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Abstract: Vaccines have been well accepted and used effectively for more than 100 years. Traditional vaccines are generally
composed of whole inactivated or attenuated microorganisms that have lost their disease-causing properties. These classical
prophylactic live vaccines evoke protective immune responses, but have often been associated with an unfavorable safety profile,
as observed, for example, for smallpox and polio myelitis vaccines [1,2]. First improvements were subunit vaccines that do not
focus on attenuation of whole organisms but concentrate on particular proteins. These vaccines are able to generate protective
immune responses (e.g. diphtheria, tetanus, pertussis) [3]. However, next generation vaccines should focus on specific antigens
(e.g. proteins, peptides), since the requirements by regulatory authorities to crude biological material are becoming more stringent
over time. An increasing number of such antigens capable of inducing protective humoral or cellular immune responses have been
identified in the last few years. But most of these are weak immunogens. This reemphasizes the need for adjuvants to promote
a potent immune response and also for delivery antigens to the immune system in an appropriate way (carrier capability). Here
we review a new approach for prophylactic and therapeutic vaccines, which focuses on the induction of highly specific immune
responses directed against antigen-derived peptides using a suitable carrier system. Copyright  2005 European Peptide Society
and John Wiley & Sons, Ltd.
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INTRODUCTION

A new generation of prophylactic and therapeutic
vaccines is needed: vaccines capable of inducing
a strong, specific immune response and possessing
a more favorable safety profile than the classical
preparations. These issues can be addressed by
developing vaccines that are not derived from isolated
biological material but which are produced synthetically
and based on antigens (e.g. proteins, peptides or
carbohydrates) capable of inducing humoral and
cellular immune responses.

There are a number of advantages to using peptides
rather than biologically derived material:

Although many vaccine candidates based on recom-
binant proteins were successfully tested preclinically,
the production of large batches of clinical grade, recom-
binantly expressed protein is difficult and expensive.
Peptides, however, are easy to manufacture and the
upscaling has already been established. Moreover,
peptides can be produced relatively cheaply in large
amounts according to current good manufacturing
practices. The immune response induced by a pep-
tide antigen is highly specifically directed against a
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very defined region of the target protein. By contrast,
whole proteins can induce a broad spectrum of immune
responses, including antibodies that could also block
binding of protective antibodies [4,5] and presentation
of epitopes that might not be recognized very effi-
ciently or elicit deleterious responses [6]. In addition,
whole proteins may have some homologies to human
proteins and may therefore not be immunogenic, or
can induce an auto-immune response. Compared to
attenuated viruses, there is no risk of backmutation
into dangerous viruses. But we have to consider that
peptide-based vaccines can be relatively susceptible to
escape mutations of the pathogen due to their focused
specificity, and it might be necessary to include several
epitopes.

Nevertheless, no synthetic peptide-based vaccine is
currently on the market. Polysaccharides, used as vac-
cine against Haemophilus influenzae type b (Hib) [7],
are the only known synthetic vaccine for human use
commercially available yet. The development of peptide-
based vaccines is hampered by their poor immuno-
genicity and the lack of conformational similarities
between small linear peptides and the corresponding
sequence in the native protein, as many important neu-
tralizing epitopes have a defined three-dimensional con-
formation [8]. In addition, unprotected linear peptides
may be quickly degraded by proteases before they even
reach their destination, namely, professional antigen-
presenting cells. Furthermore, depending on the route
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of immunization, peptides can induce immunological
tolerance rather than immunity [9]. As a consequence,
suitable carriers or adjuvants are needed to improve the
immunogenicity of peptides and prevent the induction
of tolerance.

Peptide-based vaccines have already been tested in
different animal models. Unfortunately, a good immune
response could only be induced using strong adju-
vants – adjuvants that are not allowed for human use.

Furthermore, it has been assumed that alum, one of
the three adjuvants licensed for human use, is not
a very suitable carrier for the delivery of peptides.
Peptides often elicit weak antibody responses, and
the aggregation process of the peptide antigen to
the alum salts can destroy defined conformations,
both aspects generally limiting the application as
synthetic vaccine candidates for human use [10].
Alternative delivery systems include isolated virus
coat proteins, which retain the ability to reassemble
into virus-like particles. This has been described
for hepatitis surface antigen and core and yeast
transposon-derived virus-like particles (TyVLP) [11–13].
These particles stimulate both humoral and cellular
immune responses but are not yet registered for
human use.

DEVELOPMENT OF IMMUNOSTIMULATING
RECONSTITUTED INFLUENZA VIROSOMES

The human immune system is able to generate a highly
specific immune response against influenza viruses.
After infection or immunization with a defined influenza
virus, neutralizing antibodies protect us against a rein-
fection with the same influenza strain. Nevertheless,
we are susceptible to other influenza strains, and our
immune system adapts to the new virus variant, mean-
ing that our immune system is able to recognize small
modifications at the surface of the influenza virus.
Influenza-like particles should therefore be an optimal
antigen-carrier system for proteins and peptide anti-
gens. This led to the development of immunostimulating
reconstituted influenza virosomes (IRIVs).

In the meantime, IRIVs represent a very well
characterized antigen carrier system. They display
an improved tolerability compared to alum-adsorbed
vaccines and have been shown to induce protective
immune responses [14]. A very important advantage of
influenza virosomes over other systems of reconstituted
virus particles is the in-depth experience with two
marketed products, the influenza vaccine Inflexal and
the Hepatitis A vaccine Epaxal, of which more than
20 million doses have been given so far. To date,
influenza virosomes are the only one of the three
adjuvant systems approved by regulatory authorities,
which has carrier capabilities.

Hemagglutinin

Neuraminidase

Cyclic peptide

Lipid membrane

Figure 1 A schematic representing an IRIV carrying a cyclic
peptide on the surface. (Reproduced with permission from [17]
 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).

CHARACTERISTICS OF INFLUENZA VIROSOMES

Immunostimulating reconstituted influenza virosomes
are a liposomal carrier system characterized as
spherical, unilaminar vesicles with a mean diameter
of approximately 150 nm. They consist of 70%
egg yolk phosphatidylcholine (EYPC), 20% phos-
phatidylethanolamin (PE) and 10% envelope phos-
pholipids originating from H1N1 influenza virus
(A/Singapore/6/86) (Figure 1). In contrast to lipo-
somes, influenza hemagglutinin (HA) and neuramini-
dase (NA) are intercalated into the lipid bilayer,
which give them their fusogenic activity and thereby
play a key role in the mode of action of these
virosomes [15]. Virosomes are prepared by the
detergent removal as described in detail elsewhere
[16].

Essentially, virosomes represent empty influenza
virus envelopes, devoid of the nucleocapsid that
contains the genetic material of the virus. Therefore
they are not able to replicate, which is one aspect of
their excellent safety profile. In addition, the influenza-
derived HA confers stability to virosomal formulation
and significantly contributes to the immunological
properties of virosomes. Furthermore, due to the
incorporation of hemagglutinin, virosomes retain the
fusogenic activity of influenza particles, similar to the
original influenza virus itself. It has been shown that
a physical association between the virosome and the
antigen of interest is a prerequisite to elicit the full
adjuvant effect [18]. This association can be achieved by
incorporation of the antigen molecule into the virosomal
vesicle, adsorption to the surface, or integration into
the lipid membrane via hydrophobic domains or lipid
moieties.

Antigens or peptides attached to the surface of
virosomes primarily elicit humoral immune responses,
namely, antibodies as well as CD4+ T-cell help, while
antigens and peptides inside the vesicle are capable
of inducing CD8+ T-cell responses. As illustrated in
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(a) (b)

Figure 2 Virosome-based antigen processing in immune competent cells: (a) The processing of antigen protein or peptide
localized on the virosome surface leading to MHC class II presentation. (b) The processing of antigen molecules delivered inside
the virosome. The antigen is delivered to the cytoplasm triggering antigen-presentation on MHC class I.

Figure 2, in either case the influenza virosome attaches
to the cell membrane of target cells (e.g. antigen-
presenting cells) and enters it via the endosomal
pathway. With decreasing pH in the endosome, the
virus-derived hemagglutinin facilitates fusion of the
virosomal membrane with the membrane of the
endosome [19]. Consequently, antigen molecules on the
surface of virosomes will remain in the endosome after
fusion, and the pH shift in this compartment facilitates
detachment and degradation of virosome-linked antigen
molecules and the interaction of the released peptides
with major histocompatibility complex (MHC) class II
molecules localized in this compartment. The loaded
MHC class II molecules are directed to the cell
surface of the antigen-presenting cell to interact with
CD4+ T-cells. Antigen molecules inside virosomes
are delivered to the cytoplasm after fusion of the
virosomes to the endosomal membrane. This leads
to degradation of the antigen within the cytoplasm
by the proteosome and subsequent transport of the
antigen peptides into the endoplasmic reticulum (ER)
and loading onto MHC class I. Peptide-loaded MHC
class I molecules reach the cell surface of the antigen-
presenting cell and interact with CD8+ T- cells to
activate a cytotoxic T-cell response. The in vitro and
in vivo activation of CD8+ T-cells by the immunization
with peptides encapsulated in virosomes has been
demonstrated in the context of Hepatitis C vaccine
development by Hunziker et al. and Amacker et al.
[20,21].

PEPTIDE VACCINE DEVELOPMENT USING
IMMUNOSTIMULATING RECONSTITUTED
INFLUENZA VIROSOMES

The development of classical vaccines has primar-
ily concentrated on infectious diseases. With up
to 300 million people currently infected, malaria
continues to be one of the major burdens on public
health in many tropical countries [22]. Spreading of
drug resistance of the Plasmodium parasites as well as
of the parasite-transmitting mosquitoes reemphasizes
the need for an effective vaccine against the most severe
form of the disease caused by Plasmodium falciparum.
Many vaccine-target antigens are expressed at various
stages of the parasite’s life cycle and most of the mech-
anisms involved in protective immunity against malaria
are incompletely understood. But there is good evidence
that antibodies directed against surface antigens of the
sporozoite stage, which represents the incoming para-
site, and the blood stage can prevent initial infection of
hepatocytes and reduce morbidity and mortality asso-
ciated with the infection of erythrocytes, respectively
[23,24].

Immunization of humans with x-irradiated sporo-
zoites confers sterile immunity against the initial infec-
tion by Plasmodium falciparum with the surface antigen
circum sporozoite protein (CSP) being the dominant
antibody target [25]. Furthermore, antibodies directed
against the central (NPNA) tandem repeat region of
CSP confer protection against initial liver infection in
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mice [23]. But first attempts to develop a peptide-
based malaria vaccine were disappointing since a linear
(NPNA) peptide linked to tetanus toxoid was poorly
immunogenic in humans [26].

As a consequence, Moreno et al. further modified
the (NPNA) repeat epitopes by preparing cyclic pep-
tidomimetics [27]. These carry either one or two intact
repeat units in a reverse-turn conformation and C(α)-
backbone methylation of the proline to mimic the
stable conformation of the (NPNA) repeats within CSP
in contrast to the flexibility of linear peptides. The
constructs were linked to PE via a succinate linker
and incorporated into the membrane of influenza viro-
somes. The authors showed that formulating these
cyclic peptides into virosomes improves the quality
of the immune response compared to multiple anti-
gen peptides (MAP) formulations carrying four of the
same peptidomimetics formulated in alum: despite
lower antibody titers against the mimetic, only mice
immunized with NPNA repeats on the surface of viro-
somes developed antibodies that were able to recognize
parasites as has been shown by indirect immune
fluorescence analysis (IFA). In contrast to the viro-
somal formulations, the same peptides in MAP for-
mulations adsorbed to alum seem to induce peptide
conformations differing dramatically from the situ-
ation in the native protein, since these exclusively
induce antibodies that did not recognize the para-
site.

Circularization of 5 (NPNA) via a cross-linkage of the
amino group at the β-position of proline at position
6 to a spatially adjacent side-chain carboxy group
of glutamate also stabilizes the β-turn structure and
induces parasite cross-reactive and even invasion-
inhibitory antibodies when formulated in the membrane
of influenza virosomes [17] (Figure 3).

Both attempts clearly demonstrate the importance
of conformationally defined (NPNA) repeats to induce
an immune response to recognize the parasite, which
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Figure 3 Theoretical structure of 5 (NPNA) units circularized
via a cross link of the amino group at the β position of
proline at position 6 to side-chain carboxy group of glutamate.
(Reproduced with permission from [27]  2003 Wiley–VCH
Verlag GmbH & Co. KgaA, Weinheim).

is a prerequisite to prevent the initial infection with
P. falciparum.

The second strategy focused on induction of a pro-
tective immune response against the bloodstage of the
parasite, where antibodies are known to inhibit the
infection of erythrocytes. One of the leading vaccine
candidates to be included into a malaria vaccine, the
apical membrane antigen 1 (AMA-1), has been shown
to be a target for protective antibodies [28,29]. The epi-
topes recognized by these antibodies against AMA1 are
not characterized in detail, but they seem to be primar-
ily directed against conformational epitopes as well [30].

The semiconserved loop I in domain III of AMA1 is one
target for inhibitory human antibodies [31]. In contrast
to the effect demonstrated for CSP-derived peptides,
immunization of mice with linear and circular peptides
mimicking the loop structure of AMA1 on the surface
of virosomes was similarly efficient. The circularization
of the 49-amino acid peptide did neither improve the
quantity nor the quality of the antibody response. Both
formulations were immunogenic and able to induce
antibodies recognizing blood-stage parasites [32].

But fine analysis using monoclonal antibodies
shows that, similar to CSP, conformation of the
AMA1 epitopes still seems to be critical, as the
majority of the monoclonal antibodies seem to bind
to discontinuous epitopes including two monoclonal
antibodies that inhibit parasite invasion of erythrocytes
in vitro. Furthermore, shorter peptides could not induce
antibodies capable of binding the parasite, and these
peptides were not recognized by the hyperimmune sera
of individuals living in endemic areas.

Both studies demonstrate the importance of the
conformational properties of peptides with respect to
developing malaria vaccines either dependent on cir-
cularization or on critical peptide length. Importantly,
for both cases, the formulation with IRIV did not
disturb the conformation in contrast to adsorption
of peptide-formulations to alum as it has also been
demonstrated for SPf66, one additional malaria vaccine
candidate [33].

Furthermore, influenza-virosome formulations car-
rying synthetic malaria peptides have demonstrated to
be well tolerated, safe and highly immunogenic in a
first ongoing clinical phase I trial (personal communi-
cation, Degen, L.). This further confirms the preclinical
data and is in sharp contrast to the use of linear pep-
tides adsorbed on alum, which are poorly immunogenic
when applied to humans [26]. The study will be con-
tinued with a third immunization to evaluate further
immunological aspects of the vaccination.

One very important issue concerning influenza
virosomes is preexisting immunity to the carrier:
nearly every human being has experienced influenza
infections. The influence of preexisting influenza-
neutralizing mechanisms has been addressed by
comparing the potency of peptide-bearing virosomes
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in mice with or without pre-immunization against
influenza. In fact, the immune response against the
carrier further improves the immunogenicity of the
additional peptide antigen, maybe by supporting the
alternative uptake of virosomes by antigen-presenting
cells due to binding of opsonizing antibodies to the
virosomal particles [14].

FURTHER APPLICATIONS FOR
IMMUNOSTIMULATING RECONSTITUTED
INFLUENZA VIROSOMES

Apart from vaccine development, influenza virosomes
can also be used as carriers for pharmaceutically active
substances that are encapsulated inside the vesicle.
Furthermore, these virosomes can be engineered to
specifically target certain cell types by integration of
ligands or antibodies into the virosome surface. This
has been proven by Ernst Waelti et al. who used IRIV to
specifically introduce drugs directly into target cells of
mice [34]. They show that it is possible to improve drug
delivery into tumor cells by the use of surface modified
influenza virosomes.

CONCLUSION

The main goal for most efforts on vaccine develop-
ment is to protect humans from infectious diseases.
A lot has been done on the development of subunit
vaccines focusing on pathogen-derived proteins or pep-
tides. But so far there are only three adjuvant systems
licensed for human use: Alum, MF59 and IRIVs. Most
subunit vaccines licensed for human use are based
on adsorption to alum, and for several vaccines this
has been demonstrated to support the induction of
a protective immune response. However, its use as
an adjuvant to carry peptide vaccine candidates has
been disappointing so far: low immunogenicity and
conformational changes of the peptide antigen were
consequences of the combination with alum. Immuno-
genicity and conformational integrity can be improved
by the use of influenza virosomes as carriers. Further-
more, virosomes display a higher tolerability compared
to alum with less side effects after injection, proven
by two marketed products. By defining the localiza-
tion of the peptide, influenza virosomes can be actively
targeted to induce either humoral or cellular immune
responses, depending on the bias needed for protec-
tion. Pre-existing immunity to influenza even further
enhances the targeted immune responses. Taking these
together, reconstituted influenza virosomes as carriers
further improve the use of peptides as human vac-
cine candidates by solving major obstacles observed in
combination with alum.
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