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Abstract

Introduction. The viscoelastic properties of the cervical mucus plug are considered essential
for the occlusion of the cervical canal and thereby for protection against ascending
infections during pregnancy. Factors controlling this property are virtually unknown. This
study explores a possible role of trefoil factor peptides 1, 2 and 3 (TFF1-3); peptides
believed to influence mucus viscosity. Materials and methods. The study is based on
spontaneously shed cervical mucus plugs from 14 women in active labor. The viscoelastic
properties; the elastic modulus (G”) and the viscous modulus (G”’) were determined by an
oscillatory rheometer. The concentrations of TFF1-3 were measured by an in-house ELISA.
Associations were analyzed by random-effects generalized least squares regression
analyses. Results. Median (range) concentrations of TFF1, (TFF2) and [TFF3] were 3.1
(1.2-8.6), (1.1 (<0.006-3.7)) and [1000 (170-5300)] nmol/g cervical mucus plug. The TFF3
concentration was associated with G’ (regression coefficient 11.7 Pa/ Log nM (95 % ClI;
3.0-20.4, p=10.009) and G”’ (regression coefficient 3.2 Pa/Log nM (95% CI; 1.5-5.0, p
< 0.001). Conclusion. We suggest that TFF3 plays a role for the viscoelastic properties of

cervical mucus plug.

Key words:

pregnancy, cervical mucus plug, viscoelasticity, rheology, trefoil factor peptidesl1-3.

Abbreviations:

CMP cervical mucus plug
TFF1 trefoil factor peptide 1
TFF2 trefoil factor peptide 2
TFF3 trefoil factor peptide 3
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G’ Elastic Modulus
G” Viscous Modulus

Key Message:
Trefoil factor peptides (TFF1-3) are present in cervical mucus plugs at term and TFF3 is
positively correlated with the viscoelastic properties of the plug.

Introduction

During pregnancy, the cervical mucus plug (CMP) occludes the cervical canal and forms a
barrier between the more or less sterile uterine cavity and the microbe-rich vagina (1).
High concentrations of antimicrobial and antifungal peptides, immune cells and
immunoglobulins are essential for this function (2-4). This immunological barrier function
is probably sustained by the viscoelastic properties of the CMP, which ensures that the plug
remains in the cervical canal despite daily activities including intercourse and even when
the cervical canal at the end of pregnancy is dilated to more than one or two cm. The
passage of pathogens might also depend on the elastic and viscous properties (5) of the
CMP as does the passage of spermatozoa through cervical mucus from non-pregnant
women (6). The factors controlling the elastic and viscous properties of the CMP remain
virtually unknown.

The Trefoil factor peptides (TFFs) constitute a family of small (12-22 kDa) molecules
containing one (TFF1 and TFF3) or two (TFF2) trefoil domains(7). TFFs are most
abundantly expressed in the gastrointestinal tract, yet they can be detected in virtually all
tissues containing mucin-secreting cells including the endocervix and the uterus(7;8).
Despite intensive investigations the exact functions of the TFFs are largely unknown. They
have been suggested to cross-link mucin hereby forming stable gel complexes which are
resistant to gastrointestinal proteases, a broad range of noxious agents, and mechanical
stress(9;10). In vitro studies have shown that TFF2 significantly increases the viscoelastic
properties of porcine stomach mucin when added in supra-physiological concentrations

(11). Furthermore significant increases in the viscosity of gastric mucus from mice were
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observed when TFF2 was injected intravenously or subcutaneously (12). It is, however, still
unknown whether TFFs in physiological concentrations influence the rheological properties
of mucus.

We aimed to investigate the presence of TFFs in CMPs and to study a possible
association between CMP viscoelasticity and the concentrations of TFF1-3 measured in
CMPs shed during active labor at term.

Material and methods

Initially, CMPs were collected from 16 women in active labor (cervical dilation 4 to
10 cm) at the delivery wards of Aarhus University Hospital, Denmark. The median (range)
age of the women included was 29.5 (21-36) years, the median gestational age was 40**
weeks (38" — 42*% weeks) and median parity was 1.5 (1 — 4). The CMPs were shed
spontaneously or manually retrieved during vaginal exploration. All 16 CMPs were cut into
specimens of approximately 1.4 g. Two to seven specimens were obtained from each CMP

depending on the original size, resulting in a total of 42 specimens. From each of these

specimens, a 0.1 g biopsy was frozen and stored at -80° C for later biochemical analysis

(TFF1-3 and hemoglobin concentration). The specimens (median (range) weight 1.37 g

(1.23 — 1.46 g)) were frozen at -80° C for at least 24 hours and thawed on ice prior to

rheological analysis. Nine of the 42 specimens were excluded as the hemoglobin
concentration of the biopsy exceeded 200 uM. Thus, the results presented are based on 33
specimens representing 14 CMPs.

The method for assessing rheological properties of the CMP including determining
the linear viscoelastic region has previously been described(13). Briefly, the rheological
properties were assessed by a dynamic oscillatory rheometer (Stress Tech, Reologica
instrumentsAB, Lund, Sweden) within the linear viscoelastic region and at 37.0 °C. Each of

the 33 specimens were firstly subjected to a frequency sweep where specimens were
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deformed with a fixed stress (5 Pa) at increasing frequency (0.01 — 1 Hz) (Figure 1A).
Secondly, the specimens were subjected to a stress sweep where specimens were deformed
with an increasing stress (1-300 Pa) at a fixed frequency of 1 Hz (Figure 1B). A number of
rheological variables were obtained from these sweeps. The elastic modulus (G’) reflects
the elastic-like component of viscoelastic behavior, and the viscous modulus (G ) reflects
the liquid-like component (14-17). Furthermore, in stress sweeps the cross-over point of G’
and G’ which denotes the amount of stress required to deform the internal CMP

microstructure to the point where effective flowing occurs (G’’>G’) was obtained.

The CMP specimen-biopsies were extracted as described previously (18). The 0.1 g
specimen-biopsy was diluted 1:30 in a buffer containing 50 mM Tris-hydrochlorate, 10
mM CaCls, 0.05% Brij"™35 and 1 mM Phenylmethylsulfony! fluoride (pH 7.4) during
manual homogenization. An aliquot of this 1:30 dilution was then extracted overnight with
rotation at 4°C. After centrifugation (20 minutes, 16,000 g) the supernatant was removed
(first extraction) and placed on ice. Depending on the volume of the first extraction, an
adjusted amount of buffer was added; the pellet was re-homogenized, re-extracted
overnight and subjected to centrifugation. Again, the supernatant was removed (second
extraction), pooled on ice with the first extraction and kept on ice. The extraction process
was completed by a short heat extraction (4 min, 60°C, third extraction) during which the
final 1:100 dilution was reached. Extractions were kept at -80°C until analysis. The TFF1,
TFF2 and TFF3 concentrations were assessed on the 1:100 extractions after further 100
fold dilution employing in house ELISA methods (19;20). Furthermore, hemoglobin
concentrations in the extracts were determined with the routine method of the laboratory
(Cobas6000, Roche A/S Hvidovre, Copenhagen, Denmark -
http://www.roche.dk/home/produkter.html).

Statistical analyses were performed in STATA IC12 (StataCorp LP, College
Station, TX, USA).The variations of TFF1-3 concentrations within and between CMPs

were investigated using mixed-effects restricted maximum likelihood regression analysis.
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To evaluate the association between rheological parameters and TFF1-3 concentrations,
regression coefficients were estimated using random-effects generalized least squares
regression analysis with and without adjustment for specimen weight. Two-sided p-values
below 0.05 were considered significant. TFF measurements were log-transformed to obtain
a normal distribution and an equal variance. All statistical analyses take into account the

clustering of the data.

The Central Denmark Region Committees on Biomedical Research Ethics approved
the project (project number M-AA-20050053, amendment 26296) according to declaration
of Helsinki. The study is registered in the Danish data protection agency (project number 1-
16-02-175-12).

Results

TFF1 and TFF3 were detected in all 14 CMPs and TFF2 in 8 of the 14 CMPs. The
most abundant TFF was TFF3 with a median (range) concentration of 1000 (170-5300)
nmol/g CMP as compared to 3.1 (1.2 — 8.6) nmol/g CMP for TFF1 and 1.1 (< 0.006 — 3.7)
nmol/g CMP for TFF2 (Figure 2).

All CMP specimens showed solid-like viscoelastic behaviour with predominating
elastic properties, as seen in the representative example shown in Figure 1A-B. We found
that the elastic modulus (G') was about three to four times greater than the viscous modulus
(G") at all frequencies (13). Likelihood ratio tests evaluated to what extent the TFF
variation between the specimens reflected differences between CMPs or differences within
the CMPs, i.e. heterogeneity. The differences between CMPs were highly significant
concerning all three TFFs, TFF1 and TFF3 (p < 0.001) and TFF2 (p = 0.002). This was not
only reflected by the p-values, but also by the high point estimates and relatively narrow
confidence interval for the intra class correlation coefficients values (Table 1). The
viscoelastic properties of the CMPs were positively correlated with the TFF3 concentration

. The CMP specimens (n = 33) with higher levels of TFF3 showed corresponding higher
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values in their elastic and viscous modulus (Table 2 and Figure 3A-D) and the associations
remained constant when adjusting for specimen weight.

TFF3 was significantly associated with the viscoelastic properties at all frequencies
investigated (0.01 - 1Hz) in the frequency sweep, however, the association was less
pronounced at the higher frequencies (1 Hz compared to 0.01 Hz). TFF3 was associated
with the viscoelastic properties obtained by stress sweeps (0-300Pa), however, this
association were also less pronounced at higher stresses (15 Pa compared to 1 Pa) and not
significant beyond the linear viscoelastic region (1-15Pa) (Table 2). Furthermore, TFF3
was not associated with the cross-over point obtained by stress sweep (Table 2). For TFF1
and TFF2 associations with CMP viscoelastic properties were much less pronounced and
not significant (p > 0.15). Specimens with non-detectable levels of TFF2 were appraised to
3 pmol/g CMP (assay detection limit of 6 pmol/ g CMP), in order to carry out the

regression.

Discussion

This study documents the presence of TFF1, TTF2 and TFF3 in CMPs obtained at
term of pregnancy. Furthermore, rheological analysis demonstrates that the elastic as well
as the viscous properties of the CMPs increase with increasing TFF3 concentrations.

The main strength of the study is that all rheological measurements were obtained
by an established and validated method controlling the experimental duration, temperature,
specimen size, and the linear viscoelastic region (13). Most probably, the blood
contamination did not affect the rheological results as specimens with hemoglobin
concentrations above 200 uM were excluded (13). Neither, did the blood affect the
assessments of the TFF3 levels of the CMPs, as serum levels are only about 5.0 nM (21) as
compared to the median level of 1000 nmol/g CMP.

We have shown that TFF3 is related to the linear viscoelastic modules (G' and G"), thereby
supporting the hypothesis that TFF3 influence the viscoelastic properties of mucus. TFF1
has previously been shown to interact with mucin protein type 2 (MUC2)(10;22) and

though the biochemical background for TFF3s influence remains to be elucidated, an
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interaction between TFF3 and the mucins previously detected in the CMP (MUC1, MUC2,
MUCS5A and MUCS5B) is most likely.

TFFs are present in virtually all mucus secreting epithelia and are often co-localized
with specific mucins. TFF1 and TFF2 are present in the upper intestinal tract, whereas
TFF3 is present mainly in the epithelia of the urogenital organs, lungs, and colon(7).
Cervical mucus from non-pregnant women contains low concentrations of TFF1 (5.4 nM)
and TFF2 (1.4 nM) but high concentrations of TFF3 (870 nM) (23). All three TFFs peak in
concentration at ovulation (23) where mucus is thin, runny and shows “spinnbarkeit”
(24;25). Even though proper rheological analyses of cervical mucus from non-pregnant
women have never been conducted, the different viscoelastic characteristics of the mucus
identified in these women may also be related to the observed changes of TFF1-3 content.

Based on the findings in this study, and in the studies referred to above, we find it
most likely that TFF3 and perhaps also other TFFs, affect the viscoelastic properties of the
CMP, thereby maintaining the ability of the CMP to protect against ascending infections
from the vagina to the uterine cavity (5;9;26), yet the exact nature of TFFs interaction with

mucins is still to be fully explained.
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Legends

Figure 1A-B. Representative plot of the elastic (black) and the viscous (grey) modulus
obtained from A. Frequency Sweep and B. Stress Sweep (Black Arrow: Cross over point,

Curly Bracket: Linear Viscoelastic Region). G’, Elastic Modulus; G’*, Viscous Modulus.

Figure 2. Dot plot showing concentrations of TFF1, TFF2 and TFF3 in cervical mucus
plugs (CMP) removed at term from 14 women. (Hollow circle corresponding to the

concentration for each CMP specimen, Gray dashed line: median TFF concentrations).

Figure 3A-D. The association between viscoelastic modules obtained by frequency sweep
(at 0.01 Hz) and TFF3 (A and B). Association between viscoelastic modules obtained by
stress sweep (at 1 Pa) and TFF3 (C and D). The 33 specimens (hollow circle) were
obtained from cervical mucus plugs (CMP) retrieved at labor from 14 women. The
regression line (black line) and 95% CI (gray dashed line) is based on all 33 samples and
does not take the clustering of data account, this is dealt with in Table 2. G, Elastic

Modulus; G’’, Viscous Modulus.
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Table 1. Mixed-effects restricted maximum likelihood regression was used to estimate the
variation within and between cervical mucus plugs regarding the TFF1-3 concentrations.
The statistical analysis is based on 33 specimens representing cervical mucus plugs
removed from 14 women at labor. TFF measurements were log-transformed prior to

analysis.

The TFF1-3 variation within and among CMPs

ICC (95% CI)? p°
Trefoil factor peptide
TFF 1 0.87 (0.69-0.95) <0.001
TFF 2 0.71 (0.34-0.92) 0.002
TFF 3 0.87(0.71-0.96) <0.001

CMPs, cervical mucus plugs; ICC, intraclass correlation coefficients; Cl, confidence interval.
8ICC (95% ClI) gives the proportion of the residual variation attributable to between CMP variation.

® Likelihood ratio test (testing the hypothesis: between CMP variance = 0).
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Table 2. Random-effects generalized least squares regression analysis was used to estimate
the association between TFF1-3 concentrations and rheological variables obtained from
frequency sweeps and stress sweeps. The statistical analysis is based on 33 specimens from

cervical mucus plugs removed from 14 women at labor. TFF measurements were log-

transformed in order to obtain a normal distribution and an equal variance. Shown is the
TFF3 results (n = 33). Estimated regression coefficients (Reg. Coef.), 95% confidence
interval (95% CIl), two-sided p-values (p).

Association between TFF3 and rheological variables

Reg. Coef. 95% ClI p
Frequency sweep
Elastic Modulus
0.01 Hz 11.7 Pa/Log nM 3.0-204 0.009
0.1 Hz 13.1 Pa/Log nM 2.3-23.9 0.017
1 Hz 15.5 Pa/Log nM 2.4-28.6 0.02
Viscous Modulus
0.01 Hz 3.2 Pa/Log nM 1.5-50 <0.001
0.1Hz 2.5 Pa/Log nM 08 — 4.1 0.004
1 Hz 2.6 Pa/Log nM 0.2-5.0 0.035
Stress sweep
Cross over point
Pa -11.1 Pa/Log nM -41.7-19.4 0.48
Elastic Modulus
1 Pa 15.1 Pa/Log nM 2.2-21.9 0.02
15 Pa 14.4 Pa/Log nM -0.4-29.2 0.06
50 Pa 8.7 Pa/Log nM -4.0-21.3 0.18

Viscous Modulus
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1Pa 2.5 Pa/Log nM 0.08-5.0 0.04

15 Pa 2.5 Pa/Log nM -0.35-5.3 0.09
50 Pa 2.3 Pa/Log nM -0.82-5.3 0.15
1A
100
&
o 107
0.01 0.10 1.00

Frequency (Hz)
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