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A simple generic peptide-based vaccine structure that targets
Toll-like receptor 2-expressing dendritic cells and causes their
activation is described. The vaccines are totally synthetic, serve as
their own adjuvant, and are composed of (i) a single helper T cell
epitope, (ii) a target epitope that is either recognized by CD8� T
cells or B cells, and (iii) a Toll-like receptor 2-targeting lipid moiety,
S-[2,3-bis(palmitoyloxy)propyl]cysteine, that is situated between
the peptide epitopes to form a branched configuration. The dif-
ferent CD8� T cell epitopes examined were from (i) influenza virus,
(ii) the intracellular bacterium Listeria monocytogenes, and (iii)
ovalbumin as a model tumor antigen. Vaccines containing a B cell
epitope from gastrin or luteinizing hormone-releasing hormone as
a B cell epitope were also examined for their ability to elicit
antibody against the parent hormones. Each of the vaccines was
capable of inducing either CD8� T cell or antibody-mediated
immune responses. The lipidated vaccines, but not the nonlipi-
dated vaccines, were able to mediate protection against viral or
bacterial infection and mediate prophylactic and therapeutic an-
ticancer activity. The two hormone-based vaccines induced high
antibody titers, which in the case of luteinizing hormone-releasing
hormone resulted in abrogation of reproductive function. These
results highlight the utility of simple, totally synthetic, epitope-
based vaccines.

Dendritic cells (DCs) take up antigen, generate peptide
epitopes from it, and then load these epitopes into mole-

cules that are encoded by the major histocompatibility complex
(MHC). After export to the cell surface, MHC molecule–
epitope complexes are presented to T cells, leading to their
activation. Activated CD4� helper T (Th) cells are now able to
deliver signals to DCs, enabling them to activate naive CD8� T
cells more efficiently (1, 2) and also improve the CD8� T cell’s
ability to assume memory cell status, providing the ability to
clear pathogens when subsequently encountered (3). Activated
Th cells can also interact directly with B cells, providing them
with signals that control differentiation, expansion, and shaping
of the antibody isotype that they secrete.

Because epitope sequences determine the specificity of the
ensuing immune response they have attracted considerable
attention as a basis for vaccine design (for review see ref. 4).
Despite several potential advantages (5, 6), no totally synthetic
peptide epitope-based vaccines are yet licensed for human or
animal use. The poor immunogenicity of peptides in the absence
of coadministered adjuvants and the paucity of adjuvant systems
suitable for human use has limited the development of viable
epitope-based vaccines.

The ‘‘danger signal’’ concept (7, 8) goes some way to explain
the poor immunogenicity of epitopes when administered out of
the context of the whole antigen; epitopes lack the ability to
provide the appropriate signals for DC maturation and inflam-
matory cytokine release, which we now understand to be a
critical property of the more potent adjuvants. In recent years it

has emerged that many adjuvants provide danger signals to DCs
by engagement of one or more Toll-like receptors (TLRs; for
reviews see refs. 9 and 10). The discovery that some lipid
structures are powerful adjuvants has driven the development of
lipopeptides as potential vaccines (for review see ref. 11).
Furthermore, certain of the TLRs present on the surface of DCs
specifically recognize particular lipid structures (12), and ligands
bound to these receptors are transported into DCs (13).

We have designed a simple synthetic vaccine structure com-
posed of a Th epitope, a target epitope, and the lipid moiety
S-[2,3-bis(palmitoyloxy)propyl]cysteine (Pam2Cys) that serves
as its own adjuvant and provides TLR2 targeting, DC matura-
tion, and induction of antibody or cytotoxic T lymphocyte (CTL)
responses depending on the choice of target epitope. Here we
test the generic applicability of this approach in a number of
models using class I MHC-restricted epitopes from virus, intra-
cellular bacteria, or model tumors, or by using antibody epitopes
from peptide hormones. In each case biologically relevant
responses were induced. The striking biological effectiveness of
these totally synthetic vaccines, their ease of assembly and
enhanced solubility, afforded by placement of the lipid molecule
between the epitopes to create a branched structure (14), makes
them highly attractive for the development of vaccines for
humans and animals.

Materials and Methods
Synthesis and Assembly of Lipidated and Nonlipidated, Epitope-Based
Vaccines. The method of assembling, purifying, and characteriz-
ing synthetic peptides and synthetic lipopeptides has been de-
scribed in detail elsewhere (14). The vaccines consisted of a Th
epitope synthesized contiguously with and N-terminally to either
a class I MHC-restricted epitope or an epitope recognized by
antibody. In most cases the Th epitope, sequence KLIP-
NASLIENCTKAEL, derived from the fusion protein of the
morbillivirus canine distemper virus (15), was used, but in the
case of the anti-influenza vaccine the I-Ed-restricted Th epitope,
sequence GALNNRFQIKGVELKS, derived from the light
chain of the influenza virus hemagglutinin (16), was used. The
Th epitope and target epitope were separated in sequence by a
single lysine residue. The lipid moiety Pam2Cys, corresponding
to the lipid component of macrophage-activating lipopeptide 2
(MALP-2) isolated from mycoplasma (17), was attached to the
intervening lysine through two serine residues. A diagrammatic
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representation of this generic structure is shown in Fig. 1. The
sequences of the various class I MHC-restricted target epitopes
used were as follows: influenza virus, TYQRTRALV (H-2Kd-
restricted) (18); the epitope GYKDGNEYI (H-2Kd-restricted)
from listeriolysin O of Listeria monocytogenes (19), and SIIN-
FEKL (H-2Kb-restricted) from ovalbumin expressed by B16-
OVA melanoma cells (20) and Lewis lung-OVA tumor cells (21).
The two antibody epitopes examined were luteinizing hormone-
releasing hormone (LHRH) with sequence EHWSYGLRPG
and pentagastrin, which represents the C-terminal five residues
GWMDF from the hormone gastrin (sequence EGP-
WLEEEEEAYGWMDF).

NF-�B Reporter Gene Assay. Cells of the human embryonic epi-
thelial kidney cell line HEK293 were transiently transfected as
described (22, 23) with 100 ng of an NF-�B-luciferase reporter
gene (five NF-�B sites upstream of luciferase), 70 ng of a
�-galactosidase-expressing plasmid, and 5 ng of human TLR2-
expressing plasmid by using the FuGENE6 method (Roche
Diagnostics, Mannheim, Germany). The total amount of DNA
(250 ng) was kept constant by supplementation with empty
vector. Lipidated or nonlipidated peptides were added into the
wells 24 h after transfection and lysates were prepared 6 h after
stimulation. By using enzyme assay kits (Promega) the luciferase
and �-galactosidase activities in the cell lysates were determined
(23). The relative stimulation of NF-�B activity was calculated by
normalizing luciferase activity with �-galactosidase activity.

Maturation of DCs. The maturation of D1 cells, a line of immature
DCs derived in this laboratory from spleen cells by the method
of Winzler et al. (24), was assessed by flow cytometric determi-
nation of surface MHC class II expression.

Influenza Virus System. Inbred 6- to 8-week-old female BALB�c
mice (H-2d) were anesthetized with Penthrane (Abbott) and
inoculated intranasally (i.n.) with lipidated or nonlipidated
peptide in 50 �l of PBS. Mice were infected i.n. with 104.5

plaque-forming units (pfu) of influenza virus, strain A�Mem-
phis�1�71-A�Bellamy�42 (H3N1) under Penthrane anesthesia.
Methods for the determination of lung viral titers by plaque
assay and of pulmonary IFN-�-producing CD8� T cells specific
for peptide TYQRTRALV by ELISPOT assay have been pre-
viously described (25). In vivo cytotoxicity was determined by the
method of Coles et al. (26), using naive BALB�c splenocytes as
target cells. Targets were either pulsed with 9 �M CTL peptide
TYQRTRALV at 37°C for 90 min or incubated without peptide.
After washing, the peptide-pulsed population was labeled with a
high concentration (3 �M) and the nonpulsed population with
a low concentration (0.5 �M) of 5-(and 6)-carboxyfluorescein
diacetate, succinimidyl ester (CFSE; Molecular Probes). The
cells were washed, mixed together at a 1:1 ratio, and inoculated

into previously immunized or naive mice (3 � 107 cells in 100 �l
of PBS by i.v. injection). The mice were killed 16 h later and
spleen cell suspensions were analyzed by flow cytometry. One
million lymphocytes were analyzed and each population was
detected by its differential CFSE fluorescence intensity. The
following formula was used to calculate specific lysis: ratio � (%
lymphocytes with low CSFE fluorescence�% lymphocytes with
high CSFE fluorescence), and the percentage of specific lysis �
[1 � (ratio obtained for naive mice�ratio obtained for primed
mice)] � 100.

L. monocytogenes System. Male BALB�c mice 6–8 weeks old were
immunized by i.v. inoculation with 1 � 103 colony-forming units
(cfu) of L. monocytogenes EGD or with lipidated or nonlipidated
peptide KLIPNASLIENCTKAEL-K-GYKDGNEYI or PBS s.c.
Seven days later, the number of IFN-�-producing CD8� T cells
was determined after 48-h incubation with GYKDGNEYI by
using an ELISPOT assay, as previously described (27). To test
antibacterial resistance, the immunized mice were rested for 28
days before i.v. challenge with 5 � 103 L. monocytogenes EGD. Two
days later, mice were killed, livers were removed and homogenized,
and the number of cfu per organ was determined (28).

Tumor Systems. (i) B16-OVA challenge. C57BL�6 (H-2b) mice (six per
group) received a single dose (20 nmol) s.c. in the base of tail
with lipidated or nonlipidated peptide KLIPNASLIENCT-
KAEL-K-SIINFEKL or PBS. After 14 days, mice were chal-
lenged with B16 tumor cells expressing the SIINFEKL deter-
minant from ovalbumin, B16-OVA (2 � 105 cells per mouse s.c.),
and growth was monitored as described previously (20). Animals
were killed when tumors reached 100 mm2.
(ii) Lewis lung-OVA therapy. C57BL�6 mice (six per group) were
inoculated with Lewis lung-OVA tumor cells (3 � 104 cells per
mouse s.c.) according to Nelson et al. (21). Four and 15 days after
receiving the tumor cells, mice were inoculated with the lipidated
vaccine, the control nonlipidated vaccine, or PBS and were
monitored for tumor growth as above.

Induction of Anti-LHRH and Anti-Gastrin Antibody Responses. Groups
of five female BALB�c mice, 6–8 weeks old, were inoculated s.c.
in the base of the tail on day 0 and on day 28 with 100 �l (20
nmol) of peptide vaccine in saline. For comparison, nonlipidated
peptides were formulated as an emulsion in an equal volume of
complete Freund’s adjuvant (CFA) for the primary injection and
incomplete Freund’s adjuvant for the secondary inoculation.
Sera were prepared from blood taken 4 weeks after primary
inoculation and 2 weeks after secondary inoculation and assayed
by ELISA as described in ref. 29, using either LHRH or gastrin
as the coating antigen. The titers of antibody are expressed as the
reciprocal of the highest dilution of serum to achieve an OD at
405 nm of 0.2, which represents �5 times the OD in the absence
of antibody.

Results and Discussion
Lipopeptide-Based Vaccines of Branching Structure Target TLR2 and
Cause the Maturation of DCs. The peptide and lipopeptide-based
vaccines assembled for this study ranged in length from 23 amino
acid residues (KLIPNASLIENCTKAEL-K-GWMDF, the mor-
billivirus CD4 epitope and pentagastrin B cell epitope vaccine)
to 26 residues (GALNNRFQIKGVELKS-K-TYQRTRALV,
the influenza virus CD4 and CD8 epitope-based vaccine). These
are relatively short peptide sequences and posed no difficulties
during the synthesis procedures. All peptide products eluted as
a single peak on analytical HPLC and had the expected mass
when analyzed by ion spray mass spectrometry (data not shown).
The use of a branched geometry in the construction of these
vaccines (Fig. 1) is based on our earlier observations that
synthetic peptide epitopes presented to the immune system as

Fig. 1. Schematic representation of the epitope-based vaccine candidates
examined during this study. Each vaccine contains a Th epitope and a target
epitope that is either a CTL-inducing epitope or an antibody-inducing epitope.
In all cases the Th epitope occupies the N-terminal position and is separated
from the target epitope by a single lysine (K) residue. Where lipid is attached,
this was done through the �-amino group of the lysine residue such that the
self-adjuvant lipid, linked through two serine residues (S), forms a branch
between the Th and target epitopes.
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branched structures are significantly more immunogenic than
the same epitopes in a tandem linear arrangement (14).
Branched peptides are also presented 10-fold more efficiently in
vitro to T cell clones by splenic CD8� DCs and exhibit a greater
resistance to proteolysis in serum compared with linear peptides,
a fact that may further enhance the differences in their in vivo
potency (30).

The creation of a branched lipopeptide structure through
attachment of the lipid moiety from the �-amino group of an
internal lysine residue has also shown advantages in the solubility
of the construct, which is significantly improved compared with
N-terminal attachment of the lipid (14). The improvement to
solubility and the ease with which these epitope-based vaccines
can be prepared are attractive characteristics for any manufac-
turing process and address some of the challenges identified by
BenMohamed et al. (11) for the use of lipopeptide vaccines.

The Pam2Cys group used in the construction of these vaccines
is a synthetic version of the lipid moiety from the 2-kDa
macrophage-activating lipopeptide 2 derived from Mycoplasma
fermentans. The Pam2Cys moiety has been shown to be a ligand
for TLR2s (12, 31). These receptors are present on DCs,
monocytes, and lung epithelia. The interaction of Pam2Cys with
DCs induces their maturation (32), suggesting that vaccines
containing this lipid moiety may interact directly with DCs to
promote immune responses. We first determined whether
Pam2Cys, when covalently attached to a synthetic peptide im-
munogen in a branched configuration, provides a lipopeptide
that retains TLR2 binding capacity. The results in Fig. 2A
demonstrate the ability of such a lipopeptide to stimulate
NF-�B-dependent gene activation in TLR2-transfected HEK293
cells. The lipopeptide did not stimulate cells lacking TLR2, nor
are cells expressing TLR2 stimulated by the nonlipidated pep-
tide, indicating that the lipopeptide-induced NF-�B signaling
was TLR2-dependent and mediated by the Pam2Cys moiety.

The ability of an activating ligand to trigger a DC allows the
cell to attain a state of maturation in which MHC products and
costimulatory molecules are up-regulated on the cell surface.
The ability of lipopeptides to cause DC maturation is shown in
Fig. 2B. The influenza virus lipopeptide triggered �90% of D1
cells to increase MHC class II expression, a level similar to that
achieved with lipopolysaccharide. Similar up-regulation of the
costimulatory molecule CD86 on lipopeptide-treated DCs was
also observed (data not shown). The nonlipidated peptide,
however, showed no significant increase in the level of matura-
tion markers above the spontaneous rate occurring in culture
with medium alone.

Ligation of TLR2 on human DCs has recently been shown (13)
by using mouse anti-TLR2 antibody, to trigger receptor-
mediated endocytosis of the antibody ligand, resulting in highly
efficient presentation of epitopes present on the antibody by
MHC class II molecules. The lipidated vaccines that we have
constructed for this study therefore have the potential to induce
efficient immune responses through their ability to target TLR2s
on the surface of DCs, leading to antigen uptake by the DCs and
provision of signals for the maturation of the cells. We therefore
evaluated the induction of both humoral and cellular immunity
by lipopeptides containing the appropriate epitopes in different
model systems.

Lipopeptides Are Effective in Diverse Models of Protection Requiring
the Induction of CD8� T Cell Immunity. Pam2Cys has not previously
been used for the construction of lipopeptides designed for the
induction of CD8� T cell immunity. However, the related lipid
moiety Pam3Cys, N-palmitoyl–S-[2,3-bis(palmitoyloxy)propyl]-
cysteine, has been successfully used for this purpose (33). The
two ester-bonded palmitoyl side chains are thought to be re-
sponsible for the powerful adjuvanticity of this lipid moiety for

HLA class I-restricted CD8� T cell expansion (34), and it is these
particular lipid chains that are also present in Pam2Cys.

Lipidated and nonlipidated forms of peptide GALNNRF-
QIKGVELKS-K-TYQRTRALV and the lipidated form of the
unrelated peptide KLIPASLIENCTKAEL-K-EHWSYGLRPG
were used to inoculate BALB�c mice, which were challenged 28
days later with live influenza virus. Determination of virus in the
lungs of mice after challenge (Fig. 3A) indicated that the
influenza virus-specific lipidated peptide afforded 99.7% reduc-
tion in pulmonary viral titers compared with the PBS control
group. This level of viral clearance was significantly greater than
that induced by the corresponding nonlipidated peptide or the
unrelated lipopeptide, where virtually no virus clearance was
observed. This result indicates that the lipid moiety increases
peptide-induced specific protective immunity rather than induc-
ing a nonspecific effect on viral clearance. The number of
TYQRTRALV-specific IFN-�-producing CD8� T cells found in
the lungs of lipopeptide-primed mice on day 7 after vaccination

Fig. 2. Pam2Cys-containing lipopeptides are ligands for TLR2 and act as
potent stimulants for DC maturation. (A) The ability of the lipidated and
nonlipidated forms of influenza peptide GALNNRFQIKGVELKS-K-TYQRTRALV
to signal through TLR2 was tested by using HEK293 cells transfected with an
NF-�B-luciferase reporter gene, with or without cotransfection with a TLR2-
expressing plasmid. Transfected cells (2 � 104 in 200 �l) were exposed for 6 h
to 1.4 �M lipopeptide, nonlipidated peptide, or medium alone and then
harvested into lysis buffer, and luciferase activity was determined. Data are
expressed as relative stimulation activity calculated from the mean of tripli-
cate samples. (B) DC maturation was examined by using D1 cells (2 � 105 cells
per well) incubated overnight with 9 nM lipidated or nonlipidated influenza
peptide or 5 �g�ml Escherichia coli serotype O111:B4 lipopolysaccharide (LPS).
Cells were recovered and examined for surface expression of MHC class II
molecules by flow cytometry. Mature D1 cells were identified by their high
expression of MHC class II molecules. The degree of spontaneous maturation
was monitored by incubating the cells with medium alone.

15442 � www.pnas.org�cgi�doi�10.1073�pnas.0406740101 Jackson et al.



was also significantly elevated compared with those in nonlipi-
dated peptide or unrelated lipopeptide-primed mice (Fig. 3B),
implicating peptide-specific CD8� T cells in the clearance of
virus. The lytic capacity of the lipopeptide-induced CD8� T cells
was confirmed in an in vivo lysis experiment (Fig. 3C). This
experiment tested the ability of those memory CD8� T cells
induced by the vaccine to rapidly gain cytolytic function upon
encounter with infectious virus. Mice were inoculated with the
lipopeptide, nonlipidated peptide, or PBS, and 28 days later the
memory T cell population was recalled by viral challenge. Four
days after challenge, before the time at which effector T cells
generated in response to the virus infection itself can be detected
in this assay, splenocytes pulsed with the peptide TYQRTRALV
and labeled with CFSE were transferred to the immunized
animals. The disappearance of these target cells from the spleen
16 h later, relative to a second population of cotransferred
unpulsed cells, was assessed by flow cytometry. This procedure
provides a measure of the lytic activity of the memory CD8� T
cells upon recall. The results (Fig. 3C) demonstrate that in
influenza virus lipopeptide-primed mice, very high levels of
specific lysis of the target cells were observed. This observation
was in contrast to mice that had been inoculated with nonlipi-
dated peptide, where the level of specific lysis of target cells was
not significantly increased above that seen in mice that had been
inoculated with PBS before viral challenge. Together these
results indicate that the influenza virus lipopeptide but not the
corresponding nonlipidated peptide was capable of inducing
specific CD8� memory that mediated enhanced clearance of the
virus upon recall, providing high levels of pulmonary protection.

In a second model of protection against pathogen challenge,
mice were inoculated with live L. monocytogenes, lipidated or
nonlipidated forms of the peptide KLIPNASLIENCTKAEL-K-
GYKDGNEYI, or PBS. Table 1 shows the numbers of spleen
cells capable of secreting IFN-� in response to peptide GYK-
DGNEYI 7 days later. Only those animals that were inoculated
with bacteria or lipidated vaccine showed significant numbers of
IFN-�-secreting cells, indicating that these antigens were able to
elicit CD8� T cell responses. Furthermore, only those animals
receiving bacteria or lipidated peptide exhibited any degree of
protection from challenge with live bacteria 28 days after
immunization (Table 1). The lipopeptide induced levels of
protection in the liver comparable with prior exposure to the live
intracellular bacterium.

CD8� T cells are also known to have potent anticancer
activity. We tested the lipopeptide vaccines in two tumor models
using tumors expressing ovalbumin, which contains the CD8� T
cell epitope SIINFEKL. Animals vaccinated with lipidated or
nonlipidated peptide KLIPNASLIENCTKAEL-K-SIINFEKL
were challenged, on day 14 after immunization, with melanoma
B16-OVA. Animals vaccinated with the lipidated peptide
showed substantially reduced tumor growth (Fig. 4A). To test the
efficacy of the vaccine in a therapeutic setting, Lewis lung-OVA
carcinomas were established in mice 4 days before receiving the
first of two doses (20 nmol) of vaccine. All mice therapeutically
vaccinated with lipidated peptide remained tumor free for 18
days, whereas mice inoculated with the nonlipidated peptide had
the same frequency of tumor appearance as the control PBS-
treated animals. By 60 days, when all control and nonlipidated
peptide-inoculated mice had measurable tumors, half of the
lipopeptide-immunized mice remained tumor free, indicating
that lipidated peptide vaccination mediated a significant thera-
peutic benefit.

Lipopeptides also Induce Potent Antibody Responses. We also de-
termined whether this simple vaccine structure could be used for
efficient induction of antibody responses. We chose the two
hormones LHRH and gastrin as the target antibody epitopes
because each has attracted attention in the treatment of prostate

Fig. 3. Lipopeptides can induce strong anti-influenza CD8� T cell-mediated
viral clearing responses. (A) Groups of six mice were inoculated i.n. with 9 nmol
of lipidated or nonlipidated influenza virus peptide GALNNRFQIKGVELKS-K-
TYQRTRALV, the unrelated lipopeptide based on the sequence KLIPASLIENCT-
KAEL-K-EHWSYGLRPG, or PBS. Twenty-eight days after priming, mice were
challenged i.n. with influenza virus, and 5 days later infectious virus present in
lung homogenates was measured. Symbols represent data for individual mice
and the line represents the geometric mean titer. The reduction in infectious
virus in influenza lipopeptide-primed mice relative to the PBS control is
indicated. Other groups were not significantly different from the PBS group
(P � 0.05). (B) The number of TYQRTRALV-specific IFN-�-secreting cells in the
lungs of BALB�c mice inoculated i.n. with 9 nmol of lipidated or nonlipidated
influenza virus peptide or lipidated unrelated peptide was determined 7 days
after vaccination. Data are ELISPOTs per 106 lung cells and represent triplicate
determinations of pooled lungs from three mice per group. The number of
ELISPOTs in cultures lacking antigen have been subtracted. (C) Ability of
immunogens to elicit CTLs. Groups of three mice were inoculated i.n. with 9
nmol of lipidated or nonlipidated peptide or with PBS and infected with
influenza virus 28 days later. Equal numbers of (i) syngeneic spleen cells pulsed
with epitope TYQRTRALV and labeled with a high concentration of CFSE and
(ii) syngeneic spleen cells labeled with a low concentration of CFSE but not
exposed to epitope, were injected into these mice and into naive mice 4 days
later. After 16 h mice were killed and CFSE-labeled splenocytes were enumer-
ated. Specific lysis of epitope-pulsed targets was calculated from the ratios of
nonpulsed to epitope-pulsed targets remaining in vaccinated and infected
mice compared with naive animals. Bars show the mean and SD for the three
mice in each group.
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(35) or pancreatic (36, 37) cancers. LHRH-based vaccines have also
been considered as a means of controlling reproduction (38).

When mice were inoculated with lipopeptides based on
LHRH (Fig. 5A) or a 5-aa epitope from gastrin (Fig. 5B),
high-titer antibodies (rivaling those obtained when nonlipidated

peptides were administered in CFA) were induced. In the case
of the lipidated LHRH immunogen, none of the female mice
inoculated with lipidated peptide demonstrated reproductive
function (Fig. 5A), illustrating the biological effectiveness of the
vaccine. The ability to induce antibodies against these two self
hormones demonstrates that these simple epitope-based struc-
tures can be used to break tolerance.

There is an increasing body of literature suggesting that

Table 1. Immunogenicity and protective capacity of lipopeptides containing a CTL epitope
from L. monocytogenes

Immunization*
IFN-�-producing cells per
106 splenocytes at day 7†

log10(listeria�liver) after
challenge at day 28‡ % protection§

PBS 11 � 19 6.06 � 0.50
103 live Listeria 258 � 51 4.28 � 0.42 98
Nonlipidated peptide 1 � 2 6.83 � 0.44 Nil
Lipidated peptide 206 � 79 4.85 � 0.18 94

*Groups of five BALB�c mice were inoculated with 9 nmol of lipidated or nonlipidated peptide vaccine s.c. or with
103 live bacteria or PBS i.v. The peptide vaccines contained the MHC class I-restricted epitope GYKDGNEYI from
the listeriolysin O protein of L. monocytogenes.

†The number of IFN-�-producing cells per 106 splenocytes was measured on day 7 after in vitro stimulation with
the CTL epitope. Numbers in cultures without antigen were uniformly less than 40. Results are mean � SD.

‡On day 28 mice were injected with 5 � 103 live Listeria. The number of colony-forming units present in liver was
measured 2 days later; results are mean � SD.

§Data are expressed as the percentage reduction in live bacteria relative to the PBS control group.

Fig. 4. Ability of lipopeptide containing an epitope expressed by tumor cells
to afford prophylactic and therapeutic protection. (A) Protection against
B16-OVA challenge. Mice (six per group) were immunized once with lipidated
(�) or nonlipidated (E) peptide vaccine KLIPNASLIENCTKAEL-K-SIINFEKL (20
nmol), or with PBS (‚). Two weeks later, animals were challenged with
B16-OVA, and tumor area (�SE) was monitored over time. (B) Lewis lung-OVA
therapy. Mice (six per group) were inoculated with Lewis lung-OVA tumor
cells, then on days 4 and 15 inoculated with lipidated (�) or nonlipidated (E)
peptide vaccine (20 nmol in each case) or with PBS (‚). The number of animals
developing measurable tumors (�1 � 1 mm) over time is represented as a
Kaplan–Meier plot.

Fig. 5. Anti-hormone antibody responses to synthetic peptide-based vac-
cines containing the LHRH sequence HWSYGLRPG (A) or the pentagastrin
sequence GWMDF (B). Groups of BALB�c mice received lipidated peptide in
saline, nonlipidated peptide in saline, or nonlipidated peptide in CFA. In all
cases animals received 20 nmol of immunogen. Animals were bled 4 weeks
after receiving the first dose of vaccine and then inoculated with a second dose
(20 nmol) and bled after a further 2 weeks. Antibody titers to the two
hormones present in the primary (white bars) and secondary (black bars)
responses were determined by ELISA. The numbers above the bars in A refer
to the number of mice that dropped litters during the course of a fertility study
carried out after the second inoculation of PBS or LHRH-based vaccine.
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signaling by distinct TLRs can trigger qualitatively different
responses (32, 39–41), which may be either Th1- or Th2-biased.
However, the TLR2 agonist Pam2Cys appears able to promote
the initiation of both humoral and cell-mediated responses. This
is in agreement with the previous observation (42) that mac-
rophage-activating lipopeptide 2 treatment of human monocyte-
derived DCs that were cocultured with lymphocytes resulted in
both IFN-� and IL-4 and IL-5 production.

In this study we have assembled a number of simple, totally
synthetic, and readily characterized vaccines that were effective
in a variety of biological systems. In the case of the two
antibody-inducing immunogens, the efficacy of the lipidated
vaccines rivals that of vaccine administered with CFA but
without the disadvantages of this toxic adjuvant. Furthermore, in
the case of the influenza virus experiments, the vaccine was
administered i.n. Nonparenteral administration provides further
incentive for the adoption of this approach for vaccine design.
An additional and important advantage of the current strategy
is that assembly and analysis of the final product is readily
achieved by using established methods such as solid-phase
peptide synthesis, HPLC, and mass spectrometry. This simplicity

of manufacture and quality assurance is likely to facilitate the
commercial development of this type of vaccine, which could be
readily adapted to address the problem of antigenic diversity and
MHC polymorphism by incorporating a number of simple
lipopeptides containing the relevant epitopes.

As the rules governing initiation of immune responses and the
role played by DCs are elucidated, we are increasingly able to
design rational vaccine strategies. The generic vaccine structure
described here is designed to target minimal antigenic epitopes
to DCs, resulting in specific immune responses, and could
represent a member of a powerful new arsenal of vaccines.
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