Pharmaceutical Research, Vol. 23, No. 7, July 2006 (© 2006)
DOI: 10.1007/s11095-006-0272-z

Research Paper

Immunogenicity of Liposomes Containing Lipid Core Peptides

and the Adjuvant Quil A

Karen White,! Thomas Rades,! Philip Kearns,” Istvan Toth,>* and Sarah Hook'*

Received July 23, 2005; accepted February 21, 2006

Purpose. The purpose of this study was to investigate the immunogenicity of liposomes containing
mannosylated lipid core peptide (manLCP) constructs, both in vitro and in vivo, with or without the
addition of the immune stimulating adjuvant Quil A.

Methods. Mouse bone marrow dendritic cells (BMDC) were cultured with liposome formulations for
48 h, and the resulting level of BMDC activation was determined by flow cytometry. BMDC pulsed with
liposome formulations were incubated with 5,6-carboxyfluoroscein diacetate succinimidyl ester-labeled
T cells for 72 h and the resulting T cell proliferation was determined by flow cytometry. To investigate
the immunogenicity of formulations in vivo, groups of C57B1/6] mice were immunized by subcutaneous
injection, and the resulting antigen-specific cytotoxic and protective immune responses toward tumor
challenge evaluated.

Results. Despite being unable to demonstrate the activation of BMDC, BMDC pulsed with liposomes
containing manLCP constructs were able to stimulate the proliferation of naive T cells in vitro. However,
in vivo only liposomes containing both manL.CP and Quil A were able to stimulate a strong antigen-
specific cytotoxic immune response. Liposomes containing manLCP and Quil A within the same particle
were able to protect against the growth of tumor cells to a similar level as if the antigen was administered
in alum with CD4 help.

Conclusion. ManL.CPs administered in liposomes are able to stimulate strong cytotoxic and protective

immune responses if Quil A is also incorporated as an adjuvant.
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INTRODUCTION

Synthetic lipid core peptide (LCP) constructs containing
minimal CD8" T cell epitopes of model proteins conjugated
to a polylysine backbone have previously been investigated
for their ability to stimulate strong MHC class II, CD4" T-cell-
mediated immune responses (1-3). We have recently shown
that these LCP constructs are also capable of stimulating
MHC class I restricted, CD8" T-cell-mediated immune re-
sponses, but only if the constructs are administered in alum
and with ovalbumin protein to provide CD4 help (4). The
requirement for CD4 help in priming CD8" T-cell immune
responses is controversial with both CD4-dependent and
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CD4-independent CD8* T cell activation being described
(5-9). In general, it seems that weakly immunogenic antigens
stimulate stronger CDS8 cytotoxic immune responses if CD4
help is provided.

Previous experiments investigating the immunogenicity
of peptide and lipopeptide antigens have found that deliver-
ing the antigen in a particulate delivery system is one means
of increasing the resulting immune response (10,11). In gen-
eral, particulate delivery systems, such as immune stimulating
complexes (ISCOMs) and liposomes, more closely resemble
the size of the pathogens phagocytic cells have evolved to rec-
ognize, thereby enhancing antigen phagocytosis and presen-
tation by specialized antigen presenting cells. In addition,
ISCOMs contain the immune stimulating adjuvant Quil A or
its derivatives, which have been demonstrated to be potent
stimulators of both antibody- and cell-mediated immune re-
sponses (12,13). Liposomes can also be modified to include
additional immune stimulating molecules such as cytokines
and targeting molecules that are capable of increasing the im-
mune response toward entrapped protein and peptide anti-
gens (14-18).

Although ISCOMs have been shown to be capable of
stimulating effective immune responses and indeed have
been licensed for use in several veterinary vaccines, their
potential toxicity and lipid matrix structure, which means
only antigens with hydrophobic domains can be incorporated,
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has limited their use in more vaccine formulations. Liposomes,
on the other hand, have a demonstrated safety profile in both
vaccine and drug formulations (19). They also possess the
ability to entrap a wide variety of potential antigens, thereby
increasing their generic utility (20).

LCPs, due to their amphipathic nature, lend themselves
toward being easily incorporated into the bilayer of liposomes.
The aim of this study was therefore to determine if incorpo-
rating LCP constructs into liposomes could obviate the need
for alum and CD4 help in stimulating strong CD8 cytotoxic
immune responses both in vitro and in vivo. In an attempt to
boost the immune response further, LCP constructs were
made with a mannose residue attached to each peptide (see
Fig. 1), as it has been postulated that interactions between
mannose residues and C-type lectins such as the mannose
receptor and DEC-205 may increase antigen uptake and
subsequent immune activation (21-24). In addition, the effect
on immunogenicity of incorporating a small amount of Quil
A into the LCP liposomes was also investigated.

MATERIALS AND METHODS
Mice

C57Bl1/6] and OT-I mice were bred and maintained in
micro-isolators under specific-pathogen-free conditions at the
Hercus Tairei Resource Unit, Dunedin, New Zealand. All

experiments were approved by the University of Otago
Animal Ethics Committee.
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Reagents

L-o-Phosphatidylcholine (from egg yolk) and ovalbumin
protein (Grade V, 98% purity) were purchased from Sigma
(St. Louis, MO, USA). Antimouse 2.4G2 (Fcy III/IT recep-
tor), CD11c, CD86, CD40, CD8, Va2, and propidium iodide
staining solution were purchased from BD Pharmingen (San
Diego, CA, USA) and were used according to the manufac-
turer’s instructions. 5,6-Carboxyfluoroscein diacetate succini-
midyl ester (CFSE) was purchased from Molecular Probes
(Eugene, OR, USA) and was used in accordance with the
manufacturer’s instructions. Alum (Alu-Gel-S) was purchased
from Serva (Heidelberg, Germany). Lyophilized purified Quil
A (Superfos) was purchased from Biosector (Frederikssund,
Denmark).

LCP Constructs

LCPs containing four copies of the minimal CD8 T cell
epitope SIINFEKL attached to a polylysine backbone were
synthesized according to amethod described by White et al. (4).
In this study, the SIINFEKL epitopes were also conjugated
to mannose residues resulting in the formation of manLCP to
better target C-type lectins on the surface of dendritic cells.

Liposome Preparation and Characterization

Liposome formulations were prepared by hydration of
thin lipid films. Briefly, the required quantity of L-a-phospha-
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Fig. 1. Schematic representation of the lipid core peptide construct. “R” represents the
SIINFEKL peptide linked to a mannose residue.
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tidylcholine (PC) was dissolved in approximately 10 mL
chloroform in a round-bottom flask, and then the solvent was
evaporated to dryness at 45°C under reduced pressure on a
rotary evaporator. The lipid film was flushed with nitrogen
gas to ensure removal of all residual solvent. A 2-mL vol of
10 mM HEPES buffer (pH 7.4) was added to the lipid film
and hydration aided by handshaking. For liposomes contain-
ing manLCP constructs, 95 mg PC was dried onto the wall of
a round-bottom flask and hydrated with 2 mL HEPES buffer.
Following hydration, the liposome dispersions were centri-
fuged (100,000 g, 30 min, 15°C) and the supernatant discard-
ed. manLCP (5 mg) dissolved in DMSO at a concentration of
50 mg/mL was added to the liposome pellet and vortexed to
mix. The pellet was then redispersed in HEPES buffer to a
final volume of 2 mL. For liposomes containing Quil A, 100
mg PC was dried onto the wall of a round-bottom flask and
hydrated with 2 mL HEPES buffer containing an appropriate
amount of Quil A. For liposomes containing both manL.CP
and Quil A, Quil A-containing liposomes were initially pre-
pared as described above. Following hydration, the liposome
dispersion was centrifuged and the supernatant discarded as
before. The manL.CP constructs were added to the pellet prior
to redispersion in HEPES buffer as described.

Following liposome preparation, all formulations were
subjected to repeated extrusion through polycarbonate mem-
branes of 800 nm pore size to reduce vesicle size and lamel-
larity. The size distribution of the liposome dispersions in 10
mM HEPES buffer (pH 7.4) was measured by photon cor-
relation spectroscopy (Zetasizer 3000; Malvern Instruments,
Malvern, UK). The liposomal nature of the particles formed
was confirmed by transmission electron microscopy using
methods previously described (25).

Incorporation of manL.CP constructs into liposomes was
determined by using an ATTO-TAG™ CBQCA Amine
Derivatization Kit obtained from Molecular Probes (Eugene,
OR, USA), and used in accordance with the manufacturer’s
instructions.

Generation and Activation of Bone Marrow Dendritic Cells

Bone marrow dendritic cells (BMDC) were generated
by culturing bone marrow stem cells from C57B1/6J mice in
complete Iscove’s Modified Dulbecco’s Medium (cIMDM;
IMDM supplemented with 5% fetal bovine serum, 1% pen-
icillin/streptomycin, 1% glutamax, and 0.01% 2-mercapto-
ethanol; all from Invitrogen, Carlsbad, CA, USA) with 20 ng/
mL recombinant granulocyte/macrophage colony stimulating
factor (clone kindly supplied by Dr G. Buchan, University of
Otago) for 6 days at 37°C, 5% CO,. Cells were seeded at 5 x
10° cells/mL in cIMDM for pulsing with liposome for-
mulations. Cell viability after incubation for 48 h was deter-
mined by staining with propidium iodide solution and
determining the proportion of propidium iodide * cells by
flow cytometry.

Activation of BMDC was measured by flow cytometry
(FACScalibur, Becton Dickinson, Franklin Lakes, NJ, USA),
and data were analyzed by using CellQuest Pro (Becton
Dickinson). Cells were stained with the BMDC marker
CDl1lc, and then the level of costimulatory markers CD86
and MHC class II on CD11c**® propidium iodide " cells
determined 48 h after the addition of liposome formulations.
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The fold increase in the mean fluorescence intensity (MFI) of
activation marker expression was determined by dividing the
MFI of each activation marker expressed on formulation
pulsed BMDC by the MFI of each activation marker on
CD11c¢™° propidium iodide *° cells in the negative control
(no formulation).

T Cell Proliferation in Vitro

To examine the ability of the liposome formulations to
stimulate CD8" T cell proliferation in vitro, BMDC pulsed
with formulations for 48 h were washed to remove excess
formulation and then incubated with OT-I splenocytes
stained with CFSE for 72 h, at a DC/T ratio of 1:25. CFSE
staining of Vo2 CD8" OT-I transgenic splenocytes was deter-
mined by flow cytometry and analyzed by using CellQuest Pro.

Cytotoxic T Cell Stimulation in Vivo

Groups of C57Bl/6] mice (n = 3) were immunized twice
(days 0 and 14) by subcutaneous injection of manLCP formu-
lations into the back of the neck. Groups of mice received
either 10 pg manLCP in 200 pL alum or 10 pg manLCP
incorporated into or admixed with liposomes. The liposome
groups were immunized with liposomes containing either (a)
manLCP alone, (b) liposomes containing both manL.CP and
Quil A, (c) manLCP and Quil A incorporated into separate
liposomes and mixed prior to administration, or (d) manL.CP
admixed with Quil A liposomes prior to administration. All
liposome groups received 10 pg manL.CP in 1 mg total lipid
administered in a total volume of 200 puL adjusted with PBS.
Nine days after the second immunization, mice were injected
intravenously with fluorescently labeled CS57Bl/6J spleno-
cytes pulsed with either 10 pg/mL SIINFEKL peptide or no
peptide as a control. A group of naive mice were also injected
with pulsed and labeled splenocytes as a control. The
following day, the mice were euthanased and the brachial
and axillary lymph nodes removed. The number of fluores-
cently labeled target cells remaining in the lymphoid organs
was analyzed by flow cytometry. Data from each animal were
normalized to the number of nonpeptide pulsed targets
recovered. The amount of antigen-specific killing of the
peptide pulsed target cells was calculated by using the
following formula:

% cytotoxicity = 100 — (a/b x 100)

where a is the number of peptide pulsed target cells re-
covered from experimental animals and b is the number of
peptide pulsed target cells recovered from the naive controls.

Tumor Challenge

Groups of C57B1/6] mice (n = 5) were immunized twice
(days 0 and 14) by subcutaneous injection either with 10 pg
manLCP in 200 pL alum with the addition of 10 ug of oval-
bumin protein to provide CD4" T-helper cell stimulation, or
with 10 pg manLCP in liposome formulations. The liposome
formulations included liposomes containing manL.CP-alone,
liposomes containing both manLCP and Quil A, and manL.CP
admixed with Quil A liposomes prior to administration. All
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liposome groups received 10 pg manLCP in 1 mg total lipid
administered in a final volume of 200 pL adjusted with PBS.
Immunized mice and nonimmunized controls were challenged
30 days after the second immunization with 1 x 10® EG.7-
OVA tumor cells (26) administered via subcutaneous
injection into the flank. Mice were monitored for tumor
growth every 2-3 days. Tumor measurements for each group
of mice were stopped, and all animals were euthanased when
any one animal in the group developed a tumor in excess of
200 mm”.

Statistical Analysis

Statistical analysis was performed by using a one-way
analysis of variance at a 95% confidence interval to test for
significant differences.

RESULTS
Liposome Characterization

Four different liposome formulations were prepared for
these studies containing either no additions (unmodified PC
liposomes), 5% w/w manLCP, 2% w/w Quil A, or both 5%
w/w manLCP and 2% w/w Quil A. A schematic representa-
tion of the manLCP constructs used in these studies is present-
ed in Fig. 1. Each construct contained four copies of the
minimal CD8* T cell epitope SIINFEKL conjugated to a
polylysine backbone linked to three C, lipid tails. In each
case, the SIINFEKL peptide was also linked to a mannose
residue in an attempt to enhance recognition of the particles
by targeting C-type lectins on the surface of the BMDC. The
mean size and polydispersity of the resulting liposome dis-
persions was determined by photon correlation spectroscopy.
All liposome formulations were of a similar mean size distri-
bution; however, even after repeated extrusions through 800
nm polycarbonate membranes the polydispersity of the dis-
persions remained high (>0.70), indicating that the size dis-
tributions were heterogeneous in nature (Table I).

Using a protein derivatization assay, the incorporation
of manL.CP constructs into liposomes was found to be at least
60%, with the remainder being detected in the washes.

Previous experiments have shown that in formulations
containing <10% w/w Quil A, the predominate particulate
structures formed have characteristics typical of liposomes,
that is, concentric bilayers separated by and surrounding
aqueous spaces (25). Transmission electron micrographs
(TEMs) were taken of representative liposome formulations
used here to confirm that the addition of 2% w/w Quil A to
PC liposomes did not affect the nature of the particulate

Table I. Size Distribution of Liposome Formulations

Formulation Size (nm)“ Polydispersity index
Unmodified PC liposomes 952 + 40 0.80
ManLCP liposomes 993 +18 0.79
Quil A liposomes 990 + 46 0.70
ManLCP-Quil A liposomes 989 + 50 0.88

“Values represent the mean + SD of ten measurements on three
independent formulations.
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Fig. 2. Viability of BMDC after incubation with liposomes containing
Quil A. BMDC were incubated for 48 h at 37°C with liposomes con-
taining 0% (x), 1% (M), or 2% (A) w/w/Quil A. Cells were stained
with propidium iodide staining solution and then the proportion of
propidium iodide ¥ (% viable) cells determined by flow cytometry.
Data represent the mean + SD of three independent replicates.

structures formed. In all cases, the particles had structural
characteristics typical of liposomes with no evidence of
ISCOM formation as observed in formulations containing
higher amounts of Quil A.

Viability of BMDC After Incubation with Liposomes
Containing Quil A

Viability of BMDC after incubating with liposomes
containing up to 2% w/w Quil A for 48 h was determined
by staining with propidium iodide solution. Propidium iodide
is excluded from viable cells and therefore the proportion of
propidium iodide *° cells in each population can be
measured by flow cytometry. As shown in Fig. 2, the
inclusion of up to 2% w/w Quil A into PC liposomes had
little effect on cell viability even at relatively high lipid
concentrations.

Activation of BMDC in Vitro

Activation of BMDC by various liposome formulations
in vitro was examined after incubating the liposome for-
mulations with mouse BMDC for 48 h. Activation of BMDC
was determined by staining the cells with fluorescent anti-
bodies against the cell surface costimulatory molecules CD86
and MHC class II, and by comparing the levels of expression
with that found on control BMDC not incubated with any
formulation. As shown in Fig. 3, incubating BMDC with the
different liposome formulations resulted in a similar level of
activation marker expression, both CD86 (Fig. 3A) and MHC
class II (Fig. 3B) for all formulations studied, with only
marginally increased marker expression over levels found in
control BMDC. The increase in CD86 MFI was slightly higher
for formulations containing manLCP constructs compared
with formulations not containing the constructs (Fig. 3A);
however, these differences were not statistically significant.

T-Cell Proliferation in Vitro

Although the levels of BMDC activation after incuba-
tion with liposome formulations were not significantly
increased over control levels, previous experience in our
laboratory has shown that due to the relative insensitivity of
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Fig. 3. Activation of BMDC after incubation with unmodified
liposomes or liposomes containing 2% Quil A, 5% manLCP, or
both 5% manLCP and 2% Quil A. Expression of activation markers
CD86 (A) and MHC class II (B) on the surface of BMDC was
determined after incubating cells with 250 pg liposome formulations
for 48 h at 37°C. Activation marker expression was determined by
comparison of the mean fluorescence intensity (MFI) of fluorescent
antibodies against each activation marker on CD11c¢* BMDC pulsed
with formulations (MFL,cgivation marker) With the MFI of activation
markers expressed on CD11¢” BMDC not pulsed with liposomes and
calculated as a fold increase in MFI over background. Data represent
the mean + SD of three independent replicates.

this assay, poor BMDC activation in vitro does not necessar-
ily preclude the ability of formulations to stimulate CD8" T
cells in vitro and in vivo. Therefore we next determined the
ability of BMDC pulsed with the various liposome
formulations for 48 h to stimulate proliferation of naive CD8"
T cells in vitro. The percentage of the CD8" T cell population
proliferating after 72 h was determined by flow cytometry. As
shown in Fig. 4, BMDC pulsed with unmodified PC liposomes
were unable to stimulate proliferation of CD8* T cells.
Similarly, BMDC pulsed with liposomes containing Quil A
alone but lacking incorporated CDS8 epitopes were unable to
stimulate significant levels of CD8" T cell proliferation. BM-
DC pulsed with liposomes containing manL.CP constructs
either with or without the addition of Quil A were able to
stimulate a much greater level of CD8" T cell proliferation;
however, only in formulations containing both manL.CP and
Quil A was proliferation significantly greater than in cultures
incubated with BMDC pulsed with unmodified liposomes.

Cytotoxic T-Cell Stimulation in Vivo

We next compared the ability of formulations containing
manLCP or manLCP and Quil A to stimulate cytotoxic CD8"
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Fig. 4. Proliferation of Vo2* CD8" T cells after incubation with
BMDC pulsed with liposome formulations. BMDC were pulsed for
48 h at 37°C with varying amounts of unmodified PC liposomes (O),
Quil A-containing liposomes (A), manLCP-containing liposomes
(M), and manLCP- and Quil A-containing liposomes (®). DC were
then harvested and cocultured with CFSE-labeled splenocytes from
an OT-I transgenic mouse at a DC/T ratio of 1:25. After 3 days the
percentage of proliferating Vo2* CD8" T cells was determined by
flow cytometry. *P < 0.05 compared with both unmodified PC
liposomes and Quil A-containing liposomes. Data represent the
mean + SD of three independent replicates.
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T cells in vivo. Groups of C57Bl/6]J mice were immunized
twice with liposomes containing manL.CP or manLCP and
Quil A. To further investigate whether manLCP needed to
be physically incorporated into the same liposome particle as
the Quil A, two further vaccines were prepared consisting of
manLCP-containing liposomes admixed with Quil A-
containing liposomes, and manL.CP admixed with Quil A-
containing liposomes. Immunization with manL.CP in alum
was used as a control. Nine days after the second immu-
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Fig. 5. Stimulation of cytotoxic CD8" T cells in vivo by liposome
formulations. Groups of C57Bl/6J mice (n = 3) were immunized
twice with manLCP-containing liposomes (manLCP liposomes),
manLCP- and Quil A-containing liposomes (manLCP-QA
liposomes), manLCP liposomes admixed with Quil A-containing
liposomes (manLCP liposomes + QA liposomes), manLCP admixed
with QA liposomes (manLCP + QA liposomes), or manLCP in alum.
Nine days after the second immunization, mice were injected
intravenously with CFSE-labeled target cells pulsed with 10 pg
SIINFEKL peptide or no peptide. The following day, mice were
euthanased. The remaining antigen-pulsed target cells in draining
lymph nodes was determined by flow cytometry and the percentage
cytotoxicity of peptide pulsed target cells calculated. Data represent
the mean + SD of three animals in each group and is representative
of three independent experiments. *P < 0.05 as indicated.
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nization, mice were injected intravenously with CFSE-labeled
target cells pulsed with 10 ug SIINFEKL peptide or no peptide
as a control. The following day mice were euthanased and the
remaining antigen-pulsed target cells in draining lymph nodes
were determined by flow cytometry.

Mice immunized with liposomes containing manLCP
alone were not able to mount a CDS8 cytotoxic immune re-
sponse comparable to manLCP in alum (Fig. 5). Adding 2%
Quil A to manLCP liposomes, however, significantly en-
hanced the resulting cytotoxic immune response to a level
similar to that stimulated by manLCP in alum. A similar level
of antigen-specific cytotoxicity was achieved if manLCP was
simply admixed with Quil A-containing liposomes prior to
immunization. However, if manLCP was incorporated into
separate liposomes from the Quil A-containing liposomes,
then the resulting in vivo immune response was lower and not
significantly different from that achieved following immuni-
zation with manL.CP liposomes alone.

Tumor Challenge

Finally, to determine the ability of liposomes containing
manLCP and Quil A to act as prophylactic cancer vaccines and
protect against tumor challenge, groups of C57B1/6J mice were
immunized subcutaneously twice with liposomes containing
both manLCP and Quil A. Groups of mice were also immu-
nized with manL.CP-containing liposomes, manL.CP admixed
with Quil A-containing liposomes, and manL.CP in alum with
ovalbumin protein to stimulate CD4 help. Thirty days after the
second immunization, 1 x 10° EG.7-OVA tumor cells were
administered into the flank of immunized mice or nonim-
munized controls, and tumor growth was monitored every 2-3
days. As shown in Fig. 6, all naive mice challenged with EG.7-
OVA tumor cells quickly developed measurable tumors. In
contrast, mice immunized with manLCP plus ovalbumin pro-
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Fig. 6. Tumor development in mice immunized with liposome
formulations. Groups of C57Bl/6] mice (n = 5) were immunized
twice with liposomes containing manL.CP () or both manLCP and
Quil A (@), manL.CP admixed with Quil A liposomes (A), or manL. CP
in alum with ovalbumin protein (O). Thirty days after the second
immunization 1 x 10° EG.7-OVA tumor cells were administered into
the flank of immunized mice or nonimmunized controls (x, n = 3).
Tumor growth was monitored every 2-3 days, and the percentage of
tumor-free animals in each group was calculated. Data represent two
independent replicates.
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tein in alum were well protected, with four out of five animals
remaining tumor-free 4 weeks after tumor challenge. Mice
immunized with manLCP admixed with Quil A-containing
liposomes were similarly well protected from tumor growth. In
groups of mice immunized with liposomes containing
manLCP or both manLCP and Quil A, two out of five, and
three out of five animals, respectively, remained tumor-free at
the end of the study—indicating an intermediate level of
immune protection.

DISCUSSION

We have previously shown that LCP constructs contain-
ing multiple copies of minimal CD8" T cell epitopes are
capable of stimulating CD8" T cell immune responses in vivo.
The responses generated, however, are modest unless the
constructs are administered in alum to provide a depot and
with ovalbumin protein to stimulate CD4" T helper cells (4).
Under these more optimal vaccine conditions, LCPs are able
to stimulate strong cytotoxic immune responses that
completely protect mice from subsequent tumor challenge.
In an attempt to obviate the need for using alum and providing
CD4 help in LCP vaccines, we wished to investigate the
immunogenicity of LCPs incorporated into liposomal for-
mulations. Although in previous studies liposomal incorpora-
tion has been found to increase the immune response
generated toward weakly immunogenic peptides and lipopep-
tides (10,11,27), we have found the inherent immunogenicity
of unmodified liposomes to be relatively low (18). We
therefore included a small amount of the immune stimulating
adjuvant Quil A into additional liposome formulations, and
investigated the effects of this inclusion on the resulting
immune response.

Liposomes were prepared containing 5% w/w manLCP
with or without the addition of 2% w/w Quil A by modi-
fication of the lipid film hydration method. Hydration of thin
lipid films tends to produce liposomes that are relatively
large and multilamellar in nature with a heterogeneous size
distribution (28). As particle size is important in phagocyto-
sis, the mean size distribution of the resulting liposome
dispersions was reduced by high-pressure extrusion through
polycarbonate membranes. Particle size analysis of the
liposome formulations containing manLCP, Quil A, or both
manLCP and Quil A revealed the size distributions to be
similar to that of the unmodified PC liposomes, indicating that
the size of the resulting liposomes was not affected by the
inclusion of 5% w/w manLCP and/or 2% w/w Quil A moieties.
In addition, TEM analysis indicated that the inclusion of this
low amount of Quil A did not disrupt the integrity of the
bilayer, and the particles formed were still liposomal in nature.

Before investigating the ability of the liposome formu-
lations to stimulate in vivo immune responses, we first deter-
mined whether the formulations could activate mouse BMDC
and subsequently stimulate proliferation of CD8* T cells in
vitro. Dendritic cells (DCs) are important phagocytic cells
involved in pathogen recognition and presentation of
processed antigens to naive T and B cells. To activate effector
cells efficiently, the DCs themselves must first become activ-
ated, for example, via ligation of certain pathogen associated
molecular patterns by Toll-like receptors and other pattern
recognition receptors (PRRs) on the surface of the DC. DC
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activation results in the up-regulation of costimulatory mole-
cules on the DC surface, which provide additional signals that
are required to fully activate the naive effector cell. Without
DC activation and costimulation, a productive immune re-
sponse will not develop and, in fact, a tolerogenic immune
response may even result (29).

Previously, we showed that both LCP and manL.CP (data
not shown; (4)) are able to induce significant DC activation in
vitro, which may be attributable to interaction between the
LCP constructs and PRRs on DCs. To investigate DC acti-
vation after incubation with manL.CP when the constructs are
incorporated into liposomes, mouse BMDC were incubated
with liposome formulations containing either manLCP, Quil
A, or both manLCP and Quil A. After 48 h, the level of
CD86 and MHC class II activation marker expression on the
surface of the BMDC was determined by flow cytometry. It
was found that the liposomes containing manLCP and both
manLCP and Quil A were unable to stimulate a significantly
greater increase in the expression of CD86 and MHC class II
on the surface of BMDC compared with unmodified lipo-
somes or liposomes containing Quil A alone. The low level of
BMDC activation after incubation with unmodified PC lipo-
somes is in line with previous experiments that have found
unmodified liposomes possess only low inherent immunoge-
nicity (18). The lack of increased BMDC activation after
incubation with liposomes containing Quil A and/or manLCP
constructs, however, was disappointing, although this may
reflect the low amount of these moieties being delivered to
the cells in these formulations. The amount of LCP (5% w/w)
used in the current study was chosen after consideration of
the literature investigating the immunogenicity of peptides
and lipopetides when incorporated into liposomes (10,11,27).
It had been hoped that even though the amount of manLCP
used in these experiments was low, the fact that it was being
delivered to BMDC in a particulate form may compensate
for the decrease in dosage. It is also possible that by incor-
porating the constructs into liposomes, the lipid tails were no
longer available for interaction with DC PRRs, and this may
have contributed to the low level of activation observed in
these in vitro studies.

The ability of Quil A to stimulate immune responses is
thought to rely in part on its ability to associate with choles-
terol in cell membranes forming transmembrane pores that
allow for enhanced cytosolic entry of antigens into DCs (30).
This pore-forming ability is also thought to be responsible for
the high cytolytic activity and hence toxicity associated with
the use of Quil A as an immune stimulating adjuvant (31).
We have previously shown that the incorporation of increas-
ing amounts of Quil A into liposomes results in a change in
the structure of the particles formed from liposomes at a Quil
A content below approximately 10% w/w, through to ISCOMs
and small ring-like micellar structures at progressively higher
Quil A concentrations (25). Associated with the higher Quil
A content, ISCOMs and ring-like micelles show high cell
toxicity in vitro. We therefore chose to use a Quil A content
of 2% w/w in this current study to avoid the changes in
particle structure and associated toxicity associated with
higher Quil A content. It is likely, therefore, that this low
level of Quil A was not sufficient to stimulate the significant
up-regulation of BMDC activation markers in vitro. Howev-
er, the fact that no increase in BMDC activation was seen
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may also reflect a lack of sensitivity in the assay to dis-
criminate between small differences in BMDC activation, as
we have previously shown that a lack of BMDC activation in
vitro does not preclude the ability of formulation pulsed
BMDOC to stimulate T cells in vitro (18).

We therefore investigated the ability of BMDC pulsed
with various liposome formulations to stimulate in vitro pro-
liferation of naive CD8" T cells isolated from OT-I transgenic
mice. As expected, BMDC pulsed with unmodified liposomes
and liposomes containing Quil A alone were unable to
stimulate proliferation of CD8" T cells as no CD8" T cell
antigens were present in these formulations. In comparison,
BMDC pulsed with liposomes containing manL.CP constructs
were able to stimulate strong proliferation of CD8" T cell
populations. The only formulations showing a statistically
significant enhancement in proliferation compared with
proliferation in T cell cultures incubated with unpulsed
BMDC, however, were the liposomes containing both
manLCP and Quil A. This confirms previous findings that
measuring BMDC activation in vitro may not be a sufficiently
sensitive method for determining the immunogenicity of
formulations as T cell activation can still occur in the
absence of significant DC activation. It also suggests that this
T cell activation is antigen-specific as no proliferation
occurred in the absence of manL.CP constructs. These results
indicate that the addition of a small quantity of Quil A to the
liposome formulations may enhance the ability of BMDC to
induce T cell proliferation over that induced in its absence.

Finally, we investigated the ability of liposome formula-
tions containing manL.CP and/or Quil A to stimulate cyto-
toxic immune responses in vivo and protect against
subsequent tumor challenge. Groups of C57Bl/6]J mice were
immunized with liposomal vaccines containing manL.CP, or
manLCP and Quil A, either in the same or in different lipo-
some particles. All vaccines were well tolerated after sub-
cutaneous injection with no evidence of irritation, redness, or
swelling at the site of injection. The liposomes containing
manLCP alone were unable to stimulate an antigen-specific
cytotoxic response in vivo after subcutaneous administration,
suggesting that formulating the manLCP in liposomes on
their own is not sufficient to increase the immunogenicity of
the manL.CP constructs. Inclusion of 2% Quil A into man-
LCP-containing liposomes, however, significantly enhanced
the cytotoxic immune response as measured by killing of
peptide-pulsed target cells. ManL.CP incorporated in Quil
A-containing liposomes during liposome formulation and
manLCP admixed with Quil A-containing liposomes prior
to administration elicited similar levels of antigen-specific
cytotoxicity in vivo, not significantly different from manLCP
administered in alum. However, if manLCP and Quil A were
incorporated into separate liposomes and admixed before
administration, the resulting level of cytotoxicity was reduced
to near-background levels. This finding suggests that the anti-
gen and adjuvant need to be delivered in the same liposome
delivery system. It is conceivable that because of the amphi-
pathic nature of the manLCP constructs, free manLCP
admixed with Quil A-containing liposomes becomes associat-
ed with the liposomal membrane during vaccine preparation,
and thus effectively becomes the same as the manLCP-Quil
A-containing liposome formulations, explaining the similar
results seen with these two formulations. If manLCP is already
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incorporated into liposomes, this interaction would not occur
and manLCP and Quil A would remain in separate particles.

The ability of manL.CP- and Quil A-containing liposomes
to act as prophylactic vaccines and protect against later tumor
challenge was also investigated and found to confirm the
above in vivo cytotoxicity findings. Immunization with man-
LCP admixed with Quil A-containing liposomes achieved the
same level of tumor protection in mice as manLCP admin-
istered under more optimal vaccine conditions (four out of
five animals protected at 4 weeks posttumor challenge). The
level of protection after immunization with manLCP-Quil A-
containing liposomes was less than that after immunization
with the admixed formulation group (three out of five animals
protected), but higher than that achieved using manLCP
liposomes alone.

The findings presented here are consistent with those of
Lipford et al. (32) using peptide antigen incorporated into
Quil A-containing liposomes. Lipford et al. demonstrated
that approximately 30% specific lysis of peptide-pulsed target
cells could be achieved in vitro by incubating with cytotoxic T
cells removed from mice immunized with peptide-containing
Quil A liposomes. Our results demonstrate that a similar level
of cytotoxicity can be achieved in vivo by using manLCP-
containing Quil A liposomes.

The ability of Quil A-containing liposomes to replace the
requirement for ovalbumin protein to stimulate CD4 help in in
vivo immune responses is also consistent with previous find-
ings regarding the mechanism of action behind the immuno-
genicity of Quil A as an adjuvant. ISCOMs containing Quil
A are known to stimulate the production of IL-1 (33), a potent
inducer of CD4" T helper cells, which in turn stimulates
activation of CD8" immune responses toward otherwise weak
immunogens (5). Quil A can therefore potentially replace
other stimulators of CD4 help in vaccine formulations. In the
absence of Quil A, manLCP-containing liposomes seem
unable to stimulate such strong immune responses.

CONCLUSION

The findings presented here suggest that liposomal
incorporation of manLCP constructs is not sufficient on its
own to replace the need for alum in stimulating cytotoxic im-
mune responses in vivo. However, liposomes containing just
2% w/w Quil A are capable of replacing the need for alum in
initiating in vivo CD8" cytotoxic immune responses toward
manLCP constructs. In addition, vaccines containing manL.CP
and Quil A are able to protect against subsequent tumor
challenge as effectively as if the constructs are administered in
alum and with ovalbumin protein to stimulate CD4 help. To
stimulate this protective immune response, it seems that the
adjuvant needs to be delivered within the same particle as the
antigen, as the immune response generated when the manL.CP
and Quil A were administered in separate liposomes was
reduced to near-background levels. Importantly, the low level
of Quil A incorporated into these liposome formulations
seemed to be well tolerated after subcutaneous injection.
Interestingly, the ability of various liposome formulations to
stimulate in vivo immune responses did not reflect their
ability to stimulate mouse BMDC in vitro. Therefore, in vitro
testing alone should not be relied upon to determine the
immunogenicity of potential vaccine formulations.

White et al.
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