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A successful pregnancy depends on not only the tolerance of the fetal immune system by

the mother but also resistance against the threat of hazardous microorganisms. Infection

with pathogenic microorganisms during pregnancy may lead to premature delivery,

miscarriage, growth restriction, neonatal morbidity, and other adverse outcomes.

Moreover, the host also has an intact immune system to avoid these adverse outcomes.

It is important to note the presence of normal bacteria in the maternal reproductive tract

and the principal role of the maternal-placental-fetal interaction in antimicrobial immunity.

Previous studies mainly focused on maternal infection during pregnancy. However,

this review summarizes the new views on the study of the maternal microbiome and

expounds the innate immune defense mechanism of the maternal vagina and decidua

as well as how cytotrophoblasts and syncytiotrophoblasts recognize and kill bacteria

in the placenta. Fetal immune systems, thought to be weak, also exhibit an immune

defense function that is indispensable for maintaining the safety of the fetus. The skin,

lungs, and intestines of the fetus during pregnancy constitute the main immune barriers.

These findings will provide a new understanding of the effects of normal microbial flora

and how the host resists harmful microbes during pregnancy. We believe that it may

also contribute to the reference on the clinical prevention and treatment of gestational

infection to avoid adverse pregnancy outcomes.
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INTRODUCTION

In recent years, research on the relationship between intestinal flora and diseases has become an
interesting field, mainly focusing on the relationships between intestinal flora and liver disease,
tumor, encephalopathy, autoimmune diseases, reproductive health and so on (1–3), and studies in
this field imply that transplanting gut bacteria could be a newway to prevent and treat some diseases
(4). For example, Streptococcus lactate, which plays a role in innate immunity to the reproductive
system, can reduce uterine inflammation by regulating the balance between pro-inflammatory
and anti-inflammatory cytokines (5). However, few studies have been conducted on normal
microbiome, and the protective mechanism of the maternal, placental, and fetal immune systems
against microbial infection during pregnancy is unclear.

Pregnancy is regarded as the process of growth and development of the fetus, which has
the father’s antigens, in the womb. In this process, the fetus not only needs to be resistant to
maternal rejection but also must cope with challenges from the external environment. Several
studies have already confirmed that microbial infections during pregnancy, such as bacteria,
fungi, or viruses, are important risk factors for adverse pregnancy outcomes, including recurrent
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miscarriage, eclampsia, intrauterine growth retardation,
premature rupture of membranes, and premature delivery
(6, 7). In such a “dangerous” environment, a rapid and
accurate immune response to pathogenic microorganisms is
required for a successful pregnancy. Additionally, a successful
pregnancy depends on the collective immune regulation
of the mother, placenta, and fetus (8, 9). This paper will
describe features of the normal microbial community during
pregnancy and mainly focus on the antimicrobial immune
mechanisms from the mother, placenta, and fetus during
pregnancy. These conclusions are expected to provide
new thoughts for the clinical treatment of infective disease
during pregnancy.

NORMAL MICROBIOME OF THE
REPRODUCTIVE TRACT DURING
PREGNANCY

The proportion of various microbiota in the female reproductive
tract is up to ∼9% of the total bacterial load in humans
(10). As we know, the female genital tract is divided into
upper genital tract, which is regarded to be bacteria-free,
and lower upper genital tract, the former includes ovary,
fallopian tube, and uterus, and the latter consists of the cervix
and vagina. At present, the consistent results illustrate that
Lactobacillus is the most in the uterine cavity, followed by
Pseudomonas andAcinetobacter (11). Nevertheless,Acinetobacter
is more abundant than Comamonas and Pseudomonas in the
fallopian tubes (12). The classification of reproductive tract
bacteria in pregnant women was further elucidated (Table 1).
Recently, the development of transcriptomics, proteomics, and
metabolomics has greatly improved research on the microbiome.
Amy McMillanma, using multiplatform metabolomics analysis,
showed that the normal vaginal flora in pregnant women
is composed of Lactobacillus crispatus, Lactobacillus iners,
Gardnerella, Prevotella, Sneathia, Atopobium, Dialister, and

TABLE 1 | Normal microbiome of reproductive tract during pregnancy.

Location Technology Main flora Sample

(n)

References

Vagina Multi-platform

Metabolomics

L. crispatus

L. iners

L. gasseri

131 (13)

Cervical DNA sequencing Lactobacilli

Gardnerella

10,049 (14)

Placenta DNA sequencing E. coli

Prevotella

tannerae

Bacteroides spp.

57 (15)

Amniotic

fluid

16S rRNA gene

sequencing

Streptococcus

spp

F. nucleatum

48 (16)

Umbilical

cord

blood

16S RNA gene Genus

Enterococcus

Streptococcus

Staphylococcus

20 (17)

Megasphaera species (13). A longitudinal high-throughput
pyrosequencing assay of the 16S RNA genes of the entire vaginal
flora of normal pregnant women indicated that the flora was
stable throughout pregnancy (18). However, during delivery, the
amount of lactobacilli begins to decline, and the diversity of other
vaginal flora increases; as a result, the vaginal microbial flora
during delivery is more similar to that of non-pregnant females
than that during pregnancy (19). Genetic sequencing was used to
detect the vaginal microbiome in 1,958 pregnant women during
the first and second trimesters of pregnancy (20). Consistent
concepts also confirmed that preterm labor is due to a decrease
in lactobacilli, rather than an increase in other microbiomes
(21, 22). These results indicate that the amount of Lactobacillus
vaginalis can be a clinical tool to forecast the risk of preterm
labor (20).

The stability of the vaginal microflora is also affected
by different factors. Lactobacillus species are one example.
L. crispatus plays a key role in maintaining the stability of
the vaginal environment throughout pregnancy; however, if
Lactobacillus gasseri and/or L. iners dominate during the first
trimester, then they induce abnormal vaginal bacterial conditions
after the third trimester (23). Nasioudis et al. evaluated relative
abundance of bacteria in the vaginal microbiome in first-
trimester pregnant women, and the results showed that L.
crispatus was the numerically most abundant bacterium in 76.4%
of women with a first conception, 50.0% with only a prior
spontaneous or scheduled abortion, and 22.2% with a prior birth;
L. inerswas the most abundant bacterium in 3.8% of women with
a first conception as compared to 19.2 and 20.8% in those with
a prior abortion or birth, respectively; Gardnerella as the most
abundant bacterial genus increased from 3.8% in women with a
first conception to 15.4 and 14.3% in those with a prior abortion
or birth, respectively (24). High estrogen during pregnancy is
also another factor because a high estrogen level can induce
lactobacilli to more efficiently utilize the vaginal epithelium to
decompose glycogen and lactic acid, and a low vaginal pH is
optimal for lactobacilli and eliminates the invasion of other
harmful bacteria (24, 25). Therefore, Gjerdingen et al. claim that
vaginal pH can be a predictive index of vaginal infection in
pregnant women (26). There are few studies on the microbiome
of the cervix during pregnancy. One result revealed that the
cervical microbiome is analogous to the vaginal microbiome and
that it mainly consists of Lactobacillus and Gardnerella (14). In
the later stages of pregnancy, the cervical microbiota is likely to
be similar to that of non-pregnant women (27). A large number
of female reproductive tract bacteria were tested by 16S RNA and
cell culture techniques. The results suggested that Lactobacillus
is dominant in the uterine cavity, followed by Pseudomonas
and Acinetobacter. Nevertheless, Acinetobacter is more abundant
than Comamonas and Pseudomonas in the fallopian tubes (28).

The conventional concept that the placenta is sterile has
been challenged (29, 30). In fact, Aagaard et al. tested
320 (normal pregnancy:complication of pregnancy) anatomical
placenta with 16S ribosomal DNA–based and discovered that
there is a low abundance but metabolically rich microbiome in
placenta: Firmicutes, Tenericutes, Proteobacteria, Bacteroidetes,
and Fusobacteria phyla, which are positive correlation with early
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abortion (31). Besides, these bacteria are similar to those found
in the mother’s mouth and may be transmitted through blood
(12). Recently, another experiment with the same technology
explained deeply that the matrix side of the placenta is mostly
Ralstonia, an aerobic o-film-forming bacillus, while L. iners and
L. crispatus are located on the fetal side of the placenta (15).
However, the idea has been refuted by de Goffau et al. who
demonstrated that human placenta has no microbiome but can
contain potential pathogens, which was published in Nature this
year. Their team collected placental biopsies from a total of 537
women, including 318 cases of adverse pregnancy outcome and
219 controls, and checked with both metagenomics and 16S
amplicon sequencing, then elaborated three significant results,
as follows: first, the biomass of bacteria is very low, nearly too
clean; second, the reason why someone thinks that placenta
has microbiome is that the samples were contaminated during
labor or operation; and last, there is no obvious connection
between microbes of the placenta and preeclampsia or recurrent
abortion (32).

In addition, there are also some flora in the umbilical
cord blood, amniotic fluid, and amniotic membrane. The
genera Enterococcus, Streptococcus, Staphylococcus, and
Propionibacterium have been detected in umbilical cord
blood (17), and Streptococcus spp. and Fusobacterium nucleatum
are present in amniotic fluid, which may be derived from
the mother’s mouth (16). Additionally, the maternal milk
contains staphylococci, streptococci, bifidobacteria, and lactic
acid-producing bacteria; these acid-producing Lactobacillus
bacteria may be transported from the mother’s intestine
through the blood to the breast milk and then into the fetal
intestine (33).

Currently, researchers are increasingly interested in the
transition of the vaginal flora of the mother to the intestinal
flora of the fetus. Dominguez’s team discovered that the flora of
infants delivered vaginally were similar to that of the mother’s
vagina; however, infants delivered by cesarean section have
flora similar to that of the mother’s skin (34). In recent years,
clinical studies have confirmed that the intestinal flora of infants
born by cesarean section became analogous to that of infants
born vaginally after 30 days of the continuous application of
vaginal fluid to the anus of the infant. This finding suggests
that the maternal vaginal flora results in a certain regulatory
effect on the infant’s intestinal flora (35). At the same time,
the maternal vaginal microbiome also has a certain influence
on the growth and development of the fetus. Martinez et al.
showed that compared with mice born by vaginal delivery, mice
born by cesarean section lacked dynamic changes in intestinal
microflora, which led to weight gain after weaning (36). This
result demonstrates that maternal vaginal bacteria are relative
to the normal metabolism of the fetus and affect its growth and
development (36). This transfer of maternal flora to the infant
may be caused by the metabolites of microbial molecules, and it
may influence the development of the innate immune system of
the newborn (37).

CHARACTERISTICS AND OUTCOME OF
INFECTION DURING PREGNANCY

If a mother is infected by microorganisms during pregnancy,
inflammation will cause clinical signs and symptoms, such
as fever, diarrhea, and abdominal pain. On the other hand,
a more important fact is the effects of inflammation on
pregnancy outcomes, such as increased risk of miscarriage,
premature birth, and stillbirth (6). Even if the virus does
not reach the fetus, the level of the maternal inflammatory
response and the levels of inflammatory cytokines, such
as interleukin (IL)-1, IL-6, IL-8, and tumor necrosis factor
(TNF)-α are very high, which can affect the development
of the fetal brain and circulatory system, and may increase
the risk of schizophrenia, autism, and mental disorders
(38). Moreover, it should be noted that approximately half
of pregnant women who are infected without showing
infectious symptoms give birth prematurely, which may be
related to past placental infections or acute and chronic
chorioamnionitis (39).

Epidemiological and microbiological studies show that
25–40% of premature births are caused by intrauterine infection
(40). It is worth noting that the risk of infection by some
pathogenic microorganisms is not limited to adverse pregnancy
outcomes but the abnormal development of various organs
in infants. For example, in the clinic, the most common
TROCH infection, including Toxoplasma gondii, rubella virus
(RV), cytomegalovirus (CMV), herpes simplex virus (HSV),
and other viruses, can result in premature birth, stillbirth,
and even neurological disorders after birth (41, 42). On the
other hand, the risk of microbial infection in the fetus and
the severity of the disease depend on the stage of pregnancy.
For instance, RV infection during the first stage may cause
abortion and congenital malformation. However, as pregnancy
progresses, in the middle and late stages of pregnancy, the
rate of congenital malformation caused by the RV is very low.
CMV is most likely to infect a fetus during the third trimester
of pregnancy, whereas the greatest damage occurs in the first
trimester. The phenomenon referred to above may be due to
differences in the growth state of the fetus and its ability in
resisting the external environment during diverse pregnancy
periods (42).

Infections during pregnancy can also cause a variety of
health problems in the fetus after birth. Researchers from the
University of Massachusetts Medical School and Massachusetts
Institute of Technology conducted a study of gut microbes
related to fetal autism. They found that intestinal microbial
infections in pregnant women can activate immune cells
to secrete a large amount of IL-17?, which passes through
the placental barrier and enters into the fetus, forming
“plaques” in the S1DZ region of the fetal brain. As a
result, this abnormality can influence the development of
the fetal central nervous system, causing diseases, such as
autism (43).

Frontiers in Immunology | www.frontiersin.org 3 December 2019 | Volume 10 | Article 2886

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mei et al. Microbiome and Immunity in Pregnancy

RESISTANCE TO PATHOGENIC
MICROORGANISMS DURING PREGNANCY

Defense Mechanism of Maternal Vagina
and Decidua
The Innate Immunity of the Lower Genital Tract
The innate immune system of the vagina is mainly composed
of a tissue barrier, immune cells, and innate immune molecules
(Figure 1). Doerflinger et al. established a three-dimensional
(3-D) vaginal model, expounding the composition of the
vaginal tissue barrier, which includes flat epithelial cells, tight
connections, microvilli, microbridges, secreted mucus, and so
on (44). The main function of epithelial cells is to recognize
microbial antigens through toll receptors on the surface,
thereby activating nuclear factor (NF)-κB and subsequently
stimulating the production of pro-inflammatory factors (45).
Close connections and microvilli perform the function through
isolating harmful microorganisms (46). When the vagina is

infected, viral dsDNA can increase the secretion of membrane-
associated vaginal mucus in various ways, and this mucus can
not only lubricate the vagina but also adhere to pathogens to
fight against the microorganisms (47). The antigen-presenting

cells, macrophages, and natural killer (NK) cells in the lower

genital tract can also use their pattern recognition receptors

[such as Toll-like receptors (TLRs), c-type lectin receptors, and
NOD receptors] to combine with different bacterial products and

transmit inflammatory signals in the cell, activating many kinds
of T cells, and increasing the IgA antibody levels of plasma cells
from B cells. Ultimately, the vaginal mucosal immunity remains
stable in a safe range (48). In the meantime, antimicrobial
peptides, cytokines, and chemokines participate in the innate
immunity of the vagina through the pathogenic molecular model
(49). The antimicrobial peptides secreted by epithelial cells exert
a variety of functions in the lower reproductive tract mucosal
immunity, including preventing the invasion of microorganisms
into host cells, regulating immunity, inhibiting inflammation,

FIGURE 1 | The antimicrobial mechanism of the vagina during pregnancy. The mechanism mainly consists of the following three parts: (1) The first barriers: tight

junctions of epithelial cells, movement of microvilli, and the package of mucus, as well as natural antimicrobial peptides from epithelial cells; (2) Exclusive effect of

Lactobacillus on other pernicious biota: lactic acid, acidolin, lactacin, H2O2; (3) The pathway including innate immune cells in the vagina, innate immune response, and

acquired immune response. To be exact, antigen-derived cells, which make a sense by innate immunity, present pathogen antigens to acquired immune cells to kill,

and crack pathogens.
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and maintaining the stability of the internal environment (50).
Cationic antimicrobial peptides can neutralize and lyse bacteria
by binding with bacterial anions (51). These peptides can
kill fungi by binding to specific receptors (52). For viruses,
antimicrobial peptides attack the glycoproteins on the surface of
the virus to prevent the virus from attaching to host cells (53).

During pregnancy, many factors may influence the state of
the vagina’s immunity to pathogens. For example, changes in the
morphology of the vaginal mucosa, the regulation of the mucosal
environment, and the hormonal level in the female reproductive
tract are essential to resist external pathogens (54). Faure et al.
found that the vagina could produce an anti-inflammatory
response (a 5-fold increase of IL-10) and a strong mucosal
homeostasis response (a 40-fold increase of IL-22) to fight BV
infection by detecting the vaginal tissue samples of pregnant
women infected with BV (55). However, IL-22 participates in
mucosal homeostasis and avoids invading commensal bacteria
by inducing the synthesis of mucosal antimicrobial peptide and
mucus, promoting wound repair and reinforcing epithelial tight
junctions (56). In addition, the normal vaginal microbiome also
plays an indispensable role in maintaining vaginal homeostasis.
The acidolin, lactacin, and H2O2 produced by lactobacilli were
capable of increasing the activity of host antimicrobial peptides
(muramidase and lactoferrin) and consequently enhanced the
antibacterial activity of epithelial cells (57). As Doerflinger
et al. noted, during pregnancy, lactobacilli could cause vaginal
epithelial cell activation and minimally disrupt immune barrier
properties, which indirectly suggests its role as a beneficial species
vaginal microbiome (44).

The Immunity of the Decidua
After implantation, the endometrium is called the uterine
decidua and is where a number of immune cells are located,
such as NK cells (70–80%), macrophages (20–25%), T cells
(<2%), dendritic cells (DCs) (<1.7%), and granulocytes and B
lymphoid cells at the lowest levels (58). The most abundant cells
in the decidua, the NK cells, mainly produce interferon (IFN)-
γ to participate in the following immune response mechanisms:
(1) macrophages and neutrophil cells were stimulated by IFN-
γ to induce the production of antimicrobial peptides; (2)
IFN-γ can increase the secretion of IL-1 from T cells to
play a role in anti-inflammation; and (3) IFN-γ can stimulate
B lymphocytes to differentiate into plasma cells and secrete
antibodies (58). When HCMV infects the mother, it will induce
a rapid and strong decidual tissue innate immune response,
which is caused by IFN-γ from NK cells, IP-10 from DC cells,
and the downregulation of decidual cytokines/chemokines in a
unique way (59). However, the elimination of virus does not
always depend on the activation of decidua immune cells. Last
year, a group of analyses with whole-genome transcriptomes
concluded that ZIKV did not induce the activation of decidua
immune cells but reduced the replication of the virus by causing
apoptosis and the death mechanism of infected cells (60).
Further study elucidated that the immune cell phenotypes of
macrophages will also affect their antimicrobial status during
pregnancy (the phenotypes of macrophages are M1 and M2). M1
macrophages play an anti-inflammatory and antimicrobial role

through common phagocytosis and antigen-presenting modes,
whereas M2 macrophages regulate the immune system during
pregnancy (61).

The immune function of the decidua is caused not only by its
immune cells but also by common natural antimicrobial peptides.
When the pattern recognition receptor on the endometrium
is activated, the expression of antibacterial peptide transcripts
will be upregulated to help the uterine decidua produce an
immune response to infection (62). Two major antimicrobial
peptides were found in the decidua: defensins and whey acidic
protein (WAP) motif proteins (63). Defensins have six cysteine
residues that form three disulfide bonds and are divided into
two main groups on the basis of the position of these bonds,
β-defensins and α-defensins (64). These defensins are considered
a medium to recruit monocytes, T lymphocytes, and DCs (65).
The WAP motif protein family includes secretory leukocyte
protease inhibitor (SLPI), Trappin-2/elafin, eppin, and HE4.
Apparently, these molecules have multiple functions, including
direct antimicrobial activity, bacterial opsonization, adaptive
immune response induction, and tissue repair promotion (66).
Among these WAP proteins, SLPI and elafin are the most
widely studied (67). These two proteins can be continuously
expressed by uterine decidua cells, and their expression level
is affected by the proinflammatory environment, neutrophil
elastase, and sex hormones (68). Jin et al. showed that SLPI
could suppress the lipopolysaccharide (LPS)-induced activation
of NF-κB and reduce the synthesis of TNF-α/nitric oxide,
thus inhibiting the inflammatory response (69). When elafin
resists some viral infections, such as HIV, there is a direct
interaction between them, but the detailed mechanisms are still
poorly understood (70). Other antimicrobial peptides involved
in the innate immunity of the uterine decidual membrane
have been detected, for example, HBD-3, CCL20/MIP-3a, and
lysozyme (63, 71, 72).

The Function of the Placental Barrier
TLR Pattern on the Placenta
The placenta performs a diverse range of essential functions
during pregnancy, including the exchange of gases, nutrients,
and metabolites between the mother and fetus, the secretion
of hormones, and acting as a physical immune barrier between
them (59). TLR is a protein mainly expressed in mononuclear
macrophages, other lymphocytes, and epithelial cells (73).
Zarember and Godowski have discovered the existence of 10
types of TLRs in human placenta (74): TLR1, TLR2, TLR4, TLR5,
TLR6, and TLR10 are expressed on the cell surface to identify
the microbial membrane components of gram-negative bacteria
and gram-positive bacteria, whereas TLR3, TLR7, TLR8, and
TLR9 exist in the cell to identify single nucleic acid molecule,
diphosphonic acid, and molecular RNA and to remove apoptotic
fragments from cells. In addition, these receptors have a regular
expression in space and time in the placenta. TLR2 and TLR4 are
mainly present in the placental villi and trophoblasts (75, 76),
and the expressions of TLR2, TLR3, and TLR4 are significantly
decreased in early pregnancy (77). These facts indicate that the
activation of TLRs on the placenta may have multiple effects,

Frontiers in Immunology | www.frontiersin.org 5 December 2019 | Volume 10 | Article 2886

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mei et al. Microbiome and Immunity in Pregnancy

FIGURE 2 | Unique way of maternal-fetal interface resistance to microorganisms. (1) The main immune response in the maternal decidua: interferon (IFN)-γ secreted

by natural killer (NK) cells, the most affluent cells in maternal decidua, recruits other immune cells to perform active function. Second, various antimicrobial peptides

secreted by decidua cells can resist pathogenic microorganisms; (2) The cytotrophoblast relies on its diverse Toll-like receptors (TLRs) to recognize bacteria, fungi, and

so on, then causes the secretion of diversity anti-inflammatory factors that activate specific immune cells; (3) The defensive role of syncytiotrophoblast is mainly from

the hardness of its cells consisting of branching microvilli and complex actin network as well as maternal macrophages.

including immune cell recruitment, cytokine secretion, and
protective responses to invading pathogens (78).

The Antimicrobial Role of Trophoblast Cells and

Syncytiotrophoblasts
Multipotent trophoblast progenitor cells (TBPCs) were
reported to reside in the chorion of the human placenta
and differentiate into mature trophoblast subtypes, namely,
transport syncytiotrophoblasts, and invasive trophoblast cells
(also known as cytotrophoblasts), both of which continuously
proliferate to form the functional unit of the placenta (79). The
immunomodulatory effects of trophoblast cells on the maternal-
fetal interface are irreplaceable, including the recognition of
bacteria and viruses and the recruitment of leukocytes to respond
to pathogens (80). Previous experiments have verified that the
trophoblast recognizes pathogens through TLRs, such as TLR-3,
TLR-7, TLR-8, and TLR-9, and this interaction leads to the
production of cytokines and chemokines that regulate leukocyte

migration to eradicate the pathogens that cause infection (81).
Epithelial cadherin (e-cadherin) is a receptor expressed in the
cytotrophoblast layer that can specifically recognize Listeria
endotoxin A to restrain the spread of this bacterium (82). As
for the virus (CMV, Toxoplasma gondii, and Porphyromonas
gingivalis), immune trophoblast cells can bind to poly (a special
marker of most viruses) by TLR-3, promoting the secretion
of SLPI and IFN-γ against viruses, which ultimately prevents
the virus from spreading from the placenta to the fetus (83).
However, decidual trophoblasts can also secrete CXCL12 (SDF1),
CXCL8 (IL-8), transforming growth factor (TGF)-β1, and CCL2
(MCP1) to recruit macrophages, NK cells, and regulatory T
(Treg) cells, representing a connection between innate immunity
and acquired immunity (8).

Fetal syncytiotrophoblasts are located at the periphery of
the cytotrophoblast layer, forming a unique fused polynuclear
surface that is infiltrated into the maternal blood. Since
syncytiotrophoblasts are attacked by pathogens circulating
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in the maternal blood, these cells are likely to have distinct
mechanisms to resist microbial invasion, including T. gondii,
Listeria monocytogenes (84), and viruses such as ZIKV, HSV,
CMV, which may contribute to the absence of receptors
(85). The surface of the syncytium has unique physical
properties, such as dense branched microvilli on the apical
surface and a complex actin network on the cortex (84).
In addition, the young index of syncytiotrophoblasts is
1.5–4.5 times that of red blood cells in hemolytic anemia
patients, indicating a high level of hardness that prevents
microbial invasion through the trophoblast layer, which is
known as the physical barrier (85). Moreover, macrophages
in the maternal blood are attracted to microorganisms,
which then produce high levels of 2,3-dioxygenase, β-
defensins, reactive oxygen species, cathelicidin, and nitrogen
responsible for the extracellular trophoblast resistance to
pathogens (63). Listeria infection can induce the defense
of syncytiotrophoblasts in the first stage of pregnancy,
which is mediated by the transport of placental exosomes
carrying miRNA and IFNs (84). The pathways of maternal-
fetal interface resistance to microorganisms were shown
in Figure 2.

The placenta, of course, not only has an innate immune system
but also its own acquired immunity. We demonstrated that
maternal CD4+ T cells play an important role in protecting the
maternal immune responses against fetal death. The production
of CD4+ T-cell cytokines and the interaction between CD4+ T
cells and antigen-presenting cells stimulate the proliferation of
the cytotoxic CD8+ T-cell population, and then the cytotoxic
cells can clear the virus-infected cells through the fas-fasl pathway
(86).Moreover, CD4+ and CD8+T cells are also involved in host
response to Toxoplasma infection (87).

Girardi et al. found that the complement system is activated
at the placental interface during early and late pregnancy
(88). Moreover, Goldberg et al. discovered eight complement
cytokines in villi, including the factors B, C3, C1r, C1s, and C1
and the inhibiting factors H, C4, and C2 (89). Further research
showed that C3 and C4 are mainly expressed by trophoblastic
cells and that IFN-γ can increase their expression. The secretion
of these complements improves the defensive function of the
placenta (80).

The Shield of Amniotic Fluid
Amniotic fluid is known to be the protective fluid that
surrounds the fetus throughout pregnancy, providing an internal
environment for fetal growth and development (90). Diverse
immune cells form a solid barrier (91). Cytological studies have
shown that amniotic fluid contains many innate immune cells,
including macrophages, neutrophils, and innate lymphocytes
(ILCs) (92, 93). Additionally, Gomez-Lopez et al. collected
amniotic fluid from 57 females with normal pregnancies at
multiple centers in the United States and noted that T cells and
intrinsic lymphocytes (ILCs) were the most abundant cells, more
abundant than B cells and NK cells, at 15–30 weeks of gestation.
B cells and macrophages were scarce before 20 weeks of gestation
and would increase after 20 weeks and remained stable until

delivery. It is surprising that most of these immune cells come
from the fetus (94).

Fetal Self-Protection Against Pathogenic
Microorganisms
It is acknowledged that the fetus is highly sensitive to infectious
antigens, especially in the first 3 months of pregnancy due
to various exposures and fetal memory loss to immunity.
Thus, the fetus can only depend on innate immunity against
microbial infection (95). Dasari et al. reported that TLRs are
expressed in fetal monocytes and granulocytes in the same
way as adults. In addition, the phagocytic function of NK
cells, macrophages, and DCs is similar to that of adults, but
their antigen presentation ability is very weak (96). Based on
a large number of studies on ZIKV in recent years, Chen
et al. found that fetus-derived IFN-I signaling contributes
to the anti-ZIKV response and that this signaling pathway
involves the potential antiviral activators Janus kinase (Jak1 and
Tyk2) and signal sensor (STAT1 and STAT2), resulting in the
upregulation of hundreds of IFN-stimulated genes (ISGs) (97).
Current research shows that fetal acquired immunity is weak
and mainly comes from the mother. After 22 weeks of gestation,
this transmission soars, and IgG levels exceed maternal levels
at birth (98).

The lung, gastrointestinal tract, and skin are frequently
exposed to amniotic fluid during pregnancy and are targets of
infection. At the time of skin infection, epidermal keratinocytes
start to synthesize peptides, such as cathepsin, which has the
ability to inhibit bacterial growth or destroy bacteria, resulting
in a rapid increase in volume (99). It has been proven that
chorioamnionitis induces the upregulation of TLR2 and TLR4
and a rise of cytokines, chemokines, and antimicrobial factors
in epidermal keratinocytes (100, 101). The sentinel immune cell
of the lung is the alveolar macrophage, and chorioamnionitis
can trigger the production of alveolar macrophages through
fetal immunity; moreover, IL-6, which stimulates placental
secretion, not only activates type II alveolar cells but also
increases SP-A synthesis to promote lung maturation; thus,
further enhancing fetal lung immunity (102). M cells are the
first protective cell layer of gastrointestinal defense. Additionally,
the lamina propria also contains a variety of immune cells,
such as DCs and macrophages in the lamina propria of the
intestinal epithelium (103). When fetal intestinal epithelial
cells are exposed to bacterial LPS antigens, the condition
can also stimulate strong expression of IL-8, thus recruiting
DCs and macrophages to play an innate immune barrier
role (104).

Efficient Immunity to Virus Infection During
Pregnancy
As mentioned above, severe viral invasion during pregnancy can
lead to adverse outcomes, and antiviral immunity depends on
the mother instead of the fetus whose acquired immunity is
immature. The mucosal layer of the female lower genital tract
can effectively prevent the entry of the virus (105), and the low
PH can also resist it to some extent (106). Akiko Iwasaki’s lab
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considers TLR as an important recognition to viral, for instance,
TLR3 can quickly recognize the HSV (107). Decidual NK (dNK)
whosemajor subset is CD56bright CD16neg might be an important
component of the local innate immune response to uterine
virus infection through specific ligand triggering of NKp46
during early pregnancy (108). Mandelboim et al. discovered
further that some virus-infected cells might be recognized by
the NKp46 receptor through the binding of viral hemaglutinin,
inducing a rise of intracellular calcium mobilization, perforin
polarization, granule exocytosis, and efficient target cell lysis
(109). Meantime, the study has proven that if the dNK cells are
exposed to HCMV, it may happen with phenotypic changes and
the acquisition of a cytotoxic function involving the NKG2D
activating receptors (similar to NKp46) to prevent viral spread
and placental pathology (110). dNK cells can not only prevent
congenital HCMV infection by reducing the secretion of relative
to trophoblast invasion such as CCL2, CCL4, CCL5, CXCL10,
granulocyte–macrophage colony-stimulating factor, and CXCL8
but also activate other immune cells, namely, T cells (111).
Additionally, it is reported with murine CMV model that
E3 LigaseTRIM29 is a critical checkpoint regulator of NK
cell functions and plays an important role in host defense
against CMV infection, therefore, TRIM29 may be a good
target for controlling CMV infection and spreading during
pregnancy (112). For innate antiviral from trophoblast cells
and syncytiotrophoblasts, as mentioned above, the former can
depend on the identification of TLR-3 to viral followed by
the secretion of SLPI and IFN-γ (83), the latter relies on
unique physical properties, such as dense branched microvilli
on the apical surface and a complex actin network on the
cortex (84).

When it comes to acquired immunity to virus, which mainly
involves memory B cells, memory CD8 ± T cells, and memory
T cells, then their team continues to study that circulating
memory B cells are recruited to the vaginal mucosa in a
CXCR3-dependent manner and secrete virus-specific IgG2b,
IgG2c, and IgA that can be transported by FcRn into the
vaginal lumen as a result of a rapid and strong immune defense
response (113, 114). On the other hand, memory CD8± T
cells in the vaginal mucosa are considered to be the most
important immune cells against virus (115), histocompatibility
complex class I (MHC I) transited by CD301b± DCs, and
NK cells can stimulate CD8± T to secrete IFN-γ, which can
resist viruses (116). This response can be enhanced by DCs
and B cells (117). Additionally, CD4 tissue-resident memory T
cells can also be stimulated and secrete IFN-γ, which causes
expression of chemokines, including CXCL9 and CXCL10 (113).
There is a specific example about IFNs resisting virus, that
is, ZIKV, which can be transmitted sexually between humans.
Vaginal infection of pregnant dams during early pregnancy led
to fetal growth restriction and infection of the fetal brain in
WT mice (118). Type I IFNs are essential for host resistance
against ZIKV, and IFN-α/β receptor (IFNAR)-deficient mice
are highly susceptible to ZIKV infection (119). Yockey et al.
revealed that after ZIKV infection, IFNAR signaling in the
conceptus inhibits development of the placental labyrinth,

resulting in abnormal architecture of the maternal-fetal barrier
(120). Their results implicated type I IFNs as a possible mediator
of pregnancy complications, including spontaneous abortions
and growth restriction, in the context of congenital viral
infections (120).

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Generally speaking, there is no intrauterine sterility during fetal
growth and development. An increasing number of commensal
flora in the reproductive tract of pregnant women have been
discovered, which can limit the intrusion of deleterious bacteria
to some extent. However, the mother, placenta, and fetus
also possess unique innate immune systems. The immunity
of the mother mainly depends on the lower genital tract and
decidua, which consist of the balance between common bacteria
groups and the mucosal barrier. In addition, trophoblasts and
syncytiotrophoblasts have meaningful functions in the immunity
of the placenta, such as the role of immune cells, the villi barrier,
complement system, and so on. The fetus can utilize its immature
specialized organs and network of cytokines to protect itself.

It is acknowledged that to prevent maternal infection
and adverse neonatal outcomes during pregnancy, clinical
medication is commonly used, although the optimal formulation
and dosage of most drugs have not been described specifically for
pregnant women (121). For Group A streptococci infection or
other Galanz-positive bacteria, clindamycin has more advantages
compared to penicillin because of a longer post-antibiotic effect
and less side effects (122). However, a meta-analysis including
15 trials (involving 1,754 women) suggests that amoxicillin and
clindamycin show less side effects and more effective results than
azithromycin and erythromycin in the way of genital Chlamydia
trachomatis infection during pregnancy (123). For the treatment
for virus, the administration of high-avidity immunoglobulin
(HIG) to prevent maternal-fetal CMV transmission is a must
in the first trimester pregnancy (124). After transmission,
administration of HIG can also be considered to either prevent
a symptomatic infection at birth or lessen the symptoms (125).
The result fromVille et al. indicates that high-dosage valacyclovir
given is effective for improving the outcome of moderately
symptomatic infected fetuses for virus infection (126). For
these reproductive tract virus infection, clinical immunotherapy-
vaccine has become a major prevention, for example, the HSV
vaccine, which can reduce recurrence rate of HSV by ∼50%
(127). Wald A even utilized Helicase-primase inhibitor pritelivir
compared with valacyclovir in a randomized controlled clinical
study to intervene HSV vaginal infection in the result of
decreasing clinical recurrence and shedding rate by 99% (128,
129). According to the latest research, taking advantage of the
CD8± T resistance to HSV virus effectively in the vagina, David
demonstrated in an animal model that imiquimod (inducing
CD8± T cells) combined vaccine can significantly reduce the
recurrence of HSV, which is expected to be applied in clinical
practice (116). What is more, all kinds of vaginal antimicrobial
peptides and symbiotic bacteria mentioned above can boost the
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innate immunity against vaginal viruses (such as HIV, HSV, HPV,
etc.) to a large extent (130, 131).

Healthy pregnancy requires tightly coordinated immune
responses. When dysregulated or inappropriately expressed,
these have the potential to act as teratogens and disrupt fetal
and placental developmental pathways, leading to birth defects
and pregnancy complications (132). With the emergence of
new pathogens and our further understanding of pathogens
during gestation, evaluating and treating gestational infections
will require a more accurate and effective evaluation system. This
review will support a deeper and more profound comprehension
of microbiological immunity during pregnancy and provide
a theoretical resource for clinical implementation. In future
studies, we should consider the pathological mechanism of
gestational infection and focus on how to design more accurate
biomarkers to detect subclinical infections to avoid the adverse
and long-term effects of pathogenic microorganisms on the
growth of children. In other words, solidifying the ability of the
maternal immune to ensure successful gestation is important.

AUTHOR CONTRIBUTIONS

CM was responsible for writing the manuscript. WY finished in
the translation work. XW completed the production of charts
and figure. KWmade the proofreading. DH designed and revised
the manuscript.

FUNDING

This work was supported by National Natural Science
Foundation of China (No. 81771575) and the National Key
R&D Plan (No. 2018YFC1004300).

ACKNOWLEDGMENTS

Additionally, we give sincere thanks to Dr. Aihua Liao
in Institute of Reproductive Health, Tongji Medical
College, Huazhong University of Science and Technology
for direction.

REFERENCES

1. Yip LY, Aw CC, Lee SH, Hong YS, Ku HC, Xu WH, et al. The liver-gut

microbiota axis modulates hepatotoxicity of tacrine in the rat. Hepatology.

(2018) 67:282–95. doi: 10.1002/hep.29327

2. Silverman M, Kua L, Tanca A, Pala M, Palomba A, Tanes C, et al. Protective

major histocompatibility complex allele prevents type 1 diabetes by shaping

the intestinal microbiota early in ontogeny. Proc Natl Acad Sci USA. (2017)

114:9671–6. doi: 10.1073/pnas.1712280114

3. Steed AL, Christophi GP, Kaiko GE, Sun L, Goodwin VM, Jain U,

et al. The microbial metabolite desaminotyrosine protects from influenza

through type I interferon. Science. (2017) 357:498–502. doi: 10.1126/science.

aam5336

4. Byndloss MX, Olsan EE, Rivera-Chavez F, Tiffany CR, Cevallos

SA, Lokken KL, et al. Microbiota-activated PPAR-gamma signaling

inhibits dysbiotic Enterobacteriaceae expansion. Science. (2017)

357:570–5. doi: 10.1126/science.aam9949

5. Jia Z, He M, Wang C, Chen A, Zhang X, Xu J, et al. Nisin

reduces uterine inflammation in rats by modulating concentrations of

pro- and anti-inflammatory cytokines. Am J Reprod Immunol. (2019)

81:e13096. doi: 10.1111/aji.13096

6. Lamont RF. Advances in the prevention of infection-related preterm birth.

Front Immunol. (2015) 6:566. doi: 10.3389/fimmu.2015.00566

7. Young OM, Tang Z, Niven-Fairchild T, Tadesse S, Krikun G,

Norwitz ER, et al. Toll-like receptor-mediated responses by placental

Hofbauer cells. (HBCs): a potential pro-inflammatory role for fetal M2

macrophages. Am J Reprod Immunol. (2015) 73:22–35. doi: 10.1111/aji.

12336

8. Mor G, Aldo P, Alvero AB. The unique immunological and microbial aspects

of pregnancy. Nat Rev Immunol. (2017) 17:469–82. doi: 10.1038/nri.2017.64

9. Triggianese P, Perricone C, Chimenti MS, De Carolis C, Perricone R. Innate

immune system at the maternal-fetal interface: mechanisms of disease and

targets of therapy in pregnancy syndromes. Am J Reprod Immunol. (2016)

76:245–57. doi: 10.1111/aji.12509

10. Moreno I, Simon C. Deciphering the effect of reproductive tract

microbiota on human reproduction. Reprod Med Biol. (2019) 18:40–

50. doi: 10.1002/rmb2.12249

11. Franasiak JM, Werner MD, Juneau CR, Tao X, Landis J, Zhan Y, et al.

Endometrial microbiome at the time of embryo transfer: next-generation

sequencing of the 16S ribosomal subunit. J Assist Reprod Genet. (2016)

33:129–36. doi: 10.1007/s10815-015-0614-z

12. Greenhalgh K, Meyer KM, Aagaard KM, Wilmes P. The human

gut microbiome in health: establishment and resilience of

microbiota over a lifetime. Environ Microbiol. (2016) 18:2103–

16. doi: 10.1111/1462-2920.13318

13. McMillan A, Rulisa S, SumarahM,Macklaim JM, Renaud J, Bisanz JE, et al. A

multi-platform metabolomics approach identifies highly specific biomarkers

of bacterial diversity in the vagina of pregnant and non-pregnant women. Sci

Rep. (2015) 5:14174. doi: 10.1038/srep14174

14. Smith BC, McAndrew T, Chen Z, Harari A, Barris DM, Viswanathan

S, et al. The cervical microbiome over 7 years and a comparison

of methodologies for its characterization. PLoS ONE. (2012)

7:e40425. doi: 10.1371/journal.pone.0040425

15. Parnell LA, Briggs CM, Cao B, Delannoy-Bruno O, Schrieffer AE,

Mysorekar IU. Microbial communities in placentas from term

normal pregnancy exhibit spatially variable profiles. Sci Rep. (2017)

7:11200. doi: 10.1038/s41598-017-11514-4

16. Bearfield C, Davenport ES, Sivapathasundaram V, Allaker RP.

Possible association between amniotic fluid micro-organism

infection and microflora in the mouth. BJOG. (2002) 109:527–

33. doi: 10.1111/j.1471-0528.2002.01349.x

17. Jimenez E, Fernandez L, Marin ML, Martin R, Odriozola JM, Nueno-Palop

C, et al. Isolation of commensal bacteria from umbilical cord blood of

healthy neonates born by cesarean section. Curr Microbiol. (2005) 51:270–

4. doi: 10.1007/s00284-005-0020-3

18. Romero R, Hassan SS, Gajer P, Tarca AL, Fadrosh DW, Nikita L, et al.

The composition and stability of the vaginal microbiota of normal pregnant

women is different from that of non-pregnant women. Microbiome. (2014)

2:4. doi: 10.1186/2049-2618-2-10

19. Fox C, Eichelberger K.Maternal microbiome and pregnancy outcomes. Fertil

Steril. (2015) 104:1358–63. doi: 10.1016/j.fertnstert.2015.09.037

20. Usui R, Ohkuchi A, Matsubara S, Izumi A, Watanabe T, Suzuki M, et al.

Vaginal lactobacilli and preterm birth. J Perinat Med. (2002) 30:458–

66. doi: 10.1515/JPM.2002.072

21. Donders GG, Van Calsteren K, Bellen G, Reybrouck R, Van

den Bosch T, Riphagen I, et al. Predictive value for preterm

birth of abnormal vaginal flora, bacterial vaginosis and aerobic

vaginitis during the first trimester of pregnancy. BJOG. (2009)

116:1315–24. doi: 10.1111/j.1471-0528.2009.02237.x

22. Verstraelen H, Verhelst R, Roelens K, Claeys G, Weyers S, De Backer E,

et al. Modified classification of Gram-stained vaginal smears to predict

spontaneous preterm birth: a prospective cohort study. Am J Obstet Gynecol.

(2007) 196:521–8. doi: 10.1016/j.ajog.2006.12.026

23. Verstraelen H, Verhelst R, Claeys G, De Backer E, Temmerman M,

Vaneechoutte M. Longitudinal analysis of the vaginal microflora in

pregnancy suggests that L. crispatus promotes the stability of the normal

Frontiers in Immunology | www.frontiersin.org 9 December 2019 | Volume 10 | Article 2886

https://doi.org/10.1002/hep.29327
https://doi.org/10.1073/pnas.1712280114
https://doi.org/10.1126/science.aam5336
https://doi.org/10.1126/science.aam9949
https://doi.org/10.1111/aji.13096
https://doi.org/10.3389/fimmu.2015.00566
https://doi.org/10.1111/aji.12336
https://doi.org/10.1038/nri.2017.64
https://doi.org/10.1111/aji.12509
https://doi.org/10.1002/rmb2.12249
https://doi.org/10.1007/s10815-015-0614-z
https://doi.org/10.1111/1462-2920.13318
https://doi.org/10.1038/srep14174
https://doi.org/10.1371/journal.pone.0040425
https://doi.org/10.1038/s41598-017-11514-4
https://doi.org/10.1111/j.1471-0528.2002.01349.x
https://doi.org/10.1007/s00284-005-0020-3
https://doi.org/10.1186/2049-2618-2-10
https://doi.org/10.1016/j.fertnstert.2015.09.037
https://doi.org/10.1515/JPM.2002.072
https://doi.org/10.1111/j.1471-0528.2009.02237.x
https://doi.org/10.1016/j.ajog.2006.12.026
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mei et al. Microbiome and Immunity in Pregnancy

vaginal microflora and that L. gasseri and/or L. iners are more conducive

to the occurrence of abnormal vaginal microflora. BMC Microbiol. (2009)

9:116. doi: 10.1186/1471-2180-9-116

24. Nasioudis D, Forney LJ, Schneider GM, Gliniewicz K, France M,

Boester A, et al. Influence of pregnancy history on the vaginal

microbiome of pregnant women in their first trimester. Sci Rep. (2017)

7:10201. doi: 10.1038/s41598-017-09857-z

25. Taddei CR, Cortez RV, Mattar R, Torloni MR, Daher S. Microbiome in

normal and pathological pregnancies: a literature overview. Am J Reprod

Immunol. (2018) 80:e12993. doi: 10.1111/aji.12993

26. Gjerdingen D, Fontaine P, Bixby M, Santilli J, Welsh J. The impact of regular

vaginal pH screening on the diagnosis of bacterial vaginosis in pregnancy. J

Fam Pract. (2000) 49:39–43.

27. Aagaard K, Riehle K, Ma J, Segata N, Mistretta TA, Coarfa

C, et al. A metagenomic approach to characterization of the

vaginal microbiome signature in pregnancy. PLoS ONE. (2012)

7:e36466. doi: 10.1371/journal.pone.0036466

28. Chen C, Song X, Wei W, Zhong H, Dai J, Lan Z, et al. The

microbiota continuum along the female reproductive tract and

its relation to uterine-related diseases. Nat Commun. (2017)

8:875. doi: 10.1038/s41467-017-00901-0

29. Perez-Munoz ME, Arrieta MC, Ramer-Tait AE, Walter J. A critical

assessment of the “sterile womb” and “in utero colonization” hypotheses:

implications for research on the pioneer infant microbiome. Microbiome.

(2017) 5:48. doi: 10.1186/s40168-017-0268-4

30. Lauder AP, Roche AM, Sherrill-Mix S, Bailey A, Laughlin AL, Bittinger K,

et al. Comparison of placenta samples with contamination controls does

not provide evidence for a distinct placenta microbiota. Microbiome. (2016)

4:29. doi: 10.1186/s40168-016-0172-3

31. Aagaard K, Ma J, Antony KM, Ganu R, Petrosino J, Versalovic J.

The placenta harbors a unique microbiome. Sci Transl Med. (2014)

6:237r−65r. doi: 10.1126/scitranslmed.3008599

32. de GoffauMC, Lager S, Sovio U, Gaccioli F, Cook E, Peacock SJ, et al. Human

placenta has no microbiome but can contain potential pathogens. Nature.

(2019) 572:329–34. doi: 10.1038/s41586-019-1451-5

33. Martin V, Maldonado-Barragan A, Moles L, Rodriguez-Banos M, Campo

RD, Fernandez L, et al. Sharing of bacterial strains between breast milk

and infant feces. J Hum Lact. (2012) 28:36–44. doi: 10.1177/0890334411

424729

34. Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G,

Fierer N, et al. Delivery mode shapes the acquisition and structure of the

initial microbiota across multiple body habitats in newborns. Proc Natl Acad

Sci USA. (2010) 107:11971–5. doi: 10.1073/pnas.1002601107

35. Dominguez-Bello MG, De Jesus-Laboy KM, Shen N, Cox LM, Amir

A, Gonzalez A, et al. Partial restoration of the microbiota of cesarean-

born infants via vaginal microbial transfer. Nat Med. (2016) 22:250–

3. doi: 10.1038/nm.4039

36. Martinez KN, Devlin JC, Lacher CR, Yin Y, Cai Y, Wang J, et al.

Increased weight gain by C-section: Functional significance of the primordial

microbiome. Sci Adv. (2017) 3:o1874. doi: 10.1126/sciadv.aao1874

37. Gomez DAM, Ganal-Vonarburg SC, Fuhrer T, Rupp S, Uchimura Y, Li

H, et al. The maternal microbiota drives early postnatal innate immune

development. Science. (2016) 351:1296–302. doi: 10.1126/science.aad2571

38. Shi L, Tu N, Patterson PH. Maternal influenza infection is likely to alter fetal

brain development indirectly: the virus is not detected in the fetus. Int J Dev

Neurosci. (2005) 23:299–305. doi: 10.1016/j.ijdevneu.2004.05.005

39. Wang Z, Wang SS, Wang GL, Wu TL, Lv YL, Wu QM. A pregnant mouse

model for the vertical transmission of Brucella melitensis. Vet J. (2014)

200:116–21. doi: 10.1016/j.tvjl.2013.12.021

40. Goldenberg RL, Culhane JF, Iams JD, Romero R. Epidemiology

and causes of preterm birth. Lancet. (2008) 371:75–

84. doi: 10.1016/S0140-6736(08)60074-4

41. Arora N, Sadovsky Y, Dermody TS, Coyne CB. Microbial vertical

transmission during human pregnancy. Cell Host Microbe. (2017) 21:561–

7. doi: 10.1016/j.chom.2017.04.007

42. Coyne CB, Lazear HM. Zika virus - reigniting the TORCH. Nat Rev

Microbiol. (2016) 14:707–15. doi: 10.1038/nrmicro.2016.125

43. Kim S, Kim H, Yim YS, Ha S, Atarashi K, Tan TG, et al. Maternal gut

bacteria promote neurodevelopmental abnormalities in mouse offspring.

Nature. (2017) 549:528–32. doi: 10.1038/nature23910

44. Doerflinger SY, Throop AL, Herbst-Kralovetz MM. Bacteria in the vaginal

microbiome alter the innate immune response and barrier properties of the

human vaginal epithelia in a species-specific manner. J Infect Dis. (2014)

209:1989–99. doi: 10.1093/infdis/jiu004

45. Quayle AJ. The innate and early immune response to pathogen challenge

in the female genital tract and the pivotal role of epithelial cells. J Reprod

Immunol. (2002) 57:61–79. doi: 10.1016/S0165-0378(02)00019-0

46. Petrova MI, van den Broek M, Balzarini J, Vanderleyden J, Lebeer S. Vaginal

microbiota and its role in HIV transmission and infection. FEMS Microbiol

Rev. (2013) 37:762–92. doi: 10.1111/1574-6976.12029

47. McConkey CA, Delorme-Axford E, Nickerson CA, Kim KS, Sadovsky Y,

Boyle JP, et al. A three-dimensional culture system recapitulates placental

syncytiotrophoblast development and microbial resistance. Sci Adv. (2016)

2:e1501462. doi: 10.1126/sciadv.1501462

48. Genc MR, Onderdonk A. Endogenous bacterial flora in pregnant women

and the influence of maternal genetic variation. BJOG-Int J Obstet Gy. (2011)

118:154–63. doi: 10.1111/j.1471-0528.2010.02772.x

49. Wira CR, Fahey JV, Sentman CL, Pioli PA, Shen L. Innate and adaptive

immunity in female genital tract: cellular responses and interactions.

Immunol Rev. (2005) 206:306–35. doi: 10.1111/j.0105-2896.2005.00287.x

50. Yarbrough VL, Winkle S, Herbst-Kralovetz MM. Antimicrobial peptides in

the female reproductive tract: a critical component of the mucosal immune

barrier with physiological and clinical implications. Hum Reprod Update.

(2015) 21:353–77. doi: 10.1093/humupd/dmu065

51. Miller WR, Bayer AS, Arias CA. Mechanism of action and resistance to

daptomycin in Staphylococcus aureus and Enterococci. Cold Spring Harb

Perspect Med. (2016) 6:a026997. doi: 10.1101/cshperspect.a026997

52. Harris M, Mora-Montes HM, Gow NA, Coote PJ. Loss of

mannosylphosphate from Candida albicans cell wall proteins results in

enhanced resistance to the inhibitory effect of a cationic antimicrobial

peptide via reduced peptide binding to the cell surface. Microbiology+.

(2009) 155:1058–70. doi: 10.1099/mic.0.026120-0

53. Gounder AP,WiensME,Wilson SS, LuW, Smith JG. Critical determinants of

human alpha-defensin 5 activity against non-enveloped viruses. J Biol Chem.

(2012) 287:24554–62. doi: 10.1074/jbc.M112.354068

54. Venkatesh KK, Cu-Uvin S. Anatomic and hormonal changes in the female

reproductive tract immune environment during the life cycle: implications

for HIV/STI prevention research. Am J Reprod Immunol. (2014) 71:495–

504. doi: 10.1111/aji.12247

55. Faure E, Faure K, Figeac M, Kipnis E, Grandjean T, Dubucquoi S,

et al. Vaginal mucosal homeostatic response may determine pregnancy

outcome in women with bacterial vaginosis A pilot study. Medicine. (2016)

95:e2668. doi: 10.1097/MD.0000000000002668

56. Sonnenberg GF, Monticelli LA, Alenghat T, Fung TC, Hutnick NA,

Kunisawa J, et al. Innate lymphoid cells promote anatomical containment

of lymphoid-resident commensal bacteria. Science. (2012) 336:1321–

5. doi: 10.1126/science.1222551

57. Sgibnev AV, Kremleva EA. Vaginal protection by H2O2-producing

Lactobacilli. Jundishapur J Microb. (2015) 8:e22913. doi: 10.5812/jjm.22913

58. Yeh C, Chao K, Huang SJ. Innate immunity, decidual cells, and

preeclampsia. Reprod Sci. (2013) 20:339–53. doi: 10.1177/19337191124

50330

59. Weisblum Y, Oiknine-Djian E, Vorontsov OM, Haimov-Kochman

R, Zakay-Rones Z, Meir K, et al. Zika virus infects early- and

midgestation human maternal decidual tissues, inducing distinct

innate tissue responses in the maternal-fetal interface. J Virol. (2017)

91:e01905-16. doi: 10.1128/JVI.01905-16

60. Soriano-Arandes A, Rivero-Calle I, Nastouli E, EspiauM, Frick MA, Alarcon

A, et al. What we know and what we don’t know about perinatal Zika

virus infection: a systematic review. Expert Rev Anti-Infe. (2018) 16:243–

54. doi: 10.1080/14787210.2018.1438265

61. Zhang Y, He M, Wang Y, Liao A. Modulators of the balance between

M1 and M2 macrophages during pregnancy. Front Immunol. (2017)

8:120. doi: 10.3389/fimmu.2017.00120

Frontiers in Immunology | www.frontiersin.org 10 December 2019 | Volume 10 | Article 2886

https://doi.org/10.1186/1471-2180-9-116
https://doi.org/10.1038/s41598-017-09857-z
https://doi.org/10.1111/aji.12993
https://doi.org/10.1371/journal.pone.0036466
https://doi.org/10.1038/s41467-017-00901-0
https://doi.org/10.1186/s40168-017-0268-4
https://doi.org/10.1186/s40168-016-0172-3
https://doi.org/10.1126/scitranslmed.3008599
https://doi.org/10.1038/s41586-019-1451-5
https://doi.org/10.1177/0890334411424729
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.1038/nm.4039
https://doi.org/10.1126/sciadv.aao1874
https://doi.org/10.1126/science.aad2571
https://doi.org/10.1016/j.ijdevneu.2004.05.005
https://doi.org/10.1016/j.tvjl.2013.12.021
https://doi.org/10.1016/S0140-6736(08)60074-4
https://doi.org/10.1016/j.chom.2017.04.007
https://doi.org/10.1038/nrmicro.2016.125
https://doi.org/10.1038/nature23910
https://doi.org/10.1093/infdis/jiu004
https://doi.org/10.1016/S0165-0378(02)00019-0
https://doi.org/10.1111/1574-6976.12029
https://doi.org/10.1126/sciadv.1501462
https://doi.org/10.1111/j.1471-0528.2010.02772.x
https://doi.org/10.1111/j.0105-2896.2005.00287.x
https://doi.org/10.1093/humupd/dmu065
https://doi.org/10.1101/cshperspect.a026997
https://doi.org/10.1099/mic.0.026120-0
https://doi.org/10.1074/jbc.M112.354068
https://doi.org/10.1111/aji.12247
https://doi.org/10.1097/MD.0000000000002668
https://doi.org/10.1126/science.1222551
https://doi.org/10.5812/jjm.22913
https://doi.org/10.1177/1933719112450330
https://doi.org/10.1128/JVI.01905-16
https://doi.org/10.1080/14787210.2018.1438265
https://doi.org/10.3389/fimmu.2017.00120
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mei et al. Microbiome and Immunity in Pregnancy

62. Sheldon IM, Bromfield JJ. Innate immunity in the human

endometrium and ovary. Am J Reprod Immunol. (2011)

661:63–71. doi: 10.1111/j.1600-0897.2011.01034.x

63. King AE, Kelly RW, Sallenave JM, Bocking AD, Challis JRG. Innate immune

defences in the human uterus during pregnancy. Placenta. (2007) 28:1099–

106. doi: 10.1016/j.placenta.2007.06.002

64. Hancock R, Diamond G. The role of cationic antimicrobial

peptides in innate host defences. Trends Microbiol. (2000)

8:402–10. doi: 10.1016/S0966-842X(00)01823-0

65. Huttner KM, Bevins CL. Antimicrobial peptides as mediators

of epithelial host defense. Pediatr Res. (1999) 45:785–

94. doi: 10.1203/00006450-199906000-00001

66. Wilkinson TS, Roghanian A, Simpson AJ, Sallenave J. WAP domain proteins

as modulators of mucosal immunity. Biochem Soc T. (2011) 39:1409–

15. doi: 10.1042/BST0391409

67. King AE, Paltoo A, Kelly RW, Sallenave JM, Bocking AD, Challis

JRG. Expression of natural antimicrobials by human placenta and fetal

membranes. Placenta. (2007) 28:161–9. doi: 10.1016/j.placenta.2006.01.006

68. Tribe RM. Small peptides with a big role: antimicrobial peptides in the

pregnant female reproductive tract. Am J Reprod Immunol. (2015) 74:123–

5. doi: 10.1111/aji.12379

69. Jin FY, Nathan C, Radzioch D, Ding A. Secretory leukocyte

protease inhibitor: a macrophage product induced by and

antagonistic to bacterial lipopolysaccharide. Cell. (1997) 88:417–

26. doi: 10.1016/S0092-8674(00)81880-2

70. Shaw L, Wiedow O. Therapeutic potential of human elafin. Biochem Soc T.

(2011) 39:1450–4. doi: 10.1042/BST0391450

71. Hein M, Valore EV, Helmig RB, Uldbjerg N, Ganz T. Antimicrobial

factors in the cervical mucus plug. Am J Obstet Gynecol. (2002) 187:137–

44. doi: 10.1067/mob.2002.123034

72. Huang SJ, Chen CP, Schatz F, Rahman M, Abrahams VM, Lockwood CJ.

Pre-eclampsia is associated with dendritic cell recruitment into the uterine

decidua. J Pathol. (2008) 214:328–36. doi: 10.1002/path.2257

73. Thompson JM, Iwasaki A. Toll-like receptors regulation

of viral infection and disease. Adv Drug Deliv Rev. (2008)

60:786–94. doi: 10.1016/j.addr.2007.11.003

74. Zarember KA, Godowski PJ. Tissue expression of human toll-like receptors

and differential regulation of toll-like receptor mRNAs in leukocytes in

response to microbes, their products, and cytokines (vol 168, pg 554, 2002).

J Immunol. (2002) 169:1136. doi: 10.4049/jimmunol.169.2.1136

75. Holmlund U, Cebers G, Dahlfors AR, Sandstedt B, Bremme K, Ekstrom ES,

et al. Expression and regulation of the pattern recognition receptors Toll-

like receptor-2 and Toll-like receptor-4 in the human placenta. Immunology.

(2002) 107:145–51. doi: 10.1046/j.1365-2567.2002.01491.x

76. Abrahams VM, Bole-Aldo P, Kim YM, Straszewski-Chavez SL,

Chaiworapongsa T, Romero R, et al. Divergent trophoblast responses

to bacterial products mediated by TLRs. J Immunol. (2004)

173:4286–96. doi: 10.4049/jimmunol.173.7.4286

77. Nishimura M, Naito S. Tissue-specific mRNA expression profiles of human

toll-like receptors and related genes. Biol Pharm Bull. (2005) 28:886–

92. doi: 10.1248/bpb.28.886

78. Riley JK, Nelson DM. Toll-like receptors in pregnancy disorders

and placental dysfunction. Clin Rev Allerg Immu. (2010)

39:185–93. doi: 10.1007/s12016-009-8178-2

79. Genbacev O, Donne M, Kapidzic M, Gormley M, Lamb J, Gilmore J, et al.

Establishment of human trophoblast progenitor cell lines from the chorion.

Stem Cells. (2011) 29:1427–36. doi: 10.1002/stem.686

80. Bulla R, Bossi F, Agostinis C, Radillo O, Colombo F, De Seta F,

et al. Complement production by trophoblast cells at the feto-maternalH

interface. J Reprod Immunol. (2009) 82:119–25. doi: 10.1016/j.jri.2009.06.124

81. Chaouat G, Dubanchet S, Ledee N. Cytokines: Important for implantation?

J Assist Reprod Genet. (2007) 24:491–505. doi: 10.1007/s10815-007-

9142-9

82. Lecuit M, Nelson DM, Smith SD, Khun H, Huerre M, Vacher-Lavenu

MC, et al. Targeting and crossing of the human maternofetal barrier by

Listeria monocytogenes: role of internalin interaction with trophoblast E-

cadherin. Proc Natl Acad Sci USA. (2004) 101:6152–7. doi: 10.1073/pnas.0401

434101

83. Tangeras LH, Stodle GS, Olsen GD, Leknes AH, Gundersen AS, Skei B,

et al. Functional Toll-like receptors in primary first-trimester trophoblasts.

J Reprod Immunol. (2014) 106:89–99. doi: 10.1016/j.jri.2014.04.004

84. Zeldovich VB, Bakardjiev AI. Host defense and tolerance:

unique challenges in the placenta. PLoS Pathog. (2012)

8:e1002804. doi: 10.1371/journal.ppat.1002804

85. Zeldovich VB, Clausen CH, Bradford E, Fletcher DA, Maltepe E, Robbins

JR, et al. Placental syncytium forms a biophysical barrier against pathogen

invasion. PLoS Pathog. (2013) 9:e1003821. doi: 10.1371/journal.ppat.1003821

86. Schleiss MR. Preventing congenital cytomegalovirus infection: protection to

a ’T’. Trends Microbiol. (2016) 24:170–2. doi: 10.1016/j.tim.2016.01.007

87. Jordan KA, Wilson EH, Tait ED, Fox BA, Roos DS, Bzik DJ, et al. Kinetics

and phenotype of vaccine-induced CD8(+) T-cell responses to Toxoplasma

gondii. Infect Immun. (2009) 77:3894–901. doi: 10.1128/IAI.00024-09

88. Girardi G, Bulla R, Salmon JE, Tedesco F. The complement system

in the pathophysiology of pregnancy. Mol Immunol. (2006) 43:68–

77. doi: 10.1016/j.molimm.2005.06.017

89. Goldberg M, Luknar-Gabor N, Keidar R, Katz Y. Synthesis of complement

proteins in the human chorion is differentially regulated by cytokines. Mol

Immunol. (2007) 44:1737–42. doi: 10.1016/j.molimm.2006.07.298

90. Krieger Y, Horev A, Wainstock T, Sheiner E, Walfisch A. Meconium-stained

amniotic fluid as a protective factor against childhood dermatitis and skin

rash-related hospitalization in the offspring—a population-based cohort

analysis. J Eur Acad Dermatol Venereol. (2019). doi: 10.1111/jdv.15881.

[Epub ahead of print].

91. Schmidt W. The amniotic fluid compartment: the fetal habitat. Adv Anat

Embryol Cell Biol. (1992) 127:1–100. doi: 10.1007/978-3-642-77300-6_1

92. Erez O. Proposed diagnostic criteria for the case definition of amniotic

fluid embolism in research studies. Am J Obstet Gynecol. (2017) 217:228–

9. doi: 10.1016/j.ajog.2017.04.009

93. Marquardt N, Ivarsson MA, Sundstrom E, Akesson E, Martini E, Eidsmo L,

et al. Fetal CD103+ IL-17-producing group 3 innate lymphoid cells represent

the dominant lymphocyte subset in human amniotic fluid. J Immunol. (2016)

197:3069–75. doi: 10.4049/jimmunol.1502204

94. Gomez-Lopez N, Romero R, Xu Y, Miller D, Leng Y, Panaitescu B, et al. The

immunophenotype of amniotic fluid leukocytes in normal and complicated

pregnancies.Am J Reprod Immunol. (2018) 79:e12827. doi: 10.1111/aji.12827

95. Marodi L. Innate cellular immune responses in newborns. Clin Immunol.

(2006) 118:137–44. doi: 10.1016/j.clim.2005.10.012

96. Dasari P, Zola H, Nicholson IC. Expression of Toll-like

receptors by neonatal leukocytes. Pediatr Allergy Immunol. (2011)

22:221–8. doi: 10.1111/j.1399-3038.2010.01091.x

97. Chen J, Liang Y, Yi P, Xu L, Hawkins HK, Rossi SL, et al.

Outcomes of congenital zika disease depend on timing of

infection and maternal-fetal interferon action. Cell Rep. (2017)

21:1588–99. doi: 10.1016/j.celrep.2017.10.059

98. Malek A, Willi A, Muller J, Sager R, Hanggi W, Bersinger N. Capacity for

hormone production of cultured trophoblast cells obtained from placentae

at term and in early pregnancy. J Assist Reprod Genet. (2001) 18:299–

304. doi: 10.1023/A:1016674503298

99. Dorschner RA, Pestonjamasp VK, Tamakuwala S, Ohtake T, Rudisill J, Nizet

V, et al. Cutaneous injury induces the release of cathelicidin anti-microbial

peptides active against group A Streptococcus. J Invest Dermatol. (2001)

117:91–7. doi: 10.1046/j.1523-1747.2001.01340.x

100. Kim YM, Romero R, Chaiworapongsa T, Espinoza J, Mor G, Kim CJ.

Dermatitis as a component of the fetal inflammatory response syndrome is

associated with activation of Toll-like receptors in epidermal keratinocytes.

Histopathology. (2006) 49:506–14. doi: 10.1111/j.1365-2559.2006.02542.x

101. Momburg F, Hengel H. Corking the bottleneck: the transporter

associated with antigen processing as a target for immune

subversion by viruses. Curr Top Microbiol Immunol. (2002)

269:57–74. doi: 10.1007/978-3-642-59421-2_4

102. Shimoya K, Taniguchi T, Matsuzaki N, Moriyama A, Murata Y, Kitajima H,

et al. Chorioamnionitis decreased incidence of respiratory distress syndrome

by elevating fetal interleukin-6 serum concentration. Hum Reprod. (2000)

15:2234–40. doi: 10.1093/humrep/15.10.2234

103. Fusunyan RD, Nanthakumar NN, Baldeon ME, Walker WA. Evidence

for an innate immune response in the immature human intestine:

Frontiers in Immunology | www.frontiersin.org 11 December 2019 | Volume 10 | Article 2886

https://doi.org/10.1111/j.1600-0897.2011.01034.x
https://doi.org/10.1016/j.placenta.2007.06.002
https://doi.org/10.1016/S0966-842X(00)01823-0
https://doi.org/10.1203/00006450-199906000-00001
https://doi.org/10.1042/BST0391409
https://doi.org/10.1016/j.placenta.2006.01.006
https://doi.org/10.1111/aji.12379
https://doi.org/10.1016/S0092-8674(00)81880-2
https://doi.org/10.1042/BST0391450
https://doi.org/10.1067/mob.2002.123034
https://doi.org/10.1002/path.2257
https://doi.org/10.1016/j.addr.2007.11.003
https://doi.org/10.4049/jimmunol.169.2.1136
https://doi.org/10.1046/j.1365-2567.2002.01491.x
https://doi.org/10.4049/jimmunol.173.7.4286
https://doi.org/10.1248/bpb.28.886
https://doi.org/10.1007/s12016-009-8178-2
https://doi.org/10.1002/stem.686
https://doi.org/10.1016/j.jri.2009.06.124
https://doi.org/10.1007/s10815-007-9142-9
https://doi.org/10.1073/pnas.0401434101
https://doi.org/10.1016/j.jri.2014.04.004
https://doi.org/10.1371/journal.ppat.1002804
https://doi.org/10.1371/journal.ppat.1003821
https://doi.org/10.1016/j.tim.2016.01.007
https://doi.org/10.1128/IAI.00024-09
https://doi.org/10.1016/j.molimm.2005.06.017
https://doi.org/10.1016/j.molimm.2006.07.298
https://doi.org/10.1111/jdv.15881
https://doi.org/10.1007/978-3-642-77300-6_1
https://doi.org/10.1016/j.ajog.2017.04.009
https://doi.org/10.4049/jimmunol.1502204
https://doi.org/10.1111/aji.12827
https://doi.org/10.1016/j.clim.2005.10.012
https://doi.org/10.1111/j.1399-3038.2010.01091.x
https://doi.org/10.1016/j.celrep.2017.10.059
https://doi.org/10.1023/A:1016674503298
https://doi.org/10.1046/j.1523-1747.2001.01340.x
https://doi.org/10.1111/j.1365-2559.2006.02542.x
https://doi.org/10.1007/978-3-642-59421-2_4
https://doi.org/10.1093/humrep/15.10.2234
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mei et al. Microbiome and Immunity in Pregnancy

toll-like receptors on fetal enterocytes. Pediatr Res. (2001) 49:589–

93. doi: 10.1203/00006450-200104000-00023

104. Nanthakumar N, Meng D, Goldstein AM, Zhu W, Lu L, Uauy R,

et al. The mechanism of excessive intestinal inflammation in necrotizing

enterocolitis: an immature innate immune response. PLoS ONE. (2011)

6:e17776. doi: 10.1371/journal.pone.0017776

105. Iwasaki A. Antiviral immune responses in the genital tract: clues for vaccines.

Nat Rev Immunol. (2010) 10:699–711. doi: 10.1038/nri2836

106. Keele BF, Estes JD. Barriers to mucosal transmission of immunodeficiency

viruses. Blood. (2011) 118:839–46. doi: 10.1182/blood-2010-12-325860

107. Iwasaki A. A virological view of innate immune recognition. Annu Rev

Microbiol. (2012) 66:177–96. doi: 10.1146/annurev-micro-092611-150203

108. El CH, Casemayou A, Aguerre-Girr M, Rabot M, Berrebi A, Parant O, et al.

Critical and differential roles of NKp46- and NKp30-activating receptors

expressed by uterine NK cells in early pregnancy. J Immunol. (2008)

181:3009–17. doi: 10.4049/jimmunol.181.5.3009

109. Mandelboim O, Lieberman N, Lev M, Paul L, Arnon TI, Bushkin Y, et al.

Recognition of haemagglutinins on virus-infected cells by NKp46 activates

lysis by human NK cells.Nature. (2001) 409:1055–60. doi: 10.1038/35059110

110. Jabrane-Ferrat N. Features of human decidual NK cells in healthy

pregnancy and during viral infection. Front Immunol. (2019)

10:1397. doi: 10.3389/fimmu.2019.01397

111. Jabrane-Ferrat N, Siewiera J. The up side of decidual natural killer cells: new

developments in immunology of pregnancy. Immunology. (2014) 141:490–

7. doi: 10.1111/imm.12218

112. Dou Y, Xing J, Kong G, Wang G, Lou X, Xiao X, et al. Identification of the

E3 ligase TRIM29 as a critical checkpoint regulator of NK cell functions. J

Immunol. (2019) 203:873–80. doi: 10.4049/jimmunol.1900171

113. Oh JE, Iijima N, Song E, Lu P, Klein J, Jiang R, et al. Migrant memory

B cells secrete luminal antibody in the vagina. Nature. (2019) 571:122–

6. doi: 10.1038/s41586-019-1285-1

114. Kumamoto Y, Iwasaki A. Unique features of antiviral immune

system of the vaginal mucosa. Curr Opin Immunol. (2012)

24:411–6. doi: 10.1016/j.coi.2012.05.006

115. Zhu J, Peng T, Johnston C, Phasouk K, Kask AS, Klock A, et al. Immune

surveillance by CD8alphaalpha+ skin-resident T cells in human herpes virus

infection. Nature. (2013) 497:494–7. doi: 10.1038/nature12110

116. Bernstein DI, Cardin RD, Bravo FJ, Awasthi S, Lu P, Pullum DA, et al.

Successful application of prime and pull strategy for a therapeutic HSV

vaccine. NPJ Vaccines. (2019) 4:33. doi: 10.1038/s41541-019-0129-1

117. Iijima N, Linehan MM, Zamora M, Butkus D, Dunn R, Kehry

MR, et al. Dendritic cells and B cells maximize mucosal Th1

memory response to herpes simplex virus. J Exp Med. (2008)

205:3041–52. doi: 10.1084/jem.20082039

118. Yockey LJ, Varela L, Rakib T, Khoury-Hanold W, Fink SL, Stutz B, et al.

Vaginal exposure to zika virus during pregnancy leads to fetal brain infection.

Cell. (2016) 166:1247–56. doi: 10.1016/j.cell.2016.08.004

119. Miner JJ, Cao B, Govero J, Smith AM, Fernandez E, Cabrera OH, et al. Zika

virus infection during pregnancy in mice causes placental damage and fetal

demise. Cell. (2016) 165:1081–91. doi: 10.1016/j.cell.2016.05.008

120. Yockey LJ, Jurado KA, Arora N, Millet A, Rakib T, Milano KM, et al. Type

I interferons instigate fetal demise after Zika virus infection. Sci Immunol.

(2018) 3:eaao1680. doi: 10.1126/sciimmunol.aao1680

121. Patil AS, Sheng J, Dotters-Katz SK, Schmoll MS, Onslow M,

Pierson RC. Fundamentals of clinical pharmacology withapplication

for pregnant women. J Midwifery Womens Health. (2017)

62:298–307. doi: 10.1111/jmwh.12621

122. Moore DL, Allen UD, Mailman T. Invasive group A streptococcal disease:

management and chemoprophylaxis. Paediatr Child Health. (2019) 24:128–

9. doi: 10.1093/pch/pxz039

123. Cluver C, Novikova N, Eriksson DO, Bengtsson K, Lingman

GK. Interventions for treating genital Chlamydia trachomatis

infection in pregnancy. Cochrane Database Syst Rev. (2017)

9:D10485. doi: 10.1002/14651858.CD010485.pub2

124. Maidji E, Nigro G, Tabata T, McDonagh S, Nozawa N, Shiboski

S, et al. Antibody treatment promotes compensation for human

cytomegalovirus-induced pathogenesis and a hypoxia-like condition

in placentas with congenital infection. Am J Pathol. (2010)

177:1298–310. doi: 10.2353/ajpath.2010.091210

125. Porobic-Jahic H, Skokic F, Ahmetagic S, Piljic D, Jahic R, Petrovic J.

Cytomegalovirus infection in pregnancy—our experiences.MedArch. (2019)

73:149–53. doi: 10.5455/medarh.2019.73.149-153

126. Leruez-Ville M, Ghout I, Bussieres L, Stirnemann J, Magny J, Couderc

S, et al. In utero treatment of congenital cytomegalovirus infection

with valacyclovir in a multicenter, open-label, phase II study. Am

J Obstet Gynecol. (2016) 215:462.e1–10. doi: 10.1016/j.ajog.2016.

04.003

127. Bernstein DI, Wald A, Warren T, Fife K, Tyring S, Lee P, et al. Therapeutic

vaccine for genital herpes simplex virus-2 infection: findings from a

randomized trial. J Infect Dis. (2017) 215:856–64. doi: 10.1093/infdis/

jix004

128. Wald A, Timmler B, Magaret A, Warren T, Tyring S, Johnston C,

et al. Effect of pritelivir compared with valacyclovir on genital HSV-

2 shedding in patients with frequent recurrences: a randomized

clinical trial. JAMA. (2016) 316:2495–503. doi: 10.1001/jama.2016.

18189

129. Wald A, Corey L, Timmler B, Magaret A, Warren T, Tyring S, et al. Helicase-

primase inhibitor pritelivir for HSV-2 infection. N Engl J Med. (2014)

370:201–10. doi: 10.1056/NEJMoa1301150

130. Valore EV, Park CH, Igreti SL, Ganz T. Antimicrobial components of

vaginal fluid.Am J Obstet Gynecol. (2002) 187:561–8. doi: 10.1067/mob.2002.

125280

131. Dethlefsen L, McFall-Ngai M, Relman DA. An ecological and evolutionary

perspective on human-microbe mutualism and disease. Nature. (2007)

449:811–8. doi: 10.1038/nature06245

132. Yockey LJ, Iwasaki A. Interferons and proinflammatory

cytokines in pregnancy and fetal development. Immunity. (2018)

49:397–412. doi: 10.1016/j.immuni.2018.07.017

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2019 Mei, Yang, Wei, Wu and Huang. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 12 December 2019 | Volume 10 | Article 2886

https://doi.org/10.1203/00006450-200104000-00023
https://doi.org/10.1371/journal.pone.0017776
https://doi.org/10.1038/nri2836
https://doi.org/10.1182/blood-2010-12-325860
https://doi.org/10.1146/annurev-micro-092611-150203
https://doi.org/10.4049/jimmunol.181.5.3009
https://doi.org/10.1038/35059110
https://doi.org/10.3389/fimmu.2019.01397
https://doi.org/10.1111/imm.12218
https://doi.org/10.4049/jimmunol.1900171
https://doi.org/10.1038/s41586-019-1285-1
https://doi.org/10.1016/j.coi.2012.05.006
https://doi.org/10.1038/nature12110
https://doi.org/10.1038/s41541-019-0129-1
https://doi.org/10.1084/jem.20082039
https://doi.org/10.1016/j.cell.2016.08.004
https://doi.org/10.1016/j.cell.2016.05.008
https://doi.org/10.1126/sciimmunol.aao1680
https://doi.org/10.1111/jmwh.12621
https://doi.org/10.1093/pch/pxz039
https://doi.org/10.1002/14651858.CD010485.pub2
https://doi.org/10.2353/ajpath.2010.091210
https://doi.org/10.5455/medarh.2019.73.149-153
https://doi.org/10.1016/j.ajog.2016.04.003
https://doi.org/10.1093/infdis/jix004
https://doi.org/10.1001/jama.2016.18189
https://doi.org/10.1056/NEJMoa1301150
https://doi.org/10.1067/mob.2002.125280
https://doi.org/10.1038/nature06245
https://doi.org/10.1016/j.immuni.2018.07.017~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	The Unique Microbiome and Innate Immunity During Pregnancy
	Introduction
	Normal Microbiome Of The Reproductive Tract During Pregnancy
	Characteristics AND Outcome Of Infection During Pregnancy
	Resistance To Pathogenic Microorganisms During Pregnancy
	Defense Mechanism of Maternal Vagina and Decidua
	The Innate Immunity of the Lower Genital Tract
	The Immunity of the Decidua

	The Function of the Placental Barrier
	TLR Pattern on the Placenta
	The Antimicrobial Role of Trophoblast Cells and Syncytiotrophoblasts

	The Shield of Amniotic Fluid
	Fetal Self-Protection Against Pathogenic Microorganisms
	Efficient Immunity to Virus Infection During Pregnancy

	Concluding Remarks and Future Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References


