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Editorial on the Research Topic 


Immunological Role of the Maternal Microbiome in Pregnancy


In this Research Topic of Frontiers in Mucosal Immunity we have focused on the immunological role of the maternal microbiome in pregnancy. We have invited leading researchers in the medical field to contribute articles that summarize the advancements in this broad and complex topic. The understanding of microbiota and its function has been steadily expanding and recent advancements in molecular biology and the Human Microbiome Project have allowed us to take a new biological look on the microbiota and the host interactions. In case of pregnancy, the host has to be separated in two compartments namely the mother and the fetus. Furthermore, pregnancy itself induces a number of changes, which include immunological, hormonal, and metabolic changes - necessary for the maternal adaptation process and fetal development. Undoubtedly, the maternal microbiome influences the course of pregnancy and fetal development beyond plain colonization. Therefore in pregnancy, we have to consider the potential implications of microbiota or it`s changes on both compartments (the maternal and fetal) and importantly visa-versa. We have therefore selected 10 review and original articles covering the important aspect of the field.

In this Research Topic we have selected two contributions reviewing the global aspects of maternal microbiota and pregnancy interaction (Di Simone et al.; Al-Nasiry et al.). The article written by Di Simone et al. summarizes the abnormal changes of gastrointestinal, vaginal, and endometrial microbiota in pregnancy and potential morbidities throughout the pregnancy. An example is the association between abnormally increased intestinal permeability and uterine innate immunity affecting obstetrical outcomes. Al-Nasiry et al. summarize the composition of reproductive tract microbiome in relation to pregnancy and focuses on host-microbiota immune interactions. Therefore, the readers will understand how microbiota changes impact clinical outcomes such as infertility, recurrent miscarriage, and placental syndromes. We have selected additional review articles addressing the implications of microbiota and pregnancy in more detail. The article written by Bardos et al. evaluates the changes specifically in early pregnancy such as the relationship between the microbiota and endometrium/embryo development. The potential implication of uterine microbiota on immunological responses and resulting placental syndromes such as preeclampsia or intrauterine growth restriction are discussed. Another example is the complex interaction between microbiota and uterine immune cells, which are the topic of the article written by Agostinis et al. The article discusses the role of microbiota in the control of uterine cells character and function in pregnancy and beyond. Beyond expected and classical approach to review the complex topic of maternal microbiome in pregnancy, we have selected three additional review articles to summarize evidence pregnancy related morbidities and treatment approaches. The potential of fecal microbiota transplantation is reviewed by Quaranta et al. and the implications in the postpartum period such as neonatal outcomes is reviewed by Tirone et al. Finally, the immunological role of uterine microbiota in postpartum hemorrhage is reviewed by Escobar et al. Together, we have selected seven review articles covering the topic of the maternal microbiome in pregnancy and beyond. To further dissect the complexity of maternal microbiome in pregnancy we have selected additional three original articles.

The selected original articles cover different aspects of immune responses in pregnancy. Using germfree mice, Faas et al. show different immunological adaptations to pregnancy modulated by microbiota. For example, they detected the increase in Treg and tendency to an increase in Th2 cells in conventional pregnant mice only. Another article by Cui et al. focuses on the role of ROP16I, a rhoptry protein of Toxoplasma gondii, and macrophage polarization. The findings suggest that ROP16I might be a protective factor and involved in the M1–Th1 biased pathological process in the early phase of gestation. Finally, Mohr et al. provide a prospective Case-Control study investigating inflammation in pregnant women with periodontitis and preterm prelabor rupture of membranes (PPROM). They concluded that systemic inflammation, initiated and triggered by periodontal disease, might play a role in developing preterm prelabor rupture of membranes.

Together, we have selected 10 review and original articles dissecting the various aspects of maternal microbiome in pregnancy. Although the selected articles provide an overview in this complex topic, we have placed particular emphasis on the immunological changes and potential implications – having both the mother and the fetus in mind.
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The female reproductive tract harbors distinct microbial communities, as in the vagina, cervical canal, uterus, and fallopian tubes. The nature of the vaginal microbiota is well-known; in contrast, the upper reproductive tract remains largely unexplored. Alteration in the uterine microbiota, which is dependent on the nutrients and hormones available to the uterus, is likely to play an important role in uterine-related diseases such as hysteromyoma, adenomyosis, and endometriosis. Uterine mucosa is an important tissue barrier whose main function is to offer protection against pathogens and other toxic factors, while maintaining a symbiotic relationship with commensal microbes. These characteristics are shared by all the mucosal tissues; however, the uterine mucosa is unique since it changes cyclically during the menstrual cycle as well as pregnancy. The immune system, besides its role in the defense process, plays crucial roles in reproduction as it ensures local immune tolerance to fetal/paternal antigens, trophoblast invasion, and vascular remodeling. The human endometrium contains a conspicuous number of immune cells, mainly Natural Killers (NK) cells, which are phenotypically distinct from peripheral cytotoxic NK, cells and macrophages. The endometrium also contains few lymphoid aggregates comprising B cell and CD8+ T cells. The number and the phenotype of these cells change during the menstrual cycle. It has become evident in recent years that the immune cell phenotype and function can be influenced by microbiota. Immune cells can sense the presence of microbes through their pattern recognition receptors, setting up host-microbe interaction. The microbiota exerts an appropriately controlled defense mechanism by competing for nutrients and mucosal space with pathogens. It has recently been considered that uterus is a non-sterile compartment since it seems to possess its own microbiota. There has been an increasing interest in characterizing the nature of microbial colonization within the uterus and its apparent impact on fertility and pregnancy. This review will examine the potential relationship between the uterine microbiota and the immune cells present in the local environment.

Keywords: uterus, pregnancy, immune cells, cellular immunity, microbiota, menstruation


INTRODUCTION

Mucosal barriers are the first line of immune defense designed to induce protection against noxious environmental agents including pathogens, and simultaneously allow symbiosis with commensal microbes (1). The largest number of commensals are segregated along the gastrointestinal tract; this segregation is achieved by the combined action of epithelial cells, mucus, IgA, anti-microbial peptides and immune cells (2, 3). One major benefit from the homeostatic relationship between the host and the microbiota is the resistance to pathogen colonization (4).

It has been demonstrated that the microbiota is able to influence the function of the host immune system, which keeps a symbiotic relationship with the microbiota. The ability of microbes to modulate the immunological response, both locally and systemically, requires sensing of microbes, followed by complex dialogue between innate and adaptive components of the immune system (2).

The uterine mucosal immune system is quite unique compared to other mucosal surfaces since it has to adapt to menstruation in response to hormonal stimuli (1). In addition to binding with the pathogens, the uterine immunity has evolved to tolerate the semi-allogeneic fetus, thus, playing a fundamental role in implantation and pregnancy (5).

The uterine microenvironment, for a long time, has been considered to be a sterile compartment, although the likely existence of commensal colonization within the uterus was always debated. Only recently, thanks to the discovery of the 16S rRNA in the uterine compartment, it has been possible to demonstrate and characterize the presence of commensal bacteria in the uterus. This review will focus on the immune system that characterizes the endometrium, the microbiota present in the uterine microenvironment, and their mutual homeostatic relationship.



ANATOMY OF THE UTERUS

The female reproductive tract comprises the fallopian tubes, the uterus, and the vagina.

The uterus is the organ involved in the gestation; it has the function of accepting the fertilized egg and allowing its development. The uterus is an unequal organ, which at the top receives the outlet of the uterine tubes and at the bottom opens into the vaginal cavity (6–8).

The uterus, a pear-shaped viscus, can be divided into a fundus, body, and cervix. During pregnancy, it houses and supports the developing embryo and fetus. It is composed of a thick, muscular myometrium (covered by serosa and/or adventitia) and a spongy mucosal layer, the endometrium. The cervix is the inferior portion of the uterus, which protrudes into the vagina. The lumen (canal) of the cervix is continuous with the lumen of the uterus (superiorly) and the vaginal canal (inferiorly). It is divided into two main parts: the endocervix is the inner part of the cervix lining the canal leading into the uterus, whereas the ectocervix is the outer part of the cervix. It is rounded and lip-like and sticks out into the vagina. The endocervical canal is the passage from inside the uterus to the vagina (6–8). The superior surface of the uterus is convex and directed forward. The anterior surface is flat and looks downward and forward, resting on the bladder. Its peritoneal covering is reflected at the level of isthmus to the upper aspect of the bladder, creating the vesico-uterine pouch. The posterior surface of the uterus is convex and lies in relation to the pelvic colon and rectum. The peritoneum of the posterior wall covers the body and upper cervix, and then extends over the posterior fornix of the vagina to the rectum, to form the recto-uterine pouch or cul-de-sac of Douglas. The cervix is directed downward and backward to rest again the posterior wall. Only the upper half of its posterior surface is covered by peritoneum. The external side of the cervix lies at about the level of the upper border of the symphysis pubis in the plane of ischial spine (6–8).

The uterine wall is constituted by mucous or endometrium tunic, muscular or myometrium tunic, and serous tunic, where it is referred to as perimetry. A connective tissue constitutes the perimeter that surrounds the uterus, below the peritoneum, extending into the base of the broad ligament (6–8).

The endometrium, composed of an epithelial lamina propria, with its superficial functional and deep basal layers, undergoes hormonally modulated cyclic changes during the menstrual cycle. The three cyclic stages of the endometrium are the: follicular (proliferative) phase, luteal (secretory) phase, and the menstrual phase. The basal layer, which remains intact during menstruation, is served by short straight arteries and is occupied by the base of the uterine glands. The functional layer, served by the helicine (coiled) arteries, undergoes hormonally modulated cyclic changes. Follicle-stimulating hormone (FSH) facilitates the proliferative phase (follicular phase), characterized by thickening of the endometrium and the renewal of the connective tissue, glandular structures and blood vessels (helicine arteries) subsequent to the menstrual phase. Luteinizing hormone (LH) facilitates the secretory phase (luteal phase), characterized by the further thickening of the endometrium, coiling of the endometrial glands, accumulation of glandular secretions, and further coiling and lengthening of the helicine arteries. Decreased levels of LH and progesterone are responsible for the menstrual phase, which begins with long-term, intermittent vasoconstriction of the helicine arteries, with subsequent necrosis of the vessel walls as well as of the endometrial tissue of the functional layer. It should be noted that the basal layer is unaffected because it is supplied by the straight arteries. During relaxation (between episodes of vasoconstriction), the helicine arteries rupture, and the rapid blood flow dislodges the blood-filled necrotic functional layer, which becomes sloughed as the hemorrhagic discharge, so that only the basal layer of the endometrium remains as the lining of the uterus (7, 9).



CHARACTERISTICS OF THE MUCOSA OF THE FEMALE REPRODUCTIVE TRACT

As mentioned earlier, the female reproductive tract comprises the fallopian tubes, the uterus, and the vagina. The mucosa of the female reproductive tract differs between the upper and the lower tracts. The upper female reproductive tract that includes the uterine tubes, uterus and the endocervix, and is covered by a single-layered columnar epithelium. The lower reproductive tract includes the ectocervix and vagina, and is lined with a single layer of stratified, squamous, non-keratinized epithelium, which forms a more protective barrier than the columnar epithelium (10, 11).

Anti-microbial molecules, produced in the mucosa of the female reproductive tract, are significantly influenced by estrogen, which acts differently in the upper and lower reproductive tracts. High levels of estrogen, a characteristic of the pre-ovulatory period, increase the production of some anti-microbial peptides, such as secretory leukocyte peptidase inhibitor (SLPI), β-defensin 1-2 (HBD 1-2), and elafin from the endometrial epithelium (12). On the other hand, estrogen suppresses the LPS- and poly (I:C)-induced secretion of pro-inflammatory cytokines, including TNF-α, macrophage inflammatory protein 3α (MIP3α, CCL20), IL-1β, IL-6, and IL-8 from uterine epithelial cells. IgG levels in the uterine cavity peak in the periovulatory period. In contrast, the lower reproductive tract, including the cervix and the vagina, maintains a low level of IgA, IgG, and lactoferrin and decreased secretions of β-defensin 2, elafin, SLPI, and α-defensin1-3 (HNP1-3). Furthermore, concentrations of IL-6 and IL-8 in the vagina are decreased in the period of highest estrogen concentration (12). This decreased immunity in the lower genital tract may contribute to enhanced sperm survival in the periovulation period. In addition, the estrogen rise in the periovulatory period increases the levels of anti-microbial peptides and decreases pro-inflammatory cytokines in the upper genital tract, which prevents ascending infections by vaginal pathogens and provides favorable conditions for the transit of sperm and embryos.



UTERINE MICROBIOTA

The endometrium of healthy women, for a long time, has been considered as a sterile environment. However, the use of next-generation sequencing techniques has enhanced our understanding of the complexity and number of microbiota that inhabit human mucosal surfaces. Recently, it has been demonstrated that the sites of the body that were previously thought to be devoid of bacteria, such as the lungs (13), bladder (14), placenta and endometrium (15, 16), are in fact colonized by low-abundance and unique microbiota (17), each tissue and microenvironment hosting unique microbial communities (18).

The first study that provided information about uterine colonization by bacteria used endometrium of 78 patients after hysterectomy. The authors were able to show the presence of pathogens in culture in 6% of these patients. They also demonstrated the presence of carcinoma of the cervix but no other pathologic condition may predispose to microbial invasion of the uterine cavity (19).

The presence of microbes in the uterine cavity was later demonstrated by Moller et al. (20). A prospective study involved the uteri from 99 women admitted for hysterectomy for persistent irregular vaginal bleeding and fibromyomas. The uteri were opened under sterile conditions immediately after hysterectomy and samples were obtained from the isthmus and fundus of the uterine cavity for microbiological examination. In nearly a quarter of all the patients, the uterine cavity was colonized with potentially pathogenic organisms, harboring one or more microorganisms in the uterus, most notably Gardnerella vaginalis, Enterobacter, and Streptococcus agalactiae. Mitchell et al. recently evaluated the presence of vaginal bacterial species by species-specific quantitative PCR in excised uteri obtained from 58 patients (21). They detected mostly the presence of Liners, Prevotella spp. and L crispatus with the median quantities of bacteria 2–4 log10 lower those that present in the vagina. Recent studies via next generation sequencing have yielded important information about the presence of many genera of bacteria in the non-pregnant human uterus.

An interesting study by Moreno et al. analyzed endometrial fluid and vaginal aspirates obtained from 13 fertile women in pre-receptive and receptive phases within the same menstrual cycle (22). They also investigated endometrial fluid collected at pre-receptive and receptive phases from 22 fertile women to study the hormonal regulation of the endometrial microbiota. Genomic DNA was sequenced for the 16S ribosomal RNA (rRNA) gene. The data demonstrated that the presence of endometrial microbiota was not hormonally regulated during the acquisition of endometrial receptivity. Furthermore, the presence of a non-lactobacillus-dominated microbiota in a receptive endometrium was associated with significant decrease in implantation and pregnancy outcome.

Chen et al. analyzed the microbiota present in the lower vagina, posterior fornix, cervical mucus, endometrium, fallopian tubes, and peritoneal fluid obtained from the pouch of Douglas in women being operated for benign and non-infectious conditions (23). A significant fraction of the non-pregnant uterine microbiota comprises not only Lactobacillus spp., which is similar to the vaginal mucosa, but also a variety of bacteria that grow in mildly alkaline conditions (23). Although characterized by a lower bacterial biomass, endometrial samples have a higher bacterial diversity compared to the vaginal microbiota (24). The metabolic profiles of the vagino-uterine microbiota change throughout the menstrual cycle. The functions of these microbes in uterine mucosal immune homeostasis in non-pregnant and pregnant states remain to be ascertained (1).

Few studies have attempted to investigate the correlation between bacterial colonization and pregnancy outcome, by culturing catheter tips used for embryo transfer during in vitro fertilization. The results were not conclusive, probably due to the fact that in culture, the aerobic species dominate, in addition to potential contamination through the cervicovaginal canal (25).



IMMUNE CELLS RESIDING IN THE FEMALE REPRODUCTIVE TRACT

There are conflicting reports in terms of the leukocyte population in the female reproductive tract. This discrepancy arises from the differences in the sampling phase during the menstrual cycle, sample size, analytical methods, and antibodies used to identify immune cells (10). However, it is clear that the number of leukocytes per gram of endometrial tissue is greater than that of other reproductive tissues, including fallopian tube, endocervix, ectocervix, and vagina (10).

Immune cells residing in the reproductive tract are required to play paradoxical roles since they maintain immunity against pathogens and also establish immune tolerance for sperm and embryo/fetus in the upper tract (10). Natural killer (NK) cells and regulatory T (Treg) cells are extremely important in decidual angiogenesis, trophoblast migration, and immune tolerance during pregnancy (10). Dysregulation of endometrial/decidual immune cells is strongly associated with infertility, miscarriage, and other obstetric complications (10).

The leukocytes in the female reproductive tract are distributed in either an aggregated or a dispersed form in the epithelial layer, lamina propria, and stroma (10). Although differentially distributed in each organ of the female reproductive tract, the predominant immune cells are T cells, macrophages/dendritic cells, NK cells, neutrophils, and mast cells (10). B cells are rare in the female reproductive tract (10) (Figures 1, 2).


[image: Figure 1]
FIGURE 1. (A) Endometrium of human uterus. Immunohistochemical analysis of human endometrium on frozen section stained with CK7 monoclonal antibody (Dako) of uterus in proliferative phase. Bound antibody was revealed using the LSAB+ HRP kit and 3,3′-diaminobenzidine tetrahydrochloride (DAB) as chromogen. The sections were counterstained with hematoxylin. Monostratified columnar epithelium and the basal layer, which remains intact during menstruation, is occupied by the base of the uterine glands. Original magnifications 200×. (B) Immunological components of uterine mucosa. The endometrium is populated by a range of immune cells, such as mast cells, Macrophages (MΦ), Neutrophils (Neu), Dendritic cells (DC), T and B cells. The presence of lymphoid aggregates in the endometrial tissue suggests that this is an active site for cell-mediated immunity. Lymphoid aggregates found beneath the endometrium are composed of B cells in the inner core, surrounded by CD8+ CD4− T cells and an outer layer of macrophages. Scattered CD56+ natural killer (NK) cells and CD4+ T cells can also be found in between lymphoid aggregates.



[image: Figure 2]
FIGURE 2. The immune cells (Left) and microbiota (Right) within the female genital tract and semen. On the left side are the percentage with (respect to total CD45 positive cells) of T Lymphocytes (T), NK cells (NKs), Granulocytes (G), Macrophages (M), and B Lymphocytes (B) in Endometrium, Endocervix, Ectocervix, Vagina and semen. On the right side, is shown the median relative abundance of microbial genera. + + ++/+ represent the relative abundance amount of microorganisms and immune cells in different areas.


Sex steroid hormones significantly influence these cells although they lack receptors for estrogen and progesterone (12, 26). As in the peripheral blood, leukocytes in the female reproductive tract also fluctuate in number cyclically through the menstrual cycle, probably as an indirect response to estrogenic and progesterone (12). The importance of these uterine immune cells is being discussed below.


Innate Lymphoid Cells (ILCs)

Innate lymphoid cells (ILCs) are divided into three primary groups based on their phenotype and functions: type 1 (ILC1), type 2 (ILC2), and type 3 (ILC3) (27). Recently, the classification of ILCs has been be expanded to five subsets to reflect their distinct developmental pathways: NK cells, ILC1, ILC2, ILC3, and lymphoid tissue inducer (LTi) cells (28). It has been shown that only ILC3s are present in human endometrium and decidua, whereas all three groups of ILCs are present in the mouse uterus (29). The differences in the distribution of ILCs between human and mouse may reflect the dramatic changes that the mucosa undergoes in the human menstrual cycle with cyclical degeneration and renewal (29).

ILC1 include the prototypical NK cells and non-cytotoxic IFN-γ producing ILC1, characterized by expression of the transcription factor T-bet (27). ILC1s (Lin-CD56+CD127−CD117−RORγt−cells) are found in human non-pregnant endometrium, are further distinguished on the basis of their expression of NKp44 and CD103. CD103+NKp44− cells are the principal source of IFN-γ (30), whereas, as previously described for tonsillar ILC1s (31), CD103+ expression facilitate the molecular communication between lymphocytes and epithelial cells (32), suggesting an epithelial association of such cells in the uterus.

ILC2 function through the release of helper T cell type 2 (Th2) cytokines such as IL-5 and IL-13 (33) and participate in immune responses, for example, against parasitic infection (34) and allergy (35); they also serve as systemic regulators of homeostasis (36). Most of the information about these cells are based on mouse models. For instance, murine uterine ILC2 are able to express the estrogen receptor α (37) and their percentage is increased in response to in vitro stimulation with 17β-estradiol.

ILC3 are divided into two main groups: LTi cells and non-LTi ILC3, referred to hereafter as ILC3 (27). For the first time, ILC3 have been described in the human non-pregnant endometrium. They represent a distinct subset of NK precursor-like cells that present ILC-associated markers such as CD127 and CD161 (38). The expression of the RORC and IL-22 genes that characterize an ILC3 phenotype, was also demonstrated (38). Subsequently, other studies confirmed the presence of ILC3 in the human endometrium (37, 38). These cells are divided into two main subsets: NCR− (human NKp44−; mouse NKp46−) and NCR+ (human NKp44+; mouse NKp46+) ILC3s (7), with the NCR− ILC3 being the dominant population in mice and the NCR+ ILC3 in humans. Apart from the NK cells, the potential role of other ILCs in the uterus is not fully known.



Uterine NK Cells

Uterine NK cells have also been called as Large Granular Lymphocytes (LGL), endometrial granulocytes, K cells, endometrial Granulated Lymphocytes (eGL), and decidual Granulated Lymphocytes (dGL) (39). The major phenotype of endometrial NK cells is CD3− CD56bright CD16−, which distinguishes this cell subset from CD3− CD56dim CD16+ NK cells in the peripheral blood (10, 39). It is possible that peripheral blood CD56bright NK cells home in to the uterus where they undergo tissue-specific differentiation. NK cells in the endometrium significantly expand in the late secretory phase and further increase their number during early pregnancy (10, 26).

In the proliferative phase, only a few NK cells are scattered throughout the stroma of the functional layer. However, they show a dramatic increase in their number after ovulation and continue to increase until a few days prior to menstruation. In the late secretory phase, the NK cells number surges up to 40% of the total cells in the stromal compartment and ~70% of endometrial leukocytes (10, 39). NK cells, particularly, surround both the arteries and glands of the endometrium. Since there are few NK cells in the endometrium in the menstrual and proliferative phases, an association between falling progesterone and apoptosis of uterine NK cells has been suggested. Considering that the NK cells and other leukocytes in the uterus do not express progesterone receptors, progesterone might exert its effects indirectly via cytokines or other soluble factors produced by stromal cells. Stromal cells strongly express both estrogen receptors (ERs) and progesterone receptors (PRs) (39). Carlino et al. demonstrated that uterine stromal cells from fertile or menopausal women were able to release chemerin, and exposure of uterine stromal cells to progesterone and 17β-estradiol resulted in enhanced chemerin release, supporting peripheral blood NK cell migration through uterine stromal cells (40).



Macrophages

CD68+ macrophages are detected in all phases of the menstrual cycle (41). These cells also express specific markers such as CD71, CD69, and CD54 (42). These macrophages are scattered throughout the endometrium and are found especially around the glands (43). Tissue macrophages acquire distinct functional phenotypes, ranging between pro-inflammatory (M1) and anti-inflammatory pro-wound healing (M2) phenotype, in response to environmental cues (44). Studies using human tissues have revealed a progressive increase in the number of macrophages during the secretory phase of the cycle that peaks during menstruation, representing up to ~15% of the leukocyte population (45). CD68+ macrophages are abundant in the human endometrium during tissue breakdown and repair, and probably have a role in tissue clearance and tissue remodeling associated with menstruation (46). Macrophages within the endometrium have been suggested to have an important role in fertility and induction of a pro-inflammatory cytokine production (42). There is a significant increase in the macrophage number in the secretory phase, especially prior to menses, and this increase is particularly notable at the implantation site (39, 47).



Neutrophils

Neutrophils, the most abundant leukocytes in the human immune system, comprise about ~10% of CD45+ cells in the cervix, with a greater presence in the ectocervix (11). Neutrophils have been identified in endometrial tissue by their morphology, by immunolocalization of the neutrophil-specific protease, elastase; in terms of surface markers, they have been defined as CD11b bright, CD66b+, and CD16+ (48). During most of the cycle, neutrophils are barely detectable in normal endometrium, but the numbers rise dramatically perimenstrually, making upto 6–15% of the total cell number in the tissue (41).

IFN-γ has also been detected in intra-epithelial neutrophils in human endometrium (48). In fact, neutrophils isolated from normal donors produce IFN-γ in response to stimulation with LPS, IL-12, and TNF-α. IFN-γ has a role in macrophage activation (49), suggesting at least one potential interaction between adjacent leukocytes during menstruation.



Mast Cells

Mast cells are present in the endometrium throughout the menstrual cycle. They are detected by immunostaining for the two-mast cell-specific serine proteinases, tryptase, and chymase, and the extracellular relocation of the enzymes is indicative of their activation state (41).

Endometrial mast cell activation corresponds closely to the phases of tissue edema and is most marked prior to menstruation (50). As mentioned above, mast cells fall into two well-known phenotypic subtypes. Mucosal mast cells are positive for tryptase but not chymase, whereas connective tissue mast cells contain both enzymes. Both of these subtypes have been detected in endometrium, with regional differences. Those in the basalis region express both enzymes whereas those in the functionalis are positive only for tryptase (50). While it is the functionalis that is shed during menstruation, there is considerable tissue destruction at the basalis functionalis interface, and it is likely that both enzymes contribute to menstruation. Tryptase, and to a lesser extent, chymase, can play an important role in establishing a cascade of matrix metalloproteinase (MMP) activation and this could represent a critical function for these cells in the menstruation. Mast cells also produce histamine, heparin, arachidonate products and a variety of pleiotropic cytokines and growth factors, all of which have marked effects on endothelial cell function and local induction of edema (51).



Dendritic Cells

Dendritic cells (DCs) are a heterogeneous and dynamic population of leukocytes; they are the most potent antigen capturing (immature DCs) and antigen presenting (mature DCs) cells. They are highly involved in the stimulation and modulation of the immune response within mucosal surfaces (52). In the basal layer of the endometrium, the density of endometrial CD1a+ immature DCs is significantly higher than that of CD83+ mature DCs throughout the menstrual cycle, whereas the number of CD83+ mature DCs remain relatively constant (39, 53). The number of CD1a+ immature DCs is likely to be indirectly regulated by steroid hormones (53). The density of CD83+ DCs was significantly greater in the basal layer compared with the functional layer during both the proliferative and secretory phases, whereas for CD1a+ DCs, the greater density in the basal layer was only observed in the secretory phase (53). Cyclical changes in DC populations during the normal menstrual cycle may be important for local regulatory mechanisms relevant to menstruation and implantation. Alterations in this normal profile may contribute to menstrual disturbances and fertility.



Lymphocytes

CD3+ T cells are a minor population in the endometrium, comprising only ~1–2% of the total lymphomyeloid cells (45). These T cells are distributed at three different sites of the endometrium: aggregated in the basal lymphoid, and scattered in the stroma, and in the epithelial sites (41). In contrast to CD3+ T cells in peripheral blood, endometrial CD3+ T cells consist of a larger proportion of CD8+ cells (66%) and smaller proportion of CD4+ cells (33%) (41). Cytolytic activity of endometrial CD8+ T cells is maintained during the proliferative phase, but this activity weakens in the secretory phase without any drop in the CD8+ cell number (12, 41). This suppression of CD8+ cytolytic activity has been observed only in the fallopian tubes and endometrium, but not in the cervix and vagina (12). CD45RA+ T cells were found throughout the cycle, but their numbers are very low (41).

Hormonal changes may be drivers for Treg changes. In particular, estrogen has been shown to induce expansion of Foxp3+ Treg cells (54, 55), including in the pregnant uterus (56), which is essential for promoting immune tolerance toward the fetus. Activation of Treg is needed for a successful pregnancy, while suppression of Treg was associated with pregnancy failure (56).



Gamma/delta (γδ) T Cells

Two types of T cells, αβ T cells and γδ T cells are present in vertebrates and are defined by surface expression of either the αβ or the γδ TCR complex. Thymus is the origin tissue of both these subsets but there are several key differences between αβ and γδ T cells: (i) αβ T cells are primarily localized in secondary lymphoid organs, whereas γδ T cells are predominant at epithelial surfaces; (ii) αβ T cells recognize peptide ligands in the context of MHC class I and class II molecules, whereas γδ T cells do not recognize peptides in an MHC-restricted manner but recognize and respond to a broad range of antigens, including heat shock proteins, and lipids; and (iii) the role of αβ T cells in immune response is well-defined whereas that of γδ T cell are not yet fully characterized (57).

Haller et al. analyzed the presence of γδ-positive cells in non-pregnant endometrium, and in first trimester and third trimester basal decidua. They did not observe any substantial differences in the number of γδ T cells in first and third trimester basal decidua compared with the non-pregnant endometrium. γδ T cells were occasionally found scattered throughout the endometrial/decidual stroma and showed no clear distribution pattern, nor was there any obvious relation to the pregnancy in the first or third trimester (58). Although Heyborn et al. showed that γδ T cells were significantly enriched at the feto-maternal interface, compared to the periphery or the non-pregnant uterus (59), the role of these lymphocytes in pregnancy is not yet fully understood. Hill et al. observed an increased number of TcRγδ-positive cells in spontaneous miscarriages endometrium compared to normal pregnancies (60). Vassiliadou and Bulmer showed that γδ-T cells were present in both normal pregnancy and spontaneous pregnancy loss, often located adjacent to endometrial glands (61). These cells formed a very small proportion of T cells in both groups and there was no difference in their numbers and proportions between normal and pathological tissues.




ENDOMETRIAL LYMPHOID AGGREGATES

Endometrial lymphoid aggregates comprise a CD19+ B cell core, surrounding T cells, and an outer halo of macrophages in the stratum basalis (12, 39). These lymphocyte aggregates vary in size with the phase of the menstrual cycle, becoming larger in the secretory phase (3,000~4,000 cells) than the proliferative phase (300~400 cells) (12). To form lymphoid aggregates, immune cell trafficking to the nucleation sites is likely to be the principle mechanism, rather than in situ proliferation of precursor cells (62). Recruited immune cells from the circulation are likely to undergo tissue-specific differentiation in the local microenvironment, which confers new characteristics on these tissue-specific cells that are distinct from their original properties (39, 63).



CYCLIC FLUCTUATIONS OF ENDOMETRIAL LEUKOCYTES

Endometrial leukocytes exhibit profound cyclic fluctuations between the follicular and luteal phases of the menstrual cycle (10). The mean number of CD45+ cells in the endometrium remains low from the early follicular phase to the early secretory phase, but increases considerably (about 5-fold) during the secretory phase (64). The major population of CD45+ leukocytes in the late secretory phase is NK cells comprising ~80% of CD45+ cells, while CD3+ T cells decrease to <10% (64). Even though the percentage of CD3+ T cells is lower in the late secretory phase, the absolute number of T cells remained unchanged during the menstrual cycle. Comparing the late proliferative phase with the late secretory phase, the proportion of CD3+ CD8+ T cells decreases significantly from 63 to 54% (64) (Figures 2, 3).


[image: Figure 3]
FIGURE 3. Uterine immune stages during menstruation cycle. During the normal menstrual cycle, the human endometrium is exposed to cyclical fluctuations of sex hormones. The repetitive cycles of proliferation, differentiation, decidualization, and shedding of this tissue during mensuration and the steroid hormones per se cause profound changes in the immune cells' population. The estrogen-dominant proliferative phase is characterized by the regeneration of the functional layer of the endometrium. In the progesterone driven secretory phase, the endometrium undergoes a number of changes in preparation for implantation of the embryo. The immune cells that undergo greater number variations in the secretory phase are the NKs and macrophages. The microbiota, on the other hand, does not undergo large variations during different phases of the menstrual cycle. Sphingobium sp., Propionibacterium acnes, and Pseudomonas sp. are differentially enriched during the proliferative and secretory phases; P. acnes is more abundant in the secretory phase and has previously been identified in the placenta and cultured from follicular fluid. Functionally, the proliferative phase, compared to the secretory phase, appears associated with increased bacterial proliferation. + + ++/+ represent the relative abundance amount of microorganisms.


The number of CD3− CD56+ NK cells significantly increases in the late secretory phase compared with other phases (64). The cytotoxicity of endometrial NK cells is high, comparable to peripheral NK cells in the late proliferative phase (65). Similarly, the expression of the activation markers, CD69 and HLA-DR, is increased on NK cells in the proliferative phase (66). These characteristics of NK cells are likely to contribute to protective immunity against microbial infections.

During the menstrual cycle, neutrophils and eosinophils remain at a very low number in the endometrium, but their numbers profoundly increase in the premenstrual period, up to 15% and 5% of endometrial cells, respectively (41, 45).

CD68+ macrophages were found throughout the cycle and significantly increased from the proliferative phase to the secretory phase (67). The density of endometrial CD1a+ DCs, but not CD83+ DCs, in the basal layer gradually increased through the menstrual cycle, showing a nadir at the proliferative phase and reaching its peak in the menstrual phase (53). Only in the secretory phase was the density of CD1a+ DCs greater in the basal layer than in the functional layer. Endometrial CD83+ DCs showed greater density in the basal layer than in the functional layer throughout the menstrual cycle (53).



ROLE OF CERVICAL MUCUS IN BACTERIAL UTERINE COLONIZATION

The portal between the uterus and the vagina is represented by the cervix, which functions as an entrance to the endometrial cavities. Cervix contains several hundred crypts (glands) lined by cells which, under hormonal and neural influence, produce mucus, composed mostly of water (95–99%) and a complex mixture of organic components, inorganic ions, enzymes, mucins, and a high concentration of cytokines, anti-microbial peptides, immunoglobulins, and MMPs to protect the uterus against bacterial colonization (68, 69). Mucus released into the cervical canal moves into the vagina, where it acts as pathogen traps. It is an important protective barrier, preventing the ascendance of microorganisms into the uterus cavity; on the other hand, it is essential for the migration of spermatozoa. It has been shown that the hydration of the mucus and its glycosylation state play a pivotal role in both these processes (70, 71). Mucins in the cervix are known to change conformation during the menstrual cycle due to pH; these variations possibly allow passage of bacteria from vagina (72). However, bacteria from the lower female reproductive tract are able to cross. Hansen et al. have shown that the cervical mucus plug only inhibits (and does not completely block) the passage of Ureaplasma parvum during its ascendance from the vagina through the cervical canal (17, 73).



ROLE OF SEMEN IN BACTERIAL UTERINE COLONIZATION

Besides all the putative bacterial transmission routes between uterine microbiota and distal sites such as hematogenous spread of bacteria through either oral or gut route, migration of bacteria through the cervix, and retrograde spread through fallopian tubes, another possible transmission route that influences uterine microbiota is the semen (24, 69). It is essentially composed of the spermatozoa cells and seminal plasma, which contains many components contributing to the immune tolerance at foeto-maternal interface (74). Semen, despite being synthesized in a tissue that is not typically colonized by a microbiota, is very far from being sterile; even in normal individuals, usually the microbial count is 103 organisms/mL semen (75). Weng et al. showed that the most abundant genera present in seminal fluid are Lactobacillus (19.9%), Pseudomonas (9.85%), Prevotella (8.51%), and Gardnerella (4.21%) (Figure 2). Unsupervised clustering analysis revealed that the seminal bacterial communities were clustered into three main groups: Lactobacillus, Pseudomonas, and Prevotella predominant group (76). For this reason, the seminal fluid is a microorganism source for female genital tract. Indeed, it has been shown that bacteria are shared among partners influencing the species composition of each other's reproductive tract microbiota (24). Semen, being slightly basic and enriched with carbohydrates, represents an ideal habitat for microorganisms so that it may function as a perfect medium for the transmission of microorganisms, which finally may reach the uterus and become resident.



PERSPECTIVES

Mucosal barriers are the first line of immune defense against the external environment and one major benefit resulting from the homeostatic relationship between the host with the commensal microbiota is the resistance to pathogen colonization (4). Although the uterine microenvironment has been considered a sterile compartment in the past, it is now clear that some commensal bacteria are present in the uterus. Therefore, it is possible to hypothesize a cross-regulation of the uterine microbiota and the local immune system. The uterine microbiota and the uterine immune system have to adapt to the functional changes of the uterus: first of all, they have to adapt to the cyclic hormonal stimulation during the menstrual cycle implantation and pregnancy. The uterine microbiota and the uterine immune cells must together tolerate the paternal antigens in response to the immunological stimulation by the semen, the embryo and the fetus.

We have provided an overview of the immunological order in an healthy endometrium since the recognition of the changes in the local microbial communities may point toward reproductive failure at different levels (from implantation failure in the uterus to the pregnancy complications), as well as other gynecological diseases (10, 11, 77). Furthermore, alteration of the uterine microbiota can also be a potential trigger for tumorigenesis. It is well-known that the etiology and progression of cancer may be influenced by microbial infections, as is Helicobacter pylori for gastric cancer, and Fusobacteria and Porphyromonas for colorectal cancer. It has been suggested that the presence of Atopobium vaginae and Porphyromonas sp. in the gynecologic tract is statistically associated with endometrial cancer (78).

It is an emerging notion that the microbiota is able to influence the function of the host immune system, which keeps a symbiotic relationship with the microbiota. Normally in other mucosa, such as the intestinal mucosa, bacteria are confined to the luminal side of the epithelial mucosa but occasionally they breach the physical barrier. These commensal microbes that penetrate the lamina propria are phagocytosed by resident macrophages and engulfed and carried by DCs to the local lymphoid aggregates and consequently modulate the adaptive immune system (79). The nature of interplay between uterine microbiota and the immune cells is not known. One can only speculate that a similar mechanism may work in the case of uterine compartment involving local lymphoid aggregates. The symbiotic relationship between the uterine microbiota and the innate and adaptive immune system probably has a fundamental role in maintaining a balanced inflammatory milieu since this mild bacterial stimulation could induce a potentially favorable microenvironment for embryo implantation. On the other hand, regulated stimulation of the immune system by microbiota could facilitate induction of tolerance to the non-sterile semen traversing through the uterine cavity.

In conclusion, we have discussed the potential role of microbiota in the control of uterine cells present in the microenvironment. We deliberately avoided reviewing and summarizing the literature on the uterine microbiome in animal models because our aim was to focus on human milieu. This can be a limitation since important information on local mechanisms can be obtained only using animal models. For example, it is possible to compare the reproductive performances of germ free and conventional animals and to study the rates of “immune abortion” in germ free or in various conventional breeding conditions. Animal models could also be used for analyzing the potential synergistic effect of different immunological trigger in the presence of bacterial products: this point has been indicated as “ecology of danger” as suggested by DA Clark (80). These studies are however not feasible to carry out in human subjects.
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Aims: Periodontal disease is associated with adverse pregnancy outcome, but the underlying pathophysiologic mechanism is still unknown. In this prospective, longitudinal, non-interventional case-control study, 45 women with preterm premature rupture of membranes and 26 controls with uncomplicated pregnancies were examined at three time-points (T1: 20–34 weeks of gestations; T2: within 48 h after delivery; T3: 4–6 weeks post partum). Examinations included subgingival, blood, vaginal, and placenta sampling for microbiologic, cytokine, and histology assessment. Objective of this study was to test the hypothesis that systemic inflammatory changes and not specific bacteria are predominantly involved in the association between periodontal disease and adverse pregnancy outcome.

Results: Demographic data and gestational age at T1 were comparable between groups. While there was no correlation between vaginal and gingival fluid microbiome, cytokine levels in the assessed compartments differed between cases, and controls. Vaginal smears did not show a higher rate of abnormal flora in the cases at the onset of preterm premature rupture of membranes. Number and variety of bacteria in the case group placental membranes and vagina were higher, but these bacteria were not found in membranes at birth.

Conclusions: On the basis of our results we speculate that an inflammatory pathway sequentially involving periodontal tissue, maternal serum, and finally vaginal compartment contributes to the underlying pathomechanism involved in preterm premature rupture of membranes associated with periodontitis.

Keywords: adverse pregnancy outcome, cytokines, inflammatory mediators, periodontal inflammation, periodontopathogenic bacteria, preterm birth, PPROM, preterm premature rupture of membranes


INTRODUCTION

Preterm birth (PTB) is the leading cause of perinatal morbidity and mortality in developed countries (1). About 10% of all live births worldwide are preterm and account for 28–75% of all perinatal deaths and over 50% of all severe developmental disorders in children worldwide (1). Prevention of PTB would have an extensive impact on public health and understanding its pathogenesis would pave the way for prevention strategies.

PTB is associated with preterm labor in 40–45%, with preterm prelabor rupture of membranes (PPROM) in 25–30%, and with maternal or fetal indications in 30–35% (1, 2). PPROM occurs in 3% of pregnancies (2).

Ascending (asymptomatic) intrauterine infections cause an inflammatory decidual activation resulting in preterm labor or PPROM (3–5). Albeit this is believed to be the primary cause of PPROM (1, 6, 7), to what extent remote infections contribute to PTB and specifically PPROM is not known (1, 8, 9). Many of the risk factors for PTB culminate in increased systemic inflammation which might as well result in decidual activation (1).

Periodontal disease is known to be related to systemic inflammation in other diseases (10). Periodontitis is an inflammatory disease destroying tooth-supporting connective tissue and bone. It has been linked to adverse pregnancy outcome (APO) like PTB, low birth weight and preeclampsia (8, 11–17), but this association is inconsistently reported to exist or not to exist (18, 19).

The pathophysiologic mechanism of a potential association between APO and periodontal disease remains to be elucidated (8, 20). Possibly a common pathway of increased systemic inflammation is responsible (8, 21), since intrauterine infection with oral flora in PTB patients is rare (22) and bacteria are found in the majority of elective cesarean membranes at term, hence the presence of bacteria may not be sufficient to cause PTB (1, 23).

Recent findings challenge the view that ascending infections are the primary cause for PTB because the placental microbiome profile is much more akin to the oral microbiome than to the lower genital tract (24). Furthermore, bacteria detected in the PTB placenta are not typically found in the lower genitourinary tract (24). Intrauterine infections causing PTB may originate from the mother's mouth rather than the vagina and the oral cavity is a major reservoir for microbial infections (25, 26). Nevertheless, it is unclear whether the organisms need to enter fetal tissue or whether inflammatory substances are sufficient to potentiate PTB (27).

Microorganisms activate the immune system to release inflammatory markers and prostaglandins stimulating uterine contractility and matrix-degrading enzymes which lead to PPROM (1, 7). Increased levels of inflammatory mediators in gingival crevicular fluid (GCF) have been found in women with APO and pro-inflammatory cytokines might be able to precipitate labor (28–31).

The study of clinical parameters, bacteria and cytokines in three different body compartments (mouth, vagina, blood) might help to understand the relation between remote infections and PTB. Therefore, the aim of the present study was to investigate inflammatory markers in different body compartments in women with PPROM compared with healthy pregnant women to test the hypothesis that systemic inflammatory changes and not specific bacteria are predominantly involved in the association between periodontal disease and APO.



MATERIALS AND METHODS


Study Design and Patient Selection

This longitudinal, non-interventional, prospective case-control study was designed and conducted as a collaboration of the Department of Obstetrics and Gynecology and the Department of Periodontology (University of Bern). The study protocol was approved by the Ethics Committee of the Canton of Bern (Nr. 091/10), and all participating women gave written informed consent.

Participants were enrolled in the Department of Obstetrics and Gynecology from November 2011 to August 2013 when either presenting with PPROM or during regular pregnancy visits. Cases were defined as women with PPROM between 20 0/7 and 34 0/7 weeks of gestation, and controls had uneventful pregnancies at the time of inclusion and were recruited in the same time frame (timepoint T1).

Cases and controls were examined at three distinct time points T1, T2, T3 (T1: after inclusion; T2: within 48 h after delivery; T3: 4–6 weeks post partum). Women missing two out of three examinations were defined as dropouts. Each exam included

1. Oral investigation: Periodontal Screening Index (PSI), collection of gingival crevicular fluid [GCF; CRP, cytokines (IL-1b, IL-6, IL-8, IL-10)], subgingival bacterial sampling, Multiplex-PCR

2. Blood samples: CRP, blood count, cytokines (IL-1b, IL-6, IL-8, IL-10)

3. Vaginal exam: vaginal and cervical swabs [gram stain (Nugent-Score), microbiologic culture and PCR], CRP, cytokines (IL-1b, IL-6, IL-8, IL-10), Multiplex-PCR

4. Additionally, at T2 placental membranes were examined microbiologically [gram stain (Nugent-Score), microbiologic culture and PCR] and histopathologically.

Women with PPROM received antibiotic treatment (clindamycin or amoxicillin/clavulanic acid if group B streptococcal status was positive or unknown) for 10 days. Tocolysis was administered. Antenatal glucocorticoids (betamethasone 12 mg i.m., repeated once after 24 h) were given to promote fetal lung maturation. Samples were taken before antibiotic, tocolytic, and glucocorticoid treatment on initial exam after admission. Labor was induced or cesarean section done at 34 0/7 weeks of gestation if women did not develop spontaneous labor, persistent vaginal bleeding, signs of amnion infection, or non-reassuring fetal status.

Statistical power analysis based on data including 185 patients at 6 months post-partum (32). A 50% difference in bacterial load between women delivering preterm and controls was anticipated. Based on a significance level of p < 0.01 and 1-β = 0.85 we assumed to need 40 women in each group to declare a difference.



Oral Investigation

For microbiological sampling subgingival plaque was collected from each first molar in all quadrants with endodontic paper points (ISO 055, Dentsply Maillefer, Montigny Le Bretonneux, France, www.dentsply.fr) inserted into the gingival crevice for 15 s. Paper points pooled and stored at −20°C until assayed for presence of periodontopathogens. The PSI (Periodontal Screening Index) was recorded. GCF (Gingival crevicular fluid) samples were taken by sterile paper strips (Periopaper, Oraflow Inc., Smithtown, NY, USA, www.oraflow.com) and stored at −80°C until assayed. The oral investigations' results have been published elsewhere (12).



Vaginal and Peripheral Blood Analysis, Histopathology

Swabs were taken from the vagina and cervix, respectively, during speculum exam for routine microbiological culture, PCR, and gram stain and stored in the appropriate media. Blood samples were examined in the central laboratory and histopathologic assessment was provided from the Department of Pathology (University Hospital Bern).



Microbiologic Analysis

Multiplex-PCR: DNA was extracted by using the Chelex method (12). For detection of periodontopathogens the microIDent®plus11 test (Hain Lifescience, Nehren, Germany, www.hain-lifescience.de) was used according to the manufacturer's description. The test is able to identify 11 periodontopathogenic bacterial species after two PCR runs and a subsequent reverse hybridization (12).

Vaginal samples were assessed via conventional microbiological analysis (cultures including aerobes and anaerobes, Listeria and Candida sp.) and PCR (Chlamydia, Mycoplasma, Ureaplasma, and Treponema pallidum). Bacterial vaginosis (BV) was diagnosed in gram stain samples according to Nugent criteria and smears were categorized as abnormal according to Donders et al. (33).



Analysis of Inflammatory Mediators

Before analyzation, samples (GCF, blood serum, vaginal fluid) were eluted at 4°C overnight into 750 μl phosphate-buffered saline containing proteinase inhibitors (Sigma-Aldrich, St. Louis, MO, USA, www.sigmaaldrich.com). From the eluates, IL-1b, IL-6, IL-8, IL-10, and CRP were determined by using commercially available enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems Europe Ltd., Abingdon, UK, www.rndsystems.com). The detection levels of the kits were 2 pg (CRP: 10 pg).



Data Analysis

Demographic data, obstetric outcomes and laboratory results were compared with the student's t-test and the Mann-Whitney-U-Test, respectively. The Mann-Whitney-U Rank Sum Test was used comparing medians if the normality test (Kolmogorov-Smirnov) failed or if the normality test passed but the equal variance test (Levene Median test) failed. If both tests passed the student's t-test was used for comparing means. Qualitative data were analyzed with Fisher's Exact Test for independent groups. The statistical tests used are specified in the respective tables. Statistical analysis was performed by using Graph Pad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). The level of significance was set at p = 0.05.




RESULTS

Seventy-one women were included in the study analysis of whom 45 were PPROM-cases and 26 controls. In the test group four women dropped out because they did not prove to have ruptured membranes (n = 2), did not deliver in our facility or were not followed-up according to the protocol. In the control group 11 women dropped out as they delivered in other hospitals (n = 3), developed chorioamnionitis (n = 2), had a severe pre-eclampsia, intrauterine death, preterm contractions, or refused further participation in the study (n = 3).

Study population and controls were comparable as they did not differ in regard with age, race, BMI, parity, and preexisting conditions (Table 1).


Table 1. Demographic data, preexisting conditions, previous and current pregnancies.
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Characteristics of previous and current pregnancies were similar in both groups, too, except from premature labor, and amnion infection syndrome which were understandably more frequent in the test group (Table 1).

As expected, pregnancies lasted significantly shorter and birth weights were significantly lower in the case group. There was only a tendency toward a higher rate of cesarean deliveries in the case group which was not statistically significant (Table 2).


Table 2. Current pregnancy.

[image: Table 2]

The neonates' gender did not differ in both groups. Interestingly, no difference in the rate of newborns with a 5-min-Apgar lower than 7 was found in both groups and an arterial umbilical cord pH lower than 7.15 was even more frequent in the control group. Expectedly, referral to the Neonatology department occurred more frequently in the case group (Table 2). Likewise respiratory distress syndrome, neonatal infection and sepsis rates were higher in the case group newborns.

In vaginal smears, gram stain showed no statistically significant difference in the rate of abnormal flora/bacterial vaginosis (BV) (34) between the groups at T1 (onset of PPROM). At T2 (delivery) the abnormal flora/BV rate was significantly higher in the case group most likely due to ascending bacteria because of the state of ruptured membranes. At T3 no difference in the rate of abnormal flora/BV was found for both groups. The variety and number of bacteria found in cultures were increased in the case group at T1 and (possibly affected by the state of ruptured membranes) remained increased at T2 and even T3 (Table 3).


Table 3. Microbiota and histopathology.
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Smears from the membranes showed again a larger number and variety of bacteria in the case group membranes (Table 3). Remarkably, in only one patient the same bacterium (Haemophilus influenzae) was found in the vagina at T1 and in the placenta/membranes at delivery (T2). Chorioamnionitis was diagnosed histopathologically significantly more often in the case placentae (Table 3).

Neither Chlamydia nor Gonococcus or Listeria were detected in all groups at all timepoints. Candida, group B streptococci, mycoplasma and ureaplasma colonization were not statistically different between both groups at all timepoints, except ureaplasma at T2 which was even higher in controls than in women with PPROM (Table 3).

Leucocyte count was significantly higher in the test group at T1 and T2, while 6 weeks after delivery at T3 there was no significant difference. Leucocytes increased from T1 to T2 in the test group, but not in the control group.

The comparison of cytokine levels in the three body compartments at the three timepoints showed (Table 4, Figures 1 – 3) at

- T1: The case patients had higher levels of pro-inflammatory IL-6 in the vagina and pro-inflammatory IL-8 in the blood, lower levels of IL-8 and CRP in the gingiva, and higher levels of anti-inflammatory IL-10 in gingiva and vagina

- T2: The case patients had increased levels of pro-inflammatory IL-1b in the gingiva, increased levels of IL-10 and a decreased CRP in the vagina

- T3: The case patients only showed lower CRP levels in the vaginal.


Table 4. Cytokines: comparison of case vs. control group at the 3 timepoints.
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FIGURE 1. Comparison of cytokine levels in PPROM women (cases) vs. controls at timepoint 1. *statistically significant.



[image: Figure 2]
FIGURE 2. Comparison of cytokine levels in PPROM women (cases) vs. controls at timepoint 2. *statistically significant.



[image: Figure 3]
FIGURE 3. Comparison of cytokine levels in PPROM women (cases) vs. controls at timepoint 3. *statistically significant.


All other parameters in blood, vaginal and gingival fluid were not significantly different at the three timepoints (Table 4, Figures 1–3). However, from T1 to T2 IL-1b and IL-8 decreased in gingiva while IL-6 increased in the blood and CRP increased in the vagina. These interleukin patterns might be in line with the cascade theory: Inflammatory cytokines already start decreasing in the mouth while they increase in blood and vagina reflecting a chronological process starting in the oral cavity.



DISCUSSION

Our study focuses on the relationship between periodontitis and PPROM. Three different body compartments were therefore studied at three time points. The main finding is the difference in cytokine levels in different compartments in the case group at the time of PPROM as compared to controls. This means that an inflammatory process is in progress, and cytokine patterns suggest this to be initiated in the periodontal compartment, consecutively encroaching on further body compartments. However, this does not occur via bacterial spread since nucleic acid based methods and microbiologic cultures did neither reveal an association of oral and vaginal nor of vaginal and placental bacterial colonization.

Predicting and identifying women at risk for delivering preterm is challenging. A relation between periodontitis and APO has been suggested (11, 15), but the pathophysiologic link is not established. Oral inflammatory mediator changes have been reported in APO (8, 28, 35–37), but none of these studies focused on women with PPROM or cytokine levels in different body parts. A systematic approach examining systemic and local compartments might reveal pathophysiologic links between remote infection and PPROM.

The comparison of cytokine levels in the three body compartments at three timepoints showed significant differences between PPROM patients and controls. At the onset of PPROM the periodontal inflammation seems to already decline since pro-inflammatory IL-8 and CRP are decreased compared to controls and an immune response is already initiated as anti-inflammatory IL-10 (38, 39) reactively increases in the gingiva. At the same time pro-inflammatory IL-8 and IL-6, respectively, are increased in blood and vagina. Both cytokines are early markers of a beginning inflammation (40). This suggests that inflammation starts in the periodontal compartment and already begins to resolve, while in peripheral blood and vagina it is still ongoing in terms of an inflammatory cascade. From T1 to T2 the same situation is found: while inflammatory markers (IL-1b and IL-8) further decrease in the gingiva, IL-6 increases in the blood and both CRP and IL-10 increase in the vagina. The informative value of the differences in cytokine levels at T1 is emphasized by the condition that at 6 weeks post partum (T3) interleukin levels in both groups did not differ significantly. The inflammatory response seems to regress which is consistent with the systemic inflammatory hypothesis. The finding of an increased anti-inflammatory cytokine IL-10 in the vagina at T1 and T2 might be explained by the fact that rising IL-10 levels in the vaginal fluid reflect the initiation of the birth process (41, 42), besides being associated with intraamniotic infection (43).

The oral investigations' results showed an association between periodontal status and PPROM and oral periodontopathogens were more prevalent in the PPROM women (12). Importantly, although periodontopathogenic bacteria were detected in vaginal samples, in none of the women these bacteria were found in both the vagina and the mouth concomitantly (12), corroborating the hypothesis that not bacterial spread but systemic inflammation might be a contributing factor in developing PPROM. This is further supported by the finding that abnormal flora and bacterial vaginosis were equally frequent in both the cases and the controls, respectively, at the occurrence of PPROM (timepoint 1). Vaginal bacterial dysbalance seems not to be the exclusive cause for PPROM. The variety and number of bacteria found in cultures was increased in the case group at T1, but remarkably in only one patient the same bacterium has been affirmed in both the vagina at T1 and the placenta smears at T2 (delivery), which again is in conflict with the hypothesis that ascending infection is the primary mechanism for PPROM.

Recent findings showing that the placental microbiome profile is much more akin to the oral microbiome than to the lower genital tract (24) do not support the theory that ascending infection is the primary cause of PPROM. Likewise, microbiome profile at PPROM does not correlate with latency duration supporting our notion that systemic inflammation may rather play a role in the onset of PPROM than microbiota dysbalance (44). Furthermore, direct spread of oral bacteria to the reproductive tract is unlikely since PTB is rarely associated with intrauterine infection with oral flora (22), and bacteria are mostly found in term membranes without causing PTB (1, 23). In our patients, periodontopathogens found in the gingiva have not been verified in the placenta/membrane swabs (12) and no difference was found in the rate of abnormal flora and bacterial vaginosis between cases and controls at the time of PPROM. Moreover, in only one patient one of the bacteria found in the vagina at T1 was verified in the placenta/membranes at T2. All these findings argue against the theory of direct spread of bacteria as the causative mechanism of PPROM. Accordingly, recent studies have shown the gut microbiome being linked to several diseases and although the exact mechanism is not fully understood a systemic cytokine release has been demonstrated and made accountable for disease occurrence (45, 46). A more extensive investigation of the microbiome-inflammation-interaction in different body compartments is desirable.

A strength of our study is the unique study design with a comprehensive approach including simultaneous examination of different body compartments, microbiological and nucleic acid based assessment and comparison of inflammation markers, in parallel with clinical periodontological assessment at different timepoints. The use of the multiplex method is considered particularly convenient (47).

A weakness is that we have no data of women at “T0,” i.e., before PPROM becomes clinically evident. In particular, an early timepoint for analysis in the first trimester or even before onset of pregnancy would be valuable in order to have the whole picture and understand the mechanism how periodontitis may cause PPROM and APO. Unfortunately, due to the low incidence of PPROM and the high expenditure such a prospective study would be difficult to realize. The lack of published data and the complexity of recruiting women for examination at three time points impeded a sound power analysis and inclusion of a large number of patients. Thus, the limited number of women in our study might explain why differences have not been observed among some of the measured parameters, and maternal plasma cytokine concentrations are difficult to interpret in APO patients (48). Moreover, paper points were used for samplings of subgingival plaque. Since they do not allow to collect the biofilm but only planktonic bacteria, use of a courette might have been the better choice for sample collection.

In summary, the results of our study can be interpreted in line with our initial hypothesis that systemic inflammation—initiated and triggered by periodontal disease—might play a role in developing PPROM. Bacterial spread or ascension seem not to represent the exclusive pathophysiologic cause for PPROM. There is a systemic inflammation in progress at the time of PPROM and we speculate that the inflammatory pathway rather than ascending infection alone contributes to PPROM and—consecutively—PTB.
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The gastro-intestinal tract is an extensive organ involved in several activities, with a crucial role in immunity. Billions of commensal and transient microorganisms, known as the gut microbiota, and potential pathogens, which are constantly stimulating intestinal immunity, colonize the intestinal epithelial surface. The gut microbiota may be regarded as analogous to a solid organ with multiple different functions. In the last decade, many studies have demonstrated that intestinal bacteria can be a decisive factor in the health-disease balance of the intestine, and they can also be responsible for illnesses in other locations. For this reason, fecal microbiota transplantation (FMT) represents an important therapeutic option for Clostridium difficile infections and hold promise for different clinical conditions, such as multiple sclerosis, autism, obesity, and other systemic diseases. FMT consists of the infusion of a fecal suspension from a healthy donor to a recipient in order to restore gut flora alterations. Similar to the gut, the female reproductive tract is an example of a very complex biological ecosystem. Recent studies indicate a possible relationship between the gut and female tract microbiota, associating specific intestinal bacteria patterns with genital female diseases, such as polycystic ovary syndrome (PCOS), endometriosis and bacterial vaginosis (BV). FMT could represent a potential innovative treatment option in this field.
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INTRODUCTION

The gut microbiota, which is composed of 1013-1014 bacterial cells (1), has multiple different functions. In the last decade, studies have shown that intestinal bacteria can interact with other organs and be a decisive factor in health/disease balance beyond just the intestine (2). The gut and vaginal microbiota are examples of very complex biological ecosystems. The female reproductive tract has developed unique structures, such as the vagina and uterus. While the vagina hosts trillions of bacteria, the upper reproductive tract remains largely unexplored and has generally been considered sterile. The vaginal microbiota interacts with the immune system. Despite being one of the simplest commensal bacterial communities in the human body, we are only beginning to appreciate its complex dynamic nature and modulation of host immunity (3). Toll-like receptor (TLR)-mediated signaling, for example, regulates mucin secretions, contributing to local bacteria colonization (4). The relationship between the gut and female reproductive tract microbiota has been studied in-depth (5). Driving microbial colonization in the gut could be a very interesting approach for the treatment of many diseases. Fecal microbiota transplantation (FMT) is an important therapeutic option for Clostridium difficile [or Clostridioides difficile-like, as reported by Oren et al. (6)] infections (CDI) (7). Promising findings suggest that FMT may also play a role in the management of genital female disorders associated with microbiota alterations.



HUMAN GUT MICROBIOTA

Human microbiota is composed of archea, bacteria, yeasts, fungi, viruses, and protists (8), whose composition has not been completely described also because there is a substantial inter-individual. Human gut microbiota is a complex ecosystem with several functions integrated into the host organism, interacting with metabolic, immune, and nutrient absorption activities. The gastrointestinal tract harbors ~1013-1014 bacterial cells (1, 9), consisting of strict anaerobes that outnumber the facultative anaerobes and aerobes by a factor of two to three; these include Firmicutes, Bacteroidetes, and Proteobacteria, while Actinobacteria contribute less to the total bacterial composition. Bacteroidetes include the genera Prevotella and Bacteroides; the phylum Actinobacteria includes Bifidobacterium; and the phylum Firmicutes includes Clostridium clusters and members of Eubacterium, Faecalibacterium, Roseburia, and Ruminococcus (10). The presence of many different bacterial species is crucial for defining the role of gut microbiota in various metabolic pathways. Gut microbiota is a dynamic system that changes and evolves during our lifetime according to anatomical, dietary, environmental, pathological, and pharmacological factors (e.g., the use of antibiotics, probiotics) (11). This variability in terms of bacterial species is distributed throughout the various districts of the gastrointestinal system. Starting from the upper gastro-intestinal tract, the throat and distal esophagus, the predominant genera are Streptococcus, Prevotella, Actinomyces, Gemella, Rothia, Granulicatella, Haemophilus, and Veillonella (12). In the stomach, microbial diversity depends upon the presence and absence of Helicobacter pylori (13, 14). A stomach lacking H. pylori is mainly populated by Streptococcus spp., Actinomyces spp., Prevotella spp., and Gemella spp., which are predominantly found in the throat, indicating that they may be transient residents coming from the throat (12). The recto-sigmoid colon microbiota is more complex than the jejunum, ileum, and caecum resident microbes. Enterococci, E. coli, Klebsiella, Lactobacilli, Staphylococci, and Streptococci are present in the jejunum and ileum. Most of the microbes of the jejunum and ileum are aerobes and facultative anaerobes (15). The small intestine harbors the aerobic Enterococcus group, Lactobacilli, Streptococci, and Gammaproteobacteria, while anaerobes are predominant in the large intestine. Caecal microbiota is more complex than jejunal and ileal microbiota. The caecal bacteria are predominated by Lactobacillus, Enterococcus, and Escherichia coli (16). In the recto-sigmoidal colon, strict anaerobic bacteria belonging to Bacteroides, Clostridium coccoides, and Clostridium leptum are the predominant bacterial groups (15). Given the complexity and multifactorial in terms of the evolution of the human intestinal microbiota, it is difficult to establish the composition of an ideal and healthy microbiota. Generally, a state of eubiosis is characterized by a strong presence of Firmicutes and Bacteroidetes and by a low percentage of Proteobacteria, which, instead, increase during inflammatory states (17). Another aspect that should be underlined is crosstalk between the gut microbiota and immune system. This point is extensive and critical. It allows for the tolerance of commensal bacteria and oral food antigens and also enables the immune system to recognize and attack opportunistic bacteria in order to prevent invasion and infection. In addition, microbiota has broader effects contributing to innate and adaptive immunity at multiple levels. This concept is supported in preclinical models, as germ-free mice lacking intestinal microbiota are subject to severe immunity defects, with a marked reduction of mucous layer, altered IgA secretion and reduced size and functionality of Peyer's patches and draining mesenteric lymph nodes (1).



FECAL MICROBIOTA TRANSPLANTATION

Given the fundamental role played by the human microbiota in the health/disease balance, the integrity of this system turns out to be an important therapeutic target (18). The most innovative therapeutic approach is represented by FMT. In the last decade, FMT has been an example of a valid solution, with success of ~90%, resulting in a more effective regimen for Clostridium difficile infection (CDI) than vancomycin (19). FMT consists of the infusion of a feces suspension from a healthy donor to the intestinal tract of a recipient patient in order to treat a specific disorder associated with alteration of gut microbiota (7, 20). In the European Consensus Conference (7), 28 experts from 10 countries collaborated to establish practice guidelines about FMT indications, donor selection, preparation of fecal suspension, clinical management, and basic requirements for implementing an FMT center. An aspect to highlight in FMT assessment is the healthy donor selection. First, potential donors have to undergo a medical interview to exclude risk factors. The main objective of donor selection is to reduce and prevent any adverse events related to the infused fecal material (21). Subsequently, serological and microbiological exams are performed on donor's fresh stool and blood. The aim is to avoid any possible infection. Laboratorists check for the presence of any pathogens, such as HIV, HBV, HCV, Treponema pallidum, Human T-lymphotropic virus I and II, Plasmodium spp., Trypanosoma spp., Mycobacterium tuberculosis, Campylobacter spp., Escherichia coli O157 H7, Yersinia, vancomycin-resistant enterococci (VRE), methicillin-resistant Staphylococcus aureus (MRSA), Gram-negative multidrug-resistant bacteria, Norovirus, antigens and/or acid fast staining for Giardia lamblia and Cryptosporidium parvum, protozoa (including Blastocystis hominis), helminths, and fecal occult blood testing. Regarding the laboratory preparation method, it is possible to choose between two different procedures: fresh and frozen preparations (22, 23). The first procedure requires that the feces of the donor be processed within 6 h after defecation to preserve the integrity of the anaerobic bacteria (24). Any amount of feces ranging from 30 to 50 g should be used and diluted in saline solution (NaCl 0.9%). The frozen approach consists of freezing fecal suspensions with the addition of glycerol at −80°C. Glycerol is necessary to preserve bacterial vitality during freezing (7). On the day of infusion, fecal suspension thawing should be performed at 37°C and then diluted to the desired volume by adding NaCl 0.9% (7, 25). Freezing feces is important for establishing a stool bank and the availability of stool on demand. Both methods have high efficacy (7). Promising findings suggest that FMT can also be used in the management of other extra-intestinal disorders associated with microbiota alterations. Some clinical conditions in which FMT could be a potential therapeutic method are described in Figure 1.


[image: Figure 1]
FIGURE 1. Potential use of FMT in systemic clinical disorders. These diseases are hypothesized being associated to specific gut bacteria alterations (26–33).




GENITAL FEMALE MICROBIOTA THROUGHOUT LIFE

The vaginal district is a complex and essential ecosystem for female health and conception achievement/success. One aspect that needs to be observed is the microbial population residing in this region (34). In the last decade, metagenomic analysis has allowed researchers to outline the vaginal microbial ecosystem. The predominant species detected in the vagina of most healthy women are Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus iners, and Lactobacillus jensenii (35). Other important microbes found in healthy women are strictly anaerobic bacteria, such as Atopobium, Gardnerella (an opportunistic pathogen), Megasphaera, Prevotella, and Peptoniphilus (36). One important aspect is the dynamic shift that occurs across the female lifecycle and how it contributes to maintaining vaginal health. During perinatal development, the vaginal epithelium is thickened by residual maternal estrogen. This action allows for the deposition of glycogen in epithelial cells. Subsequently, glycogen is released by exfoliation of the epithelial cells, favoring glucose-fermenting microorganisms (37). Postnatally, when maternal estrogen is metabolized, the vaginal mucosa undergoes a thinning that leads to a reduction in glycogen and glucose-fermenting microorganisms and an ecological selection for a wide range of aerobes and facultative anaerobes (35). During childhood, microbiota is mostly populated by Gram-negative anaerobes, such as Bacteroides, Fusobacterium, Veillonella, and some Gram-positive anaerobes, including Actinomyces, Bifidobacterium, Peptococcus, Peptostreptococcus, and Propionibacterium. Regarding facultative anaerobic bacteria, Staphylococcus aureus, Staphylococccus epidermidis, Streptococcus viridans, and Enterococcus faecalis are mostly found (38). In prepubertal age, Lactobacillus, Gardnerella vaginalis, and Prevotella bivia are in low abundance. As described above, estrogen levels play a key role in vaginal bacteria colonization. Specifically, with the beginning of puberty, estrogen increases lead to further thickening, selecting for glucose-fermenting microorganisms. During adolescence, the microbiota evolves and becomes similar to the vaginal microbiota of adult women. In this stage, the dominant species are Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus iners, and Lactobacillus jensenii (38). The great decline of estrogen levels during menopause leads to a further switch in vaginal bacterial composition. In this stage of life, the microbiome is mainly characterized by L. crispatus, L. iners, G. vaginalis, and Prevotella and a lower abundance of Mobiluncus, Staphylococcus, Bifidobacterium, Gemella, and yeasts, such as Candida (39).



UTERINE AND CERVICOVAGINAL MICROBIOTA AND LOCAL FACTORS

The uterus and vagina are in close anatomical proximity. For this reason, it is necessary to consider their microbial community as in continuous cross-talk. Cervicovaginal microbiota consists of 108 bacteria/gram of vaginal fluid (40); it is decisive in women's health and reproductive outcomes. Despite being one of the simplest commensal bacterial communities in the human body, we are only beginning to appreciate its complex dynamic nature and important role in host immune modulation. Bacteria in the urogenital tract represent 9% of the total human microbiota, and most of them are difficult to culture. For almost a century, a common opinion stated that a healthy uterine cavity was germ-free (41). It was hypothesized that this sterility is guaranteed by the cervical plug, which constitutes an impermeable barrier to any bacteria coming from the vagina (42). In the last decade, many studies have challenged this assumption using culture-dependent methods and investigating the composition of the cervical mucous plug, which has been shown to not be impermeable to bacterial migration from the vaginal tract (35). In this review, our main question was whether to consider these microbes as “residents,” “tourists,” or “invaders.” The uterus and vagina are in strict continuity, allowing for an inevitable flow of bacteria to the uterine cavity and a dysregulation of uterine contractions, which may also promote bacterial colonization. Lactobacilli are fundamental for female reproductive tract homeostasis. The principal feature that makes lactobacilli defenders of the cervicovaginal niche is represented by their production of lactic acid and hydrogen peroxide, which maintain an acidic environment, with a pH ~4.0, which is inhospitable to the growth of catalase-negative bacteria. Ravel et al. (36), studied the cervicovaginal ecosystem among North American women of reproductive age using bacterial 16S rRNA gene sequencing. The results suggested the presence of five community state types (CSTs). CSTs I-IV are characterized by an abundance of Lactobacillus species (CST I, L. crispatus; CST II, L. gasseri; CST III, L. iners; CST V, L. jensenii), while CTS V consists mainly of anaerobes (36). Lactobacillus-dominant communities have shown important prevalence differences among healthy woman depending on their racial belonging. In fact, Lactobacillus spp. ranged from 90% in white women, 80% in Asian women and only 60% in Hispanic and black women. Moreover, it has been demonstrated that specific cervicovaginal bacteria are related to HIV acquisition. Specifically, in a South African study, a cohort of young women was screened in order to describe links between their vaginal microbiome and risk of acquiring HIV infection. The results showed that women with L. crispatus-dominant microbiota had a 4-fold lower risk of infection than women with highly diverse bacterial communities (43). Remarkably, not all Lactobacillus spp. are protective. For example, Lactobacillus iners increases pro-inflammatory cytokines, predisposing to infection. This action is implemented by a variety of other taxa, such as Prevotella melaninogenica, Prevotella bivia, Veillonella, Mycoplasma, and Sneathia sanguinegens, increasing the HIV acquisition rate (44, 45). A Lactobacillus-deficient cervicovaginal district is associated with higher genital pro-inflammatory cytokine levels and increased genital antigen-presenting cell activation via lipopolysaccharide (LPS)-sensing pathways and increased genital CD4+ T cell counts, acting as a “trigger” of local immunity (3, 43). Conversely, a vaginal ecosystem with a dominance of lactobacilli, particularly L. crispatus, is characterized by a low inflammatory microenvironment. Endocervix and a thick mucous layer represent very important elements that contribute to innate immune barriers (46). In the mucous, we can find the presence of IgG, secretory IgA, lactoferrin, lysozyme, and other antibacterial compounds. Moreover, T-cells and antigen-presenting cells are also in the lower reproductive endothelium.

Several studies have reported conflicting findings on the beneficial activity by Lactobacillusabundance. Higher levels were found in groups of women with endometrial polyps (EP) or in women with EP associated with chronic endometriosis (EP + CE) compared with healthy controls (47).

In contrast, other studies suggested that high levels of Lactobacillus are significantly associated with increased reproductive success in women undergoing in vitro fertilization (IVF) (48).

In recent years, many studies have shown how bacterial communities can play a key role in fecundation (42, 49). These new considerations are decisive for the development of new approaches to improve fertility, conception, healthy pregnancy, and bacterial colonization of the infant and to prevent preterm birth. Considering this strong relationship between microbes and fertility, the main objective must be to intervene directly on these populations in order to increase reproductive success outcomes. An example of this strategy is represented by the application of the probiotics Lactobacillus brevis CD2, Lactobacillus plantarum FV9, and Lactobacillus salivarius FV2. These species seem to exercise a protective action on sperm motility and viability in vitro by preventing membrane damage induced by reactive oxygen species (35). This suggests that lactobacilli species resident in the vagina could be a protective factor for spermatozoa function during and after intercourse. This relationship has also been observed in artificial reproduction technique (ART) outcomes. In fact, vaginal microbiota composition, on the day of embryo transfer and after IVF, influenced the success of pregnancy (50). As described before, some disorders strongly alter cervicovaginal flora. Uterine microbiota composition has been shown to be significantly different in women with endometriosis (51). Furthermore, Cicinelli et al. reported that endometriosis patients treated with antibiotics before implantation had significantly better reproductive outcomes compared with those not treated (52). Endometriosis patients are characterized by low levels of Lactobacillus spp. and an increase of Streptococcus spp., Staphylococcus spp., and Gram-negative bacteria belonging to the family Enterobacteriaceae. This relationship between bacteria, endometriosis and reproductive outcomes has been studied, demonstrating how a “Lactobacillus dominant (LD)” population and a “non-Lactobacillus dominant” (NLD) show significant differences in terms of successful outcomes. Specifically, women with an LD uterine microbiome had markedly higher rates of implantation [60.7 vs. 23.1% (P = 0.02)], pregnancy [70.6 vs. 33.3% (P = 0.03)], ongoing pregnancy [58.8 vs. 13.3% (P = 0.02)], and live births [58.8 vs. 6.7% (P = 0.002)] compared with those with an NLD uterine microbiome composition (53). Furthermore, researchers are studying the functional impact of uterine microbial population and their relationship with the microenvironment. The promotion of vaginal health is influenced by probiotics with various combinations of L. reuteri L. acidophilus, L. gasseri, L. rhamnosus, L. plantarum, and L. crispatus. When given as a short course (3–10 days), after 1 month, rates of vaginal colonization by probiotic strains ranged from 10% for oral L. rhamnosus to 53% for a vaginal product, including L. gasseri, L. fermentum, L. rhamnosus, and Pediococcus acidilactici. Treatment with a vaginal L. crispatus product established persistent colonization up to 1 month in 44%−59% of women (46). However, 1 week after the treatment, the rates of colonization decreased in sexually active women and in women yet colonized by endogenous lactobacilli (54). Another potential approach to modulate cervicovaginal microbiota is hormone therapy. In 2013, van de Wijert et al. (55) observed that combined oral contraceptives and progestin-only injectable contraceptives were mainly associated with a lower incidence of bacterial vaginosis (BV). In post-menopausal women, when the concentration of Lactobacilli was reduced, it was observed that treatment with oral estradiol hormone replacement therapy seemed to influence vaginal microbiota, increasing colonization by Lactobacillus spp. (56).



PROSPECTIVE FMT TREATMENT OF FEMALE GENITAL TRACT DISEASES

The role of commensal bacteria in stimulating local and systemic immunity appears to be established. Some of the new strategies for the treatment of diseases are focused on chemically synthetized molecules or recombinant proteins (57), and this type of approach requires oral or topical administration. Moreover, such compounds frequently show low levels of stability and, sometimes, in cases of recombinant proteins, contain remnants of inflammatory contaminants (58). Bacterial strains resident in the gut and vagina crosstalk, which leads to local and systemic immune regulation. In this regard, particular bacterial species can be engineered and used as oral vectors capable of triggering local and systemic immune responses in order to prevent (e.g., vaccines) or alleviate disease symptoms (59).

Induction of humoral and cellular immune responses represents a fundamental aspect involved in preventing female genital tract disorders. As other secretions, vaginal and cervical fluid contain mainly IgA and a certain proportion of IgG of plasma origin (60). The female genital tract does not contain organized lymphoepithelial structures analogous to intestinal Peyer's patches. This aspect is crucial to identify alternative routes of immunization to bypass local application of antigens. Thus, oral, rectal and nasal administrations were suggested (61). Furthermore, a central aspect is represented by the homing of activated lymphocytes, which depends on the expression of specific surface receptors that recognize elements on endothelial cell walls. An example is α4β7 and L-selectin receptor, which guide immune cells to the gut mucosa and peripheral lymph nodes, respectively (62). An intriguing study was conducted in 2001 by Kutteh et al. They explored the efficacy of intestinal tract immunization in the induction of specific antibodies in human female genital tract secretions. A live attenuated strain of Salmonella typhi Ty 21a was used as a vector. In this study, 15 women were vaccinated orally, and 11 volunteers received the same dose rectally. To evaluate the effect on mucosal responses, seven women that had been vaccinated orally 6 months prior received a rectal boost. The data showed significant increases of IgA, predominantly, and IgG in vaginal and cervical fluids. Increased immunoglobulin levels were also observed after rectal boosting. This demonstrated that specific antibodies in the female genital tract induced by primary vaccination could be enhanced via subsequent rectal administration (60). Two aspects clearly emerged from this study: (1) the administration of live bacterial vectors induces a local and systemic immune response; (2) rectal administration may also induce stimulation at the cervicovaginal level. In this regard, FMT could be a natural alternative to recombinant bacterial vectors. In fact, with single or multiple infusions, large amounts of bacteria and metabolites could be administered, each of which could serve as an inducer of local and systemic immune responses.

Indeed, understanding the connection between intestinal and vaginal microbiota may represent a goal for new treatments of female genital tract disorders. New gene sequencing techniques have allowed characterization of the intestinal and vaginal populations and therefore led to hypotheses of interactions in states of health or disease. In 2017, Lindheim et al. investigated stool microbiome of women with polycystic ovary syndrome (PCOS) and healthy controls. PCOS is a common disorder affecting 5–10% of women in their reproductive years. As far as we know, this syndrome is characterized by the presence of three main features: hyperandrogenism, oligo/anovulation, and polycystic ovaries on pelvic ultrasound (63). The etiology and pathogenesis of PCOS remain unclear and may be multi-factorial, involving genetic, neuroendocrine, and metabolic causes (64). Other parameters, such as gut barrier integrity, endotoxaemia and inflammation, were also evaluated. The stool microbiome of PCOS patients showed a lower diversity and an altered phylogenetic composition compared to controls. Significant differences in taxa, with a relative abundance >1%, were not observed (65). Regarding rare taxa, the relative abundance of bacteria from the phylum Tenericutes (relevant genera include Mycoplasma spp., Ureaplasma spp.) and the family S24-7 (phylum Bacteroidetes) was significantly lower. Moreover, patients did not show alterations in all markers of gut barrier function and endotoxaemia (65). These findings suggest that changes of gut microbiota also had trends similar to the variations of metabolic symptoms. Other studies observed that some Gram-negative bacteria belonging to the genera Bacteroides and Escherichia/Shigella significantly increased in the gut of PCOS women with obesity. In these conditions, LPS produced by these microorganisms was demonstrated to induce chronic inflammation, obesity, and insulin resistance in LPS-infused mice (5). In this status, spore-forming species, such as Clostridiales, decrease, while Proteobacteria and Bacteroidetes increase. Other evidence suggests a multifactorial relationship in determining the shape of cervicovaginal microbiota. Recently, a potential relationship between sex hormones and gut microbiota emerged. This novel concept has been defined as “microgenderome” (66). At the time of puberty, sex hormone levels exercise specific influences on the composition of the microbiota. Removal of gut microbiota showed an increase in testosterone concentration in female mice but a decrease in male mice. Thus, the commensal gut microbiota also had effects on production of the male sex hormone (67). It is interesting to explore the role of gut microbiota in PCOS, in which androgen levels in PCOS women are always elevated. Tremellen and Pearce suggest that dysbiosis of the gut microbiota (DOGMA) brought about by a high fat-sugar diet in PCOS patients leads to an increase in intestinal permeability. Lipopolysaccharide produced by Gram-negative bacteria traverse the gut wall to enter the circulation, leading to a chronic state of low-grade inflammation. Activation of the immune system interferes with insulin receptor, driving up insulin levels, which boost testosterone production in the ovary, leading to PCOS. DOGMA theory can account for the role of gut microbiota in the pathogenesis of PCOS (68). This evidence has been reinforced by a study on induced PCOS using a rat model (67), in which the results showed that PCOS rats displayed abnormal oestrous cycles, represented by increasing androgen biosynthesis, and exhibited multiple large cysts with diminished granulosa layers in ovarian tissues. Moreover, the composition of gut microbiota in rats treated with letrozole, a non-steroidal aromatase inhibitor, was different from controls. Lactobacillus, Ruminococcus, and Clostridium species were lower, while Prevotella species was higher in PCOS rats compared with control rats. The rats were treated using FMT from healthy rats. It was found that the oestrous cycles were improved in all rats in the FMT group, with decreased androgen biosynthesis and normalized ovarian morphologies. The composition of the restored gut microbiota in the FMT group was characterized by an increase in Lactobacillus and Clostridium and a decrease in Prevotella. This evidence indicated that the dysbiosis of gut microbiota was associated with the pathogenesis of PCOS and emphasized the hypothesis aimed at implementing the use of FMT for extra-intestinal disorders. In fact, there is strong evidence that host-microbial interactions play a key role in reproductive health outcomes. The challenge is to find tools and strategies capable of modulating microbial populations in the cervicovaginal microenvironment, using probiotics, as well (46). Other female tract disorders are associated with gut microbiota alterations, such as endometriosis and BV.

Endometriosis is a condition defined by the presence of endometriotic gland and stroma outside of the uterine cavity, ranging in severity levels from I to IV (69). Many studies have emphasized how immunologic alterations and microbiological factors, independently or in association with epigenetic changes, might play a role in the development of the disease (70). Dysbiosis influences estrogen levels in the circulation (71), and increased estrogen levels can stimulate growth of ectopic endometriotic foci and inflammatory activity. Thus, gut microbiota influencing the regulation of the estrogen cycle could be associated with endometriosis. In an interesting recent study, Ata et al. performed an in depth characterization and comparison of vaginal, cervical, and gut microbiota in women with stage III–IV endometriosis and healthy controls. The results showed overall comparable compositions of the vaginal, cervical, and gut microbiota. However, there were some differences between the bacterial groups, with some interesting decreases, absences or increases of some species. Specifically, the complete absence of Atopobium in the vagina and cervix, together with the increased abundance of Gardnerella, Escherichia/Shigella, and Ureoplasma in the cervical microbiome of patients with endometriosis could be a relevant finding (72). Atopobium spp. was recently implicated as a gynecological pathogen associated with bacterial vaginosis, obstetric bacteraemia, and, possibly, with endometrial cancer (73). These findings suggest an active role played by resident bacteria in the cervix-vaginal district and interactions with intestinal microbes. This bacterial network appears to be related to local and system female conditions.

As previously mentioned, menstruation and menopause, caused by hormonal changes, contribute to a drastic modification in the vaginal microbiota, specifically decreases in lactobacilli. In this condition, infections by Gardnerella vaginalis (GV) and Candida albicans are promoted (74). GV plays a key role in vaginal immunity. In fact, this bacteria is able to increase levels of several inflammatory factors, such as NF-kB, TNF-α, myeloperoxidase activity, COX-2, and iNOS. This pattern of molecules leads to BV (75, 76). Some studies have shown how the oral administration of probiotics can influence immunity in the vagina (77). Probiotics are a valid alternative to antibiotic treatment in order to avoid antimicrobial resistance. Data suggest that strains of L. acidophilus, L. rhamnosus and L. johnsonii mitigate GV-vaginosis in mice (78). Kim et al. have demonstrated that administration of NK3 (L. plantarum), NK49 (B. longum), and their mixture alleviated GV-induced BV in mice by reducing TNF-α levels and myeloperoxidase activity and increasing IL-10 expression. This treatment also contributed to COX-2, iNOS and NF-Kb suppression (77). In this study, the authors also investigated fecal microbiota composition in mice with GV-induced BV using qPCR. High levels of GV significantly increased Firmicutes and Proteobacteria, the main LPS-producers, and suppressed Bacteroidetes populations in the vagina. Moreover, GV infection was able to increase inflammatory molecules, such as TNF-α, NF-Kb, and myeloperoxidase, in the colon. However, treatment with NK3 and/or NK49 significantly decreased Proteobacteria and increased Bacteroidetes, contributing to the inhibition of gut microbiota LPS production (Figure 2). Crosstalk between the gut and vagina environment seems evident. Oral administration of probiotics, and then bacteria, might play a crucial role in the suppression of the pro-inflammatory cytokine expression in the vagina. This action influences the inflammatory status in the gut, acting on bacteria and immune cells, such as macrophages, dendritic cells and local lymphocytes. It could be interesting to hypothesize a similar action using FMT, which would allow a direct administration of bacteria and metabolites in the gut, bypassing stomach passage.


[image: Figure 2]
FIGURE 2. Gut-Vagina cross-talking. Bacteria and immunity cells in vagina and gut are in close communication. Hormonal changes during menopause, menstruations lead to an overgrowth of anaerobic species such as Gardnerella vaginalis (GV). Bacterial vaginosis (BV), caused by GV, increases an immunity molecules release which exerts pro-inflammatory effects in situ and in the gut. Proteobacteria overgrowth leads to LPS iper-production establishing an inflammatory status. Oral probiotics alleviate BV in women. FMT might play a similar role in regulating both altered gut flora and vagina inflammation (74, 77).




CONCLUDING REMARKS

Undoubtedly, the countless microbial communities present on the body's surface and in internal organs are directly involved in homeostasis (2). Knowledge into the interactions between the intestinal microbiota and health/disease balance, due to immune-related actions that influence extra-intestinal sites and diseases, is deepening. Concerning vaginal districts, evidence indicates that the immune system is involved in local disorders (59). Indeed, this relationship could be compellingly linked to gut microbes. On the other hand, vaginal microbiota represents a complex biological niche, contributing to the local health and coinciding with the anatomical intricacy of the female genital tract. Its proximity and connection to the intestine allows for strong interactions between gut and vaginal bacteria. These aspects must also consider the numerous chemical changes that the female reproductive tract undergoes with age and, periodically, with hormonal interactions (35). Then, a refined equilibrium between gut microbiota, immunity, vaginal microbiota, and hormones is essential in the physiological state of the female genital tract. Considering recent literature evidences, a direct action exerted by oral probiotics in the modulation of vaginal disorders such as BV appears clear (78). Another important finding was the association of specific patterns of intestinal bacteria with vaginal pathologies such as endometriosis and PCOS (67, 72). Alongside the synergistic action of intestinal and vaginal bacteria, the hormones, such as oestrogens, influence the cervicovaginal microenvironment (66). It is necessary to continue focusing on the dynamics of these interactions and on the effects on health status or diseases. The new tools developed in modern microbiology, such as metagenomic and culturomic analysis, must lead to a greater understanding of microorganism-host interactions and modify the simple concept of “commensal” or “pathogen” (8). The right way is to enhance the biological context in which the bacterial species live and the biological pathways they control. Gut bacteria are an “orchestra” exerting mechanisms of regulation on extra-intestinal bacteria, circulating hormone levels, and immunity. Indeed, manipulating the microbiome composition is a potential strategy to prevent or mitigate several diseases. The next step for the scientific community must be to clarify what is “normal” in the human microbiome, including cervicovaginal microbes, in order to define dysbiotic, disease-associated profiles, with the aim of providing therapies, or lifestyle interventions to return it to normal again.

A concrete future prospect could involve “driving” the bacterial populations that inhabit these organs through therapeutic procedures, such as fecal transplantation, as yet demonstrated in CDI resolution (7). FMT consists of a liquid feces suspension, infused into a recipient colon-site. In this way, bacteria and metabolites are able to modulate both local microbial community and systemic immunity, influencing other districts balances, as hopefully the female genital-tract one. An advanced, intriguing possibility could involve the infusion of a synthetic bacterial suspension consisting exclusively of selected and controlled bacterial populations in order to obtain an “ad personam” therapeutic approach.



AUTHOR CONTRIBUTIONS

GQ, MS, and LM drafted the manuscript and conducted the literature review.



REFERENCES

 1. Johansson ME, Jakobsson HE, Holmen-Larsson J, Schutte A, Ermund A, Rodriguez-Pineiro AM, et al. Normalization of host intestinal mucus layers requires long-term microbial colonization. Cell Host Microbe. (2015) 18:582–92. doi: 10.1016/j.chom.2015.10.007

 2. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, et al. Diversity of the human intestinal microbial flora. Science. (2005) 308:1635–8. doi: 10.1126/science.1110591

 3. Anahtar MN, Byrne EH, Doherty KE, Bowman BA, Yamamoto HS, Soumillon M, et al. Cervicovaginal bacteria are a major modulator of host inflammatory responses in the female genital tract. Immunity. (2015) 42:965–76. doi: 10.1016/j.immuni.2015.04.019

 4. Baker J, Chase D, Herbst-Kralovetz M. Uterine microbiota: residents, tourists, or invaders? Front Immunol. (2018) 9:208. doi: 10.3389/fimmu.2018.00208

 5. Liu R, Zhang C, Shi Y, Zhang F, Li L, Wang X, et al. Dysbiosis of gut microbiota associated with clinical parameters in polycystic ovary syndrome. Front Microbiol. (2017) 28:324. doi: 10.3389/fmicb.2017.00324

 6. Oren A, Rupnik M. Clostridium difficile and clostridioides difficile: two validly published and correct names. Anaerobe. (2018) 52:125–6. doi: 10.1016/j.anaerobe.2018.07.005

 7. Cammarota G, Ianiro G, Tilg H, Rajilić-Stojanović M, Kump P, Satokari R, et al. European consensus conference on faecal microbiota transplantation in clinical practice. Gut. (2017) 66:569–80. doi: 10.1136/gutjnl-2016-313017

 8. Lagier JC, Dubourg G, Million M, Cadoret F, Bilen M, Fenollar F, et al. Culturing the human microbiota and culturomics. Nat Rev Microbiol. (2018) 1:540–50. doi: 10.1038/s41579-018-0041-0

 9. Scarpellini E, Ianiro G, Attili F, Bassanelli C, De Santis A, Gasbarrini A. The human gut microbiota and virome: potential therapeutic implications Dig. Liver Dis. (2015) 47:1007–12. doi: 10.1016/j.dld.2015.07.008

 10. Yadav M, Verma M, Chauhan N. A review of metabolic potential of human gut microbiome in human nutrition. Arch Microbiol. (2018) 200:203–17. doi: 10.1007/s00203-017-1459-x

 11. Kanwar SS, Walia S, Sharma S. Impact of probiotics and gut microbiota on host behavior. In: Garg N, Abdel-Aziz S, Aeron A, editors. Microbes in Food and Health. Cham: Springer (2016). p. 29–41. doi: 10.1007/978-3-319-25277-3_2

 12. Andersson AF, Lindberg M, Jakobsson H, Bäckhed F, Nyrén P, Engstrand L. Comparative analysis of human gut microbiota by barcoded pyrosequencing. PLoS ONE. (2008) 3:e2836. doi: 10.1371/journal.pone.0002836

 13. Bik EM, Eckburg PB, Gill SR, Nelson KE, Purdom EA, Francois F, et al. Molecular analysis of the bacterial microbiota in the human stomach. Proc Natl Acad Sci USA. (2006) 103:732–7. doi: 10.1073/pnas.0506655103

 14. Paroni F, Palladini A, Masucci L, Cannistraci CV, Pastorino R, Ianiro G, et al. Effects of proton pump inhibitors on the gastric mucosa-associated microbiota in dyspeptic patients. Appl Environ Microbiol. 82:6633–44. doi: 10.1128/AEM.01437-16

 15. Hayashi H, Takahashi R, Nishi T, Sakamoto M, Benno Y. Molecular analysis of jejunal, ileal, caecal and recto-sigmoidal human colonic microbiota using 16S rRNA gene libraries and terminal restriction fragment length polymorphism. J Med Microbiol. (2005) 54:1093–101. doi: 10.1099/jmm.0.45935-0

 16. Kumar J, Kumar M, Gupta S, Bhambi M, Pandey R, et al. An improved methodology to overcome key issues in human fecal metagenomic DNA extraction. Genom Proteom Bioinform. (2016) 14:371–8. doi: 10.1016/j.gpb.2016.06.002

 17. Cammarota G, Ianiro G, Cianci R, Bibbò S, Gasbarrini A, Currò D. The involvement of gut microbiota in inflammatory bowel disease pathogenesis: potential for therapy. Pharmacol Ther. (2015) 149:191–212. doi: 10.1016/j.pharmthera.2014.12.006

 18. Jørgensen SMD, Hansen MM, Erikstrup C, Dahlerup JF, Hvas CL. Faecal microbiota transplantation: establishment of a clinical application framework. Eur J Gastroenterol Hepatol. (2017) 29:e36–45. doi: 10.1097/MEG.0000000000000958

 19. Ianiro G, Masucci L, Quaranta G, Simonelli C, Lopetuso LR, Sanguinetti M, et al. Randomised clinical trial: faecal microbiota transplantation by colonoscopy plus vancomycin for the treatment of severe refractory Clostridium difficile infection-single versus multiple infusions. Aliment Pharmacol Ther. (2018) 48:152–9. doi: 10.1111/apt.14816

 20. Filip M, Tzaneva V, Dumitrascu DL. Fecal transplantation: digestive and extradigestive clinical applications. Clujul Med. (2018) 91:259–65. doi: 10.15386/cjmed-946

 21. Ramai D, Zakhia K, Ofosu A, Ofori E, Reddy M. Fecal microbiota transplantation: donor relation, fresh or frozen, delivery methods, cost-effectiveness. Ann Gastroenterol. (2019) 32:30–8. doi: 10.20524/aog.2018.0328

 22. Takahashi M, Ishikawa D, Sasaki T, Lu YJ, Kuwahara-Arai K, Kamei M, et al. Faecal freezing preservation period influences colonization ability for faecal microbiota transplantation. J Appl Microbiol. (2019) 126:973–84. doi: 10.1111/jam.14167

 23. Perez E, Lee CH, Petrof EO. A practical method for preparation of fecal microbiota transplantation. Methods Mol Biol. (2016) 1476:259–67. doi: 10.1007/978-1-4939-6361-4_19

 24. Papanicolas LE, Choo JM, Wang Y, Leong LEX, Costello SP, Gordon DL, et al. Bacterial viability in faecal transplants: which bacteria survive? EBioMedicine. (2019) 41:509–16. doi: 10.1016/j.ebiom.2019.02.023

 25. Kim P, Gadani A, Abdul-Baki H, Mitre R, Mitre M. Fecal microbiota transplantation in recurrent Clostridium difficile infection: a retrospective single-center chart review. JGH Open. (2018) 3:4–9. doi: 10.1002/jgh3.12093

 26. Hyvärinen K, Mäntylä P, Buhlin K, Paju S, Nieminen MS, Sinisalo J, et al. A common peridontal pathogen has an adverse association with both acute and stable coronary artery disease. Atherosclerosis. (2012) 223:478–84. doi: 10.1016/j.atherosclerosis.2012.05.021

 27. Ott SJ, El Mokhtari NE, Musfeldt M, Hellmig S, Freitag S, Rehman A. Detection of diverse bacterial signatures in atherosclerosis lesions of patients with coronary heart disease. Circulation. (2006) 113:929–37. doi: 10.1161/CIRCULATIONAHA.105.579979

 28. Keshavarzian A, Green SJ, Engen PA, Voigt RM, Naqib A, Forsyth CB. Colonic bacterial composition in Parkinson's disease. Mov Disord. (2015) 30:1351–60. doi: 10.1002/mds.26307

 29. Schirmer M, Smeekens SP, Vlamakis H, Jaeger M, Oosting M, Franzosa EA, et al. Linking the human gut microbiome to inflammatory cytokine production capacity. Cell. (2016) 167:1125–36.e8. doi: 10.1016/j.cell.2016.10.020

 30. Chen J, Chia N, Kalari KR, Yao JZ, Novotna M, Soldan MM, et al. Multiple sclerosis patients have a distinct gut microbiota compared to healthy controls. Sci Rep. (2016) 6:28484. doi: 10.1038/srep28484

 31. Rubinstein MR, Wang X, Liu W. Fusobacterium nucleatum promotes colorectal carcinogenesis by modulating E-cadherin/β-catenin signaling via its FadA adhesin. Cell Host Microbe. (2013) 14:195–206. doi: 10.1016/j.chom.2013.07.012

 32. Boleij A, Hechenbleikner EM, Goodwin AC. The Bacteroides fragilis toxin gene is prevalent in the colon mucosa of colorectal cancer patients. Clin Infect Dis. (2015) 60:208–15. doi: 10.1093/cid/ciu787

 33. Scher JU, Sczesnak A, Longman R. Expansion of intestinal Prevotella copri correlates with enhanced susceptibility to arthritis. Elife. (2013) 5:e01202. doi: 10.7554/eLife.01202

 34. Petrova MI, Lievens E, Malik S, Imholz N, Lebeer S. Lactobacillus species as biomarkers and agents that can promote various aspects of vaginal health. Front Physiol. (2015) 6:81. doi: 10.3389/fphys.2015.00081

 35. Younes JA, Lievens E, Hummelen R, van der Westen R, Reid G, Petrova MI. Women and their microbes: the unexpected friendship. Trends Microbiol. (2018) 26:16–32. doi: 10.1016/j.tim.2017.07.008

 36. Ravel J, Gajer P, Abdo Z, Schneider GM, Koenig SS, McCulle SL, et al. Vaginal microbiome of reproductive-age women. Proc Natl Acad Sci USA. (2011) 108 (Suppl. 1):4680–7. doi: 10.1073/pnas.1002611107

 37. Paavonen J. Physiology and ecology of the vagina. Scand J Infect Dis Suppl. (1983) 40:31–5.

 38. Randelovic G, Mladenović V, Ristić L, Otašević S, Branković S, Mladenović-Antić S, et al. Microbiological aspects of vulvovaginitis in prepubertal girls. Eur J Pediatr. (2012) 171:1203–8. doi: 10.1007/s00431-012-1705-9

 39. Gupta S, Kumar N, Singhal N, Kaur R, Manektala U. Vaginal microflora in postmenopausal women on hormone replacement therapy. Indian J Pathol Microbiol. (2006) 49:457–61.

 40. Delaney ML, Onderdonk AB. Nugent score related to vaginal culture in pregnant women. Obstet Gynecol. (2001) 98:79–84. doi: 10.1097/00006250-200107000-00015

 41. Gilbert SF, Sapp J, Tauber AI. A symbiotic view of life: we have never been individuals. Q Rev Biol. (2012) 87:325–41. doi: 10.1086/668166

 42. Reid G. Cervicovaginal microbiome threats and possibilities. Trends Endocrinol Metab. (2016) 27:446–54. doi: 10.1016/j.tem.2016.04.004

 43. Gosmann C, Anahtar MN, Handley SA, Farcasanu M, Abu-Ali G, Bowman BA, et al. Lactobacillus-deficient cervicovaginal bacterial communities are associated with increased HIV acquisition in young South African women. Immunity. (2017) 46:29–37. doi: 10.1016/j.immuni.2016.12.013

 44. 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 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

 45. Callahan BJ, Di Giulio DB, Goltsman DSA, Sun CL, Costello EK, Jeganathan P, et al. Replication and refinement of a vaginal microbial signature of preterm birth in two racially distinct cohorts of US women. Proc Natl Acad Sci USA. (2017) 114:9966–71. doi: 10.1073/pnas.1705899114

 46. Anahtar MN, Gootenberg DB, Mitchell CM, Kwon DS. Cervicovaginal microbiota and reproductive health: the virtue of simplicity. Cell Host Microbe._(2018) 23:159–68. doi: 10.1016/j.chom.2018.01.013

 47. Fang RL, Chen LX, Shu WS, Yao SZ, Wang SW, Chen YQ. Barcoded sequencing reveals diverse intrauterine microbiomes in patients suffering with endometrial polyps. Am J Transl Res. (2016) 8:1581–92.

 48. 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

 49. Haahr T, Jensen JS, Thomsen L, Duus L, Rygaard K, Humaidan P. Abnormal vaginal microbiota may be associated with poor reproductive outcomes: a prospective study in IVF patients. Hum Reprod. (2016) 31:795–803. doi: 10.1093/humrep/dew026

 50. Hyman RW, Herndon CN, Jiang H, Palm C, Fukushima M, Bernstein D, et al. The dynamics of the vaginal microbiome during infertility therapy with in vitro fertilization-embryo transfer. J Assist Reprod Genet. (2012) 105–15. doi: 10.1007/s10815-011-9694-6

 51. Chen C, Song XL, Wei WX, Zhong HZ, Dai JJ, 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

 52. Cicinelli E, Matteo M, Tinelli R, Pinto V, Marinaccio M, Indraccolo U, et al. Chronic endometritis due to common bacteria is prevalent in women with recurrent miscarriage as confirmed by improved pregnancy outcome after antibiotic treatment. Reprod Sci. (2014) 21:640–7. doi: 10.1177/1933719113508817

 53. Moreno I, Codoñer FM, Vilella F, Valbuena D, Martinez-Blanch JF, Jimenez-Almazán J, et al. Evidence that the endometrial microbiota has an effect on implantation success or failure. Am J Obstet Gynecol. (2016) 215:684–703. doi: 10.1016/j.ajog.2016.09.075

 54. Antonio MA, Rabe LK, Hillier SL. Colonization of the rectum by Lactobacillus species and decreased risk of bacterial vaginosis. J Infect Dis. (2005) 192:394–8. doi: 10.1086/430926

 55. van de Wijgert JH, Verwijs MC, Turner AN, Morrison CS. Hormonal contraception decreases bacterial vaginosis but oral contraception may increase candidiasis: implications for HIV transmission. AIDS. (2013) 27:2141–53. doi: 10.1097/QAD.0b013e32836290b6

 56. Shen J, Song N, Williams CJ, Brown CJ, Yan Z, Xu C, et al. Effects of low dose estrogen therapy on the vaginal microbiomes of women with atrophic vaginitis. Sci Rep. (2016) 6:24380. doi: 10.1038/srep24380

 57. Ferrer-Miralles N, Domingo-Espín J, Corchero JL, Vázquez E, Villaverde A. Microbial factories for recombinant pharmaceuticals. Microb Cell Fact. (2009) 24:17. doi: 10.1186/1475-2859-8-17

 58. Cano-Garrido O, Seras-Franzoso J, Garcia-Fruitós E. Lactic acid bacteria: reviewing the potential of a promising delivery live vector for biomedical purposes. Microb Cell Fact. (2015) 16:137. doi: 10.1186/s12934-015-0313-6

 59. Medaglini D, Rush CM, Sestini P, Pozzi G. Commensal bacteria as vectors for mucosal vaccines against sexually transmitted diseases: vaginal colonization with recombinant streptococci induces local and systemic antibodies in mice. Vaccine. (1997) 15:1330–7. doi: 10.1016/S0264-410X(97)00026-1

 60. Kutteh WH, Kantele A, Moldoveanu Z, Crowley-Nowick PA, Mestecky J. Induction of specific immune responses in the genital tract of women after oral or rectal immunization and rectal boosting with Salmonella typhi Ty 21a vaccine. J Reprod Immunol. (2001) 52:61–75. doi: 10.1016/S0165-0378(01)00109-7

 61. Kantele A, Häkkinen M, Moldoveanu Z, Lu A, Savilahti E, Alvarez RD, et al. Differences in immune responses induced by oral and rectal immunizations with Salmonella typhi Ty21a: evidence for compartmentalization within the common mucosal immune system in humans. Infect Immun. (1998) 66:5630–5.

 62. Kishimoto TK, Jutila MA, Butcher EC. Identification of a human peripheral lymph node homing receptor: a rapidly down-regulated adhesion molecule. Proc Natl Acad Sci USA. (1990) 87:2244–8. doi: 10.1073/pnas.87.6.2244

 63. Norman RJ, Dewailly D, Legro RS, Hickey TE. Polycystic ovary syndrome. Lancet. (2007) 370:685–97. doi: 10.1016/S0140-6736(07)61345-2

 64. Balen A. The pathophysiology of polycystic ovary syndrome: trying to understand PCOS and its endocrinology. Best Pract Res Clin Obstet Gynaecol. (2004) 18:685–706. doi: 10.1016/j.bpobgyn.2004.05.004

 65. Lindheim L, Bashir M, Münzker J, Trummer C, Zachhuber V, Leber B, et al. Alterations in gut microbiome composition and barrier function are associated with reproductive and metabolic defects in women with polycystic ovary syndrome (PCOS): a pilot study. PLoS ONE. (2017) 12:e0168390. doi: 10.1371/journal.pone.0168390

 66. Flak MB, Neves JF, Blumberg RS. Immunology. Welcome to the microgenderome. Science. (2013) 339:1044–5. doi: 10.1126/science.1236226

 67. Guo Y, Qi Y, Yang X, Zhao L, Wen S, Liu Y. Association between polycystic ovary syndrome and gut microbiota. PLoS ONE. (2016) 11:e0153196. doi: 10.1371/journal.pone.0153196

 68. Tremellen K, Pearce K. Dysbiosis of Gut Microbiota (DOGMA)—a novel theory for the development ofPolycystic Ovarian Syndrome. Med Hypotheses. (2012) 79:104–12. doi: 10.1016/j.mehy.2012.04.016

 69. Giudice LC. Clinical practice. Endometriosis. N Engl J Med. (2010) 362:2389–98. doi: 10.1056/NEJMcp1000274

 70. Kobayashi H, Higashiura Y, Shigetomi H, Kajihara H. Pathogenesis of endometriosis: the role of initial infection and subsequent sterile inflammation. Mol Med Rep. (2014) 9:9–15. doi: 10.3892/mmr.2013.1755

 71. Flores R, Shi J, Fuhrman B, Xu X, Veenstra TD, Gail MH, et al. Fecal microbial determinants of fecal and systemic estrogens and estrogen metabolites: a cross-sectional study. J Transl Med. (2012) 10:253. doi: 10.1186/1479-5876-10-253

 72. Ata B, Yildiz S, Turkgeldi E, Brocal VP, Dinleyici EC, Moya A, et al. The endobiota study: comparison of vaginal, cervical and gut microbiota between women with stage 3/4 endometriosis and healthy controls. Sci Rep. (2019) 18:2204. doi: 10.1038/s41598-019-39700-6

 73. Marconi C, Cruciani F, Vitali B, Donders GG. Correlation of atopobium vaginae amount with bacterial vaginosis markers. J Low Genit Tract Dis. (2012) 16:127–32. doi: 10.1097/LGT.0b013e31823c79c4

 74. Amabebe E, Anumba DOC. The vaginal microenvironment: the physiologic role of Lactobacilli. Front Med. (2018) 5:181. doi: 10.3389/fmed.2018.00181

 75. Zariffard MR, Novak RM, Lurain N, Sha BE, Graham P, Spear GT. Induction of tumor necrosis factor-alpha secretion and toll-like receptor 2 and 4 mRNA expression by genital mucosal fluids from women with bacterial vaginosis. J Infect Dis. (2005) 191:1913–21. doi: 10.1086/429922

 76. Trinh HT, Lee IA, Hyun YJ, Kim DH. Artemisia princeps Pamp. Essential oil and its constituents eucalyptol and α-terpineol ameliorate bacterial vaginosis and vulvovaginal candidiasis in mice by inhibiting bacterial growth and NF-κB activation. Planta Med. (2011) 77:1996–2002. doi: 10.1055/s-0031-1280094

 77. Kim DE, Kim JK, Han SK, Jang SE, Han MJ, Kim DH. Lactobacillus plantarum NK3 and Bifidobacterium longum NK49 Alleviate Bacterial Vaginosis and Osteoporosis in Mice by Suppressing NF-κB-Linked TNF-α Expression. J Med Food. (2019) 22:1022–31. doi: 10.1089/jmf.2019.4419

 78. Joo HM, Hyun YJ, Myoung KS, Ahn YT, Lee JH, Huh CS, et al. Lactobacillus johnsonii HY7042 ameliorates Gardnerella vaginalis-induced vaginosis by killing Gardnerella vaginalis and inhibiting NF-κB activation. Int Immunopharmacol. (2011) 11:1758–65. doi: 10.1016/j.intimp.2011.07.002

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 Quaranta, Sanguinetti and Masucci. 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.












	
	REVIEW
published: 12 December 2019
doi: 10.3389/fimmu.2019.02910






[image: image2]

Gut and Lung Microbiota in Preterm Infants: Immunological Modulation and Implication in Neonatal Outcomes

Chiara Tirone1,2*, Lucilla Pezza1,2, Angela Paladini1,2, Milena Tana1,2, Claudia Aurilia1,2, Alessandra Lio1,2, Silvia D'Ippolito3,4, Chiara Tersigni3,4, Brunella Posteraro5,6, Maurizio Sanguinetti5,6, Nicoletta Di Simone3,4 and Giovanni Vento1,2


1Fondazione Policlinico Universitario A. Gemelli IRCCS, U.O.C. di Neonatologia, Dipartimento di Scienze della Salute della Donna, del Bambino e di Sanità Pubblica, Rome, Italy

2Università Cattolica del Sacro Cuore, Istituto di Clinica Pediatrica, Rome, Italy

3Fondazione Policlinico Universitario A. Gemelli IRCCS, U.O.C. di Ostetricia e Patologia Ostetrica, Dipartimento di Scienze della Salute della Donna, del Bambino e di Sanità Pubblica, Rome, Italy

4Università Cattolica del Sacro Cuore, Istituto di Clinica Ostetrica e Ginecologica, Rome, Italy

5Fondazione Policlinico Universitario A. Gemelli IRCCS, Dipartimento di Scienze di Laboratorio e Infettivologiche, Rome, Italy

6Istituto di Microbiologia, Università Cattolica del Sacro Cuore, Rome, Italy

Edited by:
Marcello Chieppa, European Biomedical Research Institute of Salerno (EBRIS), Italy

Reviewed by:
Arianna Aceti, University of Bologna, Italy
 Marina Liso, National Institute of Gastroenterology S. de Bellis Research Hospital (IRCCS), Italy

*Correspondence: Chiara Tirone, chiara.tirone@policlinicogemelli.it

Specialty section: This article was submitted to Mucosal Immunity, a section of the journal Frontiers in Immunology

Received: 13 August 2019
 Accepted: 27 November 2019
 Published: 12 December 2019

Citation: Tirone C, Pezza L, Paladini A, Tana M, Aurilia C, Lio A, D'Ippolito S, Tersigni C, Posteraro B, Sanguinetti M, Di Simone N and Vento G (2019) Gut and Lung Microbiota in Preterm Infants: Immunological Modulation and Implication in Neonatal Outcomes. Front. Immunol. 10:2910. doi: 10.3389/fimmu.2019.02910



In recent years, an aberrant gastrointestinal colonization has been found to be associated with an higher risk for postnatal sepsis, necrotizing enterocolitis (NEC) and growth impairment in preterm infants. As a consequence, the reasons of intestinal dysbiosis in this population of newborns have increasingly become an object of interest. The presence of a link between the gut and lung microbiome's development (gut-lung axis) is emerging, and more data show as a gut-brain cross talking mediated by an inflammatory milieu, may affect the immunity system and influence neonatal outcomes. A revision of the studies which examined gut and lung microbiota in preterm infants and a qualitative analysis of data about characteristic patterns and related outcomes in terms of risk of growing impairment, Necrotizing Enterocolitis (NEC), Bronchopulmonary Dysplasia (BPD), and sepsis have been performed. Microbiota take part in the establishment of the gut barrier and many data suggest its immune-modulator role. Furthermore, the development of the gut and lung microbiome (gut-lung axis) appear to be connected and able to lead to abnormal inflammatory responses which have a key role in the pathogenesis of BPD. Dysbiosis and the gut predominance of facultative anaerobes appear to be crucial to the pathogenesis and subsequently to the prevention of such diseases.
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INTRODUCTION

All of the microorganisms that inhabit the human body constitutes the so-called human microbiota. The Human Microbiota Project was launched in 2008 to deepen our understanding of how the microbiome (the whole set of microorganisms, their genomes and the environmental conditions) influences human health and diseases. 16S ribosomal RNA (16S rRNA) sequencing allows characterizing the complexity of the microbial population to study whether there is an “healthy microbiota” and potential implications of different patterns (1).

The importance of gut microbiome is due to the role it plays as a major interface to the external environment: it contemporarily protects against pathogens and toxins while housing beneficial commensal bacteria which are pivotal to maintain homeostasis, support digestion, protect from injury, regulate intestinal immune function (2).

Some studies (3, 4) show that at birth infants are nearly sterile but they subsequently acquire microbial colonists. This process progresses in the first 2–3 years of life, until reaching an “adult-like state.” In at term newborns this evolution appears to be driven by nutritional, immunological, hormonal and prebiotic effect of maternal milk (5).

It is difficult to identify a “healthy” microbiota of a population such that of preterm infants. The preterm birth is a non-physiological condition, exposed to many early life clinical factors that alter the normal colonists acquisition process (6, 7).

The early life can be defined as a “critical window” during which the occurrence of dysbiosis can impact the health of preterm infants, especially influencing the developing immune systems (8–10).

Moreover, Olm et al. (11) underlined as our understanding of the habitat range and subpopulation complexity of founding strains is impaired by methodological limitations. These authors compared the in situ bacterial growth rates of multiple body sites by using metagenomics to reconstruct the genomes of strains that colonized the skin, mouth, and gut of two hospitalized premature infants. The results show an overlap of strains across body sites and imply that the premature infant microbiome is characterized by a low total microbial diversity of the early community when compared to full-term infants.

Anyway, in recent years, many studies regarding the features of gut and lung microbiota of preterm infants have followed.


Gut Microbiota in Preterm Infants

Altought newborns' gut was thought to be sterile and commensal microbes only acquired after birth, recently growing evidences seem to suggest that non-sterile intrauterine conditions could be the origin of this acquisition: Aagard et al. performed a whole-genome shotgun metagenomic study of placental specimens. Their results showed a unique placental microbial flora that comprises non-pathogenic commensal microbes belonging to the Tenericutes, Firmicutes, Bacteroidetes, Proteobacteria, and Fusobacteria phyla (12); Collado et al. reported that the amniotic fluid hosts a distinct microbial community characterized by a predominance of Proteobacteria (13).

Moreover, a recent microbial profiling study based on 16S rRNA sequencing shows that regardless of the delivery mode, the microbial population in the meconium is influenced by that in the correspondent maternal placenta (14).

Vaginally delivered newborns directly come into contact with vaginal microbial population and their fecal microbiota is dominated by Prevotella and Lactobacillus (15, 16) while newborns delivered by cesarean section are more likely to have a microbiota dominated by microbes derived from maternal skin, hospital environment and even hospital staff such as Corynebacterium, Staphilococcus and Propionibacterium spp. (6, 16–18). It is also well-known that neonatal gut microbiota is strongly influenced by food intake: stools of breast-fed are richer of Lactobacilli and Bifidobacteria and poorer of potential pathogens than formula-fed newborns whose stools contain a more diverse microbial flora with a prevalence of Bacteroides, Staphilococci, Clostridia, Enterococci, Enterobacteria (19–22).

Gestational age is another pivotal influencing factor, for different orders of reasons: preterm infants have immature gastrointestinal and immune systems; they are precociously exposed to extensive use of antibiotics and often long term hospitalized; they need mechanical ventilation and usually receive parenteral nutrition. Each one of these conditions may produce irreversible change into the natural process of colonization and development of the gut microbiota (23).

Particularly, in these newborns anaerobic colonization is delayed and their stools host higher levels of Enterobacteriaceae, Enterococcus, and opportunistic pathogens if compared with term newborns (24–29).

Recently, Tauchi and colleagues described a delayed Bifidobacteriaceae colonization, underlining the role of Bifidobacterium as probiotic to induce “normal” infant microbiota. Their data also suggest a longer predominance of Staphilococcacae in preterm infants with an increased risk of potentially pathogenetic methicillin resistant Staphylococcus aureus colonization in NICU infants (30).

Korpela et al. (31) performed a study on fecal samples from 45 preterm infants, in order to identify a pattern of development of the intestinal microbiota. Four phases were identified with a pattern of progression to a Bifidobacterium-dominated composition typical of the full-term non-hospitalized newborns. This normal-like microbiota development correlated with post-menstrual age, was achieved also in cesarean-delivery newborns and was favorited by administration of breast milk. Moreover, these authors observed as among the extremely premature infants the overgrowth of Enterococcus spp. inhibit the normal succession, while antibiotics administration causes temporary changes in intestinal microbiota composition that subsequently recovers after few days.

Table 1 summarizes different categories of typical gut microbial pattern that can be found in healthy newborns. The principal variables that can affect the rising abundance of a population over another are reported and it is clearly showed as there's not a single typical healthy microbiota, but gut microbiota is rather a spectrum, result of all the combination of variables that coexist in an infant.


Table 1. Summary of different categories of typical gut microbial pattern that can be found in healthy newborns.
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Lung Microbiota in Preterm Infants

Lungs have historically been considered sterile in healthy people so that they were initially omitted from the priority organ system studied by the Human Microbiome Project; subsequent culture independent studies demonstrated that lungs host diverse communities of bacteria and the interest in this new field rapidly grew since the linkage of different microbiomes with specific respiratory diseases was observed (32).

Sampling from lungs and distal airways represents a major challenge in neonatal population because of low biomass with bacterial loads close to the detection limit of the assays and for the risk of contamination from upper airways (33).

Timing of colonization is debated. Mourani and colleagues noted that only 2 of 10 tracheal aspirates of intubated preterm infants contained detectable bacterial DNA in the first 72 h of life, whereas all samples from the same newborns were positive at day 7 (34). In contrast, Lohmann et al. reported that bacterial DNA was detectable in all tracheal aspirates taken immediately after intubation at day 1 of life from 25 preterm newborns (35) so that it appears that colonization of the airways begins very early or even before the delivery.

The development of lung microbiota in the preterm infant can be affected by several factors: first of all, maternal chorioamnionitis (which is a pivotal cause of premature birth); then exposure to mechanical ventilation, antibiotics, NICU environmental microbial population, feeding, gut microbiota composition.

An aberrant gastrointestinal colonization has been found to be associated with a higher risk for postnatal sepsis, necrotizing enterocolitis (NEC) and growth impairment in preterm infants. As a consequence, the reasons of intestinal dysbiosis in this population of newborns have increasingly become an object of interest.

Moreover, recently, there's a rising attention to the so-called “gut-lung axis.” The presence of a link between the gut and lung microbiome's development is emerging. Gut and lung microbiota are known to be pivotal in the education of host immune system, as reported by Dang et al. (36). Both microbes and their products participate to this complex interaction. The intricate relationship between gut and lung microbiota is testified by the bidirectional association of gut dysbiosis with lung disease: Kalliomaki et al. (37) already observed an increased abundance of Clostridia and reduced Bifidobacteria in the gut of infants who developed early life asthma; the review by Dang (36) also shows evidences of gastrointestinal perturbations in patients with chronic lung disease. The “mucosal response theory “reported by Gallacher and Kotecha (33) implies that dendritic cells (DCs) in the intestine come into contact with the resident microbial population; it generates signals that result in phenotypic changes in the DCs which migrate to the mesenteric lymph nodes where they stimulate the production of regulatory cytokines such as IL-10, TGF-beta, INF-gamma, and IL-6. In the mucosa-associated lymphoid tissue, DCs present the bacterial derived antigens to T-cells, leading to their activation. T cells then acquire homing molecules like chemokine receptor 4 (CCR-4) and chemokine receptor 6 (CCR-6). Moreover, the activated T cells can reach the respiratory mucosa where they promote protective and anti-inflammatory responses. Other mechanisms of interaction have been highlighted: Short Chain Fatty Acids (SCFA), gut microbioma derived metabolites, have a kay role; they reach the blood stream and come to the bone marrow were they promote hematopoiesis stimulating the differentiation of the Hematopoietic Stem Cells (HSCs) toward an anti-inflammatory milieu which migrates in the airways (36).

More data show that an impairment of the lung microbiota could be implicated in the pathogenesis of BPD.

These new evidences are increasingly interesting, since the manipulation of maternal microbiota (during or even before pregnancy) might influence the pregnancy outcome and the fetal/infantile health.




OBJECTIVES

We evaluated the studies that examined gut and lung microbiota in preterm infants and summarized emerging evidences. Our objective was to perform a qualitative analysis of data about characteristic patterns leading to dysbiosis in different body sites and to evidence the actual knowledge of the role of dysbiosis on preterm infants' outcomes such as growing impairment, Necrotizing Enterocolitis (NEC), Bronchopulmonary Dysplasia (BPD) and sepsis.



MATERIALS AND METHODS

In order to identify papers considered in this qualitative review, we performed a literature search on PubMED. The research has been restricted to papers in English language. We limited the search by applying the filter of age “infants” and used the following search terms and logic: “preterm infants microbiota,” “gastrointestinal microbiome AND Necrotizing Enterocolitis OR NEC,” “breastfeeding AND enteral nutrition AND Necrotizing Enterocolitis OR NEC,” “microbiota AND growth retardation,” “intestinal microbiota AND weight gain,” “intestinal microbiota AND growth,” “gut microbiota AND extrauterine growth restriction,” “preterm infants microbiota AND late onset sepsis OR LOS,” “microbiota OR microbiome OR bacteria OR antibiotics OR gut AND lung OR airway OR BPD OR Bronchopulmonary Dysplasia,” and “gut-lung axis.” No limit about year of publication has been set, and the final search is updated to July 2019.

To identify any articles that may have been missed during the literature search, also reference lists of candidate articles have been carefully checked.



DISCUSSION

The Preterm Gut Microbiota and Growing Impairment

Postnatal growth failure is a frequent adverse outcome in preterm infants that occurs during a critical developmental period. The study of the extrauterine growth rates of extremely preterm (EPT) infants (i.e., birth gestational age ≤27 weeks) show that approximately half of those infants remain below the 10th percentile in weight of the reference in utero growth rates, at the time of neonatal intensive care unit (NICU) discharge (38, 39).

Gut microbiota, gastrointestinal tract, and immune system maturation appear to be affected by prematurity and nutrition. Particularly, the gut microbiota, with its distinct metabolic capacities, plays a role in the metabolism of dietary components, which appear to be indispensable for the host. Many factors are involved in the variation of gut microbiota in preterm infants, such as the hospital environment of the NICU and its associated common clinical practices and feeding regimens, with subsequent direct and indirect interference with energy harvest and storage, and thereby with weight gain (40–42). Indeed, the gut microbiota, with its complementary metabolic capacity to human gastrointestinal enzymes, is able to provide the host with nutrients and energy otherwise unavailable (43). It also interferes with the host body weight management (40, 44–46) by producing metabolites and by affecting the harvest, storage, and expenditure of energy from food components (43, 47).

The association between the gut microbiota, growth, and development in early life has been investigated by some studies in preterm infants (41). Of particular interest is the study of Grier et al. (42). These authors identified in preterm infants three phases (P1, P2, and P3) that correspond to the three states of the microbiota with distinct metabolic functions. Significant associations were found between nutrition, microbiota phase, and preterm infant growth (42). The microbiota analysis showed that P1 is associated to a low level of initial diversity with a predominance of facultative anaerobes. The transition out of P1, which could be identified with transition from meconium to normal postnatal stool, was characterized by increasing diversity and abundance of obligate anaerobes with a shift to fermentation-based metabolism in P3. A role of Paneth cells (PCs) AMPs in the modulation of the shift toward a community dominated by obligate anaerobes was suggested by the increase in the number of PC around a post-menstrual age (PMA) of 29 weeks, corresponding to the transition from P2 to P3. According to others studies (48, 49), Bifidobacterium, an Actinobacterium involved in the development and maintenance of the healthy infant gut microbiota, was significantly associated with lipid and protein intake in P3 as testified by its increased abundance with increased lipid in the diet and decreased abundance with greater amounts of protein. Moreover, an increased abundance of Bifidobacterium was also significantly associated with the use of corticosteroids and H2 receptor antagonists in P3. In addition, Proteobacteria resulted significantly associated with lipid intake, Firmicutes with protein and Actinobacteria, Proteobacteria, and Firmicutes with carbohydrates (42).

In contrast to these findings, in the study of Blankstad et al. (50), where the relationship between a fortified diet (with more energy, protein, fat, vitamin A, arachidonic acid and docosahexaenoic acid) and the intestinal microbiota development has been evaluated, Bifidobacterium was more represented among infants with standard nutrient supply and it was associated with an improved weight gain and, consequently, with overall better growth. Anyway, the authors postulated that the lower abundance of this bacterial genus in infants receiving the “fortified” nutrient supply could be explained as a consequence of a concomitant greater abundance of other microbes, and not necessarily less Bifidobacterium as a direct effect. Moreover, in this study (50), while the initial richness after birth did not appear to be influenced by nutrition, the maintenance of richness was observed only in the preterm infants who were fed with the fortified diet if compared with the standard nutrient supply. After the postnatal peak, all infants showed a decreased of microbial diversity, regardless of diet fortification.

Specific bacterial families and genera resulted to be associated with weight gain at 1 month of age also in the study of Arboleya et al. (41), with a correlation of growth rates and the levels of Enterobacteriaceae and Streptococcus at 2 days of age and of Bacteroides-group at 10 days of age. Moreover, some bacterial genera such as Staphylococcus and Enterococcus were negatively associated with weight gain, while Weissella was positively associated with weight gain in preterm infants (41). Concerning Weissella, there are interesting evidences that this genus could influence food digestion and energy harvest in infants (40, 43, 45). This aspect should be further explored, considering that lactobacilli, to which order Weissella belongs, are used as probiotics.

The results of a recent study (51), show that infants fed with the mother's own milk (MOM) had a greater abundance of Bifidobacterium and Bacteroides, each of that seems to be protecting against morbidities like NEC. Moreover, feeding primarily MOM was related to an increased gut microbiota diversity that had previously been related to healthier outcomes in VLBW infants and that resulted associated to a superior growth in comparison with infants fed with donor human milk.

Li et al. (52) demonstrated that preterm infants with growth failure have a distinct intestinal microbiome's profile when compared to infants with normal growth at postnatal days 1 and 28. At both time points, the sole highly abundant taxa in the EUGR group was the genus Parabacteroides, which is a gram-negative, anaerobic, non-spore forming genus. Some species of that genus turn out high quantities of acetic acid and propionic acid (53). Intestinal epithelial cells (IECs) can absorb these short fatty acids that can also enter the blood circulation, influencing the storage of sugar in muscle, liver, and fat. Also, the brain appears to be reached by acetic acid, with subsequent loss of appetite, and leading to reduced food intake (54). Thus, weight gain might relate to an excessive colonization of genus Parabacteroides in the intestinal tract of VLBW infants.

The study results of Yee et al. (55), complement previous data, showing an abundance of Proteobacteria in the preterm infants' microbiome (56, 57). These authors described a negative correlation between infant weight gain during hospitalization and the relative abundances of Klebsiella and Staphylococcus. Both of these taxa are associated with known pathogens so that their enrichment could be a sign of dysbiosis, finally associated with reduced infant weight and length gain.

A deficit in anabolic metabolism of glucose and other non-lipid energy source, resulting in a greater reliance on fatty acids to satisfy metabolic demands, has been proposed in preterm infants with growth failure from Young et al. (58) From their data emerged an alteration of the microbiota maturation characterized by low diversity, persistent dominance of Enterobacteriaceae, and a deficiency of strictly anaerobic taxa such as Veillonella in preterm infants with postnatal growth failure. These infants also demonstrated a “metabolic signature,” showing an increased lipolysis and fatty acid oxidation, with gain in multiple fatty acids, acylcarnitines, glycerol, and β-hydroxybutyric acid, that is distinctive of a fasted state.

Considering all the evidences reported (briefly summarized in Table 2), the knowledge of the mechanisms leading the infant microbiota to alter nutritional efficacy appears of great importance in the aim of predicting, preventing and treating growth failure in preterm infants.


Table 2. Summary of the changes in microbial resident population observed in the different pathologic conditions and the underlying pathogenetic mechanisms.
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The Preterm Gut Microbiota and NEC

Necrotising EnteroColitis (NEC) is a major cause of mortality and morbidity in premature newborns; it affects 7% of newborns with birth weight <1500 g, of whom 20–30% dies (2). It is characterized by submucosal hemorrhage and oedema, neutrophilic infiltration of the intestinal wall, disruption of intestinal villus architecture and finally full thickness necrosis or intestinal wall perforation (59). Typically, the involved newborn presents with abdominal distension, bloody stools and feeding intolerance, while pneumatosis intestinalis and portal venous gas are characteristic abdominal radiological findings (60).

The pathogenesis of the disease is unclear but probably multifactorial: enteral feeding, intestinal ischemia and aberrant microbial colonization are the principal involved factors.

Initial exposition to microbes and their metabolic products is normal part of development with a largely unexplored effect on immune system. Breastfeeding is known to protect against NEC (61, 62): the reason is that breastfeeding facilitates colonization by a balanced commensal flora which contrasts bacterial overgrowth; instead formula feeding is associated with harmful gut bacterial proliferation (63). Preterm infants early come into contact with different environmental microbic species and are also precociously exposed to antibiotic therapies which have shown to reduce the diversity of infant microbiota; moreover, perturbations in the composition of infant microbiota may let pathogenic microbes prevail over commensal species (64).

A broad spectrum of microbes has been involved in the pathogenesis of NEC across multiple studies. According to recent evidences certain microbial population such as Bifidobacteria and Lactobacilli are protective, while Clostridia, Enterobacteriaceae, and Staphylococcus have been associated to the development of the disease (65).

Emerging data suggest that a predominance of Proteobacteria is strictly associated with NEC. Wang et al. (66) showed that infants in the NEC group have more than 50% of gut bacterial colonization represented by the Gammaproteobacteria genera such as Cronobacter sakazakii, Klebsiella sp., and Escherichia coli. This result was not found in the healthy newborns. The same pattern of gut microbiota has been reported by other authors (57, 67).

But in the stool of infants with NEC are often found also coagulase-negative staphylococci (CoNS) from the phylum Firmicutes (68) and Clostridium spp. with the associated toxin (69). In the past, this last microbe, that is part of the commensal microbiome of preterm infants, was associated with the progression of NEC (70, 71).

Concerning this aspect, it is known how bacterial products are recognized via Microbial Associated Molecular Patterns (MAMPs) by Pattern Recognition Receptors (PRRs) and in particular by the more studied Toll Like Receptor (TLRs) expressed on the intestinal mucosa: this interaction results in the activation of Nuclear Factor- kappa B (NFkB) and its inflammatory pathway and caspases. These propagate the apoptosis and induce the production of cytokines (INF-1, TNF-alfa, IL-1, IL-6, IL-8) via activation of transcription genes (72). TLRs are pivotal to maintain the equilibrium between adequate inflammatory response and homeostasis, performing crucial functions like regulation of cell proliferation and growth, antimicrobial agents secretion, and control of the barrier function (2).

After birth MAMPs start to interact with TLRs; moreover Lipopolysaccharide (LPS) of Gram Negative activates TLR-4 (73).

Premature gut reacts to the TLR-4 activation with a more accentuated cytokine mediated inflammatory response if compared to a full-term gut; IL-8 is especially involved in neutrophil chemotaxis increase and inflammation, leading in most severe cases to tissue injury and NEC (74, 75). This exaggerated inflammatory response may be due to a deficient expression of inhibitors of the NFkB pathway (76, 77). Commensal bacteria seem to have a beneficial role in the repression of the continuative stimulation occurring in the infant gut by blocking the degradation of NFkB inhibitors; they also contribute to the neonatal gut homeostasis generating a low-level stimulation of TLR-4 (78, 79) (Table 2).

Probably, a single pathogen entirely responsible for NEC will never be isolated, since there is not a single microorganism predictive of the risk of NEC. Reasonably, it is the limited diversity of the whole microbiota and the rising abundance of pathogenetic bacteria to be together responsible for the premature susceptibility to NEC (66).

Moreover, a better comprehension in this field is reached considering the influence of gut microbiota on the host immune system.



The Preterm Lung Microbiota and BPD

A so called “gut-lung axis,” that is a connection between the development of the gut and lung microbiome, has been described (80).

Commensal bacteria in the gut and lungs are necessary for the normal development of the immune homeostasis (80). Therefore, microbial dysbiosis may lead to abnormal inflammatory responses, which are referred to the pathogenesis of BPD.

Airways of the newborn develop during pregnancy influenced by amniotic fluid, placenta, and vagina with its own microbiome (12, 81).

The described lung microbiome at birth evolves over the first weeks and months of postnatal life (82).

Several factors are involved in the development of the lung microbiome. Among them, chorioamnionitis, transplacental infection, or abnormal colonization appear to be able to create an inflammatory process, first step in the pathogenesis of BPD (83). Exposure to prenatal and postnatal antibiotics, respiratory support devices, sepsis, feeding and nutrition, concurrent development of the intestinal microbiome, and the surrounding environmental microbiome, can also be also implicated (82, 84, 85).

In order to support the important role of intrauterine infection as determinant of preterm labor and neonatal diseases, already in 2005 the presence of 16S rRNA was higher in samples of placenta, fetal membranes and cord blood serum from mothers presenting with preterm prelabor rupture of membranes (pPROM) or in spontaneous idiopathic preterm labor, and in the BALF samples or gastric aspirates of their newborns, collected within 24 h of life. BALF samples from these newborns showed a reduction of the prevalence of Lactobacillus and a decrease in α-diversity, suggestive for a state of precoscious disbiosys (86).

Most studies described the presence of an airway microbiome early at birth dominated by Staphylococcus and Ureaplasma (87, 88) and a longitudinal change in the first weeks of life with increasing bacterial loads (34, 35, 89, 90). Lal et al. described the composition of the airway microbiota by analyzing the tracheal aspirates of newborns in the first day of life: a predominance of Firmicutes and Proteobacteria and the presence of Actinobacteria, Bacteroidetes, Tenericutes, Fusobacterium, Cyanobacteria, and Verrucomicrobia was observed, without differences between preterm and full term infants (89). Anyway, other authors didn't find adequate bacterial DNA for successful sequence analysis in the tracheal aspirates of 8/10 preterm infants, to sustain the sterility of the airways of intubated preterm infants at birth, with the evidence of a subsequent bacterial colonization after the first 3 days of life (34).

It seems difficult to compare studies about airway microbiome for clinical and methodological heterogeneity. However, the airway colonization pattern appears to be also influenced by lung diseases, particularly by evolution on BPD. In infants who developed BPD compared with those who did not, differences in abundance and a decreased bacterial diversity have been reported (90) (Table 2).

In a study on 94 preterm infants, Wagner et al. found that those who developed severe BPD acquired less initial Staphylococcus and high Ureaplasma in the first days after birth (90). A possible explanation is that Ureaplasma intrauterine exposure downregulates the host response to acute LPS exposure in the preterm sheep model (91). Moreover, host bactericidal activity is related to functional complement and seems to be directly correlated to gestational age (92) (Table 2).

Lohmann and Lal described changes in the relative abundance of Proteobacteria and Firmicutes but with conflicting data on the preponderance of one or the other (35, 89).

Lohmann et al. (35), at time of intubation, showed a lower bacterial diversity (in terms of lower species count and Shannon diversity index) in newborns who subsequently developed BPD than in those who did not. Concerning the evolution of the lung microbiota, these authors showed a trend to an increase in Firmicutes and a decrease in Proteobacteria in infants who developed BPD in contrast to the relatively diverse and stable community in the non-BPD group. At the genera level, in both groups Acinetobacter was the predominant genus, but its relative abundance decreased longitudinally in the BPD group, while an increasing amount of Staphylococcus and Klebsiella was observed. Anyway, the changes in bacterial composition do not correlate with the levels of inflammatory cytokines, leaving unanswered the question of the clinical relevance of such findings.

The study of Lal et al. (89) present methodological differences and the airway microbiome of infants after diagnosis of BPD was compared to that of full term newborns matching for post-menstrual age. In contrast to the findings of Lohmann et al., the analysis shows an increase in the phylum Proteobacteria and a decrease in the phyla Firmicutes and Fusobacteria in association with BPD diagnosis. When compared with ELBW newborns and full-term infants, Gamma Proteobacteria resulted more abundant whereas Alpha Proteobacteria were in lower abundance in BPD infants. At the genus level, the most abundant Proteobacteria in BPD patients were Enterobacteriaceae.

An interesting finding was the decrease in Firmicutes such as Lactobacillus in airway microbiome of infants with chorioamnionitis and in preterm infants who went on to develop lung disease (90). This could be an important finding for the association of BPD and chorioamnionitis. Previously, a beneficial role of Lactobacillus in other airway diseases has also been reported (93–95).

There are lots of potential determinants of the airway microbiome, but it is difficult to determine whether these changes are causal or established because of a change in treatment or in other factors that lead to BPD.

Even if an association of “antibiotics induced dysbiosis” with BPD has been reported (90), apparently, there are no significant differences in the initial specimen between infants who received empiric antibiotic treatment and those who did not (89). The comparison of the airway microbiome of infants whose mothers received prenatal antibiotics and the infants of mothers who didn't show differences either (90).

The variability in treatments among preterm infants, especially related to antibiotic administration appears to be able to influence these findings (90).

Even if studies which demonstrate a link between dysbiosis and BPD exist, there is a lack in the description of a causal relationship between airway injury during development and respiratory colonization with microorganisms.

Further metabolic analysis of the lung microbiota, including metagenomic, and metabolomic assessments, are necessary to define their role as the cause of lung injury sequence and inflammation.



The Preterm Gut Microbiota and the Risk of Late Onset Sepsis

It is known that many of the organisms that are responsible for late onset sepsis (LOS) in extremely preterm infants, including staphylococci, arise from the intestinal tract (96). Indeed, several studies carried out in extremely preterm infants, have demonstrated the presence of organisms in the feces prior to or concurrent with the onset of LOS which resulted to be caused by the same organism (82, 97, 98).

Puri et al. evaluated infants exposed to intra-amniotic infection and suggested a causative role of specific alterations in the early neonatal microbiome in the development of later sepsis or death (99).

These authors associated an aberrant gastrointestinal colonization with chorioamnionitis or funisitis. The analysis of meconium samples from extremely preterm infants showed, according to the results reported by Moles et al. (100), a definite flora in the first week of life dependent on the exposition to chorioamnionitis or funisitis. A restricted set of taxa was studied in reference to LOS, with a strongest correlation to later sepsis with Genus Sneathia (Phylum Fusobacteria) and bacteria family (Phylum Tenericutes) (99).

Data reported from other authors suggest that in preterm infants is a dysbiosis instead of a predominance of potential pathogens to be associated with sepsis (97) (Table 2). In their case control study, Mai et al. (101) found a predominance of Firmicutes in stool samples of newborns with LOS, while Madan et al. (102), by analyzing the early fecal samples of preterm infants with a gestational age between 24 and 27 weeks, highlighted a decreased bacterial diversity with a prevalence of Proteobacteria and Firmicutes (Staphylococcus).

Korpela et al. (31) correlated the risk of sepsis with a disrupted intestinal microbial development in preterm infants, characterized by a predominance of aerobic cocci and a reduction of bifidobacterial. In their cohort of preterm newborns, Enterobacter was abundant in some sepsis cases, but it was detected also in many cases not developing sepsis.

These data support two possible hypothesis: the translocation across the intestine to blood could be the cause of sepsis or, alternatively, since in some cases the organism responsible of sepsis is not detected in the intestine before the onset of sepsis, it is possible that an intestinal dysbiosis could be responsible for an alteration of the local and systemic immune function (101, 102).

An aberrant immune function could be involved also in the connection between chorioamnionitis, intestinal dysbiosis, and increased susceptibility to LOS. Indeed, a decreased function of the anti-inflammatory T-regulatory cell subset has been found in preterm infants of mother with a diagnosis of chorioamnionitis and/or funisitis (103) (Table 2).

Stewart et al. performed a study showing the association of the gut microbiome and metabolome with the pathogenesis of LOS (104). The gut microbiome of infants with a diagnosis of LOS appeared to be specific for each patient and highly dynamic trough time. Moreover, the identification of one of the most abundant operational taxonomic units in the gut microbiota at diagnosis of LOS with the pathogen in the blood, suggested the translocation trough the gut epithelium as a first element in the pathogenesis of LOS. On the other hand, control infants showed a predominance of Bifidobacteria, a taxa that is correlated with some metabolites including raffinose, sucrose, and acetic acid. Among them, a significant role as prebiotic, able to inhibit the growth of potential pathogenic bacteria and to enhance the presence of Bifidobacterium spp. (105–107), is conducted by raffinose. It is a α-galactosyl (α-GAL) oligosaccharide that is fermented in the gut by bacteria containing the α-GAL enzyme. While it is reduced in LOS infants before the diagnosis and increased after treatment, in control infants its concentration is constantly high (104).

Neonatal microbiota has been studied also in relation to GBS sepsis, which represents a global problem with an estimate overall incidence of about 0.5/1,000 live births. To date, intrapartum antibiotic prophylaxis (IAP) represents a good strategy which lead to a decrement in the incidence of early-onset sepsis (EOS) while LOS rates remained unchanged (108–110).

The route of infection in EOS is well-known, implicating the vertical transmission of GBS from the colonized maternal vaginal tract to the infant at birth. In many cases, bacteria entry the respiratory tract trough the aspiration of contaminated fluids, resulting in sepsis or pneumonia during the first days of life (111). The route of infection in LOS is less well-understood. Particularly, it is unknown how the colonization remains stable from the first contact with GBS until the disease onset. Also in this case, there are data that show as an aberrant co-development of microbiota and host immunity represent a risk for GBS LOS, rather than genetic variations in immune genes alone (112). Affected infants show a decreased presence of anaerobic Bacteroides and Bifidobacterium spp., while aerobic Enterobacteria appear to be increased, when compared to non-septic twin controls (113).

Those observations, together with the evidence of a reduction of intestinal Bifidobacterium density in infants whose mothers received IAP, stress how clinicians should be careful in the usage of antibiotics in the early period of life (114). Consistent with this observation, in preterm infants an empirical antibiotic treatment results to be associated to a 3-fold higher risk for LOS caused by various pathogens including GBS in preterm infants (115).

Both the depletion of competitive microbes and a delayed immune cell maturation and dysbiosis with the subsequent emergence of pathogenic bacteria, represent a possible way by which antibiotics can influence the microbiome composition.

Recently, concerning the immunological implications, Josefsdottir et al. (116) observed as in antibiotic-treated mice the microbiota is the cause of neutropenia and general depletion of hematopoietic stem cells across multiple lineages. Newborns represent a sensitive population also for its smaller granulocyte pool that may further propagate the negative effects of antibiotics (117), and for the immaturity of phagocytes and adaptive immune cells that reduced the strength to fight against pathogens. Hence, while the adult immune system can respond to a pathogen invasion through the muco-cutaneous barrier, the neonatal immunity may be overwhelmed, resulting in bacterial spread and sepsis.




CONCLUSIONS

The analysis of the knowledge about the preterm infant's microbiota and its relationship with clinical outcomes, show that facultative anaerobes dominated the preterm infant gut, including Enterobacteriaceae, Enterococcus, and Staphylococcus. These are communities that count commonly antibiotic-resistant organisms.

Microbiota plays a key role in the establishment of the gut barrier and many data suggest its immune-modulator role. For all these reasons, the understanding and the prevention of dysbiosis is crucial for the prevention of diseases such as sepsis, NEC and BPD, but may also impact growth rates, immune function, and the risk for various chronic diseases and conditions.

Differences in patient population or care/feeding practices are to take into account in the analysis of the studies conducted in this field. Future studies should be addressed in order to explore differences in the gut/lung microbiota in sub-selected populations, based on specific treatments and probiotic administration. Moreover, concerning the actual acknowledgment about the relation between gut microbiota and the onset of LOS, a deepen description of this link could lead to realized screening approaches able to drive early intervention for the prevention of LOS in the high-risk preterm infants population.



AUTHOR CONTRIBUTIONS

CTi, GV, and LP conceptualized and designed the review. CTi and LP analyzed the references material and wrote the manuscript. AP, MT, CA, AL, SD'I, and CTe contributed to the writing of the manuscript. BP, MS, ND, and GV supervised the work and contributed to the writing of the manuscript. All authors reviewed and approved the final version of the manuscript.



REFERENCES

 1. Integrative HMP (iHMP) Research Network Consortium. The integrative human microbiome project. Nature. (2019) 569:641–8. doi: 10.1038/s41586-019-1238-8

 2. Patel RM, Denning PW. Intestinal microbiota and its relationship with necrotizing enterocolitis. Pediatr Res. (2015) 78:232–8. doi: 10.1038/pr.2015.97

 3. Cilieborg MS, Boye M, Sangild PT. Bacterial colonization and gut development in preterm neonates. Early Hum Dev. (2012) 88:S41–9. doi: 10.1016/j.earlhumdev.2011.12.027

 4. Faith JJ, Colombel JF, Gordon JI. Identifying strains that contribute to complex diseases through the study of microbial inheritance. Proc Natl Acad Sci USA. (2015) 112:633–40. doi: 10.1073/pnas.1418781112

 5. Pacheco AR, Barile D, Underwood MA, Mills DA. The impact of the milk glycobiome on the neonate gut microbiota. Annu Rev Anim Biosci. (2015) 3:419–45. doi: 10.1146/annurev-animal-022114-111112

 6. Bäckhed F, Roswall J, Peng Y, Feng Q, Jia H, Kovatcheva-Datchary P, et al. Dynamics and stabilization of the human gut microbiome during the first year of life. Cell Host Microbe. (2015) 17:690–703. doi: 10.1016/j.chom.2015.04.004

 7. Mueller NT, Bakacs E, Combellick J, Grigoryan Z, Dominguez-Bello MG. The infant microbiome development: mom matters. Trends Mol Med. (2015) 21:109–17. doi: 10.1016/j.molmed.2014.12.002

 8. Costello EK, Stagaman K, Dethlefsen L, Bohannan BJM, Relman DA. The application of ecological theory toward an understanding of the human microbiome. Science. (2012) 336:1255–62. doi: 10.1126/science.1224203

 9. Cahenzli J, Köller Y, Wyss M, Geuking MB, McCoy KD. Intestinal microbial diversity during early-life colonization shapes long-term IgE levels. Cell Host Microbe. (2013) 14:559–70. doi: 10.1016/j.chom.2013.10.004

 10. Sim K, Powell E, Shaw AG, McClure Z, Bangham M, Kroll JS. The neonatal gastrointestinal microbiota: the foundation of future health? Arch Dis Child Fetal Neonatal Ed. (2013) 98:F362–4. doi: 10.1136/archdischild-2012-302872

 11. Olm MR, Brown CT, Brooks B, Firek B, Baker R, Burstein D, et al. Identical bacterial populations colonize premature infant gut, skin, and oral microbiomes and exhibit different in situ growth rates. Genome Res. (2017) 27:601–12. doi: 10.1101/gr.213256.116

 12. Aagaard K, Ma J, Antony KM, Ganu R, Petrosino J, Versalovic J. The placenta harbors a unique microbiome. Sci Transl Med. (2014) 6:237ra65. doi: 10.1126/scitranslmed.3008599

 13. Collado MC, Rautava S, Aakko J, Isolauri E, Salminen S. Human gut colonisation may be initiated in utero by distinct microbial communities in the placenta and amniotic fluid. Sci Rep. (2016) 6:23129. doi: 10.1038/srep23129

 14. Dong XD, Li XR, Luan JJ, Liu XF, Peng J, Luo YY, et al. Bacterial communities in neonatal feces are similar to mothers' placentae. Can J Infect Dis Med Microbiol. (2015) 26:90–4. doi: 10.1155/2015/737294

 15. 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

 16. Biasucci G, Rubini M, Riboni S, Morelli L, Bessi E, Retetangos C. Mode of delivery affects the bacterial community in the newborn gut. Early Hum Dev. (2010) 86:13–5. doi: 10.1016/j.earlhumdev.2010.01.004

 17. Bokulich NA, Chung J, Battaglia T, Henderson N, Jay M, Li H, et al. Antibiotics, birth mode, and diet shape microbiome maturation during early life. Sci Transl Med. (2016) 8:343ra82. doi: 10.1126/scitranslmed.aad7121

 18. Fouhy F, Ross RP, Fitzgerald GF, Stanton C, Cotter PD. Composition of the early intestinal microbiota: knowledge, knowledge gaps and the use of high-throughput sequencing to address these gaps. Gut Microbes. (2012) 3:203–20. doi: 10.4161/gmic.20169

 19. Martin R, Makino H, Cetinyurek YA, Ben-Amor K, Roelofs M, Ishikawa E, et al. Early-life events, including mode of delivery and type of feeding, siblings and gender, shape the developing gut microbiota. PLoS ONE. (2016) 11:e0158498. doi: 10.1371/journal.pone.0158498

 20. Guaraldi F, Salvatori G. Effect of breast and formula feeding on gut microbiota shaping in newborns. Front Cell Infect Microbiol. (2012) 2:94. doi: 10.3389/fcimb.2012.00094

 21. Gritz EC, Bhandari V. Corrigendum: the human neonatal gut microbiome: a brief review. Front Pediatr. (2015) 3:60. doi: 10.3389/fped.2015.00060

 22. Harmsen HJ, Wildeboer-Veloo AC, Raangs GC, Wagendorp AA, Klijn N, Bindels JG, et al. Analysis of intestinal flora development in breast-fed and formula-fed infants by using molecular identification and detection methods. J Pediatr Gastroenterol Nutr. (2000) 30:61–7. doi: 10.1097/00005176-200001000-00019

 23. Milani C, Duranti S, Bottacini F, Casey E, Turroni F, Mahony J, et al. The first microbial colonizers of the human gut: composition, activities, and health implications of the infant gut microbiota. Microbiol Mol Biol Rev. (2017) 81:e00036–17. doi: 10.1128/MMBR.00036-17

 24. Hill CJ, Lynch DB, Murphy K, Ulaszewska M, Jeffery IB, O'Shea CA, et al. Evolution of gut microbiota composition from birth to 24 weeks in the INFANTMET cohort. Microbiome. (2017) 5:4. doi: 10.1186/s40168-016-0213-y

 25. Rouge C, Goldenberg O, Ferraris L, Berger B, Rochat F, Legrand A, et al. Investigation of the intestinal microbiota in preterm infants using different methods. Anaerobe. (2010) 16:362–70. doi: 10.1016/j.anaerobe.2010.06.002

 26. Jacquot A, Neveu D, Aujoulat F, Mercier G, Marchandin H, Jumas-Bilak E, et al. Dynamics and clinical evolution of bacterial gut microflora in extremely premature patients. J Pediatr. (2011)158:390–6. doi: 10.1016/j.jpeds.2010.09.007

 27. Arboleya S, Binetti A, Salazar N, Fernandez N, Solis G, Hernandez-Barranco A, et al. Establishment and development of intestinal microbiota in preterm neonates. FEMS Microbiol Ecol. (2012) 79:763–72. doi: 10.1111/j.1574-6941.2011.01261.x

 28. Arboleya S, Sanchez B, Milani C, Duranti S, Solis G, Fernandez N, et al. Intestinal microbiota development in preterm neonates and effect of perinatal antibiotics. J Pediatr. (2015) 166:538–44. doi: 10.1016/j.jpeds.2014.09.041

 29. Cong X, Xu W, Janton S, Henderson WA, Matson A, McGrath JM, et al. Gut microbiome developmental patterns in early life of preterm infants: impacts of feeding and gender. PLoS ONE. (2016) 11:e0152751. doi: 10.1371/journal.pone.0152751

 30. Tauchi H, Yahagi K, Yamauchi T, Hara T, Yamaoka R, Tsukuda N, et al. Gut microbiota development of preterm infants hospitalised in intensive care units. Benef Microbes. (2019) 10:641–51. doi: 10.3920/BM2019.0003

 31. Korpela K, Blakstad EW, Moltu SJ, Strømmen K, Nakstad B, Rønnestad AE, et al. Intestinal microbiota development and gestational age in preterm neonates. Sci Rep. (2018) 8:2453. doi: 10.1038/s41598-018-20827-x

 32. Dickson RP, Erb-Downward JR, Huffnagle GB. The role of the bacterial microbiome in lung disease. Expert Rev Respir Med. (2013) 7:245–57. doi: 10.1586/ers.13.24

 33. Gallacher DJ, Kotecha S. Respiratory microbiome of new-born infants. Front Pediatr. (2016) 4:10. doi: 10.3389/fped.2016.00010

 34. Mourani PM, Harris JK, Sontag MK, Robertson CE, Abman SH. Molecular identification of bacteria in tracheal aspirate fluid from mechanically ventilated preterm infants. PLoS ONE. (2011) 6:e25959. doi: 10.1371/journal.pone.0025959

 35. Lohmann P, Luna RA, Hollister EB, Devaraj S, Mistretta TA, Welty SE, et al. The airway microbiome of intubated premature infants: characteristics and changes that predict the development of bronchopulmonary dysplasia. Pediatr Res. (2014) 76:294–301. doi: 10.1038/pr.2014.85

 36. Dang AT, Marsland BJ. Microbes, metabolites, and the gut-lung axis. Mucosal Immunol. (2019) 12:843–50. doi: 10.1038/s41385-019-0160-6

 37. Kalliomäki M, Kirjavainen P, Eerola E, Kero P, Salminen S, Isolauri E. Distinct patterns of neonatal gut microflora in infants in whom atopy was and was not developing. J Allergy Clin Immunol. (2001) 107:129–34. doi: 10.1067/mai.2001.111237

 38. Ehrenkranz RA, Younes N, Lemons JA, Fanaroff AA, Donovan EF, Wright LL, et al. Longitudinal growth of hospitalized very low birth weight infants. Pediatrics. (1999) 104:280–9. doi: 10.1542/peds.104.2.280

 39. Horbar JD, Ehrenkranz RA, Badger GJ, Edwards EM, Morrow KA, Soll RF, et al. Weight growth velocity and postnatal growth failure in infants 501 to 1500 grams: 2000–2013. Pediatrics. (2015) 136:e84–92. doi: 10.1542/peds.2015-0129

 40. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-associated gut microbiome with increased capacity for energy harvest. Nature. (2006) 444:1027–131. doi: 10.1038/nature05414

 41. Arboleya S, Martinez-Camblor P, Solís G, Suárez M, Fernández N, de Los Reyes-Gavilán CG, et al. Intestinal microbiota and weight gain in preterm neonates. Front Microbiol. (2017) 8:183. doi: 10.3389/fmicb.2017.00183

 42. Grier A, Qiu X, Bandyopadhyay S, Holden-Wiltse J, Kessler HA, Gill AL, et al. Impact of prematurity and nutrition on the developing gut microbiome and preterm infant growth. Microbiome. (2017) 5:158. doi: 10.1186/s40168-017-0377-0

 43. Krajmalnik-Brown R, Ilhan ZE, Kang DW, DiBaise JK. Effects of gut microbes on nutrient absorption and energy regulation. Nutr Clin Pract. (2012) 27:201–14. doi: 10.1177/0884533611436116

 44. Ley RE, Bäckhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI. Obesity alters gut microbial ecology. Proc Natl Acad Sci USA. (2005) 102:11070–5. doi: 10.1073/pnas.0504978102

 45. Jumpertz R, Le DS, Turnbaugh PJ, Trinidad C, Bogardus C, Gordon JI, et al. Energy-balance studies reveal associations between gut microbes, caloric load, and nutrient absorption in humans. Am J Clin Nutr. (2011) 94:58–65. doi: 10.3945/ajcn.110.010132

 46. Blanton LV, Charbonneau MR, Salih T, Barratt MJ, Venkatesh S, Ilkaveya O, et al. Gut bacteria that prevent growth impairments transmitted by microbiota from malnourished children. Science. (2016) 351:aad3311. doi: 10.1126/science.aad3311

 47. Hooper LV, Midtvedt T, Gordon JI. How host-microbial interactions shape the nutrient environment of the mammalian intestine. Annu.Rev Nutr. (2002) 22:283–307. doi: 10.1146/annurev.nutr.22.011602.092259

 48. Butel MJ, Suau A, Campeotto F, Magne F, Aires J, Ferraris L, et al. Conditions of bifidobacterial colonization in preterm infants: a prospective analysis. J Pediatr Gastroenterol Nutr. (2007) 44:577–82. doi: 10.1097/MPG.0b013e3180406b20

 49. O'Callaghan A, vanSinderen D. Bifidobacteria and their role as members of the human gut microbiota. Front Microbiol. (2016) 7:925. doi: 10.3389/fmicb.2016.00925

 50. Blakstad EW, Korpela K, Lee S, Nakstad B, Moltu SJ, Strømmen K, et al. Enhanced nutrient supply and intestinal microbiota development in very low birth weight infants. Pediatr Res. (2019) 86:323–32. doi: 10.1038/s41390-019-0412-x

 51. Ford SL, Lohmann P, Preidis GA, Gordon PS, O'Donnell A, Hagan J, et al. Improved feeding tolerance and growth are linked to increased gut microbial community diversity in very-low-birth-weight infants fed mother's own milk compared with donor breast milk. Am J Clin Nutr. (2019) 109:1088–97. doi: 10.1093/ajcn/nqz006

 52. Li H, He Z, Gao D, Lv Y, Zhou Q, Xiao B, et al. Characteristics of the intestinal microbiota in very low birth weight infants with extrauterine growth restriction. Front Pediatr. (2019) 7:99. doi: 10.3389/fped.2019.00099

 53. Grotoh A, Nara M, Sugiyama Y, Sakanaka M, Yachi H, Kitakata A, et al. Use of Gifu anaerobic medium for culturing 32 dominant species of human gut microbes and its evaluation based on short-chain fatty acids fermentation profiles. Biosci Biotechnol Biochem. (2017) 81:2009–17. doi: 10.1080/09168451.2017.1359486

 54. Kim CH. Microbiota or short-chain fatty acids: which regulated diabetes? Cell Mol Immunol. (2017) 15:88–91. doi: 10.1038/cmi.2017.57

 55. Yee AL, Miller E, Dishaw LJ, Gordon JM, Ji M, Dutra S, et al. Longitudinal microbiome composition and stability correlate with increased weight and length of very-low-birth-weight infants. mSystems. (2019) 4:e00229–18. doi: 10.1128/mSystems.00229-18

 56. Dahl C, Stigum H, Valeur J, Iszatt N, Lenters V, Peddada S, et al. Preterm infants have distinct microbiomes not explained by mode of delivery, breastfeeding duration or antibiotic exposure. Int J Epidemiol. (2018) 47:1658–69. doi: 10.1093/ije/dyy064

 57. Pammi M, Cope J, Tarr PI, Warner BB, Morrow AL, Mai V, et al. Intestinal dysbiosis in preterm infants preceding necrotizing enterocolitis: a systematic review and meta-analysis. Microbiome. (2017) 5:31. doi: 10.1186/s40168-017-0248-8

 58. Younge NE, Newgard CB, Cotten CM, Goldberg RN, Muehlbauer MJ, Bain JR, et al. Disrupted maturation of the microbiota and metabolome among extremely preterm infants with postnatal growth failure. Sci Rep. (2019) 9:8167. doi: 10.1038/s41598-019-44547-y

 59. Grishin A, Papillon S, Bell B, Wang J, Ford HR. The role of the intestinal microbiota in the pathogenesis of necrotizing enterocolitis. Semin Pediatr Surg. (2013) 22:69–75. doi: 10.1053/j.sempedsurg.2013.01.002

 60. Neu J, Walker WA. Necrotizing enterocolitis. N Engl J Med. (2011) 364:255–64. doi: 10.1056/NEJMra1005408

 61. Schanler RJ. The use of human milk for premature infants. Pediatr Clin North Am. (2001) 48:207–19. doi: 10.1016/S0031-3955(05)70295-9

 62. Lucas A, Cole T. Breast milk and neonatal necrotising enterocolitis. Lancet. (1990) 336:1519–23. doi: 10.1016/0140-6736(90)93304-8

 63. Gregory KE1, Deforge CE, Natale KM, Phillips M, Van Marter LJ. Necrotizing enterocolitis in the premature infant: neonatal nursing assessment, disease pathogenesis, and clinical presentation. Adv Neonatal Care. (2011) 11:155–66. doi: 10.1097/ANC.0b013e31821baaf4

 64. Wandro S, Osborne S, Enriquez C, Bixby C, Arrieta A, Whiteson K. The microbiome and metabolome of preterm infant stool are personalized and not driven by health outcomes, includ-ing necrotizing enterocolitis and late-onset sepsis. mSphere. (2018) 3:e00104–18. doi: 10.1128/mSphere.00104-18

 65. Hunter CJ, Upperman JS, Ford HR, Camerini V. Understanding the susceptibility of the premature infant to necrotizing enterocolitis (NEC). Ped Res. (2008) 63:117–23. doi: 10.1203/PDR.0b013e31815ed64c

 66. Wang Y, Hoenig JD, Malin KJ, Qamar S, Petrof EO, Sun J, et al. 16S rRNA gene-based analysis of fecal microbiota from preterm infants with and without necrotizing enterocolitis. ISME J. (2009) 3:944–54. doi: 10.1038/ismej.2009.37

 67. Coggins SA, Wynn JL, Weitkamp JH. Infectious causes of necrotizing enterocolitis. Clin Perinatol. (2015) 42:133–54, ix. doi: 10.1016/j.clp.2014.10.012

 68. Stewart CJ, Marrs EC, Magorrian S, Nelson A, Lanyon C, Perry JD, et al. The preterm gut microbiota: changes associated with necrotizing enterocolitis and infection. Acta Paediatr. (2012) 101:1121–7. doi: 10.1111/j.1651-2227.2012.02801.x

 69. Ferraris L, Butel MJ, Campeotto F, Vodovar M, Rozé JC, Aires J. Clostridia in premature neonates' gut: incidence, antibiotic susceptibility, and perinatal determinants influencing colonization. PLoS ONE. (2012) 7:e30594. doi: 10.1371/journal.pone.0030594

 70. Kosloske AM, Ulrich JA. A bacteriologic basis for the clinical presentations of necrotizing enterocolitis. J Pediatr Surg. (1980) 15:558–64. doi: 10.1016/S0022-3468(80)80773-1

 71. Kosloske AM, Ulrich JA, Hoffman H. Fulminant necrotising enterocolitis associated with Clostridia. Lancet. (1978) 2:1014–6. doi: 10.1016/S0140-6736(78)92337-1

 72. Torrazza RM, Neu J. The altered gut microbiome and necrotizing enterocolitis. Clin Perinatol. (2013) 40:93–108. doi: 10.1016/j.clp.2012.12.009

 73. Neal MD, Leaphart C, Levy R, Prince J, Billiar TR, Watkins S, et al. Enterocyte TLR4 mediates phagocytosis and translocation of bacteria across the intestinal barrier. J Immunol. (2006) 176:3070–9. doi: 10.4049/jimmunol.176.5.3070

 74. Markel TA, Crisostomo PR, Wairiuko GM, Pitcher J, Tsai BM, Meldrum DR. Cytokines in necrotizing enterocolitis. Shock. (2006) 25:329–37. doi: 10.1097/01.shk.0000192126.33823.87

 75. Sharma R, Tepas JJ, Hudak ML, Mollitt DL, Wludyka PS, Teng RJ, et al. Neonatal gut barrier and multiple organ failure: role of endotoxin and proinflammatory cytokines in sepsis and necrotizing enterocolitis. J Pediatr Surg. (2007) 42:454–61. doi: 10.1016/j.jpedsurg.2006.10.038

 76. Claud EC, Lu L, Anton PM, Savidge T, Walker WA, Cherayil BJ. Developmentally regulated IkappaB expression in intestinal epithelium and susceptibility to flagellin-induced inflammation. Proc Natl Acad Sci USA. (2004) 101:7404–8. doi: 10.1073/pnas.0401710101

 77. Spehlmann ME, Eckmann L. Nuclear factor-kappa B in intestinal protection and destruction. Curr Opin Gastroenterol. (2009) 25:92–9. doi: 10.1097/MOG.0b013e328324f857

 78. Neish AS. Molecular aspects of intestinal epithelial cell-bacterial interactions that determine the development of intestinal inflammation. Inflamm Bowel Dis. (2004) 10:159–68. doi: 10.1097/00054725-200403000-00015

 79. Neish AS, Gewirtz AT, Zeng H, Young AN, Hobert ME, Karmali V, et al. Prokaryotic regulation of epithelial responses by inhibition of IkappaB-alpha ubiquitination. Science. (2000) 289:1560–3. doi: 10.1126/science.289.5484.1560

 80. Marsland BJ, Trompette A, Gollwitzer ES. The gut-lung axis in respiratory disease. Ann Am Thorac Soc. (2015) 12(Suppl. 2):S150–6. doi: 10.1513/AnnalsATS.201503-133AW

 81. DiGiulio DB. Diversity of microbes in amniotic fluid. Semin Fetal Neonatal Med. (2012) 17:2–11. doi: 10.1016/j.siny.2011.10.001

 82. Taft DH, Ambalavanan N, Schibler KR, Yu Z, Newburg DS, Deshmukh H, et al. Center variation in intestinal microbiota prior to late-onset sepsis in preterm infants. PLoS ONE. (2015) 10:e0130604. doi: 10.1371/journal.pone.0130604

 83. Gantert M, Been J, Gavilanes AW, Garnier Y, Zimmermann LJ, Kramer BW. Chorioamnionitis: a multiorgan disease of the fetus? J Perinatol. (2010) 30:S21–30. doi: 10.1038/jp.2010.96

 84. Novitsky A, Tuttle D, Locke RG, Saiman L, Mackley A, Paul DA. Pro- longed early antibiotic use and bronchopulmonary dysplasia in very low birth weight infants. Am J Perinatol. (2015) 32:43–8. doi: 10.1055/s-0034-1373844

 85. Cantey JB, Huffman LW, Subramanian A, Marshall AS, Ballard AR, Lefevre C, et al. Antibiotic exposure and risk for death or bronchopulmonary dysplasia in very low birth weight infants. J Pediatr. (2017) 181:289–93.e1. doi: 10.1016/j.jpeds.2016.11.002

 86. Miralles R, Hodge R, McParland PC, Field DJ, Bell SC, Taylor DJ, et al. Relationship between antenatal inflammation and antenatal infection identified by detection of microbial genes by polymerase chain reaction. Pediatr Res. (2005) 57:570–7. doi: 10.1203/01.PDR.0000155944.48195.97

 87. Stressmann FA, Connett GJ, Goss K, Kollamparambil TG, Patel N, Payne MS, et al. The use of culture-independent tools to characterize bacteria in endo-tracheal aspirates from pre-term infants at risk of bronchopul- monary dysplasia. J Perinat Med. (2010) 38:333–7. doi: 10.1515/jpm.2010.026

 88. Payne MS, Goss KC, Connett GJ, Kollamparambil T, Legg JP, Thwaites R, et al. Molecular microbiological characterization of preterm neo- nates at risk of bronchopulmonary dysplasia. Pediatr Res. (2010) 67:412–8. doi: 10.1203/PDR.0b013e3181d026c3

 89. Lal CV, Travers C, Aghai ZH, Eipers P, Jilling T, Halloran B, et al. The airway microbiome at birth. Sci Rep. (2016) 6:31023. doi: 10.1038/srep31023

 90. Wagner BD, Sontag MK, Harris JK, Miller JI, Morrow L, Robertson CE, et al. Airway microbial community turnover differs by BPD severity in ventilated preterm infants. PLoS ONE. (2017) 12:e0170120. doi: 10.1371/journal.pone.0170120

 91. Kallapur SG, Kramer BW, Knox CL, Berry CA, Collins JJ, Kemp MW, et al. Chronic fetal exposure to Ureaplasma parvum suppresses innate immune responses in sheep. J Immunol. (2011) 187:2688–95. doi: 10.4049/jimmunol.1100779

 92. Kemp MW, Ahmed S, Beeton ML, Payne MS, Saito M, Miura Y, et al. Foetal Ureaplasma parvumbacteraemia as a function of gestation-dependent complement insufficiency: evidence from a sheep model of pregnancy. Am J Reprod Immunol. (2017) 77:e12599. doi: 10.1111/aji.12599

 93. Cox MJ, Huang YJ, Fujimura KE, Liu JT, McKean M, Boushey HA, et al. Lactobacillus casei abundance is associated with profound shifts in the infant gut microbiome. PLoS ONE. (2010) 5:e8745. doi: 10.1371/journal.pone.0008745

 94. Fujimura KE, Demoor T, Rauch M, Faruqi AA, Jang S, Johnson CC, et al. House dust exposure mediates gut microbiome Lactobacillus enrichment and airway immune defense against allergens and virus infection. Proc Natl Acad Sci USA. (2014) 111:805–10. doi: 10.1073/pnas.1310750111

 95. Cope EK, Lynch SV. Novel microbiome-based therapeutics for chronic rhinosinusitis. Curr Allergy Asthma Rep. (2015) 15:504. doi: 10.1007/s11882-014-0504-y

 96. Tarr PI, Warner BB. Gut bacteria and late-onset neonatal bloodstream infections in preterm infants. Semin Fetal Neonatal Med. (2016) 21:388–93. doi: 10.1016/j.siny.2016.06.002

 97. Shaw AG, Sim K, Randell P, Cox MJ, McClure ZE, Li MS, et al. Late-Onset bloodstream infection and perturbed maturation of the gastrointestinal microbiota in premature infants. PloS ONE. (2015) 10:e0132923. doi: 10.1371/journal.pone.0132923

 98. Carl MA, Ndao IM, Springman AC, Manning SD, Johnson JR, Johnston BD, et al. Sepsis from the gut: the enteric habitat of bacteria that cause late-onset neonatal bloodstream infections. Clin Infect Dis. (2014) 58:1211–8. doi: 10.1093/cid/ciu084

 99. Puri K, Taft DH, Ambalavanan N, Schibler KR, Morrow AL, Kallapur SG. Association of chorioamnionitis with aberrant neonatal gut colonization. PLoS ONE. (2016) 11:e0162734. doi: 10.1371/journal.pone.0162734

 100. Moles L, Gomez M, Heilig H, Bustos G, Fuentes S, de Vos W, et al. Bacterial diversity in meconium of pretermneonates and evolution of their fecal microbiota during the first month of life. PLoS ONE. (2013) 8:e66986. doi: 10.1371/journal.pone.0066986

 101. Mai V, Torrazza RM, Ukhanova M, Wang X, Sun Y, Li N, et al. Distortions in development of intestinal microbiota associated with late onset sepsis in preterminfants. PLoS ONE. (2013) 8:e52876. doi: 10.1371/journal.pone.0052876

 102. Madan JC, Salari RC, Saxena D, Davidson L, O'Toole GA, Moore JH, et al. Gut microbial colonisation in premature neonates predicts neonatal sepsis. Arch Dis Child Fetal Neonatal Ed. (2012) 97:F456–62. doi: 10.1136/fetalneonatal-2011-301373

 103. Rueda CM, Wells CB, Gisslen T, Jobe AH, Kallapur SG, Chougnet CA. Effect of chorioamnionitis on regulatoryT cells in moderate/late pretermneonates. Hum Immunol. (2015) 76:65–73. doi: 10.1016/j.humimm.2014.10.016

 104. Stewart CJ, Embleton ND, Marrs ECL, Smith DP, Fofanova T, Nelson A, et al. Longitudinal development of the gut microbiome and metabolome in preterm neonates with late onset sepsis and healthy control. Microbiome. (2017) 5:75. doi: 10.1186/s40168-017-0295-1

 105. Patel S, Goyal A. The current trends and future perspectives of prebiotics research: a review. 3 Biotech. (2012) 2:115–25. doi: 10.1007/s13205-012-0044-x

 106. Vamanu E, Vamanu A. The influence of prebiotics on bacteriocin synthesis using the strain Lactobacillus paracasei CMGB16. Afr J Microbiol Res. (2010) 4:534–7.

 107. Dinoto A, Marques TM, Sakamoto K, Fukiya S, Watanabe J, Ito S, et al. Population dynamics of Bifidobacterium species in human feces during raffinose administration monitored by fluorescence in situ hybridizationflow cytometry. Appl Environ Microbiol. (2006) 72:7739–47. doi: 10.1128/AEM.01777-06

 108. Cohen-Wolkowiez M, Moran C, Benjamin DK, Cotten CM, Clark RH, Benjamin DK Jr, et al. Early and late onset sepsis in late preterm infants. Pediatr Infect Dis J. (2009) 28:1052–6. doi: 10.1097/INF.0b013e3181acf6bd

 109. Bekker V, Bijlsma MW, Van De Beek D, Kuijpers TW, Van Der Ende A. Incidence of invasive group B streptococcal disease and pathogen genotype distribution in newborn babies in the Netherlands over 25 years: a nationwide surveillance study. Lancet Infect Dis. (2014) 14:1083–9. doi: 10.1016/S1473-3099(14)70919-3

 110. Langley G, Schaffner W, Farley MM, Lynfield R, Bennett NM, Reingold A, et al. Twenty years of active bacterial core surveillance. Emerg Infect Dis. (2015) 21:1520–8. doi: 10.3201/eid2109.141333

 111. Doran KS, Nizet V. Molecular pathogenesis of neonatal group B streptococcal infection: no longer in its infancy. Mol Microbiol. (2004) 54:23–31. doi: 10.1111/j.1365-2958.2004.04266.x

 112. Kolter J, Henneke P. Codevelopment of Microbiota and innate immunity and the risk for group B streptococcal disease. Front Immunol. (2017) 8:1497. doi: 10.3389/fimmu.2017.01497

 113. Cernada M, Bauerl C, Serna E, Collado MC, Martinez GP, Vento M. Sepsis in preterm infants causes alterations in mucosal gene expression and microbiota profiles compared to non-septic twins. Sci Rep. (2016) 6:25497. doi: 10.1038/srep25497

 114. Aloisio I, Mazzola G, Corvaglia LT, Tonti G, Faldella G, Biavati B, et al. Influence of intrapartum antibiotic prophylaxis against group B Streptococcus on the early newborn gut composition and evaluation of the anti-Streptococcus activity of Bifidobacterium strains. Appl Microbiol Biotechnol. (2014) 98:6051–60. doi: 10.1007/s00253-014-5712-9

 115. Kuppala VS, Meinzen-Derr J, Morrow AL, Schibler KR. Prolonged initial empirical antibiotic treatment is associated with adverse outcomes in pre-mature infants. J Pediatr. (2011) 159:720–5. doi: 10.1016/j.jpeds.2011.05.033

 116. Josefsdottir K, Baldridge M, Kadmon C, King K. Antibiotics impair murine hematopoiesis by depleting the intestinal microbiota. Blood. (2017) 129:729–39. doi: 10.1182/blood-2016-03-708594

 117. Basha S, Surendran N, Pichichero M. Immune responses in neonates. Expert Rev Clin Immunol. (2014) 10:1171–84. doi: 10.1586/1744666X.2014.942288

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 Tirone, Pezza, Paladini, Tana, Aurilia, Lio, D'Ippolito, Tersigni, Posteraro, Sanguinetti, Di Simone and Vento. 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.












	
	REVIEW
published: 08 January 2020
doi: 10.3389/fimmu.2019.02823






[image: image2]

Immunological Role of the Maternal Uterine Microbiome in Pregnancy: Pregnancies Pathologies and Alterated Microbiota

Jonah Bardos1,2*, Desiree Fiorentino1,2, Ryan E. Longman1,2 and Michael Paidas1


1Department of Obstetrics and Gynecology, Miller School of Medicine, University of Miami, Miami, FL, United States

2Division of Clinical and Translational Genetics, Department of Human Genetics, Miller School of Medicine, University of Miami, Miami, FL, United States

Edited by:
Nicoletta Disimone, Agostino Gemelli University Polyclinic, Italy

Reviewed by:
Gerard Chaouat, INSERM U976 Immunologie, Dermatologie, Oncologie, France
 Carlo Ticconi, Dipartimento Scienze Chirurgiche, Policlinico Tor Vergata, Italy

*Correspondence: Jonah Bardos, jxb1450@med.miami.edu

Specialty section: This article was submitted to Mucosal Immunity, a section of the journal Frontiers in Immunology

Received: 15 July 2019
 Accepted: 15 November 2019
 Published: 08 January 2020

Citation: Bardos J, Fiorentino D, Longman RE and Paidas M (2020) Immunological Role of the Maternal Uterine Microbiome in Pregnancy: Pregnancies Pathologies and Alterated Microbiota. Front. Immunol. 10:2823. doi: 10.3389/fimmu.2019.02823



Understanding what happens at the time of embryo implantation has been the subject of significant research. Investigators from many differing fields including maternal fetal medicine, microbiology, genetics, reproductive endocrinology and immunology have all been studying the moment the embryo interacts with the maternal endometrium. A perfect relationship between the uterus and the embryo, mediated by a tightly controlled interaction between the embryo and the endometrium, is required for successful implantation. Any factors affecting this communication, such as altered microbiome may lead to poor reproductive outcomes. Current theories suggest that altered microbiota may trigger an inflammatory response in the endometrium that affects the success of embryo implantation, as inflammatory mediators are tightly regulated during the adhesion of the blastocyst to the epithelial endometrial wall. In this review, we will highlight the various microbiome found during the periconceptual period, the microbiomes interaction with immunological responses surrounding the time of implantation, its effect on implantation, placentation and ultimately maternal and neonatal outcomes.

Keywords: uterine microbiome, pregnancy failure, pre-eclampsia, IUGR, early pregnancy immunology, endometrial micorbiome


INTRODUCTION

The human body is colonized with over ten times more bacteria than the number of cells (1). Most prior medical research has been focused on disease causing bacteria and only recently, has there been a coordinated focus on studying the resident bacteria, viruses, and fungi collectively called the microbiome. In 2008, the NIH undertook a large human microbiome project in an effort to characterize all the microorganisms living in association with the human body in 300 healthy volunteers (2). The focus was on nasal passages, oral cavity, skin, GI tract, and the urogenital tract including the vagina. Few studies have focused on uterine microbiome as it was originally thought to be a sterile environment. Prior microbiome studies utilized either culture or 16S sequence-based technology in determining the bacterial environment. Early work describing the reproductive microbiome came from culture-based approaches (3). However, data from the next generation sequencing of the vaginal microbiome show that many organisms are not identified when culture only based approaches are utilized (4). Early studies suggested only about 1–2% of bacteria that is present can be picked up on culture (5), while recent studies using next generation sequencing suggest 20–60% depending on body site (1). More recent reproductive studies utilized 16S RNA hypervariable region gene sequencing, which can determine the genus and species level of bacteria, but not sub-speciation (6). There are both advantages and disadvantages to 16S sequencing. 16S is significantly cheaper and can be performed on smaller amount of DNA sample since an amplification process is required. However, the amplification process can also introduce an inherent amplification bias making it harder to accurately determine relative abundance of the bacterial species. Additionally, 16S technology utilizes a mapping database, meaning the species must have been characterized before by others. When compared with 16S-based sequencing, shotgun metagenomics can help with the identification of lower taxonomic resolution meaning detecting low abundance microbial communities and can better differentiate between closely related species (7). Essentially, prior work with culture and 16S was potentially missing key factors of the reproductive tract microbiome, however there are no studies to date published on shotgun sequencing of the endometrium at the time of an embryo transfer.

Recently there has been a new focus on determining uterine microbiome after a pilot study in 2016 showed that women with a non-lactobacillus dominant (NLD) uterine environment had an almost 40% drop off in pregnancy rates (8). Another study in 2015, utilized targeted sequencing and microarray data focused on the hypervariable regions of 16S rRNA and showed that uterine microbiome at the time of transfer can be characterized by sequencing the tip of the transfer catheter from the embryo transfer (9). Since then, many authors have been attempting to characterize the natural microbiome of the uterus to determine what affect the uterine microbiome has on pregnancy outcomes (10). Current theories suggest that NLD microbiota may trigger an inflammatory response in the endometrium that affects the success of embryo implantation, as inflammatory mediators are closely regulated during the adhesion of the blastocyst to the epithelial endometrial wall.

A perfect relationship between the uterus and the embryo, mediated by a tightly controlled interaction between the embryo and the endometrium, is required for successful implantation. With almost 4 million births annually it is important to continue researching and discovering key factors of healthy pregnancies. Any factors affecting this communication, such as altered microbiome may lead to poor reproductive outcomes.



NORMAL MICROBIOME


Uterine Microbiome

For many decades, the uterus was thought to be a sterile environment. Despite being adjacent to the bacterially colonized vagina, it was thought that the cervical mucous maintains uterine sterility. It wasn't until recently that this dogma was challenged. In 1996, Egbase et al. demonstrated that the reproductive tract microbiota can have an effect on IVF outcomes (11).

Is there a healthy “normal” uterine microbiome? This question has been hard to answer. Over the last 15 years about 10 studies have examined uterine microbiome, and over 60 have looked at the reproductive tract microbiome, however most studies to date involved women with pathology (12, 13). Prior to 2014 most studies had attempted to utilize culture techniques which has been shown to miss the majority of the pathogens present, as only bacteria whose metabolic needs are met will grow (14). Additionally, highly abundant and fast growing bacteria will dominate and suppress others (15). Thus, it was not until the expansion of next generation sequencing that a better picture of the reproductive microbiome was even possible. In 2015, Franasiak et al. was the first to measure uterine microbiome from catheter tips at the time of an embryo transfer (6). In the studies of healthy women the most consistent phyla have been Firmicutes, Bacteroidetes proteobacteria, and actinobacteria (6, 8–10, 16–20). The most common genera found in multiple studies have been Lactobacillus and Streptococcus both of which can be found in the vagina and cervix (12). Some studies have found that Lactobacillus is more prominent in women with endometrial polyps or chronic endometritis (21). Multiple studies have suggested that chronic endometritis is associated with recurrent pregnancy loss (22, 23). Chronic endometritis (CE) is typically defined as a chronic inflammation of the uterine lining and is associated with the presence of plasma cells on endometrial biopsy (24, 25). Numerous microbes have been found in patients with CE including Gonorrhea, Chlamydia, Escherichia coli, Streptococcus, Staphylococcus, Enterococcus fecalis, and non-microbial causes, such as retained tissue. Additionally, endometriosis has been hypothesized to alter the endometrium through increased inflammation and progesterone resistance which can affect implantation, increase risk of miscarriage, poor pregnancy outcomes including pregnancy induce hypertension and preterm birth (26). It would appear that increased inflammation at the endometrial level regardless of the cause may affect implantation and pregnancy outcomes.

A landmark study by Moreno et al. in 2016 suggested that Lactobacillus dominance (>90%) conferred a protective benefit resulting in increasing implantation rates (8). However, given that only 16S methodology was used it is unclear whether certain species or subspecies of Lactobacillus may be capable of conferring this benefit. A recent study on the endometrial microbiota and chronic endometritis reported that Lactobacillus crispatus was less abundant in patients with CE suggesting that there may be certain Lactobacillus spp that is protective (27). More comprehensive whole genome shotgun sequencing (WGS) may help answer this question.

Where does the uterine microbiome come from? There are currently a few theories. The primary theory is ascension from the vagina. While there is a known cervical plug that does protect the uterine environment, we know that, during intercourse, semen is able to ascend into the uterus through small channels in the cervical mucus. Studies have shown evidence of a uterine pump moving radio tagged isotopes from the vagina into the uterus within 15 min of intercourse (28). Other possible methods include hematogenous spread from the gut and transmembrane gut leakage into the peritoneal cavity with retrograde ascension via the fallopian tubes. Dendritic cells and leukocytes traffic bacteria found in the gut and can hematogenously spread bacteria to other locations, such as the uterus (29). One study showed that when genetically labeled Enterococcus fecium was placed in the oral cavity of a mouse it could be detected in the placenta (30). Given these possible origins of the uterine microbiome, it is important to understand the microbiome of various anatomical locations.



Vaginal Microbiome

Since the most likely explanation is ascension, it is important to spend some time understanding the vaginal microbiome. Over the last decade studies involving both 16S and metagenomics have examined the microbiome of the human vagina. The human vagina has been shown to harbor predominantly Lactobacillus spp in concentrations as high as 107−109 per gram of vaginal fluid (10, 31, 32). The high levels of Lactobacillus are known to secrete lactic acid creating the characteristic low PH found in the vagina. This low PH has been shown to help protect against cervico-vaginal infections (33, 34). While the exact reason for Lactobacillus predominance is not known, there are some beneficial aspects of eubiosis. One benefit of the native microbiome is a concept called competitive exclusion. Competitive exclusion is where native microbiome can adapt to be the best nutrient scavenger in that environment, competing with potential invaders for nutrients and in turn starving other pathogens. In reproductive aged women there are five major types of vaginal microbiota or community state types (CST). CST I II, III, and V are all predominantly Lactobacillus. Whereas, CST IV is predominantly a mixture of strict and facultative anaerobes including Gardnerella, Atopobium, Mobiluncus, and Prevotella (35, 36). CST IV is commonly broken down into CST IV-A and CST IV-B which is associated with bacterial vaginitis (BV) (36). CST I appears to be more common in Caucasian women and protective against BV, while CST IV is more common in African American and Hispanic women (37, 38).

Studies have suggested that the vaginal microbiota is subject to frequent fluctuations (39). In some women, menses or sexual behaviors may trigger transitions between the CSTs at different points in time (36). During times of elevated estrogen, such as immediately prior to ovulation, Lactobacillus tends to stabilize, while during menstruation Lactobacillus tends to decrease (40). While menses appears to alter the composition of the vaginal microbiome, the change appears to depend on the initial CST and other factors, such as the use of pads or tampons (41). The above studies suggest the dynamic nature of the vaginal microbiome, questioning whether one can reliability predict microbiome between menstrual cycles.

There is debate in the literature regarding whether contraceptive options have an effect on the vaginal microbiome. One study suggested that hormonal contraceptives did not have an effect on vaginal microbiota while copper IUDs are associated with an increase in BV (42). Another study suggested that women who took combined oral contraceptives were more likely to have Lactobacillus dominance compared to women who used barrier methods (43). One study suggested that LNG-IUD may increase the risk of candida and decrease Lactobacillus dominance (44). Still another study suggested it was not contraceptive options which drove vaginal microbiome changes but rather the number of sexual partners and the woman's ethnicity (37). Additionally, elevated hormones at the time of implantation could affect the microbiome, for example during a fresh embryo transfer.

A number of other conditions have been associated with an altered vaginal microbiome. Some studies have suggested that Lactobacillus dominated microbiota can be protective against PID (32). CST I appears to decrease the risk of STIs, such has Chlamydia, while CST III appears to be associated with an increased risk of Chlamydia infection (45). CSTs II and V appear to compete with Gonorrhea thereby possibly decreasing the risk of infection (46).

Alterations of the vaginal microbiota may also be responsible for various pregnancy outcomes. During pregnancy menses cease and there is a consistently elevated level of estrogen with a concomitant increase in Lactobacillus dominance (47). Several studies have suggested that altered microbiota are associated with preterm birth (48–50). Preterm premature rupture of membranes (PPROM), chorioamnionitis and early or late miscarriages have also been associated with changes in the vaginal microbiome (51–56). One study of the vaginal microbiome on the day of embryo transfer suggested that a lower microbiota index is associated with better IVF outcomes. A recent study suggested that higher levels of vaginal L. crispatus is associated with higher chance of pregnancy when utilizing ICSI (57). Neither of these studies included sampling of the upper reproductive tract; therefore, it is hard to draw conclusive results (58). The literature appears to support the concept that alterations in the vaginal microbiome are associated with various poor outcomes and that examining the vaginal along with the upper reproductive tract microbiome at the time of an IVF transfer may shed additional information into the causes of these poor outcomes.



Placental Microbiome?

Numerous studies have suggested that bacterial infections are the cause of PPROM and preterm labor (59–61). However, until 2014, it was thought that the placenta did not contain its own microbiome. In chorioamnionitis, an inflammatory infectious process of the fetal side of placenta, the most commonly isolated pathogens are Bacteroides species, E. coli, Gardnerella vaginalis, Mycoplasma hominis, Peptostreptococci, Streptococci, and Ureaplasma urealyticum (62). This would suggest that pathologic bacteria can invade the amnion, and chorion from the vagina. Additionally, there are theories of oral placental transmission in patients with poor periodontal disease associated with poor pregnancy outcomes (63). However, the idea that a placenta contains its own healthy microbiome only came about recently after the seminal publication by Aagaard et al. in 2014 (64). This study found multiple phyla in the placental microbiome namely Firmicutes, Tenericutes, Proteobacteria, Bacteroidetes, and Fusobacteria. The initial results were called into question as the techniques did not account for live vs. dead bacteria and did not provide a maternal blood sample to determine if the microbiome was from the maternal villi or from the fetal side (65). Additional studies utilizing high throughput sequencing technology confirmed the presence of a placental microbiome (66, 67). Given that the prevailing opinion for many years was that the uterus was sterile, there were theories proposed that the findings were contaminations in either technique or processing. Later studies suggested that DNA reagent kits have their own distinct microbiome called a “kitome” (68). Researchers suggested that, in locations with a high biomass, such as the gut, low level contamination of the “kitome” would not be detected, which would explain why many of the gut studies did not have this issue. However, when looking at ultra-low biomass locations, such as the placenta or uterus, the results may represent the kit without proper controls (69). A recent seminal study in which the researchers carefully controlled for possible contaminants by utilizing multiple detection methods including culture, qPCR, 16S rRNA gene sequencing and shotgun metagenomics, demonstrated that no resident microbiota could be identified in the placenta. While this study was done with the best technology currently available, if a uterine microbiome exists, as many studies have suggested, it is highly unlikely that the placental and uterine microbiome are not related. It is possible that the placental microbiome is currently undetectable due to ultra-low biomass or the limitations of current technology, however dismissing it as non-existent may be premature.




NORMAL AND ABNORMAL IMMUNOLOGICAL RESPONSES TO PREGNANCY

The embryo is initially fertilized in the fallopian tube and must evade the immune system, grow and move into the uterus before interacting with the endometrium for implantation. The process of implantation is divided into three key steps: apposition, attachment (adhesion), and penetration (invasion). The immune system plays a role in each step of the embryo's development through the delivery of a live healthy fetus.

An egg is released as a maternal cell containing maternal antigens and would be recognized by the immune system as “self.” Sperm then enters the egg typically in the ampullary region of the fallopian tube, triggering multiple changes including production of its own antigens comprised of both maternal and paternal components. Until the embryo starts presenting its own foreign antigens it is viewed as a maternal cell. Once it starts presenting its own antigens it is surrounded by the zona pellucida, a hard shell protecting the embryo from maternal immune cells. Additionally, there are maternal cumulus oophorus cells that provide some protection for the first few days. After the first few days, the embryo must interact with the maternal system. Given that donor embryos are able to implant in surrogates, there must be communication from the embryo that ultimately prevents the maternal immune system from attacking it. It would appear that this communication does not occur immediately given that it takes 4–5 days post-embryo transfer for implantation to occur. During that time a series of events occur, including endometrial priming, immune tolerance and ultimately implantation.

The immune system is usually thought of as a mechanism for the body to defend itself against invaders. Although the egg comes from the woman and would be considered “self,” the sperm displays paternal antigens. Shortly after conception the fetus begins displaying major histocompatibility complex (MHC) genes that are a combination of both mother (self) and father (foreign) (70). How then are embryos not attacked and destroyed by the immune system in every pregnancy? The immune system plays an important role in pregnancy success. A combination of multiple strategies are employed to selectively circumvent or engage different aspects of the immune response.

The endometrium has an innate immune system called pattern recognition receptors (PRR) that can detect certain pathogenic receptor patterns locally and mount an inflammatory response. Examples include toll like receptors 1–10, Nod like receptors, and others (71). Some have suggested that local bacteria can also use the PRR as a way to communicate with the host and induce a safe environment (72). A prime example is the way that T-cells are differentiated.


T-Cells

There are many different types of T cells that are part of the adaptive immune response. T-helper cells (Th) start out from the same precursor as a Th0 cell. Dendritic cells, a type of antigen producing cell (APC), presents antigens to the naïve Th0 cells and depending on the environmental milieu of cytokines, chemokines, and bacteria the Th0 will differentiate into one of 4 main cell types: Th1, Th2, Th17, and T-regulatory (Treg) (73). Th1 cells are stimulated due to the presence of bacterial DNA and produce pro-inflammatory cytokines, such as TNF and IL12. Th2 cells are stimulated by IL4, IL6, IL10, and IL11 and produce anti-inflammatory cytokines, such as IL4 (74). Th17 is induced based on TGFβ, IL6, and IL21 and produces pro inflammatory cytokines (74). Treg cells are induced by TCR and TGFβ, express Foxp3, CD25 and are key players in inducing tolerance and negative regulation of immune-mediated inflammation (75). Local microbiome can affect whether the TGFβ increased Th17 or Treg cell population (76). Treg cell dysfunction is associated with autoimmune, auto-inflammatory disorders, allergies, as well as acute and chronic infections (77).

The embryo must convince the body that it should be tolerated. Treg cells take “non-self” antigens that are presented to it and promote active tolerance to those antigens by down-regulating the Th1 and Th17 responses (70, 78, 79). Treg cells inhibit additional T-cell proliferation and proinflammatory cytokine productions by producing TGFβ and IL10 while suppressing B cell proliferation, antibody production, NK cell cytotoxicity, as well as dendritic and macrophage maturation and activation (80–82).

Treg cells help down-regulate immune response against the embryo to allow for intimate interaction with the endometrial lining (70). Treg cells are recruited to the uterus shortly after conception which is an important time for the fledgling embryo's existence. Apposition, implantation and early placental morphogenesis is a key time in which the embryo begins to interact directly with the maternal immune system. Poor immune tolerance at this point could result in shallow implantation which has been implicated as a possible cause of IUGR and miscarriage (83, 84). Additionally, problems in early placental development have been linked with pre-eclampsia, an increasingly common morbidity of late pregnancy (85). There is evidence that the local microbiome can induce a shift to Th1 and away from Treg cell dominance. For example, Bacteroides is thought to increase the presence of Th1 cells (86). An upregulation of Th1 will cause an increase in local inflammation and an augmented local immune response. As mentioned prior, it would appear that increased inflammation at the endometrial level regardless of the cause may affect implantation and pregnancy outcomes. However, beneficial microbiome can increase uterine Treg cells locally thereby downregulating the immune response and inducing tolerance to a specific species or a pregnancy (13).



Blast Development

In vivo, in the first 48 h post-fertilization the embryo is encased in a hard-outer shell called the zona pellucida. Within 2 days, the embryo moves from the fallopian tubes into the uterus where it floats while undergoing cleavage and differentiation into a blastocyst. About 5–6 days post-fertilization, the embryo hatches from the zona pellucida exposing its outer trophoblasts to the endometrial lining (87). Embryos display cytokine receptors from conception until implantation. Cytokines play a key role in embryo development, gene expression, cell number, embryo competence and viability (88, 89). In healthy women, embryotrophic factors, such as GM-CSF, CSF1, LIF, HB-EGF, IGF1, and IGF2 all act to promote blastocyst development, increase blast cell numbers and gene expression. Decreased cell number and poor trophoblast development can cause changes in placental structure and nutrient transport functions leading to pregnancy loss or developmental damage (90, 91). GM-CSF is produced by the uterine epithelial cells, exerting a pro survival and anti-stress effect required for fetal viability and offspring health (92). Embryotoxic cytokines, such as TNF, IFNG, and TRAIL are stimulated during inflammation or local infections via toll like receptors and induce apoptosis and inhibit embryo development (93). Other environmental factors, such as hyperglycemia and obesity can also induce embryotoxic chemokines which may explain why these conditions are associated with poor pregnancy outcomes. This complex balancing act between embryotrophic vs. embryotoxic cytokines acts a physiologic control enabling pregnancy when the uterus is under optimal conditions and inhibiting pregnancy when the conditions are sub-optimal. Obviously, these alone are not the only determinants, as obese diabetic women do get pregnant, however, the delicate cytokine balance, controlled by many factors including the local microbiome, can have a large impact on reproductive outcomes.



Endometrial Receptivity

Sex steroids also play an important role in modifying the immune response and preparing the uterine lining for implantation. In the proliferative phase, estrogen stimulates proliferation and differentiation of endometrial cells as well as pro inflammatory cytokines, such as CSF1, GM-CSF, INFG, and TNF. During the luteal phase, progesterone stimulates the mesenchymal cells to prepare for implantation and suppresses the pro inflammatory cytokines by inhibiting epithelial cell productions of GM-CSF 1 and IL1. Progesterone also enhances the expression of IL8 and attracts uterine NK cells (70). Estrogen increases Treg attracting chemokines, CCL3, 4, and 5, while progesterone sustains the Treg population and increases their suppressive function (94). Additional endometrial chemokines, such as LIF and IL11 are essential for decidual and vascular changes required to allow proper trophoblastic invasion (95). It has been suggested that in patients with endometriosis the endometrial tissue may have progesterone resistance which could explain the increased inflammation and poor pregnancy outcomes (96). Placental trophoblasts secrete TGFβ which helps suppress immunity, and assists in inducing Treg cells at the placental maternal interface (70, 97). Excess inflammatory cytokines, such as TNF, IFNG, and IL2, during the implantation period can act to skew the adaptive immune response away from Treg cells and toward cytotoxicity (98). Excess inflammatory factors are found during local infection and times of nutritional or metabolic stress, thereby helping the body suppress pregnancy during unfavorable conditions; leading to failed implantation or pregnancy loss. Excess inflammation may also be found when the host microbiome is altered thereby conferring negative effects on implantation and outcomes.

Other cells also play a role in controlling immune response at the uterine level. Uterine macrophages produce Treg stimulatory cytokines TGFβ, PGE2, and IL10 (99). Decidual macrophages also secrete matrix proteinases which can help with trophoblast invasion (100). Dendritic cells present antigens to naive T cells to stimulate Treg cell activation before implantation (101). Uterine NK cells are involved in the endometrial remodeling needed for implantation (102). Seminal fluid appears to play a role in driving leukocytes to the uterus. Seminal fluid can stimulate the expansion of the Treg population via TGFβ and PGE2 along with paternal antigens and help inhibit the activated Treg cells from leaving the uterus, inducing tolerance to the embryo.

The embryo also plays a role in its own fate by secreting factors. PreImplantation Factor (PIF) is secreted only by viable embryos and can be measured in embryo culture media. PIF can be seen in maternal circulation as soon as 4 days post-embryo transfer indicating that it does come from the embryo. When PIF is seen in maternal plasma, the chance of normal pregnancy is significantly higher (103). PIF appears to have anti inflammatory effects. It provokes global immune regulation by binding ligands to CD14 monocytes/neutrophils and to T and B cells promoting the required Th2/Th1 cytokine ratio. It also appears to affect genes involved in oxidative stress, protein misfolding, and platelet activation.

Human chorionic gonadotropin (hCG) has many different roles during early pregnancy including immunosuppression. Its' most well-known and crucial role is to promote corpus luteal progesterone production for the first 3–4 weeks after implantation (104). In addition, hCG is thought to help promote placentation and angiogenesis by recruiting and promoting VegF and Treg function necessary for decreasing local inflammation (105).

The immune environment during the peri-conceptual period is controlled by many factors, including cytokines, chemokines and leukocyte lineages. These factors are intertwined with ovarian steroid hormones, seminal fluid, diet, nutrition, metabolism, obesity, infections, and the microbiome to influence the balance between embryotrophic and embryotoxic milieus and ultimately a successful or unsuccessful pregnancy.




UTERINE EMBRYO SIGNALING AND IMPLANTATION

As mentioned previously there are three stages to implantation: apposition, adhesion, and invasion. We have discussed how the microbiome cytokine influence can affect the competency of the embryo. We will now briefly discuss each stage of implantation to understand how the microbiome could help or hinder the successful progression of pregnancy. Researchers still do not fully understand how implantation works. Decidualization is the transformation of the endometrium into a receptive state prior to the presence of the embryo. Between 6 and 10 days after ovulation the point in which the endometrium is receptive occurs, called the window of implantation. Once the embryo reaches the primed endometrium there is a process of selection, apposition, attachment, implantation, and ultimately placentation that requires intricate embryo uterine interactions to occur in a synchronized fashion for pregnancy to be sustained. While the main drivers of these processes are hormonal control, additional local cytokine factors may play an important role. Alterations from the natural microbiome may affect the local cytokine/chemokine profile thereby affecting implantation.


Apposition and Adhesion

Approximately 6–7 days after fertilization the blastocyst makes contact with the uterine wall in a transient dynamic process called apposition. Microvilli extending from the syncytiotrophoblast interact with small microprotrusions from the uterine epithelial cells called pinopodes. This step is unstable and must occur first before the embryo can firmly attach to the wall. The interaction between the uterine cell wall and the embryo activates cytokine signaling and remodeling of the cytoskeleton of the epithelial layer. Decidual macrophages secrete matrix proteinases which can help with trophoblast invasion (100). Matrix metalloproteinases are important players in trophoblast invasion and are regulated by cytokines and tissue inhibitors (TIMPs) (106). TIMPs are upregulated by TGFβ inhibiting proper matrix degradation which can affect implantation (107). Increased TGFβ can be caused by colonizing microbes (76). Tight junctions are disrupted mediated by local cellular communication (108). Uterine NK cells are also involved in the endometrial remodeling needed for implantation (109).



Invasion

The final stage is invasion during which the syncytiotrophoblast invade the uterine epithelium. By approximately day 10 after fertilization, the blastocyst is surrounded by uterine tissue and the epithelium regrows over the implantation site. The cytotrophoblasts continue to expand until they reach the myometrium and the uterine spiral arteries leading to the establishment of uteroplacental circulation (110). The resulting uterine arterioles are composed of both maternal and fetal cells, underscoring the importance of immune tolerance in proper placentation. Implantation is the result of an intricate bi-directional dialogue between the embryo and endometrium mediated by a host of factors regulating the invading cells from cytokines and growth factors to steroid hormones and proteinases (111). Dysfunctional placentation can have clinical implications due to either excessive or inadequate invasion. Excessive invasion of the cytotrophoblasts can lead to abnormally strong attachment or a morbidly adherent placenta, such as an accrete, increta, or percreta depending on depth of invasion. Inadequate invasion has been implicated in pre-eclampsia, and IUGR (112, 113).




CURRENT UNDERSTANDING OF PRE-ECLAMPSIA

After years of study, the mechanisms by which pregnancy incites or aggravates hypertension remain unknown and hypertensive disorders continue to play an important role in maternal morbidity and mortality worldwide. Preeclampsia is more likely to occur in women who are exposed to chorionic villi for the first time (nulliparous women); are genetically predisposed to hypertensive disorders of pregnancy; have preexisting conditions associated with endothelial cell activation or inflammation including diabetes, cardiovascular or renal disease, or immunologic disorders; and in women who are exposed to a superabundance of chorionic villi (as in the cases of twins or molar pregnancies). Additionally, while a fetus is not required for the development of preeclampsia (as in molar pregnancies), the presence of chorionic villi is. A case series published in 2008, reported that PEC may develop even when the chorionic villi are extra-uterine as in the case of an abdominal pregnancy (114). Regardless of the underlying cause, the events leading to PEC all result in systemic vascular endothelial damage leading to transudation of plasma, vasospasm, and thrombotic sequelae.

Currently, the four most likely explanations for the development of PEC include: immunological maladaptive tolerance between maternal, paternal, and fetal tissues; placental implantation with abnormal trophoblastic invasion; oxidative stressors resulting in endothelial cell dysfunction; or genetic factors including predisposing genes and epigenetic influences.

Loss of maternal immune tolerance to paternally derived antigens is a possible etiology of preeclampsia (115). This hypothesis is supported by the fact that preeclampsia is more likely to occur when the formation of blocking antibodies to paternal antigens might be impaired. For instance, there is an increased risk in first pregnancies or pregnancies with a new partner and molar pregnancies which have an increased paternal antigenic load. Additionally, pregnancies with a fetus with trisomy 13 who have elevated antiangiogenic factors arising from the presence of an extra copy of soluble fms-like tyrosine kinase 1 which is located on chromosome 13 have increased risk of preeclampsia (116, 117). A recently published study indicated that the angiogenic factors placental growth factor, soluble fms-like tyrosine kinase 1, and soluble endoglin are biomarkers with predictive potential for preeclampsia. The soluble fms-like tyrosine kinase 1/placental growth factor ratio is able to accurately predict the short term absence of preeclampsia and suggest the likelihood of adverse events within 4 weeks (118). Further, another study from April 2019 demonstrated that CD3+, CD8−, FoxP3− T cells were associated with uteroplacental acute atherosis which is a common lesion of the maternal spiral arteries in the decidua basalis in preeclampsia (119). The decidua basalis layer forms the maternal-fetal immunologic interface where fetal extra-villous trophoblasts interact with maternal immune cells. Immune maladaptation may also play a role in the pathophysiology of preeclampsia. Extra-villous trophoblasts express HLA-C which is a ligand for killer immunoglobulin-like receptors (KIR) on NK- and T-cells. The combination of maternal KIR-B haplotype and fetal HLA-C2 has been shown to be significantly associated with acute atherosis. Thus, it seems that interactions between fetal HLA and activating KIRs on maternal decidual NK-or T-cells may promote local decidual vascular inflammation and trigger the formation of acute atherosis (120). This supports the theory that inadequate maternal tolerance of invasive trophoblast, which can be due to a shift in the immune system against tolerance, i.e., the Th1/Th2 ratio, can trigger poor trophoblast invasion and the occurrence of preeclampsia (121).

As previously discussed, normal implantation requires invasion of the syncytiotrophoblast into the uterine epithelium, ultimately resulting in remodeling of the uterine spiral arteries to create a dilated low resistance vessel. In pregnancies complicated by preeclampsia, there is thought to be incomplete invasion of the spiral arteriolar wall leading to small caliber, high resistance vessels with correlation shown between the degree of syncytiotrophoblast dysfunction and the severity of the resulting preeclampsia (122, 123). These high resistance vessels impair placental blood flow resulting in diminished perfusion and a hypoxic environment. There is subsequently a release of placenta microparticles which incites a systemic inflammatory response (124, 125).

Decreased placental perfusion from dysfunctional placenta implantation results in repeated ischemia/reperfusion episodes which creates a favorable environment for developing oxidative stress and stimulates the production and secretion of pro-inflammatory cytokines as well as vasoactive compounds. Cytokines, such as tumor necrosis factor alpha and interleukins contribute to systemic oxidative stress which is characterized by reactive oxygen species and free radicals that lead to the formation of lipid peroxides (126). These lipid peroxides then generate highly toxic radicals that injure vascular endothelial cells, modify nitric oxide production by the cells, and interfere with prostaglandin balance. The above cascade results in systemic endothelial dysfunction characterized by vascular inflammation and constriction. Other consequences of oxidative stress include production of lipid-laden macrophage foam cells that are seen in acute atherosis, activation of microvascular coagulation, and increased capillary permeability. The important role of oxidative stress in the pathophysiology of preeclampsia is further supported by a study in which concentrations of maternal oxygen free radical were measured in 52 women with and without preeclampsia. Maternal serum concentrations of oxygen free radicals were significantly increased in the preeclampsia group relative to the normal group (127). Some researchers conclude that oxidative stress appears to be the central component of both placental and endothelial dysfunction, the causative etiology of preeclampsia (128).

Preeclampsia is a multifactorial condition with a strong genetic component. Immune maladaptation, endothelial function, and oxidative stress all encompass genetic factors that could be responsible for the pathogenic changes that take place in preeclampsia. Additionally, there is evidence that paternal genes significantly increase the risk of preeclampsia (129). In a study of ~1.2 million births in Sweden, a genetic association for preeclampsia was noted (130). The hereditary risk of preeclampsia most often cited is 20–40% for daughters of pre-eclamptic mothers and 11–37% for sisters of pre-eclamptic women (131). The hereditary predisposition for preeclampsia most likely results from the interactions of hundreds of genes and it is doubtful that any one gene will be found responsible. Epigenetic alterations have also been noted in preeclampsia including alterations of methylation in the placenta of pre-eclamptic patients. Additionally, it is hypothesized that antiangiogenic and cytotoxic factors released by the placenta in preeclampsia have the potential to induce epigenetic modifications in maternal tissues (132).



CURRENT UNDERSTANDING IN CAUSES OF IUGR

Fetal growth restriction, also known as intrauterine growth restriction (IUGR), is a common pregnancy complication that has been linked with a variety of adverse perinatal outcomes. The precise mechanism by which normal growth occurs is unknown, but IUGR is usually the end result of maternal, fetal and placental causes or a combination thereof. Although the primary pathophysiologic mechanisms underlying these conditions are different, they often result in the same final common pathway of suboptimal uterine–placental perfusion and fetal nutrition.

Multiple placental, cord, and uterine anomalies are associated with poor fetal growth. Placental insufficiency may be due to abnormal placental development or placental damage. Several placental abnormalities including chronic abruption, infarction, circumvallate shape, chorioangioma, velamentous cord insertion, and umbilical artery thrombosis have been shown to lead to uteroplacental insufficiency and IUGR (133). Inflammation may contribute to placental damage and abnormal development as inflammatory mediators promote thrombosis (133). Hypoperfusion of the placental site may also arise secondary to implantation site disorders. Brosens et al. postulated that there is a partial progesterone resistance in the fetal uterus at the time of birth that may persist into the adolescent years resulting in compromised physiological transformation of the spiral arteries. This theory is supported by the fact that major obstetric syndromes due to impaired placental bed spiral artery remodeling, including preeclampsia, growth restriction, and preterm labor, are all more prevalent in teenage pregnancies (134).

Maternal medical comorbidities, especially those with vascular disease or thrombosis, are also associated with IUGR via poor placental perfusion. Chronic vascular disease, including maternal ischemic heart disease, is associated with higher rates of preeclampsia and IUGR (135). Chronic renal insufficiency is frequently accompanied by underlying hypertension and vascular disease and thus, often also results in IUGR. Additionally, pre-gestational diabetes, especially when complicated by vascular or renal disease, and disease states resulting in chronic uteroplacental hypoxia like pre-eclampsia, chronic hypertension and asthma can lead to significantly reduced birthweight. Maternal conditions, like antiphospholipid syndrome, increase the risk of ischemic placental dysfunction resulting in a similar outcome of poor perfusion and decreased growth (136). Other maternal factors may contribute to IUGR without directly impacting the placenta. These include poor maternal nutrition and eating disorders; constitutionally small mothers, particularly when combined with poor gestational weight gain, and social issues (137–139).

Exposure to drugs and teratogens during pregnancy are associated with IUGR. Cigarette, opiate, alcohol, and cocaine use cause fetal growth restriction directly and by decreasing maternal food intake (140, 141). Even prescription medications like anticonvulsants, antineoplastic agents, and antithrombotic drugs are teratogens and can result in fetal growth restriction (142, 143). Multifetal gestation and fetal malformations are also seen in association with intrauterine growth restriction. In one study of pregnancies complicated by gastroschisis, one-third of neonates had birthweights less than the 10th percentile (143).

Still other etiologies of fetal growth restriction interact with the placental, maternal, and fetal compartments. The most important of these include infections and genetic anomalies. In their text book Maternal Fetal Medicine: Principles and Practice, Creasy et al. postulated that fetal infections account for 5–10% of IUGR with malaria accounting for most cases of infection-related fetal growth restriction worldwide (144, 145). Additionally, rubella, CMV, toxoplasmosis, varicella, and syphilis have all been shown to have a causal relationship with fetal growth restriction (146–149). Under normal conditions, maternal genes have the main influence on birthweight (150). Fetal aneuploidy is responsible for up to 5% of IUGR diagnosed at any point of pregnancy and up to 20% of IUGR diagnosed in the first half of pregnancy (151). Trisomy 13 and 18 are usually associated with more severe IUGR while in Trisomy 21 the growth restriction is typically mild (152). Even confined placental mosaicism is associated with low birth weight and adverse pregnancy outcomes (153). In summary there are many possible etiologies including inflammation and abnormal initial placentation all causing the same final pathway of IUGR.



HOW MICROBIOME AFFECTS IMMUNITY IN OTHER AREAS OF THE BODY AND IMPLICATIONS FOR THE UTERUS

Studies looking at germ free mice revealed that without bacteria there are profound effects on mouse lymphoid tissue, suggesting that bacteria is important for immune development (154). The GI tract is the most studied area of human microbiome to date as the majority of immune system interactions occur within the gut (76). It contains the most abundant population of microorganisms with over 5,000 bacteria taxa (155). The gut microbiome is colonized at birth with initial differences noted depending on mode of delivery (156). Unlike the uterine microbiome that undergoes changes with menses, once a child is about 2.5 years old their microbiome remains relatively stable until age 65 (156). Although it is stable, it can be quickly altered by host factors, such as antibiotics, travel or high fat diets (157). Dysbiosis in the gut has been linked to many diseases, ranging from liver disease and GI cancer to metabolic disease, respiratory disease, mental health disorders and autoimmune disorders (158). The suggested reasoning is that the changes in the microbiome can increase immune system sensitivity to pathogens thereby causing increased inflammation (159). The most potent causes of dysbiosis are pathogens in the gut. There is evidence that altered oral flora, such as during periodontal disease can cause many systemic disorders, such as atherosclerosis and poor pregnancy outcomes (160, 161). Chronic low-level periodontal disease may induce low level chronic systemic inflammation (162). There are theories as to why dysbiosis causes these changes. Alterations in gut microbiota has profound effects on the T-cell mediated autoimmune and inflammatory responses. The gut microbiota is known to provide signaling for proper development, differentiation and epigenetic influences of immune cells (154). Dysbiosis can transition the chemokine profile to cause a Th17 pro inflammatory dominance, which can trigger not only local, but also systemic inflammatory responses and has been linked to Alzheimer's disease (159, 163).

In 2012, Hooper and Macpherson described immunological benefits of host intestinal microbial homeostasis: (1) Host microbiome restricts direct contact between epithelia and pathogenic microbes, (2) Host microbiome anatomically limits the exposure of pathogenic bacteria to the systemic immune system, and (3) Host microbiome can aid in the rapid detection and killing of bacteria upon barrier breach (154).

Some of the suggested theories is that is that host bacteria (microbiome) have the chance to adapt to their environment. The adaptation process allows them to specialize in nutrient utilization thereby depleting nutrients that would otherwise be available for invading pathogens. This process, called colonization resistance, could support the potential importance of a healthy uterine microbiome (164). Additionally, symbiotic bacteria may also compete for the cell's receptors. For example, one study utilizing an in vitro model found that the presence of lactobacillus in the reproductive tract prevents gonorrhea from attaching to endometrial cells (46).

The host microbiome may also help support a healthy and intact epithelial barrier thereby preventing pathogen access to the cell. In the gut, studies have suggested that the microbiome can affect epithelial cell differentiation, maintenance and adaptation and modulate epithelial cell permeability (165, 166). Given that the uterus frequently undergoes shedding and regrowth, microbial support could play an important role in maintenance of the epithelial tissue. Conversely, dysbiosis could be an underlying cause of poor endometrial thickening and abnormal placentation.



HYPOTHESIS FOR HOW ALTERED MICROBIOME AFFECTS PEC AND IUGR

As discussed above, studies have shown that changes in the microbiome can prompt inflammation. For example, specific oral pathogenic bacteria including Fusobacterium nucleatum, Porphyromonas gingivalis, Filifactor alocis, Campylobacter rectus are associated with both periodontitis and the development of pregnancy disease (167). The involvement of systemic inflammatory responses in pregnancies complicated by PEC and IUGR has led to the theory that maternal infections may be important factors in the pathogenesis of pregnancy complications. At the base of all possible etiologies of preeclampsia, there exists the same common result of systemic vascular endothelial damage. The remodeling of the spiral arteries in the decidua basalis is a critical step in the establishment of a healthy pregnancy. The decidua basalis is the maternal fetal immunologic interface and it has been shown that local inflammation in area can lead to acute atherosis and poor trophoblast invasion. Additionally, studies have shown that women with asymptomatic bacteriuria, urinary tract infection, and chronic pyelonephritis are at increased risk for preeclampsia (168, 169). Another study by den Hollander et al. found that Helicobacter pylori, as a cause of chronic inflammatory conditions, is associated with an increased risk of PEC (170). Further, Li Juan et al. demonstrated that preeclampsia is associated with a disrupted gut microbiota composition compared with that of women who had uncomplicated pregnancies (171). In a recent review of the current knowledge about the possible association between the microbiome and the development of preeclampsia, Dunn et al. did a comprehensive literature search and reported that overall, five groups of investigators studied the microbiome of PEC (172). In two of the studies, the placenta site was analyzed; in the remaining three, the mouth, gut, or an intra-amniotic site was examined. Some findings supported the association between pathogenic bacteria and PEC, but specific pathogenic organisms were not identified and further research is warranted. In a 2015 study, placental tissue samples from women with and without preeclampsia were collected and screened for the presence of bacteria by PCR for 16s rRNA and next generation sequencing. 12.7% of the tissue from women with PEC was PCR positive, while all of the placentas of the control group were negative (173).

While the etiology of growth restriction has also not been elucidated precisely, it seems to result from poor uterine-placental perfusion. It is known that inflammation may contribute to placental damage and that any maternal disease state that can lead to utero-placental hypoxia, like preeclampsia, can result in the development of intrauterine growth restriction. In this way, it is possible that the maternal microbiome could modulate the development of growth restriction by influencing the inflammatory state of the placenta and uterus. One example of systemic inflammation contributing to the development of pregnancy complications can be seen in the study of Den Hollander et al. They reported that H. pylori seropositivity with CagA-positive strains, which are associated with higher levels of systemic inflammation than CagA-negative strains, is associated with IUGR (170). Additionally, a study analyzing the characteristics of gut microbiota in IUGR and normal birth weight piglets in the first 12 h of life found an imbalanced inflammatory and plasma metabolome profile in the IUGR piglets (174). The gut microbiome is believed to be colonized at birth with differences seen based on mode of delivery and thus, presumably, exposure to the maternal microbiome. To our knowledge no studies have been done, to date, evaluating the uterine microbiome at the time of implantation and its effect on the development of obstetrical complications of pregnancy including preeclampsia and growth restriction.



SUMMARY OF EFFECTS OF MICROBIOME ON UTERINE IMMUNE SYSTEM

Based on both in vitro mouse and gut studies there are a likely four possible ways in which local microbiome can affect the clinical sequalae of pregnancy. It is possible that the microbiome cause alterations in regional signaling pathways. For example, as mentioned before, alterated microbiome can cause an abnormal inflammatory response through the uterine toll like receptors. When these receptors are activated they can alter the cytokine milieu swaying the local response to a pro inflammatory and anti-tolerance immune cell response. A second method as previously mentioned can be through the alteration of the endometrial epithelial barrier integrity. Certain pathogens cause a localized decrease in matrix degradation proteins which may affect placentation. A third possible method is that the local microbiome has a competitive advantage, as it has adapted to be the best nutrient scavenger in that area and can usually starve out possible invading species in a process called competitive exclusion. Lastly, microbes can secrete metabolites, such as short chain fatty acids that suppress growth of certain species. Taken together, the natural microbiome can have an impressive effect on the local interactions between the embryo and endometrium with implications on implantation, placentation and embryonic growth, ultimately affecting pregnancy and pregnancy outcomes.



CONCLUSION–FUTURE AREAS OF RESEARCH

Current data has yet to support what the characterization of a normal uterine microbiome. However, it is hard to believe that a mucosa that is in close proximity to the vagina with a well-characterized microbiome with regular sperm penetration that microbes do not get through the cervix. The question remains as to whether those microbes are transient and whether a host microbiome controls that transience. Prior studies have been limited so far by 16S only sequencing with an amplification bias and potentially missing any species not currently in the bioinformatics database. It is highly likely that a normal endometrial microbiome does exist. It is possible that it is of very low level and therefore easily subject to sampling contamination which could explain why we have not yet discovered the “normal microbiome,” however it is likely present and given what we know about gut microbiome, it likely plays a role in immunoregulation, endometrial remodeling, pregnancy implantation and placentation. Future research should include sampling of multiple possible contamination sites as well as utilizing shotgun metagenomics for a better understanding of all the pathogens at play.
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Pregnancy is associated with adaptations of the immune response and with changes in the gutmicrobiota. We hypothesized the gut microbiota are involved in inducing (part of) the immunological adaptations during pregnancy. To test this hypothesis, we collected feces from pregnant conventional mice before and during pregnancy (days 7, 14, and 18) and microbiota were measured using 16S RNA sequencing. At day 18, mice were sacrificed and splenic (various Th cell populations) and blood immune cells (monocyte subsets) were measured by flow cytometry. The data were compared with splenic and blood immune cell populations from pregnant (day 18) germfree mice and non-pregnant conventional and germfree mice. Finally, the abundances of the individual gut bacteria in the microbiota of each conventional pregnant mouse were correlated to the parameters of the immune response of the same mouse. The microbiota of conventional mice were significantly different at the end of pregnancy (day 18) as compared with pre-pregnancy (Permanova, p < 0.05). The Shannon index was decreased and the Firmicutes/Bacteroidetes ratio was increased (Friedman followed by Dunn's test, p < 0.05), while abundances of various species (such as Allobaculum stercoricanis, Barnesiella intestihominis, and Roseburia faecis) were significantly different at day 18 compared with pre-pregnancy. In pregnant conventional mice, the percentage of Th1 cells was decreased, while the percentages of Treg cells and Th2 cells were or tended to be increased vs. non-pregnant mice. In germfree mice, only the percentage of Th1 cells was decreased in pregnant vs. non-pregnant mice, with no effect of pregnancy on Treg and Th2 cells. The percentages of monocyte subsets were affected by pregnancy similarly in conventional and germfree mice. However, the activation status of monocytes (expression of CD80 and MHCII) was affected by pregnancy mainly in conventional mice, and not in germfree mice. Correlation (Spearman's coefficient) of pregnancy affected microbiota with pregnancy affected immune cells, i.e., immune cells that were only affected differently in conventional mice and germfree mice, showed 4 clusters of bacteria and 4 clusters of immune cells, some of these clusters were correlated with each other. For instance, the microbiota in cluster 1 and 2 (in which there were various short chain fatty acid producing microbiota) are positively correlated with immune cells in cluster B, containing Treg cells and Th2 cells. Microbiota and immune cells are affected by pregnancy in mice. The different immunological adaptations to pregnancy between conventional and germfree mice, such as the increase in Treg and tendency to an increase in Th2 cells in conventional pregnant mice only, may suggest that the microbiota may play a role in adapting the maternal immune response to pregnancy.
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INTRODUCTION

Pregnancy is characterized by many changes in the immune response in order to tolerate the semi-allogeneic fetus (1). Changes are observed in the peripheral immune response as well as locally at the maternal-fetal interface. At the maternal fetal interface, there is an increased number of uterine NK cells and macrophages (2), which are important for placenta development. Peripherally, the pregnant immune response is amongst others associated with a shift away from a Th1 immune response (3, 4) and increased numbers of regulatory T cells (Treg cells) as well as a decreased number of Th17 cells (5–7). In the periphery, also changes in the innate immune response can be found, such as an increased number monocytes and granulocytes during pregnancy (8, 9). The innate immune response is further characterized by an increased activation monocytes and granulocytes (10, 11) and differences in cytokine production of these cells (9, 12). Moreover, changes in monocyte subsets can be found during pregnancy (13). Similar changes in the immune response have been observed in rodents (7).

The mechanisms that induces these changes in immune responses in pregnancy are only partly understood. Although, the immunological adaptations are necessary in order to tolerate the semiallogeneic fetus, semiallogeneity is only partly responsible for inducing the changes in the maternal immune response, since changes in the immune response do also occur in mice with syngeneic pregnancies (14). Hormonal changes during pregnancy, such as increased progesterone have been shown to be involved in adapting the maternal immune response to pregnancy (15). Physical contact with the placenta during placental circulation may be another mechanism by which innate immune cells are activated during pregnancy (16). However, it has also been shown that the placenta produces many factors into the maternal circulation (17): such as cytokines (18), extracellular vesicles (19), but also fetal DNA (20) may affect immune responses. Other factors suggested to be involved in the adaptation of the immune response to pregnancy are semen (21) or ovarian factors (22).

With the recent knowledge on the role of the gut microbiota in development and maintenance of immune responses (23), we hypothesized that the gut microbiota may be involved in inducing (part of) the immunological changes observed during pregnancy. It has been shown that the gut microbiota may influence the numbers and activation status of various immune cells, such as for instance Treg (24) and Th17 (25) cells. Also, monocyte numbers and their activational state may be influenced by the microbiota (26). As indicated above, these immune cells are also affected by pregnancy. Interestingly, it has been shown that in humans the gut microbiota changes during pregnancy (27), while recently, we have shown that also the mouse gut microbiota changes at the end of pregnancy (14). Moreover, we have shown that the changes in the mouse gut microbiota during pregnancy correlated to differences in expression of immunological changes in the colon (14), suggesting that the gut microbiota affects intestinal immune responses during pregnancy.

In the present study, we aimed in evaluating whether the gut microbiota may also influence the peripheral immune response during pregnancy. Therefore, we first analyzed changes in the gut microbiota during pregnancy in conventional mouse by collecting feces before pregnancy and at days 7, 14, and 18 of pregnancy. We also evaluated the peripheral immune response in these pregnant conventional mice at day 18 of pregnancy. We hypothesized that if some of the peripheral immunological changes would be induced by the microbiota, these changes would not be observed in germfree pregnant mice. Therefore, we also evaluated the peripheral immune response in pregnant germfree mice and compared this to the immune response in the conventional pregnant mice. In the present study we used syngeneic pregnancies, to exclude the effect of semiallogeneity on the immune response to be able to show effects of the microbiota more clearly. Finally, we correlated the gut microbiota to peripheral immunological changes at day 18 of pregnancy in conventional mice.



MATERIALS AND METHODS


Animals

All mice experiment for this study were approved by the Central Committee for Animal experimentation in The Netherlands and experiments were performed according to their guidelines. Male and female wild type conventional C57BL/6JOlaHsd mice were purchased from Envigo (Envigo, Horst, The Netherlands) at an age between 2.5 and 3 months. All conventional mice were cohoused in isolated ventilated cages (5 mice per cage) with a 12-h light,12-h dark cycle. Germfree mice (C57BL/6JOlaHsd) were bred and nurtured at the Central Animal Facility of the UMCG. They were kept in germfree isolators until sacrifice and checked for germfree status regularly by the facility. Germfree mice were cohoused (5 mice per cage) with a 12-h light,12-h dark cycle. All (conventional and germfree) mice were provided with germfree bedding, an irradiated diet, AIN-93M (Research Diet Services, the Netherlands) and sterile water ad-libitum. The diet was provided starting at least 3 weeks before pregnancy and continuing during pregnancy and 3 weeks before sacrifice in non-pregnant mice.

After 3-weeks acclimatization in the facility and on the diet, vaginal smears were taken to check the ovarian cycle of the mice. When in pro-estrus, the female mice were placed with male mice overnight. We used syngeneic pregnancies, to exclude the effect of semiallogeneity on the immune response. The next morning, mice were checked for a plug or sperm in the smear and this day is day 0 of pregnancy. For conventional mice, fecal samples were collected before and during pregnancy (on days 7, 14, and 18; n = 12). These conventional mice were terminated at day 18 of pregnancy. Germfree pregnant mice (n = 9) were also terminated at day 18. Two groups of non-pregnant mice [1 group of conventional (n = 12) and 1 group of germfree mice (n = 11)] were terminated for measuring the immune response at di-estrus of the ovarian cycle to ensure low levels of estrogen and progesterone. Termination was done in sterile flow cabinets. At termination, mice were anesthetized with isofluorane/O2, and blood was collected from the aorta into EDTA tubes (BD-Plymouth, UK). After bleeding, spleens were also collected. For pregnant mice, we counted number of viable fetuses and number of resorptions and weighed individual placentas and fetuses.



Microbiota Measurement

Immediately after collection, fecal samples were snap frozen in screw caps in liquid nitrogen and stored at −80°C until measurement. For DNA isolation 0.25 gr of fecal sample was added to a 2 ml sterile bead beater tube filled with 1 ml of 0.1 mm zirconia/silica beads with 1 ml of lysis buffer (5 M NaCl, 1 M Tris-HCL (pH = 8); 0.5 M EDTA and 10 % SDS). Samples were placed in a bead beater (Percellys 24, Bertin Instruments, Montigny-leBretonneux, France) for 3 min on 5,500 RPM in three cycles of 30–60 s. The samples were heated to 95°C for 15 min while shaking every 5 min and put on ice for 5 min. Hereafter, the tubes were centrifuged for 5 min at maximum speed to pellet debris. The supernatant was transferred into a new sterile 2 ml tube and 300 μl of fresh lysis buffer was added followed by bead beating, heating to 95°C and centrifuged for 5 min at maximum speed to remove any additional debris.

Nucleic acids were cleaned from proteins and cell debris by precipitation using ammonium acetate (260 μl of 10 M ammonium acetate) on ice for 5 min. Tubes were centrifuged for 10 min at full speed at 4°C. Pellet was discarded and supernatant was treated a second time with the same procedure, followed by precipitation of the DNA from the supernatant with isopropanol on ice for 30 min. After centrifugation, the pellets were washed with ethanol 70% and dried. Hereafter, genomic DNA purification was performed according to the protocol of the QIAmp DNA Mini Kit (Qiagen, Benelux, Venlo, the Netherlands). DNA concentration was measured with a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).



16S rRNA Gene Sequencing, Quality Control, and Taxonomy Assignment

Subsequently, the DNA was used for the amplification of the V3–V4 region of the 16S rRNA gene using modified 341F (AATGATACGGCGACCACCGAGATCT-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-NNNNCCTACGGGAGGCAGCAG) and 806R primers (CAAGCAGAAGACGGCATACGAGAT-barcode-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-GGACTACHVGGGTWTCTAAT) containing a 6-nucleotide barcode and flow-cell adaptor on the 806R primer as described elsewhere (28). A 2 × 300 cartridge (Illumina, Eindhoven, the Netherlands) was used to perform both MiSeq library preparation and sequencing. PCR protocol, DNA cleanup and the library preparation were all done as described before (29). Sequence reads with a quality score lower than 0.9 were discarded by PANDAseq to increase the quality. QIIME was used to identify sequence reads until the genus levels, while ARB software (29) was used to identify sequences at the species level.



Isolation and Staining of Spleen Cells

Cells were isolated from the maternal spleen for immune cell staining according to methods described before (14). The spleen was first cut into small pieces, mechanically disrupted between two microscopy slides in 3 ml ice-cold RPMI containing 10% (v/v) heat-inactivated fetal calf serum (FCS). Splenic red blood cells were eliminated by incubation with 4 ml ice-cold ammonium chloride. Falcon tubes with cell strainer caps (Corning, Amsterdam, the Netherlands) (35 μm) were used to remove cell clumps before the cells were counted and used for staining.

All antibodies were diluted and supplemented to a volume of 25 μl with FACS buffer [PBS + 10% FCS (v/v)]. Approximately 1 × 106 spleen cells were incubated in Zombie NIR for 30 min. After washing with FACS buffer (2 times), the supernatant was discarded and the cells were incubated for 20 min in FACS buffer [10% FCS (v/v)] containing 20% (v/v) normal rat serum (Jackson, Newmarket, UK) on ice and in the dark, to prevent non-specific antibody binding. This was followed by incubation in an extracellular antibody mix for 30 min on ice and in the dark (Table 1). After 2 washing steps, the cells were fixed in FACS lysing solution (BD Biosciences, Breda, the Netherlands) for 30 min on ice and in the dark. Then cells were washed twice with permeabilization buffer (eBioscience, Vienna, Austria) after which they were incubated with an intracellular blocking medium (20% (v/v) rat serum in permeabilization buffer) for 20 min. After washing, the cells were incubated with the intracellular antibody mix for 30 min on ice and in the dark (Table 1). This was followed by 2 washing steps with permeabilization buffer. Finally, the cells were taken up in 200 μl ice-cold 2%(v/v) FACS buffer and stored at 4°C until analysis within 24 hrs. FMO controls were used to set the gates.


Table 1. Antibody mix for staining of splenic cells.
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Staining of Blood Monocytes

Maternal blood was stained for monocytes subsets and activation status according to an adapted method previously used for rat studies (13). Antibody specifications are shown in Table 2. Two hundred microliters of whole blood was diluted with 200 μl RPMI buffer (500 ml RPMI + 50 ml decomplemented FCS), and incubated with 50 μl ice-cold extracellular blocking medium (2% (v/v) Fc-block (purified anti-mouse CD16/32) (Biolegend, San Diego, USA) in 10% (v/v) FACS+EDTA buffer) for 10 min on ice in the dark. After centrifugation (1800 RPM, 5 min, 4°C) the supernatant was discarded and the cells were incubated in 25 μl ice-cold antibody mix for 30 min on ice in the dark. After incubation, the cells were incubated with 1 ml FACS lysing buffer for 15 min at room temperature in the dark. After washing for 3 times, the cells were taken up in 500 μl ice-cold 10% (v/v) FACS+EDTA buffer and stored at 4°C until analysis within 24 hrs.


Table 2. Antibody mix for staining of blood monocytes.
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Flow Cytometry

Samples were analyzed by the FACSverse flow cytometer system (BD Biosciences Franklin Lakes, USA), using the FACSsuite software. Analysis was performed by FlowJo version 10 software (FlowJo, LLC, Oregon, USA). Gating strategy was performed as described in Figures 6A, 7A.



Statistics

For the Shannon index, the PCA, the Permanova and the similarity percentage breakdown (Simper) test we used Past3 (30). For statistical analysis (Graphpad Prism) of differences in Shannon index, Firmicutes/Bacteroidetes ratio, bacterial phyla and species between pre-pregnancy and the days of pregnancy, we used the Friedman's test followed by Dunn's post-test. Data were considered significantly different when p < 0.05 and considered a trend if p = between 0.05 and 0.1.

Differences in fetal and placental weight and number of (live) fetuses between pregnant conventional and germfree mice were tested using the Mann-Whitney-U test, data were considered significantly different if p < 0.05.

For testing the effect of pregnancy (pregnant vs. non-pregnant mice) or the effect of the germfree status (conventional vs. germfree mice) on immune cells, we used the Two-Way ANOVA (TWA). For this, data were first tested for normality using the Kolmogorov-Smirnov test. Data that were not normally distributed were log transformed before the analysis. Post-testing was performed with Fisher's LSD post-test. Since we were mainly interested in the effect of pregnancy, post-tests were only done on the difference between pregnant and non-pregnant mice in both conventional and germfree mice. Data were considered significantly different when p < 0.05.

To gain insight into the relationship between the gut microbiota and immune cell changes during pregnancy, we correlated individual microbiota abundances with immune cell data of the same mice. We correlated individual microbiota that were changed during pregnancy to individual immune cells that were affected by pregnancy only in conventional mice using the spearman's correlation coefficient. The correlation coefficients were visualized in clustered heatmaps using Clustvis (31). Cluster analysis using Euclidian distance and Ward's clustering method was performed.




RESULTS

We determined the gut microbiota composition of mice after longitudinal sampling of feces from 12 conventional mice starting before pregnancy and at days 7, 14, and 18 of pregnancy. PCA analysis (Figure 1) showed that PC1 explained about 80% of the variation and while PC2, mainly represented by day of pregnancy, explains about 12 % of the variation in our groups. It can be seen that day 18 of pregnancy is significantly different from all other groups (Permanova, p < 0.05). Although day 14 of pregnancy also appeared different from pre-pregnancy and from day 7 in the PCA plot, this difference was not statistically significant (Permanova, p > 0.05).


[image: Figure 1]
FIGURE 1. PCA plot representing the gut microbiota of conventional pre-pregnant (black circles), day 7 (blue circles), day 14 (red circles), and day 18 (green circles) mice. The day of pregnancy (PC2) does explain part of the variation. PC1 explains 81.42% of the variation, while PC 2 explains 12.47% of the variation.


To identify bacteria that explained the variation between the pre-pregnancy microbiota and day 18 microbiota, we performed a Simper test (Table 3). We found that Allobaculum stercoricanis, which significantly increased at day 18 vs. pre-pregnancy, explained 29 % of the variation between pre-pregnancy and day 18 of pregnancy. Barnesiella intestinihominis, which significantly decreased during pregnancy, explained 17% of the variation between the pre-pregnancy and day 18 microbiota. Various bacterial species (such as Porphyromonas pogonae, Barnesiella viscericola, Clostridium leptum) explain between 1 and 3% of the variation between the pre-pregnancy and day 18 microbiota.


Table 3. The microbiota species explaining the difference in gut microbiome at day 18 of pregnancy vs. pre-pregnancy.
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Figure 2 shows the Shannon index and the Firmicutes/Bacteroidetes ratio before and during pregnancy. It can be seen that the Shannon index is significantly decreased at day 18 as compared with pre-pregnancy (Friedman test followed by Dunn's posttest). The Firmicutes/Bacteroidetes ratio is significantly increased at day 18 as compared with pre-pregnancy (Friedman's test followed by Dunn's post-test, p < 0.05), while a trend toward an increase of the Firmicutes/Bacteroidetes ratio was seen at day 14 of pregnancy (Friedman test followed by Dunn's posttest, p = 0.08).


[image: Figure 2]
FIGURE 2. Shannon index (left graph) and Firmicutes/Bacteroidetes ratio (right graph) in the feces of conventional mice measured pre-pregnancy (pre) and at days 7, 14, and 18 of pregnancy (n = 10 at each day). *Significantly different from pre-pregnancy (Friedman's test, followed by Dunn's post-test, p < 0.05). t, significant trend vs. pre-pregnancy (Friedman's test, followed by Dunn's post-test, p < 0.1).


Figure 3 shows differences in abundances of various bacterial phyla occurring during pregnancy in the mouse. Significant changes only occurred at day 18 vs. pre-pregnancy. We found a significantly increased abundance of Firmicutes at day 18 as compared with pre-pregnancy (Friedman's test followed by Dunn's posttest, p < 0.05), and a significantly decreased abundance of Bacteroidetes, Actinobacteria, Cyanobacteria and Proteobacteria at day 18 of pregnancy as compared with pre-pregnancy (Friedman's test followed by Dunn's post-test, p < 0.05).


[image: Figure 3]
FIGURE 3. Abundance of the bacterial phyla (Firmicutes, Bacteriodetes, Actinobacteria, Cyanobacteria, and Proteobacteria which significantly differ during pregnancy as compared with pre-pregnancy in the feces of conventional mice measured pre-pregnancy (pre) and during pregnancy at days 7, 14, and 18. Bottom right graph shows stack bars for pre-pregnancy and the 3 days of pregnancy, showing the percentage abundance of the all bacterial phyla present in the feces of these mice. (12 conventional mice were longitudinally studied from pre-pregnancy until the end of pregnancy). *Significantly different from pre-pregnancy (Friedman's test, followed by Dunn's post-test, p < 0.05).


Various changes in the microbiota can also be observed at the species level. Examples of changes at the species level can be seen in Figure 4. In this figure, examples of bacterial species showing differences at day 18 of pregnancy as compared with pre-pregnancy (Friedman's test followed by Dunn's posttest, p < 0.05) are shown. Various species of the Firmicutes phylum are increased at day 18 of pregnancy vs. pre-pregnancy, such as Allobaculum sternicoricanis, Faecalitalea cylindroides, Roseburia faecis, Eubacteria plexicaudatum, while various other bacterial species, such as various Bacteroidetes species are decreased at day 18 of pregnancy vs. pre-pregnancy (Barnesiella intestinihominis, B viscericola, Alloprevotella rava, and Odoribacter splanchnicus). Some bacteria (B. intestinihominis, B. viscericola, C. papysosolvens, and O. splanchnicus) already show significant changes at day 14 of pregnancy as compared with pre-pregnancy (Friedman's test followed by Dunn's post-test, p < 0.05). A complete list of all changes can be found in Supplementary Table 1.


[image: Figure 4]
FIGURE 4. Changes observed in the abundance of various microbiota species in the feces of conventional mice measured pre-pregnancy (pre) and during pregnancy at days 7, 14, and 18. *Significantly different from pre-pregnancy (Friedman's test, followed by Dunn's post-test, p < 0.05).



Changes in Immune Cells on Pregnancy Day 18 in Conventional and Germfree Mice

To study the effect of the microbiota on immunological changes during pregnancy in mice, we sacrificed conventional mice on day 18 and collected spleens and blood in order to evaluate lymphocyte subsets in the spleen and monocyte subsets in blood. We hypothesized that if the gut microbiota would be involved in the adaptations of the immune response to pregnancy, some of the adaptations observed in conventional pregnant mice would not be observed in germfree mice.



Fetal and Placental Weight in Conventional and Germfree Pregnant Mice

Figure 5 shows that fetal weight is slightly, but significantly decreased in germfree mice, with no significant effect on placental weight. Although the total number of fetuses was similar in conventional and germfree mice, the number of resorptions was increased in germfree mice, resulting in a significantly decreased number of live fetuses in germfree mice.
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FIGURE 5. Fetal and placental weight and fetal numbers (living fetuses and total numbers) for conventional day 18 pregnant (conv) and germfree day 18 pregnant (GF) mice. *Significantly different from conventional mice (Mann-Whitney-U-test, p < 0.05).




The Effect of Pregnancy on Thelper Subsets

Figure 6B shows the percentage of Thelper (Th) cells, T-box transcription factor+ (Tbet) cells (Th1 cells), Gata binding protein 3+ (Gata3) cells (Th2 cells), Forkhead box P3+ (FoxP3) cells (Treg cells), RAR-related orphan receptor gamma t+ (RoRgT) cells (Th17 cells) and FoxP3/RoRgT double positive cells. For Th cells, the Two-Way ANOVA (p < 0.05) indicated that there was interaction between pregnancy and the germfree status, indicating that the effect of pregnancy on Th cells was different in conventional compared with germfree mice. Post-testing showed an increased percentage of Th cells in pregnant germfree mice vs. non-pregnant germfree mice, but no difference in Th cells in pregnant vs. non-pregnant conventional mice. The percentage of Tbet+ cells is decreased by pregnancy (TWA, p < 0.05), but not affected by the germfree status (TWA, p < 0.05). Post testing showed that in both conventional and germfree pregnant mice the percentage of Tbet+ cells is decreased as compared with the percentage of Tbet+ cells in non-pregnant mice. The percentage of GATA3+ cells is increased in pregnant conventional mice as compared with non-pregnant conventional mice, but no difference in percentage of GATA3+ cell was found between pregnant and non-pregnant germfree mice (TWA followed by Fisher LSD test, p < 0.05). TWA also showed an effect of the germfree status, i.e., an increase of GATA3+ cells in germfree mice.
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FIGURE 6. (A) Gating strategy for lymphocyte subsets. First singlets and live cells were selected and copied to the FSC-SSC plot. In this plot, leukocytes were selected and copied to an SSC-BV605 plot, in which the CD3+ cells were selected. The CD3+ cells were copied to a BV605-PerCP-Cy5.5 plot to selected the CD4+ cells. CD4 positive cells were copied to a BV421-Alexa647 plot (to select Tbet+ cells and Gata3+ cells) and to a FITC-PE plot (to select FoxP3+ cells and RoRgT+ cells). For gate setting of the latter two plots we used FMOs. (B) Percentage of splenic Th cells, Th1 cells, Th2 cells, Treg cells, Th17 cells, and FOXP3/RORgT double positive cells (within the T cell population) of pregnant and non-pregnant conventional and germfree mice. TWA, Two-way ANOVA. *Significantly different from non-pregnant mice (TWA followed by Fisher's LSD post-test, p < 0.05). t: significant trend from non-pregnant mice (TWA followed by Fisher's LSD post-test, p < 0.1).


FoxP3+ cells were affected by both pregnancy (increase) and the germfree status (decrease). (TWA, p < 0.05). Post testing revealed a significant increase in percentage FoxP3+ cells in conventional pregnant mice vs. conventional non-pregnant mice, but not in pregnant vs. non-pregnant germfree mice. No effect of pregnancy or the germfree status was observed on RoRgT+ or on FoxP3/RoRgT double positive cells.



Effect of Pregnancy on Leucocyte Subsets in Blood

The different leukocyte subsets in the blood are shown in Figure 7B. TWA showed an interaction between pregnancy and the germfree status for lymphocytes. Post-testing showed a significantly decreased percentage of lymphocytes in germfree pregnant mice as compared with germfree non-pregnant mice, but no difference in percentage of lymphocytes in pregnant vs. non-pregnant conventional mice (TWA followed by Fisher LSD test, p < 0.05). Also, for monocytes and granulocytes, we found an interaction between pregnancy and germfree status (TWA, p < 0.05). Only in germfree mice (Fisher LSD test, p < 0.05), not in conventional mice, we found a significantly increased percentage of monocytes and granulocytes in pregnant vs. non-pregnant mice.
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FIGURE 7. (A) Gating strategy for leukocyte populations and monocytes. In the FSC-SSC plot, we selected the leukocytes, which were copied to the FSC-PE plot to select CD11b++ cells (myeloid cells). These myeloid cells were copied to an SSC-BV605 plot to discriminate monocytes from granulocytes. Percentages of monocytes and granulocytes were derived from this plot. Percentage lymphocytes was 100% of myeloid cells. The monocytes were then copied to an Alexa488-APC plot to discriminate classical, intermediate and non-classical monocytes. Each of these three subsets were then copied to an SSC-PerCPCy5.5, to select MHCII+ cells (example is shown for classical monocytes), using the FMO to set the gates. Each of these monocytes' subsets were also copied to an SSC-Pacific Blue plot to select the CD80+ cells, using FMO to set the gates, similar to MHCII (not shown in the figure). (B) Percentage of lymphocytes, monocytes, and granulocytes in whole blood of pregnant (day 18) and non-pregnant conventional and germfree mice. TWA, Two-way ANOVA. *Significantly different from non-pregnant mice (TWA followed by Fisher's LSD post-test, p < 0.05).




The Effect of Pregnancy on Monocyte Subsets

It can be observed from Figure 8A that the percentage of classical monocytes was affected by pregnancy (TWA, p < 0.05); the percentage of classical monocytes is increased in pregnant mice as compared with non-pregnant mice, both in conventional and germfree mice (Fisher LSD test, p < 0.05). Germfree status also affected the classical monocytes, i.e., classical monocytes are decreased in germfree mice (TWA, p < 0.05) as compared with conventional mice. There was no effect of pregnancy on the percentage of intermediate monocytes, while there was an effect of germfree status, i.e., in germfree mice the percentage of intermediate monocytes was increased as compared with conventional mice (TWA, p < 0.05). Non-classical monocytes were affected by pregnancy (TWA, p < 0.05); they were decreased in pregnancy in both conventional and germfree mice (TWA, followed by Fisher LSD test, p < 0.05). Non-classical monocytes were also increased by the germfree status (TWA, p < 0.05).
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FIGURE 8. (A) Percentages of monocyte subsets (within the monocyte population) in blood of conventional and germfree pregnant and non-pregnant mice. TWA, Two-way ANOVA. *Significantly different from non-pregnant mice (TWA followed by Fisher's LSD post-test, p < 0.05). (B) Percentage CD80 positive classical, intermediate and non-classical monocytes in pregnant and non-pregnant conventional and germfree mice. TWA, Two-way ANOVA. *Significantly different from non-pregnant mice (TWA followed by Fisher's LSD post-test, p < 0.05). (C) Percentage MHCII positive classical, intermediate and non-classical monocytes in pregnant and non-pregnant conventional and germfree mice. TWA, Two-way ANOVA. *Significantly different from non-pregnant mice (TWA followed by Fisher's LSD post-test, p < 0.05).




The Expression of Activation Markers on Monocytes of Pregnant Mice

CD80 is a costimulatory molecule, which is upregulated on antigen presenting cells during activation. For both classical and intermediate monocytes, there was an interaction between pregnancy and germfree status (TWA, P < 0.05) (Figure 8B). Post testing showed a significantly increased expression of CD80 in pregnant vs. non-pregnant mice in both classical and intermediate monocytes, only in conventional mice (Fisher LSD test, p < 0.05), not in germfree mice. No effect of pregnancy or the microbiota status was found on CD80 expression in non-classical monocytes. (TWA, p < 0.05). MHCII expression of monocyte subsets was also affected by pregnancy (Figure 8C). MHCII in classical monocytes was decreased by pregnancy, both in conventional and germfree mice (TWA, followed by Fisher LSD test, p < 0.05) (Figure 8C). MHCII expression of intermediate monocytes was affected by pregnancy and the germfree status (TWA, P < 0.05). Only in conventional mice, not in germfree mice, MHCII expression was significantly decreased as compared with non-pregnant mice. There was no effect of either pregnancy or the germfree status on MHCII expression on non-classical monocytes.



Correlation Between Microbiota and Immune Cells in Conventional Mice

To gain insight into the relationship between the gut microbiota and immune cell changes during pregnancy in conventional mice, we correlated individual microbiota abundance data with immune cell data of the same mice. We used data from conventional day 18 mice: we used percentages of immune cells and percentage of immune cells expressing activation markers that were differently regulated by pregnancy in conventional vs. germfree mice. For microbiota data we used bacterial species from conventional mice of which the abundance was different at day 18 of pregnancy as compared with pre-pregnancy. Pearson's correlation coefficients are shown in a heatmap (Figure 9). Bacteria in cluster 1, of which most bacteria were upregulated during pregnancy, seem to be positively correlated with immune cell cluster A and B, which contains percentages blood granulocytes and percentages intermediate monocytes expressing MHCII (cluster A) and percentages of splenic FoxP3+ (Treg) and GATA3+ (Th2) cells (cluster B). Bacterial cluster 1 is negatively correlated with immune cell cluster D, which contains splenic percentages of Th cells and percentages of blood monocytes and lymphocytes. Bacterial cluster 2, which contains bacteria that are either upregulated or downregulated during pregnancy, was also negatively correlated to immune cells in cluster D and positively correlated to immune cells in cluster B. Bacteria in cluster 4 are negatively correlated with immune cells in cluster C, most strongly with percentage of CD80 expressing intermediate monocytes. Abundances of all of the bacteria in cluster 4 are significantly decreased during pregnancy.
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FIGURE 9. Correlation between microbiota species and immune cell populations in conventional pregnant mice. The figure shows a heatmap of Spearman's correlations coefficients after individual correlation of significantly different microbiota species between day 18 of pregnancy and pre-pregnancy (clusters 1–4) and immune cell populations with different adaptations in conventional vs. germfree mice (clusters A–D).





DISCUSSION

In the present study we showed that during syngeneic pregnancy in mice, the composition of the gut microbiota changes. This composition has significantly changed at day 18 of pregnancy as compared with pre-pregnancy, with for instance an increased Firmicutes/Bacteroidetes ratio and a decreased Shannon index. Some bacterial changes can already be observed at day 14, for instance a significantly decreased abundance of B. intestinihominis. We also showed that in syngeneic conventional pregnant mice, immune responses change during pregnancy. We observed a decreased percentage of Th1 cells in pregnant conventional mice, as well as a trend toward an increased percentage of Th2 cells and an increased percentage of Treg cells. Monocyte subsets also changed in conventional syngeneic pregnant mice, with an increased percentage of classical monocytes and a decreased percentage of non-classical monocytes. Moreover, classical and intermediate monocytes showed increased expression of CD80 and decreased expression of MHCII during pregnancy in these mice. Next, we showed that the presence of microbiota may be important in some of these adaptations of the maternal immune response to pregnancy, since we found different adaptations in immune cell numbers of pregnant germfree mice compared with pregnant conventional mice, i.e., the increase in the splenic percentage of FoxP3+ lymphocytes and the trend toward an increased Th2 percentage was only observed in pregnant conventional mice, not in pregnant germfree mice. Moreover, increased CD80 expression on monocytes was only observed in conventional pregnant mice and not in germfree pregnant mice, while decreased MHCII expression was also only observed in conventional pregnant mice and not in germfree pregnant mice. Finally, we correlated the gut bacteria of conventional mice that were significantly changed at day 18 of pregnancy with the immune cells that were significantly changed in pregnant compared with non-pregnant mice in conventional pregnant mice only and showed that clusters of bacteria correlated with clusters of immune cells. Together these data indicate that the maternal gut microbiota may be involved in inducing some of the immunological adaptations to pregnancy.

We found various significant differences in phyla and species abundance at day 18 of pregnancy, with an increased abundance of Firmicutes and a decreased abundance of Bacteriodetes, Actinobacteria, Cyanobacteria, and Proteobacteria as compared with pre-pregnancy. At the species level, we found an increased abundance of for instance A. stercoricanis, F. cylindroides, R. faecis and E. plexicaudatum, Holdemanella biformis. These are all butyrate producing Firmicutes (32). Butyrate is an short chain fatty acid, which has immunomodulatory and anti-inflammatory effects (33). Butyrate can for instance promote differentiation and proliferation of Treg (34). We found decreased abundance of species like B. Intestinihominis and B viscericola, P. pogonae, A. rava, O. splanchnicus as well as 2 Alistipes species. Most of these bacteria are propionate producers (32). Propionate has been shown to have similar effects as butyrate on the immune response, f.i. in increasing Tregs, however, propionate has been shown to be less effective than butyrate (35). During syngeneic pregnancy in the mouse, there may be an increase in butyrate and a decrease in propionate production by the gut microbiota, which may result in increased plasma butyrate and decrease plasma propionate and this may affect the maternal immune response. This hypothesis needs to be tested in future studies.

The group of Koren et al. (27) was the first to show changes in the gut microbiota during pregnancy in humans. They, however, found an increase in Proteobacteria and Actinobacteria. Since our study have been done in syngeneic pregnancy, differences between our mouse study and the human study may be explained by the presence of the semiallogeneic fetus in the human study, as compared to syngeneic fetuses in our mouse study. Future studies are needed to confirm this hypothesis. We only studied one mouse strain, with one diet and at one location. However, we are not the only group who found differences in gut microbiota during pregnancy. Also previous studies in mice have shown an effect of pregnancy on the abundance of gut microbiota species (14, 36, 37). However, each of these mouse studies found their own specific adaptations of the microbiota to pregnancy. All of these studies have been done in syngeneic pregnancies. Differences between the studies may be due to differences in diet or technical differences in 16S rRNA sequencing (38). Another factor may be genetic differences between the mouse strains, since Elderman et al. has previously shown that changes in the microbiota at day 18 were strain dependent (14). Although in this study various differences in microbiota species were found between pregnant and non-pregnant mice in the from the BALB/c strain, no significant differences in microbiota were found between pregnant and non-pregnant C57BL/6 mice. In the present study, we also used C57BL/6 mice, but a different sub strain (C57BL/6JOlaHsd), and we did find differences in gut microbiota at day 18 of pregnancy. The difference with our previous study may thus be the sub strain used, but also the use of a different diet and the fact that we did a longitudinal study, which may more easily pick up differences in microbiota. The mechanism changing the microbiota during pregnancy are unclear at this time. However, it has been suggested that pregnancy hormones, like progesterone, may affect the gut microbiota (36). Also, diet has been shown to affect the gut microbiota (37).

In view of the known effects of the microbiota on the immune system, we hypothesized that the microbiota during mouse pregnancy may be involved in inducing adaptations of the immune response to pregnancy. Therefore, we sacrificed conventional and germfree syngeneic pregnant (at the end of pregnancy) and non-pregnant conventional and germfree mice and studied their immune response. In line with our previous results and results from others, we found various adaptations in the adaptive immune cells in syngeneic pregnant conventional mice. We showed an increased percentage of FoxP3+ cells and a trend toward an increase in GATA3+ cells, as well as a decrease in the percentage of Tbet+ cells in the spleens of conventional pregnant mice as compared to non-pregnant mice. This is in line with various data showing that the Th1/Th2 balance is decreased in pregnancy (4, 39, 40). Also, the increase in FoxP3+ (Treg cells) is in line with previous data (14). We, for the first time show that also syngeneic germfree mice do adapt their immune response to pregnancy. We found, similar to conventional pregnant mice, a decreased percentage of Tbet+ (Th1 cells) cells in the spleens of pregnant germfree mice as compared with non-pregnant germfree mice. However, in contrast to conventional pregnancy mice, in germfree pregnant mice the splenic percentage of FoxP3+ cells and GATA3+ cells were not different compared with germfree non-pregnant mice. This suggests that the increased splenic percentages of FoxP3+ and (trend to) increased GATA3+ cells in conventional mice at the end of pregnancy may be induced by the gut microbiota. This suggestion is in line with various papers indicating an effect of several bacterial species on Treg cells and Th2 cells (24, 25). Further studies are needed to evaluate whether the microbiota may affect the immune response in semiallogeneic pregnant mice.

In germfree pregnant mice, we found a slightly, but significantly increased number of fetal resorptions and a slightly decreased fetal weight. The mechanism of this increased number of fetal resorptions remains unknown from the present study. Various studies in the 1980s have shown that the housing environment of mice is associated with different numbers of fetal resorptions. Hamilton et al. showed that a cleaner environment (i.e., a specific pathogen free environment vs. a conventional environment) is associated with decreased numbers of resorptions in allogeneic pregnancies (CBA × DBA/2) (41), although other studies found the opposite effect (42) or no effect of these different environments (43). In all these studies, differences were only observed in semiallogeneic pregnancies and not in syngeneic pregnancies, suggesting that the mechanisms are related to rejection of the semiallogeneic fetus. The mechanism of increased fetal resorptions in germfree vs. conventional mice in our study must therefore be different, since we used syngeneic pregnancies. Further studies are therefore necessary to evaluate mechanisms of the increased fetal resorption in germfree mice. We do expect a role of the immune response, especially the immune response in the placenta and mesometrial triangle. Immune cells in the mesometrial triangle are very important for normal placentation. Differences in immune cells in the mesometrial triangle, such as decreased numbers of natural killer cells, may result in defective placentation, and therefore in fetal growth restriction or resorptions (44). We are evaluating the immune cells in the mesometrial triangle in conventional vs. germfree pregnant mice.

Individual mouse data from pregnant conventional mice from blood immune cells and splenic immune cells that were differently affected by pregnancy in germfree vs. conventional mice and individual microbiota species that were different between pregnant and non-pregnant conventional mice were correlated and clustered. The microbiota clustered in 4 clusters. Cluster 1 contained mainly bacteria that were upregulated during pregnancy, such as R. faecis, 2 Ruminococcus species and 3 Clostridium species. These bacteria positively correlated with percentage of Treg and Th2 cells (cluster B), suggesting that the species in this cluster may upregulate these immune cells. Roseburia, Rumminococcus and various commensal Clostridium species are known to produce short chain fatty acids (32, 45, 46), which in their turn are known to induce Tregs (47). Various bacterial species of clusters 1, 2, and 3 also correlated positively or negatively with immune cluster D, mainly with monocytes and lymphocytes. This suggests that the microbiota may be involved in hematopoiesis in pregnancy. Indeed, percentages of lymphocytes, monocytes and granulocytes are differently affected by pregnancy in conventional and germfree mice. The effect of the microbiota on hematopoiesis outside pregnancy has been shown before by Josefsdottir et al. (48). Percentages of blood monocyte subsets are affected by pregnancy, with an increase in the percentage of classical monocytes and a decrease in the percentage of non-classical monocytes during pregnancy in both conventional and germfree mice. Since classical monocytes mature in the circulation to non-classical monocytes (49), these data may suggest a decreased maturation of monocytes during pregnancy in these syngeneic mice. Since changes in monocyte subsets are similar in conventional and germfree mice, the microbiota is probably not involved and other pregnancy factors, such as cytokines or exosomes, may be involved in inducing these changes in monocyte subsets.

Bacterial cluster 4 contains only bacteria that were decreased during pregnancy. They were strongly negatively correlated with the expression of CD80 on intermediate monocytes and with the expression of CD80 on classical monocytes. Expression of CD80, which is an activation marker, on these monocyte subsets increased during conventional mouse pregnancy, suggesting that the bacteria in this cluster may normally be involved in downregulating CD80 expression, but due to their decrease in pregnancy, intermediate, and classical monocytes may upregulate CD80 expression. This cluster contains 2 Barnesiella species, which have been shown to be anti-inflammatory in mice (50). This suggestion of downregulation of CD80 expression on monocytes by certain bacterial species is in line with the fact that in non-pregnant germfree mice, CD80 expression on intermediate monocytes is increased vs. non-pregnant conventional mice (Figure 8B). A similar reasoning would apply to MHC II expression on intermediate monocytes, which is down regulated during pregnancy in conventional mice and positively correlated with the decreased bacteria in cluster 4 suggesting that normally these bacteria upregulate MHC II, but when these bacteria are decreased during pregnancy, MHC II expression is decreased.

In conclusion, our data, together with previous data in mice and humans, indicate that the gut microbiota change during pregnancy. The changes, however, may be species and strain dependent, but may also depend on the diet as well as on the method of 16S RNA sequencing. In the present study, we found an increase in Firmicutes species (such as A. stercoricanis) and a decrease in Bacteroidetes species (such as B. intestihominis, B. viscericola). The gut microbiota in pregnant mice may be involved in some of the adaptations of the maternal immune response to pregnancy, especially in the increase in Treg and the increased activation of monocytes at the end of pregnancy. Although these data show that the microbiota may be involved in inducing adaptations of the immune response to pregnancy, these data do not show whether the change observed in the microbiota during pregnancy are responsible for these immunological adaptations. However, the fact that we found various correlations between the pregnancy-induced adaptations in immune cells and the pregnancy-induced changes in bacterial species in conventional mice, may suggest a role for the changes in the microbiota at day 18 of pregnancy in the adaptations of the immune response. Further studies, such as studying the immune response after transplantations of fecal material from pregnant and non-pregnant conventional mice into pregnant and non-pregnant germfree mice, are needed to confirm this hypothesis.
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Imbalance of Th1 and Th2 response at the maternal–fetal interface is considered as a radical event in the pathogenesis of immunity-related pregnant diseases. It has been demonstrated that the ROP16I, a rhoptry protein of Toxoplasma gondii, and the viable parasite with ROP16I may induce M2 macrophage polarization in host innate immunity and may be involved in the adverse pregnant outcomes. However, the mechanisms by which T. gondii-derived effectors subvert the immune tolerance in the pathology of pregnancy remain unclear. Here, we constructed the RH strain with ROP16I deletion (RHΔrop16) to explore the pathogenesis of abnormal pregnancy. We found that C57BL/6 mice infected with RHΔrop16 exhibited the increased resorption of fetuses and more severe adverse pathology of placentae at the early phase of gestation, as compared to the mice infected with RH wild type (RH WT) parasite. Additionally, RHΔrop16 strain infection significantly promoted M1 macrophage phenotypes of CD80 and CD86, and decreased CD206 expression of M2 macrophages, with upregulation of the iNOS and downregulation of the Arg-1 expression in placental homogenates. Simultaneously, the pro-inflammatory cytokines of IL-12 and TNF-α were elevated whereas the anti-inflammatory cytokine of TGF-β1 was dampened. Moreover, the p38α mitogen-activated protein kinase (p38α MAPK) was notably phosphorylated in placental macrophages infected with both RHΔrop16 and RH WT strains compared with the control. Taken together, our findings indicated that ROP16I deletion of type I RH strain may cause exacerbated adverse pregnant outcomes, which is attributable to subversion of the maternal immune tolerance due to the increased pro-inflammatory cytokines in the pregnant animals. The results also suggest that ROP16I might be a protective factor and other T. gondii-derived molecules might be involved in the M1–Th1 biased pathological process in aberrant pregnancy at the early phase of gestation.
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INTRODUCTION

Toxoplasma gondii is an opportunistic food-borne protozoon with an extraordinarily broad host range of all warm-blooded animals, including humans (Montoya and Liesenfeld, 2004; Leng et al., 2009). Humans and animals are infected by ingesting food that contains cysts or water that is contaminated with oocysts of T. gondii (Black and Boothroyd, 2000; Yarovinsky, 2014). It is estimated that over one billion people are chronically infected with this parasite worldwide, although the data of regional investigations vary considerably (Montoya and Liesenfeld, 2004; Dubey, 2009). T. gondii infection is usually asymptomatic in immunocompetent individuals but may result in severe consequences in immunocompromised people (e.g., patients with AIDS, organ transplantation, or cancers) (Nissapatorn, 2009; Luma et al., 2013; Schmidt et al., 2013). Importantly, vertical transmission of T. gondii via placenta may cause abortion, constituting a serious threat to humans and leading to great loss of livestock production (Montoya and Remington, 2008; Hide et al., 2009). Initial infection of women with T. gondii during pregnancy, particularly in the first trimester, may cause miscarriage and preterm birth and increase the susceptibility of fetuses to toxoplasmosis resulting in hydrocephaly, microcephaly, intracranial calcification, and even loss of life (Pfaff et al., 2007; Robbins et al., 2012). The variability of disease severity in infected host is linked to the genetic structure of T. gondii strains and to the exposure burden of the parasite (Saeij et al., 2006; Melo et al., 2011; Hunter and Sibley, 2012; Shwab et al., 2014).

Toxoplasma gondii isolates from Europe and North America mostly belong to types I (RH and GT1), II (PRU and ME49), and III (CTG) (Lehmann et al., 2006; Shwab et al., 2014), but those from China present a dramatic difference in genetic structure and virulence, termed as type Chinese 1 (Wang et al., 2013). Studies have revealed that the majority of T. gondii isolates causing congenital toxoplasmosis in Europeans possess the feature of type II phenotype whereas type I strains are the most prevalent in Spanish people (Fuentes et al., 2001).

Macrophages can be roughly categorized into two types: classically activated macrophage (M1) and alternatively activated macrophage (M2). As antigen-presenting cells, macrophages have cross-talk between innate immunity and adaptive immunity. T. gondii parasite was found to preferentially invade macrophage/DC lineage cells during in vivo infection (Courret et al., 2006). Decidual immune cell populations approximately consist of 20% of macrophages that play a critical part in maintaining normal pregnancy. It has been well recognized that M2 macrophages are responsible for sustaining the normal microenvironment of pregnancy at the maternal–fetal interface (Nagamatsu and Schust, 2010). Actually, any subversion of M1/M2 macrophage balance may lead to pregnant disorders, such as pregnant loss, premature birth, or fetal growth restriction (Renaud and Graham, 2008; Brown et al., 2014).

Toxoplasma gondii establishes the long-lasting infection in host and has the developed sophisticated ways to manipulate host immunity. For instance, the parasite delivers effector proteins, which are released from the contents of rhoptries, micronemes, and dense granules of T. gondii, into host cells (Jensen et al., 2011; Rosowski et al., 2011; Hunter and Sibley, 2012). The secreted rhoptry proteins (ROPs) and dense granule proteins (GRAs) are characterized to hijack cell-signaling pathways of the host cells, which manipulate host immune response, and therefore determine parasite virulence and infection consequences (Jensen et al., 2011; Hakimi et al., 2017). Interestingly, ROP16 (the member of ROPs) gets injected into the host cell nucleus where it activates signal transducer and activator of transcription Stat3 and Stat6, initiating the signaling cascade of host cells. ROP16I of type I strains, rather than ROP16II of type II strains, decides ROP16 kinase activity on Stat3 and Stat6 (Yamamoto et al., 2009). Phosphorylation of Stat3 and Stat6 triggers anti-inflammatory response and M2 macrophage activation, which plays a crucial role in modulating host immunity at the early phase and is associated with the consequences of infection at the late phase. Contrarily, the GRA15II directly activates the NF-κB of the host cells, promotes its rapid nuclear transcription, and drives the macrophage to M1 polarization (Rosowski et al., 2011). ROP16I and GRA15II can work independently of pattern recognition receptors to achieve M1 or M2 polarization (Jensen et al., 2011). Intriguingly, the WH3 strain of type Chinese 1, a predominant genotype in China, carries both key effectors: ROP16I and GRA15II. Our previous study showed that the WH3Δrop16 strain with GRA15II background of type Chinese 1 evoked the Th1- and Th17-biased response, leading to subversion of immune tolerance at the maternal–fetus interface and adverse pregnant outcomes (Wang et al., 2018). Recent studies have shown that RHΔrop16 infection in mice may cause serious ocular toxoplasmosis in the immune-privileged microenvironment, which is far away from the proliferation sites of the parasite, suggesting that the RH strain, with ROP16I deficiency, remains a high pathogenesis of severe retinopathy in animal model (Rochet et al., 2019).

It has been known that vertical transmission of viable T. gondii parasite is a crucial route in aberrant pregnancy. However, we tried to identify the parasite by Toxo-DNA detection and bioassay in the maternal placental tissues with positive antibodies against T. gondii and abnormal pregnancies, but failed (data not published). Previous studies revealed that pregnant mice of IL-10 deletion infected with T. gondii resulted in a worse pregnancy than the control (Lao et al., 2015). Additionally, adoptive transfer of Treg cells to mice could improve adverse pregnancies of the animals (Liu et al., 2014). All of these investigations strongly suggest that the imbalance of immune tolerance at the maternal–fetal interface, in addition to direct parasite invasion, might be involved in the occurrence of abnormal pregnant consequences. To characterize the role of ROP16I molecule in the pathogenicity of virulent type I strain, we generated T. gondii RHΔrop16 utilizing CRISPR/Cas9 technology to decipher the possible influence of ROP16I-deficient parasite infection on and the pathophysiology in the abnormal pregnancies. Our results uncovered that infection of mice with RHΔrop16 strain cause exacerbated adverse pregnant outcomes in which type I dominant response and enhanced pro-inflammatory cytokine expression were present in placenta tissues. The data provide further evidence that ROP16I plays a potentially protective role in maintaining physiological immune tolerance during pregnancy, and other parasite-derived effectors might be associated with the M1–Th1 biased response at the maternal–fetal interface and the adverse pregnant outcomes.



MATERIALS AND METHODS


Parasite Collection

Toxoplasma gondii RH WT and RHΔrop16 tachyzoites were cultured in human foreskin fibroblast (HFF) cells.



T. gondii Infection in Pregnant Mice

The 8- to 10-week-old male and 6- to 8-week-old female C57BL/6 mice were raised for 1 week after purchase to adapt to the animal center environment with normal feeding and drinking at room temperature. The female and male mice were caged overnight at a 2:1 ratio. The female mice were examined for the vaginal plug as gestation day 0 (GD0). All pregnant mice were randomly divided into three groups: control group, RH WT group, and RHΔrop16 group, with seven mice in each. All of the experimental procedures were performed in accordance with the Institutional Review Board of AMU Institute of Biomedicine AMU (permit No: AMU26-081108). The studies were performed in licensed Biosafety II Laboratory. The RH WT and RHΔrop16 viable tachyzoites were harvested from HFF cells and counted with an Improved Neubauer counting board and diluted to 2 × 103/ml. On gestation day 8 (GD8), mice of RH WT and RHΔrop16 groups were intraperitoneally injected with 200 μl of PBS containing 400 wild type and Δrop16 tachyzoites, respectively. The control animals were only given equal volume of PBS solution. On GD14, the animals were euthanized, blood was taken, and placentae, fetuses, uterus, and spleens were aseptically removed. The fetuses and placentae were photographed and weighed, and the number of resorbed fetuses was calculated. The resorptivity was determined by the small size, hemorrhagic appearance, and necrotic placenta and embryos. The ratio of the resorption to the total fetuses was recorded as a percentage of fetal loss. The sera were obtained by centrifugation (4,000 rpm, 10 min, 4°C) for ELISA detection.



Pathology of Placental Tissues

Mice were randomly selected into three groups, with seven in each, for placental fixation with 4% paraformaldehyde, paraffin-embedded sections and hematoxylin–eosin staining. The hyperemia of placentae was observed by histopathological analyses. All mice in each group were photographed, with five photos for sections of each animal.



Collection of Macrophages From Uterus and Placental Tissues

The uterus and placental tissues were quickly excised in a culture dish after removal, followed by digestion with 0.5% BSA, 5 mg/ml Collagenase IV, and HEPES (10 mM) (St. Louis, MO, United States) in RPMI 1640 solution (Montreal, QC, Canada), and slightly shaken at 37°C for 30 min at 150 rpm. Subsequently, the suspended cells were filtered through sterile nylon mesh. Macrophages were obtained by density gradient centrifugation at 25/50% Percoll (GE Healthcare Life Sciences).



Isolation of Control Placental Macrophages and Infection of T. gondii in vitro

Macrophages in uterus and placental tissues from control pregnant mice were harvested according to the methods previously described and 2 × 106 cells/well were cultured in 12-well plates. Macrophages were infected with 2 × 106 RH WT and RHΔrop16 parasites, and the control group remained uninfected. The cells were cultured in an incubator at 37°C for 24 h to obtain macrophages. The macrophages were subjected to detection of the mRNA and protein expression of iNOS and Arg-1 and examination of phosphorylation of p38α mitogen-activated protein kinase (p38α MAPK).



Western Blotting

Placental tissues of all mice and macrophages infected with the parasite were lysed using protein lysate (RIPA: PMSF = 100: 1), followed by centrifugation at 12,000 × g for 15 min at 4°C. The denatured proteins were separated by 10% separation gel in SDS-PAGE and transferred to NC membrane followed by blocking in 5% of milk on a shaker for 90 min. The NC membrane was incubated with primary antibodies against β-actin, Arg-1, and iNOS for placental tissues and additional incubation of p-p38α MAPK (Abcam, United Kingdom) for the macrophages infected with the parasite (both had 1:5000 dilution) at 4°C overnight. The anti-β-actin was used as the control. The NC membrane was washed with TBST three times, followed by the horseradish peroxidase-labeled secondary antibody incubation with slight shaking for 90 min. The specific bands were visualized by enhanced chemiluminescence. All experimental data were analyzed by ImageJ 1.46 software.



Measurement of Macrophage Polarization by Flow Cytometry

Macrophages were obtained from the uterus and placental tissues of all mice and 2 × 106 cells with 5 μl of mouse sera were added to each tube and let stand at 4°C for 30 min. The cells were labeled with anti-F4/80-BV421, anti-CD80-PE/cy5, anti-CD86-PE, and anti-CD206-AF647 (New York, BD, United States) at 4°C for 30 min in the dark. The cell surface markers were fixed after washing twice by PBS. All labeled samples were quickly detected by flow cytometry (FCM).



Isolation and Culture of Splenocytes

The spleen tissues were taken out from the pregnant mice of three groups, and half of the tissues were mashed on a sterile nylon mesh to obtain spleen cells. Simultaneously, 2–3 ml of 1 × ACK Lysis buffer was added to the spleen cells in a tube for disrupting erythrocytes. Finally, the lysis was stopped with PBS, and the erythrocyte debris was removed by centrifugation at 2,500 rpm for 5 min, and the spleen cells were isolated and cultured at 37°C for 5 h under stimulation with ionomycin (1 mg/ml) and PMA (20 ng/ml) (St. Louis, MO, United States), and then centrifuged (4,000 rpm × 10 min at 4°C) to obtain supernatants for ELISA detection. The remaining spleen tissues were stored at −80°C for RNA extraction.



Real-Time PCR for Detection of Cytokines

Total RNAs were extracted from spleens, placentae, and macrophages infected with the parasite and then reversed into cDNAs according to the Takara Kit instructions (Takara, Japan). Quantitative detection of IL-12, IL-10, TNF-α, TGF-β1, iNOS, and Arg-1 of placentae was performed with SYBR-Green Premix Ex Taq kit (Takara, Japan). Spleen tissues were only detected for IL-12, IL-10, TNF-α, and TGF-β1. The parasite-infected macrophages were detected for iNOS and Arg-1. The primers used in the qRT-PCR are listed in Table 1. The measurements were completed with Roche Applied Science Light Cycler TM 480 instrument. The results were normalized by β-actin and the results were calculated using the 2–ΔΔCt method.


TABLE 1. The primers used for qRT-PCR.
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ELISA for Cytokines

The placental tissues were weighed and ultrasonicated in the ratio of 1 mg/10 μl PBS (at 3-s intervals) and centrifuged at 12,000 × g at 4°C for 10 min. The supernatants were extracted and cytokines of TNF-α (Cusabio, Houston, TX, United States) and IL-12 (Elabscience, Wuhan, China) in the supernatants of placental homogenates, spleen cell culture, and sera were detected by ELISA. The examinations of all specimens were performed three times and the OD values were measured at a wavelength of 450 nm. The concentration of TNF-α and IL-12 was calculated by plotting a standard curve according to the manufacturer’s instruction.



Statistical Analysis

The data were presented as the mean ± SD and were statistically analyzed by one-way ANOVA after precheck for normal distribution and homogeneity of variances, and p < 0.05 or p < 0.01 indicated statistical significance. Analyses of experimental data and graphic production were obtained by GraphPad Prism Software.



RESULTS


RHΔrop16 Strain Infection Caused Severe Abnormal Pregnancy

Pregnancy outcomes were examined at GD14 (i.e., 6 days post-infection). The pregnant mice infected with RHΔrop16 strain showed a clinical manifestation of wilting and arching, accompanied with aggravated fetal resorption and placental hemorrhage when compared with the RH WT group (Figures 1A,B). The H&E staining of placenta tissues exhibited more severe hyperemia in the RHΔrop16-infected group than that in the RH WT group (Figure 1C). The weights of placentae and fetuses in mice of the RHΔrop16-infected group were notably reduced compared with the RH WT group. Accordingly, the resorptivity of the fetuses in the RHΔrop16-infected group significantly increased (Figure 1D).
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FIGURE 1. The occurrence of adverse pregnancy outcomes caused by Toxoplasma gondii infection. Fetuses and placentae of the control mice developed normally. The less number of fetuses and the more serious hemorrhage of placentae were seen in the mice of the RHΔrop16-infected group when compared with the RH WT group (A,B). H&E staining showed deteriorated hyperemia of placentae caused by RHΔrop16 strain infection (C). The weights of fetuses and placentae and fetus resorption of each group were measured after 6 days of infection. The ratio of resorption to total fetuses was calculated as the percentage of fetal loss (D). Each group contained seven mice. The results were presented as mean ± SD and were analyzed by one-way ANOVA (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).




Expression of iNOS, Arg-1, and p-p38α MAPK Varied in Placental Macrophages Infected With RHΔrop16 Strain in vitro

To examine the direct impact of T. gondii ROP16I on the bias of macrophages, we isolated primary macrophages from placental and uterine tissues of control pregnant mice. The cells were infected with RH WT and RHΔrop16 parasites, and cultured for 24 hr. The data showed that the expression of iNOS was significantly elevated while that of Arg-1 was diminished in the macrophages with RHΔrop16 infection when tested by qRT-PCR (Figure 2A) and Western blotting (Figure 2B). No significant difference of p-p38α MAPK expression, however, was noted between RH WT and RHΔrop16-infected macrophages by Western blotting analysis (Figure 2B and Supplementary Figure S1).
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FIGURE 2. In vitro expression of Arg-1, iNOS, and p-p38α MAPK of placental macrophages from control pregnant mice following T. gondii infection. Placental macrophages of control pregnant mice were collected and infected with RH WT and RHΔrop16 in vitro for 24 h. The mRNA and protein expressions of Arg-1 and iNOS of macrophages were examined by qRT-PCR (A) and Western blotting (B). Phosphorylation of p38α MAPK was detected by Western blotting (B). Each group contained seven mice. The results were given as mean ± SD and were analyzed by one-way ANOVA (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).




RHΔrop16 Strain Infection Modulated Synthesis of iNOS and Arg-1 in Placental Tissues in vivo

Expression of iNOS and Arg-1 in placental tissues in mice of three groups was assayed by qRT-PCR (Figure 3A) and Western blotting (Figure 3B). As shown in Figure 3, the upregulated expression of iNOS mRNAs and downregulated expression of Arg-1 mRNAs were observed in the RHΔrop16-infected group, when compared to the RH WT group. Correspondingly, the protein level of iNOS was remarkably elevated but Arg-1 was reduced when detected by Western blotting in RHΔrop16-inoculated mice.
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FIGURE 3. In vivo expression of Arg-1 and iNOS in placental tissues. Placental tissues were removed from three experimental groups. The mRNA and protein expressions of Arg-1 and iNOS of placental tissues were examined. The relative mRNA expressions of Arg-1 and iNOS were detected in placental tissues of mice infected with RHΔrop16 strain (A). The corresponding results of protein expressions were also noted with Western blotting (B). The results were presented as mean ± SD obtained from seven mice in each group and were analyzed by one-way ANOVA (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).




The Phenotypes of Mouse Placental Macrophages Altered Following RH Δrop16 Strain Infection

Density gradient centrifugation was used to isolate placental macrophages for detection of polarization of the macrophages in placental tissues of mice infected with RHΔrop16 strain. The surface markers of CD86 and CD80 on M1 macrophages and CD206 on M2 cells were detected by FCM. The results showed that RHΔrop16 infection induced higher expression of CD86 (Figure 4A) and CD80 (Figure 4B) but lower expression of CD206 (Figure 4C) on the surface of placental macrophages, when compared to the RH WT infection group.
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FIGURE 4. Expression of CD86, CD80, and CD206 markers at the maternal–fetal interface. Placental macrophages were removed from three experimental groups. A high expression of CD206 but low expression of CD80 and CD86 of macrophages were noted in control pregnant mice by flow cytometry, while RHΔrop16 parasite infection stimulated high-level expressions of CD86 (A) and CD80 (B), and low level of CD206 (C) in the placental macrophages of pregnant mice. Experimental and control group each contain seven mice. The results were given as mean ± SD and were analyzed by one-way ANOVA (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).




RHΔrop16 Infection Evoked Th1-Biased Response in Spleens, Placentae, and Sera

Tissues of placentae and spleens were collected from three groups, and the mRNA expression of IL-12, TNF-α, IL-10, and TGF-β1 was measured by qRT-PCR. The results showed that the mRNA expression of IL-12 and TNF-α in the spleens (Figure 5A) and placentae (Figure 5D) were highly transcribed, but expression of TGF-β1 mRNA was dramatically dampened (Figures 5B,E) in the animals of RHΔrop16-inoculated mice, when compared to the RH WT infection group. Unexpectedly, the level of IL-10 expression in the spleens (Figure 5B) and placentae (Figure 5E) was significantly elevated in either of the two infected groups compared to the control. However, the ratio of IL-10/IL-12 as well as IL-10/TNF-α in the spleens (Figure 5C) and placentae (Figure 5F) of the RHΔrop16-infected mice remained low in comparison to the control mice. Additionally, the ELISA assay revealed the significantly increased levels of pro-inflammatory cytokines of IL-12 and TNF-α in the supernatants of splenocytes and placental homogenates, and sera as well, in RHΔrop16-infected mice (Figures 6A–C).
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FIGURE 5. Expression of IL-12, TNF-α, IL-10, and TGF-β1 in spleens and placentae of mice with T. gondii infection. Spleen tissues and placentae were taken from three groups of experimental mice. The mRNA transcriptions of pro-inflammatory cytokines of IL-12 and TNF-α and anti-inflammatory cytokine of IL-10 and TGF-β1 were examined in spleen tissues (A,B) and placentae (D,E). The ratio of mRNA transcriptions of IL-10 to IL-12 and IL-10 to TNF-α was calculated in spleen tissues (C) and placentae (F). Each sample was performed in triplicate. The results were presented as mean ± SD from seven mice of each group (∗∗p < 0.01, ∗∗∗p < 0.001).
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FIGURE 6. IL-12 and TNF-α expression in splenocytes, placental tissues, and sera. The supernatants of splenocytes and placental homogenates were taken from three experimental groups. The sera were obtained by centrifugation (4,000 rpm, 10 min, 4°C) from the three groups. Expressions of IL-12 and TNF-α in the supernatants of splenocytes (pg/ml) (A), placental homogenates (pg/mg) (B), and sera (pg/ml) of pregnant mice (C) were evaluated with ELISA. Each sample was performed in triplicate. Each group contained seven animals. The results were presented as mean ± SD (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).




DISCUSSION

It has been known that numerous immune cells contribute to maintaining the equilibrium state of the maternal–fetal immune interface. Macrophages are the first line of defense in innate immunity. During normal pregnancy, macrophages also perform functions such as angiogenesis, tissue repair, and immune tolerance (Mor and Abrahams, 2003). Alternatively activated macrophages (M2 macrophages), uterine/decidual NK cells, as well as Tregs are crucial cell populations that contribute to the immune tolerance at the maternal–fetal interface and keep the fundamental physiological processes of pregnancy by secreting large amounts of cytokines and chemokines (Lidstrom et al., 2003; Kalkunte et al., 2008; Co et al., 2013; Gaynor and Colucci, 2017). A growing body of evidence indicated that pregnancy failure induced by T. gondii infection is associated with the altered maternal immunity (Zhang et al., 2012; Zhao et al., 2017). It has been reported that the LILRB4 expression of decidual macrophages decreased after infection with T. gondii, which induced polarization of classically activated macrophages (M1 macrophages) and inhibited the immune bias of M2 direction, leading to adverse pregnancy outcomes (Li et al., 2017). In addition, trophoblast cells are the only cells that are in direct contact with the maternal immune system and play an important part in embryo implantation and maternal–fetal immune tolerance. Apoptosis of trophoblast cells induced by inflammation may directly impact the microenvironment of maternal–fetal interface, resulting in abnormal pregnant outcomes such as miscarriage (Reister et al., 2001). Additional investigations showed that T. gondii infection induced the activation of macrophages and their secretion of a variety of pro-inflammatory factors through oxidative stress-mediated apoptosis of placental trophoblasts, more likely leading to adverse pregnancy events (Aschkenazi et al., 2002; Neale et al., 2003; Liu et al., 2013; Xu et al., 2015). Overall, any peripheral or local infection in the maternal side during the first trimester is prone to cause serious adverse pregnancy outcomes.

Toxoplasma gondii effectors of ROP16I and GRA15II are responsible for inducing macrophage polarizations and play a pivotal role in host innate immunity and directly affect the consequences of infection or disease. During invasion into host cells, T. gondii injects the rhoptry protein ROP16 into the host cytoplasm, which subsequently localizes to the parasitophorous vacuole membrane (PVM). We previously found that deletion of ROP16I of either RH strain of type I or WH3 strain of type Chinese 1 did not affect the virulence of the parasite to mice (Wang et al., 2018), although ROP16 is believed as one of polymorphic and strain-dependent virulence factors (Saeij et al., 2006). Studies have shown that ROP16I, rather than ROP16II, serves as a central regulator of parasite replication and transmission at early phase of infection and drives the macrophages to M2 polarization. Contrarily, GRA15II, one of the key molecules secreted by dense granules of type II strains, evokes strong M1 macrophage polarization by directly activating NF-κB and facilitating a high expression of IL-12 and iNOS that are involved in the subsequent Th1 predominant immune response and the pro-inflammatory reaction (Jensen et al., 2011; Rosowski et al., 2011). We previously demonstrated that T. gondii strains of type Chinese 1, distinct from the strains of archetypal I, II, and III strains prevalent in the other continents of the world, carry both ROP16I and GRA15II alleles. Deletion of ROP16I of the Chinese 1 WH3Δrop16, with GRA15II genetic background, resulted in remarkably adverse pregnancy outcomes in mice (Wang et al., 2018). However, the pathogenic feature of the RHΔrop16 strain of type I, with neither ROP16I nor GRA15II background, in T. gondii-induced aberrant pregnancy remains unknown. Thus, we examined the pathology of adverse pregnant outcomes caused by ROP16I-deficient T. gondii (RHΔrop16) and the mechanisms by which the parasite infection subverts the immune tolerance at the maternal–fetal interface in the murine model. We noted that all of the mice infected with T. gondii had clinical manifestations of wilting and arching; however, the RHΔrop16 strain caused the exacerbated abnormal pregnancy outcomes when compared with the RH WT strain, as evidenced by the lower number and reduced weights of placentae and fetuses, hemorrhage of placentae, and a high rate of fetal resorption. A previous study showed that deficiency of ROP16I of the RH strain did not affect proliferation of the tachyzoites (Butcher et al., 2011), but no parasites were seen in the damaged placenta tissues of RHΔrop16-infected mice (data not shown), suggesting that the pathology of placentae might be attributable to the biased M1–Th1 immune response following infection. Additionally, our data indicated that IL-12 and TNF-α were significantly increased whereas TGF-β1 was decreased in the RHΔrop16-infected animals; the ratios of IL-10/IL-12 and IL-10/TNF-α of the RHΔrop16-infected mice declined significantly compared to those of the RH WT group, indicative of the Th1-polarized response in RHΔrop16 infection. Moreover, placental macrophages tended to be driven to M1 skewing after 6 days of T. gondii infection. The results suggest that the pro-inflammatory factors in the placentae induced by RHΔrop16 infection might be involved in the aberrant pregnancy of mice, which is attributable to the deletion of ROP16I of the RH strain.

Theoretically, any negative impact of infections on immune tolerance at the maternal–fetal microenvironment may lead to abnormal pregnancy. It has been demonstrated that T. gondii type II strains are frequently found in human infection of Europeans (Wujcicka et al., 2014) and are responsible for pregnant failure (Liu et al., 2018), which might be related to GRA15II-induced M1–Th1 dominant response. Genetic structures of T. gondii in South America are complex, and these non-archetypal strains may cause serious consequences of pregnancies (Rajendran et al., 2012). It is speculated that multiple parasite-derived molecules, in addition to the direct invasion of parasites, may contribute to the adverse pregnant consequences. We here noted that mice infected with the RH strain with rop16 deletion caused deteriorated pregnant outcomes, suggesting a protective influence of ROP16I on normal pregnancy. Similar reports were given by Jensen et al. (2011) that ROP16I might have an ameliorative effect on T. gondii-induced ileitis. Additionally, our studies strongly suggested that other T. gondii effectors, besides GRA15II, might be involved in the pathology process of pregnancy. This speculation is supported by the previous investigations that demonstrated that GRA24, a member of GRAs family with 542 amino acids similar to GRA15II of T. gondii in function, can bypass the classical MKK3/MKK6 and MKK4 pathways to directly bind to the p38α MAPK, leading to activation and nuclear translocation of the host kinase and increasing IL-12 secretion and M1 macrophages polarization (Kim et al., 2005; Braun et al., 2013). Further approaches are needed to identify the effectors of T. gondii that induce IL-12 production and M1 polarization in the occurrence of abnormal pregnancy.

Taken together, the RH strain of type I T. gondii with ROP16I deletion may cause severe abnormal pregnant outcomes in mice, with the feature of M1 macrophage phenotype and Th1 dominant response in system and placental tissues, suggesting that ROP16I might be a protective factor and other parasite-derived molecules may be involved in the pathology process of pregnancy failure.
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In the last decade, the microbiota, i.e., combined populations of microorganisms living inside and on the surface of the human body, has increasingly attracted attention of researchers in the medical field. Indeed, since the completion of the Human Microbiome Project, insight and interest in the role of microbiota in health and disease, also through study of its combined genomes, the microbiome, has been steadily expanding. One less explored field of microbiome research has been the female reproductive tract. Research mainly from the past decade suggests that microbial communities residing in the reproductive tract represent a large proportion of the female microbial network and appear to be involved in reproductive failure and pregnancy complications. Microbiome research is facing technological and methodological challenges, as detection techniques and analysis methods are far from being standardized. A further hurdle is understanding the complex host-microbiota interaction and the confounding effect of a multitude of constitutional and environmental factors. A key regulator of this interaction is the maternal immune system that, during the peri-conceptional stage and even more so during pregnancy, undergoes considerable modulation. This review aims to summarize the current literature on reproductive tract microbiota describing the composition of microbiota in different anatomical locations (vagina, cervix, endometrium, and placenta). We also discuss putative mechanisms of interaction between such microbial communities and various aspects of the immune system, with a focus on the characteristic immunological changes during normal pregnancy. Furthermore, we discuss how abnormal microbiota composition, “dysbiosis,” is linked to a spectrum of clinical disorders related to the female reproductive system and how the maternal immune system is involved. Finally, based on the data presented in this review, the future perspectives in diagnostic approaches, research directions and therapeutic opportunities are explored.
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INTRODUCTION


Impact of Microbiome Research on Health Care

The human microbiome represents the collection of microbes living inside and on the surface of human body. Research efforts by the scientific community worldwide are increasingly focused on understanding the role of microbiota in health and disease. Since the completion of the Human Microbiome Project (HMP), and publication of the characteristics and functions of human microbiota located in different body habitats, this field of science has gained momentum (1). Current microbiome research tries to fill in the missing details in the pathophysiology and explain the seemingly random variation in disease severity and phenotype of confounding factors such as ethnicity, geographical location and societal habits. Due to advances in microbiome research, scientists have obtained valuable insight in many complex disorders such as obesity, cancer and inflammatory bowel disease, and a similar trend is observed in female reproductive tract in both physiological and pathological states (2).



Global Burden of Pregnancy Complications

Because of the invasive nature of sampling methods, microorganisms populating the female reproductive tract remain less explored compared to microbiota populating the intestines; nonetheless, they represent an appreciable proportion (around 9%) of the female microbial network (3). Furthermore, disrupted female reproductive tract microbial communities have been implicated in reproductive and pregnancy complications, as reviewed in (4, 5). Reproductive and pregnancy complications are of global health interest, and comprise diverse health problems that occur prior to conception and during gestation. Notably, these involve the mother’s health, the baby’s health or both. Such problems may entail difficulties to conceive, or arise throughout gestation and span from the inability to maintain pregnancy in the first weeks of gestation, to its early termination in the third trimester. An increasing body of evidence associates microorganisms (including mutualistic) to the onset of reproductive health and maternal-fetal conditions, and to some of the major obstetrical syndromes, including premature birth, premature rupture of the membranes, premature labor, intrauterine growth restriction, and stillbirth (6).

The inability to conceive is an often neglected health concern affecting individuals around the globe. In 2010, an estimated 48.5 million couples worldwide were infertile, with little changes over the previous two decades (7). Early pregnancy loss (frequently before 13 weeks of gestation) is estimated to occur in 15–20% of recognized pregnancies, without major geographical differences (8–10). Of note, morbidity and pregnancy complications at more advanced stages of gestation (e.g., preeclampsia, preterm labor and stillbirth) often have a higher burden in low-resources settings, especially in south Asia and sub-Saharan Africa (11). Among such late complications, preterm birth remains the leading cause of worldwide neonatal morbidity and mortality: approximately 10.6% of all live births in 2014 were preterm, 80% of which occurred in Asian and sub-Saharan African countries (12).



Current Gaps in Knowledge

Over recent years technological advancements, in particular sequencing-based methods for bacterial detection (metagenomics and 16S rRNA gene amplicon sequencing), have greatly expanded the literature on diverse microbiota colonizing the female reproductive tract both in healthy and disease states (5, 13). However, the wide spread application of sequencing-based methods incorporates a potential for false-positive results (i.e., low specificity) due to contamination as in case of the placenta (14). Our current knowledge is limited on how these microbiota interact with host cells, including local immune mediators, and whether this interaction is causally involved in the pathogenesis of pregnancy complications. It is well known that the mechanisms pivotal in regulating the establishment and maintenance of pregnancy, including epigenetic regulation and immune adaptation, are directly affected by local microorganisms (5, 13). Furthermore, the impact of maternal factors such as BMI, pre-existing disorders or life style habits (e.g., diet and nutrition) on this host-microbiota interaction need to be integrated and thoroughly studied in future studies (15). Understanding the interplay at the fetomaternal interface is essential for developing predictive human biomarkers for implantation and placentation and is a key step toward designing novel therapeutic approaches.



Aims

This review aims to present an account of currently available literature on reproductive tract microbiota, describing the composition and function of microbiota and their links to pregnancy complications. The potential mechanisms of interaction between microbes and the immune system are discussed with respect to specific locations, focusing on the unique changes that characterize physiological pregnancy. Furthermore, the clinical impact of abnormal microbiota composition, i.e., “dysbiosis,” on female reproductive biology, from the pre-conceptional stage throughout early and late pregnancy. Common methodological challenges confronting research in the field related to study design and technical issues of sample collection and assay standardization are highlighted. Finally, we present options with respect to translation of various aspects and insights to future therapeutic approaches in reproductive medicine.



COMPOSITION OF REPRODUCTIVE TRACT MICROBIOME IN RELATION TO PREGNANCY


Vaginal Microbiota

The community of microbes in the female lower genital tract plays a fundamental role in the promotion of homeostasis and in the prevention of colonization by pathogenic microorganisms. Compared to other sites, the vagina appears to harbor particularly simple microbial communities of low diversity (1). Although relatively simple at the genus-level, the diversity of Lactobacilli in the vaginal space is nonetheless higher than at other body sites (1). Many studies among non-pregnant women of reproductive age report that Lactobacillus spp. is the predominant species in the vagina, although the possibility of normal vaginal microbiota dominated by bacteria other than Lactobacilli seems to be plausible [as reviewed in (16)]. Current evidence suggests that the vaginal bacterial community is in a state of dynamic equilibrium (17). The composition of the vaginal microbiota correlates with the most dominant bacterial community composition (i.e., community state type; CST) across time (17). This notion appears to be in line with the concept of community resilience. Community resilience suggests that the ability of a microbial ecosystem to mitigate composition changes depends on the presence of beneficial species with stabilizing roles. For instance, Lactobacillus crispatus-dominated communities are less likely to transition to non-beneficial CST, than communities dominated by other Lactobacillus spp., like L. iners (17, 18).

In non-pregnant women of reproductive age, transient variations in the vaginal microbiota’s dynamic equilibrium are the results of physiological changes in response to hormones during the menstrual cycle, or human activities (e.g., sexual intercourse and hygienic practices) (18). In addition, other constitutional and environmental factors, including age, ethnicity, geographical variation and sexual habits influence the bacterial communities detected in the lower urogenital tract (19–21). For example, Lactobacilli-dominated vaginal microbiota has been shown to be less prevalent among non-Caucasian women in several studies (22–24), though, when present, their beneficial role seems maintained. A well-known study performed in North America characterized the vaginal microbiota of women of reproductive age from four ethnic groups (Caucasian, African-American, Hispanic and Asian): five groups of microbial communities, called Community State Types (CSTs) were identified. Whereas CST-IV was the most diverse CST and was also associated with a higher local pH, the remaining four (CST-I, CST-II, CST-III, and CST-V) were dominated by Lactobacilli (20). Lactobacilli thrive in anaerobic environments and produce lactic acid, therefore contributing to the acidic vaginal environment. Several studies have reported how depletion of these microorganisms often leads to vaginal dysbiosis, which is occasionally symptomatic, and at times associated with several important reproductive complications (25, 26).

The microbiota residing in the cervix have been sparsely studied as an independent entity. Current evidence suggests a strong similarity between bacterial communities in the cervix and in the vaginal area, suggesting ascending bacterial colonization from the vagina to the cervix (27). Such microbial communities are sometimes jointly referred to as cervicovaginal microbiota (28).

While in non-pregnant reproductive age women the vaginal microbiota is relatively dynamic, in healthy pregnancies it is characterized by an increase in stability (29). This is one of the physiological changes taking place in response to gestation. Other changes in this microbial community located in the vaginal area are an overall decrease in richness (number of different species present) and diversity (of the microbial ecosystem, i.e., the relative abundance of species). Overall, abundance of Lactobacillus spp. appears to be higher in healthy pregnant women, than in women with complicated pregnancies; whereas Mycoplasma and Ureaplasma appear to be lower (30). Most of the studies in the field seem to agree that Lactobacilli, in particular L. crispatus, L. iners, L. jenseii, and L. gasseri are the dominant bacteria detected in the vaginal microbiota of pregnant women (29, 31, 32).

Some of the factors influencing vaginal microbiota’s diversity during pregnancy are: gestational age (32), previous pregnancy history (33) and ethnicity (31, 34). In particular, L. crispatus was the most dominant species in a Caucasian cohort (35), L. iners in an African American one (29) and, surprisingly, L. acidophilus in a mostly Hispanic population where L. crispatus was not detected, even though tested for (36). Although ethnic and geographical differences in vaginal microbiota are not yet understood, nor consistently observed (32), a combination of colonization by gut microbes, hygienic and sexual practices, and host genetics may contribute to underlying mechanisms (37).

As pregnancy progresses, the vaginal microbiota changes with an increase in the relative abundance of Lactobacilli and decrease in anaerobe or strict-anaerobe species, until around 36 weeks of gestation, when the number of species increases significantly (31). Such composition has been reported to resemble that of the vaginal microbiota in the non-pregnant state (34). Throughout pregnancy, some species of Lactobacilli associate with “normal” (i.e., healthy) vaginal microbiota, whereas the presence of other species reflect an abnormal, less beneficial microbial community. The former has been reported for L. crispatus, whereas the latter for L. gasseri and L. iners (35). Finally, reported changes in the vaginal microbiota after delivery include a decrease in Lactobacillus species and an increase in anaerobe ones (38), irrespective of the vaginal communities during pregnancy and independent of ethnicity (39).

It is becoming increasingly apparent from studies in the field that, besides investigation of the vaginal microbiota as an ecological community (defined by its most abundant species), individual (even low abundant) species with less beneficial roles should be considered, as their mere presence might be sufficiently detrimental to a healthy microbiotal equilibrium.



Endometrial Microbiota

Unlike the vagina, the endometrium has not been extensively studied as a site of commensal bacterial colonization, in part likely due to the relatively limited access to uncontaminated samples. Historically, the uterus has been considered sterile (40), and presence of bacteria in endometrial, placental or amniotic fluid samples was viewed as pathological. However, with the advent of culture-independent techniques, recently compiled data support both the prevalence and variation of bacterial communities in the endometrium and their possible role in reproductive health (41) but is still under debate (14). Together, much of our knowledge comes from the interpretation and comparison of the role of microbiome in anatomically related sites.

In healthy non-pregnant women, the endometrium appears to harbor a unique, low-biomass microbiota, dominated by a few bacterial species including Bacteroidetes (Flavobacterium spp.) and Firmicutes (Lactobacillus spp.) (5, 41, 42). Compared to the vaginal microbiome, the endometrium harbors a significantly lower quantity of microbes, suggesting that the cervix and/or uterine environment serve as a barrier for ascending microorganisms (42). Since Lactobacilli and Streptococci represent the most dominant bacteria in the vagina and in the cervix, respectively, the occurrence of these species in the uterine cavity may indicate contamination during sample collection. Therefore, the use of paired samples from vagina, cervix and endometrial fluid has been proposed in order to facilitate interpretation (43).

A recent review reported that, in studies using culture-dependent techniques, no bacterial family was reported more than once in uterine or endometrial samples, indicating one of the challenges in determining the complexity of “normal” reference microbiota of the uterine cavity in this manner. However, in culture-independent analyses, Lactobacilli, Bifidobacteriaceae, Comamonadaceae, and Streptococcaceae were reported more than once in the uterine cavity, suggesting that the culture-independent technology approximate microbiotal complexity more truthfully (41).



Placental Microbiota

The notion that the uterus represents a sterile environment during pregnancy was first challenged with the advent of the Human Microbiome Project (HMP) (1) and other studies (44). The detection of unique bacterial DNA profiles in human placenta supported the idea that a rich microbial community normally exists in utero. Surprisingly, these early data suggested that the placental microbiome resembles the oral cavity microbiome rather than that of adjacent sites, e.g., the vagina. Since these early reports, several reservations on this notion and its implications on pregnancy complications have been voiced, noting that the low-biomass that bacterial DNA in the placenta represents, is sensitive to capturing background contamination (from DNA extraction kits, polymerase chain reaction reagents, and laboratory environments) (45, 46). Recent meticulous analyses of metagenomic DNA, consistently found no significant differences in the abundance and/or presence of a microbiota between placental tissue (term women without labor) and background technical controls (14, 47). The proposed link between oral dysbiosis and pregnancy complications puts the debate about placental microbiota in the focus: clinical studies on the association between gingivitis and PTB have reported bacteria in the very old structures of the placenta (48). In the context of placental microbiome analysis, the pitfalls associated with technology of choice, in addition to the methodological problems, needs careful consideration (see section “Discussion,” diagnostic challenges).



MATERNAL IMMUNE RESPONSE IN PREGNANCY

During normal pregnancy, the immune system of the female reproductive tract is uniquely challenged by the fact that it has to protect against invading pathogens while simultaneously tolerating and supporting implantation and growth of the semi-allogenic fetus in a tightly regulated process (49). The implantation phase is characterized by low grade pro-inflammatory immune reactivity, including the production of major cytokines IL-6, IL-8, and tumor necrosis factor (TNF)-α. This response is believed to support local repair of endometrial injury and removal of cellular debris during trophoblast invasion and implantation. The placentation phase is predominantly an anti-inflammatory state, which is needed to ascertain tolerance of maternal immune cells to paternal antigens expressed by placental trophoblasts for the fetus and, at later stages, vice versa. The final parturition phase again requires controlled pro-inflammatory immune reactivation to trigger labor, delivery and placental rejection (50). Dysregulation of this tight immunological balance, based either in the (immuno)genetic constitution of the parents or the (local) uterine environment, may underlie several pregnancy complications. The homeostasis of the female reproductive tract during pregnancy depends on the interactive protective roles of epithelial defenses and immune cells. A broad variety of innate-(predominantly macrophages, dendritic cells and innate lymphoid cells) and adaptive immune cells (especially T cells) can be found each in different anatomic compartments with their own unique and specialized role. This section summarizes key immune players involved in immuno-modulatory events that support normal pregnancy, both the genetic and environmental aspects will be discussed in successive paragraphs. The maternal immune regulation in pregnancy has been extensively described (51) and is beyond the scope of this review.


Epithelial Defenses

Like in many other mucosal tissues, the female reproductive tract’s first line of defense against pathogens is a physical barrier that, among other things, consists of a mucous layer, IgA antibodies and commensal bacteria limiting colonization by pathogenic bacteria. In addition, epithelial cells lining the female reproductive tract physically block pathogen invasion and produce protective molecules like antimicrobial peptides (AMPs). AMPs are multifunctional molecules with important roles in direct microbial killing, protection against proteolytic enzymes from various pathogens including bacteria, fungi, and some viruses, and modulation of both innate and adaptive immune responses (52, 53). AMPs are produced either constitutively or after induction by inflammatory stimuli, and are present on the mucosal surface, in decidual stroma, in endometrial fluid and even in amniotic fluid (54). In humans, AMPs have been linked to key regulatory processes in implantation and are implicated in the pathogenesis of various pregnancy complications (52, 55). An example of an AMP found in the uterus is the secretory leukocyte protease inhibitor (SLPI), which has antiviral and antifungal properties, and acts as a bactericidal against gram negative as well as gram-positive bacteria such as Escherichia coli and Staphylococcus aureus (56).



Uterine Natural Killer Cells

Natural Killer (NK) cells are a critical component of the innate immune system and comprise up to 70% of all endometrial leukocytes during the secretory phase of the menstrual cycle and in early pregnancy, but decline in numbers by mid-gestation (49). The main function NK cells in the vagina is to provide protection against a broad variety of viruses. Like their blood counterparts, vaginal NK cells recognize virus- or stress-associated molecules and they destroy infected cells through the release of toxic granules containing granzymes and perforins or though interaction with death receptors (57). The exact function of uterine NK cells (uNK) is not completely clear as they clearly differ from NK cells in peripheral blood in surface markers and cytokine repertoire. uNK cells are poorly cytotoxic, but are a potent source of cytokines such as Interferon (IFN)γ, TNF-α, Granulocyte-macrophage colony-stimulating factor (GM-CSF) and Interleukin (IL)-10 as well as proangiogenic factors like vascular endothelial growth factor (VEGF) (58–60). Studies using genetic mouse models lacking uNK cells provided histological evidence of failed trophoblast invasion and defective spiral artery remodeling and highlighted the critical role for uNK in for normal placentation (61, 62).



Macrophages and Dendritic Cells

Myeloid cells (macrophages and dendritic cells) represent the second most abundant immune cell subset in the endometrium and account for 10–20% of the decidual leukocyte population (49). They are responsible for the surveillance and scavenging of bacteria present on mucosal surfaces and act as antigen presenting cells (APCs) (58, 63, 64). APCs are equipped with pattern recognition receptors (PRR), such as Toll-like receptors (TLRs), allowing them to recognize the so-called pathogen-associated molecular patterns (PAMPs). PAMPs are species-specific and include molecules from the microbial cell wall (e.g., peptidoglycan) and cell membranes (e.g., LPS) or virus-derived single stranded DNA or double stranded RNA. PAMPs promote the production of cytokines and cell adhesion molecules that lead to the recruitment other immune cells such as neutrophils and NK cells. In addition, APCs have a major function in instructing the adaptive immune response by virtue of expressing major histocompatibility complex (MHC) class II receptors. In contrast to uNK cells, the numbers of decidual macrophages remain relatively constant throughout gestation, however, the diverse repertoire of macrophages in cytokines production, in regulation of T cell responses and in tissue repair suggest an important role in decidualization (49, 59). Together with the uNK cells, uterine macrophages are also postulated to facilitate angiogenesis during placentation and more importantly, spiral artery remodeling by production of growth factors and clearance of cell debris (60, 65).

Uterine dendritic cells (uDC) have a tolerogenic phenotype and both uDC and uterine macrophages produce IL-10, TGF-β, and indolomine2,3 (IDO) contributing to a tolerogenic and receptive micro-environment (66). In addition, uDC have been shown to interact in a bidirectional manner with uNK cells in mouse models, as well as in vitro human studies (67, 68). As a subclass of APC, uDC promote uNK differentiation and activation in a contact-dependent manner and via the production of IL-15 (69).



T Lymphocytes

Adaptive immune cells (B- and T lymphocytes) provide highly specific and long-lasting cellular and humoral immunity against pathogens. While B cells are relatively infrequent in the female reproductive tract, T cells can be consistently found in both the vaginal compartment as well as in the uterus, albeit, in the uterus, their number and phenotype highly vary depending on stage of the menstrual cycle and pregnancy. CD8+ (cytotoxic) T cells represent the most abundant adaptive lymphocyte subset in the pregnant uterus (70). CD4+ (helper) T cells are less abundant, however, important in production of cytokines and interaction with other immune cells upon activation by APC (71). Traditionally, pregnancy was considered an immune privileged state by the different cytokines produced from a dominant T-cell phenotype (Th2) involved in immune tolerance, over another phenotype (Th1) involved in immune rejection. The dominance of Th1 polarized T cells was considered detrimental to embryo implantation and was associated with obstetric complications mainly preeclampsia (72). More recent studies show that the Th1/Th2 paradigm is not inclusive enough and that fetal tolerance is a complex process involving more specialized T cell subtypes, such as Th17 and regulatory T (Treg) cells (51). In humans, Treg cells have been shown to migrate from peripheral blood to the decidua (73), and their levels peak during the second trimester of pregnancy (74). They produce IL-10, leukemia inhibitory factor (LIF), transforming growth factor (TGF)-β, and heme oxygenase 1 (HO-1) contributing to fetal-maternal immune tolerance (75). It is clear that tight regulation of T cell activation and polarization is essential to balance the protection from pathogens, mediated by Th1/Th17 CD4+ T cells and CD8+ (cytotoxic) T cells versus tolerance to paternal antigens expressed by fetal cells, mediated by Th2 and Treg cells (76).

The induction of regulatory T cells (suppressor T cells/Treg) is favored over pro-inflammatory Th17 cells through interaction of uDC and uNK cells (77), corroborating the importance of intricate immunological instruction in acquisition of tolerance during implantation. Both macrophages and uDCs can be activated by encountering pathogens in the endometrium and start the process of phagocytosis, internalization, and degradation of the components of the antigen. They subsequently present these bacterial peptides to T-cells via MHC receptors, which activate the T-cells to initiate a cell-mediated and/or humoral immune response via MHC class II molecules (78).

Even though the intricate role of the immune system in pregnancy is not completely understood, collaborative action of innate- and adaptive immune cells appear to be critical for orchestration of the immunological changes required for successful fertilization, implantation and pregnancy.



INTERACTION BETWEEN MATERNAL IMMUNE SYSTEM AND REPRODUCTIVE TRACT MICROBIOTA

The interaction between microbiota and the immune system is a complex process that is crucial for maintaining normal homeostasis in organs, albeit under the influence of several constitutional and environmental factors. We hypothesize that under normal circumstances, a healthy lifestyle (including diet, physical and psychological aspects) would result in a normal reproductive tract microbiota “eubiosis,” kept in check by a well-balanced immune regulation (Figure 1). Disturbance of this delicate balance could lead to either to inappropriate immune response and an exaggerated inflammatory reaction, or to downregulated immune response and dominance of pathogenic bacteria over normal commensals “dysbiosis”. Evidence on the existence of such balance during in pregnancy is limited and hence, the data on host-microbiota interaction discussed in this section are largely derived from the non-pregnant population.
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FIGURE 1. The interaction between the endometrial microbiome and local immune mediators. (A) In healthy women, commensal bacterial communities interact with immune cells with at the feto-maternal interface through three potential mechanisms: (1) Commensal bacteria (green) maintain a healthy physical barrier by stimulating the production of different antimicrobial peptides (AMP) from endometrial cells and preserving epithelial tight junctions and stable mucus production. (2) Once encountered by immune cells in the endometrium, e.g., antigen presenting cells (APC), commensal bacteria trigger signal transduction via pattern recognition receptors (PRR) through their pathogen-associated molecular patterns (PAMPs). (3) Commensal bacteria can also produce metabolites, such as polysaccharides and short-chain fatty acids (SCFAs), that potentially affect immune responses in endometrial epithelial cells and T-cells, or alter the endometrial fluid pH to produce a competitive niche microenvironment against pathogenic bacteria. These mechanisms result in activation of uterine NK (uNK) cells and the development of specific subsets of T-cells, characterized by high number of regulatory T-cells (Treg), low number of Th-17, and a switch from the Th1 to Th2 cytokine production (4). The interaction of activated uNK cells (KIR receptors) with HLA-C and -G from extravillous trophoblasts (EVT) from the implanting embryo will also promote EVT invasion, stromal matrix degradation, angiogenesis and ultimately the remodeling of maternal spiral arteries (5). These adaptive changes ensure an immunotolerant milieu for the semi-allogenic fetus and are essential steps essential step in normal placentation. (B) Disturbance of the normal endometrial microbiome can negatively impact the implantation process: (1) First, the dominance of non-commensal bacterial communities could weaken the integrity of the endometrial mucosal barrier by affecting the epithelial tight junctions and reducing AMP and mucin secretion. (2) This in turn will further weaken host defense mechanisms and allow pathogens to enter the endometrial stroma and elicit a profound immune reaction from APC and other immune cells harboring pattern recognition receptors (PRR). (3) Aberrant stimulation of T-cells, either directly from invading pathogens breaching the mucosal barrier or indirectly from absorbed bacterial products results in disbalance in cytokine production in favor of the pro-inflammatory Th-1 types, predominated by TNF-a, IFN, IL-2, and IL-10 (4). Aberration in uNK cell maturation, either primary or secondary to shallow EVT invasion, is a possible link between disturbed endometrial microbiome and incomplete remodeling of maternal spiral arteries, characteristic of the great obstetric syndromes (5).



Host-Microbiota Interaction in the Vagina


Vaginal Protection by Lactobacilli

The vaginal mucosa is a barrier that provides protection against invading pathogens, as a result of the interaction between its epithelial cells, the immune system, and symbiotic microorganisms (79). The microbiota residing in the vaginal space are an active critical component in such defense system against infections. In particular, Lactobacillus spp. are thought to protect the upper genital tract from ascending infection, such as sexually transmitted ones (80). The main mechanism associated with the protective effect Lactobacillus spp. is the ability to produce lactic acid, thus maintaining a local pH of <4.5, deleterious to pathogens (81). Another defense mechanism is the Lactobacilli’s production of bacteriocins, which directly inhibit or kill bacterial and viral pathogens (81). The ability to form micro-colonies that adhere to epithelial cells and prevent adhesion of pathogens is additional means of defense by vaginal microbiota, as is their ability to trigger the host’s defense (81). In vitro studies have shown that certain Lactobacillus species are able to temper inflammation by, for example, a reduction of IL-6, IL-8, and TNF-α secretion after bacterial stimulation of toll-like receptors (TLRs) (82). The association between Lactobacilli-poor vaginal ecosystems and an increased risk of sexually transmitted infection is strong [as reviewed in (80, 83)]. Nonetheless, non-Lactobacilli-dominated vaginal microbiota occur in 25% of asymptomatic women, which challenges the notion of Lactobacilli as the sole microbial defense mediator (17, 84). Possible other explanations may be that maintenance of low pH in non-Lactobacilli-dominated vaginal microbiota is achieved in a different manner (18), or that not all suboptimal microbiota are manifested as symptomatic, whereas such CSTs may nevertheless correlate with increased risk for adverse reproductive health outcomes (85). Furthermore, as discussed before, distinct Lactobacillus species appear to differentially affect microbiota, e.g., with L. iners being more conductive to pathogen invasion than L. crispatus (25).



Hormonal Regulation of Host-Vaginal Microbiota Interactions

Most evidence and knowledge on the interactions between vaginal microbiota and host immune system comes from studies in non-pregnant women and should be extrapolated with caution to infer host-vaginal microbiota interactions in pregnancy. Key regulators of this interaction are sex hormones, which regulate the release of pro-inflammatory cytokines, chemokines and antimicrobial peptides, and contribute to the selection of vaginal microbial species [as reviewed in (86)]. In particular, estradiol has been implicated in the shift from a Lactobacillus-poor to a Lactobacillus-rich vaginal microbiota during puberty, as well as a reverse shift after menopause (86). Estrogen-induced glycogen synthesis in epithelial cells and production of glycogen-metabolites (maltose, maltotriose, α-dextrines) provides substrates for conversion to lactic acid by Lactobacilli (87–89). At reproductive age, a healthy vaginal microbiota was found to amplify the fluctuation in local immune responses in synchrony with hormonal changes during the menstrual cycle (90). In particular, women with a Lactobacillus-poor vaginal microbiota altered hormone-associated immune change may correlate with an increase susceptibility to infections (90). The close interplay between immune status and vaginal microbiota composition is further supported by the correlation of a less beneficial vaginal immune signature with ongoing HIV infection status in post-menopausal women (91).



Vaginal Immuno-Microbiotal Interactions

As an integral part of the defense mechanisms of the vaginal space, the local microbiota is required to interact with the host immune system. The ability of the host to protect against pathogenic microorganisms, but not react against the symbiotic microbes residing in the vagina, relies on the bi-directional relationship between immune system and microbiota (92). Such interplay helps maintain an immune-tolerant environment, more so during pregnancy. As a result of this symbiotic tolerance, bacterial communities thrive in the vaginal environment, contribute to local immune defense. Conversely, dysbiosis of the vaginal communities has been implicated in the disruption of the mucosal layer, decreasing the ability of the mucus and vaginal secretions to trap and inactivate pathogens. This might also facilitate the formation of epithelial entry portals for the same pathogens (93).

A possible mechanism for vaginal dysbiosis is the increased production of pro-inflammatory cytokines and chemokines, associated with the increase in pathogenic microbial diversity, which contributes to further recruitment of immune cells and amplification of the inflammatory response [reviewed in (86)]. Clinical studies performed on vaginal samples from sub-Saharan Africa, have shown a correlation between the presence of a non-Lactobacillus dominant microbiota and a rise in inflammatory cytokines and chemokines in the vagina (94, 95). Selected non-beneficial bacteria found in the vaginal tract induce pro-inflammatory cytokines and chemokines in in vitro co-cultures with vaginal epithelial cells. Relevantly, L. crispatus, the most well-known beneficial vaginal microorganism, does not induce inflammatory cytokine release in such settings [reviewed in (82, 96)]. In accordance with this, another study had shown how the possible contribution of vaginal dysbiosis to infections of the urinary tract was mediated by defects of the immune response (97).

Healthy vaginal microbiota was associated, both in vitro and in vivo, with increased expression (mRNA and protein) of defensins, specific types of vaginal antimicrobial peptides (AMP) that prevent binding of pathogen-specific proteins to human cells. AMP levels were significantly lower in bacterial vaginosis conditions, in vitro and in vivo (98). The expression of other types of antimicrobial peptides, the secretory leukocyte protease inhibitor and the human epididymis protein 4, correlates with the presence of less beneficial vaginal microbes (96). The complement system was proposed as a key player in adverse pregnancy outcome, as female microbiota composition regulates complement function in the maternal vasculature (99). Complement dysregulation in the intrauterine space, promotes inflammation and triggers a cascade of physiological changes (cervical changes, degradation of collagen, uterine decidua activation and uterine contractility), which in turn increases risk for preterm delivery (97).

Such combined evidence suggests that the vaginal microbiota modulates the local immune system and inflammatory response at least in part through interaction with epithelial cells, thereby influencing the susceptibility to infection. Although interactions between the maternal immune system and vaginal microbiota appear to be complex and far from completely understood, based on the above outlined observations it was suggested that the overall microbiota composition, rather than any individual microbial population, underlies adverse interactions with the host-immune system in the female reproductive system (100).



Host-Microbiota Interaction During Implantation and Placentation

Successful implantation and subsequent formation of the placenta (placentation) encompass several steps ensuring tissue adhesion between fetal trophoblasts and maternal tissues and the adaptation of their blood vessels and to facilitate nutrient supply (101). These steps involve mechanisms such as angiogenesis (101), decidualization (102) and immune response adaptation (60). This immune adaptation is essential in pregnancy and is required in order to avoid a graft vs. host disease between the semi-allogenic trophoblast and maternal tissues, including immune cells, decidual microbiota and other decidual components such as epithelial and stromal cells and blood vessels. Not surprisingly, this complex interaction is postulated to affect subsequent stages of pregnancy, and is implicated in many pregnancy complications (103).

Published literature points to the existence of a diverse and metabolically active endometrial microbiota and predicts an important physiologically modulatory role of the main function of its host tissue: harboring and nurturing the developing embryo. In healthy women, the presence of commensal bacterial communities in the cycling endometrium mediate physiological responses from various cells at the feto-maternal interface, including epithelial and stromal cells in the endometrium, immune cells and trophoblasts from the implanting embryo. Although the exact molecular nature and extent of these interactions are not fully understood, evidence from in vitro experiments and animal models have provided important insights (13, 55, 104, 105). Based on currently available knowledge, we postulate the following mechanisms:


1) Commensal bacteria interact with endometrial epithelial cells to maintain a healthy physical and antimicrobial barrier against pathogens. The binding of commensal bacteria to epithelial cells triggers the release of various antimicrobial peptides (AMPs) into the uterine cavity, which constitute part of key defense mechanisms of epithelial tissues against a proteolytic enzymes from various pathogens including bacteria, fungi, and some viruses (52, 53). In addition to the production of AMPs, commensal bacteria induce a biochemically neutral and biophysically stable mucus production by endometrial cells and stabilize the adherens junctions and tight junctions (55, 106). The maintenance of an intact and stable epithelial barrier is an integral part of the natural defense strategies in preventing the colonization and penetration protecting the endometrium from opportunistic microbial infections.

2) Commensal bacteria can alter the immune response at the cellular level through numerous components of the innate and adaptive immune system in the endometrium. The key sensors of bacterial presence in tissues are antigen presenting cells (APCs), in the endometrium they are represented by macrophages and dendritic cells (uDCs) (see section “Maternal Immune Response in Pregnancy”). Both cell types play an important role in maintaining tolerance against the commensal microbiota by modulating the immune response of other components of the innate and adaptive systems (63, 107). Macrophage-derived IL-10 is critical for Foxp3 + Treg cell development, maintenance, and expansion (77). uDCs also are a major source of IL-23 which, in combination with other cytokines, influences the differentiation of Th17 (77). Although both macrophages and DCs can process and present bacterial antigens, differences in their physiology and function suggest they have complementary roles in the immune response against bacteria.

3) The downstream effects of triggering the immune system at the feto-maternal interface by bacteria is the activation of uterine NK (uNK) cells and the development of specific subsets of T-cells, characterized by high number of regulatory T (Treg) cells, low number of Th-17, and a switch from the Th1 to Th2 cytokine production. These adaptive changes ensure an immunotolerant milieu for the semi-allogenic fetus and are essential steps in normal placentation. The interaction of activated uNK cells via specific receptors (KIR) with HLA-C and -G from extravillous trophoblasts (EVT) from the implanting embryo will also promote EVT invasion, stromal matrix degradation, angiogenesis and ultimately the remodeling of maternal spiral arteries.



How the host-microbiota interactions affect the maternal immune response during implantation is not clearly understood. One of the factors, which govern immune modulation and maternal tolerance is the Pre-Implantation Factor (PIF) (108). PIF is a 9–15 amino acid peptide secreted by viable placenta with high concentrations in the maternal circulation in the first trimester (108, 109). PIF shows local effects on the endometrium and trophoblast promoting implantation and invasion of the trophoblast and has a direct impact on immune cell function and targets neutrophils and macrophages, as well as CD4+ and CD8+ T-cells (109). PIF reduces the activation of the NALP3 inflammasome complex (mainly TLR-4 mediated) resulting in reduction of pro-inflammatory cytokines such as IL-1β, IL-18, and IL-33 (110, 111). In addition, PIF creates an anti-inflammatory milieu by reducing IFNγ and stimulating IL-10 secretion, as well as enhancing Th2 cytokines. In context of the macrophages responding to bacterial stimuli, PIF blocks the release of nitric oxide induced by lipopolysaccharides (LPS) (108). This effect is present in case of excessive stimulus only. Thus, PIF operates as an immune modulator, rather than an immune suppressor with minimal impact on the innate, but firm effect on the adaptive immune response (108). Additional protective effects on the embryo protection and development include targeting the protein-disulfide isomerase (PDI) and heat shock proteins (HSP), which impact oxidative stress and protein misfolding (112, 113). Overall PIF is an example of embryonal factor shaping maternal immune response and therefore promoting successful implantation by generating an anti-inflammatory milieu and facilitates immune tolerance. The interaction of microbiome and PIF on pregnancy complications are currently under investigation.



CLINICAL IMPLICATIONS OF DYSBIOSIS AND DISTURBED IMMUNE SYSTEM

Abnormal composition and/or function of the of reproductive tract dysbiosis is implicated in various gynecological disorders and pregnancy complications (4, 114, 115) (Figure 2). Although many gynecological disorders have been linked to dysbiosis and can indirectly affect reproductive outcomes [e.g., endometriosis and ectopic pregnancy (55)], discussion of these specific complications is outside the scope of this review. Depending on the anatomical site within the female reproductive tract, dysbiosis is associated with various clinical disorders The clinical implications of dysbiosis of the female reproductive tract in relation to pregnancy ranging from infections: BV, bacterial vaginosis; PID, pelvic inflammatory disease; STI’s, sexually transmitted infections; early pregnancy complications: RM, recurrent miscarriage; RIF, recurrent implantation failure; and late pregnancy complications: pPROM, premature pre-labor rupture of membranes and placental dysfunction.
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FIGURE 2. The conceptual relationship of reproductive tract microbiome and immune response. A multitude of environmental and constitutional factors affect the balance between tolerance to the fetus and commensal bacteria on one hand, and the immune response to pathogens and abnormal cells on the other hand. Loss of balance between the microbiome and immune responses would lead to either abnormal commensal microbiome and pathogenic infection “dysbiosis” or excessive immune reaction and sterile inflammation “dysregulated immunity.”



Preconceptional Period (Genital Tract Infections)

As outlined in preceding sections, the immune system and microbiota play an interactive and collaborative role in maintaining a physiological healthy state in the reproductive tract. Disturbance of this physiological interaction has been implicated in the onset of diverse complications related to female reproductive health.

One of the largest longitudinal cohort studies that assessed vaginal microbiota vs. risk of STI is the Longitudinal Study of Vaginal Flora (LSVF) based in the United States (116). Women diagnosed with BV (by Nugent score assessment) had a nearly 2-fold increased risk of STI, like trichomonal, gonococcal, and/or chlamydial infection (of note: microbiota-testing preceded detection of STI by 3 months). This evidence is in agreement with previous reports that define vaginal dysbiosis as a predictor for gonorrhea and chlamydial infection (117). More recently, individuals with chlamydial infection were found more likely to have a cervicovaginal microbiota dominated by L. iners, or non-L. crispatus anaerobic bacteria (118), although not all associations were statistically significant and may depend on ethnicity (119, 120).

Human Papilloma Virus (HPV) and the Human Immunodeficiency Virus (HIV) represent sexually transmitted viral infections increasingly studied in association with reproductive tract microbiota. Women with detected or persistent HPV infections showed a more diverse vaginal microbiota, in studies conducted among African/Caribbean and Italian women and suggested an association with Atopobium spp. and G. vaginalis (121, 122). Among Nigerian women, the prevalent high-risk HPV (hrHPV) infection was associated with a decrease in Lactobacilli and abundance of anaerobes, particularly of the general Prevotella and Leptotrichia (123). In Asia an association between increased vaginal bacterial diversity and presence of HPV were reported, with a Korean study suggesting Fusobacteria, in particular Sneathia spp. to be particularly implicated (124). A Chinese study identified several microbial genera in hrHPV-infected women (Bifidobacterium, Bacillus, Megasphaera, Sneathia, Prevotella, Gardnerella, Fastidiosipila, and Dialister), while another set (Bifidobacterium, Megasphaera, Bacillus, Acidovorax, Oceanobacillus, and Lactococcus) in hrHPV-infected pregnant women. In pregnancy, this study showed an association between a more diverse cervical microbiota and HPV (125). In addition, several genera and species were associated to HPV positivity (Ureaplasma parvum), HPV negativity (Brochothrix, Diplorickettsia, Ezakiella, Faecalibacterium, and Fusobacterium), likelihood of reinfection (Actinomyces) or persistence (Prevotella, Dialister, and Lachnospiraceae) (126). Recent data also suggested altered microbiota in placenta, cervix and mouth in the presence of HPV infection (119).

Two decades ago, the absence of Lactobacilli was already associated with an increased risk of acquiring HIV infection in a cohort of Kenyan women (120). Similarly, vaginal dysbiosis was suggested as a contributor to the acquisition of HIV in Ugandan and Zimbabwean women (127). Conversely, Rwandan women with a Lactobacillus-dominated (particularly L. crispatus) cervicovaginal microbiota were less likely to be infected with HIV, hrHPV, as well as Herpes Simplex Virus 2 (HRV 2) (128). Low pH, due to lactic acid production by Lactobacilli, was suggested as a main strategy to prevent HIV infection, either by means of inactivating the virus, or inactivating T lymphocytes, thus decreasing their susceptibility to HIV infection (129). Other possible defense mechanisms of vaginal microbiota to HIV include the production of peroxide or bacteriocins by Lactobacilli, although their effect on viral biology is not fully understood (129). These findings are seemingly congruous with the protective role of Lactobacilli in urinary tract infections [as reviewed in (130)].

The above mentioned sexually transmitted infections, among others, have been extensively implicated in diverse reproductive tract complications, from infertility, to adverse pregnancy outcomes. A growing body of evidence collectively supports the association between vaginal dysbiosis and different genital tract infections and corroborates an important physiological role for microbiota in protection from, or susceptibility to pathogenic infections. Interaction and cross-regulation between the vaginal microbiota and the immune responses in the lower genital tract are therefore crucial in creating a protective environment against external pathogens, thus ensuring the right condition for the initiation of pregnancy.



Early Pregnancy (Infertility and Recurrent Miscarriage)

In recent years, the availability of culture-independent sequence techniques has led to a rise in the number of studies investigating the association of disturbed vaginal and endometrial microbiome composition and reproductive failure, focusing mainly on implantation failure. In women undergoing in vitro fertilization (IVF), the percentage of vaginal and endometrial Lactobacilli were significantly lower than non-IVF patients and healthy volunteers (131). In addition, studies have shown that presence of various bacterial contaminants, such as Enterobacteriaceae, Streptococcus, Staphylococcus, and Gram-negative bacteria, from catheter tips at the time of embryo transfer had a negative impact on pregnancy outcome, as reviewed in (13). Using 16S ribosomal RNA sequencing of paired endometrial and vaginal samples from 13 fertile women and 35 infertile patients undergoing IVF, Moreno et al. showed that the presence of a non-Lactobacillus-dominated microbiota (defined as <90% Lactobacillus spp.) was associated with significant decreases in implantation (60% vs. 23%), pregnancy (70% vs. 33%), ongoing pregnancy (59% vs. 13%) and live birth (59% vs. 7%) rates (43). Using a similar approach in a cohort of 31 women, Bernabeu et al. showed that women achieving pregnancy after IVF (cryotransfer of a single embryo) showed a greater presence of Lactobacillus spp., while a trend toward higher alpha diversity in vaginal samples was found in patients who did not achieve pregnancy and no difference in beta diversity (132). In a recent large prospective cohort study, Koedooder et al., used a new technique “IS-PRO” (see section “Diagnostic Challenges”) to examine microbial profiles of vaginal microbiota in 192 women undergoing IVF. Women with a low percentage of Lactobacillus in their vaginal sample were less likely to have a successful embryo implantation (133). This failure was correctly predicted in 32 out of 34 women based on the vaginal microbiota composition, resulting in a predictive accuracy of 94% (sensitivity, 26%; specificity, 97%). Additionally, the degree of dominance of Lactobacillus crispatus was an important factor in predicting pregnancy: none of the women who had a negative prediction (low chance of pregnancy) became pregnant. Taken together, these data suggest that a balanced, less diverse vaginal microbiota, dominated by Lactobacillus species increased the chances of a successful outcome.

In women with recurrent reproductive failure, ascribing a causative or correlative connection to aberrant microbiota is controversial. This group is composed of women with recurrent miscarriage (RM) (defined as loss of two or more clinically or biochemically established pregnancies) (134) and women with recurrent implantation failure (RIF), defined as loss of two or more pregnancy losses after transfer of good-quality embryos (135). RM and RIF both have heterogeneous etiology, with diverse risk factors being implicated covering genetic, metabolic, hormonal, immune maternal aspects. Although several groups have studied microbiota disturbances in women with recurrent reproductive failure, the complex pathogenesis has hampered any meaningful conclusion on the role of reproductive tract dysbiosis in this early pregnancy disorder. Analysis of endometrial samples from women investigated for recurrent reproductive failure showed that the uterine microbiota was dominated by Bacteroides species in >90% of the women (35). However, dissimilarities in dominance of Prevotella spp. or L. crispatus due to possible contamination from the vagina limits the interpretation of these data.

Chronic endometritis (CE) is an inflammatory condition typified by dysregulated interactions between endometrial pathogens and the endometrium. Chronic endometritis is a persistent inflammation of the endometrium, characterized by the presence of plasma cells syndecan-1 (CD138) on immunohistochemical staining of endometrial biopsies [reviewed in (136)]. Although various pathogens have been implicated in causing CE, the most commonly reported species were common bacteria (Escherichia coli, Enterococcus faecalis, and Streptococcus agalactiae) in 77.5%, followed by Mycoplasma/Ureaplasma (25%) and Chlamydia (13%) (137).

Recently, research has focused on the role of CE in reproductive failure, with various studies reporting a wide range prevalence depending on the clinical characteristics of the studied group and reflecting heterogeneity of diagnostic methodology and definitions. Studies have found an increased prevalence of CE in women with recurrent pregnancy loss (13%) (138) and RIF (30%) (139), while the rate of CE in the general infertility population was suggested to be much lower, with a prevalence of 2.8% among 606 infertility patients (140). A recent meta-analysis of five studies (total of 796 patients) concluded that women receiving antibiotic therapy for CE did not show any reproductive advantage in comparison with untreated controls (141). However, patients with cured CE, confirmed by a repeat biopsy, showed higher clinical pregnancy rate (OR 4), ongoing pregnancy rate/live birth rate (OR 6.8) and implantation rate (OR 3.2) (141). The exact mechanism of how CE affects implantation is yet unknown, but a negative effect on endometrial receptivity by abnormal infiltration of plasma cells (B lymphocytes) and antibody production is suggested (142). Similarly, as the causal connection between CE and dysbiosis is unknown, it is unclear whether a status of dysregulated immune response in the endometrium is responsible for the higher prevalence of dysbiosis, or whether dysbiosis is the cause of CE.

How the disturbance of the endometrial microbial ecosystem can have a negative impact implantation process is not fully understood. Parallel to the proposed mechanism of interaction between the microbiota and endometrial cells, a disturbed balance can act upon the following mechanisms (Figure 3). (1) First, the dominance of non-commensal bacterial communities could weaken the integrity of the endometrial mucosal barrier by affecting the epithelial tight junctions and reducing AMP and mucin secretion; (2) This in turn could further weaken host defense mechanisms and allow pathogens to enter the endometrial stroma and elicit a profound immune reaction from APC and other immune cells harboring pattern recognition receptors (PRR); (3) Aberrant stimulation of T-cells, either directly from invading pathogens breaching the mucosal barrier, or indirectly from absorbed bacterial products, results in disbalance in cytokine production in favor of the pro-inflammatory Th-1 types, predominated by TNF-a, IFN, IL-2, and IL-10. Abnormal uNK cell maturation, either primary or secondary to shallow extravillous trophoblast (EVT) invasion, is a possible link between a disturbed endometrial microbiome and incomplete remodeling of maternal spiral arteries, characteristic of the great obstetric syndromes (143).


[image: image]

FIGURE 3. The clinical implications of dysbiosis (abnormal microbiota) of the female reproductive tract in relation to pregnancy. Some disorders, e.g., endometriosis are indirectly related to pregnancy disorders through their negative impact on fertility. BV, bacterial vaginosis; PID, pelvic inflammatory disease; PPROM, premature prelabor rupture of membranes; RM, recurrent miscarriage; RIF, recurrent implantation failure; STI’s, sexually transmitted infections.




Late Pregnancy (Premature Delivery, Premature Rupture of Membranes, Chorioamnionitis and Placental Dysfunction)

Alteration of the ecology of the female reproductive tract has been linked to maternal and fetal health, and to adverse pregnancy outcomes (27, 79, 144, 145). The most widely studied pregnancy complication in relation to the vaginal microbiota is preterm birth (PTB) (146–148). The prevalence of a Lactobacillus-poor microbiota was inversely correlated with gestational age at delivery in some studies (38), not in others (149). Distinctive species of Lactobacilli were reported to be associated with differential pregnancy outcomes. Indeed, in two ethnically distinct cohorts, L. crispatus was associated with a low PTB risk, whereas L. iners was not (42). Also, Gardnerella was also associated with PTB and coexisted with L. iners, but not with L. crispatus (42). Based on these findings, a model was suggested to help describe the interplay between key vaginal bacterial species: the presence of G. vaginalis correlates with adverse outcomes, such as PTB and symptomatic Bacterial Vaginosis (BV); G. vaginalis and L. crispatus are strongly mutually exclusive, while this is not the case for L. iners and Gardnerella (150). Comparison of vaginal samples of 90 women who delivered at term and 45 women with preterm birth suggested that a specific signature: the presence of BV-associated bacterium (BVAB) 1, Prevotella cluster 2, Sneathia amnii and BVAB-TM7 in early pregnancy, may be useful for prediction of PTB risk, particularly in high-risk populations of African ancestry (147).

Abnormal vaginal colonization in the second trimester was also associated with an increased PTB risk (151). Similarly, in a predominantly African-American population, an increased vaginal microbial community richness and diversity between the first and second trimester was associated with PTB (152). In addition to decreased Lactobacillus spp., specific pathogens have been linked to PTB in different populations, such as Klebsiella pneumonia, Gardnerella, Ureaplasma and other genera, including Prevotella, Atopobium, Sneathia, Gemella, Megasphaera, Dorea, Streptococcus, and Escherichia/Shigella (38).

At this point, although one out of four preterm births appears to be associated with intra-amniotic infection, and some associations between microbial states or abundance of individual species with PTB have been reported, it does not appear clear whether changes in the bacterial communities of the lower genital tract allow for a clear identification of women at risk (144). A recent overview summarizing studies on the association between vaginal microbiota and PTB emphasized the methodological heterogeneity, and scarcity of, studies in the field (146). Overall, research on the topic has produced conflicting outcome, often related to ethnical background of the women included and the associated risk degree of PTB. Nonetheless, more recent studies more consistently report an association between vaginal dysbiosis and PTB, possibly resulting from the improved understanding of the contribution of L. iners to this association (146).

Multiple studies provide evidence of placental and amniotic fluid microorganisms affecting miscarriage, chorioamnionitis, premature rupture of membranes (PROM), stillbirth, preeclampsia (PE), and intra uterine growth restriction (IUGR) rates (143, 153). In some cases of spontaneous preterm delivery, microorganisms have been found to invade the amniotic cavity, leading to increased maternal/neonatal morbidity and mortality (154). Infectious bacteria gain access, typically via ascending route and/or perturbations of the vaginal microbiota and can have an adverse impact on pregnancy outcomes (146). Chorioamnionitis is an inflammatory disease of the extraembryonic membranes, placenta and amniotic fluid due to microbial invasion mostly commonly Ureaplasma and Mycoplasma spp. infections (155). Culture-dependent studies identified members of the genera Prevotella, Bacteroides, Peptostreptococcus, Gardnerella, Mobiluncus and genital mycoplasmas in the placentae of women delivering preterm with or without PE, suggestion the involvement of multiple bacterial strains (15). In line with this, antibiotic treatments have not reduced the rates of preterm birth, suggesting that a single inflammatory/infectious pathway may not fully explain the problem (144). In contrast, DNA-based investigations of the placental microbiota in PTB showed increased enrichment of Burkholderia spp. and an increased relative abundance of Alphaprotoebacteria and Actinomycetales and mixed non-cultivable anaerobes (15). However, in case of chorioamnionitis a higher abundance of Streptococcus agalactiae, Fusobacterium nucleatum and Ureaplasma parvum was reported (15). These results fuel the debate whether a prenatal bacterial microbiota really exist (45). In physiological pregnancies or in the presence and absence of active labor, many “causal” microorganisms or their DNA are detectable in the placenta and amniotic fluid (156, 157). Since microbiotal ratios of specific microbial species change throughout gestation, the placental response to such environmental cues possibly does as well (158). This is supported by the observation that PIF is differently expressed in the placenta throughout gestation or in response to an inflammatory insult (109). Since, as of yet, the amniotic fluid and the membranes are not available for non-invasive sampling, the time of onset of chorioamnionitis is not available for clinical stratification and decision making. Besides placental inflammation, systemic inflammation in concert with oxidative stress and endothelial dysfunction plays a role in pregnancy complications such as IUGR or PE (159).

The interaction of vaginal and endometrial microbiota with local maternal components modulates the maternal immune system. Although the contribution of the fetal immune system to this interplay is currently unknown, it is conceivable that when the fetus initiates an inflammatory response, premature labor may impose a risk to fetal wellbeing. Conversely, there is an inherent risk that the fetus may be injured by a longer stay in utero either directly through microbial toxins or through proinflammatory cytokines. This delicate balance between maternal and fetal needs possibly dictates the course and outcome of pregnancy and may contribute to long-term health of the offspring. This may be another example how future health is primed by the intrauterine environment according to the principles of the DOHAD (Developmental Origins of Health and Disease) hypothesis (160).



FUTURE PERSPECTIVE


Diagnostic Challenges

As discussed throughout this review, one of the major limitations in microbiome research is the diversity of the techniques used and the databases linked to those techniques to identify individual species and determine the composition of microbiota. Such differences potentially introduce significant variations in analysis and constitute a major source of difference in interpretation of data. Although currently no compelling evidence points to the existence of a universal mammalian placental or fetal microbiota, consensus on the importance of uniform technological and analytical approaches warrants further investigation into standardization of microbiota research and incorporating geographical, ethnic and societal data (45) (Table 1). These recommendations are general for all microbial community profiles, including the female reproductive tract microbiota, and are expected to reduce variation and inconsistency between studies on microbiomes.


TABLE 1. Steps to obtain reliable microbiota*.

[image: Table 1]Moreover, most of the techniques described have not undergone rigorous validation steps and certification by regulatory organs, such as the European commission in vitro diagnostic (CE-IVD) label or the American Food and Drug Administration (FDA) approval, limiting their commercial availability. The availability of CE-IVD-certified microbiome analysis tools would meet part of the recommendations (see: Table 1) and allow more reliable comparisons between studies in different countries and settings. Besides the widespread Next-Generation Sequencing (NGS) approaches, our group developed another detection technique called IS-pro, first described in 2009 (161). The IS-pro test is already CE-IVD certified and is currently being used in many different disease profiling activities and applications including analyses of the vaginal microbiome as a predictor for outcome of in vitro fertilization (133). A wider application of this technique to study the role of reproductive tract microbiome in various pregnancy complications is expected to be available in the near future.



Fundamental Research Developments and Directions

The general concept of interactions between commensal microbiota and human cells has recently been embraced as a principal of human physiology. The realization that a dysbalanced and/or harmful microbiotal composition frequently correlates with specific clinical conditions, has led to a sharp rise in studies on host-microbiota interaction over the last decade (25, 55, 114, 162, 163). Although it is becoming increasingly clear that the interplay between host and microbiota also affects human reproductive biology, the exact molecular mechanisms underpinning these interactions are far from understood.

All long-lasting physiological adaptations of cells and tissues in response to altered environmental conditions have their basis in altered epigenomic programming. Environmental changes are detected by a myriad of cellular sensing mechanisms and, via signal transduction routes, ultimately reach the nucleus where environmental cues are translated to epigenetic regulation and chromatin remodeling. This epigenetic regulation of genetic input and potential environmental cues underlies maternal physiological plasticity and embryonal development during gestation. Programming of immune cells during immunological responses is mediated by cellular stress responses and is typically accompanied by metabolic changes in the cell. Prolonged disturbance of these interactions is associated with the development of immunological disorders, such as chronic inflammatory conditions (164). The close link between cellular metabolism and epigenetic responses has its origin in early evolution, has enabled multicellularity and is closely connected to organismal survival (165). Hence, fine-tuning of epigenetic control occurs in conjunction with cellular metabolic status, as available energy ultimately directs and limits cell responses. Recent advances in this field have identified oxygen, numerous metabolic intermediates, cellular reduction (NADH, FADH2) and energy equivalents (ATP, GTP), as direct molecular effectors of epigenetic regulatory activity (165). Conversely, cellular metabolic adaptation is controlled by epigenetic regulation, substantiating the reciprocal nature of the physiological interaction between metabolism and epigenetics (166). Sex hormones, metabolic profiles, nutrition, maternal stress, drugs, smoking and air pollution represent obvious examples of environmental cues that, via active modulation of epigenetic regulatory mechanism.

Interestingly, microbial metabolites, among which Short-Chain Fatty Acids (SCFA), like acetate, butyrate and propionate, are known to harbor the ability to alter epigenetic status of numerous cell types; studied examples thereof include the effect of such compounds on immune cells (78). In the context of human reproduction, it is conceivable that microbial metabolites, directly (e.g., via SCFA) or indirectly (e.g., acidification, alkalization, inflammatory responses), can either support (healthy microbiota) or upset (unbalanced/harmful microbiota) local cell-cell communication and tissue physiology and adaptation. As such, all relevant reproductive processes, including fertilization, implantation, placentation, immune tolerance, embryonal development, infant and adult health and may be harmfully altered by dysbiosis (167). Such gene-environment interactions are yet to be examined in detail in the context of reproductive health and disease.



Therapeutic Opportunities

Given the association between pregnancy complications and microbiota, the question of modulation strategies is valid. Postnatal dietary strategies, including human colostrum/milk or prebiotics/probiotics, reduce morbidities in preterm infants (163). Evidence of prenatal strategies to support reproductive success and fetal health is slowly emerging: modulation of early microbiota in pregnancy shows promising effects (168). Maternal bacteria were shown to enter the gastrointestinal tract of the fetus (169) and microbiota alteration in the neonate and placenta is detectable in pregnant women receiving probiotics (170) but still under debate (14).

Recently our group published a meta-analysis on the relation between vaginal microbiota and early pregnancy development after IVF and the effect of probiotics thereon (71). It provides an overview of published studies describing long term modulation of the vaginal microbiome using Lactobacillus-based probiotics. Patients were often treated by Metronidazole, and followed up with a Lactobacillus-based probiotic. Besides lactobacillus-based probiotics, mixtures of Lactobacillus, Bifidobacterium and Streptococcus strains were also used in different studies (71). Further studies assessing the potential to modulate pregnancy outcomes are needed.

The notion that the neonatal immune system can be shaped by early fetal microbial colonization by inference implies that reciprocal interactions between the host and microbiota exist (171). This hypothesis is in line with the evidence that factors like PIF mediate maternal immune tolerance during pregnancy (108). Fine tuning of immune modulation is not only relevant for embryo implantation but also for defense against potentially harmful microbes. An exaggerated maternal immune response is putatively linked to preterm birth and fetal loss (172). Therefore, a novel strategy could be the maternal immune system modulation by synthetic PIF (110). Inflammatory challenge during pregnancy results in endogenous PIF expression and additional administration of synthetic PIF could prevent fetal loss.

The neonatal microbiota, mainly that of the gut, skin and oral cavity, has long been postulated to be acquired postnatally known as “postnatal microbiota seeding”. Alternatively, the hypothesis of perinatal microbiota transfer and its potential relevance to infant and adult general health is gaining attention. Given the importance of transfer of maternal microbiota to the child via colonization, the significance of birth mode is of high interest (173). Vaginal birth exposes the baby to maternal vaginal and intestinal microbiota, whereas cesarean section limits exposure of the newborn to parental dermal microbiota and any microbes present in the surgical theater. The “prophylactic” antibiotic treatment of the mother during labor or cesarean section may aggravate any effect of non-natural birth on colonization and may also negatively affect intestinal microbiota of the offspring (174). Hence, birth mode may have long-lasting effects on the composition of the newborn gut microbiome, and predispose for adverse health outcomes (174). The notion that cesarean delivery deprives the infant of exposure to vaginal microbiota and consequently leads to neonatal dysbiosis has led to the popularized, yet unsubstantiated and potentially hazardous practice of “vaginal seeding”. In a pilot study of 18 mother-infant pairs, there was partial restoration of microbiome (mainly of the skin and oral cavity and less so of the gut) in infants exposed to vaginal fluids from a vaginally placed gauze after cesarean delivery (n = 4), compared to non-exposed infants (n = 7), and resembling the microbiome of vaginally delivered infants (n = 7) (175). This widely cited trial was criticized for the small sample size and the potential bias from confounders such as intrapartum antibiotic prophylaxis and maternal BMI (173, 174). Although postnatal vaginal seeding altered newborn intestinal microbiota composition over several months, this intervention is believed to introduce an inherent risk of transferring pathogenic microbes (e.g., HPV, GBS) onto the newborn (176). For this reason, perinatal seeding is currently not encouraged as standard practice by the American College of Gynecology and Obstetrics (177). Whether and how vaginal seeding has any long-term beneficial health effects for the offspring requires large properly conducted studies with robust microbiome analysis.

As microbiota represents an environmental factor which affects host-microbe interactions at the epigenetic level, detailed understanding of the molecular workings of the close functional interplay between host cell systems and microbiota holds the promise that therapeutic intervention strategies can be designed for the benefit of general and reproductive health. These include the use of probiotics, beneficial microbial metabolites, rational diets and/or (ant)agonists of specific biological response pathways (162). Combined the research cited in his review define opportunities for modulation of the female reproductive tract microbiota, while harnessing its protective and immuno-regulating role during pregnancy. Such opportunities should take into consideration individual differences in microbial communities, and tailor therapeutics to different anatomical and gestational factors in an attempt to provide precision tools for reproductive health.



CONCLUSION

The composition and interaction of the female reproductive tract microbiome with the host not only shape the mothers’ physiology and health during pregnancy, but also that of the fetus in accordance with the developmental origins of health and disease principles. Scientific knowledge on and insight into the properties and workings of human microbiota has increased over the last decade. However, the definition and possible implications of beneficial versus harmful microbes in physiological and pathological pregnancies is just beginning to emerge. A growing body of evidence associates stability of reproductive tract microbiota to reproductive health and maternal-fetal status during gestation, in which the interplay between microbiota and the maternal immune response takes up a prominent position. The important question of whether and how reproductive tract microbiota can be modified during and beyond pregnancy is under debate and awaits solid confirmation. The challenge for future research is to deliver standardized and validated reference methods for comparative analysis and interpretation of reproductive tract microbiomes, in order to understand their role in various clinical disorders and test the implementation of individualized therapies in large prospective trials.
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Recent metagenomics and microbiology studies have identified microorganisms that are typical of the fetoplacental unit. Considering this emerging evidence, the placenta, uterus, and the amniotic cavity are not sterile and not immune privileged. However, there is evidence for a beneficial interaction between active maternal immune system and the presence of commensal pathogens, which lead to an immune-tolerant state, thereby preventing fetal rejection. Multiple conditions associated with the loss of the normal flora are described (dysbiosis), which could result in perinatal and puerperal adverse events, including, directly or indirectly, postpartum hemorrhage. Altered flora when associated with a severe proinflammatory state and combined with patient's genetic and environmental factors confers a high-risk adverse outcome. Better understanding of the adverse role of dysbiosis in pregnancy outcome will improve maternal outcome.
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IMMUNOLOGY OF PREGNANCY AND THE ROLE OF UTERINE AND PLACENTAL MICROBIOTA

In pregnancy, there is an increased predisposition toward infectious complications secondary to the transient and physiological immunocompromise. The amniotic cavity and choriodecidual junction have been traditionally described as immune-privileged entities, free of inflammatory response or microbiological growth. Nevertheless, the presence of infiltrating cells belonging to the maternal immune system in the choriodecidual region has been recently reported. Approximately 70% of decidual leukocytes are natural killer (NK) cells, 20 to 25% are macrophages, 3 to 10% are T cells, and 1.7% are dendritic cells. The described immune cell composition suggests that the rejection response that would be triggered by the implanted semi/allogeneic blastocyst, just like an allotransplant, is prevented. Paternal contribution has been considered as an exogenous component, translated to persistent immune tolerance to maternal cell infiltrates, thereby avoiding rejection processes (1). However, the theory of a decrease in immune response still remains controversial, especially because immune tolerance is necessary for a favorable pregnancy outcome. It is known that inactivation of NK cells could interfere with regulation of trophoblastic invasion contributing to abnormal placentation, which is a predisposing factor to postpartum hemorrhage (PPH) (2). Additionally, transduction of inhibitory factors involved in the inflammatory cascade such as FAS and FAS-L–associated ligands could result in miscarriage or stillbirth due to difficulties to maintain pregnancy (1). There are two proinflammatory processes related to pregnancy, predominantly represented by a TH1 response (it was previously considered to be absent during gestation and associated with adverse perinatal outcome). However, both the implantation process and labor involve, to some degree, inflammatory processes (1).

On the other hand, partial suppression of the TH2 response is required for fetal growth and development. Maternal dendritic cells that are found in the decidua present fetal antigens to maternal T lymphocytes seeking immunological tolerance. In contrast, in organ transplants, dendritic cells belonging to the transplanted organ present foreign antigens to the host's T lymphocytes (1). During this stage of gestation, anti-inflammatory cytokines are also synthesized to avoid adverse outcome. Regardless of the presence of decidual inflammatory cell infiltrates, trophoblastic development stimulates cytokine/chemokine release, such as [CXCL12, interleukin 18 (IL-18), and transforming growth factor β], promoting infiltration of immune system cells. This has been thought to improve pregnancy homeostasis, and any disturbance with this process could alter the pregnancy's outcome (3).

Additionally, recent advances in metagenomics have shown that the placenta harbors its own rich and diverse microbiota, which has been studied and described in healthy pregnancies (4). Altered placental microbiota (dysbiosis) induces a proinflammatory state leading to adverse maternal outcomes such as preterm labor, chorioamnionitis, premature rupture of membranes, intrauterine growth restriction, and even PPH (5).

The precise role of the uterine and placental microbiota in inducing immune tolerance to maternal and paternal antigens during gestation is still not clear. It is viewed that the microbiota works synergistically with the maternal inflammatory infiltrate and the trophoblast, preventing rejection (1). This likely related to the trophoblastic, macrophage, and decidual cell synthesis of the Toll-like receptor 4. This receptor induces interferon type 1 when exposed to microbial lipopolysaccharides that is present in the normal microbiota (1). Interferons are polypeptides that have 3 basic roles: (1) develop antimicrobial environment, (2) modulate the innate immune system, and (3) activate the adaptive immune system. In this way, the microbiota present in the maternal–fetal interface could be responsible for the basal expression of peptides, allowing modulation of the maternal immune system during fetal development and preventing the colonization by pathogenic microorganisms (1).

Yet, it is fundamental to recognize the existence of microorganisms that are present in fetal meconium and umbilical cord blood (6, 7). This confirms that the fetus is not sterile and that possibly the maternal microbiota is essential for development of the fetal microbiota, as well as acts as initiating stimulus for the fetal and neonatal innate immune system (4).

It becomes evident that the presence of microorganisms in these areas might not lead to adverse perinatal outcomes. In contrast, it could lead to the development of protective mechanisms to avoid such adverse outcomes. Different environmental or innate factors could alter the usual composition and function of microbiota during pregnancy. These processes allow pregnancy preservation and the normal uterine function during the immediate puerperium.



COMPOSITION AND VARIATIONS OF UTERINE, PLACENTAL, AND VAGINAL MICROBIOTA

Generally, human microbiota's composition depends on its location, the host's genetic composition, dietary intake, and immune status (4). The female's reproductive system's microbiota changes according to her hormonal status during the menstrual cycle, as well as during the perigestational period (preconception and postconception) (4). Non-pregnant woman's vaginal microbiome has a great variety of microorganisms, with significant changes related to hormonal influx, age, and estrogen concentrations, which condition the acidity of the vaginal environment. This composition prevents the colonization of pathogens that do not belong to the vaginal milieu (5). More than 20 species of Lactobacillus species have been described, a dominant species in quantity as compared to the other commensal microorganisms. They oversee the production of lactic acid and compete for the vaginal wall surface (nutrients and cellular receptors), avoiding colonization by other pathogens. In a lesser proportion, there are also anaerobic organisms such as Prevotella, Megasphaera, Gardnerella vaginalis, Sneathia, and Atopobium vaginae (5).

The interaction between host microorganisms and those taking place among microorganisms start before birth and tend to vary among individuals especially due to their hormonal status. This leads to a high concentration of Lactobacillus species, Propionibacterium species, and Enterobacteriaceae presence during pregnancy in the healthy placental tissue (infection-free) (8–10). It is still unclear how microorganisms manage to enter the fetoplacental compartment. It is believed that the bacteria can ascend through the vagina and can be transported by antigen-presenting cells and carried into the amniotic cavity or colonize by hematogenous dissemination. The ascending path gains relevance considering the great portion of the vaginal microbiota that are incorporated in the placental microbiome are Lactobacillus species (5).

In a pregnant woman, it has been demonstrated that the composition of vaginal microbiota tends to fluctuate less than in a non-pregnant woman. During this period, Lactobacillus bacteria continue to prevail, but with the increase in four additional strains (Lactobacillus crispatus, Lactobacillus jensenii, Lactobacillus gasseri, and Lactobacillus vaginalis), leading to a decrease in anaerobic species. The increased estrogen levels in pregnant women lead to increased deposits of glycogen in the vaginal epithelium, which provides a better substrate for the growth of Lactobacillus, as well as the possibility for higher protective lactic acid production (5).

Several studies confirmed that during pregnancy Lactobacillus strain-specific vaginal microbiome could change according to the gestational age (11, 12). In a longitudinal study of the vaginal microbiota of 22 patients with non-complicated births, slight and occasional changes among diverse communities of Lactobacillus were found. However, the changes related to anaerobic bacteria predominance were rather rare (13). These changes were associated with lesser hormonal variability during gestation, decrease in sexual activity, or changes in production of vaginal secretions (5).

Microorganisms from the oral cavity and the gastrointestinal tract such as Enterobacteriaceae have been found in the placental environment. This has been associated with increased immune tolerance during pregnancy, which enables bacterial translocation from the gastrointestinal system to the bloodstream. This would create an access through the blood stream from different organ systems toward the uterine cavity (4).



PLACENTAL MICROBIOTA BEHAVIOR IN PREGNANCY WITH ADVERSE OUTCOMES

The microbial invasion (with non-commensal microorganisms) of the fetoplacental junction has been associated with maternal and neonatal morbidity. Studies showed the existence of different microorganisms in the placenta and the amniotic cavity with miscarriage, chorioamnionitis, premature rupture of the membranes, preterm birth, and stillbirth (14, 15). However, new evidence has also determined that the same type of pathogens might be present in births without associated complications. Therefore, genetic and/or environmental mechanisms may enable the progress of adverse perinatal outcomes due to the existence of the germs in a specific gestational stage (4). Alterations in the placental and amniotic microbiome can be associated with different pathologies during gestation, as well as can be associated with bacterial vaginosis (4).

Studies based on the analysis of nucleic acids of the placental tissue in pathologic pregnancies showed a predominance of anaerobic germs over beneficial Lactobacillus. The placental tissue analyzed in cases of preterm birth have found a higher number of Prevotella, Bacteroides, Peptostreptococcus, Gardnerella, Mobiluncus, and Mycoplasma species (16–19). Streptococcus agalactiae, Fusobacterium nucleatum, and Ureaplasma parvum species have been found in women with chorioamnionitis at a higher proportion (4). These microorganisms tend to have lower virulence outside the intrauterine environment. For example, F. nucleatum is an anaerobic microorganism that is generally located in the oral cavity mucosa. Nevertheless, the hematogenous spread of the same bacteria toward the placenta modifies the endothelial permeability of placental vasculature, which allows the entrance of other pathogenic organisms locally including Escherichia coli (5).

The analysis of oral bacteria such as Fusobacterium or Capnocytophaga in the placenta samples of women with preterm birth has been linked to periodontal disease that developed toward the end of gestation (20, 21). However, it is important to recognize that not only microorganisms from the oral cavity have been associated with these types of modified flora. As pregnancy progresses, there is a change in the gastrointestinal microbiota related to hormonal variations. Studies have shown dramatic changes in the composition of fecal flora of pregnant women from the first trimester until the third trimester, with increases in Proteobacteria and Actinobacteria content and decreases in Lactobacillus (5). This modification in colonizing germs may benefit from physiological changes in the maternal immune milieu, mostly becoming evident toward the end of the pregnancy. Such altered flora is translocated toward the bloodstream, reaching the amniotic and placental cavity, and creating a proinflammatory environment.

The ascent of vaginal colonizing pathogens to the uterine cavity has been etiologically linked with preterm birth. Hormonal and changing maternal environments lead to decrease in Lactobacillus species, allowing the colonization and access of pathogenic germs to the uterine cavity (5). A prospective cohort of 88 patients examining this association concluded that there is a correlation between microbial vaginal diversity and the progress to preterm birth (5). The pathogens that do not belong to the vaginal microbiota promote inflammatory mechanisms affecting the fetus and choriodecidual tissues. For example, secondary intra-amniotic infection due to unusual microorganisms triggers an inflammatory cascade associated with a large increase in the release of prostaglandins, metalloproteinases, and proinflammatory cytokines, which promote uterine activity leading to a major decrease in cervical collagen content (5).



THE RELATION BETWEEN PLACENTAL AND UTERINE MICROBIOTA AND POSTPARTUM HEMORRHAGE

The changes in the uterine and placental microbiota could determine an increase in PPH risk. After delivery, a state of acute postpartum myometritis with local inflammatory phenomena is seen, and the secondary dysbiosis causes muscular fatigue leading to PPH. This causality has been demonstrated in patients having significant hemorrhagic episodes of unclear etiology (22).

The most frequent cause of PPH is uterine atony (75% of cases). Multiple risk factors antepartum and intrapartum have been described for this clinical presentation (23), in those where it could be correlated with modification of the microbiota. For some of these risk factors, it is plausible and of clear etiology that explains the myometrial fiber dysfunction inability to contract. However, in many cases (up to 30% of the patients do not have risk factors), the phenomena could be secondary to local dysbiosis (22). Through immunofluorescence studies of uterine cavity samples, an increased association of inflammatory cells such as neutrophils, macrophages, and mastocytes was evidenced in patients with PPH of unclear etiology as compared to patients without associated hemorrhagic episodes. These immune cells are a principal source for chemical mediators exerting potent effect on the smooth vascular and uterine muscle. The accumulation of local uterine exudate that is associated with inflammatory response in interstitial spaces progresses to stromal edema and damage to uterine contractile function (22).

The term “acute postpartum myometritis” has been proposed to define local inflammation when there is no association with infection. Therefore, many theories related to the exposure of the maternal blood to amniotic fluid or fetal tissue have been suggested. This might promote the activation of the complement system, leading to increased neutrophil and macrophage activation and infiltration, as well as mastocyte degranulation in uterine and placental tissues, with the same deleterious effect on uterine contraction (22). Nevertheless, changes in the uterine microbiota and infiltration by pathogenic organisms (infection) may lead to the same response as described above. With this emerging insight, the local dysbiosis followed by activations in inflammatory cells and changes described in myometrial tissue could directly be associated with the development of PPH.

Similarly, Table 1 lists the diverse risk factors medium and high resulting in PPH as they possibly are related to the altered microbiota. Most of such direct causality has not been established yet. At this point, they remain presumptive based on the paucity of available evidence while it opens the possibility for pursuing new lines of clinical investigation.


Table 1. PPH risk factors and uterine microbiome alterations.
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For some risk factors, the relationship with the altered microbiota is better defined. Maternal obesity or overweight is directly related to inflammatory mechanisms active in placental tissue, conditioning dysbiosis, and anomalies regarding fetal well-being (4). The increase in adipose tissue and the associated peripheral insulin resistance lead to an increase in cytokine levels that act directly to increase pathology severity (5). For instance, in diabetic patients, a decrease in Acinetobacter load in the gastrointestinal tract (a commensal organism in this location) was coupled with a decrease in eosinophilic levels and reduced placental anti-inflammatory gene expression, including IL-10 (4). These potential pathological mechanisms are currently being further investigated (26).

Acute and chronic abruptio placentae cause significant maternal and perinatal morbidity. However, at present, it is frequently difficult to establish a direct correlation because of the absence of appropriate placental monitoring (27). However, the clinical manifestations with altered patterns of uterine contractility and the increase in incidence of preterm birth cases, premature rupture of membrane, and preeclampsia support the hypothesis of a contribution by the presence of dysbiosis as an underlying physiopathology.

The most accepted hypothesis for placenta accreta etiology states that it is a spectrum of endometrial interface imperfection that leads to failed decidualization in the area of uterine scar, allowing an abnormal and profound anchoring of the villous trophoblast. What is the role of the microbiota in these abnormal implantation phenomena? That is a question that has not been addressed yet. However, there is evidence for the presence of proinflammatory biomarkers that identify such increased risk, which suggest involvement of dysbiosis in the placenta and amniotic cavity in patients with placenta accreta (28).



CONCLUSION

Microbiological load, typical of the human being, turns out to be beneficial and necessary in all areas in the body. Nevertheless, until recently, the amniotic cavity and the fetoplacental unit were considered as an immune-privileged area and free of associated inflammatory processes. The current evidence indicates that inflammatory mechanisms and the immunotolerance together are both necessary and coexist. It is possible that modification of the beneficial microbiota that is required for maintaining pregnancy leads to immune intolerance. Such enables development of a proinflammatory state leading to preterm birth, premature rupture of membranes, stillbirth, and PPH. It is very important to broaden the microbiology and metagenomics investigations that allow recognizing the high impact of these types of associated phenomena, especially PPH, recognized worldwide to be associated with high lethality. Possibly by avoiding development of maternal dysbiosis, this huge clinical burden could be reduced.
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Hormonal changes during and after pregnancy are linked with modifications in the maternal microbiota. We describe the importance of the maternal microbiota in pregnancy and examine whether changes in maternal microbiotic composition at different body sites (gut, vagina, endometrium) are associated with pregnancy complications. We analyze the likely interactions between microbiota and the immune system. During pregnancy, the gastrointestinal (gut) microbiota undergoes profound changes that lead to an increase in lactic acid–producing bacteria and a reduction in butyrate-producing bacteria. The meaning of such changes needs clarification. Additionally, several studies have indicated a possible involvement of the maternal gut microbiota in autoimmune and lifelong diseases. The human vagina has its own microbiota, and changes in vaginal microbiota are related to several pregnancy-related complications. Recent studies show reduced lactobacilli, increased bacterial diversity, and low vaginal levels of beta-defensin 2 in women with preterm births. In contrast, early and healthy pregnancies are characterized by low diversity and low numbers of bacterial communities dominated by Lactobacillus. These observations suggest that early vaginal cultures that show an absence of Lactobacillus and polymicrobial vaginal colonization are risk factors for preterm birth. The endometrium is not a sterile site. Resident endometrial microbiota has only been defined recently. However, questions remain regarding the main components of the endometrial microbiota and their impact on the reproductive tract concerning both fertility and pregnancy outcomes. A classification based on endometrial bacterial patterns could help develop a microbiota-based diagnosis as well as personalized therapies for the prevention of obstetric complications and personalized treatments through nutritional, microbiotic, or pharmaceutical interventions.
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Introduction

The human body is host to a community of microorganisms, including viruses, bacteria, and fungi. The bacterial component of this community, the microbiota, is known to influence health given its symbiotic relationship with the human host.

Vertical transmission of bacteria from mother to newborn contributes to developing the microbiota of the infant gastrointestinal (gut); emerging evidence suggests that this influence may begin in utero (1).

Important changes in the maternal gut microbiota have been observed during pregnancy. These changes are associated with an increase in maternal body weight and dietary changes. Physiological maternal metabolic modifications maintain maternal hyperglycemia and provide glucose to the growing fetus (2). The growth of bacterial species that can synthesize glycogen is stimulated in the presence of increased concentrations of glucose (3). In fact, the transcriptomic pattern of the maternal gut microbiota shows microbiotic changes related to hyperglycemia, especially in the third trimester (4).

The maternal gut microbiota may influence the growth of bacteria in the newborn’s gut, affecting its function and the development of the immune system (5). How the microbiota impacts the immune system in the short and long terms is a critical concern. The microbiota is involved in the regulation of T cell expansion, the development and function of macrophages, and neutrophil chemotaxis (6–8). A major contribution to this debate illustrates how the transient colonization of pregnant female mice with engineered Escherichia coli may modify the levels of intestinal innate immune composition in mother and offspring. This suggests that gut maternal microorganisms may play a role in the regulation of the immune system of newborns (9). Vitamin synthesis, gut barrier function, and development of the immune system are essential functions of human health that develop alongside the expansion of the gut microbiota (9). Thus, any changes in the maturation of the gut microbiota in the infant may influence future bacterial colonization and the development of the immune system with possible health consequences.

Despite various scholarly contributions on the maternal microbiota in late pregnancy, only empirical evidence can capture changes in the maternal microbiota at this stage. To date, several factors have been known to influence the human microbiota, such as ancestry, antibiotic use, lifestyle, dietary habits, exercise frequency, and body mass index (BMI) (10). This means that there is no unique health or disease indicator related to the microbiota, yet each individual has a different microbiota from that of others. Consequently, evaluating the microbiota in early pregnancy or even before pregnancy may be a useful tool to enable a personalized approach. Demonstration that an altered microbiota may be linked to maternal and fetal complications is an important target in personalized medicine.



The Maternal Microbiota and Pregnancy Outcomes


The Gastrointestinal Microbiota

During pregnancy, maternal fat deposition and food intake increase progressively. In the second and third trimesters, maternal metabolic changes include increased gluconeogenesis, lipolysis, and insulin resistance. Such an acquired diabetogenic condition is functional and induces maternal physiological hyperglycemia, which, in turn, increases glucose availability for the growing fetus. Therefore, significant changes in the maternal gut microbiota occur during pregnancy (2, 4, 11). Although scholars have explored the maternal microbiota in the third trimester of pregnancy, data on the changes in maternal microbiota during early pregnancy are scarce (2, 4, 11, 12).

The gut microbiota in the first trimester of pregnancy resembles the microbiota of healthy nonpregnant women (2, 4, 11). Women have unique gut microbiota that can be classified into different classes or enterotypes. In turn, these are characterized by different groups of bacteria (13, 14). Currently, three classes of enterotypes are recognized, each with its dominant group of bacteria: enterotype I, which is characterized by the presence of Bacteroides; enterotype II, characterized by Prevotella; and enterotype III, dominated by Ruminococcus. The three enterotypes have different and specific functions, producing energy from carbohydrates or proteins (13, 14). A different enterotype characterizes each individual and can be modified by various factors, including diet and BMI (15, 16). Recently, Barret et al. (16) analyze the maternal intestinal microbiota in early pregnancy by comparing an omnivorous diet to a vegetarian one. Women consuming a vegetarian diet showed an increase of bacterial clusters involved in lipid synthesis, which suggests alteration of fermentation and presence of bacterial species producing large amounts of short-chain fatty acids (enterotype II). Studies on gut microbiota in a sample of African women detect the prevalence of enterotype II (Prevotella). A diet rich in vegetables with low consumption of animal proteins and lipids allows the growth of bacterial clusters, which degrade the mucin-type glycoproteins that cover the gut mucosal layer. Conversely, a European diet rich in animal protein and lipids is associated with enterotype I (Bacteroides). This enterotype produces energy from proteins and carbohydrates (13, 14, 16).

An obese state has also been associated with microbiotic composition during gestation (2, 11, 17). Levels of Bacteroides and Staphylococcus are higher in the feces produced by overweight pregnant women compared to those with a healthy weight (17). Additionally, in overweight and obese pregnant women, insulin and adipokines (adipose tissue–derived cytokines) correlate with alterations in bacterial abundance, confirming an association between the microbiota and the level of metabolic hormones and cytokines in pregnancy (18). The pregestational BMI contributes to an increased risk of obstetric complications through cellular and molecular processes that are poorly understood (19). Normal placental development and pregnancy success are largely dependent on angiogenic and vascular remodeling events that take place within the maternal–fetal interface (20–22). Several populations of leukocytes in the decidual microenvironment control the early stages of trophoblast invasiveness; uterine natural killer cells are the most abundant immune cell subtype within the decidua (23–26). These cells are key players in uterine vascular growth through the production of proangiogenic factors and tissue-remodeling cytokines (25–29). Obesity, accompanied by increased adipose tissue richness in macrophages, T and B lymphocytes, mast cells, and neutrophils, is associated with altered levels of proinflammatory cytokines. In addition, obese women show decreased levels of decidual uterine natural killer cells with reduced production of proangiogenic factors (30, 31).

Several studies support the hypothesis that changes in the gut microbiota during early pregnancy are associated with an increased risk of gestational diabetes and hypertension (32–35). Enriched abundance of Blautia and Ruminococcus has been observed in patients with diabetes (35). Gomez-Arango et al. (36) find that the abundance of Odoribacter, a butyric acid–producing bacterium, is negatively correlated with systolic blood pressure in pregnant women at 16 weeks of pregnancy. Lv et al. (35) find an important association between alterations in gut microbiota (dysbiosis) and early-onset preeclampsia (PE). They show that the composition of gut microbiota in patients with early-onset PE differed significantly from that in healthy pregnant women. They identified that the bacteria associated with PE were also associated with other host morbidities, including obesity, higher incidence of glucose metabolic disorders, proinflammatory states, and intestinal barrier dysfunction. In addition, these microorganisms correlated with host immune parameters, such as interleukin-6 and lipopolysaccharide (LPS), the major component of the outer membrane of Gram-negative bacteria. Overall, these findings suggest that an altered gut microbiota during early pregnancy (by acting on the maternal immune system and affecting the production of proinflammatory cytokines) may be involved in the development of pregnancy-related complications, such as early-onset PE.

In a recent study, we hypothesized that, if abnormal bacterial translocation across the epithelium occurs early in pregnancy (with LPS being a marker of increased bacterial translocation across the intestinal epithelium), then uterine innate immunity and obstetric outcome may be affected. We find that increased intestinal permeability in early pregnancy is associated with increased maternal levels of LPS, excessive inflammasome-mediated production of cytokines at the endometrial level, and last, increased risk of pregnancy loss (37, 38). Therefore, we suggest that, during early pregnancy, gut bacterial products from the intestinal lumen are translocated into the maternal circulation. This is likely associated with increased intestinal permeability and may increase the risk of obstetric complications (Figure 1).




Figure 1 | The gastrointestinal (gut) microbiota. During pregnancy, the gut microbiota undergoes profound changes with different enterotypes characterizing each woman. If abnormal bacterial translocation across the epithelium that is associated with increased levels of LPS occurs during early pregnancy, uterine innate immunity and obstetric outcome may be affected. Abnormally increased intestinal permeability during early pregnancy is associated with increased levels of circulating bacterial products and cytokines. Both events might increase inflammasome activation at the endometrial level; consequently, they increase the risk of obstetric complications during early pregnancy (figure created with BioRender.com).



During the third trimester of pregnancy, butyrate-producing bacteria with anti-inflammatory activities decline, whereas bifidobacteria, proteobacteria, and lactic acid–producing bacteria increase (2, 4, 11, 39). Additionally, the maternal gut microbiota grows less actively, reaching a stationary phase accompanied by reduced gut motility and increased intestinal permeability (2, 11, 39). Gastrointestinal modifications in the third trimester concern the host immune system of the gastrointestinal mucosa. Together with changes in metabolic, hormonal, and gastrointestinal permeability, these modifications may increase the diffusion of glucose from the gut epithelium toward the lumen and bacterial translocation. Collectively, these changes impact the composition of the gut microbiota and, consequently, maternal weight gain (4, 39, 40). Some of the proposed mechanisms by which the gut microbiota plays a role in host weight gain during pregnancy include enhanced absorption of glucose and fatty acids, increased fasting-induced adipocyte factor secretion, induction of catabolic pathways, and immune system stimulation (2, 11, 17, 39, 40).

The meaning of modifications in the gut microbiota has been investigated (2, 11, 41, 42). Notably, fecal transplantation of first- and third-trimester fecal microbiotas to germ-free mice revealed that mice transplanted with third-trimester microbiota gained significantly more weight, developed insulin resistance, and had a greater inflammatory response compared to mice transplanted with first trimester-microbiota (11). These findings demonstrate the direct role of microbiotic components in inducing changes in host immunology and metabolism. Interestingly, such modifications resemble those seen in metabolic syndrome, despite occurring in a physiological rather than pathological condition, such as being 7–9 months pregnant.

The gut microbiota during pregnancy is a critical determinant of offspring health (5, 18, 41, 42). Potentially, it determines the development of atopy and autoimmune phenotypes in the offspring (5). The commensal microbiota has a role in regulating host immunity to pathogens and autoimmune responses. Indeed, the microbiota is a source of metabolites and peptide ligands for T cell recognition, known as pathogen-associated molecular patterns (PAMPs), which are recognized by immune receptors. Microbiota-derived metabolites and PAMPs can affect target organs and activate the autoimmune cascade. This does not start after birth but may occur in the womb, engendering a predisposition of the progeny to disease (43). Despite this, the relationship between the immune system, gut microbiota, and metabolism of pregnant women is unclear.



The Vaginal Microbiota

The vaginal microbiota changes throughout a woman’s reproductive life from puberty to menopause with variations during the menstrual cycle (44). In the healthy female reproductive tract, lactobacilli are dominant. One of the key functions of lactobacilli is to activate glycogen metabolism. Glycogen produced by vaginal epithelial cells is transformed into lactic acid, inducing a low vaginal pH (3.8–4.4). This creates an unfavorable environment for the growth of pathogenic bacteria (45). Vaginal dysbiosis, which is linked to inflammatory states, is associated with adverse obstetric outcomes (Figure 2) (46). In the presence of dysbiosis, the vaginal microbiota increases the levels of vaginal inflammatory cytokines, which, in turn, increases the risk of spontaneous preterm birth (sPTB) (46–48). However, the debate on the relationship between vaginal dysbiosis and an increased risk of obstetric complications is ongoing. Several studies on the vaginal microbiota and sPTB rely on small sample sizes, primarily because data on vaginal swabs throughout pregnancy are often absent; where they exist, they show limited information on sPTB.




Figure 2 | The vaginal microbiota. The vaginal microbiota is composed of a variety of bacterial species. Alterations in lactobacilli dominance and a microbiota with high bacterial diversity are associated with an increased risk of infections, spontaneous preterm birth, and pelvic inflammatory disease (figure created with BioRender.com).



Alterations in lactobacilli dominance are likely to influence a patient’s reproductive potential. In the presence of a microbiota with high bacterial diversity, as in bacterial vaginosis, an increased risk of infections, sPTB, and pelvic inflammatory disease have been observed (47–56). Consistent with these data, an increased risk of sPTB was detected in patients with low levels of Lactobacillus and increased bacterial diversity with Gardnerella vaginalis and Mycoplasma (47–56). Presence of Lactobacillus and low bacterial diversity were detected in women with term deliveries (56, 57). Lactobacillus iners is a risk factor for sPTB in high-risk patients; however, some studies suggest that the presence of Lactobacillus crispatus in the vaginal microbiota is protective against sPTB (56, 57). Because sPTB might be related to pathogenic microbes able to ascend from the vagina, these observations suggest that early characterization of the vaginal microbiota might be a predictive marker for obstetric complications, such as sPTB.

The relationship between the vaginal microbiota and obstetric complications is population-dependent. Women of European ancestry are more likely to harbor a Lactobacillus-dominated microbiome, whereas African American women are more likely to exhibit a diverse microbiotic profile. These women are also twice as likely to be diagnosed with bacterial vaginosis and twice as likely to experience preterm birth (53). By comparing African American women with women of European ancestry, Fettweis et al. (53) find that vaginal microbiotic diversity is significantly greater in African American women. In these women, the most common profile was L. iners followed by G. vaginalis, Candidatus Lachnocurva vaginae (also known as bacterial vaginosis-associated bacterium 1), and L. crispatus. In contrast, the most common profile in women of European ancestry was L. crispatus, followed by L. iners and G. vaginalis. These results suggest that there are significant differences in vaginal microbiota related to ancestry (53); such differences might explain the observed prevalence of bacterial vaginosis and preterm birth. Vaginal dysbiosis is associated with increased levels of proinflammatory cytokines (58). Recently, Fettweis et al. (53) observed that levels of the vaginal inflammatory cytokine CXCL10 were related to the L. crispatus/L. iners ratio in patients at increased risk of sPTB, indicating a cytokine/Lactobacillus ratio as a possible predictive marker for sPTB. However, the difference between preterm and term deliveries cannot be explained only by a lack of Lactobacillus species given that many women deliver at term despite lacking Lactobacillus species. Conversely, the presence of Lactobacillus species does not guarantee a term birth, suggesting that there may be a risk associated with other causes of sPTB. Recently, Elovitz et al. (55) show that immune factors, such as beta-defensin 2, can modulate the risk independently of the presence or absence of Lactobacillus species. Indeed, high vaginal levels of beta-defensin 2 have been shown to lower the risk of sPTB. However, the reasons why some women have high or low beta-defensin 2 levels are unknown.

Despite research efforts, sPTB is one of the most common causes of neonatal death and infant mortality with consequences persisting from early childhood into adulthood; this presents families and society with important emotional and financial costs. Existing empirical evidence suggests that future population-specific studies may be able to shed light on the role of the vaginal microbiota, thereby supporting the development of therapeutic strategies. These include immune modulators and microbiome-based therapeutic approaches.



The Endometrial Microbiota

The endometrium is a site of immune surveillance where different components from the immune system work together to prevent infections and allow implantation of the blastocyst during pregnancy (59–61). When pregnancy begins, the endometrium undergoes decidualization; modifications in immune cell composition also occur (59–64). The local immune response, influenced by ovarian steroids, is essential for successful blastocyst implantation. Alteration of the endometrial immunological response during pregnancy has been linked to pregnancy complications, such as early pregnancy loss, preterm delivery, PE, and fetal growth restriction (Figure 3) (65–69).




Figure 3 | The endometrial microbiota. The endometrium is not a sterile tissue. Resident populations of microorganisms at the endometrial level have been observed. It is possible that these microorganisms might interact with the endometrial epithelium and/or alter endometrial expression of leukocytes and cytokines. Therefore, these events, either in isolation or acting together, may impair endometrial receptivity and affect adequate implantation (figure created with BioRender.com).



The endometrium is not a sterile site. Recently, due to the sequencing of specific regions of bacterial ribosomal RNA, a resident endometrial microbiota and microbiome have been defined (70–73). Early studies on the endometrial microbiota reported the dominance of Lactobacillus species. Moreno et al. (74, 75) report an association between low levels of Lactobacillus species (<90% Lactobacillus with >10% other bacteria) in the endometrial microbiota and poor pregnancy outcomes regarding implantation success and ongoing and term pregnancy rates. A further study describes an endometrial microbiota mainly dominated by Bacteroides (76). Nevertheless, the heterogeneous characteristics of the women included in these studies (obstetric history, number of previous term deliveries, demographics, and medical history) limited this research. More recently, the endometrial microbiota obtained from the tip of the transfer catheter in 70 women undergoing in vitro fertilization was analyzed (77). In line with other studies, vaginal bacterial Lactobacillus species were dominant (>70% abundance). Furthermore, Corynebacterium, Bifidobacterium, Staphylococcus, and Streptococcus were observed (73, 78). However, a key limitation of the study was the heterogeneity of the population analyzed.

Winters et al. (79) recently questioned these observations. They suggest that the transcervical catheter collection of endometrial microbiota used in previous research was more prone to contamination. To overcome this, they obtained endometrial samples from hysterectomies and found an endometrial microbiota mainly composed of Acinetobacter, Pseudomonas, Cloacibacterium, and Comamonadaceae. Notably, they report that Lactobacillus was rare in the endometrial samples they analyzed. Finally, endometrial bacterial composition was different from that of the vagina. Instead, it was correlated to that of the cervix regarding composition and bacterial load. To date, the role of the endometrial microbiota in female reproduction is not fully understood. Liu et al. (80) try to link endometrial microbiota to chronic endometritis (CE) (81–84). The gold standard for the diagnosis of CE relies on histological identification of plasma cells in the endometrial stroma (84). The impact of CE on reproductive capacity is not well known. The prevalence of CE in the general population ranges from 0.8% to 19%. This percentage reaches 30%–45% in patients who are infertile or experience recurrent pregnancy loss (85–90). The mechanisms involved in CE-related poor pregnancy outcomes include imbalance in immune cell composition in the endometrium, lower response to steroid hormones, impairment in glycodelin secretion, and altered expression of pinopodes (91–94).

Liu et al. (80) compare the endometrial microbiota of infertile women with and without CE. They obtained endometrial biopsies and postovulatory-phase endometrial fluid from 130 infertile women. They found that CE was strictly associated with an increased proportion of non-Lactobacillus bacterial taxa in the endometrial cavity although the mechanisms underlying such a correlation are unknown.

Additionally, several recent studies suggest the presence of a resident microbiota in the endometrium (95–97). Yet studies that evaluate the role of the endometrial microbiota on reproductive health are in their infancy. We speculate that the endometrial microbiota may interact with the endometrial epithelium and endometrial immune cells, ultimately resulting in impaired endometrial receptivity and defective implantation.

To date, much remains to be understood regarding the ability of bacteria to colonize the endometrium and/or establish a commensal/pathogenic relationship with intrauterine tissues (98, 99).




Conclusions

The human microbiota plays a central role in health and female morbidity. Therefore, classifying women based on bacterial patterns would allow a personalized, microbiota-based diagnosis, which could then be used to develop personalized therapies for disease prevention and personalized treatments. These treatments could be used to modulate the composition of the microbiota. Women planning to have a family could be asked to consume specific nutrients, foods, and probiotics as well as making appropriate lifestyle changes. Pharmaceutical intervention is another useful adjunct.
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1. Larger sample sizes

2. Simultaneous use of different detection methods

3. The elimination of extracellular DNA prior to molecular microbial profiling

4. rigorous controls for reagents and equipment at all steps during sample processing and analysis

5. The determination of the relative abundance of bacterial groups should be preceded by an absolute quantification of the bacterial load in samples and controls
6. Prespecified and quantified bacterial mock communities to the examined samples will help to reveal biases and identify batch effects

7

. Demonstration of metabolically active and proliferating diverse bacteria within the placental or fetal tissue will be required to prove the existence of a viable, diverse
and unigue bacterial community that merits the term microbiota.

@

. Taking into consideration geographical, ethnic and societal habits of the population

*This table is adapted from the text and advices provided in Hornef M, Penders J. Does a prenatal bacterial microbiota exist? Mucosal Immunol. 2017 May; 10(3):598-601.
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Chorioamnionitis Yes Active vaginal bleeding Yes

Oxytocin drip during >24h Yes Preeclampsia with Yes
severity criteria

Prolonged second stage of labor Yes =2 Factor dependent
Intermediate risk factors
antepartunvintrapartum

Use of magnesium sulfate No - -
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Primers Forward primer (5'-3’) Reverse primer (5'-3')

TNF-a  ACGGCATGGATCTCAAAGAC GTGGGTGAGGAGCACGTAGT
iNOS CACCTTGGAGTTCACCCAGT ACCACTCGTACTTGGGATGC
Arg-1 CTCCAAGCCAAAGTCCTTAGAG  AGGAGCTATCATTAGGGACATC
IL-12 GATGTCACCTGCCCAACTG TGGTTTGATGATGTCCCTGA

IL-10 GCTCCTAGAGCTGCGGACT TGTTGTCCAGCTGGTCCTTT
TGF-p1  CTGGATACCAACTACTGCTTCAG TTGGTTGTAGAGGGCAAGGACCT
B-actin  CTGTCCCTGTATGCCTCTG ATGTCACGCACGATTTCC

IL, interleukin; INOS, inducible nitric synthase; Arg-1, arginase-1; TNF, tumor
necrosis factor; TGF-B1, transforming growth factor beta 1.
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Term neonates
Preterm neonates

Breast feed
Formula feed

Vaginally delivered
C-section

Gut characteristic bacterial populations in
healthy newborns

Lactobacilus, Bifidobacterium
Enterobacteriaceae, Veilonella, Enterococcus,
Staphylococcus

Lactobacillus, Bifidobacterium

Bacteroides, Staphylococcus, Clostridia,
Enterococcus, Enterobacteria

Prevotella, Lactobacillus

Corynebacterium, Staphylococcus, Propionibacterium

We report the principel variables that can affect the rising abundance of a population
over another: the correspondence may concern either a genus (such as Staphylococcus),
either a family (such as Enterobacteriaceae). It learly shows that there’s nota single typical
healthy microbiota, but gut microbiota is rather a spectrum, result of al the combination
of variables that coexist in an infant.
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Change in microbial populations

BPD Decreased abundance of Lactobacillus, reduction in the bacterial
‘community turnover with increasing time from birth, decreased
colonization by Staphylococcus in the first days after birth, increased
colonization by Ureaplasma

Low diversity, persistent dominance of Enterobacteriaceae, and a

paucity of strictly anaerobic taxa including Veilonella compared to

infants with appropriate growth. Relative abundance of Klebsiefla and

Staphylococcus. Increased rate of Parabacteroides.

Los Decteased bacterial diversity with a predominance of Proteobacteria
and Firmicutes, whereas Bifidobacteria are usually found in healthy
controls. A strong relation with Fusobacteria and Tenericutes has also
been described.

EUGR

NEC Decreased baterial diversity with increased rate of Clostridia,
Enterobacteriaceae, and Staphylococcus are frequently observed; a
predominance of Proteobacteria (such as Escherichia coli and

Klebsiella) is considered strictly associated with the pathogenesis of the

disease.

Pathogenetic mechanisms involved

A decreased abundance of protective species allows a relative overgrowth of
potentially pathogen microbial populations; moreover, Ureaplasma-colonized
newborns present peripheral blood leukocytosis and less severe RDS but early
radiographic and histologic changes typical of BPD

Nutritional efficacy is dramaticaly affected by infant dysbiosis. In particular,
Parabacteroides produce acetic and propionic acid that reach the blood!
circulation, affecting the storage of sugar in muscle, liver, and fat; acetic acid is
also involved in reduced food intake due to loss of appeite.

Gut microbiota can translocate across a dysfunctional or immature intestinal
barrier, overwhelm neonatal immune system and cause sepsis; moreover,
intestinal dysbiosis is supposed to alter local and systernic immune function.
Natural prebiotics, such as raffinose, inhibit the growth of potentially pathogenic
bacteria and promote proliferation of Bifidobacterium.

Antibiotics pressure and enteral feeding generate changes in gut microbiota
which may lead to an overgrowth of potential pathogens; moreover, LPS of
Gram Negative activates TLR-4 and premature gut reacts with an exaggerated
cytokine mediated inflammatory response, which may be due to a deficient
expression of inhibitors of the NFKB pathway.

BPD, Bronchopulmonary Dysplasia; EUGR, Extra-Uterine Growth Restriction; LOS, Late-Onset sepsis; NEC, Necrotising Enterocolitis.





OPS/images/fimmu-10-02624/fimmu-10-02624-t004.jpg
Cytokine Source Cases vs. Controls

T T2 T3
IL1b Blood ns ns. ns.
Gingiva ns. 1 (12vs.36) ns.
Vagina ns. ns. ns.
ILs Blood ns. ns. ns.
Gingiva ns. ns. ns.
Vagina 1 (281vs.32) ns. ns.
I8 Blood 1 (126 vs. 24) ns. ns.
Gingiva | (105 vs. 280) ns. ns.
Vagina ns. ns. ns.
IL10 Blood ns. ns. ns.
Gingva 1 (30 vs. 10) ns. ns.
Vagna  1(33vs.9) 160vs. 22) ns.
CRP Blood ns. n.s. ns.
Gingiva | (105 vs 204) ns. ns.

Vagina ns 1(3,088vs.4,817) | (1,442 vs. 2,070)

1 significantly higher levels; | significantly lower levels; n.s., not significant.
Brackets: Means in pg/ml. All p-values: Mann-Whitney-U-test.
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Cases Controls

(n=45) (n=26)
Gestational weeks at PPROM/study inclusion Median 3140 28+1 0.033"
Range 2245354+ 1 214135+ 1
Gestational weeks at delivery Median 3242 3941 <0.001*
Range 254285+ 1 35424143
Complications at deiivery n=
- Retained placenta 3 3
- Obstructed labor 1 2
- Post partum hemorthage 1 0
- Prolapsed umbilcal cord 1 0
Cesarean section rate % a7 35 0.455°
Female neonates % a2 46 0.813°
Birth weight Grams. 1,666 3348 <0001
APGAR LS’ <7 % 21 12 0.367° ns.
pHart. <7.15 % 2 15 0.038°
Transfer to NICU % % 8 <0001

t-test; **Man-Whitney-U-Test; °Fisher's Exact test; n.s., not statistically signific
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Significance (st column) was tested using Friedman'’s tests on all pregnancy days folowed by Dunn's posttest comparing pre-pregnancy with day 18.
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