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Abstract

Lactobacillus plantarumNCIMB8826 was selected as a bacterial carrier for the development of live mucosal vaccines. This strain was
reported to display interesting pharmaco-kinetic properties when fed to human volunteers and is also able to persist in the mouse intestine.
The non-toxic C fragment of tetanus toxin (TTFC) was used as a model antigen. Recombinant strains producing TTFC in three cellular
locations, intracellular, secreted or cell-surface exposed were compared to each other by immunizing mice through the subcutaneous,
intranasal and intragastric routes. The three types of constructs were able to induce strong specific immune responses against TTFC by all
routes tested. While cell-surface presentation required lower antigen doses to be immunogenic, the highest IgG serum antibody titers were
obtained with the strain producing large amounts of TTFC in the cytoplasm. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Most pathogenic microorganisms initiate their infectious
cycle at the mucosal surfaces. The respiratory, intestinal and
urogenital tracts correspond, in total, to a huge epithelial
surface, which needs to be protected against the permanent
challenge by invading bacteria, viruses or parasites. Efficient
protection against mucosal infections requires the develop-
ment of new vaccines, which are able to induce protective
local immune responses in order to neutralize the pathogen
at its infection point [1,2].

In many instances, this necessitates the elicitation of the
local production of so-called secretory immunoglobulins
A (sIgA) [3]. This can best be achieved by mucosal vac-
cination, a route which offers several advantages over the
traditional parenteral vaccines [4,5]. However, as the local
administration of pure antigens or subunit vaccines is usu-
ally rather inefficient, several strategies have been developed
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to deliver the antigen in an immunogenic and protected
form at the targeted mucosa. One promising approach relies
on the use of live bacterial vehicles [6]. While most of them
were initially derived from attenuated pathogens [7–10],
alternative systems based on non-pathogenic Gram-positive
bacteria have recently been designed [11,12]. The develop-
ment of lactic acid bacteria as live bacterial carriers has been
achieved in different laboratories during the last decade
[13–17]. The “generally recognized as safe” (GRAS) status
of dietary lactic acid bacteria, such asLactococcus lactis
and Lactobacillusspp. render them particularly attractive
as mucosal vaccine vectors. While these two types of bac-
teria offer common advantages [12] they are presently
perceived as leading to potentially different delivery sys-
tems.L. lactis is a commonly used dairy starter which does
not persist in the gastro-intestinal tract of humans or mice
[16,18,19] but nevertheless has successfully been used as
a “live micro-particle” pre-loaded with antigen [13]. In
contrast, the lactobacilli include a wide variety of species
some of which being able to persist in the gastro-intestinal
or urogenital tract for several days or weeks, respectively
[20]. SpecificLactobacillusstrains are also reputed to exert
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beneficial health properties and are thus intensively stud-
ied for probiotic applications [21]. We therefore choose to
develop Lactobacillus plantarumas a candidate vaccine
vehicle. Our model strain,L. plantarum NCIMB8826 is
an isolate of human origin, which has been demonstrated
to be particularly resistant to the conditions of the upper
digestive tract in humans. When fed to healthy volunteers
it has been shown to survive at much higher rates in the
terminal ileum thanL. lactis [19]. We also observed that it
is able to persist in the mouse intestine for more than 4–6
days, whileL. lactis could not be detected in faeces 24 h
after cessation of the feeding [18]. Even though the capac-
ity of lactic acid bacteria to act as efficient antigen carriers
has been undoubtedly established [22–25] a number of key
questions remain to be answered. Among others, it is not yet
known whether the cellular location of the foreign antigen
is equally important when using persisting, i.e. lactobacilli,
rather than non-persisiting recombinant strains.

Therefore, we constructed recombinantL. plantarum
NCIMB8826 strains producing the model antigen tetanus
toxin fragment C (TTFC) in three cellular locations, i.e.
the cytoplasm, the external milieu or anchored to the cell
surface using plasmid constructions that differed only by
the targeting/expression signals. The immunogenicity of the
three recombinant strains was analyzed after subcutaneous,
intranasal or intragastric administration of live bacteria to
mice. The highest TTFC-specific immune response was ob-
tained with the recombinant strain synthesizing very high
amounts of cytoplasmic antigen. However, the cell-surface
associated form of TTFC was found to be intrinsically the
most immunogenic.

2. Materials and methods

2.1. Bacterial strain and growth conditions

L. plantarumNCIMB8826, a lactic acid bacterium iso-
lated from the human saliva [19], was grown at 37◦C,

Table 1
Plasmids used in this study

Plasmids Relevant features Expected location of
recombinant protein

Reference

pGIT032 pLAB1000 replicon; Apr Emr; E. coli Ori pBR322; Lactobacillus hilgardiiOripLH1; KpnI–KpnI
fragment coding for LDH ofL. plantarumDG301

Cytoplasmic [26]

pMEC4 pGIT032 with theNcoI–HindIII fragment of ldh replaced by a 1368 bp fragment coding
for TTFC, leading to aldh :: ttfc fusion gene

Cytoplasmic This work

pMEC127 pMEC4 with a 73 bp deletion of the 5′ ldh sequence where translation of TTFC starts at
its own initiation codon

Cytoplasmic This work

pMEC160 pMEC127 where theNcoI–HindIII TTFC encoding fragment was replaced by the genetic
fusion coding the chimera M6 :: TTFC. M6 :: TTFC comprises the 165 N-terminal residues
of M6 including the signal peptide and the full-length gene coding for TTFC including its
translation termination codon

Secreted This work

pMEC139 pMEC127 where theNcoI–HindIII TTFC encoding fragment was replaced by the genetic fu-
sion coding the chimera M6 :: TTFC :: M6′. M6 :: TTFC :: M6′ comprises the 165 N-terminal
residues of M6 including the signal peptide, the gene coding for TTFC without stop codon
and the 145 C-terminal residues of M6 including the anchor sequence (M6′)

Cell-surface exposed This work

without shaking in MRS medium (Difco laboratories,
Detroit, MI, USA).

2.2. Plasmids, DNA manipulation and transformation

The plasmids used in this study are listed in Table 1.
pMEC127, pMEC160 and pMEC139 were derived from
pMEC4. In all cases, expression of the recombinant genes
was controlled by the strong constitutiveldh promoter,
and the transcriptional termination signals were those of
the ldh gene. pMEC4 was obtained by inserting a frag-
ment coding for TTFC into pGIT032 [26]. This fragment
was obtained by polymerase chain reaction (PCR) us-
ing pLET2-TTFC [27] as described by Chagnaud et al.
(in preparation). pMEC127 (Fig. 1A) was obtained by
deleting the 73 bp sequence coding for the N-terminus
of LDH in pMEC4 in order to place the initiation codon
of TTFC at an optimal distance from theldh ribosome
binding site (RBS) (Fig. 1B). This was achieved by PCR
amplification of a 1460 bp fragment of pMEC4 using the
oligonucleotides 5′-GGCATGCTTGCCATGGAATAAG-3 ′
and 5′-GAGGTGAATTCCCGGGAGAGC-3′ as primers
including a NcoI site and aSmaI site (underlined), re-
spectively. This fragment was inserted into theSmaI–NcoI
restriction sites to replace the corresponding fragment of
pMEC4. The construction was verified by nucleotide se-
quencing. pMEC160 and pMEC139 were obtained by
replacing the gene encoding TTFC in pMEC127 with
chimeric genes coding the hybrid proteins M6::TTFC
and M6::TTFC::M6′, respectively, where M6 designates
the N terminal (165 residues) and M6′ the C terminal
(145 residues) parts of the M6 protein ofStreptococcus
pyogenes. These fragments were obtained by PCR us-
ing pSMB158 [17] as a template and the forward primer
5′-CGCCATGGCTAAAAATAACACGAATAG-3 ′ includ-
ing a NcoI site (underlined) in both cases, with the re-
verse primers 5′-CCCAAGCTTTTAGCTGTTTGC-3′ and
5′-CCCAAGCTTTTAGTTTTCTTC-3′ (including aHindIII
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Fig. 1. Structure of pMEC127: (A) partial restriction map of pMEC127 carrying the gene encoding tetanus toxin fragment C (TTFC) under the control
of the L. plantaruml-lactate dehydrogenase promoter (PldhL); (B) deletion of 73 bp of theldh 5′ end in pMEC4 to obtain pMEC127. The start (ATG)
codon of TTFC in pMEC127 is boxed.

site), for the genes encoding the fusions M6::TTFC and
M6::TTFC::M6′, respectively (Table 1).

All DNA manipulations were carried out as described by
Sambrook et al. [28]. Electroporation ofL. plantarumwas
performed according to the method of Josson et al. [29]
and plasmid DNA was isolated as described by Posno et
al. [30]. RecombinantL. plantarumstrains were selected
on MRS medium containing 5�g/ml of erythromycin. The
presence and the integrity of the constructions carried by the
L. plantarumtransformants were checked by extraction of
plasmid DNA, electroporation intoE. coli XL1-Blue, DNA
extraction from this host followed by restriction analyses
and sequencing (data not shown).

2.3. Protein extraction and immunoblotting

Total cell protein extracts, cell-wall extracts and cul-
ture supernatants were prepared from cells harvested at
mid-exponential phase (o.d.600 ≈ 1.5). A volume corre-
sponding to 109 colony forming units (CFU) was cen-
trifuged at 4000 rpm for 10 min at 4◦C, 1:40 of 1% sodium

deoxycholate (DOC) was added to the supernatant and the
mixture was incubated for 20 min at 4◦C. After addition of
1:16 of 100% trichloroacetic acid (TCA) and incubation for
5 min at room temperature, the suspension was centrifuged
at 3500 rpm for 20 min and the pellet was washed once with
ice-cold ethanol and resuspended in 1 ml of 1 M Tris–HCl
(pH 8).

The bacteria were washed twice in 100 mM Tris–HCl
(pH 7.5) and resuspended in the same buffer to obtain a
suspension at 109 CFU/ml. Total cell extracts were obtained
from the bacteria by disruption with a French pressure
cell (Bioritech). In order to release protein that might be
attached to the cell wall, the bacteria were treated with
lysozyme to degrade the cell surface. The cell wall ex-
tracts were obtained by washing the bacteria three times
in 20 mM Tris–HCl (pH 7.5) and 10% (w/v) sucrose sup-
plemented with 50�l 10 mg/ml lysozyme. After 30 min
at 37◦C, the suspension was centrifuged for 15 min at
3500 rpm. The supernatant was then treated with 1% DOC
and 100% TCA as described above. After a centrifugation
for 20 min at 3500 rpm, the pellet was resuspended in 1 M
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Tris–HCl (pH 8). The amounts of total proteins present in
the extracts were determined using a Bradford assay [31]
with bovin gamma globulin as a standard. Ten microliters
(corresponding to about 107 CFU) of total cell extracts
and concentrated supernatant were heated at 100◦C for
5 min in Laemmli sample buffer [32] and subjected to 10%
SDS-PAGE. Proteins were transferred onto a nitrocellulose
membrane by electroblotting [33]. Immunoblots were de-
veloped with rabbit anti-TTFC polyclonal serum diluted at
1:1000 (Innogenetics, Ghent, Belgium) and with AP-linked
secondary antibody (Promega, Madison, WI, USA) diluted
at 1:7000.

2.4. Immunization

Eight weeks old C57 Bl/6 N Crl BR female mice (Charles
River Laboratories, St. Aubin-les-Elbeuf, France) were
immunized subcutaneously (s.c.), intranasally (i.n.) or in-
tragastrically (i.g.) with a suspension of recombinantL.
plantarum prepared as follows. Freshly cultured bacteria
were harvested at mid-exponential phase (o.d.600 ≈ 1.5–2)
and washed twice with sterile PBS (pH 7.2). The bacterial
cell concentrations were ajusted to 1010 CFU/ml (s.c. or
i.g. administration) or 1011 CFU/ml (i.n. administration).
Plate counts were performed with all inoculum samples
to confirm the number of CFU administered to the mice.
The antigen production was verified by immunoblotting for
each inoculum at each administration.

For subcutaneous immunizations, groups of five mice
were injected with 100�l of a bacterial suspension contain-
ing 109 CFU at days 1, 15 and 30. Control mice received
identical volumes of PBS.

Intranasal immunizations were performed on groups of
eight mice anesthetized as described by Grangette et al. [25].
109 CFU suspended in 10�l of PBS were administered into
one nostril of anesthetized mice on two consecutive days.
Three administrations (one priming and two boosts) were
performed at 3-week-intervals.

Groups of 8 mice were immunized by the intragastric
route with 109 CFU in 100�l of a buffer containing 250 mM
NaHCO3, 0.5% casein and 1% glucose [22]. Three consec-
utive daily doses of 109 CFU each were given to the mice 3
times at 3-week-intervals.

2.5. Collection of biological fluids

Serum samples were taken 7 days after each administra-
tion and bronchoalveolar lavage (BAL) fluids were obtained
9 days after the final boost as described by Grangette et al.
[25]. The intestinal lavages were performed 9 days after
the last boost by collecting the small intestine, and washing
once in PBS to eliminate traces of blood. The intestine was
cut in its length and washed with 1 ml of protease inhibitors
in PBS. The lavage was centrifuged for 10 min at 3500 rpm
at 4◦C and the supernatant was stored at−20◦C until
analysis.

2.6. Antibody determinations

The levels of anti-TTFC antibodies in sera and BAL fluids
were determined by enzyme-linked immunosorbent assays
(ELISA) as described by Grangette et al. [25]. End point
titers were defined as the highest dilution that gave an ab-
sorbance 3 times higher than background for serum samples
or twice for BALF samples, using the Kc4 program (Kinet-
ical for windows-Bio-tek instruments Inc., Vinooski, VT).

2.7. Statistical analysis

The results are expressed as the mean±S.E.M. Statistical
significance was evaluated by Student’st-test. Differences
were considered significant atP < 0.05 level.

2.8. Bacterial enumeration in faeces

Freshly passed faeces were collected 3 h after oral feed-
ing of live lactobacilli and then every day during 10 days.
Samples of each group of mice were pooled. Faecal pellets
were weighed and crushed in MRS medium to obtain a sus-
pension at 100 mg/ml. Appropriate dilutions of 100�l were
plated onto selective medium and bacterial colonies were
counted after 48 h incubation at 37◦C. The results were ex-
pressed as CFU/10 mg of faeces.

3. Results

3.1. TTFC production by recombinant L. plantarum

Three recombinantL. plantarumstrains were engineered
to produce TTFC in the cytoplasm (L. plantarum
(pMEC127)), in the supernatant (L. plantarum(pMEC160))
or on the surface of the bacterium (L. plantarum(pMEC139)).
Cell surface and extracellular production of TTFC were
achieved by using the N- and C-terminal ends of M6, a
surface protein ofS. pyogenes[17]. The synthesis of TTFC
was examined in the cytoplasm for the three strains, in the
supernatant forL. plantarum(pMEC160) and in cell-wall
preparations forL. plantarum (pMEC139). As shown in
Fig. 2A, specific immunoreactive proteins were detected
in the cell extracts for the three recombinant strains at the
expected sizes, i.e. 51, 65 and 80 kDa forL. plantarumhar-
boring pMEC127, pMEC160 and pMEC139, respectively.
An immunoreactive protein band of the expected size was
also detected in the culture supernatant ofL. plantarum
(pMEC160) (Fig. 2B, lane 1) and in the cell-wall extract
of L. plantarum(pMEC139) (Fig. 2B, lane 2). TTFC was
produced at high levels in the cytoplasm ofL. plantarum
(pMEC127) (Fig. 2A, lane 2), while the levels of TTFC in
the supernatant ofL. plantarum (pMEC160) or cell wall
extracts of L. plantarum (pMEC139) were significantly
lower (Fig. 2B, lanes 1 and 2). No signal was detected in
extracts or culture supernatants of the control strain harbor-
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Fig. 2. Production of tetanus toxin fragment C (TTFC) byL. plantarum
NCIMB 8826 transformants. (A) Immunoblotting of total cell extracts.
Lane 1: L. plantarum (pGIT032), lane 2:L. plantarum (pMEC127),
lane 3: L. plantarum (pMEC160), lane 4:L. plantarum (pMEC139).
Protein extracts corresponding to approximately 107 CFU of bacteria were
immunoblotted and revealed with rabbit polyclonal anti-TTFC serum
(∗: expected band for TTFC or TTFC fusions); (B) immunoblotting
of cell-wall extract of L. plantarum (pMEC139) (lane 1) and culture
supernatant ofL. plantarum(pMEC160) (lane 2). The sizes (in kDa) of
the molecular mass markers are shown in the right margin.

ing pGIT032 (Fig. 2A, lane 1). As seen in Fig. 2A, export
or anchoring was not total as part of the antigen remained
inside of the cells ofL. plantarum(pMEC160) andL. plan-
tarum (pMEC139) which led to a number of additional
immunoreactive bands.

The respective amounts of TTFC synthesized by the three
recombinantL. plantarumstrains were evaluated by scan-
ning immunoblots of relevant cellular fractions (cytoplasm,
supernatant or cell wall) corresponding to 107, 3× 106 and
106 CFU of each strain (data not shown). The results indi-
cated that the production of TTFC is approximately 5 times
higher inL. plantarum(pMEC127) (cytoplasmic) as com-
pared toL. plantarum (pMEC139) (cell-surface presenta-
tion) which in turn synthesizes about four times more TTFC
thanL. plantarum(pMEC160) (secretion). In addition, the
surface association of the chimeric protein inL. plantarum
(pMEC139) was assessed by flow cytometry using poly-
clonal TTFC-specific antiserum. It was observed that TTFC
was exposed at the cell surface in only a small portion of
the bacterial population (≥15%) (data not shown).

3.2. Immune responses induced by systemic immunization

The immunogenicity of the different recombinant strains
was evaluated by s.c. administration of 109 CFU (at days
1, 5 and 30) to mice. As shown in Fig. 3, high levels of
anti-TTFC IgG (end point titers of 104 to 105) were obtained
in all groups of mice that had received live TTFC-producing
strains. No anti-TTFC antibody response was observed in
the groups of mice that had received PBS or the strain not
producing TTFC (L. plantarum (pGIT02)). After two ad-
ministrations ofL. plantarumproducing TTFC in the cyto-
plasm (L. plantarum(pMEC127)) the anti-TTFC serum IgG
titers were somewhat higher (P < 0.05) than after admin-
istration of the strains producing TTFC in the extracellular
medium (pMEC160) or on the cell surface (pMEC139) (i.e.

Fig. 3. Anti-TTFC antibody response induced after subcutaneous immu-
nization with recombinantL. plantarumNCIMB8826 strains. Groups of
five mice were immunized with 109 CFU of L. plantarum (pGIT032)
(negative control),L. plantarum(pMEC127) (intracellular),L. plantarum
(pMEC160) (secretion) orL. plantarum(pMEC139) (cell surface anchor-
ing). Individual serum were collected from preimmune mice (open bar)
and 7 days after each administration: priming (dotted bar), boost 1 (grey
bar) and boost 2 (solid bar) and tested by ELISA for TTFC specific IgG.
An additional control group of mice received only PBS. Bars represent
the mean IgG titer± S.E.M. in each group.

end point titers of 6× 104 versus 3× 104 and 2× 104). The
IgG end point titers increased only slightly after the boosts,
reaching 1× 105 with L. plantarumharboring pMEC127,
3×104 with L. plantarumharboring pMEC160 and 4×104

with L. plantarumharboring pMEC139.

3.3. Immune responses induced by i.n. immunization

As the three recombinantL. plantarumstrains were shown
to induce strong immune responses by the s.c. route, their
immunogenicity was also tested by i.n. immunization. A
priming and two boosts were performed at 3-week-interval
and the mice received two consecutive doses (days 0 and 1)
of 109 live bacteria at each administration. After the second
boost, high levels of serum anti-TTFC IgG were obtained
by intranasal administration ofL. plantarum(pMEC127),
L. plantarum (pMEC160) or L. plantarum (pMEC139),
whereas no anti-TTFC antibodies were observed in the
control groups of mice that received PBS orL. plantarum
(pGIT032) (Fig. 4A). Maximum levels of anti-TTFC anti-
bodies (IgG end point titer of 4× 105) were reached after
the first boost when the mice were immunized withL. plan-
tarum (pMEC127) and a significant systemic response was
already observed after priming (serum IgG end point titer of
3× 102). In contrast, significant anti-TTFC serum antibody
responses were detected only after the first boost when the
mice were immunized withL. plantarum(pMEC160) orL.
plantarum (pMEC139). End-point titers reached levels of
2 × 104 and 6× 104, respectively, after the second boost.
After the last boost, the level of anti-TTFC IgG was sig-
nificantly higher (P < 0.05) in mice that had receivedL.
plantarum (pMEC139) than in those that were givenL.
plantarum(pMEC160).

The local response was also studied by measuring
the anti-TTFC IgA response in BAL fluids (Fig. 5A).
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Fig. 4. Anti-TTFC serum IgG titers induced after mucosal immunizations
with recombinantL. plantarumNCIMB8826 strains. Inocula of 109 CFU
were prepared from cultures collected in mid-exponential phase and ad-
ministered by intranasal (A) or intragastric (B) route. Groups of eight mice
were immunized with the control strain not producing TTFC (pGIT032),
or each of the three TTFC-producingL. plantarum strains (pMEC127,
pMEC160 or pMEC139). Individual sera were collected from pre-immune
mice (open bar) and 7 days after each administration: priming (dotted
bar), boost 1 (grey bar) and boost 2 (solid bar). Bars represent the mean
IgG titer± S.E.M. in each group.

Immunization withL. plantarum(pMEC127) led to a sig-
nificantly higher response (end-point titer of 160) than ad-
ministration ofL. plantarum(pMEC160) (end-point titer of
44) orL. plantarum(pMEC139) (end-point titer of 85). No
response was observed after administration ofL. plantarum
(pGIT032) or PBS.

3.4. Immune responses induced by i.g. immunization

We next examined whether specific responses against
TTFC could be induced in the serum of mice after i.g. ad-
ministration of each of the TTFC-producing strain described
in this paper. As shown in Fig. 4B, this was clearly found
to be the case, while no response was elicited in the control
group receiving PBS or the control strain (L. plantarum
(pGIT032)). Notably, anti-TTFC IgG levels were already
high (end point titer of 9× 102) after the first administra-
tion of L. plantarum (pMEC127) and reached maximum
levels as soon as after the first boost (titer of 2.5 × 105). In
contrast, anti-TTFC antibodies were detected only after the
second administration ofL. plantarum(pMEC160) (titer of
2× 102) or L. plantarum(pMEC139) (titer of 1× 102) and

Fig. 5. TTFC-specific local IgA responses in (A) bronchoalveolar lavage
fluids after intranasal immunization or (B) in intestinal lavages after
intragastric immunization. Groups of eight mice received 2 (intranasal
administration) or 3 (intragastric administration) consecutive doses of
109 CFU, 3 times at 3-week intervals. Mice received 109 CFU of L.
plantarumcontaining pGIT032 (negative control), pMEC127, pMEC160
or pMEC139. A näıve group received buffer alone. BAL fluids and
intestinal lavages were collected 9 days after the final boost. Bars represent
the mean IgG titer± S.E.M. in each group.

were substantially increased by a second boost leading to
IgG titers of 2× 103 and 1.5 × 103, respectively.

Fig. 5B shows that anti-TTFC IgA was present in
intestinal lavages after administration ofL. plantarum
(pMEC127) orL. plantarum(pMEC160). However, no local
response was observed after administration ofL. plantarum
(pMEC139).

3.5. Intestinal transit time of the recombinant
L. plantarum strains

Since it is difficult to foresee whether the metabolic bur-
den imposed by the synthesis of heterologous molecules in
various cellular locations would impact differently on the
individual capacity of the strains to maintain themselves
in the intestine, the persistence of each of the recombinant
strains was studied by bacterial enumaration in the faeces of
mice after intragastric administration (Fig. 6). Bacteria were
recovered during 8 days in the faeces after administration
of the TTFC-producingL. plantarumstrains, and the per-
sistence curves were not statistically different (P > 0.05)
from that obtained with the strain not producing TTFC.
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Fig. 6. Persistence ofL. plantarumrecombinant strains in the mouse digestive tract. Groups of eight mice were fed 109 CFU of the non-producing strain,
L. plantarumpGIT032 (cross) or each of the three TTFC producing strains,L. plantarumpMEC127 (closed square),L. plantarumpMEC160 (closed
circle) or L. plantarumpMEC139 (closed triangle). Bacteria were enumerated by plating faecal suspensions on selective medium.

4. Discussion

In this study we conducted a controlled comparison of the
immunogenicity of three recombinantL. plantarumstrains
producing TTFC in the cytoplasm, in the external milieu or
on the cell surface, after administration to mice by different
mucosal routes. In comparison with the previously described
expression vector pMEC4 [25] the improved construction
described in this paper led to much higher cytoplasmic syn-
thesis (5 to 10 times higher) of the antigen by the recombi-
nant strainL. plantarum(pMEC127). In contrast, secretion
in the culture medium byL. plantarum (pMEC160) or
anchoring to the cell wall inL. plantarum(pMEC139) re-
mained notably lower. In our hands, the three recombinant
L. plantarumstrains led to essentially similar TTFC-specific
IgG serum responses by subcutaneous administration.

When the three strains were administered i.n. or i.g.,L.
plantarum(pMEC127) performed substantially better than
L. plantarum(pMEC160) orL. plantarum(pMEC139). As
estimated by quantitative immunoblot analysis, this differ-
ence could be related to varying levels of TTFC production
depending on the cellular location of the antigen. The im-
mune responses induced by i.n. or i.g. administration ofL.
plantarum(pMEC127) were very high already after prim-
ing and reached maximal levels after a single boost. No
statistically significant difference was observed between
the i.n. and i.g. routes. This strong immunogenicity most
probably results from the high level of cytoplasmic TTFC
production inL. plantarum(pMEC127), since similar ex-
periments conducted with the original strainL. plantarum
(pMEC4) producing substantially lower antigen amounts
led to significant antibody titers only after i.n. administra-
tion [Grangette et al., submitted]. These observations are
consistent with the fact thatL. plantarumNCIMB8826 re-
sists quite well the gastric barrier which may limit TTFC
release in vivo when the antigen is produced intracellularly.

Even thoughL. plantarum(pMEC160) andL. plantarum
(pMEC139) produced significantly less TTFC (i.e. 20 and 5

times, respectively) compared toL. plantarum(pMEC127)
they induced high immune responses by the i.n. route. For
both strains, serum anti-TTFC IgG end-point titers were ap-
proximately one order of magnitude lower than those elicited
by the L. plantarum (pMEC127) strain after two boosts,
and the kinetics of antibody induction were slower. The
difference in immunogenicity between the two strains was
even more pronounced after immunization by the i.g. route
(Fig. 4). However, considering the respective amounts of
TTFC synthesized in the three cellular locations, the cell
surface associated and secreted forms of TTFC were more
immunogenic than the cytoplasmic form of the antigen, as
illustrated by the fact that onlyL. plantarum(pMEC127)
was immunogenic after oral administration, whereasL. plan-
tarum (pMEC4) was not [Grangette et al., in preparation].

These results contrast with those published by Shaw
et al. [24] who found that cell surface presentation of TTFC
in strain L. plantarum 256 was not inducing detectable
immune responses by the i.g. route. Several factors may ex-
plain these differences. Successful mucosal immunization
requires the delivery of a minimal threshold load of antigen.
This dose dependence has clearly been demonstrated forL.
plantarumNCIMB8826 administered by the i.n. route [25].
It is therefore possible that the recombinant strain described
by Shaw et al. produces insufficient antigen quantities at
the cell surface. Alternatively, intrinsic immunostimulatory
properties of strain NCIMB8826, yet to be determined, may
differ from those ofL. plantarum256, used by Shaw et al.
[24]. Differences in these properties may perhaps explain
why L. plantarum256 producing cytoplasmic TTFC led to
only modest antigen-specific IgG levels (i.e. 102.4) after i.g.
administration [24], whereas anti-TTFC serum titers were
very high (i.e. 2.5 × 105) with L. plantarumNCIMB8826
producing high cytoplasmic levels of TTFC (i.e.L. plan-
tarum (pMEC127)). In addition, while no major difference
is expected by the i.n. route between uptake and process-
ing of gut colonizing or non-colonizing strains, efficient
immunization by the i.g. route could be influenced much
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more importantly by the nature of the bacterial vector used.
If persisting strains replicate actively in vivo, the induced
immune responses might vary as a result of the antigen
location and the nature of the bacterial vehicle itself as was
also hypothesized by Shaw et al. [24].

We verified whether the persistence time of the three re-
combinantL. plantarumNCIMB8826 strains in the mouse
intestine was identical to that of the non-expressor strain.
This was found to be the case. Nevertheless, in our hands, it
seems that in vivo replication ofL. plantarumNCIMB8826
is unable to compensate totally for the lower antigen dose
produced by strainsL. plantarum (pMEC160) (secretion)
andL. plantarum(pMEC139) (cell surface) as both strains
turned out to be less immunogenic by mucosal routes than
the high-expressor strainL. plantarum(pMEC127). It is also
possible that in these “exposed” locations TTFC is more
susceptible to degradation by the intestinal milieu.

In summary, we have shown that lower antigen doses are
sufficient to elicit specific serum IgG responses by systemic
and mucosal routes when TTFC is exposed to the external
milieu of the bacterial carrier. However several factors,
such as persistence, in vivo genetic stability and replication
ability of the recombinant strains, intrinsic adjuvanticity
of the bacterial carrier, or immunological and biochemi-
cal properties of the protective antigen may all affect the
immunogenicity of the host-vector combination by a spe-
cific route of administration. Therefore, we performed this
comparative study keeping as many parameters constant as
possible. In the system described here, the best results (i.e.
high serum TTFC-specific IgG and local IgA responses)
were obtained with the strains producing high intracellular
levels of TTFC, by both the i.n. and i.g. routes. However,
this required optimization of the corresponding expression
vector. Systems aiming to improving cell surface presen-
tation or in vivo antigen delivery are thus presently being
developed in the laboratory.
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