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Aims: To evaluate strains of lactobacilli for their ability to persist and secrete
heterologous protein in the oral cavity.

Methods and results: Four different strains of common oral lactobacilli, Lactobacillus
brevis, Lactobacillus johnsonii, Lactobacillus murinus and Lactobacillus plantarum,
were transformed with the plasmid pKTH2121, which contains a secretion cassette for
beta-lactamase. Lactobacilli isolated from the mouth of host mice were also transformed
with pKTH2121 for later feeding. Lactococcus lactis, transformed with pKTH2121, was
also fed to mice as a negative control. All transformed isolates were fed to C57Black mice
in varying schedules. The number of transformed bacteria persisting in the mouth was
reported as a percentage of total oral bacteria recovered by swabbing.

Conclusions: The transformed L. lactis, L. brevis, L. johnsonii, L. murinus, and the
endogenous murine lactobacillus strain failed to persist in the mouth. Transformed

L. plantarum, however, persisted in the mouth and comprised up to 25% of the total
lactobacilli at 18 h and 10% at 24 h after feeding. L. plantarum recovered after feeding
retained its ability to secrete beta-lactamase into culture medium efficiently. Beta-
lactamase activity could be detected in oral secretions at 8 h after feedings. After repeated
feedings, however, the L. plantarum containing pKTH2121 gradually lost its ability to
persist after feedings. This experiment demonstrates that L. plantarum can transiently
colonize the oral mucosa in large numbers, while continuously secreting foreign proteins,
raising the possibility of using lactobacilli as a vector for delivery of oral mucosal
peptides.
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Many ailments of the oropharynx, from
cancer to gingivitis, might be amenable to
prevention or treatment using topical
therapies. Topical therapies for the oro-
pharynx have traditionally consisted of
medicated mouthwashes, which are lim-
ited by their transient time of contact with
the oral mucosa, requiring frequent
administration. One potential solution for
the delivery of therapeutic peptides to the
oropharynx might be to engineer resident
oral bacteria to secrete them. If these
resident bacteria could persist on the
oropharyngeal mucosa in sufficient num-
bers, they could deliver therapeutic pep-
tides continuously.

Lactic acid bacteria have already been
used as live vectors for the delivery of
biologically useful peptides (17, 18). The
consumption of lactic acid bacteria as
probiotics in the forms of yogurt and other
fermented foods promotes health by dis-
placing pathogenic organisms in the gas-
trointestinal tract (16). At least part of this
effect is the result of the secretion of
antimicrobial peptides, such as nisins,
which are toxic to other species (2).
Peptides and peptidoglycans on the surface
of at least some lactobacilli act as non-
specific immunoadjuvants that have led to
the development of mucosal vaccines (6,
9, 13-15, 18, 23). Lactococcus lactis

engineered to secrete interleukin-10 has
been shown to reduce bowel abnormalities
in experimental models of colitis (21).
All these examples of lactic acid bac-
teria as protein delivery vectors depend on
their ability to colonize the gastrointestinal
tract transiently at concentrations that
would have an appreciable effect (8).
Similar results, unfortunately, have not
yet been achieved with lactic acid bacteria
in the upper aerodigestive tract because
colonization efficiencies appear to be low
(10). Streptococcus gordonii was engin-
eered to secrete peptides to impair dental
adhesion by the cariogenic bacteria Por-
phyromonas gingivalis but the engineered



bacteria could not achieve a therapeutic
effect because they could not colonize the
oropharynx in sufficient numbers (7). We
sought to investigate whether lactobacilli
with natural oral tropism could be engin-
eered for foreign protein secretion and
could transiently colonize the murine oro-
pharynx in sufficient numbers for protein
secretion to be detected.

Materials and methods
Lactobacillus secretion system

The plasmid pKTH2121 contains an
expression cassette for secreting Escheri-
chia coli beta-lactamase (cDNA from the
pUC 19 plasmid) utilizing promoter and
signal sequences from the Lactobacillus
brevis S-layer protein A gene (slp-A) (17).
It contains both erythromycin- and chlo-
ramphenicol-resistance genes and has pre-
viously demonstrated the ability to
transform several lactic acid bacteria for
beta-lactamase secretion (17). Plasmid
pKTH2121 was propagated in L. lactis
strain (MG1614), the bacterial pellets were
then resuspended in plasmid midiprep
(Qiagen, Valencia, CA) phosphate buffer
according to the manufacturer, but prote-
inase K or lysozyme (Sigma, St. Louis,
MD) was added at 1 mg/ml for 30 min at
50°C to digest the cell wall. The digested
pellets were then processed according to
the remainder of the manufacturer’s pro-
tocol. The plasmid was then electroporated
into L. lactis and into lactobacillus strains
as previously described (5, 26). Bacteria
transformed with pKTH2121 were selec-
ted on agar plates of the appropriate
medium containing erythromycin 10 pg/
ml (Sigma). Presence of pKTH2121 in the
transformants was confirmed by polym-
erase chain reaction using primers P1 and
P4 flanking the secretion cassette (17).
Beta-lactamase expression was analysed
by western blot and by enzymatic assays.
For western analysis, bacterial pellets and
culture supernatants of Lactobacillus plan-
tarum, either with or without the
pKTH2121 plasmid, were run on poly-
acrylamide gels and blotted onto nitrocel-
lulose membranes, then beta-lactamase
was detected using a polyclonal antibody
to beta-lactamase (AB3738, Chemicon
International, Temecula, CA) and the
enhanced chemiluminescence non-radio-
active detection system (Amersham, Pitts-
burgh, PA) as previously described (24).
For enzymatic analysis, nitrocefin-impreg-
nated disks (Cefinase, Difco, San Jose,
CA) following an assay described else-
where (19) were exposed to supernatant
from different bacteria washed with
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phosphate-buffered saline (to eliminate
discoloration from the medium) or were
swabbed against the oropharynx of mice
fed the same bacteria.

Lactic acid bacterial strains

The strains tested were L. lactis strain
(MG1614), L. plantarum strain (NCDO
1193), L. brevis (ATCC 8287), L. johnsonii
(ATCC 11506), and Lactobacillus murinus
(ATCC 35020). To isolate endogenous
murine oral lactobacillus strains, Calgi-
swab cultures of oral mucosa were inocu-
lated onto minimum required strength agar
plates (as described below) and grown
anaerobically for 48 h to eliminate con-
taminating yeast. Isolates were categorized
by gram-positive rod and colony morphol-
ogy, and the two most common isolates
were subcultured on minimum required
strength plates aerobically at 37°C. L. lactis
was grown in GM17 medium (5% glucose
in M17 medium, Difco) at 37°C, and all
lactobacillus strains were grown in mini-
mum required strength medium (Difco) at
37°C. Transformed bacteria were grown in
their optimal medium with erythromycin
10 pg/ml.

Mice for bacterial feed and harvest

C57Black mice (Charles River Laborator-
ies, Wilmington, MA) at age 21 days were
used for all experiments according to a
protocol approved by our institutional
Animal Care and Use Committee. No
toxicity was noted from any bacterial
feedings or collections.

To harvest bacteria, mice were anesthe-
tized with pentobarbital (Nembutal, Abbott
Pharmaceuticals, Austin, TX) 50-90 mg/
kg by intraperitoneal injection. Type 4
Calgiswabs (Puritan Medical Supplies,
Houston, TX) were dipped in citrate
collection buffer and swabbed over the
buccal, palatal and tongue mucosa gently
for 20 s, dissolved in citrate buffer, then
cultured as previously described (12). The
Calgiswab collections were cultured in
serial dilutions on minimum required
strength agar plates with or without eryth-
romycin 10 pg/ml to distinguish trans-
formed bacteria from total lactobacilli.
Mucosal swabs were taken no more
frequently than every 72 h to allow recov-
ery of a stable mucosal flora.

To feed bacteria to the mice, the mice
were initially anesthetized with pentobar-
bital as above, and the tongue was
scrubbed with chlorhexidine 0.1% (Peri-
dex, Zila Pharmaceuticals, La Jolla, CA)
using a Microbrush dental applicator
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(Microbrush, WI, Earth City, MD) then
scrubbed again with phosphate-buffered
saline. Ten microliters of bacteria from
overnight plate cultures resuspended in
culture medium were administered intra-
orally at a concentration of 10° colony-
forming units/ml. All subsequent feedings
were given by simple oral administration
to unanesthetized animals. All feedings
were performed on groups of three or four
animals with or without a subsequent
application of honey over the tongue.
Any animals not involved in the same
feedings were segregated to separate
cages.

Collecting mucosal antibodies for
recognition of L. plantarum pKTH2121

For tracheopulmonary lavage, mice were
sacrificed by lethal intraperitoneal pento-
barbital injection, then underwent imme-
diate tracheal intubation with a 22- or
24-gauge intravenous catheter and lavage
with 100 pl phosphate-buffered saline at
room temperature (27).

Saliva samples were harvested from
mice (11) after anesthetization with
pentobarbital injected intraperitoneally at
50 pg/kg. Saliva was collected over a
period of 5 min from each animal, fol-
lowed by animal sacrifice. Immediately
after collection, samples were centrifuged
at 2000 g to remove particulate matter,
then stored at —80°C until use.

Enzyme-linked immunosorbent assay to
detect anti-beta-lactamase mucosal
antibodies

Dilutions of bronchopulmonary lavage and
saliva samples were tested separately.
Exponentially ~ growing L. lactis
pKTH2121 in 100 ml GM17 broth cul-
tures were pelleted and washed once with
cold phosphate-buftered saline. The phos-
phate-buffered saline supernatant protein
was seeded onto enzyme-linked immuno-
sorbent assay wells at 4°C and allowed to
adsorb overnight. Supernatant from wild-
type L. lactis was used as a negative
control antigen target. The polyclonal
antibody against beta-lactamase used for
western blotting was used as a positive
control antibody for enzyme-linked immu-
nosorbent assay. Lavage and saliva sam-
ples were tested at dilutions between 1 : 4
and 1 : 32.

Immunfluorescence microscopy

L. plantarum pKTH2121, wild-type L.
plantarum, and control bacteria, including
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a mixture of endogenous oral lactobacilli
cultured from mice before L. plantarum
pKTH2121 feeding, were all grown on
minimum required strength plates anaero-
bically then heat fixed onto glass slides in
situ. Polyclonal antibody used for western
blotting was used as a positive control
primary antibody at a 1 : 50 dilution in
conjunction with biotinylated murine anti-
rabbit immunoglobulin G antibody and
visualized with fluorescein isothiocyanate-
avidin, according to the manufacturer’s
protocol (Chemicon International). Bron-
chopulmonary lavage and saliva samples
were tested as primary antibodies at dilu-
tions of 1:4 to 1:32 and visualized
using goat anti-mouse immunoglobulin G
in the Mouse Extraavidin Peroxidase
Staining kit, according to the manufac-
turer’s protocol (Sigma Chemicals).

Results

All bacterial strains could be transformed
with pKTH2121, but only L. lactis,
L. brevis and L. plantarum demonstrated
beta-lactamase secretion; L. murinus and
L. johnsonii did not. Three strains of
endogenous lactobacilli, isolated from the
host mice and separated based on their
colony and microscopic morphology,
showed poor transformation efficiency
with pKTH2121 and demonstrated poor
expression of beta-lactamase. Beta-lacta-
mase secretion of L. plantarum pKTH2121
is shown by western blot analysis in
Fig. 1. Of all the transformed strains, only
L. plantarum could be recovered by oral
swab within 4 h after feeding. Persistence
of L. plantarum pKTH2121 in the oro-
pharynx was just as successful with simple
intraoral feeding as it was after scrubbing
the tongue with chlorhexidine or after
applying a coat of honey to the tongue. If
any of the other strains had managed to
persist in the mouth below our threshold of
detection, their frequency would have been
less than 0.01% of total oral bacteria.
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Fig. 1. Western blot analysis of lactobacilli for
beta-lactamase. Lane A, cell pellet Lactobacillus
plantarum pKTH2121; lane B, cell pellet
L. plantarum; lane C, cell pellet L. murinus
pKTH2121; lane D, supernatant of L. plantarum
pKTH2121 culture; lane E, supernatant of
L. plantarum; lane F, supernatant of L. murinus
pKTH2121.
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Fig. 2. Persistence of Lactobacillus plantarum pKTH2121 after repeated oral feedings. Bacterial
persistence as a percentage of total lactobacilli recovered from mouse oropharynx at different time-
points after sequential feedings is shown both graphically and in table format. Immediately after each
feeding, L. plantarum pKTH2121 approached 100% of all total lactobacilli recovered. Arrows on the
graph indicate times of feeding. (A) In mice fed for the first time, the percentage of L. plantarum
pKTH2121 cultured was as high as 27% at 18 h and 10% at 24 h. However, after repeat feeding
6 days later, L. plantarum pKTH2121 persistence dropped to 17% at 18 h and 0 at 24 h. (B) In mice
that were rechallenged with L. plantarum pKTH2121 feedings from 1 to 3 weeks later, these bacteria
partially regained their ability to persist in the oropharynx, but the level of persistence waned rapidly
with each subsequent feeding given every 3 days. After the fourth feeding, no L. plantarum
pKTH2121 could be detected in the oropharynx by culture.

Eighteen hours after feeding, L. planta-
rum pKTH2121 represented 27% (SEM
1.3%) of total lactobacilli recoverable from
oral mucosa (Fig. 2A). At 24 h after
feeding, L. plantarum pKTH2121 still
represented 10% (SEM 0.55%) of the total
oral lactobacilli. The recovery of
pKTH2121-positive Dbacteria from the
mouth at various times after feeding was
confirmed by polymerase chain reaction
for the plasmid secretion cassette. L. plan-
tarum pKTH2121 could be recovered
equally from all mucosal surfaces sepa-
rately, including buccal, palatal, lingual
and gingival surfaces. If the L. plantarum
pKTH2121 feedings began again after a
hiatus of 1-3 weeks, the bacteria partially
regained their ability to persist on the oral
mucosa; however, the percentage of
L. plantarum pKTH2121 surviving after
feeding dropped progressively until none
could be detected at 5 h following the
fourth feeding, 12 days after the refeeding
began.

The presence of secreted beta-lactamase
in the mouths of mice after L. plantarum
pKTH2121 feeding was detected by swab-
bing the oral mucosa with nitrocefin-
impregnated indicator disks (Cefinase)
(Fig. 3). Beta-lactamase activity could be
detected up to 8 h following the first

Fig. 3. Cefinase disk fragments after exposure
to: 1, supernatant from washing Lactobacillus
plantarum culture pellet scraped from an agar
plate; 2, oral swab of mouse 8 h after feeding
L. plantarum pKTH2121; 3, supernatant from
washing L. plantarum pKTH2121 scraped from
an agar plate; 4, oral swab of mouse 8 h after
feeding L. plantarum.

feeding with L. plantarum pKTH2121,
and at 4 h following all subsequent fee-
dings. Minimal activity could be discerned
at 24 h, and no activity could be detected
at 36 h or more following feedings or in
animals that were not fed.

As a preliminary attempt to detect a
possible immunological response against
L. plantarum pKTH2121 that might
mediate clearance of these bacteria, mu-
cosal antibodies against L. plantarum
pKTH2121 or beta-lactamase were sought
in saliva and bronchopulmonary lavage
samples. Enzyme-linked immunosorbent
assay for beta-lactamase antibodies was
unsuccessful because two distinct mono-
clonal antibodies for beta-lactamase are



not available, and a purified beta-lacta-
mase protein was not available as a
positive control. Soluble beta-lactamase
in the supernatant of L. lactis pKTH2121
was used as target antigen with superna-
tant from wild-type L. lactis as a negative
control. These protein sources were im-
pure and gave significant background
signal when polyclonal anti-beta-lacta-
mase antibody was applied to the negative
control antigen. Not surprisingly, bron-
choalveolar lavage and saliva samples
applied in this setting also gave uninter-
pretable background signal (data not
shown).

Immunofluoresence microscopy was
also inconclusive for mucosal antibodies
specific for L. plantarum pKTH2121.
Samples of lavage or saliva were tested
as primary antibodies in situ on L. plan-
tarum pKTH2121 or control lactobacilli,
including L. plantarum and endogenous
oral lactobacilli, followed by indirect
immunofluorescence microscopy. Non-
specific signal was seen for both wild-type
and pKTH2121-transformed L. plantarum,
as well as endogenous oral lactobacilli
with saliva samples, but no signal was seen
for bronchoalveolar lavage fluid samples,
suggesting the presence of endogenous
salivary mucosal antibodies binding oral
lactobacilli (data not shown).

Discussion

Although the enteral persistence of orally
administered probiotics has been studied,
similar studies for oral persistence of such
probiotics have not been reported (8, 16).
Our data demonstrate that a strain of
L. plantarum transformed with pK TH2121
fed to mice is able to persist in the
oropharynx and continue to secrete beta-
lactamase. The ability to recover relatively
large numbers of pKTH2121-transformed
bacteria from the oral mucosa 24 h after
feeding indicates that these bacteria are
able to co-mingle with the local microbial
ecosystem and adhere to mucosa for short
periods of time. The recovery of
pKTH2121-positive bacteria from the
mouth after feeding was not a result of
plasmid transfer from L. plantarum to
other organisms, because the orally recov-
ered bacteria retained the original colony
and microscopic morphology of the ori-
ginal L. plantarum. Also, if the plasmid
were being propagated to other bacteria,
the number of pKTH2121-positive organ-
isms would be expected to remain stable
or increase rather than actually decrease
with repeated L. plantarum pKTH2121
feedings.

L. plantarum for oral peptide delivery

The inability to recover other lactoba-
cillus strains transformed with pKTH2121
after feeding suggests that either these
strains lack the ability to adhere to murine
oral mucosa or that the erythromycin-
resistance marker in pKTH2121 is lost.
The inability of L. murinus and endog-
enous lactobacilli isolated from the host
mice to persist in the oropharynx after
feeding was particularly surprising, be-
cause L. murinus has been demonstrated to
comprise up to 75% of total oral bacteria
in other inbred mice (12) and endogenous
lactobacilli would be naturally adapted for
oral persistence. The low transformation
efficiency and beta-lactamase expression
of endogenous lactobacilli suggest that the
reason they cannot be recovered after
oropharyngeal feeding is that they may
be rapidly shedding or degrading the
pKTH2121 after transformation or unable
to survive selection by erythromycin
resistance. The rapidity with which the
other lactobacillus strains are unrecovera-
ble after feeding (within 4 h), despite the
stability of pKTH2121-transformed lacto-
bacilli in vitro, suggests that these bacteria
fail to adhere to the mucosa. This is the
case for L. lactis, which is able to adhere to
intestinal mucosa but not oral mucosa (8).
Mechanical methods to enhance the chan-
ces of bacterial adherence, such as opening
binding sites on the epithelial mucus by
killing resident microbes with chlorhexi-
dine (25) or such as applying honey to
improve growth conditions and prolong
contact with epithelium (16), were not
helpful in promoting bacterial adherence
for any of the strains tested.

The loss by L. plantarum pKTH2121 of
its ability to persist in the mouth with
repeated feedings over 3 weeks suggests
the possibility of bacterial clearance via
the development of an immunological
response. A sandwich enzyme-linked
immunosorbent assay immobilizing secre-
ted beta-lactamase and assaying salivary
and bronchoalveolar fluid from multiply-
fed mice resistant to L. plantarum
pKTH2121 colonization was not specific
enough to demonstrate the development of
specific IgA or immunoglobulin G immu-
nity to beta-lactamase (data not shown).
Likewise, in situ immunostaining of
L. plantarum pKTH2121 with salivary
and bronchoalveolar lavage antibodies
from both multiply-fed mice resistant to
L. plantarum pKTH2121 and multiply-fed
mice resistant to L. plantarum-naive mice
was inconclusive to demonstrate any
mucosal antibodies specific for the recom-
binant bacteria, but did suggest the pres-
ence of salivary antibodies against oral
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lactobacilli. These results do not rule out an
immune-mediated clearance of multiply-
fed mice resistant to L. plantarum, because
the antibody response may be too small to
detect against existing antibodies to lacto-
bacilli (4), and because cellular immunity
was not assayed. Considerable precedent
already exists for killed L. plantarum as an
immune adjuvant (13, 14) and for live
L. plantarum as both a vector and immune
adjuvant in oral vaccines (15).

Other explanations for the loss of per-
sistence by L. plantarum pKTH2121 may
be that this bacteria loses its ability to
adhere because of changes on the mucosal
surface or that the bacteria are displaced by
a change in endogenous flora over time.
Feeding our bacteria may induce a change
in salivary mucus that is able to better clear
away L. plantarum or inhibit its adhesion
to mucosa (20).

Strong mucosal adherence and oral
persistence of other exogenously delivered
oral bacteria, S. gordonii and Streptococ-
cus sanguis, have been attributed previ-
ously to such factors as multiple different
adhesion molecules, pili, and even immu-
noglobulin A1l protease (1, 3, 10, 20, 22).
However, these streptococci can only col-
onize in numbers too small for their
secreted proteins to reach biologically
significant levels in the oropharynx. Here
we present an L. plantarum bacterial
secretion system that can persist in the
oropharynx transiently. Measures to
improve mucosal adherence and possibly
to induce immunological tolerance of these
transformed bacteria may lead to an effi-
cient oral peptide delivery system.
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