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Abstract: The development of subunit vaccines has become very attractive in recent years due
to their superior safety profiles as compared to traditional vaccines based on live attenuated or
whole inactivated pathogens, and there is an unmet medical need for improved vaccines and
vaccines against pathogens for which no effective vaccines exist. The subunit vaccine technology
exploits pathogen subunits as antigens, e.g., recombinant proteins or synthetic peptides, allowing for
highly specific immune responses against the pathogens. However, such antigens are usually not
sufficiently immunogenic to induce protective immunity, and they are often combined with adjuvants
to ensure robust immune responses. Adjuvants are capable of enhancing and/or modulating
immune responses by exposing antigens to antigen-presenting cells (APCs) concomitantly with
conferring immune activation signals. Few adjuvant systems have been licensed for use in human
vaccines, and they mainly stimulate humoral immunity. Thus, there is an unmet demand for
the development of safe and efficient adjuvant systems that can also stimulate cell-mediated
immunity (CMI). Adjuvants constitute a heterogeneous group of compounds, which can broadly be
classified into delivery systems or immunostimulators. Liposomes are versatile delivery systems
for antigens, and they can carefully be customized towards desired immune profiles by combining
them with immunostimulators and optimizing their composition, physicochemical properties and
antigen-loading mode. Immunostimulators represent highly diverse classes of molecules, e.g., lipids,
nucleic acids, proteins and peptides, and they are ligands for pattern-recognition receptors (PRRs),
which are differentially expressed on APC subsets. Different formulation strategies might thus be
required for incorporation of immunostimulators and antigens, respectively, into liposomes, and
the choice of immunostimulator should ideally be based on knowledge regarding the specific PRR
expression profile of the target APCs. Here, we review state-of-the-art formulation approaches
employed for the inclusion of immunostimulators and subunit antigens into liposome dispersion
and their optimization towards robust vaccine formulations.
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1. Introduction

Together with improved hygiene and antibiotics, vaccines have provided the most important
contribution to the reduction of the annual number of deaths caused by infectious diseases, which
have affected mankind throughout history [1]. The majority of the currently marketed vaccines are
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directed against pathogens with little antigen variability and for which infection can be effectively
prevented by neutralizing or opsonizing pathogen-specific antibody responses [2]. However, several
pathogens fall outside this category, and novel vaccines are therefore required, which can effectively
and safely prevent their infection [3].

A modern strategy for designing novel vaccines is the subunit vaccine strategy. The introduction
of the reverse vaccinology approach and technological advances in the manufacturing of subunit
antigens have altogether enabled rational selection and production of the specific epitopes needed
for efficacious pathogen-specific vaccines. The antigens selected for subunit vaccines are highly
purified and thus show reduced reactogenicity due to the absence of exogenous immune-activating
components as compared to, e.g., the whole-cell vaccines [4]. Therefore, the increased safety also
comes at the price of reduced immunogenicity, and adjuvants are usually added to provide the
necessary innate immunopotentiation and to direct the desired adaptive immune response [5,6].
Adjuvants are generally defined as functional excipients and constitute a heterogeneous group of
compounds, which can broadly be classified into delivery systems or immunostimulators, with many
adjuvants possessing both properties. Delivery systems, which serve as the carriers of the antigen
and the immunostimulators in the vaccine, are often particles, e.g., liposomes, emulsion droplets and
immune-stimulating complexes (ISCOMs) [7,8]. The co-delivery of antigen and immunostimulators,
which are ligands for pattern-recognition receptors (PPRs) expressed by antigen-presenting cells (APCs)
in the immune system, has been shown to be required for stimulating protective immune responses
due to the need for concomitant antigen presentation and activation of APCs [9–12]. Liposome-based
adjuvants may act as both delivery systems for subunit antigens and as immunopotentiators, and they
are highly versatile adjuvants, as they can be tailored through (i) the choice of lipid composition, (ii)
the inclusion of immunostimulating compounds, (iii) the choice of formulation method and (iv) the
mode of antigen and immunostimulator association.

Liposomes, formed by self-assembly upon dispersion of certain amphiphilic lipids in aqueous
buffer, were initially utilized as model membranes [13,14]. The use of liposomes as vaccine adjuvants
was explored already in 1974, where it was shown that immunization of mice with diphtheria toxoid
(DT) adjuvanted with phospholipid-based liposomes resulted in increased antibody titers as compared
to immunization with non-adjuvanted DT [15]. The use of liposomes as vaccine adjuvants has been
intensively investigated and clinically tested following these studies [16,17].

Amphiphilic lipids with a cylindrical shape tend to form lamellar phases, which upon
equilibration with excess water may form closed vesicles that are usually composed of several lipid
bilayers separated by aqueous layers (multilamellar liposomes) [14]. The lipid composition of the
liposomes and the preparation method determine important physicochemical characteristics of the
vesicles, e.g., the particle size, membrane fluidity, hydrophobicity and surface charge. Thus, the
physicochemical properties of liposome dispersions can be controlled via their composition and
preparation method [18–24]. The composition of the liposomes might also influence the incorporation
strategies chosen for other molecules, such as immunostimulators and subunit antigens, as well as
determine the type and strength of immune response induced by the vaccine [17]. The adjuvant
mechanism of liposomes is characterized by their ability to interact with APCs, and enhance the
exposure of antigen and immunostimulators to the APCs [25]. When using liposomes as adjuvants,
they therefore act as delivery systems for the antigen and the immunostimulators. The versatility
of liposomes also has the benefit that it is possible to incorporate different types of molecules into
the same liposome dispersion, e.g., a lipid-based immunostimulator and a protein-based antigen. In
this review, we discuss the effect of key physicochemical properties of liposome-based adjuvants on
the immune responses they induce and incorporation strategies employed for immunostimulators
and antigens.
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2. The Physicochemical Properties of Liposomes Affect the Immune Responses

The physicochemical characteristics of liposomes may have a significant impact on the immune
responses, and they are often decisive for which antigen and/or immunostimulator incorporation
strategies can be used. In the following, the important physicochemical characteristics will be discussed:
particle size, surface charge, surface modification and membrane fluidity.

2.1. The Effects of Particle Size

Several studies suggest that the average particle size of the liposomes influences the type of immune
response that is induced upon immunization [18,26]. The particle size may influence the draining
kinetics of liposomes, as smaller-sized liposomes have been shown to be cleared faster from
the site of injection (SOI) than larger-sized liposomes [27,28]. For example, the retention at
the SOI following subcutaneous (s.c.) immunization was inversely dependent on the particle
size for liquid-crystalline state egg-phosphatidylcholine:egg-phosphatidylglycerol:cholesterol
(EPC:EPG:Chol)-liposomes (average particle sizes: 40, 70, 170, 400 nm and larger non-sized) and dioleoyl
phosphoethanolamine:dioleoyl-trimethylammonium propane (DOPE:DOTAP):EPC-liposomes
(average particle sizes: 140 and 560 nm, polydispersity index (PDI): 0.14 and 0.55, respectively).
Thus, a significantly bigger fraction of large-sized liposomes was recovered at the SOI, as compared
to smaller-sized liposomes [27,28]. However, no size dependency was observed on the recovery
of liposomes in the draining lymph nodes over a period of 52 h and 8 days post-injection,
respectively [27,28]. This suggests that the larger-sized liposomes, that do escape the SOI, are more
effectively retained in the lymph nodes by, e.g., phagocytosis by innate cells, than the smaller-sized
liposomes, which pass on to the blood [27]. The results of these studies are ambiguous, as it has to be
taken into account that the effect of particle size on the immune response is also dependent on other
factors, such as the administration route and the lipid composition. In addition, it should be kept in
mind that the particle sizes given for the liposomes are the average of distributions. As a consequence,
a sample with a heterogeneous particle size distribution might contain particles in a size range that
rapidly escapes the SOI, as well as particles that are trapped at the SOI.

The particle size of liposomes possibly influences their biodistribution, thus affecting the induced
immune response. Aseptically-prepared, endotoxin-free 1-monopalmitoyl glycerol:dicetyl phosphate
(DCP):Chol liposomes at 560 nm, administered s.c. with model antigen chicken egg ovalbumin
(OVA), induced strong interferon (IFN)-γ responses, while liposomes at 155 nm induced an IL-5
response. The interpretation of this was that larger-sized liposomes preferentially induce a T-helper
cell (Th)-1 response, which is shifted to a Th2 response for smaller liposomes [26]. Similarly, dipalmitoyl
phosphatidylcholine (DPPC):Chol-liposomes with an average particle size of 400, 1000 and 1100 nm
(PDI = 0.37, 0.73 and 1.00, respectively) induce a stronger Th1 response than liposomes with an average
particle size of 120 nm (PDI = 0.09) following s.c. immunization [18]. However, no dependency of
particle size on the immune response was observed in a study with solid-ordered, gel state, cationic
dioctadecyldimethylammonium bromide:trehalose-6,6´-dibehenate (DDA:TDB)-liposomes, also called
CAF01, when comparing liposomes with approximate sizes of 200, 700, 1500 and 2500 nm. All vaccine
formulations were administered intramuscularly (i.m.) and stimulated a Th1 response [19]. This is
likely due to the cationic surface charge, which causes even small liposomes to form a depot at the SOI,
due to interaction with, e.g., negatively-charged interstitial proteins, as discussed below.

2.2. Effect of Surface Charge

The apparent surface charge of liposomes is primarily determined by the composition of the lipids
in the liposome bilayers. The surface charge can be modified by using charged lipids in the liposomes,
e.g., positively-charged acetylated ammonium compounds diacyl-dimethylammonium-propane
(DAP), diacyl-trimethylammonium-propane (TAP) and dimethyldiacylammonium compounds
(DDA), stearylamine (SA), negatively-charged phosphatidylserine (PS) or phosphatidic acid
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(PA) compounds [20–22,29]. The surface charge of liposomes has been reported to affect the
liposome uptake in in vitro cell cultures. Generally, positively-charged liposomes are taken
up by APCs to a much higher degree than negatively-charged or neutral liposomes [20–22].
Thus, positively-charged dioleolyldimethylammonium propanediol:dioleolyl phosphatidylcholine
(DODAP:DOPC)-liposomes showed the highest fraction of uptake in J774 macrophages,
as compared to negatively-charged dioleolyl phosphatidylserine (DOPS):DOPC-liposomes
and neutral DOPC-liposomes [21]. Furthermore, in vitro-generated human dendritic cells
(DCs) incubated with positively-charged dimyristoyl trimethylammonium-propane:dimyristoyl
phosphatidylcholine (DMTAP:DMPC):Chol-liposomes (zeta-potential (zp) = +44.2 mV) took up
the liposomes to a much higher degree than when they were incubated with negatively-charged
dimyristoyl phosphatidylglycerol (DMPG):DMPC:Chol-liposomes (zp = ´54.2 mV) and dimyristoyl
phosphatidylserine (DMPS):DMPC:Chol-liposomes (zp = ´50.0 mV) [22].

The surface charge has also been shown to have a pronounced effect on the antibody response.
The significantly higher cellular uptake of positively-charged, non-sized SA:EPC:Chol-liposomes
(zp = +8.85 mV) as compared to neutral, non-sized EPC:Chol-liposomes (zp = ´5.04 mV)
or negatively-charged, non-sized dimyristoyl phosphatidic acid (DMPA):EPC:Chol-liposomes
(zp = ´18.6 mV) in murine peritoneal-derived macrophages correlated with a much higher induction
of antibodies following s.c. immunization with OVA [20]. In a model using an avirulent
Semliki Forest virus strain adjuvanted with liposomes administered intraperitoneally, only the
positively-charged, non-sized octadecylamine (ODA):DPPC:Chol-liposomes and negatively-charged,
non-sized PA:DPPC:Chol-liposomes were able to induce a significant antibody response, whereas
no effect was observed with the neutral, non-sized DPPC:Chol-liposomes [30]. The surface charge
of the liposomes also influences their interactions with endogenous tissue components, such as
proteins, enzymes and cells, eventually affecting the retention at the SOI, their draining kinetics
and localization in the draining organs [31–33]. The positively-charged CAF01 (zp = +50 mV) was
compared to neutral distearoyl phosphatidylcholine (DSPC):TDB-liposomes (zp = ´8 mV) following
i.m. immunization. The neutral liposomes drained from the SOI significantly faster than CAF01,
despite the larger particle size of 1620 nm, as compared to CAF01 (475 nm) [29]. Only CAF01 was
capable of inducing a cell-mediated immune (CMI) response as measured by the expression of IFN-γ
and IL-17 in activated T cells, which could be because of the retention of CAF01 at the SOI, but
also the ability of DDA to induce a pro-inflammatory environment at the SOI with influx of innate
immune cells and APCs [29,34]. Even though cationic liposomes are generally more immunogenic
than anionic and neutral liposomes, as shown above, Badiee et al. found that neutral, 1.1 µm-sized
DPPC:Chol-liposomes were superior in reducing the parasitic burden in a Leishmania challenge model,
followed by positively-charged, 1.46 µm-sized DDA:DPPC:Chol-liposomes and negatively-charged,
1.23 µm-sized DCP:DPPC:Chol-liposomes [35].

2.3. Effect of Surface Modification

Designing stealth liposomes via, e.g., PEGylation is an alternative strategy for modifying the
surface properties of liposomes, which can affect the biodistribution pattern of administered vaccine
particles. Hydrophilic polyethylene glycol (PEG) moieties are usually applied for surface modification,
either by covalent attachment to anchor lipids in the membranes or via different linkers that are
specifically cleaved by changes in pH, enzymatic stimuli or reducing agents, removing the PEG
moieties from the liposome surface [36]. In one study, increasing the PEG density from 0 to 7 mol% on
positively-charged DOTAP:DPPC:Chol-liposomes decreased the in vitro uptake by human pancreatic
carcinoma cells [37]. This was not observed with positively-charged dioleyldimethylammonium
chloride (DODAC):DOPE-liposomes in another study; however, the ability of the liposomes to transfect
cells with plasmid DNA (pDNA) was inversely correlated with the PEG chain length (MW = 220, 1450
and 3400) at 5 mol% [38]. I.m. administration of PEGylated CAF01 (10 and 25 mol% DSPE-PEG2000)
resulted in an increased drainage from the SOI as compared to non-PEGylated CAF01 [39,40]. The



Pharmaceutics 2016, 8, 7 5 of 22

IFN-γ-driven T-cell response was significantly higher following immunization with non-PEGylated
CAF01 compared to PEGylated CAF01, whereas the IL-5 response was highest with the PEGylated
CAF01 [39,40]. Thus, PEGylation of liposomes can influence the type of the induced immune response.

2.4. Effect of Lipid Bilayer Fluidity

The lipid bilayer of the liposomes can be in different physical phases depending on the specific
lipid composition and temperature. Lipids with a main phase transition temperature (Tm) below 37 ˝C
will be in a liquid-crystalline state (fluid-disordered phase) in the body, while they will be in a gel state
(solid-ordered phase) if the Tm is above 37 ˝C.

The physical state of the bilayer (gel state or liquid-crystalline state) might affect endocytosis,
intracellular trafficking and processing of the vaccine components, which in turn may
influence the immune responses. In vitro studies comparing fluid-disordered phase dioleoyl
phosphatidylglycerol (DOPG):DOPC:DOPE:Chol-liposomes with solid-ordered phase distearoyl
phosphoethanolamine:distearoyl phosphatidylglycerol (DSPE:DSPG):DSPC:Chol-liposomes showed
that the fluid-disordered phase liposomes delivered the antigen to the major histocompatibility complex
(MHC)-I processing compartments to a higher degree than the solid-ordered liposomes [41]. In in vivo
studies, the solid-ordered phase (CAF01) liposomes was compared to the unsaturated analog DODAC
combined with TDB, resulting in fluid-disordered liposomes at body temperature. CAF01 formed a
depot at the SOI, whereas the DODAC:TDB-liposomes quickly escaped the SOI and were detected
in significantly higher amounts in the dLN shortly after immunization. The biodistribution of the
attached antigen did not differ depending on the adjuvant; however, only CAF01 was capable of
inducing a T-cell response [42].

The immunopotentiating effect of liposomes with different Tm was evaluated in hamsters, where
DSPC (Tm 54 ˝C), DPPC (Tm 41 ˝C) and DMPC (Tm 23 ˝C), all prepared as liposomes with Chol, were
compared [23]. No differences in the antigen loading efficiency or humoral responses were observed,
but the DSPC:Chol-liposomes were superior in inducing CMI responses, which was attributed to
increased adjuvant stability in vivo [23]. A similar trend on the CMI responses was observed in a study
comparing DSPC, DPPC and EPC (Tm < 0 ˝C) combined with Chol. The DSPC- and DPPC-based
liposomes caused the largest reduction in the infection burden in a Leishmania parasite challenge,
while the EPC-based liposomes were not different from the unadjuvanted antigen [24]. Thus, the
fluidity of the liposome bilayer affects the biodistribution of the adjuvant and the CMI responses that
are induced upon vaccination.

3. Pathogen-Derived Immunostimulators Are Ligands for Pattern-Recognition Receptors

The antigens in subunit vaccines are predominantly based on peptides and proteins, while the
immunostimulators may be derived from all classes of molecules; DNA, RNA, lipids, sugars, small
molecules, peptides and proteins. These molecules are vastly different and therefore different strategies
for association with the liposomes are required. Due to the versatility of liposomes, it is possible to
incorporate all types of immunostimulators into the same liposome dispersion (Figure 1).

Immunostimulators are ligands of PRRs, such as the Toll-like receptors (TLRs), NOD-like
receptors (NLRs), RIG-I-like receptors (RLRs) and C-type lectin receptors (CLRs). These receptors are
expressed on the surface, in the endosomes or in the cytosol of APCs, where each type of receptor is
capable of recognizing characteristic bacteria- and virus-derived molecular structures, the so-called
pathogen-associated molecular patterns (PAMPs) [43–46]. Activation of PRRs, by their respective
ligands, generally sets off pro-inflammatory responses and/or type I IFNs. However, differences in
the signaling pathways induced by the different receptors can skew the immune response towards
different outcomes, i.e., towards Th1 or Th2 responses [46,47] (Figure 2).
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Figure 1. Different strategies can be employed for incorporating antigens and immunostimulators
into liposomes depending on the type and purpose of the molecules in question. The
formulation and structure of the liposomes allows the incorporation of different molecules by
different strategies into the same liposomes and the precise tailoring of the adjuvant towards a
certain target. (a) Hydrophobic molecules and lipids can be incorporated into the lipid bilayer
by addition to the dissolved lipids prior to dry film formation. (b) Peptides/proteins and
nucleotides can be electrostatically adsorbed to oppositely-charged lipids on the surface of liposomes.
(c) Peptides and proteins can be encapsulated into the aqueous interior of the liposomes, e.g., by
the dehydration-rehydration method. (d) Nucleotides can be complexed with cationic lipids being
embedded between multiple lipid bilayers. (e) Post-liposome manufacture attachment of peptides and
proteins can be achieved by covalent conjugation to functionalized lipid anchors.

Thus, the choice and combination of immunostimulators play an important role in controlling
the type of immune response induced following vaccination though other factors, such as the
administration route and the physicochemical properties of the liposomes, which also have an impact
on the resulting immune response. The skewing of the immune responses might reflect the origin of
the respective ligands, i.e., PRRs recognizing ligands of bacterial origin often induce a Th1 response,
which is suitable for fighting certain bacterial infections [48]. Similarly, double-stranded (ds)RNA
derived from virus induces cytotoxic T-lymphocyte (CTL) immune responses, capable of combatting a
virus infection [49].

The different receptors recognizing PAMPs are located in different parts of the cells; surface
associated (e.g., TLR1, -2, -4, -5, -6, CLRs), in the endosomes (e.g., TLR3, -7, -8, -9) or in the cytoplasm
(e.g., NLRs, RLRs) [43,45,46]. The cellular compartmentalization reflects the localization of the ligands;
the ligands of the surface-associated PRRs are expressed on the surface of the pathogen, while the
ligands of the endosomal TLRs are, e.g., nucleotides [46,50].
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Figure 2. Major immunological responses derived by the activation of DCs through PRRs, situated
on the cell surface, in the cytosol or in the endosomes. The antigen is phagocytosed, processed and
presented on MHC-I via cross-presentation or on MHC-II to antigen-specific CD8+ and CD4+ T cells,
respectively. Activation of the DC upregulates co-stimulatory molecules and secretion of cytokines
that provide activation signals to the antigen-specific T cells. Activation of CD8+ T cells may require
additional IL-2 from CD4+ T cells (not shown) to become cytotoxic T cells. Activated CD4+ T cells
differentiate to distinct effector populations depending on the received cytokine signals; Th1 requires
secretion of IL-12/IFN-γ; Th2 requires IL-4; Th17 requires IL6/TGF-β; and follicular T-helper cells
(Tfh) requires IL-6.

4. Incorporation Strategies for Amphiphilic Lipids and Hydrophobic Compounds

Several immunostimulating molecules are lipids or hydrophobic molecules and, thus, suitable for
direct incorporation into the liposomal bilayer. Typically, the lipids used in the preparation of liposomes
are dissolved in an organic solvent, and a dry lipid film is then formed upon evaporation of the solvent
according to a method originally devised by Bangham et al. [51]. Hydrophobic immunostimulators
can be added to the organic phase and incorporated into the lipid bilayer via the dry lipid film
method (Figure 1a).

Lipid-based immunostimulators that are incorporated into the liposomal bilayer by addition to the
dissolved lipids include molecules derived from the cell walls of bacteria. One such immunostimulator
is the TLR4 agonist monophosphoryl lipid-A (MPL), which is a derivative of lipopolysaccharide
(LPS). The presence of MPL induced higher antibody and CMI responses following immunization
in mice as compared to liposomes without MPL [52,53]. LPS and MPL are pyrogenic when
administered freely, but incorporation of LPS and MPL into liposomal dispersions reduces these
side effects [54]. The synthetic analogs of lipids derived from the cell wall of M. bovis BCG, TDB
and monomycoloyl glycerol (MMG) have been extensively studied as immunostimulators in vaccine
adjuvants [55–59]. The immunogenic effects of CAF01 and CAF04 (DDA:MMG-liposomes) are similar,
inducing antibody and strong Th1 and Th17 CMI responses in mice, which are not achieved with
neat DDA liposomes [55,56,58–60]. CAF01 has been shown to elicit similar immune responses when
administered with different antigens (the model antigen OVA, the chlamydia vaccine candidate
MOMP, the TB vaccine candidate Ag85b-ESAT-6, the malaria vaccine candidate MSP1-19 and trivalent
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influenza vaccine [TIV]) [56,60]. Beside the role as immunostimulators, TDB and MMG act as colloidal
stabilizers for the liposomes, as neat DDA liposomes are not stable in formulation [55,59].

Covalent attachment of hydrophilic compounds to a lipid anchor enables the incorporation of
these compounds into the lipid bilayer during the formulation of the liposomes (Figure 1a). Mannose
receptors, which are CLRs, are present on DCs and facilitate endocytosis upon activation resulting in
improved DC activation [61,62]. Tri- and di-mannose-conjugated lipids can be incorporated directly
into the liposome bilayer during lipid film formation, thus enabling activation of the mannose receptor
in the immediate vicinity of the liposomes [61,63]. The uptake of mannosylated liposomes was
enhanced in vitro [61], while earlier, systemic IgG antibodies were induced in a mouse model [63] as
compared to the corresponding formulations without mannose lipid.

Lipid anchoring of the antigen is a strategy in which pre-conjugated antigen-lipid complexes
are included into the lipid solution prior to dry film formation [64–66] (Figure 1a). In one study,
tumor-specific E7 peptide-antigen was attached to cationic liposomes by a lipid anchor, and the
anti-tumor effect was compared to encapsulation of the non-lipidated E7 (prepared by rehydration
of the lipid film with aqueous buffer containing the antigen). The lipid-anchored peptide elicited a
greater anti-tumor effect and improved CD8+ T-cell responses than the non-lipidated, encapsulated
peptide [65]. In one study, the vaccine candidate, peptide antigen, MUC1, induced antibody responses
only when attached to the liposomes with a lipid anchor, which were absent when the antigen was
encapsulated in the aqueous interior of the liposomes. Both formulations induced similar levels of a
Th1-directed CMI response [66]. Induction of antibody responses requires interaction between soluble
or APC surface-attached antigen and receptors on the surface of B-cells, as well as help by CD4+

T cells, events which occur in the lymph nodes and the spleen [67,68]. However, in another study,
comparing surface-attached antigen and entrapped antigen, no difference in the antibody responses
was reported [69].

High incorporation efficiencies can be achieved for several different lipophilic compounds
when they are incorporated into the liposomal membranes by addition to the dissolved lipids. The
incorporation ratios of retinoic acid and lipoprotein in liquid-crystalline state liposomes were 98% to
100% and 75% to 80%, respectively [70]. Similar loading efficiencies of 79% to 81% were achieved when
incorporating the synthetic TLR4 agonist glucopyranosyl lipid adjuvant (GLA) into liquid-crystalline
state liposomes [71]. A loading efficiency of 90% to 95% was achieved with a lipopeptide antigen,
which far exceeded the loading efficiency of ~25% achieved when incorporating the soluble form
of the antigen into the aqueous interior. The lipid was attached to the peptide via an amino acid
spacer to avoid interference with the epitope [65]. Lipidation of peptides or protein can affect the
presentation and processing of the antigen to APCs, and the method for lipidation should be considered
carefully. Thus, compared to the incorporation by the rehydration method or electrostatic association,
incorporation of lipophilic compounds into the lipid membrane generally results in high encapsulation
efficiencies, as the molecules become an integral part of the liposomal membrane.

5. Incorporation Strategies for Nucleic Acids

5.1. RNA/DNA-Based Immunostimulators

Several immunostimulators are nucleic acids, e.g., dsRNA and DNA with unmethylated CpG
motifs. dsRNAs are virus-specific agonists of TLR3, which is highly expressed in cross-presenting
DCs and induces a CTL immune response when activated [49,72]. The most commonly studied TLR3
ligand is polyinosinic:polycytidylic acid (poly(I:C)), a synthetic analogue of dsRNA. The implications
and considerations of the formulation of poly(I:C)-containing adjuvants were reviewed in detail by
Hafner et al. [73]. DNA of bacterial origin contain CpG motifs, which are recognized by TLR9. A great
variety of cells of the immune system, including B cells, NK cells, DCs and macrophages, express
TLR9 and are activated upon stimulation with CpGs [74]. Therefore, CpG incorporated into a subunit
vaccine acts as an immunostimulator and enhances and directs the type of immune response. The
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resulting immune response varies depending on the specific type of CpG motif applied and depending
on the target cells [75]. When using CpG as vaccine adjuvants, synthetic CpG oligodeoxynucleotides
(CpG-ODNs) are the preferred choice [74].

Since nucleic acids are hydrophilic, they are incorporated into the liposomes during or after
the rehydration of the dry lipid film. One method for complexation of nucleic acids with cationic
lipids is the dehydration-rehydration method, where the nucleic acids and liposomes are mixed,
freeze-dried and subsequently rehydrated in a controlled manner [40,76–79]. Another method is the
double-emulsion method in which an initial water-in-oil emulsion is formed with the nucleic acids
in the water phase and the lipids in the organic phase, followed by the addition of a second aqueous
phase forming a water-in-oil-in-water emulsion. Finally, the organic phase is evaporated resulting
in encapsulation of the nucleic acids inside the multilamellar liposomes [80] (Figure 1d). The use of
positively-charged lipids is a preferred method to increase the incorporation efficiencies of the nucleic
acids into liposomes [81]. Incorporation of CpG-ODN into liposomes via the dehydration-rehydration
method showed that the encapsulation efficiency was highest in cationic and cationic-stealth liposomes
(60% to 90% of CpG-ODN encapsulated), as compared to neutral, anionic and stealth liposomes
(33% to 54% of CpG-ODN encapsulated) [76], while a loading efficiency of 99% was achieved by the
rehydration method with CpG and cationic liposomes [82].

The nucleic acids can also be attached to the surface of preformed liposomes via electrostatic
interactions with positively-charged lipids in the liposomal bilayer [81,83–87] (Figure 1b). Both the
solid-ordered CAF01 and CAF04 and the liquid-crystalline, cationic DOTAP:DOPC-liposomes loaded
with poly(I:C) via electrostatic surface attachment induce strong CD8+ T-cell responses against several
different antigens (OVA, E7, the cancer antigen TRP-2, the TB vaccine antigens TB10.3-P1 and H56 and
the HIV vaccine antigen Gag p24) in mice [83–85,87]. Poly(I:C) adsorbed to zwitterionic liposomes
caused a significant influx of neutrophils and monocytes in the lymphatic vessels following s.c.
immunization of sheep as compared to administration of the same vaccine without poly(I:C) [88].
Stepwise addition of poly(I:C) can be required when adsorbing it to the surface of cationic liposomes
to avoid aggregation of the liposome particles [83,85,87]. CpG adsorbed to the surface of cationic,
liquid-crystalline liposomes resulted in increased CD4+ and CD8+ T-cell responses and increased
survival in a mouse cancer-challenge model, as compared to liposomes without CpG [86], while
IFN-γ-producing CD4+ and CD8+ T cells were induced by CpG-conjugated OVA incorporated
into the liposomes via the dehydration-rehydration method [78]. TLR3 and TLR9 are both located
in the endosomes, and therefore, the induced immune responses do not depend on whether the
immunostimulators are attached to the surface or in the interior of the liposomes.

Administration of unadjuvanted poly(I:C) causes strong inflammatory immune responses with
increasing production of IL-6 shortly after the immunization, which is greatly reduced with adsorption
of poly(I:C) to liposomes [80]. The use of liposomes as a delivery system thus serves to ensure
co-delivery of immunostimulators and antigen, while at the same time minimizing the detrimental
effects of poly(I:C).

TLR7 recognizes single-stranded RNA, but the most used agonists are the synthetic
imidazoquinoline derivatives, imiquimod and resiquimod [89]. Imiquimod is a poorly soluble
compound, but its solubility is increased at low pH; therefore, incorporation was achieved by using the
rehydration method using an acidic lactic acid buffer followed by sonication and extrusion. Different
encapsulation efficiencies were observed with liposomes of various surface charges [71]. Cationic
liposomes had the lowest encapsulation efficiency (0%), whereas neutral and anionic liposomes had
slightly higher encapsulation efficiencies (6% to 7%) [71]. Incorporation of imiquimod into cationic
liposomes by addition to the organic phase with dissolved lipids prior to dry lipid film formation
resulted in an incorporation efficiency of 100% [82]. Thus, the incorporation strategy dramatically
influences the loading efficiency of imiquimod in liposomes. By exploiting the improved solubility of
the compound in an organic solvent, the encapsulation efficiency could be greatly enhanced.
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5.2. DNA–Antigen Vectors

pDNA vaccines are explored as an alternative to the peptide or protein antigen-based vaccines. In
this vaccination strategy, pDNA encoding for one or more pathogen-specific antigens is delivered to
target cells, and the proteins are then expressed. Thus, the antigen is produced directly in the cell, and
the epitopes are then presented on MHC-I or the whole protein antigen is secreted from the cell [90].

The preferred formulation method is encapsulation of the pDNA into cationic
liposomes [28,91–93], with the purpose of protecting the pDNA from degradation by
deoxyribonucleases in the interstitial fluids [93] and improving the transfection ratio [92].
The pDNA entrapment efficiency thus increased significantly when the liposomes contained cationic
lipids, enabling pDNA:lipid-complexation [79] (Figure 1d). Gel state and liquid-crystalline state
liposomes showed no difference in pDNA entrapment efficiencies, but an enhanced transfection
efficiency was observed with liquid-crystalline liposomes. This effect was attributed to enhanced
interaction of the liposomes with the endosomal bilayer, eventually resulting in endosomal escape [92].
An often-used method for pDNA encapsulation with lipid complexation is the above-mentioned
dehydration-rehydration procedure [28,92,93]. Microfluidization is a relatively novel manufacturing
technology, which has also been used for the complexation of pDNA with cationic, liquid-crystalline
liposomes [94]. With this method, pDNA solubilized in aqueous buffer is led in between two
perpendicular streams of lipids dispersed in an organic solvent, and the complex is formed by dilution
of the buffer into the organic solvent [16,94].

6. Incorporation Strategies for Peptides and Proteins

The antigen in a subunit vaccine is often a protein or peptide derived from the pathogen of
interest. Co-delivery of antigen and adjuvant is usually necessary for inducing a sufficient immune
response [9]. Therefore, several different methods have been developed to incorporate antigen(s) into
the liposome-based adjuvants. Different strategies can be exploited for incorporation of antigen(s) into
a liposomal adjuvant: (i) covalent conjugation via a lipid anchor; (ii) non-covalent attachment; (iii)
encapsulation in the aqueous interior; (iv) electrostatic complexation with oppositely-charged lipids;
and (v) adsorption to the liposome surface [95].

Antigens were encapsulated by using the dehydration-rehydration method with high
encapsulation efficiencies of 80% to 90% [77]. Similarly, encapsulation efficiencies of >90% were
achieved for IL-2 in DMPC:DMPG-liposomes via the dehydration-rehydration method. However,
the authors speculated that the high encapsulation efficiencies were achieved because the IL-2 was
partially bound by hydrophobic and electrostatic interactions [96]. Thus, reported high encapsulation
efficiencies may also cover other modes of interactions. A lower encapsulation efficiency of 25% was
reported following encapsulation of the E7 peptide antigen to DOTAP-based liposomes [65] (Figure 1c).
Electrostatic adsorption of the antigen to the liposome adjuvant is a strategy that enhances co-delivery
of the adjuvant and the antigen to the APCs (Figure 1b). The degree of antigen adsorption to the
liposomes depends on the attractive electrostatic forces between the components. Thus, more protein
antigens with isoelectric points (pIs) below 7.4 adsorb onto cationic liposomes at pH 7.4, as compared
to proteins with a pI above 7.4 or with neutral liposomes [97,98]. The addition of proteins with pIs
below 7.4 to positively-charged liposomes induced the aggregation of the liposomes. However, at high
protein concentrations (far exceeding vaccine dose concentration), the liposomes are stabilized by the
formation of a protein corona on the surface [97]. In one study, the degree of antigen adsorption is a
contributing factor to the efficacy of subunit vaccines. Only cationic liposomes with antigen adsorbed
to the surface induced a CMI response, possibly due to increased retention of the antigen at the SOI
increasing the exposure to APCs, as compared to neutral liposomes with no antigen adsorption [29].
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Antigens can also be covalently attached to preformed liposomes. This strategy requires the
incorporation of a functionalized lipid anchor into the liposome membrane, followed by attachment of a
functionalized protein or peptide via an activation step ensuring conjugation, e.g., by a maleamide-thiol
reaction or a NTA3-DTDA-His reaction [69,99–101] (Figure 1e). Covalent conjugation of the antigen
to neutral liposomes resulted in increased antibody responses as compared to the unconjugated
antigen mixed with the liposomes [99], while covalent conjugation resulted in significantly higher
CMI responses, but no differences in the antibody response, as compared to encapsulated antigen [69].
Furthermore, TLR5 peptide ligands covalently conjugated to NTA3-DTDA in stealth liposomes showed
enhanced TLR5-mediated cellular uptake in vitro [101].

Post-manufacture surface attachment of proteins and peptides, whether by electrostatic interaction
or covalent binding, requires the proteins or peptides in question to be relatively water soluble.
However, it may be required to incorporate hydrophobic and poorly water soluble proteins
and peptides. The highest encapsulation efficiencies were achieved with the urea method (40%
encapsulated), in which the dried lipid film was rehydrated in a urea and peptide-containing buffer,
followed by sonication and extrusion. Lower encapsulation efficiencies were achieved with the ethanol
destabilization method, where the dried lipid film was rehydrated in an ethanol:water buffer with the
addition of peptide dissolved in dimethyl sulfoxide (DMSO) or by adding the peptide dissolved in
DMSO to the lipids dissolved in an organic solvent (30% and 25% encapsulated, respectively) [86].

By using covalent, post-manufacture attachment of proteins and peptides, more possibilities
are available when designing the liposomes and in the choice of peptide or protein. When using
electrostatic attachment, opposite electric charges are required, which might not be optimal in the
desired formulation.

The loading strategy chosen for a given antigen, or protein- or peptide-based immunostimulator
depends on the function of the protein or peptide and the physicochemical properties of the liposomes,
proteins and peptides. Since these parameters affect the need for, as well as the possibilities of, e.g.,
surface attachment, the loading strategy may have a significant impact on the quality of the formulation
and the obtained immune response.

7. Clinical Experience with Liposome-Based Adjuvants

Intensive development efforts have resulted in a number of different liposome-based adjuvant
candidates as part of marketed or clinically-tested vaccines against several different pathogens during
the past 20 years (Table 1). The clinically-tested liposome-adjuvanted vaccine formulations were
generally well tolerated by the study participants. Prophylactic vaccines against several different
pathogens have been tested, and representative examples of these are presented below. In these studies,
the liposome-adjuvanted vaccine formulations may serve to induce an immune response against a
pathogen-specific antigen or to improve the quality of the immune response already achieved using a
marketed vaccine.
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Table 1. Representative clinical trials using liposome-based adjuvants in vaccines. Representative examples of clinical trials evaluating liposome-based adjuvants in
vaccines in the past 20 years. The targets for the liposome-based adjuvant vaccines are both prophylactic and therapeutic, covering a range of pathogens and diseases.
Epaxal has been approved for human use. NCT: National Clinical Trial number.

Year Published Target Lipids in
Liposomes

Immunomodulators/
Potentiators Antigen Prophylactic/

Therapeutic Phase NCT Refs.

1995 Influenza DMPC:Chol - H1N1 Split virus P I - [102]

1997 Hepatitis A Phospholipids HA, NA Inactivated hepatitis
A virus particles P I - [103]

1999 Streptococcus
mutans DPPC:DCP: Chol - C-GTF P I - [104]

2002 Mite allergy:
D. pteronyssinus DPPC:Chol Tocopheryl acid

succinate (vitamin E) Mite body extract T I - [105]

2003 Influenza DMPC:DMPG IL-2 H1N1 Split virus P I/II - [106,107]

2009 Malaria - MPL, QS21 (AS01) RTS,S P I/II
NCT00307021,
NCT00075049,
NCT00197054

[108–110]

2011 Lung cancer DMPG:DPPC:Chol MPL BLP25 T III NCT01015443 [111]

2012 Neisseria
meningitidis DMPG:DMPC:Chol MPL

Outer membrane
proteins and
deacetylated

lipooligosaccharide

P I - [112]

2012 Breast cancer - MPL, QS21, CpG (AS15) dHER2 protein T I - [113]
2013 HIV DDA TDB (CAF01) Cocktail of peptides T I NCT01141205 [114]

2013 Mycobacterium
tuberculosis - MPL, QS21 (AS01) M72 P I NCT00621322 [115]

2014 Mycobacterium
tuberculosis DDA TDB (CAF01) H1 protein P I NCT00922363 [116]
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Commercial influenza split vaccines were adjuvanted with DMPG:DMPC–liposomes loaded with
IL-2 (this combined vaccine was named INFLUSOME-VAC) and compared to the unadjuvanted
split vaccine in young, healthy adults and elderly, nursing-home residents. In both age
groups, vaccination with INFLUSOME-VAC resulted in increased hemagglutinin (HA) titers as
compared to the unadjuvanted vaccine [106,107]. In contrast, no difference in the serologic
responses were observed in a trial in seropositive elderly, after vaccination with H1N1 split
virus adjuvanted with DMPC:Chol-liposomes as compared to the unadjuvanted vaccine [102].
DPMC:DMPG:Chol:MPL-liposomes were safe in healthy adults with induction of bactericidal
antibodies in an N. meningitides vaccine trial. However, the vaccine strategy was discontinued
with no reason provided [112]. In a phase I trial (NCT00922363), a subunit vaccine against M.
tuberculosis consisting of the H1 antigen adjuvanted with CAF01 was found to be safe and induced
long-lasting T-cell responses, though no antibody responses were observed in healthy adults [116]. The
liposomal adjuvant system AS01, containing MPL and QS21, an NLR inflammasome-inducing, saponin
derivative [117], has been evaluated with the malaria antigen RTS,S (NCT00307021, NCT00075049,
NCT00197054) and the M. tuberculosis antigen M72 (NCT00621322) [108–110,115]. In the malaria
vaccine studies, the safety of RTS,S adjuvanted with AS01 was compared to the antigen adjuvanted
with the emulsion-based adjuvant AS02, which also contains MPL and QS21. In children and healthy
adults, both adjuvants were safe, but AS01 was found to induce slightly higher antibody titers [108–110].
In a study with the M72 antigen in healthy, purified protein derivative (PPD)-positive (BCG vaccinated)
adults, both AS01 and AS02 induced CMI and humoral responses. However, AS01 was recommended
for further studies [115]. The effect of DPPC:DCP:Chol-liposomes upon intranasal immunization for
the induction of a mucosal IgA antibody response was tested in a study against S. mutans. Significantly
higher nasal IgA responses were observed, though no difference was observed in the serum and saliva
responses [104]. Epaxal, a marketed hepatitis A vaccine, consists of antigens surface-attached onto
phosphatidylcholine:phosphatidylethanolamine-fatty acid (PC:PE)-liposomes containing influenza HA
and neuraminidase (NA) (also known as virosomes). The vaccine was administered twice at 12 months
intervals and 100% of the participants seroconverted following the second immunization (n = 117) [103].

Liposomes have also been evaluated as adjuvants in therapeutic vaccine settings. In one trial,
mite allergic asthma patients were vaccinated with extract from dust mite bodies adjuvanted with
DPPC:Chol:tocopheryl acid succinate liposomes. Subjects immunized with both extract and liposomes
were better protected than the control group immunized with only liposomes, in terms of reduced
reaction to allergen challenge [105]. In a study with breast cancer patients, a recombinant dHER2
protein was incorporated into the liposomal adjuvant AS15 containing MPL, QS21 and CpG. The
vaccine was generally well tolerated, but the number of participants (n = 12) was too small for statistical
conclusions on the effect [113]. The vaccine Tecemotide, L-BLP25, was tested in a phase III study
of stage III non-small cell lung cancer (NCT01015443). L-BLP25 consists of a lipopeptide antigen,
BLP25, incorporated into DMPG:DPPC:Chol:MPL-liposomes administered by s.c. immunizations [111].
However, the study was terminated due to no effect on the primary endpoint, overall survival or the
secondary endpoints (progression-free survival, time to progression and time to treatment failure)
in a phase II study [118]. CAF01 was also tested with a cocktail of peptides in a study against
HIV (NCT01141205). Whereas the vaccine was well-tolerated and 6/14 participants presented new
responses to T-cell epitopes in the vaccine, no change in viral load was detected [114].

The referred clinical trials address liposome dispersions of highly different composition
illustrating the versatile potential of liposomes as an adjuvant. However, as can be seen, the majority
of the dispersions are phospholipid-based liposomes with MPL as the immunostimulator. This may be
due to the strict control of substances that are approved for human use, implying that compounds that
have been approved for human use once might be preferred for further development and clinical trials.
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8. Future Perspectives: Challenges in the Further Development of Liposome-Based Adjuvants

In the present review, we have illustrated the versatility of liposomes in terms of incorporation of
antigens and immunostimulators. This allows the design of liposomal adjuvants optimally tailored for
the target, be it prophylactic or therapeutic vaccines against pathogens, cancer or allergens.

In the vaccine setting, the challenge is to deliver the antigen(s) and the immunostimulator(s) to
the correct cells of the immune system. Depending on the desired immune response of the vaccine,
be it a humoral or CMI response, or even a regulatory T-cell response, different types of cells must
be targeted and activated. An example are TLRs, which are differentially expressed by subsets of
APCs, thus shaping the capability of the APCs to induce specific immune responses in response to
stimulation [44,45]. Furthermore, the stability of liposome-adjuvanted vaccines should be addressed
early in the development of the vaccine. Since the vaccines are likely to contain components from
different molecular classes, e.g., the chemical, the colloidal and the physical stability of the different
components should be considered.

The intricacies of the immune system are still being explored, and new subsets of DCs, T cells and
other cells of the immune system are continuously being discovered and described. New opportunities
in the development of subunit vaccines can be explored as novel target-cell populations are being
discovered. The many different target cells can require widely different modes of activation in terms of
immunostimulators and presentation of the different components of the vaccine. The challenge will be
to develop, in a systematic way, robust subunit vaccine formulations with adjuvant systems that contain
all of the required immunostimulators presented correctly to the target cells. The quality-by-design
approach using the rational design of both antigen and adjuvant, while implementing risk assessment
and design of experiments, is in this context a useful tool for optimizing such complex formulation and
manufacturing processes [3,119]. Liposomes are good candidates for developing such multifunctional
adjuvants using these principles, as they can be tailored by the choice of lipid components and by the
preparation method, while several different types of immunostimulators can be incorporated into the
same adjuvant system.
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Abbreviations

The following abbreviations are used in this manuscript:

APC Antigen-presenting cell
Chol Cholesterol
CLR C-type lectin receptor
CMI Cell-mediated immunity
CpG-ODN CpG oligodeoxynucleotide
CTL Cytotoxic T-lymphocyte
DC Dendritic cell
DCP Dicetyl phosphate
DDA Dimethyldioctadecylammonium bromide
DMPA Dimyristoyl phosphatidic acid
DMPC Dimyristoyl phosphatidylcholine
DMPG Dimyristoyl phosphatidylglycerol
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DMPS Dimyristoyl phosphatidylserine
DMSO Dimethyl sulfoxide
DMTAP Dimyristoyl trimethylammonium-propane
DODAC Dioleyldimethylammonium chloride
DODAP Dioleoyl dimethylammonium propanediol
DOPC Dioleolyl phosphatidylcholine
DOPE Dioleoyl phosphoethanolamine
DOPS Dioleolyl phosphatidylserine
DOTAP Dioleoyl trimethylammonium-propane
DPPC Dipalmitoyl phosphatidylcholine
DSPC Distearoyl phosphatidylcholine
DSPE Distearoyl phosphoethanolamine
DSPG Distearoyl phosphatidylglycerol
dsRNA Double-stranded RNA
DT Diphtheria toxoid
EPC Egg-phosphatidylcholine
EPG Egg-phosphatidylglycerol
GLA Glucopyranosyl lipid adjuvant
HA Hemagglutinin
IFN Interferon
i.m. Intramuscular
LPS Lipopolysaccharide
MHC Major histocompatibility complex
MMG Monomycoloyl glycerol
MPL Monophosphoryl lipid-A
NA Neuraminidase
NLR NOD-like receptor
OVA Chicken egg ovalbumin
PA Phosphatidic acid
PAMP Pathogen-associated molecular pattern
PC Phosphatidylcholine
PDI Polydispersity index
pDNA Plasmid DNA
PE Phosphatidylethanolamine
PEG Polyethylene glycol
pI Isoelectric point
Poly(I:C) Polyinosinic:polycytidylic acid
PPD Purified protein derivative
PRR Pattern recognition receptor
RLR RIG-I-like receptor
SA Stearylamine
s.c. Subcutaneous
SOI Site of injection
TDB Trehalose-6,6´-dibehenate
Th T-helper cell
Tfh Follicular T-helper cell
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TLR Toll-like receptor
Tm Main phase transition temperature
Zp Zeta-potential

References

1. Rappuoli, R.; Miller, H.I.; Falkow, S. The intangible value of vaccination. Science 2002, 297, 937–939. [CrossRef]
[PubMed]

2. Rappuoli, R. Bridging the knowledge gaps in vaccine design. Nat. Biotech. 2007, 25, 1361–1366. [CrossRef]
[PubMed]

3. Di Pasquale, A.; Preiss, S.; Tavares Da Silva, F.; Garçon, N. Vaccine adjuvants: From 1920 to 2015 and beyond.
Vaccines 2015, 3, 320–343. [CrossRef] [PubMed]

4. Zepp, F. Principles of vaccine design—lessons from nature. Vaccine 2010, 28 (Suppl. 3), C14–C24. [CrossRef]
[PubMed]

5. Dey, A.K.; Srivastava, I.K. Novel adjuvants and delivery systems for enhancing immune responses induced
by immunogens. Expert Rev. Vaccines 2010, 10, 227–251. [CrossRef] [PubMed]

6. Petrovsky, N.; Aguilar, J.C. Vaccine adjuvants: Current state and future trends. Immunol. Cell Biol. 2004, 82,
488–496. [CrossRef] [PubMed]

7. Perrie, Y.; Mohammed, A.R.; Kirby, D.J.; McNeil, S.E.; Bramwell, V.W. Vaccine adjuvant systems: Enhancing
the efficacy of sub-unit protein antigens. Int. J. Pharm. 2008, 364, 272–280. [CrossRef] [PubMed]

8. Mohan, T.; Verma, P.; Rao, D.N. Novel adjuvants & delivery vehicles for vaccines development: A road
ahead. Indian J. Med. Res. 2013, 138, 779–795. [PubMed]

9. Kamath, A.T.; Mastelic, B.; Christensen, D.; Rochat, A.-F.; Agger, E.M.; Pinschewer, D.D.; Andersen, P.;
Lambert, P.-H.; Siegrist, C.-A. Synchronization of dendritic cell activation and antigen exposure is required
for the induction of th1/th17 responses. J. Immunol. 2012, 188, 4828–4837. [CrossRef] [PubMed]

10. de Titta, A.; Ballester, M.; Julier, Z.; Nembrini, C.; Jeanbart, L.; van der Vlies, A.J.; Swartz, M.A.; Hubbell, J.A.
Nanoparticle conjugation of cpg enhances adjuvancy for cellular immunity and memory recall at low dose.
Proc. Natl. Acad. Sci. USA 2013, 110, 19902–19907. [CrossRef] [PubMed]

11. Tighe, H.; Takabayashi, K.; Schwartz, D.; Marsden, R.; Beck, L.; Corbeil, J.; Richman, D.D.; Eiden, J.J., Jr.;
Spiegelberg, H.L.; Raz, E. Conjugation of protein to immunostimulatory DNA results in a rapid, long-lasting
and potent induction of cell-mediated and humoral immunity. Eur. J. Immunol. 2000, 30, 1939–1947.
[CrossRef]

12. Nordly, P.; Madsen, H.B.; Nielsen, H.M.; Foged, C. Status and future prospects of lipid-based particulate
delivery systems as vaccine adjuvants and their combination with immunostimulators. Expert Opin.
Drug Deliv. 2009, 6, 657–672. [CrossRef] [PubMed]

13. Bangham, A.D. Lipid bilayers and biomembranes. Annu. Rev. Biochem. 1972, 41, 753–776. [CrossRef]
[PubMed]

14. Lasic, D.D. Novel applications of liposomes. Trends Biotechnol. 1998, 16, 307–321. [CrossRef]
15. Allison, A.C.; Gregoriadis, G. Liposomes as immunological adjuvants. Nature 1974, 252, 252–252. [CrossRef]

[PubMed]
16. Perrie, Y.; Crofts, F.; Devitt, A.; Griffiths, H.R.; Kastner, E.; Nadella, V. Designing liposomal adjuvants for the

next generation of vaccines. Adv. Drug Deliv. Rev. 2015. [CrossRef] [PubMed]
17. Schwendener, R.A. Liposomes as vaccine delivery systems: A review of the recent advances. Ther. Adv.

Vaccines 2014, 2, 159–182. [CrossRef] [PubMed]
18. Badiee, A.; Khamesipour, A.; Samiei, A.; Soroush, D.; Shargh, V.H.; Kheiri, M.T.; Barkhordari, F.;

Robert Mc Master, W.; Mahboudi, F.; Jaafari, M.R. The role of liposome size on the type of immune response
induced in balb/c mice against leishmaniasis: Rgp63 as a model antigen. Exp. Parasitol. 2012, 132, 403–409.
[CrossRef] [PubMed]

19. Henriksen-Lacey, M.; Devitt, A.; Perrie, Y. The vesicle size of dda:Tdb liposomal adjuvants plays a role in the
cell-mediated immune response but has no significant effect on antibody production. J. Control. Release 2011,
154, 131–137. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1075173
http://www.ncbi.nlm.nih.gov/pubmed/12169712
http://dx.doi.org/10.1038/nbt1207-1361
http://www.ncbi.nlm.nih.gov/pubmed/18066025
http://dx.doi.org/10.3390/vaccines3020320
http://www.ncbi.nlm.nih.gov/pubmed/26343190
http://dx.doi.org/10.1016/j.vaccine.2010.07.020
http://www.ncbi.nlm.nih.gov/pubmed/20713252
http://dx.doi.org/10.1586/erv.10.142
http://www.ncbi.nlm.nih.gov/pubmed/21105782
http://dx.doi.org/10.1111/j.0818-9641.2004.01272.x
http://www.ncbi.nlm.nih.gov/pubmed/15479434
http://dx.doi.org/10.1016/j.ijpharm.2008.04.036
http://www.ncbi.nlm.nih.gov/pubmed/18555624
http://www.ncbi.nlm.nih.gov/pubmed/24434331
http://dx.doi.org/10.4049/jimmunol.1103183
http://www.ncbi.nlm.nih.gov/pubmed/22504654
http://dx.doi.org/10.1073/pnas.1313152110
http://www.ncbi.nlm.nih.gov/pubmed/24248387
http://dx.doi.org/10.1002/1521-4141(200007)30:7&lt;1939::AID-IMMU1939&gt;3.0.CO;2-
http://dx.doi.org/10.1517/17425240903018863
http://www.ncbi.nlm.nih.gov/pubmed/19538037
http://dx.doi.org/10.1146/annurev.bi.41.070172.003541
http://www.ncbi.nlm.nih.gov/pubmed/4563442
http://dx.doi.org/10.1016/S0167-7799(98)01220-7
http://dx.doi.org/10.1038/252252a0
http://www.ncbi.nlm.nih.gov/pubmed/4424229
http://dx.doi.org/10.1016/j.addr.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26576719
http://dx.doi.org/10.1177/2051013614541440
http://www.ncbi.nlm.nih.gov/pubmed/25364509
http://dx.doi.org/10.1016/j.exppara.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/22982807
http://dx.doi.org/10.1016/j.jconrel.2011.05.019
http://www.ncbi.nlm.nih.gov/pubmed/21640145


Pharmaceutics 2016, 8, 7 17 of 22

20. Nakanishi, T.; Kunisawa, J.; Hayashi, A.; Tsutsumi, Y.; Kubo, K.; Nakagawa, S.; Fujiwara, H.; Hamaoka, T.;
Mayumi, T. Positively charged liposome functions as an efficient immunoadjuvant in inducing immune
responses to soluble proteins. Biochem. Biophys. Res. Commun. 1997, 240, 793–797. [CrossRef] [PubMed]

21. Miller, C.R.; Bondurant, B.; McLean, S.D.; McGovern, K.A.; O'Brien, D.F. Liposome´cell interactions in vitro:
Effect of liposome surface charge on the binding and endocytosis of conventional and sterically stabilized
liposomes. Biochemistry 1998, 37, 12875–12883. [CrossRef] [PubMed]

22. Foged, C.; Arigita, C.; Sundblad, A.; Jiskoot, W.; Storm, G.; Frokjaer, S. Interaction of dendritic cells with
antigen-containing liposomes: Effect of bilayer composition. Vaccine 2004, 22, 1903–1913. [CrossRef]
[PubMed]

23. Mazumdar, T.; Anam, K.; Ali, N. Influence of phospholipid composition on the adjuvanticity and protective
efficacy of liposome-encapsulated leishmania donovani antigens. J. Parasitol. 2005, 91, 269–274. [CrossRef]
[PubMed]

24. Badiee, A.; Jaafari, M.R.; Khamesipour, A.; Samiei, A.; Soroush, D.; Kheiri, M.T.; Barkhordari, F.;
McMaster, W.R.; Mahboudi, F. Enhancement of immune response and protection in balb/c mice immunized
with liposomal recombinant major surface glycoprotein of leishmania (rgp63): The role of bilayer
composition. Colloids Surf. B 2009, 74, 37–44. [CrossRef] [PubMed]

25. Brunner, R.; Jensen-Jarolim, E.; Pali-Schöll, I. The abc of clinical and experimental adjuvants—A brief
overview. Immunol. Lett. 2010, 128, 29–35. [CrossRef] [PubMed]

26. Brewer, J.M.; Tetley, L.; Richmond, J.; Liew, F.Y.; Alexander, J. Lipid vesicle size determines the th1 or th2
response to entrapped antigen. J. Immunol. 1998, 161, 4000–4007. [PubMed]

27. Oussoren, C.; Zuidema, J.; Crommelin, D.J.A.; Storm, G. Lymphatic uptake and biodistribution of
liposomes after subcutaneous injection: Ii. Influence of liposomal size, lipid composition and lipid dose.
Biochim. Biophys. Acta 1997, 1328, 261–272. [CrossRef]

28. Carstens, M.G.; Camps, M.G.M.; Henriksen-Lacey, M.; Franken, K.; Ottenhoff, T.H.M.; Perrie, Y.;
Bouwstra, J.A.; Ossendorp, F.; Jiskoot, W. Effect of vesicle size on tissue localization and immunogenicity of
liposomal DNA vaccines. Vaccine 2011, 29, 4761–4770. [CrossRef] [PubMed]

29. Henriksen-Lacey, M.; Christensen, D.; Bramwell, V.W.; Lindenstrøm, T.; Agger, E.M.; Andersen, P.; Perrie, Y.
Liposomal cationic charge and antigen adsorption are important properties for the efficient deposition of
antigen at the injection site and ability of the vaccine to induce a cmi response. J. Control. Release 2010, 145,
102–108. [CrossRef] [PubMed]

30. Kraaijeveld, C.A.; Schilham, M.; Jansen, J.; Benaissa-Trouw, B.; Harmsen, M.; van Houte, A.J.; Snippe, H. The
effect of liposomal charge on the neutralizing antibody response against inactivated encephalomyocarditis
and semliki forest viruses. Clin. Exp. Immunol. 1984, 56, 509–514. [PubMed]

31. Aggarwal, P.; Hall, J.B.; McLeland, C.B.; Dobrovolskaia, M.A.; McNeil, S.E. Nanoparticle interaction with
plasma proteins as it relates to particle biodistribution, biocompatibility and therapeutic efficacy. Adv. Drug
Deliv. Rev. 2009, 61, 428–437. [CrossRef] [PubMed]

32. Nel, A.E.; Madler, L.; Velegol, D.; Xia, T.; Hoek, E.M.V.; Somasundaran, P.; Klaessig, F.; Castranova, V.;
Thompson, M. Understanding biophysicochemical interactions at the nano-bio interface. Nat. Mater. 2009, 8,
543–557. [CrossRef] [PubMed]

33. Owens III, D.E.; Peppas, N.A. Opsonization, biodistribution, and pharmacokinetics of polymeric
nanoparticles. Int. J. Pharm. 2006, 307, 93–102. [CrossRef] [PubMed]

34. Korsholm, K.S.; Petersen, R.V.; Agger, E.M.; Andersen, P. T-helper 1 and t-helper 2 adjuvants induce distinct
differences in the magnitude, quality and kinetics of the early inflammatory response at the site of injection.
Immunology 2010, 129, 75–86. [CrossRef] [PubMed]

35. Badiee, A.; Jaafari, M.R.; Khamesipour, A.; Samiei, A.; Soroush, D.; Kheiri, M.T.; Barkhordari, F.;
McMaster, W.R.; Mahboudi, F. The role of liposome charge on immune response generated in balb/c
mice immunized with recombinant major surface glycoprotein of leishmania (rgp63). Exp. Parasitol. 2009,
121, 362–369. [CrossRef] [PubMed]

36. Romberg, B.; Hennink, W.; Storm, G. Sheddable coatings for long-circulating nanoparticles. Pharm. Res. 2008,
25, 55–71. [CrossRef] [PubMed]

37. Li, Y.; Wang, J.; Gao, Y.; Zhu, J.; Wientjes, M.; Au, J. Relationships between liposome properties, cell
membrane binding, intracellular processing, and intracellular bioavailability. AAPS J. 2011, 13, 585–597.
[CrossRef] [PubMed]

http://dx.doi.org/10.1006/bbrc.1997.7749
http://www.ncbi.nlm.nih.gov/pubmed/9398647
http://dx.doi.org/10.1021/bi980096y
http://www.ncbi.nlm.nih.gov/pubmed/9737866
http://dx.doi.org/10.1016/j.vaccine.2003.11.008
http://www.ncbi.nlm.nih.gov/pubmed/15121302
http://dx.doi.org/10.1645/GE-356R1
http://www.ncbi.nlm.nih.gov/pubmed/15986599
http://dx.doi.org/10.1016/j.colsurfb.2009.06.025
http://www.ncbi.nlm.nih.gov/pubmed/19615870
http://dx.doi.org/10.1016/j.imlet.2009.10.005
http://www.ncbi.nlm.nih.gov/pubmed/19895847
http://www.ncbi.nlm.nih.gov/pubmed/9780169
http://dx.doi.org/10.1016/S0005-2736(97)00122-3
http://dx.doi.org/10.1016/j.vaccine.2011.04.081
http://www.ncbi.nlm.nih.gov/pubmed/21565240
http://dx.doi.org/10.1016/j.jconrel.2010.03.027
http://www.ncbi.nlm.nih.gov/pubmed/20381556
http://www.ncbi.nlm.nih.gov/pubmed/6086188
http://dx.doi.org/10.1016/j.addr.2009.03.009
http://www.ncbi.nlm.nih.gov/pubmed/19376175
http://dx.doi.org/10.1038/nmat2442
http://www.ncbi.nlm.nih.gov/pubmed/19525947
http://dx.doi.org/10.1016/j.ijpharm.2005.10.010
http://www.ncbi.nlm.nih.gov/pubmed/16303268
http://dx.doi.org/10.1111/j.1365-2567.2009.03164.x
http://www.ncbi.nlm.nih.gov/pubmed/19824919
http://dx.doi.org/10.1016/j.exppara.2008.12.015
http://www.ncbi.nlm.nih.gov/pubmed/19211022
http://dx.doi.org/10.1007/s11095-007-9348-7
http://www.ncbi.nlm.nih.gov/pubmed/17551809
http://dx.doi.org/10.1208/s12248-011-9298-1
http://www.ncbi.nlm.nih.gov/pubmed/21904966


Pharmaceutics 2016, 8, 7 18 of 22

38. Song, L.Y.; Ahkong, Q.F.; Rong, Q.; Wang, Z.; Ansell, S.; Hope, M.J.; Mui, B. Characterization of the inhibitory
effect of peg-lipid conjugates on the intracellular delivery of plasmid and antisense DNA mediated by
cationic lipid liposomes. Biochim. Biophys. Acta 2002, 1558, 1–13. [CrossRef]

39. Kaur, R.; Bramwell, V.W.; Kirby, D.J.; Perrie, Y. Manipulation of the surface pegylation in combination with
reduced vesicle size of cationic liposomal adjuvants modifies their clearance kinetics from the injection site,
and the rate and type of t cell response. J. Control. Release 2012. [CrossRef] [PubMed]

40. Kaur, R.; Bramwell, V.W.; Kirby, D.J.; Perrie, Y. Pegylation of dda:Tdb liposomal adjuvants reduces the
vaccine depot effect and alters the th1/th2 immune responses. J. Control. Release 2012, 158, 72–77. [CrossRef]
[PubMed]

41. Tanaka, Y.; Taneichi, M.; Kasai, M.; Kakiuchi, T.; Uchida, T. Liposome-coupled antigens are internalized
by antigen-presenting cells via pinocytosis and cross-presented to cd8+ t cells. PLoS ONE 2010, 5, e15225.
[CrossRef] [PubMed]

42. Christensen, D.; Henriksen-Lacey, M.; Kamath, A.T.; Lindenstrøm, T.; Korsholm, K.S.; Christensen, J.P.;
Rochat, A.-F.; Lambert, P.-H.; Andersen, P.; Siegrist, C.-A.; et al. A cationic vaccine adjuvant based on a
saturated quaternary ammonium lipid have different in vivo distribution kinetics and display a distinct cd4
t cell-inducing capacity compared to its unsaturated analog. J. Control. Release 2012, 160, 468–476. [CrossRef]
[PubMed]

43. Maisonneuve, C.; Bertholet, S.; Philpott, D.J.; De Gregorio, E. Unleashing the potential of nod- and toll-like
agonists as vaccine adjuvants. Proc. Natl. Acad. Sci. USA 2014, 111, 12294–12299. [CrossRef] [PubMed]

44. Kaisho, T.; Akira, S. Toll-like receptor function and signaling. J. Allergy Clin. Immunol. 2006, 117, 979–987.
[CrossRef] [PubMed]

45. Newton, K.; Dixit, V.M. Signaling in innate immunity and inflammation. Cold Spring Harb. Perspect. Biol.
2012. [CrossRef] [PubMed]

46. Geijtenbeek, T.B.H.; Gringhuis, S.I. Signalling through c-type lectin receptors: Shaping immune responses.
Nat. Rev. Immunol. 2009, 9, 465–479. [CrossRef] [PubMed]

47. Agrawal, S.; Agrawal, A.; Doughty, B.; Gerwitz, A.; Blenis, J.; Van Dyke, T.; Pulendran, B. Cutting edge:
Different toll-like receptor agonists instruct dendritic cells to induce distinct th responses via differential
modulation of extracellular signal-regulated kinase-mitogen-activated protein kinase and c-fos. J. Immunol.
2003, 171, 4984–4989. [CrossRef] [PubMed]

48. Medzhitov, R. Toll-like receptors and innate immunity. Nat. Rev. Immunol. 2001, 1, 135–145. [CrossRef]
[PubMed]

49. Jin, B.; Sun, T.; Yu, X.-H.; Liu, C.-Q.; Yang, Y.-X.; Lu, P.; Fu, S.-F.; Qiu, H.-B.; Yeo, A.E.T. Immunomodulatory
effects of dsrna and its potential as vaccine adjuvant. J. Biomed. Biotechnol. 2010, 2010, 690438. [CrossRef]
[PubMed]

50. Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783–801.
[CrossRef] [PubMed]

51. Bangham, A.D.; Standish, M.M.; Watkins, J.C. Diffusion of univalent ions across the lamellae of swollen
phospholipids. J. Mol. Biol. 1965, 13, 238–IN227. [CrossRef]

52. Richards, R.L.; Rao, M.; Wassef, N.M.; Glenn, G.M.; Rothwell, S.W.; Alving, C.R. Liposomes containing lipid
a serve as an adjuvant for induction of antibody and cytotoxic t-cell responses against rts,s malaria antigen.
Infect. Immun. 1998, 66, 2859–2865. [PubMed]

53. Nordly, P.; Agger, E.; Andersen, P.; Nielsen, H.; Foged, C. Incorporation of the tlr4 agonist monophosphoryl
lipid a into the bilayer of dda/tdb liposomes: Physico-chemical characterization and induction of cd8+ t-cell
responses in vivo. Pharm. Res. 2011, 28, 553–562. [CrossRef] [PubMed]

54. Alving, C.R. Lipopolysaccharide, lipid a, and liposomes containing lipid a as immunologic adjuvants.
Immunobiology 1993, 187, 430–446. [CrossRef]

55. Davidsen, J.; Rosenkrands, I.; Christensen, D.; Vangala, A.; Kirby, D.; Perrie, Y.; Agger, E.M.; Andersen, P.
Characterization of cationic liposomes based on dimethyldioctadecylammonium and synthetic cord factor
from m. Tuberculosis (trehalose 6,61-dibehenate)—A novel adjuvant inducing both strong cmi and antibody
responses. Biochim. Biophys. Acta 2005, 1718, 22–31. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0005-2736(01)00399-6
http://dx.doi.org/10.1016/j.jconrel.2012.07.012
http://www.ncbi.nlm.nih.gov/pubmed/22800572
http://dx.doi.org/10.1016/j.jconrel.2011.10.012
http://www.ncbi.nlm.nih.gov/pubmed/22032883
http://dx.doi.org/10.1371/journal.pone.0015225
http://www.ncbi.nlm.nih.gov/pubmed/21179411
http://dx.doi.org/10.1016/j.jconrel.2012.03.016
http://www.ncbi.nlm.nih.gov/pubmed/22709414
http://dx.doi.org/10.1073/pnas.1400478111
http://www.ncbi.nlm.nih.gov/pubmed/25136133
http://dx.doi.org/10.1016/j.jaci.2006.02.023
http://www.ncbi.nlm.nih.gov/pubmed/16675322
http://dx.doi.org/10.1101/cshperspect.a006049
http://www.ncbi.nlm.nih.gov/pubmed/22296764
http://dx.doi.org/10.1038/nri2569
http://www.ncbi.nlm.nih.gov/pubmed/19521399
http://dx.doi.org/10.4049/jimmunol.171.10.4984
http://www.ncbi.nlm.nih.gov/pubmed/14607893
http://dx.doi.org/10.1038/35100529
http://www.ncbi.nlm.nih.gov/pubmed/11905821
http://dx.doi.org/10.1155/2010/690438
http://www.ncbi.nlm.nih.gov/pubmed/20671921
http://dx.doi.org/10.1016/j.cell.2006.02.015
http://www.ncbi.nlm.nih.gov/pubmed/16497588
http://dx.doi.org/10.1016/S0022-2836(65)80093-6
http://www.ncbi.nlm.nih.gov/pubmed/9596760
http://dx.doi.org/10.1007/s11095-010-0301-9
http://www.ncbi.nlm.nih.gov/pubmed/21042837
http://dx.doi.org/10.1016/S0171-2985(11)80355-4
http://dx.doi.org/10.1016/j.bbamem.2005.10.011
http://www.ncbi.nlm.nih.gov/pubmed/16321607


Pharmaceutics 2016, 8, 7 19 of 22

56. Agger, E.M.; Rosenkrands, I.; Hansen, J.; Brahimi, K.; Vandahl, B.S.; Aagaard, C.; Werninghaus, K.;
Kirschning, C.; Lang, R.; Christensen, D.; et al. Cationic liposomes formulated with synthetic mycobacterial
cordfactor (caf01): A versatile adjuvant for vaccines with different immunological requirements. PLoS ONE
2008, 3, e3116. [CrossRef] [PubMed]

57. Andersen, C.A.S.; Rosenkrands, I.; Olsen, A.W.; Nordly, P.; Christensen, D.; Lang, R.; Kirschning, C.;
Gomes, J.M.; Bhowruth, V.; Minnikin, D.E.; et al. Novel generation mycobacterial adjuvant based
on liposome-encapsulated monomycoloyl glycerol from mycobacterium bovis bacillus calmette-guérin.
J. Immunol. 2009, 183, 2294–2302. [CrossRef] [PubMed]

58. Andersen, C.S.; Agger, E.M.; Rosenkrands, I.; Gomes, J.M.; Bhowruth, V.; Gibson, K.J.C.; Petersen, R.V.;
Minnikin, D.E.; Besra, G.S.; Andersen, P. A simple mycobacterial monomycolated glycerol lipid has potent
immunostimulatory activity. J. Immunol. 2009, 182, 424–432. [CrossRef] [PubMed]

59. Nordly, P.; Korsholm, K.S.; Pedersen, E.A.; Khilji, T.S.; Franzyk, H.; Jorgensen, L.; Nielsen, H.M.;
Agger, E.M.; Foged, C. Incorporation of a synthetic mycobacterial monomycoloyl glycerol analogue stabilizes
dimethyldioctadecylammonium liposomes and potentiates their adjuvant effect in vivo. Eur. J. Pharm.
Biopharm. 2011, 77, 89–98. [CrossRef] [PubMed]

60. Rosenkrands, I.; Vingsbo-Lundberg, C.; Bundgaard, T.J.; Lindenstrøm, T.; Enouf, V.; van der Werf, S.;
Andersen, P.; Agger, E.M. Enhanced humoral and cell-mediated immune responses after immunization
with trivalent influenza vaccine adjuvanted with cationic liposomes. Vaccine 2011, 29, 6283–6291. [CrossRef]
[PubMed]

61. Copland, M.J.; Baird, M.A.; Rades, T.; McKenzie, J.L.; Becker, B.; Reck, F.; Tyler, P.C.; Davies, N.M. Liposomal
delivery of antigen to human dendritic cells. Vaccine 2003, 21, 883–890. [CrossRef]

62. East, L.; Isacke, C.M. The mannose receptor family. Biochim. Biophys. Acta 2002, 1572, 364–386. [CrossRef]
63. Heurtault, B.; Gentine, P.; Thomann, J.-S.; Baehr, C.; Frisch, B.; Pons, F. Design of a liposomal candidate

vaccine against pseudomonas aeruginosa and its evaluation in triggering systemic and lung mucosal
immunity. Pharm. Res. 2009, 26, 276–285. [CrossRef] [PubMed]

64. Hanson, M.C.; Abraham, W.; Crespo, M.P.; Chen, S.H.; Liu, H.; Szeto, G.L.; Kim, M.; Reinherz, E.L.;
Irvine, D.J. Liposomal vaccines incorporating molecular adjuvants and intrastructural t-cell help promote the
immunogenicity of hiv membrane-proximal external region peptides. Vaccine 2015, 33, 861–868. [CrossRef]
[PubMed]

65. Chen, W.; Huang, L. Induction of cytotoxic t-lymphocytes and antitumor activity by a liposomal lipopeptide
vaccine. Mol. Pharm. 2008, 5, 464–471. [CrossRef] [PubMed]

66. Guan, H.H.; Budzynski, W.; Koganty, R.R.; Krantz, M.J.; Reddish, M.A.; Rogers, J.A.; Longenecker, B.M.;
Samuel, J. Liposomal formulations of synthetic muc1 peptides: Effects of encapsulation versus surface
display of peptides on immune responses. Bioconjug. Chem. 1998, 9, 451–458. [CrossRef] [PubMed]

67. Yuseff, M.-I.; Pierobon, P.; Reversat, A.; Lennon-Dumenil, A.-M. How b cells capture, process and present
antigens: A crucial role for cell polarity. Nat. Rev. Immunol. 2013, 13, 475–486. [CrossRef] [PubMed]

68. Batista, F.D.; Harwood, N.E. The who, how and where of antigen presentation to b cells. Nat. Rev. Immunol.
2009, 9, 15–27. [CrossRef] [PubMed]

69. Shahum, E.; Thérien, H.-M. Liposomal adjuvanticity: Effect of encapsulation and surface-linkage on antibody
production and proliferative response. Int. J. Immunopharmacol. 1995, 17, 9–20. [CrossRef]

70. Watson, D.S.; Huang, Z.; Szoka, F.C. All-trans retinoic acid potentiates the antibody response in mice to a
lipopeptide antigen adjuvanted with liposomal lipid a. Immunol. Cell Biol. 2009, 87, 630–633. [CrossRef]
[PubMed]

71. Fox, C.B.; Sivananthan, S.J.; Duthie, M.S.; Vergara, J.; Guderian, J.A.; Moon, E.; Coblentz, D.; Reed, S.G.;
Carter, D. A nanoliposome delivery system to synergistically trigger tlr4 and tlr7. J. Nanobiotechnol. 2014, 12,
17. [CrossRef] [PubMed]

72. Jelinek, I.; Leonard, J.N.; Price, G.E.; Brown, K.N.; Meyer-Manlapat, A.; Goldsmith, P.K.; Wang, Y.; Venzon, D.;
Epstein, S.L.; Segal, D.M. Tlr3-specific double-stranded rna oligonucleotide adjuvants induce dendritic cell
cross-presentation, ctl responses, and antiviral protection. J. Immunol. 2011, 186, 2422–2429. [CrossRef]
[PubMed]

73. Hafner, A.M.; Corthésy, B.; Merkle, H.P. Particulate formulations for the delivery of poly(i:C) as vaccine
adjuvant. Adv. Drug Deliv. Rev. 2013, 65, 1386–1399. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0003116
http://www.ncbi.nlm.nih.gov/pubmed/18776936
http://dx.doi.org/10.4049/jimmunol.0804091
http://www.ncbi.nlm.nih.gov/pubmed/19620310
http://dx.doi.org/10.4049/jimmunol.182.1.424
http://www.ncbi.nlm.nih.gov/pubmed/19109174
http://dx.doi.org/10.1016/j.ejpb.2010.10.001
http://www.ncbi.nlm.nih.gov/pubmed/20940050
http://dx.doi.org/10.1016/j.vaccine.2011.06.040
http://www.ncbi.nlm.nih.gov/pubmed/21722683
http://dx.doi.org/10.1016/S0264-410X(02)00536-4
http://dx.doi.org/10.1016/S0304-4165(02)00319-7
http://dx.doi.org/10.1007/s11095-008-9724-y
http://www.ncbi.nlm.nih.gov/pubmed/18781377
http://dx.doi.org/10.1016/j.vaccine.2014.12.045
http://www.ncbi.nlm.nih.gov/pubmed/25559188
http://dx.doi.org/10.1021/mp700126c
http://www.ncbi.nlm.nih.gov/pubmed/18266319
http://dx.doi.org/10.1021/bc970183n
http://www.ncbi.nlm.nih.gov/pubmed/9667946
http://dx.doi.org/10.1038/nri3469
http://www.ncbi.nlm.nih.gov/pubmed/23797063
http://dx.doi.org/10.1038/nri2454
http://www.ncbi.nlm.nih.gov/pubmed/19079135
http://dx.doi.org/10.1016/0192-0561(94)00082-Y
http://dx.doi.org/10.1038/icb.2009.48
http://www.ncbi.nlm.nih.gov/pubmed/19597529
http://dx.doi.org/10.1186/1477-3155-12-17
http://www.ncbi.nlm.nih.gov/pubmed/24766820
http://dx.doi.org/10.4049/jimmunol.1002845
http://www.ncbi.nlm.nih.gov/pubmed/21242525
http://dx.doi.org/10.1016/j.addr.2013.05.013
http://www.ncbi.nlm.nih.gov/pubmed/23751781


Pharmaceutics 2016, 8, 7 20 of 22

74. Klinman, D.M. Use of cpg oligodeoxynucleotides as immunoprotective agents. Expert Opin. Biol. Ther. 2004,
4, 937–946. [CrossRef] [PubMed]

75. Bode, C.; Zhao, G.; Steinhagen, F.; Kinjo, T.; Klinman, D.M. Cpg DNA as a vaccine adjuvant. Expert Rev.
Vaccines 2011, 10, 499–511. [CrossRef] [PubMed]

76. Gursel, I.; Gursel, M.; Ishii, K.J.; Klinman, D.M. Sterically stabilized cationic liposomes improve the uptake
and immunostimulatory activity of cpg oligonucleotides. J. Immunol. 2001, 167, 3324–3328. [CrossRef]
[PubMed]

77. Ludewig, B.; Barchiesi, F.; Pericin, M.; Zinkernagel, R.M.; Hengartner, H.; Schwendener, R.A. In vivo antigen
loading and activation of dendritic cells via a liposomal peptide vaccine mediates protective antiviral and
anti-tumour immunity. Vaccine 2000, 19, 23–32. [CrossRef]

78. Andrews, C.D.; Huh, M.-S.; Patton, K.; Higgins, D.; Van Nest, G.; Ott, G.; Lee, K.-D. Encapsulating
immunostimulatory cpg oligonucleotides in listeriolysin o-liposomes promotes a th1-type response and ctl
activity. Mol. Pharm. 2012, 9, 1118–1125. [CrossRef] [PubMed]

79. Perrie, Y.; Gregoriadis, G. Liposome-entrapped plasmid DNA: Characterisation studies. Biochim. Biophys.
Acta 2000, 1475, 125–132. [CrossRef]

80. Nordly, P.; Rose, F.; Christensen, D.; Nielsen, H.M.; Andersen, P.; Agger, E.M.; Foged, C. Immunity by
formulation design: Induction of high cd8+ t-cell responses by poly(i:C) incorporated into the caf01 adjuvant
via a double emulsion method. J. Control. Release 2011, 150, 307–317. [CrossRef] [PubMed]

81. Shargh, V.H.; Jaafari, M.R.; Khamesipour, A.; Jaafari, I.; Jalali, S.A.; Abbasi, A.; Badiee, A. Liposomal sla
co-incorporated with po cpg odns or ps cpg odns induce the same protection against the murine model of
leishmaniasis. Vaccine 2012, 30, 3957–3964. [CrossRef] [PubMed]

82. Barnier-Quer, C.; Elsharkawy, A.; Romeijn, S.; Kros, A.; Jiskoot, W. Adjuvant effect of cationic liposomes
for subunit influenza vaccine: Influence of antigen loading method, cholesterol and immune modulators.
Pharmaceutics 2013, 5, 392–410. [CrossRef] [PubMed]

83. Hansen, J.; Lindenstrøm, T.; Lindberg-Levin, J.; Aagaard, C.; Andersen, P.; Agger, E. Caf05: Cationic
liposomes that incorporate synthetic cord factor and poly(i:C) induce ctl immunity and reduce tumor burden
in mice. Cancer Immunol. Immunother. 2011, 1–11. [CrossRef] [PubMed]

84. Korsholm, K.S.; Hansen, J.; Karlsen, K.; Filskov, J.; Mikkelsen, M.; Lindenstrøm, T.; Schmidt, S.T.; Andersen, P.;
Christensen, D. Induction of cd8+ t-cell responses against subunit antigens by the novel cationic liposomal
caf09 adjuvant. Vaccine 2014, 32, 3927–3935. [CrossRef] [PubMed]

85. Zaks, K.; Jordan, M.; Guth, A.; Sellins, K.; Kedl, R.; Izzo, A.; Bosio, C.; Dow, S. Efficient immunization
and cross-priming by vaccine adjuvants containing tlr3 or tlr9 agonists complexed to cationic liposomes.
J. Immunol. 2006, 176, 7335–7345. [CrossRef] [PubMed]

86. Mansourian, M.; Badiee, A.; Jalali, S.A.; Shariat, S.; Yazdani, M.; Amin, M.; Jaafari, M.R. Effective induction
of anti-tumor immunity using p5 her-2/neu derived peptide encapsulated in fusogenic dotap cationic
liposomes co-administrated with cpg-odn. Immunol. Lett. 2014, 162, 87–93. [CrossRef] [PubMed]

87. Varypataki, E.M.; van der Maaden, K.; Bouwstra, J.; Ossendorp, F.; Jiskoot, W. Cationic liposomes loaded
with a synthetic long peptide and poly(i:C): A defined adjuvanted vaccine for induction of antigen-specific t
cell cytotoxicity. AAPS J. 2015, 17, 216–226. [CrossRef] [PubMed]

88. Neeland, M.R.; Elhay, M.J.; Meeusen, E.N.T.; de Veer, M.J. Vaccination with liposomal poly(i:C) induces
discordant maturation of migratory dendritic cell subsets and anti-viral gene signatures in afferent lymph
cells. Vaccine 2014, 32, 6183–6192. [CrossRef] [PubMed]

89. Hemmi, H.; Kaisho, T.; Takeuchi, O.; Sato, S.; Sanjo, H.; Hoshino, K.; Horiuchi, T.; Tomizawa, H.; Takeda, K.;
Akira, S. Small anti-viral compounds activate immune cells via the tlr7 myd88-dependent signaling pathway.
Nat. Immunol. 2002, 3, 196–200. [CrossRef] [PubMed]

90. Grunwald, T.; Ulbert, S. Improvement of DNA vaccination by adjuvants and sophisticated delivery devices:
Vaccine-platforms for the battle against infectious diseases. Clin. Exp. Vaccine Res. 2015, 4, 1–10. [CrossRef]
[PubMed]

91. Gregoriadis, G.; Saffie, R.; de Souza, J.B. Liposome-mediated DNA vaccination. FEBS Lett. 1997, 402, 107–110.
[CrossRef]

92. Perrie, Y.; Frederik, P.M.; Gregoriadis, G. Liposome-mediated DNA vaccination: The effect of vesicle
composition. Vaccine 2001, 19, 3301–3310. [CrossRef]

http://dx.doi.org/10.1517/14712598.4.6.937
http://www.ncbi.nlm.nih.gov/pubmed/15174975
http://dx.doi.org/10.1586/erv.10.174
http://www.ncbi.nlm.nih.gov/pubmed/21506647
http://dx.doi.org/10.4049/jimmunol.167.6.3324
http://www.ncbi.nlm.nih.gov/pubmed/11544321
http://dx.doi.org/10.1016/S0264-410X(00)00163-8
http://dx.doi.org/10.1021/mp2003835
http://www.ncbi.nlm.nih.gov/pubmed/22376145
http://dx.doi.org/10.1016/S0304-4165(00)00055-6
http://dx.doi.org/10.1016/j.jconrel.2010.11.021
http://www.ncbi.nlm.nih.gov/pubmed/21111765
http://dx.doi.org/10.1016/j.vaccine.2012.03.040
http://www.ncbi.nlm.nih.gov/pubmed/22465747
http://dx.doi.org/10.3390/pharmaceutics5030392
http://www.ncbi.nlm.nih.gov/pubmed/24300513
http://dx.doi.org/10.1007/s00262-011-1156-6
http://www.ncbi.nlm.nih.gov/pubmed/22095092
http://dx.doi.org/10.1016/j.vaccine.2014.05.050
http://www.ncbi.nlm.nih.gov/pubmed/24877765
http://dx.doi.org/10.4049/jimmunol.176.12.7335
http://www.ncbi.nlm.nih.gov/pubmed/16751377
http://dx.doi.org/10.1016/j.imlet.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25086399
http://dx.doi.org/10.1208/s12248-014-9686-4
http://www.ncbi.nlm.nih.gov/pubmed/25387996
http://dx.doi.org/10.1016/j.vaccine.2014.09.036
http://www.ncbi.nlm.nih.gov/pubmed/25280435
http://dx.doi.org/10.1038/ni758
http://www.ncbi.nlm.nih.gov/pubmed/11812998
http://dx.doi.org/10.7774/cevr.2015.4.1.1
http://www.ncbi.nlm.nih.gov/pubmed/25648133
http://dx.doi.org/10.1016/S0014-5793(96)01507-4
http://dx.doi.org/10.1016/S0264-410X(00)00432-1


Pharmaceutics 2016, 8, 7 21 of 22

93. Rodriguez, A.E.; Zamorano, P.; Wilkowsky, S.; Torrá, F.; Ferreri, L.; Dominguez, M.; Florin-Christensen, M.
Delivery of recombinant vaccines against bovine herpesvirus type 1 gd and babesia bovis msa-2c to mice
using liposomes derived from egg yolk lipids. Vet. J. 2013, 196, 550–551. [CrossRef] [PubMed]

94. Balbino, T.A.; Azzoni, A.R.; de la Torre, L.G. Microfluidic devices for continuous production of pdna/cationic
liposome complexes for gene delivery and vaccine therapy. Colloids Surf. B 2013, 111, 203–210. [CrossRef]
[PubMed]

95. Watson, D.S.; Endsley, A.N.; Huang, L. Design considerations for liposomal vaccines: Influence of
formulation parameters on antibody and cell-mediated immune responses to liposome associated antigens.
Vaccine 2012, 30, 2256–2272. [CrossRef] [PubMed]

96. Kedar, E.; Gur, H.; Babai, I.; Samira, S.; Even-Chen, S.; Barenholz, Y. Delivery of cytokines by liposomes:
Hematopoietic and immunomodulatory activity of interleukin-2 encapsulated in conventional liposomes
and in long-circulating liposomes. J. Immunother. 2000, 23, 131–145. [CrossRef] [PubMed]

97. Hamborg, M.; Jorgensen, L.; Bojsen, A.; Christensen, D.; Foged, C. Protein antigen adsorption to the dda/tdb
liposomal adjuvant: Effect on protein structure, stability, and liposome physicochemical characteristics.
Pharm. Res. 2013, 30, 140–155. [CrossRef] [PubMed]

98. Hamborg, M.; Rose, F.; Jorgensen, L.; Bjorklund, K.; Pedersen, H.B.; Christensen, D.; Foged, C. Elucidating
the mechanisms of protein antigen adsorption to the caf/naf liposomal vaccine adjuvant systems: Effect of
charge, fluidity and antigen-to-lipid ratio. Biochim. Biophys. Acta 2014, 1838, 2001–2010. [CrossRef] [PubMed]

99. Shek, P.N.; Heath, T.D. Immune response mediated by liposome-associated protein antigens. Iii.
Immunogenicity of bovine serum albumin covalently coupled to vesicle surface. Immunology 1983, 50,
101–106. [PubMed]

100. Lockner, J.W.; Ho, S.O.; McCague, K.C.; Chiang, S.M.; Do, T.Q.; Fujii, G.; Janda, K.D. Enhancing nicotine
vaccine immunogenicity with liposomes. Bioorg. Med. Chem. Lett. 2013, 23, 975–978. [CrossRef] [PubMed]

101. Faham, A.; Altin, J.G. Antigen-containing liposomes engrafted with flagellin-related peptides are effective
vaccines that can induce potent antitumor immunity and immunotherapeutic effect. J. Immunol. 2010, 185,
1744–1754. [CrossRef] [PubMed]

102. Powers, D.C.; Hanscome, P.J.; Freda Pietrobon, P.J. In previously immunized elderly adults inactivated
influenza a (h1n1) virus vaccines induce poor antibody responses that are not enhanced by liposome
adjuvant. Vaccine 1995, 13, 1330–1335. [CrossRef]

103. Ambrosch, F.; Wiedermann, G.; Jonas, S.; Althaus, B.; Finkel, B.; Glück, R.; Herzog, C. Immunogenicity and
protectivity of a new liposomal hepatitis a vaccine. Vaccine 1997, 15, 1209–1213. [CrossRef]

104. Childers, N.K.; Tong, G.; Mitchell, S.; Kirk, K.; Russell, M.W.; Michalek, S.M. A controlled clinical study of
the effect of nasal immunization with a streptococcus mutans antigen alone or incorporated into liposomes
on induction of immune responses. Infect. Immun. 1999, 67, 618–623. [PubMed]

105. Alvarez, M.J.; Echechipía, S.; García, B.; Tabar, A.I.; Martín, S.; Rico, P.; Olaguibel, J.M. Liposome-entrapped
d. Pteronyssinus vaccination in mild asthma patients: Effect of 1-year double-blind, placebo-controlled
trial on inflammation, bronchial hyper-responsiveness and immediate and late bronchial responses to the
allergen. Clin. Exp. Allergy 2002, 32, 1574–1582. [CrossRef] [PubMed]

106. Ben-Yehuda, A.; Joseph, A.; Barenholz, Y.; Zeira, E.; Even-Chen, S.; Louria-Hayon, I.; Babai, I.;
Zakay-Rones, Z.; Greenbaum, E.; Galprin, I.; et al. Immunogenicity and safety of a novel il-2-supplemented
liposomal influenza vaccine (influsome-vac) in nursing-home residents. Vaccine 2003, 21, 3169–3178.
[CrossRef]

107. Ben-Yehuda, A.; Joseph, A.; Zeira, E.; Even-Chen, S.; Louria-Hayon, I.; Babai, I.; Zakay-Rones, Z.;
Greenbaum, E.; Barenholz, Y.; Kedar, E. Immunogenicity and safety of a novel liposomal influenza subunit
vaccine (influsome-vac) in young adults. J. Med. Virol. 2003, 69, 560–567. [CrossRef] [PubMed]

108. Lell, B.; Agnandji, S.; von Glasenapp, I.; Haertle, S.; Oyakhiromen, S.; Issifou, S.; Vekemans, J.; Leach, A.;
Lievens, M.; Dubois, M.-C.; et al. A randomized trial assessing the safety and immunogenicity of as01 and
as02 adjuvanted rts,s malaria vaccine candidates in children in gabon. PLoS ONE 2009, 4, e7611. [CrossRef]
[PubMed]

109. Kester, K.E.; Cummings, J.F.; Ofori-Anyinam, O.; Ockenhouse, C.F.; Krzych, U.; Moris, P.; Schwenk, R.;
Nielsen, R.A.; Debebe, Z.; Pinelis, E.; et al. Randomized, double-blind, phase 2a trial of falciparum malaria
vaccines rts,s/as01b and rts,s/as02a in malaria-naive adults: Safety, efficacy, and immunologic associates of
protection. J. Infect. Dis. 2009, 200, 337–346. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.tvjl.2012.10.036
http://www.ncbi.nlm.nih.gov/pubmed/23183017
http://dx.doi.org/10.1016/j.colsurfb.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23811421
http://dx.doi.org/10.1016/j.vaccine.2012.01.070
http://www.ncbi.nlm.nih.gov/pubmed/22306376
http://dx.doi.org/10.1097/00002371-200001000-00016
http://www.ncbi.nlm.nih.gov/pubmed/10687146
http://dx.doi.org/10.1007/s11095-012-0856-8
http://www.ncbi.nlm.nih.gov/pubmed/22956169
http://dx.doi.org/10.1016/j.bbamem.2014.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24769435
http://www.ncbi.nlm.nih.gov/pubmed/6193054
http://dx.doi.org/10.1016/j.bmcl.2012.12.048
http://www.ncbi.nlm.nih.gov/pubmed/23313243
http://dx.doi.org/10.4049/jimmunol.1000027
http://www.ncbi.nlm.nih.gov/pubmed/20610649
http://dx.doi.org/10.1016/0264-410X(95)00002-I
http://dx.doi.org/10.1016/S0264-410X(97)00015-7
http://www.ncbi.nlm.nih.gov/pubmed/9916067
http://dx.doi.org/10.1046/j.1365-2222.2002.01514.x
http://www.ncbi.nlm.nih.gov/pubmed/12569977
http://dx.doi.org/10.1016/S0264-410X(03)00251-2
http://dx.doi.org/10.1002/jmv.10345
http://www.ncbi.nlm.nih.gov/pubmed/12601765
http://dx.doi.org/10.1371/journal.pone.0007611
http://www.ncbi.nlm.nih.gov/pubmed/19859560
http://dx.doi.org/10.1086/600120
http://www.ncbi.nlm.nih.gov/pubmed/19569965


Pharmaceutics 2016, 8, 7 22 of 22

110. Polhemus, M.E.; Remich, S.A.; Ogutu, B.R.; Waitumbi, J.N.; Otieno, L.; Apollo, S.; Cummings, J.F.; Kester, K.E.;
Ockenhouse, C.F.; Stewart, A.; et al. Evaluation of rts,s/as02a and rts,s/as01b in adults in a high malaria
transmission area. PLoS ONE 2009, 4, e6465. [CrossRef] [PubMed]

111. Wu, Y.-L.; Park, K.; Soo, R.A.; Sun, Y.; Tyroller, K.; Wages, D.; Ely, G.; Yang, J.C.-H.; Mok, T. Inspire: A phase
iii study of the blp25 liposome vaccine (l-blp25) in asian patients with unresectable stage iii non-small cell
lung cancer. BMC Cancer 2011, 11, 430–430. [CrossRef] [PubMed]

112. Zollinger, W.D.; Babcock, J.G.; Moran, E.E.; Brandt, B.L.; Matyas, G.R.; Wassef, N.M.; Alving, C.R. Phase
i study of a neisseria meningitidis liposomal vaccine containing purified outer membrane proteins and
detoxified lipooligosaccharide. Vaccine 2012, 30, 712–721. [CrossRef] [PubMed]

113. Hamilton, E.; Blackwell, K.; Hobeika, A.C.; Clay, T.M.; Broadwater, G.; Ren, X.-R.; Chen, W.; Castro, H.;
Lehmann, F.; Spector, N.; et al. Phase i clinical trial of her2-specific immunotherapy with concomitant her2
kinase inhibtion. J. Transl. Med. 2012, 10, 28–28. [CrossRef] [PubMed]

114. Román, V.R.G.; Jensen, K.J.; Jensen, S.S.; Leo-Hansen, C.; Jespersen, S.; Té, D.d.S.; Rodrigues, C.M.;
Janitzek, C.M.; Vinner, L.; Katzenstein, T.L.; et al. Therapeutic vaccination using cationic liposome-adjuvanted
hiv type 1 peptides representing hla-supertype-restricted subdominant t cell epitopes: Safety,
immunogenicity, and feasibility in guinea-bissau. AIDS Res. Hum. Retrovir. 2013, 29, 1504–1512. [CrossRef]
[PubMed]

115. Montoya, J.; Solon, J.A.; Cunanan, S.R.C.; Acosta, L.; Bollaerts, A.; Moris, P.; Janssens, M.; Jongert, E.;
Demoitié, M.-A.; Mettens, P.; et al. A randomized, controlled dose-finding phase ii study of the m72/as01
candidate tuberculosis vaccine in healthy ppd-positive adults. J. Clin. Immunol. 2013, 33, 1360–1375.
[CrossRef] [PubMed]

116. van Dissel, J.T.; Joosten, S.A.; Hoff, S.T.; Soonawala, D.; Prins, C.; Hokey, D.A.; O’Dee, D.M.; Graves, A.;
Thierry-Carstensen, B.; Andreasen, L.V.; et al. A novel liposomal adjuvant system, caf01, promotes long-lived
mycobacterium tuberculosis-specific t-cell responses in human. Vaccine 2014, 32, 7098–7107. [CrossRef]
[PubMed]

117. Marty-Roix, R.; Vladimer, G.I.; Pouliot, K.; Weng, D.; Buglione-Corbett, R.; West, K.; MacMicking, J.D.;
Chee, J.D.; Wang, S.; Lu, S.; et al. Identification of qs-21 as an inflammasome-activating molecular component
of saponin adjuvants. J. Biol. Chem. 2015, 291, 1123–1136. [CrossRef] [PubMed]

118. Merck KGaA. Merck discontinues clinical development program of tecemotide as a
monotherapy in stage iii non-small cell lung cancer. http://www.merckgroup.com/en/media/
extNewsDetail.html?newsId=8475BA17A3F51470C1257D50006901B4&newsType=1 (accessed on 16
November 2015).

119. De Gregorio, E.; Rappuoli, R. From empiricism to rational design: A personal perspective of the evolution of
vaccine development. Nat. Rev. Immunol. 2014, 14, 505–514. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0006465
http://www.ncbi.nlm.nih.gov/pubmed/19649245
http://dx.doi.org/10.1186/1471-2407-11-430
http://www.ncbi.nlm.nih.gov/pubmed/21982342
http://dx.doi.org/10.1016/j.vaccine.2011.11.084
http://www.ncbi.nlm.nih.gov/pubmed/22138211
http://dx.doi.org/10.1186/1479-5876-10-28
http://www.ncbi.nlm.nih.gov/pubmed/22325452
http://dx.doi.org/10.1089/aid.2013.0076
http://www.ncbi.nlm.nih.gov/pubmed/23634822
http://dx.doi.org/10.1007/s10875-013-9949-3
http://www.ncbi.nlm.nih.gov/pubmed/24142232
http://dx.doi.org/10.1016/j.vaccine.2014.10.036
http://www.ncbi.nlm.nih.gov/pubmed/25454872
http://dx.doi.org/10.1074/jbc.M115.683011
http://www.ncbi.nlm.nih.gov/pubmed/26555265
http://dx.doi.org/10.1038/nri3694
http://www.ncbi.nlm.nih.gov/pubmed/24925139
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	The Physicochemical Properties of Liposomes Affect the Immune Responses 
	The Effects of Particle Size 
	Effect of Surface Charge 
	Effect of Surface Modification 
	Effect of Lipid Bilayer Fluidity 

	Pathogen-Derived Immunostimulators Are Ligands for Pattern-Recognition Receptors 
	Incorporation Strategies for Amphiphilic Lipids and Hydrophobic Compounds 
	Incorporation Strategies for Nucleic Acids 
	RNA/DNA-Based Immunostimulators 
	DNA–Antigen Vectors 

	Incorporation Strategies for Peptides and Proteins 
	Clinical Experience with Liposome-Based Adjuvants 
	Future Perspectives: Challenges in the Further Development of Liposome-Based Adjuvants 

