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Cervical—vaginal fluid (CVF) is a potential rich source of biomarkers for enhancing our understanding
of human parturition and pathologic conditions affecting pregnancy. In this study, we performed a
comprehensive survey of the CVF proteome in pregnancy utilizing multidimensional liquid chroma-
tography (2D-LC) coupled with mass spectrometry and gel-electrophoresis-based protein separation
and identification. In total, 150 unique proteins were identified using multiple protein identification
algorithms. Metabolism (32%) and immune response-related (22%) proteins are the major functional
categories represented in the CVF proteome. A comparison of the CVF, serum, and amniotic fluid
proteomes showed that 77 proteins are unique to CVF, while 56 and 17 CVF proteins also occur in
serum and amniotic fluid, respectively. This data set provides a foundation for evaluation of these
proteins as potential CVF biomarkers for noninvasive diagnosis of pregnancy-related disorders.
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Introduction

Cervical—vaginal fluid (CVF) is a complex biological fluid
consisting of water, electrolytes, low-molecular-weight organic
compounds (glucose, amino acids, and lipids), cells (leukocytes,
lymphocytes, and epithelial cells), and a multitude of proteins
and proteolytic enzymes that are predominantly synthesized
by the endocervix.! CVF also contains secretions from vaginal
cells, which include mucins, defensins, complement factors,
immunogloblins, lactoferrin, and collectins.! CVF flows over
and lubricates the entire female reproductive tract, including
the vaginal, cervical, and uterine areas. CVF forms the first line
of defense against external pathogens, signals fertility, and aids
insemination, pregnancy, and labor.!> CVF also contains flora
such as Lactobacilli crispatus and Lactobacilli vaginalis. Secre-
tions from this flora impart a low pH to the CVF, which
enhances its antipathogen activity.! Any imbalance in the
vaginal flora or invasion of external flora results in bacterial
vaginosis. In response to bacterial vaginosis, the secretion of
several cytokines such as IL-1a, IL-1f, IL-10, IL-6, and TNF-a
into the CVF by the cervical and vaginal endoepithelia changes.3*
Failure to curb bacterial vaginosis has been positively correlated
with cervical cancer,® pelvic inflammatory disease,® endometri-
tis,”® and tubal infertility.® Bacterial vaginosis in pregnant
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women has been correlated with an increased risk of preterm
labor and preterm birth.?

The cytokines and other defense molecules present in CVF
also play an important role in infection, replication, and
proliferation of sexually transmitted viruses such as HIV
and Herpes Simplex Virus (HSV) in the vagina.!®"!2 Analysis of
the cationic polypeptide fraction of the CVF has identified
20 polypeptides that contribute to anti-HIV activity.!® Pre-
vious studies have also identified a role for CVF in the trap-
ping of HIV virions, thus, preventing infection.!*!> Recent
studies have detected a correlation between several immune-
response molecules in CVF and the incidence of subclinical
premature rupture of membranes (PROM), which leads to
preterm birth.'17 During pregnancy, CVF could contain am-
niotic fluid (AF) derived from the uterus, due to either the
disruption or parallel secretions of the chorionic-decidual
interface. This “leakage” of AF into CVF provides the basis for
the current noninvasive diagnosis for the presence of the fetal
fibronectin, which has been used to predict preterm labor in
women.!8

CVF is an important potential diagnostic site to monitor
maternal and fetal health in pregnant women because of its
minimally invasive collection method compared to that for AF,
that is, amniocentesis. A comprehensive catalog of proteins
expressed in the CVF proteome could enable better insight into
the potential role of various CVF proteins that could contribute
to or reflect complications during pregnancy or vaginal pa-
thologies. Current proteomics technology is capable of achiev-
ing this goal by permitting the identification of a significant
fraction of the proteins and peptides that are present in a
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complex biological sample. The multidimensional Protein
Identification Technology (2D-LC) technique has proven to be
an effective tool to probe entire proteomes of small organisms!®
and proteomes of complex biological fluids, such as human
plasma and saliva, which have a wider dynamic range of
protein abundance.?*?! These studies have demonstrated that
multiple proteomic techniques (gel- and liquid-based separa-
tion approaches) and data-mining tools are complementary
and, when used on the same set of samples, can produce a
more comprehensive set of results.’??®> To date, most CVF
analyses have been based on either immunodetection of known
proteins or limited proteomics methods utilizing gel-based
electrophoresis techniques.!® In this study, we have utilized
multidimensional liquid chromatography coupled with mass
spectrometry (2D-LC), gel-electrophoresis-based protein sepa-
ration and identification, and multiple data-mining tools for a
comprehensive analysis of the CVF proteome during normal
pregnancy.

Materials and Methods

Sample Collection And Processing. This study was approved
by the IRB committee at Oregon Health & Science University.
All subjects were identified prospectively and gave informed
written consent to participate in the study. Seven subjects
representing the second trimester of pregnancy (16—21 weeks),
at a mean gestational age (GA) of 18.5 weeks and a standard
deviation of +2.3 weeks were recruited. All subjects were
asymptomatic and recruited from our outpatient office between
16 and 21 weeks gestation as they presented for prenatal care,
provided they met the inclusion criteria. Main inclusion criteria
were singleton pregnancy, intact amniotic membranes, no
evidence of cervical—vaginal infection, and a fetus without
major congenital anomaly or aneuploidy. All 7 of these subjects
delivered at term, and none of them developed preeclampsia
or gestational diabetes. CVF samples were collected by placing
2 sterile G-in, Dacron-tipped plastic applicators (Solon, Skowhe-
gan, ME) into the posterior vaginal fornix and rotating them
for 15 s during sterile speculum examination. Following col-
lection, protein was extracted into phosphate-buffered saline
with a protease inhibitor cocktail (Roche Diagnostics, Alameda,
CA). Samples were spun after extraction to remove any debris
and cellular material, and the supernatant was stored at —70
°C. Two pooled samples (GA 16—18 and 19—21 weeks) were
prepared (n = 3 for each pool) by combining GA-matched
samples. A total of 530 ug of protein from each pooled sample
was acetone-precipitated and dissolved in 10 mM Tris, pH 8.5,
for 2D-LC analysis. A total of 100 ug of the remaining individual
sample was used for one-dimensional gel electrophoresis
(1D-GE).

Multidimensional Liquid Chromatography (2D-LC). A total
of 530 ug of protein from each pooled sample was dried and
dissolved in 100 uL of digestion buffer containing 8 M urea, 1
M Tris base, 100 mM methylamine, and 10 mM CaCl, (pH 8.5).
Samples were reduced and alkylated by first incubating at 50
°Cin 12.5 uL of 0.9 M dithiothreitol (DTT) for 15 min and then
in 25 uL of 1.0 M iodoacetamide in dark at room temperature
for another 15 min. An additional 12.5 uL of 0.9 M DTT, along
with 210 uL of water and 1N NaOH, was added to the solution
to adjust its pH to 8.5. Samples were digested with 40 uL of 1
mg/mL trypsin (Promega) stock solution overnight at 37 °C.
Digestion was stopped with 40 uL of formic acid and desalted
using C18 SepPak Plus cartridges. Digests (1 mL) were injected
onto a polysulfoethyl strong cation-exchange (SCX) column
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(2.1-mm i.d. x 100 mm, 5-um particle size and 300-A pore size
(The Nest Group, Southborough, MA)) and fractionated using
an HPLC equipped with a UV detector and a fraction collector.
Solvent A was 10 mM potassium phosphate (pH 3) with 25%
acetonitrile (ACN), and solvent B was 10 mM potassium
phosphate (pH 3) and 350 mM KCI with 25% ACN. A 95-min
gradient at a flow rate of 200 «L/min was employed for fraction-
ation of peptides. In total, 80 fractions were collected, evapo-
rated, and resuspended in 100 uL of 0.1% TFA for desalting
using a 96-well Vydac C18 silica spin plate (The Nest Group,
Southborough, MA). Fractions were eluted in 80% ACN/0.1%
formic acid (FA), evaporated, and resuspended in 20 uL of 5%
FA, and 5 uL of each fraction was analyzed on a Q-Tof-2 mass
spectrometer connected to a CapLC (Waters, Milford, MA).

One-Dimensional Gel Electrophoresis (1D-GE) Analysis. A
total of 100 ug of protein from an individual sample was
reduced with iodoacetamide and resolved on a Tris-tricine, 10—
20% gradient SDS-PAGE gel. The gel was stained with Coo-
massie blue R-250. Each lane was sliced into 25 individual
bands, destained, and digested in-gel with trypsin for 24 h at
37 °C. The peptides were extracted in ammonium bicarbonate
and then filtered with a 0.22-um MultiScreen filter plate
(Millipore, Billerica, MA). Filtered solutions were dried, recon-
stituted in 5% formic acid, and analyzed twice (technical
replicates) on a Q-Tof-2 mass spectrometer equipped with a
CapLC (Waters, Inc., Milford, MA).

Mass Spectrometry. 2D-LC fractions and gel digests were
further separated using a Nanoease C18 75-um i.d. x 15-cm
fused-silica capillary column (Waters Inc., Milford, MA) and a
95-min water/ACN gradient. The mass spectrometer was
calibrated using GlulFibrinopeptide B. An MS—MS/MS survey
method was used to acquire spectra. Masses from m/z 400 to
1500 were scanned for MS survey and masses from m/z 50 to
1900 for MS/MS. In total, 27 397 MS/MS spectra were acquired
from the 2D-LC fractions. Raw MS/MS spectra were prepro-
cessed with ProteinLynx Global Server v.2.1 software (Waters,
Inc., Milford, MA).

Protein and Peptide Identification. Supporting Information
Figure 1 shows the protein and peptide identification workflow.
Raw MS/MS spectra from either 2D-LC samples or 1D-GE
samples were further processed by de-isotoping and centroid-
ing the raw data. Preprocessed MS/MS spectra from different
fractions of the sample were pooled for further analysis.
Peptides present in the sample were identified by matching
pooled MS/MS spectra to a combined protein database con-
taining known contaminants and forward and reverse entries
from the Swiss-Prot database (version 46.6) selected for human
species. Peptide identification searches were performed using
three independent search engines: TurboSequest (ThermoFinni-
gan, Waltham, MA), X! Tandem,?* and OpenSea.?>?¢ Sequest and
X! Tandem are database search engines that match experimen-
tal spectra to theoretical spectra generated from a theoretical
enzymatic digest of the protein database. OpenSea is a de novo
sequence-based search engine that performs an error-tolerant
matching between inexact de novo sequences and protein
sequences in the database. Peaks software (Bioinformatics
Solutions, Ontario, CA) was used to provide de novo sequences
to the OpenSea search engine. The reduction and alkylation
step of the sample processing introduces a fixed cabamidom-
ethylation modification on all cysteine residues in the proteins.
Hence, all the programs were configured to use the modified
cysteine mass (160.03 Da) as standard mass for all cysteine
residues. The de novo sequencer and all search engines were
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configured to use monoisotopic masses to calculate parent and
fragment ion masses. Peaks software was configured to use 0.2
and 0.1 Da for parent ion and fragment ion mass tolerances,
respectively. The top five candidate de novo sequences reported
by Peaks software for each MS/MS spectra were fed to OpenSea
for error-tolerant database matching. OpenSea was configured
to use 0.25 Da as the fragment ion mass tolerance. For Sequest
searches, a parent ion mass tolerance of 2.0 Da was used to
calculate parent ion mass. X! Tandem was configured to use
mass tolerances of 0.5 and 0.25 Da for parent and fragment
ions, respectively. To expedite Sequest searches, it was not
configured to search for any variable modifications. In turn,
on the basis of our prior experience, X! Tandem and OpenSea
were configured to search for variable modifications (i.e.,
oxidation of methionine; pyroglutamic acid formation at the
N terminus; carbamylation of the N terminus; dehydration of
internal serine, threonine, aspartic acid, and glutamic acid
residues; and deamidation intermediates of glutamine and
asparagine) that could have been present in the MS/MS spectra
either as artifacts from sample processing or peptide fragmen-
tation mechanisms. Peptide identifications from individual
search engines were combined into protein identifications
using probabilistic protein identification algorithms imple-
mented in Scaffold (v1.3.2, Proteome Software, Portland, OR).

Protein identifications that had at least one unique, highly
confident (probability = 0.9) peptide identification were con-
sidered likely to be present in the sample. A protein was
accepted into the comprehensive list without manual validation
if it was confidently identified in at least one of the samples
with three highly confident unique peptide hits. Proteins that
did not meet this filtering criterion were manually validated.
Manual validation was performed using all criteria listed in
reference 21, enhanced fragmentation C-terminal to aspartic
acid,?” and the presence of low-mass immonium ions (proline,
valine, isoleucine, leucine, histidine, phenylalanine, and ty-
rosine) whenever these residues were present in the peptide
sequence.

Results

Human CVF was analyzed using two different proteomics
techniques: 2D-LC and 1D-GE. Two pooled samples were tryp-
sinized and subjected to SCX fractionation, resulting in a total
of 40 fractions. An individual sample was fractionated using
1D-GE, and the resulting bands were subject to in-gel trypsin
digestion. In total, 27 397 MS/MS spectra were collected by
analyzing all fractions on a LC—ESI-qTOF mass spectrometer.
All MS/MS spectra were searched using Sequest, X! Tandem,
and OpenSea. Peptide identifications from all programs were
assembled into protein identifications using Scaffold.

In total, 831 proteins at the single-peptide identification level
were identified when the lowest possible peptide identification
probability thresholds (0.2) were employed. Thirty percent of
the identified proteins were false-positive identifications (re-
verse database entries). Several protein isoforms and proteins
that were subsets of other proteins were present in the list.
Furthermore, the low-scoring (peptide identification probability
< 0.9) peptide identifications did not manifest the necessary
characteristics to pass the manual validation criterion listed
in the Materials and Methods. A large proportion (54%) of the
protein hits were also single-peptide identifications. Since
single-peptide protein identifications are more likely to be false-
positives and, therefore, insufficient for protein quantitation
and inferring pathobiological function, a peptide identification
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probability of 0.9 was established as a minimal criterion to
consider only highly confident peptide and protein identifica-
tions. Degenerate protein identifications were grouped together
and reported as one entry, and any proteins that were subsets
of other proteins were removed from the analysis.

A total of 206 unique proteins from all experiments was
mapped to 55% of the experimental MS/MS spectra after
applying the filtering described above. Three and 15% of the
identified proteins in the list are false-positive identifications
and single-peptide identifications, respectively. A total of 177
proteins remained after removing contaminants such as ker-
atins, trypsin, and bovine casein. A total of 105 proteins that
had at least three unique peptide hits in at least one of the
experiments was accepted without further manual validation.
The remaining protein identifications were manually validated
using the criteria listed in the Materials and Methods. An
additional 45 proteins passed manual validation; 29 of them
had at least two unique peptide hits, and 16 had a single
peptide hit. This increased the number of proteins that were
identified with at least two distinct peptide hits to 134, and
with at least one distinct peptide hit to 150.

To ensure the reliability of protein identifications, we
performed all searches with a combined database that was
constructed with reverse entries of the database appended at
the end of the forward sequences. The number of reverse
database entries that passed all criteria for protein identification
was considered to reflect the reliability of the protein identi-
fication criteria outlined in the Materials and Methods. Since
none of the reverse entries met these criteria, the reliability of
the protein identifications was estimated to be 100%.

MS/MS spectral counting is generally considered to be a
sensitive and semiquantitative method for measuring protein
abundances.? However, homologous proteins pose a greater
problem for accurate MS/MS spectral count representation due
to their high sequence similarity. To avoid either inflation or
deflation of MS/MS spectral counts of homologous proteins, a
final level of filtering was performed to combine MS/MS
spectral counts of protein homologues that share greater than
50% sequence homology. For example, squamous cell carci-
noma 1 and 2 antigens share greater than 90% sequence
homology. Although we have identified peptide hits that
suggest the presence of both proteins in the sample, their MS/
MS spectral counts were combined and represented as a single
entry. Proteins that were combined under this criterion were
IGHA1 and IGHA2; IGHGI, IGHG2, and IGHG4; SCCA1 and
SCAA2; and SPR2A, SPR2B, and SPR2D. MS/MS spectral counts
of peptides common to proteins that do not share high
sequence homology were pulled toward the protein that was
considered most likely (greater number of peptide hits) to be
present in the sample. Finally, a combined MS/MS spectral
count for each protein was established by combining the
respective MS/MS spectral counts of the protein in all experi-
ments. The combined MS/MS spectral count was normalized
by the total number (12 827) of MS/MS spectra that were
matched to noncontaminant proteins at a single-peptide
probability threshold of 0.9 in all experiments. The normalized
spectral counts are not strictly quantitative, but they can be
used to gauge the relative abundance of the proteins present
in a sample with respect to each other.

The final 134 proteins that had at least two unique peptide
hits and passed manual validation are listed in Table 1 by their
decreasing order of normalized MS/MS spectral counts. The
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Table 1. Human CVF Proteome
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normalized

Swiss-Prot protein spectral

acc. no.“ description pl’ MWwe function? count® AF/Serum/
P02768 Serum albumin precursor 5.43 39.30 Transport 18.84 A'S
P01857, Ig gamma-1 chain C region, Ig gamma-2 chain C 8.46, 36.08, Immune Response 10.35 AS
P01859, region, Ig gamma-4 chain C region 7.66, 35.9,
P01861 7.18 35.9

Q9UBCY9  Small proline-rich protein 3 8.86 18.10  Cell Differentiation 8.6 A
P29508, Squamous cell carcinoma antigen 1, Squamous cell 6.35, 44.5, Metabolism 6.3
P48594 carcinoma antigen 2 5.86 44.8

P06702 Calgranulin B 5.90 85.60 Immune Response 5.82 AS
P07355 Annexin A2 4.69 55.30  Cell Differentiation 5.33 A'S
P04083 Annexin Al 6.96 11.10 Immune Response 4.28 A
Q01469 Fatty acid-binding protein, epidermal 6.82 15.00 Metabolism 3.97

P01834 Ig kappa chain C region 5.58 11.60 Immune Response 3.79 A'S
P02787 Serotransferrin precursor 5.22 51.20  Transport 2.82 AS
P05109 Calgranulin A 5.98 22.80 Immune Response 1.78 A'S
Q9HC84  Mucin-5B precursor 6.24 587.60 Transport 1.4 A
P04080 Cystatin B 8.39 39.30 Enzyme Regulator 1.09 A
P07476 Involucrin 7.56 38.40  Cell Differentiation 1.08 A
P01040 Cystatin A 5.38 11.00 Enzyme Regulator 1.04 AS
P35321 Cornifin A 8.85 9.90 Cell Differentiation 1.03 A
Q09666 Neuroblast differentiation associated protein AHNAK 6.29 31230 Cell Differentiation 1

P01842 Ig lambda chain C regions 6.91 11.20 Immune Response 0.97 A'S
P30740 Leukocyte elastase inhibitor 5.90 42.70  Enzyme Regulator 0.94

P05164 Myeloperoxidase precursor 6.51 10.80 Immune Response 0.84

P02788 Lactotransferrin precursor 6.70 75.10 Immune Response 0.82 AS
P80188 Neutrophil gelatinase-associated lipocalin precursor 9.02 20.50 Transport 0.81 A'S
P01009 Alpha-1-antitrypsin precursor 5.37 4430 Immune Response 0.76 A'S
P61626 Lysozyme C precursor 9.28 14.70  Metabolism 0.76 A
P01876, Ig alpha-1 chain C region, Ig alpha—2 chain C region 6.08, 37.6, Immune Response 0.73 A'S
P01877 5.71 36.5

P04792 Heat-shock protein beta-1 8.58 35.90 Metabolism 0.73

P10599 Thioredoxin 5.44 23.20  Metabolism 0.72 A
P62988 Ubiquitin 6.56 8.60 Metabolism 0.65

P01833 Polymeric-immunoglobulin receptor precursor 5.59 83.30  Signal Transduction 0.47 A
P12429 Annexin A3 5.37 70.90  Enzyme Regulator 0.44

Q8TDL5  Long palate, lung and nasal epithelium protein 1 6.69 50.20  Function Not Assigned 0.44

P00450 Ceruloplasmin precursor 541 120.00 Transport 0.43 AS
P35326, Small proline-rich protein 2A, Small proline-rich 8.81, 8, Cell Differentiation 0.41
P35325, protein 2B, Small proline-rich protein 2D 8.81, 7.97,
P22532 8.77 7.9

P60709 Actin, cytoplasmic 1 5.29 41.60  Cell Organization 0.38 A'S
P01011 Alpha-1-antichymotrypsin precursor 5.33 47.60 Immune Response 0.36 AS
P22528 Cornifin B 8.85 9.90 Cell Differentiation 0.34

P00738 Haptoglobin precursor 6.13 4520 Metabolism 0.3 A'S
P62328 Thymosin beta-4 5.02 490  Cell Organization 0.3 A
P18510 Interleukin-1 receptor antagonist protein precursor 5.51 123.60 Immune Response 0.27

P01024 Complement C3 precursor 6.02 187.00 Immune Response 0.24 AS
P07737 Profilin-1 4.62 68.40  Cell Organization 0.22 A
P02790 Hemopexin precursor 8.50 78.10  Transport 0.21 AS
P14780 Matrix metalloproteinase-9 precursor 5.18 9.00 Metabolism 0.21

P04406 Glyceraldehyde-3-phosphate dehydrogenase, liver 9.30 52.10 Metabolism 0.2 S
P15924 Desmoplakin 5.95 69.20  Cell Differentiation 0.2 S
P08107 Heat shock 70 kDa protein 1 4.94 84.50 Metabolism 0.19

QINQ38  Serine protease inhibitor Kazal-type 5 precursor 8.50 120.70 Immune Response 0.19

P12724 Eosinophil cationic protein precursor 5.63 36.20 Metabolism 0.18

P04279 Semenogelin-1 precursor 6.64 38.60 Cell Differentiation 0.17 S
060437 Periplakin 5.44 204.50 Function Not Assigned 0.16

P09211 Glutathione S-transferase P 5.06 53.50 Metabolism 0.16

P02749 Beta-2-glycoprotein I precursor 8.37 36.20 Immune Response 0.15 AS
P07108 Acyl-CoA-binding protein 6.99 47.00  Transport 0.15

P59665 Neutrophil defensin 1 precursor 6.54 10.20 Immune Response 0.15 S
060235 Transmembrane protease, serine 11D precursor 8.69 46.20  Metabolism 0.13

P03973 Antileukoproteinase 1 precursor 6.43 49.30  Enzyme Regulator 0.13 A
P04075 Fructose-bisphosphate aldolase A 6.95 59.60 Enzyme Regulator 0.13

P14923 Junction plakoglobin 5.69 78.40  Transport 0.13 S
P62805 Histone H4 11.36 11.20  Cell Organization 0.12

P62937 Peptidyl-prolyl cis-trans isomerase A 7.82 1790 Metabolism 0.12 A
Q02383 Semenogelin-2 precursor 9.04 62.90 Cell Differentiation 0.12 S
P02774 Vitamin D-binding protein precursor 5.67 66.40 Transport 0.11 AS
P07858 Cathepsin B precursor 8.47 1490 Metabolism 0.11

P24158 Myeloblastin precursor 7.79 24.20  Metabolism 0.11
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Table 1. (Continued)
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normalized

Swiss-Prot protein spectral

acc. no.” description pl’ Mwe function? count® AF/Serum/
P00441 Superoxide dismutase 5.70 15.80  Cell Differentiation 0.1
P02763 Alpha-1-acid glycoprotein 1 precursor 5.00 21.50  Immune Response 0.1 A'S
P02765 Alpha-2-HS-glycoprotein precursor 5.00 21.50  Signal Transduction 0.1 A'S
P04040 Catalase 5.55 54.30  Metabolism 0.1 S
P13796 L-plastin 6.42 95.10  Function Not Assigned 0.1 A'S
P54108 Cysteine-rich secretory protein-3 precursor 8.11 25.50 Immune Response 0.1
043707 Alpha-actinin 4 527 104.80  Cell Organization 0.09
P06733 Alpha enolase 5.71 13.20  Metabolism 0.09
P11142 Heat shock cognate 71 kDa protein 5.01 70.40  Metabolism 0.09 S
P18206 Vinculin 6.44  331.60  Transport 0.09 S
P26038 Moesin 6.09 67.60  Cell Organization 0.09
p27482 Calmodulin-related protein NB-1 4.30 16.70  Immune Response 0.09
P32926 Desmoglein-3 precursor 4.76 101.70  Transport 0.09
P67936 Tropomyosin alpha 4 chain 4.67 28.40  Function Not Assigned 0.09 S
Q02487 Desmocollin-2 precursor 4.80 84.70  Transport 0.09
QI9UGL9 NICE-1 protein 9.13 9.70 Function Not Assigned 0.09
P00558 Phosphoglycerate kinase 1 8.30 44.50  Metabolism 0.08
P01625 Ig kappa chain V-1V region Len 7.92 12.63  Immune Response 0.08 AS
P01871 Ig mu chain C region 6.35 49.50  Immune Response 0.08 A
P16402 Histone H1.3 11.02 22.20  Cell Organization 0.08
P63104 14-3-3 protein zeta/delta 4.73 27.70  Metabolism 0.08 A
P02679 Fibrinogen gamma chain precursor 5.24 48.50  Cell Proliferation 0.07 A'S
P08311 Cathepsin G precursor 9.89 25.50  Metabolism 0.07
P60174 Triosephosphate isomerase 6.51 26.50  Metabolism 0.07
P80723 Brain acid soluble protein 1 4.64 22.50  Function Not Assigned 0.07
P01617 Ig kappa chain V-II region TEW 5.69 12.30  Immune Response 0.06 S
P01620 Ig kappa chain V-III region SIE 8.70 11.80  Immune Response 0.06 AS
P05387 60S acidic ribosomal protein P2 4.26 11.50  Metabolism 0.06
P11021 78 kDa glucose-regulated protein precursor 4.82 11.60  Metabolism 0.06 S
P29373 Retinoic acid-binding protein II, cellular 5.43 15.60  Metabolism 0.06
075223 Protein C7orf24 5.07 21.00  Function Not Assigned 0.05
P07900 Heat shock protein HSP 90-alpha 5.88 37.80  Transport 0.05
P13987 CD59 glycoprotein precursor 5.20 70.20  Signal Transduction 0.05 A
P31151 $100 calcium-binding protein A7 6.26 11.31  Cell Differentiation 0.05
P31947 14-3-3 protein sigma 4.68 27.80  Cell Proliferation 0.05 S
P37837 Transaldolase 6.36 37.50  Metabolism 0.05
P47929 Galectin-7 7.00 1490  Transport 0.05 S
Q16610 Extracellular matrix protein 1 precursor 6.19 58.80  Signal Transduction 0.05 AS
Q99880 Histone H2B.c 10.32 13.81  Cell Organization 0.05 S
095171 Sciellin 9.38 75.30  Cell Differentiation 0.04
P01028 Complement C4 precursor 6.66 192.70 Immune Response 0.04 A'S
P01042 Kininogen precursor 6.34 71.90 Immune Response 0.04 A'S
P04004 Vitronectin precursor 9.11 11.70 Immune Response 0.04 A S
P07237 Protein disulfide-isomerase precursor 6.11 9.90  Metabolism 0.04 S
P08603 Complement factor H precursor 11.37 26.70 Immune Response 0.04 A'S
P14618 Pyruvate kinase, isozymes M1/M2 7.95 57.70  Metabolism 0.04
P20670 Histone H2A.o0 10.90 13.95  Cell Organization 0.04 S
P20810 Calpastatin 4.99 76.50  Enzyme Regulator 0.04
P22735 Protein-glutamine gamma-glutamyltransferase K 5.68 89.70  Metabolism 0.04
Q06830 Peroxiredoxin 1 8.27 22.10  Cell Differentiation 0.04
Q13835 Plakophilin 1 9.29 82.80  Signal Transduction 0.04
P00747 Plasminogen precursor 7.04 90.50 Metabolism 0.03 A'S
P05386 60S acidic ribosomal protein P1 9.19 83.80  Metabolism 0.03
P08670 Vimentin 6.14 136.90  Function Not Assigned 0.03
P28799 Granulins precursor 6.43 63.50  Cell Proliferation 0.03
P30086 Phosphatidylethanolamine-binding protein 7.43 20.90  Enzyme Regulator 0.03
P35237 Placental thrombin inhibitor 5.18 42.60  Enzyme Regulator 0.03
P01591 Immunoglobulin J chain 4.62 15.60  Immune Response 0.02 S
P02647 Apolipoprotein A-I precursor 5.56 30.80  Metabolism 0.02 AS
P02675 Fibrinogen beta chain precursor 8.54 55.90  Cell Proliferation 0.02 A'S
P13639 Elongation factor 2 10.72 15.60  Metabolism 0.02
P18669 Phosphoglycerate mutase 1 5.46 17.10  Metabolism 0.02 A
Q9UBX7 Kallikrein 11 precursor 9.23 31.03  Metabolism 0.02
Q9UKR3 Kallikrein 13 precursor 8.79 28.90  Metabolism 0.02

4 Proteins having at least two peptide identifications found in human CVF are listed with their Swiss-Prot/TrEmbl accession number and description.
Homologous protein identifications are grouped together as a single entry. »< Theoretical pIs (b) and monoisotopic molecular weights (c) were calculated
using the CalPI/MW tool®® on the Swiss-Prot Web site. ¢ Functional annotation was performed using the DAVID database® bioinformatics resource. ¢ Combined
spectral counts for each of the protein identifications from both 1D-GE and 2D-LC experiments were normalized by the total number (12 827) of MS/MS
spectra that were matched (noncontaminant proteins) at a single-peptide probability threshold of 0.9 in all samples. The proteins in the table are ordered by
decreasing normalized spectral counts. / Proteins that were also seen in either AF (A) and/or serum (S) are marked accordingly (see text for discussion).
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Figure 1. Distribution of the number of unique peptides identified in SCX fractions. The total number of unique peptides identified per
fraction in human CVF 2D-LC samples shows the advantage of the technique over traditional gel-based electrophoresis techniques.

16 proteins that had a single peptide hit and passed the manual
validation are listed in Supporting Information Table 1 by their
decreasing order of combined MS/MS spectral counts. Proteins
listed in the tables are functionally annotated based on the
classification from the Database for Annotation, Visualization
and Integrated Discovery (DAVID).??

The CVF proteins found in this study were cross-referenced
with the HUPO plasma proteome?’3? and the AF proteome.3 33
The HUPO plasma proteome was further curated by converting
the IPI database protein accessions into Swiss-Prot/TrEmbl
protein accessions wherever possible and removing common
contaminants like keratin. Protein isoforms reported in the
HUPO plasma proteome were collapsed into a single protein
entry due to the lack of direct MS/MS spectral evidence that
could resolve different isoforms. The curated HUPO plasma
proteome (526 proteins) was combined with the 195 proteins
listed in Anderson et al.?® to make a nonredundant, highly
confident HUPO plasma proteome (data not shown). CVF
protein identifications were compared to the curated HUPO
plasma proteome and the AF proteome based on their Swiss-
Prot/TrEmbl protein annotation and are marked accordingly
(A, found in amniotic fluid; S, found in serum) in the last
column of the corresponding tables.

Discussion

The 2D-LC technique is known to provide enhanced frac-
tionation compared to traditional gel-based electrophoresis
methods. Figure 1 shows the number of unique peptides
identified per SCX fraction from the 2D-LC fractionation.
Clearly, the enhanced fractionation of the technique, when
coupled with RP-HPLC, contributed to the identification of a
greater number of unique peptides per SCX fraction and,
overall, a large number of protein identifications in the sample.

Recent studies have shown that a MS/MS dataset can be
thoroughly characterized using multiple search engines to
identify the peptides in that data set.?> When different search
engines are used to identify peptides in a data set, they identify
different sets of MS/MS spectra due to the difference in
heuristics that are encoded in the corresponding search
engines. Thus, a combination of different search engine results
on the same data set gives a more comprehensive list of peptide
identifications. In this study, we have used three different
search engines to identify the peptides present in the
samples: Sequest, X! Tandem, and OpenSea. Using this com-
binatorial approach, we were able to identify 59% of the
acquired MS/MS spectra in one of the 2D-LC experiments. The
breakdown of percentages of spectral identifications (above the
score cutoffs of the corresponding programs) between the three
programs (Figure 2a) shows that only 38% of spectra were
identified by all three programs, whereas 22% of spectra were
identified uniquely by only one of the programs. Interestingly,
15% of the spectra were identified solely by the OpenSea search
engine. This is due to the ability of OpenSea to identify spectra
with missing fragment ions and unexpected sequence modi-
fications. The total number of candidate proteins identified in
the sample was also increased due to the combinatorial search
technique. Among a total of 118 candidate protein identifica-
tions as shown in Figure 2b, 66% were identified by all three
programs, whereas 13% were identified uniquely by only one
of the programs. Thus, the combinatorial search technique
employed in this study identified more peptide and candidate
protein identifications from the data sets.

The composition of maternal CVF changes with gestational
age and vaginal health. The overlap of proteins identified in
two biological replicates from 2D-LC experiments is shown in
Figure 3. Sixty-nine percent of the proteins were identified in
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Figure 2. Spectral and protein identification overlap between
different search engines. (A) A total of 9507 MS/MS spectra from
a human CVF 2D-LC experiment was searched with Sequest, X!
Tandem, and OpenSea search engines. When three independent
search engines are used, a total of 5601 (59%) MS/MS spectra in
the sample was matched to proteins at a two-unique-peptide
identification threshold. The distribution of percentage of identi-
fied spectra (above threshold) between search engines shows
that using multiple independent search engines identified more
MS/MS spectra in a sample. (B) A total of 118 candidate proteins
was identified when all three search engines were used to
analyze MS/MS spectra from a single human CVF 2D-LC sample.
The distribution of a number of candidate protein hits among
three search engines shows that using multiple independent
search engines identified more proteins.

both biological replicates, whereas 31% of the proteins were
identified solely in one of the replicates. This was not unex-
pected, since GA-dependent changes in the cervix play a
significant biological role in the process of labor and delivery.
The random sampling of low-abundance proteins by the mass
spectrometer might also have contributed to the above-
mentioned difference. Among 65 proteins that were identified
by 1D-GE technical replicates, 69% were identified in both
replicates, whereas 31% were identified uniquely in one of the
replicates. This underscores the importance of having biological
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CVF Biological  CVF Biological
Replicate 1 Replicate 2

Figure 3. Protein identification distribution in biological repli-
cates. The Venn diagram shows the distribution of protein
identifications between CVF biological replicates that were
analyzed using 2D-LC. Among a total of 147 identified proteins,
102 proteins were present in both samples, and 45 proteins were
present in one sample or the other.
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Figure 4. Protein identification distribution in different analytical
approaches. The protein identification rate increased by addition
of biological replicates and experimental replicates to the analy-
sis. Among a total of 150 proteins, 62 proteins were detected by
both 1D-GE and 2D-LC techniques, 85 were detected by 2D-LC
alone, and 3 (all of them having at least 2 unique peptide
identifications) were detected by 1D-GE alone.

and technical replicates when characterizing proteomes. The
overall increase in the number of protein identifications with
the addition of experiments to the analysis is summarized in
Figure 4. A total of 40 proteins was identified by our protein
identification criteria when using a single 1D-GE experiment.
An increase of 15, 69, and 16 protein identifications was
observed when a single 1D-GE technical replicate, the 2D-LC
experiment, and its corresponding biological replicate were
added to the analysis, respectively. This is the first compre-
hensive proteomics study that has employed a variety of
analysis programs, technical replicates, biological replicates,
and experimental methods to characterize the human CVF
proteome.

The combinatorial proteomics approach applied in this study
characterized the proteomic composition of CVF during preg-
nancy by uncovering a large number of proteins that were not
previously known to be present in CVF. Table 1 and Supporting
Information Table 1 list a comprehensive set of proteins present
in CVF that are involved in homeostasis of the reproductive
area and fetal protection. The tryptic peptide profile of the
proteins listed in Table 1 is shown in Figure 5. Over 89% of the
proteins had at least two unique peptide identifications. The
peptide profile also shows that CVF contains a variety of
proteins that have a wide range of tryptic peptide yields. Figure
6 shows the functional classification of the CVF proteome
during pregnancy. The major functional groups in CVF are
immune and defense-related molecules (such as calgranulins
A and B) and metabolic molecules (ranging from proteases such
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Figure 5. Tryptic peptide profile of proteins in human CVF. The tryptic peptide profile of the proteins identified in CVF shows that over
89% of the identifications had at least two unique peptide identifications; however, proteins with a wide range of tryptic peptide yields

were identified in CVF.

as cathepsins B and G to chaperones, like heat shock protein
90-o. (HSP 90-a).

The immunoresponse proteins found in this study fell into
three categories: proinflammatory response molecules, anti-
inflammatory response molecules, and antimicrobial mol-
ecules. Apart from commonly occurring immunogloblins, the
most notable proinflammatory response molecules found in
CVF are two calcium-binding proteins from the S100 family,
calgranulins A and B. These proteins form a heterodimer
mediated by Ca*? ions and are commonly implicated in both
acute-phase and chronic inflammation responses.?* The relative
abundance of these proteins in a control CVF sample, when
compared to albumin (Table 1), suggests their vital role in
fighting vaginal infections. It is also interesting to note that
calgranulins A and B are also found in the intra-amniotic fluid
during intra-amniotic infection,*%* which could lead to preterm
labor and birth. Anti-inflammatory response molecules are vital
during pregnancy to down-regulate the maternal immune
response and prevent immune rejection of the fetus, or to avoid
preeclampasia.?”38 Several of the proteins we detected in CVF,
most notably interleukin 1 receptor antagonist (IL1-ra) and heat
shock protein 70 kDa (HSP70), belong to the group of molecules
which, when expressed during pregnancy, help in down-
regulation of the immune response. The secretion of HSP70
into the CVF during pregnancy complicated with vaginal
infection induces the expression of IL1-ra.3® Presumably, this
is a mechanism to preserve a pregnancy on the immunoregu-
latory level, despite the untoward effects of infection.

Antimicrobial proteins play an important role in preventing
infection of the vagina from bacterial and fungal pathogens.

Confirming previous reports,*® we have detected neutrophil
defensin 1 (defensin family) and lactotransferrin in CVF, which
are known to have antimicrobial properties and may protect
the vagina from infections like Neisseriae gonorrhoeae and
HSV.%0 Additionally, we have also detected several proteins from
the histone family (H4, H2A, H2B, and H1.2). Traditionally,
histones are considered to be intracellular proteins that are
involved in chromatin arrangement inside the nucleus. How-
ever, recent studies have indicated that secreted neutrophil
extracellular traps (NETs) contain histones,*'*? and that se-
creted histones have a broad range of antimicrobial proper-
ties.!343716 The detection of a wide range of pro- and anti-
inflammatory response molecules, along with various antimi-
crobial molecules, suggests that the CVF has a complex milieu
of innate immune response.

A major proportion (32%) of proteins found in this study are
involved in various metabolic activities (Figure 6) like inflam-
matory regulation, protein degradation, and protease inhibi-
tion. Among the inflammatory regulation proteins we have
observed are HSP90-A, bradykinin (kininogen 1 precursor), and
kallikrein (kallikrein 11 and 13 precursors). HSP90-A has been
recently reported to be involved in cell-mediated activation of
the proinflammatory bradykinin-kallikrein complex.*” Such cell-
mediated immunity has been shown to be a key factor in
defense against pathogens that infect the lower female genital
tract.*® The balance between proteases and protease inhibitors
is critical for maintenance of healthy tissue, and imbalances
often lead to serious cervical epithelial pathology. Among
several proteases and antiproteases we observed in CVF, one
of the interesting pairs is cathepsin B and a1 antitrypsin (A1AT).
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Figure 6. Functional classification of the human CVF proteome.
Functional annotation of human CVF proteins was performed
using functional classification tools available on the DAVID
bioinformatics resource.?® From a total of 150 identified proteins,
32% are involved in metabolism, 22% are involved in immune
response, 11% are involved in cell differentiation, 9% are involved
in transportation, 8% are involved in cell organization, 6% are
involved in enzyme regulation, 3% are involved in signal trans-
duction, and 3% in cell proliferation. No relevant functional
annotations* (FNA; function not assigned) were found in the
DAVID database for 6% of the identified proteins.

In cases of cervical carcinoma, the levels of cathepsin B in CVF
are elevated, while the levels of A1AT are unchanged.*~5! Thus,
imbalance between protease and antiprotease expression in the
cervix could be used to detect invasive cervical carcinomas.
Detection of the above-mentioned metabolic proteins in CVF
suggests that it contains enzymes that regulate a variety of
functions ranging from regulation of inflammatory response
to maintenance of cervical tissue health.

Apart from immune response and metabolic proteins, we
also found proteins that aid in cell differentiation (11%),
transport (9%), cell organization (8%), enzyme regulation (6%),
signal transduction (3%), and cell proliferation (3%). A protein
could have multiple functions depending on its environment.
For example, according to the DAVID functional annotation
tool, histones are classified as proteins involved in cell orga-
nization. However, as discussed earlier, they also have anti-
microbial properties when secreted outside the cell. Thus, the
role of many of the other proteins found in CVF during
pregnancy is still unclear and warrants further investigation.

Prior to this study, the relative abundance of proteins that
are native to CVF during pregnancy was largely unknown. The
proteins in Table 1 are arranged by their decreasing order of
normalized spectral counts. The generic ratio of IgG/IgA protein
abundance in our analysis matches well with previous studies.>
Interestingly, the protein abundance profile of CVF and serum
differ significantly. Among the top 15 abundant CVF proteins,
six proteins are known to be either non-native and/or low-
abundance in serum (squamous cell carcinoma antigens,
calgranulins A and B, small proline rich protein 3, fatty acid-
binding protein epidermal, and mucin 5B).20215354 Furthermore,
proteins that are known to be in medium abundance in serum
(complement factor C4, complement factor H, and apolipo-
protein A-1) were found to be in low abundance in CVF.2°
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Inspection of Table 1 suggests that 40% of the top 10 most-
abundant proteins in the CVF are inflammatory response
molecules. This further supports the assertion that CVF has an
effective and aggressive cytokine response system in order to
deal with pathogenesis.

A quantitative analysis of proteome overlap between the AF,
serum, and CVF was carried out, and the last column in Table
1 and Supporting Information Table 1 denotes the CVF proteins
that were also observed in AF (A) and serum (S). Active serum
transport and local synthesis are known to be the sources of
serum proteins in the cervix.®> Confirming this, we found the
sIgA complex, which is locally synthesized in the cervix.%¢ In
addition, we detected several abundant serum proteins?%3055
like serum albumin, alpha-1-antitrypsin precursor, apolipo-
protein Al precursor, serotransferrin, lactotransferrin, apoli-
poprotein Al precursor, o-2-HS glycoprotein, Ig y 1, 2, and 4
chain C regions, and 3-2-glycopotein 1 precursor in CVF. It is
interesting to note that we also detected several proteins in
CVF, like small proline-rich protein 3, CD59 glycoprotein
precursor, cystatin A, cystatin B, cornifin A, involucrin, and
thioredoxin, which are found in AF but not serum. Parallel
secretions of the chorionic—decidual membrane could be a
source of these proteins in CVF. Among the proteins that were
present in all three biological fluids, A1AT and ceruloplasmin
(copper transporter) are known to have diagnostic importance.
The abundance ceruloplasmin in maternal vaginal secretions
and serum has been inversely correlated with incidence of
premature rupture of membranes (PROM),'757 and increased
expression of AIAT in serum has been correlated with cervical
cancer.’! This suggests that serial assessment of easily accessible
body fluids like CVF or serum could be used in maternal and
fetal health diagnostics. However, a caveat of the above
conclusion is that the HUPO plasma proteome used in the
comparison consists of both nonmaternal and maternal pro-
teins. A separate comparison of the CVF proteome with second-
trimester maternal serum proteome consisting of 392 proteins
(data not shown) yielded 53 common proteins.

In summary, we have employed a combinatorial proteomics
approach using multiple biological replicates, multiple experi-
mental techniques for protein and peptide fractionation, and
multiple search engines for data mining to characterize the CVF
proteome. This multiplexed approach identified a large set of
proteins that were not previously known to be present in CVF.
The functional classification of the CVF proteome suggested
the presence of a wide variety of cytokine response proteins
that play a vital role in fighting pathogens and protecting the
fetus. A quantitative analysis of proteome overlap between
serum, AF, and CVF identified several serum and AF proteins
as present in the CVF during pregnancy. Differential abundance
of some of those proteins has already been linked to PROM
and cervical cancer. This initial characterization of the CVF
proteome involved a small sample size covering limited GA.
Further investigation with serial first-, second-, and third-
trimester sampling could enhance the proteome coverage and
provide potential GA-dependent profiles. Large-scale, high-
throughput proteomics technologies are vital to further our
understanding of the CVF proteome during pregnancy and its
development as a potential diagnostic tool for monitoring
maternal and fetal health.
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