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Abstract

Our aim was to review the use of high-dimensional biology techniques, specifically transcriptomics, proteomics, and metabolo-
mics, in amniotic fluid to elucidate the mechanisms behind preterm birth or assessment of fetal development. We performed a
comprehensive MEDLINE literature search on the use of transcriptomic, proteomic, and metabolomic technologies for amniotic
fluid analysis. All abstracts were reviewed for pertinence to preterm birth or fetal maturation in human subjects. Nineteen articles
qualified for inclusion. Most articles described the discovery of biomarker candidates, but few larger, multicenter replication or
validation studies have been done. We conclude that the use of high-dimensional systems biology techniques to analyze amniotic
fluid has significant potential to elucidate the mechanisms of preterm birth and fetal maturation. However, further multicenter
collaborative efforts are needed to replicate and validate candidate biomarkers before they can become useful tools for clinical

practice. Ideally, amniotic fluid biomarkers should be translated to a noninvasive test performed in maternal serum or urine.

Keywords

amniotic fluid, systems biology, proteomics, transcriptomics, preterm birth

Introduction

In 2005, the March of Dimes Scientific Advisory Committee
published its research agenda to address the complex public
health problem of preterm birth.! Of the 4 themes recommended
for research on preterm birth, the committee emphasized defin-
ing the etiologic mechanisms responsible for preterm birth and
identifying biomarkers for preterm birth, which could improve
clinical risk assessment." Indeed, the committee recognized that
successful interventions against preterm birth would likely need
to address multiple risk factors and be specifically tailored to
individuals or groups.'

Currently, high-dimensional biology or “systems biology”
allows for simultaneous study of changes within an organism
or biological sample to understand the pathophysiology or
mechanisms of disease.>” Complex biological processes can
result in signature effects in the genome (DNA), transcriptome
(messenger RNA [mRNA]), proteome (proteins), or metabo-
lome (metabolites). Thus, these new “—omic” discovery plat-
forms enable us to advance discovery and generate broader
hypotheses regarding overall mechanisms than would be possi-
ble from study of singular proteins or genes by themselves.*
Analysis with an unbiased approach allows for candidate bio-
markers to reveal their significance, after which properly
designed, follow-up targeted studies can then be conducted to
replicate and validate these candidate biomarkers, and if

validated, translate them into clinical tests.’ Based on this com-
prehensive and systematic process, the development of
improved prenatal diagnostics and therapeutics regarding fetal
development and well-being becomes a real possibility and may
further aid in the assessment and prediction of many abnormal
fetal and maternal states, including preterm birth.

Amniotic fluid obtained at different time points in pregnancy
can be examined to provide obstetricians and pregnant women
with important information for decision making about preg-
nancy management and delivery planning such as midtrimester
screening for aneuploidy, diagnostic testing for intra-amniotic
infection, or fetal lung maturity testing.®® As a dynamic and
complex mixture that reflects the physiologic state of the devel-
oping fetus,” amniotic fluid is an underutilized resource for
assessing fetal status and development.

Ultimately, the goal is to advance the understanding of fetal
well-being by the development of noninvasive fetal testing by
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sampling maternal serum or urine and to avoid invasive tests
such as amniocentesis. However, for discovery purposes,
amniotic fluid has important advantages over other maternal
specimens. First, amniotic fluid contains a larger amount of
cell-free fetal- and pregnancy-related DNA, RNA, and proteins
than maternal serum, particularly in the first and second trime-
ster, when most prenatal screening is performed.'®!'* Over 80%
of the circulating fetal DNA fragments in maternal serum are
short. Therefore, highly sensitive methods of detection are
needed to distinguish the small size and quantity of fetal DNA
from maternal DNA in maternal serum samples. Indeed, most
fetal DNA measurement methods using maternal serum rely
on quantifying Y-specific sequences and can only be used
when the fetus is male.'"

Therefore, the aim of this article is to review the application
of high-dimensional biologic techniques in the analysis of
amniotic fluid for the discovery of novel biomarkers about fetal
well-being that help obstetricians better manage the timing of
delivery. Given that purpose, we focused on 2 categories of
articles: (1) those that predict preterm birth and (2) those that
assess fetal maturation. A better understanding of timing or
mechanisms of spontaneous preterm birth will help obstetri-
cians to target its prevention or treatment with tocolytics,
whereas a better understanding of fetal maturation will aid
obstetricians to improve the timing and potentially the pretreat-
ment of scheduled deliveries in order to avoid neonatal morbid-
ity. As the use of these systems biology technologies begins to
increase exponentially, our hope is to have better analytical
tools to aid obstetricians and pregnant women in making
pregnancy and delivery decisions that will improve the care
of newborns and their outcomes.

Methods

On January 18,2013, we conducted a MEDLINE search with the
key words “amniotic fluid,” coupled with the various high-
dimensional techniques of interest, focusing on “transcrip-
tomics,” “metabolomics,” and “proteomics.” We added addi-
tional search terms including “RNA expression,” “proteome,”
“transcriptome,” and “metabolome.” The search was limited
to original research in humans and in English. The abstracts were
reviewed to determine that the manuscript detailed the use of a
high-dimensional technique in amniotic fluid that provided
information on spontaneous preterm birth (spontaneous preterm
labor or premature rupture of membranes) or fetal maturation.
We excluded manuscripts that were reviews, that described
experiments in cell culture or animal models, or that covered
other fetomaternal conditions besides preterm birth or fetal
maturation. Articles that discussed biomarker discovery in
amniotic fluid, particularly to test a known potential candidate
biomarker, but that did not employ a high-dimensional technique
were also excluded. The bibliographies of the included articles
were reviewed to capture other manuscripts not discovered by
the original search. In the end, the number of articles that
described high-dimensional techniques in amniotic fluid to
predict preterm birth or fetal maturity included 3 on

transcriptomics, 10 on proteomics, and 6 on metabolomics
(Figure 1). These articles were categorized by high-dimensional
technique used, study design, and biomarkers found (Table 1).

Results

Transcriptomics

The transcriptome is the full complement of mRNA in a cell or
tissue at any given moment and forms the template for protein
synthesis, resulting in a corresponding protein complement or
proteome.® Keller et al*® demonstrated that exosomes, small
membrane vesicles found in various body fluids, including
amniotic fluid, saliva, urine, and plasma, contain proteins and
mRNA that can be analyzed with high-dimensional techniques.
In fact, amniotic fluid supernatant is a rich source of fetal
cell-free DNA and RNA*! and contains 100- to 200-fold more
fetal nucleic acids for analysis than maternal plasma.

The transcriptome can be studied using 1 of 2 main
techniques: microarray and next generation sequencing.’* With
microarray, samples of complementary RNA are prepared, end
labeled, and hybridized to chips that contain oligonucleotide
probes designed to capture specific transcripts.** Outcomes are
measured based on the level of fluorescence signal from each
probe,? and once important transcripts are identified, they can
be analyzed with a more focused platform such as quantitative
reverse transcriptase polymerase chain reaction (QRT-PCR)."
However, problems can arise if the a priori knowledge needed
to design probes is lacking, such that transcripts can be missed
if not in known databases.>*>> Next generation sequencing
seeks to overcome this problem; it involves a flow cell platform
that acts as a substrate to perform sequencing on millions of
RNA fragments.*> Thus, the entire transcriptome of a sample
can be sequenced to provide accurate quantification of the
relative levels of transcripts present through mapping of reads
to reference sequences.”> Most RNA-sequencing systems are
similar in that they require fragmentation and adaptor ligation
prior to sequencing runs; however, they differ in how the runs
are performed and what kinds of data are collected.®* Although
an extremely promising method for transcriptome analysis, RNA
sequencing also has problems with the amplification of target
sequences prior to sequencing runs, as these amplifications can
result in errors, creation of variation, and decoupling of linear
relationships between output and level of expression.>

Our search yielded 3 articles on the use of transcriptome
analysis for the discovery of biomarkers for fetal maturation or
prediction of preterm birth. Larrabee et al'* did a pilot study on
four 10-mL samples of cell-free amniotic fluid obtained from
pregnant women between 20 and 32 weeks gestation who under-
went amnioreduction for twin-to-twin transfusion syndrome.
They compared these samples to a pooled control sample from
17to 18 weeks gestation from mothers undergoing routine genetic
amniocentesis for advanced maternal age.'* Cell-free fetal
mRNA in amniotic fluid hybridized to gene expression arrays
revealed that fetal gene expression is dynamic and changes over
the course of gestation. For example, some developmental
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transcripts, such as surfactant proteins, keratins, and mucins, were
significantly upregulated with increasing gestational age."*

Hui et al,'> using microarray analysis, identified the
transcripts present in the euploid midtrimester amniotic fluid
supernatant of 12 fetuses (median gestational age 18 weeks)
and were able to identify 476 organ-specific genes. The inves-
tigators then compared those organ-specific genes to gene
expression profiles from 78 normal human tissues that had
already been catalogued in a publicly available atlas.'*> They
discovered 6 physiologic systems development and function
pathways, and in particular that biological processes associated
with nervous system development and function were overre-
presented.'? The presence of lung gene transcripts for surfac-
tant proteins B and C were also noted, and interesting given
the increased role of pulmonary fluid contributing to the
population of amniotic fluid in the latter part of pregnancy. The
authors noted limitations of the study to be a lack of transcripts
found showcasing renal system development, which they felt
highlighted an inherent bias in the existing publicly available
atlas: the atlas depended on the range of tissues sampled and
the variable number of organ-specific genes for each organ
profiled.'? Still, the data are promising for a better understand-
ing of fetal organ maturation to help clinicians time delivery in
order to avoid neonatal morbidity due to prematurity.

Finally, Massingham et al'> performed a feasibility study
involving 19 amniotic supernatant samples obtained from euploid

fetuses between 15 and 20 weeks of gestation. To evaluate fetal
organ system function, transcript abundance of 21 genes was
measured by standardized nanoarray PCR, which utilizes the
sensitivity and specificity of qRT-PCR and array technology for
the simultaneous analysis of up to 3072 genes.'> Two genes,
mechanistic target of rapamycin (MTOR) and signal transducer
and activator of transcription 2 (STAT?2), had significantly higher
expression levels in female than in male fetuses.'® Five genes in
the panel were statistically, significantly, and differentially
expressed as a function of increasing gestational age. Three genes
showed decreasing gene expression: annexin A5 (ANXAS),
glucoronidase B, and peptidyl isomerase A (PPIA). The 2 genes
showing increasing expression were cancer susceptibility candi-
date 3 and zinc finger protein 264." Further investigation using
this gene panel may give insights into fetal maturation, and as 4
of the genes (STAT2, MTOR, ANXAS, and PPIA) are involved
in immunologic functions, the authors speculate that this gene
panel may also contribute to greater understanding of the complex
immune pathways in the maternal—fetal relationship.'

Proteomics

An advantage of proteomics is a better understanding of the
diversity of proteins produced after complex posttranslational
modification by phosphorylation, glycosylation, acylation,
methylation, or proteolytic cleavage.** Proteomics relies on a
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prefractionation method to detect low-abundance proteins, most
frequently by gel electrophoresis or liquid chromatography.*”
However, gel electrophoresis has a limited ability to analyze
very basic or acidic proteins, very large or very small proteins,
or low abundant species.>® Therefore, mass spectrometry is the
most widely used powerful tool for multidimensional protein
identification techniques. Mass spectrometry-based proteomics
is characterized as either “top-down” or “bottom-up.”>® In the
“top-down” method, intact proteins are characterized directly
via mass spectrometry.® However, “top-down” analyses are
challenged by separating complex protein mixtures for iden-
tification of specific proteins/peptides.®® In the “bottom-up”
approach, frequently used with liquid chromatography and also
with mass spectrometry, proteins are first digested and the
resulting peptides are then analyzed to identify and quantify
the parent proteins, which can be a more difficult task.* Mass
spectrometry has advantages for the analysis of amniotic fluid,
providing sensitivity, speed, resolution, and huge amounts of
data to be analyzed with advanced bioinformatics, where the
large-scale characterization of the entire protein complement can
be revealed.’” In particular, surface-enhanced laser desorption
ionization time-of-flight (SELDI-TOF) mass spectrometry has
the ability to analyze samples with minimal preprocessing,
improved ease of handling, and high throughput.*®

Currently ongoing investigations on proteomics profiling of
amniotic fluid are leading to the discovery of biomarkers that
have the potential to aid in prenatal diagnosis of aneuploidy
or other fetal abnormalities,>**" early detection of abnormal
pregnancy states, such as intra-amniotic infection or premature
labor,'®***" and perinatal inflammation/neonatal sepsis.** Our
review found 10 articles that described the possible amniotic
fluid biomarkers for the prediction of preterm birth or fetal
maturation.

Using 2-dimensional fluorescence difference gel electro-
phoresis and mass spectrometry, Queloz et al?® showed that
amniotic fluid proteins were seen in differential abundance
earlier in pregnancy (17 weeks) compared to term, and that
amniotic fluid at each of these time points could be identified
by its protein pattern. Of the differentially expressed protein
spots, 7 were identified by tandem mass spectrometry and
corresponded to 5 different gene products.”® Given the changes
in proteomic profile throughout pregnancy, the authors recog-
nized that future studies of proteomic markers would require
age-matched controls.

Buhimschi et al'” performed proteomics analysis of 286
fresh amniotic fluid samples obtained from women who pre-
sented with signs or symptoms of preterm labor or premature
rupture of membranes. They initially screened and detected
biomarkers characteristic of inflammation and bleeding in
32% of the mass spectrometry tracings, through methodologies
previously described by their group.'®* In the remaining
tracings, they used a hierarchical algorithm to quantify the
similarities/dissimilarities among proteomic fingerprints, which
allowed identification of a unique “Q-profile” in 32 patients,
based on the presence of 5 peaks in the area of 10 to 12.5 kDa
mass.'” Women displaying the Q-profile were more likely to

deliver preterm despite expectant management, when compared
to women who had other proteomic fingerprints for inflammation,
bleeding, inflammation and bleeding, or none.'” A comparison of
the differential expression of proteins in women with the
Q-profile to matched reference women showed 60 spots of down-
regulation and 28 spots of upregulation, of which 17 distinct
protein database matches appeared and were differentially regu-
lated at least 1.5-fold between the 2 groups.'” The authors used the
Protein Analysis Through Evolutionary Relationships database to
positively identify 10 protein products belonging to 7 distinct and
well-classified biological processes, including blood circulation
and gas exchange, homeostasis, lipid and fatty acid metabolism,
protein metabolism, sensory perception, signal transduction, and
transport.'” The authors felt that understanding the distinct
physiologic pathways toward preterm birth would enable a
“pathway-specific-targeted treatment approach”'” that would
allow for more personalized treatment of the patient in preterm
labor.

Although not a primary focus of this review, intra-amniotic
infection (IAl)/inflammation potentially plays an important
role in preterm birth. Approximately 20% of patients with
preterm labor have concomitant IAI,** decreasing latency time
until delivery with an increasing rate of adverse neonatal out-
comes. Proteomic analysis of amniotic fluid for infection may
provide important links to the mechanism and consequences of
inflammation in preterm birth plus the ability for earlier detec-
tion and intervention against preterm birth, particularly if a test
can be developed to detect the infection prior to the onset of
clinical symptoms, often a late finding.'®'*?!%434¢ Although
we excluded manuscripts that described high-dimensional
techniques in relation to uniquely diagnosing IAI, we did
include manuscripts that included assessment of inflammation
as a risk factor for preterm birth. For example, Gravett et al'’
identified candidate biomarkers for IAI first in rhesus monkeys,
then replicated the study in women with preterm labor with and
without IAI. The investigators found that a distinct proteomic
profile identified in the primate infection model detected
subclinical TAI in the human cohorts with preterm labor."
Differentially expressed amniotic fluid proteins between cases
and controls included calgranulin B and an 11-kDa fragment of
insulin-like growth factor-binding protein 1 (IGFBP-1); these
proteins were also demonstrated to be differentially expressed
in maternal serum, raising potential for a noninvasive diagnos-
tic test for early detection of IAL'

Riietschi et al** evaluated the amniotic fluid of women with
singleton pregnancies who presented <34 weeks with either
preterm labor (n = 14) or preterm premature rupture of mem-
brane (PPROM; n = 13). Based on levels of IL-6, 7 women
with preterm labor and 7 women with PPROM were diagnosed
with TAI. Using SELDI-TOF mass spectrometry, they found
that 17 proteins were overexpressed in the amniotic fluid of
women with IAI, in particular women with preterm labor than
those women with PROM. Five of these proteins were identi-
fied as human neutrophil proteins 1 to 3 (a family of cationic
antimicrobial peptides) and calgranulins A and B.** These
findings correlated well with those of Buhimschi et al'® for
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identification of TAI, where the authors studied 77 amniotic
fluid samples (17 term and 60 preterm with various levels of
IAI based on high white blood cell count + positive amniotic
fluid culture result) to unearth relevant proteomic patterns.
Using SELDI-TOF and mass-restricted analysis to extract the
relevant biomarkers from SELDI tracings, women who
delivered preterm and with TAI had a distinctive proteomic
profile in relation to proteins neutrophil defensins 1 and 2 and
calgranulins A and C.'® Based on the presence or absence of
these biomarkers, they devised a mass restricted (MR) score
ranging from 0 (all biomarker peaks absent) to 4 (all biomarker
peaks present), where an MR score > 2 was associated with
imminent preterm delivery with 100% sensitivity and 95% spe-
cificity, when validated with blind testing of 24 samples with
unknown outcomes.'®

Romero and collaborators also sought to identify the novel
biomarkers or patterns of markers indicative of preterm labor
with IAI and have subsequently published a number of articles
on their work. He and his team performed a cross-sectional
study of 44 women with spontaneous preterm labor and intact
membranes who delivered at term, compared to 44 women who
delivered preterm with IAL>! They used multiple SELDI-TOF
analyses followed by a computational approach to produce a
proteomic “fingerprint” for each patient.! Next, they con-
structed an empirical model to classify patients into 2 groups
with a cross-validation approach based upon the boot-
strapping procedure and then attempted to generalize the model
by performing a validation analysis in 15 patients who deliv-
ered at term and 16 women who delivered preterm with TAL?!
In the validation phase, the investigators were able to identify
14 of the women who delivered at term, and 14 of the women
who delivered preterm with IAI, with an accuracy of 90.3%.%!

Bujold et al'® performed a cross-sectional study using banked
samples of amniotic fluid from 3 groups of women with preterm
labor, with the main goal of using proteomic methodologies to
define proteins that were differentially expressed in each group.
The groups of women with preterm labor were (1) those who
eventually delivered at term without IAI, (2) those who delivered
preterm (<37 weeks) without IAI, and (3) those who had preterm
labor and preterm delivery with IAI. Eighty-six amniotic fluid
samples from each group were pooled and examined. Two-
dimensional chromatography followed by enzyme-linked immu-
nosorbent assay (ELISA) and SELDI-TOF mass spectrometry
was used to identify the proteins that were differentially
expressed.'® In particular, the authors found that retinol-binding
protein was overexpressed in women who delivered preterm,
regardless of the presence of IAL'® In addition, in patients with
IAI, the presence of IGFBP-1 fragments was increased, with a
decrease in intact IGFBP-1, as also seen by Gravett et al above.'”

Romero et al* examined women who presented with preterm
labor grouped into the same classifications as the Bujold et al'®
study above. Using liquid chromatography-tandem mass
spectrometry with isobaric tagging for relative and absolute
quantification techniques, the investigators identified 309
unique differentially expressed proteins between the 3 groups,
using the IPI.Human database, and characterized them by gene

ontology terms. In the case of preterm delivery without IAI
specifically, they found 4 upregulated proteins (resistin,
thymosin-like 3, antileukoproteinase, and lactoferrin) and 2
downregulated proteins (latent-transforming growth factor
B-binding isoform 1L and Mimecan precursor).* For those
patients who delivered preterm in the presence of IAI, 4 gene
ontology biological processes were represented: host defense,
antiapoptosis, metabolism/catabolism, and finally, mobility/
localization/targeting.* In particular, proteins directing actin
cytoskeleton organization biogenesis and protein targeting
were found in abundance and may implicate certain physiolo-
gic processes in the onset of preterm birth.*

Premature rupture of membranes (PROM) before the onset
of labor comprises one type of spontaneous preterm birth.
Although its mechanisms are unclear, PROM is associated with
increased risk of intra-amniotic inflammation and preterm
birth. Therefore, biomarkers toward the prediction of PROM
and better understanding of the mechanism by which it occurs
may also increase our understanding of preterm birth. Vuadens
et al** performed a 2-dimensional polyacrylamide gel electro-
phoresis of amniotic fluid from women with either preterm or
term premature rupture of membranes (PROM) to identify the
characteristics of membrane rupture in amniotic fluid and in
comparison with maternal plasma. Five proteins were differen-
tially expressed between the groups, and 2 were identified as
potential markers of PROM, because they were present only
in amniotic fluid and absent in maternal serum.”**” These 2
markers, agrin and perlecan, may play a role in the regulation
of synapse development and remodeling of bone tissue, respec-
tively, and may generate new hypotheses for the mechanisms
of preterm birth and PROM.***”*® Building upon that work,
Queloz et al*® showed that agrin and perlecan were seen in
greater concentration in amniotic fluid than plasma, and that
amniotic fluid proteins, when added to plasma, were able to
be detected when they represented at least 10% of the total
protein loaded.

With the thought to better identify women who might mount
an intra-amniotic inflammatory response that could subse-
quently cause significant neonatal morbidity, Tambor et al*®
recruited women with PROM to determine proteomic differ-
ences in the amniotic fluid of 19 women with histologic chor-
ioamniotis (HCA) and microbial invasion of the amniotic
cavity (MIAC), compared to 19 women who had neither. With
2 pools of 19 samples from each group, they found that 99
proteins were significantly altered between the groups. Three
distinct histone proteins showed the highest concentration
change, followed by cathelicidin and myeloperoxidase.>* Using
an ELISA to test for cathelicidin in individual samples, catheli-
cidin was found to be significantly higher in the women with
infection. To validate their findings, they then examined the
amniotic fluid of 63 women without HCA or MIAC compared
to that of 40 women with both, and the cathelicidin levels were
significantly higher in women with infection.®> They found the
threshold of 4.0 ng/mL to be the best cutoff point in both the
discovery and the validation cohorts for the identification of
women with infection.?® In the validation cohort, this cutoff
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showed a sensitivity of 48%, a specificity of 90%, an odds ratio
of 11.6, a likelihood ratio of 5.0, and an area under the curve of
71% for the prediction of women with infection.?®

Metabolomics

Metabolomics refers to the study of individual metabolic
profiles and their changes over time due to disease, toxicity, or
other effects.*’ Specific physiological states, gene expression,
or other stimuli may cause changes in homeostasis, which can
be reflected in the metabolic composition of different biologic
compartments.”® As the metabolites analyzed are downstream
from gene expression and protein synthesis, metabolomics anal-
ysis may more closely represent what is going on at a functional
level.?” The most commonly used analytic tools for obtaining
metabolic profiles include mass spectrometry or nuclear mag-
netic resonance (NMR) spectroscopy.’® These tools can detect
the estimated 2000 to 20 000 metabolites of different biologic
pathways and may include amino acids, oligopeptides, sugars,
steroids, biliary acids, simple and complex fatty acids, and other
intermediary compounds.’® The NMR spectroscopy obtains
information on the structure of the molecules through interaction
with electromagnetic radiation, where oscillating currents gener-
ated by the perturbation of the system with a magnetic field
produces an interferogram in which intensities are related to
emission times, thus allowing for qualitative and quantitative
study of complex mixtures.”' Advantages of this technique
include high reproducibility, small sample volumes, short
measuring times, and low cost of analysis, while disadvantages
include high instrument costs and relatively low sensitivity to
molecules present in small amounts.”’

In an attempt to establish normative metabolite concentra-
tions between the second and the third trimesters, Cohn et al?’
analyzed 23 samples of amniotic fluid in the second trimester
(obtained for karyotype analysis) and 27 samples from the third
trimester (obtained for fetal lung maturity testing). Using high-
resolution magic angle spinning spectroscopy, they compared
21 metabolite concentrations between the second and the third
trimester and found differences in 16 that represented sugars,
amino acids, components of the Krebs cycle, and biomarkers for
renal function.?’” In particular, they found increases in betaine
and creatinine and decrease in numerous amino acids, including
alanine, glutamate, isoleucine, leucine, lysine, and valine.?’
After choosing 5 selected metabolites thought to be related to
fetal lung and renal maturity, the investigators used stepwise lin-
ear regression applied to 50 samples to show that gestational age
could be accurately predicted using a combination of alanine,
glucose, and creatinine concentrations.”’

In studies of second trimester amniotic fluid, Graga et al®>*°
showed differences in the NMR metabolomic profile of
pregnant women who eventually had preterm delivery and
those with PROM (n = 12 preterm delivery, 34 premature rup-
ture of membranes, and 82 controls) and, however, cautioned
readers about overinterpretation of the results due to small
sample size.® Differences in the metabolite levels of alanine,
allantoin, citrate, and myo-inositol were noted in the preterm

birth group, whereas differences in glutamine, methionine, and
threonine were noted in the premature rupture of membranes
group.® In a follow-up study, Graga et al*® compared 11 samples
of amniotic fluid and maternal urine obtained simultaneously in
the second trimester from women who delivered preterm
<37 weeks and compared them to 26 controls to look for biomar-
kers predictive of preterm birth. The number of maternal urine
samples collected was insufficient for any modeling to be
performed.?® Still, using ultraperformance liquid chromatogra-
phy and mass spectrometry, and their previously acquired NMR
data, they found decrease in particular amino acids (leucine/iso-
leucine, histidine, methionine, phenylalanine, and valine) and
increase in hexose in those women who eventually delivered
preterm.”® Given that the placenta plays an important role in
amino acid transport, the authors speculated that perturbations
in placental function may play a role in preterm birth.?®

Romero et al*® used metabolomic analysis of amniotic fluid
to determine which pregnant women with preterm labor were at
risk of preterm delivery by performing 2 retrospective cross-
sectional studies. Three groups of pregnant women with
preterm labor, as described previously, were studied (1) women
who delivered at term, (2) women without IAI who delivered
preterm, and (3) women with TAI who delivered preterm. The
first study, which was exploratory (N = 55), showed that differ-
ent metabolomic profiles had the promise to classify the preg-
nant women into 3 groups, with an accuracy of 96.36%.%° The
second study was larger (N = 113) and used the differential
metabolomic profile in the 3 groups to predict the clinical class
of the pregnant women 88.5% of the time, with least accuracy
in the preterm delivery with intra-amniotic infection group.*’

Metabolomics may also provide useful information on the
fetal maturational process. Bock?” utilized NMR spectroscopy
to analyze 70 amniotic fluid specimens representing pregnan-
cies at different stages of maturation and with different mater-
nal—fetal complications, and identified 10 proton NMR peaks
that were then used in clinical correlation analysis, and
included metabolites such as choline, glucose, glycine, and lac-
tate, among others. After classifying the pregnancies as second
or third trimester, the investigators further characterized third
trimester pregnancies by 3 maturity levels, including immature,
transitional, and mature based on fetal lung maturity testing.*>
They then used changes in the metabolomics profile to create a
model to predict the fetal maturational category.”> All 10
second trimester specimens were correctly identified, and
while all third trimester specimens were correctly placed in that
category, only 65% were placed in the correct lung maturity
level.”> Similarly, Clifton et al*® performed magnetic reso-
nance spectroscopy on the samples of amniotic fluid in second
and third trimester fetuses and found a progressive increase in
choline—creatinine ratio in the latter part of pregnancy, presum-
ably associated with increasing surfactant, of which phosphati-
dylcholine is a major component. When magnetic resonance
spectroscopy was performed on the amniotic fluid of 2 women
in the third trimester in vivo, however, choline was identified
only in 1 of the 2 fetuses at 37 weeks gestation whose amniotic
fluid had already confirmed fetal lung maturity.?®
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Discussion

The discovery of novel biomarkers for the assessment of
preterm birth and fetal maturation is important information that
can better guide obstetricians in their prenatal clinical
management of the pregnant patient and her unborn fetus, to
possibly avoid maternal and neonatal morbidity. In order to
find these biomarkers, studies have focused on certain bio-
chemical indicators based on a priori knowledge of the mechan-
isms of preterm birth and targeted possible mediators such as
corticotropin-releasing hormone®>** or proinflammatory mono-
cyte chemotactic protein 1°* for the prediction of preterm birth,
or the use of proteomic profiles, in combination with IL-6, to
detect intra-amniotic infection.’>>°

However, with high-dimensional systems biology tech-
niques, we are now no longer limited to studying candidate
biomarkers biased by a priori knowledge. These techniques
enable investigators to gain a snapshot view of all proteins/
transcripts/metabolites in an organism or biological sample at
any given moment and are yielding high-throughput results
to more completely understand the full complexity of biologi-
cal processes within an organism rather than being limited to
what Romero calls “conventional reductionist, hypothesis-
driven research.”” In this way, we can study the interrelation-
ships of all elements in a system rather than studying each
element individually.® These “-omic” technologies allow for
insights into the pathophysiology and the discovery of poten-
tially novel biomarkers whose function and mechanism in the
process of parturition and preterm birth can then be elucidated
and validated further with hypothesis-driven research. Thus,
both high-dimensional techniques and hypothesis-driven anal-
yses are complementary in novel biomarker discovery. Then,
we will be able to define clinical syndromes like preterm birth
or chorioamnionitis by its molecular basis rather than vague
clinical symptoms such as abdominal pain or maternal fever.

In this review, we have discussed the currently available stud-
ies that have used high-dimensional systems biology techniques
toward better understanding preterm birth and assessment of
fetal maturation. Although the number of manuscripts published
in these “-omic” technologies is increasing rapidly, the tech-
niques have been only minimally applied to research on preterm
birth and fetal maturity. The numerous studies published con-
tinue to rely on a varying number of techniques to best identify
the candidate biomarkers, because no consistent best approach
has been identified. In addition, although numerous studies in
biomarker discovery have been undertaken, few investigators
have replicated their findings or validated that the biomarkers
continue to be reliable predictors in separate, multicenter
populations. In a review of novel biomarkers for the prediction
of spontaneous preterm birth, Conde-Agudelo et al’’ found
72 studies documenting 30 novel biomarkers located in blood,
cervicovaginal fluid, and amniotic fluid. However, the majority
of these biomarkers were deemed unable to be useful as a clin-
ical test, as they were evaluated by few studies and had positive
likelihood ratios <10.>” The most promising work has been done
with prediction of intra-amniotic infection as a predecessor to

preterm birth, with the identification of calgranulins and
IGFBP-1 fragments as being associated with TAL'®!>5¢ The
fact that these biomarkers have been identified by separate
groups working in parallel increases the validity of this finding
and begs for future testing of these biomarkers in collaborative,
concerted multicenter efforts involving larger populations of
patients. Well-designed studies need clear definitions for cases
and controls and specifically gestationally matched controls to
follow the trends of biomarkers throughout pregnancy. Although
these technologies are a young science, it would be important to
plan ahead with multicenter biobanks with associated long-term
clinical data to school age and beyond, as long-term neurodeve-
lopmental data would really allow us to understand how well
these biomarkers can prognosticate clinical outcome.

In addition to further replication and validation studies,
other challenges face the field. The large amount of data output
from these technologies requires sophisticated statistical tech-
niques to weed out the background noise from the true biomar-
kers indicative of disease processes. Further development of
sound statistical methods for these analyses is needed.””® For
example, Buhimschi and Buhimschi®® discuss the paradox of
the gold standard as a major obstacle toward the development
of better diagnostic and prognostic biomarkers. Any biomarker
developed needs to be compared to currently available tests in
regard to accuracy and validity; some of these tests may be con-
sidered a “gold standard.” By definition, one cannot improve
upon the gold standard, and traditional methods such as recei-
ver—operating curves may not be a useful application for testing
candidate biomarkers.>’

Given the steadily increasing number of manuscripts being
published in high-dimensional techniques and amniotic fluid,
we significantly limited the included studies to those that
focused on preterm birth and assessment of fetal maturation.
Although we included several studies that examined the role
of intra-amniotic inflammation on onset of preterm labor,
we precluded a number of articles singularly focused on the
diagnosis of intra-amniotic infection. As we gain understand-
ing on the role of subclinical infection and inflammation with
subsequent preterm birth and neonatal injury, we recognized
that some of the biomarkers discussed in these excluded arti-
cles may be implicated in the prediction of preterm birth. To
gain a full appreciation of the pathophysiology of preterm birth
and the important role of inflammation in neonatal outcome,
these studies cannot be ignored.

Although amniotic fluid has higher fetal substrate upon
which to identify possible biomarker candidates indicative of
fetal well-being and development, ultimately, the goal is to
develop a noninvasive, easily accessible, cost-effective, rapidly
performed test to guide clinical practice. For prenatal screen-
ing, although many obstetricians offer amniocentesis to greater
than 90% of women at high risk of aneuploidy, only 1% to 5%
of these women have an affected fetus.’ Therefore, further
investigation is needed to translate candidate biomarkers iden-
tified in amniotic fluid to noninvasive point-of-care tests or to
determine whether candidate biomarkers can be identified in
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maternal serum or urine itself.®* The promising biomarkers of
calgranulin B and IGFBP-1 fragment mentioned above have,
for example, also been identified in maternal serum but need
further investigation in larger clinical studies. With greater
understanding of how to measure cell-free fetal DNA in mater-
nal serum, the increasing use of fetal aneuploidy detection by
maternal plasma DNA sequencing shows great potential as a
noninvasive method of prenatal diagnosis.®’

With continued improvement in our practice of systems
biology techniques, we hope to gain clarity in our understand-
ing of the complexity of human parturition. By recognizing the
relationships between multiple physiologic processes that
direct onset of preterm birth or fetal maturation, we hope to
better predict which mothers are at risk of preterm birth or which
newborns may be at greatest risk of neonatal morbidity, so that
we can intervene antenatally to maximize outcome. More impor-
tantly, by elucidating the mechanisms of preterm birth or fetal
maturation, we may be able to focus on intervention-specific
molecules or mechanisms toward prevention of preterm birth
or toward acceleration of fetal maturation. These insights can
then enable us to personalize the clinical management and
improve the outcome of the individual mother and her baby.
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