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The insertion of a heterologous gene into commensal bacteria is a common technique to develop a delivery
agent for vaccination and therapies, but the pleiotropic effects of genetic modifications need to be investigated
before its use in practical applications. Although supplemental properties provided by the expression of
heterologous antigens have been reported, the negative or side effects on the immune-modulating properties
caused by recombination are barely understood. In the present study, we fortuitously found that the secretion
of tumor necrosis factor alpha (TNF-�) from murine macrophages was reduced by recombinant Lactobacillus
casei expressing Salmonella OmpC compared to the stimulation of TNF-� secretion by nonexpressing L. casei.
This reduction could not be attributed to OmpC as a purified protein. The main component of the OmpC-
expressing strain included in the attenuation of TNF-� release seemed to be the cell wall, which exhibited
higher sensitivity against N-acetylmuramidase than that of nonexpressing strains. These results suggest that
the recombinant strain expressing a specific heterologous antigen might be digested rapidly in macrophages
and lose immune-stimulating capability at an early time point.

Many strains of lactobacilli and other lactic acid bacteria are
safe symbiotic bacteria, which have been used for food fermen-
tation or exist in our gastrointestinal tract commensally.
Among their favorable health properties, the immune-modu-
lating properties of lactobacilli have been investigated in many
reports (11, 18, 25, 28). More particularly, several cell compo-
nents of Lactobacillus strains, such as lipoteichoic acid and
oligodeoxynucleotides, are known to elicit innate immune re-
sponses through Toll-like receptors 2 and 9 (24, 35). There is
also evidence that lactobacilli can evoke immune responses
associated with the nucleotide binding oligomerization do-
main-like receptor family that primarily recognizes microbial
molecules of bacterial origin, such as muramyl dipeptide (10,
18). As a genetic factor of lactic acid bacteria, recent studies
reported that a mutant of Lactobacillus plantarum NCIMB
8826 and Lactobacillus rhamnosus GG deficient in the D-ala-
nylation of teichoic acid converted their capacity of immuno-
modulation (13, 29).

Recently, several studies demonstrated that genetically mod-
ified lactobacilli exhibited properties for the induction of sup-
plemental immune responses in combination with heterolo-
gous proteins such as pathogenic antigens for vaccination,
allergens for anti-allergic treatments, and other responses (2,
5, 6, 12, 14, 19, 21, 23, 27, 28, 30, 32, 33). Previously, it was also
reported that recombinant Lactobacillus casei ATCC 393 ex-
pressing flagellin from Salmonella enterica serovar Enteritidis
(SE) could induce protective immunity (17). In these studies,
recombinant lactic acid bacteria showed additional immuno-
logical or physiological activities that the wild-type strains did

not provide originally. On the other hand, the opposite case
that a heterologous protein could negatively affect the func-
tions of the host strain has scarcely been examined. Because
the insertion of a heterologous gene into commensal bacteria
appears to be a common technique to develop a delivery agent
for vaccination and therapies, the pleiotropic effects of genetic
modifications should be investigated before practical applica-
tions are put into therapeutic use. In the course of developing
a recombinant vaccine based on lactobacilli, it was fortuitously
found that heterologous protein-expression reduced an immu-
nological property of the host bacteria.

In the present study, it was found that recombinant L. casei
ATCC 393 expressing SE OmpC induced less tumor necrosis
factor alpha (TNF-�) production by murine macrophage-like
cells than a nonexpressing strain. OmpC refers to a major
outer membrane porin of Salmonella, the function of which is
the formation of a channel for the diffusion of nutrients and
low-molecular-weight compounds across the outer membrane
(26). OmpC is also known as a protective antigen for vaccina-
tion against Salmonella because OmpC-specific antibodies
exert a bactericidal effect (15, 16, 20). In this context, the
recombinant Lactobacillus producing OmpC was originally
constructed to be applied for vaccination; however, the recom-
binant lactobacilli showed weaker immunogenic properties
than the original strain. Interestingly, attenuation of the im-
munostimulating property of recombinant L. casei was not
attributed directly to OmpC. We report here how OmpC ex-
pression reduced the TNF-�-inducing capacity of recombinant
L. casei.

MATERIALS AND METHODS

Bacterial cells and culture conditions. A frequently used plasmid-free strain,
L. casei ATCC 393 (but probably different from the original strain of ATCC
393T), was used as a host strain for genetic modification (1). All recombinant L.
casei strains were grown in de Mann-Rogosa-Sharpe (MRS) medium supple-
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mented with 5 �g of erythromycin/ml at 37°C. For heterologous-protein expres-
sion, recombinant lactobacilli were incubated in Lactobacillus-carrying medium
(LCM) containing 1% mannitol and erythromycin at 37°C (22). As a negative
control for the current experiments, L. casei carrying pLPEmpty, which was
constructed in a previous study, was used (17). Escherichia coli JM109 (TaKaRa,
Tokyo, Japan) was used as the cloning host and grown in LB broth containing
100 �g of ampicillin/ml. For the expression of His6-tagged protein, E. coli M15
(Qiagen, Tokyo, Japan) was grown in LB broth supplemented with ampicillin,
kanamycin (25 �g/ml), and 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside) at
37°C. S. enterica SE strain #40 is a clinically isolated laboratory strain and was
grown in LB medium (17).

Preparation of recombinant SE OmpC and anti-OmpC anbibodies. Histidine-
tagged OmpC was prepared using E. coli M15 and vector pQE31 according to the
manufacturer’s instructions (Qiagen). The gene fragment encoding the signal
peptide-deficient SE OmpC (C terminus of 315 amino acids) was amplified from
SE chromosomal DNA by PCR using a pair of primers, IGM424 (5�-CCC CGG
ATC CGG AAA CGC AGG TTA ACG ATC A) and IGM425 (5�-GGG GCT
CGA GGA ACT GGT AAA CCA GAC CCA). The DNA segments were
digested with BamHI and XhoI, followed by insertion into the BamHI-SalI site
of pQE31. After the induction of protein expression, His-tagged proteins were
purified under denaturing conditions. The molecular mass and purity of the
prepared proteins were confirmed by sodium dodecyl sulfate–10% polyacryl-
amide gel electrophoresis and Coomassie brilliant blue staining. The concentra-
tion of the recombinant protein was determined by the Bradford protein assay
(Bio-Rad, Tokyo, Japan). A high concentration (�1 mg/ml) of purified protein
solution in phosphate-buffered saline (PBS) supplemented with 4 M urea was
stored at �20°C until use. Protein renaturing was performed by rapid dilution in
PBS or RPMI 1640 medium (Sigma-Aldrich Japan, Tokyo, Japan). Contamina-
tion with lipopolysaccharide (LPS) in the protein solution was detected using
Endospecy (Seikagaku Corp., Tokyo, Japan) in accordance with the manufac-
turer’s instructions. In order to prepare anti-OmpC antibodies, BALB/c mice
were immunized intraperitoneally four times with 10 �g of His-tagged OmpC/
mouse at 3-week intervals. Freund complete adjuvant was used only for the first
injection. The care and use of experimental animals complied with local animal
welfare laws and guidelines. Serum was prepared, and the titer of anti-OmpC
antibodies was determined by enzyme-linked immunosorbent assay as described
previously (17). The affinity of the antibodies to SE OmpC was evaluated by
immunoblot analysis against a total cell extract of SE. The SE total cell extract
was prepared by simple resuspension and boiling in Laemmli sample buffer.

Construction of recombinant L. casei. As an expression vector for the cell-
surface anchoring of the heterologous antigens, pLP401::OmpC, was constructed
from pLP401, which was developed by Pouwels et al. (31). The gene fragment
encoding OmpC of SE was amplified by PCR using a pair of primers, IGM424
and IGM425. The DNA segments were digested with BamHI and XhoI, followed
by insertion into the same restriction sites of pLP401. The resultant plasmid
(pLP401::OmpC), the expression cassette for which consisted of the promoter
plus the signal sequence of amy, ompC, and the anchor of prtP, was introduced
into L. casei by electroporation as described previously (31). Expression of the
heterologous antigen was confirmed by Western blot analysis. The recombinant
L. casei were incubated in LCM for 8 h, and bacterial cells and culture super-
natants were separated by centrifugation. For preparing a whole-cell extract, the
bacterial cells were treated with 5 mg of lysozyme/ml and 20 U of mutanolysin/ml
in Tris-Cl (pH 8.0) supplemented with 0.3 M sucrose at 37°C for 30 min. The
enzyme-treated cells were washed, resuspended in water, and lysed in the same
volume of 2� Laemmli sample buffer. The proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis using a 10 to 20% gradient gel
and then electrically blotted onto a polyvinylidene difluoride membrane (Milli-
pore, Kanagawa, Japan). For the quantification of OmpC expressed by recom-
binant L. casei, the specific signals were detected using an Alexa Fluor 488-
labeled antibody (Molecular Probes). The specific bands were analyzed using
Molecular Imager FX and Quantity One (Bio-Rad). The amount of OmpC
produced by the recombinant strain was estimated by comparing the density of
the band to purified OmpC standards. The surface location of OmpC on the
bacterial cell was analyzed by using a FACSCalibur instrument and CellQuest
software (BD, Tokyo, Japan). The bacterial cells incubated in LCM were col-
lected, washed, and suspended in PBS supplemented with 0.05% Tween 20 and
1% bovine serum albumin. The cells were incubated with anti-OmpC antibodies
and Alexa Fluor 488-labeled anti-mouse immunoglobulin G (IgG; Molecular
Probes). Ten thousand events were analyzed by using a flow cytometer.

Evaluation of cell viability of recombinant lactobacilli. The cell viability of
recombinant lactobacilli was determined by using a Live/Dead BacLight bacterial
counting and viability kit (Molecular Probes). By staining with SYTO 9 and
propidium iodide, “live” (intact cell membrane/wall) bacteria exhibit bright fluo-

rescence, whereas “dead” (damaged cell membrane/wall) bacteria exhibit weak
fluorescence. Logarithmically growing (8 h) cultures in LCM broth were stained
with the two dyes and applied to flow cytometry. Ten thousand events were
analyzed using a FACSCalibur instrument and plotted on a dot plot cytogram.
The concentration of cell particles was calculated by comparison to microsphere
standards. More detailed information is described in the manufacturer’s proto-
col. Cell viability was also determined by the regular colony counting method.
The CFU counts per cell particle were determined by using a flow cytometer.
The percentage of colony-forming cells was calculated.

Preparation of bacterial cells and cell components. Heat-killed recombinant
L. casei cells were prepared from fresh cultures. Prewarmed LCM/mannitol
broth was inoculated with an overnight culture of recombinant lactobacilli in
MRS broth and incubated for 8 h at 37°C. Bacterial cells were then collected,
washed with PBS and distilled water, and heat killed at 80°C for 20 min, followed
by lyophilization. Fluorescein isothiocyanate (FITC)-labeled lactobacilli were
prepared with FITC-I (Dojindo, Kumamoto, Japan) as described by Shida et al.
(34). Briefly, heat-killed bacterial cells were incubated in 50 mM carbonate buffer
(pH 9), including 4.5 �g of FITC-I/ml, at 37°C for 1 h and then washed with PBS.
A cell wall-removed fraction (CWRF) of recombinant lactobacilli was prepared
from the heat-killed cells. The cells were treated with lysozyme (10 mg/ml) and
mutanolysin (20 U/ml) in 50 mM Tris-Cl buffer supplemented with 0.3 M sucrose
at 37°C for 16 h and washed sufficiently with the same buffer. An intact cell wall
(ICW) sample was prepared as described previously (24). In short, heat-killed
cells were boiled in 0.3% sodium dodecyl sulfate solution and washed thor-
oughly. The cell pellets were then treated with pronase, followed by delipidation
with methanol, methanol-chloroform-water, and methanol-chloroform. Nucleo-
tides were digested with benzonase, and the remaining cell particles were washed
thoroughly with distilled water.

Cell culture. Murine peritoneal macrophages and the macrophagelike cell line
RAW264.7 were maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum and penicillin-streptomycin (complete medium) at 37°C in a
5% CO2 incubator. Murine peritoneal macrophages were isolated from female
BALB/c mice (10–13 weeks old) that were injected intraperitoneally with 4%
thioglycolate medium 3 days before sampling. Peritoneal lavage fluid in PBS was
collected and washed with complete medium. The care and use of experimental
animals complied with local animal welfare laws and guidelines. The murine
macrophagelike cell line RAW264.7 was purchased from the American Type
Culture Collection. Each cell suspension was seeded in a 96-well microplate (2 �

104 cells/well) and incubated for 3 h to promote cell attachment. Nonadherent
cells were removed, and then fresh medium, including purified protein (1 ng/ml
or 1 �g/ml), heat-killed bacterial cells (0.5 to 10 �g/ml), or bacterial components,
was added. For some experiments, an antiendotoxin reagent, polymyxin B non-
apeptide (Sigma), or purified E. coli O55:B5 LPS (Sigma) was added to the
medium at 100 �g/ml (7). After 24 h of incubation (or at other time points as
indicated), cleared culture supernatants were collected by centrifugation and
stored at �20°C.

Cytokine quantification and cytotoxicity assay. TNF-� and interleukin-10 (IL-
10) released into the culture supernatants were detected with TNF-� and IL-10
OptEIA enzyme-linked immunosorbent assay sets (BD Biosciences, San Diego,
CA), respectively. Appropriately diluted culture supernatants were assayed in
accordance with the manufacturer’s instructions. Concentrations of the cytokines
were calculated using a standard curve. The cytotoxicity of killed bacteria during
incubation with macrophages was determined with a CytoTox 96 nonradioactive
cytotoxicity assay (Promega, Tokyo, Japan). In accordance with the manufactur-
er’s protocol, free lactate dehydrogenase (LDH) leaked from the damaged cells
was detected.

Flow cytometry analysis of macrophages. Preparation of macrophages for flow
cytometry analysis was performed according to the methods described by Shida
et al. (34). RAW264.7 cells (105 cells in 24-well plates) were incubated with
FITC-conjugated bacteria in complete medium. Macrophages were dislodged by
treatment with PBS supplemented with 10 mM EDTA, washed with PBS/EDTA,
and fixed in 1.25% formalin-PBS. The cells were then analyzed by using a
FACSCalibur cytometer and CellQuest software.

N-Acetylmuramidase treatment. Heat-killed lactobacilli were suspended in 50
mM Tris-Cl buffer (pH 8) supplemented with 10 �g of mutanolysin/ml and
incubated for 0, 10, 30, 60, and 120 min. The enzyme-treated cells were lysed in
2% sodium dodecyl sulfate solution, and the optical density was measured at 600
nm (OD600).

Statistical analysis. Statistical significance was evaluated by using Student t
test and one-way analysis of variance. Significant differences were defined as a P
value of 	0.05.
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RESULTS

Construction and evaluation of recombinant L. casei. The
expression of SE OmpC in recombinant L. casei was confirmed
by immunoblotting. The specificity of anti-OmpC antibodies
was validated by the detection of a specific appropriate-sized
band in the cellular fraction of an SE culture (Fig. 1a). As
shown in Fig. 1b, the OmpC-specific band of recombinant L.
casei carrying pLP401::OmpC (LCO) was detected from its cell
extract, while no specific band was detected from a control
strain carrying pLPEmpty (LCN). The greater molecular mass
of OmpC from LCO than purified recombinant OmpC
(rOmpC) was appropriate because OmpC was fused to an
anchor peptide provided from the pLP401 vector. The amount
of heterologous antigen was also estimated by comparing to
the signal intensity of purified recombinant OmpC. The ex-
pression efficiency of the antigen was approximately 25 ng per
2 � 108 CFU.

Because pLP401 provides the signal peptide and anchor,
LCO cells were also examined for whether the heterologous
protein was located on the cell surface. As a result of flow
cytometric analysis, the fluorescence intensity of labeled LCO
cells shifted slightly (Fig. 1c). This result indicated that at least
part of the OmpC protein was exposed on the bacterial cell
surface.

In order to determine whether OmpC-expression affected
the cell viability of recombinant strains, the bacterial cells at
the exponential phase (8 h) and the stationary phase (24 h)
were tested by the plate culture method and using a Live/Dead
BacLight bacterial counting and viability kit. By plate culture,
1.47 CFU/particle were detected from the LCO culture, and
1.31 CFU/particle were observed from the LCN culture. Both
CFU values were greater than 1, indicating that almost 100%
of the cells were viable. The flow cytometric analysis supported
this result because 98.7% of the LCO and 99.3% of the LCN
cells clustered in the ICW/membrane region. A slightly
broader cluster of intact LCO cells than LCN culture cells was
observed at this growth phase. Meanwhile, LCO formed fewer
colonies (0.83 CFU/particle) than LCN (1.35 CFU/particle) at
the stationary phase. A relatively high ratio of membrane/wall-
damaged cells was detected in the cytogram of LCO cells
(8.3%), whereas almost all LCN cells clustered in the intact
cell region.

OmpC-expressing recombinant L. casei induces less TNF-�
release from RAW264.7 cells. A murine macrophagelike cell
line, RAW264.7, was stimulated with LCO cells, and TNF-�
released into the culture supernatant was assayed. Cells incu-
bated with heat-killed LCO cells released less TNF-� than did
the nonexpressing L. casei strain in a dose-dependent manner
(Fig. 2a). The lower cytokine induction was not caused by
damage to the immune cells, because no difference was ob-
served between LCO and LCN in the cytotoxicity assays (Fig.
2b). A regulatory cytokine, IL-10, was not detected in these
cultures (data not shown). Similar results were obtained in the
experiment using peritoneal macrophages instead of
RAW264.7 cells (Fig. 2c).

Purified OmpC does not inhibit the proinflammatory re-
sponse. The possibility that OmpC inhibited the proinflamma-
tory response of RAW264.7 cells was explored. Purified
rOmpC was added to the cell culture with or without heat-

killed LCN. Because rOmpC was prepared from E. coli, the
level of LPS contamination was determined. The results of the
LPS detection assay showed an LPS contamination level of

50 pg/ml in a 1-�g/ml solution of rOmpC, which could influ-
ence TNF-� production. In order to inhibit TNF-� induction
by LPS, polymixin B nonapeptide was supplemented into the
culture medium. The addition of 100 �g of polymixin B non-
apeptide/ml eliminated 	100 pg of LPS/ml completely but did
not affect L. casei-induced TNF-� production (data not
shown). As shown in Fig. 3, supplementing rOmpC did not
inhibit LCN-induced TNF-� production, and no effect of LPS
was observed.

Importance of phagocytosed bacteria to TNF-� production.
The importance of the internalization of bacteria in
RAW264.7 cells was evaluated using cytochalasin D. After 24 h
of incubation with the phagocytosis inhibitor, the accumulation
of TNF-� in the culture supernatants was decreased remark-
ably (Fig. 4a).

In order to investigate the efficiency of bacterial uptake by
RAW264.7 cells, the cells exposed to heat-killed bacteria la-
beled with FITC were collected at different time points and
applied to fluorescence-activated cell sorting (FACS) analysis.
No remarkable difference between LCO and LCN was ob-
served at any time point (Fig. 4b).

Differences in N-acetylmuramidase sensitivity. Internalized
bacteria in macrophages are digested by phagolysosomal en-
zymes. If the bacteria resist such a digestive process, they may
retain immunogenicity. To evaluate the sensitivity of recombi-
nant lactobacilli to digestion, bacterial cells were treated with
N-acetylmuramidase. As shown in Fig. 5, the lysis of LCO cells
occurred more rapidly than that of LCN cells.

Differences in the sustainability of TNF-� induction. In or-
der to determine the duration of cytokine production from
RAW264.7 cells elicited by phagocytosed bacteria, culture su-
pernatants from different time points were analyzed. After 1 h
of uptake of bacteria, the same amount of TNF-� was released
by macrophages stimulated with LCO and LCN until 4 h later;
however, cells inoculated with LCO produced less TNF-� than
with LCN after both 6- and 8-h incubations (Fig. 6).

Cell wall involvement in differences in immunogenicity
between LCO and LCN. In order to identify the main compo-
nent responsible for differences in immunogenicity between
LCO and LCN, the ICW and CWRF of recombinant lactoba-
cilli were prepared and added to the culture of RAW264.7
cells. As shown in Fig. 7, the cell wall of LCO elicited less
inflammatory cytokine production than that of LCN, whereas
both CWRFs stimulated macrophages weakly and equally.

DISCUSSION

The heterologous expression of useful proteins in lactic acid
bacteria has been trialed for medical applications. Many novel
strains equipped supplemental function have been constructed
by genetic modification. While the positive effects carried by
the recombination were exhibited extensively in these studies,
the negative effects caused by genetic modification have been
scarcely remarked upon. The present study fortuitously found
an unexpected negative effect of recombination caused by the
expression of Salmonella OmpC in L. casei. As a purpose for
which it was originally intended, a recombinant L. casei strain
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FIG. 1. Construction of recombinant L. casei expressing OmpC. (a) Specific antibody for the detection of OmpC. Purified recombinant OmpC
and anti-OmpC antibodies were analyzed by immunoblotting. Approximately 108 CFU of SE whole-cell extract (cell), the corresponding volume
of culture supernatant (Sup), and 25 ng of purified OmpC (rOmpC) were applied. The sizes of the molecular mass markers are shown in the left
margin. (b) Detection and quantification of OmpC expressed by recombinant L. casei. Whole-cell extracts of OmpC-expressing L. casei and a
nonexpressing strain (corresponding to 2 � 108 CFU/lane) were applied to immunoblotting. The blot was conjugated with anti-OmpC antibody
and Alexa Fluor 488-labeled IgG. An OmpC-specific band was visualized using Molecular Imager FX and analyzed with Quantity One (Bio-Rad).
The sizes of the molecular mass markers are shown in the left margin. LCO, OmpC-expressing L. casei; LCN, nonexpressing L. casei. The values
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producing OmpC was established in order to develop a vaccine
against Salmonella. Although the heterologous antigen was
expressed clearly and exposed on the cell surface as a result of
the use of an expression vector with a signal sequence and
anchor, the efficiency of the surface localization seemed rela-
tively low. Because Salmonella OmpC originally refers to a
hydrophobic protein that forms channels in the outer mem-
brane, it is understandable that the protein hardly passes
through cytoplasmic membrane. Therefore, the result of FACS
analysis for the detection of surface antigens led to speculation
that only part of the produced antigens could pass through the
cytoplasmic membrane, while the rest of the antigens were
trapped around the membrane, or only the hydrophilic domain
of the heterologous antigen was exposed on the cell surface,
while the hydrophobic domain was left around the cell mem-

brane. The expression of OmpC was also linked to the im-
paired cell viability of the recombinant lactobacilli. The data
from flow cytometric analysis of recombinant bacteria stained
with SYTO 9 and propidium iodide indicated that the cell
membrane/wall of an OmpC-expressing strain was damaged.
Because OmpC probably had high affinity to the cytoplasmic
membrane, the protein might interrupt or affect cell mem-
brane/wall formation. Among many genetically modified
strains constructed in our laboratory, this is the only case in
which such distinct damage to the cell envelope was observed
using the pLP401 vector system (unpublished data).

The OmpC-expressing lactobacilli also exhibited side effects
in their response to immune cells. It was found that the ex-
pression of SE OmpC reduced TNF-� production induced by
L. casei from murine macrophages. Because none of the reg-
ulatory cytokines produced by macrophages, such as IL-10 (4,
8, 9), was detected during the incubation, this phenomenon
may not occur by the downregulation of TNF-� expression.
Subsequently, the study determined whether purified SE
OmpC inhibited the release of TNF-� from RAW264.7 cells.
Because 10 �g of OmpC-expressing L. casei, corresponding to
approximately 5 � 106 CFU, was estimated to produce 	1 ng
of OmpC, 1 ng of OmpC/ml, along with a nonexpressing strain
of L. casei, were added to the culture. A much higher concen-
tration of OmpC (1 �g/ml) or higher contamination levels of
LPS (100 pg/ml) were also supplemented; however, no signif-
icant differences were found. These results indicate that sup-
plementation of purified recombinant SE OmpC into the cell
culture did not prevent TNF-� induction by L. casei. This
evidence does not support the phenomenon that the expres-
sion of SE OmpC by L. casei decreased the proinflammatory

50, 25, 12.5, and 6.25 refer to 50, 25, 12.5, and 6.25 ng of recombinant OmpC/lane, respectively. (c) Flow cytometric analysis of recombinant L.
casei. Bacterial cells labeled with anti-OmpC antibody and Alexa Fluor 488-conjugated IgG. Ten thousand events were analyzed and are shown
in histogram form. The gray-shaded area represents LCN cells, and the nonshaded solid line represents LCO cells. (d) Evaluation of cell viability
by flow cytometry. Bacterial cells (LCO or LCN) at exponential phase (8 h) and stationary phase (24 h) were stained with SYTO 9 and propidium
iodide. The percentages of damaged and/or intact cells were calculated by using CellQuest software. The result shown is representative of two
independent experiments.

FIG. 2. TNF-� induction and LDH release caused by recombinant
lactobacilli. (a) TNF-� released by RAW264.7 cells; (b) LDH release
induced by recombinant L. casei; (c) TNF-� released by murine peri-
toneal macrophages. All three assays were performed using cell cul-
tures incubated for 24 h. The concentrations of TNF-� in the culture
supernatant or the OD450 are described in the left margin. The con-
centrations of heat-killed bacteria added to the cell cultures are shown
in the bottom margin (in �g/ml). Solid bars represent LCO cells, and
open bars represent LCN cells. The data are presented as the means
plus the standard deviations (SD) (n � 3). The results shown are
representative of three independent experiments. *, P 	 0.05; **, P 	
0.01.

FIG. 3. TNF-� induction by LCN with or without rOmpC. A mix-
ture of LCN (10 �g/ml) and rOmpC (or LPS) was added to a
RAW264.7 cell culture. The concentrations of released TNF-� in the
culture supernatant are described in the left margin. The data are
presented as the means plus the SD (n � 3). The results shown are
representative of three independent experiments. No significant dif-
ference was shown. 1n, 1 ng/ml; 1�, �g/ml; 100p, 100 pg/ml.
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cytokine induction of RAW264.7 cells. The ICW prepared
from OmpC-expressing L. casei still exhibited a different ca-
pacity from the nonexpressing strain to elicit TNF-� produc-
tion by RAW264.7 cells. Because the ICW loses most protein
during preparation, proteins may not affect this reaction.
Taken together, OmpC, as a protein expressed by recombinant
lactobacilli is not involved in the reduction of TNF-� release
from RAW264.7 cells.

For further analysis, the present study evaluated the impor-
tance of phagocytosis in the immune responses of RAW264.7
cells stimulated with lactobacilli. Cytokine release by
RAW264.7 cells was remarkably decreased by interference of
phagocytosis by cytochalasin D, indicating that internalized
bacteria mainly contribute to TNF-� induction. This evidence
proposes a possibility in which the reduction in the number of
internalized bacteria in macrophages could result in attenua-

tion of the proinflammatory response. In order to determine
the efficiency of phagocytosis, RAW264.7 cells internalizing
FITC-labeled recombinant lactobacilli were analyzed by flow
cytometry. However, the uptake frequency of recombinant
bacteria was not different between OmpC-producing lactoba-
cilli and the nonexpressing strain.

A phagosome including bacteria fuses to lysosomes and the
bacteria are digested in the mature phagosome. In this process,
N-acetylmuramidase, an enzyme that catalyzes the degradation
of peptidoglycan, is one of the main agents for the digestion of
bacteria (3). To evaluate the sensitivity to digestion, recombi-
nant lactobacilli were treated with N-acetylmuramidase. As a
result, the OmpC-expressing strain lysed more rapidly than the
control strain. Consequently, the amount of TNF-� released

FIG. 4. Importance of phagocytosed bacteria in TNF-� induction and the frequency of phagocytosis. (a) TNF-� release elicited by recombinant
lactobacilli with or without cytochalasin D (5 �g/ml) supplementation. Cytochalasin D was added to the RAW264.7 cell culture (described as
cyD�) 30 min before the addition of 10 �g of LCO (solid bar) or 10 �g of LCN (open bar)/ml. The concentrations of released TNF-� (ng/ml)
are indicated in the left margin. The data are presented as the mean plus the SD (n � 3). (b) FACS analysis of phagocytosis of lactobacilli.
RAW264.7 cells were cultured with FITC-labeled bacteria (10 �g/ml) for 0, 0.5, 2, 5, or 24 h and then collected. The bold gray line and thin black
line represent LCN and LCO, respectively. The results shown are representative of two independent experiments. *, P 	 0.05; **, P 	 0.01.

FIG. 5. Evaluation of N-acetylmuramidase sensitivity. The reduc-
tion of the OD600 caused by cell lysis was measured at different time
points. This result is representative of three independent experiments.
Symbols: F, LCO cells; E, LCN cells.

FIG. 6. Duration of TNF-� release induced by recombinant lacto-
bacilli. LCO cells (F) or LCN cells (E) were added to a RAW264.7 cell
culture, followed by incubation for 1 h (indicated by an arrow in the
bottom margin) to allow phagocytosis. Excess bacteria that were not
internalized were then removed by replacing the medium. Each culture
supernatant was collected at 2, 4, 6, or 8 h. This result is representative
of three independent experiments.
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from RAW264.7 cells was measured, and it was shown that the
cells phagocytosed a certain amount of bacteria at several time
points. During the time course, proinflammatory cytokines
elicited by OmpC-producing L. casei terminated earlier than
that by the control strain. These results suggest that the re-
combinant strain expressing the heterologous antigen may be
digested more rapidly in macrophages and lose its immune-
stimulating capability at an earlier time point. In this context,
Shida et al. reported previously that Lactobacillus strains ex-
hibiting relatively low sensitivity to N-acetylmuramidase show
high potency to induce IL-12 (34). Hence, the robustness of
bacterial cells is probably an important factor for their immu-
nogenicity. Based on the above findings, the involvement of the
cell wall was speculated in the attenuation of the proinflam-
matory response by OmpC-expressing L. casei. As expected,
the ICW evoked TNF-� release strongly, while a cell wall-
digested fraction induced low levels of cytokine production.
Moreover, a significant difference between the recombinant
strain producing OmpC and the control strain was observed
with the cell wall. This result suggested that the expression of
OmpC in L. casei may cause some sort of conversion in the
structure of the cell wall. The specific structure affected by
OmpC expression will be determined in a further study. In
conclusion, OmpC expression in L. casei affected the N-acetyl-
muramidase sensitivity of the cell wall, which resulted in at-
tenuation of the property to elicit a proinflammatory response
in RAW264.7 cells.

Recently, genetically modified lactobacilli have been devel-
oped for vaccines, anti-allergic agents, and other applications.
Among these studies, reduction or negative effects brought
about by heterologous gene expression have not yet been re-
ported. The attenuation of immunogenicity due to OmpC ex-
pression is probably a unique and exceptional phenomenon;
however, the present study provides important information
about the pleiotropic effects of genetic modifications.
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