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This part of the review focuses on the proposed involvement of the gut microbiota in the realization of the genetic
risk of multiple sclerosis, the formation of the intestinal microbiome in early life, and provides data supporting the hy-
pothesis that aberrant formation of the intestinal microbiota in early life may be a predisposing factor to multiple sclerosis.
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Infroduction

For most immune-mediated diseases, the gut mi-
crobiota is assumed to be involved in the realization
of genetic risk; the disease develops in genetically
predisposed individuals against the background of
a certain composition of the gut microbiota. For ex-
ample, certain risk alleles associated with inflamma-
tory bowel diseases are only manifested when they
are activated by the gut microbiome [1, 2]. Given
that immunologically and metabolically the gut mi-

crobiota is integrated with the host [3] and the num-
ber of bacterial genes is hundreds of times greater
than the number of host genes [4], its contribution
to the genetic risk of diseases appears quite logical.

On the contrary, the gut microbiota is considered
a complex polygenic factor influenced by combina-
tions of host genomic loci and environmental fac-
tors [5]. While the main emphasis was previously
placed on the influence of environmental factors,

List of abbreviations

EAE, experimental autoimmune encephalomyelitis; MS, multiple sclerosis
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recently more attention has been paid to the genetic
control of the composition of intestinal microbiota.
Approximately 2%—8% of the intestinal microbiota is
inherited [6], particularly families Christensenellaceae
and Methanobacteriaceae [7] and bacterial taxa such
as Faecalibacterium, an unclassified genus of fami-
lies Ruminococcaceae, Coprococcus, Bifidobacterium,
Parabacteroides, and Bacteroides [§—13]. In addition,
associations of characteristic changes in the intes-
tinal microbiome with disease risk genes in celiac
disease, inflammatory bowel disease, rheumatoid
arthritis, systemic lupus erythematosus, and others
have been identified [1, 2, 14—16].

Among the host candidate genes that can con-
trol the composition of the microbiome, immune
response genes, genes regulating gut functions, and
genes involved in metabolic processes are consid-
ered [17], which ensure an effective symbiosis be-
tween the host and microbiota and act as genetic
risk factors for various diseases.

The following sections will present data on genes
related to risk factors of multiple sclerosis (MS) or
involved in the pathogenesis of the disease that is
thought to be involved in controlling the composi-
tion of the gut microbiota.

Intestinal microbiota as a factor of genetic risk
realization

Genetic control of intestinal microbiota composition

Over the past decade, research has demonstrated
a close link between the host gut microbiota and
health, which raises the question of how the gut
microbiota is formed and whether host genes play
a role in this process.

The influence of host genetic factors on intes-
tinal microbial populations was demonstrated in
experiments with reciprocal colonization of germ-
free (GF) danio rerio or GF mice with intestinal
microbiota from pathogen-free mice and fish species,
respectively. It turned out that after 14 days, the taxa
characteristic of the recipient species prevailed in the
transplanted bacterial community [18].

The role of the genome in the control of the gut
microbiome is also indicated by studies of monozy-
gotic and dizygotic twins that have revealed greater
similarity of microbial taxa among monozygotic
twins than among dizygotic twins and twins com-
pared with unrelated individuals [7, 19—23]. The gut
microbiomes of twins differ if they live and eat in
different households [7, 21].

How and to what extent the host controls the
composition of the intestinal microbiota are cur-

rently unknown. It is assumed that the influence
on the bacterial community inhabiting the gut is
exerted through specific genetic loci controlling in-
dividual microbial species or a group of related taxa
or through genetic loci exerting a pleiotropic effect
on groups of relatively distant microorganisms, pro-
moting the spread of those of them that benefit the
host [5]. Host gene mutations can influence their
interaction with the compositional and functional
diversity of the microbiome, potentially modulating
human susceptibility to disease [24].

Genes of innate immunity receptors, foll-like re-
ceptors (TLRs) and nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs), are considered
the most likely candidate genes because microorgan-
isms are recognized through them and genes involved
in TLR- and NLR-mediated signal transduction
pathways (Myd88, IRAK, and others) [25, 26].

The activity of TLRZ2, which recognizes Gram-
positive bacteria, correlates with the abundance of
Coriobacteriaceae (p_Actinobacteria) and Lactococcus
(p_Firmicutes) [5]. An abnormal increase in Entero-
bacteriaceae (p_Proteobacteria) is observed in mice
lacking TLR5, which recognizes flagellin [27].
Moreover, comparative experiments on microbiota
transfer in newborn and adult 7Ir5-deficient mice
show that the neonatal expression of TLRS5 affects
the microbiota composition throughout life [28].

NOD?2 loci are also associated with the abun-
dance of Enterobacteriaceae [2]. In addition, the
abundance of the representatives of Bacteroidetes
increases in NOD2-/- mice [26, 29, 30], the abun-
dance of Alistipes (f Rikenellaceae) and Bacteroides
(f_Bacteroidaceae) increased at the genus level, and
the abundance of Prevotella (f Prevotellaceae) de-
creased [30]. In another study in NODZ2-/- mice, the
abundance of Faecalibacterium prausnitzii decreased
in the ileum and cecum [31].

When the adaptor protein MyD§S8, which medi-
ates signal transduction from all TLRs except TLR3,
was deficient, the Firmicutes/Bacteroidetes ratio de-
creased, and the abundance of Lactobacillaceae,
Rikenellaceae, and Porphyromonadaceae increased
in mouse intestines [32].

In addition to TLRs and NLRs, other receptors
for innate immunity — C-fype lectins and RIG-I-like
receptors, are barely studied in relation to microbi-
ome control.

Genes encoding antimicrobial peptides can
also control intestinal bacterial populations [33].
The adaptive immune system evolved in vertebrates
to regulate the abundance of beneficial microorgan-
isms [34]; thus, the genes of the adaptive immune
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response may be also involved in the genetic control
of the diversity of the colonized microbiota, for ex-
ample, major histocompatibility complex II (MHCII)
or human leucocyte antigen (HLA-DR) genes, which
are responsible for the presentation of antigens to
T cells, and genes controlling the production and
secretion of immunoglobulins into the intestinal lu-
men [30, 35-37].

To identify the genetic factors controlling the
composition and functional diversity of the micro-
biome, microbiome genome-wide association studies
(mGWAS) have been used recently. In these studies,
many “immune” and “metabolic” host genes con-
tributed to beta diversity (interindividual variability)
and variability of the composition and functional
composition of the intestinal microbiome. Forty-
two host genetic loci that influence the beta diver-
sity of the intestinal microbiome were identified, and
the association of polymorphisms in several genes
with the composition of the intestinal microbiome
was revealed [38]. In particular, polymorphisms of
LCT encoding lactase and FUT2 encoding galac-
toside-2-alpha-L-fucosyltransferase 2 were found
to be associated with the abundance and diversity
of Bifidobacterium (p_Actionbacteria) [39, 40] and
polymorphisms of vitamin D receptor (VDR) with
the abundance of Parabacteroides (p_Bacteroidetes).
VDR-/- mice had an increased abundance of
Parabacteroides [38] and Helicobacter hepaticus
(p_Proteobacteria) [41] and decreased abundance
Akkermansia muciniphila (p_Verrucomicrobia) [41]
compared with normal mice. mGWAS are discussed
in detail in reviews [42, 43].

Although the data presented do not provide clear
insights into the role of host genetic factors in con-
trolling the composition of the gut microbiome, hu-
man genes and bacterial taxa play a role in the risk
of the development or pathogenesis of MS [44].

Genome—microbiome interactions as a potential
predisposition factor for MS

mGWAS have identified associations of genome—
microbiome interactions in many diseases [45, 46],
supporting the view that the microbiome is critical
to host susceptibility/resistance to disease and, pos-
sibly, treatment response. Genome—microbiome as-
sociations have been identified for some autoimmune
diseases, such as inflammatory bowel disease [2],
rheumatoid arthritis [14]. However, no studies have
been performed for MS. Nevertheless, evidence re-
veals the presence of this association in MS, since
the genetically determined propensity for inflamma-
tory processes can create a favorable environment

o

for autoreactive T cells to initiate a specific immune
response against autoantigens.

This assumption is supported by data [47] that
female TNF2 receptor-deficient mice (7hfr2-/- 2D2)
harbor in the fecal microbiome several Bacteroides spp.,
Bacteroides uniformis, and Parabacteroides spp., which
predisposes them to the development of autoim-
mune demyelination of the central nervous system,
compared with male mice with a different microbial
background (Akkermansia muciniphila, Sutterella sp.,
Oscillospira spp., Bacteroides acidifaciens, and Anaero-
plasma spp.

For other genes, associations with the intestinal
microbiome composition have also been shown.
For example, variants of certain loci of VDR
[48, 49], which are associated with MS risk, are
simultaneously associated with the modulation of
the composition and metabolism of the gut micro-
biome [38], VDR expression protects the host from
invasive pathogens and supports gut homeostasis, and
gut bacteria activate VDR signal transduction [50].
VDR forms a heterodimeric complex with the reti-
noid X receptor, which mediates the action of several
endogenous and exogenous ligands (vitamin D, sec-
ondary bile acids, and fatty acids) [51, 52]. In turn,
bile acids act as key VDR ligands and regulators of
VDR expression [53]. Interestingly, Parabacteroides,
whose abundance varies with genetic VDR polymor-
phisms [38], contain genes involved in secondary
bile acid metabolic pathways [54]. The abundance
of Parabacteroides varies in several studies [55—58],
as well as impaired bile acid metabolism in MS [59].
These findings indicate that these factors may be in-
terrelated, and genome—microbiome interactions, in
this case, VDR polymorphisms, bile acid metabolism,
Parabacteroides abundance, and their contribution
to the pool and regulation of bile acid metabolism
may play significant roles in the pathogenesis of MS.

Table presents some associations of genes that
control certain bacterial taxa within the intestinal
microbiota and are also risk genes (or involved in
the pathogenesis) of MS.

Characteristically, these genes control the coloni-
zation of bacterial taxa whose abundance is altered
in patients with MS. On the contrary, the altered
composition of the gut microbiome affects the type
of immune response that is involved in modifying the
gut microbiome [60, 61]. All this presents a com-
bined effect of host genes and gut microbiome in
both increasing the predisposition to MS and real-
izing the risk of MS development. That is, the in-
testinal microbiome acts as an environmental factor
that directly interacts with the host genes to form
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the disease phenotype and a genetically determined
factor that is shaped by the host and interacts with
it [62].

As shown in the table, the abundance of the same
bacterial taxa can be affected by variations in dif-
ferent genes but with different vectors of changes
or differently affect representatives belonging to
the same phylum. For example, the abundance of
Bacteroidetes changes when many NLRs (NODI,
NOD2, NLRP12, NLRP3, and NLRP6) are knocked
out, and the abundance of Bacteroides increases
when NODI and NODZ2 are knocked out but de-
creases when NLRP3 is knocked out. NLRP3 knock-
out decreases the abundance of Bacteroides and in-
creases the abundance of Prevotella. TL R4 knockout
decreases the abundance of Alistipes (p_Bacteroidetes
f Rikenellaceae), and Myd&8 knockout, which me-
diates signal transduction pathways from TLRs,
increases the abundance of representatives of this
phylum, Rikenellaceae, and Porphyromonadaceae.
The abundance of Parabacteroides (p_Bacteroidetes)
increases when VDR is knocked out.

The associations listed in Table 1 do not exhaust
all the genome—microbiome interactions relevant to
MS; future studies are likely to identify new associa-
tions and confirm or refute the significance of those
already identified. For example, a recent study in pa-
tients with MS found a correlation between BTF3L4,
a homolog of BTF3, a regulator of apoptosis, and
abundance of Lawsonella (p_Actinobacteria; o_Myco-
bacteriales; suborder Corynebacterineae) [168]. L. cle-
velandensis was first isolated from abscesses [169] and
found in amyotrophic lateral sclerosis in the nervous
tissue [170]. Associations of genes involved in the
synthesis and metabolism of B vitamins with the
composition of the gut microbiome may be associ-
ated with the risk of MS development, especially in
children [171].

Finally, the first study evaluating the interaction
of the host genome with the intestinal microbiome
in a model of experimental autoimmune encephalo-
myelitis (EAE) was recently published [172]. The in-
fluence of the host genome on the susceptibility to
EAE and bacterial composition of the gut microbi-
ome before disease onset has been demonstrated. In
mice with 29 unique genotypes, the authors identi-
fied specific gut bacteria and their metabolic func-
tions associated with lower or higher susceptibility
to EAE in mice of several genotypes and showed
that short-chain fatty acid metabolism was a key
factor, with the ability of the commensal species
Lactobacillus reuteri to exacerbate EAE [172]. These
results demonstrate the existence of complex interac-

tions between the host genome and gut microbiota
that modulate the susceptibility to autoimmune dis-
eases of the central nervous system. Understanding
these interactions will provide future opportunities to
develop strategies for modulating the gut microbiome
and reducing the risk of developing not only MS but
also other autoimmune diseases.

We also observed that the background initial mi-
crobiota predetermine the course of EAE in animals,
and high levels of indigenous Enterococcus spp. is
a necessary but not sufficient condition for resistance
to disease development [71]. Thus, the reciprocal
influence of the host genome on the microbiome
composition and the regulatory influence of the mi-
crobiota inhabiting the gut on host gene activity may
be a risk factor (predisposition) for MS.

Although the host genotype contributes to the
formation of the gut microbial community, envi-
ronmental influences at different periods can alter
the microbiota profile [173]. The most sensitive and
important period for the action of adverse factors
may be the stage of gut microbiota formation.

Disruption of gut microbiota formation
as an MS-predisposing factor

Formation of intestinal microbiota

The formation of the intestinal microbial com-
munity occurs during the first few years of life,
a time that corresponds to the critical period of im-
mune and nervous system development; therefore,
the future health of an individual largely depends on
which microorganisms will colonize various niches
of the body during this period. The colonization of
the intestine with microbiota is a dynamic process
that occurs in a certain sequence according to the
law of succession: facultative anaerobes such as en-
terobacteria (coliform bacteria) and lactobacilli colo-
nized first, followed by anaerobic species such as
bifidobacteria, bacteroides, clostridia, and eubacteria
[174—176]. The first microorganisms are transmitted
from the mother, a mechanism that ensures the ac-
quisition of the “right” microorganisms necessary for
the development of the infant’s body. When exactly
this process begins is currently under active research.

For many decades, the fetal gut was believed to
be sterile, and the first microorganism-colonize the
infant’s body at birth from the mother and environ-
ment [177, 178].

Based on these ideas and the determination
of microbiota using culturing methods, in 1983,
Cooperstock and Zedd [179] distinguished four phases
of early colonization of the infant gut: phase I, during
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the first 2 weeks after birth; phase II, breastfeeding
period; phase I1I, from the beginning of complemen-
tary feeding until complete cessation of breastfeeding;
and phase IV, until complete complementary feeding,
and introduction to adult diet. However, results of
sequencing technologies to identify microorganisms
show that intestinal microbiome formation can oc-
cur in utero due to maternal microorganisms in the
placenta and amniotic fluid [180—183]. Although not
yet universally accepted and debated, these findings
demonstrate the importance of the maternal micro-
biome for the initial stages of infant gut microbiome
formation [184].

Bacteria have been detected in the umbilical
cord blood [185], amniotic fluid [186—188], and fe-
tal membranes [188, 189] of healthy women who
have given birth without signs of inflammation.
For example, Proteobacteria (Ralstonia insidiosa),
Firmicutes (Lactobacillus rhamnosus, Lactobacillus
crispatus, Lactobacillus iners), and Actinobacteria
(Bifidobacterium spp.) were found in the placenta and
amniotic fluid [180—183].

How microorganisms enter the placenta and am-
niotic fluid is uncertain. They may be translocated
from the mother’s oral cavity and intestines through
the bloodstream or with dendritic cells, which absorb
bacteria from the intestinal lumen and transport them
throughout the body during migration to lymphoid
organs [190, 191]. In particular, a similar mecha-
nism has been described in mice [192]. However,
whether these microorganisms establish themselves
in the fetal intestine or whether their presence is
transient is unclear.

The meconium (first stool after birth) of infants
defines a complex community of microbes, although
less diverse than adult feces [185, 193]. The pres-
ence of typical gastrointestinal representatives such
as Enterococcus spp. and Escherichia coli in the me-
conium [185, 193] indicates that these microorgan-
isms enter the infant’s intestine intrauterus.

Immunological tolerance is required for the suc-
cessful colonization of the infant’s gut with micro-
organisms, which is also provided by the mother
through the preferential induction of regulatory
T lymphocytes [194]. The maternal gut microbiome
changes during pregnancy, adapting to the stage of
fetal development [195]: In the first trimester, the
abundance of Faecalibacterium prausnitzii increas-
es, promoting the formation of T-regulatory cells
(Tregs), which provide immunological tolerance
to the fetus; in contrast, in the third trimester, the
abundance of FEnterobacteriaceae, Enterococcaceae,
and Streptococcaceae, facultative anaerobic micro-

organisms that are transmitted to the infant either
intrauterine or at birth and dominate the gut mi-
crobial community during the first days of its life,
increases. Since the infant receives microorganisms
at birth when passing through the maternal delivery
canal [174, 196—198], the meconium microbiome
of newborns is unsurprisingly very similar to the
mother’s vaginal microbiome [199]. However, the
similarity in the microbial composition of the me-
conium of children born vaginally and by cesarean
section may indicate that these microorganisms may
have entered the intestines of the children while they
were still in utero.

The second stage of maternal microbiota trans-
mission occurs during breastfeeding [200, 201].
Between 100 and 600 bacterial species belonging to
eight genera, namely, Staphylococcus, Streptococcus,
Serratia, Pseudomonas, Corynebacterium, Ralstonia,
Propionibacterium, Sphingomonas, and the Bradyrhizo-
biaceae family were found in the breast milk of
healthy women [202]. These bacterial taxa consti-
tuted approximately half of the entire microbiome
and were present in all samples, forming a common
part of the microbiome. The remaining part of the
microbiome (variable) was represented by microor-
ganisms found in individual breast milk samples in
different combinations [202].

During the lactation period, the bacterial compo-
sition of breast milk changes. Milk produced imme-
diately after delivery (colostrum) contains more lactic
acid bacteria along with staphylococci, streptococci,
and lactococci. After 6 months of lactation, the abun-
dance of species colonizing the oral cavity (Veillonella
spp., Leptotrichia spp., and Prevotella spp.) increases
in breast milk, possibly to prepare the baby for the
transition to solid food [203].

In general, the gut microbiota of newborns is
characterized by an unstable structure and has a lim-
ited set of bacterial taxa, which becomes more com-
plex with increasing food diversity [204, 205]. Thus,
the introduction of additional food to breast milk is
associated with an increase in the diversity of the bac-
terial community and a change in the predominant
bacterial phyla. At 6 months of age, Bacteroidetes
and Firmicutes begin to dominate the human fecal
microbiota, and Verrucomicrobia appear; by contrast,
Proteobacteria and aerobic Gram-negative bacteria
significantly decreased [206].

The composition of the intestinal microbiota sta-
bilizes by the end of the first year of life, acquiring
the features of the adult gut microbiome [206—208].
During this period, nutritional and environmental
factors become more important in maintaining the
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diversity of the child’s gut microbiome composition
than those of the mother.

Although the gut microbiota in 3-year-old children
is already similar to that in adults [175, 206, 209],
it reaches its maximum diversity only in adoles-
cence [210].

Intestinal microbiocenosis is unique in each per-
son, and under normal (eubiotic) conditions, it is
a complex balanced ecosystem in which microorgan-
isms are in a symbiotic relationship with the host.
However, some factors can affect intestinal micro-
biome formation. These factors include premature
birth, cesarean section, artificial feeding, early wean-
ing, antibiotic use, stress, and infections [211, 212].

The phases of intestinal microbiome formation
and factors that affect this process are summarized
in the figure.

The aberrant formation of the intestinal microbi-
ome in the early stages of development is thought to
result in changes in its functional properties, which
can lead to long-term epigenetic changes, meta-
bolic, and immunological dysregulation, structural
and functional changes in the immune and nervous
systems, and disorders of the intestinal and blood—
brain barrier [213, 214] and can further contribute to
increased susceptibility to various diseases [215, 216]
including MS.

Environmental factors affecting the formation of gut
microbiota and their relationship to MS risk

Among environmental factors that have the great-
est influence on the composition of the gut microbial
community, exposures in early life (maternal factors,
mode of birth, gestational age, feeding type, weaning
age, and antibiotic use), diet, and micronutrients,
stress, and lifestyle (see figure) are discussed.

Relatively few studies have reported the influ-
ence of maternal and perinatal factors. In particular,
a potential association between gestational diabetes
and maternal overweight/obesity with MS before
pregnancy was noted [217]. Metabolic disorders are
accompanied by changes in gut microbiome com-
position [218]; diet, antibiotic intake, high gluco-
corticoid levels due to stress, infectious or immune-
mediated exposures during pregnancy, or lactation
can also lead to gut microbiome dysbiosis and affect
the formation of gut microbiota composition in in-
fants [218]. In turn, impaired gut microbiome for-
mation in early life is associated with an increased
risk of autoimmune disease development later in
life [219-222].

Emerging evidence shows that the influence of
the maternal microbiome on the development of the

)

immune system of offspring begins in utero. In this
respect, of interest are the studies that showed the
long-term effects of gut bacteria, limited to the ges-
tation period, on the immune profiles of cubs when
GF-pregnant females were colonized with a geneti-
cally modified strain (HA107) of E. coli, which did
not replicate and was eventually eliminated from the
gut [223]. The maternal microbiota controls the ex-
pression of several genes in the intestinal mucosa,
prepares the intestines of calves for postnatal mi-
crobial colonization, and affects the innate but not
the adaptive link of immunity. Previously, long-term
immune changes are believed to be associated with
the action of the newborn’s microbiota in the post-
natal period [224]. That is, the maternal microbi-
ome forms both the composition of the intestinal
microbiome and immune functions in the offspring
at an early age.

Although the mechanisms of these effects are
currently not fully established, the long-term con-
sequences of adverse perinatal influences on the
immune system and increased risk for immune-
mediated diseases may be associated with epigenetic
changes [225], and embryogenesis is a particularly
vulnerable period for DNA modifications [226, 227].
Since the gut microbiota is involved in the epigenetic
regulation of Th17/Treg balance [228], the absence
or excess of certain microorganisms in the maternal
microbiome during this period can lead to the dys-
regulation of gene expression/activity.

In the EAE model reproducing the pathologi-
cal processes and symptoms characteristic of MS,
a more severe disease course was observed in the
adult offspring of mice that were exposed to patho-
gens during pregnancy. These mice showed increased
production of Th17 cells and proinflammatory cy-
tokines, which proves the long-term effect of gesta-
tional exposure on immune responses in the offspring
[229, 230]. Systemic administration of high doses of
lipopolysaccharide to pregnant females led to similar
effects [231]. In another study [232], pregnant rats
received a mixture of antibiotics added to drink water
2 weeks before delivery and 4 weeks after delivery.
This exposure altered the microbial profile in the
offspring of antibiotic-treated rats and exacerbated
the EAE course when the rats reached 3 months
of age. Evidence shows that the administration of
antibiotics to adult animals reduces the severity of
EAE symptoms [233—235].

A pilot study [236] in children with MS revealed
an association between perinatal exposure to pes-
ticides and an increased risk of MS development.
Pesticides are thought to have the strongest effect on
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the development of lymphoid organs during embryo-
genesis or early childhood [237, 238], which leads to
long-term immune dysfunction and may contribute
to the early development of MS.

At different gestational periods, the composition
of the microbiome (intestinal and vaginal) of the
mother changes; therefore, in the case of premature
birth, the microbial composition of the mother’s mi-
crobiome is not quite ready for transmission, which
is confirmed by significant differences in the micro-
biota of preterm and term-born infants. Thus, pre-
mature infants lacked two major bacterial genera in
the gut microbiota observed in term-born infants:
Bifidobacterium and Lactobacillus, with compensatory
dominance of Proteobacteria. In addition, Clostridium
difficile, Bacillus, and Staphylococcus bacteria were
found [239, 240]. A higher incidence of MS was not-
ed in people born prematurely compared with those
born at term [241], although another study [242] did
not find such a pattern.

Several studies link the risk of MS development
to impaired intestinal microbiocenosis formation due
to factors such as cesarean section [243], artificial
feeding [244], and exposure to antibiotics in early
life [245, 246].

The normal dynamics of bacterial colonization
of the gut are disrupted in cesarean births, which
can lead to an abnormal immune system [247].
The gut microbial composition of infants born by
cesarean section resembles that of the maternal skin
microbiota, with the dominance of Staphylococcus,
Corynebacterium, and Propionibacterium, whereas
that of naturally born babies is dominated by Lacto-
bacillus, Prevotella, and Sneathia [198]. Differences
in the structure of the bacterial community in the
intestine are noted not only within a few months
[198, 248, 249] or a year [174, 248, 249] but per-
sist into the 7th year [250] and even into adulthood
[249, 251].

Women who underwent cesarean sections usu-
ally receive prophylactic antibiotics before delivery;
thus, microbiota disturbances in babies born by ce-
sarean section reflect the cumulative effect of both
the altered mode of delivery and antibiotic expo-
sure [252].

Conflicting data present the association of the
mode of delivery (vaginally or cesarean section)
with the risk of MS development. Some studies have
shown that cesarean section may be a risk factor for
both early onset (in childhood) of MS [253] and an
increased risk for MS [236, 243]. Other studies have
found no risk [243, 254] or even observed a reduced
risk of childhood MS [236]. A study of children with

MS reported significant differences in the type and
abundance of bacterial taxa in the gut compared with
healthy children. In particular, Christensenellaceae,
which is thought to be an inherited bacterial tax-
on [7], may be relevant to the mode of birth and
affect MS risk [55, 63, 93]; however, no study has
revealed as to which genes control the abundance
of this family.

The feeding type during the neonatal period also
affects the gut microbial composition of infants,
which is a possible risk factor for MS. Breast milk
is the first dietary exposure in infancy, contains vari-
ous protective compounds including carbohydrates,
nucleotides, fatty acids, vitamins, immunoglobulins,
cytokines, immune cells, lysozyme, lactoferrin, and
other immunomodulatory factors [255, 256], and
is a rich source of bacteria including lactic acid
bacteria, propionic bacteria, bifidobacteria [257].
Breast milk oligosaccharides stimulate specific in-
testinal microbiota, block pathogen adhesion sites
in the gut, and/or act as analogs of soluble patho-
gen receptors [258, 259]. Breast milk bacteria —
Bifidobacterium, Lactobacillus, and Enterococcus —
are an important source of gut bacteria for infants,
and they can contribute to the normal development
of the immune system by competitive exclusion of
pathogenic bacteria, increased production of antimi-
crobial peptides, and improved function of the gut
barrier [257]. The intestinal microbiota of breastfed
infants has more Bifidobacteria and Lactobacilli,
whereas Bacteroides spp., Clostridium, Streptococcus,
Enterobacter, Citrobacter, and Veillonella predomi-
nate in formula-fed infants [260—263]. The signifi-
cance of the presence of Bifidobacterium during this
period for MS resistance is confirmed by the fact that
the administration of Bifidobacterium animalis to rats
during lactation contributed to a milder course of
adult-induced EAE [264]. Interestingly, Lactobacillus
casei Shirota, also administered during lactation, did
not have a protective effect and increased the dis-
ease duration [265], which once again emphasizes
the importance of the presence of bifidobacteria in
this period of ontogenesis.

Evidence shows that breastfeeding reduces MS
risk in children and adults [266, 267], whereas re-
ducing the duration of breastfeeding and artificial
feeding increases MS risk, including in children
[253, 266, 268, 269]. However, Graves et al. [236]
have not confirmed the protective effect of breast-
feeding on MS development.

After birth, the development of the immune and
nervous systems continues for the first 2—3 years of
life [270], and the gut microbiota plays an important
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role in these processes as it stimulates the develop-
ment of immune responses, which in turn inhibit
microbiota growth [271]. Because naive T cells (ThO0)
differentiate into subsets of Thl (supporting cellular
immune responses), Th2 (supporting humoral and
allergic responses), and Th17 (involved in autoim-
mune processes) [270], impaired microbiota com-
position early in life can affect host immune status
and can be a risk factor for disease, including MS
[272, 273].

Lipopolysaccharides of different bacterial species
have different structures and immunogenic proper-
ties, and children from areas with a higher preva-
lence of autoimmune diseases have dominance of
bacterial species that produce less immunogenic li-
popolysaccharides, which may affect the “training”
of the immune system in early life, increasing disease
susceptibility [274]. The injection of lipopolysaccha-
rides in the neonatal period (P3 and PS5 rats or P15
mice) promoted an easier course of EAE in later
life, in contrast to prenatal exposure [231], which
was accompanied by increased corticosterone lev-
els [275] or more Tregs [276]. The administration of
subpyrogenic doses of the proinflammatory cytokine
IL-1B to rats at different periods of early postnatal
ontogenesis (at 1, 2, 3, or 4 weeks of life) differently
affects the EAE course in adults. Thus, the admin-
istration of IL-1f3 at P1—P7 and P22—P28 worsened
the EAE course, and at P§—P14, and P15—P21, it
attenuated disease severity compared with the corre-
sponding control group [277]. The neonatal admin-
istration of dexamethasone (at P1, P2, and P3) to
rats aggravated the EAE course in adult rats [278],
as did neonatal stress [279, 280]. Early age stress
had a long-term effect on immune functions and
exacerbated the EAE course in adult rats [280—282]
and mice [283], and more pronounced effects were
observed in males than in females.

Although the aforementioned studies did not in-
vestigate the composition of the intestinal micro-
biota, prenatal stress, or increased glucocorticoids
during this period affects the composition of the
offspring microbiota. Thus, in prenatally stressed
animals, the abundance of Lactobacillus was re-
duced and those of Oscillibacter, Anaerotruncus, and
Peptococcus increased [284]. Infants of mothers with
high cortisol levels during pregnancy were character-
ized by a lower abundance of lactic acid bacteria and
a higher abundance of Proteobacteria, among which
other pathogens are present (Serratia, Citrobacter,
and Enterobacter) [285], and their abundance in-
creases in MS [44]. In female rhesus macaque cubs
that experienced acoustic stress during pregnancy or

separation stress in early life, intestinal colonization
with microbiota was impaired [286, 287].

Early antibiotic treatment delays microbiota mat-
uration in infancy [288]. In a population-based study
of over 776,000 newborns in Denmark, antibiotic
use before and during pregnancy correlated with an
increased risk of offspring susceptibility to infection
in childhood [289]. The administration of antibiot-
ics during the neonatal period (P7—P23) altered the
gut microbiota profile and myelin structures in adult
mice [290].

Epidemiological evidence presents that sun-
light exposure and vitamin D (VitD) intake dur-
ing pregnancy and early childhood may influence
MS risk [291]. Although VitD deficiency in females
during pregnancy resulted in reduced EAE severity
in the offspring [292], the effect of gestational VitD
deficiency on the EAE course was evident in the
second generation of mice, which developed a more
severe disease course [293]. The importance of nor-
mal VitD levels in early life has been demonstrated
in experiments with VitD supplementation in rats
from birth to weaning (before puberty) in which EAE
severity was reduced in later life [294]. Moreover,
VitD supplementation precisely at an early age, and
not during pregnancy, or as an adult, contributed
to the suppression of EAE [295], which indicates
the existence of a critical period for the effects of
VitD on MS.

The deficiency of B vitamins (folic acid and cya-
nocobalamin) during the critical window (1000 days)
can affect the maturation of the gut microbiota and
its interaction with the host, with consequences on
adolescence and adulthood [296]. The supplemen-
tation of pregnant mice with methyl donors (beta-
ine, choline, folic acid, and vitamin B,,) resulted
in significant differences in the composition of the
postnatal gut microbiota compared with the mi-
crobiota of the offspring of mice without supple-
mentation [297]. The addition of methyl donors
(folic acid and vitamin B,,) increases the pool of
single-carbon fragments and changes the methy-
lation of an individual gene locus in mice [298]
and humans [299], affecting epigenetic regulation.
Importantly, some microorganisms can synthesize
various vitamins; however, the significance of this
vitamin pool in the formation of the intestinal mi-
crobiota and interactions with the host is currently
unknown [300].

Essentially, many factors can influence the for-
mation of the intestinal microbiome and its proper-
ties in the prenatal and early postnatal period, form-
ing a predisposition to disease in later life.
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