
Negatively charged liposomes show potent adjuvant activity
when simply admixed with protein antigens

Nijaporn Yanasarna,b, Brian R. Sloata, and Zhengrong Cuia
aPharmaceutics Division, College of Pharmacy, The University of Texas at Austin, Austin, TX
78712
bDepartment of Pharmaceutical Sciences, College of Pharmacy, Oregon State University,
Corvallis, OR 97331

Abstract
Liposomes have been investigated extensively as a vaccine delivery system. Herein the adjuvant
activities of liposomes with different net surface charges (neutral, positive, or negative) were
evaluated when admixed with protein antigens, ovalbumin (OVA, pI = 4.7), Bacillus anthracis
protective antigen protein (PA, pI = 5.6), or cationized OVA (cOVA). Mice immunized
subcutaneously with OVA admixed with different liposomes generated different antibody
responses. Interestingly, OVA admixed with net negatively charged liposomes prepared with
DOPA was as immunogenic as OVA admixed with positively charged liposomes prepared with
DOTAP. Immunization of mice with the anthrax PA protein admixed with the net negatively
charged DOPA liposomes also induced a strong and functional anti-PA antibody response. When
the cationized OVA was used as a model antigen, liposomes with net neutral, negative, or positive
charges showed comparable adjuvant activities. Immunization of mice with the OVA admixed
with DOPA liposomes also induced OVA-specific CD8+ cytotoxic T lymphocyte responses and
significantly delayed the growth of OVA-expressing B16-OVA tumors in mice. However, not all
net negatively charged liposomes showed a strong adjuvant activity. The adjuvant activity of the
negatively charged liposomes may be related to the liposome’s ability (i) to up-regulate the
expression of molecules related to the activation and maturation of antigen-presenting cells and
(ii) to slightly facilitate the uptake of the antigens by antigen-presenting cells. Simply admixing
certain negatively charged liposomes with certain protein antigens of interest may represent a
novel platform for vaccine development.
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1. INTRODUCTION
New approaches to vaccine development using recombinant protein antigens have
significant advantages over traditional vaccines consisted of live attenuated pathogens,
whole inactivated organisms, or inactivated toxins. However, recombinant protein antigens
alone are often poorly immunogenic or non-immunogenic and, thus, need a potent vaccine
adjuvant to enhance the resultant immune responses.1 In recent years, particulate carriers
have been extensively researched as vaccine delivery systems. It is generally accepted that
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many particle carriers have adjuvant activity, which is likely due to the particle’s ability to
facilitate the uptake of antigens by APC. Moreover, enhancement of antigen stability,
presentation of multiple copies of antigens, and the ability to include immunomodulators are
also the advantages of using particulates as a vaccine delivery system.2

Liposomes are a well known lipid-based particulate vaccine delivery system. The adjuvant
activity of liposomes was first reported by Allison and Gregoriadis in 1974 using diphtheria
toxoid as an antigen.3 Since then the adjuvant activity of liposomes has been extensively
studied.4–8 Many parameters that may affect the adjuvant activity of liposomes have been
investigated. It was found that a variety factors such as particle size, surface charge, lipid
composition, method of antigen loading, to name a few, in a liposome-based vaccine
formulation can potentially shape the resultant immune responses against the antigen of
interest. There were numerous studies defining the adjuvant activity of negatively and
positively charged liposomes and examining the effect of the charge of liposomes on their
adjuvant activities, but the results were rather conflicting and inconclusive.3, 9–27 For
example, Allison and Gregoriadis (1974) reported that diphtheria toxoid in negatively
charged liposomes elicited significantly higher antibody levels than in positively charged
liposomes.3 However, Nakanishi et al. reported that positively charged liposomes containing
a protein antigen were more potent inducers of antigen-specific CTL responses than
negatively charged and neutral liposomes.25 Similarly, Afrin et al. showed that Leishmania
donovani antigens encapsulated in positively charged liposomes induced the strongest level
of protection against experimental visceral leishmaniasis in mice, followed by neutral and
negatively charged liposomes, respectively.26 On the contrary, in another study using the
recombinant glycoprotein of Leishmania antigen,27 it was shown that antigens entrapped in
neutral liposomes conferred a significantly higher protection and Th1 type immune
responses than antigens entrapped in positively charged liposomes, whereas the negatively
charged liposomes favored the induction of a Th2 type immune response.

In the present study, the adjuvant activities of liposomes with different net surface charges
(i.e., neutral, positively charged, or negatively charged) were further investigated. Very
often, protein antigens were either entrapped inside liposomes or covalently conjugated onto
the surface of liposomes when liposomes were used as a vaccine delivery system.3, 28–35

Entrapment of protein antigens into liposomes has many advantages. For example, it
improves the stability of the proteins by protecting it from degradation after injection.28

Using BSA as a model antigen, Shek and Sabiston (1982) showed that tryposinization of
liposomes with entrapped BSA did not reduce the anti-BSA immune response induced by
the liposomes, but trypsinizatoin of liposomes with surface adsorbed BSA significantly
reduced the anti-BSA response induced.28 Moreover, it is thought that liposomes with
antigens entrapped inside can act as a depot and allow the slow and persistent release of the
antigen. Similarly, conjugation of antigens onto liposomes has its advantages as well. For
example, it was shown that conjugation of lysozyme as an antigen onto neutral liposomes
induced significantly stronger antibody responses than entrapment of it in the liposomes.36

However, a significantly more convenient approach is to simply mix the antigen of interest
with pre-formed liposomes, similar to the mixing of protein antigens with aluminum
hydroxide or aluminum phosphate in suspensions, which are used in many human vaccines.
Using model antigens OVA and the PA protein of Bacillus anthracis with a pI value of 4.7
and 5.6, respectively, the adjuvant activities of net neutral, net positively charged, and net
negatively charged liposomes were evaluated by simply mixing the antigens with the
liposomes before injecting them into mice. It was found that net negatively charged
liposomes prepared with certain negatively charged lipids have a potent adjuvant activity
when admixed with protein antigens.

Yanasarn et al. Page 2

Mol Pharm. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. MATERIALS AND METHODS
2.1. Materials

DOTAP, DOPA, DOPC, DOPS, and DOPG were from Avanti Polar Lipids, Inc. (Alabaster,
AL). BSA, horse serum, Chol, DCP, OVA (Cat. # A5503), HMD, EDC, TMB, FITC, and
MTT assay kit were from Sigma-Aldrich (St. Louis, MO). B. anthracis PA protein and
lethal factor were from List Biological Laboratories, Inc. (Campbell, CA). Goat anti-mouse
immunoglobulin (IgG, IgG1, and IgG2a) were from Southern Biotechnology Associates,
Inc. (Birmingham, AL). Class I (Kb)-restricted peptide epitope of OVA (SIINFKEL) was
from Ana Spec Inc. (Fremont, CA). Phycoerythrin (PE)-labeled anti-I-A[b] and FITC-
labeled anti-CD80 antibodies were from BD Biosciences (San Diego, CA). RT2 First Strand
Kit, RT2 SYBR® Green/ROX™ qPCR Master Mix, RT2 Profiler™ Mouse Dendritic and
Antigen Presenting Cell PCR Array were from SABioscience (Frederick, MD). CFSE and
SuperScript® III First-Strand Synthesis SuperMix for qRT-PCR were from Invitrogen
(Carlsbad, CA). Taq DNA polymerase was from New England Biolabs (Ipswich, MA).

2.2. Cells and cell lines
Culture medium, FBS, and antibiotics were from Invitrogen. The DC2.4 cells (a mouse DC
line) were grown in RPMI 1640 medium supplemented with 10% FBS, 100 U/mL of
penicillin, and 100 µg/mL of streptomycin. The OVA-expressing B16-OVA cells were
kindly provided by Dr. Edith M. Lord and Dr. John Frelinger from the University of
Rochester Medical Center (Rochester, NY) 37 and grown in RPMI 1640 medium with 5%
FBS and 400 µg/mL of Geneticin (G418). The J774A.1 cells (mouse macrophages) were
grown in DMEM medium supplemented with 10% FBS, 100 U/mL of penicillin and 100
µg/mL of streptomycin. BMDC of C57BL/6 female mice were from Astarte Biologics
(Redmond, WA) and grown in DMEM high glucose medium with 10% FBS, 100 U/mL of
penicillin, and 100 µg/mL of streptomycin.

2.3. Preparation and characterization of liposomes
Liposomes were prepared using the thin film hydration method.38 Briefly, a thin film of net
neutral phospholipids (DOPC) and Chol (1:1 molar ratio, 20 mg total lipid) was formed in
the bottom of 7-mL glass scintillation vial by chloroform evaporation. The lipid thin film
was then hydrated and dispersed in 1 mL of PBS (10 mM, pH 7.4) by vigorous mixing at
room temperature. The resultant liposomes were extruded through 400 and 100 nm filters,
sequentially, using the Mini-Extruder (Avanti Polar Lipids, Inc). To prepare net positively or
negatively charged liposomes, DOPC was replaced by DOTAP or DOPA, respectively. For
the preparation of different negatively charged liposomes, DOPS, DOPG, or DCP was used
as follow: DOPS:Chol (1:1, m/m), DOPG:DOPC:Chol (1:2:1, m/m/m), and
DCP:DOPC:Chol (1:2:1, m/m/m), all with 20 mg of total lipids. The endotoxin level in the
liposome preparations (measured in liposomes prepared with DOTAP, DOPA, and DOPG)
was estimated to be 0.11–0.35 EU/ml using a ToxinSensor™ Chromogenic LAL Endotoxin
Assay Kit from GenScript (Piscataway, NJ).

An equal volume of liposomes and protein in solution (OVA or PA in PBS, 10 mM, pH 7.4)
were mixed. The mixture was then vortexed for 3–5 s and incubated at room temperature for
at least 15 min prior to further use.

Cationized OVA (cOVA) was prepared as previously described.39 Briefly, 20 mg of OVA
was dissolved into 1 mL of PBS. HMD (2 mL, 2 M, pH 6.8) and EDC (54 mg) were added,
and the mixture was stirred at room temperature for 2 h. The reaction was stopped by adding
1 mL of glycine solution (2 M) followed by another h of stirring. The cOVA was purified
using a PD-10 column (GE Healthcare Bio-Sciences Corp, Piscataway, NJ) and
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concentrated using ultra-centrifugation filter tubes (30 kDa cut-off) (Millipore, Billerica,
MA). Protein concentration was determined using the Bradford reagent (Sigma-Aldrich).
The cOVA-liposome mixtures were prepared as described above.

The particle size of liposomes and liposome-protein mixtures was determined using a
Coulter N4 Plus Submicron Particle Sizer (Beckman Coulter Inc., Fullerton, CA). The
turbidity was determined by measuring the absorbance at 655 nm using a BioTek Synergy™
HT Multi-Mode Microplate Reader (BioTek Instruments, Inc., Winooski, VT).

The percent of protein associated with the liposomes was determined by ultracentrifugation.
Briefly, the antigen-liposome mixture was centrifuged at 150,000 × g for 1 h using a
Beckman-Coulter Optima™ TLX Benchtop Ultracentrifuge (Brea, CA), and the protein
content in the supernatant was determined using a CBQCA protein quantitation kit
(Molecular Probes, Inc., Eugene, OR). The amount of proteins associated with the liposomes
was derived by subtracting the amount of proteins in the supernatant from the total amount
of proteins added. Sucrose gradient centrifugation was used for the protein-DOTAP
liposome mixture because their mixture did not precipitate after simple centrifugation.
Sucrose gradient was prepared with the following layering: 60% sucrose (0.4 mL), protein-
DOTAP liposome mixture (0.1 mL), 25% sucrose (0.4 mL), and 10% sucrose (0.2 mL).
After 1 h of centrifugation (200,000 × g), 0.1 mL fractions (11 total) were collected. Protein
concentration in each fraction was quantified using the CBQCA kit. The liposome-
associated protein peaked at fraction 2, while the protein alone peaked at fraction 8. The %
of protein associated with liposomes was calculated using the trapezoidal rule. All
experiments were repeated as least 3 times.

2.4. Immunization studies
All animal studies were carried out following the National Institutes of Health guidelines for
animal care and use. Animal protocols were approved by the Institutional Animal Care and
Use Committee at the University of Texas at Austin and at Oregon State University. Female
BALB/c or C57BL/6 mice, 6–7 weeks of age, were from Simonsen Laboratories, Inc.
(Gilroy, CA) or Charles River Laboratories (Wilmington, MA). The vaccine formulations
were administrated by subcutaneous (s.c.) injection once in every two weeks, three times for
OVA-liposome mixtures (10 µg OVA/mouse/injection) or two times for PA-liposome
mixtures (5 µg PA/mouse/injection) and cOVA-liposome mixtures (10 µg cOVA/mouse/
injection). Proteins admixed with Alum (30 µg (or 50 for PA)/mouse/injection, USP grade
from Spectrum Chemicals & Laboratory Products, Cardena, CA) were used as a positive
control. Mice in the negative control group were injected with sterile PBS. Two weeks after
the last injection, mice were euthanized to collect blood.

2.5. Enzyme-linked immunosorbent assay (ELISA)
Antigen-specific IgG, IgG1 and IgG2a levels were determined using ELISA.40 Briefly,
polystyrene, medium binding 96-well plates (BD Biosciences) were coated with 100 ng of
OVA, cOVA, or PA in 100 µL of carbonate buffer (pH 9.6) overnight at 4°C. For anti-OVA
or anti-cOVA antibody determination, the plates were washed with PBS/Tween 20 (10 mM,
pH 7.4, 0.05% Tween 20) and blocked with blocking solution (5% horse serum in PBS/
Tween 20, v/v) for 1 h at 37°C. Serum samples were diluted 100, 1,000, and 10,000 times
(or two-fold serially for titers) in blocking solution and then added to the plates following
the removal of the blocking solution. After 2 h of incubation at 37°C, the samples were
removed, and the plates were washed five times with PBS/Tween 20. Horseradish
peroxidase-conjugated goat anti-mouse immunoglobulins (IgG, IgG1, or IgG2a, 5,000-fold
dilution in 1.25% horse serum in PBS/Tween 20, v/v) were added into the plates, followed
by another hour of incubation at 37°C. The plates were again washed five times with PBS/
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Tween 20. After 15 min of incubation at room temperature with TMB solution, followed by
the addition of stop solution (0.2 N sulfuric acid), the presence of bound specific antibody
was detected at 450 nm. Anti-PA antibody was determined similarly, except that the 5%
horse serum in PBS/Tween 20 was replaced by 4% BSA in PBS/Tween 20. Specific
antibody responses were reported as the OD450 values or as antibody titers. Antibody titers
were determined by considering any absorbance value higher than the 2-fold of the mean (2
× mean) of the negative control group as positive. Total IgG was measured in both BALB/c
and C57BL/6 mice. IgG subtypes were measured in BALB/c mice only.

2.6. Anthrax lethal toxin neutralization assay
Lethal toxin neutralization activity was determined as previously described.41 Briefly,
confluent J774A.1 cells were seeded (1 × 104 cells/well) in sterile, 96-well, clear-bottom
plates and incubated overnight at 37°C, 5% CO2. Fresh medium containing PA (800 ng/mL)
and lethal factor (200 ng/mL) was mixed at an equal volume with diluted serum sample and
incubated for 2 h at 37°C. The cell culture medium was removed, and the serum/lethal toxin
mixture was added into each well at the final concentration of 400 ng/mL of PA and 100 ng/
mL of lethal factor. The cells were then incubated for 2 h at 37°C, 5% CO2. Cell viability
was determined using the MTT assay with untreated and lethal toxin alone treated cells as
controls.

2.7. In vivo CTL assay and mouse tumor prevention study
In vivo CTL assay was carried out as previously described.42 Female C57BL/6 mice were
immunized with OVA-DOPA liposome complexes (20 µg OVA/mouse) on days 0, 7, and
14. OVA adjuvanted with IFA (Sigma-Aldrich) (25 µL/mouse) or sterile PBS were used as
positive and negative controls, respectively. On day 21, the splenocytes from naïve mice
were harvested and labeled with 0.2 µM of SIINFEKL followed by labeling with a high
concentration of CFSE (10 µM, CFSEHigh). Same splenocytes without SIINFEKL labeling
were labeled with a low concentration of CFSE (1 µM, CFSELow). Ten million cells from
each population were mixed and injected intravenously via the tail vein into the immunized
mice. Three h after the injection, mice were euthanized, and the relative abundance of
CFSEHigh and CFSELow cells in the splenocyte preparation was determined using a flow
cytometer (FC500 Beckman Coulter EPICS V Dual Laser Flow Cytometer, Fullerton, CA).

For the tumor prevention study, 28 days after the first immunization, B16-OVA cells (1 ×
105) were subcutaneously injected into the flank of the mice (n = 5). The tumor size was
measured using a caliper and reported based on the following equation: Tumor size (mm) =
½ [width + length]. Mice were euthanized 25 days after the tumor cell injection, and their
blood was collected.

2.8. In vitro uptake of OVA admixed with liposomes by DC2.4 cells
Liposomes were mixed with FITC-labeled OVA (FITC-OVA), which was prepared
following the manufacturer’s instruction (Sigma-Aldrich). DC2.4 cells (1.0 × 105 cells/well)
were seeded into 48-well plates and allowed to grow overnight. The cells were then
incubated with 200 µL of the FITC-OVA-liposome mixtures for 3 h at 37°C, 5% CO2. After
incubation, the cells were washed three times with cold PBS, lysed with a lysis buffer (0.5%
Triton X-100), and centrifuged at 14,000 × g to collect the supernatant. The fluorescence
intensity in a supernatant was measured using a BioTek Synergy™ HT Multi-Mode
Microplate Reader. As controls, cells were incubated with FITC-OVA alone or fresh
medium alone.
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2.9. CD80 and MHC II expression on DC2.4 cells after in vitro stimulation
DC2.4 cells (5.0 × 105 cells/well) were seeded into six-well plates. After overnight
incubation, the cells were then incubated with 25 µL of DOTAP liposomes, DOPA
liposomes, or OVA solution (5 µg OVA) at 37°C, 5% CO2. Cells were also treated with
sterile PBS as a negative control or LPS from E. coli (200 ng, Sigma) as a positive control.
After 16 h, cells were washed twice with staining buffer (1 % FBS and 0.1 % NaN3 in PBS),
stained with FITC-labeled anti-CD80 antibody or PE-labeled anti-I-A[b] MHC II for 20 min
at 4°C, washed twice, and analyzed with a FACSCalibur flow cytometer (BD Biosciences).

2.10. Mouse dendritic cell and antigen-presenting cell PCR array
DC2.4 cells (5.0 × 105 cells/well) were seeded into six-well plates. After overnight
incubation, the cells were incubated with 25 µL of DOPA liposomes or sterile PBS for 24 h
at 37°C, 5% CO2. Total RNA was extracted using an RNeasy Mini Kit from Qiagen
(Valencia, CA) according to the manufacturer’s instruction. One µg of total RNA was used
to synthesize cDNA using a RT2 First Strand Kit. Diluted first strand cDNA was used to
prepare an experimental cocktail (RT2 SYBR® Green/ROX™ qPCR Master Mix, diluted
cDNA, nuclease-free water). Twenty-five µL of the experimental cocktail was added to each
well in the PCR array. Real-time PCR was performed using an ABI 7900HT from Applied
Biosystems, Inc. (Foster City, CA). The plate was incubated at 95ºC for 10 min and cycled
40 times at 95ºC for 15 s, 60ºC for 1 min. The Ct values were obtained from SDS Software
2.3 (Applied Biosystems) and used to calculate the fold change in gene expression by the
Web-Based PCR Array Data Analysis software from SABioscience.

2.11. Reverse transcription PCR
Total RNA was isolated from DC2.4 cells treated with 25 µL of DOPA liposomes or PBS
for 24 h as described above. Two-step RT-PCR was performed. One µg of total RNA was
used to synthesize cDNA using SuperScript® III First-Strand Synthesis SuperMix for qRT-
PCR (Invitrogen). Primer pairs for mouse B2m (forward, 5’-
ACCGGCCTGTATGCTATCCAGAAA-3’, reverse, 5’-
AAGCATTGGGCACAGTGACAGACT-3’), IL-6 (forward, 5’-
ATCCAGTTGCCTTCTTGGGACTGA-3’, reverse, 5’-
AACGCACTAGGTTTGCCGAGTAGA-3’) and β-actin (forward, 5’-
TGTGATGGTGGGAATGGGTCAGAA-3’, reverse, 5’-
TGCCACAGGATTCCATACCCAAGA-3’) were synthesized by IDT technology
(Coralville, IA). The cDNA was used for PCR reaction mixture that included the template
DNA, primers, and Taq DNA polymerase. The mixture was incubated at 95ºC for 5 min and
cycled 20 times for B2m (33 times for IL-6) at 95ºC for 30 s, 60ºC for 1 min, and 68ºC for 1
min using an Eppendorf Mastercycler (Hauppauge, NY). PCR products were analyzed using
agrose gel electrophoresis, and the band intensity was measured using the Syngene G-box
GeneSnap software (Syngene, IL).

2.12. Determination of cytokine concentration
DC2.4 cells (1 × 106 cells/well) were seeded into six-well plates. After overnight incubation,
the cells were incubated with 25 µL of DOPA liposomes or DOPS liposomes at 37°C, 5%
CO2. As controls, cells were also treated with sterile PBS, LPS (200 ng), DOTAP
liposomes, or DOPC liposomes. After 24 h incubation, the supernatant was collected and
analyzed for CCL-17 and IL-6 using a mouse CCL-17 ELISA kit from R&D Systems
(Minneapolis, MN) and a mouse IL-6 ELISA kit (BD Biosciences), respectively.

BMDC (3 × 105 cells/well) were seeded in twelve-well plates and incubated overnight. Cells
were stimulated with 12.5 µL of DOPA liposomes or DOPS liposomes for 24 h. PBS and
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LPS (100 ng) were used as controls. The CCL-17 and IL-6 production in supernatant were
determined.

2.13. Statistics
Statistical analyses were completed using ANOVA followed by Fisher’s protected least
significant difference procedure. A p-value of ≤ 0.05 (two-tail) was considered statistically
significant.

3. RESULTS
3.1. Preparation and characterization of OVA-liposome mixtures

Net neutral, positively charged, and negatively charged liposomes were prepared using
DOPC, DOTAP, and DOPA, respectively. The mean size for the neutral, positively charged,
and negatively charged liposomes was 140 ± 4, 159 ± 3, and 163 ± 3 nm, respectively.
OVA-liposome mixtures were prepared by simply mixing an equal volume of liposomes and
different concentrations of OVA in solution (e.g., 2.5, 5, 10, 25, or 50 µg in 25 µL). As
shown in Fig. 1A, significant aggregations were formed when the positively charged
liposomes (DOTAP) were mixed with high concentrations of OVA, as indicated by the
increased turbidity of the mixtures (Fig. 1A). At a concentration less than 5 µg OVA/50 µL,
the turbidity of the mixture was only slightly different from that of the liposomes alone.
Therefore, OVA-liposome mixtures containing 100 µg/mL of OVA were used in the
immunization studies. The particle sizes of liposomes and OVA-liposome mixtures (final
OVA concentration, 100 µg/mL) were not different for the neutral (DOPC) and net
negatively (DOPA) charged liposomes, whereas the size of OVA-DOTAP liposome mixture
was significantly larger than that of the DOTAP liposomes alone (Fig. 1B). Finally, the
percentage of OVA associated with the net neutral, positively, and negatively charged
liposomes was estimated to be 53 ± 1%, 91 ± 3%, and 46 ± 1%, respectively.

3.2. OVA admixed with net negatively charged liposomes was as immunogenic as OVA
admixed with net positively charged liposomes

To evaluate and compare the adjuvant activities of liposomes with different net charges,
mice were immunized with OVA admixed with DOPC, DOTAP, or DOPA liposomes. As
expected, the OVA-DOTAP liposome mixture induced a strong anti-OVA IgG response
(Fig. 2A), but the OVA-negatively charged DOPA liposome mixture induced an anti-OVA
IgG response that was as strong as that induced by the OVA-DOTAP liposome mixture (Fig.
2A). The OVA-DOPC liposome mixture was only weakly immunogenic (Fig. 2A). The anti-
OVA antibody response was IgG1 biased because both OVA-DOTAP liposome mixture and
OVA-DOPA liposome mixture induced a strong anti-OVA IgG1 response (Fig. 2B),
whereas no significant level of anti-OVA IgG2a was detected in the serum of all immunized
mice (Fig. 2C). In Fig. 2D, the anti-OVA IgG response induced by OVA in PBS or OVA
admixed with DOPA liposomes were compared, confirming that the strong OVA-specific
antibody responses observed above was not simply due to the OVA protein alone.

3.3. Net negatively charged DOPA liposomes admixed with anthrax protective antigen
protein induced a functional anti-PA antibody response

When the PA protein was used as an antigen, the PA-DOPA liposome mixture induced an
anti-PA IgG response significantly stronger than that induced by PA adjuvanted with Alum
(Fig. 3A). The PA-neutral DOPC liposome mixtures induced an anti-PA IgG response
similar to that induced by the PA adjuvanted with Alum, and the anti-PA IgG levels in mice
immunized with the PA-DOPC liposome mixture or PA adjuvanted with Alum were not
different from that in mice that were injected with sterile PBS at the 10,000-fold dilution
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(Fig. 3A). The anti-PA antibodies induced by the PA-liposome mixtures were functional
because the anti-sera were able to neutralize anthrax lethal toxin and protect mouse
macrophages (J774A.1) from the lethal toxin challenge (Fig. 3B). Again, all three liposomal
formulations and the PA admixed with Alum induced a strong anti-PA IgG1 response (Fig.
3C). Anti-PA IgG2a was only detected in the serum samples in mice that were treated with
PA admixed with the DOTAP liposomes or the DOPA liposomes, not in mice treated with
PA admixed with the DOPC liposomes or Alum (Fig. 3D). In Fig. 3E, the anti-PA IgG
response induced by PA in PBS was compared to that induced by PA admixed with Alum
(50 µg/mouse/injection).

3.4. The specific antibody responses induced by liposomes with different charges were
not significantly different when cationized OVA was used as the antigen

The pI of the OVA is 4.7. After cationization, the OVA and the cOVA migrated in opposite
directions when applied on an agrose gel with Tris-boric acid buffer (pH 8.5) (data not
shown), demonstrating the successful cationization of the OVA. As expected, when the
negatively charged DOPA liposomes were mixed with high concentrations of cOVA,
significant aggregations were formed as shown by the increase in turbidity (Fig. 4A),
whereas no aggregation was observed when the cOVA was mixed with the positively
charged DOTAP liposomes or the neutral DOPC liposomes (Fig. 4A). When 5 µg of cOVA
in 25 µL of PBS was mixed with 25 µL of liposomes, the particle sizes of liposomes and
cOVA-liposome mixtures were not significantly different (Fig. 4B). Therefore, the
formulations containing 100 µg/mL of cOVA were used to immunize mice. Interestingly,
cOVA admixed with three different liposomes induced comparable levels of anti-cOVA IgG
responses (Fig. 4C). The cOVA itself was strongly immunogenic (Fig. 4D), although
inclusion of Alum as an adjuvant still helped significantly.

3.5. Net negatively charged liposomes prepared with different lipids had different adjuvant
activities

To evaluate the adjuvant activities of different negatively charged liposomes, OVA was
admixed with liposomes prepared with 3 other different negatively charged lipids (DOPS,
DOPG, and DCP) and used to immunize mice (Fig. 5A). The sizes of liposomes prepared
with different negatively charged lipids were different (p < 0.001, ANOVA) (Fig. 5A), but
for all 4 liposomes, the sizes of the liposomes and the corresponding OVA and liposome
mixture were not significantly different (Fig. 5A). The anti-OVA IgG titers in the serum
samples of mice immunized with OVA admixed with DOPA liposomes, DOPS liposomes,
and DCP liposomes were strong, whereas the OVA-DOPG liposome mixture seemed to be
only weakly immunogenic (Fig. 5B).

3.6. Immunization with OVA admixed with the negatively charged DOPA liposomes
significantly delayed the growth of B16-OVA tumors in mice

Mice immunized with OVA admixed with DOPA liposomes or with OVA adjuvanted with
IFA were subcutaneously injected with the OVA-expressing B16-OVA tumor cells, and the
growth of tumors was monitored. Tumors became visible 8 days after the injection and grew
continuously in the un-immunized mice (Fig. 6A). In contrast, tumors grew very slowly in
mice immunized with OVA admixed with DOPA liposomes (Fig. 6A), and 4 of the 5
immunized mice were tumor-free by the end of the study. Tumors did not grow in mice
immunized with OVA adjuvanted with IFA, but granulomas were visible at the injection
site. The anti-OVA IgG titers shown in Fig. 6B were from the serum samples of the mice 25
days after the tumor cell injection. The anti-OVA IgG titer in mice immunized with OVA
adjuvanted with IFA was significantly higher than that in mice immunized with OVA
admixed with DOPA liposomes.
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3.7. OVA admixed with the DOPA liposomes induced OVA-specific CTL responses
To further characterize the immune responses induced by the OVA-DOPA liposome
mixture, the OVA-specific CTL response induced was measured using an in vivo CTL
assay. As shown in Fig. 6C, CTL response (23.4% lytic activity) was detected in mice
immunized with OVA admixed with DOPA liposomes, and 35.1% lytic activity was
detected in mice immunized with OVA adjuvanted with IFA. In a separate experiment, the
OVA (SIINFKEL)-specific in vivo CTL activity in mice immunized with the OVA-DOPA
liposome mixture was compared to that in mice immunized with OVA admixed with Alum
or OVA adjuvanted with IFA. Again, OVA adjuvanted with IFA induced the strongest CTL
activity, followed by OVA admixed with DOPA liposomes. On average, only a weak CTL
activity was detected in mice immunized with OVA admixed with Alum or OVA alone in
sterile PBS (data not shown).

3.8. The negatively charged DOPA liposomes only slightly enhanced the uptake of the
OVA by DC2.4 cells in culture

FITC-labeled OVA was admixed with liposomes with different net charges and incubated
with DC2.4 cells. As shown in Fig. 7, the DOPA liposomes only slightly facilitated the
uptake of the OVA by DC2.4 cells, far less than the DOTAP liposomes. The neutral DOPC
liposomes did not significantly affect the uptake of OVA by DC2.4 cells (Fig. 7).

3.9. The negatively charged DOPA liposomes up-regulated the expression of genes related
to DC activation and maturation

The DOPA liposomes significantly up-regulated the expression of MHC II molecules on the
DC2.4 cells (Fig. 8A), but did not have any detectable effect on the expression of the CD80
(Fig. 8B), even with increased concentration of DOPA liposomes (data not shown). DOTAP
liposomes, in contrast, slightly up-regulated both MHC II and CD80 on the DC2.4 cells
(Fig. 8).

Real-time PCR revealed the differential expression of 12 genes related to DC and APC
activation and maturation on the DC2.4 cells after stimulation with the DOPA liposomes: (i)
cytokines, chemokines and their receptors (Ccl17, Ccl19, Ccl5, and Il6), (ii) antigen uptake
(Cd44), (iii) antigen presentation (B2m, Cd1d1, Cd1d2, Cd74, and Erap1), (iv) cell surface
receptors (Tlr1), and (v) signal transduction (Relb) (Fig. 9A). The over-expression of B2m
and IL-6 mRNA was confirmed by semi-quantitative RT-PCR (Figs. 9B, C). ELISA assay
also confirmed the up-regulated expression of the CCL-17 and IL-6 by DC2.4 cells after
stimulation with the negatively charged DOPA or DOPS liposomes, although the CCL-17
level in DC2.4 cells stimulated with the DOPA liposomes was not different from that when
the cells were treated with sterile PBS (Figs. 9D, E). Incubation with the positively charged
DOTAP liposomes and the net neutral DOPC liposomes did not significantly up-regulate the
secretion of the CCL-17 and IL-6 by the DC2.4 cells (Figs. 9D, E). Finally, the DOPA and
DOPS liposomes up-regulated the expression of CCL-17 and IL-6 in mouse BMDC as well
(Fig. 10), confirming the findings in the DC2.4 cells.

4. DISCUSSION
In the present study, it was showed that protein antigens admixed with certain net negatively
charged liposomes, such as those prepared with the negatively charged DOPA lipid, induced
a strong and functional antibody response when subcutaneously injected into mice. The
antibody response was IgG1 biased. Immunization with an antigen admixed with negatively
charged liposomes also induced antigen-specific CTL responses and prevented the growth of
antigen-expressing tumor cells in mice. The adjuvanticity of the negatively charged
liposomes was likely related to their ability (i) to regulate the expression of genes related to
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DC activation and maturation and (ii) to slightly facilitate the uptake of the antigens by
APC.

It is interesting to find that when simply admixed with protein antigens, net negatively
charged liposomes prepared with certain negatively charged lipids such as DOPA showed
potent adjuvant activity. In cell culture, the negatively charged DOPA liposomes only
slightly enhanced the uptake of the OVA protein as a model antigen by mouse DC2.4 cells,
significantly less effective than the positively charged liposomes prepared using DOTAP
lipid (Fig. 7), but the negatively charged DOPA liposomes and the positively charged
DOTAP liposomes both showed a strong adjuvant activity (Figs. 2, 3). Therefore,
mechanisms other than the ability to enhance antigen uptake have likely contributed to the
adjuvant activity of the negatively charged DOPA liposomes when simply admixed with
antigens. The DOPA liposomes also significantly up-regulated the expression of genes
related to DC activation and maturation (Figs. 9–10). For example, the DOPA liposomes up-
regulated the expression of MHC II, B2m (a component of MHC I molecule), Cd1d2, and
Cd74, which are related to antigen presentation by APC.43, 44 The DOPA liposomes and the
DOPS liposomes also significantly up-regulated the expression of chemokines such as
CCL-17 and CCL-19 (Figs. 9, 10). It is known that immature DC can produce inflammatory
chemokines including CCL-5. As they mature, DC lose the ability to produce inflammatory
chemokines and switch to produce chemokines such as CCL-17 and CCL-19, which attract
T and B lymphocytes.45, 46 It is speculated that the ability for certain negatively charged
liposomes to induce DC activation and maturation may explain their adjuvant activity.
Finally, the preliminary observation that the positively charged DOTAP liposomes and the
net neutral DOPC liposomes failed to significantly up-regulate the secretion of the CCL-17
and IL-6 by DC2.4 cells suggested that the mechanisms of adjuvant activity of differently
charged liposomes are likely different.

Data in Fig. 5 showed that not all negatively charged liposomes had a strong adjuvant
activity. For example, negatively charged liposomes prepared with DOPA, DOPS, and DCP
were shown to have comparable and strong adjuvant activities when admixed with OVA,
but the net negatively charged liposomes prepared with the DOPG lipid showed only a weak
adjuvant activity (Fig. 5B). It was unlikely that the size of the OVA-liposome mixtures was
related to the different adjuvant activities of the four different negatively charged liposomes
because the sizes of the DOPA, DOPS, and DOPG liposomes admixed with OVA were
around 130–160 nm, whereas the size of the DCP liposome-OVA admixture was around 250
nm. More experiments need to be completed to understand why certain negatively charged
liposomes have a strong adjuvant activity while others do not.

The OVA-DOPA liposome mixture induced a stronger OVA-specific antibody response
than OVA admixed with Alum (Fig. 2A). Similarly, the PA-DOPA liposome mixture also
induced a stronger PA-specific antibody response than PA admixed with Alum (Fig. 3A).
The purpose of using the PA as an antigen was two-fold. Firstly, it allowed us to confirm
that the adjuvant activity of the negatively charged liposomes prepared with DOPA was not
limited to the OVA as an antigen. Secondly, the use of PA allowed us to evaluate the
neutralizing activity of the specific antibodies induced. Anthrax is a toxin-mediated disease.
B. anthracis produces two toxins, lethal toxin and edema toxin. Lethal toxin is comprised of
PA protein and anthrax lethal factor; edema toxin is made of PA and edema factor. PA
protein is required for the entrance of lethal factor and edema factor into cells, and only
when inside cells, the lethal factor and edema factor are toxic.47–48 Therefore, neutralizing
anti-PA antibodies were showed to be able to effectively protect against anthrax infection or
against the anthrax toxins. As shown in Fig. 3B, the anti-PA antibodies induced by the PA-
DOPA liposome mixture were functional. Finally, it seemed that the negatively charged
liposomes prepared with the DOPA can help improve not only antibody responses, but also

Yanasarn et al. Page 10

Mol Pharm. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cellular responses against a protein antigen. The OVA-DOPA liposome mixture induced
OVA-specific CTL responses, and immunization of mice with OVA admixed with the
DOPA liposomes prevented the growth of the OVA-expressing B16-OVA tumor cells in
mice (Fig. 6).

Three antigens were used in the present study. OVA is a 385 amino acid protein with a
molecule weight of 45 kDa and a pI value of 4.7. PA contains 735 amino acids; its
molecular weight is 83 kDa, and its pI is 5.6. Therefore, at pH 7.4, both OVA and PA should
be predominately net negatively charged. In order to understand the adjuvant activity of the
negatively charged DOPA liposomes when an antigen with a pI value of larger than 7.4 is
used, OVA was cationized by adding hexamethylene diamine to it to generate the cOVA
protein. Data in Fig. 4C showed that the cOVA-DOPA liposome mixture also induced a
strong anti-cOVA IgG response. In agreement with the previous finding that a catioinized
protein is more immunogenic than the original protein,49, 50 the cOVA itself was strongly
immunogenic, which may explain why the cOVA-DOPA liposome mixture, the cOVA-
DOTAP liposome mixture, and the cOVA-DOPC liposome mixture were all strongly
immunogenic (Fig. 4D). At physiological pH (7.4), OVA and PA are expected to be mainly
negatively charged, whereas the cOVA is expected to be mainly positively charged. That
explains the finding that more than 90% of the OVA was found binding to the positively
charged DOTAP liposomes in PBS (pH 7.4). Although to a less extent, binding of OVA
with the negatively charged DOPA liposomes and the net neutral DOPC liposomes was also
detected, possibly due to interactions other than electrostatic interaction. It also explains the
increase in turbidity when a large amount of cOVA was admixed with the negatively
charged DOPA liposomes, but not the DOTAP liposomes (Fig. 4A). As mentioned above,
the adjuvant activity of the negatively charged liposomes may be related to the liposome’s
ability (i) to up-regulate the expression of molecules related to the activation and maturation
of APC and (ii) to facilitate the uptake of the antigens by APC. However, when antigens
with a pI value larger or smaller than 7.4 were used (i.e., cOVA vs. OVA), the extent to
which the antigens strongly bound to the negatively charged liposomes was expected to be
different. Therefore, the extent to which the adjuvant activity of the negatively charged
liposomes can be attributed to their ability to facilitate antigen uptake by APC may vary
depending on antigens used. The same reasoning may be applied to the net positively
charged liposomes. Finally, when the net neutral DOPC liposomes were used, only antigens
such as the PA and cOVA were able to induce specific antibody responses (Figs. 3–4).
Therefore, the mechanisms of adjuvanticity of the liposomes with different net charges are
likely different.

As mentioned earlier, when liposomes were used as an antigen/vaccine delivery system,
often the antigen of interest was entrapped in the liposomes 29–31 or covalently conjugated
onto the surface of the liposomes.32–34, 51 With the exception of the complexing of plasmid
DNA with positively charged liposomes, very rarely were immunizations carried out using
antigens simply admixed with pre-formed liposomes. The simple admixture of antigens with
pre-formed liposomes is convenient and commercially favorable because it will avoid the
procedures of entrapping antigens into the liposomes or chemically conjugating antigens
onto the surface of the liposomes. Based on the finding in the present study that the
negatively charged DOPA liposomes were more potent than Alum in increasing the
immunogenicity of OVA or PA (as an antigen), and that the OVA admixed with the
negatively charged DOPA liposomes also induced specific CTL responses, it is concluded
that negatively charged liposomes may have the potential to become a suitable alternative to
Alum to be admixed with certain antigens in vaccine development. Other advantages of
using the negatively charged liposomes, instead of Alum, may include i) the possibility of
combining various antigen types such as recombinant proteins and live attenuated viruses in
a single delivery system and ii) the faster clearance of the negatively charged liposomes than
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Alum from the injection site. However, it is premature to generalize that all protein antigens
can be simply admixed with negatively charged liposomes to induce a strong immune
response. Only three antigens (OVA, PA, and cOVA) were evaluated in the present study,
and the negatively charged liposomes prepared with DOPG did not show a potent adjuvant
activity when admixed with OVA (Fig. 5). Moreover, data from an early report showed that
simply mixing BSA as a model antigen with negatively charged liposomes prepared with
egg lecithin, Chol, and phosphatidic acid failed to induce any anti-BSA immune
responses.52 Nonetheless, it is interesting that all three antigens tested in the present study
were able to induce strong specific antibody responses when simply admixed with the net
negatively charged DOPA liposomes.

5. CONCLUSIONS
In conclusion, it was showed that liposomes with different net charges had different
adjuvant activities, depending on the antigens used. Certain net negatively charged
liposomes showed a potent adjuvant activity when simply admixed with the antigen of
interest, and the negatively charged liposomes promoted both antibody and cellular immune
responses. The strong adjuvant activity of the negatively charged liposomes may be
attributed to their ability to induce the activation and maturation of APC. Simply admixing
certain negatively charged liposomes with certain antigens of interest may represent a novel
and convenient strategy for vaccine development.

Abbreviations

Alum aluminum hydroxide

APC antigen presenting cells

BMDC bone marrow-derived dendritic cells

BSA bovine serum albumin

CFSE 5-(and-6-)-carboxylfluorescein diacetate succinimidyl ester

Chol cholesterol

CTL cytotoxic T lymphocyte

DC dendritic cells

DCP dicetyl phosphate

DOTAP 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt)

DOPA 1,2-dioleoyl-sn-glycero-3-phosphate (sodium salt)

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

DOPG 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt)

DOPS 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt)

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide methiodide

FBS fetal bovine serum

FITC fluorescein-5(6)-isothiocyanate

HMD hexamethylene diamine

IFA incomplete Freund’s adjuvant

LPS lipopolysaccharides
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MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

OVA ovalbumin

PA protective antigen

PBS phosphate buffered saline

PCR polymerase chain reaction

pI isoelectric point

TMB type 1/2 CD4+ T helper (Th1/2), 3,3’,5,5’-tetramethylbenzidine solution
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Figure 1. Preparation of OVA-liposome mixtures
A. Twenty-five µL of liposomes with different net charges (neutral, DOPC; positive,
DOTAP; negative, DOPA) were mixed with an equal volume (25 µL) of OVA solution
containing various amount of OVA. After 15 min of incubation at room temperature, the
turbidity was measured at 655 nm.
B. The size of liposomes alone or the OVA-liposome mixtures. The final concentration of
the OVA was 5 µg in a final volume of 50 µL. Data shown are mean ± SD (n = 3).
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Figure 2. Immunization of mice with OVA admixed with net positively or net negatively charged
liposomes induced a strong OVA-specific serum IgG response
BALB/c mice (n = 5) were dosed with OVA admixed with neutral (DOPC), net positively
charged (DOTAP), or net negatively charged (DOPA) liposomes. As controls, mice (n = 4)
were injected (s.c.) with OVA adjuvant with Alum or PBS alone. The IgG (A), IgG1 (B),
and IgG2a (C) levels in the serum samples were determined on day 41 after the serum
samples were diluted 100-, 1,000-, and 10,000-fold. D. A comparison of the anti-OVA IgG
levels in mice immunized with OVA in PBS or OVA admixed with DOPA liposomes
(OVA/DOPA). *, For the anti-OVA IgG level, DOPA vs. Alum, p = 0.004 after 1,000-fold
dilution, p = 0.02 after 10,000-fold dilution. DOTAP vs. DOPA, p = 0.422 after 1,000-fold,
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p = 0.205 after 10,000-fold dilution. **, p < 0.05, OVA/DOPA vs. OVA. Data shown are
mean ± SD.
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Figure 3. Immunization of mice with PA admixed with liposomes with different net charges
induced strong and functional PA-specific antibody responses
BALB/c mice (n = 5) were dosed with PA admixed with liposomes (DOPC, DOTAP, or
DOPA) on days 0 and 14. Control mice were injected with PA admixed with Alum or PBS
alone. Mice were bled on day 26.
A. Anti-PA IgG levels in mouse serum samples.
B. The anti-PA antiserum protected mouse macrophages from anthrax lethal toxin challenge.
Mouse serum samples were diluted 10-fold serially, and incubated with J774A.1 cells in the
presence of anthrax lethal toxin. The neutralization activity was determined with 3
replicates.
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C, D. Serum anti-PA IgG1 and IgG2a levels.
E. Serum anti-PA IgG level in mice immunized with PA in PBS or PA admixed with Alum
(PA/Alum, 5 µg/50 µg). Data reported are mean ± SD (n = 5 except in E where n = 4 or 5).
In A, * p < 0.003, PA/Alum vs. PA/DOPA. For PA/DOTAP vs. PA/DOPA, p = 0.18, 0.07,
0.05 at 100-, 1,000-, and 10,000-fold dilutions, respectively. At 10,000-fold dilution, PA/
Alum is not different from PBS (p = 0.10). In E, the values of the PA/Alum and PBS were
different (p < 0.05), except at 640,000-fold dilution.
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Figure 4. When admixed with cationized OVA, liposomes with different net charges showed
comparable adjuvant activities
A. Twenty-five µL of liposomes with different net charges (neutral, DOPC; positive,
DOTAP; negative, DOPA) were mixed with an equal volume of cOVA in solution
containing various amount of cOVA. After 15 min of incubation at room temperature, the
turbidity was measured at 655 nm.
B. The size of liposomes and the cOVA-liposome mixtures. The final concentration of the
cOVA was 5 µg in 50 µL.
C. Anti-cOVA IgG responses. BALB/c mice (n = 5) were dosed with cOVA admixed with
liposomes on days 0 and 14. The IgG levels were determined on day 20 after the serum
samples were diluted 100-, 1,000-, and 10,000-fold. ANOVA for Alum, DOTAP, DOPA,
and DOPC revealed p values of 0.181, 0.138, and 0.096 at 100-, 1,000-, and 10,000-fold
dilution respectively.
D. The immunogenicity of the cOVA alone. BALB/c mice (n = 5) were dosed with cOVA
alone or cOVA admixed with Alum on days 0 and 7. The IgG levels were determined on
day 20 after the serum samples were diluted 1,000- or 10,000-fold. Data shown are mean ±
SD (n = 3 in A, B).
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Figure 5. Net negatively charged liposomes prepared with different lipids had different adjuvant
activities
A. The size of liposomes prepared with different negatively charged lipids (DOPA, DOPS,
DOPG, or DCP) before (□) and after (■) admixing with OVA (5 µg/50 µL).
B. Serum anti-OVA IgG responses induced by OVA admixed with different net negatively
charged liposomes. BALB/c mice (n = 4–5) were dosed with OVA admixed with liposomes
(DOPA, DOPS, DOPG, or DCP) on days 0, 14 and 28. Mice were bled on day 49. ANOVA
comparison of DOPA, DOPS, and DCP revealed p value of 0.737. Data reported are mean ±
SD (n = 3 for A, 4–5 for B).
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Figure 6. Immunization of mice with OVA admixed with DOPA liposomes significantly delayed
the growth of B16-OVA tumors in mice and induced a specific CTL response
A. Tumor growth curve. C57BL/6 mice (n = 5) were immunized with OVA admixed with
DOPA liposomes, OVA adjuvanted with IFA, or PBS alone on days 0, 7, and 14. On day 28,
mice were s.c. injected with B16-OVA cells. The numbers in parenthesis indicate tumor-free
mice 25 days after the tumor cell injection.
B. Titers of anti-OVA IgG in mice 25 days after the tumor injection. Data shown are mean ±
SD.
C. Immunization with OVA admixed with DOPA liposomes induced OVA-specific CTL
responses. C57BL/6 mice were dosed with PBS, OVA/IFA, or OVA admixed with DOPA
liposomes (OVA/DOPA) on days 0, 7, and 14. OVA-specific CTL responses were measured
on day 21. Numbers shown are the % lytic activity. Experiment was repeated in two mice
with similar results.
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Figure 7. In vitro uptake of OVA admixed with liposomes with different charges by DC2.4 cells
Cells (1.0 × 105) were incubated with FITC-OVA admixed with DOPC (neutral), DOTAP
(positively charged), or DOPA (negatively charged) liposomes for 3 h at 37°C. Data
reported are the ratio of fluorescence intensities of cells treated with FITC-OVA admixed
with liposomes over that treated with FITC-OVA alone. Data shown are mean ± SD. (FI,
fluorescence intensity; LP, liposomes)
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Figure 8. The expression of MHC II (A) and CD80 (B) on DC2.4 cells after in vitro stimulation
Cells were incubated with DOTAP, DOPA, or OVA solution (5 µg OVA) for 16 h and
stained with anti-I-A[b] MHC II or anti-CD80 antibody and analyzed using a flow
cytometer. The graphs of the treatment groups (dark line) were overlaid on the graph of cells
incubated with sterile PBS (gray area). Data shown were one representative from three
independent experiments with similar results.
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Figure 9. Effect of the negatively charged DOPA liposomes on DC2.4 cells
A. The up-regulation (+) and down-regulation (−) of genes related to DC activation and
maturation by DOPA liposomes detected using a PCR array. Genes with ≥ 2-fold change in
mRNA expression are shown. The B2m mRNA expressed was up-regulated by 93,844-fold.
B. RT-PCR products of B2m, IL-6, and β-actin mRNA in DC2.4 cells after stimulation with
DOPA liposomes (20 cycles for B2m, 33 cycles for IL-6).
C. RT-PCR data revealed the up-regulation of B2m and IL-6 mRNA by DOPA liposomes.
Shown are ratios of the band intensity of the B2m or IL-6 gene mRNA over that of the β-
actin in B.
D, E. DOPA and DOPS liposomes up-regulated the expression of CCL-17 (D) and IL-6 (E)
in DC2.4 cells. In C, D, and E, *, p < 0.001 vs. PBS. Data shown are mean ± S.D. (n = 3).
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Figure 10. DOPA and DOPS liposomes up-regulated the expression of IL-6
(A) and CCL- 17 (B) in mouse BMDC as well. *, p < 0.001 vs. PBS, ** p = 0.04 vs. PBS.
Data shown are mean ± S.D. (n = 3).
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