intestinal flora [55].
Nevertheless, some ingested saponins (i.e. licorice) show signifi-
cant pharmacological activity that indicates some gastrointestinal
absorption occurs. Thus, how or what the routes of injection influ-
ence the adjuvant effect of saponin remains to be resolved. Other
remaining questions include the levels of IgE generated with these
saponin-based vaccines and the crucial question of longevity of the
immune response that is generated.

Acknowledgements

This work was supported by Grant-in-Aid from the National
Natural Science Foundation of China (No. 30871888), the Zhejiang
Provincial Natural Science Foundation of China (No. R3080027)
and the Administration of Traditional Chinese Medicine of Zhejiang
Province (No. A2006Z017).

References

[1] Lima KM, dos Santos SA, Rodrigues Jr JM, Silva CL. Vaccine adjuvant: it makes
the difference. Vaccine 2004;22:2374–9.

[2] O’Hagan DT, Mackichan ML, Singh M. Recent developments in adjuvants for
vaccines against infectious diseases. Biomol Eng 2001;18(3):69–85.

[3] Marciani DJ. Vaccine adjuvants: role and mechanisms of action in vaccine
immunogenicity. Drug Discov Today 2003;8:934–43.

[4] Rock KL, Hearn A, Chen CJ, Shi Y. Natural endogenous adjuvants. Springer
Semin Immunopathol 2005;26(3):231–46.

[5] Ramon G. Sur la toxine et sur I’anatoxine diphtheriques. Ann Inst Pasteur
1924;38:1–10.

[6] Leclerc C. New approaches in vaccine development. Comp Immunol Microbiol
Infect Dis 2003;26:329–41.

[7] Livingston PO, Adluri S, Helling F, Yao TJ, Kensil CR, Newman MJ, et al. Phase I
trial of immunological adjuvant QS-21 with a GM2 ganglioside-keyhole limpet
haemocyanin conjugate vaccine in patients with malignant melanoma. Vac-
cine 1994;12(14):1275–80.

[8] Mcneela EA, Mills KH. Manipulating the immune system: humoral versus cell-
mediated immunity. Adv Drug Deliv Rev 2001;51(1-3):43–54.

[9] Aguilar JC, Rodríguez EG. Vaccine adjuvants revisited. Vaccine
2007;25(19):3752–62.

[10] McCluskie MJ, Weeratna RD. Novel adjuvant systems. Curr Drug Targets Infect
Disord 2001;1(3):263–71.

[11] Spickler AR, Roth JA. Adjuvants in veterinary vaccines: modes of action and
adverse effects. J Vet Intern Med 2003;17(3):273–81.

[12] Azuma I, Seya T. Development of immunoadjuvants for immunotherapy of
cancer. Int Immunopharmacol 2006;1(7):1249–59.

[13] Holmdahl R, Lorentzen JC, Lu S, Olofsson P, Wester L, Holmberg J, et al. Arthritis
induced in rats with nonimmunogenic adjuvants as models for rheumatoid
arthritis. Immunol Rev 2001;184:184–202.

[14] Pascual DM, Morales RD, Gil ED, Muñoz LM, López JE, Casanueva OLJ. Adju-
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