APPLIED AND ENVIRONMENTAL MICROBIOLOGY, May 2010, p. 28462855
0099-2240/10/$12.00  doi:10.1128/AEM.01714-09

Vol. 76, No. 9

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Characterization of Immunostimulatory CpG-Rich Sequences from

Different Bifidobacterium Species’

Odile Ménard,' Valérie Gafa,> Nathalie Kapel,"* Bertrand Rodriguez,"
Marie-José Butel,' and Anne-Judith Waligora-Dupriet"*

EA4065, Ecosysteme Intestinal, Probiotiques, Antibiotiques, Faculté des Sciences Pharmaceutiques et Biologiques,

Université Paris Descartes, Paris, France'; EA4303, Inflammation et Immunité de | ’Epithélium Respiratoire,
UFR de Pharmacie, Université de Reims Champagne-Ardenne, Reims, France?; and
Coprologie Fonctionnelle, APHP, Groupe Hospitalier Pitié-Salpétriére, Paris, France®

Received 20 July 2009/Accepted 23 February 2010

The beneficial effects of Bifidobacterium are partly due to its immunostimulatory properties. These immu-
nostimulatory properties may be linked to the presence of unmethylated CpG motifs specific to bacterial DNA,
which may induce a TH1 response by activating Toll-like receptors (TLR). Using in silico analyses, PCR
amplification, and dot blotting, we characterized the CpG content of various bifidobacterial strains and
evaluated the immunostimulatory properties and genomic heterogeneity of these motifs in the genus. Our in
silico study, based on entire genome sequences from five bifidobacterial strains, showed that Bifidobacterium
genomes contain numerous CpG motifs, including 5'-purine-purine-CG-pyrimidine-pyrimidine-3’ and 5'-
purine-TCG-pyrimidine-pyrimidine-3’ motifs, and biologically active sequences previously identified in lactic
acid bacteria. We identified four CpG-rich sequences with Bifidobacterium longum NCC2705. Two sequences
with a percent G+C of about 68% included 14 and 16 CpG motifs. Two sequences with a percent G+C of about
60% included 16 and 6 CpG motifs. These sequences induce the production of monocyte chemoattractant
protein 1 (MCP-1) and tumor necrosis factor alpha (TNF-a) through a pattern of TLR9 stimulation on RAW
264.7 macrophages. No link could be established between their immunostimulatory properties, the number of
CpG motifs, and percent G+C. We investigated inter- and intraspecies heterogeneity in 71 strains of various
origins. These sequences were highly conserved in the genus. No link was found between the presence of the
CpG-rich sequence and the origin of the strains (healthy, allergic, or preterm infants). The high frequency of
CpG motifs in the DNA of Bifidobacterium may play an important role in the immunostimulatory properties of

commensal or probiotic bifidobacterial strains.

Many studies have shown that initial intestinal colonization
plays a crucial role in the development of the intestinal im-
mune system (7, 12, 18, 46). Bifidobacteria are Gram-positive
anaerobic bacteria accounting for up to 90% of the total gut
microbiota in breast-fed babies and up to 75% in formula-fed
babies (10). Their implantation takes place within the first 10
days of life. It has been suggested that these high levels of
bifidobacteria in the human intestine contribute to human
health, leading to their use as probiotics. Indeed, bifidobacteria
have been shown to have beneficial effects against various
diseases, including diarrhea associated with rotavirus or anti-
biotics, inflammatory bowel diseases (40), necrotizing entero-
colitis (1), and allergy (16, 19, 37). The immunostimulatory
properties of bifidobacteria may contribute to these beneficial
effects. However, little is known about the contribution of
these bacteria to immunity.

We previously characterized the effects of 10 strains of Bi-
fidobacterium on THI1/TH2 balance in gnotobiotic mice. We
showed that these strains had species-specific effects on the stim-
ulation of immunity and strain-specific effects on the TH1/TH2
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balance (32). Differences in the bacterial structures recognized by
Toll-like receptors (TLR) could potentially account for these
strain-specific effects (17, 36). DNA from Gram-positive and
Gram-negative bacteria has been shown to induce a THI re-
sponse (17, 36). These immunostimulatory properties may be
linked to the presence of unmethylated CpG motifs, biologically
active sequences with a high G+C content conserved in the bac-
terial genome. These motifs are known to exert immunostimula-
tory effects by activating Toll-like receptor 9, leading to the in-
duction of TH1-type immune responses (55). These sequences
are much more frequent in prokaryotes (95% of CpG motifs are
unmethylated) than in eukaryotes (10 to 30%) (23). A few studies
have shown the DNA of lactic acid bacteria to have immuno-
stimulatory properties (9, 14, 27, 30, 31). Satokari et al. (42)
hypothesized that bifidobacteria may have high frequencies of
unmethylated CpG motifs due to their high G+C content, po-
tentially accounting for their immunostimulatory effects.

We used in silico analyses, PCR amplification, and dot blot-
ting of CpG-rich DNA fragments from various bifidobacterial
strains to characterize the immunostimulatory properties of
bacteria of the Bifidobacterium genus and to evaluate their
genomic heterogeneity.

MATERIALS AND METHODS

Strains. We carried out an in silico analysis of the five Bifidobacterium ge-
nomes for which entire genome sequences have been obtained and are publicly
available: Bifidobacterium longum NCC2705 (NC_004307.2) (43), B. longum
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TABLE 1. Primers used for amplification of the different CpG-rich sequences or fragments of these sequences
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Quantity of -
Primer Forward primer 5'-3’ Reverse primer 5'-3’ l\flggllzlvlln }tley:lr[l)d(lf(l?)g l:irzaegr(ri)e;n)t
PCR mix (pul)
Primers used for amplification
of the different sequences
H2 AGACCCGTGAGGTGATTGTC GAACTGCAGGTTCCACAGGT 2 60 1,555
H3 CACTTCATCTTCCGCACCG TTGATGTCGAACTGCTGGAG 2 60 1,074
N2 ACATGAAGGAGCACGACTGC CGAGACACACCTTGTCTGGA 2 55 1,431
N3 AACGGCCCATATGTCTGAGG AGGGCATGGTTCATTTGC 6 50 771
Primers used for fabrication
of the dot blot probes
H2 Dot GCGAACCTGTCACTGGAAAT AAAAATCAGAGGGGCTGGTT 2 60 152
H3 Dot GATTTGGCGGAGAAGATCAA TTGATGTCGAACTGCTGGAG 4 194
N2 Dot AGCTTTCGGGTGGAGAATTT CAACCAGACCGTCATGTCAC 4 159
N3 Dot GGCCCATATGTCTGAGGA GGCGGTTCTGTCATCGTATT 6 214
DJO10A (NC_010816) (28), B. longum subsp. infantis ATCC 15697 CpG-rich sequences) were inserted into the pCR2.1 TOPO vector (Invitrogen,

(NC_011593) (44), B. animalis subsp. lactis AD011 (NC_011835) (20), and B.
adolescentis ATCC 15703 (NC_008618).

We also included 71 bifidobacterial strains isolated at our laboratory from the
fecal microbiota of infants (culture collection of EA 4065 laboratory). Twenty-
nine of these strains were isolated from the fecal microbiota of allergic infants,
32 were isolated from nonallergic infants, and 10 from preterm infants. These
71 strains comprised 17 B. longum group strains, 26 B. breve strains, 12 B. bifidum
strains, 1 B. dentium strain, 10 B. catenulatum/pseudocatenulatum group strains,
and 5 B. adolescentis strains.

All strains were grown on Wilkins Chalgren agar base (WCB) supplemented
with 10 g/liter p-glucose, 0.5 g/liter L-cysteine, and Tween 80 (0.5% [vol/vol]) (4)
and in trypticase-glucose-yeast-hemin (TGYH) broth. They were incubated at
37°C in an anaerobic chamber (du Scientific, Chemunex-AES Laboratoire, Bruz,
France).

PCR was used to identify strains to the genus and species levels, as described
by Kok et al. (24) and Mullié et al. (35), respectively. When necessary, we carried
out 16S rRNA gene PCR amplification and sequencing using SD008 and SD1492
primers (47).

In silico analysis of Bifidobacterium genome. In silico analysis was performed
with the cgplot and cgreport programs of EMBOSS to identified CpG-rich
sequences. We searched for 5’-purine-purine-CG-pyrimidine-pyrimidine-3’ and
5'-purine-TCG-pyrimidine-pyrimidine-3" motifs, referred to here as type 1 and
type 2 CpG motifs, respectively (25). We also searched for four immunostimu-
latory motifs previously identified in lactic acid bacteria: BL07 (5'-GCGTCGG
TTTCGGTGCTCAC-3') (52), OL-LB7 (5'-CGGCACGCTCACGATTCTTG-
3") (22), ID35 (5'-ACTTTCGTTTTCTGCGTCAA-3") (14), and AT ODN (5'-
ATTTTTAC-3") (45).

The Blastn program of EMBOSS and the multiple sequence alignment soft-
ware MultAlin, developed by Florence Corpet (6), were used for sequence
alignments.

Preparation of genomic DNA. Genomic DNA was prepared as described by
Zhu et al. (57). Briefly, bacteria were collected after 48 h of incubation in 10 ml
TGYH broth, by centrifugation at 13,000 rpm for 5 min. They were then lysed
by incubation in Tris-HCI (pH 8, 100 uM), EDTA (pH 8, 1 mM), 1% SDS
(Sigma-Aldrich, Lyon, France). Genomic DNA was extracted by adding one
volume of benzoyl chlorate, incubating at 55°C for 30 min, adding a half
volume of sodium acetate (3 M, pH 5.4), and incubating for a further 15 min
on ice. The solution was centrifuged at 13,000 rpm for 10 min. DNA was
precipitated with isopropanol.

PCR amplification of CpG-rich sequences. PCR amplifications of selected
sequences on the basis of in silico analyses and of dot blot probings were
performed with GeneAmp PCR system 2700 (Applied Biosystems, Courtaboeuf,
France), with primers designed on the basis of the B. longum NCC2705 sequence
(Table 1). The PCR mix (50 ul) contained 1 U of Tag DNA polymerase (In-
vitrogen, Fisher-Bioblock, Illkirch, France), 5 ul of 10 wM primers, 4 pl of 10
mM dNTP, and various quantities of 50 mM MgCl,. It was subjected to thermal
cycling as follows: 10 min at 96°C followed by 35 cycles of 30 s of denaturation
at 97°C, 30 s at hybridization temperature, and 2 min of extension at 72°C, and
then a final extension phase for 7 min at 72°C (Table 1).

These CpG-rich PCR products (amplified fragments containing unmethylated

Fisher-Bioblock) according to the manufacturer’s instructions. The transforma-
tion and storage buffer (TSB) method was used to transform Escherichia coli
TOP10 (5). Automatic DNA sequencing was performed by Genome Express
(Grenoble, France).

Dot blotting. We transferred 2 wg of Bifidobacterium DNA onto a nylon
membrane with a Minifold 1 dot blotter (Schleicher & Schuell) and using the
alkaline method. Membranes were then blocked by exposure to UV for 3 min
and probed with peroxidase-conjugated PCR-amplified fragments, which were
detected with the ECL direct nucleic acid-labeling and detection system (Am-
ersham Biosciences, GE Healthcare, Bukinghamshire, England) according to the
manufacturer’s instructions. Hybridizations were performed overnight at 42°C,
and the membranes were subjected to high-stringency washes before incubation
with chemoluminescent substrate for ECL detection.

Biological activity of CpG-rich sequences. (i) Preparation of the sequences.
The CpG-rich PCR products obtained from plasmid amplification were purified
using the endo-free plasmid maxi kit (Qiagen, Courtaboeuf, France) according to
the manufacturer’s instructions. Endotoxin content was assessed with the Limu-
lus amebocyte lysate kinetic-QCL kit (Cambrex, Lonza, Saint Beauzire, France),
according to the manufacturer’s instructions, in a Cambrex Elx 808CSE. For all
CpG-rich PCR products and DNA, endotoxin concentrations were below 0.01
EU/ml.

(ii) Macrophage stimulation. RAW 264.7 murine macrophages were seeded in
48-well plates at a density of 5 X 10° cells/well. The plates were incubated
overnight at 37°C under an atmosphere containing 5% CO, and 95% air. Cells
were stimulated with CpG-rich PCR product (10 pg/ml) and genomic DNA (250
ng/ml) in fresh Dulbecco modified Eagle medium (DMEM) (containing 4.5
glliter glucose and L-glutamine) supplemented with 1% pyruvate and 10% heat-
inactivated fetal bovine serum (Gibco, Fisher Bioblock). Lipopolysaccharide
(LPS) (1 pg/ml) and the oligodeoxynucleotide (ODN) CpG 1826 (10 pg/ml)
were used as positive controls. Three independent assays were performed. Su-
pernatants were collected after 6, 12, and 24 h.

Cytokine determinations were carried out with the mouse inflammation cyto-
metric bead array (CBA) kit (BD Biosciences, le Pont de Claix, France) accord-
ing to the manufacturer’s instructions. Detection limits for the CBA were as
follows: interleukin-6 (IL-6), 5 pg/ml; IL-10, 17.5 pg/ml; monocyte chemoattrac-
tant protein 1 (MCP-1), 52.7 pg/ml; gamma interferon (IFN-vy), 2.5 pg/ml; tumor
necrosis factor alpha (TNF-a), 7.3 pg/ml; and IL-12p70, 10.7 pg/ml.

(iii) Involvement of TLRY. Macrophages were stimulated, as described above,
in the presence of ODN 2088, an oligonucleotide that inhibits TLRY signaling by
disruption of the colocalization of CpG ODNs with TLR9 in endosomal vesicles
without affecting cellular binding and uptake (InvivoGen, France). This ODN
was used at the same concentration as that of the CpG-rich PCR products.
Supernatants were collected after 6 h, as recommended by the manufacturer’s
instructions.

Statistical analysis. Mann-Whitney U tests were used to assess the significance
of differences in cytokine concentrations between samples. We evaluated differ-
ences in the numbers of sequence motifs present in the genome of a strain as a
function of the origin of that strain, by carrying out Student’s ¢ tests. P values
below 0.05 were considered to be statistically significant. Data were analyzed
using SPSS software (version 12.0).
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FIG. 1. Location of putative CpG islands more than 200 bp in length and with a G+C content exceeding 80% within the Bifidobacterium
genome. No sequences were found with B. animalis subsp. lactis ADO11. Data were obtained with the cpgplot program.

RESULTS

CG-rich sequences and CpG motifs in Bifidobacterium ge-
nomes. We carried out in silico analyses of the five Bifidobac-
terium strains for which entire genome sequences are publicly
available. These genomes were between 1,933,695 bp and
2,832,748 bp in size and contained between 84 and 86% coding
sequences. The G+C content of the three B. longum strains
was 60%, and that of the B. animalis subsp. lactis AD0O11 and
B. adolescentis ATCC 15703 strains was 59%.

We searched for sequences of more than 200 bp with a C+G
content exceeding 80%. No such sequences were found with B.
animalis subsp. lactis ADO11, whereas B. adolescentis ATCC
15703 contained one such sequence (212 bp, 76% G+C), B.
longum DJO10A contained two such sequences (238 bp, 76%;
261 bp, 78%), B. longum NCC2705 contained four such se-
quences (265 bp, 78%; 291 bp, 77%; 213 bp, 76%; and 238 bp,
76%), and B. longum subsp. infantis ATCC 15697 contained 19
such sequences (between 202 bp and 527 bp and between 74
and 80% CG) (Fig. 1). Many sequences of more than 200 bp,
with the percent C+G exceeding 70%, were identified: 543 in
B. animalis subsp. lactis ADO011, 421 in B. adolescentis ATCC
15703, 661 in B. longum NCC2705, 709 in B. longum DIJO10A,
and 948 in B. longum subsp. infantis ATCC 15697. Some of
these sequences were longer than 500 bp: 27 sequences for B.
animalis subsp. lactis ADO11, 24 for B. adolescentis ATCC

15703, 60 for B. longum NCC2705, 70 for B. longum DJO10A,
and 141 for B. longum subsp. infantis ATCC 15697.

The numbers of type 1 and type 2 CpG motifs on the 5'-to-
3'strand were similar for B. longum NCC2705, B. longum
DJO10A, and B. adolescentis ATCC 15703: a mean of 21,723
(% 4%). These motifs were 11% less frequent in B. animalis
subsp. lactis AD011 (18,699 motifs) and 28% more frequent in
B. longum subsp. infantis ATCC 15697 (26,915 motifs) (Table
2). Type 1 CpG motifs, which are palindromic, were present
at similar frequencies on both strands. This was not the case
for type 2 CpG motifs. However, the number of repeats on
the 3’-to-5" strand was close to the number on the 5'-to-3’
strand (Table 2).

BLO07, a sequence from a B. longum strain, was found only
once on the sense strand of the three B. longum strain ge-
nomes. OL-LB7, originally identified in a Lactobacillus strain,
was not detected in any of the strains analyzed here. ID35
ODN, a sequence from Lactobacillus rhamnosus GG, was ab-
sent from these Bifidobacterium genomes, but its active region
(TTTCGTTT) was present on both strands of the B. animalis
subsp. lactis ADO11 (26 repeats), B. longum NCC2705 (38
repeats), B. longum DJO10A (41 repeats), B. longum subsp.
infantis ATCC 15697 (54 repeats), and B. adolescentis (88 re-
peats) genomes. AT ODN, originally identified in another Lac-
tobacillus strain, was also present on both strands of all the
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TABLE 2. In silico search of immunostimulatory motifs on sense and antisense strands of Bifidobacterium genomes”
B. longum . B. animalis
. B. longum B. longum . . B. adolescentis .
CpG motif Sequence subsp. infantis subsp. lactis
NCC2705 DJO10A ATCC 15697 ATCC 15703 ADO11
Type 1° AACGTT 296 313 375 433 151
AACGTC 541 611 698 703 386
AACGCT 424 414 560 589 285
AACGCC 1,203 1,253 1,546 1,191 894
AGCGTT 485 492 501 476 320
AGCGTC 629 661 817 705 572
AGCGCT 469 486 485 370 361
AGCGCC 995 1,054 1,174 928 838
GACGTT* 528 571 729 730 385
GACGTC 648 668 865 844 778
GACGCT 527 660 859 744 541
GACGCC 1,516 1,651 2,097 1,371 1,294
GGCGTT 1,186 1,300 1,540 1,144 894
GGCGTC 1,538 1,661 2,046 1,460 1,353
GGCGCT 975 1,070 1,179 933 921
GGCGCC 1,014 1,054 1,490 1,112 1,433
Type 1 total 12,974 13,919 16,961 13,733 11,406
Type 2 ATCGTT 553 (596) 564 (640) 666 (718) 573 (593) 405 (341)
ATCGTC 1,250 (1,236) 1,312 (1,312) 1,591 (1,600) 1,408 (1,406) 1,204 (1,152)
ATCGCT 501 (435) 516 (455) 545 (508) 425 (434) 350 (295)
ATCGCC 2,079 (2,044) 2,171 (2,196) 2,460 (2,513) 1,951 (1,863) 1,642 (1,715)
GTCGTT? 663 (632) 693 (692) 898 (834) 661 (681) 672 (594)
GTCGTC 960 (931) 1,076 (999) 1,275 (1,286) 1,011 (988) 1,100 (1,138)
GTCGCT 526 (508) 576 (514) 570 (628) 537 (550) 536 (507)
GTCGCC 1,562 (1,496) 1,638 (1,597) 1,949 (1,964) 1,338 (1,290) 1,384 (181)
Type 2 total 8,094 (7,878) 8,546 (8,405) 9,954 (10,051) 7,904 (7,805) 7,293 (7,123)
Total 21,068 22,465 26,915 21,637 18,699
Published motifs®
BLO07 GCGTCGGTTTCGGTGCTCAC 1(0) 1(0) 1(0) 0 (0) 0(0)
OL-LB7 CGGCACGCTCACGATTCTTG 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
ID35 ACTTTCGTTTTCTGCGTCAA 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Active motif of ID35 TTTCGTTT 16 (22) 20 (21) 26 (28) 42 (46) 13 (13)
AT ODN ATTTTTAC 6(4) 8(3) 8 (13) 11(9) 2(1)

“ Values indicate the number of the times that each sequence appears in the respective genome. The values in parentheses indicate the results for the antisense strand.
b Palindromic sequences, found equally on antisense strand.

¢ Sequence for optimal immunostimulatory motif of murine cells.
4 Sequence for optimal immunostimulatory motif of human cells.

¢ Immunostimulatory motifs described in literature on lactic acid bacteria, including Bifidobacterium BLO7 (52), Lactobacillus OL-LB7 (22), ID35 (14), and AT ODN

(45).

Bifidobacterium genomes, with three copies for B. animalis
subsp. lactis ADO11, 10 for B. longum NCC2705, 11 for B.
longum DJO10A, 21 for B. longum subsp. infantis ATCC
15697, and 20 for B. adolescentis ATCC 15703 (Table 2).

Selection of CpG-rich sequences in B. longum NCC2705
genome. Based on our in silico analysis of the B. longum
NCC2705 genome, we chose four CpG-rich sequences with
various G+C contents (Fig. 2). Two sequences with a percent
G+C of about 68%—H2 (1,555 bp) and H3 (1,074 bp)—
included 200-bp islets with high G+C contents (76% and 78%,
respectively). These two sequences were located close to-
gether. Two sequences with a percent G+C similar to that for
the whole genome were selected and named N2 (1,431 bp) and
N3 (699 bp). The number of type 1 and type 2 CpG motifs
identified in these sequences was 14 for H2, 16 for H3 and N2,
and 6 for N3.

The variability of these four CpG-rich sequences in the var-
ious Bifidobacterium spp. studied here is illustrated in Fig. 3.
H2 and H3 were highly conserved in the genomes of B. longum
DJO10A and B. longum subsp. infantis ATCC 15697 compared
to those of B. longum NCC2705, but parts of their 5" end were
missing in the B. adolescentis ATCC 15703 and B. animalis
subsp. lactis AD0O11 genomes. A 341-bp fragment at the 3’ end

of H3, with a G+C content of 67.4% and containing six CpG
motifs, was duplicated in the genomes of B. longum DJO10A
and B. longum subsp. infantis ATCC 15697. N2 was strongly
conserved in the B. longum DJO10A and B. adolescentis ATCC
15703 genomes, but its 3’ end was partly deleted in the B.
longum subsp. infantis ATCC 15697 genome, and this sequence
was not conserved in the B. animalis subsp. lactis AD011 ge-
nome, which contained only 228 bp of the 3" end. N3 was
present in all the genomes studied but was highly conserved
only in the B. longum genomes.

The sequences used for probing in the dot blot assay were
highly conserved in the five strains.

Immunostimulant activity of DNA and CpG-rich PCR prod-
ucts. RAW 264.7 macrophages were stimulated with CpG-rich
DNA fragments from B. longum NCC2705 and genomic DNA
(250 ng/ml) from B. longum NCC2705, B. adolescentis ATCC
15703, and B. longum subsp. infantis ATCC 15697. The viability
of RAW macrophages after 24 h of culture with CpG-rich PCR
products and DNA was confirmed by trypan blue exclusion
(data not shown). CpG-rich PCR products displayed immuno-
stimulatory activity from 6 h of stimulation onwards, peaking at
12 h and remaining stable thereafter until 24 h (data not
shown). The 12-h time point was selected to ensure that we
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FIG. 2. Characteristics of CpG-rich sequences of Bifidobacterium longum NCC2705, including position, length, percent G+C, number of types
1 and 2 CpG motifs, and associated coding region. CoA, coenzyme A; Fas, fatty acid synthase.

were measuring the direct impact of CpG-rich PCR products, cantly higher (124 and 14 times, respectively) than those ob-
rather than the indirect effects of TNF-a. Our positive control, tained for unstimulated macrophages (the negative control).
ODN 1826, a TLR9Y agonist known to induce a pro-THI re- No induction of IL-6 was observed. LPS, a TLR4 agonist,
sponse, gave levels of TNF-a and MCP-1 production signifi- induced high levels of TNF-a and MCP-1 and a 91-fold in-
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FIG. 4. (A) Secretion of cytokines and chemokines by RAW 264.7 macrophages after 12 h of stimulation with 10 wg/ml CpG-rich PCR products
(H2, H3, N2, and N3), 250 ng/ml DNA from B. longum NCC2705, B. longum subsp. infantis ATCC 15697, and B. adolescentis ATCC 15703, 10
pg/ml CpG-ODN 1826 as a positive control, 100 ng/ml LPS as a positive control, or no stimulation as a negative control (NCT). M, TNF-«; [],
MCP-1. (B and C) MCP-1 (B) and TNF-a (C) levels after 6 h of stimulation by N2 CpG-rich PCR product (10 wg/ml) with or without ODN 2088
(10 pg/ml), an inhibitor of TLRY signaling. Cytokines and chemokines were dosed by the mouse inflammation cytometric bead array (CBA) kit

(BD Biosciences, France). Data are presented as medians. %, P < 0.05.

crease of IL-6 compared to the negative control (data not
shown). The four CpG-rich PCR products had cytokine induc-
tion profiles similar to that of ODN 1826. They induced sig-
nificant increases in TNF-a (levels more than six times those of
the negative control) and MCP-1 (more than three times those
of the negative control) but did not induce IL-6, IL-10, IFN-y,
or IL-12 (Fig. 4A). N2 was the most active, increasing TNF-a
and MCP-1 levels by factors of 29 and 10, respectively. The
three genomic DNAs that were used significantly induced
TNF-a production by factors of at least 6 up to 51 for B.
adolescentis ATCC 15703. Only B. adolescentis ATCC 15703
DNA significantly stimulated MCP-1 production, to levels five
times those of the negative control (Fig. 4A).

ODN 2088, a TLRY signaling inhibitor, inhibited the immu-
nostimulatory effect of N2, resulting in lower TNF-a and

MCP-1 levels not significantly different from those for the
negative control (Fig. 4B and C).

Variability of the CpG-rich sequences in Bifidobacterium
spp. We assessed the variability of CpG-rich sequences in B.
longum NCC2705, B. adolescentis ATCC 15703, B. longum
subsp. infantis ATCC 15697, and 71 bifidobacterial strains,
isolated at our laboratory, from the fecal microbiota of infants,
by dot blotting (Fig. SA and 6A). H2 and H3 were found to be
present in 85% of the strains tested, N2 in 90%, and N3 in
84%. All 19 B. longum strains contained H2, N2, and N3, and
18 of these strains (95%) contained H3. All four CpG-rich
sequences were present in 95% of B. longum strains; 85% of B.
breve strains possessed H2, N2, and N3, and 80% of these
strains contained H3. Three B. breve strains contained none of
the sequences studied. All six B. adolescentis strains and nine of
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FIG. 5. Interspecies variability of CpG-rich sequences in the genus Bifidobacterium. The presence of each sequence was evaluated by dot
blotting (A) or PCR (B). Bars indicate the number of strains in which the sequence is present (H) or absent (N). BL, B. longum group; BB; B. breve;
BP, B. catenulatum/pseudocatenulatum group; BIF, B. bifidum; BA, B. adolescentis; BD, B. dentium.
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FIG. 6. Intraspecies variability of CpG-rich sequences in the genus
Bifidobacterium. The presence of sequences was evaluated by dot blot-
ting (A) or by PCR (B). Bars represent the number of strains contain-
ing 4 sequences (M), 3 sequences (), 2 sequences (&), 1 sequence (&),
or no sequence ([J).

the 10 B. catenulatum/pseudocatenulatum group strains con-
tained all four sequences. Greater variability was observed for
the 12 B. bifidum strains, 90% of which contained N2, 56% H3,
45% H2, and 36% N3. The B. dentium strain tested contained
H2, H3, and N3.

These results were confirmed by PCR amplification for 32
strains (Fig. 5B and 6B). PCR confirmed the absence of the
sequence in the genomes of strains for which no sequences
were detected in dot blots, with the exception of two strains
testing positive for H2 and H3 by PCR but without detection of
the corresponding spot in dot blots. A total of 10 of the 24
strains testing positive for H2 by dot blotting (42%) tested
negative by PCR; 18 of the 25 strains (72%) testing positive for
H3 by dot blotting tested negative by PCR. For N2, 14 of the
28 strains (50%) testing positive by dot blotting tested negative
by PCR, and for N3, 20 of the 25 (80%) strains testing positive
by dot blotting tested negative by PCR.

There were no significant differences in the presence of the
CpGe-rich sequences, whatever the allergic status of the infant.

DISCUSSION

The immunostimulatory properties of lactic acid bacteria
seem to result partly from the promotion of a TH1 response by
their DNA (9, 22, 31). This effect may be linked to the presence
in bacterial DNA of unmethylated CpG motifs, which are
known to trigger TH1-type immune responses by activating
Toll-like receptor 9 (55). Using in silico and molecular meth-
ods, we showed that Bifidobacterium genomes contain con-
served CpG motifs with immunostimulatory activity but that
there are differences in the distributions of these motifs be-
tween and within species.
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Our in silico study showed that Bifidobacterium genomes
contain numerous CpG motifs, with between 18,000 and 27,000
such motifs per DNA strand. Type 1 and 2 CpG motifs, as
described in the literature, were found to be present and in-
cluded the motifs known to stimulate murine and human cells,
such as GACGTT and GTCGTT (25), respectively, and some
of the immunostimulatory motifs identified in lactic acid bac-
teria (14, 45, 52). This may account for the biological activity
observed with our various CpG-rich PCR products. We inves-
tigated the effect of these products on a macrophage cell line,
as macrophages play a key role in the priming and activation of
the immune system by commensal bacteria. Moreover, many
studies (3, 54) have used the RAW 264.7 cell line for charac-
terization of the mechanism of TLRY activation by CpG-ODN
and CpG-DNA. We found that the stimulation of these cells
with Bifidobacterium DNA induced a pattern of cytokine pro-
duction typical of TLR9 signaling in murine macrophages (8,
53), with the production of high levels of TNF-« and secretion
of MCP-1 (significant only for B. adolescentis ATCC 15703)
but no secretion of IL-6, IL-10, or IL-12. The active part of
ID35, a sequence with a protective effect in a mouse model of
allergic disease (15), was present in all five complete genomes
studied, together with the AT ODN, a non-CpG immuno-
stimulatory sequence (45). BL07, a sequence demonstrated to
be protective against allergy in a mouse model (50, 51), seems
conserved in the B. longum group. Indeed, Takahashi et al.
(52) described this sequence for two B. longum strains (B.
longum subsp. longum BB536 and B. longum subsp. infantis
M-63) and for the B. breve M-16V genome (52), and we de-
tected this sequence in B. longum NCC2705, B. longum
DJO10A, and B. longum subsp. infantis ATCC 15697. This
sequence was absent from B. adolescentis ATCC 15703 and B.
animalis subsp. lactis ADO11. These variations and differences
in the number of CpG motifs pointed out heterogeneity within
the genus. However, no significant differences in the immuno-
stimulatory properties of the three DNAs studied were ob-
served. We were, therefore, unable to establish a link between
the number and the type of CpG motifs and the immunostimu-
latory properties of the strains. The importance to immuno-
stimulation of the genotypic variations and of specific motifs
remains to be demonstrated. The environment surrounding
CpG motifs in DNA, which may include inhibitory G-rich
sequences, may also affect their biological activity (26, 29, 39).

The four CpG-rich sequences selected from the B. longum
NCC2705 genome are double stranded and larger than the
ODN used in the literature, such as BL07, OL-LB7, and D35,
which are generally about 20 bp long, and commercialized
CpG ODN, such as ODN 1826 (14, 21, 22, 45, 52). These
sequences include several CpG motifs and mimic the frag-
ments likely to be released during bacterial lysis. The internal-
ization pathway of large DNA fragments remains unknown,
but our CpG-rich PCR products induced cytokine secretion in
a dose-dependent manner: 1-pg/ml and 10-pg/ml concentra-
tions of these sequences induced the pattern of cytokine, ex-
cept that larger amounts of cytokines were produced in re-
sponse to the 10-pg/ml dose (data not shown). This higher
concentration, which has been used in several other studies (9,
52), was therefore used in all assays. Unlike LPS, which in-
duces the production of large amounts of IL-6, these sequences
induced the production of only TNF-a and MCP-1 in macro-
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phages. The use of an inhibitor of TLRY signaling confirms
that these sequences induced their effects through the stimu-
lation of TLRY rather than TLR4. This observed activity was
similar to that obtained with CpG-ODN T3, which stimulates
expression of the genes encoding MCP-1 and TNF-a but not
that of the gene encoding IL-10 (8). TNF-a secretion by mac-
rophages was stimulated significantly more strongly by N2 than
by H2 and H3 (N2 stimulation was five times stronger) or N3
(N2 stimulation was four times stronger).

N2 stimulated MCP-1 secretion by macrophages twice as
strongly as H2 and H3. However, N2 contains a large number
of type 1 and 2 CpG motifs, like H3, and has a percent G+C
similar to that of the entire genome, like N3. We were there-
fore unable to establish a link between the immunostimulatory
properties of these sequences, the number of CpG motifs they
contain, and their percent G+C. The environment of CpG
motifs in these sequences, as in genomic DNA, may also affect
their immunostimulatory properties (26, 29, 39).

We assessed the variability of these CpG-rich sequences in
the genus Bifidobacterium by two complementary methods, i.e.,
dot blot and PCR analyses.

Dot blotting showed the four sequences to be highly con-
served throughout the genus (84% of the strains). The combi-
nation of a positive signal on dot blots with negative results for
PCR indicated the occurrence of modifications or deletions at
one or both ends of the sequence. Such a combination was
observed for 71% (20/28) of the strains. For example, in silico
analysis of the B. adolescentis ATCC 15703 genome showed N3
to be conserved, but a small number of modifications at the 5’
extremity of the sequence resulted in a mismatch with the
primers used for PCR. Similarly, a large deletion in the 5" ends
of H2 and H3 led to negative PCR results. In contrast, the
combination of a negative signal on dot blots with a positive
result for PCR indicated modifications to the hybridization
spot. Such a combination was obtained only for two strains.
The combination of dot blot and PCR techniques showed that
the frequency of sequence modifications was high for the genus
(75%), with the exception of B. longum. This species predom-
inantly displayed a high degree of conservation of the four
sequences.

The B. breve, B. catenulatum/pseudocatenulatum group, and
B. adolescentis genomes generally possess all four sequences,
with or without modifications. The B. dentium strain has mod-
ified H2, H3, and N3 but does not have N2. B. bifidum strains
have between zero and four of these sequences, which are
frequently modified when present. Variations in the presence
and abundance of CpG rich motifs depended on the bifidobac-
terial species considered. Modification in bifidobacterial estab-
lishment could lead to an inadequate maturation of the im-
mune system (see reference 41 for discussion). Factors
influencing intestinal microbiota composition, such as breast-
feeding, may then affect the immunomodulatory effect of the
microbiota.

However, the impact of these sequences on the immunity of
the entire living strain needs to be clarified. Indeed, four of the
B. longum strains containing the four sequences displayed im-
munostimulatory properties in a nonpathological monoxenic
mouse model (32). They showed a strain-specific effect on
TH1/TH2 balance which could be linked to modifications of
N3 in two of them and of N2 in one of them. However, other
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structures, e.g., cell wall, cytoplasm, and secreted molecules,
may interfere with the immune system (2, 13, 31, 33, 34).

Some authors have reported dysbiosis in allergic infants.
Allergic status was associated with the presence of B. adoles-
centis, B. longum, or the B. catenulatum/pseudocatenulatum
group or with a decrease in bifidobacterial diversity (see ref-
erence 38 for a review). Few in vitro studies have demonstrated
a link between the immunostimulatory properties of Bifidobac-
terium and the characteristics of infants from whom the strains
were isolated (country and allergic status) (11, 56). In our
study, we did not observe any differences in the prevalence of
the CpG-rich sequences according to the origin of the strain.

In conclusion, this study improves our understanding of the
heterogeneity of the immunostimulatory properties of the ge-
nus Bifidobacterium at the genomic level. We identified immu-
nostimulatory sequences within the Bifidobacterium genome
that were able to induce TLRY activation, which is known to
trigger a TH1 orientation of the immune system. CpG-ODNs
have been shown to counterbalance the TH2-dominant re-
sponse when used as a vaccine adjuvant (49) and to have a
protective effect against pro-TH2 diseases when added to the
diet of monoxenic mice (48). Further studies of the ability of
our sequences to induce a shift in the host immune response
toward a THI orientation are required, including investiga-
tions of the protective properties of our sequences in an in vivo
model of allergy. A high frequency of CpG motifs in the DNA
of the bacterium may be important for the immunostimulatory
properties of probiotic bifidobacteria.
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