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Abstract

Mucosal routes for vaccine delivery offer several
advantages over systemic inoculation from both
immunological and practical points of view. The
development of efficient mucosal vaccines therefore
represents a top prority in modern vaccinology. One
way to deliver protective antigens at the mucosal
surfaces is to use live bacterial vectors. Until recently
most of these were derived from attenuated pathogenic
microorganisms. As an alternative to this strategy, non-
pathogenic food grade bacteria such as lactic acid
bacteria (LAB) are being tested for their efficacy as
live antigen carriers. The LABVAC european research
network is presently comparing the vaccine potential
of Lactococcus lactis, Streptococcus gordonii and
Lactobacillus spp. To date, it has been shown that
systemic and mucosal antigen-specific immune
responses can be elicited in mice through the nasal
route using the three LAB systems under study. Data
on successful oral and vaginal immunisations are also
accumulating for L. lactis and S. gordonii, respectively.
Moreover, the immune responses can be potentiated
by co-expression of interleukins. Future areas of
research include improvement of local immunisation
efficiency, analysis of in vivo antigen production,
unravelling of the Lactobacillus colonisation
mechanisms and construction of biologically
contained strains.

Introduction

The mucosal surfaces of external body cavities correspond
to the entry site of most pathogenic organisms. As such,
they represent the first line of defense against mucosal
infections caused by bacteria, viruses or parasites. The
prevention of pathogen penetration relies on non-specific
or physiological (mucus layer, peristaltism of the intestinal
mucosa, epithelium turnover, acidic and enzymatic
environment), microbial (protective normal microflora) and
immunological mechanisms. The latter is primarily
mediated by antibodies of the immunoglobulin A class (IgA)
which is by far the most prominent isotype synthesised by
the human immune system. The protective immune
response against mucosal infections has been shown to
strongly depend on the production of secretory IgA (sIgA)
molecules which are generated locally and transported to
the mucosal secretions (21, 47). Therefore much effort is
devoted today to generate new vaccines which efficiently
induce protective local immune responses. This would best
be achieved through local administration of relevant

antigens, as their systemic delivery generally fails to
stimulate the mucosal immune system. However, the vast
majority of pure antigens induce low or non-existing
immune responses when given orally, due to their poor
adsorption or rapid degradation in the gastrointestinal tract
and/or to the induction of tolerance by the host. Systems
for local delivery of antigens in an immunogenic and
protected form are thus actively sought. The development
of efficient local (oral) vaccines represents a top priority in
several vaccination programs, as they should be associated
with fewer side-effects and would facilitate the vaccination
of large populations by reducing the need for trained
personnel. Moreover, they can prevent carriage of
pathogens in the population and have no interference with
persisting maternal antibodies in infants (16, 21, 44, 47).

It should be noted that the expression “mucosal
vaccines” actually covers two different concepts: on one
hand it makes reference to vaccines specifically aimed at
inducing local immune responses, essentially of the sIgA
type; on the other hand, it designates vaccines which are
administered through local/mucosal routes but are able to
elicit systemic immune responses. In the case of existing
parenteral vaccines such as the tetanus vaccine for
example, it would be advantageous to raise equally potent
systemic immune responses by a local route of
administration.

Two major approaches are followed to achieve efficient
mucosal delivery of antigens (16, 21, 44, 47). A variety of
synthetic (non-living) delivery systems, in which purified
antigens are entrapped in microspheres, liposomes,
nanoparticules, or ISCOMS, are presently being
investigated. An attractive alternative consists in the use
of live viral or bacterial vectors for the production of
replicative particulate antigens in vivo. This technology,
which alleviates the drawbacks of subunit vaccine
development, was first described in the early 1980s (9).
Inherent difficulties of this approach include the construction
of stable immunogenic recombinant strains that synthesise
sufficient amounts of antigen in vivo and that offer no risk
for the vaccinated individual and the environment. The
commonly studied live bacterial vectors are derived from
pathogenic (invasive or non-invasive) microorganisms such
as Salmonella typhimurium, Listeria monocytogenes, Vibrio
cholerae, Mycobacterium bovis BCG. In these cases, stable
attenuated mutants that are no longer pathogenic but
remain immunogenic, must first be selected or constructed,
a step which has proven to be tedious and time consuming
in many instances. In addition, attenuated pathogenic
strains that retain a residual virulence level are unlikely to
be suitable for the vaccination of partially
immunocompetent individuals such as infants, elderly
people or immunocompromised patients. Also, the immune
reaction potentially elicited against the bacterial carrier
itself, or the existence of pre-existing antibodies, may
reduce the effectiveness of booster doses of vaccine.

An alternative and original way to address these
problems is to evaluate the potential of gram-positive
bacteria, i.e. lactic acid bacteria (LAB), to deliver protective
antigens at different mucosal surfaces. The choice of LAB
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is based on a number of properties which render them
particularly attractive as potential vaccine vehicles.
Although in a limited number of cases dietary LAB have
been associated with bacterial infections in severely
immunocompromised subjects (2), they are considered as
GRAS organisms (1) with a very long record of safe oral
consumption. They are indeed mostly known for their
widespread use as starter strains in food and feed
fermentation technology, but also for the probiotic effect
that certain species or strains may exert in humans or
animals (15, 23). For example, it is becoming well
established that given strains, mostly belonging to the
Lactobacillus genus, are able to colonise cavities such as
the mouth, the urogenital or the gastrointestinal tracts,
where they play a critical role in maintaining a balanced
normal microflora. Certain Lactobacillus strains have
already been used, for example, with the aim of preventing
or lowering the incidence or recurrent urinary or digestive
tract infections (see 15, 23). In addition, most LAB are quite
acid resistant and certain strains are able to effectively
survive passage through the stomach. These
microorganisms are, in principle, particularly suited for easy
oral or local administration and the absence of LPS in their
cell wall virtually eliminates the risk of endotoxic shock.
Moreover, the food industry has a long and detailed
experience in the large scale production and preservation
of these microorganisms (47).

Research on gram-positive bacterial vehicles is quite
recent and has focussed mainly on indigenous or food
bacteria such as LAB (Lactococcus, Streptococcus and
Lactobacillus), non-pathogenic species of Staphylococcus
(S. carnosus and S. xylosus) (40), and attenuated strains
of Listeria monocytogenes which is especially suited to
induce an MHC class I restricted cytotoxic immune
response (12).

The LABVAC European Network

Although LAB offer many potential advantages as live
vaccine vehicles, there were initially no indications that live
non-invasive bacterial vectors could be used to induce
immune responses against the foreign antigen that they
produced. The novelty of the proposed research approach
led to a number of basic questions that needed to be
addressed (Table 1).

By nature, these points cover three interconnected
areas: microbiology, molecular biology and immunology.
The selection of model vaccine species or strains
represents a critical step as the basic choice of using
colonising (transiently implanted in the normal microflora)
versus non-colonising (very short persistence in the host)
isolates leads to quite different systems. In the first case, it
is expected that a continuous in vivo synthesis of the

antigen at the desired mucosal surface will trigger the
underlying immune system. It might be speculated that a
high level of synthesis will not be a prerequisite, especially
when using immunostimulatory LAB strains. In the second
case, the non-colonising LAB may be considered as live
microparticles that should be pre-loaded with the antigen
and that will thus rely on high-level expression of protective
antigens. Existing knowledge cannot predict if the optimal
presentation of the antigen, a parameter which is known
to affect its immunogenicity, will be identical or not in both
systems. In the case of colonisers, strains appropriate for
future human use have to be selected on the basis of safety,
metabolic and physiological criteria. In addition, any of the
potential vaccine strains should obviously be genetically
amenable, in order to allow the expression of protective
antigens or epitopes in different cellular locations (i.e.
intracellularly, extracellularly or cell-surface exposed). Even
though the genetics of LAB has progressed impressively
during the last fifteen years, strain-specific optimisation of
expression, secretion and targeting vectors still require
investigation. Concerning immunology, it is necessary to
analyse the nature and the intensity of the immune
response in relation to the mode of antigen presentation,
the immunisation route and the nature of the bacterial
vector.

The different aspects of this novel approach have been
covered through the coordinated effort of European
laboratories (listed in Table 2) organised in two successive
research networks (contracts BIO2-CT94-3055 and BIO4-
CT96-0542), focussing on a common model system
outlined in Table 3. Three LAB bacterial hosts are being
evaluated as potential vaccine vehicles: Lactococcus lactis,
a cheese starter strain, as a prototype of a non-colonising
strain for which more sophisticated genetic tools exist;
lactobacilli, which are able to colonise given body cavities;
and Streptococcus gordonii, an oral commensal bacterium
of human origin for which a stable antigen presentation
system had been established. The progress achieved for
each of these hosts in terms of microbiology, molecular
biology and immunology are summarised below. The
European project is concentrated on two main model
antigens, of bacterial and viral origins respectively, in order
to allow a controlled comparison of the three bacterial
systems under study. The first one is the tetanus toxin
fragment C (TTFC), a 47kDa non-toxic polypeptide carrying
the ganglioside-binding domain. Even though tetanus is
not a mucosally associated disease, TTFC is a useful model
because of its well-established immunogenicity and the
availability of a lethal mouse challenge model permitting
evaluation of the protective significance of the immune
response generated (8). Since protection relies essentially
in this case on the induction of a systemic immune
response, this is a good way to evaluate the capability of a

Table 1. Development of LAB as Live Vaccine Vehicles: Questions to Address

• Are food or “commensal” bacteria given at relatively high doses recognised as “self” or “non self” by the immune system of the host?
• Which kind of immune response (local/systemic, humoral/cellular, Th1/Th2, MHC-classI/-class II restricted) can be elicited by non-pathogenic non-

invasive live vectors?
• What is the immunomodulation capacity of different LAB?
• Should a foreign antigen expressed by recombinant LAB remain intacellular, be secreted or surface-bound?
• What level of antigen expression will be necessary to elicit a significant immune response?
• Is bacterial colonisation an advantage (long lasting immunity) or a disadvantage (induction of tolerance)?
• How easily can a recombinant bacterium establish itself transiently in an equilibrated endogenous microflora?
• What is the fate of LAB strains given locally ? How stable are they in vivo?
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mucosal delivery system to elicit a systemic humoral
immune response. The second antigen is the gp50 protein
of the porcine pseudorabies virus (Aujeszky’s disease virus,
ADV), a pathogen which infects animals through the
respiratory tract and which could be best inactivated by
mucosal immune responses (22). The choice of gp50 is
motivated by the necessity to evaluate the potential of LAB
as live vaccines to target viral mucosa-associated diseases.
In this case as well, bioactivity of the induced antibody
responses can be evaluated by challenging mice or pigs
by the ADV.

In the course of the project, pharmacokinetic studies
in humans were performed with a limited number of non-
recombinant lactic acid bacterial strains which were shown
to be genetically amenable and able to persist in the mouse
intestine and/or vagina.

Lactococcus lactis

Unlike the other LAB being developed as vaccine delivery
vehicles, Lactococcus lactis does not colonise the digestive
tract of man or animals. In mice, there is only a passive
transit (persistence time <24 h) of L. lactis through the
digestive tract (11) while in humans, lactococci pass
through the gut within 3 days (20). As it is expected that L.
lactis would be likely to have only a limited capacity to
produce and secrete antigens in vivo, attention has been
focussed on expressing antigens intracellularly, or as
fusions to the cell wall anchoring domains of cell surface-
associated proteins, so that the bacteria are pre-loaded
with antigen before they are used for immunisation. In order

that immunogenic quantities of antigen can be delivered
to the mucosal immune system a high-level inducible
expression system which exploits the properties of the E.
coli T7 bacteriophage RNA polymerase has first been
developed for L. lactis (pLET vectors). Using the lactococcal
T7 system, a number of heterologous antigens have been
expressed intracellularly at high levels (2-20% total soluble
cell protein) in L. lactis (e.g. tetanus toxin fragment C
(TTFC), diphtheria toxin fragment B, the 28 KDa
immunogen of Shistosoma mansoni [P28]), as well as a
variety of TTFC fusion proteins including for example TTFC-
HIV-gp120V3 loop fusion proteins (for reviews, see 5, 26,
45, 46). Additional pLET vectors were further designed to
secrete the antigen (up to 3mg/L) or anchor it to the cell-
surface. Expression vectors which incorporate
constitutively active promoters of low to medium strength
have also been employed for antigen expression (5). One
such vector designated pTREX1 has been used to express
TTFC and P28 at levels of 1-3% of total cell protein (5,
46). It is envisaged that these constitutive expression
vectors will be more suitable for the expression of antigens
which are membrane associated or which show some
insolubility or toxicity to bacterial cells when formed at high
levels. It was observed, for example, that high expression
of TTFC in the cytoplasm of L. lactis ultimately kills the cell
(5).

The most complete immunological study has been
conducted with recombinant L. lactis producing the TTFC
(5, 26, 45, 46). Initially, recombinant L. lactis expressing
TTFC as membrane-anchored, as an intracellular or as a
secreted protein, were administered subcutaneously,

Table 3. LAB as Vaccine Vehicle: Model System

* Host: Inbred (or outbred) mice

* Vaccine Vehicle: Streptococcus gordonii : colonising
Lactobacillus spp. : colonising or not
Lactococcus lactis : non colonising

* Immunization routes: Intragastric (oral), nasal and vaginal

* Model Antigens: - TTFC: C fragment of tetanus toxin
• monomeric non toxic subunit
• potent immunogen
• challenge test

- Aujesky’s disease virus (ADV) gp50
- Protective epitopes [HPV, FMDV, HIV, Chlamydia...] fused to
carrier proteins [M6, PrtP/M, Gus, Nuc...]

Table 2. The European LABVAC NETWORK (BIO4-CT96-0542)
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Gianni POZZI UNIVERSITA DI SIENA ITALY

Jeremy M. WELLS, Richard W.F. LE PAGE UNIVERSITY OF CAMBRIDGE GREAT BRITAIN

Erwin SABLON INNOGENETICS N.V. BELGIUM

Willem M. de VOS WAGENINGEN AGRICULTURAL UNIVERSITY THE NETHERLANDS

Erik REMAUT UNIVERSITEIT GENT BELGIUM

Patricia CONWAY UNIVERSITY OF NEW SOUTH WALES AUSTRALIA
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without adjuvant, into mice. It was shown that all three
lactococcal TTFC expressor strains were able to elicit
antibodies which protected the mice from lethal toxin
challenge (i.e. 5-20 x LD50 of tetanus toxin). The dose of L.
lactis required to elicit protective antibody responses
appeared to be primarily dependent on the amount of
antigen produced by the different recombinant strains.
However, when only a limited amount of TTFC was
expressed, protective antibodies were more readily elicited
when the TTFC was anchored to the cell membrane. In
further experiments, mice were immunised by the oral and
intranasal routes. Nasal inoculation of mice with strain
UCP1050 (expressing TTFC intracellularly using the
lactococcal T7 system) led to a significant IgG serum
antibody response which protected 75% of the mice from
lethal challenge with tetanus toxin (20 X LD50). The antibody
titers were similar wether live, mytomycin C- or formalin-
treated L. lactis were used (37). It was next shown that
mice can also be immunised orally with L. lactis strains
producing TTFC at high levels (T7 expression system) or
at a ten-fold lower level (pTREX1). TTFC-specific serum
antibody responses of both the IgG1 and IgG2a isotypes
were induced and significantly, but transiently, elevated
levels of anti-TTFC IgA antibodies were detected in faeces
and gut secretions. Even though the antibody titers were
lower than those following nasal immunisation, the
protective efficacy was similar (37).

A similar study has been performed with the glutathione
S-transferase (P28) of the parasite Schistosoma mansoni
(3). The P28 antigen has been efficiently expressed in L.
lactis either separately or as a fusion to TTFC, and the
immunogenicity of these antigens when expressed in L.
lactis has been proven by systemic and local immunisations
(see 5, 26, 46).

The studies conducted with the second model antigen
of the LABVAC network, the ADV gp50, have initially been
hampered by the instability of the recombinant plasmids
carrying the corresponding gene in expression hosts such
as Escherichia coli and L. lactis. Therefore, a synthetic
gene with a codon usage adapted to L. lactis and lacking
the transmembrane domain has been assembled (Wells,
J. M. et al., unpublished results). Its successfull expression
in L. lactis (Rush, C.M., Wells, J.M. et al., unpublished)
and L. plantarum (Pavan, S., Chagnaud, P. et al.,
unpublished) relied upon the use of the nisin inducible
expression system (19). The immunogenicity of the
recombinant strains, which produce high amounts of gp50,
is presently under investigation (Sablon, E., personal
communication).

Whether lactococci can also be used to deliver
cytokines to the immune system has been investigated
recently. The murine IL2 and IL6 genes were first expressed
in L. lactis and the recombinant strains were shown to
secrete fully active interleukins in the culture supernatants
at a level of 0.9mg/L (41). In a second stage, L. lactis strains
accumulating TTFC in the cytoplasm and secreting IL2 or
IL6 concomitantly were constructed and used to immunise
mice intranasally. A strong adjuvant effect was observed
only with the live recombinant strains. The anti-TTFC serum
IgG titers increased more rapidly and were 10 to 15 fold
higher as compared to those generated by immunising with
strains producing TTFC only. In contrast, the level of the
anti-lactococcal immune responses were not enhanced by
coexpression of the cytokines (42).

Streptococcus gordonii

Streptococcus gordonii is a gram-positive bacterium that
is a member of the normal microflora of the human oral
cavity. It has been shown to efficiently colonise the mouse
oral and vaginal cavities while it persists only transiently in
the digestive tract of this host (24, 25, 26, 27, 29, 35). The
genetic system that allows expression of heterologous
antigens on the surface of S. gordonii strain “Challis”, which
is naturally competent for genetic transformation, has been
extensively reviewed (24, 27, 35). It is based on
chromosomal integration of recombinant DNA encoding
the vaccine antigen fused to the gene of the Streptococcus
pyogenes surface protein M6. The latter is a fibrillar surface
protein anchored to the bacterial cell by the C-terminal
domain. Translational fusions with the M6 protein gene are
constructed in E. coli using plasmid vectors that can
integrate into the chromosome of specifically engineered
S. gordonii recipient strains. Transformation with
recombinant insertion vectors results in integration of the
gene fusion downstream from a strong chromosomal
promoter. The M6: :antigen fusion protein is anchored to
the S. gordonii membrane and expressed on the bacterial
surface at levels reaching up to 10,000 molecules per cell
(Pozzi G., personal communication). During growth, some
antigen is also released in the external medium such that
S. gordonii in fact delivers both particulate and soluble
antigens to the immune system. When the M6 anchoring
region is not included in the fusion protein, secretion yields
up to 5 mg/L are achieved. Recombinant S. gordonii have
been constructed that express on the surface heterologous
proteins ranging in size from 15 to 441 amino acids.
Antigens of a variety of viral, bacterial, and eukaryotic origin,
including the E7 protein of human papilloma virus type 16,
the V3 domain of HIV-1 gp120, an allergen (Ag5.2) from
hornet venom, ovalbumin, the surface proteins (F and H)
of the measles virus, the B subunit of the heat labile toxin
(LTB) of E. coli and TTFC (unpublished data) have been
expressed using this system (26, 35, 46). In fact, nine
chromosomal integration sites leading to strong expression
have been identified and, recently, a recombinant strain
expressing two different antigens concomitantly at the cell
surface has been constructed (35).

The immunogenicity of the recombinant vaccine strains
was tested mainly in the mouse model, although recent
experiments were also conducted in monkeys (see below).
In summary, it was shown that recombinant S. gordonii
colonising the murine oral cavity and vagina are capable
of inducing local and systemic antibodies against the
heterologous antigens expressed on the bacterial cell
surface. A single dose of S. gordonii was used to inoculate
the animals, and it was found that: (i) stable colonisation
was achieved both in the oro-phayngeal and vaginal
cavities of inbred and outbred mice; (ii) recombinant strains
were equally effective as wild-type in colonising mice
leading to a high percentage of animals colonised at high
numbers; (iii) the colonisation was inoculum-independant
in a range of doses equal to 107-109 cfu ; (iv) antigen
expression was stable both in vitro and in vivo; (v) antigen-
specific local (IgA) and systemic (IgG1 and IgG2a
predominently) antibodies were produced; (vi) the immune
response depended upon effective bacterial colonisation,
since killed recombinant bacteria did not induce a local
response (25, 26, 27, 35).
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It should be noted that the first evidence that a
recombinant commensal bacterium can be used as a live
vaccine vector was obtained with S. gordonii (24). The most
complete immunological studies were conducted with
recombinant strains displaying M6::E7 or M6 ::Ag5.2 at
their cell surface, investigating two main routes of
administration (i.e. the oral and vaginal; [25, 26, 27, 35,
46]). In the latter case, S. gordonii offers the advantage
with respect to other strategies developed for vaginal
immunisation to provide the host with a prolonged exposure
to the antigen and therefore seems to be an excellent
vaccine candidate to prevent the spread of sexually
transmitted diseases. Interestingly, anti-E7 IgA responses
were detected in vaginal washes 8 weeks after
administration of the recombinant strains producing M6::E7
in coincidence with the sudden clearance of bacteria from
the mouse vagina which may be related to a strong
antibacterial immune response (25, 27). The only
intragastric immunisation described so far used strains
producing LTB. Even though the bacteria did not colonise
the intestinal mucosa, they were effective in inducing both
serum IgG and faecal IgA (26).

Successful vaginal immunisation of cynomologous
monkeys has recently been described with recombinant
S. gordonii producing E7 or HIV1-V3 at their cell surface.
Although no vaginal colonisation was observed in this host,
repeated administrations led to the induction of specific
serum IgG, vaginal IgA and T cells specific for E7 or V3
(27).

Finally, recent results indicate that S. gordonii is
phagocytosed by dendritic cells which are consequently
activated (26, 36). This is an important observation as
dendritic cells represent efficient antigen-presenting cells
responsible for generating primary T cell responses and
acting as sentinels for recognition of invading organisms
in tissues facing the external environment.

While S. gordonii performs very well as a bacterial
vector, there are still safety issues to address before
licensing such a system for human use. First, the vector
itself was formerly classified as Streptococcus sanguis (17).
Second, the fusion partner, the S. pyogenes M6 protein,
has long be considered as a virulence determinant even
though the internal sequences inducing human tissue
cross-reactive antibodies are not included in the final
constructions. Finally, the genetic system in use leads to
the chromosomal integration of the gene fusion and the
associated drug resistance marker (35).

Lactobacilli

The development of Lactobacillus spp. as vaccine vehicles
is inherently more complex than the two above described
approaches, but offers potential advantages. In contrast
to L. lactis and S. gordonii, for which the studies conducted
so far have been concentrated on a single strain (strains
MG1363 [10] and Challis [17], respectively), the choice of
lactobacilli leads to numerous candidate vaccine strains.
This is a direct consequence of the fact that this genus is
widespread and contains over 60 species, remarkably
diverse in their genotype (mole % G+C 32–52 %), their
metabolism or phenotypic properties, their distribution in
nature, and their use in industry. Two types of Lactobacillus
may, in theory, be considered as potential antigen delivery
systems, the so-called “commensal” strains and the

“dietary” ones. The first, when properly selected, could
combine health-promoting properties with the capacity to
colonise host-specific (humans or animals) body cavities
such as the oral cavity, oesophagus, stomach, small and
large intestine, vagina and urethra. The second, mainly
used as starters for the preparation of fermented milk, meat
or vegetable products, are presumably different from the
lactobacilli belonging to the indigenous microflora, at least
in their ability to populate mucosal niches, thus leading to
an approach similar in concept to the L. lactis system. It
has also been reported that different Lactobacillus species
or strains vary substantially in their immunoadjuvant and
immunostimulation capacities (30, 33, 34). This aspect
should be taken into consideration when choosing the
vaccine strain as it is a natural way to potentiate the immune
reaction raised against the heterologous antigen produced
by recombinant lactobacilli. It should be mentioned,
however, that studies have not yet been reported in which
the adjuvanticity or immunomodulation of L. lactis, S.
gordonii and different lactobacilli have been compared.

It is thus evident that when developing lactobacilli as
vaccine vehicles, the choice of the carrier strain is critical.
Independently of their colonisation ability, the selected
strains have to be innocuous and genetically amenable. In
the case of colonisers, it is generally considered that their
capacity to adhere to the relevant epithelial surfaces is an
important property. Adhesion can be mediated through
direct adherence to the antigen sampling cells such as M
cells, to epithelial cells or to mucus, or even through co-
aggregation with resident bacteria, leading to an increased
competition with the endogenous bacterial community and
to sustained antigen stimulus. Both in vitro and animal
models have been used to select or screen for adherent
Lactobacillus strains (for reviews see 33, 34, 39). However
until recently in vivo studies in the targeted host were
hampered by the lack of appropriate strain identification
tools, which can now be circumvented by using molecular
typing methods. There is scarce evidence nowadays that
in vitro predictions are applicable in vivo. Nevertheless,
converging data indicate that colonisation is host- and
tissue- or site-specific such that it is unlikely that a unique
strain will constitute an ideal vector to deliver protective
antigens to different hosts or to different mucosal cavities
within the same host (34, 39). The strain selection criteria
should thus take the final target into account as in the case
of probiotics (13).

In the first European project, P. Marteau, J.K. Collins
and coworkers have compared the survival rate and gut
transit time of four non-recombinant chromosomally marked
(Rifr Smr) lactic acid bacterial strains. L. lactis MG1363,
Lactobacillus fermentum KLD, Lactobacillus plantarum
NCIMB 8826 and Lactobacillus salivarius UCC 433118
were given orally to human volunteers as a fermented milk
product. The two latter strains were found far superior to
the former in their ability to survive the passage through
the stomach and to reach high viable counts in the ileum
where the Peyer’s patches are located. None of the strains
colonised the gastrointestinal tract permanently (Marteau
P. et al., in preparation). Even though it sounds most
appropriate to isolate the final candidate strains from the
targeted host with the hope of minimising individual
variation in colonisation, for preliminary studies in mice a
variety of strains of human or murine origin can be used
as they are able to colonise at least two body cavities of
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this animal model. For example, S. gordonii was shown to
persist for several weeks in the oral cavity and the vagina,
while L. paracasei LbTGS1.4 (vaginal murine isolate) and
L. plantarum NCIMB 8826 (human saliva isolate) persisted
in the gut or the vagina for over a week (29). A direct
comparison of different mucosal immunisation routes is
thus possible with the same candidate vaccine strain,
illustrating the flexibility offered by the mouse model.

The importance of selecting the most appropriate
Lactobacillus strain at the onset of the project is also linked
to the strong strain-specificity of the currently used gene
cloning and expression tools (32, 34). As could be
anticipated from the genetic diversity of Lactobacillus
genus, optimal translation, transcription and targeting
sequences vary with the species and might even be strain-
dependent. The progress in the genetics of lactobacilli (for
reviews 18, 28, 32, 38, Chapter 6) is more recent than that
reported for lactococci and S. gordonii. However, for the
strains studied within the LABVAC network, concerted
efforts led to heterologous gene expression levels close to
those obtained in lactococci (33, 34, 38, 45). Different
antigens were produced in the cytoplasm (up to a few
percent of total protein content), in the culture medium (up
to 13 mg/L [14]) or at the cell surface (up to 10 000
molecules [34]) of strains such as L. paracasei LbTGS1.4,
L. plantarum NCIMB 8826, L. zeae ATCC393 and L.
plantarum 256. Recent improvements in gene expression
included the development of plasmid expression vectors
of increased stability (33, 34) and chromosomal integration
systems which target specific or random loci and that are
based on a variety of non-replicative or unstable plasmids
or, alternatively, on recombinant conjugative transposons
(27, 38). The latter offer the possibility to rapidly test the
expression of the specific antigen in a variety of recipient
strains, but may lead to integrants which carry an
antibioresistance marker and in which a gene(s) essential
for persistence or immunomodulation is (are) inactivated.
An alternative and elegant system, based on a non-
replicative plasmid, has been derived from the one
described by Dupont et al., (6) in which non-disruptive
integration is achieved in the tRNAser locus. Hols and
colleagues (in preparation) constructed an integration
vector, especially tailored for L. plantarum, that can lead
to insertion either at the tRNAser or at the L-LDH locus.
Inactivation of the L-LDH does not impair the growth of L.
plantarum in vitro or in vivo. As the recombinant plasmid
carries the antigen encoding DNA as a transcriptional
translational fusion with the L-ldh gene, a second in vivo
homologous recombination event leads to excisants
containing solely the heterologous gene and no antibiotic
marker. Both systems were used successfully to produce
antigens in lactobacilli. Recombinant transposons allowed
Rush & Pozzi (38) to express the E. coli LTB at the cell
surface of different lactobacilli. Using the plasmid system
described above, stable integration of the M6::gp41E
(gp41E is an HIV-1 derived epitope; 31) or the TTFC
encoding gene in the chromosome of L. plantarum NCIMB
8826 was achieved. In both cases, integration into the L-
ldh gene led to higher production levels than insertion at
the tRNAser locus. The integrants produced only 4 to 5 times
lower antigen doses than the corresponding recombinant
strains carrying multicopy plasmids (Hols P., Delcour J. et
al., Geoffroy M.-C., Mercenier A. et al., in preparation). The
expression of TTFC in different cellular compartments of a

number of different Lactobacillus strains was also
performed with the expression vector system developed
by the TNO (34). It should be noted that improvement of
expression levels often relied on modification of the
translation initiation region (7) or translational fusion with
well expressed endogenous genes (32, 34, 38).

Few regulatable promoters are available for lactobacilli.
As in the case of lactococci, constitutive promoters did not
allow stable expression of the ADV gp50 gene. Therefore
the nisin inducible expression system originally designed
for L. lactis (19) was implemented in L. plantarum NCIMB
8826 (Pavan S., et al., submitted. This required integration
of the sensor and regulatory genes, nisK and nisR, into
the chromosome of this host and to optimise the induction
conditions. The nisin system turned out to be very efficient
as it led to high level expression of gp50, TTFC, and GFP
(Green Fluorescent Protein from Aequorea victoria; 4) upon
nisin induction. Since the antigen production level can be
controlled by the induction conditions, it will be possible to
investigate the effect of the quantity of antigen delivered
on the magnitude and duration of the immune response.
The GFP+ strains, on the other hand, represent an ideal
tool to perform in vivo studies as they do not require addition
of exogenous substrate or co-factor to be fluorescent. Their
usefulness has recently been demonstrated both in vitro
(phagocytosis by macrophages) and in vivo (intranasal or
intragastric administration to mice) (49). It is also intended
to use the GFP marker to follow the survival of potentially
contained strains in the environment.

As in the case of lactococci and S. gordonii, a variety
of antigens have been expressed in lactobacilli (26, 33,
34, 38, 46). Although the function of lactobacilli as adjuvant
or carrier was established early on, the immunogenicity of
recombinant strains by the intraperitoneal route was
demonstrated relatively recently (see 33, 34). The first
evidence of successful local administrations with these
vectors awaited the construction of strains producing higher
amounts of the studied antigens (28, 34, 38, 46). Recent
experiments conducted within the LABVAC network
(unpublished results) confirmed, for example, that like the
corresponding lactococcal strains, all lactobacilli producing
TTFC at the level of a few percent of total cellular protein
content, including the L. plantarum NCIMB8826 integrant,
induced serum IgG and local IgA responses after nasal
administration. A controlled comparison of the TTFC-
producing LAB strains by the oral route has been
undertaken as well.

Ongoing work linked to the development of
Lactobacillus as live vaccine carrier includes the selection
of strains appropriate for human use (Collins J.K. et al.,
unpublished results), identification of adhesion factors (34),
use of S-layers for antigen presentation (34) and
construction of biologically contained strains (Hols P.,
Delcour J. et al., personal communication).

Conclusion

While bacterial vaccine vectors have been studied
experimentally for over 15 years, it is interesting to note
that no live, recombinant bacterial vectors are in
commercial human or veterinary use today even though
clinical studies are in progress with attenuated V. cholerae
and S. typhimurium (see 43). Although there are multiple
reasons for this situation (43), the safety of vaccine strains
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is a key issue at the level of vaccinated individuals and
environmental spread. Both aspects could be alleviated
by using properly selected and contained LAB strains. To
date the results obtained with LAB are very encouraging
as they show that these non-pathogenic, non-invasive
bacterial vectors are capable of delivering antigen to the
mucosal and systemic immune systems generating specific
antibody responses in serum and secretions. While both
gut colonisers and non-colonisers seem to work equally
well by the systemic and nasal routes, the importance of
colonisation or adhesion in oral administration is still under
investigation. Notably, these carriers seem to induce a
mixed Th1/Th2 type immune response.

The existing data indicate that LAB have low innate
antigenicity even though several strains clearly exhibit
immunodajuvant properties (5, 34). Moreover, the anti-
bacterial immune response was found to be lower when
recombinant lactococci were used rather than the wild-type
(5). This might explain why, so far, there is no indication
that tolerance is systematically induced by LAB carriers. It
might be postulated that this will be the case as long as
the expression level and immunogenicity of the
heterologous protein produced by the LAB is sufficient to
stimulate the immune system of the host. Moreover,
immunogens expressed by LAB are presented to the
immune sytem in particulate form and should thus be less
prone to induce local tolerance than soluble antigens (48).

In the scope of vaccine development, a number of key
points remain to be addressed. It is important to pursue a
detailed analysis of the immune response generated in
relation to the mode of antigen presentation and the
immunisation route and to further improve the efficiency of
LAB as antigen carriers in order to finally compare them to
the other bacterial vectors under development. It is also
necessary to gain knowledge about the in vivo antigen
production level, the molecular mechanisms of adhesion
and the fate of locally administered LAB. These studies
have actually started concomitantly with the construction
of biologically-contained food grade strains. Last but not
least, as in the case of probiotics, well-controlled studies
have to be performed in humans or animals in order to
clarify the colonisation capacity of properly selected
Lactobacillus strains and their interaction with the immune
system and the endogenous microflora of the host.
Although this delivery system is still preliminary in nature,
it may be considered as a promising vehicle not only for
antigens, but also for biologically active compounds such
as immunomodulators, antibodies, enzymes or peptides.
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