1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Trends Mol Med. Author manuscript; available in PMC 2023 October 01.

-, HHS Public Access
«

Published in final edited form as:
Trends Mol Med. 2022 October ; 28(10): 806-822. doi:10.1016/j.molmed.2022.07.005.

Crucial nuances in understanding (mis)associations between
the neonatal microbiome & cesarean delivery

Alexa M. Sassin!, Grace J. Johnson?, Alison N. Goulding?, Kjersti M. Aagaard?34"
1Department of Obstetrics and Gynecology, Baylor College of Medicine, Houston, Texas 77030

2Department of Obstetrics and Gynecology, Division of Maternal-Fetal Medicine, Baylor College
of Medicine, Houston, Texas 77030

SDepartment of Molecular and Cell Biology, Baylor College of Medicine, Houston, Texas 77030

4Department of Human and Molecular Genetics, Baylor College of Medicine, Houston, Texas
77030

Abstract

As rates of Cesarean delivery and common non-communicable disorders (NCDs) such as obesity,
metabolic disease, and atopy/asthma have concomitantly increased in recent decades, investigators
have attempted to discern a causal link. One line of research has led to a hypothesis that

Cesarean birth disrupts the presumed normal process of colonization of the neonatal microbiome
with vaginal microbes, yielding NCDs later-in-life. However, a direct link between a disrupted
microbiota transfer at time of delivery and acute and/or chronic illness in infants born via Cesarean
has not been causally established. Microbiota seeding from maternal vaginal or stool sources

has been preliminarily evaluated as an intervention designed to compensate for the lack of (or
limited) exposure to among Cesarean delivered neonates. However, to date, clinical trials have

yet to show a clear health benefit with neonatal “vaginal seeding” practices. Until the long-term
effects of these microbiome alterations can be fully determined, it is paramount to conduct
parallel meaningful and mechanistic-minded interrogations of the impact of clinically modifiable
maternal, nutritional, or environmental exposures on the functional microbiome over the duration
of pregnancy and lactation to determine their role in the mitigation of childhood and adult NCDs.
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The Developmental Origins of Health and Disease (DOHaD)

The ‘Developmental Origins of Health and Disease [DOHaD] Hypothesis’ [1,2]
encompasses a substantial body of evidence which temporally and functionally links
maternal exposures to adverse outcomes in her offspring (largely the non-communicable
diseases [NCDs]) (See glossary) of obesity, metabolic disorders, cardiovascular disease,
and behavioral outcomes. Initial mechanistic-minded studies in animal models demonstrated
that maternal nutritional deprivation or high fat diet feeding brought about meaningful and
persistent modulations in postnatal gene expression resulting from epigenomic changes in
key metabolic pathways in the offspring [3,4]. More recently, others examined the similar
temporal relationships through the lens of microbiome science, leading to the genesis of
the ‘Hygiene Hypothesis.” The Hygiene Hypothesis suggests that in addition to maternal
exposure-driven fetal epigenetic variation, the lack of exposure to microbes early in life
predisposes offspring to not only developing these same adverse outcomes, but also atopic
and allergic diseases later-in-life [5]. However, despite nearly 100 years recognizing these
links, we have failed to reveal meaningful mechanistic understandings of 1) how specific
maternal elements contribute to functional fetal and early life developmental and 2) how to
prevent infant morbidity and mortality.

As both the incidence and prevalence of Cesarean delivery and NCDs have increased
regionally and temporally in parallel, a general acceptance of the DOHaD and Hygiene
Hypotheses have lent to a line of logic that reasons that rises in Cesarean delivery are

likely to be inextricably linked to rises in NCDs [8-13]. Some scientists, concerned about
detrimental effects of Cesarean delivery on the neonatal microbiome, have called attention
to the high rate of “elective” Cesarean deliveries and turned to experimental manipulation

of the neonatal microbiome. This line of research focuses on seeding Cesarean born infants
with either maternal vaginal or stool microbes in attempts to restore their microbiome to
mirror those of their vaginally born counterparts [6,7]. As obstetricians, we are supportive of
these scientists in their efforts to innovate, to potentially develop novel therapeutics, and to
attempt to improve offspring outcomes in experimental seeding protocols conducted as part
of approved research protocols. However, the clinical implications of seeding, especially the
long-term effects, remain unknown and we and the American College of Obstetricians and
Gynecologists (ACOG) acknowledge that they are not without risk. Thus, while microbiome
seeding is a potentially promising trend within the field, it may not be a cure-all for the
prevention of NCDs.

In this current clinical and translational science opinion piece, we will address some
commonly-held misconceptions regarding rates of Cesarean delivery as well review the
latest studies experimentally attempting to alter the microbiome of Cesarean born infants.
As physician-scientists dedicated to bridging the basic sciences to clinical obstetrics,

we hope to make the broader scientific community cognizant of the following points.
First, we should be cautious not to imply that seeding of Cesarean born infants reduces
childhood health disorders in the absence of data demonstrating such long-term efficacy.
There is currently insufficient evidence of causal connections between Cesarean deliveries
and child outcomes that account for potential confounders like maternal disease, and
shared environmental and dietary exposures, nor lower duration of exclusive breastmilk
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feeding. Exercising such caution decreases the potential to cause implicit bias and harm

by propagating a falsehood seen in the media that Cesarean deliveries are largely elective
surgeries done for maternal or provider convenience--"[t]he mother-requested cesarean [...]
the fast, high-tech, hip celebrity way to have a child “[34]—and not medically indicated
procedures reserved for maternal and fetal benefit. Second, in addition to focusing on
exposures during the moment of delivery, we cannot neglect the importance of exposures
over the duration of the known-to-be crucial periods of pregnancy and lactation. Third,

there is the potential for seeding the neonate with maternal microbes (be they vaginal,

fecal, or oral) to introduce or reinforce pathogens or pathobionts. While clearly some
pathogens are more or less clinically screened for, pathobionts are not, and consequently,
they can be transmitted at the time of both vaginal and Cesarean deliveries. Thus, if it is

the transfer of these maternal microbiota--or their metabolites--which are the true culprits
associated with NCDs, seeding may offer additional harm with no potential benefit. In

the following sections, we will consider each of these three rational concerns and then
identify opportunities for interrogating the range of maternal and neonatal exposures which
frequently accompany Cesarean delivery. We suggest that these exposures—which are
oftentimes inextricably linked to the surgery itself— should not be overlooked as potentially
equally important drivers of variation in the early microbiome with resulting implications for
child health and chronic disease risk.

Addressing misplaced concern with the rate of Cesarean delivery or

occurrence of “elective” Cesarean birth

The rate of Cesarean deliveries performed in the United States (US) increased dramatically
from ~20% in the mid-1990s to 30-35% by the early 2010s [9]. While clearly performed
with the aim of reducing adverse outcomes in the patient or the fetus in a case-by-case basis,
this increase in the Cesarean rate was not accompanied by the anticipated improvements

in maternal and neonatal outcomes at a population-wide level [9,10]. Cesarean delivery is
associated with higher maternal morbidity than successful vaginal delivery, including higher
risk of blood loss, infection, organ injury, venous thromboembolism, and risk for morbidly
adherent placenta in future pregnancies [9]. In efforts to lower the Cesarean delivery rate,
ACOG has promoted novel protocols for labor management and changed its counseling
regarding vaginal birth after Cesarean (VBAC) [9,11]. All such efforts reflect an earnest
attempt to “do something” about the Cesarean delivery rate [10]. However, when discussing
efforts to reduce the rate of Cesarean deliveries, it is important to be cognizant of three
common erroneous assumptions or misconceptions.

First is the assumption that maternal preference is a significant driver of the escalated
Cesarean delivery rate, a belief which likely stems from database-level data in which the
indication for the surgery is listed as “elective.” A more appropriate descriptor for these
cases would be “scheduled” or “unlabored” Cesarean delivery as these are most typically
performed for medical indications such as having undergone a prior Cesarean delivery and
not being a candidate for a vaginal birth after Cesarean, fetal malpresentation, abnormal
placentation, or other new or chronic maternal medical conditions [12]. The appropriate and
accepted term for Cesarean deliveries performed purely for maternal preference is “Cesarean
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delivery by maternal request” (CDMR), and, while difficult to determine, it is estimated that
these deliveries account for between 1.05 and 2.5% of all primary Cesarean deliveries in

the US or <1:1000 live births [13,14]. In contrast, the overwhelming majority of Cesarean
deliveries are performed for clinical indications with the intent to preserve maternal or fetal
well-being.

The second erroneous assumption is the belief that we can reduce the Cesarean delivery
rate through the development and application of novel science and biomedical technology.
Rather, we concur with our colleagues’ recently published perspective [9], and we too
believe that the current rate of Cesarean delivery is the result of forces largely out of
scientists’ or clinicians’ control including: 1) societal expectations of perfect obstetric
outcomes, 2) a culture of blame, 3) medical-legal concerns, and 4) limitations of current
technology and science to predict when, if, and how successful, intact vaginal deliveries
will occur. It is indisputable that when given the singular concern of a current and existing
pregnancy, Cesarean delivery offers a safe and appealing alternative when faced with the
uncertainty of whether a “good” outcome (generally implying a live, healthy neonate) will
occur with vaginal delivery. The unknowns are great and include whether (or not) there
will be an obstructed labor, fetal intolerance to labor, chorioamnionitis, intrapartum
stillbirth, or another rare but catastrophic outcome. While childbirth in the US is overall
very safe, complications can have devastating outcomes for pregnant persons, their families,
and their communities. As such, litigation concerns weigh heavily amongst obstetrician/
gynecologists [15], making the certainty of a Cesarean delivery appealing. While there
may be some room to reduce the Cesarean delivery rate with improvements in science and
technology, we argue that such interventions likely fail to address the underlying forces
driving the Cesarean delivery rate in the US [9, 20].

A third commonly held assumption is that Cesarean deliveries are a major contributor to

our current population’s burden of chronic diseases, with differences in the microbiome

of Cesarean vs vaginally born infants as a possible etiology for this increase in NCDs.
Several observational studies have reported modest associations between Cesarean delivery
and child obesity [16-18], Type Il diabetes [19], chronic immune disorders [20], and asthma
[21], while others show no link between Cesarean delivery and child health outcomes [22-
25]. Overall, the evidence linking Cesarean delivery to adverse child health outcomes is
heterogenous, conflicting, and unable to fully account for important potential confounding
factors. For example, multiple previous studies have noted that the association between
Cesarean delivery and obesity may be predominantly driven by unmeasured confounding
[26-28]. As Almaqvist et al. conclude in their study of rates of childhood asthma in

neonates born via Cesarean delivery, which found that there was an increased risk of

asthma medication use in those born via emergency Cesarean versus those delivered via
Cesarean before the onset labor or those delivered vaginally, the indications for Cesarean
delivery were driving differences rather than the surgery itself [29]. A recent study of 97,291
Swedish men found that there was a difference in rates of obesity in these men born via
vaginal delivery (4.9%) versus nonelective Cesarean delivery (5.6%) but concluded it was
the maternal factors driving these perceived differences including pre-pregnancy maternal
BMI, maternal co-morbidities, and age [25]. Without data from randomized controlled trials
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(the gold standard in clinical research), it is impossible to control sufficiently for population
differences and confidently state that mode of delivery is not a marker for differences in
other exposures that bear a true causal link to long-term health outcomes. As randomizing
patients to Cesarean vs vaginal mode of delivery would be unethical, some scientists have
instead trialed seeding Cesarean born infants with maternal microbes in attempts to “restore”
the microbiome of Cesarean born infants to mirror those of their vaginally born counterparts
with the goal to ultimately improve short- and long-term child health outcomes. In the next
section, we will review the latest approaches to microbial restoration with seeding practices,
their findings and limitations, and their contributions to our understanding of the neonatal
microbiome.

Trial by seeding: an alternative way to study the microbiota?

In response to evidence that neonatal and infant microbiota differ at least transiently by
route of delivery, randomized clinical trials have been conducted which aim to determine
whether different approaches can “restore” the natural microbiota, 7.e. make the microbiota
of infants born by Cesarean delivery more similar to the microbiota of those born by
vaginal delivery. With such an approach, the hope is that seeding could re-establish vertical
routes of microbial transmission that are interrupted by Cesarean delivery and consequently
induce meaningful and lasting effects on the establishment or development of the infant
microbiome. One widely known approach is “vaginal seeding”, which involves inoculating
cotton gauze with vaginal fluids to transfer vaginal flora to the newborn infant (Figure

1). More recent studies have evaluated two alternative approaches to vaginal seeding:
neonatal oral administration of maternal vaginal microbiota, or neonatal oral administration
of maternal fecal microbiota. The idea of seeding through any of these routes has received
substantial attention in both scientific and lay press [30-33], leading to expecting parents
preparing for Cesarean delivery to inquire about seeding options at the hospital or at

home [33]. At this time, recommendations from most medical societies including ACOG
emphasize that practices attempting to alter the infant’s microbiota should not occur outside
of IRB-approved research protocols until further safety and efficacy data are gathered

[8]. However, given the relative simplicity of the process, parents may decide to carry

out their own neonatal or infant seeding outside of research protocols, despite current
recommendations [30]. Stinson ef a/. caution that the practice of vaginal seeding has become
mainstream in some areas and is often performed without the oversight of health care
providers [31]. These sentiments are reflected in popular press, with patients remarking
“*Our doctor is generally supportive of the idea, but he won’t do it himself [...] That task
will fall to my husband’” [35]. However, performing these seeding practices outside of
strictly regulated protocols bear risk of unintended detrimental effects on neonatal health,
as evidenced by a case of neonatal herpes simplex infection following vaginal seeding
performed after an elective cesarean section of an asymptomatic woman [36]. Moreover, if
in fact the risk of NCD is actually arising from maternal microbes and their metabolites,
such practice maybe imparting greater harm. As such, it is crucial to understand the
foundational work of neonatal microbiome transplantation and its implications. In this
section, we will review the major studies attempting to alter the microbiota of infants born
by Cesarean delivery.
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The first study to propose vaginal seeding was published by Dominguez-Bellow et a/.

in 2016 [6]. This initial pilot study of 18 maternal/infant dyads aimed to restore the
microbiota of infants born by Cesarean delivery using vaginal seeding. Of 11 infants

born by Cesarean delivery, four were exposed to gauze inoculated by maternal vaginal
fluids (vaginal seeding). Gravidae included in this study were screened for known vaginal
pathogens, and serial samples were intermittently but inconsistently obtained during the first
month of life. Bacterial source tracking revealed that the microbiomes of four neonates
born by Cesarean delivery and exposed to vaginal seeding resembled the microbiomes of
some neonates delivered vaginally, especially during the first week of life [6]. However, of
these four Cesarean delivered neonates exposed to the vaginal seeding protocol, only one
yielded microbiome specimen data at multiple study time points. Additionally, no Cesarean
delivered neonates were exclusively breastfed. This study’s small size and inconsistent
sampling data precludes any strong conclusions about the safety or efficacy of vaginal
seeding, but as a proof-of-principle study, it introduced an innovative potential method to
make a Cesarean delivered neonate bear some similarity to the microbiota of a vaginally
delivered counterpart.

In 2020, Korpela et al. published a second innovative proof-of-concept study evaluating
whether FMT with maternal inoculum could alter gut microbiota in her neonate when born
via Cesarean delivery [7]. Seventeen gravidae were recruited and seven were ultimately
selected after careful screening in accordance with European recommendations for fecal
transplantation. The seven neonates received a diluted fecal sample from their own mothers’
stool, along with the first human milk feeding. The neonates and infants were followed
closely for three months and demonstrated no immediately evident adverse effects. The fecal
microbiota composition of the maternal FMT-treated Cesarean born infants resembled that
of vaginally born infants through 12 weeks of life at which time data collection stopped.
Notably, the authors also analyzed available microbiota datasets from theirs and several
different cohorts and found that vaginal seeding was not effective in altering the microbiota
in Cesarean born infants [7]. Overall, this study supports the potential value of FMT as

an effective mechanism of altering gut microbiota of infants born via Cesarean delivery.
Additionally, it comparatively demonstrates that vaginal seeding is a less effective approach.
However, the long-term offspring outcomes were not assessed, and consequently the impact
of the FMT— beneficial or not—on the health of the infant remains unknown at this time.
Currently, there is one FMT trial on Cesarean-delivered neonates underway in Finland with
planned follow up until 24 months of age (NCT04173208)I. This study is designed to fill
gaps of knowledge and examine potentially clinically relevant immunologic outcomes by
measuring differences in immunomarkers at multiple time points along the two-year follow
up period, which were not examined in the Korpela et al. study.

Another study in this area was published by Wilson et al. in 2021 [37]. This pilot,
single-blinded, randomized placebo-controlled trial evaluated whether oral administration
of maternal vaginal microbiota to infants born via Cesarean delivery could alter their

gut microbiome. Gravidae planning for scheduled, non-labored Cesarean delivery initially
underwent comprehensive infectious disease screening to exclude those with known
potential pathogens. At birth, neonates were randomized to receive a 3 mL solution of
maternal vaginal microbes (Cesarean delivery-seeded, n = 12) or sterile water (Cesarean
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delivery-placebo, n = 13). Neonates born vaginally were included as the reference group
(vaginal birth, n = 22), and offspring were assessed at birth and again at one and three
months of age. Results showed no differences in the composition or function of the gut
microbiome between Cesarean delivery-seeded and Cesarean delivery-placebo neonates nor
between infants at either one or three months of age. There were no immediate serious
adverse effects of treatment. Wilson et al. acknowledged limitations of their study including
reduced participant numbers and limited colonization of the Cesarean-delivery seeded infant
gut by maternal vaginal microbes [37]. Again, the authors conclude that the potential

value of vaginal seeding should be questioned, and vaginal seeding alone does not have a
significant impact on infant gut microbiome development. Finally, in the most recent study
in 2021, Song et al. performed a large observational study on vaginal seeding after Cesarean
to assess the effects of vaginal seeding at different body sites in offspring development

in the first year of life [38]. The authors of this study were able to partially restore the
microbiome features associated with vaginal delivery with seeding in Cesarean delivered
neonates. However, they acknowledge that several genera (e.g. Bilophilia) do not appear to
establish well in the Cesarean-seeded neonates [38]. They also observed that while there

is often a significant association of Enterococcus with infants delivered via Cesarean, they
did not appreciate a weakened association of this genus or most other Cesarean-associated
genera with the Cesarean-seeded neonates [38]. Interestingly, they determined in their study
population—"healthy” mothers undergoing scheduled Cesarean deliveries—that there is a
notable taxonomic overlap between the maternal vagina and other maternal body sites,
especially the gut, on the day of giving birth, which was not previously seen in women

who were not pregnant [38]. We agree with the authors of this study that more research is
needed to determine the basis of the differential uptake of certain taxa with seeding and the
subsequent implications on the developing infant microbiome.

Despite a promising initial study from Dominguez-Bellow [6], subsequent work has not
shown vaginal seeding to be an unequivocal effective approach to altering the neonatal
microbiota [7,37]. Given that these initial studies were limited by small sample sizes and
variations in seeding techniques, additional trials are underway. It is important to note,
however, that none of the aforementioned studies or current ongoing clinical trials assess the
effects of seeding on long-term offspring health outcomes nor on the onset nor occurrence of
NCDs. A few studies have attempted to analyze differences in microbiota signatures in older
children, finding the variance in microbiota composition explained by mode of delivery
decreased with time to <2% at three and five years of age [39]. At this time, we only

have proximal measures for comparing vaginally born neonates to Cesarean delivery-seeded
neonates—Iikeness to the microbiome of a vaginally born infant. How this “restoration”
ultimately affects ultimate health of the Cesarean delivered infant—whether positively,
negatively, or neither—and for how long beyond 12 weeks of age the results persist still have
yet to be determined.

We recognize the time that clinical trials take to conduct, and that there is often a long
interval between concept and publication of data demonstrating efficacy. We were able
to identify two vaginal seeding trials underway in the United States (NCT03298334)Il,
(NCT03567707)111 and one in China (NCT03809390)IV, per Clinical Trials.gov. As with
others in the field, we look forward to their findings. In the interval, we propose two

Trends Mol Med. Author manuscript; available in PMC 2023 October 01.


https://clinicaltrials.gov/ct2/show/NCT03298334
https://clinicaltrials.gov/ct2/show/NCT03567707
https://clinicaltrials.gov/ct2/show/NCT03809390
http://ClinicalTrials.gov

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sassin et al.

Page 8

considerations remain at the forefront of research in this arena. First, based on the two

most recent studies [7,37], there is a suggestion that vaginal seeding may be an ineffective
approach, and we suggest that vaginal seeding may be “too little, too late.” We acknowledge
that the data does support that there is a difference in a few taxa in the early-life microbiome
(e.g., initial days to weeks) of neonates born via Cesarean and those born vaginally; our
work and others support this conclusion [43]. However the evidence that these differences
are (i) exclusively due to the mode of delivery itself and (ii) durable beyond the neonatal
period is limited, lacking or shown to be to the contrary [29-33, 37-51]. Nevertheless, as
Stinson et al. point out, popular perception is that Cesarean delivery deprives the neonate

of exposure to vaginal microbiota, which leads to neonatal dysbiosis and subsequent risk of
poorer health outcomes [31]. Consequently, attempts are developed to “correct the problem”
even though the “problem” may not exist and the benefits of exposure to any individual
bacterial species have not been established [31]. Given these limitations in evidence, it

is important that we remain cognizant that maternal dysbiosis co-occurs with maternal
medical comorbidities (for example, poorly controlled Type 2 or gestational diabetes), which
themselves bear a higher risk of Cesarean delivery. In such instances, reinforcing with
neonatal oral administration of maternal disrupted microbiota via fecal based seeding would
not be “restorative” but might instead add “fuel to the fire.” Second, it is equally critical

to examine how other clinically modifiable prenatal exposures (maternal comorbidities

and maternal diet) and postnatal exposures (feeding via breastmilk or formula) shape the
neonatal microbiota and may offer significant restorative potential in and of themselves.

Why maternal exposures and pregnancy matters: factors beyond Cesarean

shaping the neonatal and infant microbiota

The practice of seeding Cesarean born infants with maternal microbes arose in response

to observational studies indicating higher rates of chronic disease among Cesarean born
infants; consequently, some purport that these differences are due to differences in the
microbiome between infants delivered via Cesarean and those delivered vaginally [40-42].
We propose that these beliefs are based on two debatable assumptions: 1) true meaningful
and lasting differences exist between the microbiomes of infants born via Cesarean and
those born vaginally, and 2) these differences are due to differential exposure to maternal
microbes primarily/only at time of delivery. However, these assumptions do not necessarily
acknowledge the myriad of other factors known to influence the microbiome [43,44].

In a cohort chronicled by Yassour et al., 20% of the vaginally born infants had a “low
Bacteroides” microbiome profile that more closely resembled the Cesarean born infants than
their vaginally born counterparts; this finding suggests that differences between these two
populations may not in fact be reliable [45]. In a longitudinally sampled cohort, Chu et al.
examined oral, nares, and skin samples obtained at delivery from neonates born via Cesarean
delivery and those born vaginally and found no differences between meconium samples of
the two populations [43]. Importantly, there were no observed differences in any body site
by mode of delivery that persisted at 6 weeks of age, and a “low Bacteroides” profile was
also observed in approximately 1 in 5 vaginally born neonates and infants [43], similar to
Yassour et al.’s findings [45]. As the gut microbiome has been more closely implicated with
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chronic disease risk [46,47], the significance of variations limited to oral, nares, and skin
niches that disappear by 6 weeks of age coupled with the lack of demonstrable difference in
meconium samples suggest that differences, when observed, are not durable and may not be
physiologically relevant.

With respect to other potential drivers, there is ongoing and emerging evidence which
supports the notion that gestational age, perinatal antibiotic exposure, neonatal and infant
feeding practices, maternal diet, and environmental exposures have been shown to impact
the neonatal and infant microbiome (Figure 2) [48].

Gestational age.

Firstly, gestational age (notably, being born preterm) significantly affects the neonatal
microbiome both in the nascent microbial population as well as postnatal modifying factors
related to Neonatal Intensive Care Unit (NICU) life that are more commonly experienced
by preterm infants [48]. Preterm neonates (those born before 37 weeks gestational age) tend
to experience delayed colonization with commensals in favor of pathobionts, particularly
among neonates 23-30 weeks gestational age [49]. In a sequence-based meta-analysis of
eight studies evaluating the neonatal microbiome in preterm infants, Pammi ef a/. observed
patterns of increased operational taxonomic units (OTU) richness over time where the
number of species increased significantly with gestational age [50]. As Pammi et al. point
out, this finding may be representative of transition beyond the prenatally and vertically
acquired microbiome and maybe more influenced by the NICU environment, feeding
practices, and antibiotic exposure, among others [50].

Intrapartum antibiotic exposures.

Azad et al. demonstrated that intrapartum antibiotic prophylaxis (IAP) is associated
with a disruption in the neonatal gut microbiota [51]. In their cohort of 198 healthy term
deliveries, they noted a difference in the infant gut microbiota following a maternal 1AP
exposure, regardless of mode of delivery [51]. Moreover, these maternal AP associations
were independent of a ‘Cesarean delivery effect’ as a diminished microbiota richness and
altered composition was similarly noted following antibiotic administration with vaginal
delivery [51]. Additionally, they observed that these microbiota changes in IAP exposed
infants persisted up to 12 months, particularly in the non-human breastmilk fed infants [51].

Neonatal and infant feeding.

Although neonates delivered vaginally have increased diversity in their intestinal
microbiome in the immediate postnatal period [40], at 4 months of age, infants’ intestinal
microbiomes could be differentiated primarily based on human milk vs formula feeding
[41]. Chu et al. found that when controlling for the maternal indication for Cesarean delivery
and other clinical factors, in robust computational modeling, the two factors that had a
lasting impact on the infant microbiome at 6 weeks of age were formula feeding and the
degree of fat in the maternal diet [43]. Breast milk contains its own unique microbiome

that contributes to the bacterial communities noted in the neonatal gut microbiome [48].
Additionally, breast milk aids in colonization and development of the neonatal microbiome
through a process of enchainment and tolerance as it contains fatty acids, immunoglobulins,
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and human milk oligosaccharides [48]. Murine studies have supported this understanding
of the role of breast milk in the establishment of the offspring microbiome with evidence
that maternal antibodies transferred via breast milk have a long-lasting impact on the infant
intestinal microbiome [52].

Maternal diet.

Another factor important to the development of the neonatal intestinal microbiome is the
maternal diet. Maternal diet impacts the maternal microbiome which in turn affects the
offspring microbiome. For example, women who consume a high fat or Western-style diet
(WSD) are noted to have decreased levels of the commensal enteric bacteria Bacteroides
[53]. In animal models, Bacteroides is crucial for normal intestinal immune development,
and consequently, it has been proposed that lacking these microbes during pregnancy may
predispose the developing neonate to atopic and autoimmune disorders in later years of life
[54]. In a non-human primate model, a maternal WSD imparts significant alterations to the
juvenile microbiome that are irreversible, even when the juvenile primates are co-housed and
reverted to a healthful diet after weaning [53]. Similar findings have been demonstrated in a
study of a large human cohort, with differences in both the neonatal and infant microbiomes
that persist for at least 4-6 weeks post-delivery associated with maternal WSD [55]. Jost

et al. examined the bacterial loads between maternal and neonate stool and found that they
were remarkably similar, suggesting that the maternal microbiome at birth and postpartum
may be critical in the establishment and development of the neonatal microbiome [56].

Environmental exposures.

Just as a maternal WSD can confer a lasting footprint on the offspring gut microbiome as
well as biologically relevant histone modifications [53], maternal environmental exposures
are suspected to play a role in the developing neonatal microbiome. Studies have shown

that environmental exposures interact with and modify the microbiome, and (conversely)

the microbiome interacts and modifies environmental chemicals [57]. Thus, maternal
exposure to environmental chemicals affects perinatal microbial health. Ingested xenobiotics
like cadmium and polycyclic aromatic hydrocarbons are able to interfere with microbial
enzymatic activity of the gut and have been shown to induce gut dysbiosis [58]. Given the
changing fetal nutrient requirements during pregnancy, gravidae undergo dynamic metabolic
adaptations modulated by the gut microbiota, which in turn direct fetal programming [59].
Thus, the resultant maternal gut dysbiosis from chemical exposure, much like the altered
microbiome rendered by a high fat diet, has an avenue to affect fetal programming that
potentially renders increased risk of chronic disease in the offspring.

Intrauterine environment.

When considering the factors influencing the formation of the fetal microbiome, it is
also important to consider how the intrauterine environment itself may influence the
microbiota of the developing fetus. Several scientists have challenged the notion of a
sterile intrauterine environment in the absence of disease and have purported a distinct
placental microbiome [60-71]. Evidence for a unique placental microbiome stems from
a metagenomics study of 320 placentae which demonstrated a low-biomass microbial
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community of the placental parenchyma and chorionic villi [60]. This study demonstrated
a unique placental microbiome niche composed of nonpathogenic commensal microbiota
from the Firmicutes, Tenericutes, Proteobacteria, Bacteroides, and Fusobacteria phyla that
was most akin to the human oral microbiome [60]. Other researchers have demonstrated a
similarity between the placental microbiota and the neonatal meconium, suggesting that the
microbiota may be transferred across the placenta into the fetus before being excreted into
the amniotic fluid as fetal urine [62,72]. Gosalbes et al. postulate that because the neonatal
meconium microbiota differs from the dominant bacterial groups found in the maternal
skin, fecal, and vaginal niches, the neonatal microbiota is unlikely to originate in those
maternal locations [73]. Instead, they argue that because meconium is formed starting at
mid-gestation in fetal life (17 weeks and beyond), the microbiota detected in meconium is
likely not simply due to contact with maternal habitus at time of delivery [73]. Indeed, it

is well established that the meconium expressed within minutes to days of birth has been
present in the small bowel since at least 20 weeks of gestation. Chen et a/. hypothesize

that maternal prenatal stress results in changes in the maternal intestinal, oral, and vaginal
microbiomes that facilitate the translocation of bacteria to the intrauterine environment
either hematogenously or through direct ascension, suggesting that the placenta is more
conduit than barrier [74]. Recent work from Peterson ef al. demonstrated that newborns
who developed immunoglobulin E (IgE)-mediated allergic sensitization (atopy) by one year
of age have a less diverse gut metabolome at birth as measured in the meconium, which
begins forming in the fetal gut during the second trimester [75]. They argue that deficiency
in microbiota maturation and immune development likely begins /in utero [75] rather than at
time of delivery.

It is important to acknowledge, however, that there is a debate regarding the existence of a
placental microbiome [76-83]. In our own work, while we have consistently distinguished a
metagenomic signal in the placenta from that of contaminant controls [45, 52, 54], we have
also been explicit in noting it to be of low biomass, low abundance, and sparse. We have
also remained consistently agnostic as to whether the placental or intrauterine microbiome
is truly alive and colonizing, with a yet unclear functional role [8,68]. With further scientific
advancement and continued curiosity, we are confident that investigators will determine
whether these consistently observed low-biomass communities are alive and colonize the
fetus or alternatively enable later colonization through processes of immune tolerance or
colonization resistance.

Potential risks of “seeding” interventions

If exposures apart from mode of delivery are links to long-term disease risk, as we suggest,
it is important to consider potential unintended consequences of administration of maternal
dysbiotic microbial communities to the neonate, namely the potential to further propagate
pathobionts in the neonate with an inoculum from seeding. Pathobionts are potentially
pathogenic organisms that, under normal circumstances, live as hon-harming symbionts.
Even though pathobionts may be able to co-exist within the maternal host microbiome,
their long-term effects on a developing neonate or infant are unknown, and may include
potential to resist or prevent colonization by known beneficial commensal organisms. As
we have discussed, the gut microbiome has been linked with various disease phenotypes
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including obesity and other cardiometabolic diseases, and it plays a role in immune response
[46,84,85]. Additionally, such disease phenotypes may be transmissible via the microbiome;
Turnbaugh and colleagues have shown that transplantation of the gut microbiome of obese
mice to germ free mice leads to obesity in the germ-free mice [46]. This finding reinforces
that the gut microbiome and chronic disease are linked and, importantly, shows that such
disease phenotypes are potentially transmissible via transplantation of the microbiome [86].

It should be noted that studies have determined higher relative abundances of potential
pathobionts immediately after birth in infants born via Cesarean delivery [87,88]. Mueller
et al. found greater abundances of Clostridium perfringens and Clostridium neonatale in
neonates born via Cesarean delivery compared to vaginal delivery at 3 months of age [87]
while Shao et al. showed the mean relative abundance and frequency of six opportunistic
pathogen species was enriched in neonates born via Cesarean delivery in the first 21 days of
life compared to those born via vaginal delivery [88]. However, the significance difference
in relative abundance of these potential pathobionts based on mode of delivery diminished
with age in the Shao et a/. study [88] and was noted to disappear by 12 months of age in

the Mueller et al. study [87]. Additionally, the increased relative abundance of opportunistic
bacteria in neonates born via Cesarean delivery does not necessarily indicate their bloom
but rather may be a reflection of a lack of other intestinal microbes; any potential clinical
outcomes have yet to be determined [33]. Thus, long-term clinical implications of this
temporary increased relative abundance of potential pathobionts attributed to mode of
delivery are unknown, and more research is needed to understand how decreasing the levels
potential pathogens with FMT protocols—which was noted by Korpela et. a/at 1 week and
12 weeks of age [7]—ultimately affects offspring development.

Additionally, when considering the transplant of maternal microbes via vaginal or stool
seeding to Cesarean born neonates, it is important to consider that women undergoing
Cesarean rate have higher rates of obesity, hypertension, and other cardiovascular co-
morbidities [89,90]. If the transfer of maternal microbiota plays a role in driving up rates
of NCDs, seeding may only offer harm with no potential benefit. In fact, seeding neonates
with maternal microbes may serve to “double up” the bad exposure—giving the infant both
the genetic predisposition for developing certain chronic diseases as well as the “disease
phenotype” microbiome to go with it.

Indeed, observational studies have demonstrated that regardless of mode of delivery,
neonates born to overweight (BMI > 25.0) mothers are more likely to become overweight
at ages 1 (adjusted odds ratio [OR] 3.8; 95% CI 1.88-7.66) and 3 years of life (adjust

OR, 3.79; 95% ClI, 2.10-6.84), with neonates delivered via Cesarean to overweight mothers
with the greatest odds of becoming overweight later in life [91]. Proponents of seeding
Cesarean born infants with maternal microbes recognize the ability of these microbes

to modify long-term health outcomes of the neonate. However, in the same vein, it is
crucially important to recognize and be cognizant of the possibility of unforeseen negative
consequences in the form of propagation of diseases or conditions that predisposed the
mother to the Cesarean delivery in the first place. Manipulation of the microbiome without
nuanced understanding of the mechanisms and long-term implications of various microbial
profiles could produce both ill effects as well as beneficial ones [92]. One solution to
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the theoretical concerns regarding risks of transmitting a “disease phenotype” microbiome
may be to perform these seeding procedures with a defined universal microbiome cocktail
(so called ‘defined consortia”) when maternal co-morbidities are present. However, further
research is needed to 1) define the inoculum that such a cocktail would include and 2)
determine if it would be superior to a neonate’s own maternal microbiome via whatever
source and route it naturally occurs.

Finally, there are risks with transplant of any microbiome, though particularly fecal.

With proper processing procedures fecal transplant carries low risk of adverse events
such as infection [93] though with widespread implementation it may be difficult to
ensure appropriate safety standards are met. This concern is particularly worrisome when
considering that the recipients are neonates with relatively immature immune systems and
risks of compromised barrier integrity.

Rethinking our approach: three evidence-based targets for interventions

Until the long-term effects of the alteration of the microbiome of neonates delivered via
Cesarean delivery can be fully determined, it is paramount to also perform meaningful and
mechanistic-minded interrogations of the impact of exposures on the functional microbiome
over the duration of pregnancy and lactation that have been associated with the mitigation of
childhood and adult NCDs. We have identified three areas of attainable clinical intervention
during pregnancy and postpartum that we believe are relevant targets for potentially
impacting and reducing childhood and adult chronic disease (Figure 3).

Breastfeeding.

While there is still ambiguity regarding whether seeding practices at time of Cesarean
delivery are beneficial or potentially harmful, there is clear evidence that breastfeeding

and improved management of prenatal comorbidities have beneficial effects on the
long-term health outcomes of offspring [94,95]. Breastfeeding has limited true medical
contraindications in infants with classic galactosemia or in the U.S., mothers with human
immunodeficiency virus (HIV) [96]. Some women may face barriers that impact their ability
or desire to breastfeed but efforts have been made to reduce these challenges, including
federally protected lactation break times and improved access to lactation consultation
services [97]. Breastfeeding is linked to numerous long-term health outcomes including
lower rates of offspring obesity [94]. There is also evidence that breastfeeding modifies the
differential effects seen in the microbiomes of Cesarean and vaginally delivered infants [51]
and therefore may neutralize the theoretical risks associated with Cesarean delivery. Women
who deliver by Cesarean are less likely to breastfeed than women who deliver vaginally
[98]. Thus, differential breastfeeding rates may not only serve as a potential contributor to
the difference in chronic disease risk in these two populations but also as an evidence-based
potential target of clinical intervention that needs further addressing.

Optimizing maternal nutrition.

In addition to breastfeeding, maternal diet (rather than obesity) itself is a potential target
for intervention to mitigate the difference in disease risk seen in Cesarean vs vaginally
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born infants. A maternal high fat diet in the third trimester has been associated with
differences in gut microbiota at delivery and within the first 6 weeks of life independent

of mode of delivery, maternal obesity, or breastfeeding status [55]. Therefore, targeted
prenatal interventions to support a healthy and nutritionally balanced diet among gravidae
have the potential to support the development of a healthy gut microbiome from the neonatal
period and beyond. As reviewed earlier, primate work has been crucial in establishing both
the durability of the maternal WSD on offspring health, as well as its independence from
maternal obesity.

Improved control of maternal co-morbidities and chronic diseases

Lastly, improved management of maternal comorbidities and chronic diseases confers
long-term health benefits to both the parent and her offspring. Control of maternal co-
morbidities such as diabetes, hypertension, thyroid disease, psychiatric illness, and weight
gain both prior to conception and during pregnancy can improve newborn and child health
outcomes [99]. Improved glycemic control in diabetic gravidae results in protection against
metabolic syndrome in their offspring [100]. Clausen et al. report offspring risk of metabolic
syndrome increases significantly with increasing maternal fasting glucose, making improved
glucose control a worthwhile goal [95]. Additionally, improved control of maternal chronic
conditions like obesity may allow practitioners to affect the Cesarean delivery rate in a
meaningful way for both mother and baby. Morbidly obese women with a body mass index
(BMI) > 40 kg/m? are at significantly increased rate of Cesarean delivery [101]. Finally,
interventions to support appropriate pregnancy weight gain have the potential to reduce

the Cesarean delivery rate itself. Women who gain weight in excess of 2009 Institute of
Medicine (IOM) guidelines [102] during their pregnancies have increased risk of Cesarean
delivery [103]. Programs to support appropriate weight gain could reduce rates of Cesarean
delivery and any associated harms, and we argue such programs are notable venues to direct
time and efforts.

Concluding Remarks

While we and others have clearly shown that there is a transient difference in the microbiota
of neonates born via Cesarean and vaginal delivery, these changes are limited to a few

taxa, are not durable, and appear to resolve during infancy. As such, it is not surprising

that meaningful lifelong impacts on the development of the offspring metabolic and
immune system have yet to be causally linked. However, potential for reduction of harm
readily resides within our reach (See Clinician’s corner). Specifically, if we can reduce the
disproportionate disparities that contribute to increased Cesarean delivery risk. For example,
with a lens on our diabetic or obese population, based on multiple lines of evidence,

we can confidently anticipate three benefits of widened availability of optimized nutrition
with relief of food scarcity and unrestricted access to medical care both preconception

and prenatally. We would (1) improve glycemic control, optimizing fetal growth, (2)

lower the Cesarean delivery rate and increase the duration of human milk feeding, and

(3) potentially mitigate the longer-term risks from exposure to these conditions /n utero.
This heightened attention to maternal perinatal health—Ilike improved glucose control

and appropriate weight gain—can be attained with widened access to clinical and public
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health interventions and patient counseling without incurring any additional risk to mom

or fetus. While there are many outstanding questions regarding the neonatal and infant
microbiome (see Outstanding questions), we caution that societal focus needs to shift away
from a narrow focus on reducing Cesarean delivery rates to meet a certain quota—which
as we have demonstrated may be difficult to achieve in today’s society—to optimizing
maternal healthcare before, during, and after pregnancy. Additionally, efforts to restore the
neonatal and infant microbiome with vaginal or fecal seeding may not only fail to elucidate
clearly beneficial outcomes but may in fact be harmful at both an individual and broader
societal level. As physicians, our first responsibility is to do no harm. Despite growing
popularity of neonatal seeding in the general press, health care practitioners and patients
should only perform seeding practices within the confounds of strict scientific protocols

to ensure safety [8]. To ultimately improve maternal and neonatal outcomes in association
with presumptively beneficial alterations in the microbiome, attention should be directed
to established beneficial realms of improved access and availability of preconception and
prenatal care, nutritional counseling, lactation services, and limiting food scarcity and other
health disparities.
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ACOG

the American College of Obstetricians and Gynecologists, the professional membership
organization providing evidence-based practice guidelines that serve as the standard of care
in the field of Obstetrics and Gynecology.

Chorioamnionitis

an acute inflammation of the membranes and chorion of the placenta, typically due to
ascending bacterial infections, and associated with preterm labor and adverse neonatal
outcomes.

Fetal intolerance to labor
an abnormality in fetal heart rate and rhythm complicating labor and delivery that indicates
fetal distress and is a frequent indication for Cesarean delivery.

Gestational age
completed weeks of development /n utero.

Intrapartum antibiotic prophylaxis

administration of antibiotics (4 hours of penicillin or ampicillin is the gold standard)
during labor and delivery to women colonized with group B Streptococci (GBS) or women
with unknown GBS status who deliver preterm, have prolonged membrane rupture, or
intrapartum fever.
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Intrapartum stillbirth
fetal death occurring after the onset of labor and prior to delivery.

Metagenomics
sequencing of multiple small sections of microbial genomes followed by bioinformatics
analysis to characterize the collection of genes in a given microbial community.

Microbiota
a community formed by bacteria, fungi, and viruses of commensal, symbiotic, and
pathogenic microorganisms that share similar spaces or body organs.

Microbiome
all the genes and gene products like RNA, proteins, and metabolites produced by the
microbiota.

Neonatal Intensive Care Unit (NICU)
a hospital intensive care unit that specializes in providing medical care for high-risk
newborns who are preterm, critically ill, or have a life-threatening health condition.

Noncommunicable diseases (NCDs)

a group of conditions that are not transmissible directly from one person to another. They
include most heart disease, stroke, most cancers, diabetes, chronic kidney disease, among
others.

Obstructed labor
labor where there is poor or no progress (in the form of maternal cervical dilation or fetal
descent into the pelvis) despite adequate uterine contractions.

Operational taxonomic units
an operational definition used to classify groups of closely related individuals, often used to
classify bacteria based on sequence similarity of the 16S marker gene.

Pathobionts
microbes with the potential to cause harm, or disease under certain circumstances. This term
is often used for categorizing disease-associated taxa without proof of causality.

Seeding

an experimental practice of inoculating a cotton gauze or a cotton swab with vaginal fluids
to transfer the vaginal flora to the mouth, nose, or skin of a newborn infant; can also include
oral administration of maternal vaginal or stool microbes.

Xenobiotics
chemical substances that are foreign to the body or an ecological system
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Clinician’s Corner

In the United States, Cesarean delivery is rarely performed as a purely
elective procedure upon maternal request. Access to medically-indicated
Cesarean delivery for situations of known maternal or fetal benefit are key
to global efforts aimed at reducing health disparities and improving maternal
and childhood morbidity and mortality.

In general, the “Cesarean delivery” effect on the offspring microbiome is
not durable and involves relative differences in only a few taxa. In addition,
initial clinical trials have failed to show the effectiveness or reproducibility
of vaginal seeding practices aimed at restoring the neonatal microbiome but
further trials are underway. Data on the effects of such practices on short and
long-term offspring health outcomes are needed.

At this time, vaginal seeding should not be performed outside the context of
an institutional review board-approved research protocol until sufficient data
regarding the safety and benefits of the process are available.

In order to ultimately improve maternal and neonatal outcomes in association
with presumptively beneficial alterations in the microbiome, attention should
be directed to improving prenatal care and expanding access to women’s
health care services during pregnancy and beyond.

With the reduction of the burden of comorbidities that contribute to increased
Cesarean delivery risk, such as support for appropriate maternal weight gain,
maternal dietary and nutritional counseling, and glucose control for diabetic
mothers, we can potentially lower not only the Cesarean delivery rate but also
mitigate the infant risk from exposure to these conditions /n utero.

Additionally, while there remains ambiguity regarding whether seeding
practices at time of Cesarean delivery are beneficial or potentially harmful
based on currently available data, there is clear evidence that breastfeeding
and improved management of prenatal comorbidities have beneficial effects
on the long-term health outcome of offspring.
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Outstanding Questions bullet points

. Atre there true and lasting differences in the microbiomes of Cesarean and
vaginally born infants and, if present, are such differences functionally
meaningful?

. How does the maternal microbiome and its metabolites influence the

microbiota of the developing fetus?

. Is the fetus merely exposed to microorganisms, or is the developing fetus truly
colonized /n uterd?

. How do low biomass communities, such as has been reported in the placenta,
the amniotic fluid, the fetus, and the breastmilk, remain as low biomass?
What keeps them “pruned”, and prevents them from developing into higher
biomass communities? Is this important for developing fetal or neonatal
immunity?

. Avre these low biomass communities important for preventing colonization
with pathogens, including pathogenic bacteria or viruses? In the mom, the
infant, or both?

. At what time point in the developmental process does disruption to the
microbiome result in a non-communicable disease state? Is this disease state
later modifiable, or is it largely irreversible?
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Highlights

Increasing rates of Cesarean deliveries and common non-communicable
disorders (NCDs) in children, such as obesity and metabolic disease, have
resulted in attempts to uncover a causal link between the two.

One line of research argues that being born via Cesarean rather than vaginal
delivery detrimentally alters the neonatal microbiome in a way that could
potentially predispose the neonate to future NCDs.

In general, the effect on the offspring microbiome is not durable and involves
relative differences in only a few taxa. In addition, initial clinical trials have
failed to show the effectiveness or reproducibility of vaginal seeding practices
aimed at restoring the neonatal microbiome but further trials are underway.
Data on the effects of such practices on short and long-term offspring health
outcomes are needed.

Only with a greater focus on the effects of maternal and fetal exposures
during pregnancy and lactation will we discern true causal drivers of
childhood and adult NCDs.

In the United States, Cesarean delivery is rarely performed as a purely
elective procedure upon maternal request. Access to medically-indicated
Cesarean delivery for situations of known maternal or fetal benefit are key
to global efforts aimed at reducing health disparities and improving maternal
and childhood morbidity and mortality.
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Figure 1: Evaluating the effects of vaginal seeding on the development of the infant microbiome.
The process of vaginal seeding involves A) inoculating gauze with vaginal fluids (/e the

maternal vaginal microbiome) and B) transferring the vaginal flora to the neonate either

by direct swabbing or via oral administration immediately after birth. C) The microbiome
of the neonate continues its nascent development and D) is sampled at multiple points
throughout its first months of life. E) Samples are sent for sequencing studies to F) analyze
the typically course (e.g., 16S based analysis of relative taxonomic abundance) composition
of the neonatal (<30 days of life) or infant (>30 days to 1 year) microbiome.
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Figure 2: Maternal and environmental factors that can affect the development of the infant
microbiome.

Several maternal and environmental factors h have been shown to have varying degrees of
impact on the development of the neonatal, infant, and/or early childhood microbiome.
Current evidence supports the notion that gestational age at delivery, environmental
chemical exposures, perinatal antibiotic exposure, perturbations in the intrauterine
environment, neonatal and infant feeding practices, and/or maternal diet all significantly
impact the neonatal microbiome. Additionally, many factors are not independent and

can combine for a cumulative effect (ie maternal diet can influence gestational weight
gain which in turn can affect the breast milk microbiome and subsequently the neonatal
microbiome).
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Figure 3: Readily modifiable maternal factors which have been shown to impact the infant
microbiome.

Three readily modifiable maternal factors have been shown to impact and affect the
neonatal, infant, and/or early childhood microbiome community structure and function.
Notably, some of these same modifiable factors have been shown to alter distinct
microbiome communities during both pregnancy and the postpartum lactation period.

For example, several lines of evidence in humans and primates have shown that that

both a high fat maternal diet and poor glucose control alter the pregnancy and early
offspring microbiome. Interestingly, one recent study [104] demonstrated that a high fat
or glucose-enriched maternal diet during lactation impacted the milk microbiome function
via alterations to human milk oligosaccharide composition.
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