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Abstract

Although an altered vaginal microbiota has been demonstrated to affect parturition, its role in

assisted reproductive technologies is uncertain. Nevertheless, the effect of known pathogens such

as Mycoplasma tuberculosis, Chlamydia trachomatis, and Neisseria gonorrhoeae is clear, causing

subclinical changes thought to be risk factors in subfertility. The Human Microbiome Project

(HMP) has allowed for metagenomic studies to aid in characterizing normal vaginal flora. Recent

findings from the HMP demonstrate that many different species of Lactobacillus are present in the

vaginal tract, with a few that predominate. Studies that characterize the vaginal microbiome in

assisted reproductive technology support the hypothesis that colonizing the transfer-catheter tip

with Lactobacillus crispatus at the time of embryo transfer may increase the rates of implantation

and live birth rate while decreasing the rate of infection. In addition, there is some evidence that a

progesterone-resistant endometrium might increase the risk of an abnormal vaginal microbiome.
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The publication of the human genome sequence was heralded in 2001 as a notable

achievement in the field of biology.1 However, many noted that without the knowledge of

the “second genome,” namely, the genome of the microorganisms that inhabit the human

body, our understanding would be woefully incomplete.2,3 Thus, by 2007, there was a global

effort to sequence the microbiome, which is the ecological community of commensal,

symbiotic, and pathogenic microorganisms. Worldwide efforts by China, Canada,

Singapore, France, Australia, Japan, the European Union, and the United States sought to

understand the microbial community in states of good health and disease.4
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In the United States, the project was named the “Human Microbiome Project” (HMP) and

was launched in 2007 by the National Institutes of Health (NIH) as an initiative of the NIH

Roadmap for Biomedical Research.5 Although some countries like the Sino-French project

sought to understand the microbiome in states of disease like obesity, the HMP desired to

characterize the human microbiome from at least four body sites from normal volunteers,

including the vagina as a major site of study in healthy women. In reproductive age women,

the vaginal microbiota is affected by factors including age, sexual activity, pregnancy, and

exogenous hormones.5,6

Many studies have implicated the vaginal microbiota in parturition. Neonates generally

acquire intestinal microbial communities within the first week of life with relative

equilibrium reached within the first year. Infants delivered via cesarean birth have higher

rates of colonization by environmentally acquired microbes such as Clostridium difficile and

Klebsiella and Enterobacter species, and have enhanced colonization of the neonatal oral

cavity and intestine by components of the skin microbiome. In addition, the Ureaplasma

species as well as Mycoplasma hominis are associated with preterm birth (PTB).7–13

The role of the vaginal microbiome in fertility and assisted reproductive technology (ART)

is not as clear. Although known pathogens such as Mycoplasma tuberculosis, Chlamydia

trachomatis, and Neisseria gonorrhoeae can cause infertility, subclinical changes in the

microbiota in states like bacterial vaginosis (BV) are also thought to be risk factors in

subfertility. Infertility affects a substantial proportion of reproductive-aged women and men

in the United States. Data from CDC’s 2002 National Survey of Family Growth show that

among surveyed married U.S. women 15 to 44 years of age, an estimated 7.4% were

affected by infertility (defined as failing to become pregnant after 1 year of trying with the

same partner), while 12% of all women 15 to 44 years of age had impaired fecundity

(defined as difficulty in getting pregnant or carrying a child to term).14–19

In this article, we review the potential role of the reproductive-tract microbiome in ART

outcomes. We discuss the current status of knowledge, the direction of research now under

way, and a research agenda to answer the questions most likely to allow optimization of

outcomes.

The Vaginal Microbiome Environment

The urogenital site comprises 9% of the total human microbiome compared with the

gastrointestinal tract which makes up 29% of the total. The methodology to characterize

vaginal microbiome profiles is thoroughly reviewed by our esteemed contributors. Briefly,

microbiome profiles are created using via either 16S rDNA amplification by polymerase

chain reaction and pyrosequencing as shown in Fig. 1, or whole genome sequencing, as

depicted in Fig. 2. Metagenomics reveals that a majority of microbial diversity has not been

identified by traditional cultivation-based methods, and less than 1% of bacteria grows and

forms colonies on agar plates. Structure and function of the normal human microbiome

demonstrates that the vaginal site has low α diversity which measures diversity within

samples, demonstrating that the vagina has the least diverse micropopulations with a

predominance of Lactobacillus species.5,7,20
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Lactobacilli and Their Effect on Implantation

The “normal” flora of the reproductive tract includes a variety of Lactobacillus species,

which promote a healthy, supportive environment for the embryo in the pre- and

periconceptual period. Not only by their presence but also by production of lactic acid,21

hydrogen peroxide (H2O2)22, bacteriocins, antibiotic toxic hydroxyl radicals, and

probiotics,23 do lactobacilli promote a supportive environment for implantation.

Since 1928, when Stanley Thomas identified Lactobacillus acidophilus, cultivation-based

techniques continued to improve dramatically; between those and the recently developed

cultivation-independent molecular-based techniques, over 20 lactobacilli species have now

been identified in the genital tract environment.24–30 Lactobacillus comprises 90 to 95% of

the total bacterial count in the reproductive tract, with four species showing numerical

dominance: Lactobacillus crispatus, Lactobacillus iners, Lactobacillus jensenii, and

Lactobacillus gasseri.24,25,29,31–37 Jakobsson and Forsum obtained similar results in 2008

while checking for changes in the cultivatable genital tract flora during the in vitro

fertilization (IVF) cycle.38 The Lactobacillus species and their proportions differ among

human races and geographical locations,24 and nutrition may have some effect on the

diversity as well, as it affects the gastrointestinal Lactobacillus species.39

Two main attributes of lactobacilli have been shown to play a pivotal role in shifting the

balance of the reproductive tract environment in favor of successful implantation and

pregnancy. Lactobacilli produce lactic acid, which lowers the vaginal pH and makes it an

unfavorable habitat for many pathogens, including BV.40 In addition, live birth rate (LBR)

has been directly correlated with recovery of H2O2-producing lactobacilli from the embryo

transfer-catheter tip31 and inversely correlated with BV.21,41

Pathogens and the Vaginal Microbiome: Bacterial Vaginosis and Infertility

BV describes a perturbation in the Lactobacillus-dominated environment of the vagina and

historically refers to an overgrowth of Gardnerella vaginalis. BV is the most common

vaginal disorder in reproductive age women and results in millions of health care visits per

year in the United States. It is associated with infertility, PTB, endometritis, pelvic

inflammatory disease, and increased risk of acquiring human immunodeficiency virus. Thus,

the term BV is deceptive since it is a disease of both the lower and upper genital tracts.42

In 1932, Curtis discovered that in women with “white discharge syndrome,” there was a

paucity of Lactobacillus and overgrowth of black-pigmented anaerobes, curved anaerobic

motile rods, anaerobic cocci, and gram-variable diphtheroidal rods. Drs. Gardner and Duke

reported a strong association of nonspecific vaginitis with Haemophilus vaginalis.43 They

believed that this organism was the cause of the syndrome despite the fact that direct

inoculation of cultivated G. vaginalis did not reproduce the disease. BV is most likely a

polymicrobial disease dominated by anaerobes that produce a biofilm. Since anaerobic

bacteria are very difficult to culture, sequencing techniques employed by microbiome

profiling provide an innovative method of identifying other key culprits other than G.

vaginalis, this furthering our understanding of BV and creating treatments to prevent its

well-known sequelae. In the clinical setting, the Amsel criteria are used for diagnosis.44,45 In
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the laboratory setting, the gold standard is the Nugent score which is calculated by assessing

for the presence of large gram-positive rods, small gram-variable rods (morphotypes), and

curved gram-variable rods. A score of 7 to 10 is consistent with BV.46

Although BV is strongly associated with late fetal loss and PTB, several studies demonstrate

a higher prevalence of BV in the infertile population but do not confirm negative effects on

pregnancy outcomes.47–50 Previous studies report that up to 40% of patients undergoing IVF

cycles have abnormal reproductive tract microbiota.51,52 One study conducted on 91 women

undergoing IVF with embryo transfer (IVF-ET), a reduction of LBR was associated with the

recovery of Streptococcus viridans from the embryo transfer-catheter tip, but not with other

virulent pathogens, including H2O2-nonproducing Lactobacillus, Enterococcus,

Staphylococcus epidermidis, Escherichia coli, anaerobic gram-positive cocci, Ureaplasma

urealyticum, and M. hominis.53 However, in other studies, a 50% reduction in pregnancy

rate was reported when these bacteria were recovered from the embryo transfer-catheter

tip,54–57 with dominant microorganisms differing by patient’s geographic location.53,54,56

A recent ART study attempted to correlate patterns of vaginal microbiota during in vitro

cycles using modern 16S sequencing method. Thirty-one patients undergoing IVF cycles

were enrolled, none of whom had signs of active infection. Swabs of the posterior fornix

were obtained on day of baseline ultrasound, day of oocyte retrieval, day of embryo transfer,

and at 6 to 8 weeks gestation. They found a diverse vaginal microflora at the time of embryo

transfer appeared to be an important factor in the success of the IVFET procedure with a

vaginal microbiome composed solely of Lactobacillus yielding the most successful

outcome.37

A recent meta-analysis attempted to elucidate if there is a negative effect of BV on

conception rates. Twelve studies that used the Nugent criteria were evaluated. Meta-analysis

demonstrated that BV is significantly more prevalent in women with infertility (odds ratio

[OR], 3.32; 95% confidence interval [CI], 1.53–7.20). Women with tubal factor had

significantly higher prevalence BV (OR, 2.77; 95% CI, 1.62–4.75) compared with women

with other causes of infertility. BV was not associated with decreased conception rates (OR,

1.03; 95% CI, 0.79–1.33) but was associated with significantly elevated risk of preclinical

pregnancy loss (OR, 2.36; 95% CI, 1.24–4.51). BV was not associated with an increased

risk of first trimester miscarriage (OR, 1.20; 95%CI, 0.53–2.75).6

The Cytokine Network and Its Importance in the ART Environment

The cytokine network is an important factor in the periconceptual period; the cytokine

network allows the embryo to navigate itself successfully toward mature life by overcoming

the obstacles of environmental conditions. By sending and receiving signals, this

microenvironment system affects gene expression and the epigenome in early embryonic

life.58

In recent years, much of the focus regarding intrauterine inflammation has been on the

cytokine network. This signaling system is thought to play an important role from

conception until implantation.57 Expression of cytokine receptors by the embryo allows

cytokines and growth factors secreted from the maternal oviduct and uterine epithelial cells
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to influence proper development of the embryo and adaptation to its microenvironment.57

The effects of those growth factors and cytokines on the preimplantation embryo have been

studied.59–63 Mouse models have shown that Th2 cytokines, particularly interleukin (IL)-10

and IL-4, are essential for implantation and formation of trophoblastic tissue.64 Th1

proinflammatory cytokines are responsible for the down-regulation of Th2 cytokines, and

the Th1-Th2 cytokine balance affects the degree of inflammation.65 Growth factors such as

granulocyte-macrophage colony-stimulating factor (GM-CSF), colony-stimulating factor

(CSF-1), leukemia inhibitory factor (LIF), heparin-binding EGF-like growth factor (HB-

EGF), insulin-like growth factor (IGF-1, IGF-2) and cytokines IL-4, IL-10, IL-11 are crucial

for normal blastocyst development, whereas other growth factors such as tumor necrosis

factor alpha (TNF-α), interferon gamma (IFN-γ), and cytokine IL-2 inhibit implantation.58

The male factor also contributes to the implantation success. Robertson et al found that in

mice, transforming growth factor beta (TGF)-β and IL-6 had an embryotrophic effect on the

preimplantation period.66 Removal of the seminal vesicles compromised the ability to

conceive,67 as well as the ability to maintain adequate growth in utero.68

The delicate cytokine signaling system is self-regulatory and finely tuned, balancing the

positive and negative feedback from its surrounding environment. Current data show that the

Toll-like receptor (TLR) pathway plays a major role in this periconceptual regulation

system, as do the Nod-like receptors.58 The TLR family is dominant in the epithelial cell

lining of the female reproductive tract. It binds a wide range of ligands called pathogen-

associated molecular patterns (PAMPs) and the result is a wide expression of cytokines and

growth factors.69,70 A recent study by Robertson et al found that a preimplantation

administration of the systemic low-dose gram-negative bacteria mimetic lipopolysaccharide,

a TLR-4 ligand, resulted in increased expression of TNF-α and IFN-γ, which are known to

have negative effects on implantation and later adverse effects on fetal and placental

development.58

In addition to binding PAMPs, the TLR family also binds danger-associated molecular

patterns (DAMPs), also known as alarmins, which are released from cells during tissue

damage caused by systemic inflammation, stress, trauma, ischemia, or chemical toxins.71

Some examples of DAMPS are high mobility group box protein 1, expressed in the

endometrium; heat shock proteins; S100 calcium-binding proteins; and others.72,73 Their

ability to bind to the TLR increases the inflammatory reaction and was found to have a

stress-induced effect on miscarriage in mice.74

As discussed previously, the reproductive tract microbiome is not an isolated, closed system.

Environmental factors such as stress, nutrition, obesity, chemical toxins, and excessive

amounts of alcohol consumption have been found to mimic pathogens in their adverse

effects on embryo development and take part in the regulation of cytokines.71

The Role of Prophylactic Antibiotics

Prophylactic antibiotics are commonly used as part of IVF-ET protocols to prevent

infections after invasive pelvic procedures. Moore et al53 found no evidence of reduced

virulent bacteria or H2O2-producing lactobacilli with the use of doxycycline in IVF-ET
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setting. Other studies conducted with prophylactic administration of ceftriaxone or

intravenous metronidazole demonstrated reduction in virulent bacteria on the transfer

catheter and improved pregnancy rate, but were lacking a control group and did not check

for the presence of H2O2-producing lactobacilli.54,55 Thus, the role of prophylactic

antibiotics and its effect on implantation in the setting of IVF-ET still remains to be

determined.

Association of the Reproductive-Tract Microbiome Composition with

Circulating Estrogen (E2) and Progesterone (P4) Levels

Measurement of hormone concentrations in the stages of the IVF cycle is a routine matter,

but little is known about the effect of these hormones on the uterine microbiome. In 2008,

Bezirtzoglou et al75 revealed that in the reproductive-tract microbiota of rats that underwent

ovariectomy, lactobacilli concentrations depend on estrogen (E2) levels. In a recent study

using the metagenomic approach, Hyman et al37 examined the association of the

reproductive-tract microbiome composition with circulating E2 and progesterone (P4)

levels. A substantial decrease in serum-E2 concentration between the time of human

chorionic gonadotropin (hCG) administration and that of embryo transfer was found in all

women who had a live birth.37 These findings are consistent with previous studies that

proved this decrease in E2 to be a necessary, but not sufficient, condition for successful

outcome of IVF-ET cycles.76,77 Correlation between changes in serum-E2 concentration and

changes in the reproductive-tract microbiome showed that 54% of the women had a change

in their flora while all serum-E2 concentrations rose significantly between the baseline swab

and the late-follicular-stage swab. During the time elapsed from the administration of hCG

to embryo transfer, 76% of the patients’ reproductive-tract microbiota changed, while their

serum E2 decreased.37 In addition, measurements of serum P4 at time of embryo transfer

were not statistically significant between women who had a live birth and those who did not.

Progesterone Function in Implantation

Progesterone is essential for successful implantation and pregnancy maintenance. It

promotes endometrial receptivity to blastocyst implantation; in addition, it regulates a large

number of cytokines, growth factors, and molecular changes of the endometrial surface

epithelium.78–80

Furthermore, P4 is essential for regulation of the decidualization of endometrial stromal

fibroblasts, as is evident by morphologic changes and up-regulation of insulin-like growth

factor-binding protein 1 (IGFBP-1), glycodelin, prolactin (PRL), HB-EGF, and other

biomarkers.81–91 Regulation of trophoblast invasion and leukocyte migration by P4 at the

time of decidualization is critical for successful implantation.

Progesterone Resistance

Recent evidence from a study of normal fertile women in an artificial hormonally controlled

cycle demonstrated that the minimum P4 concentration needed for endometrial maturation

was as low as 4 ng/mL and might be even lower than that seen in ovulatory women.92
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Despite that, supplementation of P4 during IVF cycles has proven to increase the clinical

pregnancy rate of infertility patients.92–94 Because P4 concentrations approaching the lowest

of those observed in ovulatory women support normal endometrial structural and functional

maturation in normal individuals, while infertility patients appear to benefit from higher P4

concentrations, it is possible that it is the resistance of the endometrium to P4, rather than a

reduced concentration of P4, that may contribute to infertility.

It has been hypothesized that resistance to P4 is caused by altered P4-receptor expression or

activity.95 Supporting data come from endometriosis studies, which demonstrate local

changes in the responsiveness of the tissue to P4 and lower expression of “P4-regulated”

genes such as IGFBP-1 and PRL.83 Resistance to cyclic adenosine monophosphate, an

intracellular signaling molecule that enhances P4-receptor activity and supports

decidualization, has been found to contribute to P4 resistance in women with endometriosis

as well.96 Savaris et al demonstrated P4-resistant endometria in women with polycystic

ovary syndrome (PCOS) and hyperandrogenemia.97 On the basis of the role of inflammation

in the induction of a progesterone-resistant endometrium, we hypothesize that failure of

implantation might be explained, perhaps in part, by alteration in the uterine microbiome in

response to inflammation.

This hypothesis finds support in the ability of environmental factors to alter progesterone

sensitivity. As noted before, environmental factors play an important role in the success of

implantation. Bruner-Tran and Osteen showed that exposure to in utero environmental

toxins, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), in mice led to a progesterone-

resistant phenotype in adult animals that can persist for several generations.98 Maternal

exposure to TCDD promoted a progesterone-resistant endometrium, similar to the

endometrium of women with endometriosis, which manifested as infertility or PTB,99–101

likely due in part to loss of P4-receptor expression.

A very important finding derived from this study demonstrated that TCDD-mediated P4

resistance might increase sensitivity to inflammation, even in subsequent generations not

exposed to the toxicants, resulting in PTB.98 By means of extrapolation, these data support

the hypothesis that a combination of environmental factors, taken together, are a risk for

recurrent pregnancy loss and PTB in humans; the mechanism being creation of a P4-

resistant endometrium and the presence of inflammation.

Therefore, we conclude that the association between the microbiome of the reproductive

tract and circulating serum E2 concentrations may reflect the environment and availability

of glycogen. However, progesterone resistance, albeit an unproven relationship to the

microbiome, might contribute to implantation failure and infertility. This putative role of

undetected endometrial colonization and progesterone resistance requires further

investigation.

Conclusions

The majority of data pertaining to the reproductive-tract microbiome in ART have been

gleaned from studies on the cervicovaginal flora. The upper genital tract is generally
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considered to be sterile, but previous studies using endometrial cultures obtained via surgical

hysterotomy have demonstrated growth of one or more microorganisms in the uterus, with

Lactobacillus species, M. hominis, G. vaginalis, and Enterobacter species the most

frequently recovered.102,103 Svenstrup et al104 further supported the concept of a non-sterile

uterine environment; they demonstrated the ability of certain bacteria to attach to

spermatozoa and be transported into the uterine cavity.

In the era of metagenomic studies, the molecular-based techniques have revolutionized our

knowledge of the vaginal microbiome. With the combination of cultivation-dependent and

independent molecular-based techniques, we are now able to explore microorganisms that

were not detected previously, adding missing pieces to the puzzle called “the reproductive-

tract microbiome.”

Our ability to discover different species of lactobacilli, previously underappreciated, has

shed light on the composition of the reproductive-tract flora during IVF-ET cycles. It is now

clear that only specific Lactobacillus species are present with numerical supremacy in the

healthy flora; these species are likely to play a pivotal role in maintaining a supportive

environment for implantation and future pregnancy outcome.

Several studies have supported the hypothesis that the reproductive-tract microbiome on the

day of embryo transfer affects pregnancy outcome, but no study has used the metagenomic

approach for analyzing samples from the transfer-catheter tip. Therefore, further studies are

needed to evaluate the association of H2O2-producing Lactobacillus recovered from the

transfer-catheter tip with implantation and LBR by using the cultivation-independent

molecular-based techniques, and compare results to those measured with the cultivation-

dependent techniques.

The idea of colonizing the reproductive tract flora with different species of Lactobacillus to

achieve healthy, “normal” flora has been a topic of interest. Probiotic species not

numerically dominant in the vagina were used to colonize the already-infected vaginal

environment, but unfavorable results were observed. When a more common species, H2O2-

producing L. crispatus, was used to colonize vaginas of sexually active healthy women, the

success rate was 69 to 90%. This result may support the hypothesis that colonizing the

transfer-catheter tip with L. crispatus at the time of IVF-ET would increase the rates of

implantation and LBR while decreasing the rate of infection.

It is unclear if the use of prophylactic antibiotics in IVF-ET cycles has an effect on

implantation and LBR. Previous studies have recommended using broad-spectrum

antibiotics for prophylaxis, but by doing so, there is always a risk of diminishing the

dominant H2O2-producing Lactobacillus species in the reproductive tract. Another potential

direction for future research would be to identify prophylactic antibiotics that are specific for

the virulent microorganisms in the flora of the reproductive tract, while not affecting the

H2O2-producing lactobacilli, and compare rates of implantation, infection, and LBR with

and without the use of these antibiotics.

On the basis of the previous studies on the progesterone-resistant endometrium, it is possible

that failure of implantation might be explained, in part, by alteration in the uterine
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microbiome in response to inflammation, leading to the development of a progesterone-

resistant endometrium. Many questions about the interaction between genes and

environment are still to be answered. When these answers are in hand, we envision that

appropriately controlling for these factors and the common environmental factors described

earlier would create a supportive habitat for the embryo in cases of IVF-ET, resulting in a

successful implantation, healthy pregnancy, and healthy neonate.
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Figure 1.
16S rDNA for microbiota identification.
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Figure 2.
Whole genome sequencing for microbiota identification.
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