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ABSTRACT

Recently, we have developed a simple and potent therapeutic cancer vaccine consisting of a cationic lipid
and a peptide antigen. In this report, we expanded the utility of this formulation to protein based vaccines.
First, we formulated the human papillomavirus (HPV) 16 E7 protein (E7) in different doses of DOTAP lipo-
some. The results showed that these formulations failed to regress an established tumor. However, when
sodium chloride (30 mM) was added to the DOTAP (100 nmol)/E7 (20 wg) formulation, anti-tumor activity
was generated in the immunized mice. Correlatively, 30 mM NaCl in the DOTAP/E7 protein formulation
increased the particle size from ~350 to 550 nm, decreased the protein loading capacity (from 95 to 90%),
and finally increased the zeta potential (from 29 to 38 mV). Next, a model protein antigen ovalbumin (OVA)
was formulated in different doses of DOTAP liposomes. Similarly, the results showed that 20 g OVA for-
mulated in 200 nmol DOTAP with 30 mM NaCl had the best OVA-specific antibody response, including
both IgG; and IgG,,, suggesting both Th1 and Th2 immune responses were generated by this formulation.
In conclusion, we have expanded the application of cationic DOTAP liposome formulation to protein based
vaccines and also identified that small amounts of salt could change the physicochemical properties of
the vaccine formulation and enhance the activity of the DOTAP/protein based vaccine. The enhancement
of immune responses by salt is possibly due to its interference of the electrostatic interaction between
the cationic lipid and the protein antigen to facilitate the antigen release from the carrier and at the same

time activate the antigen presenting cells.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Recent vaccine development efforts have moved away from vac-
cines containing the whole organism and toward safer subunit
vaccines containing only the component necessary to solicit a sat-
isfactory immune response. The new generation vaccine system is
based on protein, peptide or DNA, which are considered to be safer
than vaccines based on the attenuated or killed organism. To gen-
erate strong T- or B-cell mediated immune response, the subunit
vaccine must efficiently deliver the antigen to the antigen present-
ing cells (APC) and, at the same time activates the APC (Guinn et

Abbreviations: APC, antigen presenting cells; BMDC, bone marrow-derived den-
dritic cells; CFA, complete Freund’s Adjuvant; CFSE, carboxyfluorescein succinimidyl
ester; CTL, cytotoxic T lymphocyte; DC, dendritic cells; DOTAP, 1, 2-dioleoyl-3-
trimethylammonium-propane (Chloride Salt); ERK, extracellular-signal-regulated
kinase; HPV, human papillomavirus; IFA, incomplete Freund’s Adjuvant; MCP-
1/CCL2, monocyte chemoattractant protein-1/CC chemokine 2; MIP-1a/CCL3,
macrophage inflammatory protein-1 alpha/CC chemokine-3; OVA, ovalbumin; TLR,
Toll-like receptor; TMB, Tetramethylbenzidine.
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al., 2007; Chen and Huang, 2005; Yan and Huang, 2007). We have
recently discovered that a cationic liposome, composed of a single
cationic lipid DOTAP, can deliver a cytotoxic T lymphocyte (CTL)
epitope peptide E7 to the dendritic cells (DC) and immunize the
murine host against the growth of the TC-1 tumor cells which con-
tain the human papilloma virus (HPV) DNA (Chen et al.,2008). Thus,
the therapeutic cancer vaccine contains only two molecules: the
antigen and an adjuvant. DOTAP liposome, in addition to its potent
delivery activity, must also activate DC.

Interestingly, cationic liposome stimulates the expression of
CD80/CD86 on DC, but not the release of TNF-alpha from DC, sug-
gesting the existence of a NF-kB-independent immunostimulation
pathway for cationic lipids such as DOTAP. It has been shown that
cationic lipid stimulation of expression of CD80/CD86 is dependent
on the certain structure of the cationic lipid, suggesting this pro-
cess is not non-specific (Vangasseri et al., 2006). Stimulation of DC
by DOTAP liposomes leads to the production of the reactive oxygen
species and activation of multiple signaling pathways, including
ERK (extracellular-signal-regulated kinase) and p38 (Yan et al,,
2008). Eventually, DOTAP liposomes induce chemokines/cytokines
production and co-stimulatory molecules expression (Yan et al.,
2007).
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A protein based vaccine can induce both antibody response and
T-cell response in the immunized host. Furthermore, a protein con-
tains multiple epitopes including T-helper (Th) epitopes, which play
a key role in tumor immunity, for example, in vivo CD8* T-cell
response priming (Wang and Livingstone, 2003) and/or memory
generation (Bourgeois and Tanchot, 2003). The existence of highly
diverse haplotypes in MHC (major histocompatibility complex) I
and II molecules among the human population also makes the
whole protein an attractive molecule to deliver (Paschen et al.,
2004).

Plasmid DNA (pDNA)-cationic liposome complexes (i.e.
lipoplexes) were well-known to lead to systemic gene expression,
particularly in the lung (Zhu et al., 1993; Wheeler et al., 1996;
Liu et al., 1997; Li et al., 1999). Lipoplexes are often prepared in a
non-ionic solution due to their well-known tendency to aggregate
out of the solution as the salt concentration increases (Kawakami
et al., 2000). Aggregation during lipoplex formation in isotonic
solution (150 mM sodium chloride) may be due to neutralization
of the surface positive charge by the associated counter ion, thus
decreasing the repulsion among the lipoplexes. Interestingly, the
addition of low concentration of salt (10mM sodium chloride)
during complex formation enhanced gene expression in the lung
(Kawakami et al., 2005). Liposomes of various lipid compositions
have been widely used to deliver protein as an antigen (Davidsen
et al., 2005; Vangala et al., 2006; Cui and Huang, 2005). However,
the effect of salt on the physicochemical properties and immuno-
genicity of cationic liposome/protein complex, especially for T-cell
response, remains unknown.

We propose that the addition of salt in the cationic lipo-
some/protein complex could also boost the immune response due
to the altered physicochemical properties. Here, we report that
cationic DOTAP liposome/protein/salt complex serves as an effi-
cient adjuvant/delivery system for a protein antigen and induces
both potent antibody and CTL responses.

2. Materials and methods
2.1. Materials

DOTAP (1, 2-dioleoyl-3-trimethylammoninum propane) and
other lipids were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). The complete and incomplete Freund’s adjuvants
(CFA/IFA) were purchased from DIFCO Laboratories (Detroit, MI).
Goat anti-mouse IgG, 1gG,, and IgG; horseradish peroxidase
(HRP) conjugates were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Tetramethylbenzidine (TMB) Substrate Kit
was purchased from KPL (Gaithersburg, MD). Ovalbumin (OVA)
(Grade II) was purchased from Sigma (San Louis, MS). E7 peptide
(RAHYNIVTF) derived from HPV 16 E7 protein (amino acid 49-57)
was synthesized and purified in the Peptide Synthesis Facility of the
University of Pittsburgh. Murine TC-1 cells were kindly provided by
Dr. T.C. Wu at Johns Hopkins University (Baltimore, MD). TC-1 cells
are C57BL/6 mouse lung epithelial cells transformed with HPV 16
E6 and E7 oncogenes and activated H-ras. The tumor cell line was
maintained in RPMI-1640 medium supplied by Invitrogen (Carls-
bad, CA) supplemented with 10% fetal bovine serum, 100 units/ml
penicillin, and 100 p.g/ml streptomycin (Invitrogen).

2.2. Purification of recombinant E7 protein

Plasmid pET-E7 was a gift from Dr. Jeong-Im Sin at the Catholic
University of Korea (Seoul, Korea). The His-tagged recombinant E7
protein was expressed and purified as previously described with
some modifications (Cui and Huang, 2005). Briefly, the pET-E7 plas-

mid was purified and transformed into BL21 (DE3) cells. A single
colony was seeded into LB medium supplemented with kanamycin
at a final concentration of 50 wg/ml. The cells were incubated at
37 °C shaker until the absorbance at 600 nm was between 0.6 and
0.8. Protein production was induced using 0.5 mM of isopropy-1-
thio-f3-p-galactopyranoside for 4 h. The cell pellets were collected
by centrifugation at 8000 x g for 20min and then re-suspended
in 8 M urea buffer (pH 8.0) (5ml per 1 mg of wet cell pellet). The
cells were broken by sonication and then the cell lysate was cleared
by centrifugation at 12,500 x g for 30 min. The supernatant was
collected and purified by Ni-agarose column using the protocol pro-
vided by the vendor (Bio-rad biotechnology). The protein solution
was then desalted and changed to 5 mM Tris-HCl buffer, pH 7.0, by
G25 desalting column from Pierce (Rockford, IL). The protein con-
centration was quantified using the Coomassie Plus protein assay
reagent (Pierce). The protein purity (about 90%) was confirmed by
electrophoresis on a 15% SDS-PAGE gel (Bio-Rad, CA). Similar to
previous reports, the recombinant E7 protein migrated as a 23 kD
protein on SDS-PAGE gel (Zhang et al., 2000; Pahel et al., 1993).

2.3. Formulation of protein antigens with DOTAP liposome

Cell culture grade water (Cambrex, Walkersville, MD) was used
in all liposome preparations. Briefly, lipid films were made in glass
vials by evaporating the chloroform solution under a steady stream
of dry nitrogen gas. Traces of organic solvent were removed by
keeping the films under vacuum with desiccant overnight. Lipid
films were hydrated for 12 h by adding required amount of protein
solution in water or specific concentration of NaCl. The suspensions
were then sonicated in a bath type sonicator for 10 min and stored
at 4°C before use.

2.4. Characterization of DOTAP/protein formulations

The particle size and the zeta (¢) potential of the liposomal
complexes were measured following the manufacturer’s instruc-
tion using a Coulter N4 Plus particle sizer (Beckman Coulter, San
Francisco, CA) and a ZetaPlus (Brookhaven Instruments, Corp.,
Holtsville, NY), respectively. The measurement of { potential was
performed in the 1 mM KCl. Protein incorporation in the liposome
was determined by the percentage of liposome-bound protein. In
brief, the unbound protein from DOTAP/E7 and was separated from
the complex by a Microcon® centrifugal filtrate device (Millipore,
Bedford, MA) and the concentration of unbound protein was mea-
sured by Micro BCA™ Protein Assay Kit (Pierce, Rockford, IL). The
efficiency of protein incorporation was determined as (1% unbound
peptide) and was reported as the mean £S.D. (n=3).

2.5. Production of antibodies

All work performed on animals was in accordance with and
approved by the institutional IACUC. C57BL/6 mice (n=5) were s.c.
immunized on the left flank at day 0 with 20 g of OVA formulated
in DOTAP liposomes, PBS or CFA. At day 14, mice were injected
s.c. on the left flank again with the same formulations except that
CFA was replaced by IFA. Sera were collected at day 13 and 28 and
titrated for OVA specific antibodies by ELISA.

2.6. ELISA for IgG, IgG; and IgGyq

Specific serum IgG, IgG; and IgG,, levels against OVA protein
were determined using ELISA. Briefly, Costar high binding 96-well
assay plates were coated with 100 wl (10 mM sodium phosphate
buffer, pH9.6) of OVA protein (1 pg/well) overnight at 4°C. The
plates were then washed once with wash buffer (PBS containing
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0.01% Tween 20) and blocked for 1 h at 25 °C with 100 pl/well ELISA
buffer (2% bovine serum albumin (BSA) (Sigma) solution made in
PBS). The plates were then washed five times with wash buffer.
Mouse serum was serially diluted with ELISA buffer, and 100 wl
was added into the well and incubated for 2 h at 25 °C. After wash-
ing five times with wash buffer, goat anti-mouse IgG or IgG; or
1gG,, HRP (diluted 1:10,000 in 2% BSA) was added (100 wl/well)
and incubated for 1h at 25°C. The plates were washed five times
with wash buffer. Finally, the samples were developed with 100 .l
TMB substrate for 30 min at room temperature and then stopped
with 100 pl of 1 M H,S0O4. The OD of each well was measured using
a Microplate Reader System (Bioscan, Washington, DC) at 405 nm.

2.7. Vaccine treatment for tumor bearing mice

C57BL/6 female mice of 6-7 weeks old were purchased from
Charles River Laboratories (Wilmington, MA) and were used in all
animal studies. Subcutaneous tumors were established by injecting
TC-1 cells (10° cells) into the hair-trimmed flank of the mouse on
day 0. At day 5, mice (n=4-6) were subcutaneously injected with
150 .l of selected formulations containing 20 g E7 protein. The
size of the tumor was measured using a caliper two or three times
a week. Tumor size was determined by multiplying the two largest
dimensions of the tumor.

2.8. Invivo CTL assay

In vivo CTL activity of E7-specific cytotoxic T-cells was enumer-
ated according to the protocol of Byers et al. (2003) with minor
modifications. In brief, spleen cells from syngeneic mice were RBC
lysed followed by pulsing with 10 wM E7 peptide (RAHYNIVTF) or
without peptide in complete medium for 1h at 37°C. Both spleen
cell populations were stained with equal amount of 2 uM PKH26
(red fluorescent dye) (Sigma-Aldrich) according to manufacturer’s
instruction. Then, the peptide pulsed and unpulsed populations
were loaded with either 4 uM or 0.4 M CFSE (carboxyfluorescein
succinimidyl ester) (Molecular Probe) at 37 °C for 15 min. CFSE dif-
fuses freely inside the cells and intracellular esterases cleave the
acetate groups converting it to a fluorescent, membrane imperme-
able dye. The two cell populations were mixed 1:1 before tail vein
injection to the control or DOTAP/E7 protein immunized mice (107
spleen cells per mouse). At 16 h after injection, spleen cells from
the recipient mice were isolated and single cell suspension were
prepared prior to flow cytometric analysis. The number of CFSENigh
(loaded with 4 uM CFSE) and CFSE!*" (loaded with 0.4 wM CFSE)
population were determined and the E7 specific lysis percentage
was enumerated according to a published equation (Byers et al.,
2003).

2.9. Statistical analysis
Data were analyzed statistically using a two-tailed Student’s t-

test. Data were considered statistically significant when p value was
less than 0.05.

Table 1
Physical properties of DOTAP/E7 proteins in the presence of 30 mM NaCl.

3. Results

3.1. DOTAP/NaCl/E7 protein formulation elicits therapeutic
anti-tumor activities

Our previous findings showed that DOTAP/E7 peptide induced
anti-tumor activity was dependent on the dose of DOTAP. The dose
response curve indicated that 100 nmol/mouse generated the opti-
mal effect on the tumor regression. Therefore, we first perform the
same experiment to optimize the dose of the DOTAP. The 20 g E7
protein was formulated with different dose of DOTAP liposomes.
However, all these formulations could not induce tumor regression
(data not shown). Interestingly, we found one group in which the
protein was partially desalted by dialysis showed anti-tumor activ-
ity. We also observed that the salt resulted in larger particle size and
when this formulation was s.c. injected to the mice, the draining
lymph nodes were enlarged, suggesting an enhanced immunologi-
cal response. Previous report also showed that salt enhanced gene
expression of cationic liposome/plasmid DNA complex (Kawakami
et al., 2005). Therefore, we systematically studied the effects of salt
on the physicochemical characteristics and anti-tumor activities
induced by DOTAP/NaCl/E7 protein formulations. In this study, we
kept the DOTAP dose as 100 nmol per mouse. The results indicated
that the particle size of DOTAP/E7 protein complex increased as
the concentration of NaCl increased. When the NaCl concentration
was increased to more than 50 mM, the complex precipitated. How-
ever, the DOTAP/protein particles are still stable in the presence
of 30 mM NaCl although the size increased from 350 to 550 nm
(Table 1). We also compared the zeta potential of the formula-
tion with 30 mM NacCl to the formulation without NaCl. The results
showed that in the presence of 30 mM NaCl, the particles gained
more positive charge than the particles without NaCl, although all
the protein formulations were less positively charged than empty
DOTAP liposomes (Table 1). Table 1 also showed that the loading
capacity of DOTAP/protein complex was slightly decreased from 95
to 90% in the presence of NaCl. The reason for the decrease in the
loading capacity and increase in the zeta potential by salt is prob-
ably due to the interference of electrostatic interaction between
the lipid and the protein. Next, the DOTAP/NaCl/E7 protein formu-
lations were utilized to study the therapeutic effect on the tumor
bearing mice. TC-1 tumor cells were s.c. injected into mice. Five
days later, the mice were treated with DOTAP/NaCl/E7 protein. As
shown in Fig. 1, treatment of tumor-bearing mice with DOTAP/E7
protein with 30 mM NaCl caused regression of the tumors and the
activity was comparable to the activity of the DOTAP/E7 peptide
formulation, which served as a positive control and reported previ-
ously (Chen et al., 2008). In contrast, E7 protein alone or DOTAP/E7
protein with higher concentration of NaCl did not induce inhibitory
effects on the tumor growth. However, DOTAP liposome itself has
no effect on the tumor growth demonstrated by our previous work
(Chen et al., 2008).

To make sure the tumor regression was due to antigen specific
CTL (cytotoxic T-cell), mice with regressed tumors and naive mice
were used to do an in vivo CTL assay. A mixture containing equal

Samples Mean diameter (nm)© Mean charge (mV)° Mean protein incorporation (%)¢
DOTAP? 1524 + 134 523 £32 N/A

DOTAP/E7P 354.2 4+ 23.2 289 + 1.0 952423

DOTAP/E7/NaCl 559.4 + 32.3 382+ 3.1 89.7+1.0

2 DOTAP concentration, 1 mM.
b E7 protein concentration, 0.2 mg/ml.
¢ Values represent means + S.D. of n=3 experiments.
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Fig. 1. Kinetics of TC-1 tumor growth in mice treated with DOTAP/E7 protein formu-
lations in the presence of different concentration of NaCl. C57BL/6 female mice of 7
weeks old (n=4-6) were s.c. injected with TC-1 tumor (10° cells per mouse) at day 0.
At day 5, mice received 20 g E7 protein formulated in liposome made by 100 nmol
DOTAP lipid in the presence of 0, 30, 50, 100, 150 mM NaCl. Mice left untreated were
used as the negative control. Tumor sizes were measured by a caliper every two or
three days and determined by multiplying the two largest dimensions of the tumor.
TC-1 tumor size of each group at day 23 was compared to the untreated control
group and was analyzed statistically ("'p <0.001).

amounts of E7-pulsed CFSEMgh and unpulsed CFSE!®Y spleen cells
from a syngeneic donor was i.v. injected into tumor regression mice
at day 22. The specific lysis of E7-pulsed cells was analyzed by flow
cytometry 16 h after adoptive transfer. Mice that received E7 pro-
tein formulated in DOTAP liposome with 30 mM NaCl or DOTAP/E7
peptide were capable of killing more than 70% of in vivo targets
in 16 h while in the groups of 0 mM NaCl and 150 mM NacCl with
DOTAP/E7 protein were not able to kill (Fig. 2). This finding sug-
gests that the tumor-killing activity induced by DOTAP/E7 protein
with 30 mM NaCl was mainly due to the E7 specific CTL response.

3.2. Model antigen OVA formulated in DOTAP liposome induced
antibody response

In order to check if DOTAP can enhance antibody response, we
formulated well-established model antigen OVA into DOTAP lipo-
somes. The optimal dose of DOTAP to induce the best antibody
response could be different from the dose to generate the anti-
tumor activity. Therefore, we first varied the dose of DOTAP and kept
the antigen amount constant. The particle size, zeta potential and
antigen loading capacity are summarized in Table 2. The zeta poten-
tial decreases as the ratio of protein to DOTAP increases, suggesting
that the negatively charged protein compensated for the positive
charge of DOTAP. However, all these formulations contained net
positive charge. Because of electrostatic interaction between the
protein and liposome, the loading capacities are all more than
90%. Similar to the salt effect on the properties of DOTAP/E7

r 3
1 0% 83.2%
g Naive DOTAP/ET peptide
O o — -
= 3 3
Q|3 E 3
| 23.5% 473.5% E 13.5%
L 3 E
0 mM NacCl 30 mM NaCl 150 mM NacCl
DOTAP/ET protein N
CFSE

Fig. 2. Immunization with E7 protein formulated in DOTAP with 30 mM Nacl elicits functional CD8" T-cells. At day 23, C57BL/6 mice from tumor growth study, were i.v.
injected with equivalent amount of E7 peptide-pulsed specific (labeled with 4 wM CFSE) and non-specific (labeled with 0.4 wM CFSE) PKH-26 labeled spleen cells from a
syngeneic donor. 16 h later, spleen cells were harvested from the adoptively transferred mice and the proportions of the CFSEMgh and CFSE!*Y cells were analyzed by flow
cytometry. Percentage of specific anti-E7 killing was shown in the upper left corner of each panel. Data was show in the represent of three similar results.

Table 2
Physical properties of DOTAP/OVA? formulations.

Samples Mean diameter (nm)> Mean charge (mV)? Mean protein incorporation (%)°
0.5mM DOTAP 334.5 + 34.5 18.6 £ 1.7 94.8 +£ 2.8
1 mM DOTAP 324.4 4+ 25.7 263 +23 95.8 +£1.3
2 mM DOTAP 339.6 &+ 28.9 32.8 +3.7 975+ 23
2 mM DOTAP/30 mM NaCl 589.8 + 46.3 437 £ 4.2 90.2 + 34
4mM DOTAP 319.3 £ 24.7 384+ 1.2 984 + 1.2

2 OVA protein concentration, 0.2 mg/ml.
b Values represent means +S.D. of n=3 experiments.
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Fig. 3. Anti-OVA antibody responses can be generated by DOTAP/OVA protein for-
mulations. C57BL/6 female mice of 7 weeks old (n=5) were s.c.immunized on Days
0 and 14 with 150 pl of each formulation. OVA-specific total serum IgG was evalu-
ated on Day 13 (A) and 28 (B) by ELISA (prime or boost as indicated). Data represent
the mean+S.D. "p<0.05 compared to OVA alone group (0 nmol DOTAP).

protein, 30 mM NaCl increased the particle size, positive charge and
also slightly decreased the protein loading capacity of the complex
(Table 2).

The data presented in Section 3.1 indicate that DOTAP/
protein/salt complex can prime T-cell response and induce a promi-
nent anti-tumor activity. The ability of DOTAP to initiate a B-cell
response was then tested by immunizing mice against a model
antigen OVA and measuring OVA-specific antibodies by ELISA.
First, DOTAP alone was used as a delivery and adjuvant sys-
tem. With increasing dose of DOTAP, antibody responses (both
prime and boost) induced by DOTAP/OVA were enhanced com-
pared to OVA alone (Fig. 3). The OVA specific total IgG level in the
serum of mice immunized with 200 nmol or 400 nmol DOTAP/OVA
protein was significantly higher than that of the mice immu-
nized with OVA protein only (p <0.05). However, the 200 nmol or
400 nmol DOTAP/OVA generated-antibody response was less than
the CFA/IFA system.

In Section 3.1, we showed that salt in the vaccine formulation
could dramatically enhance the anti-tumor activity. Thirty millimo-
lar NaCl was also introduced to the DOTAP/OVA formulation to
see if the same effect could be observed for antibody production.
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Fig. 4. Low concentration of NaCl can further boost the anti-OVA IgG antibody
response induced by DOTAP/OVA protein formulation. C57BL/6 female mice of 7
weeks old (n=5) were s.c. inmunized on Days 0 and 14 with 150 .l of each for-
mulation. (A) The total anti-OVA IgG antibody response (day 28) was boosted by
30 mM Nacl in the 200 nmol/OVA protein formulations in 150 p.l. (B) OVA-specific
IgG; and IgG,, subtypes (day 28) were generated by DOTAP/OVA protein in the pres-
ence of 30 mM NaCl. Data represent the mean +S.D. ‘p<0.05, “"p<0.01, "p<0.001
compared to OVA alone group; #p <0.05, compared to 0 mM NaCl.

Although the 30 mM NacCl did not enhance the primary antibody
response generated by DOTAO/OVA (data not shown), it signifi-
cantly boosted the antibody response (Fig. 4A). We also checked the
IgG subtypes IgG,, and IgG levels in the mouse serum. Fig. 4B indi-
cates that 200 nmol DOTAP/OVA could boost both IgG; and IgG,,
subtypes compared to OVA only (p <0.05). Moreover, 30 mM NaCl
in the vaccine formulation further enhanced the IgG; subtype anti-
body. Although we observed the enhancement of IgG,, induced by
30 mM Nadl, the statistic analysis showed no significant difference
(p>0.05).

4. Discussion

In this report, we expanded the cationic DOTAP liposome formu-
lation from a peptide based vaccine to a protein based vaccine. Our
data illustrated that DOTAP/protein/salt vaccine formulation has
the capacity to generate both CTL and specific antibody responses.
Generally speaking, CTL response cannot be induced by a pro-
tein alone as an antigen because it is taken up and degraded in
the endosomes/lysosomes and does not gain access to the MHC I
molecules. However, formulation of a protein in a particulate sys-
tem will facilitate its entry into the cytoplasm, degradation by the
immune proteosome and eventually access to the MHC I molecules,
leading to a CTLresponse (Falo et al., 1995; de Jong et al.,2007; Liang
etal., 2006). DOTAP cationic liposome can obviously carry a protein
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antigen and deliver to the cytoplasm of APC, inducing a strong CTL
response. In addition, DOTAP can also facilitate antibody responses
(both prime and boost) as shown by our data. Therefore, it has
the potential to be applied to vaccines against infectious diseases
such as HIV or malaria which requires both arms of the immune
response. There are at least three advantages to use cationic lipo-
some/protein complex to deliver a protein antigen. First, cationic
liposome/protein complex has a very high loading capacity to for-
mulate negatively charged protein via charge-charge interaction
(Tables 1 and 2). Second, cationic liposome destabilizes the endo-
somal membrane by forming ion pair complex with the endosomal
anionic lipids, so protein antigen can be efficiently delivered to the
cytoplasm (Xu and Szoka, 1996). Third, the cationic liposome itself
has adjuvant effect on the activation of the antigen presenting cells,
such as DC (Vangasseri et al., 2006; Yan et al., 2007).

Another finding in this study is that a low concentration of
NaCl (30mM) enhances both the anti-tumor activity and anti-
body response induced by the DOTAP/protein formulation. The
high concentration of the salt compromising the immune response
is probably due to the aggregation and precipitation of the lipo-
some/protein complex. The complex became micrometer diameter
range in the presence of 75 mM NaCl. The increased particle size
may not facilitate the antigen uptake by APC such as DC. Low dose
of NaCl (30 mM), however, did not dramatically increase the parti-
cle size (<600 nm), which is still manageable by APC. But the salt
could actually decrease the interaction between the cationic lipo-
some and the protein antigen. Consistent with a previous report
(Tsuruta et al., 1997), the loading capacity of DOTAP liposome
decreased when the salt was added to the DOTAP/protein com-
plex. The predicted and measured PI values of E7 protein are 4.05
and 5.4, respectively (Pahel et al., 1993) and that of OVA is 4.7 (data
provided by Sigma). Therefore, in water (pH 6.7), the interaction
between the protein and cationic liposome is through electrostatic
and hydrophobic attraction, among which the former interaction
is the major driving force. Addition of salt to the liposome/protein
complex would decrease the electrostatic interaction, resulting in
the observed decrease of the loading capacity (Tables 1 and 2).
Tsuruta et al. (1997) studied the interaction between a protein and
the DODAB cationic liposome and suggested that in the presence
of salt, the protein is basically “lying over” or partially “inserted in
the bilayer”, although no liposome leakage was observed. How-
ever, in water without salt the protein will totally insert into
the bilayer and cause the liposome rupture (Tsuruta et al., 1997).
The authors concluded that efficient exposure of protein antigen
to the immunological system resulted from the addition of salt
enhanced the immune response. In addition, salt will decrease
affinity between the cationic lipid and the protein. When the pro-
tein is delivered to the APC, it could more easily be released from
the carrier to facilitate the antigen presentation by APC.

Our data also showed the increased zeta potential in the pres-
ence of salt, because the salt decreases the electrostatic interaction
between the lipid and the protein leading to reduced shield-
ing effect of the protein to the positive charged liposome. These
changes could facilitate an enhanced interaction and activation of
APC by cationic particles. Our previous reports showed that posi-
tive charge of the liposome is essential to initiate the down stream
signal transduction in DC, which is required for mounting sufficient
immune responses (Yan et al., 2007).

In summary, DOTAP liposome is a promising adjuvant and
delivery system for protein based vaccines. Our data also indi-
cates that addition of a low level of NaCl in the formulation
can dramatically change the physicochemical properties of the
cationic liposome/protein complex resulting in enhanced immune
responses. Whether the observation can be generalized to other
protein vaccine formulation remains to be studied. The effect of

salt on the immune responses is likely to depend on the properties
of both the antigens (PI value, molecular weight, hydrophobicity,
etc.) and the carriers (charge, size, etc.). A protein vaccine formula-
tion should be carefully studied individually to optimize its immune
response.
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