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Vaccines still remain the most successful method for pro-
tection and eradication against diseases. However, to avoid
harmful effects associatedwithwhole organismvaccines, new
vaccine candidates are composed of parts of an organism,
and therefore these are weakly immunogenic. Adjuvants are
essential components of vaccines that nonspecifically stim-
ulate the immune system, particularly the innate immune
system cells, to enhance the immunogenicity of vaccines.
Initially the major function of adjuvants such as alum
was to allow sustained presence of antigens by preventing
their degradation in vivo. Recent advances have, however,
demonstrated that success of alum as an adjuvant is also
due to its ability to activate the innate immune system
cells. Significant progress in the last decade has increased
our understanding of the innate immune system which
is highly complex and can be activated via a wide array
of receptors to generate different immune responses. The
nature of adaptive immune response, quality, and quantity are
governed by how the innate immune responses are activated.
Novel adjuvants are therefore targeted to receptors expressed
on antigen-presenting cells (APCs) such as dendritic cells
(DCs) to activate the innate immune system. DCs express
an array of pathogen recognition receptors (PRRs) so that
they can recognize any threat to the body. Examples of PRRs
include the TLRs, CLRs, and NLRs. Apart from preventing
infections, vaccinations are also being used as therapy against
tumors. Targeting antigens to APCs along with adjuvants
allows the induction of immune response against tumors.The
manuscript by L. Arribillaga et al., in this tissue, demonstrates
that fusion of an antigen to the extra domain A from

fibronectin (EDA) targets antigens to TLR4-expressing cells
such as DCs leading to their activation. The approach is
also effective for cross-presentation as well as the induction
of antiviral/tumor immunity. Furthermore, the approach
is universal as conjugation of EDA to streptavidin allows
any biotinylated antigens to be used as immunogen for
vaccination purposes. In contrast to the approach above, N.
Kojima et al. use oligomannose-coated liposomes to target
and stimulate APCs. The oligomannose on the liposomes
targets antigens to the C-type lectin receptor (CLR) and is
effective in inducing CTLs and/or Th1 cells. This approach
is also universal because both lipophilic and hydrophilic
antigens can be incorporated in the liposomes. Contrary to
these surface receptor targeting methodologies, C. A. Colaco
et al. discuss the merits of using heat shock proteins (HSPs)
as vaccine adjuvants because HSPs are not just stimulators of
innate immunity but can also traffic antigens intoAPCs, facil-
itating the induction of specific acquired immune responses.

Since the new generations of adjuvants being developed
are highly specific in the type of CD4T, CD8T, or B-cell
response they can stimulate, therefore, recent approaches
for vaccine development are focused on utilizing a combi-
nation of adjuvants to activate the various components of
immune system to generate an effective memory response.
The manuscript by E. Mata et al. provides an excellent
example of a combinatorial approach in which they discuss
that a successful malaria vaccine may require a combination
of adjuvants which can activate different parts of the immune
system. The review also provides an excellent overview of
various types and properties of adjuvants in both preclinical
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and clinical use with particular focus on malaria vaccines.
The manuscript by M. J. McCluskie et al. further highlights
that a combination effect is better at providing protection.
These authors demonstrate that a combination of CpG com-
posed of synthetic oligodeoxynucleotides (ODN) containing
immunostimulatory CpG motifs (CpG) and ISCOMATRIX
adjuvant (ISCOMATRIX), composed of saponin, phospho-
lipid, and cholesterolwhich possess both immunostimulatory
and delivery properties ismore effective than either one alone
in inducing responses to different antigens including ova,
hemagglutinin (HA), and hepatitis B antigen (HBSag).

Recent advances suggest that nutritional supplements
can also stimulate the immune system and therefore can be
used as adjuvants. A. K. Radhakrishnan et al. compared the
adjuvant effect of different forms of vitamin E on tetanus
toxoid responses. Their observations suggest that plant
derived vitamin E such as the tocotrienols are more effective
immune modulators than 𝛼-tocopherols at enhancing the
production of cytokines that promote cell-mediated (TH1)
immune response. Lastly, development of in vivo models is
required because it can be used to determine the efficacy
of adjuvants in stimulating the helper, cytotoxic, and B-
cell memory responses. The manuscript by S. Tufail et al.
discusses the merits of using Listeria infection as model
for studying CD8 T-cell memory. Apart from highlighting
the various immunological components required to generate
effective CD8 T-cell memory, the authors also provide a
glimpse into few adjuvants which have been found to be
effective in this model.

Anshu Agrawal
Mohammad Owais

Udai P. Singh
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Professional phagocytic cells, such as dendritic cells, are mainly responsible for phagocytosis, antigen presentation, and cytokine
secretion, which induce subsequent activation of T cell-mediated immunity. Thus, strategies that deliver antigens and stimulatory
signals to the cells have significant implications for vaccine design. In this paper, we summarize the potential for liposomes coated
with the neoglycolipids containing oligomannose residues (OMLs) as a novel adjuvant for induction ofTh1 immune responses and
CTLs specific for the encased antigen. OMLs preferentially take up peripheral phagocytic cells. In response to OML uptake, the
cells secrete IL-12 selectively, enhance the expression of costimulatorymolecules, andmigrate into lymphoid tissues fromperipheral
tissues. OMLs also have the ability to deliver encapsulated protein antigens to the MHC class I and class II pathways to generate
antigen-specific CTLs and Th1 cells, respectively, and lipid antigen to CD1d to activate NKT cells. Since administration of OML-
based vaccines can eliminate an established tumor, inhibit elevation of the serum IgE level, and prevent progression of protozoan
infections in several murine, human, and bovine models, OML-based vaccines have revealed their potential for clinical use in
vaccination for a variety of diseases in which CTLs and/or Th1 cells act as effector cells.

1. Introduction

The initial recognition and phagocytosis of pathogens by
professional phagocytic cells, such as dendritic cells (DCs)
and macrophages, and subsequent antigen presentation are
crucial in determining the type of effector T cells thatmediate
immune responses [1–3]. Thus, targeting and functional
control of these phagocytic cells is a major objective in the
design of antigen delivery systems for new vaccines [4–6].
Several criteria should be fulfilled by an antigen delivery
system for a vaccine to induce optimal antidisease immune
responses [6]. First, specific targeting of the phagocytic cells
is required. Second, delivery of the antigen to MHC class I
molecules is needed to induce CTLs, and the vector must
also deliver stimulatory signals to antigen presenting cells
(APCs), since antigen delivery to APCs without these signals
can induce tolerance. Finally, the delivery system must also
be able to accommodate the insertion of large antigenic
sequences to enable broad MHC coverage.

So far, many cell surface molecules expressed on APCs
have been examined to target and deliver antigens to APCs
in vivo. One approach to facilitate the uptake and processing
of exogenous soluble antigens has been to deliver antigens
via immune complexes directed to receptors for IgG (Fc𝛾Rs)
expressed on DCs, such as Fc𝛾RI, Fc𝛾RIIa, and Fc𝛾RIII
[7–9]. Ligands for 𝛼M𝛽2 integrin (CD11b/CD18) have also
been tested for antigen delivery to APCs [10]. Alternatively,
antigens can be targeted to members of the C-type lectin
family expressed on DCs, such as DC-SIGN, DEC-205, LOX-
1, dectin-1, and the mannose receptor (CD206) [11]. Using
protein antigens conjugated to antibodies directed to these
APC-specific molecules, in vivo targeting approaches have
produced effective results. However, promising achievement
depends on overcoming the weak immunogenicity of many
antigens.

On the other hand, development of particulate adjuvants
and vaccines has increased during the past 30 years [4]. This
has been invoked by the fact that all pathogens are particulate
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and that microparticles such as liposomes and polymer par-
ticles are efficiently uptaken by professional phagocytic cells.
In addition, some of the particulate formulations tested were
shown to have the potential for inducing helper and cytotoxic
T cell responses [12]. Liposomes are vesicles formed from
phospholipid bilayers and can encapsulate hydrophilic large
antigenic sequences and immunomodulatory factors into the
internal space of the vesicles, while amphiphilic antigens can
be inserted into the bilayer and thus can serve as potent
delivery vehicles [13–15]. Many types of liposomes have been
tested in attempts to increase immune responses [15–17].
Enhanced uptake of liposomes by phagocytic cells indicates
an adjuvant effect in inducing cellular immune responses,
including the generation of antigen-specific CTLs [18, 19].
Cationic liposomes provide an important example of cellular
delivery, since the positive charge on the liposome surface
enhances uptake and subsequent CTL generation. Preferen-
tial delivery of antigen-containing liposomes to phagocytic
cells can be facilitated by agents that bind selectively to
molecular structures on the surface of the targeted cells.
Conjugation of liposomes with antibodies and recombinant
proteins, such as soluble forms of cell surface receptors or
their ligands, can be used to target liposomes to receptors
on cells [15, 20, 21]. Since C-type lectins expressed on APCs
recognize certain structures of carbohydrates, such carbohy-
drates are also candidates for conjugation of liposomes to
target APCs.

We have developed a new liposome-based antigen deliv-
ery system for control of diseases in which CTLs and/or
Th1 cells act as effector cells, using oligomannose-coated
liposomes (OMLs) as a novel adjuvant and antigen delivery
agent [22–25]. Feasibility studies of OML-based vaccines
have revealed their potential for clinical use in vaccination for
diseases in which CTLs and/or Th1 cells act as effector cells.
This paper provides an overview of the current progress of the
OML-based vaccine.

2. Carbohydrate-Coated Liposomes
Are Suitable for Delivery of Antigens to
Phagocytic Cells

Therecognition and phagocytosis of pathogens and their sub-
sequent destruction are an important mechanism of immune
defense. Pathogens share similar structures that are known
as pathogen-associated molecular patterns (PAMPs). Pattern
recognition receptors (PRRs), such as Toll-like receptors
(TLRs) and C-type lectin receptors (CLRs), are involved in
the recognition of pathogens for the induction of immune
responses [26–28]. Among them, CLRs are particularly
important for the recognition and uptake of glycosylated
antigens, including pathogens, into cellular compartments of
APCs, such as DCs, leading to processing and presentation
of antigens on MHC class I and class II molecules [29, 30].
Therefore, CLRs on phagocytic cells are often called endo-
cytic/phagocytic receptors or antigen-uptake receptors. In
addition, someCLRs directly or indirectly trigger distinct sig-
naling pathways that induce expression of specific cytokines,
which then determine T cell polarization [31]. The abilities

of CLRs to mediate endocytosis and intracellular sorting of
ligands and to trigger intracellular signaling implicate that
CLRs are potentially useful for antigen targeting. Antibody-
mediated targeting to APC-restricted CLRs, such as CD206,
DEC-205, DC-SIGN, dectin-1, dectin-2, and DNGR-1, can
be used to deliver antigens to late endosomal-lysosomal
compartments of APCs, followed by the generation of MHC
complexes of antigenic peptides to induce antigen-specific
CD4+ and/or CD8+ T cell responses [32–34]. However,
targeting of CLRs with these antibodies cannot deliver stimu-
latory signals to APCs, and therefore, an additional adjuvant
is required for the maturation and activation of APCs [34].
Since CLRs recognize distinct carbohydrates expressed on
pathogens, the use of carbohydrates that are preferentially
recognized by CLRs as targeting signals may provide a more
sophisticated alternative, and carbohydrate-coated liposomes
with encapsulated antigens may be a more suitable antigen
delivery vehicle to target CLRs than antibodies.

3. Oligomannose-Coated Liposomes
Are Preferentially Ingested by Phagocytic
Cells In Vivo

Carbohydrate structures containing terminal mannose are
aberrant components of the cell surface of living mammalian
cells. On the other hand, such structures are abundant and
highly conserved on the surface of many pathogens. The
professional phagocytic cells express a number of CLRs with
an EPN motif in their carbohydrate recognition domain
[30]. These CLRs facilitate the binding and uptake of ligands
with terminal mannose, fucose, and N-acetylglucosamine
residues and are thought to participate in the capture of
pathogens [25, 35]. This activity was first observed for the
CD206 but has now been focused on the family of DC-SIGN
(CD209), Langerin (CD207), and dectin-2, since expression
of these CLRs is restricted to professional phagocytic cells,
such as immature DCs and macrophages [36–39]. These
CLRs, which are restricted to phagocytic cells, are thought to
be targets for specific antigen delivery. It has been shown that
antigens modified by mannose residues can be preferentially
delivered into APCs via CD206- or CD209-mediated uptake
of antigens, resulting in effective antigen presentation to
T cells [40]. These results led us to predict that antigen-
carrying liposomes coated with mannose residues would
induce strong immune responses in vivo. There are several
examples in the literature of the use of liposomes decorated
with mannose or mannan to target the mannose receptors
on DCs [41–43], but the majority of studies have only been
performed in vitro.

For in vivo targeting of APCs, we used OMLs com-
prised of dipalmitoylphosphatidylcholine (DPPC), choles-
terol, and a neoglycolipid containing oligomannose residue
at a 10 : 10 : 1 molar ratio. The oligomannose-containing
neoglycolipid was prepared by conjugation of mannotriose
(Man3) or mannopentaose (Man5) with dipalmitoylphos-
phatidylethanolamine (DPPE) by reductive amination [24].
The purities of the neoglycolipids were at least 95%. Neo-
glycolipid-coated liposomes consisting of cholesterol, DPPC,
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Figure 1: Representation of an OML. Man3-DPPE was prepared by reductive amination of an aldehyde group at the end of the mannotriose
(Man3) with an amino group of DPPE. OMLs are prepared from DPPC, cholesterol, and Man3-DPPE at a molar ratio of 10 : 10 : 1 by intense
vortex dispersion with antigen-containing PBS and are extruded through a 1 𝜇m pore membrane.

and a neoglycolipid were prepared as follows. A chloroform-
methanol (1 : 1, v/v) solution containing 1.5 𝜇mol of DPPC,
1.5 𝜇mol of cholesterol, and 0.15𝜇mol of neoglycolipid was
added to a flask and evaporated to prepare a lipid film
containing neoglycolipid. PBS (150 𝜇L) containing antigens
was added to the dried lipid film and multilamellar vesicles
were prepared by intense vortex dispersion.The vesicles were
extruded 10 times through a 1𝜇m pore polycarbonate mem-
brane [24]. The mean (±SD) molar ratio of DPPC, choles-
terol, and neoglycolipid in the liposomes was 1.00 : 1.09 ±
0.21 : 0.11± 0.03, and the particle sizes of the liposomes ranged
from about 850 to 1450 nm, with a mean of 1265 nm. As
shown in Figure 1, the hydrophobic moiety of the neogly-
colipid permits easy incorporation into the lipid bilayer of
multilamellar vesicles (liposomes) comprised of DPPC and
cholesterol. On the other hand, the carbohydrate moieties
of neoglycolipids on OMLs are exposed on the aqueous
face due to their hydrophilicity, since OMLs aggregate with
concanavalinA, amannose-binding lectin.This also indicates
that OMLs could be used in targeting mannose-recognizing
molecules, such as CD206 and CD209, which are expressed
on APCs in vivo. It should be noted that the structures
of Man3 and Man5 are part of high mannose-type N-
linked oligosaccharides, which are ubiquitously present in

eukaryotic cells, and the other components of OMLs are also
ubiquitously distributed inert materials. Therefore, OMLs do
not exhibit antigenicity, probably due to their recognition as
“self ” or “harmless foreign” particles.

Initial evidence supporting the hypothesis that OMLs
could be used as delivery vehicles targeted to phagocytic cells
in vivo was based on preferential uptake of FITC-BSA encas-
ingOMLs (FITC-OMLs) by peritoneal phagocytic cells.Most
of CD11b+ peritoneal phagocytic cells took up FITC-OMLs
within 1 h after injection of the OMLs into the peritoneal
cavity ofmice (Figure 2), and the FITC-OML-containing cells
subsequently appeared in extranodal lymphoid tissues within
24 h [44]. In addition, the ingested FITC-OMLs also appeared
in late endosomes and lysosomes. On the other hand, FITC-
BSA encased by liposomes without a neoglycolipid coating
(FITC-BLs) was barely ingested by the peritoneal phagocytic
cells. Comparison of the uptake efficiencies of FITC-OMLs
and FITC-BLs, based on intensities of fluorescent signals,
showed that the peritoneal phagocytic cells took up FITC-
OMLs at least 15-fold more effectively than FITC-BLs. FITC-
OMLs but not FITC-BLs also accumulated into the draining
lymph nodes following subcutaneous administration. These
results strongly indicated that OMLs could act as a suitable
vehicle for in vivo targeting of APCs.
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Figure 2: Uptake of OMLs by peritoneal phagocytic cells. Peritoneal phagocytic cells are classified into CD11b+CD11c− (R1) and
CD11b+CD11c+ (R2) cells, which belong to macrophage and dendritic cell lineages based on the cell surface markers, respectively. Both
macrophage and DC-like cells effectively took up OMLs, when OMLs were administrated into peritoneal cavity.

SIGNR1 (CD209b), a mouse homologue of human DC-
SIGN, participates in intraperitoneal uptake of OMLs by
peritoneal phagocytic cells [45]. In addition, complement
receptor 3 (CR3; CD11b/CD18) also acts as the physiological
receptor of OMLs [46]. Recently, it has been reported that C3
deposition onmicroorganisms is initiated by the interactions
of SIGNR1 with polysaccharides on the microorganism and
the complement C1 subcomponent, followed by activation of
the classical complement pathway [47]. Therefore, SIGNR1
may promote uptake of OMLs through the activated comple-
ment pathway, and this step may be essential in the develop-
ment of robust cell-mediated immune responses against the
antigens in OMLs [35].

4. Phagocytic Cells Are Stimulated in
Response to In Vivo Uptake of OMLs

To achieve effective antigen delivery to the APCs for vac-
cination, the vector must have the capacity to deliver stim-
ulatory signals to APCs [6]. To determine whether OMLs
could deliver stimulatory signals to APCs, we evaluated
the adjuvant activity of OMLs based on the expression
of costimulatory molecules and MHC class II molecules
on peritoneal phagocytic cells. Following in vivo uptake of
OMLs, expression of CD40, CD80, CD86, and MHC class II
molecules on the OML-containing cells was clearly enhanced
without any additional adjuvants or encased antigens [48].
We also demonstrated that expression of CCR7 was clearly
upregulated on the cells with ingestedOMLs [49]. Expression
of CCR7 is essential for trafficking of APCs to secondary
lymphoid organs and presentation of antigens to näıve T
cells [50]. Indeed, we found that peritoneal phagocytic cells

migrated to the spleen from the peritoneal cavity within
18 h after OML uptake. In addition, a fraction of peritoneal
phagocytic cells can differentiate into mature APCs with a
DC-like phenotype [51]. Therefore, OML uptake can induce
activation, differentiation, and maturation of APCs, and thus
OML itself exhibits potency as an adjuvant.

We have also demonstrated that peritoneal phagocytic
cells preferentially produce IL-12 in response to OML uptake
(Figure 3) [45]. Further analyses have revealed that peritoneal
phagocytic cells with a DC-like phenotype, which express
CD11c, CD86, and MHC class II, are responsible for the
production of IL-12 [49]. These findings provide important
evidence supporting the activation of APCs by OMLs. Since
IL-12 is critical for the development of Th1 cells and the
initiation of cell-mediated immune responses [50], the pro-
duction and secretion of IL-12 from OML-containing DC-
like cells may be crucial in the induction of OML-stimulated
Th1 immune responses. Interestingly, the production of IL-
12 from peritoneal cells was clearly augmented, while the
production of IL-1𝛽 and IL-6 from these cells was suppressed
following incorporation of OML (Figure 3). It is generally
accepted that TLRs play a key role in pathogen recognition
and activation of APCs. The binding of PAMPs to TLRs
triggers signal transduction events that lead to the activation
of mitogen-activated protein kinases and transcription fac-
tors, such as NF-𝜅B, resulting in proinflammatory responses,
including the production of proinflammatory cytokines,
such as TNF-𝛼, IL-12, IL-6, and IL-1𝛽 [27]. Indeed, TLR
ligands, such as CpG-ODN or LPS, induce the production
of IL-12 and high levels of IL-1𝛽 and IL-6 from peritoneal
phagocytic cells [45]. In addition, peritoneal phagocytic
cells from TLR4-dysfunctional C3H/HeJ mice also produced
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Figure 3: Preferential secretion of IL-12 from phagocytic cells. (a) The peritoneal phagocytic cells were collected 1 h after the administration
of liposomes into peritoneal cavity and cultured for 18 h. IL-12 and IL-6 secreted into culture media were determined. Note that specific IL-12
production and suppression of IL-6 production were observed in the cells that took up OMLs (Man3 or Man5), while carbohydrate uncoated
liposomes (Bare lipo) and liposomes coated with lacto-N-tetraose, which has terminal galactose residue (LNT), were not affected in secretion
of IL-12 and IL-6. (b) Intracellular staining of IL-12 of peritoneal phagocytic cells that ingested OMLs. IL-12 was produced by CD11b+CD11c+
(R2 in Figure 2) cells.

IL-12 upon uptake of OMLs.Therefore, OMLs might activate
APCs through particular signaling pathways that are distinct
from those triggered by TLRs, leading to specific production
of IL-12 and to suppression of IL-6 and IL-1𝛽 production.
Although the detailed signaling pathways triggered by OMLs
remain to be elucidated, novel adjuvant activities of OMLs
might enhance immunogenicity of antigens and promote
DCmaturation, leading to encased-antigen-specific immune
responses.

5. OMLs Deliver the Encased Antigen to
MHCs to Induce Antigen-Specific Th1
Immune Responses and the Production
of Cytotoxic T Cells

In order to reject invading pathogens and cancer cells, the
concomitant activation of both CD8+ and CD4+ T cells and
the selective activation of CD4+ T cells with helper function
are required [52]. In general, exogenous antigens presented by
MHC class II molecules are intended for CD4+ T cells, while
internal antigens from components of virus-infected cells and
cancer antigens are presented on MHC class I molecules

for the activation of CD8+ T cells. Therefore, the vehicles
must deliver the administered exogenous antigens to both
MHC class I and class II pathways. We demonstrated the
usefulness of OMLs as carriers for the delivery of encased
antigens to both the MHC class I and class II pathways. This
ability was evaluated using ovalbumin- (OVA-) specific T cell
receptor transgenic OT-I (specific for H-2Kb/OVA

257−264
)

and OT-II (specific for H2Ab/OVA
323−339

) mice, respectively.
The peritoneal phagocytic cells that were treated with OMLs
containing entrapped OVA (OML/OVA) led to significant
increases in IFN-𝛾 production from CD8+ T cells from OT-I
mice or CD4+ T cells from OT-II mice compared with cells
that were treated withOVA alone, strongly indicating that the
OML/OVA-ingesting phagocytic cells effectively activated
OVA-specific CD8+ and CD4+ T cells via presentation of
OVA peptides on MHC class I and class II molecules,
respectively [53].

We also demonstrated that OMLs could generate
encased-antigen-specific CTLs [24]. C57BL/6 mice were
immunized biweekly three times with OML containing 1𝜇g
OVA, and then spleen cells were isolated from the mice one
week after the last immunization. CD8+ cells were prepared
from spleen cells after in vitro stimulation of spleen cells with
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OVA, cocultured with target cells (E.G7-OVA or EL4), and
the cytotoxicity was measured. Only CD8+ cells from mice
immunized with OML/OVA, and not those from mice
treated with OVA-containing naked liposomes, exhibited
strong cytotoxicity against E.G7-OVA (OVA-transfected
EL4), but not against parental EL4 tumor cells. In addition,
only mice immunized with OML/OVA rejected E.G7-OVA,
but not parenteral EL4. On the other hand, when the EL4
tumor cell lysate was used for tumor antigens, all mice that
received EL4 tumor cell lysate-containing OML completely
rejected the EL4 tumor, whereas EL4 tumor growth was seen
in the mice which received EL4 tumor cell lysate-containing
naked liposomes. Identification of tumor-associated antigens
(TAAs) that elicit tumor-specific CTL responses facilitates
the development of cancer immunotherapy. Several groups
have attempted to develop a vaccine strategy using tumor
cell lysates as a possible TAA source, since TAAs have yet to
be identified for most human cancers. Therefore, our OML-
based approach may be promising in TAA-based cancer
immunotherapy.

In contrast, the induction of antigen-specificTh1 immune
responses was demonstrated using an infection model of
mice with Leishmania major [22, 54]. The Th1 immune
response is the key event in preventing L. major infec-
tion, and in a resistant mouse strain the infection pre-
dominantly induces the onset of a Th1 immune response
that leads to recovery from infection. Susceptible mouse
strains, such as BALB/c, preferentially develop aTh2 immune
response characterized by enhanced expression of IL-4, and
exhibit nonhealing lesions and disease progression [55, 56].
Intraperitoneal immunization of BALB/c mice with OMLs
with encased soluble leishmanial antigen enhanced antigen-
specific IFN-𝛾 production, suppressed IL-4 production from
spleen cells, and protected against subsequent L. major infec-
tion, indicating that Th1 immune responses predominated
over Th2 immune responses in the OML-treated BALB/c
mice. Administration of antigen alone or antigen-encased
naked liposomes failed to induce similar immune responses.
Collectively, these results indicate that OMLs can be used as
an effective antigen delivery vehicle and as an APC activation
system for immunotherapy with activation of both Th1 cells
and CTLs.

6. OMLs Deliver the Lipid Antigen to
CD1d to Activate NKT Cells

A subpopulation of T cells, referred to as invariant natural
killer T (iNKT) cells, can recognize glycolipid antigens
presented by the MHC class l-like molecule, CD1d [57, 58].
The glycolipid antigen, alpha-galactosylceramide (𝛼GC), has
been used as an exogenous ligand for CD1d to stimulate
mouse V𝛼14 NKT and human V𝛼24 NKT cells [59]. The
antitumor and anti-infectious properties of 𝛼GC have also
attracted attention, since 𝛼GC-reactive iNKT cells rapidly
produce significant amounts of Th1 and Th2 cytokines in
response to stimulation, which can subsequently activate
other immune cells, such as natural killer (NK) cells.
By analogy, with the effective delivery of liposome-encased

protein antigens to MHC class I and class II molecules, we
hypothesized that OMLs could also be used as a vehicle for
preferential delivery of lipid antigens, such as 𝛼GC, to CD1d
to activate iNKT cells.

To this end, we prepared 𝛼GC-containing liposomes
coated with Man3-DPPE (𝛼GC-OMLs) and with no coating
(𝛼GC-BLs), which consisted of cholesterol, DPPC, Man3-
DPPE, and 𝛼GC at molar ratios of 10 : 10 : 1 : 1 and 10 : 10 : 0 : 1,
respectively, and compared the in vitro and in vivo responses
of iNKT cells to 𝛼GC-OMLs and to 𝛼GC-BLs. GC-OMLs
stimulated iNKT cells to produce IFN-𝛾 more efficiently
than 𝛼GC-BLs or soluble 𝛼GC in vitro [60]. This property
of 𝛼GC-OMLs appeared to be due to preferential uptake
by phagocytic cells, relative to 𝛼GC-BLs or soluble 𝛼GC.
Indeed, we showed that 𝛼GC-OMLs were preferentially
incorporated into splenic DCs as well as BMDCs in vitro,
compared with 𝛼GC-BLs. Systemic administration of 𝛼GC-
OMLs led to more rapid and continuous IFN-𝛾 release in
sera, compared to𝛼GC-BLs or soluble𝛼GC, and also resulted
in a more dramatic expansion of iNKT cells in peripheral
blood, compared with 𝛼GC-BLs or soluble 𝛼GC [60]. Since
in vivo activation of iNKT cells with 𝛼GC stimulation is
known to be characterized by rapid expansion [61], 𝛼GC-
OMLs activate iNKT cells in vivo with much higher efficacy
than 𝛼GC-BLs or soluble 𝛼GC via effective delivery of
𝛼GC to CD1d. Collectively, our current results indicate that
𝛼GC-formulated particles modified by carbohydrate ligands
of DC-restricted CLRs can be used as more appropriate
in vivo and ex vivo delivery systems of lipid antigens to
APCs to activate iNKT cells, compared with particles lacking
carbohydrates.

7. Therapeutic Application of
OML-Based Vaccines

The increasing knowledge of the effects of OMLs on APCs
led us to test an OML-based vaccine for control of diseases
in which antigen-specific Th1 cells and/or CTLs are the
main effectors. The therapeutic efficacies of the OML-based
vaccines tested to date are summarized in Table 1. One
promising finding was initially obtained in a murine model
of L.major infection, as described above [22, 54]. Preliminary
studies of the effects of OML-based vaccines administered
via the subcutaneous route have also been performed using
soluble protozoan lysates ofToxoplasma gondii,Trypanosoma
brucei gambiense, and Babesia rodhaini in the corresponding
protozoan infections inmice, and these studies indicated that
the OML-based vaccine is effective against protozoan infec-
tion in mice. We also showed that OMLs could also control
the infection of Neospora caninum in mice using recombi-
nant antigens. Subcutaneous administration of OMLs with
encased recombinant Neospora antigen NcGRA7 was able to
prevent transition of infection to the brain and transplacental
vertical transmission [23]. In addition, immunization with
OMLs and encased apical membrane antigen 1 of Neospora
reduced offspring mortality [62]. Based on these protective
effects of OML-based vaccines against protozoan infections
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Table 1: Therapeutic application of OML-based vaccine in murine, bovine, and human models.

Encased materials Responses Animal or source Route References
OVA Elimination of established E.G7-OVA tumor C57/BL6 s.c. [24, 53]
Crude extract of
Leishmania

Suppression of footpad swelling by Leishmaniamajor
infection Balb/c i.p. [22]

Recombinant NcGRA7 Protection of dams and offspring from Neospora
caninum infection Balb/c s.c. [23]

Recombinant apical
membrane antigen 1

Reduction of offspring mortality from Neospora
caninum infection Balb/c s.c. [62]

Cry j 1 Prevention of IgE elevation in sera in response to
Cry j 1 sensitization Balb/c s.c. [25]

OVA
Induce mucosal immune responses and suppression
of development of allergic diarrhea induced by oral
OVA administration

Balb/c i.n. [67, 68]

𝛼GalCer More effective expansion of NKT cells C57/BL6 i.p. [60]

Recombinant NcGRA7 Suppression of serum IFN-𝛾 elevation by infection of
Neospora, suppression of Neospora infection in brain Cattle s.c. [63]

HLA-restricted HTLV-1
Tax epitope peptide

Induction of HTLV-1-specific CTL HLA-transgenic mouse s.c.
[70]Induction of HTLV-1-specific CTL PBMC from HTLV-1 carriers In vitro

HLA-A24-restricted
surviving 2B epitope
peptide

Induction of CTL specific for HLA-restricted
surviving 2B epitope PBMC from patients In vitro

a
Elimination of established surviving 2B-positive
tumor HLA-transgenic mouse s.c.

Human papillomavirus
DNA Induction of papillomavirus-specific CTL PBMC from carriers In vitro [71]

i.n.: intranasal.
aPersonal communication.

in murine models, we assessed the effects of OML-based vac-
cine in farm animals. Subcutaneous administration of OMLs
with encased recombinant NcGRA7 can induce protective
immune responses to N. caninum in cattle [63], indicating
that OML-based vaccines may be useful for prophylaxis
against some infectious diseases in animal husbandry.

Type I allergic reactions depend on allergen-specific Th2
cells, which produce IL-4 and IL-5 and promote synthesis of
IgE [64]. IFN-𝛾 produced by Th1 cells inhibits the develop-
ment and activation ofTh2 cells and prevents IgE production
[65, 66] and OMLs can induce encased-antigen-specific Th1
immune responses. Consequently, OML-based vaccines with
encased allergens are expected to exhibit antiallergic effects.
One promising antiallergic effect of an OML-based vaccine
has been demonstrated in an animal model for Japanese
cedar pollinosis [25]. Immunization of OMLs with entrapped
Cry j 1, which has been identified as a major allergen in
Japanese cedar pollen, has been shown to inhibit the elevation
of the serum IgE level elicited by Cry j 1 administration
in both nonsensitized mice and Cry j 1-presensitized mice.
This inhibitory effect might occur through a shift from a
Th2 immune response to an allergen-specific Th1 immune
response, since Cry j 1-specific IgG1, which is mediated
by Th2 cells, was significantly reduced, whereas Cry j 1-
specific IgG2a, which is produced byTh1 cells, was increased
in sera from OML-based vaccinated mice. Recently, it was
demonstrated that intranasal administration of OML-based
vaccines could induce both mucosal and systemic immune

responses and suppress the development of allergic diarrhea
induced by oral OVA administration [67, 68]. Therefore,
OML-encased allergens may serve as immunotherapeutic
agents to control allergic diseases including food allergies.

Since tumor-specific CTLs are the most important effec-
tor cells for antitumor immunity, anOML-based vaccinewith
an encased tumor antigen might be useful in antitumor ther-
apy. Induction of antitumor immunity in an animal bearing
a large tumor mass is difficult, since an immunosuppressive
environment develops along with tumor growth [69]. Thus,
we evaluated OML-based vaccination to assess its clinical
utility in the eradication of an established tumor [24]. OML-
based vaccination elicited sufficient antitumor immunity to
suppress tumor growth and led to tumor rejection: a single
injection of OMLs containing 1 𝜇g of antigen induced anti-
tumor activity in model E.G7-OVA tumor-bearing mice, and
about half of the mice exhibited elimination of an established
E.G7-OVA tumor (Figure 4). A similar suppressive effect was
not observed in mice that received empty OMLs or a mixture
of soluble OVA and empty OMLs, suggesting that effective
antigen delivery by antigen-carrying OMLs is important in
induction of systemic immune responses.

In the majority of studies including ours, murine models
were used to assess the clinical utility of the antigen deliv-
ery systems. However, assessment using human systems is
essential in the consideration of clinical application. Recently,
several groups have demonstrated that OMLs could gen-
erate encased-antigen-specific immune responses not only
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Figure 4: Elimination of established tumor by administration of OML-based vaccine.Mice (𝑛 = 25) were challenged by s.c. injection of E.G7-
OVA tumor cells in the right dorsal area on day 0. On day 9, OML/OVA, Bare/OVA, or PBS was injected into the side where the tumor had
grown. (a) Suppression of tumor growth. (b) Surviving mice, expressed as a percentage of the total number of mice in each group.

in murine system but also in human systems. Kazako and
colleagues demonstrated that OMLs with a specific antigen
peptide of human T cell leukemia virus-1 (HTLV-1) encased
could induce HTLV-1-specific CTLs in HLA-transgenic mice
and in PBMCs from HTLV-1 carriers [70]. In addition,
antigenic peptide-containingOMLs can induceCTLs specific
to the HLA-restricted epitopes of survivin 2B, which is
expressed in many types of tumors, in PBMCs obtained from
patients in vitro and inHLA-transgenicmice in vivo (personal
communication). OMLs could not only deliver the protein
antigens but alsoDNAs encoding specific antigens toAPCs to
induce specific immune response. Mizuuchi et al. generated a
human papilloma virus gene-containing OMLs (OML-HPV)
and showed that HPV-specific CTLs could be generated
from PBMC of HPV-positive cervical carcinoma patients by
stimulatingOML-HPV [71].These feasibility studies ofOML-
based vaccines using murine, bovine, and human models, as
shown in Table 1, have revealed their potential for clinical use
in vaccination for various diseases in which CTLs and/orTh1
cells act as effector cells.

8. Conclusion and Future Perspectives

Strategies that target APCs and modulate function of APCs
in vivo can have significant implications for vaccine design.
A large number of particulate carriers are now available for
antigen delivery to APCs and uptake of particulate carriers
with orwithout surface-conjugated targeting ligands byAPCs
has been demonstrated in in vitro and in vivo animal studies
[4, 72, 73]. The recent emergence of carriers to deliver
antigens and drugs to cells by carbohydrate ligands for lectin
receptors has also demonstrated the exciting potential for
developing new therapeutic technology [74, 75]. For example,
liposomes decorated with carbohydrate ligands for CD169
have recently been shown to be suitable for the targeted
delivery of protein and lipid antigens to macrophages via
CD169-mediated endocytosis [76, 77]. However, many of
these carriers could not deliver the stimulatory signals to

APCs and therefore require concomitant administration of
additional adjuvants to activate APCs.

In comparison to other carriers for antigen delivery to
APCs, OMLs have an excellent ability in achieving con-
comitant delivery of antigen and stimulatory signals to
professional phagocytic cells, such as DCs and macrophages,
leading toAPCmaturation, presentation of antigens onMHC
class I and class II molecules, secretion of IL-12 from APCs,
andmigration of APCs into lymphoid tissues fromperipheral
tissues, where both näıve CD4+ and CD8+ T cells are
activated to generate encased-antigen-specific Th1 cells and
CTLs, respectively. Therefore, OMLs themselves have the
potential for clinical use in vaccination against diseases in
which CTLs and/or Th1 cells act as effector cells.

Similar to the studies of other delivery systems, the focus
of the studies of OMLs was on demonstrating immune acti-
vation without focusing on the underlying mechanisms that
lead to activation of APCs. For example, the molecular
mechanism and signaling that IL-12 production is preferen-
tially enhanced and IL-6 production is suppressed in OML-
ingesting phagocytic cells are still unclear, although this char-
acteristic property of OMLs might be essential for the spe-
cific induction of encased-antigen-specific cellular immune
responses. An increased focus on mechanistic studies of
activation of APCs with liposome-based antigen delivery
systems is required for successful development. The critical
factors of the liposomes for uptake and activation of APCs,
for example, carbohydrate density and particle size, remain
to be elucidated. We usually use OMLs consisting of DPPC,
cholesterol, and Man3-DPPE at a molar ratio of 10 : 10 : 1
and with a 1 𝜇m particle size, which have the capacity to
induce strong cellular immune responses and control several
diseases, since nanoparticles of 500–2000 nm size were found
to be more efficiently uptaken as compared to smaller size.
A preliminary study suggested that OMLs with a lower
carbohydrate density or a smaller particle size did not induce
cellular immune responses as well as IL-12 production. Thus,
optimization of the carbohydrate density on the liposome
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surface and of the particle size is also necessary. However,
as the understanding of signaling in APCs and formulation
factors that determine immune response will progress in
the future, it is without doubt that clinical application of
APC-targeted carbohydrate-coated liposomal delivery and
activation systems will become a reality.
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The ease to culture, moderately less safety constraints in handling, and above all, hurdle free induction of an anticipated infection
in mouse rendered Listeria monocytogenes the rank of a model organism for studying a variety of host immune responses. Listeria
monocytogenes being an intracellular pathogen evokes potent CD8 T cell response during which CD8 T cells pass through a
massive expansion phase. This is generally followed by contraction phase wherein majority of activated cells undergo apoptosis
leaving behind a population of memory CD8 T cells that has potential to confer enhanced protection upon reencounter with the
same pathogen. Functional attributes of various cytokines, transcription factors, receptors, adaptors, and effectors pertaining to the
generation of robustmemory T cell response have begun to be unravelled for better understanding ofmemory and opening avenues
to create superior vaccine strategies. This review is an attempt to unveil related discoveries along with updating recent advances on
this issue.

1. Introduction

Listeria monocytogenes is a Gram-positive facultative intra-
cellular bacterium and the causative agent of listeriosis, the
most pernicious amongst various food borne infections in
humans accounting for about 20–30% deaths worldwide [1].
Listeriosis is characterized by systemic dissemination of the
heavy ingested inoculum of bacteria from gut to systemic
circulation to various organs including brain manifesting
in the establishment of gastroenteritis, septicaemia, and
meningoencephalitis. Moreover, Listeria monocytogenes has
a profound predilection for disseminated infection during
pregnancy [2–4] which is attributable to the induction of
fetal-placental infection triggering stillbirth, spontaneous
abortion, premature delivery, and neonatal infection [5].

Listeria monocytogenes disseminates infection by cell-to-
cell mode of spread along with being endowed with the
capability of infecting both nonprofessional phagocytes (gut
epithelial cells) and professional phagocytes (macrophages)
[6]. The notoriety of the pathogen is associated with its
ability to make macrophage cytosol its replicative niche [7],
and it does so by disrupting the internalization vacuole

exploiting its pore forming toxin, listeriolysin O (LLO),
curtailing the fusion of the vacuole to hydrolytic phagosome
[1]. The cytosolic abode and cell-to-cell spread protect the
pathogen from extracellular milieu and safeguard it against
antibody onslaught and complement attack. The intracel-
lular niche occupied by Listeria monocytogenes leads to
induction of potent CD8 T cell response wherein CD8 T
cells proliferate and differentiate to effector cells in order
to contain the infection. CD8 T cells play centrestage in
the control and obliteration of intracellular pathogens [8].
Moreover, dendritic cell cross-priming of CD8 T cells is
of chief importance in alarming cellular immune responses
to Listeria monocytogenes infection. Once the infection is
eliminated, the CD8 T cell population begins to contract
as the bulk of the Listeria-specific CD8 T cells undergo
apoptotic cell death; therefore, a skimpy population (5–10%)
of Listeria-specific CD8 T cells is left to enter the memory T
cell pool, and it is this memory T cell pool that confers better
protection upon rechallenge with Listeria monocytogenes [9].
The CD8 T cell memory pool generated so forth does not
carry a homogenous population rather a heterogeneous one
which can be separated into central memory T cells (TCM)
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carrying high proliferation capacity but reduced immediate
effector function and effector memory T cells (TEM) carrying
low proliferation capacity but profound immediate effector
function [9–13]. The heterogeneous CD8 T cell memory
population is based on the expression of CD62L and CCR7;
TCM is CD62Lhigh and CCR7+ while TEM is CD62Llow and
CCR7− [14].

The focal point of this review is T cell memory response
to Listeria monocytogenes infection, and the reason behind
choosing Listeria monocytogenes as the centrestage organism
for this review is its exploitation as amodel organism to study
immune response against intracellular pathogens, and this is
owed to the geneticmanipulability of thismicroorganism and
availability of overwhelming information on its pathogenesis
[6, 15]. Exploiting themutability of Listeriamonocytogenes, its
avirulent strains have been created which however retain the
capacity to induce potent and protective acquired immune
response and help deciphering a wider scope of immune
response to intracellular pathogens [6].

Herein, first we detail the generation ofmemory T cells in
response to Listeriamonocytogenes infection enumerating the
“models” proposed for their differentiation. Secondwe review
the role of various cytokines, transcription factors, receptors,
adaptors, and effectors in the generation of a robust CD8
T cell memory response along with highlighting the recent
breakthroughs. Further, we discuss the contribution ofCD4T
cells and B cells in generation and maintenance of CD8 T cell
memory response. Lastly, we enumerate how understanding
memory response opens avenues for development of better
vaccines. Figure 1 gives an overview of the factors playing
crucial roles in generation of memory CD8 T cells.

2. Generation of Functional Memory
CD8 T Cells

2.1. Models of Memory CD8 T Cell Generation. It is very well
documented that CD8 memory T cells play an indispensable
role in controlling intracellular pathogens like viruses and
certain bacteria including Listeria monocytogenes. As already
discussed, postelimination of primary infection, the host
harbours two distinct CD8 T cell memory subpopulations:
TEM and TCM. Two conflicting models for memory T cell
differentiation have been proposed: one being “linear dif-
ferentiation model” and the other being “progressive differ-
entiation model.” According to linear differentiation model,
memory T cells develop in continuum from naive cells which
get activated upon antigen encounter and give rise to TEM
which finally progress to TCM. TCM represents the memory
T cell subpopulation that confers enhanced protection upon
reencountering the same pathogen [16, 17]. The progressive
model describes that TCM generation bypasses the TEM stage
and arises directly from naive cells [16, 18]. According to
this model, the “signal strength” to TCR (T cell receptor)
during priming and expansion phase determines the fate. It
is proposed for this model that, as a consequence of strong
activating signal strength, T cells acquire full effector function
and lose their potential to proliferate and survive. TCM is gen-
erated in response to weak signals and provides precursors

for rapid generation of antigen-specific effector cells, whereas
TEM has been proposed to develop as a consequence of
intermediate signal strength. A study conducted by Teixeiro
et al. [16] showed results falling in line with the progressive
model. They have demonstrated that it is the differential
TCR signaling in Listeria monocytogenes infection which
determines CD8 T cell memory versus effector development.
They exploited a mutant TCR transgenic model infected
with Listeria monocytogenesand found that point mutations
in the TCR 𝛽 transmembrane domain although could not
impact primary effector CD8 T cell response, they ensued in
impaired development and function of CD8 memory T cells.

Different experimental systems and methods used to
define phenotype and purify T cell subsets have been
attributed for the existence of such contrasting views [19].
Problems with infection models have also been proposed to
be the cause of deviating views, as in the case of chronic
persistent viral infections; details about potential in vivo
antigen (re) exposure are not clear, and frequent antigen
encounters may increase the diversity of expression patterns
for some markers [19]. Since linear model is often taken
into account while describing antigen-specific T cell memory
response, the details summarized herein are majorly in the
light of this model.

2.2. Functional Avidities andDifferentiation ofMemory CD8 T
Cells. High functional avidities determine the differentiation
and longevity of memory T cells to accomplish the memory
program. In an earlier study, Listeria monocytogenes specific
effector andmemoryCD8T cell populations have been inves-
tigatedwith respect to TCR repertoire [20].The heterogenous
CD8 T cell population (effector and memory CD8 T cells)
comprises cells specific for immunodominant epitopes and
expressing a broad spectrum of TCRs. Interestingly, TCR
repertoire expressed during the primary response is retained
by the memory T cells. However, during clonal expansion of
memory T cells after reinfection with Listeria monocytogenes,
the broad spectrum of TCR repertoire is narrowed rendering
development of T cells carrying higher avidity for antigen. It
is quite feasible that higher aviditymemoryT cells would have
selective advantage on rechallenge, but the comprehension
of precise mechanisms rendering alteration of TCR remains
elusive. Furthermore, in a recent study, some researchers have
also investigatedwhether CD8T cells stimulated by low affin-
ity ligands give rise to memory T cell population [21]. They
chose amodel in which TCR transgenic OT-1 cells were stim-
ulated by five different altered peptide ligands (APLs) which
were derivatives of original OT-1 ligand SIINFEKL (N4) and
differed in the potency to stimulate OT-1 cells. Mice were
infected with recombinant Listeria monocytogenes strains
expressing chicken Ova protein containing APL (Listeria
monocytogenes-APLOVA) in place of the N4 epitope. After
138 days of OT-1 cell stimulation by various APLs, a finite
population was found to remain stable. Recombinant vesicu-
lar stomatitis virus expressing Ova (VSV-N4OVA) challenge
rendered significant expansion of the OT-1 cells previously
exposed to any of the APLs. On the contrary, far fewer OT-
1 cells were observed after VSV-N4OVA challenge in mice
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Figure 1: Illustration of various factors regulating the generation of memory CD8 T cells in response to Listeria monocytogenes infection as
detailed in the text.

that initially received a wild-type Listeria infection, which
suggests that all the APLs generated memory cells. Transfec-
tion of N4 and V4 memory OT-1 cells into naive hosts led to
comparable expansion of both after Listeria monocytogenes-
N4OVA rechallenge. Interestingly, bothmemory populations
also responded similarly to Listeria monocytogenes-V4OVA
rechallenge.Thus, not the priming antigen rather the strength
of the recall stimulus determines the expansion in the
recall response. The findings enumerate that even very weak
TCR-ligand interactions are enough to drive the formation
of functional memory T cells and support the reports
indicating that lymphopenia-driven homeostatic expan-
sion, a manifestation where T cells also encounter only very
weak TCR ligands, generates functional memory T cells
[21].

2.3. Memory CD8 T Cell Differentiation Is Rapid and a Func-
tion of Duration of Infectious Period. It has been reported
that Listeria-specific CD8 T cells are present during initial
days after primary immune response, and their extensive
potential to proliferate after antigen reencounter indicates
that memory T cells undergo rapid differentiation [22, 23].
Moreover, CD127 (also known as the IL-7R) expressing T cell
subsets seemingly appear at early time points in response to
Listeria monocytogenes infection which further falls in line
with the notion that memory T cell development is rapid
[20, 24]. Williams and Bevan have reported that duration
of infectious period of Listeria monocytogenes dictates the
programming of CD8 T cells to memory T cells [25].
Although, it is well known that brief exposure to antigen
leads to expansion and differentiation of CD8 T cells, their
work proves that full memory differentiation of CD8 T cells
remains diminished when the infectious period is shortened.
So, it appears that CD8 T cell memory programming is
dependent on threshold infection duration. Furthermore, the
finite size of memory CD8 T cells generated after Listeria
monocytogenes infection has also been investigated because
the number of memory cells formed is in direct corelation
with the level of protection rendered in the infected host
[17, 26–29]. Hence, seemingly a protective number of effector

and memory CD8 T cells are indispensable to fight various
infections and malignancies.

2.4. Cytokines and Transcription Factors Required to Gen-
erate Robust Memory CD8 T Cells. It has been spoken
loud that CD8 T cell memory formation is critical for
developing protective immunity against reinfection but the
signals required to program activated CD8 T cells to
develop into memory cells remain obscure. CD4 T cell
assistance [30, 31] and IL-2 signals during priming have
been reported to play some role in the establishment of
memory population [32]. A recent study supports the critical
function of IL-12 and type I Interferon (IFN) in inducing
CD8 T cell memory development in response to Listeria
monocytogenes infection [33]. Xiao et al. [33] report that,
within three days of the initial phase of naive CD8 T
cell expansion in response to Ag, memory development
by IL-12 is completely programmed but this indoctrination
does not lead to formation of memory cell population
expressing killer cell lectin-like receptor G1 (KLRG1); rather
the majority cells express CD62Lhigh phenotype which is
an attribute of central memory cells. Hence, three major
classes of signals contribute to T cell activation and their
transit to memory cell development, signal 1 from antigen
stimulation of TCR, signal 2 comes from costimulatory
signalling through molecules like CD28, and the signal
3 is derived from the above-discussed cytokines namely,
IL-12 and type I IFN. Differential expression of the T-
box transcription factor, T-bet, has been revealed to partly
mediate the effect of inflammatory cytokines like IL-12
on effector and memory CD8 T cells [34–36]. Moreover,
downstream transcriptional programs ofWnt signalling have
been reported to play as signal 4 in modulating T cell
responses [36]. Wnt proteins (secreted, lipid modified gly-
coproteins) regulate various cellular activities owing to their
potential to activate multiple signal transduction pathways.
Zhao et al. demonstrate that TCF-1 (T cell factor 1) and
LEF-1 (lymphoid enhancer-binding factor 1), the effector
transcription factors of canonical Wnt pathway in a manner
similar to IL-7R𝛼 and CD62L, exhibit dynamic expression
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changes during expansion of antigen-specific CD8 T cells
in response to Listeria monocytogenes infection [36]. They
found naive T cells to express plenty of TCF-1 and LEF-
1 which were however downsized in number in effector T
cells but found to be upregulated again in memory T cells.
The study revealed that memory CD8 T cells transitioned
to a large population of secondary effectors which rendered
rapid clearance of bacteria after rechallenging immunized
micewith virulent Listeriamonocytogenes.The finding clearly
suggests that activation of the canonical Wnt pathway leads
to generation of memory CD8 T cell population during
initial immunization, ensuing in ameliorated protective
immunity upon further challenge with the same pathogen.

TCF-1 andLEF-1 transcription factors exhibit overlapping
roles in thymocyte maturation and have also been found to
regulate memory CD8 T cell differentiation and persistence,
but a wider spectrum of their functions remains yet to be
unravelled. Zhou and Xue made an effort in this direction
when they studied the effect of double deficiency of TCF-1
and LEF-1 on generation of memory precursors in effector
CD8 T cell populations in response to Listeria monocyto-
genes infection [37]. The double deficit totally abrogated
the generation of KLRG1low IL-7R𝛼high memory precursors
and CD8 effectors lacking TCF-1 and LEF-1 although could
still express IFN-𝛾, granzyme B, and perforin, but TNF-
𝛼 production was found to be hampered in them. The
double deficient antigen-specific CD8 T cells exhibited an
effector phenotype in the memory phase, and, in secondary
expansion upon reencounter, theywere severely impaired. So,
it can be concluded that TCF-1 and LEF-1 regulate generation
of memory precursors and protective memory T cells in
unison.

As already discussed, IL-12 and IFN-𝛾 induce protective
immunity against Listeria monocytogenes infection by regu-
latingmemoryCD8T cell development as well asmodulating
magnitude of short-lived effector cells generated. A group
recently examined the role of a related cytokine, IL-23, in this
regard and concluded that, in the absence of IL-12, it can act
as its partial substitute for generation of protective immunity
against Listeria monocytogenes challenge [38]. Moreover,
Sandau et al. demonstrated that IL-15 plays a crucial role in
dictating the composition as well as maintaining the CD8
memory pool; that is, it regulates both qualitative as well
as quantitative features of CD8 memory T cell population
[39]. The researchers observed that, after boosting, mice
lacking IL-15 could not give rise to a subset of effector
memory cells, including a population of IL-7R𝛼 low cells
which however were found to be in higher proportion among
secondary memory cells in normal mice. IL-15 deficiency
also induced changes within the IL-7R𝛼high CD62Llow subset
of secondary memory CD8 T cells, which expressed high
levels of CD27 butminimal granzyme B.Moreover, including
these qualitative changes, deficiency of IL-15 led to reduced
cycle and impairment of Bcl-2 expression by secondary
memory CD8 T cells which is indicative of a definite role
of IL-15 in basal proliferation and survival of the memory
cell pool. Moreover, IL-7 has also been found to regulate
the differentiation of CD8 memory T cells following the
effector phase [39].

Whereas shaping CD8 T cell memory requires some
cytokines, there are others which either function conversely
or leave no effect. IL-10 has been well documented for
inducing downregulation of T cell responses [40]. Moreover,
Biswas et al. demonstrated that, in the absence of IL-10,
primary and memory CD8 T cell responses against Listeria
monocytogenes infection are enhanced [40]. Furthermore,
a little later, Haring and Harty evaluated antigen-specific
CD4 and CD8 responses in the absence of IL-18 or IL-18R𝛼
to determine the role of this cytokine in development and
homeostasis of T cells. Whereas they observed a regula-
tory function of IL-18/IL-18R𝛼 in CD8 T cell contraction,
their experiments revealed that neither IL-18 nor IL-18R𝛼 is
required for the generation, contraction, or maintenance of
memory CD4 and CD8 T cells in response to infection with
an attenuated strain of Listeria monocytogenes [41].

2.5. Inflammatory Environment Contributes to Memory CD8
T Cell Differentiation. Pathogen induced inflammatory envi-
ronment has also been observed to control effector and
memory CD8 T cell differentiation [14]. According to
the differential model, short-lived effector cell (SLEC: IL-
7R𝛼low KLRG1high) and memory precursor effector cell
(MPEC: IL-7R𝛼high KLRG1low) are formed from an early-
effector cell (EEC: IL-7R𝛼low KLRG1low). Obar et al. [14]
demonstrated that the composition of the inflammatory
environment induced by Listeria monocytogenes and vesic-
ular stomatitis virus (VSV) infections affects effector CD8
T cell differentiation. They observed that inflammation in
addition to altering SLEC/MPEC differentiation also limited
the differentiation of CD62Llow T effector memory cells that
searingly affected the functionality of the effector CD8 T
cell population and composition of the MPEC population.
Moreover, they found that SLEC/MPEC differentiation was
altered in a memory cell intrinsic manner as a consequence
of multiple encounters with the same antigen. It leads to the
conclusion that effector and memory CD8 T cell differentia-
tions are regulated by the type of priming pathogen and the
number of the times the cell encounters the same pathogen.

2.6. Adaptors, Ligands, andReceptors Required to ShapeCD8T
Cell Memory. Themechanisms that direct the induction and
maintenance of memory T cells are not clear yet. Gads, an
adaptor protein in TCR signalling, plays an indispensable role
in TCR mediated Ca2+ immobilization [42]. Effect of Gads
deficiency on CD8 T cell mediated immunity has also been
investigated in Listeria monocytogenes infection [42]. During
the initial phase, Gads+/+ and Gads−/− CD8 T cells expanded
to an equivalent level, although the expression of CD69 and
CD25 was reduced in the absence of Gads. Additionally,
Gads was albeit required to sustain the proliferative phase of
immune response five days after infection, it played no role in
differentiation of naive CD8 T cells into memory cells.

Another study conducted by Pearce et al. reveals that
TRAF6, an adaptor protein in the TNF receptor (TNFR)
and IL-1R/TLR superfamily, regulates development of CD8
T cell memory following Listeria monocytogenes infection
by modulating fatty acid metabolism [43]. They found that
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mice with T cell specific deletion of TRAF6 could generate
robust CD8 effector T cell responses which were however
defective in their ability to transit to memory CD8 T cell
population. Moreover, their study revealed that expression of
genes regulating fatty acid metabolism is altered in TRAF6-
deficient CD8 T cells. Falling in line, in the absence of
growth factors, activated CD8 T cells lacking TRAF6 display
defective AMPK activation and mitochondrial fatty acid
oxidation (FAO). They found that administration of antidi-
abetic drug metformin replenished FAO andmemory CD8 T
cell production in TRAF6 deficient mice, and, interestingly,
this treatment could also ameliorate memory CD8 T cell
generation in wild-type mice.

A G protein coupled neuropeptide receptor, VPAC1
(vasoactive intestinal peptide/pituitary adenylate cyclase acti-
vating polypeptide receptor 1) has also be investigated for
its regulatory role on CD8 T cells in response to Listeria
monocytogenes infection [44]. It has been demonstrated that
CD8T cells responding toListeriamonocytogeneshave down-
regulated expression of VPAC1, so downregulation of VPAC1
expression exhibits inverse relationship with CD8 T cell
proliferation. Interestingly, VPAC1 expression normalised to
naive level in primary but remained low during secondary,
memory generation.

According to a report, Fas death pathway has some share
in modulating the function of memory CD8 T cells [45].
While a similar increase or decrease of CD8 T cell response
is observed against Listeria monocytogenes infection in wild-
type (WT) and Fas ligand (FasL) mutant mice, FasL mutant
mice had mainly TEM population in the long term when
compared to WT mice that carried majorly TCM population.
Downregulation of IFN-𝛾, poor homeostasis, and antigen-
induced proliferation were observed for memory CD8 T cells
in FasL mutant mice. Interestingly, faulty programming or
defective FasL expression on CD8 T cells is not responsible
for impaired CD8 T cell memory in FasL mutants, but the
deranged cytokine environment in FasL mutant mice played
the culprit. Although adoptively transferred WT memory
CD8 T cells could confer protection against Listeria mono-
cytogenes in either the WT or FasL mutant hosts, memory
CD8 T cells in FasL mutants could not deliver protection
even in WT hosts. Hence, subjects carrying mutation in
Fas pathway have impaired memory CD8 T cell function
which can render them susceptible to recurrent or latent
infections.

2.7. Cell Cycle Regulatory Molecules Modulate the Generation
of CD8 T Cell Memory. In addition to the above-mentioned
regulatory mechanisms, cell cycle regulatory molecules have
also been reported to be key regulators of T cell response [46].
p27Kip1, a cyclin-dependent kinase inhibitor, has been found
to be a critical regulator of the CD8 T cell homeostasis as well
as response to an acute viral infection [35]. Most importantly,
p27Kip1, in addition to inhibiting the programmed expansion
of IL-2 producing memory precursors, had its impact on
the magnitude and quality of CD8 T cell memory. Singh
et al. [46] observed the effect of p27Kip1 deletion on CD8 T
cell proliferation upon vaccination with recombinant Listeria

monocytogenes. They found, that initially after vaccination,
CD8T cells exhibited superior recall responses in the absence
of p27Kip1. Moreover, their study reflects an inhibitory role of
p27Kip1 in proliferative renewal of memory CD8 T cells, the
effector memory subset in particular. The study indicates cell
cycle regulation of CD8 T cell homeostasis and supports the
idea of modulating p27Kip1 to boost vaccine induced T cell
memory as well as protective immunity.

Bcl-2, an apoptosis regulatory protein, has also been
proposed to be indispensable for the survival of memory
cells [47–49]. Several studies relying on double knockout
models have proposed a skewing role for Bcl-2. Dunkle et
al. [49] performed adoptive transfer experiments, a method
to confirm memory potential of cell subsets, exploiting Bcl-
2 as a marker which earlier could not be performed owing
to the intracellular localization of Bcl-2. They used a novel
Bcl-2 reporter mouse model and reported that a distinct
subset of effector T cells including a subset within the IL-
7𝛼

high KLRG1low memory precursor effector cell population
retains high Bcl-2 expression at the peak of the CD8 T
cell response to Listeria monocytogenes. Moreover, their
findings enumerate the correlation of Bcl-2 with memory
potential in adoptive transfer experiments exploiting both
total responding CD8 T cells and memory precursor effector
cells. Their results show that Bcl-2, despite being within
the memory precursor effector cell population, renders a
survival advantage to a subset of effector CD8T cells allowing
their differentiation into memory cells. The findings paint
a clear picture of the critical role of Bcl-2 in memory
T cell generation. Diacetylated histone H3 (diAcH3) has
also been reported as a useful marker for evaluating the
functionality of memory CD8 T cells upon Listeria monocy-
togenes infection. Studies performed by DiSpirito and Shen
demonstrate that memory T cells impaired in rapid recall
response carry less abundant diAcH3 in comparison to
their wholesome counterparts which makes diAcH3 level
in memory T cells an asset to evaluate their functionality
[50].

2.8. Kinases As Well Have Some Control over CD8 T Cell
Memory Generation. AMPK, adenosine monophosphate-
activated protein kinase, gets activated in response to TCR
signals upon antigen encounter and during energy stress in
T cells as well [51, 52]. It is well documented that AMPK can
establish homeostasis and implement dormancy to put down
the energy demand inmany cell types [53]. Considering these
facts, Rolf et al. [53] investigated the role of AMPK during
the contraction phase of immune response in regulating the
transition of metabolically active effector CD8 T cells to the
metabolically dormant catabolic memory T cells.They found
that, althoughAMPK𝛼1 activity is not necessarily required for
proliferation and differentiation of CTLs, it becomes critical
for in vivo survival of CTLs when immune stimulation is
withdrawn. They show that T cells lacking AMPK𝛼1 were
critically defective in their potential to generatememoryCD8
T cell responses during Listeria monocytogenes infection.
Hence, their findings give an insight that AMPK𝛼1 controls
CD8 T cell memory.
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3. CD4 T Cells Assist in Memory
CD8 T Cell Generation

Factors affecting CD8 T cell response upon bacterial and
viral infections are numerous combined with being complex.
One of the factors influencing long term survival and fitness
of CD8 T memory cell pool is CD4 T cell help [20].
Infection with Listeria monocytogenes (either intravenous or
enteric) induces clonal expansion of CD4 cells in a manner
similar to CD8 T cells [54]. Although assistance of CD4 T
cells for the generation of CD8 T cell immune response is
overruled during the primary immune response to Listeria
monocytogenes infection, it plays centrestage for long term
maintenance of memory CD8 T cells and establishment of
protective immunity against reinfection [20, 55, 56].Whereas
reduced memory in mice lacking CD4 T cell appears only
several weeks after infection, CD4 T cells have been found
to be critical during the initial priming process, during
which they render CD8 T cells with enormous potential
to proliferate upon reencounter with the pathogen months
later [20, 57]. Hence, CD4 T cell deficient environment
renders development and maintenance of CD8 T memory
cell pool with reduced magnitude over time affecting the
ability of CD8 memory T cells to expand and perform
effector functions like cytokine production and hampering
their cytotoxic potential which ultimately wanes generation
of protective immunity upon rechallenge with the same
pathogen. Moreover, it has been demonstrated that mem-
ory maintenance stage of CD8 T cell memory requires
the presence of CD4 T cells giving insight into the direct
or indirect role of CD4 cells to shape the comprehensive
quality and functionality of the CD8 memory T cell pool
[20, 57, 58].

Though CD4 T cells have been found to impact long
term memory CD8 T cells positively, contrastingly, a sub-
set CD4 CD25 regulatory T cells (Tregs) have been found
to suppress Listeria monocytogenes-CD8 T cell responses.
In CD4 T cell deficient mice, enhanced memory CD8 T
cell responses were observed at the time of reinfection in
response to immunization, in particular, with peptides or
DNA [20, 59]. When CD25 positive cells were depleted, it
left a similar effect indicating an inhibitory function of Tregs
on Listeria monocytogenes specific CD8 T cell responses.
Interestingly, when wild-type mice are immunized with heat
killed Listeria monocytogenes (HKLM), protective immunity
is not conferred in them, but a higher level of protection
is rendered if the mice are depleted in CD4 cells [60]. This
suggests that Tregs has a restraining effect on CD8 T cell
responses following immunization with HKLM, but, on the
contrary, Tregs are induced less effectively after infection with
live, virulent bacteria.

However, conversely to the above report, a more recent
study has unravelled an unexpected function of Tregs. The
findings enumerate that Tregs deficit causes activation and
expansion of a population of low avidity CD8 cells which
leaves the activation of high-avidity T cells impaired during
primary immune response resulting in downsizedmemory to
Listeria monocytogenes. Considering the results, Tregs can be
called critical regulators of homeostasis of CD8T cell priming

and inducers of high-avidity primary responses and effective
memory [61].

Whereas T cell help is said to be required for the primary
response, experiments with noninflammatory immunogens
have demonstrated it to be required for generation of sec-
ondary response. CD4 T cell help during the initial phase
(the first few days) of the immune response has been
found to influence the development of a secondary response
[57, 62, 63]. As the CD4 T cells are required during the initial
phase to program the ensuing CD8 T cell memory response,
“unhelped” CD8 T cells, that is, the cells which were not
assisted by CD4 during priming, are destined to undergo
“activation induced cell death” (AICD) upon restimulation.
This is why upon rechallenge ill effects of priming in the
absence of CD4 T cell help are seen [30]. Sacks and Bevan
[57] have added information with respect to CD4 T cell help.
They wondered if TRAIL blockade could rescue impaired
CD8 T cell memory in the absence of CD4 help as it
has been reported that, in “unhelped” CD8 cells, TRAIL
deficit rescues the expansion of restimulated CD8 T cells
[30]. They studied memory T cell response in mice doubly
deficient in CD4 T cells and TRAIL and found reduced
memory CD8 T cell pool in these mice with time and
conferred lesser protective immunity upon rechallenge with
Listeria monocytogenes like their counterparts which were
TRAIL sufficient but CD4 unhelped. Hence, Sacks and Bevan
conclude “TRAIL deficiency does not rescue impaired CD8 T
cell memory generated in the absence of CD4 T cell help” [57].

Interestingly, a very recent study highlights that a subunit
vaccine that combines polyIC and an agonistic CD40 anti-
body could “program” protective CD4 independent CD8 T
cell memory in response to Listeria monocytogenes infection
[64].

4. B Cells Too Have Some Part to Play in
CD8 T Cell Memory Generation

Earlier, the intracellular residence occupied by Listeria mono-
cytogenes made the scientific fraternity to conceive the
notion that the humoral immune response has to play
no role in the control of Listeria monocytogenes infection.
However, later on, a few findings sprouted in favour of
B cell, and antibody influence over Listeria monocytogenes
infection put that backdrop idea to rest. As B cells have
been found to play some part in the generation of T cell
response and establishment of memory, they are believed
to contribute indirectly in evoking anti-L. monocytogenes
immunity. Binding of B cell surface and soluble antibodies to
their cognate antigens in secondary lymphoid organs, where
specific immune responses are initiated, can facilitate the
generation of protective T cell response. Whether CD4 and
CD8 T cell responses are differentially affected during B cell
deficit remains obscure. A study conducted by Shen et al.
[65] highlights that, albeit B cells perform aminimal function
in the initial activation and antigen-driven expansion of
CD8 T lymphocytes, their absence during the contraction
phase renders increased death of activated CD8 T cells,
leading to reduced Listeria-specific CD8 T cell memory.
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However, B cell influence on long term maintenance and
rapid recall response of memory CD8 T cells is denied. Mice
deficient in B cells exhibit increased contraction of antigen-
specific CD8 T cells, but this possibly is not a consequence
of impaired CD4 T cell responses since Listeria-specific
CD4 T cell priming has been found to be normal in B
cell deficient mice [65]. Furthermore, an overcontraction of
antigen-specific CD8 T cells was overruled in CD4 deficient
mice.Thus, B cells are equipped to performa specific function
of modulating the contraction of CD8 T cell responses
following immunization. However, the factors regulating
the apoptotic phase remain yet to be unravelled but once
elucidated may open avenues to manipulate this process to
augment immunological memory and, thus, vaccine efficacy.
Furthermore, the old proposition that antigen antibody
complex retention on follicular dendritic cells influences the
maintenance of long termT cell memory [66] was challenged
by later experimental evidence [67–69]. Thus, it becomes
very apparent that B cells contribute in modulating T cell
responses in Listeria monocytogenes and many other similar
infections.

5. Memory T Cells and Vaccine Development

As discussed earlier, antigen-specific CD4 and CD8 T cells
which exist in lower frequencies in naive hosts are the
key players in protective immunity. After proliferation in
response to antigen, contraction phase begins in which a
subpopulation of antigen specific T cells forms memory
cell pool. This immunological memory is the basis for
vaccination, and wholesome efforts have been put to improve
vaccine design through manipulating T cell responses which
would maximize memory T cell formation. Although it has
been suggested that TCM has a better capacity to replenish
memory T cell pool and to mediate protective immunity
than TEM because of their greater capacity to proliferate
and persist in vivo, the findings of Huster et al. show that
TEM is crucial for providing efficient protective immunity
against Listeria monocytogenes infection [19]. Induction of
TCM CD4 cells has also been correlated with prolonged
survival, thereby highlighting the importance of gaining a
better understanding of the mechanisms underlying central
memory induction and persistence for successful vaccine
development.

In hosts vaccinated with live Listeria-based vaccine, an
effective CD8 T cell response is evoked along with generation
of sterilizing immunity [70, 71]. On the contrary, the CD8 T
cell response to heat killed Listeria monocytogenes (HKLM)
vaccination does not elicit protective immunity. Interestingly,
though HKLM vaccination fails to confer protective immu-
nity, irradiatedListeriamonocytogenes (IRLM) immunization
was successful in protecting mice from secondary infection
[71]. However, IRL immunization conferred an inferior pro-
tection in comparison to live bacterial infection. Whereas
the immunological basis for generation of distinct responses
to these three forms of same bacterium remains obscure,
Khanna et al. propose that the three forms undergo three
different transcriptional and translational programs [71].

Prime-boost vaccination remains the most effective
method of choice for inducing higher number of memory
T cells combined with increased resistance [14]. However,
the classical prime-boost approach requires lengthy time
periods between priming and boosting. If the time interval
between priming and boosting is shortened, the generated
memory cells are downsized to a level below the protec-
tive value. Pham et al. using Listeria monocytogenes as a
model system devised an alternative cross-priming strategy
in the absence of adjuvant to shorten the interval between
initial priming and booster immunization [29]. It led to the
generation of antigen-specific CD8 T cells with augmented
memory function which can be amplified with each passing
day to achieve protective levels within a very short time.
Ansari et al. evaluated the protective efficacy of Listeria
monocytogenes secretory proteins entrapped in archaeosome
(liposomemade of Archaea derived lipids) and found that the
formulation could generate protective memory in the form
of TCM and TEM against Listeria monocytogenes infection [2].

6. Conclusion

In the last few decades, study of immune response par-
ticularly CD8 T cell response to Listeria monocytogenes
in mouse model has proved to be instrumental for better
understanding of intracellular pathogen induced infections.
Understanding CD8 T cell memory generation to Listeria
monocytogenes infection is the focus of numerous research
groups across the globe owing to the ray of hope it kindles
for designing improved vaccines against a gamut of similar
infections. As new cells, receptors, adaptors, and regulatory
molecules are discovered each day, Listeria monocytogenes is
used as a model to decipher their contributions in various
host responses including T cell memory generation and
till date though it has yielded considerable information
on this issue, but the T cell memory picture yet remains
petite and requires further studies to get transformed to a
comprehensive one.
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The development of tools for efficient targeting of antigens to antigen presenting cells is of great importance for vaccine
development. We have previously shown that fusion proteins containing antigens fused to the extra domain A from fibronectin
(EDA), an endogenous TLR4 ligand, which targets antigens to TLR4-expressing dendritic cells (DC), are highly immunogenic. To
facilitate the procedure of joining EDA to any antigen of choice, we have prepared the fusion protein EDAvidin by linking EDA to
the N terminus of streptavidin, allowing its conjugation with biotinylated antigens. We found that EDAvidin, as streptavidin, forms
tetramers and binds biotin or biotinylated proteins with a 𝐾

𝑑
∼ 2.6 × 10−14mol/L. EDAvidin favours the uptake of biotinylated

green fluorescent protein by DC. Moreover, EDAvidin retains the proinflammatory properties of EDA, inducing NF-𝜅𝛽 by TLR4-
expressing cells, as well as the production of TNF-𝛼 by the human monocyte cell line THP1 and IL-12 by DC. More importantly,
immunization of mice with EDAvidin conjugated with the biotinylated nonstructural NS3 protein from hepatitis C virus induces
a strong anti-NS3 T cell immune response. These results open a new way to use the EDA-based delivery tool to target any antigen
of choice to DC for vaccination against infectious diseases and cancer.

1. Introduction

The development of prophylactic and therapeutic vaccines
requires strategies capable of stimulating CD8+ cytotoxic T
cells which recognize antigens expressed by infected cells
or tumors. The unique capacity of DC to present anti-
gens to T cells and elicit immune responses has prompted
their use in vaccination strategies. The “in vivo loading”
or “targeting” of antigens to DC through their surface
receptors [1–9] constitutes an alternative to the ex vivo
manipulation of dendritic cells (DC) for their transfer into
the patient (reviewed in [10]). It has been described that
the efficacy of antigen capture by DC dramatically affects
the immunogenicity of the antigen. But, the outcome of
the immune response induced by targeting antigens to DC

depends on the receptor used [3, 11–15]. Engagement of
TLR on DC loaded with the antigen induces DC activation,
expression of cytokines, and migration to draining lymph
nodes for an efficient presentation of the processed antigen
to T cells [16]. Recently, we have demonstrated that fusion
of an antigen to the extra domain A from fibronectin (EDA)
favours antigen targeting to TLR4-expressing DC, leading
to their maturation and enhancing cross-presentation and
immunogenicity of the antigen [4] as well as the induction of
antiviral/tumor immunity [17–19]. However, this vaccination
strategy requires the preparation of the corresponding fusion
protein between EDA and the selected antigen each time. In
order to facilitate the procedure of joining EDA to different
viral or tumoral antigens, we have taken the advantage of
the exceptionally high affinity of streptavidin for biotin, one
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of the strongest known noncovalent biological interactions
(𝐾
𝑑
> 10
−15M) [20]. We hypothesised that a fusion protein

of EDA linked to streptavidin could be easily conjugated to
biotinylated antigens for their use as immunogens for vacci-
nation purposes. In this work, we found that EDAvidin was
able to tetramerize and bind to biotinylated proteins while
retaining the proinflammatory and DC targeting properties
of EDA. In addition, we found that EDAvidin conjugatedwith
the NS3 protein from hepatitis C virus (HCV) was able to
induce strong and specific T cell immune responses against
the main T cell epitopes from NS3 protein.

2. Material and Methods

2.1. Construction and Purification of the EDAvidin. The plas-
mid pET21a-Streptavidin-Alive [21] (Addgene, Cambridge,
MA) expressing wild-type subunit of streptavidin with a
6xHis tag was used for the construction of the expres-
sion plasmid pET21a-EDA-Streptavidin using conventional
cloning techniques. This plasmid expressing EDA in the C-
terminal end of streptavidin was verified by DNA sequenc-
ing and introduced into BL21(DE3). Recombinant protein
EDAvidin was purified from inclusion bodies by affinity
chromatography (Histrap, GE Healthcare, Uppsala, Sweden),
refolded in a sepharose G25 column using a urea gradi-
ent size-exclusion chromatography, dialysed, and removed
from endotoxins by using EndoTrap columns (Profos AG,
Regensburg, Germany) until endotoxin levels were below
0.2 EU/𝜇g protein (tested by quantitative chromogenic limu-
lus amebocyte lysate assay (Cambrex, Walkersville, MD,
USA)). Purified recombinant protein was analyzed by SDS-
PAGE and stained with Coomassie blue (Bio-Safe Coomassie
reagent, Bio-Rad, Hercules, CA, USA).

2.2. Binding Assay of EDAvidin to Biotinylated Proteins by
SDS-PAGE. The molecular weight marker containing
biotinylated proteins (MW 6,500–180,000, Sigma), or
the High-Range Rainbow Molecular Weight Marker
(12000–225000, GE Healthcare) as negative control, were
loaded into a 10% SDS-PAGE, transferred to nitrocellulose
membranes, and incubated with 1.33 nmol of EDAvidin or
EDA. After washing, membranes were incubated with a
rabbit polyclonal anti-EDA antibody (1/500) produced in
our laboratory. Membranes were then incubated with anti-
rabbit IgG horseradish-peroxidase (Cell Signaling) antibody
(1/2500) and developed using ECL chemiluminescence
system (Amersham). As a positive control, a membrane
was incubated with horseradish peroxidase conjugated
streptavidin (1/500) (GE Healthcare).

In some experiments, EDAvidin was incubated with
biotinylated proteins (i.e., OVA biot) and loaded into a 10%
SDS-PAGE to analyze the molecular size of the complexes
formed in comparison with the monomer OVA or the
EDAvidin tetramer alone. Gels were stained with Coomassie
blue (Bio-Safe Coomassie, Hercules, CA, USA).

2.3. ELISA-Based Binding Assays of EDAvidin to Biotinylated
Proteins. OVA protein (grade III), BSA (Sigma), or the

nonstructural NS3 protein from hepatitis C virus [19] were
biotinylated using sulfo-NHS-SS-Biotin (Thermo Scientific)
followingmanufacturer’s instruction.Microtiter plates (Nunc
MaxiSorp, Roskilde, Denmark) were coated with 0.1𝜇g/well
of biotinylated proteins in carbonate buffer 0.1M (pH 9,5).
Then, plates were incubated with PBS containing 10% FCS
(blocking buffer) during 1 h at room temperature. After
removing the blocking buffer, a 1/500 dilution of EDAvidin or
EDAproteinwas added and incubated at 37∘C for 90minutes,
washed, and incubated at 37∘C for 1 h with a 1/500 dilution of
a rabbit polyclonal anti-EDA antibody followed by a 1/2500
dilution of anti-rabbit whole IgGhorseradish peroxidase con-
jugated antibody (Sigma). Plates were developed by adding
100 𝜇L of TMB (BD Biosciences) and read at 450 nm using
the Multiskan Ascent (Thermo Electron Corporation).

2.4. Biomolecular Interaction Analysis. Binding capacity of
EDAvidin to biotinylated proteins was also analyzed by
surface plasmon resonance (SPR) using ProteOn XPR36
(Bio-Rad, Hercules, CA, USA) optical biosensor. OVA and
OVA-biotinylated proteins were covalently immobilized onto
the surface of a GLC sensor chips (Bio-Rad) using the cou-
pling reagents sulfo-NHS and EDC (Bio-Rad). After protein
immobilization, chip surface was treated with ethanolamine
to deactivate the excess of reactive esters. To determine
the equilibrium dissociation constant (𝐾

𝑑
) of EDAvidin to

biotinylated OVA protein, different concentrations of EDA-
vidin with 2-fold dilution of the maximum concentration
100 nM were injected in running buffer (PBS, 0.005% (v/v)
Tween 20, pH 7.4) over the coated sensor ships at a flow
rate of 30 𝜇L/min. Protein binding was evaluated during an
association phase (0–300 sec), which was followed by a dis-
sociation phase (injection of buffer only, 300–3700 sec). The
association phase, where EDAvidin protein is flowed across
the OVA biot coated sensor ship and binding is measured,
allows the determination of the rate of formation of the
complex over the time which is reflected by an increase in the
SPR response units (RUs). The kinetic of the increase in RU
determines the association constant (𝐾

𝑎
). In the dissociation

phase, the EDAvidin protein is removed from the flow, and
the rate of complex dissociation follows exponential decay
kinetics. This kinetic determines the dissociation constant
(𝐾
𝑑
). Data were double referenced by subtraction of control

flow cell (coated with nonbiotinylated OVA) and data from
Interspots, as recommended by themanufacturers. EDAvidin
affinity to OVA-biot and rate constants of the interaction
was determined by global analysis using Langmuir binding
model provided by the ProteOn X36 software (Bio-Rad).
After this process, the chip surface was regenerated by the
injection of free biotin (2 𝜇M), to remove the EDAvidin
coated protein to the chip. After this regeneration process,
different concentrations of streptavidin were injected in
running buffer at a flow of 30 𝜇L/min to determine the 𝐾

𝑑

for streptavidin-biotin interaction.

2.5. Mice. Female C57BL/6 mice, 6–8 weeks old, from
Harlan (Barcelona, Spain) and HHD mice, transgenic for
human HLA-A2.1 and beta-2 microglobulin molecules [22],
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kindly provided by Dr. F. Lemonnier (Institute Pasteur, Paris,
France), were housed in appropriated animal care facilities
during the experimental period and handled following the
local and international guidelines required for experimenta-
tion with animals.

2.6. Targeting of Antigen to DC. To study the targeting capac-
ity of EDAvidin toDC, recombinant green fluorescent protein
(GFP) was biotinylated as described above and incubated for
15min with EDAvidin or with EDA. Resulting mixtures were
incubated with C57BL/6-derived bone-marrow-derived DC
(BMDC) [4] for 15min at 4∘C, washed, and analyzed by flow
cytometry. To study the capacity of EDAvidin to stimulate
the production of IL-12 by DC, BMDC were cultured at
37∘C and 5% CO

2
with EDA or EDAvidin (500 nM), LPS

(0.1 𝜇g/mL), or culture medium. One day later, supernatants
were harvested to measure, and IL-12 (p70) by ELISA (BD-
Pharmingen), according to manufacturer’s instructions.

2.7. In Vitro Analysis on Monocyte Activation and Measure-
ment of Activation of TLR4 Signaling Pathway. THP-1 cells
(ATCC, Manassas, VA, USA) were grown as described [19],
plated at 2 × 105 cells/well, and cultured in the presence of
different concentrations of the indicated antigens. After 15
hours of incubation, culture supernatants were harvested
and human TNF-𝛼 released to the medium was quantified
using a commercial ELISA assay (BD-Pharmingen), accord-
ing to manufacturer’s instructions. To measure activation
of TLR4 signaling pathway, HEK293/hTLR4-MD2-CD14 or
HEK293/LacZ expressing cells were transfected with plas-
mid pNiFty-SEAP (Invivogen) carrying the human secreted
embryonic alkaline phosphatase gene (SEAP) controlled by
an NF-𝜅𝛽-inducible ELAM-1 promoter. Twenty-four hours
after transfection, cells were incubated in the presence or
absence of different concentrations of the indicatedmolecule.
After 24 hours, the expression of the reporter gene was
measured in culture supernatants by a colorimetric assay
(SEAP reporter assay kit, Invivogen). Results represent the
fold NF-𝜅𝛽 induction factor (OD obtained with supernatants
from HEK293/TLR4-MD2-CD14 divided by OD obtained
with supernatants from HEK293/LacZ).

2.8. In Vivo Induction of Anti-NS3 Immune Responses after
Immunization with EDAvidin Plus Biotinylated HCV-NS3
Protein. HHD mice [22] were immunized i.v. with 200𝜇L
of a saline solution containing (i) 2 nmol of EDAvidin plus
biotinylated NS3, (ii) 2 nmol of EDA-NS3, (iii) 2 nmol of
biotinylated NS3, (iv) 2 nmol of EDA plus 2 nmol of biotiny-
lated NS3, and (v) 2 nmol of streptavidin plus 2 nmol of
biotinylated NS3. Seven days after immunization, cytotoxic T
cell activity (CTL activity) was measured by an in vivo killing
assay. Briefly, naive splenocytes fromHHDmice were pulsed
with the HLA-A2-restricted peptide p1073 (CVNGVCWTV)
from NS3 (10 𝜇g/mL; 30 minutes, 37∘C), washed extensively,
and labeled with a high concentration (1.25𝜇M) of CFSE
(Invitrogen). The nonpulsed control population was labeled
with a low concentration (0.125 𝜇M) of CFSE. Both CFSEhigh-
and CFSElow-labeled cells were mixed at a 1 : 1 ratio (5 × 106

cells of each population) and then injected intravenously into
immunized mice. The number of CFSE+ cells remaining in
the spleen after 20 hours was determined by flow cytometry,
and the specific lysis was calculated as previously described
[23]. T cells producing IFN-𝛾 were enumerated by ELISPOT
using a kit from BD-Biosciences (San Diego, CA, USA)
according to manufacturer instructions, by culturing 8 × 105
splenocytes from immunized mice in the absence/presence
of peptide p1073 (10 𝜇g/mL), NS3 protein (0.1 𝜇g/mL), or
culture medium (negative control). The number of spots was
counted using an automated ELISPOT reader (CTL, Aalen,
Germany).

2.9. Statistical Analysis. Normality was assessed with
Shapiro-Wilk 𝑊 test. Statistical analyses were performed
using parametric (Student’s 𝑡-test and one-way ANOVA) and
nonparametric (Kruskal-Wallis and Mann-Whitney 𝑈) tests.
For all tests, a 𝑃 value < 0.05 was considered statistically
significant. Descriptive data for continuous variables are
reported as means ± SEM. Prism software (GraphPad
Software, Inc.) was used for statistical analysis.

3. Results

3.1. Recombinant EDAvidin Tetramerizes and Binds to Biotiny-
lated Proteins. Several reports have shown that the strong
affinity of avidin or streptavidin for biotin is dependent upon
the tetrameric architecture of the protein [24]. We produced
the recombinant protein EDAvidin by linking EDA to the
C-terminal end of streptavidin. SDS-PAGE analysis of the
purified protein showed a band corresponding to the putative
molecular weight of a tetramer form of EDAvidin (98 kDa)
(Figure 1(a)). When the sample was boiled before the SDS-
PAGE analysis, a band corresponding to the monomer
was observed (24.5 kDa), suggesting that the fusion protein
tetramerizes spontaneously in solution.

We studied by surface plasmon resonance the capacity
of EDAvidin to bind to the surface of a chip coated with
biotinylated OVA. Thus, by using different EDAvidin con-
centrations (100–6,5 nM), we found that EDAvidin bound
with high affinity to biotinylated OVA protein (Figure 1(b)).
When comparing this binding with that of streptavidin,
we observed that EDAvidin had a slightly lower affinity
(𝐾
𝑑
∼ 2.3 × 10−14mol/L), although it is still in the range

of the very high affinity constant showed by streptavidin
(𝐾
𝑑
> 10
−15mol/L).

Binding of EDAvidin to biotinylated proteins OVA (OVA
biot) or BSA (BSA biot) was also studied by ELISA. By incu-
bating OVA biot or BSA Biot-coated plates with EDAvidin or
with EDA (as control) and by quantification with anti-EDA
antibodies, it was found that EDAvidin, but not free EDA,
bound to biotinylated proteins (Figure 1(c)). The binding
capacity of EDAvidin to biotinylated proteinswas also studied
by SDS-PAGE. Thus, when EDAvidin was mixed with OVA
biot, the tetrameric EDAvidin was converted into a larger
molecular complex, corresponding to the putative EDAvidin-
OVA biot association (Figure 1(d)). Indeed, a band shift with
a retardation in the gel was observed for the tetrameric
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Figure 1: Recombinant EDAvidin tetramerizes and binds to biotinylated proteins. (a) SDS-PAGE of purified recombinant proteins stained
with Coomassie blue (1: (MWM: molecular weight marker); 2: denatured EDAvidin; 3: nondenatured EDAvidin). (b) Surface plasmon
resonance analysis of the capacity of EDAvidin and streptavidin to bind biotinylated proteins. Biotinylated ovalbumin was coated into the
chip, and EDAvidin or streptavidin were injected at different concentrations. The surface of the chip was regenerated by the injection of an
excess of 2𝜇M biotin before the injection of streptavidin (RU: surface plasmon resonance response units). (c) ELISA-based binding assays
of EDAvidin to biotinylated proteins. Biotinylated or nonbiotinylated ovalbumin (OVA) and bovine serum albumin (BSA) were coated into
the wells of ELISA plates. EDAvidin or EDA alone was added to the wells and after extensive washes, the plates were developed using rabbit
polyclonal anti-EDA antibodies. (d) Binding assay of EDAvidin to biotinylated proteins by SDS-PAGEas 1: EDAvidin in its tetrameric form;
2: biotinylated OVA; 3: EDAvidin plus biotinylated OVA; 5: (MWM).

EDAvidin (lane 1) or for the free OVA biot (lane 2) when
both proteins were combined (lane 3). Although we have
not done the stoichiometric analysis, the larger molecular
complex found in lane 3 should correspond to the putative
molecular weight of 3 or 4 molecules of bOVA combined

with the tetrameric EDAvidin. Binding of EDAvidin to
biotinylated proteins was also studied by Western-blot using
anti-EDA antibodies to detect a molecular weight marker
mixture consisting in biotinylated proteins. It was found
that only EDAvidin bounds to the biotinylated proteins
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(See Supplementary Figure 1 in Supplementary Material
available online at http://dx.doi.org/10.1155/2013/864720).

3.2. EDAvidin Retains the Proinflammatory Activity of EDA
and Targets Biotinylated Antigens to DC. In previous works,
we found that recombinant EDA bound to TLR4 and acti-
vated its downstream signaling pathway [4, 19]. To study the
capacity of EDAvidin to target an antigen to DC, biotiny-
lated green fluorescent protein (GFP-biot) was mixed with
EDAvidin and added to BMDC. After 15min of incubation,
cells were washed, and GFP uptake by DC was analyzed by
flow cytometry. It was found that a significant proportion
of BMDC incubated with EDAvidin + GFP-biot was highly
labeled with the fluorescent protein (Figure 2(a)). This result
was not foundwhen BMDCwere incubatedwith biotinylated
GFP alone or in combination with EDA, suggesting that
EDAvidin was targeting the biotinylated protein to DC.

EDA activates TLR4 signaling pathway and induces DC
maturation and the production of proinflammatory cytokines
by activated cells [4]. We thus first analyzed EDAvidin-
induced TLR4 signaling, measured as translocation of NF-
𝜅𝛽. By using HEK TLR4 or HEKLacZ cells transfected with
a plasmid carrying the human secreted embryonic alkaline
phosphatase gene, under the control of the NF-𝜅𝛽-inducible
ELAM-1 promoter, we observed that EDAvidin, although less
efficient than EDA, activated the TLR4 signaling pathway
(Figure 2(b)).

We next studied the proinflammatory activity of EDA-
vidin by measuring its capacity to induce the production
of cytokines in two different systems: TNF-𝛼 by the TLR4+
human monocytic cell line THP1 and IL-12 by murine
BMDC. In both cases, we observed that EDAvidin, although
less efficient than free EDA, induced the production of the
corresponding cytokine (Figures 2(c) and 2(d)).

3.3. EDAvidin Plus Biotinylated NS3 Induces Strong Anti-
NS3 Cellular Immune Responses In Vivo. We had shown that
the fusion protein EDA-NS3, containing NS3 protein from
hepatitis C virus, induced strong cellular immune responses
specific for NS3 when used as immunogen [19].Therefore, we
sought to analyze its immunogenic properties in vivo when
administered with a biotinylated antigen. As with previous
biotinylated proteins, we first demonstrated that biotinylated
NS3 (NS3Biot) coated in an ELISA plate is associated with
EDAvidin, but not with free EDA (Figure 3(a)). We then
tested in vivo the immunogenicity of a mixture of EDA-
vidin plus NS3Biot by immunizing HHD transgenic mice.
Its immunogenicity was compared with equivalent molar
amounts (2 nmol) of EDA-NS3, EDA plus NS3Biot, NS3Biot
or streptavidin plus NS3Biot. One week after immunization,
mice were sacrificed and spleen cells were cultured in the
presence of the NS3 HLA-A2-restricted CD8 epitope p1073
or with recombinant NS3 protein to measure the number
of IFN-𝛾 producing cells by ELISPOT. This experiment
showed that EDAvidin plus NS3biot was as good as EDA-NS3
protein to induce anti-NS3 specific T cell immune responses,
whereas NS3biot alone or mixed with streptavidin or with
free EDA barely induced any response (Figure 3(b)). Similar

results were obtained when analyzing T cell responses in
in vivo killing assays, which measured the capacity of these
immunogens to induce cytotoxic T cells able to kill target cells
pulsed with peptide p1073 (Figure 3(c)).

4. Discussion

Over the last decades, several vaccine strategies enabling
delivery of Ags for presentation by APC have been assayed
with varying degrees of success [3, 11–15, 25–28]. Since
maturation of the DC is essential to trigger adaptive immune
responses [29], procedures that simultaneously target the
antigen to DC and induce their maturation could lead
to the development of a new generation of vaccines that
might work in synergy with mild and safe adjuvants. We
have previously reported that fusion of an antigen with
EDA leads to antigen targeting to TLR4-expressing DC,
enhancing cross-presentation and immunogenicity [4]. Here,
we describe a novel antigen delivery approach in which a
biotinylated antigen is bound noncovalently to EDAvidin
protein, a construct which retains the TLR4 targeting ability
and inflammatory properties of EDA. This would allow the
combination of the tetrameric EDAvidin with a broad range
of commercially available antigens or adjuvants which can
be easily biotinylated, facilitating the preparation of DC-
targeted antigens to be used as immunogens for the induction
of T cell responses.

By using different approaches, we have shown that EDA-
vidin forms tetrameric complexes and binds to biotinylated
antigens with a very high affinity (𝐾

𝑑
∼ 2.3 × 10−14mol/L).

Importantly, EDAvidin greatly increased biotinylated GFP
uptake by DC and retained EDA proinflammatory capacity.
It induced NF-𝜅𝛽 activation, an important mediator for DC
maturation [30, 31] and stimulated the production of TNF-𝛼
by THP1 cells as well as the production of IL-12 by murine
BMDC. The final aim when designing EDAvidin was to
facilitate conjugation of EDA to biotinylated antigens to be
used as vaccines. Thus, we compared the immunogenicity of
EDAvidin plus NS3biot with that of a fusion protein between
EDA and HCV NS3, an immunogen known to induce a
specific T cell response when administered in the absence
of additional adjuvants [19]. We first found that EDAvidin
interacted physically with NS3biot. But more importantly,
we found that immunization with a mixture of EDAvidin
and NS3biot induced a T cell immune response against NS3
similar to that obtained when using EDA-NS3 fusion protein.
It is interesting to note that either when NS3 is not linked
to the antigen delivery system (e.g., by using EDA instead
of EDAvidin), or when tetrameric complexes do not retain
the proinflammatory properties of EDA (e.g., when using
streptavidin instead of EDAvidin), the immunogens show
a much lower efficacy, demonstrating that both EDAvidin
properties, antigen targeting, and DC activation are essential
for efficient priming of T cells responses.

Multivalency of streptavidin and EDAvidin might be
considered as an advantage for some applications. The
tetrameric structure of EDAvidin might allow the combina-
tion of different biotinylated antigens or adjuvants within
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Figure 2: EDAvidin targets biotinylated antigens to DC and retains the proinflammatory activity of EDA. (a) Flow cytometric analysis of
BMDC incubatedwith the indicated proteins. (b) Colorimetric assay tomeasureNF-𝜅𝛽 induction inHEKTLR4 orHEKLacZ expressing cells
in response to different concentrations of EDA, EDAvidin, LPS, or culturemedium (Neg). Results represent the NF-𝜅𝛽 fold induction. (c)The
humanmonocytic cell line THP1 was incubated in the absence or presence of the indicated concentrations of EDAvidin, EDA, LPS, or culture
medium (Neg). After 15 hours of culture, supernatants were harvested and the released TNF-𝛼 was measured by ELISA. (d) Production of
IL-12 by BMDC after incubation with 500 nM EDA, 500 nM EDAvidin, 0.1 𝜇g/mL LPS or culture medium (Neg). Twenty-four hours later,
culture supernatant was harvested and IL-12 released to the medium was measured by ELISA. All data are representative of two independent
experiments.
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Figure 3: EDAvidin binds to biotinylated NS3 and induces strong anti-NS3 cellular immune responses in vivo. (a) ELISA-based binding
assays of EDAvidin to biotinylated NS3. Biotinylated or nonbiotinylated NS3 were coated into the wells of ELISA plates. EDAvidin or EDA
alone was added to the wells and after extensive washes, the plates were developed using rabbit polyclonal anti-EDA antibodies. ((b), (c)) In
vivo induction of anti-NS3 T cell responses. HHD transgenic mice were immunized i.v. with NS3Biot, EDA plus NS3Biot, streptavidin plus
NS3Biot, EDA-NS3, or with EDAvidin plus NS3Biot in saline. Seven days after immunization, anti-NS3 immune response was analyzed by
measuring the number of IFN-𝛾 producing cells by ELISPOT in response to the T cell epitope p1073, NS3 protein, or culture medium (Neg)
(b) or by in vivo killing (c) as described in methods.

a single targeting vector. This would favour both sides
required for antigen presentation, simultaneous targeting,
and therefore induction of immune responses against several
antigens, as well as the inclusion of new biotinylated adju-
vants which would collaborate with EDA in APC activation
[17–19], a situation that has been demonstrated to improve
phagosome maturation and antigen presentation by APC
[32].

Proteins can be biotinylated chemically or enzymati-
cally using already established protocols. Using our strategy,
we could also consider the possibility to biotinylate more
complex antigenic structures such as whole cells for their

engineering to codisplay immunomodulatorymolecules, as it
has been described previously with a different approach [33].
EDAvidin could also be used to decorate a biotinylated tumor
cell to render it more immunogenic allowing its capture
by TLR4 expressing DC. Future experiments need to be
conducted to explore this possibility.

In summary, we have found that a chimeric protein con-
taining EDA fused to the N terminus of streptavidin retains
functional properties of EDA and facilitates its conjugation to
any antigen of choice and results in a new tool which opens
a new way to use this antigen delivery system in vaccination
against infectious diseases and cancer.
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Abbreviations

EDA: Extra domain A from fibronectin
EDAvidin: Fusion protein between EDA and the N

terminal end of streptavidin
DC: Dendritic cell
BMDC: Bone-marrow-derived DC
APC: Antigen presenting cell
NS3: Nonstructural protein 3 from hepatitis C virus.
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an antibody library identifies a pathway to induce immunity by
targeting CD36 on steady-state CD8𝛼+ dendritic cells,” Journal
of Immunology, vol. 180, no. 5, pp. 3201–3209, 2008.

[6] H. Tighe, K. Takabayashi, D. Schwartz et al., “Conjugation of
protein to immunostimulatory DNA results in a rapid, long-
lasting and potent induction of cell-mediated and humoral
immunity,” European Journal of Immunology, vol. 30, no. 7, pp.
1939–1947, 2000.

[7] C. Trumpfheller, J. S. Finke, C. B. López et al., “Intensified and
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[28] D. Sancho, D. Mourão-Sá, O. P. Joffre et al., “Tumor therapy
in mice via antigen targeting to a novel, DC-restricted C-type
lectin,” Journal of Clinical Investigation, vol. 118, no. 6, pp. 2098–
2110, 2008.

[29] R. M. Steinman and M. C. Nussenzweig, “Avoiding horror
autotoxicus: the importance of dendritic cells in peripheral T
cell tolerance,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 99, no. 1, pp. 351–358, 2002.

[30] K. M. Ardeshna, A. R. Pizzey, S. Devereux, and A. Khwaja,
“The PI3 kinase, p38 SAP kinase, and NF-𝜅b signal transduc-
tion pathways are involved in the survival and maturation of
lipopolysaccharide-stimulated human monocyte-derived den-
dritic cells,” Blood, vol. 96, no. 3, pp. 1039–1046, 2000.

[31] M. Rescigno, M. Martino, C. L. Sutherland, M. R. Gold, and
P. Ricciardi-Castagnoli, “Dendritic cell survival andmaturation
are regulated by different signaling pathways,” Journal of Exper-
imental Medicine, vol. 188, no. 11, pp. 2175–2180, 1998.

[32] J. M. Blander and R. Medzhitov, “On regulation of phagosome
maturation and antigen presentation,” Nature Immunology, vol.
7, no. 10, pp. 1029–1035, 2006.

[33] R. K. Sharma, E. S. Yolcu, K. G. Elpek, and H. Shirwan,
“Tumor cells engineered to codisplay on their surface 4-1BBL
and LIGHT costimulatory proteins as a novel vaccine approach
for cancer immunotherapy,” Cancer Gene Therapy, vol. 17, no.
10, pp. 730–741, 2010.



Hindawi Publishing Corporation
BioMed Research International
Volume 2013, Article ID 782067, 8 pages
http://dx.doi.org/10.1155/2013/782067

Research Article
Supplementation with Natural Forms of Vitamin E
Augments Antigen-Specific TH1-Type Immune Response to
Tetanus Toxoid

Ammu Kutty Radhakrishnan,1 Dashayini Mahalingam,1,2

Kanga Rani Selvaduray,2 and Kalanithi Nesaretnam2

1 Pathology Division, Faculty of Medicine and Health, International Medical University, 126, Jalan Jalil Perkasa 19, Bukit Jalil,
57000 Kuala Lumpur, Wilayah Persekutuan, Malaysia

2 Department of Nutrition, Malaysian Palm Oil Board, 6, Persiaran Institusi, Bandar Baru Bangi, 43000 Kajang,
Selangor Darul Ehsan, Malaysia

Correspondence should be addressed to Ammu Kutty Radhakrishnan; ammu radhakrishnan@imu.edu.my

Received 8 April 2013; Accepted 10 June 2013

Academic Editor: Udai P. Singh

Copyright © 2013 Ammu Kutty Radhakrishnan et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

This study compared the ability of three forms of vitamin E [tocotrienol-rich fraction (TRF), alpha-tocopherol (𝛼-T), and delta-
tocotrienol (𝛿-T3)] to enhance immune response to tetanus toxoid (TT) immunisation in a mouse model. Twenty BALB/c mice
were divided into four groups of five mice each. The mice were fed with the different forms of vitamin E (1mg) or vehicle daily for
two weeks before they were given the TT vaccine [4 Lf] intramuscularly (i.m.). Booster vaccinations were given on days 28 and
42. Serum was collected (days 0, 28, and 56) to quantify anti-TT levels. At autopsy, splenocytes harvested were cultured with TT
or mitogens. The production of anti-TT antibodies was augmented (𝑃 < 0.05) in mice that were fed with 𝛿-T3 or TRF compared
to controls. The production of IFN-𝛾 and IL-4 by splenocytes from the vitamin E treated mice was significantly (𝑃 < 0.05) higher
than that from controls.The IFN-𝛾 production was the highest in animals supplemented with 𝛿-T3 followed by TRF and finally 𝛼-T.
Production of TNF-𝛼was suppressed in the vitamin E treated group compared to vehicle-supplemented controls. Supplementation
with 𝛿-T3 or TRF can enhance immune response to TT immunisation and production of cytokines that promote cell-mediated
(TH1) immune response.

1. Introduction

Tocopherol and tocotrienol are bioactive plant derivatives
that belong to the vitamin E family. Some of the naturally
occurring homologues of tocotrienols are shown in Figure 1.
Most of these tocotrienol homologues are found in the palm
oil [1]. Tocotrienols are lipid-soluble antioxidants that have
been reported to possess many beneficial health benefits
that are not usually exhibited by tocopherols [2], such
as potent anticancer effects [3], neuroprotective effects [4,
5], and cholesterol lowering properties [6]. To date, there
have been some clinical and nonclinical studies highlighting
the use of 𝛼-tocopherols to enhance the immune system
in elderly human subjects [7] as well as in aged animals

[8–10]. Both tocopherol and tocotrienol supplementation
induced immunomodulatory effects resulting in Brown Nor-
way rats [11]. When T-helper cells are appropriately activated,
these lymphocytes will differentiate into effector T-cells that
secrete distinct types of cytokines. The T-helper-1 (TH1)
cells produce cytokines that promote cell-mediated immune
responses such as interferon-gamma (IFN-𝛾) whilst the TH2
cells produce cytokines such as IL-4, IL-5 and IL-13, which
will activate humoral immune responses [12]. Interferon-𝛾 is
the signature cytokine for the TH1 immune responses. This
cytokine exerts antitumour or antiviral effects by directly
inhibiting replication of these cells or by activating the
effector cells of the innate immune system such as natural
killer (NK) cells, macrophages, and neutrophils [13]. It has
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Figure 1: Chemical structure of (a) alpha-tocopherol and (b) the
main homologues of tocotrienols.

been reported that production of IFN-𝛾 by T-lymphocytes
and NK cells is triggered through the recognition of infected
cells or through the involvement of other cytokines [14].
Activated macrophages and dendritic cells secrete IL-12.
Interlekin-12 is crucial for activating T-cells to produce IFN-𝛾
as well as to provide the signals required for the activation of
antigen-specific cytotoxic T-lymphocytes (CTL) [14, 15].

We have previously reported that supplementation of
𝛼-T or TRF for two months did not produce any significant
changes on immune parameters in healthy human subjects in
the absence of immunogenic challenge [16].More recently, we
have shown that supplementation of TRFmarkedly enhanced
immune response to tetanus toxoid (TT) vaccine in normal
healthy young volunteers [17]. The TRF preparation used
in the said study contained 70% tocotrienols and 30% 𝛼-
tocopherol. In the said study, it could not be ascertained
which vitaminE isomer contributed to the enhanced immune
response observed. Hence, in this study, we used a mouse
model, which is similar to our human study to identify the
main component in the TRF that could have contributed
to the enhanced immune response observed. At the time of
this study, we only had the pure forms of the 𝛼-T and 𝛿-T3
available and this was compared with TRF, which was used in
the human study [17].

2. Materials and Methods

2.1. Vitamin E. Tocotrienol-rich fraction (TRF) and 𝛼-T
concentrates were obtained from Golden Hope Plantation,
Malaysia.TheTRFpreparation used contains 70% tocotrienol
(113mg/g 𝛼-tocotrienol, 91mg/g 𝛾-tocotrienol, 36mg/g 𝛿-
tocotrienol, and 10mg/g 𝛽-tocotrienol) and 30% tocopherol
(78mg/g 𝛼-tocopherol and 0.5mg/g 𝛽-tocopherol). The 𝛿-T

3

Supplementation with vehicle or vitamin E isoforms

Day

TT 
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TT 
third dose
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Figure 2:The study protocol. Mice in the experimental groups were
fed with 1mg of the vitamin E isomers (𝛼-T, 𝛿-T3, or TRF) from day
0 until the mice were sacrificed. Control mice were given 0.1ml of
the vehicle (Soya oil), which was used to make the various vitamin
E preparations. All animals were vaccinated with tetanus toxoid
vaccine on day 14 (TT first). Booster doses of the TT vaccine were
given on days 28 (TT second) and 42 (TT third).

was purchased from Isei, Japan. The purity of each isomer
was approximately 97%. The composition of TRF used in
this study is 𝛼-tocopherol (32%), 𝛼-tocotrienol (25%), 𝛾-
tocotrienol (29%), and 𝛿-tocotrienol (14%).The concentrates
of the isomers were then prepared as an emulsion with Soya
bean oil to give a final concentration of 20mg/mL.At the time
of this study, only 𝛿-T3 was available in the pure form.

2.2. Animals and Experimental Design. Female BALB/c mice
(4–6 weeks of age) were purchased from Institute of Med-
ical Research (Kuala Lumpur, Malaysia) and housed in the
animal holding facility of the Malaysian Palm Oil Board
(Bangi,Malaysia) under stable climatic conditions.Micewere
given pellet diet and water ad libitum. After one week of
adaptation, the mice (n = 20) were randomly divided into
four groups of five mice each. The mice in each group were
orally fed (0.1mL) with 1mg of TRF, 𝛼-T, or 𝛿-T3 daily
until the mice were sacrificed at the end of the experiment
(Figure 2). The mice in the control group were given 0.1mL
of the vehicle, that is, Soya bean oil. All animals were
immunised with 4 Lf/mL (0.1mL) of the alum-adsorbed TT
vaccine (Biofarma, Indonesia) on day 14.The TT vaccine was
administered intramuscularly in the left hind-leg quadriceps
of each mouse. Booster doses of the TT vaccine were
given on days 28 and 42 (Figure 2). For all immunisation
procedures, the mice were lightly anaesthetised with diethyl
ether. Serum samples were obtained via retroorbital bleeding
on day 0 (baseline/preimmunisation), day 28 and day 56
(postimmunisation). Sera were stored at −20∘C. When the
animals were sacrificed on day 56, blood, spleen and adipose
tissue were collected for various tests.

This study was conducted according to the guidelines
laid down in the Declaration of Helsinki and all procedures
involving human subjects/patients were approved by the
Medical Research and Ethics Committee of the International
Medical University. Animal care and handling strictly fol-
lowed the guidelines provided by this committee.

2.3. Analysis of SerumAnti-TetanusToxoidAntibodies. Serum
levels of total anti-TT antibodies were quantified by ELISA.
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Briefly, 96-well Nunc Maxisorb microtitre plates (Nunc,
Gaithersburg, MD) were coated with 100𝜇L/well of 3𝜇g/mL
of TT solution in 0.05M sodium carbonate buffer (pH 9.2)
overnight at 4∘C. Plates werewashed using ELISAwash buffer
(PBS with 0.05% Tween-20) and blocked with 200𝜇L/well
of ELISA blocking buffer (PBS with 1% (w/v) bovine serum
albumin (Fisher Scientific, Pittsburgh, PA)) for two hours at
room temperature. Plates were then washed as before. Serum
was serially diluted in ELISA blocking buffer and 100𝜇L
of the test samples were added as duplicates to the wells.
Serum obtained from nonimmunised animals served as the
negative control for this assay. Plates were incubated at room
temperature for two hours. After two hours, the plates were
washed and 100 𝜇L of appropriately diluted anti-mouse Ig
conjugated with horseradish peroxidase (Sigma, St. Louis,
MO, USA) was added to all wells. Following a 60min incuba-
tion at 37∘C the plates were washed and antibody binding was
detectedwith 100 𝜇Lof 3,3,5,5-tetramethylbenzidine (TMB)
substrate buffer (Sigma, St. Louis, MO). The absorbance was
read using an ELISA reader.The anti-TT titres were expressed
as the reciprocal of the dilution giving an absorbance value
≤0.45 as described previously [18].

2.4. Splenocyte Proliferation Assay. Spleen from sacrificed
mouse was removed aseptically into a Petri dish contain-
ing culture medium (complete RPMI-1640 containing 5%
(v/v) fetal bovine serum (FBS), 300 𝜇g/mL L-glutamine,
100 IU/mL penicillin, and 100 𝜇g/mL streptomycin). Spleno-
cytes were released from the spleen by gentle disruption of
the splenic capsule. The splenocytes were gently teased out
and collected in a tube and the splenocytes were recovered
by centrifugation (1,200 rpm × 10min at 4∘C). The spleno-
cytes were seeded into 96-well plates (Falcon 3075, Becton
Dickinson, NJ, USA) at 5 × 103 cells/well and cultured in the
presence of 10𝜇g/mL of pure TT (Calbiochem, Germany),
1 𝜇g/mL of Concanavalin A (Con A) (Sigma-Aldrich Inc.,
St. Louis Missouri, USA), or 1 𝜇g/mL lipopolysaccharide
(LPS) (Sigma-Aldrich Inc., St. Louis Missouri, USA) for 72
hours at 37∘C in a humidified, 5% CO

2
incubator. Splenocyte

proliferation was measured using the MTT assay according
to the manufacturer’s standard protocol (Roche Applied
Science, Germany). The productions of cytokines by these
cells were measured by ELISA.

2.5. Cytokine Analysis. After 72 hours, the supernatants from
the splenocytes cultures were recovered by centrifugation
(12,000 rpm × 10min at 4∘C). The amount of cytokines
(IFN-𝛾, IL-4, and TNF-𝛼) in the supernatants was deter-
mined using commercial mouse cytokine ELISA kits (eBio-
science, San Diego, CA, USA). The amount of cytokine
produced is expressed as pg/mL. The detection limit of the
cytokine ELISA kits was 8 pg/mL.

2.6. Extraction of Vitamin E from the Mice Adipose Tissue for
HPLC Analysis. Approximately 0.5 g of mice adipose tissue
was placed into a 15mL centrifuge tube and homogenised
with a mixture of hexane, ethanol, and 0.9% sodium chlo-
ride (at the ratio of 4 : 1 : 1) at 10000 rpm for five minutes

or until the tissue was reduced to a liquid form using a
tissue homogeniser. The homogenate was then centrifuged
at 2000 rpm for 10 minutes.The lipid-containing supernatant
phase was transferred to 5mL vials and dried down under
nitrogen gas. The sample obtained was resuspended just
before use in an appropriate amount of hexane (500 𝜇L to 2
mL) for analysis by high performance liquid chromatography
(HPLC). Analytical HPLCwas performed using the LC-10AT
HPLC system as previously described [16].TheHPLC system
consisted of a Shimadzu Model RF-10AXL fluorescence
spectrophotometer, a column chamber and Shimadzu Class
VP data acquisition software as described previously [17].The
HPLC column used was the YMC A-012, 5 𝜇m, 150mm ×
6mm silica column.The excitation wavelength and emission
wavelength of the fluorescence detector were set at 295 and
325 nm, respectively.Themobile phase was hexane-isopropyl
alcohol (99.5/0.5, v/v) with a flow rate of 2mL/min. Sample
injection volume was set at 10 𝜇L and a standard solution
of mixture of pure isomers of vitamin E (𝛼-T and 𝛼-, 𝛿-
and 𝛾-T3) was also injected accordingly into the system. The
peak areas of the components in the sample were compared
with those of the standards and were used for quantitative
calculation.

2.7. Statistical Analysis. Data are presented as the mean ± SD.
In all experiments, all the samples were assessed individu-
ally. Statistical comparisons were performed using one-way
ANOVA, followed by post hoc pair wise comparisons with
95% confidence interval (𝑃 < 0.05).

3. Results

3.1. Production of Anti-TT Antibodies. The amount of anti-
TT antibody produced after the first TT vaccination, that is,
V1, was significantly (𝑃 < 0.05) higher in the vitamin E
supplemented groups when compared to the control mice
(Figure 3). There were no significant differences (𝑃 > 0.05)
in the anti-TT levels in all three experimental groups after
the primary immunisation. However, following booster TT
vaccinations, the TRF and 𝛿-T3 supplementedmice produced
significantly (𝑃 < 0.05) higher anti-TT antibody compared
to control or 𝛼-T supplemented mice (Figure 3). The mice
supplemented with 𝛿-T3 produced the highest amount of
anti-TT antibodies, that is, 𝛿-T3 > TRF > 𝛼-T > control.

3.2. Splenocyte Proliferation of in Response to Mitogen or
Antigen. There were no significant (𝑃 > 0.05) differences in
the proliferation of splenocytes harvested from the mice in
the different treatment groups (Figure 4).

3.3. Production of IFN-𝛾, IL-4, and TNF-𝛼. The amount of
IFN-𝛾 produced by the Con A or TT-stimulated splenocytes
from the vitamin E supplementedmice was significantly (𝑃 <
0.05) higher than that from the control mice (Figure 5(a)).
Although a similar result was obtained for IL-4 production
(Figure 5(b)), the amount of IFN-𝛾 produced was found to
be very much higher. In contrast, the amount of TNF-𝛼 pro-
duced by the LPS-stimulated splenocytes from the vitamin E



4 BioMed Research International

0

100000

200000

300000

400000

500000

600000

700000

800000

900000

1000000

Vehicle TRF

Re
ci

pr
oc

al
 ti

tre

Groups

PB (day 0)
V1 (day 28)
V2 (day 56)

∗, #

∗, #

∗

∗

∗

∗

𝛼-T 𝛿-T3

Figure 3: The mice in the various groups were fed with Soya
oil (vehicle), alpha-tocopherol (alpha-T), delta-tocotrienol (delta-
T3), or tocotrienol-rich fraction (TRF). Mice in all groups were
immunised intramuscularly with 4 Lf/mL of TT on days 14, 28,
and 42. Serum was collected on day 0 (PB), day 28 (V1) and day
56 (V2). Serum levels of anti-TT were determined by ELISA. The
values are presented as mean ± standard deviation (S.D.). The 𝛿-T3
supplemented mice produced the highest anti-TT titres following
booster vaccination. [∗significant (𝑃 < 0.05) difference fromvehicle-
fed group; #significant difference from 𝛼-T supplemented group].

supplemented mice was found to be significantly (𝑃 < 0.05)
lower than that from the control mice (Figure 5(c)).

3.4. Quantification of Vitamin E in Adipose Tissues. Although
the adipose tissue obtained from the 𝛼-T supplemented mice
had the highest amount of 𝛼-T (80 𝜇g/mL) stored in their
adipose tissue (Figure 6), the tissue did not contain other
isomers of vitamin E. Similarly, the adipose tissue from the
𝛿-T3 contained mostly (120𝜇g/mL) this isomer and some
lower levels of 𝛼-T (Figure 6). The level of 𝛼-T in the adipose
tissue of the 𝛿-T3 fed animals was similar to that observed in
the adipose tissue from the vehicle-fed mice. In contrast, all
the vitamin E isomers analysed were detected in the adipose
tissue from the TRF-supplemented mice (Figure 6).

4. Discussion

Vitamin E is a family of eight natural compounds, which are
divided into two broad groups, namely, the tocopherols and
tocotrienols. The 𝛼-T has the highest bioavailability and it is
the standard that is generally used to compare all the other
isomers of vitamin E [19, 20]. The immune enhancing effects
of 𝛼-T, have been intensively studied in animal [8–11] and
humanmodels [7, 16, 17, 21].There are some studies and only
a few reports that describe the immunomodulatory effects
of tocotrienols [11, 16, 17]. In this study, the effects of daily
supplementation of three natural forms of vitamin E found
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Figure 4: The mice in all groups were sacrificed two week after the
third TT vaccination (day 56). Splenocytes were aseptically removed
from the mice and cultured in the presence of Concanavalin A
(Con A), tetanus toxoid (TT), or lipopolysaccharide (LPS) at 37∘C
for 72 hours in a humidified 5% CO

2
incubator. Proliferation of

the splenocytes was measured by the MTT method. The values are
presented as mean ± standard deviation (S.D.).

in palm oil (𝛼-T, 𝛿-T3, or TRF) on immune response to the
TT vaccine were compared using a murine model. At the
time this study was conducted, only two pure homologues of
vitamin E (𝛼-T and 𝛿-T3) were available in the pure form.
We have previously reported that supplementation of TRF
augmented immune response to TT vaccine in healthy young
human volunteers [17]. Hence, in this study the TRF was also
included in this study as a positive control. The TT vaccine
was chosen as the antigen for this study as we wanted to
link the findings from this study to what we had previously
found in a human study that we had previously conducted
using a similar model [17]. In addition, the TT vaccine is a
well characterised and potent immunogen of bacterial origin,
reported to induce long-lasting immune responses [22]. The
ability to mount recall responses to TT is considered to be
indicative of a healthy and intact immune system [23].

The results show that after the primary TT immunisation,
the anti-TT titres obtained were significantly elevated in all
the vitamin E supplemented groups compared to vehicle-fed
animals. After the third TT vaccine, the anti-TT titres were
significantly elevated in 𝛿-T3 and TRF-fed animals compared
to the 𝛼-T supplemented mice. However, the 𝛼-T fed mice
produced significantly higher anti-TT when compared to the
mice in the vehicle-fed group. These findings suggest that
daily supplementation of 𝛿-T3 or TRF has a more potent
ability to augment secondary immune responses to specific
antigens compared to 𝛼-T. We have previously demonstrated
that TRF supplementation enhances the production of anti-
TT antibodies of the IgG class and enhances the production
of IFN-𝛾 by Con A or TT-stimulated peripheral blood
leucocytes [17]. The IFN-𝛾 is the signature cytokine of
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TH1-immune responses, which include promotion of cell-
mediated immune and classswitching to the IgG class of
antibody [12]. The data suggest that supplementation with
𝛿-T3 or TRF may be able to sustain the levels of IFN-𝛾 in
these animals and as such was able to produce significantly
higher titres of anti-TT antibodies in the mice that were fed
with these forms of vitamin E. Our results support a previous
study that found supplementation of vitamin E can improve
cell-mediated immunity [24]. Supplementation of vitamin
E has also been reported to improve the decreased cellular
immune functions caused by aging inmice [25] and rats [26].
However, in the present study,we found that supplementation
with TRF or 𝛿-T3 significantly enhanced the antigen-specific
immune response and cytokine production in young, six-
week-oldBALB/cmice, which suggests supplementationwith
TRF or 𝛿-T3 can also improve immune responses in younger
mice. The differences in findings between our study and
previous ones [25, 26] could be because in our study, we
were able to measure antigen-specific responses whilst the
previous studies did not involve any antigenic challenge.
We have previously also shown that supplementation with
TRF or alpha-tocopherol did not induce any significant
immunomodulatory changes in healthy young adults [16].

There was a significant increase in the proliferation of
Con A or TT-stimulated splenocytes harvested from the
vitamin E supplemented groups as compared to control
animals. However, within the vitamin E treated group, there
were significant differences in the proliferation of the splenic
lymphocytes. These findings suggest oral supplementation
of vitamin E, regardless of whether it is tocopherol or
tocotrienol, was efficacious in enhancing mitogen or specific
antigen-induced proliferation of splenic lymphocytes. The
T-helper (TH) cells are divided into two main types of
cells with regard to their cytokine productivity, that is,
TH1 cells which produce IFN-𝛾 and IL-2 and TH2 cells
which produce IL-4 and IL-5 [12, 26]. Splenocytes from
the vitamin E supplemented mice that were cultured with
Con A or TT produced significantly higher levels of IFN-𝛾.
The amount of IFN-𝛾 produced was significantly augmented
after the third dose of the TT vaccine in all the three
vitamin E treated groups as compared to the vehicle-fed
animals.Within the vitamin E supplemented groups, animals
fed with 𝛿-T3 produced significantly higher levels of IFN-
𝛾 in Con A stimulated cultures as compared to the 𝛼-T,
TRF, and vehicle-fed mice animals. The production of IL-4
following stimulation by TT was also significantly elevated in
all the vitamin E treated groups as compared to vehicle-fed
mice but the levels did not differ significantly amongst the
vitamin E supplemented groups. These findings differ from
a previous report that dietary tocopherol and tocotrienol
supplementation only enhanced IFN-𝛾 production by the
mesenteric lymph node lymphocytes but not by the splenic
lymphocytes [11]. However, it should be noted that in the
previous study [11], the rats were not given any immunogenic
challenge, so the authors may have only managed to measure
nonspecific proliferation of splenic and mesenteric lymph
node lymphocytes as well as IFN-𝛾 production in their
experimental animals. In contrast, in our study, the animals
were fed with different forms of vitamin E and vaccinated

thrice with the TT vaccine. So it is possible that the enhanced
IFN-𝛾 production by splenic lymphocytes in our study was
due to the presence of the antigenic challenge.Theproduction
of IL-4 was found to be significantly higher in the vitamin E
supplemented groups when compared to the vehicle group.
However, the levels of IL-4 produced was found to be much
lower than the IFN-𝛾. The IFN-𝛾 is reported to be one of
the signature cytokines for TH1-type immune response [27],
our findings suggest that vitamin E supplementation may
enhance cell-mediated immune response.

The LPS-stimulated splenic lymphocytes from the mice
supplemented with different isomers of vitamin E were found
to be significantly lower than those from the vehicle group.
However, there were no significant differences observed
between the vitamin E supplemented groups. This finding is
in agreement with a previous report that showed long-term
supplementation of vitamin E can suppress production of IL-
6 andTNF-𝛼 [28]. Based on these findings, it is conceivable to
surmise that vitamin E plays a pivotal role within the cytokine
network, which contributes to the regulation of inflammatory
and immune responses.

The concentrations of vitamin E isomers in the adipose
tissue of the mice were analysed because vitamin E is a fat-
soluble compound, which is stored in subcutaneous adipose
tissue [29]. In addition, the concentrations of tocopherols
and tocotrienols in adipose tissue may be a better indicator
of its abundance than plasma levels over a relatively long
time, because the former are generally not affected by rapid
changes in the level of plasma lipoproteins or by acute
changes in its intake [30–33]. The concentration of 𝛿-T3 was
significantly augmented in animals supplemented with 𝛿-T3.
This homologue was not detectable in the vehicle or the 𝛼-
T fed animals. In the TRF-supplemented animals, we were
able to detect most of the natural forms of vitamin E such
as 𝛼-T, 𝛼-T3, 𝛾-T3, and 𝛿-T3. This is not surprising as TRF
contains all these isomers, albeit varying concentrations. The
𝛼-T form was found to be present in the adipose tissues of
animals in the vitamin E treated and vehicle groups. This
was most likely due to the presence of 𝛼-T that might be
present in the standard food pellets used to feed the mice. In
the last two decades, studies on understanding how dietary
vitamin E is transported to the tissues have focused primarily
on the 𝛼-T [31, 32]. It has been shown that 𝛼-T binds to a
transfer protein known as 𝛼-T transfer protein (TTP), which
mediates the secretion of this vitamin into the plasma [31, 34].
As compared to tocotrienols, the 𝛼-T has a higher affinity
to bind to TTP [30] and as such this led to the notion that
availability of dietary T3 in tissues is negligible [32]. In rats
fed with various isoforms of tocotrienols, it was shown that
𝛼-T3 had the highest oral bioavailability and lowest clearance
rate whilst there were no significant differences between the
𝛾- and 𝛿-T3 [20]. Although in the study by Yap et al. [20],
the authors did not include a group fed with 𝛼-T, there
are other reports which have shown that 𝛼-T has a higher
bioavailability and lower clearance rate when compared to
tocotrienols [29, 30]. A recent study has shown that the
postprandial metabolic fate of TRF is significantly different
from that of 𝛼-T [34].
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In conclusion, this study shows that daily supplementa-
tion of vitamin E can enhance immune response to a specific
antigen.The highest immune response to the TT vaccine was
observed in the 𝛿-T3 supplemented mice, followed by TRF
and 𝛼-T. In addition, vitamin E supplementation appears to
favour a TH1 response and appears to inhibit production of
TNF-𝛼 from LPS-stimulated murine splenocytes.
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Adjuvants were reintroduced into modern immunology as the dirty little secret of immunologists by Janeway and thus began
the molecular definition of innate immunity. It is now clear that the binding of pathogen-associated molecular patterns (PAMPs)
by pattern recognition receptors (PRRs) on antigen presenting cells (APCs) activates the innate immune response and provides
the host with a rapid mechanism for detecting infection by pathogens and initiates adaptive immunity. Ironically, in addition to
advancing the basic science of immunology, Janeway’s revelation on induction of the adaptive system has also spurred an era of
rational vaccine design that exploits PRRs.Thus, defined PAMPs that bind to known PRRs are being specifically coupled to antigens
to improve their immunogenicity. However, while PAMPs efficiently activate the innate immune response, they do not mediate the
capture of antigen that is required to elicit the specific responses of the acquired immune system. Heat shock proteins (HSPs)
are molecular chaperones that are found complexed to client polypeptides and have been studied as potential cancer vaccines. In
addition to binding PRRs and activating the innate immune response, HSPs have been shown to both induce the maturation of
APCs and provide chaperoned polypeptides for specific triggering of the acquired immune response.

1. Introduction

The exposure of adjuvants as the immunologist’s dirty lit-
tle secret by Janeway in his seminal introduction to the
Cold Spring Harbor Symposium on Quantitative Biology,
“Approaching the Asymptote? Evolution and Revolution in
Immunology” [1], resulted in a revision of the workingmodel
of the immune system and provided a conceptual framework
for our current understanding of the innate immune response
and its control of adaptive immunity [1, 2]. Janeway reasoned
that as the adaptive immune system uses randomly generated
receptors to recognise antigen, it cannot reliably distinguish
between self and nonself. Adaptive immune cellsmust thus be
instructed as to the origin of an antigen by a system that can
determine whether an antigen is derived from self, infectious
(i.e., microbial) nonself, or innocuous (i.e., noninfectious and
nonmicrobial) nonself. He suggested that the evolutionarily
ancient innate immune system might be able to provide
such instruction and proposed a mechanism by which

the innate immune system could detect an infection and relay
its conclusions to the adaptive immune system. Janeway pro-
posed that the innate immune system would detect infection
by the use of germ-line encoded pattern recognition recep-
tors (PRRs) to recognise conserved, microbial pathogen-
associatedmolecular patterns (PAMPs).These PAMPs would
be unique to microbes and not found in eukaryotic cells
so that they would accurately signal infection. Furthermore,
they would be common to a broad class of microbes so that a
limited number of germ-line encoded receptors could detect
all infections and be essential for the life of themicrobe so that
their detection could not be easily circumvented bymutation.
Most importantly, Janeway proposed that the recognition of
infection by PRRs on cells of the innate immune system
would lead to the induction of signals that resulted in
initiation of the adaptive immune response. The subsequent
identification of the Toll-like receptors (TLRs) as key PRRs
led to an explosion of research on innate immunity and the
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definition of a number of families of PRRs and signalling
pathways that modulate inflammatory responses [2].

Extension of this work into the area of vaccinology
has suggested a classification of adjuvants into two major
functional groups, those being dependent and independent
of binding to TLRs [3, 4]. TLR-dependent adjuvants act
directly on dendritic cells (DCs), inducing the upregulation
of cytokines, MHC class II costimulatory molecules, and
promoting DC migration to the T-cell area of the lymph
node [3, 4]. For example, peptidoglycans and other skeletal
cell wall components in the Bacillus Calmette-Guérin (BCG)
vaccine are recognized by TLR2 and TLR4 and help mediate
protective immunity againstMycobacterium tuberculosis [5].
Conjugate vaccines against Haemophilus influenzae use the
outer-membrane proteins from Neisseria to elicit effective
adaptive responses via the triggering of TLR2 [6] and the
adjuvant properties of short nucleotide sequences containing
unmethylated CpG clusters mediated through TLR9 [7]. In
contrast, the mechanism of TLR-independent adjuvants like
alum and the squalene-based oil-in-water emulsion MF59
remains contentious [2, 8]. Alum has been shown to have
immunostimulating activities in vivo as it results in the
recruitment ofmonocytes, which take up antigen andmigrate
to the draining lymph nodes where they differentiate into
fully competent inflammatory DCs [8]. Moreover, it has
been proposed that adsorption to alum increases antigen
availability at injection site, allowing an efficient uptake by
antigen-presenting cells (APCs) [8, 9].However, other studies
have shown that alum could also increase antigen uptake
by DCs in vitro and, in studies on alum as an adjuvant for
antigens encapsulated in biopolymers, the improvement in
immunogenicity can be correlated to antigen entrapment and
release, suggesting that, in addition to thematuration of DCs,
alum may also perform an antigen delivery function [9, 10].

Heat shock proteins (HSPs) are ubiquitous chaperones
that bind and help fold nascent or denatured polypeptides
[11]. HSPs have also been recognised as major immunogens
in the immune response against pathogens [12, 13]. These
studies, as well as numerous studies on HSPs as cancer
vaccines, have revealed that apart from acting as immuno-
genic antigens themselves, HSPs can also act as adjuvants to
stimulate the immunogenicity of heterologous polypeptides
to which they are either covalently or noncovalently coupled
[13, 14]. Thus it can be argued that HSPs constitute a third
functional group of adjuvants.This reviewwill summarise the
studies that show that HSPs are not just stimulators of innate
immunity but can also traffic antigens into APCs facilitating
the induction of specific acquired immune responses. In this
context, it is important to note that native HSPs isolated
from any organism will carry chaperoned polypeptides that
are specific to the source organism and can thus be used
directly as vaccine candidates as has been demonstrated by
the development of autologous cancer vaccines [14, 15].

2. Discovery of the Heat Shock Response
and HSPs

The heat shock response was first observed when the temper-
ature of an incubator housing Drosophila was inadvertently

elevated, resulting in a change to the pattern of chromosomal
puffing within the chromosomes of the salivary glands [17].
Subsequently, a number of proteins were observed to be
producedwithin the same time frame as the appearance of the
chromosome puffs and these are what subsequently became
known as HSPs [18]. In addition to heat, these proteins were
found to be inducible upon exposure to a range of environ-
mental stresses including oxygen deprivation, pH extremes,
andnutrient deprivation [19].This range of responses demon-
strated a more general function in providing protection
against cellular stress, by limiting protein aggregation and
denaturation, and they are thus nowmore commonly referred
to as stress proteins [20]. HSP synthesis occurs at 5–15∘C
above the optimal environmental temperature of that organ-
ism, depending on the organism’s growth temperature range
[21]. The response is rapid (usually within 2–5 minutes after
heat shock), and the expression profile displays a temperature
related dynamic, in which the levels of specific HSPs change
over the range of different heat shock temperatures [21].
Generally there is a transient increase in the synthesis ofHSPs
at low level temperature elevation, with a more sustained
response observed at higher temperatures, and this pattern
of response has been consistently observed in numerous
organisms [19–21]. For example, heat shocking BCG at 42∘C
results in the production of both HSP65 and HSP70, while at
45∘C, HSP70 synthesis is more pronounced [22]. At the the
transcriptional level, with BCG, the accumulation of mRNA
for HSP70 appears to peak at 45 minutes after initiation of
temperature elevation, declining after 60 minutes; whereas
the elevated mRNA expression of HSP65 mRNA did not per-
sist after temperature elevation to 42∘C [22].The induction of
HSPs in mycobacteria can also be induced by other stresses,
not the least being phagocytosed by macrophages [23]. The
heat shock response and the upregulation of levels of HSPs
have been observed in all tissues and in both prokaryotic
and eukaryotic organisms, indicating that it is a ubiquitous
and critical biological response [21].The early hypothesis was
that these proteins were involved in the stress management of
the cells by stabilisation of housekeeping proteins that were
critical for survival [20]. Thus, the initial pulsing of cells with
low temperature heat stress increased their levels of HSPs
and their ability to survive a much higher thermal stress in
comparison to untreated cells [21]. However, the more recent
demonstration of the constitutive nature of expression of
HSPs in all cells strongly suggests that these proteins play a
more fundamental role in protein housekeeping within the
cell, chaperoning the folding of nascent polypeptides and
prevention of protein aggregation [19–21].

Numerous studies have now revealed that HSPs are
highly conserved molecules that exhibit a high degree of
sequence homology between species [19, 20, 24]. HSPs are
found throughout the cell, but different HSP families can be
localised to specific cellular locations and can be divided into
broad families based on size (see Table 1). The HSPs involved
in protein folding can be separated into differing functional
systems, with some overlap [20, 24, 25]. The HSP60-HSP10
(GroEL-GroES) system is involved in classical protein fold-
ing [24]. The HSP70-HSP40 (DnaK-DnaJ) system stabilises
peptides in a linear, unfolded state and delivers them to
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Table 1: Major prokaryotic and eukaryotic families of HSPs and their characteristics (see [15, 16]).

Hsp family Structural features Members Intracellular location

Small HSPs Varied, often large oligomeric
structures

hsp10, GroES, hsp16, 𝛼-crystallin, hsp20, hsp25,
hsp26, hsp27 Cytosol

HSP40 Dimeric hsp40, DnaJ, Sis1 Cytosol

HSP47 Monomer
Trimer hsp47 Endoplasmic reticulum (ER)

CCT hetero-oligomeric complex TRiC (60Kd family) cytosol
Calreticulin Monomeric Calreticulin, Calnexin ER

HSP60 2 stacked heptameric rings hsp60, hsp65, GroEL Cytosol
Mitochondria

HSP70 Monomeric hsp71, hsc70 (hsp73), hsp110/SSE, DnaK, SSC1, SSQ1,
ECM10, Grp78 (BiP), Grp170

Cytosol
Mitochondria
ER

HSP90 Noncovalent homodimers hsc84, hsp86, HTPG, Gp96 (Grp94, endoplasmin) Cytosol
ER

HSP100 Multimeric complexes with
hsp70 and hsp25 hsp104, Hsp110, Clp proteins, Hsp78 Cytosol

Mitochondria

the HSP60-HSP10 system [25]. Small HSP family members
can bind partially folded peptides and mediate their loading
onto one of the folding systems (e.g., HSP60-HSP10) [25].
The HSP90 family are found predominantly in the cytoplasm
and are thought to mediate the folding of specialised proteins
such as steroid receptors and protein kinases [26]. Ther-
mal tolerance, disaggregation, and unfolding of aggregated
proteins for enzymatic digestion are handled by the larger
HSP100 chaperones [27]. Being involved in such a variety of
cellular processes, it is unsurprising that themajority of HSPs
(HSP60,HSP70, andHSP90) are fundamental to cell survival,
and mutation or deletion of the major HSP genes is often
lethal to both cells and organisms [24–27].

Themajor HSP families are associated with ATPase activ-
ity that is essential for their function asmolecular chaperones
[24, 28]. In the HSP60 system, ATP binding brings about a
conformational change that exposes its peptide binding core
allowing peptides to enter the peptide binding chamber [28,
29]. This is then followed by the binding of the cochaperone
HSP10, which closes the chamber andATP hydrolysis to ADP
and then energises the folding of the nascent polypeptide
chain in a hydrophobic environment [29]. In the HSP70
system, ATP binding brings about a conformational change
in the HSP that exposes its peptide binding site, allowing
peptides to enter the binding cleft andATPhydrolysis to ADP
then closes this cleft [28, 30]. The nascent protein can then
undergo folding without interference from other constituents
of the intracellular environment [30]. In the HSP90 (Gp96)
system, in addition to ADP/ATP, peptide binding is under
the control of calcium levels that brings about the required
conformational changes for peptide binding [31].

While their role as molecular chaperones is their most
obvious biological function, their reported functions relating
to the immune system are still being elucidated. Numerous
studies have implicated HSPs in various aspects of the
immunological response to antigens, leading to the proposal
that these proteins carry out a “moonlighting” function as
“chaperokines” [32–34]. These studies have shown that HSPs

act both as adjuvants by triggering TLRs on cells of the innate
immune system, in particular macrophages and DCs, and
also as carriers of antigens by providing a mechanism for
chaperoning polypeptides for the loading of MHCmolecules
and the subsequent facilitation of induction of acquired
immunity [32–36] (Figure 1).

3. Innate Immunity

Initially HSPs were thought to be exclusively intracellular
proteins that were only released into cellular environment
upon cellular injury or necrosis, but not apoptosis and,
as such, they were not generally regarded as PAMPs but
considered to be “danger associated molecular patterns”
(DAMPs) [37]. DAMPs aremolecules that serve as alternative
ligands for PRRs but signal the presence of cellular damage, as
distinct from the presence of pathogens, thus also activating
the innate immune response [38]. However it is now apparent
that HSPs can be actively secreted into the extracellular envi-
ronment by tumour cells or released from cells undergoing
necrotic lysis in response to cytotoxic lymphocyte (CTL)
or natural killer (NK) action, or viral infections [39–41].
Members of HSP60, HSP70, and HSP90 (gp96) families have
all been linked with innate immune stimulation [12, 14, 36,
42]. They have been observed to elicit nonspecific cytokine
and chemokine secretion from cells of themammalian innate
immune system, to upregulate costimulatory molecules, and
to activate APCs in particular DCs via a number of receptors
[43–45]. One of the initial HSPs to be studied for its effects
on innate immunity was recombinant mycobacterial HSP65
which was shown to stimulate the human monocyte cell line
THP-1 resulting in the production of TNF-𝛼, IL-6, and IL-8
[46]. In comparison to the mycobacterial HSP65, the mam-
malian homologue HSP60 was 10–100 times more potent at
stimulating human monocytes to secrete cytokines (IL-6, IL-
10 TNF-𝛼, IL-12, and GM-CSF) [47, 48]. However, despite
showing 70% amino acid homology, the two chaperonins
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Figure 1: Dual role of HSPs in the activation of both innate immunity, with the induction of monokines andmaturation of DCs, and acquired
immunity, with the provision of peptides for MHC-loading and antigen specific responses.

appear to mediate the innate immune responses through dif-
ferent cellular receptors [48–50]. For mycobacterial HSP65,
signalling occurs primarily via CD14 and can be blocked by
the use of antibodies against this receptor: in contrast HSP60
appears to be CD14 independent and may bind and signal
via TLR4 [49]. The domains of mycobacterial HSP65 were
cloned (apical domain, intermediate domain, and equatorial
domain), and the binding to CD14 was localised to the
equatorial domain [50].

Mycobacterial HSP70 stimulates cytokine production in
monocytes, by interacting with both TLR2 and 4, in a
CD14-dependent manner [51]. This ability to activate innate
immunity was localised to the C-terminal peptide binding
region (aa359–610) of HSP70which elicited production of IL-
12, TNF-𝛼, RANTES, and nitric oxide (NO) in THP-1 cells,
whereas the N terminal nucleotide binding region of HSP70
(aa 1–358) did not [52, 53]. The full mycobacterial HSP70
molecule appears also to contain epitopes that inhibit DC
maturation and promote anti-inflammatory cytokines (IL-
10) [54]. Mycobacterial HSP70 can also interact with CD8+
T-cells via CD40 to produce RANTES, MIP-1𝛼, and MIP-
1𝛽 [55]. Further studies revealed that only mycobacterial
HSP70 but not human HSP70 induced this observation,
with bacterial HSP70 (DnaK) and human HSP70 appearing
to bind to different regions of CD40 on macrophages and
DCs [55, 56]. It has also been reported that mycobacterial

HSP70 binds to CCR5 andCD40 on humanDCs, stimulating
production of IL-12p40 and TNF-𝛼 [57], though this has
been contested by other groups that dissociate the innate
and acquired functions of both human and mycobacterial
HSP70 (aa359–635) [58]. Thus it appears that HSP70’s abil-
ity to stimulate cells contributing to the innate immune
system is dependent on the source of HSP, as mammalian
and microbial forms appear to use different receptors [52–
58]. Moreover, it appears that while mycobacterial HSP70
stimulates an innate immune response, the situation with
mammalian HSP70 is more variable and some members of
this gene family may downregulate the immune response
instead [34, 44, 54, 59]. This has led to the proposal that
these HSPs may have a distinct role as “resolution associated
molecular patterns” (RAMPs) that lead to the resolution of
inflammation induced by activation of the innate immune
response by DAMPs and PAMPs [59, 60].

The eukaryotic family of HSP90/gp96 chaperones has
also been shown to interact with TLR2 and -4 and induce
the activation of the NF-𝜅𝛽 pathway and the subsequent
secretion of IL-12 and TNF-𝛼 [61]. In addition, it has also
been reported that gp96 isolated from mouse liver induced
the production ofNO in bothmurine (Raw264.7) and human
(THP-1) macrophage cell lines and that this action was
mediated by the binding of gp96 to CD36 [62, 63]. These
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studies also report thatmixtures of IFN-𝛾 lead to a synergistic
production of NO from these macrophage cell lines [63].

There is still controversy and conflicting observations
about the ability of mammalian HSP to stimulate the mam-
malian immune system [64]. However there is compelling
evidence that bacterial HSPs, including mycobacterial HSP,
are able to stimulate the innate immune system with data
coming from the study of domains of HSP60 [50] and
HSP70 [52, 53]. A complication of initial studies was the
copurification of lipopolysaccharide (LPS) as a contaminant
in preparations of recombinant HSPs. Thus Gao and Tsan
suggested that the biological effect observed with human
HSP60 was as a result of LPS contamination as HSP60 with a
low endotoxin activity did not result in TNF-𝛼 production in
the murine macrophage Raw 264.7 cell line [65]. However,
the use of highly purified HSP60 and the stimulation of
innate immune responses by endotoxin-free mycobacterial
HSP60 show that LPS contamination does not account for
all the observations reported [66]. Moreover, the chemokine
stimulatory effects of mycobacterial HSP70 can be blocked
by antibodies specific for CD40 but not by inhibitors of
LPS [55]. These authors also show that the effect of HSP70
(but not LPS) is lost when digested with proteinase K and
the differing responses to different peptide domains of the
protein also rule out LPS contamination issues [53–55]. The
controversy regarding the potential contamination of HSP
preparations with PAMPs has recently been discussed in
detail and supports a distinct role for HSPs in the activation
of the innate immune response [64].

4. Adaptive Immunity of HSPs

The first indication that HSPs could modulate the gener-
ation of adaptive immunity derived from observations in
cancer studies aimed at elucidating the immunogenicity of
sarcomas in genetically identical mice [42, 67]. Biochemical
dissection of chemically induced sarcomas identified gp96
as the tumour rejection antigen and cloning of the gene
identified it as a member of the HSP90 family [68]. However,
immunisation with gp96 elicited sarcoma-specific immunity
and gp96 purified from other chemically induced tumours
or normal tissue did not elicit immunoprotection although
no differences were observed at a protein or genetic level
for these HSPs [67, 68]. Srivastava thus proposed that the
immunogenicity was conferred by tumour-specific peptides
associated with the HSPs and this was supported by the
observation that a plethora of peptides could be observed
bound to gp96 [42, 68].

Confirmation that immunity was due to the associated
peptides was achieved by removal of the chaperoned pep-
tide. HSP70 purified by affinity chromatography on ADP-
sepharose retained its chaperoned polypeptides and provided
protection against tumour challenge, whereas purification
usingATP-sepharose yieldedHSP70 that lacked its associated
peptides and did not provide protection [42, 69]. HSP70 has a
binding pocket that was first demonstrated for the ER HSP70
homolog BiP [70] and later for bacterial HSP70 [71]. The
binding pocket interacts with peptides of 8–26 aa in length

that are rich in leucine, isoleucine, valine, phenylalanine, and
tyrosine [72, 73]. Peptide binding is under the control of
ATP/ADP binding to HSP70, which brings about conforma-
tional changes that expose its binding pocket [28]. In contrast
to HSP70, HSP90 is found as a homodimer and has an open
peptide binding cleft that is localised between the long arms
of the twomonomers [74]. However, like other HSPs, peptide
binding is ATP/ADP dependent and HSP90 also functions
with cochaperones like HSP40 and HOP [74, 75].The HSP90
homologue gp96 also contains a binding pocket and, like
HSP90, it is an open binding pocket that should allow
peptides of any length to interact with it, though the presence
of a disulphide bond in this domain may also affect peptide
binding [75]. In gp96, peptide binding has also been reported
to be under the control of calcium levels that brings about
the required conformational changes for peptide binding, a
mechanism distinct from other HSP90 homologues [31, 75].

The most interesting feature of the uptake of HSP-
chaperoned peptides by APCs is their availability for cross-
presentation, which is the ability of exogenous antigens to
enter endogenous loading pathway ofMHCClass Imolecules
and thus prime CD8+ T cells [76–80]. Cross-presentation can
occur via one of two pathways, either the vacuolar/endocytic
pathway (nonclassical MHC I loading) or the cytosolic
pathway (classical MHC I loading) [78, 79]. In the vacuo-
lar/endocytic pathway, antigen is taken up by the cell by
phagocytosis, and formation of phagolysosomes provides
the appropriate environment for the production of peptide
fragments that are then loaded ontoMHC Imolecules within
this compartment: the source ofMHC Imolecules is believed
to be from membrane recycling or from ER-phagosome
fusion [78, 79]. In the cytosolic pathway, antigen is once again
taken up by the cell by phagocytosis and, once internalised,
the antigen is trafficked to the cellular cytosol (through the
transmembrane protein Sec61) and enters the classical MHC
I pathway of loading: this translocation to the cytosol requires
HSP90 [79, 80].

The cross-presentation of peptides bound to HSPs has
been shown to be receptor mediated, with HSP70 and gp96
binding to CD91 and HSP90/gp96 binding to Scavenger
receptor-A on APCs [43–45]. HSP70 also binds to Scavenger
receptor-A, Scavenger receptor-F1, stabilin-1, LOX-1, and
SREC-1 [44, 79]. Although CD91 is found on macrophages,
its distribution on DCs is low, suggesting that the scavenger
receptors and LOX-1 may be the more common receptors
involved in HSP-receptor-mediated cross-presentation [44,
45, 81]. Thus different receptor binding and selective inter-
nalisation may account for the enhanced immunogenicity
of different HSPs, and upon internalisation, the HSP bound
peptide can be taken into the vacuolar/endocytic or cytosolic
pathway of cross-presentation. The factors that determine
which pathway is taken remain unclear, but it appears to be
dependent on both the nature of the bound peptide and the
APC cell type [43–45, 76–79].

The ability of mycobacterial HSP70 to cross-present
chaperoned peptides onto mammalian APCs has also been
investigated [78, 82]. Construction of a fusion protein consist-
ing of mycobacterial HSP70-ovalbumin (OVA) was shown
to induce an antigen-specific CD8+ T-cell population in
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vaccinated mice that showed cytotoxic activity against target
cells expressing recombinant OVA [82, 83]. Furthermore,
Harding and colleagues have shown, in vivo, that an extended
OVA peptide, noncovalently associated with mycobacterial
HSP70, could be presented via the MHC I presentation
pathways of bone-marrow-derived murine macrophages and
DCs to induce the secretion of IL-2 from a T-cell hybridoma
specific for OVA peptide/MHC I complex [78]. This cross-
presentation was dependent on the peptide being bound
to mycobacterial HSP70 and required active internalisation
via CD91 but did not involve interaction with CD40 or
TLR [78, 82]. However, treatment of macrophages or B
cells with Brefeldin A, an inhibitor of ER to golgi trans-
port and thus the cytosolic pathway of cross-presentation,
did not result in a significant reduction of processing and
presentation of the fusion peptide, though a significant
reduction was seen when DCs were used as APCs [83].
This suggests that, in macrophages and B cells, polypeptides
chaperoned by mycobacterial HSP70 are cross-presented
predominantly via the vacuolar/endocytic pathway, whereas
in DCs cross-presentation occurs via the cytosolic pathway
[78, 84]. The ability of mycobacterial HSP to effect cross-
presentation has also been observed in human DCs, using
an influenza A derived MHC I peptide epitopes fused to
various HSP70 domains [34, 84]. These studies showed
that, in vivo, mycobacterial HSP70 bound peptides were
able to cross-present bound peptide, cross-prime CD8+ T-
cells, and generate CTL that lysed peptide-labeled target
cells: surprisingly low quantities of mycobacterial HSP70
peptide complex (120 pM) were required to bring about CTL
priming, about 4 orders of magnitude lower concentration
than that required to bring about a similar response with
unchaperoned peptide [34, 84].

5. HSP Cancer Vaccines

The initial work on host-derived HSPs (gp96) from tumours
as cancer vaccines has now progressed through preclinical
development into clinical trials, generating proof of concept
[36, 85–87]. There have been numerous reviews on the
preclinical development studies and the reader is referred to
these for further details [14, 36, 42]. The most advanced of
the clinical trials utilise patient-derived autologous vaccines,
called Vitespen/Oncophage, which are gp96 preparations
purified from surgically removed samples of the patients’
tumours using proprietary methods including affinity chro-
matography [42, 85]. A range of tumours includingmetastatic
colorectal carcinoma, metastatic melanoma, non-Hodgkin
lymphoma, pancreatic adenocarcinoma, and renal cell car-
cinoma have been studied in clinical trials up to phase III
[87]. However, while these vaccines have shownminimal side
effects and arewell tolerated, their effectiveness as therapeutic
agents has been varied [87–89]. In a randomised phase III
trial of individuals with renal cell carcinoma, administration
of isolated gp96 did not result in a statistically significant
improvement in disease outcome [88]. In contrast, when
assessed in individuals in stage IV melanoma, individuals
that were in substage M1a and M1b (those that had signs of

spread to other areas of the skin and lung) did show a delay
in disease progression compared to a group that received
conventional chemotherapy and/or surgery. However, in the
more advanced stages of the disease, no effect was observed
[89]. In groups that did show an effect, multiple vaccinations
were required (>10), at a dose of 25 𝜇g, and it is thought that
the disease stage can apparently modulate efficacy, and also
the amount of available tumour tissue available to work with
will varywith disease stage [87–89].One strategy to overcome
this limitation involves the use of tumour cells fused to DCs
for the purification of larger amounts of HSPs from these
fusion hybrids [86]. In animalmodels, this approach has been
shown to yield amore immunogenic vaccine thanHSPs puri-
fied from tumour cells alone, and this has been ascribed to the
improved loading of peptides onto HSPs in the APCs com-
pared to tumour cells [36, 86]. However, it should be noted
that the majority of animal studies in oncology use HSP70,
not gp96 as in Vitespen, and the autologous peptide binding
of the latter is distinct from other HSP90 homologues, both
of which may also explain the equivocal clinical results with
Vitespen [90]. An alternative strategy that addresses both the
issues of HSP heterogeneity and yield is the use of chaperone
rich cell lysates (CRCLs) that contain multiple HSPs [91–93].
Cell lysates rich in HSPs, produced by free-solution isoelec-
tric focusing of murine tumour cell lysates, showed signifi-
cantly improved protection against tumour challenge when
compared to the use of single HSPs, and these studies are
currently being progressed into human clinical trials [91–93].

6. HSPs as Infectious Disease Vaccines

Pathogen-derived HSPs have attracted much interest as
potential vaccine candidates againstM. tuberculosis infection
as they have been long recognised as immunodominant
antigens in infected individuals [5, 11, 12, 94]. HSP65 is
perhaps the most immunodominant in disease models, with
an estimated 10–20% of all T cells in infectedmice specific for
HSP65 [11, 95]. Early investigations showed that recombinant
mycobacterial HSP65 could activate murine macrophages in
vivo, and these cells inhibited the growth of the intracellular
pathogen Listeria monocytogenes, though they did not induce
in vivo protection against this pathogen [96]. In TB, early
work showed that the macrophage-derived cell line (J774)
transformed with a plasmid expressing M. leprae HSP65
conferred protection in mice against intravenous challenge
with M. tuberculosis [96]. Adoptive transfer studies showed
that CD4+ and CD8+ T cells specific to HSP65 were elicited
and conferred protection [96–98]. Subsequent work demon-
strated that vaccination with nucleic acid (DNA) plasmids
encoding the M. leprae HSP65 could confer protection
in a mouse model, and this approach was extended to
other mycobacterial HSPs, including HSP70 [99]. Moreover,
mycobacterial HSP65 DNA vaccine was also shown to exert
therapeutic action in mice previously infected with TB [100].
However the use of HSP DNA vaccines has become a
contentious area as in some postexposure therapeutic studies
there appeared to be an exacerbation of pathology [101].These
data have had variable reproducibility, and indeed, more
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recent investigations have indicated that the poor outcomes
may result from a general, rather than specific, stimulation of
inflammatory responses induced by DNA vaccines in the TB
therapeutic animal model [102].

Improved immunogenicity and protective efficacy have
also been observed in animal models using combination
vaccination strategies, administeringDNAvectors expressing
mycobacterial HSPs in conjunction with cytokines or other
mycobacterial proteins. Thus, the coadministration of DNA
vectors that expressed inflammatory cytokines IL-12 or GM-
CSF [103] and the mycobacterial Apa protein [104] resulted
in an improvement of the IFN-𝛾 recall response in both
the mouse and primate models [105]. The therapeutic use of
mycobacterial HSP expressing vectors has also been investi-
gated in conjunction with chemotherapy regimens and has
been shown to improve the outcome of treatment compared
to chemotherapy alone [106].

The use of mycobacterial HSP70 as both an antigen and
a component of fusion proteins has also been investigated
as potential anti-mycobacterial vaccines. Studies have shown
that recombinant BCG that produces soluble mycobacterial
HSP70 linked to the major membrane protein II of M.
leprae activates APCs and cross-prime CD8+ cells, resulting
in improved protection against M. leprae challenge in a
mouse model [107]. Induction of a potentially protective
phenotype has also been shown by a DNA vaccine construct
that expresses mycobacterial HSP70 fused to the secreted
mycobacterial protein MPT51: these studies demonstrated
that linkage to the 27 kDa C terminus substrate binding
domain of HSP70 was apparently sufficient to induce the
protective immune response as no protection was observed
using the 44 kDa N-terminal nucleotide binding domain
[108]. An investigation into the immunogenicity of native
and recombinant mycobacterial HSP16 (HSPx) was recently
published [109]. This study indicated that native but not
recombinant HSP16 (when administered with the adjuvant
dioctadecylammonium bromide) could elicit protection in a
mouse model of TB, and in addition, it had the capacity to
boost an existing BCG vaccination. Although HSP16 has not
previously been linked with an ability to chaperone antigenic
material and deliver it to the immune system, this study does
suggest that native mycobacterial HSPs could exploit this
pathway for other mycobacterial components [15, 109].

Finally some investigations have been carried out on
the immunogenicity of native (purified) HSP as vaccine
candidates toward TB [15, 110, 111]. Host-derived native
HSP-peptide complexes fromM. tuberculosis infected organs
have been studied and shown to contain pathogen-derived
peptides and, importantly, are capable of eliciting a protective
immune response [110]. However, there remain considerable
manufacturing and scale-up hurdles to be overcome in
this approach for the production of material for large-scale
vaccination. In addition, the use of these mammalian, host
HSPs as vaccines could have regulatory hurdles through the
perceived risk of inducing autoimmunity. An alternative
approach for the development of TB vaccines is the use of
multiple HSPs isolated from stressed (heat shocked) BCG,
and these vaccines have been shown to elicit protective
immunity in the mouse aerosol challenge model [111].

The utility of this approach is supported by studies dissecting
the immunogenicity of PPD, which show that the HSPs
are not just major immunological determinants but are
essential for the immunogenicity of other antigens in the
mycobacterial extracts [112–114]. As shown in the cancer field,
vaccines containing multiple HSP families and associated
antigens elicit polyclonal immunity that is more robust than
the use of single HSPs. The approach of isolating multiple
HSPs from stressed pathogens has been extended to bacterial
vaccines where broad strain coverage is an advantage, such
as in the development of a meningococcal disease vaccine
[115]. Such studies also report novel manufacturing methods
and, though several challenges remain, these may present
an approach to the development of novel infectious disease
vaccines.

7. Conclusion

This review has summarised the functional properties of
HSPs acting not only as chaperones involved in protein
synthesis and degradation but also as the bridge between
innate and acquired immune responses (Figure 1). HSPs are
therefore natural adjuvants, and their role in vaccine design
is currently being exploited in the development of vaccines
against cancers and infectious diseases.
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[110] U. Zügel, A. M. Sponaas, J. Neckermann, B. Schoel, and S.
H. E. Kaufmann, “gp96-peptide vaccination of mice against
intracellular bacteria,” Infection and Immunity, vol. 69, no. 6, pp.
4164–4167, 2001.

[111] C. A. L. S. Colaco, C. R. Bailey, J. Keeble, andK. B.Walker, “BCG
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There is no malaria vaccine currently available, and the most advanced candidate has recently reported a modest 30% efficacy
against clinical malaria. Although many efforts have been dedicated to achieve this goal, the research was mainly directed to
identify antigenic targets. Nevertheless, the latest progresses on understanding how immune system works and the data recovered
from vaccination studies have conferred to the vaccine formulation its deserved relevance. Additionally to the antigen nature,
the manner in which it is presented (delivery adjuvants) as well as the immunostimulatory effect of the formulation components
(immunostimulants) modulates the immune response elicited. Protective immunity against malaria requires the induction of
humoral, antibody-dependent cellular inhibition (ADCI) and effector and memory cell responses. This review summarizes the
status of adjuvants that have been or are being employed in the malaria vaccine development, focusing on the pharmaceutical and
immunological aspects, as well as on their immunization outcomings at clinical and preclinical stages.

1. Introduction

It was almost 50 years ago when the inoculation of attenuated
sporozoites evidenced protective immunity and, therefore,
the feasibility of developing a cost-effective malaria vaccine.
However, the most advanced candidate up to date has only
achieved moderate efficacy (30%).

One of the reasons for the slow progress in developing an
effectivemalaria vaccine is the strong capacity of Plasmodium
parasite to evade host’s immune response.This ability derives
from the genetic complexity of the pathogen, which exhibits
genetic diversity as well as antigenic variation during the
multistage life cycle. In consequence, immune responses
combining both humoral and cellular responses, that target
different asexual stages of the Plasmodium live cycle, would
be more suitable to achieve host protection against malaria.
In addition, vaccines can also be directed to sexual stage for
blocking the transmission of the parasite.

Humoral response induces opsonization of sporozoites,
blockage of red cell invasion, and elimination of infected cells
directly or through antibody-dependent cellular inhibition
(ADCI). On the other hand, cellular response is decisive to
produce cytokines and immune mediators (T helper cells
(Th)), as well as to kill infected hepatocytes (cytotoxic CD8+
T lymphocytes, (CTLs)) [1].

Another handicap for malaria vaccine development
derives from the traditional strategies of research focused on
the antigen-targeting approach, not considering the role of
other components of the formulation that can induce and
modulate the immune response. Probably several antigen
candidates had been abandoned based on the unsatisfactory
clinical results obtained because they were inadequately
adjuvanted. For example, the most advanced malaria vaccine
(RTS,S) did not produce protection when it was formulated
withAlum, but it inducedmoderate protective efficacy of 30%
when formulated with adjuvants such AS02 and AS01 [2, 3].
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During the last decades, adjuvants have become increas-
ingly important components for the development of vac-
cines. They are compounds that enhance and direct spe-
cific immune responses, classified based on their principal
mechanism of action (Table 1). Immunostimulatory adju-
vants can increase specific responses by direct stimulation of
the immune system, whereas adjuvants that act as delivery
systems carry the antigens to the immune cells. The main
advantage of the delivery systems is that they allow the
coadministration of immunostimulants and more than one
antigen into the same system.

This review summarizes the adjuvants evaluated up to
date for the development of an efficient malaria vaccine
and focuses on their pharmaceutical and immunological
properties, as well as their major advances and remarkable
results. The paper includes the adjuvants that are already
licensed, those approved for clinical use, and those under
preclinical research.

To facilitate the followup and comprehension of the
paper, a description of malaria antigen candidates is summa-
rized in Table 2, as well as a compilation of malaria vaccine
candidates clinically tested and classified as a function of the
adjuvant (Table 3).

2. Adjuvants for Malaria Vaccines under
Clinical Evaluation

This section describes the adjuvants that have been employed
during the clinical development of diverse malaria vaccine
candidates, considering the most relevant vaccines and clini-
cal trials.

2.1. Alum. Alum, the noncrystalline gel-like forms of alu-
minum salts, was the first adjuvant approved for human use
around 80 years ago [4]. It is a component of numerous
licensed vaccines, such diphtheria-tetanus-pertussis (DTP),
hepatitis A and B virus (HAV, HBV), human papilloma virus
(HPV), Haemophilus influenza, and Streptococcus pneumo-
niae [5].

Alum has the capacity to stimulate strong humoral
responses (Th2) [6, 7]. The interaction of Alum with the
immune system has not been completely clarified and several
mechanisms of action have been proposed. First, it was
believed that Alum only produced a depot effect and thereby
a sustained release of antigen [8, 9]. However, several studies
have reported a rapid desorption of this adjuvant from the
injection site [10, 11]. What is clear is that the administration
of the antigen in a particulate form favors its capture by
antigen-presenting cells (APCs) [12, 13]. Alum has also
demonstrated its own immunostimulatory capacity [14–16];
a direct or indirect (mediated by dangerous signals such uric
acid) ability of Alum to activate NALP3, a component of
the inflammasome complex, has been described [7]. This
activation leads to caspase-1 activation, proinflammatory
cytokine secretion (IL-1𝛽, IL-18, IL-33), andmonocytemigra-
tion to lymph nodes (LNs) for their differentiation into
inflammatory dendritic cells (DCs) [17, 18]. However, other
studies have reached contradictory results and proposed that

the inflammasome activation does not contribute to the adju-
vanicity of Alum [19, 20].

Currently, Alum is the most used adjuvant in the clinical
evaluation of malaria vaccines. The first malaria vaccine
candidate extensively tested in endemic areas was the Alum-
adjuvanted SPf66 multistage antigen [21]. With the exception
of reducing the incidence of new episodes (28%) [22],
results concluded the presence of short-lived antibodies, low
cellular responses and no evidence of protection. Therefore,
this candidate was abandoned after 10 clinical trials. The
preerythrocytic antigen PfCS102 has also been evaluated in
combination with Alum, but no success has been achieved
[23]. Slightly better results have been obtained with Alum-
adjuvanted blood-stage vaccines. MSP1-C1

42
[24], AMA1-

FVO
25−545

[25], AMA1-C1 [26] andGLURP
85−213

[27] elicited
moderate antibody levels but poor cellular responses (IFN-
𝛾 secretion, lymphoproliferation, and in vitro inhibition of
parasite growth) and no protection in field clinical trials.
Despite these findings, the clinical research with these anti-
gens continued following their reformulation with other
adjuvants and/or combination with other antigens.

Nowadays other Alum-adjuvanted blood-stage antigens
are under clinical trials. It has been shown that EBA-175 RII
[28] antigen stimulates functional antibody responses, with
certain capacity to inhibit in vitro parasite growth and para-
site binding to the erythrocytes.MSP3

181−276
andMSP3

154−249

also induced considerable antibody-based humoral responses
during Phase I trials. In addition MSP3

154−249
also produced

cellular responses including IFN-𝛾 secretion and lympho-
proliferation, leading to Phase II clinical evaluation [29, 30].
Another Alum-adjuvanted vaccine under Phase II trials is
GMZ2 (recombinant protein of MSP3 and GLURP), which
elicited considerable antibody levels, including cytophilic
ones, cross-reactivity with other malaria antigens, and cell
memory during 1 year [31].Themost recentAlum-adjuvanted
antigen under clinical evaluation is SE36, which shows
promising antibody responses, including 100% seroconver-
sion after the second dose in adult recipients [32].

With regard to sexual stage vaccines, the transmission-
blocking Pf25 and Pv25 proteins (expressed on the surface
of ookinetes in the mosquito stage of P. falciparum and P.
vivax, resp.) have been clinically evaluated in combination
with Alum. They produced poor immunogenicity and Pf25
induced local reactogenicity [33, 34]. A Phase I clinical trial is
being conducted with Pf25 conjugated with the recombinant
P. aeruginosa ExoProtein A (EPA) and adjuvanted with Alum
[35], which demonstrated higher specific antibodies and
transmission-blocking activity than Pf25/Alum alone [36] in
preclinical studies.

The advantages of Alum are the strong stimulation of
the antibody secretion, the extensive experience on clinical
safety, the antigen stability, the relative low cost, and the
ease to formulate and to scale up. However, it presents sig-
nificant limitations such as insufficient immunopotentiation
in comparison to other adjuvants, incapability to induce
appropriate Th1-mediated and CTL cellular responses, and
the risk of inducing allergic-type eosinophilic responses and
granulomatosis.
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Table 1: Classification of adjuvants by their principal mechanism of
action.

Immunostimulants Delivery systems

Saponins
Polysaccharides
TLR ligands
Cytokines

Alum
Emulsions
Liposomes
ISCOMs
Polymeric particles
Virosomes
VLPs
Viral vectors

2.2. Emulsions. Emulsion-based adjuvants include two types
of emulsions, water in oil (w/o) and oil in water (o/w). In their
majority, they employ squalene, in the oily phase, a natural
component of cell membranes and precursor of cholesterol.

2.2.1. MF59. MF59 adjuvant, currently licensed for the in-
fluenza vaccine, is a fluid o/w nanoemulsion composed of
squalene droplets stabilized with Tween 80 and Span 85.
MF59 overcomes Alum adjuvant in eliciting potent and
balanced antibody responses. Moreover, it stimulates strong
T helper cell responses [37]. Nevertheless, MF59 shows
limited ability to induce CD4+ Th1 immune responses [38]
and polarizes Th2-biased responses [39]. MF59 acts by
direct immunostimulation of monocytes, macrophages, and
granulocytes to produce cytokines and chemokines [40].

Preclinical research on MF59-adjuvanted malaria vac-
cines did not provide satisfactory results. A study of mice
immunization against PvDBP formulatedwithMF59 demon-
strated that it can elicit antibodies as well as IFN-𝛾 secretion;
however, antigen formulated with Montanide or AS02A
achieved enhanced antibody responses with superior titers
and higher capacity to block erythrocyte invasion [41]. More-
over, MSP-1

42
protein revealed almost no immune response

when formulated with MF59 in a mice immunization study
[42], low antibodyital andnoprotection in anAotus challenge
trial [43], as also happened against SERA-1 protein [44].
All these results determined no further progression towards
clinical stage with any MF59-based malaria vaccine.

2.2.2. AS03. AS03 adjuvant, registered for human influenza
pandemic vaccine, is an o/w emulsion that contains squalene,
vitamin E, and Tween 80. It produces strong antibody levels,
B cell memory, and CD4+ T cell [45] responses but, as other
squalene based adjuvants, they are mainly Th2 biased. In
addition, vitamin E confers further stimulant properties on
AS03 [46] and stimulates sustained antibody responses [47].
The most remarkable use of the AS03 regarding malaria has
been its combination with the RTS,S vaccine. Although it
elicited a strong antibody response in healthy volunteers, only
a moderate protective efficacy of 25% was reached following
challenge [48].

2.2.3. Montanide. Montanide ISA 51 (ISA-51) andMontanide
ISA 720 (ISA-720) are w/o microemulsions composed of

squalene stabilized with surfactants [49]. Montanides pro-
duce strong antibody secretion, T cell proliferation [50],
and balanced Th1/Th2 cytokine profiles [41]. They recruit,
activate, and induce migration of APCs to dLNs. Moreover,
they interact with cellular membranes favoring the antigen
uptake [49]. Furthermore, unlike o/w emulsions, Montanide
exerts a depot effect [51].

Several ISA-720 adjuvanted malaria vaccine candidates
have been or are currently being clinically evaluated.
PfCS102 demonstrated very encouraging results at early dose-
escalation trials, including the induction of specific and
functional antibodies, as well as strong but short-termed
CD8+ and CD4+ immune responses [23], although it did not
induce protective immunity after sporozoite challenge [52].
Another Phase I/IIa clinical trial has been conducted with a
preerythrocytic antigen, LSA-3, adjuvanted with ISA-720 or
Alum. Although no data has been reported yet, LSA-3/ISA-
720 has previously demonstrated promising protection on a
primate model [53].

Regarding blood-stage vaccines, combination B candi-
date, comprising recombinant proteins from MSP1, MSP2,
and RESA, produced strong T cell responses and weak
antibody levels in both healthy and field volunteers [54].
However, no significant efficacy on parasite growth rate was
shown at challenge trials [55]. Similarly, PfCP2.9 evoked high
antibody responses but failed in inducing functional activity
against parasite [56]. On the contrary, ISA-720 adjuvanted
AMA1-FVO

25−545
[25], AMA1-C1 [57], GLURP

85−213
[27],

MSP3
181−276

[29], and MSP2-C1 [58] antigens elicited strong
antibody levels, including cytophilic subclasses in some cases.
T cell responses were also elicited in healthy volunteers,
including in vitro peripheral blood mononuclear cell pro-
liferation, IFN-𝛾 secretion, and parasite growth inhibition.
However, theMSP2-C1/ISA-720 vaccine trial had to be ended
prematurely because of the production of local reactogenicity
at the injection site. Besides, the development of AMA1-C1
candidate adjuvanted with ISA-720 was stopped owing to sta-
bility concerns [57]. Finally, no data are already available from
JAIVAC-1 (combination of proteins MSP1

19
and EBA

175
), the

last ISA-720 adjuvanted blood-stage candidate under Phase I
clinical trials.

Regarding the clinical use of Montanide on sexual stage
vaccines, it is worth mentioning that although Pf25 and Pv25
adjuvanted with ISA-51 elicited moderate to low antibody
responses, respectively, the reported severe local reactogenic-
ity and cases of systemic erythema nodosum (higher severe
with Pf25) rendered these candidates for further development
[59].

The advantage of the Montanides is their capacity to
stimulate both humoral and cellular responses.However, they
have been associated with critical drawbacks such as pain and
unacceptable reactogenicity at the injection site reported in
several studies, certain concerns regarding the stability of the
antigens, and the need to develop individually extensive and
costly specific emulsification procedures for each antigen. In
addition, a risk of induction or exacerbation of inflammatory
arthritis in genetically susceptible humans has been described
for squalene-based emulsions [60].
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Table 2: Description of malaria antigen candidates.

Life cycle-stage Vaccine Description

Preerythrocytic

CSP Circumsporozoite protein exhibited at the sporozoite surface
PfCS102 282–383 sequence of the C-terminal region of CSP from P. falciparum NF54 strain
ICC-1132 Universal T and repetitive B/T epitopes from CSP fused to HBcAg and autoassembled as VLPs

RTS,S CSP C-terminal extreme containing B and T cell epitopes fused to HBsAg and assembled as
VLP

PEV302 Virosome containing UK-39 peptide corresponding to the immunodominant NANP repeat
region of CSP

LSA-3 Liver stage antigen 3
FMP011 Recombinant protein of LSA-1 from 3D7 strain

ME-TRAP
Multiepitope (ME) consisted of preerythrocytic fusion antigen consisting of 17 B cell, CD4+,
and CD8+ T cell epitopes from six P. falciparum antigens fused to the T9/96 allele of
(thrombospondin-related adhesion protein) preerythrocytic antigen (TRAP)

Blood stage

MSP1-C142
Combination of the alleles FVO and 3D7 of the 42Kda fragment of the merozoite surface
protein 1 (MSP-1)

AMA1-FVO25–545
Recombinant 25–545 sequence of the merozoite apical membrane antigen 1 (AMA-1) from
FVO strain

AMA1-C1 Combination of equal mixtures of the recombinant AMA-1 from FVO and 3D7 strains
EBA175 RII Region II domain of the erythrocyte-binding antigen 175 parasite protein
MSP3181–276 C-terminal conserved region fromMSP- 3 from FC27 strain
MSP3154–249 C-terminal conserved region fromMSP-3 from 3D7 strain
SE36 Recombinant molecule of serine repeat antigen 5 (SERA5)

PvDBP P. vivax Duffy binding protein, which binds the Duffy blood group antigen as the obligate
receptor for erythrocyte invasion

Combination B Combination of recombinant proteins fromMSP1, MSP2, and RESA (ring-infected erythrocyte
surface antigen)

PfCP2.9 Recombinant protein consisted of domain III of AMA1 and MSP119 from 3D7 and FVO strains,
respectively

MSP2-C1 Combination of recombinant allelic MSP-2 from 3D7 and FC27
JAIVAC-1 Combination of proteins MSP119 and EBA175

SC2642
Hybrid antigen containing the C-terminal fragment of P. falciparum precursor to the major
surface antigens (PMMSA) and the tetrapeptide repeats of CSP

FMP1 Recombinant MSP142 from 3D7 strain
FMP2.1 Recombinant AMA-1 from 3D7 strain

BSAM-2 A mixture in equal amounts of four proteins corresponding to the 3D7 and FVO alleles of
MSP-1 and AMA-1

PEV301 Virosome containing AMA49-C1 peptide derived from loop I of domain III of AMA-1

Sexual stage Pf25 Protein expressed on the surface of ookinetes of P. falciparum
Pv25 Protein expressed on the surface of ookinetes of P. vivax

Multistage

SPf66 Three blood-stage sequences and repetitive sequences of preerythrocytic CSP

GLURP85–231
85–231 sequence of glutamate rich protein (GLURP) expressed both in preerythrocytic and
blood stage

GMZ2 Recombinant protein of MSP3 and GLURP
PEV3A Combination by coadministration of PEV301 and PEV302

Polyprotein
Long polyprotein consisted of 6 antigens; LSA-3, sporozoite threonine and asparagine-rich
protein (STARP), liver stage exported protein 1 (Exp-1), preerythrocytic/sexual stage Pfs16,
TRAP, and LSA-1

NMRC-M3V-Ad-PfC Combination of two human adenoviruses Ad5 encoding CSP and AMA-1, respectively
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2.3. Saponins. Saponins are natural glycosides of steroids
or triterpenes widely distributed in plants and animals.
Quil-A, an extract of Quillaja saponaria, and its derivatives
constitute the most extensively used saponins for adjuvant
purposes [61]. Although saponins have beenwidely employed
as adjuvants and they are registered for several veterinary
vaccines [62], their inclusion into human vaccines has been
precluded due to their associated toxicity [63]. QS21, one of
the highly purified fractions isolated from Quil-A, exhibits
the maximal adjuvanticity with lower toxicity. Saponins
stimulate specific humoral and cellular immune responses
including Th1 cytokines, cytophilic antibodies, and strong
antigen-specific CTL responses [64]. They interact with the
cell membrane of APCs gaining the endogenous presentation
pathway [65].

The potential of QS21 as an adjuvant for malaria vaccine
development was evaluated solely once at clinical stage using
the SPf66 multistage antigen. This candidate overcame the
immunogenicity elicited when formulated with Alum and it
induced higher and longer-lasting antibody levels. However,
2.3% of the individuals developed severe vaccine allergy, an
important complication for a prophylactic vaccine [66].

Immunostimulating complexes (ISCOMs), whose prin-
cipal component is Quil-A, comprise micellar cage-like
particles of about 40 nm spontaneously formed upon mix-
ing antigens with saponins, phospholipids, and cholesterol
[67]. ISCOMs are capable of boosting humoral and cellular
responses by both parenteral and mucosal routes [68, 69].
ISCOM adjuvants induce the recruitment and activation of
APCs, increase MHC II expression on APCs, enlarge the
antigen presentation at dLNs, enhance cross-presentation,
trigger the secretion of cytokines such as IL-2, IL-6, and IFN-
𝛾, and generate CD4+ and CD8+ CTL responses [67, 70].

ISCOM-based malaria vaccines have reported good
results during preclinical investigation. An adjuvant trial
against the hybrid protein SC

26
42 in rabbits demonstrated

that ISCOM formulation elicited high but short-duration
antibodies [71]. On the other hand, two fusion proteins
including the antigen Pf155/RESA, ZZ-M3 and ZZ-M5, cou-
pled to preformed influenza virus membrane glycoprotein
derived ISCOMs induced long-lasting antibody responses
comparable to those obtained with Freund’s adjuvant [72].
A more recent immunization study against RESA synthetic
peptide entrapped into ISCOMs demonstrated the induction
of high levels of high-affinity antibodies in mice [73]. Never-
theless, clinical development of ISCOM-based vaccines has
been discouraged due to safety concerns, such as the feeling
of mild pain at injection site in a Phase I trial [74]. Besides,
ISCOMs possess other disadvantages regarding instability,
manufacture, and costs.

2.4. Virus-Like Particles. Virus-like particles (VLPs) are
formed by the self-assembly of recombinant viral capsid
proteins, maintaining a similar structure and morphology.
VLPs cannot replicate and are noninfectious, as they do not
incorporate genetic material, constituting a safer alternative
to attenuated viruses. Antigens can be incorporated in several
ways, either included into the genetic material that encodes

for the capsid proteins or chemically conjugated to preformed
VLP [75]. VLPs can elicit strong humoral and cellular
responses, which are supported by their capacity to cross-link
B-cell receptors [76], as well as to enter endogenous cross-
presentation pathway [77]. Nowadays, there are two VLP-
based licensed vaccines, one against HBV, expressing HBsAg
antigen, and another one against HPV, expressing the major
capsid protein L1 [78].

Two VLP-based malaria vaccine candidates employing
preerythrocytic antigens have been clinically evaluated. ICC-
1132 candidate comprises the truncated self-assembling HBV
core protein (HBcAg). It includes T1 cell epitopes and B-cell
epitopes from immunodominant CS repeat region inserted in
the central loop of HBcAg and CSP universal T epitope fused
to the C terminus. ICC-1132 formulated with Alum did not
elicit optimal antibody responses in magnitude and parasite
recognition [79]. Moreover, ICC-1132 formulated with ISA-
720 triggered specific antibodies andmodest T cell responses,
even though no protection was evidenced [80].

The other candidate, RTS,S, consists of the RTS hybrid
polypeptide from CSP containing B and T cell epitopes fused
to the HBsAg (S), assembled as VLPs. Initial trials with RTS,S
formulated with Alum, AS03, or AS04 adjuvants did not
show encouraging results [48, 81]. Despite this, the strategy
to codeliver RTS,S with more clinically advanced adjuvant
systems, AS02 and AS01, has led to the most promising
malaria vaccine results up to date [2, 3].

The main problems related to the extensive use of VLP-
based vaccines are the constraint to incorporate large epitopes
owing to increased difficulties for VLP assembling, the
biotechnological manufacturing processes instead of chem-
ical synthesis of the antigen, and the requirement of specific
particle constructs for each virus-derived VLP and disease.
In addition, VLPs have demonstrated a loss of efficiency
on boosting doses due to the generation of neutralizing
antibodies against capsid proteins [82].

2.5. Toll-Like Receptors. The pattern recognition receptors
(PRRs) present on APCs recognize the pathogen-associated
molecular patterns (PAMPs), which are highly conserved
molecular structures shared by some microorganisms [83].
PRRs mediate numerous immune mechanisms, such as
opsonization, phagocytosis, apoptosis, activation of the com-
plement cascade, and release of cytokines and chemokines
[84, 85].

The best-known PRR family comprises toll-like receptors
(TLRs) [86], which are predominantly expressed by the first,
line professional phagocytes (neutrophils, macrophages, and
DCs). Ten TLRs have been identified in humans. TLRs 1,
2, 4, 5, and 6 are expressed on cell surface and recognize
extracellular microbial structures, whereas TLRs 3, 7, 8, and 9
are expressed intracellularly and recognize viral and bacterial
nucleic acids [87]. PAMPs recognition by APCs triggers the
transcription of nuclear factor kB (NF𝜅𝛽), interferon regu-
latory factors (IRF), and activator protein 1 (AP-1), which in
turn induces the expression of inflammatory cytokines, type
I interferons, and chemokines [88]. Moreover, TLR engage-
ment promotes DCs differentiation and maturation, antigen
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presentation and upregulation of costimulatory molecules
(CD40, CD70, CD80 and CD86) and secretion of cytokines
(IL-1, IL-6, IL-12, and TNF) [89, 90]. Depending on the
activated TLR, näıve T cells expand and differentiate towards
Th1 orTh2 subsets, leading to CD4+ or CD8+ T cell activation
and the induction of high memory T cell responses. In
addition, TLR binding on B cells induces their activation,
proliferation, and expression of costimulatorymolecules [91].
Therefore, TLR ligands play an important role for linking the
innate and adaptive responses.

2.5.1. MPL and Combinations. The 3-O-decylated mono-
phosphoryl lipid A (MPL) immunostimulant is a derivative
of the lipopolysaccharide (LPS) endotoxin expressed in the
outer membrane of Salmonella minnesota. It is a TLR4
agonist and induces a potent stimulation of theTh1 responses,
characterized by the secretion of proinflammatory cytokines
and cytotoxic antibodies and the activation of CTLs [92].
MPL-including adjuvant formulations (mainly AS04, AS02,
and AS01) are currently under clinical evaluation for several
vaccines against cancer and other infectious diseases.

AS04 adjuvant system, which consists of the combination
of MPL and Alum, is currently licensed for human HPV and
HBV vaccines. In comparison to Alum, AS04 induces earlier
and longer-lasting antibodies [93], and it enhances cell-
mediated responses [94]. RTS,S candidate has also been clin-
ically tested when formulated with AS04 adjuvant, although
low protection was achieved in naı̈ve challenge model [81].

AS02, an o/w emulsion containing MPL and QS21, is
currently under clinical investigation for several infectious
diseases (malaria, HBV, and S. pneumoniae) [95, 96] and
cancer [97] vaccines. With regard to malaria, AS02 has
been tested with several candidates. The preerythrocytic
antigenPfCS102, exhibited higher humoral and cell-mediated
responses, including specific CD8+ T cell and IFN-𝛾 secre-
tion, when AS02 was used instead of ISA-720 [98]. In spite of
those data, the adjuvant formulation chosen for further eval-
uationwas the latter one, and it did not result inmuch success
[52]. FMP011 candidate (recombinant LSA-1 from 3D7 strain)
induced strong antibody and IL-2/IFN-𝛾-secreting CD4+ T
cells when adjuvanted with AS02, although no protection
was achieved after sporozoite challenge [99]. Remarkably,
RTS,S/AS02 candidate showed very high protection (85%) in
early trials with näıve volunteers [48]. However, a dramatic
decrease in protection was reported in repeated trials (32%)
[100]. Field trials in adults revealed high but very short-term
protection (71% during first 2months) [101], but further trials
demonstrated only partial protection (32% over 6 months)
[102]. On the other hand, trials on children evidencedmoder-
ate efficacy against clinical, infection and severe disease (30,
45 and 58%, resp.) during 6months and amaintained efficacy
over 45 months against clinical and severe disease (30 and
39%, resp.) [103]. The reformulated pediatric RTS,S/AS02D
has reported 66% of efficacy against infection in infants aged
8–18 weeks after 6 months of followup [104], and an efficacy
of 33% against clinicalmalaria over 14months of followup [2].

In the case of blood-stage candidates, AMA1-FVO
25−545

produced greater antibody levels and parasite growth inhi-
bition rate when adjuvanted with AS02 in comparison to

Alum or Montanide [25]. FMP1 (recombinant MSP1
42

from
3D7) formulated with AS02 evidenced no efficacy on a
proof-of-concept trial even though it had previously demon-
strated safety and immunogenicity [105]. On the contrary,
FMP2.1/AS02 (recombinant AMA-1 from 3D7) has shown
potent humoral and cellular responses in näıve volunteers
and malaria-exposed children [106], and although no pro-
tection was achieved in field trials, it induced significant
reduction in parasitemia (suggesting partial biological effect)
[107], and it is being further evaluated.

AS01 adjuvant system is a liposomal formulation contain-
ingMPL and QS21. It is being used in clinical research for the
development ofmalaria, tuberculosis (TB), andHIV vaccines
[108, 109]. AS01 elicits potent humoral and cell-mediated
responses, including CTL responses. Moreover preclinical
data suggest that AS01 surpasses AS02 on its adjuvant effect
[110, 111]. Concerning malaria vaccine clinical research, the
preerythrocytic candidate FMP011 adjuvanted with AS01
failed to induce protection although immunogenicity was
proved, as previously happened with AS02 [99]. On the
other hand, RTS,S candidate formulated with AS01 has
demonstrated enhanced immunogenicity and protection in
comparison to RTS,S/AS02 in naı̈ve adult challenge (50%
versus 32%) [100] and in field trials with children 5–17
months of age (53% versus 30%) [112]. A pivotal Phase III
has been completed in children/infants (5–17 months and 6–
12 weeks, resp.). First data corresponding to the older group
showed an efficacy of 55% after a followup of 12 months
[113]. However, recent results from the latter group have
evidenced only a 30% efficacy [3]. Nevertheless, these are
the most promising data during the last decade and they
have rendered RTS,S/AS01 as the most advanced malaria
vaccine, which is still planned to be reviewed in 2015 for a
policy recommendation. With regard to blood stage, FMP2.1
antigen adjuvanted with AS01 evidenced neither protection
nor parasitemia-decreasing ability, unlike AS02 [106].

Overall, with the exception of certain local reactogenicity,
MPL-based adjuvants are safe and well tolerated. Therefore,
their limitations are reduced to the complexity of their
composition and the implications related to the inclusion of
natural immunostimulants.

2.5.2. Immunostimulatory Oligonucleotides. Synthetic CpG
oligodeoxynucleotides (ODNs) are considered as immunos-
timulant sequences (ISS). They comprise short synthetic
DNAmolecules containing unmethylated CpGmotifs (cyto-
sine phosphoguanosine dinucleotides common in bacteria
and virus) [114]. CpG ODNs possess a high potential to
induce innate immunity as well as specific humoral and
Th1-cell mediated responses [115]. For this reason, CpG
ODNs have also been postulated as adjuvants for cancer
[116] and allergy [117] vaccines. CpG ODNs mediate their
immunostimulatory capacity through the TLR9 (receptors
expressed on human plasmacytoid DCs (pDCs) and B cells),
promotingTh1-biased CD4+ T cell and CTL responses.

Regarding malaria, CPG7909 has been clinically tested
in combination with carrier adjuvants in order to increase
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and modulate the immune response. AMA1-C1 and MSP1-
C1 blood-stage candidates formulated in Alum+CPG7909
induced enhanced specific and functional antibodies that
possessed higher capacity for in vitro inhibition of parasite
growth in comparison to Alum alone [24, 118]. However, the
capacity of CPG7909 to induce specific memory B cells was
only shown in näıve individuals [119]. Preliminary in vitro
growth inhibition has also been reported in a more recent
trial with BSAM-2 candidate (a mixture of equal amounts
of four proteins corresponding to the 3D7 and FVO alleles
of MSP1 and AMA-1) formulated into same combination of
Alum+CPG7909 adjuvants [120].

Even though clinical trials indicate that CpG ODNs are
relatively safe and well tolerated, they have been associated
with increased adverse events and local reactogenicity [121].
Moreover, autoimmune responses related to CpGODNs have
been described in preclinical studies [122]. Despite this, it
is believed that formulating CpG ODNs in the appropriate
adjuvant delivery system may improve their risk-benefit
balance and facilitate their approval for human use.

2.6. Virosomes. Virosomes are reconstituted membranes
formed from enveloped viruses after viral disruption, so
they lack the genetic material. The viral envelope from the
virosomes is used as a platform to insert other viral or
nonviral components by surface adsorption or integration
into the lipidmembrane [123]. Virosomes have demonstrated
to induce both humoral and cellular responses [124].The cur-
rently licensed virosome-based vaccines (HAVand influenza)
comprise immunopotentiating reconstituted influenza viro-
somes (IRIVs). IRIVs are proteoliposomes composed of
purified hemagglutinin (HA) and neuraminidase (NA) from
influenza virus intercalated within the phospholipid bilayer
[125].

The presence of theHA in the IRIVs favors the interaction
with the immune cells [126], leading to the antigen presen-
tation into MHC class I and II molecules and subsequent
activation of both humoral and cellular immune responses
[123, 127].

Different IRIV formulations have been evaluated in
malaria vaccine clinical trials. Virosomal formulation
PEV301 containing AMA49-C1 peptide and PEV302 con-
taining UK-39-peptide have evidenced safety and antibody-
based immunogenicity after boosting [128]. Besides, UK-39
immunized individuals developed antibodies able to inhibit
the sporozoite migration and hepatocyte invasion in vitro.
Likewise, coadministration of both formulations, called as
PEV3A, did not interfere with the immunogenicity of each
formulation [129], and a reduction in the parasite growth
rate was reported [130]. Nevertheless, no protection after
challenge was observed [131].

2.7. Viral Vectors. Viral vectors can act as delivery systems
by carrying the genetic material encoding for antigens,
which will be expressed after immune cell entering [132].
They induce efficient cellular immunity, Th, and CTL, as a
consequence of the expression of encoded antigens through
MHC-I pathway, as well as antibody responses [133, 134].

Viral vectors are frequently used in heterologous prime-boost
immunization regime, in which different vaccine technolo-
gies are alternated as priming and boosting.

Viral vectors include DNA and RNA viruses, and the
most advanced are poxvirus, adenovirus and flavivirus
[135]. There is only one viral vector-based vaccine approved
for human use (Imojev, a recombinant yellow fever virus-
vectored vaccine against Japanese encephalitis). Several virus
vectored vaccines are under clinical development (malaria,
tuberculosis, HIV, and cancer) [134]. Regardingmalaria, viral
vectors are becoming one of the most prolific strategies
undergoing clinical development. They involve attenuated
fowlpox virus strain FP9 and modified virus Ankara (MVA)
poxviruses, human/simian adenoviruses (Ad), and their
combinations.

2.7.1. Poxviruses. In a Phase Ia trial, FP9/MVA CSP and
DNA/MVA CSP candidates did not reach an efficient T cell
activation, and no protection was generated after challenge
[136, 137]. However, IFN-𝛾-secreting CD4+ and CD8+ T cells
were activated in a posterior Phase Ib trial in Gambia [138],
probably due to the natural priming ability of the vectors.

FP9/MVA ME-TRAP and DNA/MVA ME-TRAP strate-
gies induced strong cell-mediated IFN-𝛾 secretion in healthy
volunteers, biased towards CD4 for F9/MVA regime and
CD8 for DNA/MVA [139]. Further studies in endemic areas
revealed no protection against F9/MVAME-TRAP [140], and
an efficacy of 10% for reducing the time of infection against
DNA/MVAME-TRAP [141].

FP9/MVA polyprotein (6 antigens) candidate exploits the
poxviruses’ capacity to encode large inserts. Unfortunately,
it failed in challenge exposition although it elicited T cell
responses, and it was discontinued [142].

2.7.2. Adenoviruses. A clinical trial with human Ad subtype
5 (Ad5) encoding CSP and AMA-1 (two different vectors),
calledNMRC-M3V-Ad-PfC, could not achieve sterile protec-
tion after challenge [143] Moreover, boosting resulted in even
less malaria-specific immunogenicity, which could be related
to the anti-Ad5 response induced by the priming vaccination.

Ad35 is less immunogenic than Ad5 but its sero-
prevalence in Africa is significantly lower (20% versus 95%).
There are currently two vaccines employing Ad35 vector,
Ad35.CS and Ad35.CS/RTS,S-AS01, undergoing Phase I/II
trials. It has been already described that they produce strongB
and T immune responses in primates, including sustained T-
cell response for at least 6 months for the latter one [144, 145].

Another human Ad with lower seroprevalence (below
20%), Ad26, has entered the clinical stage after showingmore
potency and long-lasting T cell responses in mice using a
heterologous prime-boost regime, Ad35.CS/Ad26.CS [146].

Simian adenovirus ChAd63 has become an alternative
to human Ad because there are no significant preexisting
neutralizing antibodies in humans. ChAd63 vector in het-
erologous prime-boost regime using MVA as boosting is
currently undergoing several malaria vaccine clinical trials at
different stages and targeting preerythrocytic or blood stages
(ME-TRAP, MSP1, AMA1, CSP). ChAD63/MVA ME-TRAP
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(currently under Phase IIb) has demonstrated unprecedented
T cell CD4/CD8 effector responses [147] and a degree of
protection of 57% after challenge in healthy volunteers [148].
This vaccine strategy has previously shown protection in
mice [149], as well as sustained antibodies, T-cell cytokines
and improved CD8 multifunctional responses in macaques
[150]. ChAD63/MVAMSP1 has demonstrated some antibody
secretion and very high mixed CD4/CD8 T cell induction in
a Phase I study [151], as well as ChAD63/MVA AMA [152],
but no effect on parasite growth rate was observed following
challenge [153].

3. Adjuvants under Preclinical Development
The following section describes adjuvants with potential
interest for the design of malaria vaccines that have been
evaluated in preclinical studies.
3.1. Liposomes. Liposomes are synthetic phospholipid
spheres ranging from nano-to micrometer size, comprising
uni or multilipid layers, often stabilized with cholesterol
[154]. Liposomes are delivery systems that carry antigens or
adjuvants encapsulated into the aqueous core (hydrophilic
molecules), adsorbed to the surface (lipophilic molecules) or
integrated into the lipid layers (amphiphilic molecules) [155].
Although they can provide humoral and cellular immune
responses, there is not any liposomal vaccine commercially
available.

Liposomal adjuvanticity is dependent on the number
of lipid layers, charge, size, composition, and preparation
method. Therefore, its immunogenicity can be modulated by
the addition of ligands, antigens, or another type of lipids
[123]. The most immunogenic liposomes are the cationic
adjuvant formulations (CAF), particularly those made of
dimethyl dioctadecyl ammonium (DDA) combined with the
modulating and stabilizer glycolipid trehalose dibehenate
(TDB). This formulation, known as CAF01, produced cell-
mediated responses and promising antibody responses in
a mouse model [156]. Immunization studies with P. yoelii
MSP1

19
antigen have demonstrated higher antibody levels

(IgG1 and IgG2a) in vitro cell-mediated IFN-𝛾 secretion
and earlier parasitemia clearance than Alum. In addition,
significant protection was achieved after challenge (lower
parasitemia in comparison to unvaccinated group) [157]. In
fact, PfAMA-1 and GMZ2 malaria candidates formulated
with DDA/TDB almost entered clinical stage, but they were
discontinued after toxicological studies [158].

The main drawbacks of liposomes are related to their
stability, manufacturing process, and high costs. Besides,
they require the inclusion of immunostimulatory molecules.
Additionally, pain at injection site can also be a limitation in
some liposomal vaccines.

3.2. Polymeric Particles. Polymeric particulate delivery sys-
tems are spherical structures ranging from nano-to microm-
eter size and usually made of biodegradable polymers. In
addition to the controlled release [159], biodegradable parti-
cles can improve the response of poor immunogenic antigens
after parenteral and mucosal vaccination [160, 161], and
allow the codelivery of immune-stimulating adjuvants [162].

Although there are several microsphere-based marketed
products [163], they have been barely studied in clinics and
results have not been very encouraging.

Various polymers have been evaluated as particulate vac-
cine delivery systems, such as poly-𝜀-caprolactone, poly-𝛾-
glutamic acid, starch, alginate, and chitosan. However, poly-
lactic-co-glycolic acid (PLGA) [164] is themost advantageous
polymer due to its biodegradability and biocompatibility
[165], and it has been approved for human use (FDA) for
various applications. PLGA particles can elicit strong anti-
body responses with neutralizing capacity, T cell-mediated
responses like lymphoproliferation and cytokine secretion,
and CTL responses [166, 167].

Several mechanisms of action can support the adjuvant
effect of these particles. They can act as a depot at the site
of injection, delivering the antigen during long periods of
time. On the other hand, they can be taken up by immune
cells, a process that can be influenced by the shape, size,
hydrophobicity, or charge of the particles. Finally, it has
also been proposed that polymeric particles can activate the
NALP3 inflammasome for the activation of caspase-1 and
secretion of IL1𝛽.

With regard to malaria, several preclinical studies have
been carried out using polymeric particles entrapping syn-
thetic peptides using different immunization routes. Subcu-
taneous (sc) route produced humoral and cellular responses
comparable to those of IFA adjuvant [168]. Oral admin-
istration was comparable to Alum, although the reported
cytophilic antibody secretion indicated the capability to
induce cellular responses [169]. Nasal immunization evi-
denced similar antibody secretion compared toCFA/IFA, and
it also elicited cytophilic antibody and IFN-𝛾 secretion [170].
Intradermal immunization produced a 10-fold increase of the
response when compared to the sc route [171], and it also
overcame Montanide’s subcutaneous administration [167].

The major drawback for the progression of polymeric
particles towards clinics is the difficulty to scale up and
to develop cost-effective individual manufacturing processes
under aseptic good manufacturing practices (GMPs).

3.3. Polysaccharides. Microbial carbohydrates (glucans, dex-
trans, glucomannans, galactomannans, levans, and xylans)
are signaling molecules for immune system, which can act as
potent immunostimulants [172].

Regarding malaria, different MSP antigens from the
blood stage have been tested in murine models, formulated
withMPI (microparticulate 𝛾- and 𝛿-inulin) and algammulin
(hybrid particle resulted from the cocrystallization of Alum
and inulin) adjuvants. MPI induced an immune response
comparable to CFA in terms of antibody levels (total and
subclasses), in vitro splenocyte activation (secretion of IFN-
𝛾 and IL-12), and protection against challenge in mice [173].
In addition to the safety and immunological properties,
MPI possesses other considerable advantages, such as heat
stability, long shelf life, and extremely endotoxin-free purity.

3.4. TLR Immunostimulant Ligands. As it has been men-
tioned before, TLR agonists exhibit high potential for pro-
phylactic and therapeutic vaccine purposes for inflammatory
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diseases and cancer [174]. In addition toMPL and CpG, other
TLR ligands and synthetic analogues are currently under
development.

3.4.1. Imidazoquinolines. Imidazoquinoline compounds
comprise the small synthetic molecules imiquimod
(R-837) and resiquimod (R-848), which are TLR7 and
TLR7/8 ligands, respectively [175]. It has been shown that
imidazoquinolines can improve both antibody and T cell
responses following diverse administration routes [176, 177].
In addition, topical imiquimod has demonstrated efficacy
in human leishmaniasis [178], and it is already licensed
for the treatment of malignant and nonmalignant skin
disorders. With regard to malaria, the topical administration
of imiquimod with the PfCS peptide elicited strong parasite-
specific antibody production, CD4+ T cell responses, and
protection in a rodent challenge model [179].

3.4.2. Flagellin. Flagellin, the main component of flagellar
structure in motile bacteria, is recognized by TLR5 and acts
as a potent immune activator [180].

Flagellin has been evaluated in combination with several
malaria recombinant vaccine candidates. Immunization with
P. vivax MSP-1 (PvMSP1

19
) fused to flagellin elicited strong,

functional, and long-lasting antibody-mediated responses,
similarly to PvMSP1

19
emulsified with CFA [181]. However,

the immune response was biased towardsTh2.This fact could
be modulated by the inclusion of additional adjuvants such
as TLR9 agonists. Besides, immunization with P. falciparum
PfMSP1

19
fused to flagellin induced high antibody levels

that efficiently inhibited the in vitro parasite growth [182].
Moreover, the CS

280−288
protein (CD8+ T cell epitope from

the CSP) from P. yoelii induced CS-specific CD8+ T cell
responses when combined with flagellin and in the absence
of any conventional adjuvant [183].

3.4.3. TLR3 Agonists. TLR3 is activated by the double-
stranded RNA (dsRNA) produced during the replication
of most viruses, and their agonists can be considered as
potential adjuvants for vaccines targeting strong cellular
immune responses. Polyinosinic:polycytidylic acid (polyI:C)
is a synthetic analogue of viral dsRNA molecules that acti-
vates TLR3 and other non-TLR PRRs [184].

With regard to malaria, PfCSP plus polyI:C produced
specific robust and functional antibodies, as well as improved
CD4+ Tcell responses in comparison toRTS,S/AS01B vaccine
in primates [185]. These data support the fact that an appro-
priate formulation can enhance CD8+ T cell priming (which
plays a major role on liver stage), providing an alternative
for the development of a preerythrocytic vaccine. The major
drawback of polyI:C could be its toxicity, as it has been
reported in clinical studies of leukemia [186]. For this reason,
developing polyI:C derivatives with improved activity and
safety, such as PolyICLC or PolyI:C

12
U, has become a priority

in this field.

3.4.4. Synthetic TLR4 Ligands. TLR4 receptors are present in
DCs, macrophages, and other nonimmune cells. The TLR4

agonist glucopyranosyl lipid A (GLA) is a new synthetic lipid
A. GLA can be formulated in solution or as an o/w stable
emulsion (GLA-SE). It has been recently reported that GLA-
SE produces high immune responses in terms of total IgG
and IgG2 antibodies levels, parasite-recognizing antibodies,
IFN-𝛾 secretion and number of long-lived plasma cells in
comparison to other TLR agonists in a murine immunization
study with GMZ2 malaria candidate [187].

On the other hand, OM-174, a chemically synthesized sol-
uble triacylated partial structure of lipid A, has demonstrated
to elicit strong antibody and CTL responses in mice when
combined with the P. berghei CSP long-synthetic-peptide
(LSP) based malaria vaccine [188].

3.4.5. IC31. IC31 is a novel TLR9 agonist that combines the
immunostimulatory effect of a cationic antimicrobial pep-
tide (KLKL5KLK) and a synthetic ODN containing deoxy-
Inosine/deoxy-Cytosine (ODN1a) but not CpG motifs [189].
Apart from the TRL9 activation, IC31 can provide prolonged
antigen exposition periods through the complexation of
its two components, forming a depot [190]. A strategic
collaboration has been established between Intercell (IC31’s
proprietary) and PATH Malaria Initiative to evaluate the
immunological responses tomalaria recombinant antigens in
combination with IC31 adjuvant.

3.5. Other Adjuvants in Development

3.5.1. CoVaccine HT. Synthetic carbohydrates comprising
polysaccharides plus lipidic and sulphate groups have demon-
strated an interesting immunopotentiation capacity [191].
CoVaccine HT is an o/w emulsion-based vaccine adjuvant
consisting of synthetic sucrose fatty acid sulphate esters
immobilised inside the oily droplets of the submicron
squalane in water emulsion [192]. In accordance with other
adjuvantsmimicking LPS, the adjuvanticity of CoVaccineHT
is mediated through TLR4 signaling, but other mechanisms
are also involved since it interacts with DCs independently of
binding to TLR4 [193].

Different AMA-1 candidates formulated in CoVaccine
HThave been tested inmacaques.These candidates improved
the antibody secretion and their functionality comparing to
Montanide ISA 51 [194], and they also elicited protection after
challenge [195]. CoVaccine HT is currently under clinical
trials, given alone in healthy volunteers for dose escalation
studies and in patients for the development of two thera-
peutic vaccines (angiotensin therapeutic vaccine and prostate
cancer). Importantly, CoVaccine HT’s manufacturing is a
scalable process that can be done following GMPs.

3.5.2. 7DW8-5 Galcer. Alpha-galactosylceramide (𝛼-
GalCer), a glycolipid composed of 𝛼-linked sugar and lipid
moieties, is a well-known ligand that binds CD1d, an MHC
class I molecule expressed in most monocytes, macrophages,
DCs, and B cells and that it is recognized by invariant NK
T (iNKT) cells [196]. Upon recognition, 𝛼-GalCer activates
iNKT cells to produceTh1 (IFN-𝛾) andTh2 cytokines (IL-4),
which, in turn, activates immune cells including DCs, NKs,
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B cells, and CD4+ and CD8+ T cells [197]. 𝛼-GalCer has
evidenced raised immunogenicity and efficacy in preclinical
vaccines against several infections [196], including malaria,
for which enhanced specific CD8+ T cell responses and
protective immunity were reported [198].

Several analogues of 𝛼-GalCer with different Th1/Th2
patterns have been developed. Nowadays, 7DW8-5 has
emerged as the most important 𝛼-GalCer derivate com-
pound, which has demonstrated the strongest adjuvanticity
(notably increased for T cell responses but less pronounced
for humoral ones) and protective immunity in adenovirus-
based HIV andmalaria vaccines in murine models [197, 199].
Although glycolipid compounds have progressed to clinical
phase as immunotherapeutics for the treatment of cancer
and hepatitis B and C, they are not licensed as vaccine
adjuvants yet. Nevertheless, they have some benefits such as
they allow vaccine dose-sparing and a relative nonexpensive
manufacturing process [199].

3.5.3. AFCO1 and AFPL1. AFPL1 is a detergent-extracted
outer membrane vesicle (proteoliposome (PL)) of N. menin-
gitidis B, and AFCO1 is a particulate derivative presenting
multilayer tubular structure. Both AFPL1 and AFCO1 act
as delivery systems and have inherent adjuvant capacities
(immunopotentiation and immunomodulation). In fact, they
contain meningococcal protective antigens (LPS and porins)
and allow the packaging of other antigens and PAMPs
[200]. Although the antigen can be incorporated during the
manufacturing process, their simple coadministration with
antigens has also been successfully performed.

AFCO1 has been used in malaria immunization studies
with MSP antigens. It induced strong antibody and T cell
responses, comparable to CFA, and stimulated the release of
specific cytophilic antibodies, IFN-𝛾 and CD4+ and CD8+ T
cell proliferation [201], which is in accordance with previ-
ously reportedTh1 polarization.

4. Perspectives and Final Conclusions

Currently there is a greater awareness of using suitable adju-
vants to develop new effective vaccines. However, there is still
a tendency to employ the few approved ones with the wrong
intention to rapidly progress to clinical stage. In the case of
malaria, a protective vaccine requires antigen-specific B and
T helper cell responses, CTL responses, and long-lasting B
and Tmemory cell production. Conventional adjuvants such
as Alum cannot induce the immune response needed, and
there is not a scientific basis for undergoing clinical trials with
those adjuvants. Several reasons can lead to the widespread
use of traditional adjuvants; sometimes researchers cannot
properly formulate their discovered antigens, or they find
difficulties to access to the novel adjuvants. On the other
hand, regulatory authorities such as FDA do not approve
adjuvants as a product alone, but as a part of a vaccine
formulation comprising a determined combination of anti-
gen(s) plus adjuvant(s). Each antigen/adjuvant combination
requires a complete product development, which restrains the
progression of those adjuvants for new vaccine applications
[78]. Fortunately, several initiatives have been created during

the last years with the aim to promote, rationalize, unify and
share the efforts dedicated to the research on new adjuvants
[202].

It is essential to know how adjuvants work in order to
determine their role in vaccine formulations and to design
successful vaccines. The recent advances for clarifying the
immune pathways involved in the modulation of the host
protective immune response have led to a better under-
standing of the immunological mechanisms of adjuvants.
For instance, new insights on Alum adjuvanticity have been
describedmore than 80 years after its approval. Furthermore,
these steps forward have also promoted the discovery of new
improved adjuvants.

One of the greatest progresses corresponds to the discov-
ery of TLRs and other innate receptors with the capacity to
link innate and adaptive immunity, resulting in the develop-
ment of a new generation of adjuvants. Besides, the better
knowledge of the molecular structure of TLRs is allowing
their substitution by synthetic analogues, overcoming some
of the concerns related to their potency, toxicity, and manu-
facturing problems. In addition, other non-TLR PAMPs with
potential as vaccine adjuvants have also been discovered, such
as RIG-I-like receptors (RLRs), NOD-like receptors (NLRs),
and C-type lectin receptors (CLRs).

On the other hand, it is being assumed that a single
adjuvant is not enough to elicit protective immunity against
certain infectious diseases, such as malaria, which require
pluripotent immune responses, adapted to the pathogen and
to the targeted population. The combination of multiple
adjuvants with different mechanisms of action has been
proposed to modulate the interaction between the innate
and the adaptive responses. Moreover, the effectiveness of
the adjuvant combinations should be based on a synergy
between immune response enhancers and delivery systems.
The most successful novel combination up to date corre-
sponds to AS formulations. In fact, AS04 enhances humoral
and cellular responses [94]; AS02 has yielded 32% of protec-
tion in malaria field clinical trials using the RTS,S antigen
[102]; AS01 has improved AS02’s response demonstrating
stronger humoral and cell-mediated responses, and enhanced
protection against malaria [100]. Other TLR combinations
have also exhibited high immunogenicity. For example, the
combination of TLR3/4 with TLR7/8/9 increasesTh1 CD4+ T
cell priming [203]; the mixture of TLR3 plus TLR9 develops
specific CD8+ T cell responses [204]; and TLR5 combined
with TLR9 elicits more balanced Th1/Th2 responses against
extracellular pathogens [205].

As it has been mentioned before, TLRs can be admin-
istered included into a particulate vaccine delivery system.
For example, microparticles containing TLR4 ligands pro-
duce superior immune responses than immunopotentiators
administered in solution [206], and microparticles coated
with TLR3 agonist (polyI:C) induce DCs maturation [207].

Despite the difficulties regarding both immunological
and socioeconomic aspects that malaria eradication arouses,
promising results have been achieved during last decade, like
a diminution of the mortality by 25% between 2000 and
2010 [208]. A malaria vaccine could represent a key cost-
effective intervention for this purpose. RTS,S/AS01, the most
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advanced candidate, achieves protective efficacy in children
ranging 30–50% [2, 3] and it is believed that it will represent
the first-generationmalaria vaccine (WHO recommendation
expected by 2015). Nevertheless, it would be still necessary
to develop a second-generation vaccine showing improved
efficacy (at least 75%). Thus, malaria vaccines’ efficacy could
be successfully improved by new combinations of the existing
adjuvants with the novel ones, developed based on emerging
immunological targets.
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For the induction of robust humoral and cellular immune responses, a strong rationale exists to use vaccine-adjuvant combinations
possessing both immune modulatory and enhanced delivery capabilities. Herein, we evaluated the combination of 2 different
adjuvants, a TLR9 agonist, composed of synthetic oligodeoxynucleotides (ODN) containing immunostimulatory CpG motifs
(CpG), and ISCOMATRIX adjuvant (ISCOMATRIX), composed of saponin, phospholipid, and cholesterol, which possesses both
immunostimulatory and delivery properties. While both individual adjuvants have been shown effective in numerous preclinical
and clinical studies, it is likely that for optimal adjuvant activity a combined adjuvant approachwill be necessary. Herein, using three
different antigens, namely, hepatitis B surface antigen (HBsAg), ovalbumin (OVA), and influenza A haemagglutinin antigen (HA),
we show in mice that some adjuvant effects of CpG and ISCOMATRIX are further enhanced if they are used in combination. In
particular, with all three antigens, IFN-𝛾 levels were greatly increased with the CpG/ISCOMATRIX combination.The ability of the
CpG/ISCOMATRIX combination to induce antitumor responses when administered with OVA following administration to mice
of a highly metastatic OVA-secreting tumor cell line (B16-OVA melanoma) was also demonstrated. Thus the CpG/ISCOMATRIX
combination may prove to be a valuable tool in the development of novel or improved vaccines.

1. Introduction

A major impediment in the development of novel vaccines
has been the lack of safe yet effective vaccine adjuvants.
In recent years, synthetic oligodeoxynucleotides containing
CpG motifs (CpG) have gained considerable interest as vac-
cine adjuvants owing to their inherent ability to induce and
enhanceTh1-type immunity.Through their direct interaction
with Toll-like receptor 9 (TLR9) on human B cells and den-
dritic cells (DC), as well as indirect effects on other immune
cells such as monocytes, macrophages, and T cells, CpG
enhance antigen presentation and induce the production
of high levels of Th1 cytokines, resulting in the produc-
tion of potent antigen-specific Th1-type immune responses
[1]. CpG have been shown to enhance both humoral and
cellular immunity are multiple species including humans

[2–11]. These effects can be further enhanced if CpG are
used in combination with other adjuvants possessing either
immunomodulatory activity (e.g., QS21) [12, 13] or antigen
delivery capability (e.g., liposomes and emulsions) [12, 14,
15]. Therefore, a combinatorial approach may be required
to stimulate even stronger immune responses (in particular
Th1-biased immunity) and, in the case of CpG as adjuvant,
optimal adjuvanticity may be obtained if CpG is combined
with another adjuvant possessing both immunomodulatory
and enhanced delivery capabilities. This may be particularly
true for effective control of cancer and chronic viral infection,
where strong, broad, andmultispecificTh1-type responses are
required involving both CD4+ and CD8+ T cell responses
that depend on the induction of IFN-𝛾.

Herein, we evaluated the combination of CpG with
ISCOMATRIX adjuvant (ISCOMATRIX). ISCOMATRIX is
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composed of ISCOPREP saponin (purified fraction of Quil-
laja saponin), cholesterol, and phospholipid and possesses
both immunomodulatory and antigen delivery capabilities.
ISCOMATRIX can induce strong humoral and cellular
immune responses in both cancer and chronic infectious
disease vaccines in multiple species including humans [16–
20]. ISCOMATRIX has a broad range of effects including
enhancement of antigen delivery and facilitation of antigen
presentation to antigen-presenting cells such as DCs, induc-
tion of DC maturation, recruitment of immune cells to the
draining lymphnodes via cytokine and chemokine induction,
and activation of both innate and adaptive immune systems
[16, 21, 22].

The CpG/ISCOMATRIX combination was evaluated
using 3 different antigens: hepatitis B surface antigen
(HBsAg), chicken egg ovalbumin (OVA), and influenza
haemagglutinin antigen (HA) and compared to either adju-
vant alone. We also tested whether the CpG/ISCOMATRIX
combination could induce antitumor responses when admin-
istered with OVA following administration to mice of a
highly metastatic OVA-secreting tumor cell line (B16-OVA
melanoma).

2. Materials and Methods

2.1. Antigens. HBsAg (recombinant protein from Saccha-
romyces cerevisiae, Seradyne, Indianapolis, IN), OVA (grade
VII, Sigma-Aldrich, Saint Louis, MO), and HA (Texas 1/77
H3N2, from embryonated chicken eggs, Microbix Biosys-
tems, Toronto, ON, Canada) were used.

2.2. Adjuvants. B Class CpG ODN with nuclease-resistant
phosphorothioate backbone (Pfizer, Langenfeld, Germany)
was used. ISCOMATRIX adjuvant (ISCOMATRIX) com-
posed of ISCOPREP saponin (purified fraction from bark
extract of the Quillaja saponaria tree), dipalmitoyl phos-
phatidylcholine, and cholesterol (CSL Limited, Victoria,
Australia) was used. ISCOMATRIX and ISCOPREP are
registered trademarks of ISCOTEC AB, a CSL company.
Aluminum hydroxide (alum) was used in the form of Alhy-
drogel “85,” which was obtained from Brenntag Biosector
(Denmark).

2.3. Immunizations. Female BALB/c mice (6–8wk; 𝑛 =
10/group) were used with HBsAg and HA, whereas female
C57Bl/6 mice (6–8wk; 𝑛 = 10/group) were used with OVA.
All vaccine formulations were made up to a total volume of
50𝜇L with phosphate-buffered saline (PBS; Sigma Chemical
Co., Saint Louis, MO) and administered by intramuscular
(IM) injection in the left tibialis anterior (TA) muscle of
mice lightly anaesthetized with Isoflurane (CDMV, Saint
Hyacinthe, QC). Mice were immunized on days 0 and 28
with 1𝜇g HBsAg, on days 0, 14, and 21 with 10 𝜇g OVA,
or by a single immunization of 1𝜇g HA. Antigens were
administered alone or in combination with adjuvants. CpG,
ISCOMATRIX, and alum were used at doses of 10, 1, and
25 𝜇g, respectively, whether used alone or in combination.
Mouse strains, antigen, and adjuvant doses for each antigen

were determined to be optimal based on previous studies
conducted in our laboratories. All animal experiments were
repeated on at least one independent occasion to ensure
reproducibility of results.

2.4. ImmuneAssays. Animals were bled at various timepoints
after immunization and antigen-specific total IgG, IgG1, and
IgG2a (HBsAg and HA groups) or IgG2c (OVA groups)
were measured in plasma by endpoint ELISA (in tripli-
cate) for individual animals based on methods previously
described [23], using 96-well plates coated with HBsAg
(0.1 𝜇g/well), OVA (1 𝜇g/well), or HA (0.5 𝜇g/well). Spleens
were removed aseptically and antigen-specific cytotoxic T
lymphocyte (CTL) activity was measured (HBsAg and OVA
groups) as previously described [24]. For this assay, lym-
phocytes were restimulated with irradiated murine cell line
expressing HBsAg (P815/S) and OVA (EG7) for HBsAg and
OVA immunized mice, respectively, or with nonantigen-
expressing cells as controls.

IFN-𝛾 secretion was measured in culture supernatants
from antigen-restimulated splenocytes, obtained using
HBsAg (5.0 𝜇g/mL), OVA (0.5mg/mL), or HA (5.0 𝜇g/mL)
as antigen-specific stimulants, either by ELISA (for HBsAg,
OVA, and HA) as previously described [24] or by ELISPOT
assay (for OVA). ELISPOT assay for IFN-𝛾 used biotinylated
antibodies, BD ELISPOT, as described by the manufacturer.
IL-4 secretion was also measured by ELISA for HBsAg and
HA antigens in culture supernatants taken at 24 hr using a
commercially available kit (mouse IL-4 OpEIA; PharMingen,
Mississauga, ON).

2.5. Murine Tumor Challenge Studies. To establish tumors,
C57Bl/6 mice (𝑛 = 10/group) received 5 × 105 live B16
melanoma cells expressing OVA (Dr. John Frelinger and Dr.
Edith Lord; University of Rochester, NY) by IV injection. In
thismodel B16-OVA cellsmetastasize rapidly to the lungs and
then to other major organs typically resulting in death of the
untreated animal within 30 days after tumor induction. Ani-
mals injected with PBS (unimmunized) were used as placebo
controls. On days 7 and 14 after tumor challenge, mice were
immunized with 50𝜇g OVA alone or in combination with
CpG, ISCOMATRIX, or the CpG/ISCOMATRIX combina-
tion. Five animals per group were euthanized 21 days after
tumor induction to assess tumor burden and immunological
readouts. Lungs were removed and metastases were counted
manually using a dissecting microscope. The remaining
animals were monitored for long-term survival.

All animal studies were conducted under approval of
local Institutional Animal Care and Use Committees and in
accordance with the guidelines of the Canadian Council on
Animal Care (CCAC).

2.6. Statistical Analysis. Data were analyzed using Graph-
Pad Prism (GraphPad Software, San Diego, CA). Statistical
significance of the difference between the two groups was
calculated by Student’s 2-tailed t-test and between three
or more groups by 1-factor analysis of variance (ANOVA)
followed by post hoc analysis. Survival times following tumor
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Figure 1: BALB/c mice (𝑛 = 10/gp) were immunized on days 0 and 28 by IM injection of 1 𝜇g HBsAg either alone (none) or combined with
CpG (10𝜇g), ISCOMATRIX (IMX) (1 𝜇g), or CpG (10𝜇g) + ISCOMATRIX (1𝜇g). (a) and (c) each bar represents the group geometric mean
(±SEM) of the titer for HBsAg-specific antibodies (anti-HBs IgG) in plasma taken 4wks after first (a) or second (c) immunization. (b) and (d)
each bar represents the group geometric mean (±SEM) of the titer for HBsAg-specific antibodies (anti-HBs IgG) of IgG1 (open bars) or IgG2a
(closed bars) in plasma taken 4 weeks after first (b) or second (d) immunization. Titers were defined as the highest plasma dilution resulting
in an absorbance value two times that of nonimmune plasma with a cutoff value of 0.05. Representative data from one of five independent
experiments is shown in each graph.

challenges were compared using Kaplan-Meier curves and
the log-rank (Mandel-Cox) test. Differences were considered
to be not significant with 𝑃 > 0.05.

3. Results

3.1. Effect of Different Adjuvants on Antigen-Specific Plasma
IgG. With all 3 antigens tested, antigen alone induced only

low levels of Ag-specific IgG, even after boosting (Figures
1, 2, and 3). In contrast, the addition of either CpG or
ISCOMATRIX significantly increased Ag-specific IgG levels
(𝑃 < 0.05). With HBsAg (Figure 1) or OVA (Figure 2),
levels of Ag-specific IgG were significantly higher with the
CpG/ISCOMATRIX combination than with either adjuvant
alone (𝑃 < 0.05). With HA (Figure 3), antibody levels
with the CpG/ISCOMATRIX combination were higher than
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Figure 2: C57Bl/6 mice (𝑛 = 10/group) were immunized on days 0, 14, and 21 by IM injection of 10 𝜇g OVA either alone (none) or combined
with CpG (10𝜇g), ISCOMATRIX (IMX) (1𝜇g), or CpG (10𝜇g) + ISCOMATRIX (1𝜇g). (a) and (b) each bar represents the group geometric
mean (±SEM) of the titer for OVA-specific antibodies (anti-OVA IgG) in plasma taken 1 week after 2nd (a) or 3rd (b) immunization. (c) each
bar represents the group geometricmean (±SEM) of the titer forOVA-specific antibodies (anti-OVA IgG) of IgG1 (open bars) or IgG2c (closed
bars) in plasma taken 1 week after final immunization. Titers were defined as the highest plasma dilution resulting in an absorbance value
two times that of nonimmune plasma with a cutoff value of 0.05. Representative data from one of five independent experiments is shown in
each graph.

with ISCOMATRIX alone (𝑃 < 0.05) but equivalent to
those with CpG alone (𝑃 > 0.05). This may have been
due to the single immunization typically used with HA
compared to prime/boost regimen with HBsAg and OVA.
When IgG isotypes weremeasured as an indication ofThbias
of responses (IgG2a or 2c indicative ofTh1 and IgG1 indicative
of Th2), IgG responses were predominantly Th1 biased with
CpG, whether alone or combined with ISCOMATRIX. With
ISCOMATRIX alone, the IgG2/IgG1 ratio was different for
each antigen, indicating that antigen itself can play a role in

determining Th bias of immune responses (Figures 1, 2, and
3).

3.2. Effect of Different Adjuvants on Antigen-Specific CTL
Activity. Only very low CTL activity was measured with
HBsAg or OVA alone (Figure 4). With single adjuvants, CpG
induced strong CTL activity with both antigens (𝑃 < 0.05
compared to Ag alone), whereas ISCOMATRIX induced
strong CTL activity with HBsAg but not with OVA (𝑃 < 0.05
and 𝑃 > 0.05, resp.). The CpG/ISCOMATRIX combination
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Figure 3: BALB/c mice (𝑛 = 10/group) received a single IM immunization of 1 𝜇g influenza. A haemagglutinin antigen (HA) either alone
(none) or combined with CpG (10 𝜇g), ISCOMATRIX (IMX) (1 𝜇g), or CpG (10𝜇g) + ISCOMATRIX (1 𝜇g). (a) each bar represents the
group geometric mean (±SEM) of the titer for HA-specific antibodies (anti-HA IgG) in plasma taken 4wks after immunization. (b) each bar
represents the group geometric mean (±SEM) of the titer for HA-specific antibodies (anti-HA IgG) of IgG1 (open bars) or IgG2a (closed bars)
in plasma taken 4wks after immunization. Titers were defined as the highest plasma dilution resulting in an absorbance value two times that
of nonimmune plasma with a cutoff value of 0.05. Representative data from one of two independent experiments is shown in each graph.

further augmented CTL responses compared to either adju-
vant alone with HBsAg (e.g., 𝑃 < 0.05 at E : T of 50 : 1) but not
with OVA (𝑃 > 0.05).

Overall, CTL activity was lower with OVA antigen
compared to HBsAg. HBsAg, a virus-like particle, can use
alternate MHC1 presentation pathways that could result in
more CD8+ IFN-𝛾-producing cells than would be produced
with a soluble protein such as OVA.While our results suggest
thismay be the case, it was not within the scope of the current
study to further investigate this. Responses were shown to
be antigen specific, since only very low CTL activity was
measured in samples that were stimulated with control cells
which did not express antigen (results not shown).

3.3. Effect of Different Adjuvants on Antigen-Specific IFN-
𝛾 Secretion. Only very low levels of IFN-𝛾 were detected
in supernatants from mice immunized using antigen alone
(Figure 5). CpG alone enhanced IFN-𝛾 levels with both
HBsAg and OVA (𝑃 < 0.0001) but not with HA, whereas
ISCOMATRIX alone induced only low levels of IFN-𝛾 with
all three antigens. The CpG/ISCOMATRIX combination
enhanced IFN-𝛾 secretion with all three antigens (𝑃 < 0.05),
although there was a particularly strong synergy with HBsAg
and HA which had IFN-𝛾 concentrations 20- to 30-fold
higher than with CpG or ISCOMATRIX alone (𝑃 < 0.05).
For example, using HBsAg as an antigen, mean IFN-𝛾 levels
were approximately 2600, 400, and 70000 pg/mL with CpG,
ISCOMATRIX, or the CpG/ISCOMATRIX combination,
respectively, indicative of a synergistic rather than additive
effect (Figure 5(a)). Likewise, using HA as an antigen, mean
IFN-𝛾 levels were approximately 125, 100, and 5000 pg/mL
with CpG, ISCOMATRIX, or the CpG/ISCOMATRIX com-
bination, respectively, (Figure 5(c)). Two differentmethods of

measuring IFN-𝛾 were employed (i.e., ELISA or ELISPOT)
due to reagent availability at the time of each study; however,
data obtained with different assays were not directly com-
pared. Nevertheless, with both methods a strong synergy in
IFN-𝛾 secretion was observed with the CpG/ISCOMATRIX
combination compared to either adjuvant alone. Responses
were shown to be antigen specific, since only low levels of
IFN-𝛾were obtained in samples that were not stimulatedwith
antigen (results not shown). For all experiments, IFN-𝛾 levels
in response to ConA stimulation were equivalently strong
(data not shown).

Only very low levels of IL-4were detected in supernatants
from mice immunized using any of the antigens and there
was no increase seen in the presence of adjuvants (data not
shown).

3.4. Evaluation of Different Adjuvants in B-16 Melanoma
Model. On day 21 after tumor induction, five animals from
each treatment group were euthanized, and IFN-𝛾 secretion
wasmeasured following antigen restimulation of splenocytes.
Only very low levels of IFN-𝛾 were detected in supernatants
from mice immunized using OVA alone (Figure 6(a)). Both
CpG and ISCOMATRIX alone enhanced IFN-𝛾 secretion
compared to antigen alone (𝑃 < 0.05), with significantly
higher levels of IFN-𝛾 obtained in supernatants from mice
immunized using CpG alone as an adjuvant compared to
ISCOMATRIX alone (𝑃 < 0.05). Significantly higher levels of
IFN-𝛾 were obtained in supernatants from mice immunized
using the CpG/ISCOMATRIX combination compared to
when either was used alone (𝑃 < 0.05).

3.5. Effect of CpG/ISCOMATRIX Adjuvant Combination on
Survival and Metastasis. The effect of immunization on
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Figure 4: (a) BALB/c mice (𝑛 = 10/group) were immunized on days 0 and 28 by IM injection of 1 𝜇g HBsAg either alone (none) or
combined with CpG (10𝜇g), ISCOMATRIX (IMX) (1𝜇g), or CpG (10𝜇g) + ISCOMATRIX (1𝜇g). Spleens were removed 4wks after second
immunization and CTL activity was determined. Bars represent the HBsAg-specific lysis as a percentage of the total possible lysis (% specific
lysis) at an effector : target ratio of 50 : 1. (b) C57Bl/6 mice (n = 10/group) were immunized on days 0, 14, and 21 by IM injection of 10 𝜇g OVA
either alone (none), or combined with CpG (10𝜇g), ISCOMATRIX (1𝜇g), or CpG (10𝜇g) + ISCOMATRIX (1𝜇g). Spleens were removed 1 wk
after final immunization and CTL activity was determined. Bars represent the OVA-specific lysis as a percentage of the total possible lysis
(% specific lysis) at an effector : target ratio of 50 : 1. The percent lysis was calculated as [(experimental release − spontaneous release)/(total
release − spontaneous release)] × 100. Spontaneous release was determined by incubating target cells without effector cells, and total release
was determined by adding 100𝜇L of 2NHCl to the target cells.The percent specific lysis was calculated as follows: % lysis with Ag-expressing
cells −% lysis with control cells. Representative data from one of five independent experiments is shown in each graph.

survival and lung metastasis was measured following admin-
istration of the murine tumor model, B16-OVA melanoma.
All nonimmunized control animals died or were euthanized
for humane reasons by day 33 after inoculation of tumor
cells (Figure 6(b)), and upon necropsy all control animals
were found to have developed extensive lung metastases
which were too numerous to count (>300) (data not shown).
Immunization of animals with OVA alone did not sig-
nificantly enhance survival or reduce metastasis compared
to control animals (𝑃 > 0.05), such that by day 40 all
animals had died or were euthanized for humane purposes.
Immunization using CpG or ISCOMATRIX alone signifi-
cantly enhanced survival and reduced metastasis over OVA
alone or placebo controls (𝑃 < 0.05) (Figure 6). Median
survival time was 30 days for unimmunized control animals
and 29, 42, 42, and 45 days for animals immunized with
OVA alone, OVA + CpG, OVA + ISCOMATRIX, or OVA
+ CpG/ISCOMATRIX combination, respectively. Therefore,
for example, on day 40 when 100% of animals immunized
with antigen alone had succumbed to disease, mortality was
only 0 to 20% for animals immunized using ISCOMATRIX,
CpG, or the CpG/ISCOMATRIX, with no significant differ-
ences in longevity between these groups. Although all ani-
mals in these groups eventually succumbed to disease, those

immunized with OVA and CpG/ISCOMATRIX combination
had significantly reduced lung metastasis compared to either
adjuvant alone (𝑃 < 0.05) (Figure 6(c)).

3.6. Comparison of Effects of CpG/ISCOMATIX and
CpG/Alum Adjuvant Combinations on HBsAg-Specific IFN-𝛾
Secretion. The CpG/ISCOMATRIX adjuvant combination
enhanced HBsAg-specific IFN-𝛾 secretion compared to
either adjuvant alone (𝑃 < 0.05), whereas levels obtained
with CpG/alum were equivalent to those obtained with
CpG alone (𝑃 > 0.05). Mean IFN-𝛾 levels obtained with
the CpG/ISCOMATRIX combination were approximately
15-fold higher than those obtained with the CpG/alum
adjuvant combination (Figure 7).

4. Discussion

For the development of effective antitumor or antiviral
disease vaccines, strong immune adjuvants are required to
induce robust immune responses. Herein, we have com-
pared CpG with ISCOMATRIX using different antigens and
adjuvant combinations. We have shown that both CpG and
ISCOMATRIX are strong adjuvants when used alone, which
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Figure 5: (a) BALB/c mice (𝑛 = 10/group) were immunized on days 0 and 28 by IM injection of 1 𝜇g HBsAg either alone (none) or
combined with CpG (10𝜇g), ISCOMATRIX (IMX) (1𝜇g), or CpG (10𝜇g) + ISCOMATRIX (1𝜇g). Spleens were removed 4wks after second
immunization and IFN-𝛾 secretion was measured by ELISA in antigen-restimulated splenocytes culture supernatants. (b) C57Bl/6 mice
(n = 10/group) were immunized on days 0, 14, and 21 by IM injection of 10 𝜇g OVA either alone (none) or combined with CpG (10𝜇g),
ISCOMATRIX (1𝜇g), or CpG (10𝜇g) + ISCOMATRIX (1𝜇g). Spleens were removed 1 wk after final immunization and IFN-𝛾 secretion was
measured by ELISPOT in antigen-restimulated splenocytes culture supernatants. (c) BALB/c mice (𝑛 = 10/group) received a single IM
immunization of 1 g influenza. A haemagglutinin antigen (HA) either alone (none) or combined with CpG (10𝜇g), ISCOMATRIX (1𝜇g)
or CpG (10𝜇g) + ISCOMATRIX (1𝜇g). Spleens were removed 4wks after immunization and IFN-𝛾 secretion was measured by ELISA in
antigen-restimulated splenocytes culture supernatants. Representative data from one of five independent experiments is shown for HBsAg
and OVA and one of two independent experiments for HA in each graph.

was not surprising, as bothCpGand ISCOMATRIXhave suc-
cessfully been used as adjuvants inmultiple species, including
humans [16, 25]. The strong adjuvanticity associated with
CpG and ISCOMATRIX could be further enhanced when
used in combination. In particular, a strong synergy was seen
in IFN-𝛾 secretion with all three antigens despite the fact
that different immunization protocols were used with each
antigen. Overall, the strongest synergy was seen with HBsAg
which had the longest time interval between doses (4 weeks).
Since immunization schedule can impact both strength and
nature of induced responses, it is possible that responses with
OVA and HA as antigens could be further improved with
either an increased time interval between doses (OVA) or an
increased number of doses (HA).

The strong adjuvanticity seen in this study associated
with the combination of CpG and ISCOMATRIX is in
line with previous reports in mice using immunostimula-
tory complexes (ISCOMs). For example, immunization with
inactivated Francisella tularensis live vaccine strain (LVS)
adjuvanted with CpG combined with preformed ISCOMs
provided better protection than an alum-adjuvanted vac-
cine when challenged with a virulent strain of F. tularensis
[26, 27]. Also, immunization with cytomegalovirus (CMV)
glycoprotein B vaccine formulated with CpG and ISCOMs
elicited strong CMV-specific immunity against multiple
CMV strains [28]. To evaluate whether the strong synergy
between CpG and ISCOMATRIX seen in immunological
readouts would translate to better functionality, we also

evaluated the CpG/ISCOMATRIX combination in a thera-
peutic metastatic lung carcinoma model. In this model, the
CpG/ISCOMATRIX combination also induced significantly
higher levels of OVA-specific IFN-𝛾 secretion compared to
either adjuvant alone, and this translated into a reduction
in lung metastases in these animals. However, despite the
strong antitumor immune responses, all animals eventually
succumbed to the cancer. It is possible that the kinetics
and/or strength of the immune response were not optimal
or fast enough to curtail an already established tumor,
that an immune response against a single tumor antigen
is not sufficient to control tumor growth, or that although
we could measure OVA-specific T cell responses ex vivo,
these cells may have been rendered inactive at the site of
the tumor by immune suppressive mechanisms induced by
the tumor. Nevertheless, although there was no long-term
survival benefit, the CpG/ISCOMATRIX combination did
help induce strong enough immune responses to significantly
reduce lung metastasis in this aggressive tumor model.

Similar results have been demonstrated in a murine
pancreatic carcinoma model, whereby the inclusion of CpG
in an ISCOM-based vaccine was shown to reduce numbers
of regulatory T cells, enhance CTL responses, and induce
regression of pancreatic tumors [29]. It is possible that we
would have seen a stronger synergy in our tumor challenge
studies with additional boosts or a different immunization
schedule; however, the very aggressive nature of this tumor
model made this difficult to evaluate. It should also be
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Figure 6: C57Bl/6 mice (𝑛 = 10/group) received 5 × 105 live B16 melanoma cells expressing ovalbumin by IV administration in order to
establish tumors. Control animals received PBS. On days 7 and 14 after tumor cell administration, mice were immunized by IM injection
with 50𝜇g OVA alone or in combination with CpG (10 𝜇g), ISCOMATRIX (IMX) (1𝜇g), or CpG (10𝜇g) + ISCOMATRIX (1 𝜇g). On day 21
after tumor challenge, splenocytes from five animals per group were harvested. Remaining animals were monitored for survival. Panel (a):
each bar represents IFN-𝛾 secretion measured by ELISA in antigen-restimulated splenocyte culture supernatants. Panel (b): survival over
time is shown for each treatment group. Panel (c): each bar represents the number of lung metastases counted per treatment group at 21 days
after tumor induction. Representative data from one of two independent experiments is shown. ∗P < 0.05 compared to Ag alone.

noted that the adjuvant dose when used in combination
was not optimized but rather used at the optimal dose for
each adjuvant alone. It is possible that changing the dose of
either adjuvant may produce better responses as shown in
the pancreatic carcinoma studies. There are almost endless
combinations of doses that are possible and doing such
studies in mouse models is of limited value as the optimal
human dose for each adjuvant alone is quite different from
that in mice.

The increased immunogenicity seen with the CpG/
ISCOMATRIX combination is likely due to the immun-
omodulatory properties of the adjuvant mixture as well as

enhanced delivery and/or protection from degradation of
the CpG by ISCOMATRIX. Indeed, for optimal synergy
between CpG and ISCOMATRIX both the delivery compo-
nents (phospholipids and cholesterol) and immunomodula-
tory components (ISCOPREP saponin) of ISCOMATRIX are
required, since when CpG were combined with ISCOPREP
saponin alone, although stronger secretion of IFN-𝛾 was
observed than with either adjuvant alone, levels of IFN-𝛾
were lower than those observedwith theCpG/ISCOMATRIX
combination (data not shown). Although the exact mech-
anism of action of ISCOMATRIX has not yet been fully
elucidated, it has recently been shown to combine both
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Figure 7: BALB/c mice (𝑛 = 10/group) were immunized on days 0 and 28 by IM injection of 1 𝜇g HBsAg either alone (none) or combined
with CpG (10𝜇g), ISCOMATRIX (IMX) (1𝜇g), aluminum hydroxide (alum) (25 𝜇g Al3+), CpG (10𝜇g) + aluminum hydroxide (alum) (25 𝜇g
Al3+), or CpG (10 𝜇g) + ISCOMATRIX (1 𝜇g). Spleens were removed 4wks after the second immunization and IFN-𝛾 secretion was measured
by ELISA in antigen-restimulated splenocytes culture supernatants.

immune activation as well as enhanced antigen delivery
to DCs leading to an effective cross-priming ofCD8+ T
cells [21, 30]. The uptake of antigen when formulated with
ISCOMATRIX by DCs occurs via endocytosis with delivery
of antigen to lysosomes and subsequent rapid translocation to
the cytosol resulting in enhanced Ag cross-presentation [30].
It is possible that this efficiency of delivery to the endosome
of molecules also applies to CpG and may play a role in the
strong synergy seen with the combination, since the CpG
receptor TLR9 is located in the endosomal compartment
[31], and CpG-mediated activation of this receptor can
enhance antigen cross-presentation [32]. The direct delivery
of substances to the endosome is likely critical to the strong
synergistic effect seen with the CpG/ISCOMATRIX combi-
nation, since alum, another delivery system, failed to achieve
the same result.

Therefore, the significant enhancement in antigen-
specific IFN𝛾 secretion observed with the CpG/ISCOMARIX
combination may result from enhanced antigen cross-
presentation mediated by both adjuvants. It is also known
that both adjuvants activate innate immune cells and so a
combined effect may lead to a much more optimal local
environment for the adaptive immune response to occur.
As ISCOMATRIX does not contain TLR ligands it is highly
unlikely that it signals through TLRs as supported by a num-
ber of in vitro studies (data not shown). It has been shown,
however, that the MyD88 signaling pathway is important for
the induction of strong IFN+ SCD8+ T cell responses with

ISCOMATRIX vaccines so there does appear to be some
overlap with CpG signaling pathways [22].

Ultimately, as with all animal studies, limitations exist for
extrapolation in humans and it remains to be determined
whether CpG and ISCOMATRIX will prove to be a useful
adjuvant combination in the clinic. It is possible that activity
in humans may be less than in mice, due to differences
in TLR9 expression in human and mouse dendritic cell
populations, although a number of studies have now shown
that CpG are still active in higher species, including humans.

5. Conclusions

The studies presented herein highlight that the rational
combination of different adjuvants could lead to the devel-
opment of novel vaccines or the enhancement of existing
vaccines. Vaccination strategies that include both CpG and
ISCOMATRIX are one means by which the strong Th1
immune responses required to prevent and treat chronic
infection and tumors may be achieved.
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