©
OPEN @ ACCESS Freely available online @ PLoS one

Small Cationic DDA:TDB Liposomes as Protein Vaccine
Adjuvants Obviate the Need for TLR Agonists in Inducing
Cellular and Humoral Responses

Anita Milicic'*, Randip Kaur?, Arturo Reyes-Sandoval’, Choon-Kit Tang', Jared Honeycutt’,
Yvonne Perrie?®, Adrian V. S. Hill'®

1The Jenner Institute, University of Oxford, Oxford, United Kingdom, 2 Aston Pharmacy School, Aston University, Birmingham, United Kingdom

Abstract

Most subunit vaccines require adjuvants in order to induce protective immune responses to the targeted pathogen.
However, many of the potent immunogenic adjuvants display unacceptable local or systemic reactogenicity. Liposomes are
spherical vesicles consisting of single (unilamellar) or multiple (multilamellar) phospholipid bi-layers. The lipid membranes
are interleaved with an aqueous buffer, which can be utilised to deliver hydrophilic vaccine components, such as protein
antigens or ligands for immune receptors. Liposomes, in particular cationic DDA:TDB vesicles, have been shown in animal
models to induce strong humoral responses to the associated antigen without increased reactogenicity, and are currently
being tested in Phase | human clinical trials. We explored several modifications of DDA:TDB liposomes - including size,
antigen association and addition of TLR agonists — to assess their immunogenic capacity as vaccine adjuvants, using
Ovalbumin (OVA) protein as a model protein vaccine. Following triple homologous immunisation, small unilamellar vesicles
(SUVs) with no TLR agonists showed a significantly higher capacity for inducing spleen CD8 IFNy responses against OVA in
comparison with the larger multilamellar vesicles (MLVs). Antigen-specific antibody reponses were also higher with SUVs.
Addition of the TLR3 and TLR9 agonists significantly increased the adjuvanting capacity of MLVs and OVA-encapsulating
dehydration-rehydration vesicles (DRVs), but not of SUVs. Our findings lend further support to the use of liposomes as
protein vaccine adjuvants. Importantly, the ability of DDA:TDB SUVs to induce potent CD8 T cell responses without the need
for adding immunostimulators would avoid the potential safety risks associated with the clinical use of TLR agonists in
vaccines adjuvanted with liposomes.
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Introduction intracellular delivery of chelating agents in cases of heavy metal
poisoning [3] and treatment of cancer [4]. More recently,
liposomes have found application as vaccine adjuvants [5,6,7]:
the ability to prevent Ag degradation and clearance, coupled with
enhancing its uptake by professional APCs, have marked
liposomes as useful vehicles for the delivery of a diverse array of

Majority of vaccines currently in development belong to the
category of subunit vaccines, consisting of recombinant or purified
pathogen-specific proteins, or encoded (DNA) antigens that will be
expressed and presented i vivo. Administered alone subunit
vaccines have low efficacy in activating the immune system and
require the addition of adjuvants in order to induce a measurable
immune response to the antigen (Ag), through the activation of the
innate, and subsequently the adaptive, immune system. Ideally,
the adjuvant should be able to improve Ag uptake by antigen
presenting cells (APCs) and induce an Ag-specific immune
response while eliciting minimal toxicity. Liposomes are a type
of adjuvant that can potentially satisfy all these criteria.

vaccine antigens [8,9,10].

The choice of the lipid used in the synthesis of liposomes affects
their physico-chemical and immunogenic properties, and exten-
sive research using many diverse lipids, in particular phospholip-
ids, has been carried out with the aim of increasing and optimising
the adjuvanting effect of liposome-delivered antigens (reviewed in
[11,12]). Phospholipid molecules contain a non-polar region
(composed of one or more fatty acid chains, or cholesterol) and
Liposomes are lipid-bilayer vesicular structures within which a polar region consisting of a phosphate group linked to tertiary or
quarternary ammonium salts. The polar region can have a net
negative (anionic), neutral or positive (cationic) surface charge,
which is one of the main determinants of liposome behaviour and
function. More specifically, liposomes incorporating the synthetic

various substances can be entrapped, and delivered @ vivo in a
discrete and safe manner, protected from degradation. Adminis-
tration of therapeutic agents inside liposomes has been employed
over several decades in enzyme replacement therapy [1,2],
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amphiphilic cationic lipid compound dimethyldioctadecylammo-
nium (DDA) combined with an immunostimulatory component,
trehalose 6,6-dibehenate (ITDB), a non- toxic analogue of the
mycobacterial cell wall component trehalose 6,6 dimycolate
(TDM), have been shown to strongly enhance cellular and
humoral responses against a protein antigen [13]. Adjuvanticity
of the cationic DDA:TDB liposomes and sustained protection
against disease challenge has been demonstrated in particular with
a tuberculosis vaccine candidate [14,15] and has good potential
for application in a range of other diseases [16].

The antigen to be delivered can be either entrapped within the
aqueous compartment of the liposomes, incorporated into the lipid
bilayer membrane (hydrophobic antigens) or adsorbed to the
liposomal surface through covalent or charge-dependent, electro-
static, interaction [17,18,19] and past studies have addressed the
relative merits of the Ag/liposomal vesicle configuration in
enhancing the adjuvant effect of liposomes [20]. More recently,
with the advanced recognition of the roles of innate pathogen
receptors in adaptive immunity, researchers have been exploring
the potential for enhancing immunogenicity of cationic liposomes
through addition of Toll-Like Receptor (I'LR) agonists [21,22,23].
In turn, liposome encapsulation of CpG oligonucleotides has been
shown to enhance and prolong innate system stimulation and
significantly improved the CpG-induced immune protection
against Listernia [24,25].

TLRs signal through two main intracellular pathways: MyD88-
dependent (TLRs 2, 4, 5 and 9) and MyD88-independent (TLRs
3 and 4) [26]. Signalling through both pathways simultaneously
was shown to have a synergistic effect on their ability to induce
pro-inflammatory cytokine production in mice [27], whereas
multiple agonists of the same pathway can be mutually
antagonistic [28]. Unlike the cell surface-bound members of the
TLR family, several of these receptors (I'LRs 3, 7, 8 and 9) reside
within the endosomal cellular compartment [29,30] and thus
encounter internalised antigens. It has been shown that endoso-
mally located TLRs can enhance Ag presentation by DCs through
the MHC class I pathway (cross-presentation), resulting in
increased murine CD8 T cell responses [31,32].

Here we describe a study conducted to further examine the
adjuvant properties of cationic liposome/TLR agonist complexes in
inducing humoral and cellular responses to a protein Ag, and to
extend previous observations by investigating the effect of liposome
size and lamellarity. We focused on DDA:TDB cationic liposomes
combined with TLR3 and TLRY agonists (poly I:C and CpG ODN
M362, respectively) and used whole Ovalbumin protein (OVA) as a
model protein vaccine. As mentioned above, TLRs 3 and 9 are both
endosomally located, although they differ in their requirement for
MyDa88 in the downstream signalling [28]. Poly I:C and CpG ODN
were delivered either entrapped inside the liposomes or adsorbed to
the liposomal surface, in order to assess whether encapsulating these
TLR agonists within liposomes is more likely to activate their
endosomally located receptors and, in particular, enhance CD8 T
cell responses to OVA protein.

Results

Liposome formulations

We investigated three types of DDA:TDB liposomes of different
size and lamellarity. Multilamellar vesicles (MLVs) are around
500 nm in diameter and consist of several concentric lipid bi-layers.
Dehydration-rehydration vesicles (DRVs) are lipid bi-layer mem-
brane vesicles which encapsulate the antigen and/or TLR agonist.
Small unilamellar vesicles (SUVs) are single membrane vesicles,
around 60 to 120 nm in diameter. The diameter of both MLVs and
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SUVs increased with the addition of protein Ag. Liposomes were
formulated with whole OVA protein either attached to the liposomal
surface through electrostatic forces (MLV, DRV and SUV
formulations) or entrapped within the liposomes (DRV formulations).
Some of the DDA:TDB/OVA formulations were further combined
with TLR agonists poly I:C (pIC) and/or CpG, which were again
either surface-adsorbed or entrapped. Analysis of the proportion of
the OVA protein retained within the different liposomal formulations
over time demonstrated good stability i Tris buffer. Under
simulated i viwo conditions (Tris buffer supplemented with 50%
FCS and incubated at 37°C), although there was an increased release
of OVA, over 50% of the antigen was still associated with the
liposomes after 96 h of incubation (Figure S1).

Liposome characterisation

Physico-chemical characterisation of all liposomal formulations
was carried out by measuring the size, polydispersity, Zeta (Z)-
potential and the proportion of OVA protein incorporated in the
formulations (Table 1 and Figure 1). Addition or incorporation of
the negatively charged OVA protein and nucleic acid-based pIC
and CpG into the cationic liposomes was found to affect the
particle size and zeta potential. Empty DDA:TDB MLV liposomes
to which soluble OVA was added were 667.2%72.6 nm in
diameter, with a positive charge (Z-potential =46.26*+3.7 mV).
Adsorption of OVA resulted in a size increase to
1047.1£135.8 nm, due to aggregation of vesicles promoted by
antigen interactions, with a negligible rise in Z-potential. Further
addition of CpG to the liposome surface resulted in a non-
significant size increase and a drop in Z-potential to 13.2+5.3.

Liposomes encapsulating OVA, DRV(OVA), were significantly
smaller than the vesicles prepared with surface-complexed OVA
(546%23.7 vs 1047.1+135.8 nm). Entrapment of CpG alone
increased the liposome size to 1234+26.7 nm and reduced the Z-
potential to below neutral (—3.7%5.6 mV), suggesting a reconfig-
uration of the system in comparison to DRV(OVA). Entrapment
of pIC in combination with CpG resulted in vesicles of a similar
size (1336.2%35.8 nm) with a negative zeta potential (—40.2*
6.7 mV), indicating that some of the material may also be
electrostatically adsorbed to the surface of the DRV as well as
entrapped, thereby masking the cationic nature of the liposome
surface. Entrapment of all three components OVA, CpG and pIC
resulted in no significant change in zeta potential and led to a
further increase in size to 1399.2+172.5 nm.

Empty DDA:TDB SUV liposomes have an average size of
67.8%£12.8 nm. Surface-adsorption of OVA increased their size to
591.9%25.7 nm, and adding CpG alone or with pIC resulted in
even larger liposomes (785.8%=123.1 nm and 985.8%=200 nm,
respectively). The addition of the TLR agonists also inverted the
Z-potential from 33.98*7.2mV to —43.99%3.7 mV and
—50.12%11 mV, respectively.

SUVs induce strong CD8 T cell and antibody responses to

OVA

We first investigated the adjuvant potential of DDA:TDB
liposomes formulated with OVA protein alone, with no added
TLR agonists (Figure 2). One mouse-dose of each liposome
formulation contained 250 pg DDA and 50 pg TDB; one dose of
OVA was 20 pg. We tested SUVs and MLVs with surface-adsorbed
OVA protein as well as DRVs with OVA entrapped within the
liposomes, in a regime consisting of three homologous injections of
each formulation intramuscularly, two weeks apart. Animals were
followed-up for 10 weeks post last injection and total IgG responses
in the serum measured two weeks after every vaccination and at two
further time-points (10 and 14 weeks from first immunisation). At
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Proportion OVA incorporated

Polydispersity Index (PDI) (% of total dose)

0.321*0.02 86%
0.367=0.01 95%
0.4630.02 44%
0.353x0.01 93%
0.336*0.01 74%
0.410+0.01 80%
0.359+0.08 87%
0.355*0.01 85%
0.415*0.03 85%
0.4030.01 56%
0.4420.01 60%

the final time-point (14 weeks) the animals were sacrificed and
spleen CD4 and CD8 T cell IFNY responses assessed.

Adsorbing OVA to SUVs (SUV(OVA)) strongly enhanced the
spleen CD8 IFNYy responses (p<<0.01) (Figure 2A). MLVs with
surface-adsorbed OVA (MLV(OVA)) and DRVs encapsulating
the protein (DRV(OVA)) did not significantly increase CD8
(Figure 2A) nor CD4 (Figure 2B, 2C) responses as compared to
MLVs combined with OVA in solution (MLV+sOVA). A triple
immunisation with OVA protein alone did not induce any CD4 or
CD8 responses. The CD4 IFNYy responses in the spleen were also
significantly higher following vaccination with SUV(OVA) in
comparison to MLV+sOVA (p<<0.05). Median responses after
DRV(OVA) vaccination were higher for both CD8 and CD4
splenocytes as compared with MLV(OVA) liposomes, but did not
reach statistical significance (Figure 2A, 2B and 2C).

Table 1. Liposome specifications of the DDA:TDB formulations containing OVA and TLR agonists.
Formulation Size (hm) + SD  Z-potential (mV) = SD
MLV-+sOVA 667.2+72.6 46.26+3.7

MLV(OVA) 1047+135.8 48.7+12.1

MLV(OVA,CpG) 13786176 13.2%53

DRV(OVA) 546+23.7 454+86
DRV(CpG)+sOVA 1234+26.7 —3.7%56
DRV(pIC,CpG)+sOVA 1336.2+35.8 —40.2+6.7
DRV(pIC,CpG)+MLV(OVA) 1116.9x176 22.26+12.37
DRV(OVA,pIC,CpG) 1399.2+172.5 —449+11.1

SUV(OVA) 591.9+25.7 33.98+7.2
SUV(OVA,CpG) 785.8+123.1 —43.99+3.7
SUV(OVA,pIC,CpG) 985.8+200 —50.12+11
doi:10.1371/journal.pone.0034255.t001

Total IgG titres against whole OVA protein were lowest in the
animals vaccinated with MLV+sOVA and similar to MLVs with
surface adsorbed OVA. At the peak timepoint (2 weeks post last
mjection) end-point titres in the DRV(OVA) and SUV(OVA) groups
were up to 100-fold higher than those receiving the MLV
formulations. The significantly higher titres in these two groups
persisted until the final timepoint (p<0.01 for SUV(OVA) and
p<<0.05 for DRV(OVA) when compared to MLV+sOVA, Figure 2D).

Addition of TLR3 and TLR9 agonists significantly
increases CD8 T cell immunogenicity of MLV(OVA) and
DRV(OVA), but not SUV(OVA)

We then tested the immunostimulatory effect of adding pIC and
CpG ODN to the liposome/OVA formulations, in an identical
vaccination regimen of three homologous injections two weeks
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Figure 1. Size distribution (bars) and Z-potential (points) of DDA:TDB liposomal formulations with OVA+pIC/CpG.

doi:10.1371/journal.pone.0034255.g001
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Figure 2. Cellular and humoral responses following different liposome + OVA formulations. The DDA:TDB+OVA formulations indicated
along the X-axis were given to C57/BL6 mice as three homologous injections, two weeks apart. Splenocytes were isolated at the final timepoint (14

weeks) and responses to a CD8 OVA epitope (A) and two CD4 epitopes (B,

to whole OVA protein at the final time-point, as measured by an end-poi

doi:10.1371/journal.pone.0034255.g002

apart (Figure 3). The doses of TLR agonists administered per
immunisation were 20 pug CpG and 50 ug pIC.

Adding CpG to MLV(OVA) increased the CD8TFNy*
responses (Mann-Whitney unpaired t-test, p=0.002) to levels
comparable to those observed after vaccination with OVA, plC
and CpG in solution (SOVA+pIC+GpC), despite the reduced
proportion of the incorporated OVA antigen (44%, Table 1).
Entrapping poly I:C and CpG within DDA:TDB liposomes
(DRV(OVA, pIC, CpG)) also resulted in significantly enhanced
CD8 responses (Welch’s unpaired t-test for unequal variances,
p =0.0028) compared to DRV(OVA), although marginally lower
than sOVA+pIC+GpC. Adsorbing CpG along with OVA on
SUVs preserved the high CD8 response observed with SUV(OVA)
alone, with both medians higher than that of s(OVA+pIC+GpC).

@ PLoS ONE | www.plosone.org

C) were assessed by ex vivo IFNy ELISpot. D) Total IgG antibody responses
nt titre ELISA. *p<<0.05, ** p<0.01.

Conversely, the addition of pIC resulted in a decrease of the CD8
response (p<<0.05) (Figure 3A).

For one of the two CD#4 epitopes assessed (Figure 3B), addition
of CpG to MLV(OVA) resulted in a significantly higher CD4
response (p = 0.002), equal to that induced by s(OVA+pIC+GpC).
The CD4 responses measured after vaccination with DRVs
containing OVA and TLR agonists showed relatively low but
comparable median values. Among the SUV liposomal formula-
tions tested, analogous to the observed CD8 response, the highest
proportion of CD4 TFNYy* cells were induced with the formulation
lacking the TLR agonists, the addition of which resulted in a non-
significant reduction of the CD4 response.

Antibody titres at the final time-point (14 weeks) showed a
similar trend to the T cell responses with respect to the addition of

March 2012 | Volume 7 | Issue 3 | e34255



pIC and CpG to the liposome/OVA formulations (Figure 3D).
Adsorbing CpG to MLV(OVA) resulted in significantly higher
titres as compared to MLV+sOVA (p<<0.009) and reached highest
median titre of all of the tested formulations. This formulation also
induced a stronger humoral response than the non-liposomal
combination of the three components (p<<0.05). In contrast to
CD8 responses, DRV(OVA) was significantly more potent in
inducing IgG titres compared to the pIC and CpG-containing
DRYV formulations (p<<0.05). SUV liposomes also produced high
IgG responses, although a slight decrease was detected when both
CpG and plIC were added to SUV(OVA). It should be noted that
several formulations, both with and without TLR agonists,
resulted in significantly higher titres than s(OVA+pIC+CpG).
Analysis of the relative proportions of IgG subclasses induced in

A
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peripheral blood demonstrated that all of the formulations resulted
in IgG2a/IgGl ratio of around 1, indicating no preferential Thl
or Th2 antibody response (data not shown).

Unlike DDA:TDB, neutral (DSPC/TDB) liposomes do not
interfere with the immunogenicity of viral vectored
vaccines

As mentioned previously, protein vaccines are poorly immuno-
genic. In contrast, potent immune responses, humoral, and in
particular cellular, can be induced if the antigen is delivered
encoded within a viral vector. To investigate whether liposomes as

adjuvants would interfere with immunogenicity of such vectors, we
tested cationic (DDA:TDB) and neutral (DSPC/TDB) SUVs and
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Figure 3. Cellular and humoral responses to DDA:TDB liposomal formulations with OVA=TLR3 and TLR9 agonists. Following three
homologous injections of each DDA:TDB liposomal formulation, T cell and antibody responses were assessed at the terminal time-point (14 weeks).
Mouse splenocytes were isolated and T cell responses to an OVA CD8 epitope (A) and two CD4 epitopes (B and C) measured by IFNy ELISpot. D) Total
1gG titre in the serum at the terminal timepoint, assessed by end-point ELISA. *p<<0.05, **p<<0.01.

doi:10.1371/journal.pone.0034255.9g003
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MLVs in combination with two non-replicating viral vectors,
adenovirus (Ad) and Modified Vaccinia Ankara (MVA).

We assessed immune responses following a single injection of Ad
or two injections of MVA (prime-boost, 1 week apart), both
encoding TTPeGFP - a string of CD4 and CD8 T cell epitopes and
GFP protein as a model Ag for measuring antibody responses -
with or without liposomes (Figure 4). We found that cationic
liposomes, both SUVs and MLVs, completely abrogated cellular
and humoral immune responses induced by the adenoviral
construct Ad-TTPeGFP, and to a large degree the T cell responses
following MVA-TIPeGFP vaccination. This was anticipated, as
the surface of the Ad virus is strongly negatively charged and
cationic DDA:TDB liposomes would have occluded the CAR
receptor and prevented cell entry of the Ad virus. The majority of
the MVA particles are enveloped by the cell membrane, which is
also negatively charged, and would be similarly likely to be coated
by cationic liposomes that would interfere with cell entry.

We therefore tested neutral distearoyl-glycero-3-phosphocho-
lin/TDB (DSPC/TDB) SUV and MLV liposomes in combination
with the same viral vectors. Due to the lack of electric charge,
these liposomes form larger vesicles with more lipid bilayers in
comparison to cationic: neutral SUVs had a diameter of
135%£20.6 nm and MLVs 1560240 nm. The DSPC/TDB
liposomes had no significant effect on the cellular immunogenicity
induced by MVA in the spleen, although a decreasing trend was
observed with MLVs for both CD4 and CD8 epitopes when
compared to MVA-only vaccination (Figure 4A, 4B, 4C). In
contrast, with Ad vector-delivered antigen DSPC/TDB MLVs
resulted in a slightly higher CD4 and CD8 responses that reached
statistical significance for one of the CD8 epitopes tested
(Figure 4B).

No detectable antibody responses against the OVA antigen
were induced following two injections of the MVA vectored
vaccine, either with or without liposomes. Humoral responses to
the Ad-vectored vaccine were not significantly affected by the
DSPC/TDB liposomes, although a weak decreasing trend was
observed with the SUVs (Figure 4D).

Discussion

We show here that cationic DDA:TDB liposomes of same
chemical composition but different size and lamellarity differ in
their ability to induce humoral and cellular immunity when
combined with a protein antigen. Small unilamellar liposomes
(~600 nm in diameter when combined with protein Ag) were able
to induce significantly higher cellular and humoral adaptive
immune responses than multilamellar vesicles with a two-fold
larger diameter. The antibody titres measured with SUV(OVA)
were higher than those reported previously following the same
vaccination regime with several potent adjuvants, including
Freund’s, ISA 720 and aluminium-based adjuvants [33]. Ant-
gen-specific CD8 T cells in particular were shown to be strongly
induced by DDA:TDB SUVs, despite a small reduction in the
amount of OVA incorporated into these liposomes compared to
MLVs (85% vs 95% of total dose of the OVA protein). This was
an unexpected finding, considering that the size difference
between these two formulations is only 2-fold, and that the
multilamellar vesicles contain a higher proportion of the
immunostimulatory component TDB than the single lipid-bilayer
SUVs. Without the adsorbed Ag, SUVs and MLVs differ in
diameter by around 10-fold and it is possible that a difference in
the endocytic pathways involved in the internalisation of the two
types of liposomes is affecting Ag presentation and the ensuing
immune response [34]. A recent study explored the effect of the
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size of cationic liposomes on the T- and B cell responses and also
observed preferential phagocytosis by macrophages and higher
splenic IFNy production with smaller (~500 nm) versus larger
(>2 pm) liposomes, although, interestingly, there was no enhance-
ment of humoral immunogenicity [35].

The primary aim of this work was to investigate the impact on
antigen-specific T’ cell and antibody responses of delivering the
antigen entrapped inside or adsorbed to the surface of the
liposomes. Similarly, in light of a previous report showing that
endocytosed and subsequently endosomally presented CpG ODN
can enhance cross-presentation to CD8 cells by Ag-presenting cells
[31], we sought to investigate the effect of delivering TLR agonists
CpG and poly L:C, either encapsulated within liposomes or
attached to the liposomal surface, on Ag-specific C'TL responses in
mice.

With respect to Ag location, comparing MLV and DRV
liposome formulations, we found that slightly higher antibody
titres and CD4 T cell responses, can be achieved by delivering the
Ag encapsulated within the liposomes, as compared to a surface-
adsorbed Ag. Although the trend observed in our system was not
statistically significant, it lends support to an earlier study that
showed an enhancement in Ab production when BSA protein was
delivered inside phosphatydylcholine/cholesterol liposomal vesi-
cles [20] and suggests that Ag entrapment could lead to better B
cell recognition through augmenting CD4 T cell help. A recent
study comparing immune responses to the entrapped versus
adsorbed tuberculosis antigen Ag85-ESAT-6 in Balb/c mice,
however, found that both DDA:TDB MLV and DRV formula-
tions appeared to result in similar IgG titres [36].

Cationic DDA:TDB liposomes have been considered unable to
elicit potent CD8 responses without the addition of a TLR agonist
[15] and our results support previous reports that TLR3 and
TLRY agonists can help generate CD4 and CD8 T cell responses
to a liposome delivered Ag i vivo [22]. However, the added TLR
agonists were only able to enhance immune responses when
combined, either entrapped or surface adsorbed, with larger
liposomes (MLVs or DRVs). In contrast, the smaller SUV
liposomes induced strong CD8 IFNYy production in the absence
of TLR agonists, the addition of which even led to a decrease
(non-significant) of the assayed immune responses. The cause of
this decrease in immunogenicity, which was mainly evident in the
T cell responses, is not clear, although we noted two side-effects
arising from adding TLR agonists to SUV liposomes. One was an
increase in the liposomal diameter to nearly twice that of SUVs
containing OVA only, and the other a reduction in the amount of
liposome-entrapped OVA protein with the inclusion of CpG and
poly I:C by around a third. Either or both of these could have led
to the observed reduction in the CD4 and CD8 responses in this
group. Another recent study looking at encapsulation of OVA and
TLR agonists PAM3;CSK and CpG within cationic liposomes also
observed a 25% reduction in the entrapped OVA when the TLR
agonists were added, as well as no increase in the total IgG titres in
the animals receiving this formulation, thus supporting our
findings [23].

A previous study by Tanaka et al. [37] investigated the role of
saturated and non-saturated fatty acid liposomes in Ag targeting to
the class I or class II processing pathways m vitro. They found that
liposomes composed of stearoyl acid (saturated fatty acid with 18
C chain) were more effective in targeting the antigen to the MHC
class II processing pathway, whilst oleoyl (18 C fatty acid with a
single double bond) liposomes were successfully targeting OVA to
both class I and II processing. Our study employed liposomes
composed of DDA, a saturated fatty acid containing 18 C residues
and hence equivalent to stearoyl acid. Our observation of a
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Figure 4. Cellular and humoral responses to liposome-adjuvanted viral vectored vaccines. T cell and antibody responses were assessed
in Balb/c mice at peak time-points for Adenovirus (Ad) and Modified Vaccinia Ankara (MVA) viral vectored vaccines expressing TIPeGFP, i.e. two weeks
after a single injection of Ad and one week after two injections of MVA, combined with cationic DDA:TDB or neutral DSPC/TDB liposomes. Spleen T
cell responses to two CD8 (A, B) and one CD4 epitope (C), contained within the insert of the viral constructs, were measured using IFNy ELISpot. D)
Total IgG titre in the serum of mice immunised with the Ad+liposome formulations at the peak time-point. **p<<0.01.
doi:10.1371/journal.pone.0034255.9g004
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significant enhancement of both CD4 and CD8 Ag-specific
responses with SUV liposomes as compared to MLVs suggests
that the liposomal size and lamellarity, rather than the number of
double bonds in the fatty acid chain, could be a more significant
determinant in targeting the antigen for MHC class I or II
presentation. Similarly, using small unilamellar liposomes appears
to circumvent the need for a pH-sensitive liposome delivery
system, which has been shown to induce CTL response against the
protein antigen [38].

We also assessed the ability of liposomes to enhance
immunogenicity of viral vectored vaccines, which are intrinsically
immunogenic and difficult to adjuvant further. As predicted,
cationic liposomes completely abrogated the immunogenicity of
the Adenovirus vectored vaccine, probably due to the opposing
surface charges between DDA:TDB and the negatively charged
Ad virus, which would lead to liposome coating of the virus and
prevent cell entry. Similar effect was observed with the MVA
vectored vaccine (where most particles would be enveloped by a
cell membrane and hence also negatively charged) and cationic
liposomes. Non-charged DSPC/TDB liposomes did not have the
neutralising effect of the DDA:TDB vesicles, and were able to
enhance both CD4 and CD8 T cell responses induced by the Ad
vector. MLVs in particular were more potent than SUVs in
adjuvanting the Ad vector. It has been shown that Adenovirus can
enter the cell through macropinocytosis [39,40] and the liposomes
administered with the Ad vector are likely to have been taken up
by the cells through the same mechanism [41]. This could explain
the observed increase in CD8 T cell responses to the Ad vector
delivered antigen, as macropinocytosis has been implicated in
cross-presentation by DCs in vivo [42,43].

In summary, our study demonstrates that addition of TLR
agonists CpG and poly I:C to cationic DDA:TDB liposomes
formulated with protein Ag can enhance the immunogenicity of
MLV but not SUV or DRV liposomes, as measured by both pro-
inflammatory cellular (CD4 and CD8) and IgG antibody
responses. This finding was partially due to the potent adjuvanting
effect of the small unilamellar DDA:TDB vesicles alone, which
was equivalent to, or higher than, that measured with the protein
Ag with TLR agonists in solution. The observations presented
here could be of use when choosing liposomes as protein antigen
delivery vehicles and adjuvants, as they could circumvent the need
for inclusion of TLR agonists, and the potential clinical safety-
related issues associated with TLR agonists, in liposome-
adjuvanted vaccines.

Materials and Methods

Preparation of liposomes

MLVs were prepared using the previously described lipid-film
hydration method (Bangham et al 1965). Briefly, weighed amounts
of DDA (or DSPC) and TDB were dissolved in chloroform/
methanol (9:1 by volume) and the organic solvent was removed by
rotary evaporation, followed by flushing with Ny to form a thin
lipid film on the bottom of a round-bottomed flask. The lipid film
was hydrated in 10 mM Tris-buffer at pH 7.4 by heating for
20 min at 60°C.

To generate SUVs, the MLV were disrupted using sonic energy
to fracture large liposomes into smaller structures (<100 nm). The
tip of a sonicator probe (Soniprep 150) was placed onto the
liposome surface of the MLV mixture, transforming the milky
MLYV suspension into a clear SUV suspension.

For the preparation of DDA:TDB DRVs, SUVs were stirred in
the presence or absence of OVA, CpG and poly I:C, frozen at
—70°C, and freeze dried overnight (—40°C, vacuum to 40 mbar).
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Controlled rehydration of the dried powder, leading to the
formation of antigen-containing DRVs, was achieved by addition
of distilled water in aliquots equalling 10% of the final volume
(which was standardised at 1 mL), with vortexing and 30 min
incubation at room temperature following addition of each aliquot
[44]. DRV preparations then centrifuged twice at
45,000 rpm for 20 min to remove non-entrapped components
and resuspended in PBS to the appropriate volume. To determine
antigen adsorption/entrapment, OVA (grade VII, Sigma, UK)
was radio-labelled with 1'* and liposome formulations were
prepared as described above.

were

Determination of vesicle size and zeta potential

Samples were diluted in 10 mM Tris-buffer at pH 7.4 to
achieve optimal vesicle concentration. Vesicle size and zeta-
potential were determined using photon correlation spectroscopy
(PCS), at 25°C, using ZetaPlus (Brookhaven Instrument Corpo-
ration, USA).

Mice and immunizations

Ethics Statement: All procedures were performed under the UK
Home Office personal project licence PPL 30/2414, and approved
by the University of Oxford Animal Care and Ethical Review
Committee, in accordance with the terms of the UK Animals
(Scientific Procedures) Act Project Licence.

Female BALB/c (H-2%) or C57BL/6 (H-2") mice 6-8 weeks of
age (Harlan Laboratories, Oxfordshire, UK) were anesthetized
with Isofluorane (Isoflo, Abbot Animal Health, UK) prior to the
immunizations. All immunisations were administered intramuscu-
larly (1m.) into the gastrocnemius muscle by delivering 25 ul per
limb (50 pl per mouse). Three injections of each OVA/liposome
formulation were given at two weeks intervals. Doses of each
component per injection per mouse were as follows: OVA 20 ug,
DDA:DSPC 250 pg, TDB 50 pg, CpG 20 pg and poly I:C 50 pg.

AdHu) and MVA viral vectors containing an insert consisting of
TIP (described in [45]) and Green Fluorescent Protein (GFP), named
TIPeGFP, were administered at 10° pfu/mouse (MVA TIPcGFP)
and 10® iu/mouse (Ad TIPeGFP). In all animals the immune
responses were assayed two weeks after each immunization.

ELISA

Total IgG ELISA was carried out as described previously [46].
Briefly, whole OVA or GFP protein was adsorbed to 96-well
Nunc-Immuno Maxisorp plates (Fisher Scientific, Wohlen,
Germany) at 2 pg/mL final concentration. Mouse sera were
typically diluted to 1:100, added to wells in duplicate and further
serially diluted. Bound antibodies were detected using alkaline
phosphatase-conjugated goat anti-mouse total IgG (Sigma)
followed by incubation with extravidin alkaline phosphatase
conjugate (Sigma, UK). Plates were developed by adding p-
nitrophenylphosphate substrate (Sigma, UK) and optical density
read at 405 nm (OD,g5) once the colour started developing. A
positive serum sample of known OD was added as control for each
assay. Endpoint titers were taken as the x-axis intercept of the
dilution curve at absorbance value 3 standard deviations greater
than the ODyg5 for naive mouse serum (typical cut-off OD,5 for
positive sera =0.15).

Ex-vivo IFNy ELISPOT

The number of IFNYy secreting antigen-specific T cells in fresh
splenocyte preparations was determined using the standard IFNy
ELISpot assay. In brief, 96-well MAIP ELISPOT plates (Milli-
pore, UK) were coated with anti-mouse-IFNy mAb (Mabtech,
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UK) at 5 ug/mL in carbonate-bicarbonate buffer. Plates were
blocked with DMEM (Sigma Aldrich, UK) containing 10% FBS
(Biosera Ltd, UK), 2 mM L-glutamine, 100 U/mL penicillin and
100 ug/mL streptomycin sulphate (all from Invitrogen, UK) for
1 h at 37°C. Following the removal of erythrocytes using ACK
Lysis buffer, splenocytes from immunised mice were added in
duplicate to the coated wells at 500,000, 250,000 and 125,000 cells
per well. Peptides corresponding to known OVA CD8 and CD4 T
cell epitopes SIINFEKL (OVAys7 964), TEWTSSNVMEER-
KIKV (OVA265,230> and ISQAVHAAHAEINEAGR (OVAgQg,
339), or epitopes contained within the viral vectored insert
TIPeGFP: the H2-K%restricted SYIPSAEKI (from P. berghei),
HYLSTQSAL (from GFP) and TFLTSELPGWLQANRHVKPT
(tuberculosis antigen 85A P15 epitope) were added to the test wells
at the final concentration of 1-5 pg/mL. Following overnight
incubation, cells were discarded and plates incubated with
biotinylated anti-mouse-IFNy mAb (Mabtech, UK), followed by
a streptavidin alkaline phosphatase polymer (Mabtech, UK). Spots
were developed by addition of colour development reagent
(Alkaline Peroxidase conjugate substrate kit, BioRad, UK) and
counted using ELISPOT software (Autoimmun Diagnostika,
Germany). Background responses in non-peptide stimulated wells
were subtracted from the test wells. Results are expressed as spot
forming cells (SFC) per million cells.

Statistical analysis
All statistical analyses were done using the statistical software
integral to the GraphPad Prism software (GraphPad Software Inc.,

References

1. Gregoriadis G, Ryman BE (1971) Liposomes as carriers of enzymes or drugs: a
new approach to the treatment of storage diseases. Biochem J 124: 58.

2. Jain AK, Chalasani KB, Khar RK, Ahmed FJ, Diwan PV (2007) Muco-adhesive
multivesicular liposomes as an effective carrier for transmucosal insulin delivery.
J Drug Target 15: 417-427.

3. Rahman YE, Rosenthal MW, Cerny EA, Moretti ES (1974) Preparation and
prolonged tissue retention of liposome-encapsulated chelating agents. J Lab Clin
Med 83: 640-647.

4. Gregoriadis G, Wills EJ, Swain CP, Tavill AS (1974) Drug-carrier potential of
liposomes in cancer chemotherapy. Lancet 1: 1313-1316.

5. Gregoriadis G (1994) The immunological adjuvant and vaccine carrier
properties of liposomes. ] Drug Target 2: 351-356.

6. Alving CR (1992) Immunologic aspects of liposomes: presentation and
processing of liposomal protein and phospholipid antigens. Biochim Biophys
Acta 1113: 307-322.

7. Gregoriadis G (1990) Immunological adjuvants: a role for liposomes. Immunol
Today 11: 89-97.

8. Davis D, Gregoriadis G (1987) Liposomes as adjuvants with immunopurified
tetanus toxoid: influence of liposomal characteristics. Immunology 61: 229-234.

9. Kahl LP, Scott CA, Lelchuk R, Gregoriadis G, Liew FY (1989) Vaccination
against murine cutaneous leishmaniasis by using Leishmania major antigen/
liposomes. Optimization and assessment of the requirement for intravenous
immunization. J Immunol 142: 4441-4449.

10. Brunel F, Darbouret A, Ronco J (1999) Cationic lipid DC-Chol induces an
improved and balanced immunity able to overcome the unresponsiveness to the
hepatitis B vaccine. Vaccine 17: 2192-2203.

11. Gluck R (1995) Liposomal presentation of antigens for human vaccines. In:
Powell MJ, ed. Vaccine design: The Subunit and Adjuvant Approach. New
York: Plenum Press. pp 347-361.

12. Gregoriadis G, McCormack B, Obrenovic M, Perrie Y, Saffie R In:
O’Hagan DT, ed. Vaccine adjuvants: Preparation Methods and Research
Protocols. Totowa(New Jersey): Humana Press. pp 137-150.

13. Davidsen J, Rosenkrands I, Christensen D, Vangala A, Kirby D, et al. (2005)
Characterization of cationic liposomes based on dimethyldioctadecylammonium
and synthetic cord factor from M. tuberculosis (trehalose 6,6'-dibehenate)-a
novel adjuvant inducing both strong CMI and antibody responses. Biochim
Biophys Acta 1718: 22-31.

14. Holten-Andersen L, Doherty TM, Korsholm KS, Andersen P (2004)
Combination of the cationic surfactant dimethyl dioctadecyl ammonium
bromide and synthetic mycobacterial cord factor as an efficient adjuvant for
tuberculosis subunit vaccines. Infect Immun 72: 1608-1617.

15. Christensen D, Korsholm KS, Andersen P, Agger EM (2011) Cationic liposomes
as vaccine adjuvants. Expert Rev Vaccines 10: 513-521.

@ PLoS ONE | www.plosone.org

Cationic Liposomes as Vaccine Adjuvants

USA). One-way ANOVA analysis was used for the determination
of statistical significance, unless otherwise specified.

Supporting Information

Figure S1 OVA retention profile for the liposomal OVA/
TLR formulations. The proportion of OVA retained in (A)
MLV, (B) DRV and (C) SUV liposomal formulations, either stored
in Tris buffer or in Tris supplemented with 50% FCS at 37°C
(simulated iz vivo conditions). Using I'?*-labelled OVA, aliquots of
each formulation were incubated in a shaking water bath at 37°C
for 96 h. At the indicated time intervals, samples were centrifuged
twice and OVA release was calculated as a percentage of the
recovered radioactivity. Results represent Mean * SD of triplicate
experiments.

(TTEF)

Acknowledgments

We thank Nicky Green and Fionnadh Carroll for technical help.

Author Contributions

Conceived and designed the experiments: AM RK YP AVSH. Performed
the experiments: AM RK ARS CKT JH. Analyzed the data: AM RK YP.
Contributed reagents/materials/analysis tools: AVSH YP. Wrote the
paper: AM.

16. Agger EM, Rosenkrands I, Hansen J, Brahimi K, Vandahl BS, et al. (2008)
Cationic liposomes formulated with synthetic mycobacterial cordfactor (CAFO1):
a versatile adjuvant for vaccines with different immunological requirements.
PLoS One 3: e3116.

17. Seltzer SE, Gregoriadis G, Dick R (1988) Evaluation of the dehydration-
rehydration method for production of contrast-carrying liposomes. Invest Radiol
23: 131-138.

18. Taneichi M, Tanaka Y, Kasai M, Mori M, Nishida M, et al. (2006) Induction of
differential T-cell epitope by plain- and liposome-coupled antigen. Bioconjug
Chem 17: 899-904.

19. Alving CR, Koulchin V, Glenn GM, Rao M (1995) Liposomes as carriers of
peptide antigens: induction of antibodies and cytotoxic T lymphocytes to
conjugated and unconjugated peptides. Immunol Rev 145: 5-31.

20. Shek PN, Sabiston BH (1982) Immune response mediated by liposome-
associated protein antigens. II. Comparison of the effectiveness of vesicle-
entrapped and surface-associated antigen in immunopotentiation. Immunology
47: 627-632.

21. Brandt L, Elhay M, Rosenkrands I, Lindblad EB, Andersen P (2000) ESAT-6
subunit vaccination against Mycobacterium tuberculosis. Infect Immun 68:
791-795.

22. Zaks K, Jordan M, Guth A, Sellins K, Kedl R, et al. (2006) Efficient
immunization and cross-priming by vaccine adjuvants containing TLR3 or
TLRY agonists complexed to cationic liposomes. J Immunol 176: 7335-7345.

23. Bal SM, Hortensius S, Ding Z, Jiskoot W, Bouwstra JA (2011) Co-encapsulation
of antigen and Toll-like receptor ligand in cationic liposomes affects the quality
of the immune response in mice after intradermal vaccination. Vaccine 29:
1045-1052.

24. Dow SW, Fradkin LG, Liggitt DH, Willson AP, Heath TD, et al. (1999) Lipid-
DNA complexes induce potent activation of innate immune responses and
antitumor activity when administered intravenously. J Immunol 163:
1552-1561.

25. Gursel I, Gursel M, Ishii KJ, Klinman DM (2001) Sterically stabilized cationic
liposomes improve the uptake and immunostimulatory activity of CpG
oligonucleotides. J Immunol 167: 3324-3328.

26. Kawai T, Adachi O, Ogawa T, Takeda K, Akira S (1999) Unresponsiveness of
MyD88-deficient mice to endotoxin. Immunity 11: 115-122.

27. Wells JW, Cowled CJ, Farzanch F, Noble A (2008) Combined triggering of
dendritic cell receptors results in synergistic activation and potent cytotoxic
immunity. ] Immunol 181: 3422-3431.

28. Bagchi A, Herrup EA, Warren HS, Trigilio J, Shin HS, et al. (2007) MyD88-
dependent and MyD88-independent pathways in synergy, priming, and
tolerance between TLR agonists. ] Immunol 178: 1164-1171.

March 2012 | Volume 7 | Issue 3 | e34255



29.

30.

31.

32.

36.

37.

Matsumoto M, Funami K, Tanabe M, Oshiumi H, Shingai M, et al. (2003)
Subcellular localization of Toll-like receptor 3 in human dendritic cells.
J Immunol 171: 3154-3162.

Ahmad-Nejad P, Hacker H, Rutz M, Bauer S, Vabulas RM, et al. (2002)
Bacterial CpG-DNA and lipopolysaccharides activate Toll-like receptors at
distinct cellular compartments. Eur J Immunol 32: 1958-1968.

Hacker H, Mischak H, Miethke T, Liptay S, Schmid R, et al. (1998) CpG-DNA-
specific activation of antigen-presenting cells requires stress kinase activity and is
preceded by non-specific endocytosis and endosomal maturation. EMBO J 17:
6230-6240.

Edwards AD, Manickasingham SP, Sporri R, Diebold SS, Schulz O, et al.
(2002) Microbial recognition via Toll-like receptor-dependent and -independent
pathways determines the cytokine response of murine dendritic cell subsets to
CDA40 triggering. J Immunol 169: 3652-3660.

de Cassan SC, Forbes EK, Douglas AD, Milicic A, Singh B, et al. (2011) The
requirement for potent adjuvants to enhance the immunogenicity and protective
efficacy of protein vaccines can be overcome by prior immunization with a
recombinant adenovirus. J Immunol 187: 2602-2616.

Blander JM, Medzhitov R (2006) On regulation of phagosome maturation and
antigen presentation. Nat Immunol 7: 1029-1035.

Henriksen-Lacey M, Devitt A, Perrie Y (2011) 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 154: 131-137.
Kaur R, Bramwell VW, Kirby DJ, Perrie Y (2011) Pegylation of DDA:TDB
liposomal adjuvants reduces the vaccine depot effect and alters the Th1/Th2
immune responses. J Control Release.

Tanaka Y, Kasai M, Taneichi M, Naito S, Kato H, et al. (2004) Liposomes with
differential lipid components exert differential adjuvanticity in antigen-liposome
conjugates via differential recognition by macrophages. Bioconjug Chem 15:
35-40.

@ PLoS ONE | www.plosone.org

10

38.

39.

40.

41.

42.

43.

44,

46.

Cationic Liposomes as Vaccine Adjuvants

Nair S, Zhou F, Reddy R, Huang L, Rouse BT (1992) Soluble proteins delivered
to dendritic cells via pH-sensitive liposomes induce primary cytotoxic T
lymphocyte responses in vitro. J Exp Med 175: 609-612.

Meier O, Boucke K, Hammer SV, Keller S, Stidwill RP, et al. (2002)
Adenovirus triggers macropinocytosis and endosomal leakage together with its
clathrin-mediated uptake. J Cell Biol 158: 1119-1131.

Amstutz B, Gastaldelli M, Kalin S, Imelli N, Boucke K, et al. (2008) Subversion
of CtBPl-controlled macropinocytosis by human adenovirus serotype 3.
EMBO J 27: 956-969.

Korsholm KS, Agger EM, Foged C, Christensen D, Dietrich J, et al. (2007) The
adjuvant mechanism of cationic dimethyldioctadecylammonium liposomes.
Immunology 121: 216-226.

Norbury CC, Hewlett L], Prescott AR, Shastri N, Watts C (1995) Class I MHC
presentation of exogenous soluble antigen via macropinocytosis in bone marrow
macrophages. Immunity 3: 783-791.

Norbury CC, Chambers BJ, Prescott AR, Ljunggren HG, Watts C (1997)
Constitutive macropinocytosis allows TAP-dependent major histocompatibility
complex class I presentation of exogenous soluble antigen by bone marrow-
derived dendritic cells. Eur J Immunol 27: 280-288.

Kirby C, Gregoriadis G (1984) Dehydration-rehydration vesicles: A simple
method for high yield drug entrapment in liposomes. Biotechnology 11:
979-984.

Larsen KC, Spencer AJ, Goodman AL, Gilchrist A, Furze J, et al. (2009)
Expression of takl and tram induces synergistic pro-inflammatory signalling and
adjuvants DNA vaccines. Vaccine 27: 5589-5598.

Draper SJ, Moore AC, Goodman AL, Long CA, Holder AA, et al. (2008)
Effective induction of high-titer antibodies by viral vector vaccines. Nat Med 14:
819-821.

March 2012 | Volume 7 | Issue 3 | e34255



