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Probiotic bacteria have been shown to have health benefits in various situations (inflammation,
allergy, infection). We previously showed that a bacteria-free fermentation product of Bifidobacterium
breve C50 (BbC50sn) induced high IL-10 secretion by human dendritic cells. As IL-10 is a regulatory
cytokine, the aim of the present study was to examine whether DCs cultured in the presence of BbC50sn
could induce regulatory T cells in an allogeneic context. Purified CD4*CD25 human T cells were co-
cultured with allogeneic BbC50sn-treated dendritic cells for 4 weeks. The T cell population (BbC50sn-T)
was analysed both at phenotypical and functional [ability to inhibit a mixed lymphocyte reaction (MLR)]
levels. We showed that T lymphocytes acquired phenotype characteristics of regulatory T cells after 4
weeks of co-culture with BbC50sn-DCs, and inhibited in vitro T lymphocyte proliferation and IFN-y
production in an MLR. Transwell experiments demonstrated that this suppressive activity was not T
cell contact-dependent but probably mediated by a soluble factor. Although BbCS0sn-T cells secreted
significant amounts of IL-10 and TGF-g, their suppressive effect is most likely not mediated through
these cytokines. This is, to our knowledge, the first demonstration of in vitro regulatory T cell induction
by a bacteria-free fermentation product in an allogeneic context.

Dendritic cells (DCs) are professional antigen-
presenting cells that have a key role in the immune
response. These cells are present throughout the
body, including the mucosa where they orchestrate
innate and adaptive immune responses by means
of their pattern recognition receptors such as Toll

Like Receptors (TLR). DCs can either prime naive
T cells to elicit an effector immune response against
infectious agents or promote immune tolerance to
innocuous antigens such as food and commensal
bacteria (1). A breakdown in commensal bacteria
tolerance resulting from DC dysfunction in the
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gut has been shown to lead to the development of
inflammatory bowel diseases (2). Also immune
tolerance disruption of food and self-antigens
leads to allergy (3) and autoimmune diseases (4),
respectively.

The main effectors of tolerance are the regulatory
T cells. These cells have an important role in
controlling ongoing immune responses and silencing
self-reactive T cells. Besides their critical role in the
control of autoimmunity, they have been shown to
regulate transplantation tolerance and allergy (5, 6).
Regulatory T cells also have an important role in the
gut where they maintain intestinal homeostasis (7).
It was initially considered that when DCs were in
an immature or a “tolerogenic” semi-mature state,
they could drive the differentiation of regulatory T
cells (8, 9). However, several studies have shown
that regulatory T cells can also be induced by DCs
displaying a mature phenotype (10).

Probiotics are defined as “live microorganisms
which, when administered in adequate amounts,
confer a health benefit on the host” as referred by
WHO/FAQ expert’s consultation. Several studies
have shown a protective or curative effect of probiotic
bacteria in colitis (11), inflammatory bowel diseases
(12), allergy (13) and infection (14). Moreover, it
has now become clear that probiotic bacteria directly
influence host immunity. Many studies have shown
that probiotics may confer an immune-modulatory
function on DCs through induction of an anti-
inflammatory or a tolerogenic profile (15, 16). A
recent study described induction of regulatory T cells
by certain probiotic strains (17). Interestingly, many
of the health benefits seen with live bacteria were
also obtained with dead cells (18). Indeed, it has
been shown that dead bacteria can trigger a beneficial
immune response in different animal models as well
as in in vitro assays (18). Furthermore, certain studies
have also demonstrated that probiotic bacteria can
act on the immune system through the soluble factors
produced during a fermentation process (18, 19).
Until today, the use of probiotics was only envisaged
in the treatment of allergy (21) and graft-versus-
host (GVH) disease (22) but not in the case of organ
grafts. The allogeneic response represents a strong
Thl response (23). Nevertheless, a body of evidence
demonstrated that it could be inhibited by several
regulatory ways such as regulatory T or B cells (24).

Soluble factors from Bifidobacterium breve
C50 (BbC50) have been shown to have anti-
inflammatory activities in vitro (25). Furthermore,
we have previously shown that BbC50 supernatant
(BbC50sn) could affect the maturation of DCs via
the TLR-2 pathway (26). These DCs may contribute
to a tolerogenic orientation of T cells as they secrete
large amounts of IL-10. In this study, we further
investigated the possibility of these BbC50sn-treated
dendritic cells (BbC50sn-DCs) in generating ex vivo
regulatory T cells in an allogeneic context.

MATERIALS AND METHODS

Reagents

RPMI1640, Foetal calf serum (FCS), L-Glutamin,
Penicillin/Streptomycin and Phosphate-Buffered Saline
(PBS) were obtained from Invitrogen (Gibco, France).
FCS was decomplemented at 56°C for 30 min before use.
Ficoll (Lymphoprep) was purchased from Axis-Shield
(distributed by AbCys SA, France), recombinant human
(rh) IL-2 and IL-4 from R&D systems (Lille, France) and
rthGM-CSF from AbCys SA (Paris, France). LPS came
from Sigma-Aldrich (Saint-Quentin Fallavier, France).
BbC50sn was produced by Blédina SA (Steenvoorde,
France) as previously described (26).

Antibodies

The following mouse anti-human monoclonal
antibodies were used: anti-CD4-FITC, anti-CD69-
FITC, anti-CD127-PE, anti-CD152 (CTLA-4)-PE and
their respective isotype controls (Beckman Coulter/
Immunotech), anti-CD25-APC (allophycocyanin), anti-
CD39-APC, anti-CD134 (0Ox40)-PE and their respective
isotype controls (BD Biosciences/Pharmingen), and anti-
GITR-PE and its isotype control (R&D systems). The
Fix&Perm Cell permeabilisation kit (Caltag laboratories)
was used for intracellular staining with the anti-CD152-
PE antibody according to the manufacturer’s instructions.
Foxp3 staining was performed using the Foxp3 staining
set (eBioscience) with the rat IgG anti-Foxp3-PE antibody
(clone PCH101) and its isotype control according to the
manufacturer’s instructions.

Human monocyte-derived dendritic cells

Blood from healthy volunteer donors was obtained
after cytapheresis at the Etablissement Frangais du Sang
Centre-Atlantique (Tours, France). Peripheral blood
mononuclear cells (PBMC) were purified on a Ficoll
gradient (d=1.077). PBMC were then washed twice at
600g and 400g before being placed in flasks (2.10% cells in
175cm?) in RPMI1640 + 5% FCS for 45 min at 37°C + 5%
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CO, to allow monocyte adhesion. Non-adherent cells were
removed and conserved for later isolation of CD4* CD25
T lymphocytes. Monocytes were cultured in RPMI1640 +
10% FCS + 1% L-Glutamin + 1% Penicillin/Streptomycin
(complete medium) supplemented with S00IU/mL rhIL-4
and 1000IU/mL rhGM-CSF for five days at 37°C + 5%
CO, in order to obtain immature dendritic cells (DCs). At
day 5, DCs were harvested, enumerated in Trypan blue
and cultured in 6-well plates at 10° DCs/mL in complete
medium + rhIL-4 + rhGM-CSF in the presence of LPS
(50ng/mL) or BbC50sn (100pug/mL) for two days. Mature
DCs (mDCs) were then collected, enumerated and
analysed by flow cytometry. LPS-DCs were frozen at
-80°C until use in the T cell functional assays; BbC50sn-
DCs were either cultured with CD4* CD25" T lymphocytes
or frozen at -80°C and thawed for repeated stimulation of
T lymphocytes.

Long-term co-culture of BbC50sn-DCs and CD4* CD25
lymphocytes

CD4" T lymphocytes were isolated from Peripheral
Blood Lymphocytes (PBL) with the Dynal CD4 positive
isolation kit (Invitrogen, France) according to the
manufacturer’s instructions. CD4* CD25* T cells were
then removed with an anti-CD25 antibody (clone M-A251,
BD Biosciences) and anti-mouse IgG magnetic beads
(CELLection™ Pan Mouse IgG Kit, Dynal). Isolated CD4*
CD25 T cells were subsequently enumerated in Trypan
blue and either cultured with BbC50sn-DCs or frozen at
-80°C until functional assays. Allogeneic CD4* CD25" T
lymphocytes (5 x 10°/mL) were cultured with BbC50sn-
DCs (1.5 x 10%mL) in a 12-well plate in complete
RPMI1640 medium. CD4* CD25" T lymphocytes were
then re-stimulated with previously frozen BbC50sn-DCs
once a week for 3 weeks. From the first re-stimulation
(day 7 of co-culture), 2IU/mL rhIL-2 and 500IU/mL rhIL-
4 were added to the culture medium. Half the medium was
replaced between each re-stimulation when necessary. At
the end of co-culture (day 28), cells were harvested, and
CD4* T cells were isolated with the Dynal CD4 positive
isolation kit (Invitrogen, France). BbC50sn-T cells were
enumerated, analysed by flow cytometry and assayed in
functional tests. Co-culture supernatants were stored at
-20°C until analysis by ELISA.

Functional assays of BbCS50sn- T cells

Long term co-cultured T cells (BbC50sn-T cells) were
tested for their ability to inhibit proliferation of syngeneic
or third party donor CD4* CD25 T cells (responder cells)
induced by allogeneic or third party LPS-DCs (mDCs): 3 x
10 DCs and 10° CD4* CD25- T cells / well were placed ina
V-bottomed 96-well plate. BbC50sn-T cells were irradiated
at 16 Gy or were left un-irradiated and added to the plate

at several ratios for 5 days. For some experiments, CD4*
CD25 T cells (R) were treated with mitomycin (50pg/ml)
or activated with anti-CD3/CD28 beads (Dynal, cell:bead
ratio = 1:1). When specified, BbC50sn-T cells were
placed in the upper chamber of Inserts (Nunc 0.2 um).
To test IL-10 and TGF-B involvement in suppression,
neutralizing anti-IL-10, -IL-10R and -TGF-p antibodies
(R&D systems) or their corresponding isotype controls
were added to the medium (at 20 pg/mL, 5 pg/mL, and 20
pg/ml, respectively). Proliferation was then assessed after
*H-Thymidine (0.5 nCi) incorporation during the last 18 h
of co-culture. Cells were harvested on a 96-Unifilter plate
(Perkin Elmer, France) and *H-Thymidine incorporation
was measured using a liquid scintillation counter (Perkin
Elmer). Results are expressed in counts per minute (cpm)
+ SEM. Functional assay supernatants were stored at
-20°C until analysis by ELISA.

Cell analysis by flow cytometry

BbC50sn-T cells were resuspended in PBS + 5% SVF
+ 0.1% NaN, for staining and several fluo-conjugated
antibodies were added at saturated concentrations for
30 min at 4°C (antibodies used are described above).
Cells were then washed twice and at least 20,000/sample
were analysed using a BD FACSCanto™ cytometer
(BD Biosciences). Analysis was performed with BD
FACSDiva™ software.

Analysis of cytokine production in culture supernatants

Culture supernatants from long-term BbC50sn-T cells
and functional assays were stored at -20°C until analysis.
IL-10, IFN-y and TGF-B production was determined by
ELISA with the Ready-Set-Go kit (eBioscience) according
to the manufacturer’s instructions.

Statistical analysis

Data are presented as means + SEM. Analysis was
performed using the GraphPad Prism 3.0 software, and
all data were normally distributed. Comparisons between
groups were performed by Student’s unpaired or paired
2-tailed #test. Statistical significance was set at p<0.05
(*), p<0.01(**), p<0.001 (***).

RESULTS

BbC50sn-T cells have characteristics of regulatory
T cells

BbC50sn-T cells were obtained after repeated
stimulation of CD4* CD25" T cells with allogeneic
BbC50sn-DCs once a week for four weeks. At
the end of long-term co-culture, BbC50sn-T cells
showed weak proliferation when activated by LPS-
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Fig. 1. BbC50sn-T cells have characteristics of regulatory T cells. The proliferation of BbC50sn-T cells stimulated by
mDCs with or without IL-2 was analysed by *H-Thymidine incorporation (A), and cells stained with monoclonal antibodies
or their isotype control were analysed by flow cytometry (B, C). A, C} Results represent one out of 10 independent
experiments. B) Results represent mean £ SEM of 3 independent experiments. (*) p<0.05, (***) p<0.001.

DCs (Fig. 1A). IL-2 treatment restored BbC50sn-T
cell proliferation in a dose-dependent manner (Fig.
1A). Flow cytometry was then used to analyse the
BbC50sn-T cell phenotype. Results presented in Fig.
1B showed that the percentage of Foxp3-positive
cells increased each week following the first re-

stimulation. At the end of long-term co-culture,
about 54% of BbC50sn-T cells were positive for
CD25 and CD69, 32.3% were CD39', 16% were
CDI127" and about 80% expressed intracellular
CTLA-4 (CD152), whereas expression of GITR and
Ox40 was weak (Fig. 1C). Moreover, about 39% of
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Fig. 2. BbC50sn-T cells exert a suppressive activity in an MLR. CD4* CD25 T cells treated with mitomycin (Rmitomycin)
or left untreated (R) were co-cultured with allogeneic mDCs for 5 days with or without BbC50sn-T cells at a 1:1 ratio (A,
B, C) or at different BbC50sn-T:R ratios (D). T-cell proliferation was analysed by *H-thymidine incorporation; results are
expressed in cpm (triplicate mean = SEM) (4, C, D). Data represent one out of 12 (4) or 3 (C, D) experiments. B) MLR
supernatants were collected before *H-Thymidine addition and ELISA assessed IFN-y production. Data represent results

of 5 independent experiments. (*) p<0.05, (***) p<0.001.

BbC50sn-T cells were positive for Foxp3 expression,
21% of which also expressed CD25.

BbC50sn-T cells inhibit CD4* CD25 T cell
proliferation and IFN-y production in a MLR
BbC50sn-T cells were further examined for
their ability to inhibit T cell proliferation and IFN-y
production in a MLR. Allogeneic mDCs were used
to activate CD4* CD25 responder T cells (R).
BbC50sn-T cells, obtained from the same donor
as responder T cells, were then added to this MLR
at a ratio of 1:1 for five days, and lymphocyte
proliferation was assessed by ‘H-Thymidine
incorporation. As shown in Fig. 2, A and B,
responder T cell proliferation and responder T cell
IFN-y production were significantly decreased in the
presence of BbC50sn-T cells. The lower lymphocyte

proliferation was not due to exhaustion of the
culture medium because the proliferation level of
the responder T cells did not decrease after addition
of the same number of CD4* CD25 responder T
cells, whether treated with mitomycin or not (Fig.
2C). Moreover, the inhibition of responder T cell
proliferation was dose dependent (Fig. 2D). Taken
together, these results show that BbC50sn-DCs can
generate functional allogeneic regulatory T cells.

BbC50sn-T cells exert bystander suppressive activity
after antigen-specific activation

In the previous experiments, the CD4* CD25
responder T cells used in functional tests and
BbC50sn-T cells came from the same donor. In the
experiments described here, responder T cells came
from a third party donor and were called “third party
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Fig. 3. BbC50sn-T cells exert a bystander suppressive activity after antigen-specific activation. A) Third parly donor
CD4* CD25 responder T cells (3R) were cultured with allogeneic mDCs with or without BbC50sn-T cells for 5 days.
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responder T cells” (3™ R). The results presented in
Fig. 3A show that BbC50sn-T cells still inhibited
responder T cell proliferation, although the two
populations were not from the same donor.

The regulatory activity of BbC50sn-T cells was
also tested in the presence of third party mDCs in order
to test whether an alloantigen-specific stimulation
was necessary. Third party mDCs came from a third
donor, different from the donors of BbC50sn-T cells
and of responder T cells. As with allogeneic mDCs,
BbC50sn-T cells again showed weak proliferation
(Fig. 3B). Nevertheless, BbC50sn-T cells did not
suppress CD4* CD25 T cell proliferation when
third party mDCs were used (Fig. 3B). Morcover,
BbC50sn-T cells did not inhibit IFN-y production
by responder T cells in the presence of the third
party mDCs (Fig. 3C). Bystander suppression of

BbC50sn-T cells was therefore only effective after
activation by mDCs in an antigen-specific manner.

Suppressive activity of BbC50sn-T cells is not
mediated by IL-10 or TGF-f

Transwell experiments were carried out in order
to determine whether the suppressive activity of
BbC50sn-T cells was cell contact-dependent. No
suppressive activity was observed when BbC50sn-T
cells were placed alone in the upper chamber of
the Transwell (Fig. 4A). However, the suppressive
activity of BbC50sn-T cells was restored when
BbC50sn-T cells were in contact with mDCs in
the upper chamber of the Transwell, These results
showed that BbC50sn-T cells did not exert their
suppressive activity through a T cell — T cell contact
but required the presence of mDCs to inhibit a MLR.
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and/or -TGF- antibodies or their isotype controls. D) BbC50sn-T cells were placed in the upper chambers of culture
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Analysis of the supernatants collected during the
long-term co-culture showed that IL-10 and TGF-f
concentrations increased respectively two-fold and
four-fold between day 7 and day 28. At the end of
long-term co-culture, BbC50sn-T cells produced
about 330pg/mL IL-10 and 700pg/mL TGF-B (Fig.
4B). CD4* CD25 lymphocyte proliferation was
measured in the presence of anti-IL-10, IL-10R,
and/or -TGF-B monoclonal antibodies and their
respective isotype controls in an MLR. Responder T
cells were activated by mDCs (Fig. 4C) or anti-CD3/
CD28 beads (Fig. 4D). As shown in Fig. 4, responder

T-cell proliferation inhibited by BbC50sn-T cells
was not restored when anti-IL-10, IL-10R, and/or
-TGFp antibodies were added to the MLR. IL10
and TGFp therefore did not appear to mediate the
suppressive activity of BbC50sn-T cells.

DISCUSSION

Dendritic cells have a key role in inducing both
effector and regulatory immune responses (1). We
have previously shown that the TLR2 maturation of
BbC50sn-DCs conferred on them a pro-tolerogenic
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profile (26). In the present study, we demonstrated
that BbC50sn-DCs induced functional allogeneic
regulatory T cells ex vivo. BbC50sn-T cells were
anergic, secreted significant amounts of IL-10 and
TGF-B, inhibited alloantigen-driven proliferation
of CD4" CD25 T cells in a dose-dependent manner
and suppressed IFN-y production of CD4" CD25
responder T cells. These features are specific to
regulatory T cells (27).

Several studies have reported a modulatory effect
of probiotics on DCs (15, 16, 26). Only a few have
studied the direct action of such DCs on regulatory
T-cell induction in mouse models as well as in
humans (28, 29). Nevertheless, the possibility of
regulatory T-cell expansion cannot be excluded in
most of these studies concerning probiotic bacteria.
As the CD4" T cells used in the present study were
depleted of CD4" CD25" natural regulatory T cells
before the long-term co-culture, the BbC50sn-T cells
obtained were therefore de novo-induced regulatory
T cells. Thus, this is, to the best of our knowledge, the
first report of in vitro induction of human allogeneic
regulatory T cells by DCs treated with a bacteria-
free fermentation product obtained with a probiotic
strain.

The modulatory capacity of BbC50sn on DCs is
strengthened since the allogeneic response represents
a strong Thl response. Furthermore, our results
support the concept that mature DCs can induce
regulatory T cells (10) even though not every type
of mature DC is able to induce regulatory T cells.
Indeed, we previously demonstrated with the same
ex vivo culture model that TNFo-treated DCs did not
induce regulatory T cells (30).

BbC50sn-T cells were hyporesponsive to further
stimulation by mDCs but 1L-2 restored BbC50sn-
T-cell proliferation in a dose-dependent manner;
BbC50sn-DCs therefore induced anergy of CD4" T
cells ex vivo (31). Analysis of BbC50sn-T cells by
flow cytometry revealed that this T-cell population
was heterogeneous and expressed CD25, CTLA-4,
CD69, CD39, CDI127 and Foxp3 at several levels.
These molecules are usually expressed by regulatory
T cells but are not strictly specific to regulatory T
cells. Foxp3 expression is directly correlated with
the regulatory activity of T cells in mice, but not
in humans (27). About 39% of BbC50sn-T cells
expressed Foxp3 in this study. However, we do not

know whether the whole suppressive activity of
BbC50sn-T cells described here was only due to
these Foxp3* T cells.

Transwell experiments showed that BbC50sn-T
cells did not inhibit responder T-cell proliferation
when they were not in contact with mDCs.
Moreover, they did not inhibit responder T-cell
proliferation or IFN-y production when they were
stimulated by third party mDCs. BbC50sn-T cells
thus required direct contact with alloantigen-specific
mDCs in order to exert their suppressive activity.
However, although the activation of regulatory T
cells was Ag-specific, the suppressive effect was
Ag-independent. This regulatory mechanism has
already been described as “bystander suppression”
(32). “Bystander suppression” is defined as a process
whereby antigen-specific adaptive regulatory T cells
inhibit the T effector-cell response both to specific
antigen and to a third-party antigen. Interestingly,
this expression has also been used in the field of oral
tolerance (32). In the present study, BbC50sn-T cells
still inhibited CD4* CD25- T-cell proliferation when
they were separated from responder T cells by a semi-
permeable membrane. The suppressive activity of
BbC50sn-T cells was probably mediated by a soluble
factor that remains to be identified. BbC50sn-T cells
produced IL-10 and TGF-, both known to be mainly
secreted by regulatory T cells (27). Nevertheless,
the suppressive activity of BbC50sn-T cells was not
mediated by these cytokines. Numerous ways of
suppression were evidenced for the different types
of regulatory T cells (27). Nitric oxide (NO) has
also been shown to mediate regulatory activity (33)
but was not responsible for the suppressive activity
of BbC50sn-T cells in our model (data not shown).
About 32% of BbC50sn-T cells expressed CD39, and
therefore it is possible that BbC50sn-T cells exert
their suppressive activity via this ectonucleotidase
(34). Both DCs and regulatory T cells have an
important role in intestinal homeostasis and allergy
regulation (7). Intestinal homeostasis is in part
dependent on tolerance of commensal bacteria by
the intestinal immune system as it has been shown
that a breakdown in immune tolerance to commensal
bacteria leads to the development of inflammatory
bowel diseases (2). BbC50sn down-regulated
inflammation at the epithelial level in vitro and
protected mice from TNBS-induced colitis through
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its action on murine DCs (25). Our results suggest
that the decreased intestinal inflammation obtained
via BbC50sn-DCs could be due to the generation of
syngeneic regulatory T cells through regulatory DCs.

In summary, we demonstrated in the present
study that human DCs treated with a bacteria-free
fermentation product could induce de novo allogene-
ic regulatory T cells ex vivo. These results contribute
to the understanding of the mechanisms of action of
probiotic bacteria and may help to explain the health
benefits observed when administrating probiotic in
human clinical trial (35).
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