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Abstract
Context: Cervical excision is a risk factor for preterm birth. This suggests that the cervix plays an essential role in the maintenance of pregnancy.

Objective: We investigated the role of the cervix through proteomic analysis of cervicovaginal fluid (CVF) from pregnant women after
trachelectomy surgery, the natural model of a lack of cervix.

Methods: The proteome compositions of CVF in pregnant women after trachelectomy were compared with those in control pregnant women by
liquid chromatography—tandem mass spectrometry and label-free relative quantification. MUC5B/AC expression in the human and murine
cervices was analyzed by immunohistochemistry. Regulation of MUC5B/AC expression by sex steroids was assessed in primary human
cervical epithelial cells. In a pregnant mouse model of ascending infection, Escherichia coli or phosphate-buffered saline was inoculated into
the vagina at 16.5 dpc, and the cervices were collected at 17.5 dpc.

Results: The expression of MUC5B/5AC in cervicovaginal fluid was decreased in pregnant women after trachelectomy concomitant with the
anatomical loss of cervical glands. Post-trachelectomy women delivered at term when MUC5B/AC abundance was greater than the mean
normalized abundance of the control. MUCBB levels in the cervix were increased during pregnancy in both humans and mice. MUC5B8 mRNA
was increased by addition of estradiol in human cervical epithelial cells, whereas MUC5AC was not. In a pregnant mouse model of ascending

infection, E. coli was trapped in the MUC5B/AC-expressing mucin of the cervix, and neutrophils were colocalized there.
Conclusion: Endocervical MUC5B and MUC5AC may be barriers to ascending pathogens during pregnancy.
Key Words: cervicovaginal fluid, innate immunity, mucin, mucus, proteomics, trachelectomy

Abbreviations: ANOVA, analysis of variance; CVF, cervicovaginal fluid; DAB, 3,3'-diaminobenzidine; dpc, days postcoitum; PBS, phosphate-buffered saline;
PCR, polymerase chain reaction; PPROM, preterm prelabor rupture of membrane.

Preterm birth is a leading cause of perinatal mortality and
long-term morbidity (1). Twenty-five percent to 40% of pre-
term births are attributed to intrauterine infection (1-3),
which is mainly caused by ascending microbes from the va-
gina. However, the underlying protective mechanisms of the
cervix are not fully understood, resulting in difficulty predict-
ing and preventing preterm birth.

The uterine cervix plays an essential role in the maintenance
of pregnancy, providing a passage between the vagina and the
uterus and mechanically supporting the uterine contents.
After any cervical excisional surgery, including conization
due to cervical lesions, the rate of preterm birth increases by
as much as 10% (4-6). Another fertility-sparing surgery, tra-
chelectomy, was first reported in 1987 (7) for the treatment of
early invasive cervical cancer. Trachelectomy removes most
parts of the cervix and only preserves approximately 5 to
10 mm of the upper endocervix (7-9). As a result, the preterm
birth rate of women after trachelectomy reaches more than
50% (10). These preterm births are presumably due to (i)

lack of mechanical support, (ii) impairment of local immuno-
logical defense mechanisms, and (iii) alteration of cervicovagi-
nal microbiota (4, 11-13).

Cervicovaginal fluid (CVF) contains a complex mixture
of secretions from the cervix (14, 15), including mucus,
which is believed to form a barrier against ascending infec-
tion (16, 17). The mucus is composed of water and mucins
(18-=20). Mucins are of 2 types: transmembrane mucins and
secreted gel-forming mucins, such as MUC2, MUCSB,
MUCSAC, MUC6, and MUC19 (18-21). These secreted
gel-forming mucins are highly glycosylated proteins and
are physically very large, spanning 0.2 to 10 um in length
for single polymers, interweaving to form mesh-like gels
(18, 22). These mucins coat the wet epithelial surface of
various human organs, including the airway, gastrointes-
tinal tract, and uterine cervix (17-20), and establish innate
immunity to prevent bacterial invasion (23, 24). Therefore,
we hypothesized that the analysis of CVF from pregnant
women after trachelectomy would reveal some aspects of
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the preterm-birth mechanism and contribute to finding a
novel biomarker of preterm birth.

In this study, we employed both proteomics of CVF and clin-
ical data from pregnant women undergoing trachelectomy to
identify preterm birth-related proteins in the cervix and inves-
tigated the roles of these cervical proteins in the maintenance of
pregnancy through cell culture and a pregnant mouse model.

Materials and Methods

Study 1: A Descriptive Cross-Sectional Study

We performed a descriptive cross-sectional study of pregnant
women who had undergone radical trachelectomy whose preg-
nancy was managed at Kyoto University Hospital (Kyoto,
Japan), Kitano Hospital (Osaka, Japan), and Kobe City Medical
Center General Hospital (Hyogo, Japan) between January 2013
and March 2021 (Tables S1 and S2 (25)). Maternal background
characteristics and perinatal clinical features were obtained from
the medical records. To analyze the effect of cervical excision on
spontaneous preterm birth, we excluded multifetal pregnancy
and iatrogenic preterm birth due to maternal complications,
such as hypertensive disorders, or fetal complications, such as se-
vere growth restriction or nonreassuring fetal status. Cases of preg-
nancy loss before 22 weeks of gestation were also excluded from
this study. We examined the correlation between residual cervical
length at 18 to 22 weeks of gestation and gestational age at delivery
in pregnancy after radical trachelectomy. The cervical length was
measured at every prenatal visit (2-4 visits between 18 and
22 weeks of gestation), and the mean cervical length was used in
this analysis. We also analyzed the association between the
Nugent score and preterm birth. The maximum second-trimester
Nugent score was chosen for this analysis.

Study 2: A Case-Control Study for CVF Proteomic
Analysis

We also performed a case—control study for CVF proteomic ana-
lysis of pregnant women at Kyoto University Hospital and 10 af-
filiated hospitals from January 2018 to March 2020 (Table S1
(25)). CVF samples were collected once between 18 and
24 weeks of gestation. At the time of sampling, we excluded
cases who had had unprotected sexual intercourse in the preced-
ing 48 hours or cases with vaginal bleeding in the preceding
24 hours to avoid distortion of the aligned total protein of
each sample in liquid chromatography-tandem mass spectrom-
etry analysis due to contamination by semen or blood. From the
collected samples, a case—control group was selected for CVF
proteomic analysis. The case group (post-trache) consisted of
8 pregnant women who had undergone radical trachelectomy
before pregnancy. The control group consisted of 10 pregnant
women selected randomly from the uncomplicated pregnant
women without a surgical history who delivered vaginally at
term. All 8 women in the post-trache group overlapped with
Study 1 (cases 14, 17-22, and 24 in Table S1 (25)). Exclusion cri-
teria for the study were multifetal pregnancy and iatrogenic pre-
term birth due to maternal complications, such as hypertensive
disorders, or fetal complications, such as severe growth restric-
tion or nonreassuring fetal status. None of the CVF swabs
were macroscopically contaminated with blood.

CVF Sample Collection

A cotton swab was inserted into the posterior fornix of the va-
gina and kept in place for 6 seconds. Next, the swab was swirled

in a 2mL tube containing 1.5 mL of phosphate-buffered
saline (PBS) (Nissui Pharmaceutical, #05913, Dulbecco PBS
(-)). The tube was then immediately stored at =20 °C until trans-
portation to our laboratory for storage at —80 °C until
processing.

Liquid Chromatography-Tandem Mass
Spectrometry and Label-free Relative Quantification

Frozen CVF samples were thawed at room temperature and
centrifuged at 15000g for 10 minutes at 4 °C. Supernatants
were collected, and their protein concentrations were deter-
mined by a Pierce BCA Protein Assay Kit (#23227, Thermo
Fisher Scientific). Eight micrograms of protein was precipi-
tated by ice-cold acetone and resuspended in 8 M urea/
30 mM ammonium bicarbonate. The proteins were digested
with trypsin, purified by a Pierce C18 spin column (#89870,
Thermo Fisher Scientific), and resuspended in 0.1% formic
acid. One microgram of digested protein was separated using
Nano-LC-Ultra 2D-plus (Eksigent) with a trap column
(200 umx 0.5 mm  ChromXP C18-CL 3pum 120A
[Eksigent]) and an analytical column (75 umx15cm
ChromXP C18-CL 3 pum 120 A [Eksigent]). Solvents A and
B were 0.1% formic acid/water and 0.1% formic acid/aceto-
nitrile, respectively, and the binary gradient used for the sep-
aration was as follows: A98%/B2% to A66.8%/B33.2% for
125 minutes, A66.8%/B33.2% to A2%/B98% for 2 minutes,
A2%/B98% for 5 minutes, A2%/B98% to A98%/B2% for
0.1 minute, and A98%/B2% for 17.9 minutes. The flow rate
was 300 nL/minute, and the analytical column temperature
was 40 °C. The eluates were directly infused into a mass spec-
trometer (TripleTOF 5600+ System [SCIEX]) and ionized in
electrospray ionization—positive mode. Data acquisition was
carried out with an information-dependent acquisition meth-
od (26). The acquired datasets were analyzed using
ProteinPilot software version 5.0.1 (SCIEX) for peptide and
protein identification, with the UniProtKB/Swiss-Prot data-
base for humans (April 2020) appended to the known com-
mon contaminants database (SCIEX). The reliability of the
peptide identification was evaluated by the confidence scores
calculated by ProteinPilot, and the quality of the database
search was confirmed by false discovery rate analysis in which
the reversed amino acid sequences were used as decoys. The
relative abundances of the identified proteins were estimated
on Progenesis QI for Proteomics software version 4.2
(Nonlinear Dynamics, Newcastle upon Tyne, UK). Raw
data files were imported to generate an aggregate, and the pep-
tide identification results by ProteinPilot with a confidence of
at least 95% were used for the analysis. Label-free quantifica-
tion of proteins was performed using the Hi-N method em-
ploying protein grouping (Nonlinear Dynamics) (27).
Proteins with an expression change greater than 1.5-fold
and a P value (analysis of variance [ANOVA] test) less than
.05 were considered differentially expressed proteins.

Gene Ontology Analysis

Gene Ontology analysis was performed by the online analysis
database Enrichr (https:/maayanlab.cloud/Enrichr/). We
analyzed 48 proteins that were significantly different between
pregnant women after trachelectomy (post-trache) and
control pregnant women (Study 2) as determined by CVF
proteomics.
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Immunohistochemical Analysis of the Uterus and
Cervix

We analyzed hysterectomy cases from 6 pregnant women and
4 nonpregnant women after radical trachelectomy and com-
pared them with those of 9 nonpregnant women who had
no history of cervical surgery at Kyoto University Hospital
(Table S3 (25)). Mid-sagittal uterine sections were fixed in
10% formalin and paraffin embedded. Murine cervices were
collected from nonpregnant and pregnant mice at the indi-
cated times after washing with PBS and were then fixed with
4% paraformaldehyde overnight and kept in 70% ethanol un-
til paraffin embedding.

Paraffin-embedded human and murine specimens were cut
into 3- to 4-um-thick sections. The tissue sections were depar-
affinized, and antigen retrieval was performed in 10 mM so-
dium citrate buffer (pH 6.0) in a microwave for 20 minutes.
Endogenous peroxidase activity was blocked with 3% H,O,.
These sections were incubated with rabbit polyclonal antibody
against MUC5B (Novus Biologicals, #NBP1-92151, RRID:AB
467559, 1:500) or mouse monoclonal antibody against
MUCS5AC (Novus Biologicals, #NBP2-15196, RRID:AB
2894883, 1:100) overnight at 4 °C, followed by incubation
with biotinylated goat antirabbit or rabbit antimouse second-
ary antibody (#424032 or #424022, Nichirei) at room tem-
perature for 30 minutes. Then, the samples were incubated
with streptavidin—peroxidase complex solution (#424032 or
#424022, Nichirei) for 30 minutes. Peroxidase activity was vi-
sualized by treatment with 3,3’-diaminobenzidine (DAB). The
sections were counterstained with hematoxylin. All images of
the immunohistochemical stained sections were obtained
with an all-in-one fluorescence microscope (BZ-X800;
KEYENCE). Positive areas of DAB staining in the whole hu-
man cervix were automatically calculated at 40x magnification
using BZ-X Analyzer software (KEYENCE) as described previ-
ously (28, 29). The areas of cervical glands were measured by
QuPath 0.2.3 (30) at 100x magnification from 5 randomly se-
lected fields, and the average was used for analysis. Positive
areas of DAB staining in the murine cervix were counted at
200x magnification from 3 randomly selected fields, and the
average areas were calculated.

Immunocytochemistry

Immunocytochemistry staining of human endocervical epithe-
lial cells was conducted as described previously (31). The pri-
mary antibodies used were as follows: E-cadherin (Cell
Signaling, #14472, RRID:AB 2728770, 1:100), vimentin (Cell
Signaling, #5741, RRID:AB 10695459, 1:200), CK18
(BioLegend, #628401, RRID:AB 439770, 1:250), and CK14
(BioLegend, #905303, RRID:AB 2734678, 1:500). E-cadherin
(epithelial marker) and vimentin (mesenchymal marker) anti-
bodies were used to confirm that the isolated cells were epithelial
cells. CK14 (endocervical marker) and CK18 (ectocervical
marker) antibodies were used to confirm that the isolated cells
were endocervical, not ectocervical, cells (32).

Isolation and Culture of Human Endocervical
Epithelial Cells

Cervical tissues were obtained from nonpregnant premeno-
pausal women undergoing hysterectomy. Separation and iso-
lation of human endocervical epithelial cells were performed
as previously described (32). Briefly, epithelial tissue was dis-
sected from the endocervix of the tissue sample. The tissue was

digested overnight at 4 °C in keratinocyte basal medium 2
(PromoCell, #C-20211) with 25 units/mL dispase (Thermo
Fisher Scientific #17105041). The next day, the surface epi-
thelium from the tissue was scraped off and placed in kerati-
nocyte basal medium 2 with 0.2% trypsin for 10 minutes at
4 °C. Samples were then transferred to a 37 °C water bath
and incubated for 30 minutes. After centrifugation at 200g
for 10 minutes, cells were seeded on 12-well collagen-type
I-coated microplates with a lid at 2x10*cells/cm?
(#4815-010, IWAKI). Isolated cells were cultured in keratino-
cyte growth medium 2 (#D-12001, PromoCell) with 5% fetal
bovine serum, 100 U/mL penicillin, and 100 pg/mL strepto-
mycin (#2625384, Nacalai Tesque) and cultured in 5% CO,
and 95% air at 37 °C. Two days after plating, the primary cul-
tured cells were treated with the indicated dose of progester-
one (100 nM, #2892164 Nacalai Tesque), estradiol (10 nM,
#E7376, LKT laboratories), or combined progesterone and es-
tradiol (100 and 10 nM, respectively) for 24 hours. Steroids
were dissolved in DMSO (#13408-64, Nacalai Tesque).
Subculture of isolated primary cells was not performed.

Pregnant Mouse Model

Eight- to ten-week-old C57BL/6] wild-type nonpregnant mice
and 10- to 12-week-old pregnant mice were purchased from
SLC Japan. The whole cervix was collected from nonpregnant
and pregnant mice at 10.5, 13.5, and 16.5 days postcoitum
(dpc) after washing with PBS and was then quickly frozen in
liquid nitrogen and stored at —80 °C. The cervices were other-
wise fixed with 4% paraformaldehyde overnight and kept in
70% ethanol until paraffin embedding for histology.

Mouse Model of Ascending Infection by Vaginal
Escherichia coli Inoculation

Mouse ascending infection by vaginal E. coli inoculation was
induced by the method published by Akgul et al with slight
modifications (33, 34). Briefly, at 16.5 dpc, pregnant mice
were anesthetized with isoflurane and received either live
E. coli (serotype O55; ATCC) (20 ul. bacteria equal to
10* CFU) or PBS (20 pL) transvaginally using a 200-uL pip-
ette. Eight mice were randomly assigned to each group
(n=4). These mice were sacrificed 24 hours after vaginal in-
oculation for cervical tissue collection. The cervices were fixed
with 4% paraformaldehyde overnight and kept in 70% etha-
nol until paraffin embedding for histology. Dose determin-
ation for E. coli inoculation was conducted as described
previously (34). The same experiment was conducted a second
time to provide fresh frozen cervix to isolate RNA for quanti-
tative real-time polymerase chain reaction (PCR).

Immunofluorescence Staining of the Cervix in the
Mouse Model

Immunofluorescence staining was conducted as described pre-
viously (35). Antigen retrieval was performed by incubation
with proteinase K (P8107S; New England Biolabs; working
concentration, 0.6 U/mL) for rabbit polyclonal antibodies
against E. coli (#ab137967 Abcam, RRID:AB 2917966,
1:500) and Ly6G (#14-5931-82, eBioscience, RRID:AB
467730, 1:100); antigen retrieval was performed in 10 mM
sodium citrate buffer (pH 6.0) in a microwave for antibodies
against MUCSB and MUCSAC. Images were taken by an
all-in-one fluorescence microscope (BZ-X800; KEYENCE).
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Ly6G-positive cells on the mucins in the cervical canal were
automatically calculated at 400x magnification using BZ-X
analyzer software as described above.

RNA Isolation and Quantitative Real-time PCR

Total RNA was extracted from human endocervical epithelial
cell cultures and murine whole cervical tissues using a
PureLink RNA mini kit (#12183020, Invitrogen). Reverse
transcription of RNA was performed using ReverTra Ace
(#TRT-101 m Toyobo Life Science). Primer sequences are
shown elsewhere (Table S4 (25)). Quantitative real-time
PCR was performed using Thunderbird Next SYBR qPCR
mix (#QPS-201, TOYOBO Life Science) on the StepOnePlus
(Thermo Fisher Scientific). The results were analyzed using
the delta—delta cycle threshold approach with GAPDH as
the human endogenous control and Cpha as the mouse en-
dogenous control.

Ethics

All human studies were approved by the Kyoto University
Graduate School of Medicine, Ethics Committee (G0325
and G1149), which deliberates on matters related to ethics
in medical research involving human subjects in compliance
with various national guidelines and in accordance with the
Declaration of Helsinki. Informed consent was obtained to
collect CVF for proteomics analysis (Study 2) and to isolate
human endocervical cells. We also employed the opt-out
method (36) to obtain consent in the descriptive cross-
sectional study (Study 1) and immunohistochemical analysis
of human uterine specimens.

All animal studies were approved by the Animal Research
Committee, Graduate School of Medicine, Kyoto University
(MedKyo 21516), which deliberates on the proper conduct
of animal experiments.

Statistical Analysis

All normally distributed or non-normally distributed data
were expressed as the mean=+SD or median =+ interquartile
range, respectively. The correlation between the 2 variables
was analyzed using Spearman’s correlation coefficient. Two
categorical independent variables were analyzed by Fisher’s
exact test. Comparisons between 2 groups were performed us-
ing the unpaired t test for normally distributed data or the
Mann-Whitney U test for non-normally distributed data.
Comparisons among more than 2 groups were performed us-
ing 1-way ANOVA with Dunnett’s or Tukey’s multiple com-
parisons test. All statistical analyses were performed using
GraphPad Prism 9.2.0 (GraphPad Software). P < .05 was re-
garded as statistically significant.

Result

Study 1: Second-trimester Residual Cervical Length
and Nugent Score Were Not Associated With
Gestational Age at Delivery in Pregnancy After
Trachelectomy

In our descriptive cross-sectional study, 25 pregnancies in
22 women after trachelectomy were analyzed for the relation-
ship between cervical length and gestational age at delivery.
Three of these 22 women had a second pregnancy during
the study period (cases 14, 24, and 25 in Table S1 (25)).
Demographic and birth characteristics are shown elsewhere
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Figure 1. Study 1: Correlation between second-trimester residual
cervical length and gestational weeks at delivery in pregnancy after
trachelectomy. The dots denote 25 pregnancies in 22 women after
trachelectomy surgery, 3 of whom had a second pregnancy during the
study period. The correlation was analyzed using Spearman’s
correlation coefficient.

(Table S2 (25)). The mean gestational age at birth was 33
weeks. The rates of preterm birth and preterm prelabor rup-
ture of membranes (PPROM) were 60% and 52 %, respective-
ly. The cervical cerclage placed at the time of the
trachelectomy surgery remained throughout pregnancy in all
but 2 cases. Interestingly, there was no correlation between re-
sidual cervical length at 18-22 weeks of gestation and gesta-
tional age at delivery (r=0.14, P=.50) (Fig. 1). Next, we
analyzed the relationship between preterm birth and Nugent
score, which provides gradations of the disturbance of vaginal
flora (37). We found that the median Nugent score at the se-
cond trimester in 23 pregnancies after trachelectomy (2 cases
were missing data) was 1 (interquartile range 0-4, Table S2
(25)), and the Nugent score after trachelectomy was not re-
lated to preterm birth (Table 1).

Study 2: MUC5B and MUC5AC Concentrations in
CVF Decreased in Pregnancy After Trachelectomy
To identify the risk factors for preterm birth other than cer-
vical length and cervicovaginal bacterial flora, the CVF of
8 pregnant women after trachelectomy (post-trache) and
10 control pregnant women who delivered at term, collected
between 18 and 24 weeks of gestation, was analyzed by pro-
teomics (Fig. 2A). The clinical characteristics are shown in
Table 2. In the post-trache group, the mean gestational age
at birth was 32 weeks, and the PPROM rate was 63%.

Table 1. Nugent score at second-trimester in 23 pregnancies after
trachelectomy (Study 1)

Nugent score Preterm (n=14) Term (n=9) P value

Normal (£3) 10 7 >.997

Intermediate or bacterial 4
vaginosis (>4)

“Analyzed by Fisher’s exact test.
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Figure 2. Study 2: Identification and quantification of different CVF proteomic compositions in pregnant women after trachelectomy compared with
control pregnant women. (A) Schema of CVF sampling for quantitative proteomic analysis. CVF was collected from pregnant women after
trachelectomy (post-trache, n=8) and term delivery control women without surgical history (control, n=10). (B) Volcano plot denotes differentially
expressed proteins in CVF compared between the 2 groups. The horizontal dotted line shows a Pvalue of .05, and the left and right vertical dashed lines
are fold changes (post-trache/control) of 0.67 and 1.5, respectively. Red dots represent 25 significantly increased proteins; blue dots represent 23
significantly decreased proteins in CVFs of women in the post-trache group. Gray dots represent the proteins without differences between the 2
groups. The 4 mucus-associated proteins are labeled. (C, D) Heatmap denotes the specific proteins shown in blue (C) and red (D) dots in the volcano
plot. Each column represents a patient, and each row represents a specific protein listed in order of Pvalue from lowest. The color scale represents a
z-score of protein expression obtained from each patient, which was converted from the normalized abundance. Blue represents lower expression, and
red represents higher expression. (E, F) The scatter plot shows the relationship between the log10-normalized abundance of MUC5B and MUCS5AC and
gestational age at delivery in all 18 women. Magenta and gray dots represent post-trache and control cases, respectively. The horizontal dotted line
shows the mean normalized abundance of the control group, and the vertical dashed line indicates 37 weeks of gestation. The arrows show the same 2
cases in the post-trache group (magenta dots) with MUC5B or MUC5AC abundance beyond the mean normalized abundance of the control. CVF,
cervicovaginal fluid.

In CVF proteomics, 601 proteins were commonly quantified was decreased and the expression of 25 proteins was increased
in the 2 groups, and 48 differentially secreted proteins were  in the CVF of the post-trache group compared with those of
identified between the 2 groups. The expression of 23 proteins ~ the control group (Fig. 2B). Figure 2C and 2D shows the
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Table 2. Demographic and birth characteristics of pregnant women
after trachelectomy and term delivery controls without surgical
history (Study 2)

Demographics Post-trach Control P value
(n=8) (n=10)

Maternal age, mean + SD 36.3+3.8 342+3.8 277

Maternal race, no. >.99%
Japanese 8 10

Previous births, no. >.99%
0 6 7
1 2 3

Maternal BMI, kg/m>, 212+3.0 21.6+4.5 .81°
mean + SD

Smoking during pregnancy, No. 0 1 >.99%

Gestational age at CVF sample 18.6+1.2 195+16 .21°

collection, weeks, mean + SD

Cervical length at 18-22 weeks
gestational age, mm, mean + SD

204+7.4 40.6x5.9 <.0017

Gestational age at delivery, 31.6+4.8 39.1+1.2 <.001¢

weeks, mean + SD
Incidence of PPROM, no. N 0 <.01¢

Abbreviations: BMI, body mass index; CVF, cervicovaginal fluid;
post-trach, pregnant women after trachelectomy; PPROM, preterm
prelabor rupture of membranes.

“Analyzed by unpaired t test.

’Analyzed by Fisher’s exact test.

relative abundance of the differentially expressed proteins in
each case. Except for insulin-like growth factor binding
protein-1, the expression of fibronectin, neutrophil elastase,
matrix metalloproteinase 8 and 9, vitamin D-binding protein,
and interleukin-1 receptor antagonist protein, which are well-
known biomarkers of preterm birth and delivery, was not sig-
nificantly changed between the 2 groups (Fig. S1 (25)). The ex-
pression of antimicrobial peptides, such as elafin, neutrophil
defensin 1, cathelicidin antimicrobial peptide, lactotransfer-
rin, bactericidal permeability-increasing protein, and S100
calcium-binding protein A7, was not significantly changed,
excluding antileukoproteinase (Fig. S1 (25)). Among
23 decreased proteins in CVF proteomics, as many as
4 proteins (ie, MUCSB, MUCSAC, TFF3, and BPIFB1) were
mucus-associated proteins (Fig. 2B and 2C). Since mucin pro-
teins have prevented bacterial invasion in other organs, we fo-
cused on MUCS5B and MUCSAC. The logl0-normalized
abundance of MUC5B and MUCS5AC was plotted against ges-
tational weeks at delivery (Fig. 2E and 2F). All of the women
in the post-trache group with MUCSB or MUCSAC
abundance greater than the mean normalized abundance of
the control delivered at term (Fig. 2E and 2F, arrows),
whereas all the women who had lower abundances delivered
preterm.

Gene Ontology Analyses of Proteome Data From
CVFs

Gene Ontology analyses were performed using 48 differential-
ly secreted proteins identified between the 2 groups in Study
2. The top 3 biological Gene Ontology terms in the biological
process enriched in these 48 proteins were related to the im-
mune response mediated by neutrophils (Fig. S2 (25)).

MUC5B and MUC5AC Expression in the Human
Cervix During Pregnancy and After Trachelectomy
Following the results of proteomic analysis, we examined
MUCSB and MUCSAC expression in the human uterus
(Fig. 3A). MUCSB and MUCSAC were ubiquitously ex-
pressed in the columnar epithelial cells of the endocervix
(Fig. 3B, 3C, 3E, and 3F), and these mucins filled the lumen
in both nonpregnant and pregnant women (Fig. 3B, 3C, 3E,
and 3F). In contrast, the expression of MUCS5B and
MUCSAC was not observed in the endometrium (decidua)
or vagina (Fig. 3B, 3C, 3E, and 3F). The cervical gland area
was enlarged during pregnancy compared with the nonpreg-
nant cervical gland area (P<.001) (Fig. 3H). The
MUCS5B-positive area also increased in pregnant women com-
pared with nonpregnant women, which corresponded with
the dilatation of tubular glands (P <.001) (Fig. 3I). In con-
trast, the MUCS5AC-positive area was not changed by preg-
nancy status (Fig. 3]). Therefore, human cervical glands are
enlarged in volume by pregnancy, and MUCSB contents are
increased, whereas MUCSAC levels are not.

Next, the effect of trachelectomy was analyzed in nonpreg-
nant uteri. Intriguingly, cervical glands were diminished by
trachelectomy in nonpregnant women (Fig. 3D and 3G).
The MUCSB- and MUC5AC-positive areas were significantly
decreased by trachelectomy in nonpregnant women (Fig. 31
and 3]). These data suggested that both MUCS5B and
MUCSAC secretion would be insufficient in the endocervix
of pregnant women after trachelectomy.

Estradiol Regulates the Expression of MUC5B in the
Human Endocervix

We investigated the regulatory mechanism of MUCS5B and
MUCSAC expression in the cervix using primary epithelial
cells isolated from the human endocervix. These isolated cells
expressed endocervical epithelial cell markers (E-cadherin and
cytokeratin 18), and they did not express mesenchymal
markers (vimentin) or ectocervical epithelial cell markers (cy-
tokeratin 14) by immunofluorescence, confirming that the
cells were derived from endocervical epithelium (Fig. 4A).
The physiological dose of estradiol alone (10 nM) or estradiol
plus progesterone (10 and 100 nM, respectively) increased
MUCSB mRNA by 1.8-fold in endocervical epithelial cells
(Fig. 4B), whereas the MUCSAC mRNA level was not regu-
lated by these sex hormones (Fig. 4C).

MUCS5B Expression Increased With Advancing
Gestational Age in the Mouse Cervix

To investigate the role of mucins in the cervix during preg-
nancy in vivo, we utilized pregnant mice. Figure 5 shows the
changes in mucin expression in the cervix with advancing ges-
tational age. A sample collection image is shown in Fig. SA.
The morphology of cervical glands was flat in nonpregnant
mice, and the expression of both MUCS5B and MUCS5AC
was scarce (Fig. 5B and SF). At 10.5 dpc, MUCSB and
MUCSAC appeared in the cervical glands (Fig. 5C and 5G).
At 13.5 dpc, ridges were formed in the endocervix, and the
superficial monolayer cells in the endocervix were trans-
formed into mucin-containing columnar cells, in which the
nuclei were basally placed (Fig. 5D and 5H). At 16.5 dpc,
the endocervix was lined by pseudostratified columnar epithe-
lium (Fig. SE and 51). As a result, the MUCS5B-positive area of
the endocervix significantly increased with advancing

2202 1290100 80 U0 Jasn Ausianiun 0joAY Agq 9G120/9/SGoebp/wauld/0LzZ L 0L /10p/a]21e-aoueApe/wadl/wod dno-ojwapese//:sdpy wolj papeojumoq



The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 00, No. 0 7

Nonpregnant

Va ~

5
%&
o

D Trachelectomy

Nonpregnant

E Nonpregnant

F Pregnant
Va

e

G Trachelectomy

Nonpregnant

H (mm2)

Area of cervical glands

Pregnant ¥

MUCS5AC

20 *%
- T
T b
— o
= Q15
n I
2 3]
= §1D
-
5 —
Q : 5
g g
< 9
& &S
& O
Sl
q@QQ@Q c’-:é&
o°§$é‘
&F &

Figure 3. Localization and quantification of MUC5B and MUCBAC in the human uterus during pregnancy and after trachelectomy. (A) Schema of
uterine section. (B-G) Representative MUC5B and MUCB5AC expression in the human uterus. Right panels are magnified images. A nonpregnant
woman (B and E), a pregnant woman at 35 weeks of gestation (C and F), and a nonpregnant woman after trachelectomy (D and G). (H) The areas of
cervical glands in 6 normal pregnant women compared with those in 9 nonpregnant women. (I and J) Quantification of MUC5B- and MUCB5AC-positive
areas in 6 normal pregnant women and 4 nonpregnant women after trachelectomy compared with those in 9 nonpregnant women. Data are
represented as the median + interquartile range. **P< .01, *** P<.001 using a 2-tailed Mann-Whitney U test. Cx, cervix; Ub, uterine body; Va, vagina;

Scale bars, 1T mm.

gestational age (Fig. 5]), and MUCS5AC expression modestly
increased by 16.5 dpc (Fig. 5K), reflecting the tall mucin-filled
cytoplasm of each endocervical epithelial cell during
pregnancy.

Next, cervical tissues were collected from nonpregnant and
pregnant mice at 10.5, 13.5, and 16.5 dpc, and Muc5b and
MucSac mRNA expression was analyzed. Muc5b mRNA ex-
pression in the cervix was very low in nonpregnant mice but in-
creased 150-fold at 10.5 dpc and further increased toward term
(Fig. SL). MucSac mRNA levels were also low in nonpregnant

mice but increased 40-fold at 10.5 dpc (Fig. SM). MucSac
mRNA expression gradually decreased with advancing gesta-
tional age (Fig. SM). Collectively, MUCSB was robustly induced
in the cervical epithelium by pregnancy in mice as in humans.

MUCS5B and MUC5AC Trap the Ascending Bacteria
in the Cervical Canal During Pregnancy

Finally, we utilized a pregnant mouse model of ascending in-
fection by E. coli (33, 38, 39) to investigate the role of mucin
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Figure 4. Regulation of MUC5B and MUCS5AC in primary epithelial cells isolated from the human endocervix. (A) Representative immunofluorescence
for E-cadherin, vimentin, and DAPI (upper panels) and CK18, CK14, and DAPI (lower panels) of the primary epithelial cells isolated from the human

endocervix. (B, C) Changes in the mRNA expression of MUC5B and MUC5AC by estradiol and progesterone. Primary human endocervical epithelial
cells were treated with estradiol (10 nM) and progesterone (100 nM) at physiological concentrations during pregnancy. Data are represented as the
mean + SD from 3 biological replicate experiments. *** P<.001 using ANOVA with Dunnett’s multiple comparisons test. E2, estradiol; CK, cytokeratin;

P4, progesterone; Scale bars, 50 um.

in the cervical barrier against ascending pathogens. E. coli or
PBS was inoculated into the vagina at 16.5 dpc, and the cer-
vices were collected after 24 hours at 17.5 dpc (Fig. 6A).
Intravaginal E. coli inoculation did not cause preterm deliv-
ery within 24 hours. Immunofluorescence staining showed
that MUCS5B and MUCSAC were localized in the cervical ca-
nal of all mice (Fig. 6B and 6C). Using an Escherichia coli-
specific antibody, E. coli was observed in the cervical
MUCSB- and MUCSAC-expressing mucin in 3 of 4 E.
coli-inoculated mice (E1, E2, and E3 mice but not the E4
mouse; Fig. 6C and 6E). Furthermore, Ly6G-positive neutro-
phils were colocalized on these mucins as they were stuck in
the mesh-like structure of mucins (Fig. 6C and 6E).
Migration of neutrophils was rarely observed in the
PBS-treated control but was observed in all E. coli-inocu-
lated mice (Fig. 6B-E). Ly6G-positive cell counts on mucins
in the cervical canal were significantly increased in E. coli—
treated mice compared with those in PBS-treated mice
(P=.029) (Fig. 6G).

Tnf, [11b, Muc5b, and MucS5ac mRNA expression in the cer-
vix was also measured to determine the cervical and neutrophil
response to ascending pathogens. Tnf mRNA expression in-
creased 16-fold (P=.015), and Il16b mRNA expression was
not changed by E. coli challenge (Fig. 6H and 61). Muc5b
mRNA expression increased 1.7-fold (Fig. 6], P=.001),
whereas MucS5ac mRNA expression was not changed
(Fig. 6K). These results suggest that MUCSB in the cervix is
not only expressed constitutively during pregnancy but is
also induced by external stimuli such as E. coli infection.

Discussion

Here, using clinical data and proteomic analysis of CVF in
pregnant women who underwent trachelectomy, we reveal
that MUCSB and MUCSAC in the cervix probably play a piv-
otal role in the maintenance of pregnancy. Pregnancy increased

MUCSB expression in the endocervix of both humans and
mice. Furthermore, using the mouse model of ascending infec-
tion, MUCSB and MUCS5AC in the pregnant cervix appear to
have a barrier function against microbial invasion.

It has been proposed that the risks of preterm birth in preg-
nancy after cervical excisional surgeries are the result of a lack
of mechanical support by the cervix or alteration of the cervi-
covaginal microbiota. In this study, we revealed that the re-
sidual cervical length and the Nugent score in the second
trimester were not correlated with gestational weeks at deliv-
ery in post-trachelectomy women. Another study showed only
a weak correlation between the second-trimester cervical
length and gestational age at delivery after trachelectomy
(40), and prophylactic cervical cerclage, which operatively
closes and elongates the cervix, is ineffective in preventing pre-
term birth in pregnant women after cervical excision (41, 42).
In addition, metataxonomics showed that surgical excision of
the cervix did not change the vaginal microbiota composition
(43). An association between viscoelasticity or permeability of
the whole mucus and preterm birth has been reported (44, 45).
These findings suggest that impairment of local immunologic-
al defense mechanisms contributes to increased preterm birth
and PPROM rates in pregnant women after trachelectomy.

We identified MUCS5B and MUCSAC by proteomics as can-
didate proteins for barriers against pathogens in the cervix.
Conditional hyaluronan knockout mice that lost hyaluronan
expression in the cervix were more prone to preterm birth
(33). These mice also have decreased expression of Muc5b
in the cervix (more than half of that in wild-type mice) (33).
Cervical epithelial damage induced by spermicide, which pre-
sumably led to a reduction in mucins, promoted ascending in-
fection in mice and resulted in preterm birth (46). Mucin
proteins prevent bacterial invasion into tissues (23, 24). The
trap is mediated by carbohydrate interactions in which the si-
alic acids expressed on mucins bind to bacteria (47, 48).
Neutrophils, stuck in the mesh-like structure of cervical
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Figure 5. Muc5b and MUCSAC expression in the mouse cervix during pregnancy. (A) Macroscopic view of the pregnant murine vagina and uterus at
16.5 dpc. Scale bars, 10 mm. (B-l) Representative MUC5B and MUCSAC expression on the murine cervix as a function of time by immunohistochemistry.
Scale bars, 200 um. (J, K) Quantification of MUC5B- and MUC5AC-positive areas in the mouse cervix as a function of time. (L, M) Relative mRNA
expression levels of Mucbband Mucbacin murine cervices as a function of time. Data are represented as the means + SD (n=3inJ, Kandn=4inL, M).
*P <.05, **P <.01, ***P<.001 using ANOVA with Tukey's multiple comparisons test. Cx, cervix; NP, nonpregnant; Ub, uterine body; Va, vagina.

mucins, also bind sialic acids on mucins via L-selectin (49-51).
Collectively, MUCS5B and MUCSAC in the cervical canal not
only trap the ascending bacteria but also provide a scaffold for
neutrophils.

We showed that MUCSB content in the cervix was
significantly increased by pregnancy in both humans and
mice, whereas MUCSAC was not. It has been reported
that MUCSB knockout mice are susceptible to airway
infection by multiple bacterial species, whereas MUCS5AC
knockout mice are not (23). Therefore, we suspect that
MUCS5B may possess more important barrier functions to as-
cending pathogens than MUCSAC in the cervix during
pregnancy.

MUCS5B gene expression in human cervical epithelial cells was
increased by estradiol, which is synthesized in the placenta and
gradually increases in maternal circulation during pregnancy.
This is in accordance with previous reports that estradiol in-
creased MUCS5B expression in nonpregnant human cervical mu-
cus (17, 52) and human airway epithelial cells (53). Although
hyperplasia and dilatation of human cervical glands occur dur-
ing pregnancy in response to progesterone (54), progesterone
did not regulate MUCSB expression in human cervical epithelial
cells. It is unclear how Muc5b expression is upregulated while
MucSac is downregulated in murine cervical epithelial cells dur-
ing pregnancy. MucSac knockout mice showed compensatory
upregulation of Muc5b in forniceal conjunctival epithelia (55).
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In contrast, when Muc5b was knocked out, MucSac was not
compensatorily upregulated. Similarly, when Muc5b was
knocked out in olfactory glands, there was no compensatory up-
regulation of MucSac (56). It is likely that the interaction be-
tween MUCSB and MUCSAC is complicated.

Our proteomic analysis of CVF did not detect MUC2 or
MUC4. MUC2 has been reported to separate bacteria from
the colon epithelium (24). MUC2 is not observed in normal en-
docervical epithelium, although it is often found in adenocar-
cinoma in situ or invasive adenocarcinoma of the endocervix
(57). MUCH4 is a transmembrane mucin that is not secreted,
so MUC4 was not detected in the cervical mucus plug (58).
Therefore, MUCS5B and MUCSAC, rather than other mucins,
may be necessary for the maintenance of pregnancy.

There are several limitations in this study. First, we could not
utilize cervix-specific MUCSB/5AC knockout or knockdown
mice, so we could not confirm the cervical functions of
MUCS5B and MUCSAC. Although we tried to generate cervix-
specific knockdown mice using the delivery of shRNAs target-
ing MUCSB packaged by adeno-associated viral vector
serotype 6 into the cervix, the viral vector failed to transduce
the epithelial cells of the cervix, despite using previously re-
ported methods (38, 59). Second, the sample size of CVF

from women after trachelectomy was relatively small, and, as
such, we could not statistically analyze the correlation between
the quantitative value of MUCS5B or MUCSAC in CVF and ges-
tational age at delivery. We demonstrated that only 2 cases
with a sufficient level of MUCS5B or MUCSAC in CVF deliv-
ered at term. We need to further increase the sample size to elu-
cidate the significant difference between preterm and term
delivery in pregnant women after trachelectomy. Third, we
could not fully determine the regulatory mechanism of
MUCSAC expression in the cervix. MUCSAC has been recog-
nized as a “response mucin,” the expression of which is regu-
lated by several inflammatory stimuli in respiratory epithelia
(23, 60). However, we confirmed that lipopolysaccharide did
notinduce MUCSAC expression in the cell culture from the hu-
man endocervix and that vaginal E. coli inoculation did not in-
crease MUCSAC expression in the mouse cervix. MUCSAC
may be expressed constitutively rather than being inducible
by external stimuli in the pregnant cervix as opposed to the re-
spiratory tract.

In conclusion, endocervical MUCSB increases during preg-
nancy. This cervical mucin, together with MUCSAC, may
work as a barrier to ascending pathogens during pregnancy,
resulting in the avoidance of preterm birth. In addition to
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several challenges in predicting and preventing preterm birth
(61, 62), the quantification of MUCSB or MUCSAC in CVF
samples may provide a biomarker of preterm birth in the future.
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