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Streszczenie

Alergia oddechowa to schorzenie objawiajgce sie nadwrazliwoscig organizmu na nieszkodliwe
czasteczki zwane alergenami. Choroba ta nalezy do najczestszych probleméw zdrowotnych
w krajach rozwinietych. Wptywa nie tylko na jakos¢é zycia pacjentéw, ale takze na gospodarke,
zwiekszajgc koszty opieki zdrowotnej i obnizajgc produktywnos¢ osdb cierpigcych na alergie.
Chcac skutecznie stawi¢ czota rosngcemu problemowi alergii oddechowej, konieczne jest
poszukiwanie nowych, alternatywnych metod leczenia. Dostepne terapie s3 czesto
niewystarczajgce i mogg powodowac liczne efekty uboczne. Najnowsze badania wykazujg zwigzek
miedzy mikrobiotg a ryzykiem wystgpienia alergii. Opisujg réwniez znaczenie szczepdw
Bifidobacterium w tagodzeniu objawdw astmy. Okazuje sie, ze nie tylko zywe i proliferujgce
bakterie mogg korzystnie wptywaé na zdrowie gospodarza. Czgsteczki efektorowe, metabolity
produkowane przez bakterie, czy tez jej fragmenty, znane jako postbiotyki, mogg wykazywac
podobne lub lepsze wifasciwosci niz mikroorganizm z ktérego pochodzg. Dzieki mozliwosci
okreslenia ich struktury chemicznej, czgsteczki te sg idealnymi kandydatami do szczegétowych
badan funkcjonalnych. Co wiecej, w przeciwienstwie do zywych organizmdw, nie mogg przenosic¢
gendw opornosci na antybiotyki ani wywotywaé bakteriemii, co zwieksza bezpieczeristwo ich

stosowania.

W niniejszej rozprawie doktorskiej zbadano potencjat antygendéw powierzchniowych
produkowanych przez Bifidobacterium animalis ssp. animalis CCDM 218 (Ban218) oraz
Bifidobacterium adolescentis CCDM 368 (Bad368). W pierwszej kolejnosci wyizolowano
i oczyszczono antygeny powierzchniowe, do ktdrych nalezaty peptydoglikan (PG, jeden na szczep),
kwasy lipotejchojowe (LTA, jeden na szczep) oraz polisacharydy (PS) (B.PAT, PS 2, PS 3 dla Ban218
oraz BAP1, PS 2, PS 3 dla Bad368). Badanie wptywu antygenéw na aktywnos¢ splenocytéw
wyizolowanych z myszy uwrazliwionych owoalbuming (OVA) wykazato, ze BAP1 ma najwiekszy
potencjat w przywracaniu rGwnowagi miedzy limfocytami T pomocniczymi typu 1 (Th1)i2 (Th2).
Z tego powodu BAP1 poddano dalszym, szczegdétowym analizom. Wykazaty one efektywny
transfer PS miedzy komdrkami nabtonkowymi a komérkami uktadu odpornosciowego. Doktadna
analiza chemiczna BAP1 pozwolita okresli¢ nieopisang wczesniej strukture heksasacharydu,
sktadajacego sie z reszt ramnozy, glukozy i galaktozy, tworzgcych PS o masie czgsteczkowej okoto
9.99 x 10°. Nastepnie, BAP1 testowano na myszach wolnych od drobnoustrojéw (GF). Okazato sie,
ze mimo ogdlnego neutralnego wptywu PS na naiwny uktad odpornosciowy, byt on w stanie
zmniejszy¢ poziom ligandu chemokiny 2 (CCL2) i eotaksyny, jednoczesnie zwiekszajgc ekspresje
Rorc w ptucach. Co ciekawe, donosowe podanie BAP1 myszom uczulonym na OVA wywofato

zarowno ogolnoustrojowy, jak i lokalng odpowiedz organizmu. Przede wszystkim zmniejszyto ono
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poziom specyficznej dla OVA immunoglobuliny (Ig) E w surowicy, jak i produkcje cytokin Th2 oraz
IL-10 w splenocytach. W ptucach, BAP1 zredukowat zapalenie poprzez zahamowanie naptywu
eozynofiléw i makrofagéw oraz ograniczenie produkcji cytokin IL-5, IL-13, IL-4 i IL-10. Analiza
ekspresji gendw powielita wyniki uzyskane na myszach GF dotyczgce wptywu BAP1 na ekspresje
Rorc, cho¢ wynik ten byt statystycznie nieistotny. Potwierdzita réwniez role testowanego PS
w hamowaniu produkcji cytokiny IL-10, poprzez zmniejszenie ekspresji odpowiedzialnego za jej

produkcje genu.

Sposréd antygendw powierzchniowych Ban218, B.PAT okazat sie najbardziej interesujgcy
z powodu wystepowania w jego strukturze fosforu. Chcac sprawdzi¢, czy okreslone modyfikacje
PS moga poprawié jego funkcje, B.PAT poddano defosforylacji. Wyniki pokazaty, ze zabieg ten
zmienit strukture przestrzenng PS, a co wazniejsze, zwiekszyt jego witasciwosci
immunomodulujace, jak wykazano na badaniach z wykorzystaniem komérek dendrytycznych
szpiku kostnego (BMDCs). Ponadto, defosforylacja skutkowata wzmocnieniem witasciwosci

przeciwzapalnych B.PAT w modelu stanu zapalnego wywotanego interleuking(IL)-1pB.

Podsumowujgc, za najwazniejsze osiggniecie przedstawione w tej rozprawie doktorskiej nalezy
wskazaé opisanie ogromnego potencjat BAP1 w fagodzeniu alergii drdg oddechowych. Jednakze,
w przysztosci konieczne bedg dalsze eksperymenty majace na celu doktadne zrozumienie jego
mechanizmu dziatania. Niezbedne beda réwniez badania kliniczne na ludziach, aby zweryfikowaé

wyniki uzyskane w modelach mysich.
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Abstract

Airway allergy is defined as a disorder manifested by a hypersensitive reaction of an organism to
a harmless molecule called an allergen. This disease is one of the most common healthcare issues
in developed countries. It affects not only patients’ quality of life but also the world’s economy
through high healthcare costs and lower performance of allergic patients. Alternative treatments
are indispensable to overcome the emerging problem of airway allergy since available therapies
are insufficient in some patients and cause numerous side effects. Recent studies connected
healthy microbiota with lower allergy risk. The importance of Bifidobacterium strains' presence in
reducing asthma outcomes was described. However, not only life and proliferating bacteria can
beneficially impact a host’s health. Effector molecules, metabolites produced by bacteria or their
compounds, so-called postbiotics, can show the same or enhanced properties of their bacteria of
origin. Due to their easy-to-determine structure, these molecules are perfect candidates for
detailed functional studies. Moreover, due to their inanimate state, they cannot transfer

antibiotic-resistance genes or cause bacteremia, which increases the safety of their use.

In this doctoral dissertation, the biological potential of the effector molecules produced by
Bifidobacterium animalis ssp. animalis CCDM 218 (Ban218) and Bifidobacterium adolescentis
CCDM 368 (Bad368) was investigated. First, surface antigens were isolated and purified including
peptidoglycan (PG, one per strain), lipoteichoic acids (LTA, one per strain), and polysaccharides
(PS) (B.PAT, PS 2, PS 3 for Ban218, and BAP1, PS 2, PS 3 for Bad368). Investigation of the antigen’s
impact on the splenocytes isolated from OVA-induced mice showed the biggest potential of BAP1
to restore the balance between T helper cells type 1 (Th1) and 2 (Th2). For this reason, it was BAP1
that was subjected to further detailed analysis. The investigation showed efficient transfer of the
selected PS between epithelial and immune cells. A comprehensive investigation of the BAP1
structure allowed the determination of a unique hexasaccharide repeating unit consisting of
rhamnose, glucose, and galactose residues creating a PS of molecular mass approximately 9.99 x
10°. Next, the impact of BAP1 was tested in germ-free (GF) mice. It turned out that despite the
general neutral effect of this PS on the naive immune system, it was able to decrease allergy-
related chemokine (C-C motif) ligand 2 (CCL2) and eotaxin levels and increase Rorc expression in
the lungs. Intriguingly, intranasal administration of BAP1 to OVA-allergy mice induced both
systemic and local responses. It decreased OVA-specific immunoglobulin (Ig) E in sera as well as
IL-10, and Th2-related cytokine production in splenocytes. In the lungs, it reduced inflammation
by inhibiting eosinophils and macrophage infiltration together with IL-5, IL-13, IL-4, and IL-10
cytokine production by lung cells. Finally, gene expression analysis recalled the results obtained in

GF mice regarding BAP1's impact on the Rorc expression, however, the result was insignificant.
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Also, it confirmed the role of the tested PS in the inhibition of IL-10 cytokine production since it

led to a decrease in //10 gene expression.

Among Ban218 surface antigens it was B.PAT which appeared to be the most interesting due to
the presence of phosphorus substitution. To investigate whether the introduction of certain
modifications to a PS may improve its function, in this work, the B.PAT underwent
dephosphorylation. Results showed that this treatment changed the spatial structure of B.PAT,
and importantly, it increased PS's immunomodulatory functions in bone marrow dendritic cells
(BMDCs). In addition, dephosphorylation enhanced the anti-inflammatory properties of B.PAT in

the model of interleukin(IL)-1B inflammation.

Overall, the results presented in this doctoral dissertation positively confirm the great potential
of BAP1 to alleviate airway allergies. In the future, extensive research on the BAP1 is needed to
fully understand its mechanism of action. Furthermore, clinical studies on humans are necessary

to validate results obtained in mice models.
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1. Introduction

The European Academy of Allergy and Clinical Immunology (EAACI) defines an allergy as
“a disorder caused by an abnormal reaction to a harmless substance called an allergen” 1. Allergy
occurrence was observed centuries ago, however, in recent years, the number of cases has

increased dramatically 3.

With an increased allergy prevalence, few hypotheses occurred to explain this state of affairs.
Strachan (1989) formed one of the oldest so-called “hygiene hypothesis” *. It claims that
decreased exposure to microbes and lower infection rates contribute to a higher risk of allergy
and autoimmune diseases. This definition was transformed in the early 2000s by Graham A. W.
Rook into the “old friends hypothesis”. It indicates that not all microorganisms but those that co-
evolved with mammals are responsible for the proper development of the immune system and
reduced allergy occurrence 6. Another hypothesis relates to the importance of epithelial barrier
integrity in the prevention of inappropriate immune responses. It suggests that urbanization and
industrialization, associated with modern life, are responsible for the production of epithelial-
damaging molecules, contributing to the development of allergies 7. Moreover, it highlights the
role of healthy microbiota in maintaining proper epithelial barrier functions. Interestingly, studies
performed on germ-free (GF) mice showed that the presence of microbes is essential for the
development of allergy symptoms indicating the vital role of microorganisms in the modulation of
immune responses 2. In addition, the use of GF mice allows the study of the impact of molecules
on the naive immune response, the observation of molecule-specific effects, and easier functional

studies °.
1.1 Airway allergies

Airway allergies are a major healthcare problem with allergy rhinitis affecting even 50 % of the
population in some countries and asthma occurrence in almost 350 million people worldwide 1%
12 1t impacts not only patients’ quality of life but also world economics, including healthcare
expenses and costs related to lower productivity and absence of employees at work 3. Current
allergy treatments are focused on allergen avoidance, drug treatment (e.g. antihistamines,
glucocorticoids), or allergen-specific immunotherapy. Unfortunately, those therapies are
inefficient in some patients or cause numerous side effects including excessive sleepiness #,

Moreover, in the majority of cases, they focus on symptom relief rather than an allergy mechanism

of action (Fig. 1).
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Fig. 1. Mechanism of airway allergy (adapted from Jakubczyk and Gérska, 2021)*2.

In a physiological state, a well-functioning epithelial barrier protects the organism against the
penetration of foreign particles. Moreover, the balance between T helper cells (Th1l and Th2) is
maintained. Loss of tight connections in the epithelium results in further allergen penetration, and

a switch of naive T cells into a Th2 subpopulation®?.

The loss of epithelial barrier integrity may be caused by an allergen through direct and indirect
mechanisms. For instance, house dust mites (HDM) is an allergen consisting of different antigens
that include components of bacterial and fungal origin. Those molecules can activate different
pattern recognition receptors (PRRs), e.g. lipopolysaccharides (LPS) of gram-negative bacteria can
be recognized by toll-like receptor (TLR) 4 or B-glucans by TLR2 or Dectin-1. Those can indirectly
increase the inflammation process and the disruption of the epithelial barrier permeability. On
the other hand, remaining HDM molecules, which include proteases, can directly demolish

epithelium integrity allowing allergen entrance to the organism. In the next step, dendritic cells
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(DCs) process the allergen and present it to T-cells that further differentiate into Th2 cells
producing interleukin(IL)-4, IL-5, and IL-13. It leads to the activation of (1) eosinophils and (2)
B-cells, which produce immunoglobulin (Ig) E that in the presence of an allergen binds to the IgE-
specific receptor and activates the degranulation of mast cells and basophils. The latter, together
with eosinophils, produce various molecules that further facilitate the allergic reaction and Th2
responses °, Thus, developing a therapy that could restore the disrupted balance between Thl

and Th2 cells or improve the integrity of the respiratory barrier would be highly desirable.
1.2 Microbiota dysbiosis in allergy

Differences in nasal bacteria composition were observed in newborns with asthma (higher
abundance of Haemophilus and Streptococcus strains) when compared to healthy volunteers,
which in turn were characterized by an increased level of Lactobacillus *°. Furthermore, microbiota
dysbiosis in the gastrointestinal tract, and recently also in the respiratory tract, has been
connected with a higher risk of airway allergies Y-%°. Given that the microbiota of healthy and
allergic patients differ noticeably, there is a consensus among scientists that probiotics play
a crucial role in inhibiting inappropriate immune responses. According to the definition, probiotics
are “live microorganisms that, when administered in adequate amounts, confer a health benefit
on the host” %. They are known to play vital roles in many physiological and immunological
functions. They are essential for the integrity of the epithelial barrier, as well as for the maturation

of the immune system, the induction of tolerance, and the development of immune responses 4.
1.3 Bifidobacterium in allergy diseases

Bifidobacterium strains are gram-positive bacteria that live under anaerobic or microaerophilic
conditions. They are one of the first colonizers of the human gut and are responsible for the proper

growth and development of infants %

. They are key in modulating the immune system,
maintaining the composition of the microbiota, and producing vital molecules such as vitamins 2.
The role of Bifidobacterium in the prevention and treatment of allergy diseases was also described
in detail *¥. For instance, studies performed by Fujimura et al. underlined the role of
Bifidobacteria, Akkermansia, and Faecalibacterium in the prevention of asthma outcomes 2. Liu
et al. investigated the preventive and therapeutic effect of Bifidobacterium infantis CGMCC313-2
in ovalbumin(OVA)-induced airway asthma mice. The obtained results were consistent for both
strains and showed the ability of the bacteria to reduce OVA-specific IgE and IgG1 in sera and lung

cell infiltration in bronchoalveolar lavage fluid (BALF), as well as to inhibit IL-13 and IL-4 production

both in sera and BALF 4.
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1.4. Postbiotics in allergies

Further studies of probiotics revealed that not only live and proliferating bacteria can exhibit
beneficial effects on humans (Fig. 2). In 2019, the International Scientific Association for Probiotics
and Prebiotics (ISAPP) proposed a new term “postbiotics” and defined it as a “preparation of
inanimate microorganisms and/or their components that confers a health benefit on the host” %.

Postbiotics are associated with crucial advantages over probiotics:

A. easy-to-define structure and function,
opportunity for structure-function studies,

C. inability to reproduce and therefore to cause bacteremia or transfer of antibiotic-
resistance genes,

D. high stability 22,

SYNBIOTICS
A mixture comprising live microorganisms and substrate(s) selectively
utilized by host microorganisms that confers a health benefit on the host
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A substrate that is selectively FERMENTED FOODS
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and enzymatic

/ g ) conversions of food
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PROBIOTICS
Live microorganisms that, when
administered in adequate amounts,
confer a health benefit on the host

POSTBIOTICS
Preparation of inanimate
microorganisms and/or

their components that
confers a health benefit
on the host

Fig. 2. Types of biotics described by the ISAPP 202527729,
Postbiotics can include antigens found on the surface of bacteria, including (Fig. 3):

1. Peptidoglycan (PG): a 3-dimensional structure, composed of N-acetylglucosamine and
N-acetylmuramic acid, connected by B-1,4-O-glycosidic bonds and linked by peptide

chain. Bifidobacterium strains were identified with a type A PG that features a connection
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between the amino group of the diamino acid at the third position of the adjacent peptide
and the carbonyl group of D-alanine at the 4™ position 3032,

2. Lipoteichoic acids (LTAs): anionic cell surface molecules. Their structure can be divided
into two main components: hydrophilic backbone and hydrophobic glycolipid anchor,
which affect the LTA amphiphilic nature that allows them to play significant, biological
roles 2.

3. Surface proteins: proteins attached to the cell surface of bacteria by covalent or non-
covalent bonds *.

4. Polysaccharides (PS): high molecular weight polymers created by repeating
monosaccharide units connected by glycosidic bonds 3*. They may be chemically modified,
which can influence their spatial structure, charge, molecular weight, and function 3¢, In

Bifidobacterium strains, they consist mostly of glucose and galactose moieties 3774°,
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Fig. 3. The surface antigens present on the bifidobacteria cell wall (adapted from Pyclik et al.,

2020) *°.

First, to fully understand the role of the tested molecule, it is crucial to determine its structure in
detail. This will allow the structure-function relationship studies and introduction of the chemical
modifications to improve the initial properties. Next, prior to in vivo studies, it is important to
consider the delivery mode of postbiotics, as this may affect the final result. Suzuki et al. (2022)
investigated different administration methods of OVA-pulsed CD-40 silenced DCs in OVA-treated
mice. He observed different effects while testing subcutaneous, intraperitoneal, intravenous, and

intranasal administration #

. In the context of allergy treatment, not only systemic response
activation, but also the local effect is desirable for the alleviation of lung inflammation. Thus,
intranasal administration seems to be the most appropriate for this type of study *>*. Although

publications regarding the immunomodulatory role of postbiotics started to gain attention in
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recent years, there is little information about their impact on airway allergies. Studies performed
with heterogeneous PS from Lonicera japonica showed reduced symptoms of OVA-induced airway
allergy in mice treated with this molecule #. Also, Lacticaseibacillus rhamnosus LOCK900 PS
inhibited the development of allergy inflammation in OVA-treated mice *2. Overall, research on
surface antigens holds great promise and could offer innovative solutions for treating and

preventing allergies in the future.
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2. Research background and objectives

The results presented in this doctoral dissertation are a natural continuation of the previous
studies performed in our laboratory. 10 different Bifidobacterium strains were tested for their
potential anti-allergic properties and 5 of them were selected for further analysis 2. Two of them,
Bifidobacterium animalis ssp. animalis CCDM 218 (Ban218) and Bifidobacterium adolescentis
CCDM 368 (Bad368) are of interest in this study. They were subjected to detailed investigation to
determine which of the surface antigens may be responsible for bacteria's ability to alleviate

allergy symptoms.
Therefore, the main objective of this study was established as follows:

The determination of the surface antigens responsible for bacteria's ability to alleviate allergy

symptoms.
It was achieved by breaking down and accomplishing 4 smaller objectives:

O1. Isolation and purification of Bifidobacterium surface antigens and determination of their

cytokine profile in OVA-induced mice splenocytes and DCs.

02. Structure determination of antigens with the most promising abilities to alleviate OVA-

induced mouse sensitization.

03. Analysis of selected surface antigen’s impact on the development of the naive immune system

of GF mice when administered intranasally.

04: Investigation of the anti-allergic potential of selected surface antigens in the mouse OVA-

induced allergy model when administered intranasally.
Therefore, before commencing the research, a hypothesis was proposed:

The surface antigens of Bifidobacterium animalis ssp. animalis CCDM 218 and Bifidobacterium

adolescentis CCDM 368 are responsible for the anti-allergic potential of the whole bacteria.
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4. 1** manuscript
4.1. Foreword to the 1° manuscript
A. Rationale of research objectives

Over the last decades, allergies have become a worldwide emerging issue. Unfortunately,
available allergy treatments have drawbacks and can be less efficient in some patients. Recent
studies have linked bacterial dysbiosis with allergic hypersensitivity. The research data underlined
the importance of different probiotic strains, including Bifidobacterium, in preventing and treating
allergy outcomes (Chapters 1.2 and 1.3). The newest attempt focuses on bacterial surface

antigens that can surpass the properties of their parent bacteria (Chapter 1.4).

Given the above, Bifidobacterium adolescentis CCDM 368 was selected as promising in alleviating
allergy diseases. To fulfill objectives 01 and 02, Bad368 surface antigens were isolated, purified,
and tested in splenocytes and DCs isolated from OVA-sensitized mice. This allowed the selection
of the molecule with a known structure with promising anti-allergic properties, which also was

found to be efficiently transferred between epithelial and antigen-presenting cells.
B. Methodology:

e Selection of the Bad368 strain by evaluating the Th2-related cytokine production in OVA-
treated splenocytes, isolated from OVA-sensitized mice.

e Cultivation of the Bad368 strain and bacterial mass collection.

e Isolation and purification of Bad368 surface antigens, including PSs, LTAs, and PG.

e Determination of innate immune receptors’ activation in human embryonic kidney cells
(HEK-Blue™) transfected with TLR2, TLR4, and NOD2 after stimulation with tested
antigens.

e Determination of cytokine production by splenocytes and bone marrow dendritic cells
(BMDCs) cells isolated from the mice sensitized with OVA after treatment with tested
antigens.

e Antigens staining, uptake by epithelial cell line (TC-1), and transfer between mouse
epithelial (TC-1) and DCs (JAWS II).

e Structure determination of the BAP1 compound with the use of chemical methods, gas-
liguid chromatography-mass spectrometry (GLC-MS), fast protein liquid chromatography

(FPLC), and nuclear magnetic resonance (NMR) spectroscopy.
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C. Results:

e Bad368 strain’s surface contained 3 structurally different PSs (BAP1, Bad368.2, and
Bad368.3) and one LTA and PG.
e All antigens except Bad368.2 PS were recognized by TLR2 receptor. TLR4 was activated by
BAP1 and Bad368.3, while NOD2 - by PG.
e Splenocytes response:
o BAP1 tended to decrease IL-13 and significantly reduce IL-5 cytokine levels in
splenocytes. Moreover, as the only one, caused a burst in interferon gamma
(IFN-y) production. It was also able to induce regulatory IL-10 cytokine.
o Bad368.3 significantly decreased IL-5 levels in mice splenocytes, however, did not
affect IL-10 cytokine. Compared to BAP1, it caused a notably smaller increase in
IFN-y production.
o Even though PG induced higher levels of IL-10 and IFN-y, it did not decrease Th2-
related cytokines and even enhanced IL-13 production.
o Bad368.2 and LTA did not show any interesting changes in cytokines levels.
e BMDCs response:
o BAP1 induced the strongest cytokine response with a significant increase in IL-6
production.
e Investigation of BAP1 processing showed 99.9 % uptake by epithelial cells (TC-1) and 71.3
%. transfer from epithelial cells to DCs
o NMR and GLC-MS analysis allowed the determination of BAP1 structure, which is a linear,
high molecular mass PS of approximately 9.99 x 10°, containing glucose, galactose, and

rhamnose residues, creating a following repeating unit:

—2)-B-D-Glcp-(1—3)-B-L-Rhap-(1—4)-B-D-Glcp-(1—3)-a-L-Rhap-(1—4)-B-D-Glcp-(1—3)-0-D-Galp-(1—

n
D. Conclusions:

BAP1 isolated from the surface of the Bad368 strain is an antigen of a high molecular mass and
unique structure. It exhibits a high potential to alleviate allergy diseases by restoring the balance
between Th1l and Th2-related cytokines. Moreover, the efficient uptake and transfer of BAP1

works in favor of inducing immune responses including TLR2-dependent processes.
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4.2. Copy of the 1st manuscript

Pacyga-Prus, K., Jakubczyk, D., Sandstrém, C., Srditkova, D., Pyclik, M.J., Leszczyniska, K., Ciekot, J.,
Razim, A., Schwarzer, M., Gdrska, S. Polysaccharide BAP1 of Bifidobacterium adolescentis CCDM
368 is a biologically active molecule with immunomodulatory properties. Carbohydr Polym. 2023

Sep 1;315:120980. doi: 10.1016/j.carbpol.2023.120980.
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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

* Corresponding authors.

E-mail addresses: katarzyna.pacyga-prus@hirszfeld.pl (K. Pacyga-Prus),

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
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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.
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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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Supplementary materials

Bad368 stimulation of splenocytes isolated from OVA-sensitized mice
1. Material and methods

1.1. Cultivation and heat inactivation of bacterial cells

The strain was cultivated as described in the manuscript in the Material and Methods section.
To determine the number of cells, bacteria were seeded on MRS agar plates with 0.05 % L-cysteine
for CFU count after 48 h of anaerobic incubation or by QuantomTx Microbial Cell Counter (Logos
Biosystems, South Korea). Obtained values were associated with corresponding ODeoo
measurements. Heat inactivation was performed at 65 °C for 1 h, and samples were stored at 4 °C
until use. Loss of viability as well as bacterial survival in PBS after 72 h at 4 °C was checked as

described previously by CFU count.
1.2. Splenocytes isolation and stimulation

The immunomodulatory potential of Bad368 was tested ex vivo on splenocytes derived from
ovalbumin (OVA)-sensitized BALB/c mice (8 — 12 weeks of age; n = 3) in four independent
experiments. Female mice were sensitized by two intraperitoneal (i.p.) injections of 10 pug of OVA
(Sigma Aldrich, grade V) mixed with 0.65 mg/100 pl of Alum (Serva, Germany) in a final volume of
200 pl in a two-week interval. Seven days after the second immunization, mice were anesthetized
with 3 % isoflurane and euthanized by cervical dislocation. Splenocyte isolation and restimulation
with OVA were performed as described in the manuscript in the Materials and Methods section.
Live and heat-inactivated bacteria were added to OVA-treated cells in a ratio of 1 : 10 (cells :
bacteria) for 72 h. The concentration of cytokines was measured in supernatants by the Milliplex
Map Mouse Cytokine/Chemokine Panel (IL-4, IL-5, IL-13) according to the manufacturer’s
instructions and analyzed with Luminex 2000 System (Bio-Rad Laboratories). Changes in Th2-
related cytokines were presented as a percentage ratio between tested samples and the OVA-
control (OVA re-stimulated splenocytes). Unstimulated splenocytes were used as a negative

control (medium without OVA).
2. Results

Stimulation of splenocytes with both live and heat-treated Bad368 cells showed the ability of
the tested strain to inhibit Th2-related IL-4, IL-5, and IL-13 cytokines in OVA-treated splenocytes

derived from OVA-sensitized mice.
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Supplementary Figure S1. Live and heat-treated Bad368 impact on IL-4, IL-5 and IL-13
production by OVA-stimulated splenocytes isolated from OVA-sensitized mice. The stimulation
was carried out for 72 h at 37 °C, 5 % CO,. Bacteria were added to the cells in 1 : 10 ratio (cells :
bacteria). Both live and heat-treated Bad368 were able to significantly reduce the Th2-related
cytokines when compared to OVA-control (red dashed line). Four separate experiments were
performed. Obtained data are shown with mean + SD. One-way ANOVA and Dunnett’s multiple
comparison tests to the OVA-control group were performed (**** p <0.0001, *** p <0.001, ** p

<£0.01, * p<0.05).
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Supplementary Figure S2. *H-NMR spectra of polysaccharides produced by Bad368. Spectra

(a —c) represent fractions after chromatography separations. Spectrum d shows the crude PS.
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HEK-Blue™ cells cultivation and stimulation
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Supplementary Figure S3. Antigens recognition by the innate immune receptors. HEK-Blue
cells were stimulated with tested molecules (at concentrations described on a graph) and proper
controls: LPS ultra-pure (1 ug/ml), PAMP (Pam3CSK4, 10 ng/ml), MDP (muramyl dipeptide, 1
pg/ml), LTA S. aureus (1 pug/ml). Obtained results are presented with mean + SD as a difference
(A) between absorbance read for PBS (negative control) and sample. Observation of the
colorimetric reaction showed that (1) NOD2 recognizes PG; (2) TLR2 recognizes all PS fractions,
PG, and LTA; (3) TLR4 recognizes Bad368.1, Bad368.3, PG, and LTA. Null cells that lack studied

receptors were used as a negative control.
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Antigens uptake by the epithelial cells (TC-1)

Bad368.1 uptake by epithelial cells (TC-1)
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Supplementary Figure S4. Uptake of the Bad368.1 PS, LTA and PG by the epithelial cell line (TC-

1). NEG — population of epithelial cells without uptaken antigen; POS — population of epithelial

cells with uptaken antigen (after 4h stimulation).

NMR spectra of Bad368.1 polysaccharide
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Supplementary Figure S5. 'H-'H COSY spectrum of Bad368.1 polysaccharide. A. The main part

of the spectra with the anomeric signals marked from A1 — F1. B. COSY signals for rhamnoses

(residue B and D) between 1.2 — 1.6 ppm.
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Supplementary Figure S6. 120 ms *H-'H TOCSY spectrum (green) overlapped with 300 ms *H-

IH NOESY spectrum (red) of Bad368.1 polysaccharide. A. The main part of the spectra with the

anomeric signals marked from A1 — F1. B. TOCSY and COSY signals for rhamnoses (residue B and

D) between 1.2 — 1.6 ppm.
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Supplementary Figure S7. 'H-13C HSQC spectrum (green and red) overlapped with H-13C

HMBC spectrum (black) of Bad368.1 polysaccharide.
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Supplementary Figure S8. 'H-3C HSQC spectrum (green and red) overlapped with HSQC-

TOSCY spectrum (magenta) of Bad368.1 polysaccharide.
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5. 2"Y manuscript
5.1. Foreword to the 2™ manuscript
A. Rationale of research objectives

In some cases, introducing certain modifications (that include acetylation, sulphation or
phosphorylation) may enhance the immunomodulatory properties of antigens 333, Structural
analysis of the Bifidobacterium animalis ssp. animalis CCDM 218 surface PSs, revealed that B.PAT

is the only phosphorylated PS of the Ban218 strain.

B.PAT was dephosphorylated with 48 % hydrofluoric acid to undermine the function of the
phosphorus, creating a B.MAT counterpart. Next, a thorough structural and functional
investigation was performed. It contributed to the execution of objectives 01 and 02 and to

testing whether antigen modifications may improve the properties of native molecules.
B. Methodology:

e Cultivation of the Ban218 strain and bacterial mass collection.

e [solation, and purification of B.PAT, and dephosphorylation by 48 % hydrofluoric acid.

e Determination of monosaccharide molecule numbers in B.PAT fraction with NMR
spectroscopy using- Diffusion-Ordered Spectroscopy (DOSY) method.

e Structure determination and investigation of changes between the B.PAT and B.MAT
compounds using chemical methods (GLC-MS), FPLC, and NMR spectroscopy.

e Prediction of B.PAT and B.MAT spatial structure by Carbohydrate Structure Database
(CSDB) Structure Editor.

e Determination of cytokine production by BMDCs isolated from naive BALB/c mice after
treatment with tested PSs and in co-culture with known immunostimulant (L. rhamnosus
GG).

e Cytotoxicity assay to determine BMDCs survival rate after stimulation with studied
molecules.

e Investigation of the prophylactic and therapeutic anti-inflammatory effect of B.PAT and

B.MAT in the IL-1B-induced inflammatory model of human cell lines (HT-29 and Caco-2).
C. Results:

e Dephosphorylation resulted in the creation of the B.MAT counterpart.
e DOSY experiment allowed the rejection of monosaccharides that did not belong to the

B.PAT structure. Further comprehensive NMR analysis of B.PAT revealed a unique
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structure of molecular mass of approximately 1.96 x 10° Da consisting of glucose,
galactose, and rhamnose, substituted by glycerol phosphate, creating the following
repeating unit:

B-D-Glcp-(1 a-L-Rhap-(1-3)-a-L-Rhap-(1 B-D-Glep-(1
N2 N N2
3 3 2
-2)-a-L-Rhap-(1->3)- B-D-Galp-(1->4)-B-D-Glcp-(1->3)-B-D-Galf-(1->3)-a-L-Rhap-(1->
6
ik
Gro-P
L —n

e Structural analysis of B.MAT counterpart revealed changes in the chemical shifts of -
D-Glcp as a result of glycerol phosphate loss.

e Prediction of B.PAT and B.MAT spatial structures showed changes after
dephosphorylation.

e Dephosphorylated B.MAT resulted in dose-dependent tumor necrosis factor(TNF)-a,
IL-6, IL-10, and IL-12 cytokine production. This response was significantly higher than
the one induced by B.PAT at the same dose. Moreover, the addition of tested PSs to
a known immunostimulant (L. rhamnosus GG) increased the cytokine production
compared to the strain alone.

e Cytotoxicity assay did not reveal changes in BMDCs survival rate after stimulation with
both PSs.

e B.MAT exhibited a stronger anti-inflammatory response than B.PAT when

administered to IL-1B-induced HT-29 and Caco-2 cell lines in a preventive model.
D. Conclusions:

The introduction of modifications into a PS structure can change the immunomodulatory
properties of the molecule. Dephosphorylation of B.PAT resulted not only in the structural and
spatial changes but also in the immunomodulatory differences that favored B.MAT's ability to

induce cytokine response and to prevent IL-13 inflammatory response.
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5.2. Copy of the 2nd manuscript

Pacyga-Prus, K., Sandstrom, C., Srdtkova, D., Schwarzer, M., & Gorska, S. Phosphorylation-
dependent immunomodulatory properties of B.PAT polysaccharide isolated from Bifidobacterium
animalis ssp. animalis CCDM 218. Carbohydr. Polym. 2024 Nov 15; 344: 122518.
https://doi.org/10.1016/j.carbpol.2024.122518.

A. Graphical abstract
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B. Manuscript and supplementary data
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ARTICLE INFO ABSTRACT

Keywords: A wide range of articles describe the role of different probiotics in the prevention or treatment of various dis-
Polysaccharides eases. However, currently, the focus is shifting from whole microorganisms to their easier-to-define components
Bifidobacterium

that can confer similar or stronger benefits on the host. Here, we aimed to describe polysaccharide B.PAT, which
is a surface antigen isolated from Bifidobacterium animalis ssp. animalis CCDM 218 and to understand the rela-
tionship between its structure and function. For this reason, we determined its glycerol phosphate-substituted
structure, which consists of glucose, galactose, and rhamnose residues creating the following repeating unit:

Dephosphorylation
Immunomodulation
Surface antigens
Postbiotics

B-D-Glcp-(1 a-L-Rhap-(1->3)-a-L-Rhap-(1 B-D-Glcp-(1
N N2 N
3 3 2
—2)-a-L-Rhap-(1->3)- B-D-Galp-(1->4)-B-D-Glcp-(1->3)-B-D-Galf-(1->3)-a-L-Rhap-(1->
6

/T\
Gro-P

To fully understand the role of glycerol phosphate substitution on the B.PAT function, we prepared the
dephosphorylated counterpart (B.MAT) and tested their immunomodulatory properties. The results showed that
the loss of glycerol phosphate increased the production of IL-6, IL-10, IL-12, and TNF-a in bone marrow dendritic
cells alone and after treatment with Lacticaseibacillus rhamnosus GG. Further studies indicated that dephos-
phorylation can enhance B.PAT properties to suppress IL-1f-induced inflammatory response in Caco-2 and HT-29
cells. Thus, we suggest that further investigation of B.PAT and B.MAT may reveal distinct functionalities that can
be exploited in the treatment of various diseases and may constitute an alternative to probiotics.

1. Introduction immense attention, and the number of publications on this topic started
to grow extensively after 2010. Currently, not only living and prolifer-
The microbiome composition and function have recently gained ating bacteria (called probiotics) but also their isolated and defined
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components are considered health-promoting factors (Salminen et al.,
2021). These molecules are referred to as postbiotics and include surface
antigens, for instance, lipoteichoic acids, proteins, glycolipids, and
polysaccharides (PSs) (Pyclik et al., 2020). The last group is well
described in the literature for both gram-positive and gram-negative
bacteria. PSs can be a part of the O-antigen in lipopolysaccharides
(LPS, in gram-negative bacteria), can be present in an unattached form
in slime, or can be anchored to a cell surface (Bazaka et al., 2011). In
general, PSs are composed of monosaccharides connected by glycosidic
bonds, creating units that may be modified by different substitutions
(Zeidan et al., 2017).

Polysaccharides of microbial origin are widely applied in medicine
and industry. Some, like hyaluronic acid produced by bacteria (such as
Streptococci), are extensively used e.g. in cosmetology (Bravo et al.,
2022). Others, like dextran (produced by lactic acid bacteria), due to
their high viscosity and emulsifying and stabilizing properties, have
been tested as potential candidates for modern drug delivery systems
(Hu et al., 2021). Additionally, the direct and indirect influence of
polysaccharides on apoptotic cell death, antimetastasis, or immuno-
modulation has been described in the literature (Prateeksha et al.,
2022). For instance, the polysaccharide Maitake Z produced by
G. frondosa improves the Thl-related response against tumor develop-
ment by upregulating the cytokines IL-12, IL-2, and IFN-y (Masuda et al.,
2009). The immunomodulatory functions of the extracellular PSs of
health-promoting bacteria have been extensively described in the liter-
ature (Pacyga-Prus et al., 2023; Schiavi et al., 2018; Speciale et al., 2019;
Srutkova et al., 2023; Verma et al., 2018). Primarily, their role was
directly related to the protection, support, and energy supply for mi-
croorganisms. However, more publications have described their host-
related functions (Khan et al., 2022). The ability of PSs to influence
immune system function by activating different cell subsets or by
inducing anti-inflammatory, pro-inflammatory, or regulatory cytokines
and chemokines is particularly interesting (Gorska et al., 2014; Nishi-
mura-Uemura et al., 2003; Pacyga-Prus et al., 2023; Sato et al., 2004;
Speciale et al., 2019; Verma et al., 2018). These functions may be crucial
for the prevention or treatment of a wide variety of diseases. For
instance, Yue et al. described EPS-1, EPS-2, and EPS-3 PSs from Bifido-
bacterium longum subsp. infantis E4 and their role in the inhibition of the
pro-inflammatory factors' expression while inducing anti-inflammatory
TGF-p and IL-10. These results indicated their role in the alleviation of
inflammation. Moreover, they were able to increase the proliferation of
mouse spleen lymphocytes and promote NK cell activity (You et al.,
2020). On the other hand, BAP1 PS from Bifidobacterium adolescentis
CCDM 368 exhibited a potential role in allergy treatment by strong in-
duction of IFN-y and inhibition of Th2-related cytokines in cells isolated
from OVA-sensitized mice. More importantly, it was efficiently trans-
ferred from epithelial to dendritic cells (Pacyga-Prus et al., 2023).

Depending on their origin, monosaccharide composition, size,
spatial structure, or substitutions, PSs can exhibit a wide range of
properties, including anti-oxidative, anti-tumor, or anti-microbial
functions (Angelin & Kavitha, 2020). These substitutions include,
among others, acetylation, sulfation, or phosphorylation. The presence
of chemical modifications may influence the charge, molecular weight,
or spatial structure of PSs and thus have a great impact on their function
and biological activities. In a great number of examples, substitutions
can solve the problem of poor solubility or low bioactivity of PSs (Cao
et al., 2020; Liu et al., 2023). However, the natural occurrence of
chemically modified PSs is low, as is the degree of substitution of the PS
chain. For this reason, to improve PSs' functions, non-substituted PSs are
modified in the research and industry fields to obtain new PSs that ac-
quire enhanced functionalities (Laffargue et al., 2023). Among bacteria,
there are naturally occurring PSs that bear phosphorylation in their
structure, however, only a few publications have investigated the in-
fluence of this substitution on PSs function (Nishimura-Uemura et al.,
2003; Sato et al., 2004; Speciale et al., 2019). Moreover, there is little
information on the structure-function relationships. This can be caused
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by the complex, hard-to-characterize backbones that make the structure
very difficult to determine (Laffargue et al., 2023).

The beneficial effects of probiotics in inflammatory disorders (such
as inflammatory bowel disease or allergy) are well described in the
literature, however, their use is not without drawbacks. Researchers are
therefore focusing on finding alternative molecules that will inherit the
immunomodulatory effect of whole microorganisms and overcome
emerging obstacles. One solution focuses on the use of postbiotics that
have decisive advantages over whole microorganisms. First, poly-
saccharides are inanimate molecules that cannot reproduce and thus
cause bacteremia (Salminen et al., 2021). Second, their structure is
much easier to define, which allows a detailed examination of their
safety and exact functions. Moreover, PSs are stable molecules that are
heat resistant and can be stored at room temperature (RT), which makes
them easier to transport than probiotics (Rafique et al., 2023). Although
microbial PSs have gained increased amounts of attention over the past
decade, there are no known available probiotic alternatives. However,
immunomodulatory results are promising for quick changes.

Here, we propose that the presence of phosphate substitution im-
pacts the immunomodulatory function of PSs isolated from Bifidobacte-
rium animalis ssp. animalis CCDM 218 (Ba218). Therefore, in this study, a
PS called B.PAT was isolated from the surface of the Ba218 strain. Its
structure was described with the use of NMR and GLC-MS methods, and
the presence of glycerol phosphate substitution was confirmed by 3P
NMR and 'H—'3C HSQC experiments. To fully understand the role of
phosphorus substitution, B.PAT was dephosphorylated with the use of
48 % hydrofluoric acid. The differences in the immunomodulatory
properties between B.PAT (phosphorylated PS) and B.MAT (dephos-
phorylated PS) were tested on bone marrow-derived dendritic cells
(BMDCs) from BALB/c mice. Finally, to investigate the potential anti-
inflammatory functions, both PSs were studied in the Caco-2/HT-29
cell line model of IL-1p-induced inflammation. As expected, B.PAT and
B.MAT exhibited distinct properties depending on the presence of the
phosphate substitution.

2. Materials and methods
2.1. Bifidobacterium animalis ssp. animalis CCDM 218 culture

Ba218, originally isolated from a healthy human fecal sample
(Srutkova et al., 2015), was obtained from the Czech Collection of Dairy
Microorganisms (CCDM, Laktoflora, Milcom, Tabor, Czech Republic).
Bacteria were cultivated on MRS broth (Sigma Aldrich) supplemented
with 0.05 % L-cysteine (Merc Millipore) for 72 h at 37 °C under
anaerobic conditions (anaerobic chamber, Oxoid, 80 % N5, 10 % CO,,
10 % Hy). For bacterial mass collection, Ba218 was centrifuged at 4500
xg (15 min, 4 °C; Hermle Centrifuge Z 36 HK) and washed twice with
sterile phosphate-buffered saline (PBS), after which the resulting pellet
was frozen and freeze-dried.

2.2. Polysaccharide isolation and purification

The Ba218 PSs were isolated as described previously according to the
method commonly used in our laboratory (Pacyga-Prus et al., 2023).
Briefly, the crude PS mixture was extracted by bacterial incubation in
10 % trichloroacetic acid (2.5 h, RT) and centrifugation (15,000 xg,
4 °C, 20 min; Hermle Centrifuge Z 36 HK). For higher efficiency, the
extraction was repeated twice. The collected supernatant was treated
with 5 volumes of ethanol and kept overnight at —20 °C. Then, the
suspension was centrifuged (15,000 xg, 4 °C, 50 min, Hermle Centrifuge
Z 36 HK), dissolved and dialyzed with miliQ water (24 h, 4 °C) (MWCO
6-8 kDa, Roth). The obtained crude mixture was frozen, freeze-dried,
and subsequently subjected to ion exchange (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
(TSK HQ-55S column; 1.6 x 100 cm (Amersham Pharmacia Biotech);
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eluted with 0.1 M ammonium acetate; 23 °C) chromatography with the
use of the NGS Chromatography System (Bio-Rad) equipped with a UV
detector. To detect sugars, the fractions collected after separations were
tested with the phenol-sulfuric acid method (DuBois et al., 1956).
Finally, the PS fractions were analyzed using classical chemical methods
and NMR spectroscopy.

To obtain a dephosphorylated fraction, 5 mg of B.PAT PS was treated
with 48 % hydrofluoric acid for 48 h at 4 °C. Afterward, the dephos-
phorylated sample (B.MAT) was dialyzed overnight with miliQ water
using Slide-A-Lyzer™ Dialysis Cassettes (2 K MWCO, Thermo Scientific).
The efficiency of dephosphorylation was assessed by 3P NMR and
!H—31p HSQC NMR experiments.

The average molecular mass of the PS was determined as described
previously by GPC (Dionex Ultimate 3000) on an OHpak SB-806 M HQ
column (8 x 300 mm, maximum pore size 15,000 A; Shodex) equipped
with a refractive index detector (RI 102; Shodex). Briefly, dextran
standards (MW 12, 25, 50, 80, 150, and 270 kDa) were administered on
a column together with PS, and 0.1 M ammonium acetate buffer was
used as the eluent. The run was performed at 0.5 ml/min. The working
detector temperature was 25 °C, and the sensitivity was 512x. Chro-
meleon software (Dionex) was used for data acquisition and processing
(Gorska et al., 2016).

Moreover, UV-vis analysis was performed to investigate PS
contamination by nucleic acids and proteins (BioPhotometer,
Eppendorf).

2.3. Structure analysis

2.3.1. NMR

All NMR data were obtained with a Bruker 600 Hz Avance III spec-
trometer using a 5 mm QCI probe equipped with a z-gradient. TopSpin
3.1pl6 software was used for data acquisition, while TopSpin 4.0.7 and
SPARKY were used for spectra processing (Lee et al., 2015). For analysis,
5 mg of lyophilized PSs were dissolved in deuterium oxide and placed in
5 mm NMR tubes. Each sample was subjected to one- (*H, 3!P) and two-
dimensional NMR experiments (‘H-'H-COSY, 'H—!'H TOCSY, H—'H
NOESY, 'H—'3C HSQC, 'H—'3C HMBC, 'H—°'P HSQC, and 'H—'3C
HSQC-TOSCY) using pulse sequences from the Bruker library. Several
mixing times were used for TOCSY (30, 60, 100 ms) and NOESY (100,
300 ms) experiments. Diffusion-Ordered Spectroscopy (DOSY) was
performed using the ledbpgp2s pulse sequence with a diffusion time of
50 ms and a gradient length of 2 ms. All the data were collected at 25 °C,
and the chemical shifts of the NMR signals were referenced by using
acetone as an internal reference (8y 2.225 ppm, d¢ 31.05 ppm). The
absolute configurations of the monosaccharides were obtained by
comparison of their >C NMR chemical shifts with reference data
(Shashkov, Lipkind, Knirel, Kochetkov, 1988a, 1988b).

2.3.2. Chemical analysis

The monosaccharide content was investigated according to the
method of Sawardeker et al. (Sawardeker et al., 1965) with modifica-
tions as described in our previous studies (Pacyga-Prus et al., 2023).
First, 0.3 mg of PS was hydrolyzed with 10 M HCI (80 °C, 25 min). The
nitrogen-dried sample was then reduced by overnight treatment with 10
mg/ml NaBH,4 at 10 °C, and the reaction was stopped by adding 80 %
acetic acid. Free -OH groups were acetylated with methylimidazole and
acetic anhydride. Finally, the sugar residues were extracted with a water
: dichloromethane (1:1, v/v) mixture, and the organic phase was
collected.

The monosaccharide linkage and substitution positions were ob-
tained by methylation analysis. Briefly, NaOH was added to 2 mg of PS
in DMSO, and the mixture was sonicated. The sample was then cooled,
iodomethane was added, and the mixture was vortexed (3 x 3 min).
Then, the neutral pH was restored with 1 M acetic acid, and methylated
sugars were extracted 3 times with a mixture of chloroform and water
(1:1, v/v) (Ciucanu & Kerek, 1984). The organic phase was collected and
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dried under a nitrogen stream. Then, the sample was treated with 10 M
HCl, reduced with NaBH4, and neutralized with 80 % acetic acid as
described for the sugar analysis. The methylated sugars were extracted
with a water : dichloromethane (1:1, v/v) mixture, and the organic
phase was collected.

The samples obtained after sugar and methylation analyses were
dried under a nitrogen stream and kept at 4 °C until further investiga-
tion. For gas-liquid chromatography-mass spectrometry (GLC-MS), the
samples were dissolved in ethyl acetate. The analysis was performed on
an ITQ 700 Thermo Focus GC system equipped with a Zebron ZB-5HT
Inferno capillary column (Phenomenex) with a temperature gradient
from 150 °C to 270 °C (8 °C/min). All the data were obtained and
analyzed with Xcalibur™ software (Thermo Fisher). Additionally, sugar
standards were tested with the samples after sugar analysis to verify the
monosaccharide content.

2.3.3. Carbohydrate structure database analysis

The structural units of B.PAT and B.MAT were encoded and pasted to
the Carbohydrate Structure Database (CSDB) to confirm that their
unique structure was not previously described (as of 15.03.2024)
(Toukach, 2011). Additionally, a Structure Editor (a part of CSDB) was
used to visualize 3D models of the isolated PS (as of 15.03.2024)
(Bochkov & Toukach, 2021).

2.4. Mouse cell isolation and stimulation

To investigate the immunomodulatory properties of the isolated PSs,
bone marrow dendritic cells (BMDCs) precursors were isolated from 8-
to 10-week-old naive female BALB/c mice according to methods
commonly used in our laboratory (Gorska et al., 2014; M. J. Pyclik et al.,
2021). For the procedure, the mice were euthanized by cervical dislo-
cation after 3 % isoflurane anesthesia. All experiments were performed
following the EU Directive 2010/63/EU for animal experiments. Animal
experiments were 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).

BMDCs were prepared as previously described (Gorska et al., 2014).
Briefly, femurs and tibias were cleaned from skin and muscles, and cells
were rinsed from bones with the use of RPMI 1640 medium. Cells were
seeded on a Petri dish in an RPMI 1640 medium (4 x 10° cells/plate)
supplemented with 10 % FBS, 100 U/ml penicillin, 100 pg/ml strepto-
mycin, 10 mM HEPES and 20 ng/ml murine granulocyte-macrophage
colony-stimulating factor (GM-CSF, Invitrogen). Precursor cells were
differentiated for one week with the addition of fresh medium on the 3rd
and 6th day. On the 7th day, BMDCs were collected from Petri dishes,
counted, and seeded on a 96-well plate (0.5 x 10° cells per well). Next,
the cells were treated with the studied PSs (30 and 90 pg/ml) alone or in
combination with Lacticaseibacillus rhamnosus GG (10:1, bacteria :
BMDCs). Non-stimulated cells were used as a negative control, and cells
treated with 1 pg/ml ultra-pure LPS (Invivogen) served as a positive
control. BMDCs were incubated for 20 h at 37 °C and 5 % CO,. The levels
of the cytokines IL-10, IL-6, IL-12p70, and TNF-« in culture supernatants
were detected with ELISA (Ready-Set-Go! Kits (eBioscience) according
to the manufacturer's instructions. Moreover, cells after stimulation with
B.PAT and B.MAT (30 pg/ml and 120 pg/ml) were subjected to cyto-
toxicity analysis via the SRB assay (Vichai & Kirtikara, 2006). Briefly,
after stimulation, the cells were fixed with 10 % trichloroacetic acid and
left at 4 °C for 1 h. Next, the plate was washed four times with water, and
0.06 % sulforhodamine B was added to dye the cells (30 min, RT, in
darkness). Finally, the plate was washed four times with 1 % acetic acid
to remove the excess dye, and the remaining protein-bound reagent was
dissolved in 10 mM Tris base solution (pH = 10.5). Finally, the absor-
bance was read at 490, 510, and 530 nm.
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2.5. Human cell lines stimulation in the IL-1f inflammatory model

The adherent, immortalized epithelial cell lines of male human
colorectal adenocarcinoma (Caco-2) and the female human, adherent,
immortalized epithelial colon cancer cell line (HT-29) were used (after
the 10th passage) to test the potential anti-inflammatory properties of B.
PAT and B.MAT. First, 0.5 x 10° cells/well were seeded on a 12-well
plate in DMEM/F12 (Gibco) supplemented with 10 % FBS (Gibco) and
a 1 % r-glutamine-Penicillin-Streptomycin solution for HT-29 cells, and
EMEM/DMEM high glucose (Sigma Aldrich) supplemented with 10 %
FBS, 1 x non-essential amino acids (100 x concentrated, Sigma
Aldrich), and 10 mM HEPES (Sigma Aldrich) for Caco-2 cells. After, the
Caco-2 cells were incubated for 24 h, and the HT-29 cells were allowed
to adhere to the plate for 48 h.

2.5.1. Prophylactic model

The cells adherent to the plate were stimulated with B.PAT and B.
MAT at a 10 pg/ml concentration. The cells were incubated for 18 h
(37 °C, 5 % COy). Then, 10 ng/ml IL-1p was added to the cells, and after
an additional 18 h of incubation (37 °C, 5 % CO>), the media above the
cells were collected and frozen. Finally, to measure the levels of IL-8 in
culture supernatants, an ELISA Ready-Set-Go! Kit (BD Biosciences) was
used according to the manufacturer's instructions.

2.5.2. Therapeutic model

The cells adherent to the plate were stimulated with 10 ng/ml IL-1p.
The cells were incubated for 18 h (37 °C, 5 % CO,). Then, B.PAT and B.
MAT were added to the cells, and an additional 18 h of incubation
(87 °C, 5 % CO3) was performed. The media above the cells were
collected and frozen. Finally, to measure the levels of IL-8 in culture
supernatants, an ELISA Ready-Set-Go! Kit (BD Biosciences) was used
according to the manufacturer's instructions.

2.6. Statistical analysis

All experiments were repeated with at least two technical and two
biological repetitions. The data were presented as the mean + SD and
differences were analyzed with an unpaired t-test. All the statistical
analyses and visualizations were prepared with Graph Pad Prism version
9.
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3. Results
3.1. Structural analysis of B.PAT polysaccharide

B.PAT was separated from a complex PS blend that was isolated from
the surface of the Ba218 strain. The crude PS mixture was submitted to
ion exchange and size exclusion chromatography and subsequently
analyzed by NMR spectroscopy. This led to the determination of the
three distinct PS fractions. The 3P NMR spectra showed that B.PAT was
the only PS containing phosphorus in its structure. Since the main idea
behind this study was to investigate changes in the immunomodulatory
properties of phosphorylated PSs and their dephosphorylated counter-
parts, the phosphate-substituted B.PAT was selected for further
experiments.

Sugar analysis indicated that B.PAT consists of L-Rha, D-Glc, and D-
Gal in a molar ratio of 1:1.5:3. An average molecular mass of ca. 1.96 x
10* Da was determined.

Analysis of the 'TH—'3C HSQC spectrum showed 12 cross peaks in the
anomeric region. Since some of the signals in the 'H NMR spectrum and
in the 2D HSQC spectrum were significantly broader than others, DOSY
experiments that allow the separation of molecules based on their
different sizes or mobilities were performed (Fig. 1, Supplementary
Fig. S1).

The DOSY spectra showed that the B.PAT PS consists of a non-
asaccharide repeating unit with 8 hexapyranosyl and 1 hexafuranosyl
residues as determined from the 'H—3C HSQC NMR spectrum (Fig. 2).

The structure of the PS was obtained from analysis of the 2D NMR
spectra, including COSY, TOCSY, and NOESY at several mixing times,
HSQC, HSQC-TOCSY, and HMBC (Supplementary Fig. 2-5). In Table 1,
the sugar residues of B.PAT are marked with an uppercase letter starting
from the most downfield signal in the 'H NMR spectrum.

Analysis of the TOCSY and HSQC-TOCSY spectra allowed us to
determine the type of sugar residues constituting B.PAT. Residue A was
assigned as a hexafuranose due to the strong downfield shift of the
anomeric carbon signal with the galacto-configuration. For residues B, C,
E, and F, the characteristic methyl resonances of 6-deoxy sugars were
observed at 1.28, 1.33, 1.32, and 1.26, respectively. In the TOCSY
spectra, only one cross-peak was found between H1 and H2 of those
residues, indicating that they are rhamnoses. Therefore, the spin systems
for residues B, C, E, and F were obtained from the TOCSY and HSQC-
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Fig. 1. A part of the DOSY spectrum of B.PAT showing the anomeric region of the PS (blue). The experimental 'H NMR spectrum is shown in red. Signals on the same
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Fig. 2. A. Part of the 'H—'3C HSQC NMR spectrum of B.PAT at 25 °C. The anomeric signals are located in the chemical shift range of 4.2-5.8 ppm and the ring
signals are between 3.2 and 4.5 ppm. The black dashed line indicates the signals corresponding to the glycerol substitution. B. The part of the HMBC spectrum
corresponds to the anomeric signals in the HSQC spectra. C. H-6/C-6 signals for rhamnoses (residues B, C, E, and F).

TOCSY spectra using the methyl groups as starting points. An analysis of
scalar correlations for residues D, G, and H showed resonances charac-
teristic for the gluco-configuration. Finally, residue I was assigned to the
galacto-configuration since the analysis of the TOCSY and HSQC-TOCSY
spectra showed scalar correlations from the anomeric signal only until
the H4/C4 resonance. The H5/C5 chemical shifts for residue I were
determined from the connectivity between H3 and H5 in the NOESY
spectra and from the connectivity between H1 and C5 in the HMBC
spectrum.

The anomeric configuration of residue A was identified as p due to
the downfield shift of the anomeric carbon lower than § 105 ppm, which
is observed only for the p-configuration of galactofuranoside (Gorin &
Mazurek, 1975; Nagaoka et al., 1996). For the rhamnoses (residues B, C,
E, and F) the 3Jyy1 yo-values were small (< 3.0 Hz) and not resolved in the
NMR spectra due to line broadening and therefore could not be used to
determine the anomeric configuration. However, it has been shown that
the chemical shift of the C5 signal can be used to distinguish between o-
or p-linkages. The C5 resonance at § 70.5 ppm indicates the a-configu-
ration, while the C5 resonance at § 73.2 ppm is attributed to the
B-configuration (Carillo et al., 2009; Lipkind et al., 1988; Mattos et al.,
2001; Senchenkova et al., 1999; Vinogradov et al., 2003). Since residues
B, C, E, and F have C5 resonances <70.5 ppm, they were assigned as
a-rhamnoses. The a-configuration was also confirmed by the absence of
intraglycosidic NOEs between H1 and H3, H5 (Vinogradov et al., 2003).
The glucose residues G, H, and galactose I have 8 Jtamo-values >7 Hz,
indicating a f, while residue D, with a small 3 Ji1mo-value of 3 Hz, was
assigned an o. The chemical shift of C6 from the H residue could not be
assigned unambiguously due to the lack of scalar connectivities between
H5/C5 and H6/C6. The reason might be that the C-6 substitution by
glycerol phosphate affects the conformation around the C5-C6 bond.

The connections between the monosaccharides in the B.PAT unit
were determined from NOESY and HMBC spectra (Table 2). The

glycosylation pattern was further confirmed by the downfield shift of
signals belonging to C2 and C3 of Galf (A), C3 of Rhap (B), C2 and C3 of
Rhap (C), C3 of Rhap (F), C3 and C4 of Glcp (H), and C3 of Galp (I)
compared to those of the non-substituted sugars. Moreover, a strong
downfield shift was observed for the C6 signal of Glcp (H), indicating
substitution at this position. Analysis of the 'H—!3C HSQC spectrum
together with the 'H—3'P HSQC spectrum revealed that phosphorus
substituted both glycerol at 3.95 and 3.88 ppm (6 67.3 ppm, glycerol)
and H6 at 4.02 and 4.07 ppm (5 66.4 ppm, residue H).

The absolute configuration of B.PAT monosaccharide moieties was
tentatively obtained from the '3C NMR chemical shifts and compared
with reference data (Shashkov, Lipkind, Knirel, Kochetkov, 1988a).
Thus, the following sequence for the B.PAT's repeating unit was pro-
posed: —2)-[B-D-Glcp-(1 — 3)-]Ja-L-Rhap-(1 — 3)-p-D-Galp-(1 — 4)-[D-
Gro(—P — 6)-,0-L-Rhap-(1 — 3)-]a-L-Rhap-(1 — 3)-1p-D-Glcp-(1 — 3)-
[a-D-Glep-(1 — 2)-1p-D-Galf-(1 — 3)-a-L-Rhap-(1-, or with the upper-
case letters: [G-]C-I-[Gro-P-,E-F-]H-[D-]A-B. The obtained structure was
consistent with the methylation analysis results, thus, the proposed
structure of the repeating unit was proposed (Fig. 3).

To better understand the influence of phosphorylation on B.PAT, it
underwent dephosphorylation for 48 h at 4 °C. The dephosphorylation
process was confirmed by 3'P NMR experiments. Analysis of 2D NMR
spectra allowed us to assess the impact of glycerol phosphate on B.PAT
structure (Fig. 4).

Dephosphorylation of B.PAT did not affect the main chain of PS.
Differences between the B.PAT and B.MAT structures focus on residue H
only and lead to changes in the HSQC, TOCSY, and HSQC-TOCSY
spectra, confirming that phosphorylation is related to this sugar in B.
PAT's repeating unit (Table 3). However, even after dephosphorylation,
chemical shifts for C6 of residue H could not be assigned
unambiguously.

Moreover, a search in an online database (CSDB) confirmed that the
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Table 1
1H and '>C NMR chemical shifts of the resonances of B.PAT from Bifidobacterium
animalis ssp. animalis CCDM 218.

1H, 13C chemical shifts (ppm)

Sugar residue H-1, H-2, H-3, H-4, H-5, H-6, H-
C-1 Cc-2 C-3 C-4 C-5 6
C-6
A —2,3)-p-D-Galf-  5.37 442 445 4.21 4.02 3.71,
(1- 108.5 86.5 84.4 829 704 3.67
64.0
B —3)-a-L-Rhap-  5.18 416  3.90 354 376 1.28
(1- 102.2 70.9 785 719 703 175
C —2,3)-a-L-Rhap-  5.16 4.4 4.07 3.66 3.89 1.33
(1- 101.8 77.5 81.0 72.0 70.1 17.6
D o-D-Glep-(1—»  5.12 3.56 3.70 3.44 376 3.82,
99.2 71.9 735 70.3 734 3.86
61.3
E o-L-Rhap-(1-  5.04 4.07 3.85 3.46 3.84 1.32
103.2 71.0 70.9 729 70.0 175
F —3)-a-L-Rhap-  4.72 4.04 381 3.52 4.09 1.26
1- 101.3 70.8  79.0 72.1 69.8 17.3
G B-D-Glcp-(1—»  4.68 3.37 351 3.44 346 375,
104.7 742  76.4 70.3 76.6 3.93
61.6
H —3,4,6)-p-D-  4.61 3.37  3.60 3.77 3.60 4.02,
Glep-(1— 103.0 742 79.7 77.0 748 4.07
66.4
1 —3)-p-D-Galp- 4.5 3.7 3.74 4.01 3.73
(1- 104.0 71.6  80.4 69.3 76.0
Glycerol 3.69, 3.92 3.95,
phosphate  3.63 715 3.88
62.9 67.3
p 07
Table 2

Selected inter-residue correlations from ‘H—'H NOESY and 'H—!C HMBC
spectra of B.PAT.

H-1/C-1 Connectivity to Inter-residue
Residue Sy / 8¢ d¢c Su Atom /
Residue
—2,3)-p-D-Galf-
A (- 5.37 /108.5 785  3.90 C-3, H-3 of B
B —3)-a-L-Rhap-(1- 5.18 /102.2 81.0 4.07 C-2,H-20f C
—2,3)-a-L-Rhap-
c (- 5.16 /101.8 80.4 3.74 C-3, H-3 of
D  a-D-Glep-(1— 5.12/99.2 86.5 4.42 C-2, H-2 of A
E a-L-Rhap-(1— 5.04 /103.2 79.0 3.81 C-3, H-3 of F
F —3)-a-L-Rhap-(1— 4.72 /101.3 79.7 3.60 C-3,H-3 of H
G  p-D-Glep-(1— 4.68 /104.7 81.0 4.07 C-3,H-30of C
—3,4,6)-p-D-Glcp-
H (1- 4.61 /103.0 84.4 4.45 C-3,H-30of A
I —3)-p-D-Galp-(1— 4.5/104.0 70.8  4.04 C-4, H-4 of H
3.95,3.88 / 4.02,
Glycerol phosphate 67.3 66.4  4.07 C-6, H-6 of H
B-D-Glep-(1 a-L-Rhap-(1->3)-a-L-Rhap-(1 B-D-Glep-(1
N2 N2 N2
3 3 2

—2)-a-L-Rhap-(1->3)- B-D-Galp-(1->4)-B-D-Glcp-(1->3)-B-D-Galf-(1->3)-a-L-Rhap-(1->
6

N

Gro-P
n

Fig. 3. Structure of the nonasaccharide repeating unit of B.PAT. The approxi-
mate number of units in B.PAT equals n = 7.
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structure of B.PAT and B.MAT were not described previously. The CSDB
Structure Editor allowed the prediction of 3D models of both PSs vari-
ants. The obtained 3D models indicate that the loss of Gro-P in
dephosphorylated PS affects the spatial structure of B.PAT with a more
open structure, which may influence the differences in the properties of
both PSs (Fig. 5).

Finally, UV-vis analysis was performed to ensure that the PS frac-
tions were free of nucleic acid and protein contamination (Supplemen-
tary Table T1).

3.2. Distinct immunomodulatory properties of B.PAT and B.MAT

A strong, dose-dependent production of TNF-a, IL-6, and IL-10 cy-
tokines was the result of BMDCs stimulation with B.MAT (Fig. 6A).
Furthermore, B.MAT was the only one able to induce IL-12 production at
90 pg/ml. B.PAT, on the other hand, induced low levels of IL-6 and TNF-
o without inducing IL-10 or IL-12 production. To confirm the distinct
modulatory properties of B.PAT and B.MAT, BMDCs were stimulated
with a strain known for its immunomodulatory properties — Lacticasei-
bacillus rhamnosus GG — with the addition of the studied compounds
(Fig. 6B). Both B.PAT and B.MAT were able to enhance cells' response to
stimulation with the selected strains in a dose-dependent manner for
isolated PSs as well as in favor of the dephosphorylated compound. A
significantly greater production of TNF-a (** p < 0.01) was observed for
B.MAT at the highest concentration in comparison to B.PAT (when
stimulated with a lactobacilli strain). Moreover, B.MAT at 90 pg/ml in
the same variant of the experiment showed a stronger tendency than B.
PAT to intensify IL-12 and IL-10 production. No differences in enhancing
lactobacilli strain immunomodulatory properties were observed for
either PS for IL-6 levels.

Moreover, the viability assay confirmed the safety of B.PAT and B.
MAT, since the survival rate did not significantly differ between the
control cells (untreated cells, 100 %) and the cells treated with the tested
PSs (Supplementary Fig. S6).

3.3. Dephosphorylation enhances the anti-inflammatory properties of B.
PAT

To fully understand the potential of B.PAT and B.MAT, their anti-
inflammatory properties were tested in Caco-2 and HT-29 cells. Both
cell lines are widely used as models of the intestinal epithelial barrier in
which inflammation is induced with the use of IL-1p. Isolated PSs were
administered before (prophylactic) or after (therapeutic) IL-1p treat-
ment to investigate their possible role in the prevention or treatment of
inflammatory responses. Notably, the phosphorylated compound was
able to inhibit the development of inflammatory responses in prophy-
lactic settings, which resulted in lower levels of IL-8 in both HT-29 cells
and Caco-2 cells. Dephosphorylation significantly enhanced the ability
of B.PAT to prevent inflammation by even stronger suppression of IL-8
production in both cell lines (** p < 0.01 for HT-29 cells and * p <
0.05 for Caco-2 cells). Moreover, B.MAT showed a tendency to reduce
IL-8 production in HT-29 cells in therapeutic settings after stimulation
with IL-1p (Fig. 7) (p = 0.09, in comparison to the IL-1f control).

4. Discussion

The presented study was based on the idea that modifications of PSs
can greatly influence their functions. To prove this hypothesis, PSs were
isolated from the surface of Bifidobacterium animalis ssp. animalis CCDM
218 and purified by chromatography methods. The obtained fractions
were subjected to NMR analysis, which showed that one of the struc-
tures, B.PAT, is phosphorylated. The first step in understanding the
presence of phosphorus on B.PAT was to determine the PS structure.
Studies of human-derived Bifidobacterium strains have shown that the
typical size of bifidobacterial PSs is between 10* and 10° Da and that the
most common sugars that build a PS chain unit are glucose, galactose,
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Fig. 4. Differences between B.PAT and B.MAT. A. Overlapped '"H—'3C HSQC spectra of B.PAT and B.MAT. There is a loss of glycerol signals (red, dashed line) in the
dephosphorylated compound, as well as a loss of additional signals present in B.PAT. B. Overlapped TOCSY spectrum of the residue H region of B.PAT and B.MAT
(red box). C. Overlapped HSQC-TOCSY spectrum of residue H region of B.PAT and B.MAT (red box). The green and red spectra correspond to B.PAT, while purple and

black ones — to B.MAT.

and rhamnose (Salazar et al., 2009). B.PAT is a small PS of 1.96 x 10*
Da, and sugar analysis revealed the presence of only glucose, galactose,
and rhamnose in its structure. The small size of the PS may be the first
indicator of its possible properties. As described previously by Gorska
et al. (2014), PSs with small molecular sizes are associated with pro-
inflammatory responses, while PSs with high molecular masses exhibit
regulatory properties (Gorska et al., 2014). Given the relatively small
molecular mass of our PSs, we also considered them to have pro-

inflammatory properties. In contrast to the findings of Goérska et al.,
our results obtained in the IL-1f inflammatory model showed prophy-
lactic effects of both B.PAT and B.MAT, indicating their anti-
inflammatory effect. Therefore, the function of PS might be based not
only on its size and sugar composition but also on the molar ratio of its
components, the order of sugars in a PS chain unit, the spatial structure,
and, most importantly, on the non-sugar substitutions of the PS chain.
The structure determination of B.PAT revealed a highly branched PS
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Table 3
Comparison of the B.PAT's and B.MAT's differences in chemical shifts for residue
H.

H, 13C chemical shifts (ppm)

Sugar residue H-1, H-2, H-3, H-4, H-5, H-6, H-6
C-1 C-2 C-3 C-4 C-5 C-6
B.PAT
H  —3,6)-p-D-Glcp- 4.61 3.37  3.60 3.77 3.60 4.02,
(1- 103.0 742 79.7 77.0 74.8 4.07
66.4
B.MAT

4.61 336 3.6 3.80 3.54
H  —3)-p-D-Glep-(1— 1029 738 79.7 7675 71.82

with 4 rhamnose, 3 glucose, and 1 galactose residues in the pyranose
form, and 1 galactose residue in the furanose form. Most of its sugar
residues have an alpha configuration, and there is a majority of 1 — 3
glycosidic bonds that positively influence the flexibility of PS and may
result in increased anti-microbial and anti-oxidant properties (Laws
et al., 2001; Zhou et al., 2019). Moreover, chemical modifications can
greatly improve the spatial configuration of PS and influence its physi-
ological properties and functions. There is a broad spectrum of modifi-
cations that can occur on the PS chain, including acetylation, sulfation,
and phosphorylation. B.PAT was found to be substituted by glycerol
phosphate connected to 3-D-Glcp (residue H) at the 6th position. Phos-
phorylated PSs, such as B.PAT, are not abundant in nature, and the
degree of substitution in a phosphorylated PS is usually low.
Phosphorus-containing PSs are often more complex, and their structure
is difficult to determine (Laffargue et al., 2023). There are even fewer
examples of glycerol phosphate substitutions in bacterial PSs. Edgar
et al. (2019) described Streptococcus mutans rhamnose PSs that contain
glycerol phosphate modifications on approximately 25 % of the GlcNAc
residues (Edgar et al., 2019). Furthermore, Speciale et al. (2019)
described an 8 x 10* Da phospho-glycero-p-galactofuronian (PGPG)
substituted by glycerol phosphate at the 6th position and produced by
Bifidobacterium bifidum PRI1 (Speciale et al., 2019).

To better understand the role of glycerol phosphate substitution on
B.PAT, the PS was dephosphorylated. Comparison of NMR data for B.
PAT (with phosphorus) and B.MAT (after dephosphorylation) showed
that dephosphorylation caused significant changes in the chemical shifts
of the carbons belonging to the residue, which is consistent with the
literature data (Fig. 4, Table 3) (Kolodziejska et al., 2006; Speciale et al.,
2019). Further investigation of the 3D models predicted by the Structure
Editor showed that the loss of glycerol phosphate substitution may result
in spatial changes in isolated PSs, and the structure became less
condensed since the H residue lost its substitution at the C6 position
(Fig. 5). This may be the cause of better recognition of B.MAT and
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increased cytokine production in the tested cells.

Liu et al. (2023) discussed in detail the impact of phosphorylation on
PSs and emphasized that adding phosphorus to the structure can lead to
spatial changes and affect PSs function (Liu et al., 2023). Few publica-
tions have compared the functions of phosphorylated and dephos-
phorylated PSs. Even fewer studies have expanded their research by
structure investigation. The majority of related research indicates that
the phosphorylation of PSs results in an improvement in their activity.
Neutral (NPS) and phosphorylated (APS) PSs were described for Lacto-
bacillus delbruecki ssp. bulgaris OLL1073E-1. Both consist of the same
structure with galactose and glucose residues in a molar ratio of 3:2
(Nishimura-Uemura et al., 2003). The only difference was the presence
of 0.1 % phosphorus in the APS fraction. Studies performed on the
mouse macrophage-like cell line J774.1 revealed that APS is a stronger
immunomodulator than NPS, as it can significantly increase IL-6, IL-10,
and IL-12p40 while decreasing IL-12p35 levels. To prove that the effect
of APS is caused by the presence of phosphorus substitution, APS was
subjected to dephosphorylation, which led to the inhibition of its
mitogenic and cytostatic activity (Nishimura-Uemura et al., 2003).
Another immunomodulatory effect was observed by Makino et al.
(2006), who isolated neutral (NPS) and phosphorylated (H-APS) high
molecular mass PSs from the same strain as Nishimura-Uemura et al.
These PSs consisted of glucose, galactose, mannose, and xylose (for NPS)
and glucose, galactose, and 0.01 % phosphorus substitution (for H-APS).
In C3H/HeJ mouse spleen cells, compared with NPS, APS caused a
significant increase in IFN-y. Moreover, in vivo analysis of murine sple-
nocytes isolated from BALB/c mice previously administered with H-APS
revealed a dose-dependent increase in NK cell induction. Furthermore,
compared with the control treatment, treatment with concanavalin A
positively affected the production of IFN-y and the inhibition of IL-4
(Makino et al., 2006). Another interesting example is the introduction
of phosphorus to dextran at a degree level of 1.7-2 %. It induced
mitogenic activity in mouse splenocytes. In addition, it was able to
induce the expression of CD86 as well as the gene expression of IL-10
and IFN-y in comparison to non-phosphorylated dextran (Sato et al.,
2004). However, dephosphorylation is not always associated with the
suppression of PS function. Speciale et al. (2019) isolated surface PSs
from Bifidobacterium bifidum PRI1 that led to the purification of struc-
turally different fractions. The first fraction contained at least 4 different
p-glucan/galactan PSs with an average molecular mass of 4 x 10* Da
(CSGG). The second one was determined to be phosphor-glycero-p-gal-
actofuronian (PGBG), which has an average molecular mass of 8 x 10*
Da. Studies investigating CSGG and PGpG activities have shown that the
neutral fraction can induce Foxp3™ cells in spleen-derived mouse DCs.
Moreover, CSGG improved the production of IL-10, suggesting that this
PS has regulatory properties (Speciale et al., 2019). This effect was
confirmed by Verma et al. (2018), who described the suppressive effect
of this PS on the development of colitis in mice. In contrast, the

Fig. 5. 3D models of B.PAT and B.MAT predicted by CSDB Structure Editor. After dephosphorylation, the spatial structure of B.PAT is significantly changed.
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Fig. 6. Cytokine production after immune cells stimulation with B.PAT and B.MAT. Mouse BMDCs stimulation with PBS (negative control), LPS ultra-pure (positive
control, Invivogen), or PSs at a concentration of 30 and 90 pg/ml alone or with the addition of Lacticaseibacillus rhamnosus GG. B.PAT was marked in green, while B.
MAT was marked in orange. An unpaired t-test was performed, and significant differences between phosphorylated and dephosphorylated compounds (90 pg/ml)
were calculated (**** p < 0.0001, *** p < 0.001, ** p < 0.01).

phosphorylated fraction did not affect Foxp3™" expression, however, it (2014) described two PSs from Lacticaseibacillus rhamnosus LOCK 900
was able to significantly increase IFN-y levels, while IL-10 remained (Gorska et al., 2014). Both were negatively charged, but L900/2 was a
unaffected. This may indicate that, unlike regulatory CSGG, it has po- large (8.3 x 10° Da), pyruvylated, branched PS with 7 monosaccharide
tential pro-inflammatory properties (Verma et al., 2018). Stimulation of residues, and L900/3 was a small (1,8 x 10* Da) PS containing 5
mouse BMDCs with isolated PS resulted in significantly greater pro- monosaccharides and phosphomonoester substitution. Both PSs were
duction of IL-10, IL-6, and TNF-« in response to B.MAT (90 pg/ml) than tested in mouse BMDCs together with Lactobacillus plantarum WCFS-1.
in response to B.PAT. More interestingly, B.MAT also induced the pro- The results showed that the high molecular weight L900/2 PS
duction of IL-12 at 90 pg/ml, while at the same time, B.PAT was not able increased IL-10 production, whereas the small molecular weight L900/3

to induce either IL-12 or IL-10 at any of the tested doses (Fig. 6A). PS increased IL-12p70 cytokine levels, compared to the strain alone.
To investigate the abilities of B.PAT and B.MAT to enhance the Thus, the authors indicated that L900/2 might be a possible anti-
function of known immunomodulators, BMDCs were stimulated with inflammatory factor in conditions such as inflammatory bowel disease,
Lacticaseibacillus rhamnosus GG, which is known for its health-promoting while L900/3 could play a role in the treatment of allergies (Gorska
properties (Capurso, 2019). Both PSs dose-dependently strengthened et al., 2014).
the effect of the whole bacteria. However, greater cytokine production To investigate the possible anti-inflammatory properties of isolated
was observed after the addition of dephosphorylated PS, which is PSs, the IL-1p-induced inflammation model was used in Caco-2 and HT-
consistent with previous results (Fig. 6B). In the case of IL-10 and IL-12 29 human cell lines. IL-1f is known to impair the integrity of intestinal
production, B.PAT alone was not capable of inducing high levels of these epithelial cells and to enhance the inflammatory response by upregu-

cytokines at the tested doses. Simultaneously, B.MAT induced low IL-10 lating IL-8 cytokine production (Al-Sadi & Ma, 2007; Sunil et al., 2010).
and IL-12 levels at 90 pg/ml. However, stimulation with lactobacilli The addition of isolated PSs prevented the outburst of IL-8 in both HT-29
proved that both PSs can act as costimulators of different antigens, cells and Caco-2 cells. Interestingly, the dephosphorylated compound
improving the effect of other known immunomodulators. Gorska et al. had a significantly stronger downregulatory effect on IL-8 production,
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Fig. 7. IL-8 cytokine production after cell lines stimulation with B.PAT and B.MAT. A. Stimulation of HT-29 cell line with tested PS before (preventive) or after
(therapeutical) the induction of inflammation with IL-1p. B. Stimulation of Caco-2 cell line with tested PS before (preventive) or after (therapeutical) the induction of
inflammation with IL-1f. B.PAT is marked in green, while B.MAT is marked in orange. The red line shows the level of IL-8 after cell treatment with IL-1f only
(positive control). An unpaired t-test was performed, and significant differences between phosphorylated and dephosphorylated compounds were calculated (** p <
0.01, * p < 0.05). Significance in comparison to positive control was marked with # (### p < 0.001, ## p < 0.01, # p < 0.05).

indicating its anti-inflammatory effects in the presented model.

The immunomodulatory properties of the presented PSs and, in
particular, the dephosphorylated B.MAT molecule show potential for
future use in the prevention or treatment of various diseases. The
greatest advantages of these molecules are the well-described structures
introduced in this research. Moreover, the knowledge presented in this
manuscript provides a strong foundation for future detailed structur-
e—function investigations, which are not possible for whole microor-
ganisms. This approach also provides opportunities for in vivo studies. In
comparison to probiotics, postbiotics lack virulence factors and cannot
transfer antibiotic resistance genes. Overall, their high stability, efficient
and easy isolation, and definable structure make them perfect alterna-
tives to probiotics (Rafique et al., 2023).

5. Conclusions

In this work, we comprehensively studied a glycerol phosphate-
substituted polysaccharide (PS) called B.PAT isolated from Bifidobacte-
rium animalis ssp. animalis CCDM 218 and thoroughly described its
structure. To fully understand the immunomodulatory potential of B.
PAT, we investigated the biological activities of this compound and its
dephosphorylated counterpart — B.MAT. The results showed that
dephosphorylation strongly influenced the spatial structure of B.PAT.
Moreover, studies of BALB/c mouse BMDCs indicated the possible
immunomodulatory potential of B.MAT that is stronger than that of B.
PAT. Further experiments performed on Caco-2 and HT-29 cells in an IL-
1p-induced inflammation model showed the enhanced effect of B.MAT
to prevent the development of an inflammatory response. Therefore, our
results demonstrated that the dephosphorylation of PSs does not have to
be associated with the suppression of PS's function but may also be
responsible for the enhancement of the existing properties and different
functionalities depending on the tested model.
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NMR spectra of B.PAT
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Supplementary Figure S1. Full DOSY spectrum of B.PAT.
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Supplementary Figure S2. H-'H COSY spectrum of B.PAT. A. The main part of the spectra

with the anomeric signals marked from Al — I1. B. COSY signals for rhamnoses (residues B, C, E,

and F) between 1.2 and 1.6 ppm.

62



5.5 5.0 45 4.0 35 3.0

601 60
70 P e 70
(]
¥
| 9
€ 801 80
a ’° ‘
o [
®
; 0
C)
901 N 90
D1
100- cf\\‘ ' e ' 100
e 0 !% ” '
s ) b - J L P g
A
A 0 ] |
. 4 |
110 - L110
5.5 5.0 45 40 35 3.0
®y-"H (ppm)

Supplementary Figure S3. 'H-3C HSQC spectrum (green and red) overlapped with *H-13C

HMBC spectrum (purple) of B.PAT.
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Supplementary Figure S4. 120 ms H-'H TOCSY spectrum (red) overlapped with 100 ms

IH-H NOESY spectrum (black) of B.PAT. A. The main part of the spectra with the anomeric
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signals marked from A1 — 1. B. TOCSY and COSY signals for rhamnoses (residue B, C, E, and F)
between 1.2 — 1.6 ppm.
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Supplementary Figure S5. 'H-13C HSQC spectrum (green and red) overlapped with HSQC-
TOSCY spectrum (purple) of B.PAT.
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BMDCs viability after stimulation with B.PAT and B.MAT
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Supplementary Figure S6. BMDCs viability after treatment with B.PAT and B.MAT (30 and 120
pg/ml). Results of the SRB assay showed no changes in viability in PS-treated cells compared to

the control (medium only, 100 %, red dashed line).

UV-vis analysis of the B.PAT and B.MAT

Supplementary Table T1. Results of UV-vis analysis of B.PAT and B.MAT.

230 nm 260 nm 280 nm 320 nm

B.PAT 0.023 0.015 0.017 0.008

B.MAT 0.039 0.029 0.029 0.023
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6. 3" manuscript (preprint)
6.1. Foreword to the 3™ manuscript
A. Rationale of research objectives

Previous studies presented in the 1% manuscript led to the selection of BAP1 as an antigen with
the most promising anti-allergic properties. To confirm its functions, it was crucial to test it in
a more complex environment. However, before conducting animal studies, an extensive literature
review was needed to decide on the antigens’ administration method. Since, in the treatment of
airway allergies it is necessary to target both local and immune responses, for this study intranasal
delivery was chosen (Chapter 1.4). In the next step, antigen-specific response was tested in GF
mice (Chapter 1). Subsequently, local and systemic responses to BAP1 were evaluated in the mice

model of OVA-induced allergy.

The abovementioned tasks were performed to fulfill objectives O3 and 04 and therefore,
contributed to proving the initially established hypothesis by selecting a bacterial antigen that can
be responsible for the anti-allergic effect of the whole bacteria and provide an alternative for

available treatments.
B. Methodology:
Treatment of GF and OVA-allergy mice with BAP1 antigen:

e Isolation and stimulation of splenocytes and lung cells.
e Determination of cytokines levels in splenocytes and lung cells supernatants after
treatment with BAP1 by the Milliplex Map Mouse Cytokine/Chemokine Panels.
e Histopathology evaluation of lungs.
e Evaluation of bronchoalveolar lavage (BAL):
o BAL cell differential count,
o Immunological analysis of BALF — determination of total and OVA-specific
antibodies.
e Evaluation of blood sera:
o Immunological analysis — determination of total and OVA-specific antibodies.

e Analysis of gene expression in lungs.
C. Results:

Treatment of GF mice with BAP1:
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e tended to increase total IgA in sera,

e did not impact chemokine and cytokine production in splenocytes,

e did not induce cell infiltration in BAL, however, significantly increased IgA in BALF,

e showed no impact on the lung inflammation,

e significantly increased chemokine (C-C motif) ligand 5 (CCL5), decreased IL-6, and CCL2
levels, and tended to inhibit eotaxin production in lung cells,

e significantly increased Rorc and tended to enhance Thx21 expression.
Treatment of OVA-allergy mice with BAP1:

e tended to decrease total IgE, IgA, and OVA-specific IgA antibodies, while significantly
reducing OVA-specific IgE in sera,

e inhibited Th2-related cytokine production in splenocytes (with significant inhibition of
IL-5) and tended to reduce IL-10 levels,

e decreased cell infiltration in BAL (with significant reduction of eosinophil and macrophage
numbers), thus, restraining lung inflammation,

e significantly decreased IL-5 and IL-10 levels, while tending to inhibit IL-4 and IL-13
production.

e tended to increase Rorc and significantly reduced //110 expression.
D. Conclusions:

Comprehensive analysis of BAP1 conducted throughout 1 manuscript allowed the selection of
a high molecular mass antigen with a unique structure that showed the ability to alleviate OVA
sensitization. Investigation of GF mice confirmed the neutral effect of BAP1 on the naive immune
system, despite the decrease of allergy-associated CCL2 production and increase of the Rorc gene
expression. Further analysis of BAP1 in the OVA-allergy mouse model demonstrated the anti-
allergic properties of this molecule, manifested by a systemic reduction of OVA-specific IgE in sera
and inhibition of Th2-related cytokines production in splenocytes. Moreover, locally, BAP1
restricted lung inflammation by limiting eosinophil infiltration and IL-5, IL-4, and IL-13 levels.
A closer look at the IL-10 showed an inhibitory effect of BAP1 on the production of this cytokine,
known for its pleiotropic function in allergies. Finally, gene expression analysis confirmed the
possible role of Rorc in BAP1 signaling and confirmed the impact of the tested PS on the //10
inhibition. These findings could make a significant contribution to developing alternative

treatments for respiratory allergies.
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6.2. Copy of the 3™ manuscript (preprint)

Pacyga-Prus, K., Hornikova, T., Srutkova, D., Leszczynska-Nowak, K., Zabtocka, A., Schwarzer, M.,

Goérska, S. (2024). Polysaccharide BAP1 of Bifidobacterium adolescentis CCDM 368 attenuates

ovalbumin-induced allergy through inhibition of Th2 immunity in mice. bioRxiv, 1 Jan 2024,

2024.09.14.613063. https://doi.org/10.1101/2024.09.14.613063.
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Abstract

Allergies have become a growing problem and the number of cases is increasing yearly. Administration
of postbiotics, well-defined bacterial molecules, is gaining attention as a novel and promising strategy
to ameliorate the allergic burden. The BAP1 polysaccharide (PS) of Bifidobacterium adolescentis CCDM
368, was previously characterized by us regarding its structure and in vitro immunomodulatory
properties. Here, to decipher the effect of BAP1 on immune system development, it was intranasally
(i.n.) administered to germ-free mice. We observed increased IgA in bronchoalveolar lavage (BAL) fluid,
decreased CCL2 production, and higher Rorc gene expression in the lung. The intranasal administration
of BAP1 reduced lung inflammation and decreased eosinophils numbers in BAL in the ovalbumin-
induced allergy mouse model. Moreover, BAP1 decreased OVA-specific IgE levels in sera and Th2-
related cytokines in OVA-stimulated splenocytes and lung cells. Finally, increased Rorc and inhibited
1110 gene expression were observed in lung tissue indicating their possible role in BAP1 function. Our
findings support and expand on our previous in vitro and ex vivo studies by demonstrating that BAP1,
with a unique chemical structure, induces a specific immunomodulatory effect in the host and could

be potentially used for alleviating allergic diseases.

Keywords:

Bifidobacterium; airway allergies; polysaccharide; BAP1; postbiotics
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1. Introduction

Airway allergies have become a major healthcare problem affecting people worldwide. According to
data collected by the European Academy of Allergy and Clinical Immunology (EAACI), in 2019 up to
40% of the world's population suffered from allergic rhinitis, while over 300 million people were
diagnosed with asthma®. However, the number of cases is increasing every year affecting patients’
quality of life, and ability to work, while having a significant impact on the global economy %3. Available
allergy treatments are often described as inefficient or as causing side effects. Thus, it is necessary to
search for alternative therapies®. In recent years, more studies have highlighted the role of healthy
microbiota of the intestinal and airway tract in the prevention of allergy outcomes. Well-described are
the differences between the microbiome composition of healthy and allergic patients*. Moreover,
available studies indicate that the shape of the infant microbiome predicts allergic disease
susceptibility in later life>®. For instance, the Copenhagen Prospective Study on Asthma in Childhood
(COPSAC) studied asthma susceptibility in infants and showed that hypopharynx colonization by
pathogenic bacteria including Streptococcus pneumoniae or Haemophilus influenzae increased the risk
of asthma development’. On the other hand, the nasal presence of Lactobacillus strains is associated
with a lower risk of allergic asthma®*. These breakthroughs have led to a new way of thinking, namely,
introducing a health-beneficial bacteria to rebalance the microbiome and thus treat/prevent allergies.
These microorganisms include bifidobacteria, which are anaerobic commensal bacteria well known for
their immunomodulatory and health-promoting properties®. Also, they were proven to exhibit
promising anti-allergic properties®. For instance, in an ovalbumin(OVA)-allergic mouse model, we have
shown the preventive effect of Bifidobacterium longum ssp. longum CCM 7952 on the development of
allergic sensitization and OVA-induced lung inflammation'®. The additive effect of different
bifidobacterial strains in reducing symptoms and improving quality of life in children with allergic
rhinitis has also been shown in a clinical study®?. Also, Ouwehand et al. (2009) described the combined
influence of Bifidobacterium lactis BI-04 and Lactobacillus acidophilus NCFM™ on the alleviation of
respiratory allergy symptoms and eosinophilic infiltration into nasal mucosa in children with birch

pollen allergy .

Despite the promising results obtained for probiotics administration, several limitations remain. First,
as the definition of probiotics claims, they are “live microorganisms that, when administered in
adequate amounts, confer a health benefit on the host”4. Live organisms are more difficult to maintain
and also their stability is low. Furthermore, they still possess the ability to reproduce, causing a risk of
bacteriemia or the transfer of antibiotic-resistance genes'>!®, Moreover, the complexity of a whole
bacterial cell makes it impossible to determine its structure-function relationship in detail. For this

reason, a new attempt has been proposed. So-called postbiotics started to gain attention in recent
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years and have been described by the International Association of Probiotics and Prebiotics as the
“preparation of inanimate microorganisms and/or their components that confers a health benefit on
the host”?®. This definition includes different antigens present on the bacterial surface, such as

proteins, glycolipids, lipoteichoic acids, and polysaccharides (PS).

We have recently described BAP1, the PS isolated from the surface of Bifidobacterium adolescentis
CCDM 368, as a linear hexasaccharide with a unique structure consisting of glucose, galactose, and
rhamnose residues, and a molecular mass of approximately 9.99 x 108%’, This polymer has been shown
to be efficiently engulfed by airway epithelial cells and transferred to dendritic cells in in vitro assay.
Treatment of bone marrow dendritic cells with the tested PS resulted in higher levels of TNF-a, IL-10,
and IL-6. Further ex vivo immunomodulatory studies in OVA-restimulated splenocytes from OVA-
sensitized BALB/c mice showed the ability of BAP1 to restore the balance between Th1/Th2-related

cytokines, making it a very interesting molecule with anti-allergic potential.

Here, we first investigated the role of BAP1 in the naive immune system development of germ-free
(GF) mice, which, due to the sterile environment, were a perfect model for a precise study of the
specific molecule-host reaction®®. We further investigated the impact of BAP1 on the prevention and
modulation of allergic (local and systemic) immune responses to OVA in a mouse model of allergy. The
obtained results indicated the ability of BAP1 to alleviate allergic symptoms by re-establishing the
Th1/Th2 balance.
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2. Materials and methods
2.1. BAP1PS

BAP1 is a surface PS from Bifidobacterium adolescentis CCDM 368 (Bad368) derived from human adult
feces and made available for research by the Czech Collection of Dairy Microorganisms (CCDM,
Laktoflora, Milcom, Tadbor, Czech Republic). The bacteria cultivation and the PS isolation and

purification were performed following the methods described previously?’.
2.2. Animals

All animal procedures were performed following the EU Directive 2010/63/EU for animal experiments
and were 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).
2.2.1. GF mice

GF BALB/c mice (females, 3 weeks old) were kept under sterile conditions in Trexler-type plastic
isolators and exposed to a 12 h light : 12 h dark cycle with unlimited access to autoclaved water and

sterile irradiated diet (V1124-300, Ssniff Spezialdidten GmbH, Germany).
2.2.2. Specific-pathogen free mice

Specific-pathogen free (SPF) BALB/c mice (females, 6-8 weeks old) were kept in cages (IVC, Tecniplast,
Italy) exposed to a 12 h light : 12 h dark cycle with unlimited access to water and sterile irradiated diet
(V1124-300, Ssniff Spezialdiaten GmbH, Germany). SPF mice were regularly checked for the absence

of potential pathogens according to an internationally established standard (FELASA).
2.3. Experimental designs
2.3.1. GF mice treatment

GF mice (n = 6 per group) were divided into two experimental groups: PBS and BAP1. The experiment
started with the intranasal (i.n.) administration of 30 pug/30 ul of BAP1 or PBS to 3-week-old mice
anesthetized by isoflurane. PS administration was repeated an additional 2 times at one-week intervals
(experimental design, Figure 1A). A week after the last treatment, mice were sacrificed and samples

were collected.
2.3.2. Model of allergic airway inflammation to OVA

SPF mice (n =5 -6 per group) were divided into two experimental groups: OVA and BAP1. OVA-allergy
model was introduced by 2 intraperitoneal (i.p.) injections of 10 pug of OVA (grade V, Sigma Aldrich,
USA) in PBS (100 pl) mixed with Alum (100 pl; Alu-gel-S, SERVA Electrophoresis, GmbH, Germany) in a

14-day interval. Third boosting immunization was performed with 15 pug of OVA (grade V, Sigma
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Aldrich) in PBS (100 pl) mixed with Alum (100 ul) one week after the second injection. 4 hours before
each i.p. sensitization, mice were treated intranasally with 30 ul of BAP1 (30 pg per dose) or PBS (OVA
group). 7 days after the third immunization, 30 pul of PBS (OVA group) or BAP1 (30 pg /30 ul) were
applied intranasally 4 hours before the OVA challenge (100 pg per dose, 30ul, intranasally) and
repeated for 3 consecutive days. The following day, mice were sacrificed and samples were collected

(experimental design, Figure 4A).
2.4. Splenocyte isolation

Splenocyte isolation was performed on aseptically removed spleens according to the method
described by Pyclik et al. . Isolated cells were counted and seeded on a 96-well plate (1 x 107 cells/ml,
100 pl/well) in RPMI 1640 medium (Sigma Aldrich) supplemented with 10 % FBS (Fetal Bovine Serum,
Gibco), 100U/ml of penicillin, 100 pg/ml streptomycin, and 10 mM HEPES (Sigma Aldrich).
Splenocytes derived from GF mice were incubated without additional treatment, with a total volume
of 200 pl of medium per well. Splenocytes isolated from the OVA-sensitized mice were restimulated
on a plate with 100 ug of OVA (100 pl/well in a total volume of 200 pl). Finally, cells were incubated
for 72 h at 37 °C (5 % CO;, appropriate humidity). The concentration of cytokines was measured in
supernatants by the Milliplex Map Mouse Cytokine/Chemokine Panel including CCL2, CCL5, CCL3, IL-6,
IL-1B, TNF-a, IL-17E, IL-4 for GF mice and IL-10, IFN-y, IL-4, IL-5, and IL-13 for OVA-allergy model. The
procedure was performed according to the manufacturer's instructions and analyzed with the Luminex
2000 System (Bio-Rad Laboratories, USA). Unstimulated cells were used as a background for

restimulated cells.
2.5. Lung cells

The left lung lobe was aseptically collected from BALB/c mice, and placed in a digestion buffer
containing Liberase TL (0.05 mg/ml, Sigma Aldrich) and DNAse (0.5 mg/ml, Sigma Aldrich) dissolved in
RPMI 1640 medium supplemented with 100 U/ml of penicillin, 100 pug/ml streptomycin, and 2 mM L-
glutamine. To increase the efficiency of the process, the lungs were cut into smaller pieces with sterile
scissors and left for 45 min at 37 °C. Digested cells were pressed through a 70 um cell strainer and
centrifuged (1300 rpm, 10 min, 4 °C). Pellet was treated with ACK lysis buffer for 3 min and the reaction
was stopped with supplemented RPMI 1640 medium completed with 10 % FBS. Finally, centrifuged

cells were counted and seeded on a 96-well plate (0.2 x 108 cells/well).

Cells derived from GF mice were incubated without additional treatment, with a total volume of 200
ul of medium per well. Cells from the OVA-allergy model were restimulated on a plate by 100 pg of
OVA (100 pl/well in a total volume of 200 pl). Finally, plates were incubated for 72 h at 37 °C (5 % CO,,

appropriate humidity). The concentration of cytokines was measured in supernatants by the Milliplex
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Map Mouse Cytokine/Chemokine Panel including CCL2, CCL5, IP-10, CCL3, CCL11, IL-6, IL-1B, TNF-a, IL-
17A, IL-17E, IL-4 for GF mice and IL-10, IFN-y, IL-4, IL-5, and IL-13 for OVA-allergy model. The procedure
was performed according to the manufacturer's instructions and analyzed with the Luminex 2000

System (Bio-Rad Laboratories). Unstimulated cells were used as a background for restimulated cells.
2.6. Histopathological evaluation of lungs

The middle lobe of the lungs collected from the GF and OVA-allergy mouse model was fixed in 4 %
paraformaldehyde for 24 h and stored in 80 % ethanol. Fixed lungs were embedded in paraffin, cut
into 5 um-thick slides, and subjected to periodic acid-Schiff staining (PAS). Prepared sections were
assessed for a histological score with light microscopy (100 x magnification) as described by Srutkova
et al. '8 Samples were viewed under Olympus BX 40 microscope equipped with an Olympus Camedia
DP 70 digital camera, and the images were analyzed using Olympus DP-Soft. The average histological
score was assessed in 5 fields of the slide per each mouse and expressed as the sum of single
parameters (perivascular and peribronchiolar inflammation, number of cells in alveolar spaces, and a

number of PAS-positive cells) described in Table 1 and divided by 3.

Table 1. Principles of histological sections assessment.

Score Perivascular and Number of leukocytes Number of PAS(+) cells / 50
peribronchiolar inflammation in alveolar spaces bronchoalveolar epithelial cells
0 no changes 0 0
few perivascular and
1 peribronchiolar inflammatory 2—4cells <12 cells

cells
moderate numbers of cell
infiltrations on several
2 . 4 —10 cells 12 - 25 cells
perivascular and

peribronchiolar sites

a large number of diffusely

infiltrated cell cuffs > 10 cells > 25 cells

2.7. Investigation of bronchoalveolar lavage (BAL)

To collect bronchoalveolar lavage fluid (BALF), the lungs were gently flushed with 2 x 0.5 ml of sterile
Dulbecco’s Phosphate Buffered Saline (D-PBS, Gibco) through trachea cannulation. The obtained
suspension was centrifuged (400 x g, 7 min, 4°C) and the supernatant was separated from the pellet
and stored at — 80 °C. The cell pellet was resuspended in 200 pl of RPMI 1640 medium (Sigma Aldrich)
and used for cell differential count. Briefly, BAL cells were transferred to a microscope slide with a

cytospin, left to dry, fixed with methanol, and stained with a Dip-Quick-stain kit following the
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manufacturer’s instructions (Medical Products, Czech Republic). BAL cells were evaluated with light

microscopy following standard morphologic criteria (200 cells observed per cytospin preparation) *°.
2.8. Immunological evaluation of sera and BALF

Total IgA, IgG-Fc, and IgE antibody levels were detected with Bethyl kit (Bethyl Laboratories, Inc),
according to the manufacturer’s recommendations. Briefly, goat anti-mouse antibodies were used to
coat the 96-well microtiter plates (Nunc MaxiSorp, Thermo Fisher Scientific), wells were blocked with
1 % bovine serum albumin (BSA), and tested sera or BALFs were added. After rinsing the excess
reagents, HRP-conjugated detection antibodies were incubated on the plate for 1 h, and TMB substrate
was used to develop a colorimetric reaction. Finally, the reaction was stopped with 2 M H,SO,4 and the

absorbance was read at 450 and 570 nm.

Antigen-specific IgA, IgE, 1gG-Fc, 1gG1, and IgG2a antibody levels were detected with Bethyl reagents
(Bethyl Laboratories, Inc), according to the manufacturer’s recommendations. Briefly, 0.5 pg/well of
OVA in PBS was used to coat the 96-well microtiter plates, wells were blocked with 1 % BSA in PBS,
and diluted sera or BALFs were added. HRP-conjugated anti-mouse detection antibodies were used
and TMB substrate was used. The reaction was stopped by adding 2 M H,SO, and the results were

assessed by an absorbance read at 450 and 570 nm.
2.9. RT-gPCR

RNA was isolated from the superior lobe of the lung with a NucleoSpin® RNA kit (Macherey-Nagel) and
cDNA was prepared with the use of SuperScript™ Il Reverse Transcriptase (Invitrogen) kit according to
the manufacturer’s instructions. For Real-Time PCR, a master mix was prepared for each of the tested
genes including Actb — reference gene, Rorc, Gata3, Tbx21, Foxp3, and //10, that included (for 1 well):
5 ul of the SYBR Green Real-Time PCR master mix (Promega), 1.25 pl of the forward and reverse primer
(standardized KiCgStart™ primers, Merck). 7.5 pl of the prepared mixes were added to white 96-well
gPCR plate wells with 2.5ul of the tested cDNA. The mRNA expression was calculated with the 2—AACT.

t™ Real Time System equipped with Thermal Cycler (Serial

Analysis was performed with CFX Connec
No. BR002307; BioRad) and Optical Module (Serial No. 788BR02394; BioRad). Gene expression was

counted in relation to the mean of negative control mice (PBS-treated GF and OVA-treated mice).
2.10. Statistical analysis

All data are presented as boxes and whiskers with median + minimal and maximal values. An unpaired
Student’s t-test was used to compare results between PBS- and BAP1-treated GF mice and between
PBS- and BAP1-treated OVA-sensitized and challenged mice. All statistically significant results were
marked on the graphs (x*x*p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). GraphPad Prism 10

Software (San Diego, CA, USA) was used for statistical calculations and visualizations.
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3. Results
3.1. BAP1 treatment increases IgA levels in GF mice

To evaluate the impact of BAP1 on the naive immune system, we tested it in GF mice. PS was
administered to mice on the experimental day 1, 7, and 14. On the 21" day, mice were sacrificed and
spleen, lungs, sera, and BALF were collected (Figure 1A). To assess the systemic responses, the levels
of total IgA, 1gG-Fc, and IgE antibodies were measured in sera. Results showed a trend to increase total
IgA compared to mice treated with PBS only (Figure 1B, Supplementary Figure 1). We examined the
BAP1-specific recall response in the spleen and observed that there were no significant changes in

spontaneous cytokine/chemokine production when compared to the control group (Figure 1C).
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Figure 1. Systemic response of the GF mice to BAP1 i.n. application. A. Experimental design of GF mice
treatment with PBS (control group) or BAP1 (30 pg / 30 pl / mouse). B. Total IgA serum antibodies
tested by ELISA. C. Spontaneous cytokines and chemokines production in BAP1 and PBS-treated mice
measured in splenocytes cultures by Luminex. An unpaired t-test was performed and significant

differences between PBS- and BAP1-treated mice were calculated.
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3.2. BAP1 administration does not induce inflammatory lung responses in GF mice but activates Rorc

expression

Further evaluation of the BAP1 influence on the lung immune responses of GF mice showed no
differences in the total cell or different immune cell types (such as macrophages or lymphocytes) count
in the BAL (Figure 2A). Importantly, we did not observe an undesirable infiltration of inflammatory
neutrophils or eosinophils to the lung tissue. Simultaneously, we detected a significant increase in the
total IgA antibody levels in BALF (Figure 2B). Histopathological examination of the lung tissue
confirmed the absence of aberrant immune cell infiltration or other morphological changes in response
to BAP1 treatment (Figure 2C). In the lung cell culture, administration of BAP1 to GF mice was
associated with a significant decrease in IL-6 and CCL-2 levels and a tendency to inhibit eotaxin
production. On the other hand, BAP1 administration increased the spontaneous CCL5 production
(Figure 2D). To investigate the impact of BAP1 on the activation of certain transcription factors, the
upper lobe of the lung was subjected to RNA isolation. We examined four transcription factors Gata3,
Tbx21, Foxp3, and Rorc, which are involved in Thl, Th2, Treg, and Th17 responses respectively. Our
results indicated that PS treatment significantly induced the Rorc gene and showed a tendency to

increase Thx21 expression in comparison to the PBS control group (Figure 2E).


https://doi.org/10.1101/2024.09.14.613063

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.14.613063; this version posted September 15, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

-
=)
1

No. x 10E4 cell per 1ml of BAL

BAL cell count

B.

Total IgA

®
<
]

*

=
L

B o
r=) =3
1

Concentration (ng/ml)
»
=3
1

Lung tissue

1.0

o I 4
a o £
1 1 L

Histological score

S
N
1

o

Concentration (pg/mil}

Concentration {pg/ml}

10000
8000 T
6000
4000 @
2000
0

0.5

0.0

Expression relative to control

P
060
o

|

PBS

= PBS
3 BAP1

L4
__ 40
£
230
s
'E 20
i./BE
g0
e
=3
(]
0
S N
&K
CCL3/ MIP-1a
1500
£
4
= 1000 é
=
S
g
5 500
c
3
o
0
=] N
g
= TBX21
g
*g" 2.5 0.0536
o
20
@
215
i
210
H
» 0.5
I3
I
5 0.0
X
w o N
L5

IL-17A

®

Concentration {pg/ml}

Congcentration (pg/ml)
N ~

o

Q'\

o
0
RV ¥

CCL5
1500
1000

500

Concentration (pg/ml)
Concentration (pg/ml}

FOXP3

J

S N
2° R
RV ¥

N
o

-
o

&
0

o
o
Expression relative to control

Expression relative to control
-
=]

IL-17E /1L-25
40

30
20
10

0
& N
&

CXCL10/IP-10
50
40
30
20
10
0

g
o

-
]

-
(=]

o
W

2
o

S N
K

TNF-a IL-6
40 __ 500 *
E £
%50 2 400
S 5 5 208
£ £ 200
a 3
210 2 100
8 3
0 0
5 N 5 N
N &K

CCL11/EOTAXIN
- 00588

E
g
=20
=
S
g
£ 10
o
o
o
(&)
0
) N
&’ R
X

Figure 2. Lung-related response of GF mice to BAP1 treatment. A. Cell count in BAL. B. Total IgA BALF

antibodies tested by ELISA. C. Histopathological analysis and representative histopathological section

of lungs from mice treated with PBS or BAP1 stained with Periodic Acid-Schiff (magnification 100k,

scale 200 um). D. Spontaneous cytokines and chemokines production in PBS- and BAP1-treated mice

measured in lung cell cultures by Luminex. E. Gene expression detected in lungs of GF mice treated
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