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Encapsulation of soluble protein antigens in liposomes was previously shown to result in processing of an-
tigen via the major histocompatibility complex class I pathway, as evidenced by costaining of the trans-Golgi
region of murine bone marrow-derived macrophages (BMs) by fluorophore-labeled liposomal antigen and by
a trans-Golgi-specific fluorescent lipid. Evidence is presented here that free or liposome-encapsulated RTS,S,
a particulate malaria antigen consisting of hepatitis B particles coexpressed with epitopes from the Plasmodium
falciparum circumsporozoite protein, also was localized in the trans-Golgi after incubation with BMs, suggest-
ing processing by the class I pathway. An in vivo cytotoxic T-lymphocyte (CTL) response was detected, however,
only after immunization with RTS,S encapsulated in liposomes containing lipid A and not after immunization
with free RTS,S or with RTS,S encapsulated in liposomes lacking lipid A. Therefore, intracellular delivery of
antigen containing CTL epitopes to the Golgi of BMs does not necessarily result in a CTL response in vivo
unless an additional adjuvant, such as liposomes containing lipid A, is utilized. Encapsulation of RTS,S in
liposomes containing monophosphoryl lipid A (MPL) resulted in a dose-dependent enhancement of the NANP-
specific immunoglobulin G (IgG) antibody response compared to that of free RTS,S. The IgG1 and IgG2a
subclasses predominated after immunization with RTS,S encapsulated in liposomes containing MPL. These
results demonstrate that encapsulation of a lipid-containing particulate antigen, such as RTS,S, in liposomes
containing lipid A can enhance both humoral and cellular immune responses.

Induction of an immune response against a protein antigen
is currently believed to involve the interaction of the protein
with an antigen-presenting cell (APC) that partially degrades
the antigen and channels the resulting peptides into either the
major histocompatibility complex (MHC) class I or class II
pathway (10, 14). Endogenous cellular proteins are thought to
be presented via the class I pathway, while exogenous (extra-
cellular) antigens are thought to be presented via the class II
pathway. Exogenous antigens generally cannot be presented by
class I molecules because of their inability to reach the cytosol.
As a consequence most soluble antigens are poor at priming
MHC class I-restricted cytotoxic T-lymphocyte (CTL) re-
sponses unless they are introduced into the cytoplasm by such
artificial mechanisms as osmotic loading (27), covalent or non-
covalent association with lipid carriers (12, 24, 36), conjugation
to latex beads (18, 21), or encapsulation in liposomes (4, 6, 23,
26, 33, 44, 45).

In the classical MHC class I pathway for presentation of
intracellular antigens on APCs, the endogenous proteins are
hydrolyzed into peptides in the cytosol by proteasomes and
then delivered to the endoplasmic reticulum by transporters
associated with antigen processing (TAP) (8, 37). Studies uti-
lizing fluorophore-labeled proteins encapsulated in liposomes
demonstrated that after phagocytosis of the liposomes, the
fluorescent liposomal protein, initially associated with the li-
posomal lipids in phagosomes, later entered the cytoplasm,
and the processed protein was subsequently visualized in the

trans-Golgi as fluorescent peptide (31). The translocation of
the peptides into the trans-Golgi area also was shown to be
dependent upon the TAP1 protein (31).

Class I presentation and induction of CTLs by liposomal
antigens, both in vivo and in vitro, have been demonstrated for
a variety of antigens (reviewed in references 6, 30, and 31). A
liposome formulation developed in our laboratory, referred to
as Walter Reed liposomes (42), has been shown to be an ef-
fective vehicle for delivery of proteins or peptides to APCs for
presentation via the MHC class I pathway (4, 43–45). These
liposomes contain either lipid A or monophosphoryl lipid A
(MPL), its monophosphoryl derivative, as an intrinsic adjuvant
in addition to dimyristoyl phosphatidylcholine, dimyristoyl
phosphatidylglycerol, and cholesterol. Liposomes containing
MPL and encapsulated RLF, a recombinant malaria antigen
derived from the nonrepeat sequences of the Plasmodium fal-
ciparum circumsporozoite protein (CSP), have been shown to
induce MHC class I-restricted CTLs specific for the CSP T-cell
epitope (22), which includes amino acids 367 to 390 (19, 44).
Immunization of mice with a myristoylated peptide consisting
of the 367-to-390 sequence encapsulated in liposomes contain-
ing lipid A also was demonstrated to elicit CTLs specific for
this T-cell epitope (4).

In this study we used a malaria sporozoite antigen (known as
RTS,S) which consists of amino acids 210 to 398 of the car-
boxyl terminus of the P. falciparum CSP, including 19 NANP
repeats, coexpressed in yeast with hepatitis B surface antigen
(HBsAg) (16, 35). RTS,S exists in the form of lipid-containing
particles with the CSP sequences exposed on the exterior, as
evidenced by the induction in immunized animals of a high-
titer antibody response against the CSP epitopes (35). In order
to determine if RTS,S, since it is a lipid-containing particulate
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antigen, is processed by APCs by the class I pathway like
liposomal antigens or is processed by the same pathway as
soluble antigens, we have examined the intracellular trafficking
of RTS,S. Our results indicate that, whether free or encapsu-
lated in liposomes, RTS,S is localized in the trans-Golgi and/or
cytoplasm of bone marrow-derived macrophages (BMs). The
ability of free or liposome-encapsulated RTS,S to induce an-
tibody and CTL responses in mice has also been investigated.

The role played by immunoglobulin G (IgG) subclasses in
the immune response and in protection against disease is not
yet fully understood. However, there is evidence that different
IgG subclasses possess unique immunomodulatory character-
istics (1). Murine antibody responses to soluble proteins are
generally restricted to the IgG1 subclass despite the fact that
IgG2a represents the major component of mouse serum IgG
(28). Immunization with DNA encoding the S region of
HBsAg encapsulated in cationic liposomes also resulted in a
predominance of IgG1 (17). In contrast, encapsulation of a
synthetic malaria antigen in liposomes containing lipid A re-
sulted in a shift of the IgG subclass pattern from a predomi-
nance of IgG1 to a predominance of IgG2a (15). The results
presented here suggested that the IgG subclass pattern, with
IgG1 predominating, was similar whether RTS,S was free or
encapsulated in liposomes.

MATERIALS AND METHODS

Liposome components. Dimyristoyl phosphatidylcholine, dimyristoyl phospha-
tidylglycerol, and cholesterol used to prepare liposomes were obtained from
Avanti Polar Lipids, Alabaster, Ala. MPL was from Ribi ImmunoChem, Ham-
ilton, Mont.

Antigens. RTS,S is a yeast-expressed HBsAg that has coexpressed epitopes
from the CSP of P. falciparum 7G8 (16). The CSP epitopes contain amino acids
210 to 398 of the C terminus of the CSP, which includes 19 NANP repeats and
amino acids 367 to 390, which have been identified as a CSP T-cell epitope (22).
RTS,S exists as a lipid-containing particle, since it contains lipids (primarily
phospholipid) in addition to protein. RTS,S was kindly provided by SmithKline
Beecham Biologicals, Rixensart, Belgium. RTS,S was conjugated with Texas red
(TR) (Molecular Probes, Inc., Eugene, Oreg.) according to the procedure of
Titus et al. (39).

The peptide containing the 367-to-390 CTL epitope was synthesized by Syn-
Pep Corporation, Dublin, Calif.

Antibodies. Hybridomas producing monoclonal antibodies against CD8
(8312.5) and CD4 (2RL) were kindly provided by R. Hodes, National Institutes
of Health, Bethesda, Md. Hybridomas HB 20 (kkDk) and HB 6 (I-Ek) were
obtained from the American Type Culture Collection, Rockville, Md.

Mice. B10.Br (H-2k) mice were purchased from Jackson Laboratories, Bar
Harbor, Maine. Each group of three or five mice was housed in an individual
cage and given water and food ad libitum. Care and handling of the mice were
conducted according to the principles set forth in the Animal Welfare Act of
1985 and reference 19a.

Preparation of liposomes. Liposomes were prepared essentially as described
previously (5, 43). The liposomes were composed of dimyristoyl phosphatidyl-
choline, dimyristoyl phosphatidylglycerol, and cholesterol in molar ratios of
0.9:0.1:0.75 and, where indicated, MPL. Lipids were dried from chloroform
solution as a thin film under vacuum, suspended in water, aliquoted into vaccine
vials, and lyophilized. For the immunizations, the lyophilized liposomes were
reconstituted with RTS,S, diluted with buffer, and centrifuged to remove RTS,S
not associated with the liposomes. Since unencapsulated RTS,S was recovered in
the supernatant fraction after centrifugation, the centrifugation conditions used
did not cause free RTS,S to pellet. The washed liposomes were aliquoted into
vaccine vials and stored at 2 to 6°C until they were used for immunization. For
the trafficking experiments, lyophilized liposomes either containing or lacking
MPL were reconstituted with TR-labeled RTS,S (TR-RTS,S).

APCs. Bone marrow stem cells that were cultured under conditions promoting
only the growth of macrophages (BMs) were used as the APCs for the intracel-
lular trafficking experiments. Marrows from the femurs of 8- to 10-week-old
B10.Br mice were isolated as described previously (32, 41), and cells were seeded
at a density of 2 3 105 on acid-washed circular glass coverslips (no. 1; VWR
Scientific, West Chester, Pa.) in macrophage growth medium (RPMI 1640 con-
taining 10% heat-inactivated fetal bovine serum, 10% L-929 cell-conditioned
medium, 8 mM L-glutamine, 100 U of penicillin/ml, and 100 mg of streptomy-
cin/ml [all from Gibco-BRL, Life Technologies, Grand Island, N.Y.]). On day 9,
the macrophage cultures were supplemented with 10 U of murine gamma inter-
feron (Gibco-BRL) per ml, and they were used as APCs the next day.

Immunofluorescence. BMs grown on coverslips as described above were
washed in Hanks balanced salt solution without phenol red (HBSS), pH 7.4, and
then incubated in a total volume of 1 ml of HBSS containing either 200 mg of free
TR-RTS,S, 30 mg of TR-RTS,S encapsulated in liposomes lacking lipid A, or 45
mg of TR-RTS,S encapsulated in liposomes containing lipid A for 90 min at 37°C.
A greater amount of free TR-RTS,S than of liposomal TR-RTS,S was used,
based on previous experiments with antigens not encapsulated in liposomes (31),
to ensure that any low-level trafficking to the Golgi could be detected. The doses
of liposomal TR-RTS,S were adjusted to give equal amounts of liposomal phos-
pholipid and varied between the liposomes containing and lacking lipid A due to
small differences in the TR-RTS,S encapsulation. At the end of the incubation
period, the BMs were washed in HBSS and then incubated for an additional 2 h
(chase) in HBSS or they were mounted immediately on a depression slide and
the live cells were observed under a Leitz Orthoplan microscope (Leica) with an
oil immersion 633 objective. Images were collected and processed as described
previously (31).

Labeling of the trans-Golgi complex. At the end of the incubation period, the
trans-Golgi was visualized by staining the cells with a green-fluorescent analog of
ceramide [N-(ε-nitrobenzooxadiazole-aminohexanoyl)-D-erythro-sphingosine
(hereafter referred to as C6-NBD-ceramide); Molecular Probes, Inc.] as de-
scribed previously (29, 31). Briefly, coverslips containing BMs from B10.Br mice
were incubated on ice with 2 nmol of C6-NBD-ceramide/ml for 30 min. The cells
were then washed twice with HBSS and incubated at 37°C for 15 min. After being
washed twice more with HBSS, the cells were mounted and viewed as described
above.

Immunizations. B10.Br mice (five per group) were immunized intraperitone-
ally at 0 and 4 weeks with liposomal RTS,S (0.8, 1.4, 4.2, or 8.5 mg of RTS,S per
0.2-ml dose) or free RTS,S (10 mg of RTS,S per 0.1-ml dose) and bled at weeks
0, 2, 4, and 6 after the primary immunization. Each dose of the liposomal RTS,S
formulations contained, in addition, 20 mmol (13.6 mg) of phospholipid, 15 mmol
(5.8 mg) of cholesterol, and 40 mg of MPL.

For the experiment to study the effect of liposomal lipid A on CTL induction,
B10.Br mice (three per group) were immunized as described above with RTS,S
(4 mg per 0.1-ml dose) encapsulated in liposomes containing or lacking MPL.
Each dose of these liposomal RTS,S formulations contained, in addition, 5.5
mmol (3.7 mg) of phospholipid, 4 mmol (1.5 mg) of cholesterol, and, where in-
dicated, 18 mg of MPL.

Assay for antigen-specific CTLs. Splenic lymphocytes were collected 2 weeks
after the boosting immunization. The cells were cultured in vitro in complete
medium (RPMI 1640 medium supplemented with 10% heat-inactivated fetal
bovine serum, 8 mM L-glutamine, 100 U of penicillin/ml, 100 mg of streptomycin/
ml, and 100 mM 2-mercaptoethanol) for 6 days, with the addition of 5% rat
concanavalin A supernatant (as a source of interleukin 2), either without any
antigen or with RTS,S (10 mg/ml) or the 367-to-390 CTL peptide (10 mg/ml) as
an antigen. Target cells consisted of syngeneic (H-2k) L929 cells, L929 cells
transfected with the P. falciparum gene (LPF), L929 cells pulsed with the 367-
to-390 CTL peptide, or allogeneic (H-2b) EL-4 cells pulsed with the 367-to-390
CTL peptide. The target cells were labeled for 1 h with 51Cr (Na2CrO4; Amer-
sham Life Science, Arlington Heights, Ill.) (100 mCi/106 cells), and then they
were added to effector cells at ratios ranging from 3:1 to 100:1. The cell mixtures
were incubated in 96-well round-bottom tissue culture plates (Costar, Cam-
bridge, Mass.) in 0.2 ml of complete RPMI medium for 4 h at 37°C in a 5% CO2
humidified atmosphere. During the 4-h assay, a 1:5 final concentration of 8312.5,
2RL, HB 20, or HB 6 culture supernatant was added to the appropriate wells. At
the end of the 4-h culture, the supernatants were absorbed by cotton wicks and
processed for the determination of 51Cr release. Specific lysis was determined by
the following formula: percent specific lysis 5 100 3 (experimental release 2
spontaneous release)/(maximal release 2 spontaneous release).

ELISA. Solid-phase enzyme-linked immunosorbent assays (ELISAs) were per-
formed to measure the levels of IgG antibody against the NANP repeat epitopes
of the P. falciparum CSP by using R32LR, a recombinant protein with the
sequence MDP(NANP)15NVDP(NANP)15NVDPLR (9), as the capture antigen,
essentially as described previously (34, 41). Immulon-2 96-well U-bottom poly-
styrene plates (Dynatech Laboratories, Chantilly, Va.) were incubated with
R32LR (2 mg/ml; 50 ml/well) in antigen diluent (4 mg/ml boiled casein in phos-
phate-buffered saline [PBS]) overnight at 4 to 6°C and then blocked with 0.5%
casein in PBS containing 1% Tween 20 (PBS-casein-Tween). Individual mouse
sera diluted in PBS-casein-Tween were added to the plates in triplicate wells and
incubated overnight at 4 to 6°C. After being washed with 0.05% Tween 20 in PBS
(PBS-Tween), the plates were incubated with phosphatase-labeled goat anti-
mouse IgG (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) for 2 h at
room temperature and then washed again with PBS-Tween. Substrate (p-nitro-
phenyl phosphate; Kirkegaard & Perry Laboratories) was added, and the plates
were incubated in the dark for 30 min. Absorbance was read at 405 nm with a
UVmax plate reader (Molecular Devices, Sunnyvale, Calif.). Antibody levels are
expressed as ELISA units. The ELISA units for a given serum sample are defined
as the reciprocal of the serum dilution at which the absorbance is 1.0, and this
value is determined from the linear portion of an antibody titration curve.

Quantitation of antigen-specific IgG subclass antibodies was performed by
solid-phase ELISA as previously described (15). Immulon-2 plates were incu-
bated overnight with antigen in PBS (0.1 mg/50 ml) and blocked with PBS
containing 0.5% casein (PBS-casein). Individual mouse sera were diluted in
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PBS-casein and incubated at room temperature for 4 h. Peroxidase-conjugated
goat anti-mouse isotype-specific antibody (The Binding Site, San Diego, Calif.)
was utilized as a secondary antibody. Standard curves for each subclass were
determined by using mouse myeloma IgG1, IgG2a, IgG2b, and IgG3 (The
Binding Site). Both the test sera and myeloma standards were detected by using
2,29-azino-di(3-ethyl-benzthiazoline) sulfonic acid (Kirkegaard & Perry Labora-
tories) as a substrate. Absorbance was read at 405 nm. Individual antigen-specific
subclasses were quantitated by using the values from the linear titration curve
computed against the myeloma standard curve and were reported as micrograms
per milliliter.

RESULTS

Trafficking of liposomal RTS,S versus free RTS,S in BMs.
BMs were incubated with TR-RTS,S, either free or encapsu-
lated in liposomes containing or lacking MPL. The resulting
fluorescence patterns in BMs were examined to determine the
intracellular trafficking of free and liposome-encapsulated
RTS,S. When BMs were incubated with free (nonliposomal)
TR-RTS,S, the red fluorescence initially appeared to be pres-
ent throughout the cytoplasm, but after longer incubation

times it also accumulated in the area of the Golgi. A similar
pattern was observed when TR-RTS,S encapsulated in lipo-
somes either containing or lacking MPL was incubated with
BMs. This was verified by incubation of the BMs with C6-NBD-
ceramide, a fluorophore-labeled lipid which is specific for the
trans-Golgi (29), following incubation with TR-RTS,S. The
green trans-Golgi-specific fluorescence colocalized in BMs
with the red TR-RTS,S fluorescence regardless of whether the
BMs were incubated with free (Fig. 1A and B) or with liposo-
mal (Fig. 1D, E, G, and H) RTS,S. In most cases, the area of
TR fluorescence extended beyond the borders of the C6-NBD-
ceramide fluorescence, suggesting that localization of RTS,S
was not limited solely to the trans-Golgi. This concentration in
the Golgi has not been observed when free soluble antigens are
incubated with BMs (31). The fluorescence patterns in the
BMs suggested that RTS,S, both free and liposomal, went
initially to the cytoplasm after uptake by the cells and later
accumulated in the Golgi. This trafficking pattern is consistent
with the intermediate steps that are known to be part of the

FIG. 1. Intracellular trafficking of liposome-encapsulated and free RTS,S in cultured BMs and localization of processed protein in the trans-Golgi area. BMs from
B10.Br mice grown on coverslips were incubated with TR-RTS,S (A to C), with TR-RTS,S encapsulated in liposomes lacking MPL (D to F), or with TR-RTS,S
encapsulated in liposomes containing MPL (G to I) for 90 min at 37°C and then chased for 2 h. At the end of the chase period, the cells were washed and stained with
C6-NBD-ceramide, a green-fluorescent stain specific for the trans-Golgi. At the end of the incubation period, the cells were washed and mounted on a depression slide
and live cells were observed under a Leitz Orthoplan microscope with an oil immersion 633 objective. The panels on the left (A, D, and G) show the TR-RTS,S
fluorescence. The middle panels (B, E, and H) show the trans-Golgi fluorescence. The panels on the right (C, F, and I) show the corresponding bright-field images.
Bar, 10 mm.
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processing of intracellular antigens through the MHC class I
pathway.

To ensure that the localization of TR-RTS,S in the trans-
Golgi area was not just an isolated event occurring in only a
few cells, BMs incubated with free TR-RTS,S were also exam-
ined at a lower magnification. The fluorescence patterns in
BMs from multiple fields indicated that in 47% of 38 BMs
examined, TR-RTS,S was definitely present in the region of
the trans-Golgi. In the other 53% of the cells examined, TR-
RTS,S was present either in the general area of the Golgi, but
not localized to the trans-Golgi, or only in other areas of the
BMs. It is likely that this heterogeneity of response was due to
the fact that the cells were not synchronized for antigen pro-
cessing.

CTL responses in mice immunized with liposomal RTS,S.
Immunization with RTS,S encapsulated in liposomes contain-
ing MPL resulted in the induction of CTLs in mice receiving a
4.2-mg dose of liposomal RTS,S (Fig. 2A, C, and E) but not in
mice immunized with free RTS,S (Fig. 2B, D, and F). The
response was specific for RTS,S, since the specific lysis from
L929 cells pulsed with the CSP-derived 367-to-390 CTL pep-
tide was substantially higher when these target cells were cul-
tured with RTS,S than when they were cultured with medium
alone (Fig. 2A). Although specific lysis greater than 30% was
not observed in these experiments, similar levels of specific
lysis have been reported previously as representing a positive
CTL response (18, 26, 33, 44). Control L929 cells also gave
somewhat higher lysis with effector cells cultured with RTS,S
than with effector cells cultured with medium (Fig. 2C), but the
lysis of the control L929 cells due to RTS,S-cultured effector
cells was always lower than that obtained from CTL peptide-
pulsed L929 cells, whereas the lysis levels of both control and
peptide-pulsed L929 cells were similar with control effector
cells (cultured with medium alone) (Fig. 2A and C). The RTS,
S-specific cytolytic activity was restricted by MHC class I mol-

ecules, since only peptide-pulsed L929 cells (Fig. 2A), ex-
pressing H-2k, and not peptide-pulsed EL-4 cells (Fig. 2E),
expressing H-2b, were lysed. The MHC class I restriction of the
RTS,S-specific cytolytic activity was further confirmed by ab-
rogation of the antigen-specific cytolytic activity when anti-
class I antibodies and anti-CD8 antibodies, but not anti-class II
antibodies or anti-CD4 antibodies, were added to the cultures
(data not shown).

The CTLs induced in the mice immunized with liposomal
RTS,S recognized the 367-to-390 CTL epitope of the P. falci-
parum CSP, since specific lysis was observed when effector cells
from the mice immunized with liposomal RTS,S which had
been cultured with the 367-to-390 peptide were incubated with
L929 cells transfected with the P. falciparum gene (Fig. 3A) but
not after incubation with control L929 cells (Fig. 3B). This
activity also was MHC class I restricted, since no antigen-
specific lysis was observed when EL-4 cells pulsed with the
367-to-390 peptide were the target cells (Fig. 3C).

A CTL response against the 367-to-390 CTL epitope was
induced only when lipid A was present in the liposomes (Table

FIG. 2. Cytotoxic T-lymphocyte response in mice immunized with liposomal
and free RTS,S. Mice (five per group) were immunized intraperitoneally at 0 and
4 weeks with RTS,S, either encapsulated in liposomes containing MPL at 4.2 mg
of RTS,S per dose (A, C, and E) or free at 10 mg of RTS,S per dose (B, D, and
F). Spleens were harvested at 2 weeks after the boosting immunization, and the
effector cells obtained as described in Materials and Methods were cultured with
either RTS,S (solid circles) or medium (open circles). Target cells were either
L929 cells pulsed with the 367-to-390 CTL peptide (L 1 PEPTIDE) (A and B),
control L929 cells (L) (C and D), or EL-4 cells pulsed with the 367-to-390 CTL
peptide (EL-4) (E and F). The percent specific lysis was calculated as described
in Materials and Methods. The spontaneous release was less than 23% of the
total release in all cases. Each error bar represents the standard deviation of the
means of triplicate samples. The data presented, although from a single exper-
iment, are representative of the data from multiple repetitions of the experiment.

FIG. 3. Cytotoxic T-lymphocyte response against the CSP-derived 367-to-390
CTL peptide in mice immunized with liposomal RTS,S. Mice (five per group)
were immunized with RTS,S encapsulated in liposomes containing MPL as
described in the legend to Fig. 2. Effector cells obtained as described in the
legend to Fig. 2 were cultured with either the CSP-derived 367-to-390 CTL
peptide (solid circles) or medium (open circles). The target cells were L929 cells
transfected with the P. falciparum gene (LPF) (A), control L929 cells (L) (B), or
EL-4 cells pulsed with the 367-to-390 CTL peptide (EL-4) (C). The percent
specific lysis was calculated as described in Materials and Methods. The spon-
taneous release was less than 24% of the total release in all cases. Each error bar
represents the standard deviation of the mean of triplicate samples. The data
presented, although from a single experiment, are representative of the data
from multiple repetitions of the experiment.

TABLE 1. Effect of liposomal lipid A on the induction of cytotoxic
T-cell responses in mice immunized with RTS,S encapsulated

in liposomes containing or lacking lipid A

Immunogena E/Tb
% Specific lysisc

Peptide Medium

L(MPL 1 RTS,S) 30:1 15.0 6 6.7 3.9 6 4.0
10:1 8.5 6 4.9 3.8 6 3.8
3:1 4.8 6 4.8 1.4 6 1.4

L(RTS,S) 30:1 2.9 6 1.5 7.8 6 4.3
10:1 0.8 6 0.6 2.4 6 2.4
3:1 4.7 6 4.2 4.0 6 2.0

a Mice (three per group) were immunized as described in Materials and
Methods with RTS,S (4 mg/dose) encapsulated in liposomes either containing
lipid A [L(MPL 1 RTS,S)] or lacking lipid A [L(RTS,S)].

b E/T, effector-to-target-cell ratio. Effector cells were obtained from the
spleens of the immunized mice as indicated in Materials and Methods. The
target cells were L929 cells pulsed with the 367-to-390 CTL peptide.

c Percent specific lysis by effector cells cultured in the presence (Peptide) or
absence (Medium) of the 367-to-390 CTL peptide was calculated as described in
Materials and Methods. Each value represents percent specific lysis 6 the stan-
dard error of the mean of triplicate samples.
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1). Specific lysis was observed when effector cells from mice
immunized with RTS,S encapsulated in liposomes containing
MPL which had been cultured with the 367-to-390 peptide
were incubated with L929 cells pulsed with the 367-to-390 pep-
tide as the targets, but not with effector cells from mice immu-
nized with RTS,S encapsulated in liposomes lacking MPL. No
specific lysis was obtained when L929 cells pulsed with medium
alone were used as the targets (data not shown).

NANP-specific IgG antibody response to liposomal RTS,S in
mice. Immunization of B10.Br mice with different doses of
liposomal RTS,S resulted in the production of NANP-specific
IgG antibodies at all four RTS,S doses tested. As can be seen
in Fig. 4, the NANP-specific IgG response at 6 weeks after the
primary immunization (2 weeks after the secondary immuni-
zation) increased with increasing RTS,S doses. All five mice
receiving the highest liposomal RTS,S dose (8.5 mg) gave high
IgG titers, and these titers were as high as or higher than any
obtained in the mice receiving the lower doses of liposomal
RTS,S. At both the 4.2- and 1.4-mg doses, all five mice re-
sponded, and the titers were similar for the two doses. At the
0.8-mg dose, only four of the five mice responded, and of these
four, only one had a high titer. With all four doses of
liposomal RTS,S, however, the IgG responses were much
higher than those obtained after immunization with a 10-mg
dose of free RTS,S, with the exception of one of the five
mice immunized with free RTS,S, which had an IgG titer
comparable to the titers obtained with the lower doses of
liposomal RTS,S.

IgG subclass pattern in mice immunized with liposomal or
free RTS,S. The IgG subclass distribution was also examined in
the mice immunized with RTS,S, either free or encapsulated in
liposomes containing MPL. The subclass distribution patterns
were similar for all four doses of liposomal RTS,S. The pre-
dominant subclasses observed after immunization with lipo-
somal RTS,S were IgG1 and IgG2a (Fig. 5). Since the mice
immunized with free RTS,S gave much lower antibody ti-
ters, the IgG subclass pattern was difficult to determine (Fig.
5). However, the subclass distribution pattern was consistent
with that obtained in the mice immunized with liposomal
RTS,S.

DISCUSSION

The intracellular trafficking in BMs of RTS,S, an antigen
containing P. falciparum sporozoite epitopes attached to hep-
atitis B surface protein particles, both free and encapsulated in
liposomes, has been examined. As would be expected based
on our previous results (31), TR-RTS,S fluorescence was ob-
served first in the cytoplasm and subsequently in the trans-
Golgi area of BMs that were incubated with liposome-encap-
sulated TR-RTS,S (Fig. 1D, E, G, and H). It is interesting that
free RTS,S gave this same pattern of fluorescence (Fig. 1A and
B), but this may not be surprising, since RTS,S contains lipid
and has physical properties similar to those of the lipoprotein
particles of HBsAg isolated from human serum (35, 40). The
intracellular fluorescence patterns observed for RTS,S, wheth-
er free or encapsulated in liposomes, are consistent with the
intermediate steps that are known to be part of the processing
of intracellular antigens through the MHC class I pathway.

Because RTS,S appeared to be processed by the class I
pathway, mice were immunized with free or liposomal RTS,S
and tested for the induction of a CTL response against CSP
epitopes. Previous studies showed that encapsulation of anti-
gens containing the T-cell epitope of the P. falciparum CSP,
amino acids 367 to 390 (22), in liposomes containing lipid A
resulted in the induction of MHC class I-restricted CTL re-
sponses specific for the 367-to-390 epitope (4, 19, 44). As
would be expected from these previous results, an MHC class
I-restricted CD81 CTL response against the 367-to-390 epi-
tope was obtained in the mice immunized with RTS,S encap-
sulated in lipid A-containing liposomes (Fig. 2 and 3). No CTL
response against the 367-to-390 epitope was detected, how-
ever, in mice immunized with RTS,S encapsulated in lipo-
somes lacking lipid A (Table 1). In other studies, a strong class
I-restricted CTL response was observed against HBsAg, wheth-
er administered alone or in liposomes lacking lipid A (13).

FIG. 4. Effect of antigen dose on the R32-specific IgG antibody response of
individual mice immunized with free RTS,S or RTS,S encapsulated in liposomes
containing MPL [L(RTS,S1MPL)] at 6 weeks after the primary immunization.
Mice (five per group) were immunized intraperitoneally at 0 and 4 weeks with
RTS,S at the indicated dose, either free or encapsulated in liposomes containing
MPL. Each bar represents the mean ELISA units obtained at 6 weeks after the
primary immunization for an individual mouse. Each error bar represents the
standard deviation of the mean of triplicate samples.

FIG. 5. IgG subclass distribution at 6 weeks after the primary immunization
in mice immunized with liposomal or free RTS,S. Mice were immunized as
indicated in the legend to Fig. 4. IgG subclass levels were determined quantita-
tively by ELISA as described in Materials and Methods. Each bar represents the
mean IgG antibody subclass titer of the group of five mice at 6 weeks after the
primary immunization. Each error bar represents the standard deviation of the
mean.

VOL. 66, 1998 RTS,S IN LIPID A LIPOSOMES INDUCES CTLs 2863



Formulations of RTS,S with alum alone or with added MPL or
in oil-in-water emulsions with or without added adjuvants have
been tested in mice and humans (16, 38). Although a CTL re-
sponse against the CSP epitopes of RTS,S has been reported in
only one human vaccine recipient (16, 38), several of these
RTS,S formulations have been shown to induce strong CTL
responses against CSP epitopes in mice (11). In the present
study, no CTL responses specific for the CSP epitopes of
RTS,S were detected in the mice immunized with free RTS,S
(Fig. 2B, D, and F) despite the evidence for class I processing
of free RTS,S in APCs (Fig. 1A and B). These data suggest
that processing by the class I pathway, although generally be-
lieved to be required for induction of a CTL response, does not
necessarily result in a CTL response.

Since liposomal antigens have been reported to be processed
by both the class I and class II pathways (31), the IgG antibody
response against the NANP epitope of RTS,S was also mea-
sured in mice immunized with free or liposomal RTS,S. As has
been observed for a variety of other antigens (2, 3, 5, 7, 43), the
NANP-specific antibody response to RTS,S encapsulated in
liposomes containing MPL was markedly enhanced compared
to the response to free RTS,S (Fig. 4). The NANP-specific IgG
response to liposomal RTS,S was dependent on the RTS,S
dose in the dose range studied.

Different adjuvants have been shown to have specific effects
on the pattern of IgG antibody subclasses obtained (1, 20).
Murine antibody responses to soluble protein antigens are
generally restricted to the IgG1 subclass despite the fact that
IgG2a represents the major component of mouse serum IgG
(28) and is the most effective activator of complement (20).
Immunization with a recombinant secreted hepatitis B virus
antigen has been found to result in a predominance of IgG1,
whereas immunization with a core antigen elicited primarily
IgG2a and IgG2b antibodies (25). A predominance of IgG1
was also obtained after immunization with DNA encoding the
S region of HBsAg when encapsulated in cationic liposomes
(17). IgG1 was the predominant subclass observed after im-
munization with RTS,S encapsulated in liposomes containing
MPL, although there was a substantial amount of IgG2a ob-
tained as well. Although the IgG titers were low after immu-
nization with free RTS,S, the IgG subclass pattern appeared to
be similar to that obtained after immunization with liposomal
RTS,S. It is possible that, in the case of RTS,S, IgG1 remained
predominant after encapsulation in liposomes containing lipid
A, because even the free antigen exists as a lipid-containing
particle. This is in contrast to our previous results, which
showed that when cholera toxin or a synthetic malaria antigen
(SPf66) was present in liposomes containing lipid A, the pre-
dominating IgG subclass shifted from IgG1 to IgG2a (15).
These results suggest that the effect of encapsulating antigens
in liposomes containing lipid A on the IgG subclass pattern is
dependent on the antigen.

The data presented here suggest that for antigens such as
RTS,S, which are lipid-containing particles, class I processing
may not result in a CTL response unless an additional adju-
vant, such as liposomes containing lipid A, is utilized. As has
been found previously for many other antigens, the IgG
antibody response to RTS,S also was markedly enhanced by
encapsulation in liposomes containing lipid A, whereas the
amount of IgG2a relative to that of IgG1 appeared unchanged
after encapsulation in liposomes containing lipid A, in contrast
to what was observed previously with other antigens (15).
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