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ARTICLE INFO ABSTRACT

Keywords: Bifidobacteria are among the most common bacteria used for their probiotic properties and their impact on the
Allergy maturation and function of the immune system has been well-described. Recently, scientific interest is shifting
Bifidobacterium from live bacteria to defined bacteria-derived biologically active molecules. Their greatest advantage over
ISJZ?f]i:C:ririlgie:s probiotics is the defined structure and the effect independent of the viability status of the bacteria. Here, we aim
Macromolecules to characterize Bifidobacterium adolescentis CCDM 368 surface antigens that include polysaccharides (PSs), lip-

oteichoic acids (LTAs), and peptidoglycan (PG). Among them, Bad368.1 PS was observed to modulate OVA-
induced cytokine production in cells isolated from OVA-sensitized mice by increasing the production of Thl-
related IFN-y and inhibition of Th2-related IL-5 and IL-13 cytokines (in vitro). Moreover, Bad368.1 PS (BAP1)
is efficiently engulfed and transferred between epithelial and dendritic cells. Therefore, we propose that the
Bad368.1 PS (BAP1) can be used for the modulation of allergic diseases in humans. Structural studies revealed
that Bad368.1 PS has an average molecular mass of approximately 9,99 x 10° Da and it consists of glucose,
galactose, and rhamnose residues that are creating the following repeating unit:
[+2)-B-D-Glcp-(1-3)-B-L-Rhap-(1—4)-p-D-Glcp-(1-3)-a-L-Rhap-(1-4)--D-Glep-(1—3)-a-D-Galp-(1— |,

1. Introduction molecules produced by them (Schiavi et al., 2016; Speciale et al., 2019;

Xu et al., 2017). The exopolysaccharides, (lipo)teichoic acids, glyco-

The definition of probiotics associated with bacterial cell viability
has been established over 20 years ago and the promise of applied
probiotic bacteria for a variety of health purposes is well-described
(Kerry et al., 2018). Bifidobacterium strains are Gram-positive, anaer-
obic bacteria that are constituents of the human microbiota. They play a
pivotal role in the immune system maturation and modulation of im-
mune cell responses (Ruiz et al., 2017). Administration of live Bifido-
bacterium strains triggers immune responses either in healthy or allergy-
sensitized mice through e.g. changes in cytokine production or specific
activation of the immune cells subsets (Hiramatsu et al., 2011; Raftis
et al., 2018). Nowadays, it becomes clear that not only live and prolif-
erating bacteria are having a beneficial effect but also certain effector
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lipids, peptidoglycans, proteins, and other components of probiotic
bacteria are of interest as potentially biologically active structures.
Recently, they have been named by the International Scientific Associ-
ation of Probiotics and Prebiotics as “postbiotics” (Nataraj et al., 2020).
Health-promoting effects of these molecules are easy to establish
through identifiable structures, thus enabling the analysis of structure-
function relationships. However, our understanding of the link be-
tween a defined postbiotic structure and its biological effect on the host
is still in its infancy. Among the most intensively studied bifidobacterial
postbiotic molecules are polysaccharides (PSs), peptidoglycans (PGs),
and lipoteichoic acids (LTAs).

Bifidobacterial PSs consist mainly of galactoses and glucoses (Inturri
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et al., 2017; Nagaoka et al., 1996; Speciale et al., 2019; Zdorovenko
et al., 2009). Differences between PSs are based generally on the o/f
isomers composition, linkages between monosaccharides, and the order
of the sugar residues in a PS chain unit. Bifidobacterial PSs may also
contain relatively abundant rhamnose and less frequent mannose or 6-
deoxy-D-talose (Altmann et al., 2016; Kohno et al., 2009; Nagaoka
etal., 1988; Shang et al., 2013). The biological function of PSs is still not
fully explored, but it appears to be strongly related to their chemical
structure. The neutral and/or high molecular weight PSs can act as
suppressors of the immune responses, while acidic and/or small mo-
lecular weight PSs are associated with immunostimulatory properties
(Gorska et al., 2017; Pyclik et al., 2020; Zhou et al., 2019). PG of the
Bifidobacterium genus belongs to type A (divided into 4 subtypes A1-A4)
and is characterized by the binding of the D-alanine carbonyl group (at
the 4th position) and the diamino acid (at the 3rd position) of the
neighboring peptide. The primary role of PG is to scaffold bacterial cell
and protect against environmental factors. It is also a potent immuno-
modulator that regulates homeostasis and triggers immune responses by
continuous stimulation of NOD receptors (Clarke et al., 2010; Martinic
et al., 2017; Wolf & Underhill, 2018). The bifidobacterial LTAs are
composed of a hydrophilic backbone (e.g. glycerol-, ribitol-phosphate)
and hydrophobic glycolipid anchor creating together an amphiphilic
structure, which plays biologically significant roles. Recently, it has
been shown that the LTA from B. animalis subsp. lactis BPL1 reduces fat
deposition through the regulation of the IGF-1 pathway in the Caeno-
rhabditis elegans model (Balaguer et al., 2022). Moreover, LTA derived
from Lactobacillus reuteri exhibited anti-inflammatory activity through
MAPK and the NF-xf pathways in LPS-induced macrophages (Lu et al.,
2022).

Allergic diseases remain a major public health problem that impacts
patients' quality of life (Palomares et al., 2017). Allergic inflammation is
typically driven by type 2 immune responses to environmental allergens
manifested by the differentiation of naive T CD4+ cells towards Th2
effector cells, allergen-specific IgE induction, IL-4, IL-5, and IL-13 pro-
duction, eosinophilia, and mast cells activation. Bifidobacterium strains
were shown to restore immunological balance and effectively alleviate
allergic responses. Tian et al. showed the potential of B. animalis KV9 to
alleviate p-globulin induced food allergy in BALB/c mice (Tian et al.,
2022). Moreover, we have previously shown that neonatal colonization
of germ-free mice with B. longum ssp. longum CCM 7952 prevented
sensitization to major birch pollen allergen Bet v1 (Schwarzer et al.,
2013). Of note, intranasal administration of the same bifidobacterial
strain exhibited allergy-reducing properties in ovalbumin (OVA)-sensi-
tized mice (Pyclik et al., 2021).

We showed the ability of live as well as heat-killed Bifidobacterium
adolescentis CCDM 368 (Bad368) to modulate the OVA-stimulated
cytokine release from cells isolated from OVA-sensitized mice. Given
the functionality of the heat-treated Bad368, we attempted to decipher
which of the cell wall-associated postbiotics can actively participate in
the Bad368 modulatory properties. Here, we demonstrate that one of the
PSs, Bad368.1 with a unique structure, actively participates in the
Bad368 immunomodulatory activities and is efficiently engulfed by lung
epithelial cells and transferred to dendritic cells. Finally, the compre-
hensive chemical and NMR spectroscopy analysis allowed us to deter-
mine the structure of Bad368.1 PS, which we consider a prerequisite for
potential use as a postbiotic in further medical applications.

2. Materials and methods
2.1. Bifidobacterium adolescentis CCDM 368 cultivation

Bifidobacterium adolescentis CCDM 368 (Bad368) from human adult
feces was obtained from the Czech Collection of Diary Microorganisms
(CCDM, Laktoflora, Milcom, Tabor, Czech Republic). The isolates were
cultivated for 72 h in MRS broth (Sigma Aldrich) with 0.05 % L-cysteine
(Merck Millipore) at 37 °C in an anaerobic chamber (Oxoid, 80 % Nj, 10
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% CO2, 10 % Hy). Before the start of the experiments, Bad368 was
centrifuged (4500 xg, 15 min, 4 °C) and washed with sterile phosphate-
buffered saline (PBS). Finally, the bacterial pellet was frozen, freeze-
dried and used for further isolations.

2.2. Isolation and purification of antigens

2.2.1. Polysaccharides

The isolation protocol was conducted according to Goérska et al.
(Gorska et al., 2010). Briefly, bacterial mass was sonicated, incubated
with shaking in 10 % trichloroacetic acid (2.5 h; room temperature
(23 °C), and centrifuged (15,000 xg; 4 °C; 20 min). The supernatant was
treated with 5 volumes of ethanol and incubated overnight at —20 °C.
On the next day, the suspension was centrifuged (as before) and the
obtained pellet was dialyzed to miliQ water for 24 h at 4 °C (MWCO 6-8
kDa, Roth) and freeze-dried. Later, NGS Chromatography System (Bio-
Rad) equipped with a UV detector was used to separate the resulting PSs
mixture with the use of ion exchange chromatography (DEAE-Sephadex
A-25 column; 1.6 x 20 cm (Pharmacia); buffer A: 20 mM Tris-HCI,
buffer B: 2 M NaCl; linear-gradient (0 % B — 100 % B); 23 °C) and size
exclusion chromatography (TSK HQ-55S column; 1.6 x 100 cm
(Amersham Pharmacia Biotech); eluted with 0.1 M ammonium acetate;
23 °C). The phenol-sulfuric acid method was used to measure carbo-
hydrate content in fractions collected after column separations (DuBois
et al., 1956). Finally, obtained polysaccharide samples were analyzed
using classical chemical methods and NMR spectroscopy (Gorska et al.,
2014).

2.2.2. Lipoteichoic acids

The LTA isolation procedure was conducted according to the modi-
fied protocol of Morath et al. (Morath et al., 2001). Briefly, bacterial
mass was incubated with shaking in miliQ water and n-butanol mixture
(1:1 v/v; 30 min; 23 °C). Next, the suspension was centrifuged (13,000
xg; 20 min; 4 °C) and the pellet was re-extracted in the same manner (3
to 4 times). Finally, the water phase was collected, frozen, and freeze-
dried. To purify and separate the obtained structures, crude LTA un-
derwent ion exchange chromatography (DEAE-Sephadex A-25 column;
1.6 x 20 cm (Pharmacia); buffer A: 0.1 M sodium acetate (pH = 4.7),
buffer B: 2 M NaCl; linear-gradient (0 % B — 100 % B); 23 °C) and hy-
drophobic interaction chromatography (Octyl Sepharose CL-4B; 1.6 x
60 cm (GE Healthcare); buffer A: 15 % n-propanol in 0.1 M sodium
acetate (pH = 4.7), buffer B: 60 % n-propanol in 0.1 M sodium acetate
(pH = 4.7); linear-gradient (0 % B — 100 % B); 23 °C) on the NGS
Chromatography System equipped with UV detector. Finally, LTA
fractions were determined with the use of the phenol-sulfuric acid
method and underwent NMR spectroscopy analysis.

2.2.3. Peptidoglycan

The PG isolation was conducted according to the modified method of
Schaub and Dillard (Schaub & Dillard, 2017). Briefly, bacterial mass was
suspended in 25 mM phosphate buffer (100 ml, pH = 6) and added drop
by drop to a boiling 8 % sodium dodecyl sulfate (100 ml, SDS). Then, the
suspension was boiled (30 min; 100 °C), cooled, and ultra-centrifuged
(200,000 xg 15 °C; 30 min). The obtained pellet was re-extracted,
washed (4 to 6 times) with phosphate buffer, and freeze-dried. To
receive a pure PG, 5 mg of the freeze-dried mass was dissolved in 2 ml of
50 mM Tris-HCl with 10 mM MgCl, (pH = 7.5) and underwent di-
gestions, first for 6 h at 37 °C with 0.21 mg/ml of DNase and RNase, and
next overnight with protease (0.45 mg/ml, 37 °C).

2.3. HEK-Blue™ cells cultivation and stimulation

Transfected human embryonal kidney (HEK) 293 cells were pur-
chased from Invivogen and cultivated according to the manufacturer's
instructions. Briefly, cells were cultured (37 °C, 5 % CO) in DMEM with
10 % (v/v) fetal bovine serum, 100 U/ml penicillin, 100 mg/ml
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streptomycin, and 100 mg/ml Normocin™ (Invivogen) and selective
antibiotics: (1) null: 100 pg/ml of Zeocin™ (Invivogen); (2) TLR2 and
TLR4: 1 x HEK-Blue™ selection (Invivogen); (3) NOD2: 30 pg/ml of
blasticidin (Invivogen) and 100 pg/ml of Zeocin™. After reaching 80 %
of confluency, sterile PBS was used to collect the cells.

To determine the recognition pathways of studied antigens, 190 pl of
the cells suspension (140,000 cells/ml in HEK-Blue™ Detection (Inviv-
ogen)) was added to each well in the 96-well plate. Next 10 pl of
analyzed samples (1 pg/ml — 10 pg/ml) was added. Corresponding
positive controls were used for tested cell lines: Pam3CSK4 (Pam3-
CysSerLys4, Invivogen) for TLR2, LPS ultra-pure (lipopolysaccharide,
Invivogen) for TLR4 and MDP (muramyl dipeptide, Invivogen) for
NOD2 cells. The results were observed as a colorimetric reaction that
was developing over time and the level of receptor activation was
measured by absorbance read at A = 630 and 650 nm. The results were
presented as A absorbance at A = 630 nm between tested samples and
negative control (PBS-stimulated cells).

2.4. Stimulation of the splenocytes and dendritic cells isolated from the
OVA-sensitized mice

2.4.1. Stimulation of the splenocytes isolated from OVA-sensitized mice

The immunomodulatory potential of Bad368 antigens was investi-
gated ex vivo on the splenocytes isolated from OVA-sensitized BALB/c
mice according to the method described by Pyclik et al. (Pyclik et al.,
2021). Briefly, female mice (8-12 weeks of age) were sensitized by two
intraperitoneal injections of 10 pg of OVA (Sigma Aldrich, grade V)
mixed with 0.65 mg/100 pl of Alum (Serva) and one boosting injection
of 15 pg of OVA mixed with 0.65 mg/100 pl of Alum (Serva) one week
later. Seven days after the third sensitization, mice were anesthetized
with 3 % isoflurane and euthanized by cervical dislocation. The animal
experiment was approved by the committee for the protection and use of
experimental animals of the Institute of Microbiology, The Czech
Academy of Sciences (no. 91/2019). All procedures were performed in
accordance with the EU Directive 2010/63/EU for animal experiments.

Spleens were aseptically removed and cells were isolated and
cultured in RPMI 1640 medium (Sigma Aldrich) supplemented with 10
% FBS (Fetal Bovine Serum, Gibco), 100 U/ml of penicillin, 100 pg/ml
streptomycin, and 10 mM HEPES (Sigma Aldrich). Cells were counted
and seeded on a 96-well plate (5 x 10° cells/ml, 100 ul/well), re-
stimulated with OVA (100 pg/well, Purified OAC, Worthington), and
treated with studied antigens (PSs 30 pg/ml, PG and LTA 10 pg/ml in
PBS) for 72 h (37 °C, 5 % CO3). The concentration of cytokines was
measured in supernatants by the Milliplex Map Mouse Cytokine/Che-
mokine Panel (IL-4, IL-5, IL-13, IL-10, and IFN-y) according to the
manufacturer's instructions and analyzed with Luminex 2000 System
(Bio-Rad Laboratories). Changes in the levels of the Th1/Th2 cytokines
were analyzed and presented as a percentage ratio between tested
samples and the OVA-positive control (OVA re-stimulated splenocytes
only) referred to as 100 %. Unstimulated cells were used as a negative
control (medium without OVA).

2.4.2. Isolation and stimulation of the bone marrow-derived dendritic cells

Bone marrow-derived dendritic cells (BM-DCs) were isolated ac-
cording to the previously described method (Gorska et al., 2014). All
procedures were performed in accordance with the EU Directive 2010/
63/EU for animal experiments. Briefly, cells were rinsed from femurs
and tibias of female BALB/c mice, placed in RPMI 1640 medium,
centrifuged (215 xg, 5 min), and counted. Next, the cells were put on a
Petri dish in a medium supplemented with 10 % FBS, 150 pg/ml gen-
tamycin (Sigma Aldrich), and 20 ng/ml murine granulocyte-
macrophage colony-stimulating factor (GM-CSF, Invitrogen), and incu-
bated for 7 days with the addition of the fresh medium on the 3rd and
6th day (37 °C, 5 % CO3). BM-DCs were detached, counted, and seeded
on the 48-well plate (1 x 10° cells/well) and stimulated with studied
antigens (PSs 30 pg/ml, PG and LTA 10 pg/ml in PBS) for 20 h (37 °C, 5
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% COo). Finally, the levels of IL-10, IL-6, IL-12p70, and TNF-a in culture
supernatants were determined by ELISA Ready-Set-Go! kits (eBio-
science) according to the manufacturer's instructions.

2.5. Antigen uptake and transfer between mouse epithelial cells (TC-1)
and dendritic cells (JAWS II)

2.5.1. Antigens staining

The staining protocol for PS, LTA, and PG was adapted from Fluo-
roProbes reagent manuals with some changes. PS, LTA, or PG (1 mg)
were suspended in 400 pl 0.1 M sodium acetate (pH = 5.5) and meta-
periodate (20 mM) and incubated at 4 °C for 30 min. Then, the solu-
tion was mixed with 100 pl 40 mM 1-Pyrenebutyric hydrazide (PBA)
(Sigma Aldrich) in DMSO. The mixture was incubated for 3 h (23 °C, in
darkness, with agitation) and dialyzed to dHO water (4 °C, 18 h) using a
dialysis cassette (Slide-A-Lyzer Dialysis Cassette, Thermo Scientific).
The PS and LTA content in the dialysate was assessed with DuBois assay
(DuBois et al., 1956) by the absorbance measurement at A = 490 nm. The
PG content was checked by an absorbance read at A = 206 nm and 254
nm. All the measurements were performed by Power Wave reader
(BioTek) with the Gen5 Software (BioTek).

2.5.2. Antigen uptake by epithelial cell line (TC-1)

TC-1 cells (ATCC CRL-2785) were seeded on a 24-well plate (0.2 x
100 cells/ml) in a complete medium of DMEM + GlutaMax (Gibco), 10
% FBS (Gibco), and 1 % tr-glutamine-Penicillin-Streptomycin solution
and incubated for 2 h. Next, the stained antigens: 10 pg/ml of LTA, 10
pg/ml of PG, 30 pug/ml of PS were added to the cells and incubated for 4
h (37 °C, 5 % COy). To distinct the live population of TC-1 cells, the
detached cells were stained with viability dye FV780 (BD Horizon, ref
565388) for 15 min at 23 °C. Next, the cells were washed and suspended
in 1 % FBS/PBS before flow cytometry analysis (BD LSR Fortessa, BD
Biosciences). The main population was marked based on the forward
and side scatter. Debris was excluded by the FCS-H/FSC-A gating. The
dead population was excluded from the analysis by the forward scatter
vs viability dye. Obtained data were analyzed by FlowJo VX.07
software.

2.5.3. Antigen transfer between mouse epithelial (TC-1) and dendritic cells
(JAWS 1D

JAWS 1I cells (ATCC CRL-11904) were cultivated in Alpha MEM
medium (Gibco) with 10 % FBS (Gibco), 1 % r-glutamine-Penicillin-
Streptomycin solution, 1 mM sodium pyruvate (Sigma Aldrich), and 5
ng/ml GM-CSF in an incubator (37 °C, 5 % CO3). Before co-culture,
JAWS II were stained with red fluorescent dye PKH26 (Sigma Aldrich)
according to the manufacturer's procedure, and 0.2 x 10° cells were
seeded on a 24-well plate and incubated for 1.5 h. Simultaneously, TC-1
cells were grown and loaded with stained antigens as described in 2.5.2
and added to the stabilized JAWS II culture in an approximate ratio of
1:1 in a complete Alpha MEM medium. Cells were observed under the
microscope (Axio Observer, Zeiss) for 24 h (37 °C, 5 % CO3) or were co-
cultured for the same amount of time for the flow cytometry analysis (as
described in 5.2). In transfer studies, % of cells that acquired tested
antigens was calculated exclusively for JAWS II (cells from quartiles Q1
and Q2, stained with PKH26 = 100 %).

2.6. Structure determination of the Bad368.1 polysaccharide compound

2.6.1. NMR spectroscopy and size determination

The NMR spectra were obtained on a Bruker 600 Hz Avance III
spectrometer using a 5 mm QCI 'H/*3C/!°N/3!P probe equipped with a
z-gradient. The data were acquired using the TopSpin 3.1pl6 software
and processed with TopSpin 4.0.7 and SPARKY (Goddard 2001). PSs (10
pg) were dissolved in deuterium oxide and the one- (1H, 31P) and two-
dimensional NMR experiments (*H-'H-COSY, 'H-'H TOCSY, 'H-'H
NOESY, 'H-'3c HSQC, 'H-'3C HMBC, 'H-3'P HSQC, and HSQC-TOSCY)
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were carried out at 50 °C using pulses sequences from the Bruker library.
The mixing times for TOCSY were 30, 60, and 100 ms, and for NOESY
100 and 300 ms. The delay time in HMBC was 60 ms. The chemical shifts
for NMR signals were referenced by using acetone as an internal refer-
ence (8y 2.225 ppm, 8¢ 31.05 ppm). To determine the absolute config-
uration of monosaccharides moieties present in all Bad368 PSs °C NMR
chemical shifts were compared with the reference data (Shashkov et al.,
1988).

The average molecular mass of each PS was determined by GPC
(Dionex Ultimate 3000) on an OHpak SB-806 M HQ column (8 x 300
mm, maximum pore size 15,000 A; Shodex) with dextran standards (MW
12, 25, 50, 80, 150 and 270 kDa). 0.1 M ammonium acetate buffer was
used as the eluent. The flow rate was 0.5 ml/min and the run was
monitored with a refractive index detector (RI 102; Shodex). The
working detector temperature and sensitivity were adjusted to 35 °C and
512x, respectively. System control, data acquisition, and treatments
were performed using the Chromeleon software (Dionex) (Gorska et al.,
2016).

2.6.2. Chemical analysis

Monosaccharide content of the purified PS was determined by sugar
analysis as described previously (Sawardeker et al., 1965). Briefly, 0.3
mg of PS was hydrolyzed with 10 M HCI (80 °C, 25 min) and dried under
a stream of Ny. Next, samples were reduced to sugar alditols using 10
mg/ml NaBH4 (10 °C; overnight incubation). On the next day, the
reduction was stopped by the addition of the 80 % acetic acid and free
-OH groups were acetylated with methylimidazole and acetic anhydride.
Next, the obtained alditol acetates were extracted 3 times by water:
dichloromethane (1:1, v/v) mixture. Finally, the organic phase was
collected, dried under a stream of Ny and kept in the fridge before gas-
liquid chromatography-mass spectrometry (GLC-MS) analysis. Samples
obtained after sugar analysis were mixed with sugar standards to
confirm monosaccharide composition in tested PSs.

To gain information about monosaccharide linkage and substitution
positions, methylation analysis was performed. 2 mg of PS was dissolved
in DMSO, treated with NaOH, and sonicated. To methylate free -OH
groups, samples were incubated with iodomethane. Next, acetic acid
was used to neutralize the pH of the samples and the methylated PS was
extracted by a mixture of chloroform: water (1:1, v/v) (Ciucanu &
Kerek, 1984). The obtained solution was dried under a stream of N5 and
subjected to sugar analysis as described previously, except that 10 mg/
ml NaBD4 was used for reduction instead of the NaBH,4. Dried samples
were dissolved in ethyl acetate and analyzed by GLC-MS on the ITQ 700
Thermo Focus GC system equipped with Zebron ZB-5HT Inferno capil-
lary column (Phenomenex) with a temperature gradient from 150 °C to
270 °C (8 °C/min). All data were obtained and analyzed by the Xcali-
bur™ software (Thermo Fisher).

2.7. Statistical analysis

All experiments were repeated in at least two technical and two
biological repetitions. Data are presented as mean + SD and differences
were analyzed with one-way ANOVA together with Dunnett's multiple
comparisons. All statistical analyses and visualizations were prepared
with the use of Graph Pad Prism version 9.

3. Results

Both live and heat-inactivated Bifidobacterium adolescentis CCDM 368
bacteria show the ability to reduce the Th2-related cytokine production
of IL-5, IL-4, and IL-13 in OVA-stimulated cells derived from OVA-
sensitized mice (Supplementary Fig. S1). Thus, we decided to define
the molecules responsible for the immunomodulatory effect present in
inactivated bacterial cells. Bad368 antigens that include PSs, PG, and
LTAs were isolated and purified. We found out that Bad368 produce
three different PSs which will be referred to as the biological fraction 1,
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2, and 3 (Bad368.1, Bad368.2, and Bad368.3, respectively) (Supple-
mentary Fig. S2). On the contrary, the LTA and PG purification revealed
the presence of only one fraction of each antigen.

3.1. Bifidobacterium adolescentis CCDM 368 antigens are recognized by
innate immune receptors

HEK cells transfected with the innate immune receptors from the TLR
and NOD receptor family were used to demonstrate the recognition
pathways induced by isolated molecules. Studied antigens were added
to the cells and colorimetric reaction was developed. We observed that
LTA was recognized by TLR2, whereas PG led to the activation of TLR2
and NOD2. Polysaccharides Bad368.1 and Bad368.3 caused a robust
activation of TLR2, they were also able to induce TLR4 response.
Interestingly, Bad368.2 wasn't recognized by any of the tested immune
receptors. Null cells that lack analyzed receptors were used as a negative
control for transfected cell lines (Supplementary Fig. S3).

3.2. Bifidobacterium adolescentis CCDM 368 antigens differently affect
the OVA-induced cytokine production by splenocytes

Splenocytes isolated from ovalbumin (OVA)-sensitized female
BALB/c mice were used to evaluate the potential of isolated molecules to
modulate the OVA-induced cytokine production. We observed different
effects for each of the PS fractions: Bad368.1 PS significantly inhibited
the production of IL-5 while Bad368.3 significantly decreased the level
of both IL-4 and IL-5 when compared to OVA-stimulated cells. All three
fractions showed tendency to decrease IL-13 (Fig. 1). Stimulation with
PG and LTA did not show any notable changes in the levels of Th2-
related cytokines. In the case of regulatory IL-10, PG, and Bad368.1
PS were able to induce high levels of this cytokine. Strikingly, it was
Bad368.1 PS that caused a robust production of pro-inflammatory cy-
tokines IFN-y and IL-6 suggesting the Th1-inducing properties. We also
observed the induction of IL-6 cytokine after PG and Bad368.3 stimu-
lation as well as increased production of IFN-y, however the level of the
latter was significantly lower when compared to Bad368.1 PS.

3.3. Bad368.1 polysaccharide induces cytokine production in bone
marrow-derived dendritic cells

From the tested Bad368 molecules we selected representative anti-
gens: Bad.368.1 PS, PG, and LTA that exhibited interesting immuno-
modulatory properties for further studies. First, we decided to analyze
cytokine production in BM-DCs treated with the selected antigens.
Interestingly, we observed that their response depended on the antigen
type. Bad368.1 PS showed a tendency to improve TNF-a and IL-10 levels
and as the only one among other antigens caused a significant increase
in IL-6 production. Upon exposure to PG, BM-DCs produced a very low
level of IL-10, TNF-a, and IL-6, whereas stimulation with LTA slightly
increased the level of IL-10 (Fig. 2). None of the tested molecules were
able to induce IL-12p70 production in BM-DCs (data not shown).

3.4. The efficiency of Bad368.1 polysaccharide, lipoteichoic acid and
peptidoglycan uptake by airway epithelial cells (TC-1) and antigen
transfer to dendritic cells (JAWS II) vary depending on the molecule

To confirm the efficient recognition and engulfment of studied an-
tigens, the uptake analysis was performed with labeled Bad368.1 PS, PG,
and LTA by flow cytometry. The analysis indicated the engulfment of all
antigens, with the highest mean value for Bad368.1 PS (99 %), then for
PG (81 %). The lowest mean value was noted for LTA (8 %) (Fig. 3,
Supplementary Fig. S4). The obtained results indicated the presence of
two populations of epithelial cells: 1) which internalized the labeled
antigen (positive population), and 2) which did not (negative
population).

Next, we examined the antigen transfer between epithelial cells and
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Fig. 1. Cytokine production by OVA-sensitized splenocytes after stimulation with Bifidobacterium adolescentis CCDM 368 antigens. Mouse splenocytes were stim-
ulated with OVA (500 pg/ml) together with antigens at a concentration of 10 pg/ml for PG and LTA and 30 pg/ml for PSs (Bad368.1, Bad368.2, Bad368.3) or PBS
(OVA-positive control). Unstimulated splenocytes (medium without OVA) served as a negative control. Data are shown as mean + SD of 2 mice and expressed as a
percentage ratio between tested samples and the OVA-positive control. One-way ANOVA with Dunnett's multiple comparison tests were performed and significant
differences compared to OVA-control (red dashed line) were calculated (**** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05). Additionally, for IFN-y significant
differences between Bad368.1 PS and other PSs (Bad368.2 PS and Bad368.3 PS) were marked with # (p < 0.0001).

antigen presenting cells (APCs), in which antigen-treated TC-1 cells
were incubated in co-culture with JAWS II cells for 18 h. The efficiency
of this process was determined by fluorescence microscopy (Fig. 4A) and
flow cytometry (Fig. 4B and C). As previously, the ability of the DCs to
acquire antigens differed depending on the type of the antigen. In the
case of Bad368.1 PS, the uptake by DCs was visible under a microscope.
It was also confirmed by flow cytometry analysis, which indicated the
presence of labeled Bad368.1 PS in 71.3 % of JAWS II cells (exclusively)
(Fig. 4C). Acquisition of LTA by DCs was at the level of approx. 48.8 % as
determined by the flow cytometry analysis and confirmed under a

microscope, whereas no PG uptake by JAWS II cells was detected.
3.5. Structural analysis of Bad368.1 polysaccharide

Bad368 produces a complex PS blend. The crude PS was subjected to
purification by ion-exchange and size exclusion chromatography
methods. Analysis of the 'H NMR spectra allowed us to distinguish three
structurally different PS fractions that were called Bad368.1 PS,
Bad368.2 PS, and Bad368.3 PS (Supplementary Fig. S2).

Further, to investigate monosaccharide composition in each fraction,
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Fig. 2. Bone marrow-derived dendritic cells cytokine production after stimulation with Bifidobacterium adolescentis CCDM 368 antigens. Mouse BM-DCs were treated
with PBS (negative control) or studied molecules at a concentration of 10 pg/ml for PG and LTA and 30 pg/ml for PSs. Data are shown as mean + SD of 2 mice and
one-way ANOVA and Dunnett's multiple comparison tests were performed and significant differences were calculated (* p < 0.05).
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Fig. 3. A dot-plot analysis of the antigen uptake by epithelial cells (TC-1). The cells were stimulated by 30 pg/ml of PS, 10 pg/ml of LTA, and 10 pg/ml of PG for 4 h.
The internalization of the antigen was determined as a difference between the population with (positive population) or without (negative population) detectable
antigen (Bad368.1 PS, LTA or PG) (SSC-H - side scatter high). Representative dot plots were presented. The experiment was repeated in 2 biological repetitions.

sugar analysis was performed and molecular mass was determined. The
GLC-MS sugar analysis revealed that:

a. Bad368.1 PS consists of L-Rha, D-Glc, and D-Gal in a molar ratio of

1:3:1.25. The average molecular mass is approximately 9.99 x 10°

Da.

b. Bad368.2 PS consists of L-Rha, D-Glc, and D-Gal in a molar ratio of
1:1.4:3. The average molecular mass is approximately 1.24 x 10* Da.
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Fig. 4. Antigen transfer from epithelial cells to dendritic cells. A. Fluorescent microscopy results (yellow cells: JAWS II stained with PKH-26; violet cells: TC-1 with
labeled antigen). B. Representative dot plots obtained by flow cytometry. C. Flow cytometry results assessed on comparison of the fluorescence signal between
quartile Q1 (% of JAWS II cells without antigen - JAWS II (—)) and Q2 (% of JAWS II cells with tested antigen - JAWS II (+)). The experiment was repeated in 2

biological repetitions.

c. Bad368.3 PS consists of D-Glc and D-Gal in a molar ratio of 1:2.3.
The average molecular mass is approximately 1.27 x 10* Da.

Immunomodulatory studies on splenocytes and BM-DCs revealed
interesting immunomodulatory properties only in the case of Bad368.1
PS (Figs. 1 and 2), thus we decided to determine the structure of this PS.
At first, methylation analysis was performed to characterize the linkages
and substitution positions in this PS. It revealed the presence of 3-Rhap,
3-Galp, 2-Glcp, and 4-Glcp.

The 'H NMR spectrum displayed three different types of signals: the
anomeric region (5.6-4.5 ppm), the ring protons region (4.5-3.2 ppm),
and the methyl group region. Six distinct signals were present in the
anomeric region and two signals in the methyl group region. The
absence of 3!P signals in the >'P NMR spectrum indicated that Bad368.1
was not phosphorylated.

The 'H-'3C HSQC spectrum showed six cross peaks in the region of
anomeric resonances corresponding to hexapyranosyl residues indi-
cating that Bad368.1 is made of a hexasaccharide repeating unit (HSQC

spectrum with assigned signals is presented in Fig. 5). The chemical
shifts of proton and carbon signals from the six sugar residues were
assigned from a combination of 2D NMR experiments, COSY, TOCSY at
several mixing times, HSQC, HSQC-TOCSY, NOESY, and HMBC (Ta-
bles 1 and 2) (Supplementary Figs. S5-S8). The sugar residues were
marked with the uppercase letter starting from the most downfield
signal in the 'H NMR spectrum.

Analysis of the TOCSY and HSQC-TOCSY spectra showed that resi-
dues C, E, and F have gluco-configuration as shown by the scalar cor-
relations from the anomeric signal to the other ring signals. Residue A
was assigned to the galacto-configuration since scalar correlations were
observed in the TOCSY and HSQC-TOCSY from the anomeric signal and
the other ring signals until the H4/C4 resonance. The H5/C5 signals
were assigned from the NOE connectivity from H3 to H5 and from the
connectivity in the HMBC spectrum between H1 and C5. The H6/C6
signals were further identified from the scalar connectivities with H5/C5
in the TOCSY and HSQC-TOCSY spectra. Residues B and D were iden-
tified as rhamnose by the characteristic methyl resonance of the 6-deoxy
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Fig. 5. A. 'H-'3C HSQC NMR spectrum of Bad368.1 polysaccharide at 50 °C. The anomeric signals are located in the chemical shift range of 4.2-5.8 ppm and the ring
signals between 3.2 and 4.5 ppm. B. The H-6/C-6 signals for rhamnoses (residue B and D). C. The part of the HMBC spectrum which corresponds to the anomeric

signals in HSQC spectra.

Table 1

1H and '3C NMR chemical shifts of resonances of Bad368.1 polysaccharide from Bifidobacterium adolescentis CCDM 368.

H, 13C chemical shifts (ppm)

Sugar residue H-1, C-1 H-2, C-2 H-3, C-3 H-4, C-4 H-5, C-5 H-6; H-6’, C-6

A —3)- a-D-Galp-(1— 5.56 4.03 4.01 4.25 4.28 3.74
98.4 68.1 80.5 69.6 71.2 61.7

B —3)-p-L-Rhap-(1— 4.88 4.32 3.75 3.55 3.43 1.33
101.2 71.3 83.2 71.8 72.8 17.6

C —2)-p-D-Glep-(1— 4.82 3.54 3.59 3.47 3.47 3.91; 3.75
104.9 78.2 75.3 70.4 76.4 61.5

D —3)-a-L-Rhap-(1— 4.78 4.18 3.90 3.59 4.08 1.27
101.2 70.8 80.9 71.9 69.6 17.4

E —4)-p-D-Glcp-(1— 4.68 3.38 3.65 3.65 3.53 3.93; 3.84
104.4 74.3 76.3 77.7 75.4 61.6

F —4)-p-D-Glep-(1— 4.66 3.46 3.59 3.63 3.75 3.93; 3.84
104.4 74.5 75.3 79.8 77.0 61.6"

# Could not be assigned unambiguously.

Table 2

sugar at 1.33 and 1.27 ppm in combination with the observation of only
one cross-peak in the TOCSY spectrum from H1 to H2. All spin systems
were assigned in the TOCSY and HSQC-TOCSY using the methyl groups
as a starting point.

The anomeric configuration of C, E, and F was identified as § due to
the 3Jy1po-values >7 Hz. Residue A has the a-configuration as shown by
the small 3Jy112-value of 3.0 Hz. For the B and D rhamnose residues, the
distinction between «- and p- form is not straightforward since the
couplings are <3 Hz and not resolved in the spectra due to line broad-
ening. It has been shown that the position of the signal at C5 can be used

Selected inter-residue correlations from 'H,"H NOESY and 'H,**C HMBC spectra

of Bad368.1 polysaccharide.

Residue H-1/C-1 Connectivity to Inter-residue

du/d¢c 8¢ 8y Atom/residue
A —3)-a-D-Galcp(1— 5.56/98.4 78.2 3.54 C-2,H-2of C
B —3)-p-L-Rhap-(1— 4.88/101.2 77.7 3.65 C-4, H-4 of E
C —2)-p-D-Glep-(1— 4.82/104.9 83.2 3.75 C-3,H-30of B
D —3)-a-L-Rhap-(1— 4.78/101.2 79.8 3.63 C-4, H-4 of F
E —4)-p-D-Glep-(1— 4.68/104.4 80.9 3.90 C-3, H-30of D
F —4)-p-D-Glep-(1— 4.66/104.4 80.5 4.01 C-3,H-30of A
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to distinguish between an a- or a f-linked rhamnose with a C5 at § 70.5
ppm indicating an o-linked Rha while a C5 with § at 73.2 ppm indicates
a p-Rhap (Carillo et al., 2009; Lipkind et al., 1988; Mattos et al., 2001;
Senchenkova et al., 1999; Vinogradov et al., 2003). Thus, residue B with
C5 at 72.9 ppm can be assigned as -Rha while residue D with C5 at 69.7
ppm can be assigned as a a-Rha. The a-Rha configuration of residue D
was also confirmed by the absence of intraglycosidic NOEs between H1
and H3, H5 while the p-configuration of residue B was confirmed by
NOE:s from H1 to H3 and H5 (Vinogradov et al., 2003).

The glycosidic bond connections/linkages between the constituent
monosaccharides were obtained from the 'H-'H NOESY and 'H-'%C
HMBC spectra (see Table 2). The glycosylation pattern was confirmed by
the downfield shift of the signals of C3 Galp (A), C3 Rhap (B and D), C2
Glep, and (C) C4 Glcp (E and F) if compared to the non-substituted
sugars. To determine the absolute configuration of the Bad368.1 PS
monosaccharide moieties *>*C NMR chemical shifts were compared with
the reference data (Shashkov et al., 1988). The following sequence was
thus determined: —2)-p-D-Glcp-(1 — 3)-p-L-Rhap-(1 — 4)-B-D-Glcp-(1
— 3)-a-L-Rhap-(1 — 4)-B-D-Glcp-(1 — 3)-a-D-Galp-(1—, or with upper-
case letters: C-B-E-D-F-A. The proposed structure of the repeating unit is
presented in Fig. 6.

4. Discussion

The present study was initiated to investigate the immunomodula-
tory properties of antigens isolated from different Bifidobacterium strains
that included B. adolescentis CCDM 368 and to test their potential as
active postbiotics. The idea to investigate the surface molecules of this
particular strain was based on in vitro experiments performed with un-
treated and heat-treated bacteria. Obtained results showed that even
after heat-inactivation, Bad368 still reduced OVA-induced Th2-related
production of IL-5, IL-4, and IL-13 cytokines in splenocytes from OVA-
sensitized mice. Since the immunomodulatory properties of the strain
were retained in heat-killed bacteria, we aimed at identifying bacteria
surface antigens that might be responsible for the observed effect. Thus,
we isolated, purified, and evaluated the role of the Bad368 LTAs, PG,
and PSs. Interestingly, Bad368.1 PS significantly increased the level of
IFN-y and IL-10 while simultaneously reducing the production of IL-13
and IL-5 in splenocytes isolated from OVA-sensitized mice. In the
context of potential anti-allergic properties, a high level of IFN-y is
desirable, because this cytokine can further act as a suppressor for Th2
and switch the response towards Thl cells (Amrouche et al., 2006;
Ivashkiv, 2018). On the contrary, the role of IL-10 is ambiguous. Higher
secretion of this cytokine might be related to its production by (1) Treg
cells, which leads to the diminished Th2 responses, or (2) Th2 cells and
IL-10 function as a guard cytokine that keeps the IFN-y levels within safe
ranges (Robinson et al., 2004). Polymer Bad368.3 exhibited similar
properties to Bad368.1 PS but in a weaker manner while Bad368.2 was
able to induce neither IFN-y nor IL-6.

The functions of polysaccharides are mainly affected by their sugar
composition and the connections they made within a chain unit. Thus,
the chemical structure of Bad368 PSs may impact their biological
properties. Our observations are in line with previous studies showing
that the ability of PSs from various bifidobacteria to affect immune cell
functions depends on their structure. Verma et al. investigated B. bifidum
and its role in the generation of Foxp3+ cells. Among different PS
fractions, only CSGG (consisting of at least 4 different PSs in a form of

Carbohydrate Polymers 315 (2023) 120980

neutral p-glucans/galactans) was able to activate DCs via TLR2 receptor
which resulted in higher levels of TGF-p and IL-10 (Verma et al., 2018).
Administration of the PS from B. longum subsp. longum 35624™ reduced
the number of inflammatory cells in peribronchial and perivascular lung
tissue in mice with OVA-induced allergic inflammation. Within lung
lavages, the eosinophil levels were decreased while the IL-10 level was
increased. Moreover, lung tissue studies revealed inhibited expression of
Th2-related IL-4 and IL-13 (Schiavi et al., 2018). Our results of BM-DCs
and splenocytes stimulation outlined that Bad368.1 PS and PG might be
at forefront of interest since they were able to induce the Thl-related
response.

Glucose and galactose are the main components of each of the
Bad368 PSs. Moreover, rhamnose also occurs in Bad368.1 PS and
Bad368.2 PS structures. Polymer Bad368.1 PS with a high average
molecular mass of 9.99 x 10° Da is a linear heteropolysaccharide with a
repeating unit consisting of six monosaccharide residues. The remaining
Bad368.2 and Bad368.3 are characterized by the low average molecular
mass of 1.24 x 10* Da and 1.27 x 10* Da, respectively. Both Bad368.1
PS and Bad368.3 PS were strong activators of the TLR2, they were also
able to activate TLR4 receptors (Supplementary Fig. S3). Interestingly,
Bad368.2 was able to induce only a weak TLR2 response, and no TLR4 or
NOD2 response, which indicates that it may be recognized in a different
manner. Laws et al. suggested that there is a link between sugar
conformation and backbone linkages, and the chemical properties and
function of PSs. He indicated that (1->4) linkages and p-isomers are
adding more stiffness to the PSs whereas (1->3), (1->2) linkages and
a-isomers are more flexible and in general have stronger anti-microbial
and anti-oxidant properties (Laws et al., 2001; Zhou et al., 2019).
Bad368.1 PS is more abundant in (1->2) and (1->3) linkages and
B-isomers that might influence its ability to modulate the immune
response. Furthermore, some publications connect the role of bacterial
PS with its size. Gorska et al. showed that high molecular mass PS L900/
2 exhibits regulatory properties meanwhile small molecular mass L900/
3 induces a pro-inflammatory response in a mouse model of OVA-
sensitization (Gorska et al., 2017). However, it is inconsistent with our
results since high molecular mass Bad368.1 PS was able to elicit both
regulatory IL-10 and pro-inflammatory IFN-y. Another factor that can
have a great impact on PS properties is its charge. Studies performed by
Speciale et al. on PS isolated from B. bifidum PRI1 showed differences in
properties between neutral mix (CSGG) fraction that enhanced regula-
tory functions of the DCs and negatively charged (PBPG) PS that induced
proinflammatory cytokine production (IFN-y) (Speciale et al., 2019).
Verma et al. reported that the neutral fraction of B. bifidum PS induced
the generation of Foxp3+ regulatory T cells in mice when at the same
time the negatively charged PS preparations did not exhibit the same
properties (Verma et al., 2018). The chemical and NMR analysis did not
show any modifications in the Bad368.1 PS chain like phosphorylation
that would influence the charge of the PS. It was indicated that the
charge of molecules can affect their processing by epithelial or immune
cells depending on their polarity. Since the eukaryotic cell membrane is
negatively charged, PSs with a positive/neutral charge can be easier
internalized than the negatively charged one (Salatin & Yari Khos-
roushahi, 2017). Along these lines, we observed efficient engulfment of
the polymer Bad368.1 PS by epithelial cells and its further transfer to
DCs. Generally, PSs are characterized by a high affinity for the mucosal
surface, therefore are widespread through the respiratory and gastro-
intestinal tract (Salatin & Yari Khosroushahi, 2017).

—2)-p-D-Glcp-(1—3)-p-L-Rhap-(1—4)-p-D-Glcp-(1—3)-a-L-Rhap-(1—4)-B-D-Glcp-(1—3)-a-D-Galp-(1—

n

Fig. 6. Structure of the hexasaccharide repeating unit of the Bad368.1 polysaccharide. The approximate number of units in the Bad368.1 polysaccharide equals n

= 10,000.



K. Pacyga-Prus et al.

A thorough literature review confirmed that the Bad368.1 PS was not
described in different Bifidobacterium strains so far. Hosono et al.
described water-soluble polysaccharide fraction from B. adolescentis
M101-4 that in comparison to Bad368.1 PS has furanoses in its structure
and no rhamnose residues (Hosono et al., 1977). Another example is a
polysaccharide-glycopeptide complex isolated from B. adolescentis
YIT4011 that contains dTal in the main chain (Nagaoka et al., 1988).
Moreover, CSDB (Carbohydrate Structure Database) platform did not
indicate the Bad368.1 PS in different organisms. Although, the presence
of this structure in different bifidobacteria cannot be excluded. It must
be underlined that the effect of the bacteria is the resultant of all of their
antigens. The ratio in which the effector molecules are present on the
bacteria surface is also important. In our previous studies on the function
of L. rhamnosus LOCK 0900 polysaccharides we showed that the whole
bacteria induced production of IL-10 in BM-DCs, whereas thier PSs did
not stimulate the production of IL-10 or IL-12. Surprisingly, PSs due to
their chemical features were able to modulate the immune responses to
third-party antigens. Exposure to L900/2 enhanced IL-10 production
induced by L. plantarum WCFS1, while in contrast, L900/3 enhanced the
production of IL-12p70 in BM-DCs (Gorska et al., 2014).

Results obtained after stimulation of splenocytes and BM-DCs,
together with the outcome of the transfer studies, clearly indicate that
Bad368.1 PS has the strongest potential among Bad368 antigens to
modulate allergic diseases in humans. Due to the potential of newly
described structure we decided to name it BAP1 for the further studies.

While discussing PG immunomodulatory properties, it is important
to point out that Bad368 PG was able to induce both NOD2 and TLR2
receptors sensing. This is in agreement with Corridoni et al. data indi-
cating that the antigen cross-priming and CD8+ T cells activation are
associated with the upregulation of both receptors (Corridoni et al.,
2019). We observed that Bad368 PG was able to stimulate the spleno-
cytes to produce a considerable amount of IFN-y and IL-10 and a sig-
nificant amount of IL-6. However, the Bad368 PG did not reduce the
level of Th2-related cytokines in OVA-sensitized and stimulated sple-
nocytes culture. On the other side, PG improved the production of IL-10,
TNF-a, and IL-6 in BM-DCs. Moreover, we have shown, that up to 75 %
of TC-1 cells reacted to the PG's presence and internalized the antigen.
Also, the PG uptake by the DCs was visible under a microscope up to
12-13 h. It is important to note that we used enzymatically purified PG
fraction to minimalize the effect of the antigens present on its surface.
Only a few publications describe the role of purified or partially purified
PGs. In one of them, Li et al. focused on the role of the PG from Lacto-
bacillus acidophilus KLDS 1.0738 on mice sensitized with p-lactoglobulin.
Stimulation of murine macrophages with PG revealed its role in the
induction of IFN-y, IL-10, and TGF-p via the TLR2 pathway (Li et al.,
2017). Another study performed on lactic acid bacteria extracts showed
that selected bacteria strains were able to induce a significant amount of
TNF-a and IL-6 in RAW 264.7 cells (Tejada-Simon & Pestka, 1999).

The LTA from the Bad368 strain did not reveal any potential to
alleviate OVA-induced Th2-related cytokines in splenocytes nor induced
significant cytokine response in BM-DCs. However, this does not exclude
its role in the treatment of other diseases. Research focusing on LTA
underlines the role of the TLR2 receptors in the recognition of this
molecule which is in line with our results (Dessing et al., 2008; Schroder
et al., 2003; Zeuthen et al., 2008). There is little information about the
bifidobacterial LTAs' impact on the host. Studies of this compound
derived from other probiotic bacteria such as lactobacilli confirm its
crucial role in physiological and immunomodulatory functions. Lacto-
bacillus plantarum L-137 studies indicated the LTA role in phagocytosis
and induction of the splenic cells to produce IL-12p40 cytokine which is
crucial in the Thl responses (Hatano et al., 2015). Furthermore, Jeong
et al. examined how the LTA structure affects the Th1-related TNF-a and
regulatory IL-10 production in RAW 264.7 cells (Jeong et al., 2015). We
indicated that LTA derived from B. adolescentis CCDM 368 is internalized
by epithelial cells at a low level. However, in our model, almost half of
the population of dendritic cells (JAWS II) intercepted the antigen from
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the epithelial cells, which indicates the antigen potential.
5. Conclusions

For the first time we comprehensively compared the biological ac-
tivity of various Bifidobacterium surface antigens. We identified poly-
saccharide Bad368.1 which was able to efficiently induce the Thl-
related response while decreasing the production of Th2 cytokines in
allergen-stimulated splenocytes from OVA-sensitized mice. It also
induced the Th1 cytokine production after stimulation of naive BM-DCs.
Moreover, this polysaccharide was well recognized by epithelial cells
and transferred to DCs. The detailed investigation of its structure
pointed out features that may contribute to the biological role of the
Bad368.1 PS: lack of electric charge, high mass, monosaccharide con-
tent, and linkages. We foresee that this postbiotic molecule may be used
in the future in the context of the prevention/treatment of allergy
diseases.
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