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FIG 1 ELISA quantification of cytokines produced by dendritic cells after stimulation with 12 different strains belonging to the genus Bifidobacterium and 10
prg/ml of lipopolysaccharides (LPS) from E. coli. NT, sample not treated. One representative experiment out of three performed is shown. Black bars, bone
marrow-derived dendritic cells (BMDCs); white bars, D1 cell line. All strains were tested at four different multiplicities of induction (MOI; DC/bacteria ratio).
Strains belong to the following bifidobacterial species: B. bifidum (MIMBb75, DMS 20456", NCC390); B. longum subsp. infantis (BNFO1, BNF02); B. breve
(BBRO2); B. pseudocatenulatum (DSM20438", MIMBp287); B. longum subsp. longum (MIMBIS, MIMBI16, NCC2705); B. animalis subsp. lactis (BB12).

(corresponding to dendritic cells) was monitored periodically by flow
cytometry until it reached 90% (ca. 8 days). The bone marrow-derived
dendritic cells (BMDCs) were then used for bacterial activation assays. On
the day of bacterial infection, BMDCs were plated at a concentration of 0.5
million per ml in 96-well plates (10° cells/well). After 1 h, BMDCs were
incubated with four different concentrations of bacterial cells for 2 h,
washed with saline, resuspended in a culture medium containing penicil-
lin G, streptomycin, tetracycline, and gentamicin, and incubated over-
night. Finally, interleukin-2 (IL-2) and tumor necrosis factor alpha
(TNF-a) in the supernatant were quantified by enzyme-linked immu-
nosorbent assay (ELISA) using DuoSet kits (R&D Systems, Minneapolis,
MN). The same procedure was followed to prepare BMDCs from four
mutant mouse lines. Wild-type animals were supplied by Harlan Italy.
Ticam1Lps2 (Trif '~) mice were purchased from The Jackson Labora-
tory. Myd88 /~ and TIr4 '~ mice were provided by S. Akira (IFReC,
Japan). Cd14 "/~ mice were from CNRS d’Orléans (Orléans, France). D1
cell line was cultured in Iscove’s modified Dulbecco’s medium (IMDM;
Sigma, St. Louis, MO) containing 10% heat-inactivated fetal bovine se-
rum (Gibco-BRL, Gaithersburg, MD), 100 IU of penicillin, 100 pg ml™"
of streptomycin, 2 mM L-glutamine (all from Sigma), and 50 uM B-mer-
captoethanol (in complete IMDM) with 30% supernatant from R1 me-
dium (supernatant from NIH 3T3 fibroblasts transfected with GM-CSF).
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Unpaired Student’s ¢ tests were run to determine statistically significant
differences.

RESULTS AND DISCUSSION

Recently, we generated a draft genome sequence of Bifidobacte-
rium bifidum MIMBb75, a probiotic strain with demonstrated
ability to interact with the host (19, 27-29). Comparative genom-
ics revealed in MIMBDb75’s genome the presence of a gene encod-
ing TgaA, a peptidoglycan-lytic enzyme which contains two con-
served domains: lytic murein transglycosylase (LT; cd00254.3)
and cysteine- and histidine-dependent amidohydrolase/peptidase
(CHAP; pfam05257.4) (21).

The biomolecular composition of a bacterium’s cell wall
mainly determines the cross talk processes with the host. In fact,
most known bacterial molecules governing bacterial adhesion to
epithelia or interaction with immune cells are cell wall constitu-
ents (lipopolysaccharides, teichoic and lipoteichoic acids, murein,
and proteinaceous adhesins) or cell wall appendages (flagella, pili,
and fimbriae) (6, 8, 19, 22). Interestingly, TgaA protein was found
to be abundantly expressed and located on the outer surface of
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FIG 2 ELISA quantification of cytokine production by BMDCs after stimulation with E. coli lipopolysaccharides (LPS), Bifidobacterium longum NCC2705, and
its recombinant strains NCC:tga+ (expressing TgaA protein) and NCC:tga— (harboring the empty vector). All samples were tested at four different multiplicities
of infection (MOIL; BMDC/bacteria ratio). One representative experiment out of two performed is shown.

MIMBDb75 bacterial cells (21). Furthermore, notably, a search of
the Conserved Domain Database (30) for the TgaA protein pro-
duced a significant match (E value of 8.30e-23) between the CHAP
module and the conserved domain COG3942, which has been
annotated as a surface antigen. The description of COG3942 orig-
inated from two studies that identified the CHAP domain-con-
taining protein as an immune-reactive molecule of Listeria mono-
cytogenes (31) and Streptococcus pyogenes (32). Stimulated by the
above data, we evaluated the potential contribution of the TgaA
protein to the immunomodulatory activity of the strain
MIMBDb75.

We assessed the immunological properties of B. bifidum
MIMBDb75 in parallel and independently of the TgaA protein
study and discovered through our immunological model a pecu-
liar immunomodulatory capacity of this strain. In particular, we
focused on dendritic cells (DCs), the sentinels of the immune
system present at various mucosal sites and especially in the intes-
tinal mucosa. At this site, they may sense the intestinal lumen
content (including bacteria) via transepithelial processes by re-
sponding to the ligation of the DCs’ specific microbe recognition
receptors (MRRs) to MAMPs (such as LPS, peptidoglycan, and
bacterial and viral nucleic acids) to trigger immune responses (33,
34). Particularly, upon activation and migration to secondary
lymphoid organs, DCs induce immunocompetence in lympho-
cytes through antigen presentation and cytokine production.
Hence, DCs form a link between innate and adaptive immunity
and are considered arbiters of immunological tolerance (34).

In DCs, a major outcome of the ligation of pattern recognition
receptors (PRRs) may be the production of interleukin-2 (IL-2),
which has several effects. In fact, DC-derived IL-2 increases
gamma interferon (IFN-v) production by the natural killer (NK)
cells (35), enhances T cell responses in both mice (26) and humans
(36), regulates thymic development (37), and promotes regula-
tory T cell (Treg) expansion and function (38). Furthermore, it
has been linked with Ty;1-skewing stimuli (35). Inducing IL-2
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production in DCs can thus steer the adaptive immune system
toward preventing T};2 cell-dominated immune responses, such
as those associated with allergy (39, 40).

Our experiments showed that out of 12 bifidobacterial strains
belonging to six different species and subspecies, the strain B. bi-
fidum MIMBb75 was among the strongest inducers of IL-2 pro-
duction by murine bone marrow-derived DCs (BMDCs) (Fig. 1).

Subsequently, we studied the potential immunomodulatory
activity of TgaA with the same immunological model we used for
bifidobacterial cells. Initially, we cloned a complete tgaA gene (in-
cluding the original signal sequence for exporting the protein at a
cell wall level) in Bifidobacterium longum NCC2705 using a shuttle
vector previously developed and used for successful expression of
heterologous genes in B. longum (23, 24). We followed this strat-
egy because all of our previous efforts to knock out tgaA had been
unsuccessful since this species has been proved to be recalcitrant
to genetic manipulation (41,42). We selected B. longum NCC2705
as the host for 1gaA expression after analysis of its whole genome
revealed that the fgaA gene as absent in this human intestinal
bacterium. Furthermore, our immunological data (Fig. 1) showed
that the strain NCC2705, unlike MIMBb75, is incapable of induc-
ing IL-2 expression by BMDCs. We named the recombinant strain
we obtained NCC:tga+. After verifying by reverse transcription-
PCR (RT-PCR) and immunogold labeling (see Fig. S2A and B in
the supplemental material) that NCC:tga+ expressed the recom-
binant tgaA gene, we incubated BMDCs with supernatant-free
wild-type live cells and recombinant NCC2705 strains and then
measured by ELISA the levels of the secreted tumor necrosis factor
alpha (TNF-a) and IL-2. Secretion by BMDCs of the TNF-a cy-
tokine, the principal marker of DC activation, was induced by all
bacterial preparations (Fig. 2). In contrast, our experiments
showed a significant secretion of IL-2 only when DCs were stim-
ulated with the recombinant strain NCC:tga+ (i.e., NCC2705
transformed with the vector containing the gene tgaA) and not
with control preparations (wild-type NCC2705 and NCC2705
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FIG 3 Preparation of TgaA-derived recombinant proteins. (A) Functional map of the recombinant proteins originated from a tgaA gene sequence and produced
by overexpression in E. coli BL21(DE3) pLysS using the pET26b(+) expression vector. (B) SDS-PAGE of the purified six-His-tagged TgaA-derived recombinant
proteins. Lane 1, ASP-TgaA-His (containing both TgaA domains; rTgaA); lane 2, ASP-TgaA-ALT-His (containing the CHAP domain; rCHAP), lane 3,
ASP-TgaA-ACHAP-His (containing the LT domain; rLT). The relative molecular masses (in kDa) of standard proteins are indicated on the left. aa, amino acids.

transformed with the empty vector) (Fig. 2). Therefore, our data
suggest that the TgaA protein may be directly involved in inducing
the cytokine IL-2 in dendritic cells.

To further test our hypothesis, we thoroughly purified from E.
coli cells the recombinant proteins rTgaA, rLT, and rCHAP by
Ni-NTA affinity chromatography and subsequent RP-HPLC to
remove any residual LPS and extraneous proteins (Fig. 3). Purified
proteins were then used to stimulate two dendritic cell models:
BMDCs and the D1 cell line, which is a long-term growth factor-
dependent immature myeloid (CD11c*™ CD8a~) DC line of
splenic origin. Our results show clearly that the rTgaA protein can
in vitro activate dendritic cells and induce dose-dependent secre-
tion of IL-2 (Fig. 4). A similar stimulatory effect was found with
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the recombinant protein rCHAP, whereas rLT activated both den-
dritic cell models only marginally but could not markedly trigger
IL-2 expression (Fig. 4). Therefore, the TgaA protein activates
DCs and triggers IL-2 secretion by DCs by means of the CHAP
domain.

Finally, we studied the pathway induced by the protein TgaA in
DCs. Since TgaA can induce TNF-a production by DCs and since
the cluster of differentiation 14 (CD14) protein is essential in in-
ducing such cytokines in LPS-stimulated DCs (43), we first tested
if CD14 might have a role also in recognizing TgaA. As shown in
Fig. 5, BMDC activation was totally abolished in the absence of
CD14. Since CD14 is the best characterized as a coreceptor for
Toll-like receptor 4 (TLR4), we then tested if BMDCs isolated
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FIG 4 ELISA quantification of cytokine production by BMDCs and the D1 cell line stimulated with LPS or TgaA-derived recombinant proteins: rTgaA
corresponds to ASP-TgaA-His, which contains both TgaA domains; rLT corresponds to ASP-TgaA-ACHAP-His, which contains only the LT domain; rtCHAP
corresponds to ASP-TgaA-ALT-His, which contains only the CHAP domain. Statistically significant differences were determined by an unpaired Student’s ¢ test

(*, P < 0.05; ***, P < 0.001). mBMDC, murine BMDCs.
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FIG 5 ELISA quantification of TNF-a produced by rTgaA-stimulated
BMDCs isolated from wild-type (WT) and knockout mice. tir4~/~, Toll-like
receptor 4 (TLR4) KO mutant mouse; cd14 /~, CD14 protein KO mutant
mouse; myd88~'~, myeloid differentiation primary response gene 88
(MYD88) KO mutant mouse; trif ', Toll IL-1 receptor (TIR) domain-con-
taining adaptor-inducing IFN-B (TRIF) KO mutant mouse. Statistically sig-
nificant differences were determined by an unpaired Student’s ¢ test (s, P <
0.001). nt, not treated.
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from knockout mice lacking the expression of TLR4 can be acti-
vated by TgaA. According to our data, the receptor TLR4 was not
necessary to induce TNF-a in BMDCs by TgaA (Fig. 5). There-
fore, whereas LPS required TLR4 to induce TNF-a (43), the pro-
tein TgaA directly activated the downstream pathways through
CD14 or involved CD14 for its presentation to a different un-
known receptor, independently of TLR4.

To test if other TLRs might be important to recognizing TgaA
by DCs, we used BMDCs derived from mice lacking the trans-
ducer of TLR signaling. In particular, TLR downstream signaling
can occur via two pathways, which depend on two proteins: (i) the
myeloid differentiation primary response gene 88 (MyD88) and
(ii) the Toll IL-1 receptor (TIR) domain-containing adaptor-in-
ducing IFN-B (TRIF) (44). Surprisingly, we found that without a
functional TRIF or MyD88, production of TNF-a by TgaA-stim-
ulated BMDCs was largely preserved (Fig. 5), suggesting that, in
dendritic cells, the downstream signaling induced by TgaA could
follow a CD14-dependent, TLR-independent signaling pathway.

Collectively, the above data show that TgaA is a cell wall pro-
tein of B. bifidum MIMBb75 and contains a C-terminal domain
that initiates a CD14-dependent and TLR4-independent signaling
pathway, which only partially involves the TRIF adapter protein.

A putative CHAP coding sequence is present in many bacterial
genomes and is included in a number of different deduced protein
architectures (45). Interestingly, several proteins from Gram-pos-
itive bacteria that include the CHAP domain actively interact with
the host’s immune system. For instance, the Streptococcus pyogenes
SibA protein binds all immunoglobulin G (IgG) subclasses, the Fc
and Fab fragments, and also IgA and IgM (32). PcsB, another
CHAP-containing protein of Streptococcus spp. and a known an-
tigen of Streptococcus pneumoniae, is capable of activating T cells
in humans by inducing strong IL-17A responses (46). Further-
more, P40, a CHAP-containing protein produced by Lactobacillus
rhamnosus GG (perhaps the most studied probiotic strain so far),
can inhibit cytokine-induced epithelial cell apoptosis, reduce
TNF-induced colon epithelial damage, and promote cell growth
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FIG 6 DC-mediated host immune response to TgaA protein from Bifidobac-
terium bifidum MIMBb75: possible consequences of IL-2 production. The
contact between B. bifidum MIMBb75 and dendritic cells (DCs) determines
DC activation and IL-2 secretion. Reportedly, stimuli able to induce IL-2 pro-
duction by DCs are associated with a Th1-skewing of the immune responses,
Treg lymphocyte proliferation, and natural killer (NK) cell activation (for a
review, see reference 50).

in human and mouse colon epithelial cells and cultured mouse
colon explants (47, 48). In addition, our study showed that TgaA
from B. bifidum MIMBb75 is a cell surface-exposed molecule ca-
pable alone through its C-terminal CHAP domain of inducing DC
activation and IL-2 production. Based on observed induction of
IL-2 secretion, the TgaA stimulatory capacity here described may
stimulate dendritic cells to acquire Ty;1 stimulatory capacity (35).
Furthermore, the ability of B. bifidum MIMBDb75 and its protein
TgaA to induce IL-2 by DCs, together with the previous observa-
tion that B. bifidum strains induce an immune response affecting
Treg/T 17 plasticity (49), supports the hypothesis that these com-
mensal bacteria have a key role in mucosal tolerance. The presence
of specific microbial stimuli, such as the CHAP-containing TgaA
protein, may then have served as a way for commensals to co-
evolve with the host and produce mechanisms for maintaining
homeostasis and controlled reactions in the adaptive immune sys-
tem (i.e., prevent an imbalance in T-helper cell subsets).
Interestingly, a BLASTP search revealed the presence of a gene
closely similar to the CHAP domain of TgaA (with more than 80%
identity in the amino acid sequence) not only in B. bifidum but
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also in the genome of B. breve (e.g., GenBank accession number
WP_016462813), which is another Bifidobacterium species typ-
ically associated with healthy breast-fed infants (13). Therefore,
the presence in B. bifidum and other bifidobacteria of molecules
similar to the TgaA protein and capable of stimulating the im-
mune system could help explain the ability of these bacteria to
protect the host and nurture the immune system in early life (15,
16).

Conclusions. The results of this study can be summarized as
follows: (i) both the cells of B. bifidurn MIMBb75 and its surface
protein TgaA can activate dendritic cells and trigger IL-2 produc-
tion; (ii) TgaA activates dendritic cells through its CHAP amidase
domain; and (iii) the TgaA-dependent activation of dendritic cells
requires the protein CD14, only marginally involves TRIF, and is
independent of TLR4 and MyD88.

The bacterium B. bifidum MIMBb75, which is of human ori-
gin, has probiotic properties (28), and its ability to interact with
the host may partly depend on the presence of the CHAP domain
of its TgaA surface protein. In conclusion, the bacterial CHAP
domain may well be considered a novel, potentially widespread
MAMP that may participate in the cross talk mechanisms among
Gram-positive bacteria and their mammalian host. The possible
physiological consequences of the ability of B. bifidum MIMBb75
and its TgaA protein to activate DCs are schematically summa-
rized in Fig. 6.
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