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Abstract

The potential long-term complications of gut microbiota perturbation during critical
developmental periods of early life and puberty are a growing concern. Exposure to immune
stressors such as antibiotics or lipopolysaccharides (LPS) in these periods disturbs the gut
microbial balance and increases the risk of immunological disorders later in life. Probiotics and
prebiotics can counteract inflammation and microbiota perturbation induced by antibiotic or LPS
exposure. However, the underlying mechanisms remain inadequately explored. We postulated that
exposure to LPS/antibiotic during puberty or early life negatively affects immune system
homeostasis later in life while probiotic/prebiotic intake mitigates immune system disturbance
related to LPS/antibiotic-induced inflammation and dysbiosis through modulating signaling
pathways and epigenetic mechanisms, including miRNAs and DNA methylation. Therefore, this
thesis aims to better understand the mechanisms underlying the protective effects of biotics intake
against lasting immune deregulation associated with exposure to immune stressors during the

developmental stages of life. The objectives of this project are:

1. To study the immunomodulatory properties of probiotic SV-53, viable and heat-inactivated
forms, and prebiotic PCA, by assessing cytokines, miRNAs, and DNA methylation of genes

related to the pro-inflammatory cytokine IL-17 signaling at the gut level.

2. To study if probiotic/prebiotic intake counteracts long-term immune system deregulation
induced by inflammation and dysbiosis during puberty, through assessing cytokines, signaling
pathways, miRNAs, and DNA methylation of genes related to the pro-inflammatory cytokine IL-

17 pathway at the gut level.
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3. To study if prebiotic intake counteracts early life antibiotic induced-dysbiosis and its long-term
adverse effects on immune system homeostasis by assessing cytokines and miRNAs related to

inflammatory pathways, including NF-kB and STAT3 at the gut level.

We used pre-clinical models involving Balb/c mice, exposing them to a single dose of LPS at
puberty or to low-dose penicillin early in life by feeding dams with the antibiotic during the last
week of gestation until weaning of pups. The role of probiotic/prebiotic intake in preventing and
correcting long-term consequences of LPS or antibiotic was assessed by exploring the gut
microbiota using fecal samples, as well as immune signaling, miRNA expressions, and DNA

methylation in the ileum samples.

Results of these studies revealed the ability of probiotic SV-53 to improve gut immunity by
increasing IgA levels and reducing inflammatory cytokines and miRNAs, such as I[L-17A, IL-6,
IL-23, miR-223, and miR-425, as well as epigenetic regulation of genes related to IL-17 signaling,
including 116, 1l17rc, 119, 1111, Aktl, Ikbkg, Sgkl, Cblb, and Smad4. In addition, probiotic and
prebiotic intake alleviated immune system dysfunction induced by pubertal LPS by modulating
IL-17A, IL-17F, IL-6, IL-1B, STAT3, FOXO1, miR-145, and DNA methylation of genes related
to IL-17 signaling, including Lpb, Rorc, Runxl, 1l17ra, Racl, Ccl5, and 1110. Finally, maternal
prebiotic intake could mitigate enduring immune dysfunction related to early-life antibiotic-
induced dysbiosis in offspring by diminishing gut microbiota disturbances, reducing NF-kB levels,

and inhibiting antibiotic-induced alterations in gut miRNAs, including miR-145.

These findings highlight the importance of dietary intervention as an effective approach to
influence immune system programming during critical developmental stages and mitigate health

issues stemming from early-life dysbiosis later in life.
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Chapter 1: Introduction



1- Introduction

1-1- Gut Microbiota

The intestine harbors a complex and dynamic population of approximately 10'3-10'
microorganisms known as the gut microbiota. This microbial community has co-evolved with the
host, maintaining a symbiotic relationship and providing mutual benefits. (Rinninella et al., 2019;
Chengetal.,2019). Gut microbiota performs essential functions in host metabolism and immunity.
It also contributes to the metabolism of different nutrients such as vitamins, amino acids, and short-
chain fatty acids (SCFAs). Therefore Gut microbiome equilibrium is necessary for optimal health

(Rinninella et al., 2019).

Dysbiosis is defined as any alteration to the composition, function, metabolic activities, or local
distribution of the resident commensal population relative to the healthy population that negatively
affects the mutualistic relationships among microbial communities and thereby host health
(Gagliardi et al., 2018; DeGruttola et al., 2016; Petersen and Round, 2014). Dysbiosis is linked to
a variety of chronic inflammatory disorders, including Crohn’s disease, ulcerative colitis, obesity,

diabetes, and allergic diseases (DeGruttola et al., 2016).

The gut microbiota is primarily comprised of various bacterial phyla with unique roles in
maintaining the homeostasis of the intestinal ecosystem, including Firmicutes, Bacteroidetes,
Proteobacteria, Actinobacteria, and Fusobacteria. Notably, Firmicutes and Bacteroidetes account

for about 90% of the gut microbial population (Figure 1-1) (Rinninella et al., 2019).

The Clostridium genus dominates the Firmicutes phylum. Other important genera of this phylum
are Lactobacillus, Bacillus, Enterococcus, and Ruminococcus (Rinninella et al., 2019). Firmicutes

bacteria, including Clostridium species, and some species belonging to Ruminococcaceae and



Lachnospiraceae, are the primary sources of SCFAs production through the fermentation of
prebiotics such as dietary fibers and complex carbohydrates in the gut (Houtman et al., 2022).
SCFAs are one of the most important metabolites derived from gut commensals with a unique role
in improving host immunity in the gut and other organs. The main SCFAs produced by gut
microbiota are acetate, propionate, and butyrate (Liu et al., 2023). At the gut level, SCFAs
modulate immune responses by regulating different pathways, including pattern recognition
receptors (PRRs) such as Toll-like receptors (TLRs), phosphorylated mitogen-activated protein
kinase (MAPK), and nuclear factor-kappa B (NF-kB) signaling pathways as well as regulation of

immune cells, such as macrophages, natural killer cells, B cells, and T cells (Liu et al., 2023).

In addition, some Lactobacillus species are known for their health-promoting potential. Beneficial
lactic acid bacteria belonging to this genus can metabolize carbohydrates to lactic acid. Many well-
known probiotics, including Lactobacillus acidophilus (L. acidophilus), L. brevis, L. casei, L.
bulgaricus, L. gasseri, L. helveticus, L. reuteri,and L. rhamnosus are members of this genus

(Dempsey and Corr, 2022).

Bacteroidetes are known as the largest phylum of Gram-negative bacteria. Bacteroides, Alistipes,
Parabacteroides, and Prevotella are some of the main representatives of this phylum (Gibiino et
al.,2018). Host diet and mucus layer play an important role in forming and stability of gut bacteria
composition, particularly Bacteroides species, by providing glycans. Mucin glycans are the major
mediators of interaction between Bacteroides species and host, and their mutualistic function
(Zafar and Saier, 2021). Bacteroides species possess polysaccharide utilization loci and are able to
hydrolyze complex carbohydrates and, therefore, produce nutrients for the host and other gut
commensals (Zafar and Saier, 2021). Dietary patterns high in fiber may increase

the Bacteroides population (Zafar and Saier, 2021). Bacteroidetes species contribute to the

3



regulation of immune responses, metabolism, and the gut-brain axis (Gibiino et al., 2018).
Bacteroidetes and host interaction play an important role in immune system development in early

life (Gibiino et al., 2018).

The Firmicutes/Bacteroidetes ratio has been implicated in maintaining gut homeostasis and
enhancing overall health. Changes in the Firmicutes/Bacteroidetes ratio are linked to inflammatory
diseases. For instance, an elevated Firmicutes/Bacteroidetes ratio has been reported in obesity

while a decreased ratio has been associated with IBD (Stojanov et al., 2020).

Proteobacteria are Gram-negative bacteria that are involved in nitrogen fixation. This phylum can
be categorized into five subgroups, including Alpha, Beta, Gamma, Delta, and Epsilon
Proteobacteria (Maheshwari and Sankar, 2023). Proteobacteria comprise a diverse array of
pathogenic genera such as Escherichia, Shigella, Salmonella, and Yersinia (Rizzatti et al., 2017).
Proteobacteria overgrowth may be associated with metabolic disorders such as obesity and
nonalcoholic fatty liver disease, cardiovascular diseases, brain dysfunction, and gut inflammation

(Rizzatti et al., 2017).

Actinobacteria are Gram-positive bacteria and constitute a small portion of the gut microbiota, but
they play a significant role in maintaining gut homeostasis. The Bifidobacteria family is a well-
known family in this phylum with distinct probiotic and health-promoting characteristics (Binda
et al., 2018). These bacteria can produce SCFAs, mainly acetate that can protect the gut from
invasion of pathogens, such as Escherichia coli (E. coli) and Shigella (Fukuda et al., 2012).
Bifidobacteria may contribute to gut barrier defense by the production of SCFAs which, in turn,
increase the mucin glycoproteins and tight junction protein expressions. Reduction of

Bifidobacteria in the gut increases gut permeability, resulting in the translocation of bacterial



components to the circulation which leads to immune activation and sustained inflammation

(Binda et al., 2018).

Fusobacteria, characterized as Gram-negative bacteria, constitute a minor percentage of gut
microbiota. This phylum is divided into two microbial families, including the Leptotrichiaceae and
Fusobacteriaceae (Brennan and Garrett, 2019). There is not an extensive amount of information
available regarding the role of Fusobacteria in health and diseases; however, some evidence

suggests a connection between Fusobacteria species, host inflammatory responses, and colon

cancer (Kelly et al., 2018).
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Figure 1-1. Main phyla in gut microbiota.

1-2- Gut Immune System
The intestine is recognized as the largest part of the immune system in the body, which remains in
constant interaction with diverse antigens and immunomodulatory elements originating from both

the diet and the resident commensals (Mowat and Agace, 2014).



The intestinal tract is composed of different regions with various anatomical and physiological
properties. The surface epithelium of the intestine consists of absorptive enterocytes, Paneth cells,
Goblet cells, and neuroendocrine cells. Mucosa comprises the epithelium, the lamina propria, and
the muscularis mucosa, and is the major site of immunological processes. The majority of intestinal
innate and adaptive immune cells are found in the lamina propria. The lamina propria includes B
cells, T cells (Both CD4* T cells and CD8" T cells), and many innate immune cells, such as

dendritic cells (DCs), and macrophages (Santaolalla and Abreu, 2012; Mowat and Agace, 2014).

Paneth cells, found in the small intestine with the largest number in the ileum, produce
antimicrobial peptides such as lysozyme and B-defensins in response to cytokines and stimulation
of PRRs (Marsal and Agace, 2012; Mowat and Agace, 2014; Santaolalla and Abreu, 2012). Goblet
cells contribute to mucus secretion. Mucus has antibacterial activities by acting as a physical
barrier, generating mucin glycoproteins that are toxic to numerous bacteria and providing a matrix

for antibodies and antimicrobial peptide adhesion (Mowat and Agace, 2014).

The gut barrier protects against foreign antigens and pathogens that come into contact with the
host’s immune system. The commensal microbiota, the mucus layer housing secretory
immunoglobulin A molecules (sIgA) and antimicrobial peptides, the epithelial cells, and the gut-
associated lymphoid tissue (GALT) are the key constituents of the gut barrier (Dempsey and Corr,
2022). In the intestine, B cells produce IgA antibodies in response to commensals. IgA contributes
to the shaping and balance of microbial communities and the maintenance of gut barrier function
by inhibiting pathogens' attachment to epithelial cells and neutralizing toxins (Zheng et al., 2020).
Gut barrier dysfunction correlates with the pathogenesis of various disorders such as IBD, diabetes,

and obesity (Dempsey and Corr, 2022).



Lymphoid structures in the intestine, including GALT are the main sites for initiating adaptive
immune system responses in the intestine. GALT includes Peyer’s patches, intraepithelial
lymphocytes, and isolated lymphoid follicles (ILFs) (Mowat and Agace, 2014; Marsal and Agace,
2012; Stahl and Belkind-Gerson, 2021). Peyer’s patches contain many B and T cell zones and are
the primary source of small intestine-IgA-secreting cells. The surfaces of intestinal lymphoid
tissues are covered by a layer of follicle-associated epithelium. This layer contains conventional
intestinal epithelial cells and a small number of specialized epithelial cells called microfold

cells (M cells) (Mowat and Agace, 2014; Marsal and Agace, 2012).

The uptake of antigens from the lumen across the epithelium and presenting to the immune cells
applies various transport mechanisms. In the intestine, pathogens are collected by M cells in the
follicle-associated epithelium of Peyer’s patches and ILFs to be transported to antigen-presenting

cells (APCs) (Houston et al., 2016; Marsal and Agace, 2012).

1-3- Innate and Adaptive Immune Responses in the Gut

Innate immune response in the intestine is initiated by PRRs such as TLRs. PRRs recognize
microbial products, known as pathogen-associated molecular patterns (PAMPs), which are
essential for the microorganism's survival. Examples of these microbial components include
lipopolysaccharide (LPS), lipoteichoic acid, peptidoglycan, and nucleic acids. TLRs are expressed
on various immune cells, such APCs, including macrophages and DCs, as well as B cells, some

types of T cells, and non-immune cells such as epithelial cells in response to pathogens, and some

cytokines (Akira et al., 2006; Littman and Rudensky, 2010).

TLRs are the link between innate and adaptive immunity. Following exposure to TLR ligands,

adaptor proteins such as myeloid differentiation factor 88 (MyD88) bind to the cytoplasmic portion
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of the TLRs, resulting in initiating downstream signaling cascades like NF-kB and the production
of pro-inflammatory cytokines and chemokines, and activation of APCs (Akira et al., 2006; Shi et
al.,2016). APCs stimulate the adaptive immune response by presenting microbial antigens to naive
CD4" T cells leading to CD4* T cell differentiation such as T helper cells (Th cells) and regulatory
T cells (Treg) (Akira et al., 2006). Activated APCs also induce the differentiation of naive CD4*
T cells into Thl cells or Th2 cells by expressing co-stimulatory molecules. Thl cells produce
interferon-gamma (IFN-y) and mediate the elimination of bacterial and viral infection. Th2 cells,

that produce IL-4, IL-5, and IL-13, eliminate helminth infection (Akira et al., 2006).

DCs in the lamina propria of ileum induce secretion of IL-6, IL-23, IL-1p, and transforming growth
factor-p (TGF-B), which promotes Th17 differentiation. Th17 cells have recently been identified
as a distinct CD4" T-helper subset characterized by IL-17 production that promotes inflammatory
responses (Omenetti and Pizarro, 2015). Retinoic acid-related orphan receptor gamma t (RORyt)
is the master transcriptional factor of Th17 differentiation (Bhaumik and Basu, 2017). IL-17A, IL-

17F, IL-21, and IL-22 are the main cytokines produced by Th17 cells (Shen and Chen, 2018).

In addition to the Th17 cells, Treg cells are frequently found within the intestinal mucosa with
opposing functions. Treg cells are a subpopulation of T cells that play a critical role in the
suppression of immune response, thereby maintaining homeostasis and self-tolerance. It has been
shown that Tregs can inhibit T helper proliferation and cytokine production and play a critical role
in preventing autoimmunity (Kondélkova et al., 2010). The intestinal microenvironment is one of
the main places for Treg generation, because of the continuous exposure to pathogens which results
in a high immune challenge, and therefore, the need for active immune suppression to sustain

intestinal homeostasis (Harrison and Powrie, 2013). Transcription factor forkhead box protein 3



(Foxp3) is the most specific marker for Tregs (Kondé€lkova et al., 2010) and is critical for the

production and maintenance of a regulatory T cell phenotype (Harrison and Powrie, 2013).

The abnormal ratio of Th17 and Treg cells is associated with some metabolic or immunologic
disorder-associated diseases such as colitis, allergic diseases, autoimmune diseases, and cancers

(Littman and Rudensky, 2010).

1-4- Gut Microbiota and Gut Immune Homeostasis

Gut microbiota improves host innate and adaptive immunity by different mechanisms, including
competition with invading and indigenous pathogens for nutrients and sites, and therefore,
restricting pathogens' overgrowth and colonization. It also improves signal transduction by PPRs,
antimicrobial substance and immunoglobulin productions, mucin secretion, and tight junction
protein expressions, therefore, enhancing gut barrier defense (Kamada et al., 2013; Binda et al.,
2018). Gut microbial communities also preserve gut homeostasis by regulating microRNAs
(miRNAs) and, therefore, innate and adaptive immunity (Li et al., 2020). Gut microbiota
metabolites also improve innate immune cell functions (Negi et al., 2019) as well as adaptive
immunity by regulating immune cell differentiation, including Treg and T helper cells (Omenetti

and Pizarro, 2015). Figure 1-2 illustrates the role of gut microbiota in gut immunity.

Disruption of the gut microbiota is associated with an imbalanced T cell population (Zhang and
Chen, 2019). The role of gut microbiota in regulating the T cell balance was recognized when
studies revealed an alteration in Th17 and Treg cells expression in the intestine of germ-free mice
(Omenetti and Pizarro, 2015). Clostridium clusters IV and XIVa, segmented filamentous bacteria
(SFB), and Bacteroides fragilis (B. fragilis) are the most important bacteria controlling T cell

production in the gut (Cheng et al., 2019).



Clostridium clusters IV and XIVa are Gram-positive bacteria that participate in Treg production
and intestinal inflammation prevention. The ability of Clostridium clusters to induce Treg
expansion in the intestine is attributable to their SCFAs-producing characteristics. Specifically,
SCFAs induce the secretion of TGF-B1 from epithelial cells and thus production of Treg cells

(Cheng et al., 2019).

SFB are commensal bacteria that manifest as long, segmented filaments that adhere to the ileal
epithelium. SFB represents the first commensal bacteria identified to influence the differentiation
and development of Th17 cells in mice (Omenetti and Pizarro, 2015; Hedblom et al., 2018).
Representation of SFB in germ-free mice induces differentiation of Th17 cells (Ravindran et al.,
2016). In a study, colonization of the small intestine of Th17 cell-deficient mice with solely SFB
induced the expression of Thl7-related cytokines in CD4" T cells in the lamina propria, indicating
the key role of SFB in Th17 generation (Ivanov et al., 2009). Furthermore, SFB colonization
stimulates the production of serum amyloid A (SAA) in the ileum, which in turn, induces DCs in
lamina propria, leading to Th17 cell differentiation and IL-17 expression (Ravindran et al., 2016;
Sano et al., 2015). SAA-induced IL-23 secretion from DCs also contributes to Th17 survival and
maintenance (Sano et al., 2015). Other APCs have also been found to secret IL-1p in response to
SFB which acts together with IL-6, TGF-, and SAA to enhance Th17 cell production (Cheng et

al., 2019).

B. fragilis influences T cell generation and differentiation through TLRs signaling. This role of B.
fragilis is namely related to polysaccharide A (PSA), a component of its capsule. PSA promotes
CD4" T cells to acquire Foxp3* Treg phenotype and produce IL-10 in germ-free animals (Round
and Mazmanian, 2010). In human fetal enterocytes, PSA also can suppress the production of Th17-
inducing cytokines such as IL-1 through the TLR2 and TLR4 signaling, leading to suppression
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of the differentiation of Th17 cells (Cheng et al., 2019). Other commensal bacteria such as
Bifidobacterium also play an important role in T cell balance (Cheng et al., 2019). In addition,

Lactobacillus acidophilus, Faecalibacterium prausnitzii, and Roseburia intestinalis may be linked

to the differentiation of Thl cells (Gehlhaar et al., 2022).
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Figure 1-2. Role of gut microbiota in gut immunity. Role of gut microbiota in gut immunity homeostasis.
Gut microbial communities inhibit the growth of pathogens, regulate signal transduction by PRRs, induce
IgA, antimicrobial peptides, and mucin secretions, tight junction protein expressions, and modulate gut
miRNAs, therefore, preserving gut barrier integrity. In addition, by regulating PRRs and antigen-presenting,
modulating miRNAs, and secretion of different metabolites such as SCFAs and SAA, gut microbiota plays
a crucial role in adaptive immunity balance. PAMPs: Pathogen-associated molecular patterns; PRRs:
Pattern recognition receptors; TLRs: Toll-like receptors; IgA: Immunoglobulin A; SCFAs: Short chain fatty
acids; SAA: Serum amyloid A; Treg: Regulatory T cells. The image was created by BioRender.com.

1-5- Signaling Pathways in Gut Immunity

1-5-1- IL-17 Signaling
The IL-17 family of cytokines comprises six members: IL-17A, B, C, D, E, and F. The most studied

cytokines in this family are IL-17A and F which share structural and functional similarities. IL-
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17A and F function through the IL-17 receptor (IL-17R), which is composed of two subunits, IL-
17RA/IL-17RC, leading to various cellular responses involved in immune regulation and
inflammation (Rex et al., 2023; Pappu et al., 2011). IL-17A and F are potent proinflammatory
cytokines (Zenobia and Hajishengallis, 2015), and their over-expression has been reported in many
autoimmune diseases, such as IBD and rheumatoid arthritis (Fujino et al., 2003; Pappu et al.,
2011). Inthe gut, Th17 cells serve as the primary source of IL-17 production in adaptive immunity.
(Jin and Dong, 2013). Differentiation of naive CD4" T cells into Th17 cells happens following T
cell receptor (TCR) stimulation by PAMPs in the presence of a set of upstream cytokines,
including, IL-1B, IL-6, and IL-23 (Geha et al., 2017; Cui, 2019) and activation of signal transducer
and activator of transcription 3 (STAT3) signaling which supports IL-17 expression, and
inflammatory responses (Wos$ and Tabarkiewicz, 2021; Lee et al., 2017). Innate immune cells such
as gamma-delta (y0) T cells, type 3 innate lymphoid cells (ILC3s), and Natural killer T cells (NKT)
are other main sources of IL-17A and F production in the intestine (Jin and Dong, 2013; Chung et
al., 2021; Pappu et al., 2011). Additionally, gut commensals, their metabolites, and epigenetic
processes control IL17A and F production at the gut level (Mukasa et al., 2010; Mikami et al.,

2021; Dupraz et al., 2021; Ivanov et al., 2009).

1-5-2- Forkhead Box Class O-1 (FOXO1)

Forkhead box class O family member proteins (FOXOs) are transcription factors involved in
various physiological processes, such as cell cycle, cell survival, and metabolism. FOXOI is an
important subclass of this family and is best studied for its role in metabolic pathways regulation,
including adipogenesis and the inhibition of glucose production in response to insulin (Mallet et
al., 2021; Tsuchiya and Ogawa, 2017). Besides, FOXO1 possesses a key role in hematopoietic

stem cell maintenance and immune cell development (Cabrera-Ortega et al., 2017), including DCs,
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B cells, and T cells (Cabrera-Ortega et al., 2017). FOXO1 increases the Foxp3 expression, thereby
Treg differentiation, and function (Cabrera-Ortega et al., 2017), while it suppresses the Th17 cells
differentiation and IL-17A expression (Cabrera-Ortega et al., 2017). Serum and glucocorticoid-
regulated kinase (SGK) and AKT are the main inhibitors of FOXO1 (Wang et al., 2014).
PI3K/AKT signaling leads to transcriptional inactivation of FOXO1 (Wang et al., 2014). Besides
regulating T cell differentiation, a recent study found that FOXO is necessary for gut immunity
homeostasis, and loss of FOXO in intestinal epithelial cells impairs mucus secretion, and tight

junction integrity, and leads to dysbiosis (Chen et al., 2021).

1-5-3- STAT3

STAT proteins are a family of transcription factors with a critical role in signal transduction from
the cell membrane to the nucleus, where they induce or repress gene expressions. STAT proteins
control several cellular processes, such as cell growth, differentiation, and immune responses.
Among STAT proteins, STAT3 is well known for its role in regulating immune responses and
inflammation, most importantly Th17 cell differentiation (Seif et al., 2017). Janus kinase (JAK)
proteins are activators of STAT proteins, including STAT3, which phosphorylate and activate
STAT3 in response to cytokines (Seif et al., 2017; Fu, 2006). STAT3 exerts a crucial role in
adaptive immunity (Egwuagu, 2009). Depending on the cytokine profiles, including IL-6, IL-1,
IL-23, TGF-B, and IL-10, STAT3 contributes to the production of either Treg or Th17 cells from
naive CD4" T cells (59). For example, IL-6 stimulates STAT3 activation (Yang et al., 2007) and
STAT3 induces IL-23 activity (Cho et al, 2006). STAT3/IL-23 stimulates Th-17/IL-17A

inflammatory signaling and inflammatory responses (Cho et al., 2006).
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1-5-4- NF-xB

The transcription factor NF-kB plays a crucial role in the regulation of differentiation,
maintenance, and the function of innate cells such as M1 macrophages and inflammatory T cells
such as Th1l and Th17, and acts as a mediator of inflammatory responses by increasing expression

of pro-inflammatory cytokines, such as TNF-a, IL-1p, IL-6, and IL-12p40 (Liu et al., 2017).

NF-«xB family includes p50 (NF-xB1), p52 (NF-kB2), p65 (RelA), RelB, and c-Rel. NF-xB
activation involves canonical and non-canonical pathways. The canonical pathway is involved in
the activation of canonical NF-kB family members, including p50, p65, and c-Rel, while the non-
canonical pathway mediates the activation of p52 and RelB (Liu et al., 2017). Under physiological
conditions, NF-kB is kept inactive in the cytoplasm, sequestered by inhibitors known as inhibitors
of'the kB (IkB) family. Signals from various stimuli, such as cytokines and LPS triggers activation
of the canonical pathway, leading to IxB degradation and subsequent nuclear translocation of NF-
kB subunits, where they induce expression of inflammatory genes (Wang and Shen, 2022; Liu et
al., 2017). The canonical pathway is recognized for its role in directing inflammatory immune
response against microbial pathogens (Trares et al., 2022). NF-kB non-canonical activation is
mediated by NF-kB inducing kinase (NIK), primarily in response to signals from the tumor

necrosis factor receptor (TNFR) superfamily (Wang and Shen, 2022; Liu et al., 2017).

Over-expression of NF-kB participates in intestinal inflammation (Pasparakis, 2008). In addition,
TNF-a-induced activation of NF-kB is related to tight junction damage and gut permeability (Al-
Sadi etal., 2016). [L-17 signaling also activates the NF-«kB signaling cascade in intestinal epithelial
cells (Awane et al., 1999). Probiotics and gut commensals, particularly members of Firmicutes,
such as L. casei, L. reuteri, L. rhamnosus, and L. salivarius, may inhibit NF-xB signaling. This
can be done by applying different mechanisms such as inhibiting pathogens-induced NF-kB
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expression, suppressing TLR signaling, and inhibiting TNF-a, IL-1p, and LPS-induced NF-xB
activation (Bhardwaj et al., 2020). Some strains of Clostridium may also suppress NF-«kB signaling

and alleviate intestinal inflammation (Giri et al., 2022).

1-6- Epigenetic Mechanisms and Gut Immunity

Epigenetic modifications are heritable, often reversible changes that regulate gene expression and
function without altering the underlying DNA sequence. These mechanisms play a central role in
determining how genes are expressed or silenced, directing various cellular processes. Unlike
genetic changes, which involve alterations in the DN A sequence, epigenetic modifications involve
chemical alterations to the DNA molecule and changes in DNA accessibility by DNA methylation,
histone methylation, and histone acetylation (Liu et al., 2008a; Handy et al., 2011). Environmental
factors, such as diet, stress, and drugs, influence epigenetic mechanisms (Liu et al., 2008a; Shepard
and Nugent, 2020). Numerous studies have demonstrated that maternal diet during pregnancy can
epigenetically impact the expression of critical genes that regulate metabolic and immune
pathways in offspring, thereby increasing susceptibility to chronic diseases later in life (Nash et
al., 2023; Masuyama and Hiramatsu, 2012; Masuyama et al., 2015). Notably, some of these
epigenetic changes are not reversible through nutritional changes in offspring (Zhang et al.,
2019b). This evidence highlights the crucial role of nutrition in fetal development by regulating
epigenetic mechanisms and influencing long-term health consequences. Non-coding RNA
molecules such as miRNAs, DNA methylation, and histone modifications are key epigenetic

mechanisms affecting gene expression (Shepard and Nugent, 2020).
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1-6-1- Gut miRNAs and Gut Immunity
miRNAs comprise a large family of about 22 nucleotide-long, highly conserved noncoding RNAs,
which play significant roles in the post-transcriptional regulation of targets governing various

biological processes (Park et al., 2017).

The biosynthesis of miRNAs is a multistep process and initiates with the transcription of miRNA
genes by the action of RNA polymerase II or III. This process leads to the production of long,
hairpin-shaped primary miRNA transcripts (pri-miRNAs). In the nucleus, these pri-miRNAs are
cleaved by the Drosha-DGCRS (Pasha) complex, resulting in precursor miRNAs (pre-miRNAs),
which are subsequently exported to the cytoplasm by protein Exportin-5. In the cytoplasm, a
second cleavage event occurs on pre-miRNAs through the action of the enzyme Dicer (RNase
Dicer) along with the double-stranded RN A-binding protein (TRBP), leading to the generation of
short double-stranded RNA molecules. The mature miRNA strand, together with argonaute
(Ago2), is incorporated into the RN A-induced silencing complex (RISC). The miRNA directs the
RISC complex to target mRNAs through base-pairing with target mRNAs at the 3'-untranslated
region (3'UTR), resulting in mRNA degradation or translational repression. Dysregulation of
miRNA expression or activity is involved in the pathogenesis of a variety of diseases (Winter et

al., 2009; Macfarlane and Murphy, 2010).

miRNAs gene transcription in intestinal epithelial cells can be regulated through TLRs and
associated downstream signaling pathways, including NF-kB and MAPK pathways, upon specific
microbial recognition (Zhou et al., 2011). Gut miRNAs are key players in maintaining a healthy
gastrointestinal environment by regulating the intestinal immune system (Bi et al., 2020). Specific
miRNAs contribute to epithelial regeneration, differentiation of Paneth cells and their
antimicrobial function, differentiation of Goblet cells, and mucus production (Park et al., 2017).
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These molecules also affect gut barrier function by regulating tight junction proteins, including
claudins, and occludin (Al-Sadi et al., 2020). Some miRNAs such as miR-155 and miR-223
influence innate immunity by regulating PRRs expression and signaling as well as APCs function
(Bi et al., 2020). miRNAs participate in adaptive immunity by facilitating the differentiation of
Thl, Th2, Th17, or Treg cells (Bi et al., 2020) via regulating different signaling pathways directing
T cell generation and function such as STAT3 pathway (Mikami et al., 2021). For example, miR-
155 has been shown to induce Th17 differentiation and inhibit Treg differentiation, while miR-

125a induces Treg differentiation and inhibits Th17 differentiation (Bi et 1., 2020).

Gut miRNAs play a crucial role in shaping the structure and distribution of microbial communities
within the intestine (Bi et al., 2020). miRNAs can enter bacteria (such as E. coli), and regulate
transcription of bacterial genes and bacterial growth. Mice deficient in miRNAs in intestinal
epithelial cells exhibit uncontrolled gut microbiota and colitis (Viennois et al., 2019). On the other
hand, gut microbiota regulates miRNA expressions in the host. miRNAs originating from intestinal
epithelial cells are secreted in the lumen and accumulate in feces (Viennois et al., 2019). In a study,
the effect of gut microbiota on specific miRNA expressions in feces was investigated using germ-
free and antibiotic-treated animals. In germ-free animals, an altered miRNA profile was observed
in the feces of germ-free mice compared to conventional mice. Also, following antibiotic-mediated
depletion of gut microbiota, a reduction in fecal miRNAs was observed (Moloney et al., 2018)

which indicates the role of gut microbiota in shaping gut miRNA signature.

1-6-2- DNA Methylation and Gut Immunity

DNA methylation involves the addition of a methyl group to the DNA molecule. Specifically, it
takes place at the cytosine in 5’-C-phosphate-G-3'(CpG) dinucleotides and is catalyzed by enzymes
known as DNA methyltransferases (DNMTs), including DNMT1, DNMT3A, and DNMT3B
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(Handy et al., 2011; Li et al., 2022). CpG dinucleotides exhibit an uneven distribution across
chromosomal DNA and can cluster in areas known as CpG islands, which are often associated
with gene regulatory regions and may overlap gene promoters. Maintenance of DN A methylation
state and epigenetic information is done by DNMT1 (Handy et al., 2011). The methylation status
of the regions near the transcriptional start sites (TSS), including the 1-5 kb region before the
promoter, promoter, and the 5"UTR sequence controls gene expression. DNA hypermethylation

around TSS correlates with gene expression repression (Yuan et al., 2016; Hong and Rhee, 2022).

Dietary compounds regulate epigenetic mechanisms in the host. For instance, dietary fibers are
utilized by gut microbiota leading to the production of various metabolites that serve as substrates
for enzymes catalyzing epigenetic mechanisms (Li et al., 2022). Gut microbiota also affects the
host by regulating epigenetic mechanisms. For example, in a mouse model of high-fat diet-induced
obesity, gut microbiota disturbance by antibiotics was associated with alteration in the expression
of genes related to obesity through modifying DNA methylation (Yao et al., 2020). Firmicutes and

Bacteroides may also regulate host metabolism by DNA methylation (Li et al., 2022).

At the gut level, microbiota-mediated epigenetic programming is required for proper intestinal
homeostasis and function, and controlling inflammation (Ansari et al., 2020). For example, the
differentiation of Th17 and Treg cells from naive CD4" T cells is controlled epigenetically by
different mechanisms, including DNA methylation, miRNA expression, and histone modification
(Luo et al., 2017). Commensal-derived metabolites (e.g. SCFAs) alleviate intestinal inflammation
and enhance intestinal immunological homeostasis by promoting Treg differentiation
epigenetically via inhibiting histone deacetylases (HDACs) and inducing histone H3 acetylation
of the Foxp3 gene (Furusawa et al., 2013). Vitamins such as folic acid, B12, and B2 are other
metabolites produced by gut microbiota that act as methyl group miRNAs gene transcription in
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intestinal epithelial cells can be regulated through TLRs and associated downstream signaling
pathways, including NF-xB and MAPK pathways, upon specific microbial recognition in
epigenetic mechanisms. For example, Lactobacillus and Bifidobacterium produce folic acid which
participates in S-adenosyl methionine generation, as the primary methyl group donor for DNA and
histone methylation (Woo and Alenghat, 2022; Li et al., 2022). Furthermore, gut microbiota may
control intestinal inflammation by inducing DNA methylation of the gene encoding TLR4 and
suppressing its expression in the intestinal epithelial cells. This happens by gut microbiota-

dependent adaptor molecules that recruit DNMT3 to the 7LR4 gene (Narabayashi et al., 2022).

1-7- Antibiotics, Gut Microbiota, and Gut Immunity

Antibiotics are an indispensable medical treatment that has saved millions of lives since their
discovery. In addition, the utilization of low levels of antibiotics in agriculture introduces these
agents to the food and water supply, therefore exposing healthy individuals to antibiotics. Despite
their beneficial effects, it is important to highlight the harmful lasting effects of antibiotic use on
children and adults. Epidemiological studies have disclosed a correlation between exposure to
various classes of antibiotics and the increased risk of developing inflammatory disorders,
including allergies, asthma, obesity, and autoimmune conditions. This correlation is attributed to
the disturbance of gut microbiota induced by antibiotics, rather than a direct side effect of the

antibiotic itself (Knoop et al., 2016).

Besides targeting pathogenic bacteria, antibiotics can also affect commensal microbes. Antibiotics
impact gut microbiota directly by reducing the diversity and abundance of microbiota communities
and indirectly by impairing symbiotic relationships and codependency among the various subsets
of the microbiota (Zhang and Chen, 2019). The metabolites produced by some species contribute
to the expansion of other species. For instance, some species of Bifidobacterium generate lactate
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and acetate by utilizing fructooligosaccharides which can be used by butyrate-producing bacteria
as growth substrates (Zhang and Chen, 2019; Heinken and Thiele, 2015). On the other hand, some
species, such as Lactobacilli, Bifidobacteria, and Clostridium, are able to metabolize toxic
metabolites, such as conjugated bile acids, which act as growth inhibitors of other species
(Rowland et al., 2018; Zhang and Chen, 2019). Therefore, the loss of some microbiota populations
can change the metabolites and the microenvironment in the gut, which negatively impacts other

populations (Zhang and Chen, 2019).

Gut microbiota communicates with the host through signal transduction by PPRs. Depletion of
bacteria with antibiotics inhibits signal transduction from the gut microbiota to the host, disturbing
innate and adaptive immune responses (Zhang and Chen, 2019; Ubeda and Pamer, 2012; Lazar et

al., 2018).

Moreover, antibiotic intake may result in inflammation by releasing LPS derived from pathogenic
Gram-negative bacteria (Ramirez et al., 2020; Breijyeh et al., 2020; Sun and Shang, 2015). LPS is
a component of the outer membrane of the cell wall of Gram-negative bacteria. Among antibiotics,
cell wall-active agents, such as B-lactams are often identified as the primary contributors to the
release of LPS. These classes of antibiotics inhibit the activity of bacterial enzymes required for
cell wall biosynthesis, known as penicillin-binding proteins, leading to bacterial lysis (Kirikae et
al., 1998). In addition, antibiotic-induced translocation of commensal bacteria throughout the large
intestine leads to inappropriate immune responses against translocated commensals and a

predisposition for intestinal inflammation (Knoop et al., 2016).

Different strategies have been recommended to alleviate antibiotic-induced gut microbial

perturbation and/or immune dysfunction, including administration of bacterial lysates or products
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containing various PRR ligands to restore signal transduction by PPRs and immune homeostasis;
oral administration of probiotics to prevent dysbiosis or restore the gut microbiota and immunity
balance; and fecal microbiota transplantation which mitigates intestinal inflammation and restore
intestinal homeostasis by different mechanisms, including inducing anti-inflammatory cytokines

secretion, epithelial regeneration, and antimicrobial peptide production (Zhang and Chen, 2019).

1-8- LPS, Gut Microbiota, and Gut Immunity

LPS molecules consist of three distinct domains (Galgano et al., 2022). The lipid A moiety is a
hydrophobic region that facilitates the interaction of LPS with TLR4 on immune cells via its
phosphate groups and acyl chains, and is responsible for the endotoxic properties of LPS,
activation of inflammatory signaling, and production of cytokines (Yamashita et al., 2021;
Galgano et al., 2022). The central part, comprised of oligosaccharides, serves as the connection
between the lipid A moiety with the O-antigen. The O-antigen consists of polysaccharides and is
instrumental in the distinction between bacterial species (Galgano et al., 2022). Figure 1-3

illustrates the structure of the LPS molecule.
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Figure 1-3. Structure of the LPS molecule. The image was created by BioRender.com
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A notable aspect of the interaction between the host and microbiota in a healthy state is the host's
ability to establish tolerance towards gut commensals along with retaining the capacity to initiate
immune responses against pathogens (Zheng et al., 2020). Distribution of the balance between
tolerance and immunity may result in the onset of various intestinal pathologies, such as IBD
(Ahluwalia et al., 2018). In fact, within a healthy gut microbiota, the collective LPS originating
from gut commensals exhibit immunoinhibitory activity. In a well-balanced gut microbiota, the
primary contributors to LPS production are bacteria from the Bacteroidetes phylum that exerts
immunoinhibitory properties by antagonizing TLR4, thereby suppressing downstream
inflammatory pathways (d'Hennezel et al., 2017). Interaction between pathogenic LPS and TLR4
is mediated by different proteins, including LPS binding protein (LBP) and CD14 (Ciesielska et
al., 2021). Inflammatory stimuli trigger the secretion of LBP by enterocytes (Richter et al., 2012).
LBP forms a complex with LPS via binding to the lipid A moiety of LPS and subsequently
transfers LPS to membrane-bound CD14, which delivers LPS to TLR4, leading to its activation
(Ciesielska et al., 2021). However, in a steady state, the under-acylated structure of the lipid A in
the LPS of non-pathogenic Gram-negative commensals is responsible for the silencing of TLR4

and immunoinhibitory properties of total LPS from the gut microbiota (d'Hennezel et al., 2017).

As stated earlier, healthy microbiota composition is crucial in maintaining the host gut barrier
(Kamada et al., 2013; Binda et al., 2018). Inflammation-related alterations of gut microbiota can
lead to a compromised intestinal barrier. In fact, gut epithelium barrier dysfunction and increased
gut permeability known as leaky gut could be induced by different factors that change gut
microbiota balance such as unhealthy diets (Western diet, high-fat diet), obesity, antibiotics intake,
or exposure to exogenous LPS (Guo et al., 2013; Mohammad and Thiemermann, 2020; Feng et

al., 2019). A leaky gut leads to the entrance of endogenous LPS originating from gut microbiota
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to systemic circulation, causing metabolic endotoxemia, subsequent activation of inflammatory
pathways such as NF-kB, and production of proinflammatory cytokines which results in low-level
chronic inflammation with more severe outcomes than acute inflammation (Candelli et al., 2021;
Mohammad and Thiemermann, 2020). In addition, an increase in the Gram-negative bacteria
population in the gut contributes to the sustained production of LPS and results in sustained low-
grade inflammation (Rizzatti et al., 2017). Persistent and uncorrected low-grade chronic
inflammation ultimately leads to the development of chronic inflammatory disorders such as
obesity, type 2 diabetes, fatty liver disease, and cardiovascular diseases (Mohammad and

Thiemermann, 2020; Candelli et al., 2021).

Exposure to exogenous LPS is accompanied by gut dysbiosis (Murray et al., 2019), increased gut
permeability (Guo et al., 2013), and inflammation-induced immune dysfunction (Yahfoufi et al.,
2023). LPS exposure induces a shift in both gut microbiota and the immune system toward an
inflammatory pattern. In GALT, LPS decreases Treg and increases Th17 cell frequencies (Candelli
et al.,, 2021). Exogenous LPS can also damage the gut barrier through the production of
inflammatory cytokines (Candelli et al., 2021). It has been shown that intraperitoneal injection of
LPS increases intestinal permeability in mice by increasing TLR4 expression in the enterocyte
membrane (Guo et al., 2013). Overexpression of TLR4 increases intestinal permeability through
the down-regulation of tight junction proteins such as occludin in the intestinal epithelial barrier

(Lietal., 2013). Figure 1-4 illustrates the effect of LPS/antibiotic exposure on gut immunity.
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Figure 1-4. Effect of LPS and antibiotic exposure on gut immunity. LPS exposure may affect gut immunity
by inducing gut dysbiosis, activating PRRs such as TLR4 and related inflammatory pathways, damaging
mucus layer and tight junction proteins, and increasing gut permeability. LPS-induced TLR expression on
immune cells leads to the secretion of inflammatory mediators and alters the adaptive immunity balance.
Antibiotic exposure affects gut immunity by inducing gut microbiota dysbiosis, changing signal
transduction by PRRs, changing gut microbiota metabolites and PAMPs, altering miRNA profile, and
inducing the imbalance of innate and adaptive immune cells. The image was created by BioRender.com.

1-9- Probiotics, Prebiotics, and Gut Immunity

Probiotics are defined as live microorganisms that promote host health when consumed in adequate
amounts (Hill et al., 2014). The most administrated probiotics belong to Gram-positive bacteria,
including Lactobacillus, Bacillus, Bifidobacterium, and Enterococcus, and yeast such as
Saccharomyces boulardii (Zhang and Chen, 2019). However, E. coli Nissle 1917 and Akkermansia
muciniphila (A. muciniphila) are the most administrated Gram-negative probiotics (Behnsen et al.,
2013; Xue et al., 2023). The main sources of probiotics in the human diet are dairy and non-dairy

fermented foods (Syngai et al., 2016).
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To be considered probiotics, microorganisms must have key characteristics, such as being non-
pathogenic and non-toxic, being resilient in the gastrointestinal environment, and being able to
effectively adhere to and colonize the intestinal epithelium, thereby exerting immunomodulatory

activities (Syngai et al., 2016).

Scientific research has demonstrated the health benefits of probiotics by preventing or treating
different health conditions, including antibiotic-associated diarrhea, irritable bowel syndrome,
IBD, lactose intolerance, allergy, reduction in serum cholesterol, and anticancer effects due to their

immunomodulatory activities (Syngai et al., 2016).

At the gut level, probiotics contribute to the homeostasis of the gut microenvironment. Probiotics
have been shown to preserve gut barrier integrity by preventing overgrowth and colonization of
pathogens, inducing the production of antimicrobial peptides such as f-defensin-2, and promoting
mucus secretion by Goblet cells (Yahfoufi et al., 2018; Zhang and Chen, 2019; Bermudez-Brito et
al., 2012). Additionally, probiotics elevate the abundance of IgA-producing cells in the lamina
propria and IgA secretion which improves mucosal immunity (Li et al., 2020). Probiotics induce
DCs maturation and modulate adaptive immune responses. They down-regulate the differentiation
of pathogenic Th17 cells and inflammatory IL-17A expression while upregulating Treg production

(Yahfoufi et al., 2018).

Furthermore, probiotics modulate gut immunity by regulating epigenetic mechanisms. Probiotics
direct the expression of gut miRNA associated with immunity (Davoodvandi et al., 2021). For
instance, research has demonstrated that E. coli Nissle 1917 can mitigate gut inflammation in mice
by restoring disrupted miRNA expression, including miR-143, miR-150, miR-155, miR-223, and

miR-375, all involved in the inflammatory response during colitis (Rodriguez-Nogales et al.,
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2018a). In addition, lactic acid bacteria have been identified to suppress NF-kB activity, as well
as NF-kB-induced activation of IL-23/IL-17 signaling, as important factors involved in the
pathogenesis of IBD, through the inhibition of histone acetylation and the stimulation of DNA

methylation (Ghadimi et al., 2012).

Recently, there has been increasing interest in next-generation probiotics (NGPs). NGPs are
defined as live microorganisms identified through comparative microbiota analyses, which, when
consumed in adequate quantities, provide health advantages to the host. Advances in sequencing
methods, tools, and computational techniques have facilitated the identification and isolation of
NGPs (Kazmierczak-Siedlecka et al., 2022; Martin and Langella, 2019). Many studies have
demonstrated the health-promoting potential of this new category of probiotics. Similar to
traditional probiotics, NGPs have been shown to promote gut barrier integrity and immunity,
compete with pathogens, improve anti-cancer treatment efficacy, and regulate metabolic pathways.
However, in contrast to traditional probiotics which their safety is proven, further studies,
including clinical trials will help to prove NGPs safety for human consumption (KaZmierczak-
Siedlecka et al., 2022; Martin and Langella, 2019). Faecalibacterium prausnitzii, Bacteroides
fragilis, A. muciniphila, Prevotella copri are some examples of NGPs. In addition, a novel NGP,
named Rouxiella badensis subsp. acadiensis (Canan SV-53), was recently isolated from blueberry
flora in our laboratory, exerting potential immunomodulatory activities. The health benefits of this

novel NGP are discussed in subsequent sections.

Despite a substantial body of evidence regarding the health benefits of probiotics, there are some
concerns about the safety of the application of live bacteria in neonates and vulnerable populations,
such as systemic infections resulting from bacteria translocation from the gut to the circulation and

the potential disruption of gut colonization in neonates. Therefore, there has been an increase in
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interest surrounding the application of inactivated probiotics, their metabolites, and cell wall
fractions in recent years (Piqué et al., 2019). Various strains of lactic acid bacteria have been shown

to exert health-promoting effects in their heat-inactivated form (Chen et al., 2013).

Bacterial viability and cell wall integrity are not necessary for probiotics' interaction with the gut
and their immunomodulatory activity. Many microbial functions, such as LPS and peptidoglycan,
exert their immunomodulatory activities when are released from bacteria through interacting with
mucosal sites (Ragland and Criss, 2017). While the mucous layer separates the bacteria and
epithelial cells, microbial fractions pass through the mucus and directly act on epithelial cells
(Piqué et al., 2019). The heat inactivation process facilitates the interaction between intracellular
bioactive components and the host (Akter et al., 2020). Many studies have demonstrated the
immunomodulatory and anti-inflammatory activities of heat-inactivated bacteria by modulating
innate and adaptive immunity through regulating TLR signal transduction as well as by producing
IgA, maintaining barrier function, and decreasing paracellular permeability (Piqué et al., 2019). A
recent meta-analysis revealed the same effectiveness of live and heat-inactivated probiotics in
improving IBD (colon length, disease activity index, and histological score) in animals

(Poaty Ditengou et al., 2023).

Prebiotics are defined as selectively fermented compounds that lead to distinct alterations in the
composition and/or function of the gastrointestinal microbial communities, providing health
benefits to the host (Davani-Davari et al., 2019). To be considered as a prebiotic, a dietary
compound must have the following characteristics: it must resist the stomach's acidic pH, resist
degradation by digestive enzymes, evade absorption in the gastrointestinal tract, and undergo
fermentation by the intestinal microbiota, ultimately contributing to the overall health of the host
(Davani-Davari et al., 2019). Prebiotics are mainly subtypes of carbohydrates, including dietary
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fibers and oligosaccharides such as inulin, fructo-oligosaccharide, and galacto-oligosaccharides

(Davani-Davari et al., 2019; Plamada and Vodnar, 2021).

Prebiotics eliminate pathogens directly by acting as decoy receptors and indirectly by favoring
probiotic commensal bacteria growth. Prebiotics also serve as the substrate for the bacteria to
produce SCFAs, contributing to immune cell differentiation and functionality. Prebiotics also

regulate the TLRs and associated signaling pathways such as NF-kB (Pujari and Banerjee, 2021).

Dietary phytochemicals, particularly polyphenols, may also serve as potential prebiotic
compounds by increasing the growth and colonization of the probiotic commensals such as
members of Bifidobacteriaceae and Lactobacillaceae families, diminishing the abundance of
pathogenic bacteria such as E. coli, and Helicobacter pylori, and affecting SCFAs production
(Plamada and Vodnar, 2021). In addition, polyphenols may regulate immune responses by
modulating histone modification and DNA methylation. Polyphenols regulate the activities of
DNMT1 and HDACs, and the expression of miRNAs. Some polyphenols regulate different

signaling pathways such as FOXO and NF-«xB via histone acetylation (Cuevas et al., 2013).

1-10- Gut Microbiota Development in Critical Developmental Periods of Life

Gut microbiota is formed in early life. Exposure to the maternal fecal and vaginal microbiota
during birth is the first step in early-life microbial colonization (Nyangahu and Jaspan, 2019).
Infants’ microbiota is unstable with low diversity (Fouhy et al., 2012). Distinct transitions in gut
microbiota happen during lactation characterized by the dominance of Bifidobacterium and during
the weaning period characterized by the dominance of the phyla Bacteroidetes and Firmicutes.

Over the first year of life, the diversity of the commensal bacteria increases and the infant’s
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microbiota composition starts to resemble that of the adult microbiota (Thursby and Juge, 2017;

Backhed et al., 2015).

Gut microbiota composition during adolescence differs significantly from that observed in children
and adults (Carson et al., 2023). Throughout adolescence, changes in the gut microbiota continue,
marked by an augmented presence of Bifidobacteria and Clostridia, while maintaining lower
diversity compared to adulthood microbiota (Novakovic et al., 2020; Agans et al., 2011). As
puberty advances, there is a rise in Firmicutes abundance and a decline in Bacteroidetes abundance,
resembling the composition observed in the adults (Calcaterra et al., 2022). In puberty, an increase
in the abundance of class Betaproteobacteria has been reported (Yuan et al., 2020). However, there
is no sex difference in gut microbiota composition in children, it may be influenced by sex starting
at the onset of puberty which seems to be related to sex hormones (Calcaterra et al., 2022). For
example, the prevalence of Adlercreutzia, Ruminococcus, Dorea, Clostridium, and
Parabacteroides genera may be correlated with testosterone levels in the pubertal stage (Yuan et

al., 2020).

The composition of the adult microbiome is marked by the prevalence of species from the
Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria phyla (Calcaterra et al., 2022). Gut
microbiota composition is relatively stable in adults, however, environmental factors may change

this stability and lead to dysbiosis (Thursby and Juge, 2017).

The early-life microbiota’s composition and functional potential are associated with both prenatal
and post-natal factors. During gestation, different factors, including gestational weight gain,
maternal BMI, antibiotic consumption, and maternal diet can lead to maternal microbial

community disturbance and therefore, passing imbalanced microbiota to the infant (Mulligan and
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Friedman, 2017). Post-natal factors, including mode of birth, type of feeding, diet, and antibiotic

exposure are the main contributors to early-life microbiota development (Neuman et al., 2018).

Infants delivered vaginally inherit gut microbiota similar to their mothers' vaginal microbiota,
characterized by the presence of Lactobacillus and Prevotella (Tanaka and Nakayama, 2017). In
fact, these infants experience the initial colonization of their intestines primarily by facultative
anaerobic bacteria. These bacteria play a pivotal role in altering the environment by influencing
factors such as pH, redox potential, and nutrient production and therefore, creating favorable
conditions for the subsequent colonization of beneficial bacteria (Jakobsson et al., 2014; Mulligan
and Friedman, 2017; Palmer et al., 2007; Penders et al., 2006). At the phylum level, in early life,
prior studies have reported an initial surge in Proteobacteria, followed by a decline within the first
two years. Simultaneously, there is an expansion of Firmicutes starting at three months, and a peak

in the Actinobacteria population is observed at the same time (Mulligan and Friedman, 2017).

Conversely, infants delivered via C-section have gut microbiotas resembling the mothers' skin
microbiota (Tanaka and Nakayama, 2017; Backhed et al., 2015), primarily featuring
Staphylococcus, Corynebacterium, and Propionibacterium. In addition, a reduction in bacterial
diversity and Bacteroides has been observed in infants delivered through C-section. Due to gut
microbiota disturbance, C-section delivery is associated with an increased susceptibility to
immune-based disorders such as allergy, asthma, and celiac disease in children (Tanaka and

Nakayama, 2017).

Infant feeding type, breastfeeding vs. formula feeding, has a significant impact on early-life
microbiota maturation. Besides supplying immunoglobulins and nutrients, breast milk is a rich

source of oligosaccharides. These oligosaccharides can undergo fermentation by Bifidobacteria,
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leading to the production of SCFAs. The presence of these oligosaccharides favors the growth of
a microbiota dominated by Bifidobacterium. There is a distinct difference between the gut
microbiota of breast-fed infants and formula-fed infants. For example, lower a-diversity and higher
abundance of Bifidobacterium and Lactobacillus have been reported in breast-fed infants when

compared to formula-fed infants (Odiase et al., 2023).

Antibiotics are one of the most prescribed medications to children under 2 years of age in the
Western world. About 45% of infants in Canada are exposed to antibiotics over the peripartum
period (Stiemsma and Michels, 2018; Fouhse etal.,2019). In addition, about 25% of women intake
antibiotics during pregnancy (Alhasan et al., 2023). Prenatal antibiotic exposure is associated with
prolonged adverse effects on children's health (Leong et al., 2020; Loewen et al., 2018). Antibiotic
usage in the first year of life has been reported to change the abundance of specific gut bacterial
populations and decrease the maturation of the infant microbiota (Stiemsma and Michels, 2018;

Neuman et al., 2018).

1-11- Gut Microbiota and Immune System Function in Critical Developmental Periods

1-11-1- Gut Microbiota and Immune System in Early Life

The development of the immune system such as mucosal immunity and T cell expansion, initiates
during the embryonic stage (Rackaityte et al., 2020). Maternal gut microbiota plays an important
role in fetal immune system development by producing different cell fragments, metabolites,
antibodies, and bioactive molecules, which reach the fetus via the placenta (Koren et al., 2024;
Macpherson et al., 2017). During early life, the immune responses of offspring against commensals

are modulated by maternally acquired IgA and IgG (Koch et al., 2016). In addition, early-life IgG
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responses to Gram-negative bacteria protect against Gram-negative pathogens such as E. coli

(Zeng et al., 2016).

Studies utilizing germ-free models have signified the vital impact of gut microbiota on host
immunity. Germ-free mice are characterized by a thin gut barrier, lack of SCFAs production, and
immune system dysfunction (Behnsen et al., 2013). Notably, introducing microbiota to the
intestine of these mice can restore gut functionality, immune responses, and immunotolerance, and
protect the mice against intestinal inflammation (Behnsen et al., 2013; Zeissig and Blumberg,
2014; Olszak et al., 2012). However, this restoration is more effective when the mice's intestines
are colonized with microbes during early life while microbiota exposure in adulthood may not
adequately address missed opportunities during early life (Zeissig and Blumberg, 2014; Olszak et
al., 2012). Significantly, the introduction of antibiotics to mice in their early postnatal stages leads
to immune system changes that closely resemble the immune dysfunction observed in germ-free

mice (Zeissig and Blumberg, 2014).

Growing evidence has demonstrated altered programming of the immune system due to microbiota
changes which affect gene expression in the intestine (Schokker et al., 2015). In a study, early life
exposure to antibiotics/stress led to changes in microbiota composition and differential gene
expression in the ileum of adult animals. These genes were related to several immunological
processes in ileal tissue, such as TNF/cytokine activity and processes involved in intestinal barrier
function (tight junctions/cell adhesion) (Schokker et al., 2015). In addition, a single antibiotic
course early in life was sufficient to cause alteration in intestinal microbial communities and ileal
gene expression involved in immune processes, such as antigen-presenting pathways, B cells, and

T cell developments (Ruiz et al., 2017). In another study, early life exposure of mice to low-dose
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penicillin was associated with a general reduction in the expression of genes involved in intestinal

immunity and a global reduction in intestinal immune responses (Cox et al., 2014).

Furthermore, animal studies have highlighted the significance of DNA methylation induced by
commensal microbes in the early life development of the immune system (Woo and Alenghat,
2022). In the post-natal phase, shifts in transcript rates of DNA methylation enzymes, such as
DNMT3A, have been observed in intestinal epithelial cells, resulting in microbiota-mediated
differential DNA methylation and gene expression (Pan et al., 2018a). Additionally, the delayed
establishment of microbiota resulting from antibiotic treatment in early life has been associated
with alteration in DNA methylation and reduction in the expression of genes linked to innate

immune responses in preterm animals (Pan et al., 2018b).

1-11-2- Gut Microbiota and Immune System in Puberty

Puberty, a crucial phase of development, is characterized by significant hormonal, metabolic, and
immune alterations. Substantial changes during puberty may influence susceptibility to develop
immune-related diseases in the later stages of life (Resztak et al., 2023). Sex difference in immune
responses happens in puberty related to sex hormone functions with higher inflammatory
responses in females compared to males post-puberty (Klein and Flanagan, 2016). Sex steroids
affect the function of lymphocytes and antigen-presenting cells (Brenhouse and Schwarz, 2016).
During puberty, a notable augmentation in both cellular and humoral immunity happens. The
maturation of antigen-presenting cells and increased proficiency in their antigen-presenting
capacity are associated with enhanced Thl and Th17 immune responses (Ucciferri and Dunn,
2022). Following puberty, there is a notable shift in gene expression patterns, with increased
expression of genes related to adaptive immunity in females and increased expression of genes

related to innate immunity in males (Klein and Flanagan, 2016). However, despite substantial
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changes in immunity during puberty, the molecular mechanisms governing these changes remain
uncharacterized. There is some evidence suggesting the involvement of epigenetic mechanisms,
particularly DNA methylation, in directing changes in immune cells and influencing immune and

inflammatory responses during puberty (Resztak et al., 2023).

Puberty is a sensitive period to immune challenges with long-lasting health consequences (Sharma
et al., 2019). For instance, LPS exposure during puberty may program both peripheral and central
immunity, and cause a lasting effect on brain function later in life (Sharma et al., 2019; Yahfoufi
et al., 2023). LPS exposure was associated with gut microbiota dysbiosis in pubertal mice
indicating that long-term changes in the immune system and brain function induced by LPS may
be related, in part, to gut microbiota dysbiosis (Sharma et al., 2019). However, adolescent probiotic
intake could mitigate gut dysbiosis and pubertal LPS-mediated behavioral changes in adulthood
(Sharma et al., 2019). These findings underscore the significance of gut microbiota during puberty
in immune programming and long-term health outcomes. Figure 1-5 summarizes the gut

microbiota and immune system development.
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Figure 1-5. Gut microbiota maturation and immune system development from birth to adulthood. The
image was created by BioRender.come.
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1-12- Developmental Origins of Health and Disease
Developmental origins of health and disease (DOHaD) theory suggests that adulthood health and
disease conditions are programmed in highly plastic developmental periods of life in response to

environmental factors, including dietary factors (Stinson, 2020).

Recent evidence that indicates the causal effects of exposure to environmental stressors in early
life and increased risk of chronic disease development later in life, mediated by epigenetic
processes, highlights the role of epigenetic processes in underlying the DOHaD (Justulin et al.,
2023). Notably, the connection between maternal diet and disease susceptibility of offspring later
in life, governed by epigenetic mechanisms, clarifies the importance of early-life nutrition in
DOHaD (Zheng et al., 2021). In addition, a substantial body of evidence emphasizing the
correlation between gut microbiota disturbance in early life and the development of chronic
diseases later in life also underscores the connection between the early-life gut microbiota and

DOHaD (Stinson, 2020).

Moreover, recent studies emphasize puberty as a DOHaD programming window during which
dietary factors contribute to the programming of chronic diseases later in life. For example, a recent
study revealed that consumption of a high-fat diet during the pubertal period was associated with
obese phenotype and related metabolic disorders, including hyperglycemia, hyperinsulinemia,

hypertriglyceridemia, and fatty liver in adult animals (Armitage et al., 2023).

Overall, this evidence may elucidate the importance of proper timing in implementing directed
interventional strategies, such as nutritional interventions, to enhance health and prevent disease

later in life.
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1-13- Rationale, Hypothesis, and Objectives of the Study

Most critical events in host immunity education take place during early life (Zheng et al., 2020).
Growing evidence reflects the existence of a window of opportunity in early life that is important
for microbiota-immune system interaction leading to immune system development and any
alteration in this interaction results in an increased risk of immune-based disorders later in life
probably through altered gene expression (Schokker et al., 2015) or durable epigenetic changes
(Zeissig and Blumberg, 2014). Despite the substantial body of evidence exhibiting the enduring
consequences of gut microbiota dysbiosis induced by immune stressors during early life and
puberty (Murray et al., 2019; Leclercq et al., 2017), the precise underlying mechanisms remain

inadequately understood.

In addition, some evidence highlights early life and puberty as the windows of opportunities during
which nutritional interventions can alleviate long-term immunological changes related to gut
microbiota dysbiosis (Murray et al., 2019; Leclercq et al., 2017). Whether gut microbiota-directed
interventions, such as diets enriched with probiotics and prebiotics, could mitigate dysbiosis-
related immune dysfunction by regulating epigenetic mechanisms and signaling pathways
directing immune responses at the gut level, is an important question not explored yet. Therefore,
we hypothesized that exposure to LPS/antibiotic during puberty or early life negatively affects
immune system homeostasis later in life while probiotic/prebiotic intake mitigates immune system
disturbance related to LPS/antibiotic-induced inflammation and dysbiosis through modulating

signaling pathways and epigenetic mechanisms, including miRNAs and DNA methylation.

In this project, we first validated the immunomodulatory properties of the novel probiotic SV-53,
both viable and heat-inactivated forms, and prebiotic protocatechuic acid (PCA) derived from the

fermentation of blueberry juice by SV-53, via exploring their effects on selected cytokines and
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epigenetic modifications related to Th17/IL-17A signaling in the steady-state in Balb/c mice. Next,
to study the role of prebiotic/probiotic intake in mitigating lasting adverse effects of pubertal
dysbiosis and inflammation on the immune system, we utilized a pubertal model of LPS-induce
inflammation (Yahfoufi et al., 2023) using Balb/c mice treated with probiotic SV-53 and prebiotic
AHCC (a standardized extract of cultured Lentinula edodes mycelia). For early life study, we used
an antibiotic-induced dysbiosis model (Leclercq et al., 2017) where dams were exposed to low-
dose penicillin and prebiotic AHCC one week before delivery and up to the weaning. The specific

objectives of this project are as follows:

Objective 1: To study the immunomodulatory properties of probiotic SV-53, viable and heat-
inactivated forms, and prebiotic PCA, by assessing cytokines, miRNAs, and DN A methylation of

genes related to the pro-inflammatory cytokine IL-17 signaling at the gut level.

Objective 2: To study if probiotic/prebiotic intake counteracts long-term immune system
deregulation induced by inflammation and dysbiosis during puberty, through assessing cytokines,
signaling pathways, miRNAs, and DNA methylation of genes related to the pro-inflammatory

cytokine IL-17 pathway at the gut level.

Objective 3: To study if prebiotic intake counteracts early life antibiotic induced-dysbiosis and its
long-term adverse effects on immune system homeostasis by assessing cytokines and miRNAs

related to inflammatory pathways, including NF-kB and STATS3, at the gut level.
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Abstract

Gut immune system homeostasis is crucial for overall host health. Immune disturbance at the gut
level may lead to systemic and distant sites' immune dysfunction. Probiotics and prebiotics
consumption have been shown to improve gut microbiota composition and function and enhance
gut immunity. In the current study, the immunomodulatory and anti-inflammatory effects of viable
and heat-inactivated forms of the novel probiotic bacterium Rouxiella badensis subsp. acadiensis
(Canan SV-53), as well as the prebiotic protocatechuic acid (PCA) derived from the fermentation
of blueberry juice by SV-53, were examined. To this end, female Balb/c mice received probiotic
(viable or heat-inactivated), prebiotic, or a mixture of viable probiotic and prebiotic in drinking
water for three weeks. To better decipher the immunomodulatory effects of biotics intake, gut
microbiota, gut mucosal immunity, T helper-17 (Th17) cell-related cytokines, and epigenetic
modulation of Th17 cells were studied. In mice receiving viable SV-53 and PCA, a significant
increase was noted in serum IgA levels and the number of IgA-producing B cells in the ileum. A
significant reduction was observed in the concentrations of proinflammatory cytokines, including
IL-17A, IL-6, and IL-23, and expression of two proinflammatory miRNAs, miR-223 and miR425
in treated groups. In addition, heat-inactivated SV-53 exerted immunomodulatory properties by
elevating the IgA concentration in the serum and reducing IL-6 and IL-23 levels in the ileum. DNA
methylation analysis revealed the role of heat-inactivated SV-53 in the epigenetic regulation of the
genes related to Th17 and IL-17 production and function, including 116, 1117rc, 119, 1111, Aktl,
Ikbkg, Sgkl, Cblb, and Smad4. Taken together, these findings may reflect the potential role of the
novel probiotic bacterium SV-53 and prebiotic PCA in improving gut immunity and homeostasis.
Further studies are required to ascertain the beneficial effects of this novel bacterium in the

inflammatory state.
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2-1- Introduction

The largest immune system compartment in the body belongs to the gut (Shahbazi et al., 2020).
Paneth cells, Goblet cells, and gut-associated lymphoid tissue (GALT) contribute to the gut
immune system function (Santaolalla and Abreu, 2012; Mowat and Agace, 2014; Marsal and
Agace, 2012). Paneth cells produce antimicrobial peptides such as lysozyme and f-defensins,
while Goblet cells produce mucus (Marsal and Agace, 2012; Mowat and Agace, 2014; Santaolalla
and Abreu, 2012). Peyer’s patches, found in GALT, consist of B cell and T cell zones and are the
main source of small intestine immunoglobulin A (IgA) plasmablasts (Mowat and Agace, 2014;
Marsal and Agace, 2012). The mucus layer, antimicrobial peptides, and IgA play crucial roles in

gut barrier integrity and mucosal immunity (Dupont et al., 2014).

Adaptive immune cells, including regulatory T cells (Treg) and T helper-17 (Th17), play a crucial
role in maintaining gut immune system homeostasis. Signals from T cell receptors and cytokines
direct T cells balance in the gut (Yan et al., 2020). Th17 cells are a distinct CD4* T-helper subtype
characterized by interleukin (IL)-17 production that promotes inflammatory responses (Omenetti
and Pizarro, 2015). Differentiation of naive CD4" T cells into Th17 cells is regulated by the retinoic
acid receptor-related orphan receptor-gamma-t (RORyt) transcriptional factor (Cabrera-Ortega et
al., 2017). Transforming growth factor-p (TGF-B) and IL-6 are necessary for the early-stage
differentiation of Thl7 cells, while IL-23 plays a critical role in expanding Th17 cells and
enhancing their pathogenic functions (Sharma et al., 2013; Kuwabara et al., 2017). IL-10 inhibits

Th17 cells development and immune responses (Huber et al., 2011). Over-production of Th17

41



cells is associated with autoimmunity and inflammatory diseases such as inflammatory bowel

disease (IBD) (Yan et al., 2020; Littman and Rudensky, 2010).

In addition to the role of cytokine milieu and transcription factors in the differentiation of naive
CD4" T cells (Luckheeram et al., 2012), the presence of Th17 in the small intestine is influenced
by gut microbiota and microRNAs (miRNAs) profile (Hedblom et al., 2018; Luo etal., 2017; Park
et al., 2017). Gut miRNAs play pivotal roles in both innate and adaptive immunity, directing
various physiological and immunological processes in the intestine. Specific miRNAs contribute
to the proliferation of intestinal epithelial stem cells, epithelial regeneration, differentiation of
Paneth and Goblet cells, and the balance between Thl7 and Treg cells (Park et al., 2017).
Additionally, epigenetic mechanisms, including DNA methylation and posttranslational histone

modifications, contribute to T cell generation (Luo et al., 2017).

Probiotics and prebiotics have been shown to enhance gut immunity by beneficially affecting gut
microbial communities, maintaining the gut epithelial barrier, inhibiting pathogens' growth, and
modulation innate and adaptive immune responses (Bermudez-Brito et al., 2012; Pujari and
Banerjee, 2021). Probiotics have also been found to modulate miRNA expression involved in gut
immunity (Davoodvandi et al., 2021). In addition, heat-inactivated probiotics, their fractions, and
purified components have been demonstrated to confer health benefits by protecting against
pathogens and enhancing intestinal barrier function (Piqué et al., 2019). Probiotics and prebiotics
may also enhance gut immunity by reducing proinflammatory cytokines such as IL-6 and IL-1[3
and increasing anti-inflammatory cytokines such as IL-10 (Wong et al., 2022). Besides, probiotics,
prebiotics, and their metabolites have been shown to boost gut immunity by modulating epigenetic
mechanisms, including DNA methylation and histone modification (Liu et al., 2021; Bhat et al.,
2019; Kumar et al., 2013).
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We have previously shown the probiotic characteristics of a novel Gram-negative probiotic,
Rouxiella badensis subsp. acadiensis (Canen SV-53), referred to as SV-53. This probiotic
microorganism, which was isolated from the natural microflora of lowbush blueberry (Mallet et
al., 2021), reinforces intestinal homeostasis by increasing the number of Paneth cells and
production of the antimicrobial peptide a-defensin (Novotny-Nuiiez et al., 2023). In the current
study, the immunomodulatory properties of the live and heat-inactivated SV-53 and prebiotic
protocatechuic acid (PCA)-derived from fermented blueberry juice by SV-53, were studied in
female Balb/c mice by analyzing the effects of biotics intake on gut microbiota, gut mucosal
immunity, selected cytokines, and miRNAs involved in Th17 cells differentiation and function.
We also aimed to study whether SV-53 exerts potential immunomodulatory activities through
modulating epigenetic mechanisms by analyzing its effect on the DN A methylation status of genes

related to Th17 cell function.

2-2- Materials and Methods

2-2-1- Animals

Eight-week-old female Balb/c mice (Charles River, Montreal, QC) were used in the current study.
Three mice were housed together in plastic cages in a controlled atmosphere (temperature 22 +
2°C; humidity 55 £ 2%) with a 12-hour light/dark cycle. During the study, all groups received a
conventional balanced diet ad libitum. Mice were maintained and treated following the guidelines
of the Canadian Council on Animal Care. The protocol (HSe-3191) was approved by the Animal

Care Committee of the University of Ottawa.

2-2-2- Probiotic and Prebiotic Solution Preparation
In the current study, we used the research bank cultures of the bacterium prepared by the National

Research Council of Canada. The bacteria cultures were maintained in a tryptic soy broth (TSB)
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culture medium (Difco Laboratories, Detroit, MI, United States) supplemented with 30% (v/v)

glycerol at -80°C.

To prepare the probiotic solution, the bacteria were cultured in TSB for 17 hours at room
temperature. Then, the bacteria culture was centrifuged at 5000 rpm for 10 min. The bacterial
pellet was washed three times in sterile PBS (Sigma, Saint Louis, MO, United States) and
resuspended in 5 mL of sterile 10% (wt/vol) non-fat milk. Bacterial suspensions were diluted 1:30
in water and administered ad-libitum to the mice at the final concentration of 5 x 10’ CFU/mL. To
prepare heat-inactivated bacteria, the same procedure was applied, and 5 x 107 CFU/mL bacterial
preparation in the sterile water was heated at 70°C for 30 minutes. The heat-inactivated
preparations were kept at —80°C to feed the mice. 2 mL probiotic solution was consumed daily by
each mouse, therefore mice received a daily dose of 1x10% CFU of the live and heat-inactivated

bacterium.

To prepare the prebiotic solution, 100 mg/kg BW of PCA (3,4-dihydroxybenzoic acid) was
dissolved in sterile water. Then the pH of the prebiotic solution was adjusted to 7.4 using a pH

meter. The fresh mixture was prepared twice a week and kept at 4°C.

2-2-3- Study Design

2-2-3-1- Probiotic-Prebiotic Experiment

Mice (n=24) were categorized into four groups: 1-control group; receiving sterile water, 2-
probiotic group; receiving probiotic SV-53 (5 x 107 CFU/mL) in sterile drinking water, 3-prebiotic
group; receiving 100 mg/kg prebiotic PCA in sterile drinking water, 4 -probiotic+prebiotic group;
receiving a mixture of SV-53 and PCA in sterile drinking water. The duration of the nutritional

intervention was three weeks. Afterward, mice were sacrificed, and required samples, including
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blood, feces, and ileum tissues, were collected and stored at -80°C to conduct corresponding

experiments.

2-2-3-2- Heat-Inactivated Probiotic Experiment

Mice (n=18) were divided into three groups: 1-control; receiving sterile drinking water, 2-probiotic
group; receiving live SV-53 (5 x 107 CFU/mL) in sterile drinking water, and 3-heat-inactivated
probiotic group; receiving heat-inactivated SV-53 (5 x 107 CFU/mL) in sterile drinking water. At
the end of three weeks of nutritional intervention, mice were sacrificed, and the required samples

were collected and kept at -80°C until further experiments were performed.

2-2-4- Histological Sections Preparation

The ileum tissues of mice were removed, washed with ice-cold PBS, and small sections of the
ileum were collected and fixed in a 4% paraformaldehyde solution for 48 hours. Subsequently,
fixed tissues were dehydrated in increasing alcohol concentrations, cleared in xylene, and
embedded in paraffin using conventional methods. Histological sections of 4um were prepared
from paraffin blocks using a rotational microtome (Leica RM2255 Automated Microtome). The
processing, embedding, and preparation of histological sections were performed by the University

of Ottawa Histology Core Facility.

2-2-5- Identification of IgA, IgG, IL-17A, IL-6, IL-23, and IL-10 Producing Cell Populations
by Immunofluorescence

The numbers of I[gA™, IgG™, and IL-17A" cells on histological sections from the ileum region were
determined by direct immunofluorescence. The immunofluorescence tests were performed using
FITC-conjugated goat (a-chain specific) polyclonal anti-mouse IgA (Sigma-Aldrich, St. Louis,

MO, USA), FITC-conjugated goat (y-chain specific) polyclonal anti-mouse IgG (Sigma-Aldrich,
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St. Louis, MO, USA), and anti-Mo/Rat IL-17A (ebiol7B7), (eBioscience, Thermo Fisher
Scientific, Burlington, Canada). The histological sections were deparaffinized in xylene and
rehydrated in a graded series of ethanol from 95% to 40%. The deparaffinized histological samples
were stained with appropriate antibody dilution in 1X PBS (1:100 for IgA, 1:50 for IgG, and IL -
17A) for 1 hour at 37°C. Indirect immunofluorescence was used to determine the number of IL-6
and IL-10-producing cells using polyclonal anti-murine IL-10 (PeproTech, NJ, USA) and
polyclonal anti-murine IL-6 (PeproTech, NJ, USA) antibodies, respectively. The deparaffinized
histological slides were incubated with appropriate primary antibody dilution in 1X PBS (1:50)
overnight at 4°C and FITC-conjugated affinipure goat anti-rabbit IgG (H+L) secondary antibody
(1:50 in 1X PBS) for 1 hour at 37°C in the dark. The slides were washed three times in PBS,
mounted using Fluoromount (Sigma-Aldrich, St. Louis, MO, United States), and examined using
a fluorescent light microscope (Evos FL Auto 2, Thermo Fisher Scientific, Bothell, USA). The
results were expressed as the number of positive cells (fluorescent cells) per 10 fields at 40x

magnification.

2-2-6- Determination of IgA, IgG, IL-17A, IL-6, IL-23, and IL-10 Concentrations by ELISA
Blood samples were collected and centrifuged at 10,000 g for 2 minutes to separate serum. Serum
samples were kept at -80°C. Small pieces of ileum were snap-frozen and kept at -80°C until protein
extraction. To examine the cytokine levels, a small part of the ileum tissues (20-25 mg) were
collected in microtubes containing lysis buffer (Pierce IP Lysis, Thermo Fisher Scientific) and
protease/phosphatase inhibitors (Halt Protease and Phosphatase Inhibitor Cocktail, Thermo Fisher
Scientific) and homogenized by an electrical homogenizer (Bead mill 24, Fisher Scientific, USA).
IgA and IgG levels were determined in serum using mouse IgA and IgG uncoated ELISA kits

(Invitrogen, Vienna, Austria). The levels of IL-6, IL-10, IL-17A, and IL-23 were measured in
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ileum tissues using mouse-uncoated ELISA kits (Invitrogen, Vienna, Austria). All ELISA tests
were performed according to the manufacturer’s instructions. Absorbance was read at 450 nm with
a wavelength correction of 570 nm using a microplate reader (Bio-TEK Instruments, Winooski,

VT, USA).

2-2-7-Determination of miRNA Expression by Real-Time Quantitative Reverse
Transcription PCR (RT-qPCR)

Small pieces ofileum were placed in tubes containing RN Alater Stabilization Solution (Invitrogen,
USA) for 24 hours and then stored at -80°C until RNA extraction. Total RNA from the samples
was extracted using miRNeasy mini kit (Qiagen, Toronto, ON, Canada). Samples purity was
verified with a NanoDrop 2000 (Thermo Scientific, Waltham, MA, United States). A reverse
transcription reaction was done to synthesize cDNA using the miRCURY LNA RT Kit (Qiagen,
Toronto, ON, Canada). The expression of miR-223 and miR-425 was measured by RT-qPCR using
hsa-miR-425-5p and hsa-miR-223-3p miRCURY LNA miRNA PCR assay primers (Qiagen,
Toronto, ON, Canada) and miRCURY LNA SYBR Green PCR Kit (Qiagen, Toronto, ON,
Canada) in a CFX 384 real-time PCR detection system (Bio-Rad, Laboratories, Hercules, CA,
USA). miRNA expression was normalized to U6 as the reference gene using the U6 snRNA (hsa,

mmu) miRCURY LNA miRNA PCR assay (Qiagen, Toronto, ON, Canada).

2-2-8- Gut Microbiome Analysis

For microbiome analysis, the cecum contents of mice were collected in sterile microtubes and
snap-frozen in liquid nitrogen before storage at -80°C. Shallow shotgun sequencing was used for
microbiome analysis. Microbiome analysis was done by Microbiome Insights Company,
Vancouver, BC. DNA was extracted using the MagAttract PowerSoil DNA KF kit (Qiagen,
Canada). The quality of extracted DNA was evaluated visually through gel electrophoresis and
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quantified using a Qubit 3.0 fluorometer (Thermo-Fischer, Waltham, MA, USA). Libraries were

prepared using an Illumina Nextera library preparation kit with an in-house protocol (Illumina,

San Diego, CA, USA).

2-2-9- Methylome-Wide Profiling and Data Analysis

Approximately 15-20 mg of the mice ileum samples were homogenized using an electrical
homogenizer in tubes containing 500 pL cell lysis buffer and 1.5 pL proteinase K. The Gentra
Puregene Tissue Kit (33 g) (Qiagen, Toronto, Canada) was then employed to extract DNA from
the tissues, following the manufacturer’s instructions. The extracted DNA was quantified using
Qubit 4 (Thermo Fisher Scientific, Waltham, MA, USA) and diluted with DNA rehydration
solution to achieve a final concentration of 20 ng/uL, then stored at -20°C. Methylome-wide
profiling was conducted as previously described (Boskovi¢ et al., 2022). Briefly, 500 ng of
extracted DNA was subjected to bisulfite conversion using the EZ DNA Methylation kit (Zymo
Research, Irvine, CA, USA). 250 ng bisulfite-modified DNA was analyzed using the Infinium
Mouse Methylation BeadChip arrays which allow for the simultaneous assessment of DNA
methylation at more than 285,000 CpG sites (Illumina Inc., San Diego, CA, USA). Methylome-
wide data was analyzed using the methylkey pipeline developed by the Epigenomics and
Mechanisms Branch at the International Agency for Research on Cancer

(https://github.com/IARCbioinfo/methylkey). Briefly, raw data files were pre-processed, quality

control was conducted, and normalization was performed by Noob normalization using the
SeSAMe package (Zhou et al., 2018). Intergroup comparisons were conducted using linear
regression analysis as implemented in the limma R package (Ritchie et al., 2015). Regional
analysis to identify differentially methylated regions was conducted using the DMRcate package

(Peters et al., 2015).
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2-2-10- Statistical Analysis

All statistical analyses, except for the microbiome analysis, were conducted using GraphPad Prism
(GraphPad Software, Inc., La Jolla, CA). One-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparisons test was employed to compare groups. Data were considered
significantly different when the p-value < 0.05. All values are mean + SEM, based on at least three
independent tests. Microbiome analysis was performed using Qiime2, and for comparisons of
differentially abundant taxa, negative binomial models (DESEq2 R package) were utilized. Alpha
diversity was calculated from taxonomic profiles using Shannon’s diversity index. Beta diversity
analysis was conducted using Bray-Curtis dissimilarities, and the results were visualized using
nonmetric multidimensional scaling (NMDS). A corrected/adjusted p-value < 0.05 was considered
statistically significant. For Methylation analysis, differentially methylated genes were defined
with false discovery rate (FDR)-adjusted p-value < 0.05 and an absolute inter-group beta value
difference of > 0.05. Pathway visualization was performed using KEGG pathway enrichment

analysis with Enrichr.

2-3- Results

2-3-1- Effect of Probiotic and Prebiotic Intake on Mucosal Immunity

The effect of the nutritional intervention on mucosal immunity was assessed by measuring [gA
and IgG levels in the serum, as well as the population of IgA and IgG-producing cells in the lamina
propria of the ileum tissues. Feeding mice with SV-53 and SV-53+PCA mixture significantly
increased the serum IgA level (p<0.05) (Figures 2-1A). Furthermore, the population of IgA™ cells
exhibited a significant increase in the ileum tissues of treated groups compared to the untreated
group (p<0.05, p<0.01, and p<0.0001, respectively) (Figures 2-1B). However, neither the serum
IgG level nor the number of I[gG+ cells in the ileum of mice changed following the feeding period
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(Figures 2-1C, D). Figure 2-1E illustrates immunofluorescence images of histological sections

stained with FITC-conjugated anti-IgA antibody.
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Figure 2-1. Effect of the probiotic and prebiotic intake on gut mucosal immunity. Female Balb/c mice
were treated with the SV-53, PCA, or SV-53+PCA mixture in drinking water for three weeks. Serum
levels of IgA and IgG and the number of IgA" and IgG" B cells in the ileum tissues of mice were measured
by ELISA and direct immunofluorescence respectively; (A) the serum concentration of IgA, (B) the
number of IgA" B cells, (C) the serum concentration of IgG, and (D) the number of IgG™ B cells. One-
way ANOVA followed by Dunnett’s multiple comparisons were used to compare groups. All values are
mean + SEM. N=6, *p< 0.05, **p<0.01 and ****p<0.0001 vs. control. (E) Immunofluorescence images
of histological sections of the ileum stained with the appropriate dilution of anti-IgA antibody (1:100) and
imaged by a fluorescent light microscope at 40x magnification.

2-3-2- Effect of Probiotic and Prebiotic Intake on the Expression of Selected Cytokines and
miRNAs

Oral administration of SV-53 and PCA for three weeks led to a significant reduction in IL-17A
(p<0.01, p<0.05, and p<0.01, respectively) (Figure 2-2A), IL-6 (p<0.01, p<0.05, and p<0.01,
respectively) (Figure 2-2B), and IL-23 (p<0.01, p<0.05, and p<0.001, respectively) (Figure2-2 C)

concentrations in the ileum tissues of treated mice compared to the control counterparts. The level
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IL-17A (pg/er protein)

of IL-10 increased in all treatment groups, however, statistical significance was reached only in

the prebiotic group (p<0.05) (Figure 2-2D).

Additionally, the number of IL-17A, IL-6, and IL-10-producing cells in the lamina propria was

measured through immunofluorescence. In accordance with ELISA results, the quantity of IL-

17A-producing cells was significantly lower in all treatment groups than in the control (p<0.01,

p<0.05, and p<0.01, respectively) (Figure 2-2E). IL-6 producing cells frequency was reduced in

mice fed SV-53+PCA mixture compared to the control (p<0.05) (Figure 2-2F), while the

abundance of IL-10-producing cells increased in SV-53 and PCA-fed mice (p<0.01 and p<0.05,

respectively) (Figure 2-2G).

in small intestine

% %k
*
A —
% %k
30 | —
20
10

0

TIL-17A+ cells/10 fields

in small intestine

L - T -

IL-6 (pg/gr protein)

—
=T

in small intestine

=

*
*

*

miR-223
Reletive expression

-
T =
]*J }
*
*
miR-425
Reletive expression

=
<

i

=

0.0-

?"-EI

i N W L
=]
| 1

=}
1

TL-6+ cells/10 fields
in small intestine

0_

- C kR -~ D
= * -E 0400_ *
£ 2150, gz
e 5 * % £ 23
s — a2
= g 1007 & 5
s g2
&g 507 Sg,
o w - =
Y E T E
Sha c
G %
wn
* % o 407 kk
S 3 307
£
T = 209
¥ =
< 2104
e
=" o

51

Il Control

H SV-53

H PCA

3 SV-53+PCA




Figure 2-2. Effect of the probiotic and prebiotic intake on selected cytokines and miRNAs in the ileum
tissues of mice. Female Balb/c mice were treated with the SV-53, PCA, or SV-53+PCA mixture in drinking
water for three weeks. The concentrations of (A) IL-17A, (B) IL-6, (C) IL-23, and (D) IL-10 in the ileum
tissues of mice were measured by ELISA. The frequencies of (E) IL-17A", (F) IL-6", and (G) IL-10" cells
were determined by immunofluorescence. The expression of (H) miR-223 and (I) miR-425 were measured
by RT-qPCR. One-way ANOVA followed by Dunnett’s multiple comparisons was used to compare groups.
All values are mean = SEM. N=6, *p< 0.05, **p<0.01, and ***p<0.001 vs. control.

Furthermore, the impact of SV-53 and PCA intake on the expression of two pro-inflammatory
miRNAs, miR-223 and miR-425, was analyzed. Feeding mice with SV-53, PCA, and their mixture
significantly decreased the expression of miR-223 (p<0.05) and miR-425 (p<0.01, p<0.001, and

p<0.001, respectively) in ileum tissues of mice compared to the control group (Figure 2-2H, I).

2-3-3- Effect of the Probiotic and Prebiotic Intake on the Gut Microbiome

Alpha diversity, calculated from taxonomic profiles using Shannon's diversity index, did not show
significant differences across groups (Figure 2-3A). Beta diversity was assayed using Bray-Curtis
dissimilarities and samples were visualized using nonmetric multidimensional scaling (NMDS).
Samples were very similar in general and no significant difference was seen (Figure 2-3B). Figure
2-3C displays the ten most abundant phyla in all groups. Microbiome analysis revealed the
intestinal colonization of SV-53 in the mice that received SV-53 and SV-53+PCA (p<0.0001)
(Figure 2-3D) and a significant decrease in the abundance of Escherichia coli (E. coli) in the SV-

53 and SV-53+PCA groups (p<0.0001) (Figure 2-3E).
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Figure 2-3. Effect of the probiotic and prebiotic intake on the gut microbiome. Female Balb/c mice were
treated with the SV-53, PCA, or SV-53+PCA mixture in drinking water for three weeks. Then cecum
contents of mice were used to analyze the gut microbiome by sallow shotgun sequencing; (A) alpha
diversity, (B) beta diversity, (C) bacterial composition at the phylum level (ten most abundant phyla), and
(D, E) differentially abundant species. N=5 in the control group and n=6 in the treatment groups.



2-3-4- Effect of Heat-Inactivated SV-53 Intake on Mucosal Immunity

The impact of heat-inactivated SV-53 on gut mucosal immunity was investigated in a separate
experiment. Three weeks of treatment with heat-inactivated bacteria led to a significant increase
in serum IgA levels (p<0.05) with no significant effect on the IgA™ cells population in the lamina
propria (Figures 2-4 A, B respectively). Heat-inactivated bacteria also had no significant effect on

IgG levels and the population of IgG™ cells in lamina propria (Figures 2-4C, D respectively).
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Figure 2-4. Effect of the heat-inactivated probiotic intake on gut mucosal immunity. Female Balb/c mice
were treated with live SV-53 or heat-inactivated SV-53 (HI-SV-53) in drinking water for three weeks.
Then, the serum levels of IgA and IgG, and the number of IgA" and IgG" B cells in the ileum tissues of
mice were measured by ELISA and immunofluorescence, respectively; (A) the concentrations of IgA, (B)
the number of IgA" B cells, (C) the concentrations of IgG, and (D) the number of IgG" B cells. One-way
ANOVA followed by Dunnett’s multiple comparisons were used to compare groups. All values are mean
+ SEM. N=6, *p< 0.05 and ***p<0.001 vs. control.

2-3-5- Effect of Heat-Inactivated SV-53 Intake on the Expression of Selected Cytokines and

miRNAs
IL-17A levels in the ileum tissues of mice in the heat-inactivated SV-53 group were
insignificantly lower than those in the control group (Figure 2-5A). However, IL-6 and IL-23
concentrations significantly decreased in the ileum tissue of mice following treatment with heat-
inactivated SV-53 (p<0.05 and p<0.01, respectively) (Figure 2-5B, C). The heat-inactivated SV-
53 treatment had no significant effect on the IL-10 levels in the ileum of mice (Figure 2-5D).
Administration of heat-inactivated SV-53 significantly reduced the numbers of IL-17A" and IL-

6" cells compared to the control (p<0.05) (Figures 2-5E, F respectively), while it did not change
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the IL-10-producing cells abundance (Figure 2-5G). Additionally, the administration of heat-
inactivated bacteria did not alter the expression of miR-223 and miR-425 in the ileum tissues of

mice compared to the untreated group (Figures 2-5H, I).
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Figure 2-5. Effect of the heat-inactivated probiotic on selected cytokines and miRNAs expression in the
ileum tissues of mice. Female Balb/c mice were treated with live SV-53 or heat-inactivated SV-53 (HI-SV-
53) in drinking water for three weeks. The concentrations of (A) IL-17A, (B) IL-6, (C) IL-23, and (D) IL-
10 in the ileum tissues of mice were measured by ELISA. The frequencies of (E) IL-17A", (F) IL-6", and
(G) IL-10" cells were determined by immunofluorescence. The expression of (H) miR-223 and (I) miR-
425 were measured by RT-qPCR. One-way ANOVA followed by Dunnett’s multiple comparisons was
used to compare groups. All values are mean = SEM. N=6, *p< 0.05, **p<0.01 and ***p<0.001 vs. control.

2-3-6- Effect of Heat-Inactivated SV-53 on DNA Methylation Status

Finally, the impact of heat-inactivated SV-53 on the methylation status of genes in the ileum
samples of mice was analyzed. The methylation status of regions around the transcriptional start
sites (TSS) plays a role in regulating gene expression (Yuan et al., 2016; Hong and Rhee, 2022),
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where hypomethylation and hypermethylation correlate with transcriptional activation and

suppression, respectively (Yakoob et al., 1998).

Absolute group mean difference in beta values of > 0.05 and FDR adjusted p-value < 0.05 were
applied to identify differentially methylated probes (DMPs), which were used as a basis for
regional analysis to find statistically significant differentially methylated regions (DMRs). We
found significant DMRs related to different signaling pathways such as MAPK, PI3K-AKT, JAK-
STAT, forkhead box O (FoxO), Th17 differentiation, and IL-17 signaling pathways. Figure 2-6A
illustrates the top enriched pathways for genes associated with the identified DMRs. Notably,
significant alterations in the methylation status of some genes regulating Th17 differentiation and
function were observed in mice receiving heat-inactivated SV-53 compared to the control (Figure
2-6B). Significant hypermethylation of CpGs was identified within the promoters of //6 and IL-17
receptor ¢ (//17rc), and the 1 to 5 kb region of //71. In addition, the 1 to 5 kb region of 4kt/ and
the promoters of inhibitor of nuclear factor kappa B kinase regulatory subunit gamma (/kbkg) and
serum and glucocorticoid-regulated kinase 1 gene (Sgkl) were significantly hypermethylated.
Furthermore, the promoter of 7/9, the 5" UTR region of casitas-B-lineage lymphoma protein-b
(Cblb), and the 1 to 5 kb region of SMAD family member 4 (Smad4) were found to be
hypomethylated in the heat-inactivated SV-53 group compared to the control group. No significant

DMRs were found in mice receiving live SV-53 and PCA compared to untreated mice.
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Figure 2-6. Effect of the heat-inactivated probiotic on DNA methylation. Female Balb/c mice were treated
with live SV-53 or heat-inactivated SV-53 (HI-SV-53) in drinking water for three weeks. (A) Pathways
enrichment analysis visualized by Enrichr, (B) boxplots of differentially methylated genes related to Th17
cells differentiation and function. *p< 0.05 and **p<0.01 vs. control.

2-4- Discussion

Probiotics, prebiotics, and symbiotic products have been shown to promote a balanced gut

microbiota, reduce inflammation, and enhance immune system function, not only gut immunity
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but also systemic and distant tissue immunity through the common mucosal immune system
(Shahbazi et al., 2021; Zhou et al., 2021; Seifert and Watzl, 2007; Shahbazi et al., 2020; Yahfoufi
etal., 2021a). In this study, the immunomodulatory and anti-inflammatory properties of the novel
probiotic SV-53 and prebiotic PCA were explored. Certain probiotic bacteria and prebiotics,
including small polyphenol oligomers, act as antagonist ligands for Toll-like receptors (TLRs),
effectively inhibiting associated inflammatory pathways (Mallet et al., 2023; Najafi et al., 2023).
SV-53 is a Gram-negative bacteria with probiotic characteristics (Novotny-Nufiez et al., 2023).
The subtle distinction between bacterial lipopolysaccharides (LPS) derived from pathogenic
Gram-negative bacteria and Gram-negative commensal bacteria in gut microbiota is responsible
for the immunoinhibitory activity of Gram-negative commensals (d'Hennezel et al., 2017). On the
other hand, PCA is a metabolite product resulting from the fermentation of blueberry juice by SV -
53 and deriving from complex polyphenols and quercetin (Mallet et al., 2023), which is a TLR4

antagonist (Nam and Lee, 2018).

The results of the current study revealed that SV-53 and PCA administration could increase the
population of IgA-producing B cells in the ileum, and SV-53 intake increased serum IgA
concentration without increasing IgG levels. Within the intestinal environment, IgA-positive
(IgA+) cells and secretory IgA (sIgA) play a vital role in maintaining intestinal mucosal immunity
and homeostasis (Yahfoufi et al., 2021b). sIgA is the most abundant antibody class in the mucosal
immune system and gut lumen (Li et al., 2020). It enhances gut mucosal immunity and homeostasis
through various mechanisms, including quenching microbial components, neutralizing bacterial
toxins, influencing gut microbial communities, enhancing antigens transport to immune cells in
GALT, and downregulating proinflammatory responses (Mantis et al., 2011). On the other hand,

IgG antibodies are potent effector molecules that activate innate immune cells and induce
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inflammation (Aschermann et al., 2010; Castro-Dopico and Clatworthy, 2019). Increased I1gG
level is associated with intestinal inflammation and persistent immunopathology in the intestinal
mucosa (Vinderola et al., 2006). In addition, an increase in local commensal-specific IgG during
intestinal inflammatory diseases, such as colitis, has been reported by Castro-Dopico et al. (2019),
and this increase was associated with the magnitude of intestinal inflammation (Castro-Dopico et
al.,, 2019). They also found that IgG immune complexes-stimulated colonic macrophages
demonstrated a Th17-polarizing phenotype (Castro-Dopico et al., 2019). No changes in IgG levels
were observed in response to probiotic intake, reflecting the effectiveness of the treatment in
improving gut mucosal immunity by producing sIgA without increasing IgG levels and inducing

inflammation.

In addition, probiotic and prebiotic intake significantly decreased the level of IL-17A, the main
proinflammatory cytokine secreted by Th17 cells (Omenetti and Pizarro, 2015), and levels of IL-
6 and IL-23, major cytokines inducing pathogenic Th17 cells production and function, in the ileum
tissues of mice (Sharma et al., 2013; Kuwabara et al., 2017). IL-17A is involved in the
pathogenicity of inflammatory disorders (Kuwabara et al., 2017). For instance, the involvement of
IL-17A/IL-23 in the pathogenesis of IBD has been shown in both human and animal studies
(Catana et al., 2015). We have previously shown that the fermentation of blueberry juice with SV-
53 significantly increases the quantity of polyphenols naturally present in the juice (Martin and
Matar, 2005). This novel product was found to inhibit IL-6/STAT3 signaling (Vuong et al., 2016).
IL-6/STAT3/RORyt pathway induces Thl7 cells differentiation (Chang et al., 2019), and IL-
23/IL-23 receptor signaling phosphorylates the STAT3 and increases the expression of
inflammatory cytokines such as IL-17A leading to intestinal inflammation (Schmitt et al., 2021).

Moreover, increased IL-6 negatively affects gut mucosal immunity and leads to gut barrier
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dysfunction by damaging tight junctions (Li et al., 2021; Al-Sadi et al., 2014). Our results may
provide some evidence regarding the potential role of SV-53 and PCA in modulating the
IL6/STAT3 pathway. However, further studies are required to explore the role of SV-53 and PCA

in regulating STAT3 signaling.

Furthermore, we found an increase in the IL-10 concentration in the PCA group and an increase
in the number of IL-10-producing cells in the SV-53 and PCA groups. IL-10 is an
immunosuppressive cytokine secreted by various immune cells, including dendritic cells,
macrophages, and Tregs. IL-10-producing CD4" CD25" Treg cells play a key role in controlling
intestinal inflammation and self-tolerance (Wei et al., 2020). IL-10 contributes to B cells
differentiation and the production of IgA by B cells, thereby enhancing mucosal humoral immunity
(de Moreno de Leblanc et al., 2011). In addition, in a study using a chronic colitis mice model, IL-
10 suppressed the inflammasome/IL-1p pathway, reduced the pathogenicity of Th17 cells, and
suppressed 1L-17 production, leading to the mitigation of intestinal inflammation (Zhang et al.,
2014). Lactic acid bacteria have been shown to prevent intestinal inflammation and autoimmunity
by increasing IL-10 and CD4" CD25" Treg cells (Di Giacinto et al., 2005; Lavasani et al., 2010).

Moreover, studies have shown the ability of prebiotics to modulate IgA, I1gG, proinflammatory,
and anti-inflammatory cytokines (Yahfoufi et al., 2018). For example, prebiotic intake increased
sIgA and IL-10 levels in the intestines of rats (Looijer-van Langen and Dieleman, 2009) and
inhibited LPS-induced IL-17 release in mouse splenocytes (Capitan-Cafiadas et al., 2014).
Additionally, polyphenols inhibit inflammation by blocking TLR4 and suppressing the production

of inflammatory mediators such as IL-1p, IL-6, and TNFa (Yahfoufi et al., 2018).

Gut miRNAs link the gut immune system and the microbial community by regulating signaling

pathways critical for maintaining gut microenvironment homeostasis (Bi et al., 2020). In the
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current study, the effect of nutritional intervention with probiotic SV-53 and prebiotic PCA intake
on miR-223 and miR-425 expression was explored, and a significant decrease in the relative
expression of both miRNAs was observed in the treatment groups. A marked increase in the
expression of miR-223 and miR-425 has been reported in intestinal inflammatory conditions such
as IBD (Yang et al., 2018; Rodriguez-Nogales et al., 2018a). miR-223 may promote the secretion
of cytokines by dendritic cells and therefore regulate Th17 and Tregs differentiation from naive T
cells (Bi et al., 2020). miR-233 is downstream of the IL-23 cascade (Wang et al., 2016) and has
been shown to promote pathogenic Th17 cells differentiation during autoimmunity (Jiao et al.,
2021). miR-223 also increases intestinal barrier permeability by targeting tight junction proteins
through 1L23/Th17 pathway (Wang et al., 2016). Impaired barrier function is a major factor
contributing to intestinal inflammation (Wang et al., 2016). miR-425 is involved in chronic-
degenerative inflammations such as autoimmune diseases, age-related disorders, and cancer
progression (Balzano et al., 2017). This miRNA promotes Th17 cells differentiation and
pathogenicity. In a study conducted on colitis mice, overexpression of miR-425 was found to
mediate Th17 cell production and IL-17A secretion, while inhibiting miR-425 alleviated intestinal
mucosal inflammation and markedly decreased IL-17A levels (Yang et al., 2018). Therefore, these
results suggest that SV-53 and PCA may enhance gut immunity and prevent inflammation by

regulating gut miRNAs as well.

Similar to these results, several studies have reported the beneficial effects of probiotics in
mitigating gut inflammation through the modulation of miRNA expression. For instance, the oral
administration of two probiotics, Lactobacillus fermentum and Saccharomyces boulardii,
significantly regulated the expressions of miR-223 and improved gut barrier function, restored

dysbiosis, and ameliorated disease severity in a mouse model of dextran sodium sulfate (DSS)-
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induced colitis (Rodriguez-Nogales et al., 2017; Rodriguez-Nogales et al., 2018b). In another
study, feeding mice with probiotic E. coli Nissle 1917, a Gram-negative probiotic bacterium,
prevented the DSS-induced colonic inflammation by enhancing the expression of various
cytokines and proteins responsible for maintaining epithelial integrity and decreasing several
miRNAs involved in the inflammatory response, including miR-223 (Rodriguez-Nogales et al.,

2018a).

Full genome analysis of SV-53 has revealed a cluster of genes coding for bacteriocins against
pathogenic Gram-negative bacteria (Salvetti et al., 2023). We have previously shown the
antibacterial effect of SV-53 against Staphylococcus aureus and Salmonella enterica serovar
Typhimurium (Novotny-Nuiiez et al., 2023). In this study, the microbiome analysis signified a
decrease in E. coli population in mice fed SV-53 and the mixture of SV-53 and PCA. An increase
in pathogenic E. coli has been observed in IBD, and following antibiotic-induced dysbiosis
(Martinez-Medina and Garcia-Gil, 2014; Looft and Allen, 2012). Furthermore, studies have
observed that the Western diet can alter gut microbiota composition, increase gut permeability,
induce overgrowth of E. coli, promote invasive E. coli colonization in the gut mucosa, and
subsequently lead to inflammation and immune dysfunction (Martinez-Medina et al., 2014; Agus
et al., 2016). Moreover, enterotoxigenic E. coli exposure has been shown to increase RORyt
expression and IL-17 secretion in the intestines of mice (Ren et al., 2017). Several probiotics, such
as Lactobacillus plantarum and E. coli Nissle 1917, have been reported to alleviate pathogenic E.
coli-induced intestinal barrier dysfunction by modulating the expression of tight junction proteins

(Raheem et al., 2021).

Furthermore, we demonstrated the immunomodulatory and anti-inflammatory properties of heat-
inactivated SV-53 by increasing IgA concentration in the serum, reducing IL-6 and IL-23
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concentrations, and the number of IL-17A and IL-6-producing cells in the ileum tissues of mice.
However, our results indicated that viable SV-53 exhibited more robust immunomodulatory
properties compared to the non-viable bacterium. Many of the ascribed benefits of live probiotics
are facilitated by interactions of these organisms with the host’s gut epithelium and immune
system. They can interact with the host directly through cell-to-cell interaction or indirectly
through the production of metabolites and the release of various components (Castro-Herrera et
al., 2020). Heat-inactivated probiotics are also metabolically active and can interact with the host,
resulting in health benefits (Castro-Herrera et al., 2020). In fact, heat-killed probiotics retain
functionality due to the presence of cell wall components involved in interactions with the host,

such as lipoteichoic acids and peptidoglycan (Castro-Herrera et al., 2020).

In an experimental colitis model, the administration of a mixture of heat-inactivated probiotics
downregulated IL-6, IL-23, STAT3, and p-STAT3 expression in colonic tissues of rats (Sang et
al., 2015). In another study, heat-inactivated E. coli Nissle 1917 induced the antimicrobial peptide
B-defensin in intestinal epithelial cells (Wehkamp et al., 2004). We have previously shown the
immunomodulatory and anti-inflammatory activity of heat-inactivated lactic acid bacteria using
primary cultures of intestinal epithelial cells in mice fed Lactobacillus casei CRL 431 or
Lactobacillus helveticus R389 (Vinderola et al., 2005). Similar to this study, Pyclik et al.
demonstrated the significance of the viability status of Bifidobacterium strains for its
immunomodulatory properties, with heat inactivation being shown to alter these properties (Pyclik
et al., 2021). In addition, Sturm et al. reported that in contrast to heat-killed E. coli Nissle 1917,
the viable bacterium might exert a more potent inhibitory effect against intestinal inflammation by
inhibiting T cells proliferation and the expression of proinflammatory cytokines (Sturm et al.,

2005).
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To investigate whether the immunomodulatory properties of SV-53 are mediated, in part, through
epigenetic modification, DNA methylation analysis was conducted. In mice exposed to heat-
inactivated SV-53, an increase in CpGs methylation around TSS of several genes controlling Th17
differentiation and function, including 116, Il17rc, Il11, Aktl, Ikbkg, and Sgkl, was found, which

may indicate transcriptional repression of these genes.

As discussed earlier, IL-6 plays a central role in initiating the differentiation of naive T cells into
the Th17 lineage. IL-17RC is critical for signal transduction by IL-17A and the pathogenesis of
autoimmune diseases. In vitro studies have shown that IL-17RC deficiency protects against
autoimmunity (Hu et al., 2010). Moreover, it has been shown that Th17 cells can secret IL-9. IL-
9 neutralization and IL-9 receptor deficiency led to a reduction in Th17 cells and IL—6-producing
macrophages in the central nervous system, ultimately ameliorating the development of
experimental autoimmune encephalomyelitis in mice (Nowak et al., 2009). IL-11 may induce Th17
cells generation and expansion in vitro and Thl7 cells responses in vivo, and contribute to
autoimmunity. IL-11 exerts its effect on Th17 cells by activating the IL-6/STAT3 pathway (Zhang

etal., 2019d).

Furthermore, AKT plays an important role in Th17 production. Upon TCR stimulation, the
PI3k/AKT pathway contributes to the proliferation and survival of Thl7 cells by facilitating
nuclear transportation of RORy and downregulating negative regulators of Th17 differentiation
(Kurebayashi et al., 2012). lkbkg, also known as nuclear factor-kappa B (NF-kB) essential
modulator (NEMO), encodes the regulatory subunit of the inhibitor of kappa B (IxkB) kinase (IKK)
complex, which is essential for NF-kB activation (Johnston et al., 2016). NF-xB contributes to the
production of inflammatory cytokines such as IL-1, IL-6, IL-23, RORy expression, and the
generation of inflammatory T cells, including Th17 cells (Liu et al., 2017). Sgkl encodes SGKI1,
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a serine/threonine kinase, which is downstream of IL-23 signaling. Sgk/ expression is specifically
induced and maintained by exposure to IL-23. The kinase activity of SGK1 is higher in Th17 cells
compared to other subsets of T cells. On the other hand, SGK1 is crucial for regulating IL-23R
expression, thereby maintaining the Thl7 cell phenotype by suppressing FOXO1, which

negatively regulates IL-23R expression (Wu et al., 2013).

In addition, a significant hypomethylation was detected within CpGs around TSS sites of Cb/b,
and Smad4 in heat-inactivated SV-53 mice compared to their untreated counterparts, which may
suggest the transcriptional activation of these genes. Cblb is a Cbl family E3 ubiquitin ligase that
restrains pathogenic Th17 cells generation and Thl7-related autoimmunity by suppressing IL-6
secretion by macrophages (Zeng et al., 2022). IL-21 promotes Th17 cells differentiation and
SMADA4 negatively regulates IL-21-induced Th17 by repression of Rorc gene expression (Zhang
et al., 2019¢). However, we could not find any changes in the methylation status of genes in mice
receiving live bacteria, which indicates that in addition to cell wall components, other components
released during the heat-inactivation process may contribute to epigenetic modification by heat-

inactivated SV-53.

While results from cytokine and DNA methylation analyses may offer some insights into the
potential role of SV-53 in regulating Th17 cells, flow cytometry analysis needs to be done to

elucidate the effect of treatment on Th17 cells production.

In conclusion, the results of this study suggest the potential role of both viable and heat-inactivated
probiotic SV-53, along with the prebiotic PCA, in improving gut immunity and homeostasis by
modulating IgA, cytokines, and/or gut miRNAs expression. Additionally, these findings highlight

the significant role of heat-inactivated SV-53 in regulating gut immunity through DNA
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methylation. SV-53 also enhances gut immunity and prevents inflammation by decreasing the
population of pathogenic bacteria. These findings may indicate the probiotic characteristics of SV -

53 as a novel next-generation probiotic bacterium.
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and Inflammation by Modulating Signaling Pathways and Epigenetic
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Abstract

Puberty is a critical developmental period of life characterized by marked physiological changes,
including changes in the immune system and gut microbiota development. Exposure to
inflammation induced by immune stressors during puberty has been found to stimulate central
inflammation and lead to immune disturbance at distant sites from the gut; however, its enduring
effects on gut immunity are not well explored. Therefore, in this study, we used pubertal
lipopolysaccharide (LPS)-induced inflammation mouse model to mimic pubertal exposure to
inflammation and dysbiosis. We hypothesized that pubertal LPS-induced inflammation may cause
long-term dysfunction in gut immunity by enduring dysregulation of inflammatory signaling and
epigenetic changes, while prebiotic/probiotic intake may mitigate the gut immune system
deregulation later in life. To this end, four-week-old female Balb/c mice were fed
prebiotics/probiotics and exposed to LPS in the pubertal window. To better decipher the acute and
enduring immunoprotective effects of biotics intake, we addressed the effect of treatment on
interleukin (IL)-17 signaling-related cytokines and pathways. In addition, the effect of treatment
on gut microbiota and epigenetic alterations, including changes in microRNA (miRNA) expression
and DNA methylation, were studied. Our results revealed a significant dysregulation in selected
cytokines, proteins, and miRNAs involved in key signaling pathways related to IL-17 production
and function, including IL-17A and F, IL-6, IL-1p, transforming growth factor-p (TGF-B), signal
transducer and activator of transcription-3 (STAT3), p-STAT3, forkhead box O1 (FOXO1), and
miR-145 in the small intestine of adult mice challenged with LPS during puberty. In contrast,
dietary interventions mitigated the lasting adverse effects of LPS on gut immune function, partly
through epigenetic mechanisms. A DNA methylation analysis demonstrated that enduring changes

in gut immunity in adult mice might be linked to differentially methylated genes, including Lpb,
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Rorc, Runxli, Il17ra, Racl, Ccl5, and 1110, involved in Thl7 cell differentiation and IL-17
production and signaling. In addition, prebiotic administration prevented LPS-induced changes in
the gut microbiota in pubertal mice. Together, these results indicate that following a healthy diet
rich in prebiotics and probiotics is an optimal strategy for programming immune system function

in the critical developmental windows of life and controlling inflammation later in life.

Keywords: Gut microbiota; Lentinula edodes mycelia; probiotic Rouxiella badensis; interleukin-

17; FOXO1; STAT3; microRNA; DNA methylation

3-1- Introduction

Dynamic interactions between commensal bacteria living in the intestine and the host are crucial
for the development and function of the immune system, and intestinal homeostasis (Shahbazi et
al.,2020). Any alteration to the composition of the commensal population in the gut that negatively
affects mutualistic relationships among microbial communities is considered dysbiosis.
Uncorrected dysbiosis may lead to various chronic inflammatory disorders, including

inflammatory bowel disease (IBD), obesity, and diabetes (Wu et al., 2016; Gagliardi et al., 2018).

Exposure to immune stressors such as exogenous lipopolysaccharide (LPS) is accompanied by gut
dysbiosis and permeability (Murray et al., 2019; Yahfoufi et al., 2023; Guo et al., 2013) and
mediates the production of inflammatory cytokines such as interleukin (IL)-6 and IL-23 by
immune cells (Chang et al., 2014; Sutton et al., 2009). These cytokines along with IL-13 enhance
IL-17 production in the presence of T cell receptor (TCR) stimulation by inducting T helper (Th)-
17 cells differentiation (Chang et al., 2014; Sutton et al., 2009). Th17 cells are the major source of
IL-17 production in adaptive immunity (Chung et al., 2021; Jin and Dong, 2013). Besides, innate

immune cells such as yo T cells and type 3 innate lymphoid cells (ILC3s) secret IL-17, in response
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to IL-1 and IL-23, without TCR engagement (Chung et al., 2021; Jin and Dong, 2013). IL-6 and
IL-23 favor IL-17 production through signal transducer and activator of transcription 3 (STAT3)
signaling (Wo$ and Tabarkiewicz, 2021; Lee et al.,2017). IL-1p initiates the [L-6/STAT3 pathway
(Mori et al., 2011). Evidence shows that IL-6/STAT3 inhibits forkhead box O (FOXO)-1
expression (Ichiyama et al., 2016). FOXO1 suppresses Th17 differentiation and pathogenicity, and
IL-17A and IL-17F expression (Ichiyama et al., 2016). IL-17 is known for its ability to initiate
inflammation and autoimmunity by induction of a variety of cytokines such as IL-6 and IL-13

(Zenobia and Hajishengallis, 2015).

Besides, gut commensal bacteria regulate IL-17 production (Dupraz et al., 2021). Gut microbiota-
derived short-chain fatty acids control IL-17A production by repressing IL-17-producing yo T cells
(Dupraz et al., 2021). The segmented filamentous bacterium is a gut commensal that was found to
favor the proliferation of Th17 cells (Littman and Rudensky, 2010) and stimulate the expression
of IL-17A in CD4" T cells in the lamina propria (Ivanov et al., 2009). In addition, epigenetic
modification such as DNA methylation and histone modification may regulate IL-17-producing
cell differentiation, including Th17 and yd T cells (Mukasa et al., 2010; Schmolka et al., 2013).
Different cytokines such as IL-6, IL-1pB, IL-23, and TGF-3 may contribute to epigenetic regulation
of 1IL-17 expression (Ghoreschi et al., 2010). Also, gut microRNAs (miRNAs) regulate the
intestinal immune system (Bi et al., 2020). Dysregulation of gut miRNA profile correlates with
inflammatory responses (Raisch et al., 2013). It has been shown that gut miRNAs regulate IL-17

production by modulating intestinal Th17 cell production (Mikami et al., 2021).

A growing body of evidence has shown the health-promoting benefits of prebiotics and probiotics
related to their anti-inflammatory and immunomodulatory activities at the gut level and beyond
(Robichaud et al., 2021; Shahbazi et al., 2021; Shahbazi et al., 2020). Manipulating the gut
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microbiota by probiotics could be used as a strategy for maintaining gut microbial composition,
gut barrier function, and gut immune system homeostasis and preventing diseases related to
chronic inflammation (Mohammad and Thiemermann, 2020; Pujari and Banerjee, 2021).
Prebiotics favor probiotic commensal bacteria growth and eliminate pathogens. Prebiotics also
directly interact with the gut epithelial cells and innate immunity by regulating the Toll-like

receptors (TLRs) and inflammatory signaling pathways (Pujari and Banerjee, 2021).

Puberty is a critical developmental window of life characterized by marked physiological changes
(Yuan et al., 2020). Gut microbiota development continues throughout adolescence (Yahfoufi et
al., 2020). The immune system as a potential mediator of developmental programming undergoes
profound alteration throughout puberty (Brenhouse and Schwarz, 2016). It has been shown that
pubertal LPS exposure can induce dysbiosis, program the peripheral and central immune
responses, and affect brain function (Sharma et al., 2019; Yahfoufi et al., 2021a); however, its
lasting effects on gut immunity are not well explored. Probiotic intake might mitigate pubertal
LPS-mediated behavioral changes (Yahfoufi et al., 2021a), but the effect of prebiotic and probiotic
intake on mitigating enduring LPS-induced inflammatory response at the gut level is not well

studied.

Therefore, the current study aimed to investigate whether exposure to LPS in the pubertal window
results in immune dysfunctioning in mice during early adulthood and whether dietary intervention
during puberty can block LPS-induced immune deregulation later in life by exploring selected
cytokines, signaling pathways, and epigenetic mechanisms related to IL-17 production and
function. To this end, pubertal female Balb/c mice were exposed to LPS and fed a prebiotic

compound, a standardized extract of cultured Lentinula edodes mycelia (ECLM) referred to as
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AHCC, or probiotic bacterium Rouxiella badensis subsp. acadiensis (Canan SV-53) referred to as

SV-53, to study the effects of treatment on the immune system at the gut level.

3-2- Results

3-2-1- Effect of the Treatment on the Cytokine Concentrations in the Small Intestine

First, we examined the immediate inflammatory effects of LPS exposure and prebiotic/probiotic
intake on immune system function by measuring IL-17A and IL-17F levels in the small intestine
of pubertal mice. The IL-17 cytokine family consists of six members, including IL-17A, IL-17B,
IL-17C, IL-17D, IL-17E, and IL-17F. Among all the members, IL-17A and IL-17F share the
highest sequence homology and are best studied (Jin and Dong, 2013). Dysregulated IL-17A and
IL-17F contribute to chronic inflammation and autoimmunity (Jin and Dong, 2013). The
concentration of IL-17A and IL-17F was higher in mice challenged with a single dose of LPS in
puberty than in mice receiving AHCC and AHCC+LPS (p<0.05) (Figure 3-1A). Then, we
measured levels of a variety of cytokines related to IL-17A production, such as TGF-§, IL-6, IL-
1B, IL-23, and IL-10 (Figure 3-1A). TGF-B level was higher in the AHCC group compared to the
control (p<0.01), LPS (p<0.001), and AHCC+LPS (p<0.01). LPS significantly induced IL-6
secretion (p<0.05) and AHCC intake decreased the effect of LPS on IL-6 concentration but did
not reach significance. IL-1p concentration significantly was lower in the AHCC group compared
to the other groups (p<0.05 vs. control and AHCC+LPS and p<0.01 vs. LPS). IL-23 level was also
lower in the AHCC group compared to other groups (p<0.05 vs. control and AHCC+LPS and
p<0.001 vs. LPS). The level of IL-10 was elevated in groups challenged with LPS compared to

unchallenged mice receiving AHCC (p<0.01).
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Next, the enduring effect of pubertal exposure to LPS and prebiotic intake on the same cytokine
profile was examined in adult mice (Figure 3-1B). LPS exposure during puberty caused an
enduring increase in IL-17A levels in comparison with control mice (p<0.01), while prebiotic
intake mitigated the impact of LPS on IL-17A (p<0.05). In AHCC+LPS mice, the IL-17F level
was lower than in the control and LPS groups (p<0.05). TGF-f level was higher in AHCC+LPS
mice compared to control and LPS mice (p<0.05). AHCC intake in mice challenged with LPS was
correlated with a lasting reduction in IL-6 concentration compared to mice that received pubertal
LPS without receiving AHCC (p<0.05). Feeding mice with AHCC mitigated the stimulatory
impact of LPS on IL-1 (p<0.05). No significant difference was seen in IL-23 concentration among

groups. IL-10 level was lower in LPS mice compared to control and prebiotic groups (p<0.05).

Figure 3-1C illustrates probiotic SV-53's impact on the enduring consequences of LPS on immune
responses. Probiotic administration to the LPS-treated mice mitigated the enduring effect of LPS
on IL-17A (p<0.05). IL-17F concentration was significantly lower in the probiotic+LPS group
compared to the control and LPS groups (p<0.05). A significant increase in the TGF-f levels was
seen in mice receiving probiotic compared to untreated mice (p<0.01) and mice exposed to LPS
(p<0.0001). Although probiotic intake decreased the inhibitory effect of LPS on TGF-f, the level
of this cytokine remained lower in the probiotic+LPS group than in the probiotic group (p<0.01).
Probiotic intake also inhibited the stimulatory effect of LPS on IL-6 (p<0.05). No significant
difference was observed in IL-23 levels among groups. IL-10 concentration was lower in adult

mice challenged with pubertal LPS compared to unchallenged and SV-53 mice (p<0.05).
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Figure 3-1. (A) Concentrations of IL-17A, IL-17F, TGF-B, IL-6, IL-1B, IL-23, and IL-10 in the small
intestine of mice 8 h after injection of a single dose of LPS at puberty. Mice received AHCC (2 glkg BW/d)
in drinking water or drinking water without AHCC for one week before injection. (B) Concentrations of
IL-17A, IL-17F, TGF-, IL-6, IL-1p, IL-23, and IL-10 in the small intestine of adult mice four weeks after
injection of a single dose of LPS at puberty. Mice received AHCC (2 g/lkg BW/d) in drinking water or
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drinking water without AHCC for two weeks, one week before, and one week after LPS injection. (C)
Concentrations of IL-17A, IL-17F, TGF-B, IL-6, IL-23, and IL-10 in the small intestine of adult mice four
weeks after injection of a single dose of LPS at puberty. Mice received SV-53 (10° CFU/mL) in drinking
water or drinking water without SV-53 for two weeks, one week before, and one week after the LPS
injection. One-way ANOVA and Tukey’s post hoc tests were used to compare groups.. All values are mean
+ SEM. N=9, * p <0.05, ** p <0.01, *** p <0.001, and **** p <(0.0001

3-2-2-Effect of the Treatment on p-STAT3, STAT3, and FOXO1 Levels in the Small Intestine
To understand the underlying mechanisms governing the immunoprotective effects of the
treatments, both acute and enduring effects of treatments on p-STAT3, STAT3, and FOXO1 levels
were studied. IL-17 production by the lamina propria CD4" T cells is dependent on STAT3
activation (Yu et al., 2009) while FOXO1 1is a negative regulator of Th17 differentiation and IL-
17 production (Lainé et al., 2015). In the puberty window, LPS challenge increased the level of p-
STAT3 as compared to the control and AHCC groups (p<0.05). AHCC intake could inhibit the
stimulatory effect of LPS on p-STAT3 (Figure 3-2A). LPS challenge had no significant acute
effect on STAT3 (Figure 3-2A). Also, in pubertal mice, a significant increase in FOXO1 level was
found in mice receiving AHCC for one week compared to the control (p<0.01) (Figure 3-2A). In
adult mice, p-STATS3 levels were significantly lower in AHCC and AHCC+LPS mice than in LPS
mice (p<0.01 and p<0.05, respectively) (Figure 3-2B). In addition, a lasting increase in STAT3
production was observed in LPS mice compared to the control mice (p<0.05), while AHCC intake
for two weeks significantly inhibited the effect of LPS on STAT3 (p<0.01) (Figure 3-2B).
Regardless of LPS exposure, prebiotic consumption during puberty stimulated FOXO1 production

in adult mice (p<0.05) (Figure 3-2B).

Furthermore, in mice challenged with LPS at puberty, probiotic SV-53 administration was able to
prevent the stimulatory effect of LPS on p-STAT3 and STAT3 in adult mice (p<<0.05 and p<0.01,

respectively) (Figure 3-2C). An increase in the FOXO1 protein was found in the probiotic group
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compared to the control (p<0.05) and LPS (p<0.01) groups and in the SV-53-+LPS mice compared

to the LPS counterparts (p<0.05) (Figure 3-2C).
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Figure 3- 2. (A) Levels of p-STAT3, STAT3, and FOXOI in the small intestine of mice 8 h after injection
of a single dose of LPS at puberty. Mice received AHCC (2 g/lkg BW/d) in drinking water or drinking water
without AHCC for one week before injection. (B) Levels of p-STAT3, STAT3, and FOXO1 in the small
intestine of mice four weeks after LPS injection at puberty. Mice received AHCC (2 g/lkg BW/d) in drinking
water or drinking water without AHCC for two weeks, one week before, and one week after LPS injection.
(C) Levels of p-STAT3, STAT3, and FOXOI1 in the small intestine of mice four weeks after LPS injection
at puberty. Mice received SV-53 (10° CFU/mL) in drinking water or drinking water without SV-53 for two
weeks, one week before, and one week after LPS injection. One-way ANOVA and Tukey’s post hoc tests
were used to compare groups. Values are mean £ SEM. N=9, * p <0.05, and ** p <0.01.
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3-2-3- Effect of the Treatment on the Gut Microbiota of Mice in Pubertal Window

To study the effect of treatment on microbial richness and evenness, different metrics, including
observed features, Chaol, Shannon, and Simpson indices were calculated to assess alpha diversity.
At the level of 97% sequence similarity, varied alpha metric results showed no significant
difference in alpha diversity. Figure 3-3 A illustrates the alpha diversity inferred by the Shannon
index plot. For beta diversity, principal coordinates analysis (PCoA) based on the weighted
UniFrac Matrix was used to visualize group differences (Figure 3-3B). Then, the beta diversity
quantitative distance metric was performed to assess the significance of differences between the
groups using the PERMANOVA pairwise test. Our results indicated a significant difference
between LPS and prebiotic (Pseudo-F: 5.859, adjusted p-value or g-value: 0.03) and between LPS

and prebiotic+LPS (Pseudo-F: 3.959, g-value: 0.03) groups (Figure 3-3C).

Tannerellaceae, Bacteroidaceae, and Flavobacteriaceae were the most abundant families seen in
all groups (Figure 3-3D). Differential abundant analysis revealed no significant difference between
control and treated groups at the various taxonomic levels. We found differential abundant taxa
between LPS and prebiotic, and between LPS and prebiotic+tLPS groups at the various levels
(Figure 3-3E). Most importantly, the abundance of Bacteroides and Parabacteroides genera, and
the abundance of Bacteroides intestinalis (B. intestinalis) species was markedly higher in mice
that received only LPS compared to mice that received only AHCC. The same results at the genus
level were obtained when comparing LPS and AHCC+LPS groups, indicating the potential of
prebiotic intake in alleviating LPS's impact on gut bacterial communities (Figure 3-3E). AHCC
intake one week before the LPS challenge decreased the impact of LPS on B. intestinalis, without

reaching a significant level (Figure 3-3E).
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Figure 3-3. Gut Microbiome analysis of pubertal mice. Four-week-old female Balb/c mice received AHCC
(2 gr’kg BW/d) in drinking water or drinking water without AHCC for one week before LPS injection. At
5 weeks of age, mice were injected with LPS, and 8 h after injection, mice were sacrificed, and feces
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samples were collected. (A) alpha diversity, (B) weighted UniFrac PCoA, (C) weighted UniFrac distance,
(D) relative abundance of most abundant taxa at the family level, and (E) differentially abundant taxa at the
genus and species levels. N=7 in the LPS group and 9 in other groups, * p <0.05, ** p <0.01, and **** p
<0.0001.

3-2-4- Effect of the Treatment on the miR-145 and miR-425 Expressions in the Small
Intestine

miR-145 has been shown to improve chronic inflammatory diseases by targeting various proteins
(He etal., 2020). FOXO1 enhances the miR-145 expressions (Gan et al., 2010; Mallet et al., 2021).
In addition, miR-145 may suppress STAT3 activation in cancer (Jiang et al., 2017). Inhibition of
FOXO1 by miR-425 has been reported (Yang et al., 2018). miR-425 also increases pathogenic
Th17 differentiation and IL-17 production (Yang et al., 2018). We have previously shown the role
of a polyphenolic mixture fermented by SV-53 in the chemoprevention of mammary carcinoma
and controlling breast cancer stem cells by increasing miR-145 and FOXO1 (Mallet et al., 2021;
Mallet et al., 2023). We also observed the ability of SV-53 to inhibit miR-425 (unpublished
research). Therefore, in the current research, we studied the effect of the treatment on miR -145
and miR-425 expression. LPS and prebiotic intake did not affect miR-145 expression in mice at
puberty (Figure 3-4A), however, a significant decrease in miR-425 expression was observed in the
AHCC+LPS group compared to LPS (p<0.01) (Figure 3-4A). In adult mice, receiving AHCC
during puberty correlated with an enduring elevation in miR-145 expression when compared to
control (p<0.0001 for AHCC, and p<0.001 for AHCC+LPS groups) and LPS (p<0.001 for AHCC,
and p<0.05 for AHCC+LPS groups) (Figure 3-4B). In mice challenged with pubertal LPS, AHCC
intake led to an enduring reduction in miR-425 compared to the LPS group (p<0.01) (Figure 3-
4B).

Moreover, feeding mice with probiotic SV-53 upregulated miR-145 expression compared to

control (p<0.05) and LPS-injected mice (p<0.0001) (Figure 3-4C). In mice challenged with LPS,
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probiotic intake reduced the inhibitory effect of LPS on miR-145 expression (p<0.05) (Figure 3-
4C). We found a significant downregulation in miR-425 expression in the SV-53+LPS group

compared to the control and LPS groups (p<0.05) (Figure 3-4C).
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Figure 3-4. (A) Relative expressions of miR-145 and miR-425 in the small intestine of mice 8 h after
injection of a single dose of LPS at puberty. Mice received AHCC (2 g/kg BW/d) in drinking water or
drinking water without AHCC for one week before injection. (B) Relative expressions of miR-145 and
miR-425 in the small intestine of adult mice four weeks after LPS injection at puberty. Mice received
AHCC (2 g/kg BW/d) in drinking water or drinking water without AHCC for two weeks, one week before,
and one week after LPS injection. (C) Relative expressions of miR-145 and miR-425 in the small intestine
of adult mice four weeks after LPS injection at puberty. Mice received SV-53 (10° CFU/mL) in drinking
water or drinking water without SV-53 for two weeks, one week before, and one week after the LPS
injection. One-way ANOVA and Tukey’s post hoc tests were used to compare groups. All values are mean
+ SEM. N=9, * p <0.05, ** p <0.01, *** p <0.001, and **** p <0.0001.

82



3-2-5-Effect of the Treatment on DN A Methylation Status of Genes in Small Intestine of Mice
The methylation status of the regions around the transcriptional start sites (TSS) is important for

gene expression. DNA hypermethylation within TSS is associated with gene expression repression

(Yuan et al., 2016; Hong and Rhee, 2022).

To determine if the lasting effects of pubertal challenge with LPS and prebiotic intake on immune
system function are mediated partly through epigenetic modifications, the methylation status of
genes in the ileum samples of adult mice in AHCC+LPS vs. LPS (Figure 3-5) and LPS vs. control

(Supplementary figure S3-1) were examined. By applying the cut-off of absolute group mean

difference in beta values of > 0.05 and FDR adjusted p-value < 0.05, differentially methylated
probes (DMPs) were identified, and were used as a basis for regional analysis where we found
statistically significant differentially methylated regions (DMRs) related to various immune and
metabolic pathways such as MAPK, PI3K-AKT, JAK-STAT, and T cell receptor signaling

pathways. Figure 3-5A and supplementary figure S3-1A represent the distribution of DMRs within

different genomic regions and figure 3-5B and supplementary figure S3-1B illustrate the top

enriched pathways for genes associated with the identified DMRs. Notably, when focusing on
genes related to the objectives of our study, significant hypermethylation of CpGs was identified
within the promoter of the LPS-binding protein gene (Lbp) in LPS-challenged and AHCC-fed mice
in comparison to LPS-challenged mice (Figure 3-5C). We also found significant hypermethylation
of promoter regions of genes directly controlling IL-17A production or function, including RAR-
related orphan receptor C (Rorc), runt-related transcription factor 1 (Runx1!), and IL-17 receptor A
gene (//17ra) in AHCC+LPS mice compare to LPS counterparts (Figure 3-5C). 1 to 5 kb regions
within chemokine (C-C motif) ligand 5 (Ccl5), and Rac family small GTPase 1 (Racl) were also

significantly methylated in AHCC+LPS (Figure 3-5C). In addition, the promoter of 7//0 and 1 to
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5 kb region of nuclear factor of activated T cells cl (Nfatcl) were hypomethylated in the

AHCC+LPS group compared to the LPS group (Figure 3-5C).

In LPS vs. control mice, hypomethylation of Runx1, Il17ra, Racl, and Ccl5, and hypermethylation
of 7110 and Nfatcl genes around TSS were observed; however, by applying the cut-off, only Rac/,

Ccl5, and 1110 were significantly different between groups (Supplementary figure S3-1C). None

of these genes were found among detected differentially methylated genes when the AHCC+LPS

group was compared to the control.
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Figure 3-5. DNA methylation analysis in adult mice four weeks after LPS injection at puberty. Mice
received AHCC (2gr/kg BW/d) in drinking water or drinking water without AHCC for two weeks, one
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week before and one week after LPS injection. (A) Genomic regulatory regions, where the hypo and hyper
columns indicate all hypo- and hypermethylated regions, respectively and hypo* and hyper* columns
represent significant hypomethylated and hypermethylated DMRs, respectively. MM280 column represents
the overall distribution of the array. (B) Pathways enrichment analysis visualized by Enrichr, (C) Boxplots
of differentially methylated genes.*p < 0.05 vs. LPS

3-3- Discussion

Disruption of gut microbiota by an immune stressor (inflammatory LPS) during puberty has been
shown not only to transiently perturb gut microbiota but also to induce immune alterations that
could significantly affect developmental programming at distant sites from the gut (Herrera-
Covarrubias et al., 2017). Even after microbiota recovery, phenotypic changes such as immune
and metabolic changes remain with alteration in long-term developmental programming (Cho et
al., 2012; Leclercq et al., 2017). However, dietary interventions can mitigate these changes and
prevent immune perturbation (Yahfoufi et al., 2023). Probiotics and prebiotics are an integral part
of a balanced diet such as the Mediterranean diet which is well-known as an effective dietary

pattern against dysbiosis (Garcia-Montero et al., 2021).

In the present study, we investigated the potential role of a prebiotic compound, AHCC, and a
probiotic bacterium, SV-53 in mitigating lasting inflammatory immune responses in mice exposed
to inflammation and dysbiosis during the developmental period of puberty through regulation
signaling pathways and epigenetic mechanisms. Both AHCC and SV-53 have been shown to
protect against inflammatory challenges by potentially mimicking immunobiotic effects (Yahfoufi
et al., 2021a; Yahfoufi et al., 2023; Mallet et al., 2016). Prebiotic AHCC is a cultured mushroom
mycelium extract shown to favorably modulate the immune system and alleviate cancer burden.
AHCC plays an immunomodulatory role by priming the TLR-2 and TLR-4 at the intestinal
epithelium (Mallet et al., 2016). Evidence also suggests that AHCC exerts inhibitory activity on

cancer stem cells by modulating miRNAs involved in immune evasion (Graham et al., 2017).
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Probiotic SV-53 is a novel Gram-negative probiotic bacterium isolated from the microbiota of wild
blueberry fruit which exerts significant immunomodulatory effects at the gut level by improving
gut mucosal immunity and gut barrier integrity, regulating IgA, IL-10, and IL-6 secretion,
modulating gut miRNA expression, and reducing the population of pathogenic bacteria such as

Salmonella Typhimurium and Staphylococcus aureus in intestinal fluid (Matar; Novotny-Nuiiez et

al., 2023; Yahfoufi et al., 2021b; Salvetti et al., 2023).

In the current paper, we first studied the immediate effect of LPS on cytokine profiles, eight hours
post-exposure in pubertal mice, and the role of AHCC intake in inhibiting LPS effects. The effect
of LPS treatment on increasing inflammatory cytokine levels, shortly after exposure, in the serum
and tissues has been reported (Sylvia and Demas, 2018; Yahfoufi et al., 2023). A difference in the
acute immune responses to LPS exposure has been found between puberty and adulthood,
indicating that immune responses to immune stressors are highly affected by age (Esposito and
Ismail, 2022). We found that prebiotic administration diminished the immediate effects of pubertal

LPS exposure on IL-17A and F, TGF-f, IL-6, IL-1p, and IL-23.

Along with the acute effect, the long-term impact of pubertal LPS and prebiotic/probiotic exposure
on immune responses in adult Balb/c mice was also studied. Interestingly, in adult mice, prebiotic
intake during puberty diminished the lasting stimulatory effect of pubertal LPS challenge on IL-
17A, IL-1B, and IL-6 production. Also, in adulthood, the level of TGF- was higher in mice
concomitantly exposed to LPS and AHCC in the pubertal window. Although LPS exposure
immediately increased the IL-10 production, in adult mice the levels of IL-10 dropped compared
to untreated and prebiotic-treated mice. LPS and dietary intervention had no long-term impact on
IL-23 levels. We also observed that probiotic SV-53 intake contracted LPS impact on IL-17A,
TGF-B, and IL-6 production. LPS exposure exerted an enduring inhibitory impact on IL-10
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production, while probiotic intake elevated IL-10 levels in mice exposed to LPS but did not reach

significance.

Based on the results from the cytokines, the lasting impact of the treatment on STAT3, p-STAT3,
and FOXOI1 levels was studied in the small intestines of adult mice. Studies have shown the effect
of natural products on the inhibition of IL-17 secretion by targeting the STAT3 pathway (Chen et
al.,2015). In a study, feeding mice with a Lactobacillus acidophilus led to the alleviation of colitis-
associated inflammatory responses related to the IL-23/Thl17 pathway through inhibition of
STAT3 and secretion of IL-17 (Chen et al., 2015). In the acute phase, AHCC intake could decrease
the stimulatory effect of LPS on p-STAT3 in pubertal mice. In the long term, our result showed
the significant role of prebiotic/probiotic intake in mitigating LPS-derived increase in STAT3 and
p-STAT3 in the small intestine of adult mice. Moreover, prebiotic/probiotic administration caused

a lasting increase in the intestinal level of FOXO1.

Secreted cytokines following antigen recognition by innate immune cells activate different
transcription factors such as STAT3 and instruct naive T cells to acquire effector or regulatory
phenotypes (Egwuagu, 2009). The master transcription factor of Th17 cells, retinoic acid receptor-
related orphan receptor-gamma-t (RORyt), regulates Th17 cell differentiation and is necessary to
induce IL-17A expression (Lee et al., 2020). In the gut, IL-6 promotes STAT3-dependent
expression of RORyt and subsequent Th17 cell proliferation and IL-17 expression (Chen et al.,
2022), while IL-1 and IL-23 induce delayed differentiation and expansion of Th17 cells (Sutton et
al., 2009; Ghoreschi et al., 2010). Studies have shown that the deletion of STAT3 in CD4" T-cells
protects mice against the development of experimental autoimmune diseases and suppresses the
production of IL-17-expressing T cells (Liu et al., 2008b). In addition, p-STAT3 activates the
transcription of the STAT3 gene, resulting in an accumulation of unphosphorylated STAT3.
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Unphosphorylated STATS3, in turn, triggers a second wave of cytokines production, specifically
IL-6, causing prolonged cytokine-dependent signaling at later stages (Yang et al., 2007). On the
other hand, IL-10 signaling in T cells blocks the emergence of IL-17 A-producing cells (Huber et
al., 2011). IL-10 along with TGF-B stimulates regulatory T cell (Treg) development and limits

Th17 cell-induced inflammation in the gut (Hsu et al., 2015).

Some evidence indicates that IL-6 and IL-23 in the presence of IL-1f efficiently promote IL-17
secretion from Naive CD4" T cell, possibly by histone modification of the //17a/ll17f and Rorc
promoters directed in the absence of TGF-B1 while TGF-B1 suppresses this polarization
(Ghoreschi et al., 2010). IL-1 signaling in T cells not only promotes early Th17 cell differentiation
but it is also critical for the maintenance of Th17 cells in the lack of TCR stimuli (Chung et al.,
2009). IL-1p facilitates IL-17 A and F expression by promoting STAT3 phosphorylation and its
binding to key cis-elements that control //17a/f transcription (Whitley et al., 2018). Our results
may indicate that LPS may affect IL-17 production, in part, through IL-1p signaling while
prebiotic intake may diminish this effect by inhibiting IL-1B. In a study, systemic LPS
administration to mice did not increase Th17 differentiation but drove pre-committed IL-17A-
producing Thl17 cell expansion independent of IL-23 and possibly through IL-1 and IL-6-

dependent manner (McAleer et al., 2010).

On the other hand, overexpression of IL-17A, in turn, drives the production of IL-6, IL-23, and
IL-1p resulting in inflammation amplification (Chen and Zhou, 2015; Sutton et al., 2009). IL-17-
stimulated release of IL-6 activates the STAT3 pathway and promotes the differentiation and

maturation of Th17 cells and further IL-17 production (Chen and Zhou, 2015).
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In the present research, at the acute phase, a rapid elevation in IL-17 levels in LPS-challenged
mice may also indicate the role of innate immune cells such as ILC3s in IL-17 induction which
directly happens in response to IL-1B and IL-23 without further differentiation of CD4" T cells

(Chung et al., 2021).

FOXOI transcriptional factor is highly expressed in Treg which mediates the expression of IL-10,
and TGF-B (Graves and Milovanova, 2019; Cabrera-Ortega et al., 2017) and suppresses Th17 cells
differentiation by binding to RORyt via its DNA binding domain and inhibiting its transcriptional
activity, as well as decreasing IL-17A production and IL-23 receptor expression (Lainé etal., 2015;
Cabrera-Ortega et al., 2017). LPS activates AKT signaling leading to FOXO1 phosphorylation and
inactivation (Graves and Milovanova, 2019). Moreover, in a study, IL-6/STAT3 signaling highly
stimulated miR-183 cluster (miR-183C) expression. This miRNA cluster is connected to the
pathogenicity of Th17 due to pathogenic cytokine production, including IL-17A and IL-17F, and
mediates autoimmunity by repression of FOXO1 and induction of IL-1R1 expression (Ichiyama
et al., 2016). Of interest, TGF-B inhibited the IL-6/STAT function in inducing miR-183C in Th17
cells and reduced their pathogenicity (Ichiyama et al., 2016). Hence, our results may indicate that
prebiotic and probiotic intake exert immunomodulatory activity partly by modulating STAT3 and
FOXOLI signaling and regulating the expression of cytokines that control these pathways, including

IL-17A, IL-1B, IL-6, and TGF-p.

Furthermore, we studied the effect of AHCC on the gut microbiota of pubertal mice eight hours
after LPS injection. We have previously shown that the administration of LPS and SV-53 to
pubertal mice changed gut microbiota in a sex-dependent manner (Yahfoufi et al., 2023). In the
current research, the abundance of Bacteroides and Parabacteroides genera was markedly higher
in mice that received only LPS compared to mice in AHCC and AHCC+LPS counterparts. An
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increase in Bacteroides and Parabacteroides was positively correlated with colitis-induced mucosal
injury (Shi et al., 2021). Also, a positive correlation between the augmentation of Parabacteroides
and Bacteroides genera and cytokines involved in the pathogenesis of immune-related disorders,

including IL-17, IL-21, and IFN-y has been reported in patients (Guo et al., 2020).

We found a higher abundance of B. infestinalis in the gut microbiota of mice challenged with LPS
compared to prebiotic-fed mice, and an insignificant decline in B. intestinalis in AHCC+LPS
compared to LPS groups. A recent study revealed the critical role of B. intestinalis and 1L-1f3
signaling in immune checkpoint blockade (ICB) therapy-induced ileitis (Andrews et al., 2021).
Andrews et al. (2021), found that ICB-induced intestinal inflammation is strongly related to
overexpression of ileal ///b. Gut microbiota analysis revealed a marked elevation of B. intestinalis
in patients with ICB toxicity along with overexpression of mucosal IL-1f in patient samples of
colitis and mice. Furthermore, colonizing mice with B. intestinalis upon microbiota ablation by
antibiotics accompanied by induction of ileal ///b transcription and increased ileal damage

(Andrews et al., 2021).

To investigate whether the persisting effects of LPS exposure and prebiotic intake on gut immunity
are mediated by durable epigenetic modifications, we studied miRNA expression and DNA
methylation status in the small intestine of adult mice. Epigenetic mechanism regulates microbiota-
host interactions (Pan et al., 2018b). miRNAs derived from intestinal epithelial cells modulate the
composition of the intestinal microbial communities (Bi et al., 2020). Commensal microbes can

regulate DNA methylation by providing primary substrates (Woo and Alenghat, 2022).

In this study, it was shown that prebiotic and probiotic intake stimulated miR-145 expression.

Also, feeding LPS-exposed mice with the prebiotic/probiotic significantly diminished the relative

90



expression level of miR-425. Similarly, in a study using a murine model of colorectal cancer, the
administration of probiotic Bifidobacterium longum correlated with an increase in miR-145 and a
decrease in IL-6 concentration (Fahmy et al., 2019). Down-regulation of miR-145 is associated
with an increase in pathogenic Th17 cell responses (Wang et al.,2013). In a study, over-expression
of miR-145 improved metabolic inflammation in mice and prevented LPS-induced inflammation
in vitro (He et al., 2019). Also, miR-145 knockdown was associated with increased secretion of
TNF-0, IL-6, and IL-1B in vitro (Li et al., 2018). In bladder cancer cells miR-145 expression
inhibited STAT3 activation, stimulated FOXO1 expression, and suppressed cell growth (Jiang et
al., 2017). Upregulation of miR-425 has been reported in inflammatory conditions such as some
types of cancers which is correlated with cancer progression (Xiao et al., 2019; Wu et al., 2021).
Overexpression of miR-425 promotes Th17 cell production and IL-17A secretion by suppressing
FOXOL1 in colitis mice (Yang et al., 2018). IL-1p was found to induce miR-425 expression in

gastric cancer cells by activating NF-«xB signaling (Ma et al., 2014).

Additionally, DNA methylation analysis revealed an increase in CpGs methylation around TSS of
Lbp, Rorc, Runxl, Ill17ra, Racl, and Ccl5 in adult mice received AHCC+LPS during puberty
compared to the mice only challenged with LPS which may indicate the transcriptional repression

of these genes by AHCC.

TLR4 recognizes LPS with the help of diverse proteins such as LBP. LBP binds to LPS molecules
and delivers them to CD14. CD14 subsequently transfers LPS to the TLR4/MD-2 complex which
leads to inflammatory signal initiations and proinflammatory cytokines production (Park and Lee,
2013). Rorc encodes RORyt (Ma et al., 2022). Conditional deletion of Rorc in IL-17 A-producing
Th17 cells has revealed the critical role of RORyt in Th17 cell stability (Hall et al., 2022).
Moreover, genetic ablation of Rorc in mature Th17 has been found to suppress their pathogenic
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activity (Chi et al., 2022). Overexpression of Runx! is associated with the pathogenesis of
autoimmunity through Th17 cell induction (Zhong et al., 2016). RUNXI1 promotes Thl7
generation by enhancing RORyt expression and forming a complex and interacting with RORyt
which upregulates //17 transcription (Zhang et al., 2008). IL-17RA is required for [L-17 cytokines
signaling. IL-17/IL-17RA signaling regulates different inflammatory pathways resulting in the
release of pro-inflammatory cytokines such as IL-1 and IL-6 (Rex et al., 2023). IL-17/IL-17RA
signaling exerts a pathogenic role in multiple inflammatory and autoimmune diseases and targeting
this signaling is a remarkable strategy in the treatment of autoimmunity (Zhang et al., 2023; Zhang

etal., 2019a).

Evidence demonstrates that LPS may induce NF-xB and proinflammatory cytokine responses
through a Racl-dependent pathway (Sanlioglu et al., 2001). Racl is necessary for IL-17A
expression and induction of autoimmunity in mice. A reduction in IL-17A, IL-17F, and IL-22
levels, and IL-23 receptor expression in Racl deficient Th17 cells has been reported (Kurdi et al.,
2016). Moreover, LPS induces CCL5 expression in macrophages through a TLR4-dependent
pathway (Bandow et al., 2012) and higher expression of proinflammatory chemokines, including

CCLS5 by pathogenic Th17 cells has been reported (Lee et al., 2012).

In addition, the 7/10 promoter was hypomethylated in the AHCC+LPS group, which may indicate
transcription activation of the ///0. Evidence shows the protective function of IL-10 against
autoimmunity by controlling pathogenic Th17 differentiation (Zhang et al., 2013). In colitis mice,
IL-10 potently suppresses the pro-IL-1p production transcriptionally in macrophages and its
maturation to IL-1p, and alters the Th17 cytokine dependency required for colitis pathogenesis (L1

et al., 2015). IL-10 preserves FOXOI1 function by inhibiting the AKT pathway (Hsu et al., 2015).
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NFATcl is a member of the NFAT family of transcription factors which is activated following
TCR stimulation and subsequent dephosphorylation and nuclear import. NFATc1 contributes to
Th17 cell differentiation and its deficiency is correlated with reduced expression of RORyt and
Thl7-related cytokines such as IL-17A, IL-17F, and IL-21 (Reppert et al., 2015). However, we
observed a decrease in methylation of Nfatcl, the gene coding NFATc] protein, in AHCC+LPS

mice than in LPS mice.

Our study has some limitations. Although our results, particularly p-STAT3, FOXO1, and DNA
methylation results, may suggest the role of AHCC in regulating immune responses in
inflammatory conditions, in part, by modulating Th17 cells, fluorescence-activated cell sorting or
FACS analysis could be instrumental in determining the different immune cells' involvement in
the anti-inflammatory activity of AHCC. Moreover, although sex differences in immune responses
in mice have been previously demonstrated (Yahfoufi et al., 2023), we only studied female mice
in this paper, because this research is part ofa larger study on the gut-mammary gland axis utilizing
female Balb/c mice. We also did not perform DNA methylation for the probiotic SV-53

experiment.

In conclusion, we found that exposure to an immune stressor in critical windows of development
that alters gut microbiota may cause enduring dysregulation in cytokines and central proteins
involved in gut immunity, in part, by epigenetic modification, and therefore, lead to lasting
immune system dysfunction at the gut level; while prebiotic or probiotic intake may mitigate these
negative consequences. Together, these results may indicate that following a healthy dietary
pattern such as a diet rich in prebiotics and probiotics could be a useful strategy in priming the

immune system in early life and preventing health problems later in life.
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3-4- Materials and Methods

3-4-1- Animals

Four-week-old female Balb/c mice weighing 13—17 g (Charles River, Montreal, QC) were used in
the current study. Three mice were housed together in plastic cages in a controlled atmosphere
(temperature 22 + 2°C; humidity 55 + 2 %) with a 12 h light/dark cycle. During the study, all
groups received a conventional balanced diet ad libitum. Mice were maintained and treated
following the guidelines of the Canadian Council on Animal Care. The protocol (HSe-3191) was

approved by the Animal Care Committee of the University of Ottawa.

3-4-2- Study Design

3-4-2-1 Pubertal LPS-Prebiotic Model

We first examined the acute and enduring effect of pubertal LPS exposure and prebiotic intake on the gut
microbiota and immune system. In total, 72 mice were used in this experiment. The timing of
puberty was determined in mice by examining the first pubertal event or vaginal opening (Nelson
et al., 1990). Mice were categorized into two groups (n=36): 1- prebiotic group; receiving AHCC
(2 gr’kg BW/day) in drinking water and 2 - control group; receiving regular drinking water for one
week before puberty. At puberty (5 weeks of age), half of the mice in each group were injected
intraperitoneally (IP) with LPS at a dose of 1.5 mg/kg, which has been shown to provoke
inflammation and dysbiosis (Yahfoufi et al., 2023), and the other half were injected with 1X sterile
phosphate buffer saline (PBS) (NaCl 2.7 mM KCI 10 mM Na2HPO4, 1.8mM mM KH2PO4, pH7
(Sigma Aldrich, Oakville, Canada). LPS solution was prepared by dissolving 0.2 mg/ml
lyophilized LPS from Escherichia coli 026:B6 (Sigma Aldrich, Oakville, Canada) into sterile
PBS. Therefore, we had four experimental groups after LPS/PBS injection (n=18 in each group):

1-control; receiving regular drinking water and injected with PBS, 2-LPS; receiving regular
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drinking water and injected with LPS, 3-prebiotic; receiving AHCC in drinking water and injected
with PBS, and 4-prebiotic+LPS; receiving AHCC in drinking water and injected with LPS. Eight
hours after the LPS/PBS injection half of the mice in each group were sacrificed to study the acute
effect of treatment on gut microbiota and immune system. For the remaining mice, nutritional
intervention continued for one week after injection, after which the mice received a standard diet
until early adulthood. Mice were sacrificed at nine weeks of age, and the required samples were
collected to study the lasting effects of treatment on the immune system. AHCC® is a standardized

extract of cultured Lentinula edodes mycelia, produced by Amino Up Co., Ltd. (Sapporo, Japan).

3-4-2-2- Pubertal LPS-Probiotic Model

Based on the results from the first experiment, we conducted another experiment to study the
durable effect of pubertal LPS exposure and probiotic intake on the gut immune system. Thirty-
six mice were categorized into two groups (n=18): 1-probiotic group; receiving SV-53 (10°
CFU/mL) in drinking water, and 2-control group; receiving regular drinking water for one week
before puberty. At puberty, half of the mice in each group were injected with LPS or PBS as stated
above. Thus, we had four experimental groups after LPS/PBS injection (n=9 in each group): 1-
control; receiving regular drinking water and injected with PBS, 2-LPS; receiving regular drinking
water and injected with LPS, 3-probiotic; receiving SV-53 in drinking water and injected with
PBS, and 4-probiotic+LPS; receiving SV-53 in drinking water and injected with LPS. One week
after injection, the nutritional intervention was terminated and mice were sacrificed at nine weeks
of age. The bacterial culture and preparation have been explained elsewhere (Yahfoufi et al.,
2021b). Figure 3-6 illustrates the study design of the pubertal LPS-prebiotic model (acute and

enduring experiments) and pubertal LPS-probiotic model (enduring experiment).
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Puberty (5 w of age): Injection
LPS (half of mice in each group)

4 w female OR
Balb/c mice PBS (half of mice in each group) 6 w of age Early adulthood
(N=72) (9 w of age)
Nutritional intervention Nutritional intervention
week 1 week 2

Groups (pre-injection) | ====~-~-"
1-Control  (N=36)
2-Prebiotic (N=36)

Groups (post-injection) End of nutritional Euthanizing
intervention remaining mice
2-LPS (N=9 per group)
3-Prebiotic Enduring effects

]
1
1
1
]
1-Control 1
]
1
4-Prebiotic+LPS |
N=18in each group !
1
8 h post-injection
Euthanizing half of mice
(N=9) in each group
Acute effects

B
Puberty (5 w of age): Injection
LPS (half of mice in each group)
4 w female OR
Balb/c mice PBS (half of mice in each group) 6 w of age Early adulthood
(N=36) (9 w of age)

Nutritional intervention Nutritional intervention
week 1 week 2

Groups (pre-injection)
1-Control  (N=18)
2-Probiotic (N=18)

Groups (post-injection) End of nutritional Euthanizing
PSP ) intervention mice
1-Control
2-LPS (N=9 per group)
3-Probiotic Enduring effects

4-Probiotic+LPS
N=9 in each group

Figure 3-6. Study design showing the experimental timeline, groups, LPS injection, and dietary
intervention for (A) the pubertal LPS-prebiotic model (acute and enduring experiments) and (B) the

pubertal LPS-probiotic model (enduring experiment).

3-4-3- Determination of Cytokine Concentrations in the Small Intestine of the Mice by

ELISA and Luminex Multiplex Assay

To examine the IL-17A, IL-17F, TGF-f, IL-1B, IL-6, IL-23, and IL-10 levels in the intestinal
tissue, after washing the small intestine with 1X PBS, small parts of the ileum (20-25 mg) were

cut into very small pieces using surgical blades (Fisher Scientific, Toronto, Canada) and collected
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in microtubes containing lysis buffer (20 mmol/L Tris-HCI (pH 7.5), 150 mmol/L NaCl, 0.05%
Tween-20) and a cocktail of protease inhibitors (AEBSF, Hydrochloride, Millipore Sigma,
Oakville, Canada). After vortexing and incubation on a rocker at 4°C for 20 minutes, homogenized
samples were centrifuged at 14000g for 10 minutes at 4°C, and supernatants were collected. The
concentrations of total proteins in tissue lysates were measured by the BCA method using Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific, Toronto, Canada) and adjusted to 2 mg/mL
using the same lysis buffer. Then, the multiplex assay was done using Mouse Thl17 Panel
Magnetic, MTH17MAG-47K (Millipore Sigma, Burlington, USA) and TGFBMAG-64K MAG
Bead Kit (Millipore Sigma, Burlington, USA) based on the manufacturer’s instruction, and plates
were read using a MAGPIX® System (Millipore Sigma, Burlington, USA). The IL-17A levels
were assayed using an ELISA kit (Invitrogen, Vienna, Austria) and the results were calculated by
dividing each sample’s observed concentrations of cytokines by the total protein concentration of

that sample.

3-4-4-Determination of p-STAT, STAT3, and FOXO1 Levels in the Small Intestine of the
Mice by Western Blotting

Small segments of ileum were cut into very small pieces and lysed in the appropriate amount of
RIPA buffer (Thermo Fisher Scientific, Toronto, Canada) and the Protease and Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific, Toronto, Canada) for 1 hour on a rocker at 4°C. The
protein lysates were collected by centrifuging homogenized samples at 14000g, for 20 min, at 4°C,
and total protein concentrations were measured using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Toronto, Canada) following the manufacturer’s protocol. The equal amount and
concentration of protein samples were run on the 12% Bis-Tris Mini Protein Gels (Invitrogen,

Toronto, Canada), using MES SDS Running buffer (Life Technologies, Toronto, Canada) at 200
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V for 22 min and then transferred to PVDF membrane in a Trans-Blot Cell (Bio-Rad, Hercules,
CA, USA), at 100 V for 1 hour. Membranes were incubated with anti-FOXO1 (1:1000), anti-
STAT3 (1:1000), anti-phospho-STAT3 (phospho Y705) (1:1000), and anti-B-actin (1:1000)
primary antibodies (Abcam, Toronto, ON, Canada) at 4°C overnight. Then, blots were incubated
with horseradish peroxidase-conjugated secondary antibodies (1:10000) (Jackson Immuno
Research Laboratories, West Grove, PA, USA) at room temperature for 1 hour. Bands were
visualized by chemiluminescence assay using ECL substrate (Bio-Rad, Mississauga, ON, Canada)

and quantified by the Bio-Rad Image Lab Software using -actin as loading control.

3-4-5- Determination of miRNAs Expression in the Small Intestine of the Mice by Real-Time
Quantitative Reverse Transcription PCR (RT-qPCR)

Small pieces of ileum were stored in RN Alater Stabilization Solution (Invitrogen, USA) for 24 h
at 4 °C and then stored at -80°C until RNA extraction. The total RNA of samples was extracted
using miRNeasy mini kit (Qiagen, Toronto, ON, Canada), and their concentrations and purity were
determined by a NanoDrop 2000 (Thermo Scientific, Waltham, MA, United States). To assay the
expression of selected miRNAs, first reverse transcription reaction was done to synthesize cDNA
using miIRCURY LNA RT Kit (Qiagen, USA), and then the expression levels of miR-145 and
miR-425 were measured by RT-qPCR using hsa-miR-145-5p and has-miR-425-5p miRCURY
LNA miRNA PCR assay primers (Qiagen, Toronto, Canada) and miRCURY LNA SYBR Green
PCR Kit (Qiagen, Toronto, Canada) in a CFX 96 real-time PCR detection system (Bio-Rad,
Laboratories, Hercules, CA, USA). Expression of miRNAs was normalized to SNORD65 (mmu)
miRCURY LNA miRNA PCR Assay (Qiagen, Toronto, Canada) as the reference gene. The

relative expression level of miRNAs was calculated using the AACT method.
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3-4-6- Methylome-Wide Profiling and Data Analysis

In total, 15-20 mg of mice ileum samples were homogenized by an electrical homogenizer (Bead
Mill 24, Fisher Scientific, Canada) in tubes containing 500 pL cell lysis buffer and 1.5 pL
proteinase K. The Gentra Puregene Tissue Kit (33 g) kit (Qiagen, Toronto, ON, Canada) was used
to extract tissues’ DNA according to the manufacturer’s instructions. The extracted DN A was then
diluted with DNA rehydration solution, provided with the kit, to the final concentration of 20
ng/uL and stored at —20 °C. The concentration of extracted DNA was measured using a Qubit 4
instrument (Thermo Fisher Scientific, Canada). For methylome-wide profiling, 500 ng of extracted
DNA was subjected to bisulfite conversion using the EZ DNA Methylation kit (Zymo Research,
Irvine, CA, USA). Then, 250 ng bisulfite-modified DNA was analyzed using the Infinium Mouse
Methylation BeadChip arrays, which allow for the simultaneous assessment of DN A methylation
at more than 285,000 CpG sites (Illumina Inc., San Diego, CA, USA). Methylome-wide data were
analyzed using the methylkey pipeline developed by the Epigenomics and Mechanisms Branch at

the International Agency for Research on Cancer (https://github.com/IARCbioinfo/methylkey

(accessed on 21 January 2023)). Briefly, raw data files were pre-processed, quality control was
conducted, and normalization was performed by Noob normalization using the SeSAMe package
(Zhou et al., 2018). Intergroup comparisons were conducted using linear regression analysis as
implemented in the limma R package (Ritchie et al., 2015). Regional analysis to identify

differentially methylated regions was conducted using the DMRcate package (Peters et al., 2015).

3-4-7- Gut Microbiome Analysis
For microbiome analysis, the feces samples of mice were collected in sterile microtubes and stored
at -80°C following snap-freezing in liquid nitrogen. Microbiome analysis was done by IARC,

Lyon, France using amplicon-based sequencing of V3 and V4 variable regions of the 16S rRNA
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gene according to the 16S metagenomics sequencing library preparation protocol (Amplicon et al.,

2013).

3-4-8- Statistical Analysis

Statistical analysis for all experiments except for DNA methylation and microbiome analysis was
conducted by GraphPad Prism 5.0 Software (GraphPad Software Inc., San Diego, CA, USA). The
distribution of data was assayed by the Shapiro—Wilk test. One-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test was performed to compare the means of
experimental groups. Data are reported as mean = SEM of three independent experiments and p-
value < 0.05 indicates a statistically significant difference between groups. For microbiome
analysis, the 16S analysis was conducted by Qiime2, while for differentially abundant taxa
comparison, the DESeq2 package for analysis and Wald test were used. Differences in alpha
diversities (a-diversity) were assessed by the Chaol, observed species, Shannon and Simpson
indexes, and Kruskal-Wallis pairwise test. Sample beta diversity (B-diversity) clustering was
assessed using weighted UniFrac PCoA and PERMANOVA pairwise test. Graphs related to o-
diversity and taxa abundance were created by GraphPad Prism. Corrected/adjusted p-value < 0.05
was considered statistically significant. Differentially methylated genes were defined with false
discovery rate (FDR)-adjusted p-value < 0.05 and absolute inter-group beta value difference of >
0.05. For pathway visualization, KEGG pathway enrichment analysis was performed using

Enrichr. Figures 3-6 A and B were generated by BioRender.com (accessed on 19 September 2023).

Supplementary Materials: The supporting information can be downloaded at:

https://www.mdpi.com/article/10.3390/iims241914610/s1.
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Supplementary Figure S3-1. DNA methylation analysis in adult mice four weeks after LPS injection at
puberty. Mice received AHCC (2gr/kg BW/d) in drinking water or drinking water without AHCC for two
weeks, one week before and one week after LPS injection. (A) Genomic regulatory regions, where the hypo
and hyper columns indicate all hypo- and hypermethylated DMRs, respectively and hypo* and hyper*
columns represent significant hypomethylated and hypermethylated DMRs, respectively. MM280 column
represents the overall distribution of the array. (B) Pathways enrichment analysis visualized by Enrichr, (C)
Boxplots of differentially methylated genes.* p < 0.05 vs. control.
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Abstract

The establishment of gut microbiota during early life is crucial for immune system development
and its disturbance within this critical period exerts enduring adverse effects on health. Perinatal
antibiotic exposure, a common environmental stressor, disrupts early-life microbiota and leads to
long-term immune dysregulation. However, the underlying mechanisms remain inadequately
explored. We investigated the persistent consequences of perinatal exposure to low-dose penicillin
on gut immunity and the potential protective role of a prebiotic compound, AHCC, against
antibiotic-induced dysbiosis and immune dysregulation. Pregnant mice were subjected to
penicillin and AHCC treatment from the third week of gestation until weaning of pups.
Subsequently, the offspring were evaluated for gut microbiota at weaning as well as immune
function, and epigenetic changes at eight weeks of age. Microbiome analysis revealed substantial
alterations in gut microbiota composition, characterized by an increase in Proteobacteria and a
decrease in Firmicutes following antibiotic exposure. Lactobacillus, and short-chain fatty acid
(SCFA)-producing bacteria, crucial for gut homeostasis, were diminished by the antibiotic,
emphasizing a potential link to inflammatory responses. AHCC intake prevented antibiotic effects
on Proteobacteria in dams and offspring and some SCFA-producing bacteria in male offspring. In
adult offspring, AHCC exhibited immunomodulatory activity by decreasing pro-inflammatory
cytokines, including IL-2, IL-6, IL-15, and IL-21. In addition, lasting antibiotic-induced increase
in NF-kB was mitigated by AHCC. Early-life antibiotic exposure altered gut miRNA expression,
increasing pro-inflammatory miR-221 and decreasing anti-inflammatory miR-145 in males while
AHCC intake prevented antibiotic-mediated dysregulation of miRNA-145. These results highlight
the potential of prebiotic intake as a promising strategy to prevent and mitigate persistent health

issues arising from early-life dysbiosis.
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4-1- Introduction

Gut microbiota establishment and development take place within a critical window in early life.
In addition, the most critical events in host immunity education occur during early life, where
early-life microbiota plays a pivotal role in the healthy development, education, and long-term
functionality of the immune system. The interplay between these fundamental processes highlights
the importance of this critical developmental period on long-term health outcomes (Gagliardi et
al., 2018; Tanaka and Nakayama, 2017). Growing evidence indicates that microbiota disturbance
in early life is associated with altered programming of the immune system due to enduring changes

in the expression of genes involved in immunological processes (Schokker et al., 2015).

Postnatal antibiotic exposure is one of the primary early-life environmental stressors affecting
microbiota development and has been shown to alter the diversity and maturation of neonatal
microbiota (Stiemsma and Michels, 2018). Several studies in murine models have demonstrated
that perinatal exposure to a clinically relevant antibiotic treatment (one week before birth until
weaning) which is sufficient to induce dramatic perturbations in gut microbiota, causes long-term
adverse effects on various aspects of health, including metabolic, immunologic, and
neurocognitive disturbances (Cox et al., 2014; Leclercq et al., 2017; Champagne-Jorgensen et al.,
2020). Notably, despite the recovery of gut microbiota shortly after the cessation of antibiotic
treatment, physiological damage related to early-life dysbiosis persists into adulthood (Cox et al.,
2014) which emphasizes the significance of implementing interventional strategies, such as

nutritional intervention, to prevent or correct dysbiosis in this critical period of life in order to
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prevent permanent detrimental health consequences. However, regardless of the substantial
evidence indicating the long-term adverse effects of perinatal dysbiosis, the underlying

mechanisms remain insufficiently explored.

Gut miRNAs are key players in maintaining a healthy gastrointestinal environment by regulating
both innate and adaptive immunity (Bi et al., 2020). miRN As derived from the intestinal epithelial
cells modulate the composition and distribution of the gut microbial populations. The complex
crosstalk among gut microbiota and gut immunity mediated by miRNAs is vital for maintaining
gut homeostasis (Bi et al., 2020). Besides, gut miRNAs regulate the gut immune system by
modulating key signaling pathways involved in immune system homeostasis such as
phosphoinositide 3-kinase (PI3K)/AKT, Toll-like receptor 4/nuclear factor-kappa B (TLR4/NF-
kB), and Janus kinase/signal transducer and activator of transcription (JAK/STAT?3) signaling

pathways (Zhang et al., 2015; Anzola et al., 2018; Chu et al., 2018).

Gut microbiota perturbation, on the other hand, leads to dysregulation in the gut miRNA profile
(Moloney et al., 2018) which correlates with inflammatory responses (Raisch et al., 2013).
Furthermore, changes in gut microbiota and their products correlate with the production of
proinflammatory cytokines, and an imbalance in immune cells such as an increase in inflammatory
T helper (Th)-17, activation of inflammatory signaling such as NF-kB, and development of

inflammatory disorders (Zhao et al., 2023; Peng et al., 2020).

Recent research has demonstrated the protective role of prebiotics and probiotics in preventing gut
microbiota disturbance, as well as mitigating inflammation and immune system dysfunction at the
gut level and beyond during critical windows of development (Shahbazi et al., 2023a; Yahfoufi et

al., 2023). Prebiotic intake has been shown to alleviate gut immune system deregulation by

108



modulating central signaling pathways and epigenetic mechanisms, including STAT3, miRNAs

expression, and DNA methylation (Shahbazi et al., 2023a).

In experiments using germ-free models, the transfer of microbiota from antibiotic-exposed mice
to germ-free mice has indicated that the adverse effects of early-life antibiotic exposure are
primarily related to disruptions in the gut microbiota, rather than a direct effect of antibiotics (Cox
et al., 2014). Interestingly, nutritional intervention with probiotics has been shown to alleviate the
negative health consequences of early-life antibiotic-induced dysbiosis (Leclercq et al., 2017).
Whether gut microbiota-directed interventions, such as diet enrichment with prebiotics will
prevent lasting immune deregulation linked to early-life dysbiosis by modulating miRNAs and

inflammatory signaling pathways is an important question that remains unexplored.

Hence, in this research, we investigated the enduring consequences of perinatal exposure to a low
dose of penicillin, alongside concurrent administration of a prebiotic compound, a standardized
extract of cultured Lentinula edodes mycelia referred to as AHCC, to examine the protective role
of AHCC intake in mitigating immune system disturbance associated with the early-life antibiotic-
induced dysbiosis by addressing selected miRNAs and signaling pathways that play a crucial role
in modulating immune responses at the gut level. To this end, pregnant mice were exposed to the
antibiotic and AHCC from the last week of gestation until the waning of pups, and the long-term

effects of treatment were assessed in offspring.

4-2- Materials and Methods

4-2-1- Animals
Pregnant Balb/c mice (gestation day 13) (Charles River, Montreal, QC, Canada) were used in the

current study. Mice were housed in plastic cages in a controlled atmosphere (temperature 22 +
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2°C; humidity 55 = 2 %) with a 12 h light/dark cycle. During the study, all groups received a
conventional balanced diet ad libitum, and treatment was delivered via drinking water. Mice were
maintained and treated following the guidelines of the Canadian Council on Animal Care. The
protocol (HSe-3866) was approved by the Animal Care Committee of the University of Ottawa on

March 14, 2023.

4-2-2- Study Design

Sixteen pregnant Balb/c mice were used in the current study. One week before delivery, at
gestation day 14, the mice were housed individually, and the treatment was initiated. The pregnant
mice were divided into four groups (n =4 in each group) as follows: 1-receiving regular drinking
water as the control group, 2- receiving low doses of penicillin V (Sigma Aldrich, Toronto, ON,
Canada) at a dose of 31 mg/Kg BW/day in drinking water, 3 - receiving prebiotic AHCC (4 g/kg
BW/day) in drinking water, and 4- receiving penicillin V (31 mg/Kg BW/day) plus AHCC (4 g/kg
BW/day) in drinking water. The treatment process continued to the weaning of pups (postnatal day
(PND) 21). Pups, therefore, were exposed to the treatment early in life (in utero and early postnatal
life). At weaning, the intervention was discontinued, and dams were sacrificed. Ileum tissues and
fecal samples were then collected for corresponding experiments. Additionally, at weaning, male
and female pups were separated and randomly assigned to non-littermate, same-sex, and same-
treatment cages. The pups received a standard diet until they reached eight weeks of age (PND
56). In early adulthood (PND 56), pups were sacrificed and required samples were collected to
examine the long-term effects of the treatment on the immune system at the gut level. Figure 4-1
illustrates the study design. AHCC® is a standardized extract of cultured Lentinula edodes

mycelia, provided by Amino Up Co., Ltd. (Sapporo, Japan).
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Figure 4-1. Study design. Pregnant mice were treated with the antibiotic (penicillin V, 31 mg/Kg BW/day),
AHCC (4 g’lkg BW/day), or a combination of antibiotic and AHCC, administrated in their drinking water,
from the last week of gestation (gestation day 14) until the weaning of the pups (postnatal day 21). The
control group received regular drinking water. At weaning, the treatment was discontinued, the male and
female pups were separated, and dams were sacrificed. Pups were then provided with a standard diet until
reaching eight weeks of age. At this age, the offspring were sacrificed to study the long-term effects of
treatment on the immune system at the gut level. The image was created by BioRender.com.

4-2-3- Gut Microbiome Analysis

For microbiome analysis, the feces samples of dams and pups were collected at weaning using
sterile microtubes and stored at -80°C following snap-freezing in liquid nitrogen. The total DNA
of samples was extracted using the QIAamp PowerFecal Pro DNA kit (Qiagen, Toronto, ON,
Canada) according to the manufacturer’s instructions. The concentration of extracted DNA was
measured using a Qubit 4 instrument (Thermofisher Scientific, Toronto, ON, Canada). 16s rRNA

V4 amplicon sequencing was conducted for microbiome analysis.

4-2-4- Determination of Cytokine Concentrations by Luminex Multiplex Assay

The small intestines of the mice were washed with 1X PBS, and small segments of ileum tissues
were finely cut into small pieces using surgical blades (Fisher Scientific, Toronto, ON, Canada).
Chopped tissues were collected in microtubes containing lysis buffer (20 mmol/L Tris-HCI (pH

7.5), 150 mmol/L NaCl, 0.05% Tween-20), and a cocktail of protease inhibitors (AEBSF,
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Hydrochloride, Millipore Sigma, Oakville, ON, Canada). After vortexing and incubation on a
rocker for 20 minutes at 4°C, homogenized samples were centrifuged at 14000g for 15 minutes at
4°C, and the resulting supernatants were collected. The concentrations of total proteins in tissue
lysates were determined by the BCA method using Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, Toronto, Canada) and adjusted to a concentration of 2 mg/mL using the same lysis
buffer. Next, the multiplex assay was conducted using Mouse Thl7 Panel Magnetic,
MTH17MAG-47K (Millipore Sigma, Burlington, USA), following the manufacturer’s

instructions. Plates were then read using Bio-Plex® 200 System (Bio-Rad, Hercules, CA, USA).

4-2-5- Determination of p-STAT3, STAT3, and NF-xB Levels by Western Blotting

Small sections of ileum were homogenized using an electrical homogenizer in tubes containing
the appropriate amount of RIPA buffer (Thermo Fisher Scientific, Toronto, ON, Canada), along
with a protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific, Toronto, ON,
Canada). Samples were incubated on a rocker for 20 minutes at 4°C. Subsequently, protein lysates
were collected by centrifuging homogenized samples at 14000g, for 15 min, at 4°C, and total
protein concentrations were measured using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, Toronto, ON, Canada) according to the manufacturer’s instruction. The equal amount
and concentration of protein lysates were loaded onto the 12% Bis-Tris Mini Protein Gels
(Invitrogen, Toronto, ON, Canada), using MES SDS Running buffer (Life Technologies, Toronto,
ON, Canada) at 200 V for 22 min and subsequently, transferred to a PVDF membrane in a Trans-
Blot Cell (Bio-Rad, Hercules, CA, USA), at 100 V for 75 minutes. The membranes were then
incubated with anti-STAT3 (1:1000), anti-phospho-STAT3 (phospho Y705) (1:1000), anti-NF-xB
p65 (1:1000), and anti-B-actin (1:1000) primary antibodies (Abcam, Toronto, ON, Canada)

overnight at 4°C. Afterward, the blots were incubated with horseradish peroxidase-conjugated
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secondary antibodies (1:10000) (Jackson Immuno Research Laboratories, West Grove, PA, USA)
at room temperature for 1 hour. Bands were visualized by chemiluminescence assay using ECL
substrate (Bio-Rad, Mississauga, ON, Canada) and quantified by the Bio-Rad Image Lab 6.1

Software using B-actin as loading control.

4-2-6-Determination of miRNAs Expression by Real-Time Quantitative Reverse
Transcription PCR (RT-qPCR)

Small sections of ileum tissues were preserved in RNAlater Stabilization Solution (Invitrogen,
USA) for 24 h at 4°C and then stored at -80°C until RNA extraction. The extraction of total RNA
from the samples was carried out using miRNeasy mini kit (Qiagen, Toronto, ON, Canada). The
concentrations and purity of extracted RNA were determined by a NanoDrop 2000 (Thermo
Scientific, Waltham, MA, United States). To assay the expression of selected miRNAs, a reverse
transcription reaction was conducted to synthesize cDNA using miRCURY LNA RT Kit (Qiagen,
Toronto, ON, Canada), and subsequently, the expression levels of miR-15, miR-let-7C, miR-21,
miR-221, and miR-145 were measured by RT-qPCR using hsa-miR-15b-5p, hsa-let-7c-5p, hsa-
miR-21-5p, hsa-miR-221-3p, and hsa-miR-145-5p miRCURY LNA miRNA PCR assay primers
(Qiagen, Toronto, ON, Canada) and miRCURY LNA SYBR Green PCR Kit (Qiagen, Toronto,
ON, Canada) in a CFX 384 real-time PCR detection system (Bio-Rad, Laboratories, Hercules, CA,
USA). Expression of miRNAs was normalized to SNORD65 (mmu) miRCURY LNA miRNA
PCR Assay (Qiagen, Toronto, ON, Canada) as the reference gene. The relative expression level of

miRNAs was calculated using the AACT method.

4-2-7- Statistical Analysis
Statistical analyses for all experiments, excluding microbiome analysis, were conducted using
GraphPad Prism Software (GraphPad Software Inc., San Diego, CA, USA). Data distribution was
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assessed with the Shapiro-Wilk test. One-way analysis of variance (ANOV A) followed by Tukey’s
post-hoc test was performed to compare the means of the experimental groups. The results are
presented as mean + SEM and a p-value < 0.05 indicates a statistically significant difference
between the groups. For microbiome analysis, the 16S analysis was conducted using Qiime2, and
for the comparison of differentially abundant taxa, negative binomial models (DESeq2 R package)
and Wald test or Kruskal-Wallis were employed. Differences in alpha diversities (a-diversity)
were assessed using the Chaol and Shannon indices, along with Kruskal-Wallis pairwise tests.
Beta diversity (B-diversity) was evaluated through principal coordinates analysis (PCoA) based on
the weighted UniFrac matrix to measure distinctions between groups. Then, the P-diversity
quantitative distance metric was applied to assess the significance of differences between the
groups using the PERMANOVA pairwise test. An adjusted p-value < 0.05 was considered
statistically significant. All graphs related to microbiome results, except for the PCoA graph, were

generated using GraphPad Prism.

4-3- Results

4-3-1- Effect of the Treatment on the Gut Microbiome

Analysis of the gut microbiota was done in dams and offspring at the weaning of the pups. To
assess the effect of treatment on microbial richness and evenness, a-diversity was measured using
different metrics. In dams, Chaol results showed lower diversity in groups receiving antibiotic
compared to the control, and AHCC groups (p < 0.05), however, Shannon metric results showed
no significant difference between groups (Figure 4-2A). B-diversity results showed a distinction in
the clustering of groups receiving antibiotic from control and AHCC groups, but it did not reach

statistical significance (p = 0.054 vs. control and p = 0.057 vs. AHCC) (Figure 4-2A).
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In male offspring, results from Chaol and Shannon indices signified a decrease in microbial
diversity in both groups exposed to antibiotic compared to the control and AHCC counterparts (p
< 0.01) (Figure 4-2B), and B-diversity results demonstrated significant changes in the antibiotic

and antibiotic + AHCC treated groups compared to control and AHCC (p < 0.01) (Figure 4-2B).

In female offspring, a significant decrease in microbial diversity was observed in groups treated
with antibiotic compared to the control mice (p < 0.001 for both Chaol and Shannon) and AHCC
mice (p <0.001 for Chaol and p <0.01 for Shannon) (Figure 4-2C). B-diversity analysis revealed
a significant dissimilarity in antibiotic and antibiotic + AHCC mice compared to the control (p <

0.01) and AHCC (p <0.05) (Figure 4-2C).

Figure 4-3 represents the most abundant taxa at the phylum and class levels and differentially
abundant taxa among different groups in dams and offspring. As is evident in figures 4-3 A, C, and
E, antibiotic exposure was associated with a marked rise in the Proteobacteria phylum due to an
increase in the Gammaproteobacteria class and a drop in the Firmicutes phylum due to a decrease
in mainly Bacilli class in dams and Clostridia and Bacilli classes in offspring. In fact, the decrease
in Firmicutes was compensated for by the expansion of Proteobacteria in the antibiotic group, and

predominantly by Bacteroidota, with a lesser extent of Proteobacteria, in the antibiotic + AHCC

group.
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Figure 4-2. Effect of the treatment on gut microbiota diversity. Pregnant mice were treated with the
antibiotic (penicillin V, 31 mg/Kg BW/day), AHCC (4 g/lkg BW/day), or a combination of antibiotic and
AHCC, administrated in their drinking water, from the last week of gestation (gestation day 14) until the
weaning of the pups (postnatal day 21). The control group received regular drinking water. Fecal samples
from dams and pups were collected at weaning for microbiome analysis using 16S rRNA V4 amplicon
sequencing. (A) a-diversity and B-diversity in dams, (B) a-diversity and B-diversity in male offspring, and
(C) a-diversity and B-diversity in female offspring. * p < 0.05, ** p <0.01, and *** p <0.001.

Differential abundance analysis in dams revealed a significant increase in the Proteobacteria
population in the antibiotic group compared to the control and AHCC groups (p < 0.05) while
AHCC intake reduced the impact of the antibiotic on this phylum (Figure 4-3B). In male offspring,
there was a significant increase in Proteobacteria in the antibiotic group compared to the control
and AHCC groups (p <0.0001), however, AHCC intake diminished the effect of the antibiotic on
this phylum (p < 0.05) (Figure 4-3D). Additionally, the abundance of Firmicutes significantly
decreased in the antibiotic and antibiotic + AHCC groups compared to the control (p < 0.01) and
AHCC groups (p < 0.01 for the antibiotic group and p < 0.05 for the antibiotic + AHCC group)
(Figure 4-3D). In female offspring, the Proteobacteria abundance was significantly higher in
antibiotic mice than those in the control and AHCC groups (p < 0.001), and AHCC intake
mitigated antibiotic effect (p < 0.01 and p < 0.05 vs. control and AHCC, respectively) (Figure 4-
3F). Furthermore, Firmicutes abundance was lower in antibiotic + AHCC mice than in the control
mice (p < 0.001) and Deferribacterota abundance was lower in groups receiving antibiotic than in
the control (p < 0.01) (Figure 4-3F). In both male and female offspring, the Bacteroidetes
population was higher in the antibiotic + AHCC group than in the control (p < 0.05 for males and

p <0.01 for females) (Figures 4-3D and F).

At the genus level in dams, there was a substantial decrease in Lactobacillus abundance following
antibiotic treatment compared to the control and AHCC groups (p < 0.05). Additionally, antibiotic

intake led to a significant increase in the Robinsoniella population when compared to the control
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and AHCC-treated mice (p < 0.05) and a significant decrease in the population of Clostridia UCG-
014 compared to the AHCC (p < 0.05). Antibiotic intake also abolished the Eubacterium

xylanophilum group (p < 0.05) and AHCC mitigated the antibiotic effect (Figure 4-3B).

In male offspring, antibiotic exposure correlated with a significant decrease in Lactobacillus (p <
0.05), Roseburia (p < 0.01), Intestinimonas (p < 0.0001), and Lachnospiraceae NK4A136 group
(p < 0.0001) populations compared to the control, while AHCC exposure could not inhibit the
effect of antibiotic on these genera. Antibiotic exposure also significantly reduced the abundance
of Incertae Sedis (p < 0.05), Colidextribacter (p < 0.001), Oscillibacter (p < 0.0001), Eubacterium
xylanophilum group (p < 0.01), and Clostridia vadin BB60 group (p < 0.001), when compared to
the control. However, AHCC intake diminished the antibiotic-induced changes in these genera.
Lachnospiraceae FCS020 group population was higher in the AHCC group than in the antibiotic

(p <0.01) and the antibiotic + AHCC groups (p < 0.05) (Figure 4-3D).

In female offspring, a significant reduction in the Lactobacillus genus was observed in both groups
treated with the antibiotic compared to the control and AHCC-treated groups (p < 0.05).
Additionally, the abundance of Roseburia, Mucispirillum, Anaerotruncus, Family XIII UCG-001,
and Incertae Sedis significantly decreased in both groups exposed to antibiotic compared to the
control (p < 0.05). Intestinimonas abundance was lower in the antibiotic and antibiotic + AHCC

mice compared to the control (p <0.001), and AHCC (p < 0.05) (Figure 4-3F).
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Figure 4-3. Effect of the treatment on gut microbiota composition. Pregnant mice were treated with the
antibiotic (penicillin V, 31 mg/Kg BW/day), AHCC (4 g/lkg BW/day), or a combination of antibiotic and
AHCC, administrated in their drinking water, from the last week of gestation (gestation day 14) until the
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weaning of the pups (postnatal day 21). The control group received regular drinking water. Fecal samples
from dams and pups were collected at weaning for microbiome analysis using 16S rRNA sequencing. (A,
B) the most abundant taxa and differentially abundant taxa in dams (C, D) the most abundant taxa and
differentially abundant taxa in male offspring, and (E, F) the most abundant taxa and differentially abundant
taxa in female offspring. * p < 0.05, ** p <0.01, *** p <0.001, and **** p <0.0001.

4-3-2- Effect of the Treatment on Cytokine Concentrations

To investigate the impact of early-life dysbiosis on long-term immune system function, the levels
of a variety of cytokines, including IFN-y, IL-2, IL-6, IL-10, IL-15, IL-21, IL-22, and IL-23 were
assayed in the ileum tissues of offspring during early adulthood. The same cytokine panel was also
assessed in dams following the weaning of pups. In dams, no significant differences in the
measured cytokines were noted across the groups, except for IFN-y, which was significantly lower

in the antibiotic + AHCC group than in the control and AHCC groups (p < 0.05) (Figure 4-4A).

In male offspring, a reduction in IFN-y levels was evident in the antibiotic + AHCC-treated mice
compared to the control (p < 0.05). The level of IL-2 was significantly higher in mice exposed to
early-life antibiotic than in the AHCC and antibiotic + AHCC groups (p < 0.05 and p < 0.01,
respectively). AHCC intake could mitigate the effect of the antibiotic on IL-6 and IL-15 (p <0.05
vs. antibiotic). IL-22 concentration decreased in mice exposed to a combination of antibiotic and
AHCC compared to the untreated group (p < 0.05) (Figure 4-4B). No significant changes were

observed in the levels of IL-21, IL-23, and IL-10 among different groups (Figure 4-4B).

In female offspring, IL-6 concentration was lower in adult mice exposed to a mixture of antibiotic
and AHCC in early life compared to those exposed solely to antibiotic (p < 0.05). The level of IL-
15 was significantly lower in both groups receiving AHCC compared to the mice receiving only
antibiotic (p < 0.05). IL-21 level was higher in the antibiotic group compared to all other groups

(p<0.05). A significant reduction in IL-22 concentration was also found in the antibiotic + AHCC
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group compared to the untreated mice (p < 0.05) (Figure 4-4C). No significant changes were

detected in the IFN-y, IL-2, IL-10, and IL-23 levels across the various groups (Figure 4-4C).
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Figure 4-4. Effect of treatment on cytokine levels. Pregnant mice were treated with the antibiotic (penicillin

V, 31 mg/Kg BW/day), AHCC (4 glkg BW/day), or a combination of antibiotic and AHCC, administrated



in their drinking water, from the last week of gestation (gestation day 14) until the weaning of the pups
(postnatal day 21). The control group received regular drinking water. Cytokine concentrations were
measured in the ileum tissues of dams and offspring. (A) Concentration of IFN-y, IL-2, IL-6, IL-10, IL-22,
and IL-23 in dams at weaning, (B) concentration of [FN-y, IL-2, IL-6, IL-10, IL-15, IL-21, IL-22, and IL-
23 in male offspring at eight weeks of age, and (C) concentration of [FN-y, IL-2, IL-6, IL-10, IL-15, IL-21,
IL-22, and IL-23 in female offspring at eight weeks of age. All values are mean £ SEM. * p < (.05 and **
p <0.01.

4-3-3- Effect of the Treatment on the p-STAT3, STAT3, and NF-kB

Based on cytokine results, the impact of the antibiotic and AHCC on p-STAT3, STAT3, and NF-
kB levels was evaluated in dams at weaning and in adult offspring. Antibiotic intake resulted in an
increase in p-STAT levels in dams when compared to all the other groups; however, this increase
did not reach statistical significance (Figure 4-5A). No difference was observed in STAT3 and

NF-«B levels among the different groups (Figure 4-5A).

In male offspring, a significant decrease was observed in p-STAT3 levels in mice treated with
AHCC and antibiotic + AHCC compared to the untreated mice (p < 0.05). STAT3 levels did not
change in response to treatment with antibiotic and AHCC (Figure 4-5B). Early-life antibiotic
exposure led to a lasting increase in NF-kB levels in adult males when compared to the control (p
< 0.05). However, AHCC intake counteracted the lasting effect of antibiotic intake on NF-xB

levels (p < 0.05 vs. antibiotic) (Figure 4-5B).

In female offspring, no significant difference was observed in p-STAT3 and STATS3 levels in the
treated groups compared to the untreated mice (Figure 4-5C). However, early-life antibiotic
exposure was associated with a sustained increase in NF-kB levels as compared to the control and
AHCC-treated mice (p < 0.05 and p < 0.001, respectively). Notably, AHCC exposure mitigated

the lasting effect of antibiotic on NF-xB levels (Figure 4-5C).
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Figure 4-5. Effect of the treatment on the p-STAT3, STAT3, and NF-«B levels. Pregnant mice were treated
with the antibiotic (penicillin V, 31 mg/Kg BW/day), AHCC (4 g/kg BW/day), or a combination of
antibiotic and AHCC, administrated in their drinking water, from the last week of gestation (gestation day
14) until the weaning of the pups (postnatal day 21). The control group received regular drinking water.
(A) Levels of p-STAT3, STAT3, and NF-«B in the ileum tissues of dams at weaning, (B) levels of p-
STAT3, STAT3, and NF-kB in the ileum tissues of male offspring at eight weeks of age, and (C) levels of
p-STATS3, STAT3, and NF-kB in the ileum tissues of female offspring at eight weeks of age. All values are
mean + SEM. * p <0.05, ** p <0.01, and *** p <0.001.

4-3-4- Effect of the Treatment on Expressions of miRNAs

Next, the effect of antibiotic and AHCC exposure on the expression of selected miRNAs related
to STAT3 and NF-kB pathways, including miR-15b, miR-let-7c, miR-21, miR-221, and miR-145,
was assessed in the ileum tissues of dams and adult offspring. Among the dams, none of the tested

miRNAs were differently expressed across groups (Figure 4-6A).
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In male offspring, miR-15b expression did not change among various groups. miR-let-7¢
expression was lower in the antibiotic + AHCC group compared to the AHCC group (p < 0.05)
(Figure 4-6B). Expression of miR-21 was significantly reduced in antibiotic and antibiotic +
AHCC groups compared to the control (p <0.01 and p <0.001, respectively) and AHCC-exposed
mice (p < 0.01 and p < 0.001, respectively) (Figure 4-6B). Furthermore, antibiotic consumption
increased the expression of miR-221 compared to the control (p < 0.05), and in the antibiotic +
AHCC group, miR-221 expression decreased compared to the antibiotic alone (p < 0.01) (Figure
4-6B). Antibiotic treatment led to a reduction in miR-145 levels compared to the control and
AHCC groups (p < 0.01 and p < 0.0001, respectively), however, AHCC treatment mitigated the

inhibitory impact of the antibiotic on this miRNA (p < 0.05 vs. antibiotic) (Figure 4-6B).

In female offspring, the expression of miR-21 was lower in all treated groups compared to the
untreated mice (p < 0.001 for antibiotic and antibiotic + AHCC, and p < 0.01 for AHCC). miR-
145 levels markedly increased in the AHCC and antibiotic + AHCC groups when compared to the
control (p < 0.0001 and p < 0.01, respectively) and antibiotic counterparts (p < 0.0001 and p <
0.01, respectively) (Figure 4-6C). No significant changes were observed in the levels of other

miRNAs among the various groups (Figure 4-6C).
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Figure 4-6. Effect of the treatment on expression of miRNAs. Pregnant mice were treated with the antibiotic
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administrated in their drinking water, from the last week of gestation (gestation day 14) until the weaning
of the pups (postnatal day 21). The control group received regular drinking water. Relative expressions of

(penicillin V, 31 mg/Kg BW/day), AHCC (4 g/kg BW/day), or a combination of antibiotic and AHCC,

miRNAs were measured in the ileum tissues of dams and offspring. (A) Relative expression of miR-15b,

miR-let-7¢c, miR-21, miR-221, and miR-145 in dams at weaning, (B) relative expression of miR-15b, miR-
let-7c, miR-21, miR-221, and miR-145 in male offspring at eight weeks of age, and (C) relative expression
of miR-15b, miR-let-7c, miR-21, miR-221, and miR-145 in female offspring at eight weeks of age. All

values are mean = SEM. * p <0.05, ** p <0.01, *** p <0.001, and **** p <(0.0001.
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4-4- Discussion

There is increasing concern regarding potential long-term complications of antibiotic use during
early life due to perturbation in the infant’s microbiome establishment and maturation (Neuman et
al., 2018). Since gut microbiota is a key player in immune and metabolic programming, many
clinical and animal studies have found a strong association between early-life antibiotic exposure
and developing allergies, autoimmunity, and obesity later in life (Neuman et al., 2018; Schokker
etal., 2015; Cox et al., 2014). Early-life antibiotic exposure is linked to overall alteration in genes
involved in intestinal immune responses such as genes regulating differentiation of immune cells
and those governing the functions of T cells, B cells, and antigen-presenting in the ileum (Cox et
al., 2014). In recent years, probiotics and prebiotics have attained considerable attention due to
their ability to prevent gut microbiota disturbance and prime the immune system (Shahbazi et al.,

2021; Shahbazi et al., 2020; Shahbazi et al., 2023Db).

In the current study, we studied the potential role of a prebiotic compound, AHCC, in mitigating
lasting inflammatory immune responses in adult mice exposed to dysbiosis during the critical
developmental stage of early life via regulating signaling pathways and epigenetic mechanisms.
The prebiotic AHCC has been demonstrated to improve gut immunity by modulating pattern
recognition receptors and to protect against breast cancer development through modulating

miRNAs expression (Graham et al., 2017; Mallet et al., 2016).

We initially assessed the impact of early-life antibiotic exposure on gut microbiota and the
potential protective effects of AHCC intake against antibiotic-induced dysbiosis in dams and their
offspring following weaning. Earlier research has observed the efficacy of the probiotic
Lactobacillus rhamnosus JB-1 in partially alleviating gut microbiota alterations caused by early-

life antibiotic exposure (Leclercq et al., 2017). Similarly, some studies have shown the role of
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maternal prebiotic intake in affecting early-life diet-induced dysbiosis in offspring (Paul et al.,
2016). We found a significant increase in the Proteobacteria population, namely
Gammaproteobacteria, following antibiotic administration while AHCC intake could reduce the
antibiotic effect. Gammaproteobacteria is a class of Gram-negative bacteria that consists of a
diverse array of pathogenic genera, including Escherichia coli (E. coli) and Shigella (Rizzatti et
al.,2017). An increase in Proteobacteria has been reported in many inflammatory conditions such
as inflammatory bowel diseases (IBD) and lung diseases (Rizzatti et al., 2017). Our results are
consistent with other studies that found an increase in Proteobacteria in mice exposed to low-dose

antibiotic early in life (Leclercq et al., 2017; Candon et al., 2015).

In addition, a decrease in Firmicutes was observed in groups receiving antibiotic (statistically
significant in male offspring) and antibiotic + AHCC (statistically significant in male and female
offspring), and an increase in Bacteroidetes was found in antibiotic + AHCC groups (statistically
significant in male and females offspring). Similarly, in a study, early-life antibiotic exposure was
associated with a decrease in Firmicutes and an increase in Bacteroidetes and Proteobacteria (Jin
et al., 2017). Furthermore, antibiotic exposure during late pregnancy and throughout lactation was
associated with a reduction in the relative abundance of Firmicutes in offspring during adulthood
(Cho et al., 2020). However, in another study, low-dose antibiotic exposure was associated with a
decrease in Firmicutes and Bacteroidetes in dams after one week of treatment and an increase and
decrease in Firmicutes and Bacteroidetes, respectively in pups following treatment until weaning
(Leclercq et al., 2017). Human and animal studies have shown the role of prebiotic consumption
in decreasing Firmicutes and increasing Bacteroidetes (Dewulf et al., 2013; Parnell and Reimer,
2012). In the current study, low-dose penicillin was used to induce dysbiosis, a narrow-spectrum

B-lactam antibiotic, which functions best against Gram-positive bacteria (Stured et al., 2020).
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Firmicutes predominantly consist of Gram-positive bacteria, whereas Bacteroidetes consist of
Gram-negative bacteria (Panda et al., 2014). Therefore, the alteration observed at the phylum level
may be attributed to both the type of antibiotic used in this study and the impact of the prebiotic

AHCC.

Noteworthy, under healthy conditions, Bacteroidetes species are significant contributors to
lipopolysaccharide (LPS) biosynthesis in the gut microbiota. Notably, a structural difference in the
lipid A domain, responsible for the endotoxic and immunostimulatory activity of LPS, has been
identified in Bacteroidetes species which leads to the immunosuppressive activity of these bacteria,
potentially through the inhibition of the TLR4/NF-kB pathway and the suppression of anti-
inflammatory cytokine production, such as IL-6 and IL-1. On the contrary, Proteobacteria species
contribute to the production of pathogenic LPS in the gut (d’Hennezel et al., 2017). Therefore, the
administration of AHCC may offer protection against antibiotic-related adverse effects, to some

extent, by promoting a reduction in Proteobacteria and an increase in the Bacteroidetes population.

At the genus level, the most alteration was observed in the population of the short-chain fatty acid
(SCFA)-producing bacteria belonging to Firmicutes, class Clostridia, including Clostridia UCG-
014, and Eubacterium xylanophilum group in dams, Roseburia, Ruminococcaceae Incertae Sedis,
Intestinimonas, Colidextribacter, Oscillibacter, Lachnospiraceae NK4A136 group, Eubacterium
xylanophilum, Clostridia vadin BB60 group, and Lachnospiraceae FCS020 in male offspring, as
well as Roseburia, Anaerotruncus, Family XIII UCG-001, Incertae Sedis, and Intestinimonas, in
female offspring, where antibiotic intake substantially declined these genera in dams and offspring.
However, AHCC intake diminished antibiotic impacts on Eubacterium xylanophilum in dams. It

also alleviated alteration in Incertac Sedis, Colidextribacter, Oscillibacter, Eubacterium
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xylanophilum, and Clostridia vadin BB60 in male offspring. In female offspring, AHCC intake

could not mitigate the antibiotic impact on these genera.

SCFA-producing bacteria primarily belong to the phylum Firmicutes. A decline in SCFA-
producing bacteria, particularly within the Ruminococcaceae and Lachnospiraceae families, along
with reduced SCFA levels, has been reported in IBD which might be associated with inflammatory
responses potentially stemming from inhibition of anti-inflammatory signaling and activation of
inflammatory signaling (Parada Venegas et al., 2019). Studies have demonstrated that diminished
SCFA levels correlate with the activation of NF-xB and NF-kB-induced pro-inflammatory
mediator productions such as TNF-a, IL-6, and IL-12 (Parada Venegas et al., 2019). Diets rich in
fiber, such as the Mediterranean diet, have been demonstrated to enhance the population of SCFA -

producing bacteria in the gut microbiota (Garcia-Mantrana et al., 2018).

Furthermore, Lactobacillus (belonging to Firmicutes, class Bacilli) was the other genus highly
affected by treatment in both dams and offspring. Lactobacillus species also contribute to SCFA
production (Markowiak-Kope¢ and Slizewska, 2020). There is evidence indicating that maternal
antibiotic intake causes reduced colonization of infants' gut by Lactobacillus due to reduced
vertical transmission (Keski-Nisula et al., 2013). A low abundance of Lactobacillus in breast milk
due to maternal antibiotic exposure during pregnancy or lactation has been reported (Soto et al.,
2014; Cortes-Macias et al., 2021). Lactobacillus bacteria inhibit NF-kB by preventing its main
subunit (p65 (RelA)) nuclear translocation (Iyer et al., 2008). In this study, antibiotic exposure

abolished this genus in dams and offspring and AHCC intake could not prevent antibiotic effects.

Next, we investigated the impact of early-life gut microbiota disruption and nutritional intervention

on gut immunity in dams, as well as on enduring immune system function in offspring at 8 weeks
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of age. Among dams, there were no discernible alterations in cytokine levels, except for IFN-y,
which could be attributed to the relatively small number of dams in each group. Our results
demonstrated the ability of AHCC to reduce the long-term effect of early-life antibiotic exposure
on proinflammatory cytokines, including IL-2, IL-6, and IL-15 in male offspring, and IL-6, IL-15,

and IL-21 in female offspring.

IL-6 exerts a pivotal role in the pathogenesis of intestinal inflammation (Yang et al., 2014). NF-
kB activation induces the expression of IL-6, which, in turn, results in the phosphorylation and
activation of STAT3 (Yang et al., 2014). This cascade leads to the expression of transcriptional
factors and inflammatory cytokines, including the master transcription factor of Th17 cells and IL-
17, contributing to the inflammatory responses (Shahbazi et al., 2023a; Yang et al., 2014). IL-6
itself may activate the NF-kB pathway via the PI3K pathway (Luo and Zheng, 2016). NF-xB/IL-
6/STAT3 pathway may link intestinal chronic inflammation to colitis-associated colorectal cancer
(Yang et al., 2014). Biotics intake has demonstrated efficacy in preventing colorectal cancer by
modulating gut microbiota and NF-kB/IL6-STAT3 signal transduction pathway (Jiang et al.,

2020).

IL-2, IL-15, and IL-21 receptors have a shared component known as the common gamma chain
(yc) within their subunits. IL2 and IL15 receptors also share IL2/IL15Rp subunit (Waldmann,
2015). Both IL-2 and IL-15 activate the JAK/STAT signaling pathway and play crucial roles in T
cell proliferation, and natural killer (NK) cell maintenance (Waldmann, 2015). IL-2 exhibits a dual
role in inflammation (Hoyer et al., 2008) and has been found to activate various cascades, including
NF-«B in different immune cells (Fung et al., 2003; Chan et al., 2010). IL-15, on the other hand,
is a proinflammatory cytokine, and its chronic dysregulation has been observed in autoimmunity
possibly by affecting different immune cells such as NK cells and CD8* T cells (Waldmann et al.,
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2020). IL-15 exerts a pathogenic role in colitis by activating STAT3 signaling (Sugimoto, 2008).
Besides, IL-15 activates other signaling, including NF-kB (Giron-Michel et al., 2003). IL-15
stimulates inflammatory infiltration of macrophages by up-regulating NF-kB expression (Yan et
al., 2016). Furthermore, IL-21, a pro-inflammatory cytokine primarily produced by activated CD4*
T cells and NKT cells, has been found to initiate and conserve inflammatory signals related to
intestinal inflammation and tumorigenesis (De Simone et al., 2015). Notably, IL-21 deficiency is
linked to the suppression of STAT3 and NF-kB, resulting in decreased production of inflammatory

cytokines such as IL-17A and IL-6 (De Simone et al., 2015).

Based on cytokines results, NF-kB and STAT3, as the primary targets of these cytokines, were
studied to elucidate the molecular mechanisms underlying the impact of early-life antibiotic
exposure and prebiotic intake on immune system function later in life. We have previously shown
the ability of AHCC to inhibit the enduring effects of pubertal LPS-induced inflammation on the
immune system by regulating inflammatory cytokines and signaling pathways, including IL-17,
IL-6, IL-1B, and STAT3 (Shahbazi et al., 2023a). Although we anticipated an increase in p-STAT
levels in groups receiving antibiotics, no significant differences were detected in dams and female
offspring, while in male offspring a reduction in p-STAT3 levels was found in all treated groups
compared to the control, but the impact of antibiotic did not achieve statistical significance. Some
studies have shown that antibiotics inhibit STAT3 activation by different mechanisms, including
suppressing the JAK family kinases (Nelson et al., 2008), directly binding to STAT3 (He et al.,
2021), and inhibiting transcription factor aryl hydrocarbon receptor (Wang et al., 2018). Moreover,
early-life dysbiosis was associated with a lasting increase in NF-kB levels in offspring while
maternal prebiotic intake diminished this effect. NF-kB cascade regulates multiple functions of the

immune system and is tightly controlled by gut bacteria especially Firmicutes bacteria (Zhang et
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al., 2022). A decrease in these bacteria may lead to improper NF-kB signaling. Under normal
conditions, NF-kB signaling is crucial for enhancing tolerance against gut commensals and
maintaining gut homeostasis, however, in the presence of dysbiosis, it triggers inflammatory
responses, contributing to the development of various chronic diseases (Zhang et al., 2022).
Therefore, these results indicate the potential immunomodulatory activity of AHCC by modulating

NF-«B signaling and related cytokines.

Next, to investigate whether early-life antibiotic-induced dysbiosis can affect the immune system
by enduring epigenetic changes, the expression of selected miRNAs related to NF-kB and STAT3
pathways was examined in offspring. Gut miRNA profile dysregulation participates in the
pathogenesis of intestinal inflammation (Xiao et al., 2022). AHCC has been shown to exhibit
immunomodulatory activity at the gut level through modulation of the DNA methylation of genes
related to the Th17 and IL-17 pathways as well as the expression of miRNAs (Shahbazi et al.,
2023a). Here, miR-221 expression was lower in antibiotic + AHCC group compared to the
antibiotic group. AHCC could diminish the inhibitory impact of the antibiotic on the anti-
inflammatory miR-145 in males. In females, an increase in miR-145 expression was observed in
both groups receiving AHCC. miR-221 overexpression has been reported in colorectal cancer and
is associated with constitutive activation of NF-xkB and STAT3, which in return stimulates the
expression of miR-221 (Liu et al., 2014). On the other hand, miR-145 may inhibit inflammation
and tumor progression by suppressing NF-«kB activation (Sui et al., 2019; Mei et al., 2017; He et
al., 2020). It also exerts anti-tumor activity, partly by inhibiting p-STAT3 expression (Gao and

Ding, 2021).

Besides, over-expression of miR-21 has been demonstrated in inflammatory conditions, including
IBD, which is related to tissue injury (Shi et al., 2013). miR-21 exhibits inflammatory activity in
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IBD, partly by affecting STAT3 and NF-xB expression (Lu et al., 2020). In this study, reduced
expression of miR-21 was observed in male offspring within antibiotic-exposed groups and in
female offspring within all treated groups. Some evidence has demonstrated the ability ofa specific
class of antibiotics to attenuate miR-21 expression by inhibiting the maturation of pre-miR-21
(Garner et al., 2019), whereas other studies have indicated the overexpression of miR-21 due to

the antibiotic-induced aberration of gut microbiota in the gut and other organs (Yang et al., 2021).

Our study has several limitations. Firstly, we assessed the impact of treatment on gut microbiota
only after weaning, and the adult offspring microbiome was not analyzed. Nevertheless, prior
research has indicated a robust effect of antibiotics on gut microbiota post-weaning, with this
impact diminishing after antibiotic cessation. However, the adverse health effects of uncorrected
early-life dysbiosis persist into adulthood (Cox et al., 2014). Therefore, in this study, we focused
on examining the weaning microbiome. Secondly, despite our microbiome results revealing a
significant impact of antibiotic exposure on SCFA-producing genera, we did not measure SCFA
levels, which could represent a potential mechanism of immune dysregulation induced by early-
life gut microbiota dysbiosis. Lastly, in this study, mice were exposed to antibiotic and nutritional
intervention from the third week of gestation to weaning. However, further investigations are
required to explore prenatal and postnatal exposures separately to provide more insights into the

adverse consequences of gut microbiota dysbiosis during various critical stages of development.

In conclusion, this study demonstrates that persistent immune dysregulation stemming from early -
life gut microbiota dysbiosis could be linked, to some extent, to enduring changes in gut miRNA
profiles and inflammatory signaling pathways. Notably, maternal prebiotic intake could partially
prevent gut microbiota alteration as well as changes in miRNAs and NF-kB. Overall, these results

may contribute to the growing body of evidence regarding the long-term consequences of early-
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life gut microbiota dysbiosis and highlight potential strategies for preventive interventions to

mitigate health issues later in life.
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5- Discussion

Most effects of immune stressors on microbiota composition in critical developmental periods
persist for weeks to several months, although some studies have found significant differences in
microbial composition even 2 to 4 years after exposure (Cox et al., 2014). Even after microbiota
recovery, phenotypic changes such as microbiota-induced obesity remain with long-term
metabolic and developmental programming (Cox et al., 2014). Because of the interaction between
diet, gut microbiota, and immunity, numerous research studies have been recently conducted to
determine the functional consequences of manipulating the microbial community to promote
health (Zhang and Chen, 2019; Yoon and Yoon, 2018). In this regard, natural components,
especially probiotics, and prebiotics, have attracted considerable attention due to their potential
roles in restoring gut microbiota and alleviating dysbiosis adverse effects (Neuman et al., 2018).
However, the molecular mechanisms underpinning these effects have not been sufficiently

investigated.

In this research, the potential immunomodulatory and anti-inflammatory activities of prebiotic
compounds, PCA and AHCC, and probiotic SV-53, through regulation of epigenetic mechanisms
and/or signaling pathways were investigated. These compounds may exert their anti-inflammatory
roles by modulating TLRs (Nam and Lee, 2018; Mallet et al., 2016; Grabig et al., 2006). SV-53 is
a Gram-negative bacterium with probiotic-like features that was isolated from the microbiota of
wild blueberry fruit and has been shown to improve gut immunity by increasing sIgA, IL-10,
Goblet cells, and preventing pathogenic bacteria growth (Matar; Novotny-Nufiez et al., 2023;
Yahfoufi et al.,, 2021b; Salvetti et al., 2023). Gram-negative probiotics may ameliorate
inflammation via TLR-2 and TLR-4-dependent pathways (Grabig et al., 2006). PCA is a

polyphenolic compound with antioxidant and anti-inflammatory effects. PCA has been found to
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suppress the production of IL-6, IL-1, and IL-8 and inhibit LPS-induced inflammatory mediator
productions by suppressing TLR4 and TLR4-dependent pathways, including AKT, mTOR, and
NF-kB pathways (Nam and Lee, 2018). AHCC is rich in bioactive oligosaccharides such as a-
glucans. Previous studies have reported the immunomodulatory activity of AHCC in disease
conditions such as viral infection, colitis, and cancer, by modulating innate immune responses,
NKT, CD4+ and CD8+ T cells production and activity, and cytokines production (Shin et al.,
2019). Our previous research has also revealed the ability of AHCC to enhance immune responses

through modulating TLRs in the intestinal epithelial cells (Mallet et al., 2016).

5-1- Validation of Immunomodulatory Activity of SV-53 and PCA in the Steady-State

5-1-1-SV-53 and PCA Improve Mucosal Immunity and Modulate IL-6, IL-10, and IL-23
Cytokines

Previous research in our lab has utilized a blueberry juice fermented by SV-53, referred to as
polyphenol-enriched blueberry preparation or PEBP, containing a mixture of polyphenols and SV-
53, and found its effectiveness against breast cancer (Mallet et al., 2021). Further analyses revealed
many small oligomers with anti-inflammatory activity derived from the degradation of blueberry

juice polyphenols by SV-53, including a phenolic mixture containing PCA (Mallet et al., 2023).

Therefore, in this project, we first designed a study to assay the immunomodulatory and anti-
inflammatory activity of SV-53 and PCA (alone and not in the form of PEPB or polyphenolic
mixture) in adult Balb/c mice in the homeostatic condition. Since, it is known that exposure to LPS
is associated with an increase in IL-6, IL-23, and subsequent differentiation of Th17 cells, and IL-
17 expression through TLR4-dependent pathways (Park et al., 2015) and given our preliminary

data revealed the role of SV-53 in modulating cytokines related to Th17 differentiation, including
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IL-10, IL-6, IL-17, therefore, we explored selected cytokines and epigenetic mechanisms related

to Th17 differentiation and IL-17A signaling.

In addition, inactivated non-viable probiotic bacteria exhibit comparable immunomodulatory and
health-promoting properties to their viable counterparts. Besides, non-viable microorganisms offer
additional advantages such as extended shelf life, easier transportation, simplified storage
methods, and fewer safety concerns (Akter et al., 2020). These inactivated microbial cells have
recently been introduced as “paraprobiotics” which refers to “non-viable microbial cells (intact or
broken) or cell extracts when administered in adequate amounts, confer a health benefit to the
consumer” (Taverniti and Guglielmetti, 2011). Therefore, we also investigated the potential

immunomodulatory activity of the heat-inactivated form of SV-53.

Probiotics and prebiotics can modulate immune responses by regulating cytokines and
immunoglobulin secretions (Yahfoufi et al., 2018). The results of this study indicated the role of
SV-53 and PCA in improving mucosal and humoral immunity. Both SV-53 and PCA
administration elevated IgA-producing B cell frequency in the ileum and SV-53 intake increased
the concentration of serum IgA. On mucosal surfaces, [gA combats invading pathogens by forming
an immune complex that can be recognized by specific receptors on the immune cells which leads
to the activation of different mechanisms in immune cells, finally eliminating the pathogens. It
also may be involved in the downregulation of inflammatory responses (Mantis et al., 2011).
Conversely, IgG triggers inflammatory responses and contributes to the exacerbation of
inflammation and Th-17 polarization by stimulating macrophages during colitis (Aschermann et
al., 2010; Castro-Dopico and Clatworthy, 2019; Castro-Dopico et al., 2019). Our treatment did not
change IgG levels. Stimulating the production of sIgA without concurrent elevation of IgG levels

emphasizes the efficacy of the SV-53 and PCA in improving gut mucosal immunity.
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In addition, an increase in the frequency of the IL-10-producing cells in both SV-53 and PCA-fed
mice further indicates the role of these compounds in improving mucosal immunity due to the role
of IL-10 in the production of IgA by B cells (de Moreno de Leblanc et al., 2011). IL-10 can inhibit
antigen presentation and subsequent pro-inflammatory signaling activation and cytokine release,
therefore is effective in inhibiting intestinal inflammation (Li and He, 2004). These results are in
line with other studies exploring the immunomodulatory activity of probiotics or prebiotics (Di
Giacinto et al., 2005; Lavasani et al., 2010; Yahfoufi et al., 2021b; Roller et al., 2004; Hoentjen et
al., 2005). SV-53 and PCA intake were associated with a decrease in the levels of IL-17A, IL-6,
and IL-23. IL-17A/IL-23 signaling contributes to the pathogenesis of IBD (Catanad et al., 2015).
Additionally, increased IL-6 expression damages gut mucosal immunity by targeting tight

junctions (Li et al., 2021; Al-Sadi et al., 2014).

Heat-inactive probiotics are also metabolically and functionally active due to the release of various
components during the inactivation process, including cell wall components (Castro-Herrera et al.,
2020). Heat-inactivated probiotics have been shown to downregulate IL-6, and IL-23 expressions,
and STAT3 activation in colitis animals (Sang et al., 2015). In this study, feeding mice with heat-
inactivated SV-53 led to an increase in serum IgA concentration, a reduction in IL-6 and IL-23
concentrations, and a decrease in the number of IL-17A and IL-6-producing cells in the ileum
tissues of mice. Our results revealed more potent immunostimulatory activity of live bacteria
compared to non-viable bacteria. These results are in line with other studies reporting more effect
for viable bacteria, where heat inactivation of some probiotic bacteria such as E. coli Nissle 1917
(Sturm et al., 2005) and Bifidobacterium led to the alteration of their immunomodulatory and anti-
inflammatory activities (Pyclik et al., 2021). Noteworthy, in this study, heat-inactivated SV-53

was applied under normal conditions. Analyzing the activity of heat-inactivated bacteria in the

140



presence of inflammation may offer more insights into the potential immunomodulatory properties
of these bacteria. Previous research has demonstrated that heat-inactivated 4. muciniphila is more
effective in alleviating inflammatory responses in colitis mice compared to the live bacteria (Xue

et al., 2023).

5-1-2- SV-53 Colonizes the Intestine and Decreases E-coli Population

Results from gut microbiome analysis revealed SV-53 colonization in the groups treated with this
compound. Comprehensive genome analysis of SV-53 has identified no potentially pathogenic
genes, while a cluster of genes responsible for coding bacteriocins that target pathogenic Gram-
negative bacteria was found (Salvetti et al., 2023). Interestingly, in the current study, we observed
the ability of SV-53 to reduce the population of E. coli, a Gram-negative pathogenic bacterium in
the gut microbiota, which has been shown to increase IL-17 secretion (Ren et al., 2017) and disturb
gut barrier integrity, leading to inflammation (Raheem et al., 2021). Similarly, some probiotics,
such as L. plantarum, L. rhamnosus, L. fermentum, and E. coli Nissle 1917, have been reported to

prevent the detrimental effects of pathogenic E. coli on gut barrier defense (Raheem et al., 2021).

5-1-3- SV-53 and PCA Modulate Gut Immunity through Epigenetic Mechanisms

To investigate whether the immunomodulatory activities of SV-53 and PCA are governed by
epigenetic processes, we examined miRNA expression and DNA methylation status of genes
related to the IL-17 pathway. A significant decrease in the relative expressions of miR-425 and
miR-223 was observed in the mice treated with live SV-53 and PCA, while heat-inactivated
bacteria did not affect these miRNAs. Over-expression of both miRNAs contributes to intestinal
inflammation (Yang et al., 2018; Rodriguez-Nogales et al., 2018a). miR-233 is downstream of the
IL-23/IL-23R signaling which promotes autoreactive Th17 cells during autoimmunity through the
IL-23/STAT3 pathway (Wei et al., 2019) and its expression correlates with IL-17A expression (Xu
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et al., 2020). miR-223 also increases gut permeability by damaging tight junction proteins such as
claudin-8 through the IL-23/Th17 pathway. miR-425 participates in inflammatory diseases such
as autoimmunity (Balzano et al., 2017), and its overexpression is related to intestinal mucosal

inflammation, Th17 cell pathogenicity, and IL-17A secretion (Yang et al., 2018).

Next, a DNA methylation analysis was conducted. While we could not find any differentially
methylated regions (DMRs) in mice receiving live bacteria and PCA, heat-inactivated probiotic
intake was associated with increased methylation levels of probes within CpG islands surrounding
the transcription start sites (TSS) of genes related to IL-17A signaling, such as /6, Il17rc,and 111 1.
As stated earlier, IL-6 is indispensable for the initiation of Th17 differentiation from naive CD4*
T cells (Tanaka et al., 2014), while IL-17RC, in the form of the IL-17RA/IL-17RC receptor
complex, is essential for signal transduction mediated by IL-17A and IL-17F (Rex et al., 2023;
Pappu et al., 2011). IL-11 appears to play roles in the generation, expansion, or response of Th17

cells, consequently contributing to the development of autoimmunity (Zhang et al., 2019d).

PI3K/AKT/NF-kB pathway plays an important role in Th17 differentiation and IL-17A gene
expression (Park et al., 2014). We noted hypermethylation in the regulatory regions of two genes
associated with this pathway: Akt/ and Ixbkg. AKT participates in the activation of RORy and
facilitates Th17 differentiation (Kurebayashi et al., 2012), while Ixkbkg encodes the regulatory
subunit of the inhibitor of the IxB kinase complex, which participates in NF-xB activation
(Johnston et al., 2016). NF-xB binds to the RORyt and RORY promoter regions and induces their
expressions (Park et al., 2014). It also induces the expression of IL-1, IL-6, IL-23, IL-17, and IL-
23R (Liu et al., 2017; Park et al., 2014). In addition, the promoter of Sgk/ underwent

hypermethylation following treatment with heat-inactivated bacteria. This gene encodes SGKI,
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which participates in the maintenance of the Th17 cell phenotype by regulating the expression of

IL-23R (Wu et al., 2013).

CpGs around the TSS of Cblb and Smad4 were hypomethylated, which may be related to the
transcriptional activation of these genes. CBLB and SMAD restrain Th17 cell differentiation by
restricting IL-6 secretion from immune cells (Zeng et al., 2022) and suppressing Thl7
transcriptional factor expression (Zhang et al., 2019c¢), respectively. These findings suggest that,
in addition to cell wall components, other elements released during the heat-inactivation process
may be involved in epigenetic modifications induced by heat-inactivated SV-53. Together, this
result revealed the anti-inflammatory and immunomodulatory effects of probiotic SV-53 by

regulation epigenetic mechanisms.

5-2- AHCC Alleviates Acute Impact of Pubertal LPS Challenge on Gut Microbiota

We have previously shown the effect of LPS and SV-53 on gut microbiota in pubertal mice
exposed to LPS (Yahfoufi et al., 2023). Therefore, in the current study, we only studied the AHCC
effect on gut microbiota at puberty. B-diversity results showed significant differences between
mice challenged with only LPS and both groups receiving AHCC. At the family level, the
Bacteroidaceae population was observed to be higher in the LPS group compared to the other
groups, while the Lachnospiraceae population decreased in the LPS group. Lachnospiraceae
species are known as key producers of SCFAs in the gut, consequently leading to lower levels of
inflammatory mediators (Vacca etal., 2020). In the AHCC group, Flavobacteriaceae were the most
abundant bacterial population. Genome analysis of Flavobacteriaceae has found a significant
abundance of gene clusters associated with antimicrobial compound synthesis (Gavriilidou et al.,
2020). In addition, LPS exposure was associated with the increased abundance of Bacteroides and

Parabacteroides genera and B. intestinalis species while AHCC intake prevented the effect of LPS
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on this bacteria. Overgrowth of Bacteroides and Parabacteroides correlates with colitis-induced
mucosal injury (Shi et al., 2021), and inflammatory cytokine production, such as IL-17,IL-21, and
IFN-y (Guo et al., 2020). Furthermore, studies have identified a positive correlation between
colonizing mice with B. intestinalis and the overexpression of IL-10, leading to ileal damage

(Andrews et al., 2021).

5-3- AHCC and SV-53 Mitigate Pubertal LPS-Induced Inflammatory Responses by
Modulation of Cytokines and Signaling Pathways Related to IL-17 Signaling

The protective effects of AHCC or SV-53 administration during the pubertal window against acute
and/or enduring inflammatory responses induced by pubertal LPS challenge were explored at the
gut level. AHCC administration was found to inhibit the immediate effects of pubertal LPS

exposure on IL-17A, I1-L-17F, TGF-B, IL-6, IL-1p, and IL-23.

Notably, AHCC intake during puberty also reduced the lasting effects of pubertal LPS exposure
on IL-17A, IL-1B, and IL-6 production in adult mice. Furthermore, SV-53 intake was observed to
mitigate the LPS impact on IL-17A, TGF-B, and IL-6 production. Both compounds prevented the

lasting inhibitory effect of pubertal LPS on IL-10.

Then, based on cytokine results, the impact of treatment was investigated on STAT3 and FOXO1
levels. In the acute phase, AHCC intake reduced the stimulatory impact of LPS on p-STAT3 in
pubertal mice. In the long term, both pubertal AHCC and SV-53 intake suppressed the LPS-
induced increase in STAT3 and p-STATS3 levels. Additionally, AHCC and SV-53 administration
in the pubertal window resulted in a lasting increase in FOXO1 levels during adulthood. Similarly,
a study by Chen et al. demonstrated that Lactobacillus acidophilus administration could mitigate

inflammatory responses associated with the 1L-23/Th17 signaling by suppressing the STAT3
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pathway, thereby reducing IL-17 expression in colitis mice (Chen et al., 2015). In another study,
prebiotic inulin inhibited gut injury and promoted mucosal immunity in Salmonella-infected

animals by inhibiting IL-6, IL-18, IFN-y, and JAK/STAT3 pathway (Song et al., 2020).

In the intestine, IL-6 contributes to the early differentiation of Th17 by inducing STAT3-dependent
expression of RORyt (Chen et al., 2022), while IL-1 and IL-23 participate in delayed proliferation,
and maintenance of CD4" Th17 phenotype (Sutton et al., 2009; Ghoreschi et al., 2010). In fact,
early differentiation of Th17 cells is IL-23 independent because naive T cells do not express IL-
23R (Ivanov et al., 2006). IL-1R signaling is also critical for sustaining Th17 cells, in the absence
of TCR stimuli. Notably, the results of a study uncovered that in the absence of TCR stimuli, the
addition of IL-23 or IL-6 to the Th17 culture did not improve cytokine production by these cells,

while the addition of IL-1 significantly enhanced the cytokine secretion (Chung et al., 2009).

IL-10 is involved in limiting Th17 cell-induced inflammation in the gut (Hsu et al., 2015). Also,
signals from TGF-f inhibit pathogenic Th17 production, while may enhance non-pathogenic th17
cell generation (Ghoreschi et al., 2010). Some evidence has also been suggested that TGF-3
1soforms might be related to the pathogenicity of Th17 cells and TGF-B3-induced Th17 cells may

exert more pathogenicity compared to IL-6 and TGF-B1-induced cells (Lee et al., 2012).

On the other hand, IL-17A overexpression, in turn, directs the production of IL-6, IL-23, and IL-
1B, and IL-6-derived phosphorylation and activation of STAT?3, leading to further IL-17 secretion
and sustained inflammation (Chen and Zhou, 2015; Sutton et al., 2009). Our results may suggest
that the lasting inflammatory responses induced by LPS may be mediated, partially, by IL-1p. In

addition, it may indicate the involvement of innate immune cells in IL-17 production as previous
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studies have shown the ability of ILC3s to produce IL-17A and IL-17F in response to IL-1 and

IL-23, independent of TCR involvement (Chung et al., 2021).

In contrast to STAT3, FOXO!1 induces IL-10, and TGF-f expression (Graves and Milovanova,
2019; Cabrera-Ortega et al., 2017), suppresses IL-23R expression, and RORyt transcriptional
activity, resulting in inhibition of IL-17A production by Th17 (Lainé et al., 2015; Cabrera-Ortega
et al.,, 2017). LPS has been shown to inhibit FOXOI activity through activation of
TLR4/PI3K/AKT signaling (Graves and Milovanova, 2019). In addition, the IL-6/STAT3 pathway
may inhibit FOXO1 expression epigenetically, leading to subsequent induction of IL-1R1/IL-1
signaling. Conversely, this process is inhibited by TGF-f (Ichiyama et al., 2016). Our results
suggest that prebiotic and probiotic consumption may exert immunomodulatory properties partly

by modulating STAT3, FOXOI1, and cytokines related to these pathways.

5-4- AHCC and SV-53 Intake Alleviate Enduring Immune Dysfunction Associated with
Pubertal LPS-Induced Inflammation through Modulating Epigenetic Mechanisms

Finally, to evaluate if the enduring impacts of LPS exposure as well as AHCC/SV-53 intake on
gut immunity involve lasting epigenetic alterations, an analysis of miRNA expression and/or DNA
methylation was conducted. Our treatment was associated with an enduring increase in miR-145
expression in adult mice exposed to the pubertal prebiotic and probiotic. Also, prebiotic/probiotic
administration around puberty significantly diminished the enduring effect of pubertal LPS
exposure on miR-425 expression in adult mice. Loss of miR-145 has been shown to induce pro-
inflammatory signals of innate immunity (Pekow et al., 2012), increase secretion of TNF-a, IL-6,
and IL-1PB (Li et al., 2018), and augment pathogenic Th17 cells responses (Wang et al., 2013).
miR-145 expression inhibits LPS-mediated inflammatory responses by suppressing NF-xB (He et
al., 2020). It also exerts an anti-inflammatory role by suppressing STAT3 and inducing FOXO1
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(Jiang et al., 2017). The inflammatory properties of miR-425 were discussed earlier. IL-1p has
been identified to derive miR-425 expression through the NF-kB pathway (Ma et al., 2014). miR-
425 represses FOXO1 expression in the experimental colitis causing over-expression of IL-17A
(Yang et al., 2018). In line with these results, in a study, administration of the Bifidobacterium
longum was associated with an elevation in miR-145 expression and a concurrent reduction in IL-

6 concentration in an animal model of colorectal cancer (Fahmy et al., 2019).

Then, DNA methylation analysis was done for the enduring LPS-AHCC experiment. We found
hypermethylation of CpGs around the TSS of some genes directly or indirectly related to IL-17
signaling, including Lbp, Rorc, Runx1, Il17ra, Racl, and Ccl5, in adult mice exposed to pubertal
LPS+AHCC compared to mice solely exposed to LPS. This observation may suggest the
transcriptional repression of these genes by AHCC. Lbp encodes for LBP, which as discussed in
the introduction section, is necessary for LPS-mediated TLR4 signaling initiation by delivering
LPS to CD14. Rorc encodes the Th17 master transcription factor RORyt (Ma et al., 2022). RUNX1
enhances RORyt expression, Th17 generation, and IL-17 transcription (Zhang et al., 2008). /11 7ra
encodes IL17R A which is essentil for IL-17 signaling initiation (Rex et al., 2023). Rac1 contributes
to LPS-induced proinflammatory cytokine expressions (Sanlioglu et al., 2001) and is required for
IL-17A expression in autoimmunity (Kurdi et al., 2016). Lack of Racl in Th17 cells leads to
suppression of IL-17A, IL-17F, and IL-23R expression (Kurdi et al., 2016). Moreover, LPS
induces CCL5 expression through a TLR4-dependent pathway (Bandow et al., 2012). Pathogenic
Th17 cells express higher levels of CCLS5 (Lee et al., 2012) and IL-17 A/F signaling blockade may
reduce CCL5 expression (Sola et al., 2023). Furthermore, the 7//0 promoter was hypomethylated
in the AHCC+LPS mice, which may indicate transcription activation of the ///0. IL-10 preserves

FOXOI1 function (Hsu et al., 2015) and suppresses IL-17A production (Gu et al., 2008).
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Together, our finding suggests that prebiotic/probiotic intake in the pubertal window inhibits
lasting immune deregulation mediated by immune stressors in this period through the preservation

of gut microbiota balance, and modulation of signaling pathways and epigenetic mechanisms.

5-5- Early-Life Antibiotic Exposure Induces Gut Microbiota Dysbiosis
To investigate the correlation between early-life gut microbiota dysbiosis and immune dysfunction
in adulthood, mice were exposed to low-dose penicillin perinatally, and the potential protective

effects of AHCC intake against antibiotic-induced dysbiosis were studied at the weaning.

At the phylum level, notable changes were identified: a significant rise in the Proteobacteria
population in mice exposed to antibiotic in both dams and offspring; a decline in the Firmicutes
population in offspring exposed to the maternal antibiotic, and an increase in Bacteroidetes in both
male and female offspring exposed to antibiotic + AHCC. These results are in line with previous
research studying the effect of early-life antibiotic intake on gut microbiota (Leclercq et al., 2017;
Candon et al., 2015; Jin et al., 2017; Cho et al., 2020). At the genus level, a reduction in the main
genera involved in the SCFAs production (belonging to Firmicutes phylum and class Clostridia)
and in the population of Lactobacillus (belonging to Firmicutes phylum, class Bacilli) was
observed in mice exposed to the antibiotic in dams and offspring. AHCC intake could mitigate the
overgrowth of Proteobacteria induced by the antibiotic in dams and offspring, and partially
alleviate the inhibitory effect of maternal antibiotic on SCFAs-producing bacteria in dams and
male offspring. Consistent with our results, several studies have highlighted the impact of diets
abundant in prebiotics on reducing Firmicutes and increasing Bacteroidetes (Dewulf et al., 2013;
Parnell and Reimer, 2012), as well as promoting short-chain fatty acid (SCFA)-producing bacteria

in the gut microbiota (Garcia-Mantrana et al., 2018).

148



As stated in the introduction section, under homeostatic conditions, the majority of gut-derived
LPS originate from Bacteroidetes, producing non-pathogenic LPS with immunoinhibitory
properties, potentially by inhibiting the production of inflammatory mediators through the NF-kB-
dependent pathway (d'Hennezel et al., 2017). Conversely, Proteobacteria are a primary source of
pathogenic LPS, raising the risk of inflammatory responses (d'Hennezel et al., 2017). Overgrowth
of Proteobacteria correlates with intestinal inflammation (Rizzatti et al., 2017). Furthermore,
SCFA-producing bacteria may suppress intestinal inflammation by inhibiting NF-kB and cytokine
production (TNF-a, IL-6, IL-12, and IL-17A) (Morgan et al., 2012; Zhu et al., 2018). Maternal gut
microbiota and a prebiotic-rich diet during pregnancy and lactation play a crucial role in early-life
metabolic, neurologic, and immunologic development, facilitated by SCFA production (Kimura
et al., 2020; Nakajima et al., 2017). Hence, our results suggest that AHCC may enhance immune
function and mitigate antibiotic-induced inflammation, potentially by reducing Proteobacteria,

elevating Bacteroidetes, and preserving SCFA-producing bacteria.

5-6- AHCC Intake Alleviates Long-Term Immune Deregulation Induced by Early-Life Gut
Microbiota Dysbiosis

The impact of AHCC on mitigating the lasting effects of early-life gut microbiota disturbance on
immune function was assessed in offspring at 8 weeks. AHCC could mitigate the enduring effect
of early-life antibiotic exposure on proinflammatory cytokines, including IL-2, IL-6, IL-15, and
IL-21 in offspring. These cytokines play an important role in regulating two inflammatory
pathways: NF-kB and STAT3. IL-6 induces the NF-kB pathway via the activation PI3K pathway
(Luo and Zheng, 2016). On the other hand, NF-«B itself induces the expression of IL-6, leading
to phosphorylation and activation of STAT3 (Yang et al., 2014), and inflammatory responses by

producing inflammatory mediators suchasIL-17 (Yanget al., 2014). IL-2,IL-15,and IL-21 induce
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STAT3 and NF-kB cascades. IL-2 plays a dual role in inflammation, while IL-15 and IL-21 are
proinflammatory cytokines contributing to intestinal inflammation and colitis (Waldmann, 2015;
Fung et al., 2003; Chan et al., 2010; Sugimoto, 2008; Giron-Michel et al., 2003; De Simone et al.,

2015).

Next, based on cytokines results, we hypothesized that antibiotic exposure in early life is
associated with a lasting increase in STAT3 phosphorylation and activation as well as NF-xB
levels. However, p-STAT3 levels were not affected by antibiotic and prebiotic treatment in dams
and female offspring. In male offspring, its level decreased insignificantly in antibiotic-exposed
mice and significantly in AHCC and antibiotic + AHCC-exposed mice. Similarly, bioactive
compounds have been reported to protect against colitis-related gut inflammation by suppressing
JAKI1, p-STATS3, inflammatory cytokines such as IL-1pB, IL-6, IFN-y, and TNF-0, improving
Th17/Treg balance, preventing dysbiosis, and increasing SCFA-producing bacteria (Li et al.,
2023). In addition, inhibition of phosphorylation and transcriptional activity of STAT3 by specific
antibiotics has been reported (Heppler et al., 2022; Ye et al., 2018) which is mediated by different
mechanisms, such as suppressing the JAK family kinases (Nelson et al., 2008) or binding to
STAT3 (He et al., 2021). Furthermore, early-life dysbiosis was associated with an enduring
elevation in NF-kB levels in offspring while prebiotic intake prevented this effect. Similar to our
results, other studies have found the efficacy of bioactive compounds in decreasing the content of
NF-kB p65 and IL-6 in inflammatory conditions (Jin et al., 2022). NF-xB signaling is controlled
by gut bacteria, especially Firmicutes (Zhang et al., 2022), however, in dysbiotic conditions, NF-
kB over-activation initiates inflammatory cascades, leading to the development of chronic
inflammation (Zhang et al., 2022). These results suggest the potential immunomodulatory activity

of AHCC by modulating NF-kB signaling and related cytokines.
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5-7- AHCC Intake Alleviates Long-Term miRNAs Deregulation Induced by Early-Life Gut
Microbiota Dysbiosis

To further explore the potential impact of early-life antibiotic-induced dysbiosis and AHCC intake
on the immune system through persistent epigenetic alterations, we investigated the expression of
specific miRNAs associated with the NF-kB and STAT3 pathways in the offspring. Antibiotic
intake increased pro-inflammatory miR-221 and antibiotic + AHCC exposure reduced miR-221.
In addition, antibiotic intake decreased anti-inflammatory miR-145 expression in males which was
prevented by AHCC. AHCC intake also increased miR-145 expression in females. Dysregulation
of the gut miRNA profile participates in the pathogenesis of intestinal inflammation (Xiao et al.,
2022). Overexpression of miR-221 is correlated with the constitutive activation of NF-xB and
STAT3 which further upregulates miR-221 expression (Liu et al., 2014). On the contrary, miR-
145 exerts anti-inflammatory and antitumor activities by inhibiting NF-kB (Sui et al., 2019; Mei
etal.,2017) and p-STAT3 (Gao and Ding, 2021). It also attenuates inflammatory responses related

to metabolic disorders by inhibiting NF-kB activation (He et al., 2020).

Together, these findings suggest that dietary interventions incorporating prebiotics have the
potential to prevent the enduring consequences of early-life gut microbiota dysbiosis through the

regulation of signaling pathways and miRNAs, thereby promoting health in later stages of life.
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5-8- Critical Findings and Summary

In summary, our study contributes to generating new insights into the immunomodulatory
properties of prebiotics and probiotics in critical developmental windows of life. The efficacy of
these compounds to preserve gut microbial balance, regulate cytokine responses, and modulate
epigenetic processes, suggests a promising approach for dietary strategies aimed at promoting
long-term immune health. Figure 5-1 summarizes the potential mechanisms of action of

AHCC/SV-53.

Our findings emphasize the significant impact of AHCC and SV-53 in preventing persistent
inflammatory responses and immune dysregulation triggered by pubertal immune challenges.
Biotics intake effectively regulated cytokine profiles and signaling pathways related to IL-17,
including 1IL-6, IL-1B, TGF-B, STAT3, and FOXO1, showing a comprehensive
immunomodulatory effect. In addition, we showed that immune deregulation induced by pubertal
immune challenge might be mediated, in part, by enduring changes in DN A methylation and that
nutritional intervention can prevent these changes, shedding light on a connection between
pubertal immune challenges, epigenetic modifications, and the efficacy of dietary intervention in
immune regulation. Furthermore, our result revealed that early-life antibiotic-induced gut
microbiota dysbiosis leads to lasting deregulation in NF-kB and miRNAs such as miR-221 and
miR-145, while prebiotic intake could mitigate gut microbiota disturbances and related adverse
effects, suggesting the role of nutritional intervention in the window of opportunity in early life to

prevent immune-related disorders later in life.

This research expands our current knowledge and highlights the potential translational applications
of biotics in preventing immunological alternations associated with exposure to immune stressors

and dysbiosis in the developmental phases of life.
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Figure 5-1. The potential mechanisms of action of AHCC/SV-53 in modulating gut immunity. LPS
exposure activates TLRs by either directly interacting with receptors or inducing dysbiosis. Antibiotic
exposure is associated with dysbiosis, increased PAMPs production, and subsequent activation of TLRs.
TLRs and downstream inflammatory signaling activation lead to overexpression of pro-inflammatory
cytokines and, therefore, activation of innate immunity and secretion of more pro-inflammatory cytokines.
LPS and other PAMPS can also be detected by APCs and be transferred to T cell receptors on the surface
of naive T cells, in the presence of cytokines such as IL-6 and IL-23. This process may induce STAT3 and
NF-xB and inhibit FOXO1, leading to the differentiation of naive T cells to mature T cells such as Th17.
Cytokines produced by innate immune cells as well as activated T cells can further activate inflammatory
pathways such as STAT3 and NF-kB. These changes may also lead to the alteration of the gut miRNA
profile and DNA methylation status of genes controlling gut immunity. AHCC/SV-53 may prevent gut
microbiota dysbiosis, as well as signaling pathways and epigenetic deregulation induced by LPS/antibiotic
exposure. PAMPs: Pathogen-associated molecular patterns; APCs: Antigen-presenting cells. The image
was created by BioRender.com.
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5-9- Limitations of the Study

This project has some limitations:

In the first and second studies only female mice were utilized to study the effect of treatment on
the immune system, however, there is a sex difference in immune system function (Kane and
Ismail, 2017; Klein and Flanagan, 2016). Males and females exhibit differences in their immune
responses in embryonic stages and early life, such as differences in the production of cytokines by
immune cells, indicating that some sex-specific variations may be encoded in the germline (Klein
and Flanagan, 2016). Sex differences in immune responses are significantly influenced by the
differential expression of genes located on the X and Y chromosomes. These genetic differences
contribute to variations in both innate and adaptive immune responses between males and females
observed in normal conditions and disease states. Gene expression analysis in immune cells has
revealed that males and females exhibit differences in the expression of transcripts for both
proteins and non-coding RNAs. Notably, approximately 7% of these differentially expressed
transcripts are encoded on the sex chromosomes (Dunn et al., 2024). In addition, sex hormones
direct sex differences in immune responses between males and females. In both animals and
humans, immune system function changes throughout adolescence, especially in the puberty
period (Brenhouse and Schwarz, 2016). Testosterone has an anti-inflammatory and
immunosuppressive effect due to its ability to induce the production of IL-10 by T cells which
leads to less susceptibility to immune-related disorders following the onset of puberty in males
compared to females (Brenhouse and Schwarz, 2016). Whereas estrogen seems to have a dual
effect on various immune functions, like cell-mediated immune function, humoral-mediated
immune function, and cytokine levels (Kane and Ismail, 2017). In addition, sex differences in

immune responses to the pubertal immune stressor have previously been reported (Yahfoufi et al.,
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2023). So, it is recommended to take into account the factor of sex when investigating the

consequences of immune challenges in puberty and adulthood (Kane and Ismail, 2017).

While our findings, especially those related to p-STAT3, FOXO1, and DNA methylation, may
provide some indication regarding the potential role of SV-53 and AHCC in regulating immune
responses during inflammatory conditions, by influencing Th17 cells, performing a flow cytometry

test could offer an additional tool to determine various immune cell affected by treatment with

LPS and AHCC.

The DNA methylation results revealed several differentially methylated genes impacted by the
treatment, offering insights into the potential epigenetic modulation of genes associated with
Th17/IL-17 signaling. However, measuring mRNA levels of these genes could provide more

conclusive evidence regarding the treatment's effectiveness in modulating gene expressions.

In the early-life antibiotic-induced dysbiosis experiment, the treatment's impact on gut microbiota
was analyzed after weaning, and the analysis of the microbiome during adulthood was not
performed. However, studies have consistently highlighted a significant impact of antibiotics on
gut microbiota post-weaning, with this effect declining after the discontinuation of antibiotic
treatment. Nevertheless, the adverse health consequences of uncorrected early-life dysbiosis,
despite antibiotic cessation, persist into adulthood (Cox et al., 2014). Therefore, in this study, we

focused on examining the weaning microbiome.

Furthermore, although our microbiome findings indicated a significant change in the population
of bacteria responsible for SCFA production following treatment with antibiotic, we did not assess
SCFA levels, while changes in SCFA levels could potentially serve as a mechanistic link to the

immune dysregulation induced by early-life gut microbiota dysbiosis.
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Lastly, in this study, offspring were exposed to treatment in utero one week before birth and
continued until weaning. However, conducting further studies using prenatal and postnatal models
separately will help gain a better understanding of the detrimental outcomes associated with
maternal and/or offspring gut microbiota dysbiosis across critical developmental stages before and

shortly after birth.

5-10- Future Directions

Our results indicate that heat-inactivated SV-53 plays a role in the epigenetic modulation of the
immune system by influencing the DNA methylation of certain genes involved in immune
responses. This suggests the involvement of other components, apart from LPS, which are released
during the heating process and contribute to the epigenetic modulatory properties of the heat-
inactivated bacterium. Notably, studies have demonstrated that surface lipids and proteins
extracted from the outer membrane of the Gram-negative probiotic A. muciniphila are potent
immunomodulatory molecules. These molecules exert their effects through interactions with TLRs
(Bae et al., 2022; Wang et al., 2021). Therefore, characterizing cell wall components of SV-53,
including LPS, as well as outer membrane proteins and phospholipids can be the next step in our
research to identify bioactive molecules mediating the anti-inflammatory and immunomodulatory

properties of this novel probiotic bacterium.

In addition, in this study, we assayed the potential immunomodulatory activity of heat-inactivated
SV-53 in a homeostatic condition, while future studies can explore the effects of the heat-
inactivated SV-53 in the presence of immune challenges, gut dysbiosis, or intestinal inflammation
using different concentrations of bacteria to identify the effectiveness of bacteria in inflammatory

conditions and to determine the optimal dose of heat-inactivate bacteria preparation.
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Further studies addressing epigenetic modifications, such as DNA methylation, followed by gene
expression analysis, will help to gain deeper insights regarding underlying mechanisms governing

the long-term effect of early-life gut microbiota dysbiosis on the immune system.

Since antibiotic exposure in early life leads to lasting immune dysfunction, further studies can be
designed utilizing the early-life gut microbiota dysbiosis model, with a longer period during
adulthood to explore the effect of exposure to immune stressors and inflammation on susceptibility
of developing immune-based disorders in adult mice experiencing early-life gut microbiota

dysbiosis.

Studies have indicated that maternal diet-induced dysbiosis is not only linked to enduring
outcomes in the offspring but also contributes to long-term effects in the second generation of
offspring (Di Gesu et al., 2022). Additionally, it is well-established that epigenetic alterations can
be transmitted intergenerationally (Nilsson et al., 2022). Therefore, further studies can be
conducted to investigate whether the offspring of mice exposed to gut microbiota dysbiosis in their
early life (second-generation offspring) are susceptible to developing immune-based disorders in

the presence of immune stressors.

Our results provide some evidence about the involvement of miRNAs in regulating immune
responses; however, utilizing targeted miRNA knockout mice can help elucidate the role of
specific miRNAs in preventing/inducing long-term immune dysfunction in response to early-

life/pubertal immune stressors and inflammation.

157



References

Agans, R., Rigsbee, L., Kenche, H., Michail, S., Khamis, H. J.,Paliy, O. 2011. Distal gut microbiota of
adolescent children is different from that of adults. FEMS Microbiol Ecol, 77, 404-12.

Agus, A., Denizot, J., Thévenot, J., Martinez-Medina, M., Massier, S., Sauvanet, P., Bernalier-Donadille,
A., Denis, S., Hofman, P., Bonnet, R., Billard, E.,Barnich, N. 2016. Western diet induces a shift in
microbiota composition enhancing susceptibility to Adherent-Invasive E. coli infection and
intestinal inflammation. Sci Rep, 6, 19032.

Ahluwalia, B., Moraes, L., Magnusson, M. K.,Ohman, L. 2018. Immunopathogenesis of inflammatory
bowel disease and mechanisms of biological therapies. Scandinavian Journal of Gastroenterology,
53, 379-389.

Akira, S., Uematsu, S.,Takeuchi, O. 2006. Pathogen Recognition and Innate Immunity. Cell, 124, 783-801.

Akter, S., Park, J. H.,Jung, H. K. 2020. Potential Health-Promoting Benefits of Paraprobiotics, Inactivated
Probiotic Cells. J Microbiol Biotechnol, 30,477-481.

Al-Sadi, R., Engers, J.,Abdulqadir, R. 2020. Talk about micromanaging! Role of microRNAs in intestinal
barrier function. Am J Physiol Gastrointest Liver Physiol, 319, G170-g174.

Al-Sadi, R., Ye, D., Boivin, M., Guo, S., Hashimi, M., Ereifej, L..Ma, T. Y. 2014. Interleukin-6 modulation
of intestinal epithelial tight junction permeability is mediated by JNK pathway activation of
claudin-2 gene. PloS one, 9, €85345-e85345.

Alhasan, M. M., Holsken, O., Duerr, C., Helfrich, S., Branzk, N., Philipp, A., Leitz, D., Duerr, J., Almousa,
Y., Barrientos, G., Mohn, W. W., Gamradt, S.,Conrad, M. L. 2023. Antibiotic use during pregnancy
is linked to offspring gut microbial dysbiosis, barrier disruption, and altered immunity along the
gut—lung axis. European Journal of Immunology, 53, 2350394,

Amplicon, P., Clean-Up, P.,Index, P. 2013. 16s metagenomic sequencing library preparation. //lumina: San
Diego, CA, USA.

Andrews, M. C., Duong, C. P. M., Gopalakrishnan, V., Iebba, V., Chen, W.-S., Derosa, L., Khan, M. a. W.,
Cogdill, A. P., White, M. G., Wong, M. C., Ferrere, G., Fluckiger, A., Roberti, M. P., Opolon, P.,
Alou, M. T., Yonekura, S., Roh, W., Spencer, C. N., Curbelo, L. F., Vence, L., et al. 2021. Gut
microbiota signatures are associated with toxicity to combined CTLA-4 and PD-1 blockade. Nat.
Med., 27, 1432-1441.

Ansari, 1., Raddatz, G., Gutekunst, J., Ridnik, M., Cohen, D., Abu-Remaileh, M., Tuganbaev, T., Shapiro,
H., Pikarsky, E., Elinav, E., Lyko, F..Bergman, Y. 2020. The microbiota programs DNA
methylation to control intestinal homeostasis and inflammation. Nat Microbiol, 5, 610-619.

Anzola, A., Gonzalez, R., Gdmez-Belmonte, R., Ocon, B., Aranda, C. J., Martinez-Moya, P., Lopez-
Posadas, R., Hernandez-Chirlaque, C., Sinchez De Medina, F. Martinez-Augustin, O. 2018. miR-
146a regulates the crosstalk between intestinal epithelial cells, microbial components and
inflammatory stimuli. Scientific Reports, 8, 17350.

Armitage, J. A., Cavalcante, K. V. N., Ferreira-Junior, M. D., Francisco, F. A., Gomes, R. M., Lisboa, P.
C., Mathias, P. C. D. F., Miranda, R. A., Mota, A. P. C. D., Oliveira Ferreira, A. R., Palma-Rigo,
K., Pedrino, G.R., Ribeiro, M. V. G., Saavedra, L. P. J., Xavier, C. H., De Moura, E. G.,Dos Santos,
B. G. 2023. Puberty as a DOHaD programming window: high-fat diet induces long-term hepatic
dysfunction in male rats. Journal of Developmental Origins of Health and Disease, 14, 614-622.

Aschermann, S., Lux, A., Baerenwaldt, A., Biburger, M.,Nimmerjahn, F. 2010. The other side of
immunoglobulin G: suppressor of inflammation. Clinical and experimental immunology, 160, 161-
7.

Biackhed, F., Roswall, J., Peng, Y., Feng, Q., Jia, H., Kovatcheva-Datchary, P., Li, Y., Xia, Y., Xie,
H.,Zhong, H. 2015. Dynamics and stabilization of the human gut microbiome during the first year
of life. Cell Host Microbe, 17, 690-703.

158



Bae, M., Cassilly, C. D., Liu, X., Park, S.-M., Tusi, B. K., Chen, X., Kwon, J., Filipcik, P., Bolze, A. S.,
Liu, Z., Vlamakis, H., Graham, D. B., Buhrlage, S. J., Xavier, R. J.,Clardy, J. 2022. Akkermansia
muciniphila phospholipid induces homeostatic immune responses. Nature, 608, 168-173.

Balzano, F., Deiana, M., Dei Giudici, S., Oggiano, A., Pasella, S., Pinna, S., Mannu, A., Deiana, N., Porcu,
B., Masala, A. G. E., Pileri, P. V., Scognamillo, F., Pala, C., Zinellu, A., Carru, C.,Deiana, L. 2017.
MicroRNA Expression Analysis of Centenarians and Rheumatoid Arthritis Patients Reveals a
Common Expression Pattern. Int J Med Sci, 14, 622-628.

Bandow, K., Kusuyama, J., Shamoto, M., Kakimoto, K., Ohnishi, T.,Matsuguchi, T. 2012. LPS-induced
chemokine expression in both MyD88-dependent and -independent manners is regulated by
Cot/Tpl2-ERK axis in macrophages. FEBS Lett., 586, 1540-1546.

Behnsen, J., Deriu, E., Sassone-Corsi, M.,Raffatellu, M. 2013. Probiotics: properties, examples, and
specific applications. Cold Spring Harb Perspect Med, 3, a010074.

Bermudez-Brito, M., Bermudez-Brito, M., Plaza-Diaz, J., Muiioz-Quezada, S., Gémez-Llorente, C.,Gil, A.
2012. Probiotic Mechanisms of Action. Annals of Nutrition and Metabolism, 61, 160-174.

Bhat, M. 1., Kumari, A., Kapila, S.,Kapila, R. 2019. Probiotic lactobacilli mediated changes in global
epigenetic signatures of human intestinal epithelial cells during Escherichia coli challenge. Annals
of Microbiology, 69, 603-612.

Bhaumik, S.,Basu, R. 2017. Cellular and Molecular Dynamics of Thl7 Differentiation and its
Developmental Plasticity in the Intestinal Immune Response. Front Immunol, 8.

Bi, K., Zhang, X., Chen, W.,Diao, H. 2020. MicroRNAs Regulate Intestinal Immunity and Gut Microbiota
for Gastrointestinal Health: A Comprehensive Review. Genes (Basel), 11, 1075.

Binda, C., Lopetuso, L. R., Rizzatti, G., Gibiino, G., Cennamo, V.,Gasbarrini, A. 2018. Actinobacteria: A
relevant minority for the maintenance of gut homeostasis. Digestive and Liver Disease, 50, 421-
428.

Boskovi¢, M., Roje, B., Chung, F. F., Gelemanovi¢, A., Cahais, V., Cuenin, C., Khoueiry, R., Vilovi¢, K.,
Herceg, Z.,Terzi¢, J. 2022. DNA Methylome Changes of Muscle- and Neuronal-Related Processes
Precede Bladder Cancer Invasiveness. Cancers, 14.

Breijyeh, Z., Jubeh, B.,Karaman, R. 2020. Resistance of Gram-Negative Bacteria to Current Antibacterial
Agents and Approaches to Resolve It. Molecules, 25, 1340.

Brenhouse, H. C.,Schwarz, J. M. 2016. Immunoadolescence: Neuroimmune development and adolescent
behavior. Neurosci Biobehav Rev, 70, 288-299.

Brennan, C. A.,Garrett, W. S. 2019. Fusobacterium nucleatum - symbiont, opportunist and oncobacterium.
Nat Rev Microbiol, 17, 156-166.

Cabrera-Ortega, A. A., Feinberg, D., Liang, Y., Rossa, C.,Graves, D. T. 2017. The Role of Forkhead Box
1 (FOXO1) in the Immune System: Dendritic Cells, T Cells, B Cells, and Hematopoietic Stem
Cells. Crit Rev Immunol, 37, 1-13.

Calcaterra, V., Rossi, V., Massini, G., Regalbuto, C., Hruby, C., Panelli, S., Bandi, C.,Zuccotti, G. 2022.
Precocious puberty and microbiota: The role of the sex hormone—gut microbiome axis. Frontiers
in Endocrinology, 13.

Candelli, M., Franza, L., Pignataro, G., Ojetti, V., Covino, M., Piccioni, A., Gasbarrini, A.,Franceschi, F.
2021. Interaction between Lipopolysaccharide and Gut Microbiota in Inflammatory Bowel
Diseases. Int J Mol Sci, 22.

Candon, S., Perez-Arroyo, A., Marquet, C., Valette, F., Foray, A.-P., Pelletier, B., Milani, C., Ventura, M.,
Bach, J.-F.,Chatenoud, L. 2015. Antibiotics in Early Life Alter the Gut Microbiome and Increase
Disease Incidence in a Spontaneous Mouse Model of Autoimmune Insulin-Dependent Diabetes.
PLOS ONE, 10, ¢0125448.

Capitan-Canadas, F., Ortega-Gonzalez, M., Guadix, E., Zarzuelo, A., Suarez, M. D., De Medina, F.
S.,Martinez-Augustin, O. 2014. Prebiotic oligosaccharides directly modulate proinflammatory
cytokine production in monocytes via activation of TLR4. Mol Nutr Food Res, 58, 1098-110.

Carson, M. D., Westwater, C.,Novince, C. M. 2023. Adolescence and the Microbiome: Implications for
Healthy Growth and Maturation. Am J Pathol, 193, 1900-1909.

159



Castro-Dopico, T.,Clatworthy, M. R. 2019. IgG and Fcy Receptors in Intestinal Immunity and
Inflammation. Front Immunol, 10.

Castro-Dopico, T., Dennison, T. W., Ferdinand, J. R., Mathews, R. J., Fleming, A., Clift, D., Stewart, B.
J., Jing, C., Strongili, K., Labzin, L. 1., Monk, E. J. M., Saeb-Parsy, K., Bryant, C. E., Clare, S.,
Parkes, M.,Clatworthy, M. R. 2019. Anti-commensal IgG Drives Intestinal Inflammation and Type
17 Immunity in Ulcerative Colitis. Immunity, 50, 1099-1114.e10.

Castro-Herrera, V. M., Rasmussen, C., Wellejus, A., Miles, E. A.,Calder, P. C. 2020. In Vitro Effects of
Live and Heat-Inactivated Bifidobacterium animalis Subsp. Lactis, BB-12 and Lactobacillus
rhamnosus GG on Caco-2 Cells. Nutrients, 12.

Catana, C.-S., Berindan Neagoe, I, Cozma, V., Magdas, C., Tabaran, F.,Dumitrascu, D. L. 2015.
Contribution of the IL-17/IL-23 axis to the pathogenesis of inflammatory bowel disease. World J
Gastroenterol, 21, 5823-5830.

Champagne-Jorgensen, K., Mian, M. F., Kay, S., Hanani, H., Ziv, O., Mcvey Neufeld, K.-A., Koren,
O.,Bienenstock, J. 2020. Prenatal low-dose penicillin results in long-term sex-specific changes to
murine behaviour, immune regulation, and gut microbiota. Brain, Behavior, and Immunity, 84,
154-163.

Chan, K. K., Shen, L., Au, W. Y., Yuen, H. F., Wong, K. Y., Guo, T., Wong, M. L., Shimizu, N.,
Tsuchiyama, J., Kwong, Y. L., Liang, R. H.,Srivastava, G. 2010. Interleukin-2 induces NF-kappaB
activation through BCL10 and affects its subcellular localization in natural killer lymphoma cells.
J Pathol, 221, 164-74.

Chang, H., Zhao, F., Xie, X., Liao, Y., Song, Y., Liu, C., Wu, Y., Wang, Y., Liu, D., Wang, Y., Zou, J.,Qi,
Z. 2019. PPARa suppresses Th17 cell differentiation through IL-6/STAT3/RORyt pathway in
experimental autoimmune myocarditis. Experimental Cell Research, 375, 22-30.

Chang, J., Kim, B. M.,Chang, C.-H. 2014. Co-stimulation of TLR4 and Dectin-1 Induces the Production of
Inflammatory Cytokines but not TGF-§ for Th17 Cell Differentiation. Immune Netw, 14, 30-37.

Chen, C.-Y., Tsen, H.-Y., Lin, C.-L., Lin, C.-K., Chuang, L.-T., Chen, C.-S.,Chiang, Y.-C. 2013.
Enhancement of the immune response against Salmonella infection of mice by heat-killed
multispecies combinations of lactic acid bacteria. Journal of medical microbiology, 62, 1657-1664.

Chen, L., Ruan, G., Cheng, Y., Yi, A., Chen, D.,Wei, Y. 2022. The role of Th17 cells in inflammatory
bowel disease and the research progress. Front Immunol, 13, 1055914.

Chen, L., Zou, Y., Peng, J., Lu, F., Yin, Y., Li, F.,Yang, J. 2015. Lactobacillus acidophilus suppresses
colitis-associated activation of the IL-23/Th17 axis. J Immunol Res, 2015, 909514.

Chen, X. W.Zhou, S. F. 2015. Inflammation, cytokines, the IL-17/IL-6/STAT3/NF-xB axis, and
tumorigenesis. Drug Des Devel Ther, 9,2941-6.

Chen, Z., Luo, J., Li, J., Kim, G., Chen, E. S., Xiao, S., Snapper, S. B., Bao, B., An, D., Blumberg, R. S.,
Lin, C.-H., Wang, S., Zhong, J., Liu, K., Li, Q., Wu, C.,Kuchroo, V. K. 2021. Foxol controls gut
homeostasis and commensalism by regulating mucus secretion. Journal of Experimental Medicine,
218.

Cheng, H., Guan, X., Chen, D.,Ma, W. J. M. 2019. The Th17/Treg Cell Balance: A Gut Microbiota-
Modulated Story. Microorganisms, 7, 583.

Chi, X., Jin, W., Zhao, X., Xie, T., Shao, J., Bai, X., Jiang, Y., Wang, X.,Dong, C. 2022. RORyt expression
in mature TH17 cells safeguards their lineage specification by inhibiting conversion to TH2 cells.
Science Advances, 8, eabn7774.

Cho, ., Yamanishi, S., Cox, L., Methe, B. A., Zavadil, J., Li, K., Gao, Z., Mahana, D., Raju, K., Teitler, L,
Li, H., Alekseyenko, A. V.,Blaser, M. J. 2012. Antibiotics in early life alter the murine colonic
microbiome and adiposity. Nature, 488, 621-6.

Cho, N. A., Nicolucci, A. C., Klancic, T., Wang, W., Sharkey, K. A., Mychasiuk, R.,Reimer, R. A. 2020.
Impaired Hypothalamic Microglial Activation in Offspring of Antibiotic-Treated
Pregnant/Lactating Rats Is Attenuated by Prebiotic Oligofructose Co-Administration.
Microorganisms, 8.

160



Chu, X.-Q., Wang, J., Chen, G.-X., Zhang, G.-Q., Zhang, D.-Y.,Cai, Y.-Y. 2018. Overexpression of
microRNA-495 improves the intestinal mucosal barrier function by targeting STAT3 via inhibition
of the JAK/STATS3 signaling pathway in a mouse model of ulcerative colitis. Pathology - Research
and Practice, 214, 151-162.

Chung, S.-H., Ye, X.-Q.,Iwakura, Y. 2021. Interleukin-17 family members in health and disease.
International Immunology, 33, 723-729.

Chung, Y., Chang, S. H., Martinez, G. J., Yang, X. O., Nurieva, R., Kang, H. S., Ma, L., Watowich, S. S.,
Jetten, A. M., Tian, Q.,Dong, C. 2009. Critical regulation of early Th17 cell differentiation by
interleukin-1 signaling. Immunity, 30, 576-87.

Ciesielska, A., Matyjek, M., Kwiatkowska, K. 2021. TLR4 and CD14 trafficking and its influence on LPS-
induced pro-inflammatory signaling. Cell Mol Life Sci, 78, 1233-1261.

Cortes-Macias, E., Selma-Royo, M., Garcia-Mantrana, 1., Calatayud, M., Gonzalez, S., Martinez-Costa,
C.,Collado, M. C. 2021. Maternal Diet Shapes the Breast Milk Microbiota Composition and
Diversity: Impact of Mode of Delivery and Antibiotic Exposure. The Journal of Nutrition, 151,
330-340.

Cox, L. M., Yamanishi, S., Sohn, J., Alekseyenko, A. V., Leung, J. M., Cho, L, Kim, S. G., Li, H., Gao, Z.,
Mahana, D., Zarate Rodriguez, J. G., Rogers, A. B., Robine, N., Loke, P.,Blaser, M. J. 2014.
Altering the intestinal microbiota during a critical developmental window has lasting metabolic
consequences. Cell, 158, 705-721.

Cuevas, A., Saavedra, N., Salazar, L. A.,Abdalla, D. S. 2013. Modulation of immune function by
polyphenols: possible contribution of epigenetic factors. Nutrients, 5,2314-32.

Cui, G. 2019. TH9, TH17, and TH22 Cell Subsets and Their Main Cytokine Products in the Pathogenesis
of Colorectal Cancer. Frontiers in Oncology, 9.

D'hennezel, E., Abubucker, S., Murphy, L. O.,Cullen, T. W. 2017. Total Lipopolysaccharide from the
Human Gut Microbiome Silences Toll-Like Receptor Signaling. mSystems, 2, €00046-17.
Davani-Davari, D., Negahdaripour, M., Karimzadeh, 1., Seifan, M., Mohkam, M., Masoumi, S. J.,
Berenjian, A.,Ghasemi, Y. 2019. Prebiotics: Definition, Types, Sources, Mechanisms, and Clinical

Applications. Foods, 8.

Davoodvandi, A., Marzban, H., Goleij, P., Sahebkar, A., Morshedi, K., Rezaei, S., Mahjoubin-Tehran, M.,
Tarrahimofrad, H., Hamblin, M. R.Mirzaei, H. 2021. Effects of therapeutic probiotics on
modulation of microRNAs. Cell Communication and Signaling, 19, 4.

De Moreno De Leblanc, A., Del Carmen, S., Zurita-Turk, M., Santos Rocha, C., Van De Guchte, M.,
Azevedo, V., Miyoshi, A.,Leblanc, J. G. 2011. Importance of IL-10 modulation by probiotic
microorganisms in gastrointestinal inflammatory diseases. ISRN Gastroenterol, 2011, 892971-
892971.

De Simone, V., Ronchetti, G., Franzg¢, E., Colantoni, A., Ortenzi, A., Fantini, M. C., Rizzo, A., Sica, G. S.,
Sileri, P., Rossi, P., Macdonald, T. T., Pallone, F., Monteleone, G.,Stolfi, C. 2015. Interleukin-21
sustains inflammatory signals that contribute to sporadic colon tumorigenesis. Oncotarget, 6, 9908-
23.

Degruttola, A. K., Low, D., Mizoguchi, A.,Mizoguchi, E. 2016. Current Understanding of Dysbiosis in
Disease in Human and Animal Models. Inflamm Bowel Dis, 22, 1137-50.

Dempsey, E.,Corr, S. C. 2022. Lactobacillus spp. for Gastrointestinal Health: Current and Future
Perspectives. Front Immunol, 13, 840245.

Dewulf, E. M., Cani, P. D., Claus, S. P., Fuentes, S., Puylaert, P. G., Neyrinck, A. M., Bindels, L. B., Vos,
W. M. D., Gibson, G. R., Thissen, J.-P.,Delzenne, N. M. 2013. Insight into the prebiotic concept:
lessons from an exploratory, double blind intervention study with inulin-type fructans in obese
women. Gut, 62, 1112-1121.

Di Gesu, C. M., Matz, L. M., Bolding, L. J., Fultz, R., Hoffman, K. L., Gammazza, A. M., Petrosino, J.
F.,Buffington, S. A. 2022. Maternal gut microbiota mediate intergenerational effects of high-fat
diet on descendant social behavior. Cell reports, 41, 111461.

161



Di Giacinto, C., Marinaro, M., Sanchez, M., Strober, W.,Boirivant, M. 2005. Probiotics ameliorate
recurrent Thl-mediated murine colitis by inducing IL-10 and IL-10-dependent TGF-B-bearing
regulatory cells. The Journal of Immunology, 174, 3237-3246.

Dunn, S. E., Perry, W. A. Klein, S. L. 2024. Mechanisms and consequences of sex differences in immune
responses. Nature Reviews Nephrology, 20, 37-55.

Dupont, A., Heinbockel, L., Brandenburg, K.,Hornef, M. W. 2014. Antimicrobial peptides and the enteric
mucus layer act in concert to protect the intestinal mucosa. Gut Microbes, 5, 761-765.

Dupraz, L., Magniez, A., Rolhion, N., Richard, M. L., Da Costa, G., Touch, S., Mayeur, C., Planchais, J.,
Agus, A., Danne, C., Michaudel, C., Spatz, M., Trottein, F., Langella, P., Sokol, H.,Michel, M. L.
2021. Gut microbiota-derived short-chain fatty acids regulate IL-17 production by mouse and
human intestinal yd T cells. Cell reports, 36, 109332.

Egwuagu, C. E. 2009. STAT3 in CD4" T helper cell differentiation and inflammatory diseases. Cytokine,
47, 149-56.

Esposito, P.Ismail, N. 2022. Linking Puberty and the Gut Microbiome to the Pathogenesis of
Neurodegenerative Disorders. Microorganisms, 10.

Fahmy, C. A., Gamal-Eldeen, A. M., El-Hussieny, E. A., Raafat, B. M., Mehanna, N. S., Talaat, R.
M.,Shaaban, M. T. 2019. Bifidobacterium longum suppresses murine colorectal cancer through the
modulation of oncomirs and tumor suppressor mirnas. Nutrition and cancer, 71, 688-700.

Feng, Y., Huang, Y., Wang, Y., Wang, P., Song, H.,Wang, F. 2019. Antibiotics induced intestinal tight
junction barrier dysfunction is associated with microbiota dysbiosis, activated NLRP3
inflammasome and autophagy. PloS one, 14, €0218384.

Fouhse, J. M., Yang, K., More-Bayona, J., Gao, Y., Goruk, S., Plastow, G., Field, C. J., Barreda, D.
R.,Willing, B. P. 2019. Neonatal Exposure to Amoxicillin Alters Long-Term Immune Response
Despite Transient Effects on Gut-Microbiota in Piglets. Front Immunol, 10, 2059.

Fouhy, F., Ross, R. P., Fitzgerald, G. F., Stanton, C.,Cotter, P. D. 2012. Composition of the early intestinal
microbiota: knowledge, knowledge gaps and the use of high-throughput sequencing to address
these gaps. Gut Microbes, 3,203-20.

Fujino, S., Andoh, A., Bamba, S., Ogawa, A., Hata, K., Araki, Y., Bamba, T.,Fujiyama, Y. 2003. Increased
expression of interleukin 17 in inflammatory bowel disease. Gut, 52, 65-70.

Fukuda, S., Toh, H., Taylor, T. D., Ohno, H.,Hattori, M. 2012. Acetate-producing bifidobacteria protect the
host from enteropathogenic infection via carbohydrate transporters. Gut Microbes, 3, 449-454.

Fung, M. M., Rohwer, F.,Mcguire, K. L. 2003. IL-2 activation of a PI3K-dependent STAT3 serine
phosphorylation pathway in primary human T cells. Cell Signal, 15, 625-36.

Furusawa, Y., Obata, Y., Fukuda, S., Endo, T. A., Nakato, G., Takahashi, D., Nakanishi, Y., Uetake, C.,
Kato, K., Kato, T., Takahashi, M., Fukuda, N. N., Murakami, S., Miyauchi, E., Hino, S., Atarashi,
K., Onawa, S., Fujimura, Y., Lockett, T., Clarke, J. M., et al. 2013. Commensal microbe-derived
butyrate induces the differentiation of colonic regulatory T cells. Nature, 504, 446-50.

Gagliardi, A., Totino, V., Cacciotti, F., Iebba, V., Neroni, B., Bonfiglio, G., Trancassini, M., Passariello,
C., Pantanella, F.,Schippa, S. 2018. Rebuilding the Gut Microbiota Ecosystem. Int J Environ Res
Public Health, 15, 1679.

Galgano, L., Guidetti, G. F., Torti, M.,Canobbio, I. 2022. The Controversial Role of LPS in Platelet
Activation In Vitro. Int J Mol Sci, 23, 10900.

Gan, B., Lim, C., Chu, G., Hua, S., Ding, Z., Collins, M., Hu, J., Jiang, S., Fletcher-Sananikone, E., Zhuang,
L., Chang, M., Zheng, H., Wang, Y. A., Kwiatkowski, D. J., Kaelin, W. G., Jr., Signoretti,
S.,Depinho, R. A. 2010. FoxOs enforce a progression checkpoint to constrain mTORC1 -activated
renal tumorigenesis. Cancer Cell, 18, 472-84.

Gao, Y.Ding, X. 2021. miR-145-5p exerts anti-tumor effects in diffuse large B-cell lymphoma by
regulating SIPR1/STAT3/AKT pathway. Leukemia & Lymphoma, 62, 1884-1891.

Garcia-Mantrana, I., Selma-Royo, M., Alcantara, C.,Collado, M. C. 2018. Shifts on Gut Microbiota
Associated to Mediterranean Diet Adherence and Specific Dietary Intakes on General Adult
Population. Frontiers in Microbiology, 9.

162



Garcia-Montero, C., Fraile-Martinez, O., Gomez-Lahoz, A. M., Pekarek, L., Castellanos, A. J., Noguerales-
Fraguas, F., Coca, S., Guijarro, L. G., Garcia-Honduvilla, N., Asunsolo, A., Sanchez-Trujillo, L.,
Lahera, G., Bujan, J., Monserrat, J., Alvarez-Mon, M., Alvarez-Mon, M. A.,Ortega, M. A. 2021.
Nutritional Components in Western Diet Versus Mediterranean Diet at the Gut Microbiota-Immune
System Interplay. Implications for Health and Disease. Nutrients, 13.

Garner, A. L., Lorenz, D. A., Sandoval, J., Gallagher, E. E., Kerk, S. A., Kaur, T.,Menon, A. 2019.
Tetracyclines as Inhibitors of Pre-microRNA Maturation: A Disconnection between RNA Binding
and Inhibition. ACS Med Chem Lett, 10, 816-821.

Gavriilidou, A., Gutleben, J., Versluis, D., Forgiarini, F., Van Passel, M. W. J., Ingham, C. J., Smidt,
H.,Sipkema, D. 2020. Comparative genomic analysis of Flavobacteriaceae: insights into
carbohydrate metabolism, gliding motility and secondary metabolite biosynthesis. BMC Genomics,
21, 569.

Geha, M., Tsokos, M. G., Bosse, R. E., Sannikova, T., Iwakura, Y., Dalle Lucca, J. J., De Waal Malefyt,
R., Tsokos, G. C. 2017. IL-17A Produced by Innate Lymphoid Cells Is Essential for Intestinal
Ischemia-Reperfusion Injury. The Journal of Immunology, 199, 2921-2929.

Gehlhaar, A., Inala, A., Llivichuzhca-Loja, D., Silva, T. N., Adegboye, C. Y., O'connell, A. E.,Konnikova,
L. 2022. Insights into the Role of Commensal-Specific T Cells in Intestinal Inflammation. J
Inflamm Res, 15, 1873-1887.

Ghadimi, D., Helwig, U., Schrezenmeir, J., Heller, K. J.,.De Vrese, M. 2012. Epigenetic imprinting by
commensal probiotics inhibits the IL-23/IL-17 axis in an in vitro model of the intestinal mucosal
immune system. J Leukoc Biol, 92, 895-911.

Ghoreschi, K., Laurence, A., Yang, X.-P., Tato, C. M., Mcgeachy, M. J., Konkel, J. E., Ramos, H. L., Wei,
L., Davidson, T. S., Bouladoux, N., Grainger, J. R., Chen, Q., Kanno, Y., Watford, W. T., Sun, H.-
W., Eberl, G., Shevach, E. M., Belkaid, Y., Cua, D. J., Chen, W., et al. 2010. Generation of
pathogenic TH17 cells in the absence of TGF-f signalling. Nature, 467,967-971.

Gibiino, G., Lopetuso, L. R., Scaldaferri, F., Rizzatti, G., Binda, C.,Gasbarrini, A. 2018. Exploring
Bacteroidetes: Metabolic key points and immunological tricks of our gut commensals. Digestive
and Liver Disease, 50, 635-639.

Giron-Michel, J., Caignard, A., Fogli, M., Brouty-Boyé, D. L., Briard, D., Van Dijk, M., Meazza, R.,
Ferrini, S., Lebousse-KerdiléS, C., Clay, D., Bompais, H., Chouaib, S., PéAult, B.,Azzarone, B.
2003. Differential STAT3, STATS, and NF-«xB activation in human hematopoietic progenitors by
endogenous interleukin-15: implications in the expression of functional molecules. Blood, 102,
109-117.

Grabig, A., Paclik, D., Guzy, C., Dankof, A., Baumgart, D. C., Erckenbrecht, J., Raupach, B., Sonnenborn,
U., Eckert, J., Schumann, R. R., Wiedenmann, B., Dignass, A. U.,Sturm, A. 2006. Escherichia coli
Strain Nissle 1917 Ameliorates Experimental Colitis via Toll-Like Receptor 2- and Toll-Like
Receptor 4-Dependent Pathways. Infect Immun, 74, 4075-4082.

Graham, E. A., Mallet, J.-F., Jambi, M., Nishioka, H., Homma, K.,Matar, C. 2017. MicroRNA signature in
the chemoprevention of functionally-enriched stem and progenitor pools (FESPP) by active hexose
correlated compound (AHCC). Cancer Biology & Therapy, 18, 765-774.

Graves, D. T.,Milovanova, T. N. 2019. Mucosal Immunity and the FOXO1 Transcription Factors. Frontiers
in immunology, 10.

Gu, Y., Yang, J.,, Ouyang, X., Liu, W., Li, H., Yang, J., Bromberg, J., Chen, S. H., Mayer, L., Unkeless, J.
C.,Xiong, H. 2008. Interleukin 10 suppresses Th17 cytokines secreted by macrophages and T cells.
Eur J Immunol, 38, 1807-13.

Guo, M., Wang, H., Xu, S., Zhuang, Y., An, J., Su, C., Xia, Y., Chen, J., Xu, Z. Z., Liu, Q., Wang, J., Dan,
Z., Chen, K., Luan, X, Liu, Z., Liu, K., Zhang, F., Xia, Y.,Liu, X. 2020. Alteration in gut
microbiota is associated with dysregulation of cytokines and glucocorticoid therapy in systemic
lupus erythematosus. Gut Microbes, 11, 1758-1773.

163



Guo, S., Al-Sadi, R., Said, H. M.,Ma, T. Y. 2013. Lipopolysaccharide causes an increase in intestinal tight
junction permeability in vitro and in vivo by inducing enterocyte membrane expression and
localization of TLR-4 and CD14. The American journal of pathology, 182, 375-387.

Hall, J. A., Pokrovskii, M., Kroehling, L., Kim, B. R., Kim, S. Y., Wu, L., Lee, J. Y.,Littman, D. R. 2022.
Transcription factor RORa enforces stability of the Th17 cell effector program by binding to a Rorc
cis-regulatory element. Immunity, 55,2027-2043.e9.

Handy, D. E., Castro, R.,Loscalzo, J. 2011. Epigenetic modifications: basic mechanisms and role in
cardiovascular disease. Circulation, 123, 2145-56.

Harrison, O. J.,Powrie, F. M. 2013. Regulatory T cells and immune tolerance in the intestine. Cold Spring
Harb Perspect Biol, 5,a018341.

He, M., Wu, N., Leong, M. C., Zhang, W., Ye, Z., Li, R., Huang, J., Zhang, Z., Li, L., Yao, X., Zhou, W.,
Liu, N,, Yang, Z., Dong, X., Li, Y., Chen, L., Li, Q., Wang, X., Wen, J., Zhao, X,, et al. 2019. miR -
145 improves metabolic inflammatory disease through multiple pathways. Journal of Molecular
Cell Biology, 12, 152-162.

He, M., Wu, N., Leong, M. C., Zhang, W., Ye, Z., Li, R., Huang, J., Zhang, Z., Li, L., Yao, X., Zhou, W.,
Liu, N, Yang, Z., Dong, X., Li, Y., Chen, L., Li, Q., Wang, X., Wen, J., Zhao, X, et al. 2020. miR-
145 improves metabolic inflammatory disease through multiple pathways. J Mol Cell Biol, 12, 152-
162.

He, Q. R, Tang, J. J., Liu, Y., Chen, Z. F., Liu, Y. X,, Chen, H., Li, D., Yi, Z. F.,Gao, J. M. 2021. The
natural product trienomycin A is a STAT3 pathway inhibitor that exhibits potent in vitro and in
vivo efficacy against pancreatic cancer. BrJ Pharmacol, 178, 2496-2515.

Hedblom, G. A., Reiland, H. A., Sylte, M. J., Johnson, T. J.,Baumler, D. J. 2018. Segmented Filamentous
Bacteria — Metabolism Meets Immunity. Frontiers in Microbiology, 9.

Heinken, A.,Thiele, 1. 2015. Anoxic conditions promote species-specific mutualism between gut microbes
in silico. Applied and environmental microbiology, 81, 4049-4061.

Heppler, L. N., Attarha, S., Persaud, R., Brown, J. 1., Wang, P., Petrova, B., Tosi¢, 1., Burton, F. B.,
Flamand, Y., Walker, S. R., Yeh, J. E., Zubarev, R. A., Gaetani, M., Kanarek, N., Page, B. D.
G.,Frank, D. A. 2022. The antimicrobial drug pyrimethamine inhibits STAT3 transcriptional
activity by targeting the enzyme dihydrofolate reductase. The Journal of biological chemistry, 298,
101531.

Herrera-Covarrubias, D., Coria-Avila, G., Hernandez, M. E.Ismail, N. 2017. Stress during puberty
facilitates precancerous prostate lesions in adult rats. Exp. Oncol., 39, 269-275.

Hill, C., Guarner, F., Reid, G., Gibson, G. R., Merenstein, D. J., Pot, B., Morelli, L., Canani, R. B., Flint,
H. J., Salminen, S., Calder, P. C.,Sanders, M. E. 2014. Expert consensus document. The
International Scientific Association for Probiotics and Prebiotics consensus statement on the scope
and appropriate use of the term probiotic. Nature reviews. Gastroenterology & hepatology, 11,
506-14.

Hoentjen, F., Welling, G. W., Harmsen, H. J., Zhang, X., Snart, J., Tannock, G. W., Lien, K., Churchill, T.
A., Lupicki, M.,Dieleman, L. A. 2005. Reduction of colitis by prebiotics in HLA-B27 transgenic
rats is associated with microflora changes and immunomodulation. Inflammatory bowel diseases,
11,977-985.

Hong, J.,Rhee, J.-K. 2022. Genomic Effect of DNA Methylation on Gene Expression in Colorectal Cancer.
Biology, 11, 1388.

Houston, S. A., Cerovic, V., Thomson, C., Brewer, J., Mowat, A. M., Milling, S. 2016. The lymph nodes
draining the small intestine and colon are anatomically separate and immunologically distinct.
Mucosal Immunology, 9, 468-478.

Houtman, T. A., Eckermann, H. A., Smidt, H.,De Weerth, C. 2022. Gut microbiota and BMI throughout
childhood: the role of firmicutes, bacteroidetes, and short-chain fatty acid producers. Scientific
Reports, 12,3140.

Hoyer, K. K., Dooms, H., Barron, L.,Abbas, A. K. 2008. Interleukin-2 in the development and control of
inflammatory disease. Immunol Rev, 226, 19-28.

164



Hsu, P., Santner-Nanan, B., Hu, M., Skarratt, K., Lee, C. H., Stormon, M., Wong, M., Fuller, S. J.,Nanan,
R. 2015. IL-10 potentiates differentiation of human induced regulatory T cells via STAT3 and
Foxol. The Journal of Immunology, 195, 3665-3674.

Hu, Y., Ota, N., Peng, 1., Refino, C. J., Danilenko, D. M., Caplazi, P.,Ouyang, W. 2010. IL-17RC is required
for IL-17A- and IL-17F-dependent signaling and the pathogenesis of experimental autoimmune
encephalomyelitis. J. Immunol., 184, 4307-16.

Huber, S., Gagliani, N., Esplugues, E., O'connor, W., Jr., Huber, F. J., Chaudhry, A., Kamanaka, M.,
Kobayashi, Y., Booth, C. J., Rudensky, A. Y., Roncarolo, M. G., Battaglia, M.,Flavell, R. A. 2011.
Th17 cells express interleukin-10 receptor and are controlled by Foxp3~ and Foxp3" regulatory
CD4" T cells in an interleukin-10-dependent manner. Immunity, 34, 554-565.

Ichiyama, K., Gonzalez-Martin, A., Kim, B. S., Jin, H. Y., Jin, W., Xu, W., Sabouri-Ghomi, M., Xu, S.,
Zheng, P., Xiao, C.,Dong, C.2016. The MicroRNA-183-96-182 Cluster Promotes T Helper 17 Cell
Pathogenicity by Negatively Regulating Transcription Factor Foxol Expression. Immunity, 44,
1284-98.

Ivanov, Ii, Atarashi, K., Manel, N., Brodie, E. L., Shima, T., Karaoz, U., Wei, D., Goldfarb, K. C., Santee,
C. A., Lynch, S. V., Tanoue, T., Imaoka, A., Itoh, K., Takeda, K., Umesaki, Y., Honda, K.,Littman,
D. R. 2009. Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell, 139, 485-
98.

Ivanov, li, Mckenzie, B. S., Zhou, L., Tadokoro, C. E., Lepelley, A., Lafaille, J. J., Cua, D. J.,Littman, D.
R. 2006. The orphan nuclear receptor RORgammat directs the differentiation program of
proinflammatory IL-17+ T helper cells. Cel/, 126, 1121-33.

Iyer, C., Kosters, A., Sethi, G., Kunnumakkara, A. B., Aggarwal, B. B.,Versalovic, J. 2008. Probiotic
Lactobacillus reuteri promotes TNF-induced apoptosis in human myeloid leukemia-derived cells
by modulation of NF-xkB and MAPK signalling. Cellular Microbiology, 10, 1442-1452.

Jakobsson, H. E., Abrahamsson, T. R., Jenmalm, M. C., Harris, K., Quince, C., Jernberg, C., Bjorkstén, B.,
Engstrand, L.,Andersson, A. F. 2014. Decreased gut microbiota diversity, delayed Bacteroidetes
colonisation and reduced Thl responses in infants delivered by caesarean section. Gut, 63, 559-
566.

Jiang, F., Liu, M., Wang, H., Shi, G., Chen, B., Chen, T., Yuan, X., Zhu, P., Zhou, J., Wang, Q.,Chen, Y.
2020. Wu Mei Wan attenuates CAC by regulating gut microbiota and the NF-kB/IL6-STAT3
signaling pathway. Biomedicine & Pharmacotherapy, 125, 109982.

Jiang, G., Huang, C., Li, J., Huang, H., Jin, H., Zhu, J., Wu, X. R.,Huang, C. 2017. Role of STAT3 and
FOXO1 in the Divergent Therapeutic Responses of Non-metastatic and Metastatic Bladder Cancer
Cells to miR-145. Molecular cancer therapeutics, 16, 924-935.

Jiao, P., Wang, X.-P., Luoreng, Z.-M., Yang, J., Jia, L., Ma, Y.,Wei, D.-W. 2021. miR-223: An Effective
Regulator of Immune Cell Differentiation and Inflammation. International Journal of Biological
Sciences, 17,2308-2322.

Jin, S., Zhao, D., Cai, C., Song, D., Shen, J., Xu, A., Qiao, Y., Ran, Z.,Zheng, Q. 2017. Low-dose penicillin
exposure in early life decreases Th17 and the susceptibility to DSS colitis in mice through gut
microbiota modification. Scientific Reports, 7,43662.

Jin, W.,Dong, C. 2013. IL-17 cytokines in immunity and inflammation. Emerg Microbes Infect, 2, €60.

Jin, X., Gao, X., Lan, M., Li, C. N., Sun, J. M.,Zhang, H. 2022. Study the mechanism of peimisine
derivatives on NF-kB inflammation pathway on mice with acute lung injury induced by
lipopolysaccharide. Chem Biol Drug Des, 99, 717-726.

Johnston, A. M., Niemela, J., Rosenzweig, S. D., Fried, A. J., Delmonte, O. M., Fleisher, T. A.,Kuehn, H.
2016. A Novel Mutation in IKBKG/NEMO Leads to Ectodermal Dysplasia with Severe
Immunodeficiency (EDA-ID). J. Clin. Immunol., 36, 541-3.

Justulin, L. A., Zambrano, E., Ong, T. P.,Ozanne, S. E. 2023. Editorial: Early Life Epigenetic Programming
of Health and Disease through DOHaD Perspective. Frontiers in Cell and Developmental Biology,
11.

165



Kamada, N., Chen, G. Y., Inohara, N.,Nufiez, G. 2013. Control of pathogens and pathobionts by the gut
microbiota. Nat Immunol, 14, 685-90.

Kane, L.,Ismail, N. 2017. Puberty as a vulnerable period to the effects of immune challenges: Focus on sex
differences. Behavioural Brain Research, 320, 374-382.

Kazmierczak-Siedlecka, K., Skonieczna-Zydecka, K., Hupp, T., Duchnowska, R., Marek-Trzonkowska,
N.,Potom, K. 2022. Next-generation probiotics - do they open new therapeutic strategies for cancer
patients? Gut Microbes, 14,2035659.

Kelly, D., Yang, L.,Pei, Z. 2018. Gut Microbiota, Fusobacteria, and Colorectal Cancer. Diseases, 6.

Keski-Nisula, L., Kyynérdinen, H. R., Kéirkkéinen, U., Karhukorpi, J., Heinonen, S.,Pekkanen, J. 2013.
Maternal intrapartum antibiotics and decreased vertical transmission of Lactobacillus to neonates
during birth. Acta Paediatr, 102, 480-5.

Kimura, 1., Miyamoto, J., Ohue-Kitano, R., Watanabe, K., Yamada, T., Onuki, M., Aoki, R., Isobe, Y.,
Kashihara, D., Inoue, D., Inaba, A., Takamura, Y., Taira, S., Kumaki, S., Watanabe, M., Ito, M.,
Nakagawa, F., Irie, J., Kakuta, H., Shinohara, M., et al. 2020. Maternal gut microbiota in pregnancy
influences offspring metabolic phenotype in mice. Science, 367, caaw8429.

Kirikae, T., Kirikae, F., Saito, S., Tominaga, K., Tamura, H., Uemura, Y., Yokochi, T.,Nakano, M. 1998.
Biological characterization of endotoxins released from antibiotic-treated Pseudomonas aeruginosa
and Escherichia coli. Antimicrob Agents Chemother, 42, 1015-21.

Klein, S. L.,Flanagan, K. L. 2016. Sex differences in immune responses. Nature Reviews Immunology, 16,
626-638.

Knoop, K. A., Mcdonald, K. G., Kulkarni, D. H.,Newberry, R. D. 2016. Antibiotics promote inflammation
through the translocation of native commensal colonic bacteria. Gut, 65, 1100-1109.

Koch, M. A., Reiner, G. L., Lugo, K. A., Kreuk, L. S., Stanbery, A. G., Ansaldo, E., Seher, T. D., Ludington,
W. B.,Barton, G. M. 2016. Maternal IgG and IgA antibodies dampen mucosal T helper cell
responses in early life. Cell, 165, 827-841.

Kondélkova, K., Vokurkova, D., Krejsek, J., Borska, L., Fiala, Z.,Ctirad, A. 2010. Regulatory T cells
(TREG) and their roles in immune system with respect to immunopathological disorders. Acta
medica (Hradec Kralove), 53, 73-7.

Koren, O., Konnikova, L., Brodin, P., Mysorekar, I. U.,Collado, M. C. 2024. The maternal gut microbiome
in pregnancy: implications for the developing immune system. Nature Reviews Gastroenterology
& Hepatology, 21,35-45.

Kumar, M., Nagpal, R., Verma, V., Kumar, A., Kaur, N., Hemalatha, R., Gautam, S. K.,Singh, B. 2013.
Probiotic metabolites as epigenetic targets in the prevention of colon cancer. Nutrition Reviews, 71,
23-34.

Kurdi, A. T., Bassil, R., Olah, M., Wu, C., Xiao, S., Taga, M., Frangieh, M., Buttrick, T., Orent, W.,
Bradshaw, E. M., Khoury, S. J.Elyaman, W. 2016. Tiaml/Racl complex controls Il17a
transcription and autoimmunity. Nat Commun, 7, 13048.

Kurebayashi, Y., Nagai, S., Ikejiri, A., Ohtani, M., Ichiyama, K., Baba, Y., Yamada, T., Egami, S., Hoshii,
T., Hirao, A., Matsuda, S.,Koyasu, S. 2012. PI3K-Akt-mTORC1-S6K1/2 Axis Controls Th17
Differentiation by Regulating Gfil Expression and Nuclear Translocation of RORy. Cell Rep., 1,
360-373.

Kuwabara, T., Ishikawa, F., Kondo, M.,Kakiuchi, T. 2017. The Role of IL.-17 and Related Cytokines in
Inflammatory Autoimmune Diseases. Mediators of Inflammation, 2017, 3908061.

Lainé, A., Martin, B., Luka, M., Mir, L., Auffray, C., Lucas, B., Bismuth, G.,Charvet, C. 2015. Foxol Is a
T Cell-Intrinsic Inhibitor of the RORyt-Th17 Program. J Immunol, 195, 1791-803.

Lavasani, S., Dzhambazov, B., Nouri, M., Fik, F., Buske, S., Molin, G., Thorlacius, H., Alenfall, J.,
Jeppsson, B.,Westrom, B. 2010. A novel probiotic mixture exerts a therapeutic effect on
experimental autoimmune encephalomyelitis mediated by IL-10 producing regulatory T cells. PloS
one, 5,¢9009.

166



Lazar, V., Ditu, L.-M., Pircalabioru, G. G., Gheorghe, 1., Curutiu, C., Holban, A. M., Picu, A., Petcu,
L.,Chifiriuc, M. C. 2018. Aspects of Gut Microbiota and Immune System Interactions in Infectious
Diseases, Immunopathology, and Cancer. Front Immunol, 9.

Leclercq, S., Mian, F. M., Stanisz, A. M., Bindels, L. B., Cambier, E., Ben-Amram, H., Koren, O., Forsythe,
P.,Bienenstock, J. 2017. Low-dose penicillin in early life induces long-term changes in murine gut
microbiota, brain cytokines and behavior. Nature communications, 8, 15062.

Lee, P. W., Smith, A. J., Yang, Y., Selhorst, A. J., Liu, Y., Racke, M. K., Lovett-Racke, A. E. 2017. IL-
23R-activated STAT3/STAT4 is essential for Th1/Thl7-mediated CNS autoimmunity. JCI Insight,
2.

Lee, S.,Kim, J., Min, H.,Seong, R. H. 2020. RORyt-driven T(H)17 Cell Differentiation Requires Epigenetic
Control by the Swi/Snf Chromatin Remodeling Complex. iScience, 23, 101106.

Lee, Y., Awasthi, A., Yosef, N., Quintana, F. J., Xiao, S., Peters, A., Wu, C., Kleinewietfeld, M., Kunder,
S., Hafler, D. A., Sobel, R. A., Regev, A.,Kuchroo, V. K. 2012. Induction and molecular signature
of pathogenic TH17 cells. Nature Immunology, 13, 991-999.

Leong, K. S. W., Mclay, J., Derraik, J. G. B., Gibb, S., Shackleton, N., Taylor, R. W., Glover, M., Audas,
R., Taylor, B., Milne, B. J.,Cutfield, W. S. 2020. Associations of Prenatal and Childhood Antibiotic
Exposure With Obesity at Age 4 Years. JAMA Network Open, 3,¢1919681-¢1919681.

Li, B., Gurung, P., Malireddi, R. K. S., Vogel, P., Kanneganti, T.-D.,Geiger, T. L. 2015. IL-10 engages
macrophages to shift Th17 cytokine dependency and pathogenicity during T-cell-mediated colitis.
Nature Communications, 6, 6131.

Li, D, Li, Y., Yang, S., Lu, J., Jin, X.,Wu, M. 2022. Diet-gut microbiota-epigenetics in metabolic diseases:
From mechanisms to therapeutics. Biomedicine & Pharmacotherapy, 153, 113290.

Li, R., Shen, Q., Wu, N., He, M., Liu, N., Huang, J., Lu, B., Yao, Q., Yang, Y.,Hu, R. 2018. MiR-145
improves macrophage-mediated inflammation through targeting Arf6. Endocrine, 60, 73-82.

Li, X., Wang, C., Nie, J., Lv, D., Wang, T.,Xu, Y. 2013. Toll-like receptor 4 increases intestinal
permeability through up-regulation of membrane PKC activity in alcoholic steatohepatitis. Alcohol
(Fayetteville, N.Y.), 47, 459-65.

Li, Y., Jia, Y., Cui, T.,Zhang, J. 2021. IL-6/STAT3 signaling pathway regulates the proliferation and
damage of intestinal epithelial cells in patients with ulcerative colitis via H3K27ac. Exp Ther Med,
22, 890.

Li, Y., Jin, L.,Chen, T. 2020. The Effects of Secretory IgA in the Mucosal Immune System. BioMed
Research International, 2020, 2032057.

Li, Y., Yang, X., Han, J.,, Bai, B., Li, Y., Shang, C., Li, S., Xiu, Z., Liu, Z., Ge, C., Zhu, G., Jin, N., Fang,
J.,Li, Y., Li, X.,Zhu, Y. 2023. Peimisine ameliorates DSS-induced colitis by suppressing Jak—Stat
activation and alleviating gut microbiota dysbiosis in mice. Journal of Pharmacy and
Pharmacology.

Littman, D. R.,Rudensky, A. Y. 2010. Th17 and Regulatory T Cells in Mediating and Restraining
Inflammation. Cell, 140, 845-858.

Liu, L., Li, Q., Yang, Y.,Guo, A. 2021. Biological Function of Short-Chain Fatty Acids and Its Regulation
on Intestinal Health of Poultry. Front Vet Sci, 8, 736739-736739.

Liu, L., Li, Y., Tollefsbol, T. O. 2008a. Gene-environment interactions and epigenetic basis of human
diseases. Curr Issues Mol Biol, 10, 25-36.

Liu, S., Sun, X., Wang, M., Hou, Y., Zhan, Y., Jiang, Y., Liu, Z., Cao, X., Chen, P., Liu, Z., Chen, X., Tao,
Y., Xu, C., Mao, J., Cheng, C., Li, C., Hu, Y., Wang, L., Chin, Y. E., Shi, Y., et al. 2014. A
microRNA 221- and 222-mediated feedback loop maintains constitutive activation of NFkB and
STAT3 in colorectal cancer cells. Gastroenterology, 147, 847-859.e11.

Liu, T., Zhang, L., Joo, D.,Sun, S.-C. 2017. NF-«xB signaling in inflammation. Signal Transduction and
Targeted Therapy, 2, 17023.

Liu, X.-F., Shao, J.-H., Liao, Y.-T., Wang, L.-N., Jia, Y., Dong, P.-J., Liu, Z.-Z., He, D.-D., Li, C.,Zhang,
X. 2023. Regulation of short-chain fatty acids in the immune system. Front Immunol, 14.

167



Liu, X.,Lee, Y. S., Yu, C.R.,.Egwuagu, C. E. 2008b. Loss of STAT3 in CD4+ T cells prevents development
of experimental autoimmune diseases. J. Immunol., 180, 6070-6.

Loewen, K., Monchka, B., Mahmud, S. M., Jong, G. T.,Azad, M. B. 2018. Prenatal antibiotic exposure and
childhood asthma: a population-based study. European Respiratory Journal, 52, 1702070.

Looft, T.,Allen, H. K. 2012. Collateral effects of antibiotics on mammalian gut microbiomes. Gut Microbes,
3,463-467.

Looijer-Van Langen, M. a. C.,Dieleman, L. A. 2009. Prebiotics in chronic intestinal inflammation.
Inflammatory bowel diseases, 15,454-462.

Lu, X., Yu, Y.,Tan, S. 2020. The role of the miR-21-5p-mediated inflammatory pathway in ulcerative
colitis. Exp Ther Med, 19, 981-989.

Luckheeram, R. V., Zhou, R., Verma, A. D.,Xia, B. 2012. CD4*T cells: differentiation and functions. Clin
Dev Immunol, 2012, 925135-925135.

Luo, A., Leach, S. T., Barres, R., Hesson, L. B., Grimm, M. C.,Simar, D. 2017. The Microbiota and
Epigenetic Regulation of T Helper 17/Regulatory T Cells: In Search of a Balanced Immune System.
Front Immunol, 8,417-417.

Luo, Y.,Zheng, S. G. 2016. Hall of Fame among Pro-inflammatory Cytokines: Interleukin-6 Gene and Its
Transcriptional Regulation Mechanisms. Front Immunol, 7.

Ma, J., Liu, J., Wang, Z., Gu, X., Fan, Y., Zhang, W., Xu, L., Zhang, J.,Cai, D. 2014. NF-kappaB-dependent
MicroRNA-425 upregulation promotes gastric cancer cell growth by targeting PTEN upon IL-13
induction. Mol. Cancer, 13, 40.

Ma, S, Patel, S. A., Abe, Y., Chen, N., Patel, P. R., Cho, B. S., Abbasi, N., Zeng, S., Schnabl, B., Chang,
J. T.,Huang, W. J. M. 2022. RORyt phosphorylation protects against T cell-mediated inflammation.
Cell reports, 38, 110520.

Macfarlane, L. A.,Murphy, P. R. 2010. MicroRNA: Biogenesis, Function and Role in Cancer. Curr
Genomics, 11, 537-61.

Macpherson, A. J., De Agiiero, M. G.,Ganal-Vonarburg, S. C. 2017. How nutrition and the maternal
microbiota shape the neonatal immune system. Nature Reviews Immunology, 17, 508-517.
Mabheshwari, P.,Sankar, P. M. 2023. Chapter 42 - Culture-independent and culture-dependent approaches
in symbiont analysis: in proteobacteria. Dharumadurai, D. (ed.) Microbial Symbionts. Academic

Press.

Mallet, J.-F., Shahbazi, R., Alsadi, N., Saleem, A., Sobiesiak, A., Arnason, J. T.,Matar, C. 2023. Role of a
Mixture of Polyphenol Compounds Released after Blueberry Fermentation in Chemoprevention of
Mammary Carcinoma: In Vivo Involvement of miR-145. Int J Mol Sci, 24, 3677.

Mallet, J. F., Graham, E., Ritz, B. W., Homma, K.,Matar, C. 2016. Active Hexose Correlated Compound
(AHCC) promotes an intestinal immune response in BALB/c mice and in primary intestinal
epithelial cell culture involving toll-like receptors TLR-2 and TLR-4. European journal of
nutrition, 55, 139-46.

Mallet, J. F., Shahbazi, R., Alsadi, N.,Matar, C. 2021. Polyphenol-Enriched Blueberry Preparation Controls
Breast Cancer Stem Cells by Targeting FOXO1 and miR-145. Molecules, 26.

Mantis, N. J., Rol, N.,Corthésy, B. 2011. Secretory IgA's complex roles in immunity and mucosal
homeostasis in the gut. Mucosal Immunology, 4, 603-611.

Markowiak-Kope¢, P. Slizewska, K. 2020. The Effect of Probiotics on the Production of Short-Chain Fatty
Acids by Human Intestinal Microbiome. Nutrients, 12.

Marsal, J.,Agace, W. W. 2012. Targeting T-cell migration in inflammatory bowel disease. Journal of
internal medicine, 272,411-29.

Martin, L. J.,Matar, C. 2005. Increase of antioxidant capacity of the lowbush blueberry (Vaccinium
angustifolium) during fermentation by a novel bacterium from the fruit microflora. Journal of the
Science of Food and Agriculture, 85, 1477-1484.

Martin, R.,Langella, P. 2019. Emerging Health Concepts in the Probiotics Field: Streamlining the
Definitions. Frontiers in Microbiology, 10.

168



Martinez-Medina, M., Denizot, J., Dreux, N., Robin, F., Billard, E., Bonnet, R., Darfeuille-Michaud,
A.,Barnich, N. 2014. Western diet induces dysbiosis with increased E coli in CEABAC10 mice
alters host barrier function favouring AIEC colonisation. Gut, 63, 116.

Martinez-Medina, M.,Garcia-Gil, L. J. 2014. Escherichia coli in chronic inflammatory bowel diseases: An
update on adherent invasive Escherichia coli pathogenicity. World J Gastrointest Pathophysiol, 5,
213-227.

Masuyama, H.,Hiramatsu, Y. 2012. Effects of a High-Fat Diet Exposure in Utero on the Metabolic
Syndrome-Like Phenomenon in Mouse Offspring through Epigenetic Changes in Adipocytokine
Gene Expression. Endocrinology, 153, 2823-2830.

Masuyama, H., Mitsui, T., Nobumoto, E.,Hiramatsu, Y. 2015. The Effects of High-Fat Diet Exposure In
Utero on the Obesogenic and Diabetogenic Traits Through Epigenetic Changes in Adiponectin and
Leptin Gene Expression for Multiple Generations in Female Mice. Endocrinology, 156, 2482-91.

Matar, C. Y., N.; Mallet, J.F.; Ismail, N. Probiotic Compositions and Methods. PCT Patent No.
PCT/CA2020/051385, 16

October 2021.

Mcaleer, J. P., Liu, B., Li, Z., Ngoi, S.-M., Dai, J., Oft, M., Vella, A. T. 2010. Potent intestinal Th17 priming
through peripheral lipopolysaccharide-based immunization. J Leukoc Biol, 88,21-31.

Mei, L. L., Wang, W. J., Qiu, Y. T., Xie, X. F., Bai, J.,Shi, Z. Z. 2017. miR-145-5p Suppresses Tumor Cell
Migration, Invasion and Epithelial to Mesenchymal Transition by Regulating the Sp1/NF-xB
Signaling Pathway in Esophageal Squamous Cell Carcinoma. Int J Mol Sci, 18.

Mikami, Y., Philips, R. L., Sciume, G., Petermann, F., Meylan, F., Nagashima, H., Yao, C., Davis, F. P.,
Brooks, S. R., Sun, H. W., Takahashi, H., Poholek, A. C., Shih, H. Y., Afzali, B., Muljo, S. A,
Hafner, M., Kanno, Y.,O'shea, J. J. 2021. MicroRNA-221 and -222 modulate intestinal
inflammatory Th17 cell response as negative feedback regulators downstream of interleukin-23.
Immunity, 54, 514-525.¢6.

Mohammad, S.,Thiemermann, C. 2020. Role of Metabolic Endotoxemia in Systemic Inflammation and
Potential Interventions. Front Immunol, 11, 594150.

Moloney, G. M., Viola, M. F., Hoban, A. E., Dinan, T. G.,Cryan, J. F. 2018. Faecal microRNAs: indicators
of imbalance at the host-microbe interface? Beneficial microbes, 9, 175-183.

Morgan, X. C., Tickle, T. L., Sokol, H., Gevers, D., Devaney, K. L., Ward, D. V., Reyes, J. A., Shah, S.
A., Leleiko, N., Snapper, S. B., Bousvaros, A., Korzenik, J., Sands, B. E., Xavier, R.
J.,Huttenhower, C. 2012. Dysfunction of the intestinal microbiome in inflammatory bowel disease
and treatment. Genome Biology, 13, R79.

Mori, T., Miyamoto, T., Yoshida, H., Asakawa, M., Kawasumi, M., Kobayashi, T., Morioka, H., Chiba,
K., Toyama, Y.,Yoshimura, A. 2011. IL-1p and TNFa-initiated IL-6-STAT3 pathway is critical in
mediating inflammatory cytokines and RANKL expression in inflammatory arthritis. /nt Immunol,
23,701-12.

Mowat, A. M.,Agace, W. W. 2014. Regional specialization within the intestinal immune system. Nature
reviews. Immunology, 14, 667-85.

Mukasa, R., Balasubramani, A., Lee, Y. K., Whitley, S. K., Weaver, B. T., Shibata, Y., Crawford, G. E.,
Hatton, R. D.,Weaver, C. T. 2010. Epigenetic instability of cytokine and transcription factor gene
loci underlies plasticity of the T helper 17 cell lineage. Immunity, 32, 616-627.

Mulligan, C. M.,Friedman, J. E. 2017. Maternal modifiers of the infant gut microbiota: metabolic
consequences. J Endocrinol, 235, R1-r12.

Murray, E., Sharma, R., Smith, K. B., Mar, K. D., Barve, R., Lukasik, M., Pirwani, A. F., Malette-Guyon,
E., Lamba, S., Thomas, B. J., Sadeghi-Emamchaie, H., Liang, J., Mallet, J.-F., Matar, C.,Ismail, N.
2019. Probiotic consumption during puberty mitigates LPS-induced immune responses and
protects against stress-induced depression- and anxiety-like behaviors in adulthood in a sex-
specific manner. Brain, Behavior, and Immunity, 81, 198-212.

169



Najafi, S., Sotoodehnejadnematalahi, F., Amiri, M. M., Pourshafie, M. R.,Rohani, M. 2023. Prophylactic
vs. Therapeutic Effect of Probiotics on the Inflammation Mediated by the NF-xB Pathway in
Inflammatory Bowel Conditions. Biomedicines, 11, 1675.

Nakajima, A., Kaga, N., Nakanishi, Y., Ohno, H., Miyamoto, J., Kimura, 1., Hori, S., Sasaki, T., Hiramatsu,
K., Okumura, K., Miyake, S., Habu, S.,Watanabe, S. 2017. Maternal High Fiber Diet during
Pregnancy and Lactation Influences Regulatory T Cell Differentiation in Offspring in Mice. The
Journal of Immunology, 199,3516-3524.

Nam, Y. J.,Lee, C. S. 2018. Protocatechuic acid inhibits Toll-like receptor-4-dependent activation of NF-
kB by suppressing activation of the Akt, mTOR, JNK and p38-MAPK. International
Immunopharmacology, 55,272-281.

Narabayashi, H., Koma, C., Nakata, K., Ikegami, M., Nakanishi, Y., Ogihara, J., Tsuda, M., Hosono, A.,
Hanazawa, S.,Takahashi, K. 2022. Gut microbiota-dependent adaptor molecule recruits DNA
methyltransferase to the TLR4 gene in colonic epithelial cells to suppress inflammatory reactions.
Front Mol Biosci, 9, 1005136.

Nash, M. J., Dobrinskikh, E., Soderborg, T. K., Janssen, R. C., Takahashi, D. L., Dean, T. A., Varlamov,
0., Hennebold, J. D., Gannon, M., Aagaard, K. M., Mccurdy, C. E., Kievit, P., Bergman, B. C.,
Jones, K. L., Pietras, E. M., Wesolowski, S. R.,Friedman, J. E. 2023. Maternal diet alters long-term
innate immune cell memory in fetal and juvenile hematopoietic stem and progenitor cells in
nonhuman primate offspring. Cell reports, 42, 112393.

Negi, S., Das, D. K., Pahari, S., Nadeem, S.,Agrewala, J. N. 2019. Potential Role of Gut Microbiota in
Induction and Regulation of Innate Immune Memory. Front Immunol, 10.

Nelson, E. A., Walker, S. R., Kepich, A., Gashin, L. B., Hideshima, T., Ikeda, H., Chauhan, D., Anderson,
K. C.,Frank, D. A. 2008. Nifuroxazide inhibits survival of multiple myeloma cells by directly
inhibiting STAT3. Blood, The Journal of the American Society of Hematology, 112, 5095-5102.

Nelson, J. F., Karelus, K., Felicio, L. S.,Johnson, T. E. 1990. Genetic influences on the timing of puberty
in mice. Biol. Reprod., 42, 649-55.

Neuman, H., Forsythe, P., Uzan, A., Avni, O.,Koren, O. 2018. Antibiotics in early life: dysbiosis and the
damage done. FEMS microbiology reviews, 42, 489-499.

Nilsson, E. E., Ben Maamar, M.,Skinner, M. K. 2022. Role of epigenetic transgenerational inheritance in
generational toxicology. Environ Epigenet, 8, dvac001.

Novakovic, M., Rout, A., Kingsley, T., Kirchoff, R., Singh, A., Verma, V., Kant, R.,Chaudhary, R. 2020.
Role of gut microbiota in cardiovascular diseases. World J Cardiol, 12, 110-122.

Novotny-Nuifiez, 1., Perdigon, G., Matar, C., Martinez Monteros, M. J., Yahfoufi, N., Cazorla, S.
I.,Maldonado-Galdeano, C. 2023. Evaluation of Rouxiella badensis Subsp Acadiensis (Canan SV -
53) as a Potential Probiotic Bacterium. Microorganisms, 11, 1347.

Nowak, E. C., Weaver, C. T., Turner, H., Begum-Haque, S., Becher, B., Schreiner, B., Coyle, A. J., Kasper,
L. H.,Noelle, R. J. 2009. IL-9 as a mediator of Th17-driven inflammatory disease. J. Exp. Med.,
206, 1653-1660.

Nyangahu, D. D.Jaspan, H. B. 2019. Influence of maternal microbiota during pregnancy on infant
immunity. Clinical and experimental immunology, 198, 47-56.

Odiase, E., Frank, D. N., Young, B. E., Robertson, C. E., Kofonow, J. M., Davis, K. N., Berman, L. M.,
Krebs, N. F.,Tang, M. 2023. The Gut Microbiota Differ in Exclusively Breastfed and Formula-Fed
United States Infants and are Associated with Growth Status. J Nutr, 153, 2612-2621.

Olszak, T., An, D., Zeissig, S., Vera, M. P., Richter, J., Franke, A., Glickman, J. N., Siebert, R., Baron, R.
M., Kasper, D. L.,Blumberg, R. S. 2012. Microbial exposure during early life has persistent effects
on natural killer T cell function. Science, 336, 489-93.

Omenetti, S.,Pizarro, T. T. 2015. The Treg/Th17 Axis: A Dynamic Balance Regulated by the Gut
Microbiome. 6.

Palmer, C., Bik, E. M., Digiulio, D. B., Relman, D. A.,Brown, P. O. 2007. Development of the human
infant intestinal microbiota. PLoS biology, 5, e177.

170



Pan, W.-H., Sommer, F., Falk-Paulsen, M., Ulas, T., Best, P., Fazio, A., Kachroo, P., Luzius, A., Jentzsch,
M., Rehman, A., Miiller, F., Lengauer, T., Walter, J., Kiinzel, S., Baines, J. F., Schreiber, S., Franke,
A., Schultze, J. L., Backhed, F.,Rosenstiel, P. 2018a. Exposure to the gut microbiota drives distinct
methylome and transcriptome changes in intestinal epithelial cells during postnatal development.
Genome Medicine, 10,27.

Pan, X., Gong, D., Nguyen, D. N., Zhang, X., Hu, Q., Lu, H., Fredholm, M., Sangild, P. T.,Gao, F. 2018D.
Early microbial colonization affects DNA methylation of genes related to intestinal immunity and
metabolism in preterm pigs. DNA Res, 25, 287-96.

Panda, S., El Khader, 1., Casellas, F., Lépez Vivancos, J., Garcia Cors, M., Santiago, A., Cuenca, S.,
Guarner, F.,Manichanh, C. 2014. Short-term effect of antibiotics on human gut microbiota. PLoS
One, 9, €95476.

Pappu, R., Ramirez-Carrozzi, V.,Sambandam, A. 2011. The interleukin-17 cytokine family: critical players
in host defence and inflammatory diseases. Immunology, 134, 8-16.

Parada Venegas, D., De La Fuente, M. K., Landskron, G., Gonzalez, M. J., Quera, R., Dijkstra, G.,
Harmsen, H. J. M., Faber, K. N.,Hermoso, M. A. 2019. Short Chain Fatty Acids (SCFAs)-Mediated
Gut Epithelial and Immune Regulation and Its Relevance for Inflammatory Bowel Diseases. Front
Immunol, 10.

Park, B. S.,Lee, J.-O. 2013. Recognition of lipopolysaccharide pattern by TLR4 complexes. Exp. Mol. Med.,
45, e66-e66.

Park, E. J., Shimaoka, M.,Kiyono, H. 2017. MicroRNA-mediated dynamic control of mucosal immunity.
International Immunology, 29, 157-163.

Park, J. H., Jeong, S. Y., Choi, A. J.,Kim, S. J. 2015. Lipopolysaccharide directly stimulates Th17
differentiation in vitro modulating phosphorylation of RelB and NF-«xB1. Immunol Lett, 165, 10-9.

Park, S. H., Cho, G.,Park, S. G. 2014. NF-xB Activation in T Helper 17 Cell Differentiation. Immune Netw,
14, 14-20.

Parnell, J. A.,Reimer, R. A. 2012. Prebiotic fibres dose-dependently increase satiety hormones and alter
Bacteroidetes and Firmicutes in lean and obese JCR:LA-cp rats. British Journal of Nutrition, 107,
601-613.

Paul, H. A., Bomhof, M. R., Vogel, H. J.,Reimer, R. A. 2016. Diet-induced changes in maternal gut
microbiota and metabolomic profiles influence programming of offspring obesity risk in rats.
Scientific Reports, 6,20683.

Pekow, J. R., Dougherty, U., Mustafi, R., Zhu, H., Kocherginsky, M., Rubin, D. T., Hanauer, S. B., Hart,
J., Chang, E. B., Fichera, A., Joseph, L. J.,Bissonnette, M. 2012. miR-143 and miR-145 are
downregulated in ulcerative colitis: putative regulators of inflammation and protooncogenes.
Inflammatory bowel diseases, 18, 94-100.

Penders, J., Thijs, C., Vink, C., Stelma, F. F., Snijders, B., Kummeling, ., Van Den Brandt, P.
A.,Stobberingh, E. E. 2006. Factors influencing the composition of the intestinal microbiota in
early infancy. Pediatrics, 118, 511-521.

Peng, C., Ouyang, Y., Lu, N.Li, N. 2020. The NF-xkB Signaling Pathway, the Microbiota, and
Gastrointestinal Tumorigenesis: Recent Advances. Front Immunol, 11.

Peters, T. J., Buckley, M. J., Statham, A. L., Pidsley, R., Samaras, K., V Lord, R., Clark, S. J.,Molloy, P.
L. 2015. De novo identification of differentially methylated regions in the human genome.
Epigenetics & Chromatin, 8, 6.

Petersen, C.,Round, J. L. 2014. Defining dysbiosis and its influence on host immunity and disease. Cell
Microbiol, 16, 1024-33.

Piqué, N., Berlanga, M., Mifiana-Galbis, D. 2019. Health Benefits of Heat-Killed (Tyndallized) Probiotics:
An Overview. Int J Mol Sci, 20, 2534.

Plamada, D.,Vodnar, D. C. 2021. Polyphenols-Gut Microbiota Interrelationship: A Transition to a New
Generation of Prebiotics. Nutrients, 14.

Poaty ditengou, J. I. C., Ahn, S.-I., Chae, B.,Choi, N.-J. 2023. Are heat-killed probiotics more effective
than live ones on colon length shortness, disease activity index, and the histological score of an

171



inflammatory bowel disease-induced murine model? A meta-analysis. Journal of Applied
Microbiology, 134.

Pujari, R.,Banerjee, G. 2021. Impact of prebiotics on immune response: from the bench to the clinic.
Immunology & Cell Biology, 99, 255-273.

Pyclik, M. J., Srutkova, D., Razim, A., Hermanova, P., Svabova, T., Pacyga, K., Schwarzer, M.,Gorska, S.
2021. Viability Status-Dependent Effect of Bifidobacterium longum ssp. longum CCM 7952 on
Prevention of Allergic Inflammation in Mouse Model. Front Immunol, 12.

Rackaityte, E., Halkias, J., Fukui, E. M., Mendoza, V. F., Hayzelden, C., Crawford, E. D., Fujimura, K. E.,
Burt, T. D.,Lynch, S. V. 2020. Viable bacterial colonization is highly limited in the human intestine
in utero. Nature Medicine, 26, 599-607.

Ragland, S. A.,Criss, A. K. 2017. From bacterial killing to immune modulation: Recent insights into the
functions of lysozyme. PLoS pathogens, 13, e1006512.

Raheem, A., Liang, L., Zhang, G.,Cui, S. 2021. Modulatory Effects of Probiotics During Pathogenic
Infections With Emphasis on Immune Regulation. Front Immunol, 12.

Raisch, J., Darfeuille-Michaud, A.,Nguyen, H. T. T. 2013. Role of microRNAs in the immune system,
inflammation and cancer. World J Gastroenterol, 19,2985-2996.

Ramirez, J., Guarner, F., Bustos Fernandez, L., Maruy, A., Sdepanian, V. L.,Cohen, H. 2020. Antibiotics
as Major Disruptors of Gut Microbiota. Frontiers in Cellular and Infection Microbiology, 10.

Ravindran, R., Loebbermann, J., Nakaya, H. L., Khan, N., Ma, H., Gama, L., Machiah, D. K., Lawson, B.,
Hakimpour, P.,Wang, Y.-C. 2016. The amino acid sensor GCN2 controls gut inflammation by
inhibiting inflammasome activation. Nature, 531, 523-527.

Ren, W., Yin, J., Xiao, H., Chen, S., Liu, G., Tan, B., Li, N, Peng, Y., Li, T., Zeng, B., Li, W., Wei, H.,
Yin, Z., Wu, G., Hardwidge, P. R.,Yin, Y. 2017. Intestinal Microbiota-Derived GABA Mediates
Interleukin-17 Expression during Enterotoxigenic Escherichia coli Infection. Front Immunol, 7.

Reppert, S., Zinser, E., Holzinger, C., Sandrock, L., Koch, S.,Finotto, S. 2015. NFATc1 deficiency in T
cells protects mice from experimental autoimmune encephalomyelitis. Eur. J. Immunol., 45, 1426-
40.

Resztak, J. A., Choe, J., Nirmalan, S., Wei, J., Bruinsma, J., Houpt, R., Alazizi, A., Mair-Meijers, H. E.,
Wen, X., Slatcher, R. B., Zilioli, S., Pique-Regi, R.,Luca, F. 2023. Analysis of transcriptional
changes in the immune system associated with pubertal development in a longitudinal cohort of
children with asthma. Nature communications, 14, 230.

Rex, D. a. B., Dagamajalu, S., Gouda, M. M., Suchitha, G. P., Chanderasekaran, J., Raju, R., Prasad, T. S.
K.,Bhandary, Y. P. 2023. A comprehensive network map of IL-17A signaling pathway. J Cell
Commun Signal, 17,209-215.

Richter, J. M., Schanbacher, B. L., Huang, H., Xue, J., Bauer, J. A.,Giannone, P. J. 2012. LPS-binding
protein enables intestinal epithelial restitution despite LPS exposure. J Pediatr Gastroenterol Nutr,
54, 639-44.

Rinninella, E., Raoul, P., Cintoni, M., Franceschi, F., Miggiano, G. a. D., Gasbarrini, A.,Mele, M. C. 2019.
What is the Healthy Gut Microbiota Composition? A Changing Ecosystem across Age,
Environment, Diet, and Diseases. Microorganisms, 7, 14.

Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W.,.Smyth, G. K. 2015. limma powers
differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res,
43, e47.

Rizzatti, G., Lopetuso, L. R., Gibiino, G., Binda, C.,Gasbarrini, A. 2017. Proteobacteria: A Common Factor
in Human Diseases. Biomed Res Int, 2017, 9351507.

Robichaud, S., Shahbazi, R.,Matar, C. 2021. Role of Probiotics in Prevention of COVID-19 Through
Modulation of Gut—Lung Axis. In: COVID-19 and Nutraceuticals, A Guidebook: COVID-19 and
Nutraceuticals, 33.

Rodriguez-Nogales, A., Algieri, F., Garrido-Mesa, J., Vezza, T., Utrilla, M. P., Chueca, N., Fernandez-
Caballero, J. A., Garcia, F., Rodriguez-Cabezas, M. E.,Galvez, J. 2018a. The Administration of

172



Escherichia coli Nissle 1917 Ameliorates Development of DSS-Induced Colitis in Mice. Frontiers
in pharmacology, 9, 468.

Rodriguez-Nogales, A., Algieri, F., Garrido-Mesa, J., Vezza, T., Utrilla, M. P., Chueca, N., Garcia, F.,
Olivares, M., Rodriguez-Cabezas, M. E.,Galvez, J. 2017. Differential intestinal anti-inflammatory
effects of Lactobacillus fermentum and Lactobacillus salivarius in DSS mouse colitis: impact on
microRNAs expression and microbiota composition. Molecular Nutrition & Food Research, 61,
1700144.

Rodriguez-Nogales, A., Algieri, F., Garrido-Mesa, J., Vezza, T., Utrilla, M. P., Chueca, N., Garcia, F.,
Rodriguez-Cabezas, M. E.,Galvez, J. 2018b. Intestinal anti-inflammatory effect of the probiotic
Saccharomyces boulardii in DSS-induced colitis in mice: Impact on microRNAs expression and
gut microbiota composition. The Journal of Nutritional Biochemistry, 61, 129-139.

Roller, M., Rechkemmer, G.,Watzl, B. 2004. Prebiotic inulin enriched with oligofructose in combination
with the probiotics Lactobacillus thamnosus and Bifidobacterium lactis modulates intestinal
immune functions in rats. The journal of Nutrition, 134, 153-156.

Round, J. L.,Mazmanian, S. K. 2010. Inducible Foxp3+ regulatory T-cell development by a commensal
bacterium of the intestinal microbiota. Proceedings of the National Academy of Sciences, 107,
12204-12209.

Rowland, 1., Gibson, G., Heinken, A., Scott, K., Swann, J., Thiele, I.,Tuohy, K. 2018. Gut microbiota
functions: metabolism of nutrients and other food components. European journal of nutrition, 57,
1-24.

Ruiz, V. E., Battaglia, T., Kurtz, Z. D., Bijnens, L., Ou, A., Engstrand, 1., Zheng, X., lizumi, T., Mullins,
B.J., Miiller, C. L., Cadwell, K., Bonneau, R., Perez-Perez, G. I.,Blaser, M. J. 2017. A single early-
in-life macrolide course has lasting effects on murine microbial network topology and immunity.
Nature communications, 8, 518.

Salvetti, E., Tremblay, J., Arbour, M., Mallet, J. F., Masson, L.,Matar, C. 2023. Complete PacBio Single-
Molecule Real-Time Sequence of a Novel Probiotic-Like Bacterium, Rouxiella badensis subsp.
acadiensis, Isolated from the Biota of Wild Blueberries in the Acadian Forest. Microbiol Resour
Announc, 12, ¢0134022.

Sang, L.-X., Chang, B., Wang, B.-Y., Liu, W.-X.,Jiang, M. 2015. Live and heat-killed probiotic: effects on
chronic experimental colitis induced by dextran sulfate sodium (DSS) in rats. Int J Clin Exp Med,
8,20072-20078.

Sanlioglu, S., Williams, C. M., Samavati, L., Butler, N. S., Wang, G., Mccray, P. B., Jr., Ritchie, T. C.,
Hunninghake, G. W., Zandi, E.Engelhardt, J. F. 2001. Lipopolysaccharide induces Racl-
dependent reactive oxygen species formation and coordinates tumor necrosis factor-alpha secretion
through IKK regulation of NF-kappa B. J. Biol. Chem., 276, 30188-98.

Sano, T., Huang, W., Hall, J. A., Yang, Y., Chen, A., Gavzy, S. J., Lee, J.-Y., Ziel, J. W., Miraldi, E.
R.,Domingos, A. L. 2015. An IL-23R/IL-22 circuit regulates epithelial serum amyloid A to promote
local effector Th17 responses. Cell, 163, 381-393.

Santaolalla, R.,Abreu, M. T. 2012. Innate immunity in the small intestine. Curr Opin Gastroenterol, 28,
124-9.

Schmitt, H., Neurath, M. F.,Atreya, R. 2021. Role of the IL23/IL.17 Pathway in Crohn’s Disease. Front
Immunol 12.

Schmolka, N., Serre, K., Grosso, A. R., Rei, M., Pennington, D. J., Gomes, A. Q.,Silva-Santos, B. 2013.
Epigenetic and transcriptional signatures of stable versus plastic differentiation of proinflammatory
vo T cell subsets. Nat Immunol, 14, 1093-1100.

Schokker, D., Zhang, J., Vastenhouw, S. A., Heilig, H. G. H. J., Smidt, H., Rebel, J. M. J.,Smits, M. A.
2015. Long-Lasting Effects of Early-Life Antibiotic Treatment and Routine Animal Handling on
Gut Microbiota Composition and Immune System in Pigs. PLOS ONE, 10, e0116523.

Seifert, S.,Watzl, B. 2007. Inulin and Oligofructose: Review of Experimental Data on Immune Modulation.
The Journal of Nutrition, 137, 2563S-2567S.

173



Shahbazi, R., Sharifzad, F., Bagheri, R., Alsadi, N., Yasavoli-Sharahi, H.,Matar, C. 2021. Anti-
Inflammatory and Immunomodulatory Properties of Fermented Plant Foods. Nutrients, 13, 1516.

Shahbazi, R., Yasavoli-Sharahi, H., Alsadi, N., Ismail, N.,Matar, C. 2020. Probiotics in Treatment of Viral
Respiratory Infections and Neuroinflammatory Disorders. Molecules, 25, 4891.

Shahbazi, R., Yasavoli-Sharahi, H., Alsadi, N., Sharifzad, F., Fang, S., Cuenin, C., Cahais, V., Chung, F.
F.-L., Herceg, Z.,Matar, C. 2023a. Lentinula edodes Cultured Extract and Rouxiella badensis
subsp. acadiensis (Canan SV-53) Intake Alleviates Immune Deregulation and Inflammation by
Modulating Signaling Pathways and Epigenetic Mechanisms. Int J Mol Sci, 24, 14610.

Shahbazi, R., Yasavoli-Sharahi, H., Mallet, J.-F., Sharifzad, F., Alsadi, N., Cuenin, C., Cahais, V., Chung,
F. F.-L., Herceg, Z.,Matar, C. 2023b. Novel Probiotic Bacterium Rouxiella badensis subsp.
acadiensis (Canan SV-53) Modulates Gut Immunity through Epigenetic Mechanisms.
Microorganisms, 11, 2456.

Sharma, M., Kaveri, S. V.,Bayry, J. 2013. Th17 cells, pathogenic or not? TGF-B3 imposes the embargo.
Cellular & molecular immunology, 10, 101-102.

Sharma, R., Van Mil, S., Melanson, B., Thomas, B. J., Rooke, J., Mallet, J.-F., Matar, C., Schwarz, J.
M., Ismail, N. 2019. Programming Effects of Pubertal Lipopolysaccharide Treatment in Male and
Female CD-1 Mice. The Journal of Immunology, 202, 2131-2140.

Shen, H.,Chen, Z. W. 2018. The crucial roles of Th17-related cytokines/signal pathways in M. tuberculosis
infection. Cellular & Molecular Immunology, 15,216-225.

Shepard, R. D.,Nugent, F. S. 2020. Early Life Stress- and Drug-Induced Histone Modifications Within the
Ventral Tegmental Area. Frontiers in Cell and Developmental Biology, 8.

Shi, C., Liang, Y., Yang, J., Xia, Y., Chen, H., Han, H., Yang, Y., Wu, W., Gao, R.,Qin, H. 2013.
MicroRNA-21 knockout improve the survival rate in DSS induced fatal colitis through protecting
against inflammation and tissue injury. PloS one, 8, €66814.

Shi, M., Zhang, Y., Liu, L., Zhang, T., Han, F., Cleveland, J., Wang, F., Mckeehan, W. L., Li, Y.,Zhang,
D. 2016. MAP1S Protein Regulates the Phagocytosis of Bacteria and Toll-like Receptor (TLR)
Signaling. The Journal of biological chemistry, 291, 1243-50.

Shi, Y., Zhong, L., Li, Y., Chen, Y., Feng, S., Wang, M., Xia, Y.,Tang, S. 2021. Repulsive Guidance
Molecule b Deficiency Induces Gut Microbiota Dysbiosis and Increases the Susceptibility to
Intestinal Inflammation in Mice. Frontiers in Microbiology, 12.

Sola, P., Mereu, E., Bonjoch, J., Casado-Peldez, M., Prats, N., Aguilera, M., Reina, O., Blanco, E., Esteller,
M., Di Croce, L., Heyn, H., Solanas, G.,Benitah, S. A. 2023. Targeting lymphoid-derived IL-17
signaling to delay skin aging. Nature Aging, 3, 688-704.

Song, J., Li, Q., Everaert, N., Liu, R., Zheng, M., Zhao, G.,Wen, J. 2020. Effects of inulin supplementation
on intestinal barrier function and immunity in specific pathogen-free chickens with Salmonella
infection. J Anim Sci, 98.

Soto, A., Martin, V., Jiménez, E., Mader, L., Rodriguez, J. M.,Fernandez, L. 2014. Lactobacilli and
bifidobacteria in human breast milk: influence of antibiotherapy and other host and clinical factors.
J Pediatr Gastroenterol Nutr, 59, 78-88.

Stahl, M. G.,Belkind-Gerson, J. 2021. 1 - Development of the Gastrointestinal Tract. In: WYLLIE, R.,
HYAMS, J. S. & KAY, M. (eds.) Pediatric Gastrointestinal and Liver Disease (Sixth Edition).
Philadelphia: Elsevier.

Stiemsma, L. T.,Michels, K. B. 2018. The Role of the Microbiome in the Developmental Origins of Health
and Disease. Pediatrics, 141, €20172437.

Stinson, L. F. 2020. Establishment of the early-life microbiome: a DOHaD perspective. Journal of
Developmental Origins of Health and Disease, 11,201-210.

Stojanov, S., Berlec, A.,Strukelj, B. 2020. The Influence of Probiotics on the Firmicutes/Bacteroidetes
Ratio in the Treatment of Obesity and Inflammatory Bowel disease. Microorganisms, 8, 1715.

Sturm, A., Rilling, K., Baumgart, D. C., Gargas, K., Abou-Ghazal¢, T., Raupach, B., Eckert, J., Schumann,
R. R., Enders, C., Sonnenborn, U., Wiedenmann, B.,Dignass, A. U. 2005. Escherichia coli Nissle

174



1917 Distinctively Modulates T-Cell Cycling and Expansion via Toll-Like Receptor 2 Signaling.
Infect Immun, 73, 1452-1465.

Stured, K., Dhariwal, A., Dahle, U. R., Vestrheim, D. F.,Petersen, F. C. 2020. Impact of narrow-spectrum
penicillin V on the oral and faecal resistome in a young child treated for otitis media. Journal of
Global Antimicrobial Resistance, 20, 290-297.

Sugimoto, K. 2008. Role of STAT3 in inflammatory bowel disease. World J Gastroenterol, 14, 5110-4.

Sui, H., Lou, A., Li, Z.,Yang, J. 2019. Lidocaine inhibits growth, migration and invasion of gastric
carcinoma cells by up-regulation of miR-145. BMC cancer, 19, 1-8.

Sun, Y.,Shang, D. 2015. Inhibitory Effects of Antimicrobial Peptides on Lipopolysaccharide-Induced
Inflammation. Mediators of Inflammation, 2015, 167572.

Sutton, C. E., Lalor, S. J., Sweeney, C. M., Brereton, C. F., Lavelle, E. C.,Mills, K. H. 2009. Interleukin-1
and IL-23 induce innate IL-17 production from gammadelta T cells, amplifying Th17 responses
and autoimmunity. Immunity, 31, 33141.

Sylvia, K. E.,Demas, G. E. 2018. Acute intraperitoneal lipopolysaccharide influences the immune system
in the absence of gut dysbiosis. Physiol Rep, 6.

Syngai, G. G., Gopi, R., Bharali, R., Dey, S., Lakshmanan, G. M.,Ahmed, G. 2016. Probiotics - the versatile
functional food ingredients. J Food Sci Technol, 53,921-33.

Tanaka, M.,Nakayama, J. 2017. Development of the gut microbiota in infancy and its impact on health in
later life. Allergology International, 66,515-522.

Tanaka, T., Narazaki, M.,Kishimoto, T. 2014. IL-6 in inflammation, immunity, and disease. Cold Spring
Harb Perspect Biol, 6, a016295.

Taverniti, V.,Guglielmetti, S. 2011. The immunomodulatory properties of probiotic microorganisms
beyond their viability (ghost probiotics: proposal of paraprobiotic concept). Genes Nutr, 6,261-74.

Thursby, E.,Juge, N. 2017. Introduction to the human gut microbiota. Biochem J, 474, 1823-1836.

Tsuchiya, K.,Ogawa, Y. 2017. Forkhead box class O family member proteins: The biology and
pathophysiological roles in diabetes. J Diabetes Investig, 8, 726-734.

Ubeda, C.,Pamer, E. G. 2012. Antibiotics, microbiota, and immune defense. Trends Immunol, 33,459-466.

Ucciferri, C. C.,Dunn, S. E. 2022. Effect of puberty on the immune system: Relevance to multiple sclerosis.
Front Pediatr, 10, 1059083.

Vacca, M., Celano, G., Calabrese, F. M., Portincasa, P., Gobbetti, M.,De Angelis, M. 2020. The
Controversial Role of Human Gut Lachnospiraceae. Microorganisms, 8.

Viennois, E., Chassaing, B., Tahsin, A., Pujada, A., Wang, L., Gewirtz, A. T.,Merlin, D. 2019. Host-derived
fecal microRNAs can indicate gut microbiota healthiness and ability to induce inflammation.
Theranostics, 9, 4542-4557.

Vinderola, G., Matar, C.,Perdigon, G. 2005. Role of Intestinal Epithelial Cells in Immune Effects Mediated
by Gram-Positive Probiotic Bacteria: Involvement of Toll-Like Receptors. Clinical and Vaccine
Immunology, 12, 1075-1084.

Vinderola, G., Perdigon, G., Duarte, J., Farnworth, E., Matar, C. 2006. Effects of the oral administration of
the exopolysaccharide produced by Lactobacillus kefiranofaciens on the gut mucosal immunity.
Cytokine, 36, 254-60.

Vuong, T., Mallet, J.-F., Ouzounova, M., Rahbar, S., Hernandez-Vargas, H., Herceg, Z.,Matar, C. 2016.
Role of a polyphenol-enriched preparation on chemoprevention of mammary carcinoma through
cancer stem cells and inflammatory pathways modulation. Journal of translational medicine, 14,
1-12.

Waldmann, T. A. 2015. The shared and contrasting roles of IL2 and IL15 in the life and death of normal
and neoplastic lymphocytes: implications for cancer therapy. Cancer Immunol Res, 3,219-27.

Waldmann, T. A., Miljkovic, M. D.,Conlon, K. C. 2020. Interleukin-15 (dys)regulation of lymphoid
homeostasis: Implications for therapy of autoimmunity and cancer. J Exp Med, 217.

Wang, H., Chao, K., Ng, S. C, Bai, A. H,, Yu, Q., Yu, J,, Li, M., Cui, Y., Chen, M., Hu, J.-F.,Zhang, S.
2016. Pro-inflammatory miR-223 mediates the cross-talk between the IL23 pathway and the
intestinal barrier in inflammatory bowel disease. Genome Biology, 17, 58.

175



Wang, J., Wang, P., Tian, H., Tian, F., Zhang, Y., Zhang, L., Gao, X.,Wang, X. 2018. Aryl hydrocarbon
receptor/IL-22/STAT3 signaling pathway is involved in the modulation of intestinal mucosa
antimicrobial molecules by commensal microbiota in mice. Innate Immun, 24,297-306.

Wang, J., Xu, W., Wang, R., Cheng, R., Tang, Z.,Zhang, M. 2021. The outer membrane protein Amuc 1100
of Akkermansia muciniphila promotes intestinal 5-HT biosynthesis and extracellular availability
through TLR2 signalling. Food & Function, 12,3597-3610.

Wang, J., Zheng, S., Xin, N., Dou, C., Fu, L., Zhang, X., Chen, J., Zhang, Y., Geng, D., Xiao, C., Cui, G.,
Shen, X., Lu, Y., Wang, J., Dong, R., Qiao, Y.,Zhang, Y. 2013. Identification of novel MicroRNA
signatures linked to experimental autoimmune myasthenia gravis pathogenesis: down-regulated
miR-145 promotes pathogenetic Thl7 cell response. Journal of neuroimmune pharmacology : the
official journal of the Society on Neurolmmune Pharmacology, 8, 1287-302.

Wang, Y., Zhou, Y.,Graves, D. T. 2014. FOXO transcription factors: their clinical significance and
regulation. BioMed research international, 2014, 925350-925350.

Wehkamp, J., Harder, J., Wehkamp, K., Wehkamp-Von Meissner, B., Schlee, M., Enders, C., Sonnenborn,
U., Nuding, S., Bengmark, S., Fellermann, K., Schroder, J. M.,Stange, E. F. 2004. NF-kappaB- and
AP-1-mediated induction of human beta defensin-2 in intestinal epithelial cells by Escherichia coli
Nissle 1917: a novel effect of a probiotic bacterium. Infect Immun, 72, 5750-5758.

Wei, H.-X., Wang, B.,Li, B. 2020. IL-10 and IL-22 in Mucosal Immunity: Driving Protection and
Pathology. Front Immunol, 11, 1315-1315.

Wei, Y., Chen, S., Sun, D., Li, X, Wei, R., Li, X.,Nian, H. 2019. miR-223-3p promotes autoreactive Th17
cell responses in experimental autoimmune uveitis (EAU) by inhibiting transcription factor
FOXO3 expression. The FASEB Journal, 33,13951-13965.

Whitley, S. K., Balasubramani, A., Zindl, C. L., Sen, R., Shibata, Y., Crawford, G. E., Weathington, N. M.,
Hatton, R. D.,Weaver, C. T. 2018. IL-1R signaling promotes STAT3 and NF-kB factor recruitment
to distal cis-regulatory elements that regulate Il117a/f transcription. The Journal of biological
chemistry, 293, 15790-15800.

Winter, J., Jung, S., Keller, S., Gregory, R. I.,Diederichs, S. 2009. Many roads to maturity: microRNA
biogenesis pathways and their regulation. Nature Cell Biology, 11, 228-234.

Wong, W.-Y., Chan, B. D., Leung, T.-W., Chen, M., Tai, W. C.-S. 2022. Beneficial and anti-inflammatory
effects of formulated prebiotics, probiotics, and synbiotics in normal and acute colitis mice. Journal
of Functional Foods, 88, 104871.

Woo, V., Alenghat, T. 2022. Epigenetic regulation by gut microbiota. Gut Microbes, 14, 2022407.

Wos, 1., Tabarkiewicz, J. 2021. Effect of interleukin-6, -17, -21, -22, and -23 and STAT3 on signal
transduction pathways and their inhibition in autoimmune arthritis. /mmunol. Res., 69, 26-42.

Wu, C., Yosef, N., Thalhamer, T., Zhu, C., Xiao, S., Kishi, Y., Regev, A.,Kuchroo, V. K. 2013. Induction
of pathogenic TH17 cells by inducible salt-sensing kinase SGK 1. Nature, 496, 513-517.

Wu, R. Y., Jeffrey, M. P., Johnson-Henry, K. C., Green-Johnson, J. M.,Sherman, P. M. 2016. Impact of
prebiotics, probiotics, and gut derived metabolites on host immunity. LymphoSign Journal, 4, 1-
24,

Wu, Z., Guo, J., Zhang, Y., Liu, J., Ma, H.,Tang, Y. 2021. MiR-425-5p accelerated the proliferation,
migration, and invasion of ovarian cancer cells via targeting AFF4. Journal of Ovarian Research,
14, 138.

Xiao, S., Zhu, H., Luo, J., Wu, Z.,Xie, M. 2019. miR-425-5p is associated with poor prognosis in patients
with breast cancer and promotes cancer cell progression by targeting PTEN. Oncol. Rep., 42,2550-
2560.

Xiao, X., Mao, X., Chen, D., Yu, B., He, J., Yan, H.,Wang, J. 2022. miRNAs Can Affect Intestinal
Epithelial Barrier in Inflammatory Bowel Disease. Front Immunol, 13, 868229.

Xu, W., Wang, Y., Wang, C., Ma, Y., He, S., Kang, Y.,Yang, J. 2020. Increased miR-223-3p in Leukocytes
Positively Correlated with IL-17A in Plasma of Asthmatic Patients. fran J Allergy Asthma
Immunol, 19, 289-296.

176



Xue, L., Zhao, Y., Wang, H., Li, Z., Wu, T., Liu, R., Sui, W.,Zhang, M. 2023. The effects of live and
pasteurized Akkermansia muciniphila on DSS-induced ulcerative colitis, gut microbiota, and
metabolomics in mice. Food & Function, 14, 4632-4646.

Yahfoufi, N., Ah-Yen, E. G., Chandrasegaram, R., Aly, S., Murack, M., Kadamani, A. K., Matar, C.,Ismail,
N. 2021a. Adolescent use of potential novel probiotic Rouxiella badensis subsp. acadiensis (Canan
SV-53) mitigates pubertal LPS-Induced behavioral changes in adulthood in a sex-specific manner
by modulating SHTIA receptors expression in specific brain areas. Comprehensive
Psychoneuroendocrinology, 7, 100063.

Yahfoufi, N., Alsadi, N., Mallet, J. F., Kulshreshtha, G., Hincke, M., Ismail, N. Matar, C. 2021b.
Immunomodulation and Intestinal Morpho-Functional Aspects of a Novel Gram-Negative
Bacterium Rouxiella badensis subsp. acadiensis. Front Microbiol, 12, 569119.

Yahfoufi, N., Kadamani, A. K., Aly, S., Al Sharani, S., Liang, J., Butcher, J., Stintzi, A., Matar, C.,Ismail,
N. 2023. Pubertal consumption of R. badensis subspecies acadiensis modulates LPS-induced
immune responses and gut microbiome dysbiosis in a sex-specific manner. Brain Behav Immun,
107, 62-75.

Yahfoufi, N., Mallet, J. F., Graham, E.Matar, C. 2018. Role of probiotics and prebiotics in
immunomodulation. Current Opinion in Food Science, 20, 82-91.

Yahfoufi, N., Matar, C.,Ismail, N. 2020. Adolescence and Aging: Impact of Adolescence Inflammatory
Stress and Microbiota Alterations on Brain Development, Aging, and Neurodegeneration. J.
Gerontol. A Biol. Sci. Med. Sci., 75, 1251-1257.

Yakoob, J., Fan, X. G., Hu, G. L.,Zhang, Z. 1998. DNA methylation and carcinogenesis in digestive
neoplasms. World J. Gastroenterol., 4,174-1717.

Yamashita, T., Yoshida, N., Emoto, T., Saito, Y.,Hirata, K.-I. 2021. Two Gut Microbiota-Derived Toxins
Are Closely Associated with Cardiovascular Diseases: A Review. Toxins, 13,297.

Yan, J. B,, Luo, M. M., Chen, Z. Y.,He, B. H. 2020. The Function and Role of the Th17/Treg Cell Balance
in Inflammatory Bowel Disease. J Immunol Res, 2020, 8813558.

Yan, W., Fan, W., Chen, C., Wu, Y., Fan, Z., Chen, J., Chen, Z.,Chen, H. 2016. IL-15 up-regulates the
MMP-9 expression levels and induces inflammatory infiltration of macrophages in polymyositis
through regulating the NF-xB pathway. Gene, 591, 137-147.

Yang, F., Yang, Y., Chen, Y., Li, G., Zhang, G., Chen, L., Zhang, Z., Mai, Q.,Zeng, G. 2021. MiR-21 Is
Remotely Governed by the Commensal Bacteria and Impairs Anti-TB Immunity by Down-
Regulating IFN-y. Frontiers in Microbiology, 11.

Yang, H., Qi, H., Ren, J., Cui, J., Li, Z., Waldum, H. L.,Cui, G. 2014. Involvement of NF-xB/IL-6 Pathway
in the Processing of Colorectal Carcinogenesis in Colitis Mice. International Journal of
Inflammation, 2014, 130981.

Yang, J., Liao, X., Agarwal, M. K., Barnes, L., Auron, P. E. Stark, G. R. 2007. Unphosphorylated STAT3
accumulates in response to IL-6 and activates transcription by binding to NFkappaB. Genes Dev,
21, 1396-408.

Yang, X., He, Q., Guo, Z., Xiong, F.,Li, Y., Pan, Y., Gao, C., Li, L.,He, C. 2018. MicroRNA-425 facilitates
pathogenic Th17 cell differentiation by targeting forkhead box O1 (Foxol) and is associated with
inflammatory bowel disease. Biochemical and Biophysical Research Communications, 496, 352-
358.

Yao, H., Fan, C., Lu, Y., Fan, X, Xia, L., Li, P., Wang, R., Tang, T., Wang, Y.,Qi, K. 2020. Alteration of
gut microbiota affects expression of adiponectin and resistin through modifying DNA methylation
in high-fat diet-induced obese mice. Genes Nutr, 15, 12.

Ye, T.-H., Yang, F.-F., Zhu, Y.-X., Li, Y.-L., Lei, Q., Song, X.-J., Xia, Y., Xiong, Y., Zhang, L.-D., Wang,
N.-Y., Zhao, L.-F., Gou, H.-F., Xie, Y.-M., Yang, S.-Y., Yu, L.-T., Yang, L.,Wei, Y.-Q. 2018.
Inhibition of Stat3 signaling pathway by nifuroxazide improves antitumor immunity and impairs
colorectal carcinoma metastasis. Cell Death & Disease, 8, €2534-e2534.

Yoon, M. Y.,Yoon, S. S. 2018. Disruption of the Gut Ecosystem by Antibiotics. Yonsei Med J, 59, 4-12.

177



Yu, H., Pardoll, D.,Jove, R. 2009. STATSs in cancer inflammation and immunity: a leading role for STAT3.
Nat Rev Cancer, 9, 798-809.

Yuan, X.-L., Gao, N., Xing, Y., Zhang, H.-B., Zhang, A.-L., Liu, J., He, J.-L., Xu, Y., Lin, W.-M., Chen,
Z.-M., Zhang, H., Zhang, Z.,Li, J.-Q. 2016. Profiling the genome-wide DNA methylation pattern
of porcine ovaries using reduced representation bisulfite sequencing. Sci. Rep., 6,22138.

Yuan, X., Chen, R., Zhang, Y., Lin, X.,Yang, X. 2020. Gut microbiota: effect of pubertal status. BMC
Microbiol, 20, 334.

Zafar, H.,Saier, M. H., Jr. 2021. Gut Bacteroides species in health and disease. Gut Microbes, 13, 1-20.

Zeissig, S.,.Blumberg, R. S. 2014. Life at the beginning: perturbation of the microbiota by antibiotics in
early life and its role in health and disease. Nat Immunol, 15, 307-10.

Zeng, M. Y., Cisalpino, D., Varadarajan, S., Hellman, J., Warren, H. S., Cascalho, M., Inohara, N.,Nufiez,
G. 2016. Gut microbiota-induced immunoglobulin G controls sysatemic infection by symbiotic
bacteria and pathogens. Immunity, 44, 647-658.

Zeng, Q., Tang, N., Ma, Y., Guo, H., Zhao, Y., Tang, R., Yan, C., Ouyang, S., Langdon, W. Y., Yang, H.,
O'brien, M. C.,Zhang, J. 2022. Cbl-b restrains priming of pathogenic Thl7 cells via the inhibition
of IL-6 production by macrophages. iScience, 25, 105151.

Zenobia, C.,Hajishengallis, G. 2015. Basic biology and role of interleukin-17 in immunity and
inflammation. Periodontol 2000, 69, 142-59.

Zhang, F., Meng, G.,Strober, W. 2008. Interactions among the transcription factors Runx1, RORyt and
Foxp3 regulate the differentiation of interleukin 17—producing T cells. Nat. Immunol., 9, 1297-
1306.

Zhang, J., Fu, S., Sun, S., Li, Z.,Guo, B. 2014. Inflammasome activation has an important role in the
development of spontaneous colitis. Mucosal Immunology, 7, 1139-1150.

Zhang, J., Wang, D., Wang, L., Wang, S., Roden, A. C., Zhao, H., Li, X., Prakash, Y. S., Matteson, E. L.,
Tschumperlin, D. J.,Vassallo, R. 2019a. Profibrotic effect of IL-17A and elevated IL-17RA in
idiopathic pulmonary fibrosis and rheumatoid arthritis-associated lung disease support a direct role
for IL-17A/IL-17RA in human fibrotic interstitial lung disease. American Journal of Physiology-
Lung Cellular and Molecular Physiology, 316, LA87-1497.

Zhang, L., Shen, J., Cheng, J.,Fan, X. 2015. MicroRNA-21 regulates intestinal epithelial tight junction
permeability. Cell Biochem Funct, 33, 235-40.

Zhang, Q., Xiao, X., Zheng, J., Li, M., Yu, M., Ping, F., Wang, T.,Wang, X. 2019b. A Maternal High-Fat
Diet Induces DNA Methylation Changes That Contribute to Glucose Intolerance in Offspring.
Front Endocrinol (Lausanne), 10, 871.

Zhang, R., Li, Q., Chuang, P. Y., Lu, G., Liu, R, Yang, J., Peng, L., Dai, Y., Zheng, Z., Qi, C.-F., He, J.
C..Xiong, H. 2013. Regulation of Pathogenic Th1l7 Cell Differentiation by IL-10 in the
Development of Glomerulonephritis. The American Journal of Pathology, 183,402-412.

Zhang, S.,Chen, D.-C. 2019. Facing a new challenge: the adverse effects of antibiotics on gut microbiota
and host immunity. Chin Med J (Engl), 132, 1135-1138.

Zhang, S., Paul, S.,Kundu, P. 2022. NF-xB Regulation by Gut Microbiota Decides Homeostasis or Disease
Outcome During Ageing. Front Cell Dev Biol, 10, 874940.

Zhang, S., Zhang, G.,Wan, Y. Y. 2019c. SKI and SMAD4 are essential for IL-21-induced Thl17
differentiation. Mol. Immunol., 114, 260-268.

Zhang, W., Liu, X., Wang, J., Wang, X.,Zhang, Y. 2023. Immunogenic Cell Death Associated Molecular
Patterns and the Dual Role of IL17RA in Interstitial Cystitis/Bladder Pain Syndrome.
Biomolecules, 13.

Zhang, X., Kiapour, N., Kapoor, S., Khan, T., Thamilarasan, M., Tao, Y., Cohen, S., Miller, R., Sobel, R.
A.,Markovic-Plese, S. 2019d. IL-11 Induces Encephalitogenic Th17 Cells in Multiple Sclerosis
and Experimental Autoimmune Encephalomyelitis. J Immunol, 203, 1142-1150.

Zhao, M. A., Chu, J., Feng, S., Guo, C., Xue, B., He, K,,Li, L. 2023. Immunological mechanisms of
inflammatory diseases caused by gut microbiota dysbiosis: A review. Biomedicine &
Pharmacotherapy, 164, 114985.

178



Zheng, D., Liwinski, T.,Elinav, E. 2020. Interaction between microbiota and immunity in health and
disease. Cell Research, 30, 492-506.

Zheng, J., Zhang, L., Liu, J., Li, Y.,Zhang, J. 2021. Long-Term Effects of Maternal Low-Protein Diet and
Post-weaning High-Fat Feeding on Glucose Metabolism and Hypothalamic POMC Promoter
Methylation in Offspring Mice. Frontiers in Nutrition, 8.

Zhong, X., Wu, Y., Liu, Y., Zhu, F., Li, X, Li, D., Li, Z., Zeng, L., Qiao, J., Chen, X.,Xu, K. 2016. Increased
RUNXI1 expression in patients with immune thrombocytopenia. Hum. Immunol., 77, 687-691.

Zhou, D., Wang, Q.,Liu, H. 2021. Coronavirus disease 2019 and the gut—lung axis. International Journal
of Infectious Diseases, 113,300-307.

Zhou, R., O'hara, S. P.,Chen, X.-M. 2011. MicroRNA regulation of innate immune responses in epithelial
cells. Cellular & molecular immunology, 8, 371-379.

Zhou, W., Triche, T. J., Jr., Laird, P. W.,Shen, H. 2018. SeSAMe: reducing artifactual detection of DNA
methylation by Infinium BeadChips in genomic deletions. Nucleic Acids Res, 46, e123.

Zhu, C., Song, K., Shen, Z., Quan, Y., Tan, B., Luo, W., Wu, S., Tang, K., Yang, Z.,Wang, X. 2018.
Roseburia intestinalis inhibits interleukin-17 excretion and promotes regulatory T cells
differentiation in colitis. Molecular medicine reports, 17, 7567-7574.

179





