Biosci. Biotechnol. Biochem., 71, 70414-1-7, 2007

MyD88 but Not TLR2, 4 or 9 Is Essential for IL.-12 Induction
by Lactic Acid Bacteria

Shintaro Icaikawa,"" Rei Funi,! Daisuke Funwara,' Yutaka Komryama,'
Tsuneyasu Karsno,”> Masahiro SakacucHr,® and Yutaka Konisur!

'Central Laboratories for Frontier Technology, Kirin Holdings Company Ltd.,

1-13-5 Fukuura, Kanazawa-ku, Yokohama 236-0004, Japan

2Laboratory for Host Defense, RIKEN Research Center for Allergy and Immunology,
1-7-22 Suehiro-cho, Tsurumi-ku, Yokohama 230-0045, Japan

3Department of Veterinary Microbiology, School of Veterinary Medicine, Azabu University,

70414 (399)

M3

1-17-71 Fuchinobe, Sagamihara, Kanagawa 229-8501, Japan

Received July 2, 2007; Accepted August 17, 2007; Online Publication, December 7, 2007

[doi:10.1271/bbb.70414]

Although lactic acid bacteria (LAB) affect the im-
mune system, for example, having an anti-allergic effect,
little is known about the actual mechanisms of immune
modulation. Toll-like receptors (TLRs) recognize con-
served microbial molecular patterns, and are presumed
to be involved in the recognition of LAB. However,
there are few detailed reports examining the relation-
ships between TLR and LAB. We measured here
production of IL-12, a cytokine considered to play an
important role in anti-allergic effects, induced by
Lactobacillus paracasei strain KW3110 and other typical
LAB by cells from TLR2-, TLR4-, TLRY- and myeloid
differentiation factor 88 (MyD88)-deficient mice. Un-
expectedly, similar cytokine production from wild-type
and TLR2-, 4- and 9-deficient mice was observed. In
contrast, cells from MyD88-deficient mice failed to
respond to stimulation with LAB. It is therefore
concluded that although LAB, including strain
KW3110, are not likely to be recognized by TLR2, 4
or 9, MyDS88 is essential for the response to these
bacteria.
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A number of studies has indicated that lactic acid
bacteria (LAB) have anti-allergic effects in certain
cases.'™ We have previously reported that the KW3110
strain of Lactobacillus paracasei had the most potent IL-
12-induction efficacy of more than 100 other LAB
species tested. Furthermore, when orally administered to
mice, this strain was found to inhibit IgE production in

vivo.”) Moreover, orally administered KW3110 im-
proved the allergic symptoms in an atopic dermatitis
model (Wakabayashi et al., manuscript submitted for
publication). One of the key factors contributing to these
anti-allergic effects is believed to be IL-12 produced by
the antigen-presenting cells (APCs). This induces Thl
responses and reduces IL-4 and IgE production in vitro
and in vivo.5” Although KW3110 and other LAB are
potent IL-12 inducers, the mechanism for this activity
has not been identified.

Toll-like receptors (TLRs) comprise a family of
pattern-recognition receptors’ that recognize specific
molecular patterns related to microbial components.'%!D
TLR2 recognizes microbial lipoteichoic acid, the pepti-
doglycan of Gram-positive bacteria and lipoproteins,
TLR4 recognizes lipopolysaccharide (LPS) from Gram-
negative bacteria, while TLR9 is the receptor for
bacterial CpG-DNA.!? These receptors act as the first
line of defense against many bacteria and play an
important role in the innate immune system. Interaction
between TLRs and their ligands leads to the activation
of several signaling cascades such as the NF-«b path-
way, followed by cytokine production including IL-12
and upregulation of the costimulatory molecules.'® It is
known that signal transduction by the members of this
family (except for TLR3) requires the adapter molecule,
myeloid differentiation factor 88 (MyD88),!” and that
MyD88-deficient animals fail to respond to pathogenic
microbial infection.!¥

As LAB, including strain KW3110, are Gram-positive
bacteria, it was anticipated that they would be recog-
nized by these TLRs. In fact, several studies have
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suggested that peptidoglycan or CpG-DNA derived from
lactobacillus did indeed induce the activation of innate
immunity.!>!® In these reports, however, the analyses
were performed with purified microbial components,
rather than whole organisms. It is therefore not yet clear
how whole LAB are recognized by APCs. Here, using
TLR-deficient mice, we examined how heat-killed LAB
are recognized to induce IL-12 production. Unexpect-
edly, no loss of recognition or cytokine induction was
apparent in TLR2-, 4- or 9-deficient mice stimulated by
strain KW3110 or any other immunomodulating LAB.
In contrast, MyD88-deficient mice did not respond to
LAB at all. We also examined the compensation
between each TLR-mediated IL-12 induction, and
considered that it was not likely to occur in KW
stimulation. It is therefore possible that MyD88-depend-
ent but not TLR2-, 4- or 9-dependent signaling pathways
are responsible for the recognition of both KW3110 and
other LAB.

Materials and Methods

Mice. Male C57BL/6 and BALB/c mice were
purchased from Charles River Laboratories Japan
(Kanagawa, Japan). Male MyD88-, TLR2-, TLR4- and
TLRO-deficient mice with the C57BL/6 genetic back-
ground were obtained from Oriental Bioservice (Kyoto,
Japan). The experiments were performed in accordance
with the guidelines for care and use of laboratory
animals of Kirin Holdings Co., Ltd. (Tokyo, Japan).

Materials. LPS derived from Salmonella typhosa was
purchased from Sigma (St. Louis, MO, USA). Oligo-
deoxynucleotides containing unmethylated CpG motifs
(1668) were obtained from Hycult Biotechnology
(Netherlands). Synthetic lipoprotein FSL-1 was pur-
chased from InvivoGen (San Diego, CA, USA). Fluo-
rescein (FITC)-conjugated anti-mouse CD40 (clone
HM40-3), CD80 (clone 16-10A1) and CD86 (clone
GL1) were purchased from e-Bioscience (San Diego,
CA, USA). phycoerythrin (PE)-conjugated anti-mouse
CDllc (clone HL3) and FITC-conjugated anti-mouse
CDI11b (clone M1/70) were purchased from BD
PharMingen (San Diego, CA, USA). Anti-mouse
CDl1lc microbeads were purchased from Miltenyi
Biotec (Germany). The heat-killed bacterial strains used
in this study (Lactobacillus rhamnosus GG, Lactobacil-
lus casei Shirota, Lactobacillus acidophilus 1.-92,
Lactobacillus johnsonii Nestle and Lactobacillus para-
casei KW3110) were prepared as described in a previous
study.”

Preparation of bone marrow-derived DCs. To prepare
bone marrow-derived dendritic cells (BM-DCS) in vitro,
BM cells were removed from the femora and tibia and
passed through a nylon mesh. Cells were then cultured
for 8 days in 10-cm non-tissue culture-treated dishes
with an RPMI 1640 medium (Sigma) supplemented with
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5% fetal calf serum (FCS; Roche, Switzerland), pen-
icillin/streptomycin (Sigma) and 20 ng/ml of the murine
granulocyte/macrophage  colony-stimulating  factor
(GM-CSF; Kirin Holdings, Japan). After 4 days of
culture, an equal volume of 20ng/ml of GM-CSF/5%
FCS RPMI was added to the dish. At the end of the
culture, the non-adhering cells were collected and
incubated with anti-mouse CDIl1c microbeads. The
CDllc+ cells were then separated by autoMACS
(Miltenyi Biotec), those cells being used as BM-DCs
with a purity >95%.

Cell culture and cytokine production. Cells from the
spleen, mesenteric lymph nodes (MLN) or Peyer’s Patch
(PP) were suspended at 2.5 x 106/ml in 10% FCS
RPMI and cultured for 72 h with or without 1 pug/ml of
the different bacterial strains. BM-DCs were suspended
at 5 x 105/ml in 5% FCS RPMI and cultured with 1 um
CpG, 1 or 10 ug/ml of LPS, 1 ug/ml of FSL-1, 1 ug/ml
of KW3110 or 1ug/ml of NRIC 1942 alone or in
combination for 24h. At the end of the culture, each
supernatant was collected and BM-DCs were harvested
for a FACS analysis. Cytokines were measured by using
commercially available enzyme-linked immunosorbent
assay kits for IL-12p70, IL-10 and TNF-a (BD Phar-
Mingen).

Results

Similar levels of cytokine production were induced by
lactobacillus stimulation of the cells from TLR2-, 4-, or
9-deficient and wild-type mice

TLRs are considered as key players.in the induction
of cytokine production by microbial stimulation. TLR2
and 4 are thought to recognize components of the
microbial cell wall, whereas TLR9 is considered to
recognize CpG DNA.!” To evaluate the importance
of TLR for inducing IL-12 production by KW, we
examined the responses of cells from TLR2-, 4- and 9-
deficient mice. Unexpectedly, the spleen and MLN cells
from the TLR2-, 4- or 9-deficient mice secreted the same
or even larger amounts of IL-12 than the wild-type (WT)
mice (Fig. 1A). The production of IL-12 decreased to
some extent in PP cells from the TLR2- and 9-deficient
mice, compared to that of the WT mice, but the
difference wad not significant. Furthermore, in addition
to IL-12, KW also induced similar amounts of tumor
necrosis factor (TNF)-« and IL-10 in the TLR2-, 4- or 9-
deficient mice to the WT mice (Fig. 1B). To investigate
whether cytokine production by cells from the TLR-
deficient mice was specific for KW3110, we next used
typical immunomodulatory LAB as stimuli. No sub-
stantial differences in IL-12, TNF-« and IL-10 produc-
tion by WT or TLR2-, 4-, or 9-deficient splenocytes,
each stimulated by L. casei, L. rhamnosus, L. acidophi-
lus, L. johnsonii or L. paracasei, were seen (Fig. 1C, not
shown for TNF-« and IL-10). These data suggest that
TLR2-, 4- or 9-deficiency was not crucial for either IL-
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Fig. 1.
TLR2-, 4- or 9-Independent Manner.

Lactobacilli Including L. Paracasei Strain KW3110 (KW) Generally Induced Cytokine Production by Spleen, MLN and PP Cells in a

A, Spleen, MLN or PP were removed from WT, TLR2-, 4- or 9-deficient mice and cultured with 1 pg/ml of KW3110 for 72 h. The levels of
IL-12p70 in the culture supernatants were determined by ELISA. B, The IL-10 and TNF-o concentrations in culture supernatants from WT,
TLR2-, 4- or 9-deficient mouse splenocytes were determined by ELISA. C; Splenocytes from WT, TLR2-, 4- or 9-deficient mice were cultured
with of without 1 pg/ml of Lactobacilli (rhamnosus, casei, acidophilus, johnsonii or paracasei) for 72 h, and the levels of IL-12p70 in the culture
supernatants were determined by ELISA. Open bars show WT mice and gray bars show TLR-deficient mice. Each data value is the mean & SD

of three mice.

12 production or other cytokine secretion following KW
stimulation and, moreover, that this was likely to be a
general finding for the immune responses against the
other LAB species as well.

IL-12 production from BM-DCs upon KW stimulation
was independent of TLR2, 4 or 9

DCs are potent IL-12-producing cells and likely to
contribute to IL-12 production following KW stimula-
tion. To analyze the correlation between KW stimulation
and TLR recognition more fully, we examined the
responses of BM-DCs from TLR-deficient mice. Imma-
ture BM-DCs induced from TLR2-, 4- or 9-deficient
bone marrow cells were purified by MACS (>95%) and
cultured with CpG, LPS (or FSL-1) or KW for 24 h.
Although BM-DCs from the TLR2-, TLR4- and TLR9-
deficient mice respectively showed impaired IL-12
production upon FSL-1, LPS and CpG stimulation, they
still produced the same levels of IL-12 as the WT mice
after KW stimulation (Fig. 2A). These results are
therefore consistent with those just described for the
splenocytes. To further investigate the maturation of
BM-DCs, cells were harvested at the end of culture, and
CD40 expression was analyzed by flow cytometry
(Fig. 2B). Although the CD40 expression did not

increase with BM-DCs from TLR2-, 4- and 9-deficient
mice after respective FSL-1, LPS, CpG stimulation, it
did increase with BM-DCs from the TLR2- or 4-
deficient mice with CpG stimulation and from TLRO-
deficient mice with LPS stimulation. In contrast,
increased CD40 expression was detected with BM-
DCs derived from TLR-deficient mice of the same level
as WT mice after KW stimulation. The expression of
CD80 and CD86 was also increased with BM-DCs of
TLR-deficient mice stimulated with KW (data not
shown). These data are also consistent with the notion
that TLR2, 4, or 9 was not necessary for the recognition
of KW.

MyD88 was indispensable for IL-12 production after
KW stimulation

Contrary to expectations, TLR deficiency did not
affect IL-12 production upon KW stimulation. We
therefore questioned whether TLR signaling was at all
necessary for IL-12 production. Spleen, MLN, or PP
cells from mice deficient in MyD88 (a known adapter
molecule for TLR signaling) were cultured with KW,
and IL-12 production assayed. As shown in Fig. 3A, IL-
12p70 was undetectable in the spleen, MLN or PP cells
from MyD88-deficient mice. The same result was
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Fig. 2. ' Stimulation with Strain KW3110 Induced Normal Activation and Cytokine Production by BM-DCs Derived from TLR2-, 4- or 9-Deficient
Mice.

Immature BM-DCs derived from TLR4- or 9-deficient mice were cultured with 1 pm CpG, 10 pg/ml of LPS or 1 pg/ml of KW3110, and those
from TLR2-deficient mice were cultured with 1 um CpG, 1 pg/ml of FSL-1 or 1 ug/ml of KW3110 for 24 h. A, The IL-12p70 concentrations of
culture supernatants were determined by ELISA. Open bars show WT mice and gray bars show TLR-deficient mice. Each data value is the
mean =+ SD of three mice. B, Cultured BM-DCs were harvested and stained with the anti-CD40 mAb. CD40 up-regulation of BM-DCs was
analyzed by flow cytometry. Gray shading represents non-stimulated BM-DCs, the gray line represents KW-stimulated BM-DCs of WT mice,
and the black line represents KW-stimulated BM-DCs of TLR-deficient mice.
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Fig. 3. MyD88 Was Necessary for IL-12 Induction and BM-DC Activation by the L. Paracasei KW3110 Strain.

Spleen, MLN or PP cells removed from WT and MyD88-deficient mice were cultured as described in Fig. 1. Figure 3A represents the IL-
12p70 production of KW3110-stimulated spleen, MLN and PP cells. The IL-12p70 production by splenocytes stimulated with various strains of
Lactobacillus was measured as described in Fig. 3B. Open bars show WT mice and gray bars show TLR-deficient mice. Each data value is the
mean =+ SD of three mice. BM-DCs from WT and MyD88-deficient mice were cultured, and the IL-12p70 production (C) and CD40 expression
(D) were analyzed as described in Fig. 2. Gray shading represents non-stimulated BM-DCs, the gray line represents KW-stimulated BM-DCs of
WT mice, and the black line represents KW-stimulated BM-DCs of TLR-deficient mice.
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Fig.4. 1L-12 Production by BM-DCs Stimulated by Multiple
Ligands.

Immature BM-DCs were derived from B57BL/6 mice and
cultured for 24h with LPS (1pg/ml), CpG (1um) and FSL-1
(1 pg/ml) alone or in combination. The IL-12p70 concentration in
each culture supernatants was measured. Each data value is the
mean =+ SD of triplicate cultures of one representative experiment of
two.

obtained with splenocytes stimulated with other strains,
and also with BM-DCs stimulated with KW (Fig. 3B
and C). It is clear that MyD88 was essential for IL-12
induction after stimulation by KW and the other LAB
strains. No increased CD40 expression with BM-DCs
from MyD88-deficient mice was ever observed after
KW stimulation, or after CpG stimulation (Fig. 3D). On
the other hand, some up-regulation of CD40 was
detected following LPS stimulation. This might suggest
the presence of an MyD88-independent pathway of
activation, as reported previously.'¥

Combinations of TLR agonists synergistically induced
IL-12 production from BM-DCs

To examine how different TLR ligands would work
together for the induction of IL-12p70, BM-DCs derived
from WT mice were cultured with LPS, CpG or FSL-1
alone or in combination, and IL-12 production was
measured. A combination of LPS/CpG and LPS/FSL-1
showed synergy for IL-12 production (Fig. 4), while a
combination of CpG/FSL-1 also showed at least an
additive effect. These findings suggest that it was
unlikely that signaling by the remaining TLRs respond-
ing to KW could compensate for deficient TLR signal-
ing in the single TLR-knockouts.

Discussion

KW is a unique strain that induces strong IL-12
production and exerts anti-allergic effects by improving
the Th1/Th2 balance.” In many studies, TLR2-, 4-, or 9-
deficient mice have show reduced IL-12 production
following their stimulation with several kinds of micro-
bial agents.!”??) From those studies, it was expected that
KW would also be recognized and induce IL-12
production via TLR. In the present study, however, IL-
12 production from splenocytes of the TLR2-, 4- or 9-
deficient mice was similar to that of WT mice following
their KW stimulation (Fig. 1A). Unexpectedly, it was
therefore demonstrated that TLR2-, 4- or 9-deficiency
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had no effect on IL-12 production. We then prepared
BM-DCs to clearly analyze the requirement for TLR on
pure DCs. BM-DCs up-regulated such surface molecules
as CD40, CD80 and CD86, and produced the same level
of IL-12 in TLR2-, 4- or 9-deficient mice as in WT mice
after their KW stimulation (Fig. 2). In addition, from the
results for other strains with TLR-deficient splenocytes,
these findings seem to apply to LAB in general
(Fig. 1C). On the other hand, MyD88 was found to be
clearly necessary for IL-12 production upon stimulation
by KW as well as the other LAB (Fig. 3). Other than
TLR, it has been reported that nucleotide-binding
oligomerization domain (NOD) family members also
sensed bacterial components.?’?? However, it is also
suggested that NOD family molecules are not likely to
be involved in inducing IL-12 by KW and other LAB
stimulation, because NOD have been assumed to be
independent of the MyD88-related pathway.?®

There are some previous reports concerning MyD88-
dependent, TLR-independent immune responses follow-
ing microbial stimulation.’*?® Scanga et al. have
reported that IL-12 production after stimulation with
Toxopasma gondii was similarly induced in TLR2- or
TLR4-deficient mice as compared with WT mice.?®
MyD88-dependent but TLR2-, 4- and 9-independent
immune responses against Mycobacterium tuberculosis
have also been reported.”” With respect to LAB in
particular, Shida et al. have reported that Lactobacillus
casei strain Shirota was recognized in a TLR2- or 4-
independent and MyD88-dependent manner.?” How-
ever, these data were obtained only with peritoneal
macrophages, and the involvement of TLR9 was not
investigated. In the present study, we have shown that
Lactobacillus paracasei strain KW3110 was recognized
independently of TLR9, as well as TLR2 'and 4.
Recognition mechanisms are thought to be the same
for the other LAB species, at least for splenocytes
(Fig. 1C). In addition, we have also examined the
responses of PP or MLN cells to KW3110 stimulation.
These cells have important roles in immune responses
against orally-administered antigens. Furthermore, the
results with splenocytes are very similar to those with PP
and MLN, supporting the conclusions of this study. This
is the first report to show that LAB in general induced
cytokine production in a TLR2-, 4- or 9-independent
manner.

Since MyD88 was involved in the IL-1 signaling
pathway,’” it might also be expected that KW3110
would induce IL-12 production via the IL-1 receptor.
Indeed, Miller et al. have shown that Staphylococcus
aureus induced immune activation in a TLR2-independ-
ent, MyD88- and IL-1R-dependent manner.?”” However,
our preliminary study using the IL-1R neutralizing
antibody suggested that IL-1 had no influence on IL-12
production following KW3110 stimulation (not shown
here).

One interpretation of the results of the present study is
that it is conceivable that KW could be recognized by



70414-6

each TLR receptor independently (2, 4 or 9) and that
signaling via just one of these would be sufficient to
trigger IL-12 production. Edelson et al. have reported
that the immune responses against Listeria monocyto-
genes occurred normally in TLR2-deficient but not
MyD88-deficient mice. They suggested that TLR4 or
other TLRs might compensate for deficient TLR2
signaling.”> However, our studies showed that combi-
nations of TLR2 and 4, TLR2 and 9, and TLR4 and 9
ligands had synergistic effects on IL-12 induction,
consistent with the results of a previous study.’" Even
if KW3110 is assumed to induce IL-12 production by
two or more TLRs, to compensate for the deficient TLR,
some decrease in IL-12 production would by likely to
occur when one TLR that is used for KW stimulation is
missing. However, no such significant decrease in IL-12
production was observed in the TLR2-, 4- or 9-deficient
mice. In addition, we have preliminary data showing
that cells from TLR2/4 double knock-out mice pro-
duced normal levels of IL-12 after KW3110 stimulation.
It thus seems unlikely that the deficient TLR signaling
would be rescued by other TLRs that also recognize
KW. Therefore, the similar IL-12 production from TLR
deficient mice would not be due to this compensation.
Further studies with TLR2/4/9 triple knock-out would
be required to formally confirm this.

In conclusion, we examined the mechanisms for in
vitro cytokine production following stimulation with
KW3110 and other LAB. Our results demonstrate the
absolute requirement of the MyDS88 adaptor molecule
for IL-12 production, but the lack of requirement of
TLR2, 4 or 9. These responses were not specific only for
the KW3110 strain, but more generally for other species
of lactobacillus as well. The critical receptor for
KW3110 is still unknown. Further studies on other
MyD88-dependent receptors are required in future.
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