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Abstract

Immunoadjuvants have major effects on the immune responses in vaccine formulations. Many specific adjuvants have been
studied, including mineral salts, emulsions, cytokines, non-ionic block copolymers, carbohydrate polymers, muramyl dipeptides,
and saponin-based adjuvants. Here, we focus on quillaic acid—containing saponin-based adjuvants and their mechanisms of
action. Interestingly, when analyzing the adjuvants capable of forming immune-stimulating complexes, one of the characteristics
shared by the majority of them is the presence of quillaic acid as the aglycone. This suggests that quillaic acid might be a strategic
molecule for immunoadjuvant activity and a powerful candidate in the development of novel adjuvants.
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Introduction

Vaccination has been one of the most effective public
health measures to reduce infectious diseases and associat-
ed mortality, particularly in children. A variety of vaccines
generally require the addition of adjuvants to trigger suffi-
cient immunological stimulation and ensure safety when
facing challenges. Adjuvants have often been used in hu-
man vaccine formulations for nearly a century in an effort
to increase immunogenicity of the vaccine, mainly by stim-
ulating innate immunity, facilitating controlled inflamma-
tion, and improving adaptive immune responses. However,
the major troubles for adjuvant use in human vaccines in-
clude limiting the residual toxicity and adverse side effects
of induced inflammation (Petrovsky 2015), for which mit-
igation is generally prevented by a limited understanding
of the mechanisms of action (den Brok et al. 2016; Marty-
Roix et al. 2016). This is why so few adjuvants are ap-
proved for humans, but in clinical trials, many
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formulations are being evaluated (Oleszycka and Lavelle
2014; Leroux-Roels et al. 2016).

Adjuvants have major effects on immune responses and
can tilt the immune system in favor of a Thl- or Th2-type
response (Livingston et al. 1994). In the vaccine industry,
it is highly desirable to have a flexible adjuvant that can
induce the correct form of immune response to antigens to
provide an optimal defense against each type of infection
(McNeela and Mills 2001). Thus, one of the key challenges
in adjuvant production is learning how to selectively in-
duce the correct form of immune response to each type of
infection. On the other hand, the correct adjuvant should
have low toxicity and side effects to allow for use in human
formulations (Aguilar and Rodriguez 2007). Although sev-
eral hundred specific adjuvants have been studied for re-
search or use in novel vaccine designs over the past few
decades, including mineral salts, microorganism-derived
adjuvants, emulsions, cytokines, non-ionic block copoly-
mers, carbohydrate polymers, muramyl dipeptides, and
nucleic acid-based adjuvants, the overwhelming majority
have failed to obtain approval for human use, with limita-
tions including lack of efficacy, undesired local, and/or
systemic toxicity, difficulty of manufacture, poor stability,
and prohibitive cost (McCluskie and Weeratna 2001;
Aguilar and Rodriguez 2007; Apostodlico et al. 2016).
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Saponins are a widespread class of natural compounds
found in many plant species. They consist of a hydropho-
bic pentacyclic triterpene (Cj() or tetracyclic steroidal
(C,7) backbone and one or two hydrophilic glycoside
moieties attached it. Due to this structural composition,
saponins are amphiphilic glycoconjugates that make
soap-like foams in water that exhibit a number of different
biological and pharmacological properties, such as ion
channel inhibitory, opioid receptor modulatory, immuno-
modulatory, antitumor, antiinflammatory, antiviral, anti-
fungal, hypoglycemic, genotoxicity, hypocholesterolemic,
and cytotoxicity-enhancing properties. Saponins are com-
monly used in beverages, confectioneries, and cosmetic
and pharmaceutical products (Sparg et al. 2004; Arslan
et al. 2012, 2013; Arslan 2014; Arslan 2017; Arslan and
Ili 2015; Nazir et al. 2015). Saponin not only has stimu-
lating effects on specific immunity components but also
results in certain non-specific immune reactions, such as
inflammation (Haridas et al. 2001; de Oliveira et al. 2001)
and proliferation of monocytes (Delmas et al. 2000; Yui
et al. 2001).

Quillaic Acid as the Aglycone: Quillaja Sapogenin

Quillaic acid is a pentacyclic triterpenoid, and its basic
structure includes olean-12-ene substituted by hydroxy
groups at positions C-3 and C-16, an aldehyde group at
position C-23, and a carboxy group at position C-28.
Interestingly, the basic structures of all adjuvant saponins
include a lipid-soluble quillaic acid as the aglycone and a
water-soluble sugar moiety. Amphiphilic structure is a sig-
nificant characteristic for stability and drug delivery, and
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many immunoadjuvants possess this structure (Oda et al.
2000). Thus, quillaic acid might be a strategic molecule for
immunoadjuvant activity.

The adjuvant capacity of saponins was first described by
Galea and Tzortzakis (1932). Quillaic acid—containing
triterpene saponins were isolated from a water-extractable
fraction from the South-American tree, Quillaja saponaria
Molina, in the family Quillajaceae. One example is Quil
A®, a highly purified concentrated mixture of
approximately 25 different saponin molecules which have
the same triterpene backbone. These saponins have been
commonly used as adjuvants for many years in various
veterinary uses (Dalsgaard 1974; Sun et al. 2009). However,
their use in human vaccines has been restricted due to unde-
sirable side effects, such as systemic toxicity, local reactions,
and hemolytic activity (Sun et al. 2009; Sivakumar et al.
2011).

QS-21 (1 and 2) is another example of a quillaic acid—
containing saponin-based adjuvant extracted from the bark
of Q. saponaria. 1t is currently being evaluated in clinical
trials due to its ability in tailoring Th1-biased immune re-
sponses, leading to protection against cancers and intracel-
lular pathogens (Ragupathi et al. 2011; Buglione-Corbett
et al. 2014; Didierlaurent et al. 2017, Bigaeva et al. 2016).
However, the high toxicity and unintended hemolytic ef-
fects of Quil A® and QS-21 (1, 2) have been highlighted as
the key limitations to their use in human vaccination
(Waite et al. 2001). QS-21 includes quillaic acid with
branched trisaccharide and one unbranched tetrasaccharide
attached, as well as a dimeric acyl group attached to the
first sugar (fucopyranose) of a tetrasaccharide by an ester
linkage.

1 R=Api (65%)
2 R=Xy! (35%)
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Some studies have found potential adjuvant saponins
from the leaves of Q. brasiliensis (A.St.-Hil. & Tul.)
Mart., an endemic tree species from Brazil, Uruguay,
Argentina, and Paraguay. These natural products share
structural and biological activities with saponins from
0. saponaria (Kauffmann et al. 2004) but induce lower
levels of toxicity than Quil A® in vivo (Fleck et al.
2006). Two of the Q. brasiliensis saponin fractions, QB-
90 (3) and QB-80 (4), were shown to increase secretion of
Thl-associated cytokines ((IFN-y and IL-2) and antigen-
specific IFN-y production by CD4" and CD8" T cells
when used as vaccine adjuvants (Cibulski et al. 2017;
Cibulski et al. 2016). Moreover, the adjuvant potential of

“CHO

Q. brasiliensis saponins has been confirmed in experimen-
tal vaccines against bovine herpes virus types 1 and 5
(BoHV), human poliovirus, bovine viral diarrhea virus
(BVDYV), and rabies in mice (Fleck et al. 2006; Silveira
et al. 2011; de Costa et al. 2014; Yendo et al. 2016;
Cibulski et al. 2017). Phytochemical studies of the
Q. brasiliensis saponins led to the isolation of 27
bidesmosidic saponins bearing four types of triterpenic
aglycones, which were identified by electrospray ioniza-
tion ion trap—multiple stage mass spectrometry (ESI-IT-
MS™) with either quillaic acid, gypsogenin, phytolaccinic
acid, or 23-O-acetyl-phytolaccinic acid as the aglycone
(Wallace et al. 2017).

3 R1=XyI—C|5IcA— ; R2=Xyl—,?\ra—Rha— ; R3=OH

Gal

Glc

4 R1=Xyl—(|3IcA— ; R2=XyI—A|\ra—Rha— - R=H

Gal—Gal

Gypsophila is a genus of flowering plants in the carnation
family, Caryophyllaceae, which is an especially rich source of
triterpene saponins. The most common basic structures of
aglycones isolated from the Gypsophila genus are mainly
quillaic acid, as in nebuloside A (3) from Arrost’s baby’s
breath (G. arrostii Guss), gypsogenin, as in nebuloside B
(4), and gypsogenic acid, as in G. trichotoma (5) (Arslan
et al. 2013; Krasteva et al. 2014; Arslan 2014). The main
structural difference between quillaic acid and gypsogenin
backbones is that quillaic acid has an additional hydroxyl

Glc

group at the position C-16. The aglycones of Gypsophila sa-
ponins are similar to those of Quillaja in that they share an
aldehyde group at position C-23, and amongst the variety of
molecular species found in mixtures, there are also some with
branched sugar chains at the same positions C-3 and C-28.
Although Gypsophila saponins are similar to those of Quillaja
and adjuvant-active (Bomford et al. 1992), there is no com-
prehensive research on specific immunomodulatory effects of
fractions or pure compounds obtained from Gypsophila
species.
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Immune-Stimulating Complex

Immune-stimulating complexes (ISCOMs) are spherical
cage-like particles (typically 40 nm in diameter) that are
spontaneously formed when mixing cholesterol, phospho-
lipids, and Quillaja saponins. They have been reported to
have both humoral and cellular immune responses. Thus,
they are mainly used as a vaccine adjuvant in order to
induce a stronger immune response and longer protection.
ISCOMs are capable of promoting long-lasting functional
antibody responses as well as powerful T cell responses,
including enhanced cytokine secretion and CTL activation
(Sun et al. 2009).

With the presence of an instinctive adjuvant (Quil A),
ISCOMs have the character of a particulate carrier system like
virus particles due to the size and surface protein orientation.
They are recognized as more immunogenic than other lipid-
based systems, such as liposomes and micelles. In addition,
the matrix component alone (ISCOMATRIX adjuvant; a
saponin-containing molecule grid described without antigen)
was also shown to be a potent adjuvant when physically
mixed with free antigen.

A variety of antigens have been tested to improve the reli-
able delivery mechanism with ISCOM and ISCOMATRIX

@ Springer

adjuvants. Some of them are currently undergoing clinical
trials, such as HSV (Mastrolorenzo et al. 1995).
Nanotechnology provides many vaccine-delivery mecha-
nisms, such as VLPs, ISCOMs, liposomes, emulsions, poly-
meric micro/NPs, and self-assembling micelles. These mech-
anisms have emerged as leading candidates and may also be
used as adjuvants. Quillaic acid—containing saponins such as
Quil A, QS-21, Gypsophila, and Saponaria saponins are able
to form ISCOM-type micellar nanometric structures, which
are even more effective vaccine adjuvants (Bomford et al.
1992).

Saponin Protein Interactions and Mechanisms of
Action

It is currently unknown whether the adjuvant effect of sapo-
nins is associated with pore formation, which may enable
antigens to enter the endogenous antigen presentation path-
way and promote a cytotoxic T lymphocyte response
(Sjolander et al. 2001). There are many examples in the liter-
ature regarding the different saponin-based adjuvants of acyl-
ated or nonacylated, steroidal or monodesmosidic,
bidesmosidic, and tridesmosidic triterpene-based saponins
from natural sources. Recently, it was reported that N-
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triterpene saponins are glycoconjugates that include a nitrogen
atom in an aminoacyl moiety attached to a polycyclic
triterpene core structure via peptide bonds, which are termed
aglycones or sugar chains (Arslan and Cenzano 2020).

Phytochemical studies of Gypsophila trichotoma
Wender led to the isolation of two new GOTCAB-based
aminoacyl saponins, and both of them were arginine ester
derivatives, e.g., Gypsophila trichotoma aminoacyl
triterpene saponin (6) (Gevrenova et al. 2006). In some
cases, saponins may be acylated with organic acids or ami-
no acid derivatives, such as 4-hydroxyisoleucine y-lactone
(7) (Zhao et al. 1996; Mohamed et al. 2015). This infor-
mation suggests that both the polycyclic triterpene core
structure and sugar chains of saponins can enzymatically
and irreversibly bind to antigens via a peptide bond. The
incorporation of saponins into cell or endosomal mem-
branes might expose the incorporated antigen to cytosolic
proteases.

Saponinum album from G. paniculata enhanced the cy-
totoxicity of a saporin-based chimeric toxin (up to
385,000-fold) and the toxicity of saporin (up to 100,000-
fold) with N-glycosidase activity (Weng et al. 2008).
Similarly, throughout the last decade, our group has been
studying nebuloside A (5), a quillaic acid—containing sa-
ponin. Toxicity-enhancing effects on type-I RIPs (ribo-
some inactivating proteins) have been demonstrated with-
out causing toxicity by itself at 15 pg/ml (Arslan et al.
2013). Recent discoveries have demonstrated that soap-
wort saponins trigger clathrin-mediated endocytosis of
both type-1 RIPs and type-I-based immunotoxins (Weng
et al. 2008). Since saponins were classified as membrane
active compounds, soapwort saponins were thought to
function primarily by interaction of the aglycone with plas-
ma membrane sterols (cholesterol) accompanied by aggre-
gation of the carbohydrate moieties. This may induce the
rearrangement of phospholipid bilayer and pore formation,
possibly followed by translocation of antigens through
these pores (Lacaille-Dubois and Wagner 2001).

Structure Activity Relationship

Due to the characteristic lability of esters, bidesmosidic and/or
acylated saponins are readily converted into their
monodesmosidic and/or deacylated forms by mild alkaline
hydrolysis. The adjuvanticity of saponins depends on the sug-
ar chain, acyl residue, presence/absence the epoxy-frame-
work, and the aglycone backbone (Oda et al. 2000). It was
also thought to be related to branched, unbranched sugar
chains or aldehyde groups like quillaic acid (Bomford et al.
1992), or acyl residue-bearing aglycone (Kensil 1996). The
aldehyde group of quillaic acid can easily react with amino
groups of proteins to form a Schiff base.

Conclusion

Quillaic acid—containing saponins such as Quillaja,
Gypsophila, and Saponaria saponins are able to form micellar
nanometric structures ISCOM-type that are even more effec-
tive vaccine adjuvants (Bomford et al. 1992). The aglycones
of Gypsophila saponins such as quillaic acid and gypsogenin
are similar to those of Quillaja in that they share an aldehyde
group at position C-23, and amongst the variety of molecular
species found in these mixtures, some have branched sugar
chains at the same positions C-3 and C-28 in Gypsophila
saponins. Additionally, a group of saponins are triterpenoid
carboxylic acids and also called GOTCAB (Glucuronide
Oleanane-type Triterpenoid Carboxylic Acid 3, 28-O-
Bidesmosides) saponins. Because they include a glucuronic
acid unit at the first sugar attached to aglycone at the position
of 3C, both Quillaja and Gypsophila saponins are GOTCAB-
type saponin molecules. The immunoadjuvant effect of
quillaic acid—containing Gypsophila saponins should be in-
vestigated due to their similarity to Quillaja saponins.
Interestingly, when examining the adjuvant effect of saponins
from Quillaja brasiliensis, Q. saponaria (Quil A, QS-21),
Gypsophila, and Saponaria, all of them contain quillaic acid
as the aglycone. This strongly suggests that quillaic acid might
be a strategic molecule for immunoadjuvant activity and a
powerful candidate in the development of novel adjuvants.
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