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Teichoic acids (TAs), and especially lipoteichoic acids (LTAs), are one
of the main immunostimulatory components of pathogenic Gram-
positive bacteria. Their contribution to the immunomodulatory
properties of commensal bacteria and especially of lactic acid
bacteria has not yet been investigated in detail. To evaluate the
role of TAs in the interaction between lactic acid bacteria and the
immune system, we analyzed the antiinflammatory properties of
a mutant of Lactobacillus plantarum NCIMB8826 affected in the TA
biosynthesis pathway both in vitro (mononuclear cells stimulation)
and in vivo (murine model of colitis). This Dlt� mutant was found
to incorporate much less D-Ala in its TAs than the WT strain. This
defect significantly impacted the immunomodulation reactions
induced by the bacterium, as shown by a dramatically reduced
secretion of proinflammatory cytokines by peripheral blood mono-
nuclear cells and monocytes stimulated by the Dlt� mutant as
compared with the parental strain. Concomitantly, a significant
increase in IL-10 production was stimulated by the Dlt� mutant in
comparison with the WT strain. Moreover, the proinflammatory
capacity of L. plantarum-purified LTA was found to be Toll-like
receptor 2-dependent. Consistent with the in vitro results, the Dlt�

mutant was significantly more protective in a murine colitis model
than its WT counterpart. The results indicated that composition of
LTA within the whole-cell context of L. plantarum can modulate
proinflammatory or antiinflammatory immune responses.
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The human intestinal lumen houses a complex bacterial
microflora constituted of �400 cultivable species (1). The

microbiota established after birth is considered to be essential in
priming the immune system during ontogeny, to limit dysfunc-
tional responses (2). Recent evidence clearly demonstrated that
commensal bacteria regulate intestinal development and func-
tion (3), and interruption of these interactions results in patho-
logical features (4). Different factors have been reported to
contribute to the protective function of gut microflora such as
maintaining a physical barrier against colonization or invasion by
pathogens, facilitating nutrient digestion and assimilation, and
providing immunological surveillance signals at the gut mucosa–
lumen interface (5). It is widely accepted that the intestinal
microflora plays an important role in maintaining the health of
the host and possesses immunomodulating capacities (6–10).
Lactic acid bacteria (LAB) are normal inhabitants of the human
gastrointestinal tract and are major components of the dominant
flora in the small bowel. They are considered beneficial to the
host and as such are being developed for probiotic applications
(11, 12). The health-promoting properties attributed to LAB
strains are multiple and include their capacity to interact with the
host immune system. Notably, their successful use in the pre-
vention of inflammatory bowel disease (IBD) has been described
(13). Recent studies have reported the positive effects of pro-

biotics not only in the prevention of colitis in animal models
(14–16) but also in the maintenance of remission after surgery
in IBD (17–19). We established that the in vivo protective effect
of LAB in a murine 2,4,6-trinitrobenzenesulfonic acid (TNBS)-
induced model of colitis is strain-specific (20, 21). Several LAB
strains were reported to exert in vitro stimulatory properties on
cells of the innate immune system, including macrophages and
natural killer cells, and to induce the production of both
proinflammatory cytokines, such as TNF-� and IL-12, and the
antiinflammatory IL-10 cytokine (6, 7, 10, 22). Previous reports
have suggested that Gram-positive bacteria tend to preferentially
stimulate IL-12 secretion, whereas Gram-negative bacteria pre-
dominantly induce IL-10 from stimulated monocytes and mac-
rophages (23). Nevertheless, substantial differences were found
among LAB strains in their capacity to induce a specific cytokine
profile (6–10). Because IL-10 plays a central role in down-
regulating inflammatory cascades, strains capable of inducing
this cytokine would likely be good candidates for use in IBD
therapeutic intervention studies.

Little is known about the precise mechanisms by which lactoba-
cilli may exert their beneficial effects. The increasing availability of
genome sequences from intestinal species of LAB (24) opens new
possibilities for studying their functionality in the gut. In particular,
the complete genome sequence of Lactobacillus plantarum WCFS1
(a single colony of the L. plantarum NCIMB8826 strain) has been
established (25), which allows detailed studies of the bacterial
compounds involved in the interaction with the host immune
system. Components of the Gram-positive bacterial cell wall, such
as peptidoglycan and teichoic acid (TA) (especially lipoteichoic
acid, LTA), have been shown to be involved in cytokine induction.
For LTA, conflicting results have been reported, which might be
explained by differences in the preparation protocols leading to
more or less endotoxin contamination and loss of residues, espe-
cially D-Ala (26, 27). The quality and level of D-Ala substitution on
TA were shown to be key factors for cytokine induction, as
demonstrated by the synthesis of LTA substituted with L-Ala
instead of D-Ala (28). In the same manner, a number of contro-
versial reports on the involvement of Toll-like receptors (TLRs)
(especially TLR-2 and TLR-4) in LTA-induced cell activation have
been published. Most of these studies have been performed with
endotoxin-contaminated LTAs. Nevertheless, the use of highly
purified LTAs clearly demonstrated TLR-2 signaling in NF-�B
activation, resulting in cytokine production (29, 30). The majority
of the studies conducted so far focused on pathogenic streptococci

Abbreviations: CFU, colony-forming units; IBD, inflammatory bowel disease; LAB, lactic acid
bacteria; LTA, lipoteichoic acid; PBMC, peripheral blood mononuclear cells; TA, teichoic
acid; TLR, toll-like receptor; TNBS, 2,4,6-trinitrobenzenesulfonic acid.

†To whom correspondence should be addressed. E-mail: corinne.grangette@ibl.fr.

‡Present address: Nutrition and Health Department, Nestle Research Centre, CH 1000
Lausanne, Switzerland.

© 2005 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0504084102 PNAS � July 19, 2005 � vol. 102 � no. 29 � 10321–10326

M
IC

RO
BI

O
LO

G
Y



and staphylococci. Therefore, further studies are needed to eluci-
date the active bacterial components responsible for the variable
immunomodulating capacities of LAB. LTAs have been proposed
to mediate adhesion of lactobacilli to epithelial cells (31, 32). LTAs
were also recently shown to be a major mediator of the capacity of
Lactobacillus strains to stimulate TNF-� from macrophages (33).
To our knowledge, the importance of the specific composition of
LTAs in the immunomodulating capacity of lactobacilli has not
been analyzed in detail. In the present work, we compared a mutant
of L. plantarum NCIMB8826 affected in its TA composition with
its WT counterpart. A defect in the LTA D-Ala content profoundly
affected the immunomodulation profile of the mutant. The mutant
was considerably more antiinflammatory than the parental strain,
both in vitro and in a murine colitis model.

Materials and Methods
Bacterial Strains and Growth Conditions. L. plantarum NCIMB8826
(National Collection of Industrial and Marine Bacteria, Aberdeen,
U.K.) used in this study was isolated from human saliva. A mutant
deficient in the D-alanylation of TAs was constructed by disrupting
the dlt operon by single-step homologous recombination using a
suicide knockout vector. To this end, an internal 596-bp fragment
of dltB gene [lp�2018 (24)] was amplified by PCR from NCIMB8826
chromosomal DNA using primers NCIDLTB1 (5�-TTGGTAC-
CGCTGTCGTTAAGATCACACC-3�) and NCIDLTBR2 (5�-
TCGCCCGGGCAACCGCATGTAGATGAAATCACG-3�).
The amplicon was cloned into pCR2.1 plasmid (Invitrogen and Life
Technologies, Leek, The Netherlands), recovered as a BamHI–
XhoI fragment, and subcloned into the BamHI–SalI-digested
pJDC9 suicide plasmid (eryR, ref. 34) to generate pGIE007. The
pGIE007 plasmid was electroporated into L. plantarum
NCIMB8826, and six candidate mutants were selected on Man,
Rogosa, and Sharpe (MRS) (Difco) plates containing both eryth-
romycin (5 �g�ml) and lincomycin (10 �g�ml) (Sigma). One
candidate mutant, designated EP007, was chosen for further char-
acterization. Correct integration of pGIE007 at the dlt locus was
confirmed by PCR. The expected decrease in mRNA size and
absence of a dltB-specific transcript were verified by Northern blot
analyses that confirmed the mutant genotype (data not shown).
Lactobacilli were grown at 37°C in MRS broth in the presence of
5 �g�ml erythromycin for the Dlt� mutant. Streptococcus gordonii
LMG 17843 strain (35) and Escherichia coli TG1 strain (36) were
grown at 37°C in brain heart infusion (Difco) and Luria broth (36),
respectively. For immune cell stimulation, bacteria were grown until
the mentioned times, and the number of colony-forming units
(CFU) was estimated by measuring the optical density at 600 nm.
Cells were harvested by centrifugation, washed twice in sterile PBS
(pH 7.2), resuspended at 109 CFU per ml in PBS containing 20%
glycerol, and stored at �80°C until used for stimulation assays. For
in vivo mouse colitis experiments, bacteria were grown for 48 h,
washed twice, and resuspended at 108 CFU per ml in 0.2 M
NaHCO3 buffer containing 2% glucose.

Cell Purification. Peripheral blood mononuclear cells (PBMC) were
isolated from peripheral blood of healthy donors as described (37).
Briefly, after a Ficoll gradient centrifugation (Amersham Pharma-
cia), mononuclear cells were collected, washed twice with RPMI
medium 1640 (Life Technologies, Paisley, Scotland), and adjusted
to 2 � 106 cells per ml in RPMI medium 1640 supplemented with
50 �g�ml gentamycin, 2 mM L-glutamine, and 10% FCS (GIBCO�
BRL). Monocytes (CD14� cells) were purified by using CD14
antibodies coupled to magnetic microbeads (Miltenyi Biotec),
according to the manufacturer’s recommendations. Briefly, PBMC
(3 � 108 cells) were incubated on ice for 30 min with 300 �l of CD14
antibodies coupled to magnetic microbeads. After a wash, they were
applied onto a column placed in a magnetic field of a MidiMACS
separation unit (Miltenyi Biotec). After elution of the column, cells

obtained by positive selection were washed twice and adjusted at
0.5 � 106 cells per ml in complete RPMI medium 1640.

Induction of Cytokine Release. PBMC (2 � 106 cells per ml) or
monocytes (0.5 � 106 cells per ml) were seeded in 24-well tissue
culture plates (Corning). Twenty microliters of a thawed bacte-
rial suspension at 109 CFU per ml or purified LTA was then
added. PBS containing 20% glycerol was used as negative
(nonstimulated) control. After 24-h stimulation at 37°C in 5%
CO2, culture supernatants were collected, clarified by centrifu-
gation, and stored at �20°C until cytokine analysis. Cytokines
were measured by ELISA using commercial kits according to the
manufacturers’ recommendations.

Purification of LTAs. Highly purified LTAs were prepared from L.
plantarum NCIMB8826 and its isogenic Dlt� mutant as de-
scribed (26). Briefly, defrosted aliquots of bacteria were mixed
with an equal volume of 1-butanol (Merck) under stirring for 30
min at room temperature. After centrifugation at 13,000 � g for
20 min, the aqueous phase was lyophilized, resuspended in
chromatography start buffer (15% n-propanol in 0.1 M ammo-
nium acetate, pH 4.7), and centrifuged at 45,000 � g for 15 min.
The supernatant was subjected to hydrophobic interaction chro-
matography on octyl-Sepharose. The purity and structure of
LTA were analyzed by NMR and MS as described (26).

TLR Knockout Cells. Bone marrow cells were prepared from
C3H�HeN (TLR-4�/�) and C3H�HeJ (TLR-4�/�) mice (pur-
chased from Charles River Laboratories) and from TLR-2 WT
(TLR-2�/�) and TLR-2 knockout (TLR-2�/�) mice, generated
by homologous recombination by Deltagen (Menlo Park, CA)
and kindly provided by Tularik (South San Francisco). The
genetic background of the TLR-2 mice was C57BL�6. All TLR-2
mice were bred in the animal facility at the University of
Konstanz. Mice were fed ad libitum with Altromin 1314 (Al-
tromin, Lage an der Lippe, Germany) and kept at 20–22°C,
50–60% air humidity at a 12-h day�night cycle. Bone marrow
cells were isolated from the femurs by rinsing with 10 ml of
ice-cold PBS and transferred to siliconized glass tubes (Vacu-
tainer, BD Biosciences, Heidelberg). After centrifugation, cells
were resuspended in RPMI 1640 medium (PAA, Linz, Austria)
containing 10% FCS (GIBCO�Invitrogen) and transferred to
96-well cell culture plates (5 � 105 cells per well, Greiner,
Frickenhausen, Germany). Murine bone marrow cells were then
stimulated with LTA from Staphylococcus aureus, prepared in
house according to Morath et al. (26), L. plantarum NCIMB8826,
the Dlt� mutant (for preparation see above), or whole bacteria,
and then incubated for 24 h at 37°C and 5% CO2. LPS from
Salmonella abortus equi (Sigma) served as a positive stimulation
control for TLR-2�/� cells and also to confirm the defect of
TLR-4 of cells from the C3H�HeJ mice.

Induction of Colitis. Animal experiments were performed at the
animal facility of the Institut Pasteur de Lille (French-accredited
establishment A59107) according to French government guide-
lines 86�609�CEE. Adult BALB�c mice purchased from Iffa
Credo, St Germain sur l’Arbresle, France were group-housed
(8–10 per cage) and had free access to regular rodent chow and
tap water. For colitis induction, anesthesized mice received an
intrarectal administration of 40 �l of a solution of TNBS (100
mg�kg, Fluka) dissolved in 0.9% NaCl�ethanol (60:40 vol�vol).
Control mice received 40% ethanol. Animals were killed by
cervical dislocation 2 days after TNBS administration. To study
the effect of selected LAB on colitis, 107 CFU of L. plantarum
NCIMB8826 WT or Dlt� mutant were administered once daily
by intragastric gavage, starting 5 days before and until 1 day after
TNBS administration. Mice were weighed before colitis induc-
tion and at death. Suboptimal bacterial doses (leading to partial
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or no protection in the case of the WT) were used in these
experiments to highlight the functional differences between the
WT and the mutant strains. Macroscopic lesions of the colon
were evaluated according to the Wallace criteria (38) that reflect
both the intensity of inflammation and the extent of the lesions.
A colon sample located in the most injured area was fixed in 4%
paraformaldehyde and embedded in paraffin. Four-micrometer
sections were stained with May Grünwald-Giemsa and blindly
scored according to the Ameho criteria (39). This grading on a
scale from 0 to 6 takes into account the degree of inflammatory
infiltrate, the presence of erosion, ulceration, or necrosis, and the
depth and surface extension of the lesion.

Statistics. Comparisons between the different animal groups
were analyzed by the nonparametric Wilcoxon ANOVA test.
Differences were considered significant if P was �0.05.

Results
Dlt� Mutant of L. plantarum NCIMB8826 Presents a Defect in D-
Alanylation of TAs. L. plantarum is described in the literature as
producing LTA substituted with D-Ala and D-glucose (40). The dlt
operon, responsible for D-alanylation of TAs (41), was disrupted in
the L. plantarum NCIMB8826 strain by single-step chromosomal
integration of a suicide vector carrying dltB, generating the Dlt�
mutant (see Materials and Methods). The recently published pro-
tocol for the preparation of highly purified biologically active LTA
(26) was applied to L. plantarum, and the molecular composition of
the WT and mutant LTAs was determined by NMR spectroscopy.
This analysis confirmed that the LTA from L. plantarum
NCIMB8826 is constituted of polyglycerol phosphate (polygroP)
polymers with D-Ala as major substituent. LTA from the WT strain
displayed 41.7% of groP units substituted with D-Ala, whereas only
1.1% of groP of the major LTA fraction from the Dlt� mutant
carried D-Ala residues. This strong reduction in D-alanylation of the
Dlt� LTA was expected because the Dlt machinery necessary for
D-Ala incorporation was inactivated. Surprisingly, the LTA from
the Dlt� mutant contained a large amount of glucose substitutions
on groP (24.2%), whereas glucose substitutions were nearly unde-
tectable in WT LTA (data not shown).

L. plantarum NCIMB8826 WT and Dlt� Mutant Differentially Induce
IL-10, IL-12, TNF-�, and IFN-� Secretion by PBMC and Monocytes. We
first compared the cytokine profiles induced by the L. plantarum
WT and Dlt� mutant strains collected at different times of
bacterial growth (8, 24, 48, and 72 h). Both strains were able to
induce IL-10 secretion from stimulated PBMC, but the induction
of this cytokine was substantially enhanced when immune cells
were stimulated by the Dlt� mutant. Concomitantly, the Dlt�

mutant showed a significant decrease of proinflammatory cyto-
kines, and this affect was more pronounced when bacteria were
grown for 48 h (data not shown). This time point of 48 h was,
therefore, selected for further experiments performed on a
larger number of blood donors (n � 11). In addition, a Gram-
positive strain (Streptococcus gordonii LMG 17843) and a Gram-
negative (E. coli TG1) strain were included as internal controls.
Consistent with the previous experiment, the Dlt� mutant
induced increased levels of IL-10 secretion from PBMC in
comparison to the WT strain (Fig. 1) together with decreased
production of T helper 1�proinflammatory cytokines (IL-12,
TNF-�, and IFN-�). As described (23), the Gram-negative
bacterium (E. coli) induced much higher levels of IL-10 than the
Gram-positive bacteria (L. plantarum NCIMB8826 and Strepto-
coccus gordonii). Conversely, the L. plantarum WT induced more
IL-12 than E. coli. Similar results were obtained for IL-10, IL-12,
and TNF-� secretion after stimulation of purified monocytes
(data not shown). After stimulation of both PBMC and mono-
cytes, the ratio of IL-10 to IL-12 production (Table 1) was
similarly low for L. plantarum and Streptococcus gordonii (1.1 and

0.5 for PBMC and 3.4 and 2.7 for monocytes, respectively). In
contrast, the IL-10�IL-12 ratio was higher for E. coli (12.9 for
PBMC and 26.8 for monocytes) and dramatically increased for
the Dlt� mutant (160.8 for PBMC and 122.0 for monocytes).

The in Vitro Immunomodulating Properties of the Dlt� Mutant Are
Linked to Its LTA Composition. Because a defect in D-alanylation of
TAs in the Dlt� mutant dramatically altered the immune mod-
ulating properties of L. plantarum NCIMB8826, the immuno-
stimulatory properties of purified LTAs were evaluated. The
LTA from the NCIMB8826 WT strain was able to stimulate the
production of TNF-�, IL-1�, IL-6, and IL-8 by PBMC especially
at a dose of 10 �g�ml, whereas LTA isolated from the Dlt�

mutant induced very low levels of IL-1� and IL-6 and virtually
no TNF-� even at this highest dose (Fig. 2). Previous reports
have shown that cytokine induction by highly purified LTAs
from pathogenic Gram-positive bacteria is TLR-2-dependent.
TNF-� induction by L. plantarum LTAs was therefore examined
by using bone marrow cells isolated from TLR-2�/� and TLR-
2�/� mice. The stimulating capacity of LTAs purified from the
L. plantarum WT and Dlt� strains was compared with that of
Staphylococcus aureus LTA. Although being a weaker inducer of
cytokine release than the latter, the LTA from L. plantarum WT
was able to induce TNF-� release from bone marrow cells of
TLR-2�/� mice (Fig. 3A). In line with the results obtained for
PBMC, the TNF-�-inducing capacity of the LTA isolated from

Fig. 1. Cytokine response of human PBMC to stimulation with L. plantarum
NCIMB8826 WT, the isogenic Dlt� mutant, E. coli TG1, and Streptococcus
gordonii LMG 17843 strains. Bacteria were collected after 48 h (lactobacilli) or
24 h (E. coli and Streptococcus gordonii) of growth. Results represent the
mean � SEM for the response of 11 blood samples (individual donors).

Table 1. IL-10�IL-12 ratio secreted by human PBMC and
monocytes stimulated by selected bacteria

Bacteria PBMC Monocytes

NCIMB8826 1.1 3.5
Dlt� mutant 160.8 122.0
E. coli 12.9 26.8
Streptococcus gordonii 0.5 2.7

Human PBMC and monocytes from 11 donors were purified and stimulated
with each of the bacterial strains at a concentration of 1 � 107 CFU per ml. IL-12
and IL-10 concentrations were measured by ELISA in the cell-free supernatant
after 24 h. Results are expressed as IL-10�IL-12 ratio.
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the Dlt� mutant was strongly reduced. It was notable that all
three LTAs tested were unable to stimulate TNF-� release from
TLR-2�/� mice-derived cells, suggesting a strong dependence of
TLR-2 for the induction of cytokines by LTAs. We next inves-
tigated the TLR-2 dependence of whole bacteria (Fig. 3B). As
expected, the L. plantarum WT strain was more potent in
inducing TNF-� from the cells derived from TLR-2�/� mice than
its isogenic Dlt� mutant. Cytokine induction by whole WT L.
plantarum bacteria from cells of TLR-2�/� mice was significantly
but not totally inhibited, showing only a partial TLR-2 depen-
dence. In contrast, the Dlt� mutant displayed no significant
TLR-2 dependence. The same experiments were performed with
bone marrow cells from TLR-4 mutated (C3H�HeJ) mice and
compared with TLR-4 WT (C3H�HeN) mice. The results dem-
onstrated no TLR-4 dependence for either purified LTAs or
whole bacteria (data not shown), highlighting the specific role of
TLR-2 in the observed effect.

In Vitro Antiinflammatory Properties of the Dlt� Mutant Were Con-
firmed in Vivo in a TNBS-Induced Murine Colitis Model. To evaluate
the in vivo immunomodulatory potential of the two L. plantarum
strains, we compared the development of TNBS-induced colitis
in mice that were treated, or not, with L. plantarum WT and Dlt�

mutant strains. Notably, the percentage of mice displaying
diarrhea after TNBS administration was much lower in the group
of animals gavaged with the Dlt� mutant (11.1%) than in the
group of mice receiving the L. plantarum WT strain or no

bacteria treatment (55.5% in both cases) (data not shown). We
observed that weight loss was significantly reduced in mice
receiving the Dlt� mutant as compared with mice receiving no
bacteria or receiving the L. plantarum WT strain (Fig. 4A).
Characteristic features of colitis were observed 2 days after
administration of TNBS in the mice receiving no bacteria,
leading to a Wallace score of 3.5 � 0.5 (Fig. 4B), which
corresponds to several areas of ulceration accompanied by
intestinal wall thickening. Histological analysis performed on
these mice revealed large areas of ulceration with important
inflammatory infiltrates together with necrosis, leading to an
Ameho score of 4.4 � 0.6 (Figs. 4C and 5B). More precisely, four
of nine mice in this group displayed large areas of necrosis
extending through the muscularis mucosae (Ameho score of 6).
Even though the results obtained with mice treated with L.
plantarum WT strain in these experimental conditions were not
significantly different (macroscopic and histological analyses)
from the group of mice receiving no bacteria, mice gavaged with
the WT bacteria had a tendency to display milder colitis as
assessed macroscopically (Fig. 4B) and histologically (Figs. 4C
and 5C). In particular, only one of eight mice displayed histo-
logical inflammation, leading to an Ameho score graded to 6. In
contrast, mice that had received the Dlt� mutant displayed
significantly (P � 0.05) less severe lesions. On a macroscopic
level, necrotic lesions were observed in only one mouse of eight,

Fig. 2. Cytokine response of human PBMC to stimulation with 1 or 10 �g�ml
of LTAs purified from the L. plantarum NCIMB8826 WT (filled bars) or the
isogenic Dlt� mutant (hatched bars). Results represent the mean � SEM for
the response of six blood samples (individual donors).

Fig. 3. TNF-� response of bone marrow cells derived from TLR-2�/� (black
bars) and TLR-2�/� (gray bars) mice to stimulation by 10 �g�ml purified
bacterial LTA (A) or whole bacteria (5 � 104 CFU) (B). Results represent the
mean � SEM (n � 4). *, P � 0.05 represents significant differences.

Fig. 4. Effect of preventive administration of L. plantarum NCIMB8826 WT
and Dlt� mutant strains on acute colitis induced in BALB�c mice by intrarectal
administration of TNBS. (A) Weight variation between day 5 (TNBS adminis-
tration) and day 7 (death). (B and C) Wallace (B) and Ameho (C) inflammation
scores. Results are means � SEM of one representative experiment (eight or
nine mice per group). Significant P � 0.05 (**) or � 0.1 (*), as compared with
the TNBS control group.

Fig. 5. Representative histological sections of colonic tissues of BALB�c mice
obtained 2 days after intrarectal TNBS�ethanol administration. Shown are
colon sections of mice receiving no LAB and ethanol 40% (A), TNBS-treated
mice receiving no LAB (B), TNBS-treated mice gavaged with L. plantarum
NCIMB8826 WT strain (C), or TNBS-treated mice gavaged with the Dlt� mutant
(D). (Magnification: �100.)
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whereas the others suffered solely from hyperemia and thick-
ening of the intestinal wall, leading to a Wallace score of 1.6 �
0.6 (Fig. 4B). These results were confirmed by histological
observations (Ameho score of 2.4 � 0.5) (Fig. 4C) that evi-
denced only mild inflammatory infiltrates and limited edema
(Fig. 5D). Control mice receiving 40% ethanol intrarectally
displayed neither macroscopic (data not shown) nor histological
lesions (Fig. 5A).

Discussion
The use of probiotics has been proposed as a way to stimulate or
regulate the mucosal immune system and thereby assist in
maintaining the gut immunological barrier. Their positive effects
have been studied in the treatment and prevention of various
intestinal disorders, including colitis in animal models and IBD
in humans (14–19). However, the mechanisms underlying these
effects and especially the role of bacterial cell-wall components
are currently not well understood. The capacity of lactobacilli to
variably induce proinflammatory or antiinflammatory cytokines
indicates that different strains of Lactobacillus may differentially
stimulate immune cells and could therefore exert opposite
immunoregulatory effects (6–8, 10).

In this study, we established the importance of TA (especially
LTA) composition in the ability of lactobacilli to differentially
impact on the host immune system. By analyzing the properties of
a cell-wall mutant affected in D-alanylation of TA (Dlt� mutant) in
vitro, we observed that a defect in D-Ala substitution of the TA
and�or the replacement of D-Ala by glucose led to a strong increase
in the capacity of the strain to induce IL-10. The IL-10�IL-12 ratios
obtained after PBMC or monocyte stimulation indicated a signif-
icant change in the immunomodulation properties of the Dlt�
mutant in comparison to the parental strain, leading to a substantial
reduction in the inflammatory potential. D-Ala substitution in TA
was further linked with the in vitro induction of T helper 1�proin-
flammatory cytokines by the WT L. plantarum strain. Because
traditional methods used to prepare LTAs were reported to com-
promise their purity and quality and may lead to a loss of D-Ala
residues, a purification method was used in this study that allowed
preparation of highly purified and biologically active LTA from
both strains (26). We confirmed that LTA from L. plantarum
NCIMB8826 was constituted of polyglycerol phosphate (polygroP)
polymers with D-Ala as major constituent (41% of substitution).
Strikingly, LTA from this WT strain was a more potent inducer of
TNF-�, IL-1�, IL-6, and IL-8 secretion by PBMC than was LTA
from the Dlt� mutant, which displayed only a 1.1% D-Ala substi-
tution. It is noted that Staphylococcus aureus LTA, which carries
�70% of D-Ala substitution (26), induced even higher levels of
TNF-�. Collectively, these observations provide further evidence of
the proinflammatory properties of D-Ala as a constituent of LTA,
as was demonstrated by the synthesis of LTA substituted with L-Ala
instead of D-Ala (28).

It is becoming evident that the recognition of specific microbial�
pathogen-associated patterns, such as LTA, is mediated by pattern
recognition receptors (PRRs) that signal the presence of specific
microorganisms to the host. The TLR family is the best-
characterized class of PRRs in mammalian species. Rakoff-
Nahoum et al. (42) recently reported that signaling of commensal
bacteria through TLRs under normal steady-state conditions plays
a crucial role in the maintenance of intestinal epithelial homeosta-
sis. Previous studies have shown that highly purified LTA from
Staphylococcus aureus was able to activate cellular responses via
TLR-2 (29, 30). Matsuguchi et al. (33) provided similar results for
LTA-enriched protoplast fractions and purified LTA from two
Lactobacillus strains (L. fermentum and L. casei). However, as
mentioned by those authors, the identification of the responsible
TLR in the recognition of the LTA of different Gram-positive
bacteria remains controversial. Here, we established that the proin-
flammatory capacity of highly purified and biologically active LTAs

from the L. plantarum WT and Dlt� mutant strains is clearly
TLR-2-dependent. Nevertheless, a partial but significant TLR-2
dependence of the immunostimulating capacity of L. plantarum
WT whole cells was observed. Interestingly, the Dlt� mutant cells
were less potent in inducing the proinflammatory cytokine TNF-�
and showed no significant TLR-2 dependence. This finding indi-
cates that TLR-2 dependence is linked to the presence of biological
active LTA, but that other receptors might also be involved in
Gram-positive bacteria recognition depending on cell envelope
structural differences among species or even strains (33). In our
case, we have demonstrated the impact of LTA substitution on the
immunomodulating properties of L. plantarum. The increased
antiinflammatory capacity of the L. plantatum Dlt� mutant might
actually be an indirect consequence of the reduction in D-Ala
substitution and could be linked to other cell envelope components
that are less effective or masked when TAs are correctly substituted
and exert full biological activity. Travasso et al. (43) recently
demonstrated that highly purified peptidoglycan is preferentially
detected through intracellular receptors (Nod1�Nod2). Nod2�
Card15 signaling was shown to inhibit TLR-2-driven activation of
NF-�B (44), and Card15 mutations have been associated with
Crohn’s disease (45). Therefore, perhaps in the absence of biolog-
ically active LTA, unmasked peptidoglycan of the Dlt� mutant
strain may exert an inhibitory effect on the proinflammatory NF-�B
cascade through Nod2 signaling. The protective effect of beneficial
LAB could also be mediated by the release of soluble factors that
alter epithelial permeability (46) or exert inhibitory effects on the
inflammatory cascade (47). These observations raised the question
of whether soluble factors or cytoplasmic bacterial components,
such as DNA, play a major role in the immune effect of probiotic
bacteria. Recent reports indeed described the role of probiotic
genomic DNA, notably in IL-10 induction (48). Moreover, Rach-
milewitz et al. (49) showed that TLR-9 signaling is essential in
mediating the antiinflammatory effect of the bacteria they studied,
supporting the key role of genomic DNA carrying specific unmeth-
ylated CpG motifs. In a recent article (50), it was argued that such
findings do not rule out the effect of other bacterial components in
different signaling pathways, such as IL-10 synthesis and secretion.
IL-10 plays a central role in down-regulating inflammatory cas-
cades. A genetically engineered Lactococcus lactis strain has been
used successfully for local administration of this cytokine, leading
to protection against colitis in two different mouse models (51). The
Dlt� mutant was shown to be a strong inducer of IL-10, and in vivo
studies in a murine TNBS-induced colitis model demonstrated a
significant antiinflammatory effect. This result would suggest that
endogenous production of IL-10 was as beneficial as local delivery
of this cytokine.

Taken together, these results emphasize the importance of
LTA composition in the proinflammatory or antiinflammatory
properties of Lactobacillus cells, but also point to the potential
for use of specific Lactobacillus cell wall mutants for treatment
of IBD. Moreover, the data provide a rational explanation for
the sometimes-conflicting evidence reported in the literature on
the immunomodulation effect of different closely related species
or strains, owing to variations in cell wall composition. Last, this
study emphasizes the usefulness of targeted isogenic mutants in
assessing the role of specific bacterial components in the inter-
action with the host immune system, an approach that is fully
supported by the recent availability of full genome sequences for
a number of probiotic LAB.
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