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Introduction
Lactic acid bacteria are naturally associated with mucosal surfaces, particularly the
gastrointestinal tract, and are also indigenous to food related habitats, including plants, wine,
milk and meat. Consumed for centuries, lactic acid bacteria have a long and safe association
with humans [1]. Over the past decade, there has been increasing interest in the use of
bacteria as mucosal delivery vehicles for vaccine antigens. There are a number of reports of
oral vaccine candidates established from genetically modified pathogenic bacteria, such as
Salmonella and Listeria [2], [3], [4], [5], [6] or commensal bacteria such as Lactococcus
lactis and Lactobacillus species [7], [8], [9], [10]. While both pathogenic and commensal
bacteria have advantages and disadvantages as mucosal delivery vehicles, lactic acid
bacteria are preferable in terms of safety control and greater public acceptance [8], [11].
Thus, lactic acid bacteria are excellent candidates for the development of safe mucosal
delivery vehicles for prophylactic and therapeutic molecules.

Of the lactobacilli strains previously used for vaccine delivery we chose Lactobacillus
plantarum because there is evidence that this strain is better than other lactobacilli as a
bacterial vector for mucosal vaccination due to its ability to deliver the expressed antigen
and to its ability to persist in the gut [12], [13]. We have previously developed a protective
oral vaccine for Lyme disease based in OspA-expressing L. plantarum [14]. In addition, we
have recently reported that the immune response to OspA-expressing L. plantarum is
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modulated by the lipid modification of the antigen [15]. In order to determine if this
technology can be applied to developing vaccines for other diseases we focused on the Class
A select agent, Yersinia pestis. Low calcium response V antigen (LcrV) is a secreted
virulence factor and parenteral immunization with recombinant protein protects mice from
subcutaneous [16] and aerosol challenge with virulent Y. pestis [17]. The study reported here
suggests that this system could be used as a platform technology to develop oral vaccines for
multiple diseases.

Materials and Methods
Ethics statement

The procedures involving human blood were approved by the Institutional Review Board
(IRB) of the University of Tennessee Health Science Center. The procedures involving mice
were approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of Tennessee Health Science Center.

Bacterial strains, cell lines and culture conditions
L. plantarum was grown at 30°C in LM medium [1% proteose peptone (w/v), 1% beef
extract (w/v), 0.5% yeast extract (w/v), 0.5% lactose (w/v), 9 mM ammonium citrate, 61
mM sodium acetate anhydrous, 0.4 mM magnesium sulfate, 0.3 mM manganese sulfate,
11.2 mM dipotassium phosphate, 0.5% Tween 20 (v/v)], supplemented with 10 μg/ml of
chloramphenicol (Cm). T84 human colonic carcinoma epithelial cells were obtained from
the American Type Culture Collection (ATCC, CCL-248, Manassas, VA). T84 cells were
maintained at 37°C, 5% CO2 in DMEM-F12K medium modified by ATCC, containing 10%
FCS, 100 U/ml penicillin and 100 μg/ml streptomycin.

Plasmid construction and characterization of expressed antigens
The wild type lcrV gene was PCR amplified from Yersinia pseudotuberculosis YpIII
(pCD1) (kindly provided by James B. Bliska, Stony Brook University, Stony Brook, NY).
This strain contains a plasmid with the Yersinia pestis lcrV gene serotype O:3 [18].
Additionally, we generated a synthetic sslcrV gene in which the lcrV gene was PCR
amplified downstream of the nucleotide sequence encoding the leader peptide of OspA
(Outer surface protein A) from Borrelia burgdorferi. Both wildtype lcrV and sslcrV
recombinant genes where cloned into the Lactobacillus expression vector pLac613 to obtain
pLac-V and pLac-ssV plasmids, respectively. Expression vectors were then transformed into
Lactobacillus plantarum strain 256 to obtain the clones LpV and LpssV, that express the
LcrV and ssLcrV antigens, respectively. Protein expression was checked by immunoblot as
follows. Recombinant L. plantarum cells were disrupted with a French® press (Thermo
Electron Corporation, Milford, MA), supernatants were analyzed on a 12% denaturing
polyacrilamide gels and electrotransferred to a polyvinylidene difluoride membrane (PVDF,
Millipore, Billerica, MA) for analysis with an LcrV-specific monoclonal antibody (mAb
40.1) [18].

Evaluation of the hydropathicity of antigens
The hydropathic character of LcrV and ssLcrV was predicted using an in silico approach
representing a hydropathy plot of the LcrV and ssLcrV protein sequences. We used the
FASTA program Kyte Doolittle Hydropathy Plot
(http://fasta.bioch.virginia.edu/fasta_www2/fasta_www.cgi?rm=misc1), that is based on the
parameters proposed by Kyte & Doolittle [19]. To assess the hydrophobic character of LcrV
and ssLcrV expressed by recombinant Lactobacillus, we performed Triton X-114 phase
partitioning [20]. L. plantarum cultures were grown overnight at 30 °C, harvested and
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resuspended to an OD600 of 1.0 in PBS. Bacteria were disrupted with a French® press and
the insoluble material (membrane and cell wall) was separated from the cytosol fraction by
centrifugation. This cell envelope fraction was suspended in 1 ml of ice-cold 2% Triton
X-114 (v/v) in PBS. The fractions were rotated end over end at 4°C for 1 h and were phase-
separated by warming the solution for 30 min in a water bath at 37°C followed by
centrifugation for 15 min at 25°C. The separated detergent and aqueous phases were each
washed three times. The solutions were then rewarmed and recentrifuged as described and
the detergent and aqueous phases were collected. Ten (10) μl of each phase was analyzed on
15% denaturing polyacrylamide gels, electrotransferred to PVDF filters, and used for
immunoblot analysis. LcrV-specific monoclonal antibody 40.1 (1:100) was used as primary
antibody, goat anti-mouse IgG (H+L) conjugated to alkaline phosphatase (1:1,000; Pierce
Rockford, IL) was used as secondary antibody and the immunoblot was developed by BCIP/
NBT™ (KPL, Washington, DC). The protein bands corresponding to each LcrV antigen
were quantified by densitometry using a Multi Image™ Light Cabinet and the AlphaEase™
software (Alpha Innotech Corporation, San Leandro, CA). The results were plotted as a
percentage of the total LcrV content for each recombinant Lactobacillus.

Indirect immunofluorescence microscopy
Recombinant Lactobacillus were treated with and without 250 kU/ml of Lysozyme (Lyz) in
TGF buffer [100 mM Tris-HCl pH.8, 50 mM glucose, 1% FBS (v/v) (Hyclone, South
Logan, UT)] for 30 min. Cells were washed and resuspended in TGF buffer with mAb 40.1
(1:100) for 1 h at room temperature, washed three times with 500 μl TGF buffer and
resuspended on 100 μl of the same buffer. Aliquots of 10 μl were placed on slides and air-
dried at 37°C for 1 h. Slides were incubated with Alexa Fluor 488-labeled goat anti-mouse
IgG antibody (1:250) (Molecular Probes, Invitrogen, Carlsbad, CA) in 100 μl TGF buffer at
23°C for 1 h with intermittent gentle mixing. After incubation, slides were washed three
times with TGF buffer and fixed with 4% PBS–buffered formaldehyde (methanol free; Ted
Pella Inc., Redding, CA) for an additional 15 min at room temperature. Labeled cells were
mounted in VectaShield medium containing 4,6-diamidino-2-phenylindole (DAPI; Vector
Laboratories, Burlingame, CA) and visualized using a Zeiss inverted Axiovert 200
motorized microscope and analyzed using the Axiovision 4.3 software.

Live-cell ELISA (lcELISA)
To further investigate the localization of antigens on the Lactobacillus cell envelope, we
used an indirect live-cell enzyme-linked immunosorbent assay (lcELISA). Lactobacillus
cultures were grown overnight at 30°C, harvested and resuspended to an OD600 of 1.0 in TG
buffer [100 mM Tris-HCl pH.8, 50 mM glucose]. For cell wall digestion, 1 ml aliquots were
resuspended in TG buffer with or without Lyz (250 kU/ml) for 5 or 45 min at 37°C. Cells
were washed twice with TG buffer, resuspended in the same buffer supplemented with 3%
BSA (Bovine Serum Albumin, Sigma), and incubated with mAb 40.1 (1:500). Samples were
washed twice and incubated for 30 min with goat anti-mouse IgG (H + L) antibodies
conjugated to alkaline phosphatase (1:1,000). After an extensive wash, labeled cells were
incubated with pNPP Microwell Substrate System (KPL). Microtiter plates were loaded with
100 μl of each cellular suspension, and optical densities were measured at 405 nm by a
Spectra MAX plus ELISA reader (Molecular Devices, Sunnyvale, CA).

Intragastric inoculation of recombinant L. plantarum
L. plantarum expressing the target antigen was cultured in LM medium supplemented with
10 μg/ml Cm, and grown at 30°C to an OD600 of 1.0. That is the equivalent of 1×109 cells/
ml corresponding to approximately 125 μg of total protein. The cells were harvested by
centrifugation at 3000g for 10 min at 4°C and resuspended in 20% glycerol/phosphate
buffered salt solution (Gibco, Grand Island, NY) in 1% of the initial volume. Cell
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suspensions in aliquots of 2 ml were frozen quickly in a dry ice bath and stored at −80°C.
Aliquots were thawed at 4°C and 400 μl (4×1010 cells) were placed in a ball-tipped syringe
for oral gavage inoculation. Groups of six female BALB/c mice (6–8 week old female,
Charles River, Boston, MA) were immunized by intragastric inoculation of
4×1010 Lactobacillus expressing LcrV recombinant antigens. L. plantarum (Lp) was used as
control. Mice received the first immunization, twice daily, for 8 days (days 1–4 and 8–11).
The mice were bled on day 15 and after resting for two weeks the mice were bled again (day
30). On days 30–33 they received twice daily the 1st oral boost and rested for an additional 2
weeks. On day 50, the mice were bled. On days 51–54 they received twice daily the 2nd oral
boost and rested for an additional 2 weeks. On day 70 mice were terminated, and blood,
bronchoalveolar lavage (BAL) and vaginal lavage (VL) fluids were collected.

Humoral immune response
Serum, BAL and VL from orally inoculated mice were tested by indirect ELISA for the
presence of IgG or IgA to LcrV. Purified recombinant LcrV was coated at 0.5 μg/ml on
Nunc MaxiSorp™ flat-bottom ELISA plates (eBioscience, San Diego, CA) and indirect
ELISA was performed using serum (1:100), BAL or VL. Anti-mouse IgG (1:1,600), anti-
mouse IgG1 (1:2,000), anti-mouse IgG2a (1:2,000) or anti-mouse IgA (1:1,600) horseradish
peroxidase-conjugated antibody (Jackson ImmunoResearch, West Grove, PA) was used as
secondary antibody.

Generation of Bone Marrow Derived Dendritic Cells (BMDC) and stimulation for cytokine
production

Cells were flushed from the femurs and tibias of euthanized BALB/c mice (6–8 week old
female) with 10 ml RPMI 1640 (Gibco, Carlsbad, CA), depleted of red cells using the RBC
Lysis Buffer (eBioscience Inc., San Diego, CA) and filtered through a 70-mm cell strainer.
The cells were then plated in Petri dishes in RPMI 1640 supplemented with 10% FBS, 42.9
mM 2-mercaptoethanol, 100 U/ml penicillin, 100 μg/ml streptomycin, 200 mM L-glutamine,
MEM non-essential amino acids (complete RPMI) and 20 ng/ml mouse recombinant GM-
CSF (R&D) and were placed at 37°C in a 5% CO2 humidified incubator. On day 3 and 5 of
culture, 10 ml of complete RPMI medium with 20 ng/ml GM-CSF was added to each dish.
On day 7, nonadherent cells were harvested and washed with PBS at 4°C. Bone Marrow
Derived Dendritic Cells (BMDC) were isolated using mouse CD11c MicroBeads (Miltenyi
Biotech, Auburn, CA) according to the manufacturer's recommendations, yielding
populations that were greater than 95% pure CD11c+ dendritic cells, as assessed by Flow
Cytometry. Cell viability (greater than 95%) was determined by trypan blue exclusion.
1×106 BMDC/well were plated in 24-well tissue culture plates in 2 ml of complete RPMI
supplemented with 20 ng/ml of mouse GM-CSF. Cells were co-cultured with UV-killed
recombinant Lactobacillus at MOI 10:1 colony-forming units per cell for 48 h at 37°C. 100
ng/ml of LPS from Escherichia coli O111:B4 and L. plantarum were used as positive and
negative control, respectively. Supernatants were collected and mouse TNFα, IL-12 p70,
IFNγ and IL-10 cytokines, were quantified by ELISA (Quantikine, R&D Systems). The
minimum detectable doses of TNFα, IL-12 p70, IFNγ and IL-10 were 5.1, 2.5, 2 and 4 pg/
ml, respectively.

Generation of human Peripheral Blood Mononuclear Cells derived Dendritic Cells (PBMC/
DC) and stimulation for cytokine production

Human peripheral blood was collected into heparin vacutainer tubes (BD Bioscience,
Franklin Lakes, NJ). Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-
Paque density gradient centrifugation (GE Healthcare, Uppsala, Sweden). A final suspension
was made in RPMI 1640 (Hyclone), supplemented with 10% [v/v] FBS, 100 U/ml
penicillin, 100 μg/ml streptomycin, 0.25 μg/ml and fungizone. Cell viability (greater than
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95%) was determined by trypan blue exclusion. To derive the monocyte population of the
PBMCs into dendritic cells (PBMC/DC) we cultured 1×106 cells/well in 24-well tissue
culture plates for 5 days in 2 ml of complete RPMI 1640 supplemented with 10 ng/ml IL-4,
and 100 ng/ml recombinant human granulocyte-macrophage colony-stimulating factor (GM-
CSF) (R&D system, Minneapolis, MN). Cultures were placed at 37°C in a 5% CO2
humidified incubator. Every two days the medium was removed and 2 ml of fresh complete
medium was added. On day 5, the cells were co-cultured with UV-killed recombinant
Lactobacillus at MOI 10:1 colony-forming units per cell for 48 h at 37°C. 100 ng/ml of
lipopolysaccharide (LPS) from Escherichia coli O111:B4 (LIST Biological Laboratories,
Campbell, CA) and L. plantarum were used as positive and negative control, respectively.
Supernatants were collected and human TNFα, IL-12, IFNγ, IL-6 and IL-10, were quantified
by ELISA (Quantikine, R&D Systems). The minimum detectable doses of TNFα, IL-12,
IFNγ, IL-10 and IL-6 were 1.6, 5, 8, 3.9 and 0.7 pg/ml, respectively.

IL-8 production by human epithelial cells
T84 cells (human colon carcinoma epithelial cell line) were seeded in 24-well tissue culture
plates (BD Biosciences, San Jose, CA) at a density of 1×106 cells/well and grown until they
reached 90 to 95% confluence. L. plantarum cells were killed by exposure to UV light for 1
h and the lack of cell viability was confirmed by culture in MRS agar. T84 cells were co-
cultured with UV-killed recombinant L. plantarum at a MOI 10:1 bacteria per cell (1×107

CFU/well), for 48 h. L. plantarum control and 0.5 μg/ml TNFα were used as negative and
positive controls, respectively. Supernatants were collected and the human IL-8 production
was measured by ELISA (Quantikine, R&D Systems, Minneapolis, MN).

Statistical Analysis
All data is represented as mean ± standard deviation. Statistical analyses were performed
using Student's t-test. p<0.05 are considered statistically significant.

Results
Construction of L. plantarum expressing LcrV. Evaluation of protein hydrophobicity and
export

We have previously developed an effective oral vaccine for Lyme disease based on
Lactobacillus plantarum expressing the outer surface protein A (OspA) of B. burgdorferi
[14]. Recently, we reported that the immune response to Lactobacillus plantarum expressing
OspA is modulated by the lipid modification of the antigen [15]. With the ultimate goal of
proving that this system can be used as a platform technology to develop oral vaccines for
multiple diseases, we focused on the category A select agent Yersinia pestis. We cloned into
a Lactobacillus expression vector the Low calcium response V (lcrV) gene from Yersinia
pestis downstream of the signal sequence of ospA, sslcrV. In addition, we generated a clone
lacking the signal sequence of ospA, lcrV (Fig. 1A). Total extracts of L. plantarum
expressing wildtype LcrV (LpV) or ssLcrV (LpssV) were analyzed by denaturing
polyacrylamide gels and protein expression was confirmed using anti-LcrV monoclonal
antibody mAb 40.1 (Fig.1B). As expected, LpssV migrates just slightly above LpV (37 kDa)
given that it carries the leader peptide of OspA. We further analyzed protein hydrophobicity
and evaluated the export of ssLcrV in comparison to the wildtype LcrV (Fig. 2). In silico
analysis of LcrV and ssLcrV hydrophaty shows an increase in the hydrophobicity of ssLcrV
compared to LcrV, that corresponds to the additional leader peptide of OspA present in the
N-terminus of the protein (Fig. 2A). Using Triton X-114 phase partitioning of the cell
envelope of Lactobacillus we observed that wildtype LcrV partitions only to the aqueous
phase, suggesting that, in addition to being exported, wildtype LcrV is hydrophilic. In
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contrast, ssLcrV partitions equally between the detergent and aqueous phases, suggesting
that the protein is also exported through the membrane and that, addition of the OspA leader
peptide to LcrV (ssLcrV) increases the hydrophobicity of ssLcrV compared to wildtype
LcrV. Differences between detergent and aqueous phases are significant for LpV (p=0.003)
(Fig. 2B and 2C).

Localization of recombinant antigens in L. plantarum
Next, we wanted to analyze the localization of the recombinant proteins on the surface of L.
plantarum. We incubated live recombinant L. plantarum with and without Lysozyme (Lyz)
and we performed both immunofluorescence (IFA) and live-cell ELISA (lcELISA) assays.
For immunofluorescence, we performed a 30 min incubation with Lyz after which the cells
were washed, incubated with anti-LcrV mAb 40.1 followed by Alexa Fluor 488-labeled goat
anti-mouse IgG (1:250). Staining was visualized using a Zeiss inverted Axiovert 200
microscope (Fig. 3A). For lcELISA, we incubated the recombinant L. plantarum with Lyz
for 5 and 45 min, the cells were washed and incubated with anti-LcrV mAb 40.1 (Fig. 3B).
In both assays, IFA and lcELISA, reactions without Lyz (No Lyz) detect protein that is
exposed on the surface of the cell. Therefore, ssLcrV is surface exposed whereas wildtype
LcrV is not (Fig. 3A and 3B). Reactions with Lyz digest peptidoglycan releasing the LcrV
that is attached to the peptidoglycan layer of the cell wall and expose LcrV that is attached
to the membrane (Lyz 30 min, Fig. 3A, or 5 and 45 min, Fig. 3B). Our results indicate
that ssLcrV is associated with the peptidoglycan layer of the cell wall and is attached to the
membrane whereas wildtype LcrV is not, further confirming that only ssLcrV is exported
through the membrane.

Antibody response to oral administration of recombinant L. plantarum
To assess the systemic and mucosal antibody immune response induced by the oral
administration of recombinant L. plantarum, we immunized mice and tested serum levels of
LcrV-specific IgG antibodies (Fig. 4), and the levels of mucosal LcrV-specifc IgA in
bronchoalveolar lavage (BAL) and vaginal lavage (VL) (Fig. 5), by indirect ELISA.

Mice orally administered with L. plantarum expressing ssLcrV (LpssV) developed LcrV-
specific IgG antibody as early as 15 days after the first inoculation, reaching the highest
titers 50 days later and a plateau by day 70. Mice that were inoculated with L. plantarum
expressing wildtype LcrV (LpV) did not develop any LcrV-specific IgG antibodies
resembling the response obtained by inoculating mice with empty L. plantarum. Differences
are statistically significant, p=0.001 (Fig. 4A). In addition, isotyping of LcrV-specific IgG
showed that only mice inoculated with L. plantarum expressing ssLcrV (LpssV) produced
equivalent amounts of IgG1 and IgG2a (Fig. 4B).

As for determination of LcrV-specific IgA, we observed that mice inoculated with L.
plantarum expressing ssLcrV (LpssV) produced significant amounts of LcrV-specific
mucosal IgA in the lungs (BAL) and in the vagina (VL). In contrast, mice inoculated with L.
plantarum expressing wildtype LcrV (LpV) or with empty L. plantarum (control) did not
produce any LcrV-specific IgA antibodies in either the lungs or the vagina (Fig. 5A and 5B).
Differences were statistically significant, (p=0.008 and p=0.04, respectively)

Production of cytokines in mouse Bone Marrow Derived Dendritic Cells co-cultured with
recombinant L. plantarum

Dendritic cells (DCs) play a critical role in linking the innate and the adaptive immune
responses, since they are specialized antigen-presenting cells capable of stimulating a
primary T-lymphocyte response to specific antigen. Bone marrow derived dendritic cells
(BMDC) were isolated using CD11c MicroBeads (Miltenyi) and cytokine production was
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analyzed after stimulation with UV-killed recombinant Lactobacillus. We determined that
LpssV induced significantly higher production of proinflammatory cytokine TNFα as
compared to LpV (p=0.006) and to the control (Lp, p=0.001); LpssV induced significantly
higher production of proinflammatory cytokine IL-12 as compared to LpV (p=0.001) and to
the control (Lp, p=0.0001); LpssV induced significantly higher production of anti-
inflammatory cytokine IL-10 as compared to LpV (p=0.0001) and to the control (Lp,
p=0.0001) (Fig. 6A, 6B and 6C). In contrast, there was no production of IFNγ by BMDC
stimulated with either recombinant Lactobacillus or with the control (Fig. 6D).

Production of cytokines in human Peripheral Blood Mononuclear Cells/Dendritic Cells co-
cultured with recombinant L. plantarum

In order to further dissect this mechanism we isolated Human Peripheral Blood
Mononuclear Cells (PBMCs) and treated with GM-CSF and IL-4 to derive the monocyte
population into immature dentritic cells (PBMC/DCs). The treated cells were then co-
cultured with UV-killed recombinant L. plantarum expressing either, wildtype LcrV
(LpV), ssLcrV (LpssV) or the control (Lp) and the amount of pro-inflammatory cytokines
TNFα, IL-12, IFNγ and IL-6, and anti-inflammatory cytokine IL-10 was quantified by
ELISA (Fig. 7). As compared to L. plantarum expressing the wildtype LcrV (LpV) or the
control, LpssV induced significant amounts of pro-inflammatory cytokines TNFα (p=0.001)
IL-12 (p=0.0001), IFNγ (p=0.0001) and IL-6 (p=0.05) and anti-inflammatory cytokine IL-10
(p=0.001) (Fig. 7A, 7B, 7C, 7D and 7E, respectively). LPS was used as a positive control
and upregulated secretion of all cytokines tested (data not shown).

Production of IL-8 in human epithelial cells co-cultured with recombinant L. plantarum
In order to analyze the potential inflammatory response to the oral administration of L.
plantarum expressing ssLcrV, we performed an assay using monolayer cultures of intestinal
epithelial cells (T84), a human colon carcinoma cell line, stimulated with UV-killed, LpV,
LpssV and control (Lp) and determined the production of IL-8 (Fig. 8). The co-culture of
T84 cells with UV-killed LpV or LpssV did not induce significant production of the pro-
inflammatory chemokine IL-8 in comparison to the negative control (Lp).

Discussion
A mucosal delivery system for therapeutic or prophylactic molecules is needed to avoid
degradation and promote uptake of the antigen in the gastrointestinal tract and stimulate
adaptive immune responses, rather than the tolerogenic responses that are seen in studies
done with feeding soluble antigens [1], [21]. In this study we report a second mucosal
delivery vehicle using a platform technology previously developed in our laboratory. This
novel oral vaccine was developed against Y. pestis and induces production of LcrV-specific
systemic IgG as well as local and distant mucosal IgA. In addition, the vaccine polarizes T
cells mainly to a Th1 type cellular response, with some involvement of Th2 immunity.

Using the Lyme disease mouse model we immunized mice via oral gavage inoculation with
recombinant L. plantarum expressing B. burgdorferi outer surface protein A (OspA), and
assessed vaccine efficacy after challenge with B. burgdorferi infected Ixodes ticks. Mice fed
OspA-expressing lactobacilli developed a protective systemic IgG response as well as a
mucosal local and distant IgA antibody response [14]. Furthermore, we found that
recombinant L. plantarum expressing OspA lipoprotein breaks oral tolerance through a
combined Th1/Th2 cell mediated immunity and that this delivery system does not induce
secretion of pro-inflammatory chemokine IL-8 by epithelial cells [15]. From our initial
observations in the Lyme disease mouse model it appears that an effective mucosal vaccine
includes antigen expressed in a native form within a microorganism that remains viable and
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that will allow it to interact with specific components of the mucosal immune system. We
assessed these factors by analyzing export and localization of LcrV in the cell envelope of L.
plantarum and by evaluating induction of distant mucosal (BAL and VL) IgA production to
the vaccine antigen. In addition, we analyzed the systemic IgG antibody and cellular
immune responses induced by the vaccine antigen.

Numerous studies have addressed the effect of probiotic bacteria, such as lactobacilli, on
immune function [22], [23], [24], [25], [26], [27], [28], [29] [30], [31]. Considering vaccine
design, antigen presentation on the surface of lactobacilli is appealing because there is
evidence that some strains have a favorable influence on physiologic and pathological
processes of the host due to their health promoting characteristics associated with
modulation of the immune system [32], [33], [29], [34], [35], [36], [37]. Our recent
discovery that the leader peptide of OspA targets the protein to the cell envelope of
Lactobacillus and that the Cys17 is recognized by the L. plantarum cell wall sorting
machinery that lipidates OspA and releases the protein from the membrane to the outer layer
of the cell wall [15], lead us to use this sequence as a signal at the N-terminus of LcrV to
mark the protein for translocation across the cytoplasmic membrane of L. plantarum. We
constructed two recombinant L. plantarum clones, LsspV expressing LcrV donwstream the
leader peptide of OspA (ssLcrV) and LpV expressing LcrV without the OspA leader peptide
(LcrV). Hydrophaty analysis and Triton X-114 extraction showed that the protein containing
the OspA leader peptide (ssLcrV) is more hydrophobic than LcrV, and that the highly
hydrophobic OspA leader peptide could be responsible for the association of the LcrV
protein with the membrane. Furthermore, using live-cell ELISA and immunofluorescence
assays we determined that only the LcrV that is associated with the leader peptide of OspA
(ssLcrV) is presented on the surface of L. plantarum.

Dendritic cells control the delicate balance between Th1 and Th2 immunity, as well as
tolerance (Th3) as they are the principal stimulators of naïve T cells [38], [39], [40], [31].
Therefore these cells are pivotal in the initiation of adaptive immune responses and can
directly internalize intestinal bacteria [41], [42], [43], [23]. Given that dendritic cells are the
front-line antigen presenting cells of the bowel mucosa, we and others [22], reasoned that
the way in which these cells react to recombinant Lactobacillus would be pivotal in
directing the nature of the adaptive immune response to the expressed antigen. When we
stimulated mouse bone marrow derived dendritic (BMDC) cells with Lactobacillus
expressing LcrV we observed that both clones induced significant production of the pro-
inflammatory cytokine IL-12 as compared to the control, but did not induce any IFNγ.
Although significant, production of the anti-inflammatory cytokine IL-10 was about 10 fold
lower than that of IL-12. When we stimulated human peripheral blood derived dendritic
cells (PBMC/DC) with recombinant Lactobacillus we observed that, in contrast to the
control and Lactobacillus expressing wildtype LcrV (LpV), the clone ssLcrV (LpssV)
induced significant amounts of pro-inflammatory cytokines TNFα, IL-12, IFNγ and IL-6.
This clone also induced significant amounts of anti-inflammatory IL-10. Differences in
detection of cytokines in both assays, namely IFNγ, can be explained by the fact that in the
former (BMDC) we have a pure population of dendritic cells that do not express IFNγ, and
in the later (PBMC/DC) we have a mixed population of monocyte derived dendritic cells, T
cells, B cells and NK cells and we expect the production of IFNγ to come from T cells.
These data indicate that the mechanism by which LcrV-expressing L. plantarum stimulates
the immune response involves polarization to Th1 mediated immunity with some
involvement of Th2. Furthermore, localization of the antigen at the cell envelope interface
plays an essential role in directing the adaptive immune response that ensues.

Further, dendritic cells can receive tissue conditioning by intestinal epithelial cells that
control the dendritic cell inflammatory potential [44], [45], [46], [23]. Therefore, lactobacilli
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can interact either directly with dendritic cells or indirectly via the action of epithelial cells.
The absence of secretion of the pro-inflammatory chemokine IL-8 by human intestinal
epithelial cells stimulated with L. plantarum expressing LcrV suggests that a vaccine
composed of this agent would not induce local inflammation of the gut.

The ability to promote trafficking of primed cells to other mucosal sites is another important
aspect of mucosal immunity. It has become clear that immunization at one mucosal site
results in very specific immunity at distinct distant sites (i.e. nasal immunization results in
active immunity in the rectum, respiratory and genito-urinary tract) and this process is
described as compartmentalization of the mucosal immune system [47]. In our studies we
observed that Lactobacillus expressing ssLcrV (LpssV) induced secretion of LcrV-specific
IgAs in distant mucosal sites, such as in the lung (BAL) and vagina (VL). In contrast,
Lactobacillus expressing wildtype LcrV (LpV) did not induce IgA secretion at these distant
mucosal sites. The localization of the antigen in the cell envelope interface of the vaccine
delivery vehicle (i. e. Lactobacillus) appears to play a role in this mechanism of
compartmentalization.

It is recognized that the normal immune response at mucosal surfaces is one of non-response
or tolerance. This is especially true of the intestine where tolerance to commensal flora
(1012–1014 bacteria per gram of colonic issue) is the norm and a failure of this tolerant state
results in disease [48], [49], [33]. Based on the assumption that a lack of counter-regulatory
immune response favors the development of type I allergy, the induction of allergen-specific
Th1 responses has been proposed as a promising concept for treatment of Th2-biased hyper-
responsiveness [50]. Thus, it is exciting to presume that this technology could be expanded
to deliver therapeutic molecules to treat diseases that involve failure of the tolerant states of
the intestine, such as IBD, food allergies and celiac disease.

We developed a platform technology to express antigens in the cell envelope of bacteria in
the probiotic bacterium Lactobacillus plantarum. We tested our mucosal delivery vehicle
using two systems. First, we performed a thorough analysis of an oral vaccine using the
Lyme disease mouse model. Expanding the application of our technology to Y. pestis, here
we report cloning LcrV, a proven vaccine candidate for plague, in the same mucosal
delivery vehicle and analysis of the LcrV-specific humoral and cellular immune response. In
both systems, we determined production of systemic IgG and mucosal IgA antibody
responses specific to either antigen. Furthermore, mouse and human dendritic cells
stimulated with recombinant L. plantarum produced cytokines that polarize T cells to a Th1
type cellular response with some involvement of Th2 immunity. Here we provide evidence
that our platform technology can be applied to deliver multiple prophylactic antigens and
thus could also be expanded to deliver therapeutic molecules.
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Figure 1. Characterization of recombinant Lactobacillus spp
Schematic representation of the lcrV and ssLcrv recombinant genes (A), and immunoblot
characterization of Lactobacillus expressing antigens (B). Whole-cell extract of wildtype
LcrV- and ssLcrV- expressing L. plantarum (LpV and LpssV, respectively) were analyzed on
a 12% SDS-PAGE, transferred to PVDF membrane and tested with LcrV-specific
monoclonal antibody 40.1. Legend: ss: signal sequence of Borrelia burgdorferi ospA gene.
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Figure 2. Evaluation of protein hydrophobicity and export
(A) Hydropathy plot was performed for Lcrv and ssLcrV antigens, based on the parameters
proposed by Kyte & Doolittle. (B) Wildtype LcrV- and ssLcrV-expressing L. plantarum
were disrupted with a French® press, the insoluble material (cell envelope) was extracted
with Triton X-114 and partitioned into detergent and aqueous phases. Protein fractions were
analyzed on a SDS-PAGE and tested by immunoblot with LcrV-specific monoclonal
antibody 40.1. (C) Protein was quantified by densitometry. The results were plotted as a
percentage of the total LcrV content for each recombinant Lactobacillus. TE: total extract;
D: detergent phase; A: aqueous phase; wild type LcrV-, and ssLcrV-expressing L. plantarum
(LpV, and LpssV, respectively). *p=0.003; ns: not significant.
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Figure 3. Localization of recombinant antigens in L. plantarum
Localization of the recombinant antigens was studied by Immunofluorescence Assay (IFA)
(A) and live-cell ELISA (lcELISA) (B). (A) Live recombinant L. plantarum were treated
with or without Lyz for 30 min. After cell wall removal, the cells were incubated with mAb
40.1 followed by Alexa Fluor 488-labeled goat anti-mouse IgG (1:250) antibodies.
Immunofluorescence staining was visualized using a Zeiss inverted Axiovert 200
microscope, and the images were acquired using AxioVision software. (B) Live recombinant
L. plantarum were treated during 0, 5 or 45 min with Lyz and then subjected to lcELISA
using mAb 40.1 and anti-mouse IgG secondary antibody labeled with alkaline phosphatase.
The Optical Density at 405 nm (OD405) of the mean endpoint titer was determined. The
average of triplicate samples per sample was determined and the error bar indicates standard
deviation. *p=0.001. Results are representative of one of three independent experiments.
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Figure 4. Antibody response to oral administration of recombinant L. plantarum: serological IgG
BALB/c mice were inoculated intragastrically with L. plantarum expressing wildtype LcrV
(LpV) or ssLcrV (LpssV). Control mice were inoculated with L. plantarum (Lp). Serum
samples were collected at days 0, 15, 30, 50 and 70, and specific serological anti-LcrV total
IgG antibodies (A) and IgG subtypes IgG1 and IgG2a (B) were measured by indirect
ELISA. The results are expressed as Optical Density at 450 nm (OD450). The average of
triplicate samples per mouse was determined and the error bar indicates standard deviation.
*p=0.001, ns: not significant. n=6 mice per group. Results are representative of one of three
independent experiments.
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Figure 5. Antibody response to oral administration of recombinant L. plantarum: mucosal IgA
BALB/c mice were inoculated intragastrically with L. plantarum expressing wild type LcrV
(LpV) or ssLcrV (LpssV). Control mice were inoculated with L. plantarum (Lp).
Bronchoalveolar lavage (A) and vaginal lavage (B) were collected on day 70 and specific
anti-LcrV IgA antibodies were measured by indirect ELISA. The results corresponding to
each mouse are expressed as Optical Density at 450 nm (OD450) of the mean endpoint titer.
n= 6 mice per group. Results are representative of one of three independent experiments.
BAL, Bronchoalveolar Lavage; VL, Vaginal Lavage; ns, not significant. *p=0.008 **p=0.04
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Figure 6. Production of cytokines in mouse Bone Marrow Derived Dendritic Cells co-cultured
with recombinant Lactobacillus
Cells were flushed from the femur and tibia of BALB/c mice, plated in Petri dishes in
complete RPMI 1640 supplemented with 20 ng/ml mouse recombinant GM-CSF and
cultured for 7 days. On day 7 non-adherent cells were harvested and Bone Marrow Derived
Dendritic Cells (BMDC) were isolated using mouse CD11c MicroBeads (Miltenyi). 1×106

BMDC/well were plated in 24-well tissue culture plates and co-cultured with UV-killed
recombinant Lactobacillus expressing wild type LcrV (LpV) or ssLcrV (LpssV) at MOI 10:1
colony-forming units per cell. 100 ng/ml of LPS from Escherichia coli O111:B4 and L.
plantarum were used as positive and negative control, respectively. After 48 h supernatants
were collected and TNFα (A), IL-12 p70 (B), IL-10 (C) and IFNγ (D) cytokine production
was measured by sandwich ELISA (Quantikine). The average of triplicate samples was
determined and the error bar indicates standard deviation. Results are representative of one
of three independent experiments. *p=0.006, **p=0.001, ***p=0.0001
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Figure 7. Production of cytokines in human PBMC/DCs co-cultured with recombinant
Lactobacillus
Human Peripheral Blood Mononuclear Cells (PBMCs) were treated with 100 nM GM-CSF
and 10 nM IL-4 during 5 days to derive monocytes into dendritic cells. 106 cells/well were
seed in 24 well plates and co-cultured with UV-killed recombinant Lactobacillus expressing
wild type LcrV (LpV) or ssLcrV (LpssV) at MOI 10:1 colony-forming units per cell. 100 ng/
ml Escherichia coli O111:B4 lipopolysaccharide (LPS) and L. plantarum (Lp) were used as
positive and negative control, respectively. After 48 h of stimulation, supernatants were
collected and TNFα (A), IL-12 (B), IFNγ (C), IL-6 (D), and IL-10 (E) cytokine production
was measured by sandwich ELISA (Quantikine). The average of triplicate samples was
determined and the error bar indicates standard deviation. Results are representative of one
of three independent experiments. *p=0.001, **p=0.0001, ***p=0.05
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Figure 8. Production of IL-8 in human epithelial cells co-cultured with recombinant L.
plantarum
Human epithelial cells (T84) were seeded in 24-well plates (106 cells/well) and grown until
they reached about 95% confluence. UV-killed L. plantarum expressing wild type LcrV
(LpV) or ssLcrV (***Lp_V) were co-cultured with T84 cells at MOI 10:1 colony-forming
units per cell for 48 h and culture supernatants were collected to determine IL-8 secretion by
sandwich ELISA (Quantikine). TNFα (0.5 μg/ml) and UV-killed L. plantarum (Lp) were
used as positive and negative control, respectively. The average of triplicate samples was
determined and the error bar indicates standard deviation. Results are representative of one
of three independent experiments.
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