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Pregnancy is a special physical period in reproductive age women, which has a benefi-
cial influence on the course of certain autoimmune diseases. It has been recently sug-
gested that the microbiome undergoes profound changes during pregnancy that are
associated with host physiological and immunological adaptations. The maternal mi-
crobiome remodeling during pregnancy is an active response of the mother, possibly
to alter immune system status and to facilitate metabolic and immunological adapta-
tions, which are needed for a successful pregnancy. In this review, we attempt to dis-
cuss (i) the role of maternal microbiome in pregnancy outcomes known to adversely
influence neonatal and infant health, including preterm birth, cardiometabolic compli-
cations of pregnancy, and gestational weight gain; (ii) the association of microbiome
with autoimmunity, allergy diseases, and asthma during pregnancy; and (iii) the impact

of helminth infection during pregnancy.
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1 | INTRODUCTION

The human microbiome is the community of microorganisms that live on
and in the human body, which consists of upwards of 100 trillion cells.
The human microbiome is estimated to outnumber human cells by an
order of magnitude, and human genome by two orders of magnitude.?
Immediately after birth, all mammals are initiated into a lifelong process
of colonization by foreign microorganisms that inhabit most environ-
mentally exposed surfaces (such as the skin, mouth, gut, and vagina).3
These bacteria and their genomes are classically identified as commen-
sal, symbiotic, or pathogenic. It seems that certain basic developmental
features and functions of mammalian immune system depend on inter-
actions with the human microbiome.* Therefore, the microbiota has the
potential to exert both pro- and anti-inflammatory responses, and the
composition of the bacterial communities in human body may be inti-
mately linked to the proper functioning of the immune system.
Pregnancy is a specific condition characterized with a transient
tolerance for the foreign fetal body. Immune regulation plays an im-

portant role in successful pregnancy. Fetal as well as maternal factors

influence the local mucosal immune system so that the fetus is not
rejected by the mother.> Furthermore, not only is the fetus growing
but also the diversity of gut bacteria changes. Thus, the microbial com-
munity as a whole undergoes striking rearrangements. Recently, it has
been suggested that the microbiome undergoes profound changes
during pregnancy that are associated with host physiological and im-
munological adaptations.® It also has been proposed that microbiome
remodeling during pregnancy is an active response of the mother, pos-
sibly to alter immune system status and to facilitate metabolic and
immunological adaptations, which are needed for a successful preg-
nancy.” Furthermore, the profound immunological adaptations during
and after pregnancy have an influence on maternal autoimmune
diseases in several ways.®’ However, the underlying mechanisms of
pregnancy-related microbiome are not well understood. Therefore, we
present recent evidence to discuss that the pregnancy outcome, au-
toimmunity, allergy are influenced by microbiomes during pregnancy,
and the impact of helminth infection during pregnancy. We also high-
light the mechanisms that mediated host-symbiont interactions that
regulate proper immune function.
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2 | ALTERATIONS TO THE MICROBIOME
DURING PREGNANCY

During a normal and healthy pregnancy, the body undergoes a spec-
trum of hormonal, immunological, and metabolic changes.'®!! These
changes are accompanied by concomitant changes in the microbiome,
especially in the vagina and gut.®!?!® The gut microbiota which is
shaped by the environmental factors, such as diet, host genetics, and
the immune system,>'4"” has been reported to play a role in driving
metabolic disease, including inflammation, weight gain, and reduced
insulin sensitivity.*>*®

Recently, Koren et al. have reported on a profound alteration of
the gut microbiota changes during pregnancy by charactering the fecal
bacteria of 91 pregnant women which have variable pre-pregnancy
body mass index (BMI) and gestational diabetes status and their chil-
dren.® The gut microbiotas during the first trimester (T1) are similar
to one another, but the phylogenetic composition and structure shift
substantially over the course of pregnancy. By the third trimester (T3),
the between-subject diversity has greatly expanded, although the
within-subject diversity is reduced.® As the remodeling of the gut mi-
crobiota over the course of pregnancy is not related to diet, the gesta-
tional diabetes status, BMI, or treatment with antibiotics, other factors
such as the host immune or endocrine systems may contribute to the
observed shift.

Another study using 454 pyrosequencing technology revealed that
the vaginal microbial community differed in pregnancy by gestational
age and proximity to the cervix.!? Furthermore, although the alpha di-
versity was reduced in late gestation, the Lactobacillus species which
play a role in preventing the growth of pathogenic bacteria, helping
human digestion, and shaping the host innate and adaptive immune
system responses increased among pregnant individuals compared
with non-pregnant subjects.*? Recently, Romero et al. examined the
vaginal microbiome longitudinally during pregnancy at the posterior
fornix and also found the predominance of Lactobacillus species in
normal pregnancy, suggesting the relationship between vaginal micro-
biome and adverse pregnancy outcomes.*®

When the T1 and T3 microbiotas were transferred into germ-
free wild-type mice, levels of inflammation markers were significantly
higher in the stool and cecal samples from the T3 sample recipients
compared to those of T1 recipients.6 Furthermore, the T3 recipients
have reduced oral glucose tolerance and more adiposity gains, indi-
cating that the T3 microbiota particularly has the capacity to induce

metabolic changes in the host.

3 | THE MICROBIOME AND PREGNANCY
OUTCOMES

There is growing evidence that the maternal microbiome plays an
important role in pregnancy outcomes including preterm birth, car-
diometabolic complications of pregnancy, and gestational weight

gain.

3.1 | Preterm birth

The vaginal microbiome influences the risk of preterm birth. The
healthy vaginal microbiome plays a role in preventing bacterial vagino-
sis (BV), which is associated with preterm birth and increased risk for
acquiring sexually transmitted infections, urinary tract infections,*? 22
and human immunodeficiency virus (HIV).23%4 Protection is attributed
to Lactobacillus species that produce lactic acid and H202.25%¢ BV is
characterized by the deficiency of Lactobacillus species.?”?® A recent
study by Hyman et al.?? has examined the vaginal microbiome in pre-
term birth and found that the high-risk subjects (previous unexplained
preterm birth) has a lower prevalence of lactobacilli when compared
with low-risk subjects (all other gravid). Currently, the NGS techniques
make it easier to determine the bacterial flora of the “normal” vs “ab-
normal” vagina through characterizing the vaginal microbiome.

The preterm birth could also be caused by infections not origi-
nating in the vaginal cavity. The oral cavity has a characteristic mi-
crobiome. A study by Fardini et al. reported that the oral bacteria
were capable of hematogenous transmission to colonize the murine
placenta, and most of these species had been reported to associate
with adverse pregnancy outcomes.®® Arce et al. found that the mice
infected with the human periodontal pathogens Campylobacter rectus
and Porphyromonas gingivalis had decreased fecundity and increased
resorption.>! These studies demonstrate that the oral cavity plays an
important role in preterm birth.

The gut microbiome not only influences the host metabolism, but
also associates with preterm premature rupture of membranes which
causes one-third of preterm births and contributes to significant peri-

natal morbidity and mortality.32’33

3.2 | Cardiometabolic complications of pregnancy

The gut microbiome could influence on metabolic processes, such as
energy harvest, energy expenditure, and fat storage, which contrib-
utes to obesity and its comorbidities (such as insulin resistance, diabe-
tes, and cardiovascular disease).>* The gut microbiota may affect host
metabolism by altering adipose tissue inflammation since by feeding
lipopolysaccharide to mice, the adipose tissue inflammation increased
and the insulin sensitivity reduced.*® The gut microbiome from women
who developed gestational diabetes has the least diversity during the
T1 of pregnancy.® There is mounting evidence indicating that the gut
microbiota may be a target for treating metabolic diseases.>® The
therapies can include supplementing the diet with non-digestible food
ingredients, or pre-biotics which stimulate the expansion of specific

microbes to improve metabolic regulation.

3.3 | Gestational weight gain

The gut microbiota is altered in people who are obese and it can re-
spond to changes in body weight. Differences in gut microbiome be-
tween normal and obese pregnant women suggest that the microbiome
might be important in weight management during pregnancy.s‘{”38 The

changes observed in women during T3 of pregnancy with increased
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levels of Enterobacteriaceae and reduced bacterial diversity are similar
to those of the obesity-associated microbiome shown to be more ef-
ficient at energy extraction.’ Furthermore, after transferred the gut
microbiome of T3 into bacteria-free mice, the animals developed signs
of metabolic syndrome including weight gain, but these changes might
be beneficial in expectant women to support the growth of the fetus.®

4 | THE MATERNAL MICROBIOME SETS
THE OFFSPRING’S MICROBIAL STRUCTURE

The composition of the mother’s microbiome and other perinatal fac-
tors play an important role in the microbial colonization of the infant
gut.*%*! The transfer of T3 maternal microbiota may prevent the
overgrowth of pathogenic bacteria such as Ureaplasma urealyticum,
which are related to an increased risk of necrotizing enterocolitis in
preterm infants.*?> Meanwhile, the delivery mode may also shape the
acquisition and structure of the initial microbiota in newborns.*® The
vaginally delivered infants acquire microbes resembling their mother’s
vaginal microbiome, while cesarean-delivered infants harbor bacterial
communities similar to those found on the maternal skin surface.*
The size and gestational age of the neonate also influences the com-
position of the infant microbiome. Compared with the healthy term
infants, the preterm infants display a dominance of Proteronacteria
but lack two main bacterial genera, which are Bifidobacterium and
Lactobacillus.*® The feeding patterns also affect the gut microbiome
composition of the infants. The microbiome of breastfed infants is
characterized by higher abundance of Bifidobacteria, while for the
infants who are exclusively fed formula, E. coli, Clostridium difficile,
Bacteroides fragilis, and lactobacilli remain predominant.*!

5 | MICROBIOME AND AUTOIMMUNITY
DURING PREGNANCY

Autoimmune diseases include more than 70 different disorders affect-
ing approximately 5% of the population of the Western countries.**
Most autoimmune diseases more frequently occur in women than
in men. During pregnancy, the levels of estrogen, progesterone, and
other hormones have dramatic changes. At the same time, there are
profound immunological changes throughout pregnancy and dur-
ing the post-partum period under the influence of these hormones.*®
These immunological changes are essential for the growth of fetus to
maintain successful pregnancy. Both the hormonal and immunological
changes also have significant effects on the course of autoimmune dis-
ease, and the nature of the disease determines whether these effects
are detrimental or beneficial. In turn, the course and progression of
the disease during pregnancy and the underlying immunological and
possibly hormonal abnormalities of the disease may affect the preg-
nancy outcome.***” An increasing number of evidence demonstrated
that autoimmunity can affect every aspect of pregnancy and can con-
tribute to maternal complications and adverse fetal outcomes.*¢

However, pregnancy also has a beneficial impact on the course of
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certain autoimmune diseases. Pregnancy woman with multiple sclero-
sis (MS) typically have reduced relapse rate in the latter half of preg-
nancy, whereas disease activity often returns greater severity after
the delivery than in pregnancy.*’ In the case of rheumatoid arthritis
(RA), two-thirds of pregnant women also experience an improvement
in their RA disease activity.”® For system lupus erythematosus (SLE),
the changes in the disease state during pregnancy appear to be more
varied.’® Thus, it can be seen that the relationships between pregnancy
and autoimmunity are represented by a bidirectional model.

Recently, it has been reported that the microbiome undergoes pro-
found changes during pregnancy that are associated with host phys-
iological and immunological adaptations.” What is more, it has been
proposed that microbiome remodeling during pregnancy is an active
response of the mother, possibly to alter immune system status and to
facilitate metabolic and immunological adaptations, which are import-
ant factors for successful pregnancy.’ Fetal as well as maternal factors
influence the local mucosal immune system so that the fetus is not
rejected by the mother. Furthermore, not only is the fetus growing but
also the diversity of gut bacteria changes. Thus, the microbial commu-
nity as a whole undergoes striking rearrangements.

It has been generally accepted that autoimmune diseases are the
results of a complex interaction between genetic and environmental
factors, most of which have not been identified.*>>® Considerable in-
formation has been published that infections have been proposed for a
long time as environmental triggers for the induction of autoimmunity,
such as EB virus (SLE and other diseases), HCV (autoimmune hepatitis),
beta hemolytic streptococci (rheumatic carditis), and Helicobacter py-
lori (autoimmune gastritis).>*>® In addition, there is increasing evidence
for the critical role of the gut, oral, and skin microbiota in the pathogen-
esis of systemic and organ-specific autoimmune diseases.’®~>? Recent
studies reported that significant differences can be found in the micro-
biome of patients with autoimmune diseases such as diabetes types
1 ¢° and II,61 SLE,62 Crohn’s disease,"’3 psoriasis,64 and Behcet’s syn-
drome.®® These suggest that the dysbiosis of the human microbiome
can drive autoimmune disease. Dysbiosis of the gut is associated with
several disease states including inflammatory bowel disease (IBD), in
which the loss of mucosal tolerance toward the commensal microbiota
results in ulcerative inflammatory responses.® Likewise, dysbiotic in-
testinal microbiota is associated with RA and is found in genetically RA-
susceptible murine models.®” Besides, oral commensals are also were
found to be associated with RA.>® A recent study indicated that pso-
riasis is also triggered by dysbiotic microbiota.’® Although the mecha-
nisms of human microbiome influencing the onset and progression of
autoimmune diseases remain to be determined, evidence from animal
models of autoimmune diseases demonstrates that local and systemic
bidirectional interactions with the microbiome may play a signaling or
promoting role through the immune system.®’ Altogether, the complex
interaction between the human body and its microbiome affect our
health and disease, as presented here in the context of autoimmunity.
Therefore, unraveling the exact mechanisms by which dysbiosis partic-
ipates in the pathogenesis of autoimmune diseases may facilitate the
identification of population at risk, and enable the development of new
approaches for patient-tailored early intervention.’
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6 | MICROBIOME AND ALLERGY
DISEASES OR ASTHMA DURING PREGNANCY

Allergy and asthma are one of the most common medical problems to
complicated pregnancy. Due to its increased prevalence, and the in-
creased morbidly and mortality from these diseases, allergic diseases and
asthma have come to be recognized as a major worldwide public health
issue. Many factors are important in pathogenesis of these diseases, such
as lifestyle changes, exposure to pollutants, drugs, and changes in nutri-
tion.”® Limited microbial exposure in developed countries has also been
suggested to underlie the allergy development.”%’* Recent studies indi-
cate that a low intestinal microbial diversity during the first month of life is

7273 |t seems that

associated with subsequent atopic eczema and asthma.
bacterial diversity might be more important than specific bacteria taxa.

Furthermore, there is a strong evidence suggesting that the ma-
ternal microbiota during pregnancy has long-lasting influences on the
offspring’s microbial structure, and subsequently on its susceptibility
to diseases.”* Prospective studies indicate that the gut microbiota
composition during the first months of life influences allergy devel-
opment,’?7° and support the theory that factors influencing the early
maturation of the immune system might be important for subsequent
allergic disease.”® An experimental piglet model reported that estab-
lishment and development of the normal gut microbiota and immune
system seem to require continuous microbial exposure during the
early stages of life, and that this process is compromised under condi-
tions of excessive hygiene.”” Moreover, altering the intestinal microbi-
ota during a critical development window in early life using low-dose
antibiotics also induces long-term host metabolic effects in a murine
mode.”® Antibiotic treatment during pregnancy is also associated with
asthma in the offspring.79 However, recent study demonstrates that
prenatal supplementation seems to be even more crucial for the pre-
ventive effect of probiotics on infant eczema.”>80 Hence, it seems that
the pre- and postnatal environment may represent a window of oppor-
tunity for allergy and asthma intervention.

Until recently, it has been speculated that the presentation of ma-
ternal bacterial components to the fetus during pregnancy is very im-
portant for the maturation of the immune system and the induction of
oral tolerance to allergens.8! A study on human newborns shows that
bacterial DNA in amniotic fluid and in the placenta can affect TLR gene
expression in the fetal intestine collected at elective cesarean section.®?
Furthermore, exposure to A. Iwoffii during gestation resulted in a sup-
pression of TLR expression in placental tissue in a mice asthma model.&
The prenatal programming of the immune system by the maternal bac-
terial components may be required for a tolerogenic immune response

to the abundant bacterial load occurring immediately after birth.

7 | HELMINTH INFECTION DURING
PREGNANCY

Approximately one-third of the world’'s population is infected with

helminths, the majority of whom reside in the poorest communities of

the developing world. Chronic helminth infections are characterized
by skewing toward a T helper 2 type response as well as regulatory
responses, thought to prevent strong immune responses against para-
sitic worm (helminths), allowing their long-term survival and restrict-
ing pathology. Pregnancy is an exceptional physiological state with a
Th-2-biased phenomenon promoting tolerance and successful growth
of the so-called feto-placental allograft, so pregnancy may increase
susceptibility to helminths.2* In Entebbe, Uganda, 68.3% pregnant
women had at least one helminth infection.®®

Helminths contribute to iron deficiency anaemia as they feed on
blood and cause further bleeding by releasing anticoagulant com-
pounds. They also affect the supply of nutrients and cause anorexia,
vomiting, and diarrhea. Pregnancy complicated by maternal hook-
worm infection poses a serious threat to the health of mothers and
their babies, especially in developing countries. Women who are anae-
mic during pregnancy are more likely to have ill health, give birth pre-
maturely, and have low-birthweight babies with low iron reserves.8

In recent years, researchers have become more interested in
the effects helminths have on immunoregulation. The possible con-
sequences of this immunoregulation may have for susceptibility to
other infections, for vaccine efficacy, and for immunologically me-
diated conditions such as allergy and autoimmune disease.?” At the
same time, the consequences of maternal helminth infection on the
immune systems of mothers and descendants have been the subject
of investigation.

Studies have indicated that the residency of adult schistosomal in
the mesenteric vasculature and lodging of eggs in the liver allow for
continuous secretion of antigens directly into the blood stream of the
host, and these antigens are known to traffic to, and cross, the human
placenta, and have been found in fetal circulation.28-° These antigens
may have a direct effect on the cells at the maternal-fetal interface.
Kurtis JD have reported increased levels of inflammatory cytokines in
maternal peripheral (tumor necrosis factor alpha [TNF-a] and inter-
leukin-10 [IL-10]), placental (TNF-«, IL-6, TNF-a receptor Il [RII], and
IL-1p), and cord blood (IL-18 and TNF-« RIl) in a population of pregnant
women residing in the Philippines. And then they found exposure of
first trimester hHT8/SVneo trophoblast cells to schistosome-soluble
egg antigens (SEA) exhibited an increased pro-inflammatory cytokine
(IL-6, IL-8, MCP-1) and TI-MP-1. These may result in a proinflamma-
tory, antimigration, anti-invasive signature, and then associated with
miscarriage, subchorionitis, preeclampsia, preterm delivery, and de-
creased birthweight.”*?2

Epidemiological studies have provided evidence that children born
to helminth-infected mothers have more sensitization to helminth an-
tigens93 and have the potential to affect neonatal responses to BCG
vaccination as well as TB-specific immunity.” Here is increasing evi-
dence that prenatal T-cell priming occurs via transplacental exposure
to antigens and such primary sensitization affects the maturation of
the postnatal immune system. The absence of helminth antibodies
and a higher total IgE and cross-placental transfer of TB-specific I1gG
in the cord bloods from helminth-infected mothers are associated
with cytokines and Th1/Th2 skews in neonates.”>’® Maternal hel-
minth infection can alter the early balance between the CD4*T-cell
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subsets of the offspring. A study reported by Ulysse et al. who found
no significant difference was observed between newborns from in-
fected versus uninfected mothers in the frequencies of total CD4*T
cells and CD4'T cells subsets including CD4*Tbet®, CD4'RORyt" T
and CD4*CD25"FOXP3" T cells. However, there was a negative as-
sociation between CD4*CD25"FOXP3T cells and CD4*Thet" as well
as CD4"RORyt* T cells in the infected group only. The results suggests
that filarial infection during pregnancy leads to an expansion of func-
tionally active regulatory T cells that keep Th1 and Th17 in check.”” It
also has been demonstrated that cord blood exposure to parasite an-
tigens from the helminth-infected mother induces a Th2-predominant
response.®? The lack of an optimal Th1 response leads to impaired im-
munity to helminth and mycobacterial infection.

A study showed an inverse association between helminth parasites
at delivery and infantile eczema and hypothesized that maternal hel-
minth infection protects against infantile eczema, and this protection
would be modified by deworming.”®

8 | CONCLUSIONS

The maternal microbiome is being shown to play a critical role in the
occurrence of adverse pregnancy outcomes that greatly influence the
health of the neonate and infant. Microbiome alterations may con-
tribute to immunological changes during pregnancy. Further complex
interaction between the human body and its microbiome affects our
health and disease during pregnancy, as presented here in the con-
text of autoimmunity. Physiological development that occurs during
pregnancy affects the microbial community, which, in turn, creates a
positive feedback loop to stimulate host immune system. Therefore,
this suggests that our bodies have coevolved with the microbiota and
may actually be using them as a tool to help alter the metabolism of

the mother to support growth of the fetus.
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