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A porous cervical mucus plug
leads to preterm birth induced
by experimental vaginal infection in mice

Guillaume Lacroix,1 Valérie Gouyer,1 Mylène Rocher,1 Frédéric Gottrand,1 and Jean-Luc Desseyn1,2,*

SUMMARY

During gestation, the cervical mucus plug (CMP) acts to seal the cervical canal. Pi-
lot studies in humans have suggested that a porous CMP may increase the risk of
uterine infection and preterm birth. We examined the gel-forming content of the
mouse vagina and the CMP. We experimentally infected pregnant mice by intra-
vaginal administration of pathogens related to preterm birth in humans. We
found that the epithelium in both the vagina and cervical canal of pregnant
mice produced the two gel-forming mucins Muc5b and Muc5ac. The CMP was
porous in Muc5b-deficient mice for which intravaginal administration of Escheri-
chia coliO 55 led to the activation of an inflammatory response in the uterus and
100% preterm births. The pathogen was found in the mucus plug and uterus. This
study shows that Muc5b is essential for the in vivo barrier function and the
prevention of uterine infections during gestation.

INTRODUCTION

Preterm birth is associated with significant neonatal morbidity and mortality, and with a higher risk of

adverse consequences in childhood and adulthood (Platt, 2014; Ream and Lehwald, 2018; Sperling and

Nelson, 2016). Intrauterine infection during pregnancy is recognized as a leading cause (40%) of preterm

delivery (Stinson and Payne, 2019). It represents a major obstetric and global health problem that affects

more than one in 10 births worldwide (Liu et al., 2015).

During human pregnancy, a large amount of mucus is produced in the cervical canal to form the cervical

mucus plug (CMP). It is believed that the CMP acts as a physical barrier that prevents pathogens of the

vaginal flora from ascending into the uterine cavity, thereby helping to ensure the sterility of the uterus dur-

ing pregnancy (Bastholm et al., 2014). A spontaneously expelled CMP in a healthy woman is made of solid-

like materials. Mucus is a hydrogel made mainly of water and gel-forming mucins (GFMs), which represent

its main organic component and are responsible for its viscoelastic properties (Demouveaux et al., 2018;

Lacroix et al., 2020). GFMs are large and heavily O-glycosylated proteins that are secreted by specialized

cells at the epithelial surface. The secreted long polymers of GFMs form a highly hydrophilic network, which

adopts a gel formation when in contact with water. Five GFMs have been identified in humans and named

MUC2, MUC5AC, MUC5B, MUC6, and MUC19. These are all highly conserved in mice and named Muc2,

Muc5b, Muc5ac, Muc6, and Muc19 (Desseyn and Laine, 2003; Lacroix et al., 2020).

The in vivo mucus properties of the CMP are poorly understood because of the difficulties in studying it in

humans for ethical and safety reasons. In the human cervical canal, GFMs are secreted by mucus cells

located in the endocervical epithelium and form the mucus plug during pregnancy. To date, only three

GFMs, MUC2, MUC5AC, and MUC5B, have been detected in the human CMP (Habte et al., 2008). A pilot

case–control study reported that the CMP is more extensive and permeable in women at high risk of pre-

term birth than in those at low risk of preterm birth (Critchfield et al., 2013). In another pilot study, a

decrease in mucoadhesive properties of the CMP was observed in women at high risk of preterm birth.

These findings suggest that both the microstructural rearrangement of the components of mucus and

biochemical modifications to their adhesiveness may alter the overall permeability of the CMP (Smith-Du-

pont et al., 2017). Taken together, these earlier findings suggest a direct link between a too porous CMP

and uterine infection leading to an increased risk of premature birth; however, experimental evidence

remains to be provided.
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Animal models may be helpful for studying the structure–function relationship in the CMP by investigating

the relationship between experimental vaginal infection and preterm birth. Reproduction studies in do-

mestic animals have described the presence of the CMP in mares, ewes, and cows, which suggests that

the production of the CMP is likely conserved in many if not all pregnant mammals (Loux et al., 2017; Owiny

et al., 1991). The mouse may represent a valuable mammal model for examining the CMP and its functions

because of the ability to use genetically modified strains specific for GFMs. In this study, we used RT-qPCR

and imaging to characterize the GFM content in the mouse vagina and CMP. We found that Muc5b and

Muc5ac were the two major GFMs and that mucus cells were present in both the vaginal and cervical

compartment. Using in vivo experiments, we found that Muc5b-deficient CMPs were more porous and

led to preterm birth after an experimental vaginal infection. Together, our data support the idea of the

crucial protective function of the CMP and its mucin content.

RESULTS

A CMP is formed during pregnancy in mice

Histology using Alcian blue–periodic acid–Schiff (AB–PAS) staining revealed that large amounts of glyco-

conjugates formed the CMPs that sealed the cervical lumen in wild-type (WT) pregnant mice (Figure 1A).

The CMP was surrounded by an epithelium that was also stained strongly with AB–PAS, which suggested

that epithelial cells secrete GFMs that participate in the formation of the CMP. The CMP biomaterial ap-

peared to be extremely dense and organized with many parallel layers (Figure 1A). No AB–PAS material

was found in the cervical canal of nonpregnant mice (Figure 1B). Immunohistochemistry (IHC) revealed

strong staining of both Muc5b and Muc5ac GFMs associated with epithelial cells in the cervical canal of

WT pregnant mice (Figure 1C). We did not observe Muc2 or Muc6 in the CMP and cervices of pregnant

mice (Figure 1D). At the mRNA level, high expression of Muc5b was found, followed by Muc5ac, very

low expression of Muc2, and no expression of Muc6 Figure 1E).

A dense CMPwas also observed using hematoxylin–eosin (HE) and AB–PAS staining in Muc5b-GFPmice (Fig-

ure 2A). Both Ulex europaeus agglutinin I (UEA1) and Maackia amurensis agglutinin (MAA) lectins, which

recognize mucin terminal glycotopes fucose a-(1,2)-galactose and a-(2,3)-linked sialic acid, respectively,

stained theCMPandepithelial cells in pregnantWTandMuc5b-reportermice (Figures 2B and2C) and in preg-

nant Trefoil factor 3 (Tff3)-reportermice (Figure 2D). Dual lectin staining highlighted the highly structuredCMP

with alternating green (UEA1) and red (MAA) and, less clearly, yellow threads or lamellae (Figure 2D).

IHC showed both Muc5b and Muc5ac in the CMP of Muc5b–GFP reporter mice (Figure 3A). The cervical

canal exhibited different cell populations that expressed either Muc5b or Muc5ac alone or these two

GFMs (Figure 3B).

Light-sheet fluorescence microscopy to access the CMP after the optical clearing protocol was performed

in the vagina/cervical canal of a homozygous Muc5b–GFP mouse using UEA1 lectin combined with anti-

GFP antibody. The vaginal and cervical canal epithelium were shown to be lined with Muc5b+ cells and

the upper part of the canal filled with mucus (Video S1, iDISCO dual-labeling of the vaginal fornix and

cervical canal of a transgenic reporter Muc5b–GFP pregnant mouse at gestational day 14.5 in the supple-

mental information).

Muc5b and Muc5ac are the two main GFMs in the mouse vagina

IHC of vaginas revealed that Muc5b andMuc5ac were expressed in the vaginal epithelium, but not Muc2 or

Muc6, in WT pregnant mice (Figure 4A). Muc5b+ and Muc5ac+ biomaterial was found in the vaginal lumen

of WT pregnant mice along with epithelial cells that expressed these two GFMs (Figure 4B). These obser-

vations were confirmed in Muc5b–GFP pregnant mice. The GFP tag in the reporter Muc5b mouse did not

show distinct mucus cell populations for the two GFMs in vaginas (Figure 4C) in contrast to the cervical ca-

nal (Figure 3B).

The amount of GFMs produced by vaginal cells varies during the estrus phase

The presence of mucus cells in the vagina of pregnant mice led us to examine the GFM content during the

estrus phase in the vagina of nonpregnant mice. Mucus cells were observed only during the diestrus and

proestrus phases, and immunofluorescence studies showed that their production of Muc5b and Muc5ac

was highest during the diestrus phase (Figure 5).
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Tff3 is secreted into the CMP but is not discharged into the vagina

After we found that the mouse vaginal epithelium produces GFMs, we examined whether discharge of the

mucus from the CMP may contribute to vaginal mucus in mice as it does in humans. Given that high

amounts of TFF3 have been reported in the human CMP (Bastholm et al., 2017), we first confirmed by

IHC that mouse Tff3 was also secreted into the mouse CMP (Figure 6A). We then used the Tg222 transgenic

Figure 1. Muc5b and Muc5ac are the two main gel-forming mucins in the mouse CMP

(A) Representative histological images (serial sections) of the cervical mucus plug (CMP) from five wild-type (WT) mice.

Arrowheads indicate mucus cells. The white dashes delimit the cervical canal. HE, hematoxylin–eosin; AB–PAS, Alcian

blue–periodic acid–Schiff.

(B) Longitudinal sections of the genital tract stained with AB–PAS from a nonpregnant WTmouse during diestrus showing

the absence of AB–PAS+ biomaterial in the cervical canal compared with pregnant mice (A). Similar images showing the

absence of AB–PAS+ material were observed during other phases of the cycle (not shown).

(C) Immunofluorescence analysis of Muc5b (green) and Muc5ac (red) in serial sections of the CMP and vagina (Vg). The

images are representative of five WT mice. Arrowheads outline mucus cells.

(D) NoMuc2 or Muc6 was observed in wide-field immunofluorescence images of the complex of the Vg and cervical canal

(CC) captured using an Axio Scan in pregnant WT mice. DNA was counterstained with Hoechst 33258 dye (blue). Lu,

lumen; Ut, uterus.

(E) Expression of gel-forming mucins in the vaginas/cervices of pregnant WT pregnant mice. Results were obtained using

the 2–DDCt method.
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mouse as a reporter, in which the GFP-tagged transgene is driven by the mouse Tff3 gene promoter

(Gouyer et al., 2015). IHC showed no transgene product in the vagina (Figure 6B) or the cervical canal in

nonpregnant mice (not shown) but that Muc5b and the Tg222 transgene product colocalized in the cervical

canal of pregnant mice (Figure 6B). The apparent lack of discharge of cervical Tff3 into the vagina suggests

that the contribution of GFMs of the CMP to vaginal mucus must be minor.

The CMP of Muc5b�/� mice is porous

The absence of Muc5b in the CMP of Muc5b�/� mice was checked by IHC using both a specific antibody

directed against this mucin (Figure 7A) or against the GFP tag of reporter Muc5b (data not shown). We next

Figure 2. Lectin staining of the CMP in wild-type, Muc5b–GFP, and Tff3 reporter mice

(A) Histology images of the cervical mucus plug (CMP) from Muc5b–GFP mice stained with hematoxylin–eosin (HE) and

Alcian blue–periodic acid–Schiff (AB–PAS).

(B–D) Immunofluorescence analysis using Ulex europaeus agglutinin I (UEA1) and Maackia amurensis agglutinin (MAA)

lectins in CMP from wild-type, Muc5b–GFP, and reporter Tff3 (Tg222) mice. Images are representative of three mice/

group and should be compared with those in Figure 1. Arrowheads indicate mucus cells.
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looked by RT-qPCR for a possible compensatory effect of GFMs in Muc5b-deficient mice using mRNA ex-

tracted from the complex vagina/cervical canal of pregnant mice. No expression ofMuc6was found in both

WT and Muc5b�/� mice (not shown), whereas expression of Muc5ac and Muc2 expression did not differ

betweenWT andMuc5b�/�mice (Figure 7B). HE staining showed that the cervical canal was almost devoid

of materials in Muc5b�/� pregnant mice. This was confirmed by the low AB–PAS staining of cervical canal

and mucous cells (Figure 7C). We also studied CMPs of Muc5b�/� mice using lectin staining (Figure 7D).

Results were in agreement with a modified CMP in Muc5b-deficient mice observed by HE and AB-PAS

and support an absence of compensatory effect by other GFMs in Muc5b�/� mice. Furthermore, we

observed a clear staining of mucus cell content of the CMP with UEA1 but a weak staining with MAA

that localized only at the cell surface compared to WT mice (see Figure 2B). These observations confirmed

that the mucus plug is less dense in Muc5b�/� mice.

No cervical or vaginal damage was observed in pregnant Muc5b�/� mice when using the transcription

factor C/EBP homologous protein (CHOP) by RT-qPCR to evaluate ER stress, proliferating cell nuclear an-

tigen (PCNA) to study the rate of cell division (Figures 8A and 8B) and Terminal Deoxynucleotidyl Trans-

ferase-Mediated dUTP Nick-End Labeling (TUNEL) for DNA break analysis (data not shown). The vaginal

mucosal epithelium (ME)—defined as the terminally differentiated epithelium with visible mucus-laden

Figure 3. Expression patterns of Muc5b and Muc5ac in the female genital tract from pregnant reporter Muc5b–

GFP mice

(A and B) Dual-fluorescence labeling of Muc5b (anti-GFP antibody, green) andMuc5ac (red) of (A) the cervical mucus plug

(CMP) and (B) the cervical canal showing cells expressing eitherMuc5b or Muc5ac or both mucins. Wide-field images were

acquired using an Axio Scan and are representative of three mice. DNA was counterstained with Hoechst 33258 dye

(blue).
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vacuoles—was depleted in mucous cells and was thinner in Muc5b�/� than in WT mice; this reflected a

lower number of AB–PAS+ epithelial cells in Muc5b�/� mice (Figure 8C).

The porosity percentage was then determined by image analysis of AB–PAS images using ImageJ

(Figure 9A). The CMP was 12.3-fold more porous in Muc5b�/�than in WT mice (Figure 9B).

Scanning electron microscopy (SEM) was used to image native cervical mucus from four WT and four

Muc5b�/� pregnant mice (Figure 10). The CMP was smaller and more difficult to find in Muc5b�/� mice

Figure 4. GFMs in the cervix and vagina of pregnant mice

(A) Wide-field immunofluorescence images of serial sections of the vagina (Vg) acquired using an Axio Scan showing Muc5b

(green) and Muc5ac (red) in the vaginal epithelium and lumen. Images are representative of five WT mice. Muc2 and Muc6

were not observed in the vaginal epithelium and lumen, but Muc2 was observed in epithelial cells of the colon (zoom-in).

(B) Serial sections stained with hematoxylin–eosin (HE) and Alcian blue–periodic acid–Schiff (AB–PAS) of the Vg and

immunofluorescence images of Muc5b (green) and Muc5ac (red). Arrowheads indicate mucus cells. Images are

representative of five WT mice.

(C) Dual immunofluorescence images of serial sections of Vg showingMuc5b (GFP, green) andMuc5ac (red) in the vaginal

epithelium. The images are representative of three Muc5b-GFP mice. DNA was counterstained with Hoechst 33258 dye

(blue) in all immunofluorescent sections.
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than in WT mice. The CMP exhibited both parallel and crossing fibers for the two genotypes. However, the

ultrastructure of the CMP appeared to be denser and with smaller diameter pores in WT mice. The hetero-

geneity in the spatial arrangement of the fibers within each sample made it impossible to quantify the pore

size; however, small spherical objects were observed in three of the four Muc5b�/� mice examined but

never in the 4 WT mice investigated.

Pathogens can pass through the porous CMP to induce preterm birth

To test whether pregnant Muc5b�/� mice may be more susceptible to give birth before term because of

their porous CMP, we mimicked vaginal dysbiosis by intravaginal administration at gestational day (GD)

14.5 with vaginal bacteria associated with human preterm birth (Figure 11A). We first tried 107 colony-form-

ing units (CFUs) of Gardnerella vaginalis. Because no WT and Muc5b�/� mice gave birth before term (Fig-

ure 11B), we then challenged mice with Escherichia coli O 55. After a pilot study to determine the optimal

dose of bacteria, we administered 106 CFU per mouse. None of the 10 WT mice gave birth before term,

Figure 5. GFMs in the vagina of nonpregnant adult wild-type mice

Vaginas were studied by histology using hematoxylin–eosin (HE) and Alcian blue–periodic acid–Schiff (AB–PAS) and immunofluorescence for the two main

gel-forming mucins Muc5b (green) and Muc5ac (red) during the four estrus phases. DNA was counterstained with Hoechst 33258 dye (blue) in all

immunofluorescent sections. Images are representative of two to four mice/phase. During diestrus and proestrus, the vaginal epithelium harbored mucus

cells (arrowheads) that expressed Muc5b and Muc5ac. Mucin production was higher during the diestrus phase. No AB–PAS+ cells, Muc5b, or Muc5ac were

observed during estrus and metestrus. Cornified cells were evident in the lumen during estrus. Lu, Lumen.
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whereas all Muc5b�/� mice delivered before term (Figure 11B). No preterm birth resulted after administra-

tion of 53 106 CFU heat-killed E. coliO 55 in Muc5b�/�mice. In all experiments, no preterm living pup was

found. We next infected mice with 106 CFU E. coliO 55 and killed mice before preterm delivery at GD15.5,

and used immunofluorescence to try to identify E. coli in the vagina, CMP, and uterine cavity. Hoechst

33258 staining suggested cell infiltration in vagina of all mice but in the CMP and uterus of only

Muc5b�/� mice (Figure 11C). E. coli was found in the vagina of both WT and Muc5b�/� mice. However,

E. coli was found in the CMP and uterus of Muc5b�/� mice but not of WT mice (Figures 11C and 11D).

This finding suggests vaginal pathogens can ascend toward the uterus through the Muc5b-deficient CMP.

Cervical and uterine infection triggers inflammation in Muc5b�/� pregnant mice

As expected, histological examination of mice killed 24 h after intravaginal administration of E. coli O 55

showed immune cell infiltration, most likely of neutrophils, in the vagina of all WT and Muc5b�/� mice

examined. Massive immune cell infiltration was observed in the CMP of the three Muc5b�/� but not of

the three WT mice as illustrated in Figure 12A. Proinflammatory levels of the cytokines CXCL1/keratino-

cytes-derived chemokine (KC), interleukin 1b (Il-1b), Il-6, and tumor necrosis factor alpha (Tnf-a) in both

the total serum and uterine tissue biopsies of the tissue facing the cervical canal of WT and Muc5b�/�

mice were measured by enzyme-linked immunosorbent assays (ELISA). Il-1b, Il-6, Il-10, and Tnf-a were

not detectable in serum (data not shown). The CXCL1/KC level was higher in the serum of Muc5b�/�

than in WT mice (Figure 12B). In uterine tissue, Il-10 and Tnf-a were not detectable (data not shown) but

significantly higher Il-1b and Il-6 levels and a trend toward increased CXCL1/KC level were found in

Muc5b�/� mice compared with WT mice (Figure 12C). These data suggest that the experimental vaginal

infection with E. coliO 55 induced a local inflammatory response in the uterus of Muc5b�/�mice correlated

with premature labor.

DISCUSSION

The most common pathway to uterine infection during pregnancy is the ascending vaginal route, as

demonstrated in pregnant mice using bioluminescent E. coli (Stinson and Payne, 2019; Suff et al., 2018).

In this context, CMP integrity seems to be critical. Pilot studies have suggested that a porous CMP in-

creases the risk of preterm birth in women (Critchfield et al., 2013; Smith-Dupont et al., 2017), but this

has never been demonstrated. Studies have almost always examined the CMP ejected just before delivery

or mucus samples of the distal plug compartment or from cervical discharge (for examples, see (Bastholm

Figure 6. The CMP mucus does not discharge in the vagina

(A) Immunofluorescence images representative of n = 3 wild-typemice showing Tff3 (green) produced in the epithelium of

the cervical canal and found in the cervical mucus plug (CMP). Arrowheads outline Tff3+ cells.

(B) Wide-field immunofluorescence images representative of n = 3 transgenic Tg222 mice acquired using Axio Scan and

showingMuc5b (green) in both the CMP and vaginal fornix (VF), whereas the transgene product (red) of Tff3-reporter mice

was found only in the CMP. DNA was counterstained with Hoechst 33258 dye (blue). Ut, Uterus.
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et al., 2017, 2014; Critchfield et al., 2013; Hein et al., 2005; Lee et al., 2011; Smith-Dupont et al., 2017)). In

nonhumanmammals, the CMP has not been studied thoroughly. Our studies using histology and IHC show

that the CMP does exist in mice and that the cervical canal of pregnant mice also secretes GFMs, contrary to

what is generally accepted (Sugiyama et al., 2021). To our knowledge, only one study has reported on AB–

PAS-stained material in the cervical canal of pregnant mice (Pavlidis et al., 2020) but that observation has

not been investigated further. Visualization of the CMPwith lectins reveals a very dense structure consisting

of alternating layers running from the uterus to the cervix. This multilayered structure is reminiscent of that

observed in the gastrointestinal mucus (Gouyer et al., 2011; Matsuo et al., 1997). The extremely tight struc-

ture in the CMP we observed by histology and IHC is probably necessary to ensure a perfect seal of the

cervical canal.

After several trials, we succeeded in imaging the mouse CMP in 3D using iDISCO and light-sheet micro-

scopy. To our knowledge, this is the first application of this method to acquire spatially resolved imaging

of a mucus gel inside the lumen of its native tissue. Unfortunately, the cervix appeared to be open in its

proximal part toward the vagina, and the absence of mucus in this same region suggested that part of

Figure 7. The CMP of Muc5b-deficient mice appears very sparse

(A) Wide-field immunofluorescence images acquired using an Axio Scan showing the absence of Muc5b (green) in the

cervical mucus plug (CMP) and vagina (Vg) in Muc5b�/� mice.

(B) Relative Muc5ac and Muc2 expression in vagina/cervix from five wild-type (WT) and five Muc5b�/� pregnant mice.

There is no compensatory effect observed by the two mucins. Statistical analysis was conducted using a two-sided

Wilcoxon-Mann-Whitney test. Data are represented as mean G SD. ns, nonsignificant.

(C) Histologically representative images of the CMP from five Muc5b�/� mice. Arrowheads outline the fewer mucus cells

compared with WT mice. Vg, vagina; Ut, uterus.

(D) Immunofluorescence analysis using Ulex europaeus agglutinin I (UEA1) and Maackia amurensis agglutinin (MAA)

lectins in the CMP of Muc5b�/� mice showing a weak MAA staining in the CMP. Images are representative of three mice.

DNA was counterstained with Hoechst 33258 dye (blue).
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the CMP was probably lost during the different steps of the sample preparation. In addition, the iDISCO

protocol produces significant shrinkage of the tissue by up to 50% of its volume (Velı́�sek, 2016), which likely

reflects loss of its watery mucus content and highlights the need for improving the protocol to ensure better

preservation of the tissue structure and its mucus gel.

We found that the mucin content of the mouse CMP is similar to that in humans in that both contain the two

main GFMsMuc5b andMuc5ac, a finding that agrees with previous results in humans and rhesus macaques

Figure 8. Integrity of the genital epithelium in Muc5b�/� pregnant mice

(A) Expression of CHOP assessed by RT-qPCR in the vagina and cervix from five wild-type (WT) and five Muc5b�/� mice.

(B) Immunofluorescence images of proliferating cell nuclear antigen (PCNA, in green) of three representative WT and

three Muc5b�/� (5b�/�) mice. The percentages of PCNA+ cells relative to total epithelial cells were determined in the

vagina and cervical canal for three mice/genotype.

(C) Histology sections stained with Alcian blue–periodic acid–Schiff showing the decrease in thickness of the vaginal

mucosal epithelium (ME). The thickness of the nonmucosal epithelium (NME) and ME was measured in five WT and four

Muc5b�/� mice. Lu, lumen. DNA was counterstained with Hoechst 33258 dye (blue) in all immunofluorescence sections.

Statistical analysis was conducted using a two-sided Wilcoxon-Mann-Whitney test. ns, non-significant.
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(Habte et al., 2008; Han et al., 2021; Lee et al., 2011; Wickstrom et al., 1998). Unexpectedly, our histology

and IHC studies highlighted major differences between the human and the mouse. We found that the

Tff3 peptide was secreted into the cervical canal, which is consistent with the suggestion that TFF3 plays

a role in the viscoelastic properties of the CMP in humans (Bastholm et al., 2017). However, it has been re-

ported a strong staining for TFF3 of submucosal glands in the human vagina (Madsen et al., 2007). We did

not observe the Tff3 in the vagina during pregnancy and in nonpregnant mice, except a very weak expres-

sion during proestrus (not shown). In women, vaginal mucus originates from discharge of cervical mucus, as

shown in a study that used Northern blot analysis, in situ hybridization, and IHC that found an absence of

GFMs in both the ectocervix and vagina (Gipson et al., 1997). By contrast, in the mouse, the two GFMs

Muc5b and Muc5ac are secreted by the cervical epithelium during pregnancy, as expected, but the vagina

secretes these GFMs during both pregnancy and at times in the estrus cycle.

Figure 9. The Muc5b�/� CMP is porous

(A) Illustration showing the image processing

using ImageJ. CMP porosity was determined as

the mean of the porosity from three distinct

regions of interest (ROIs) per CMP from wild-type

(WT) and Muc5b�/� mice.

(B) CMP porosity as a percentage in six WT and

four Muc5b�/� mice. Statistical analysis was

conducted using a two-sided Wilcoxon-Mann-

Whitney test.

Figure 10. Ultrastructure of the cervical mucus plug

Representative photographs of the cervical mucus plug (CMP) from four wild-type (a–c) and fourMuc5b�/� (d–e) pregnant

mice by scanning electron microscopy. The images in (e) and (f) are of two different CMPs. Arrows indicate the round

objects are potentially bacteria. Cluster of microbial cells enclosed in an extracellular polymeric substancematrix (f) that is

characteristic of a bacterial biofilm. EC, epithelial cell.
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Figure 11. E. coli ascent toward the uterus in Muc5b�/� pregnant mice associated with preterm birth

(A) Study design. Female mice in the estrus phase, identified using vaginal smears, showing cornified epithelial cells

(arrowheads) were mated for one night with one male. Pregnant mice were infected intravaginally at gestational day (GD)

14.5 with either G. vaginalis or E. coli O 55. Delivery before GD18.5 was considered as preterm birth.

(B) Preterm frequency in wild-type (WT) and Muc5b�/� (5b�/�) mice. Data were analyzed using the nonparametric

Barnard’s test. The number (n) of mice/group is depicted.
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IHC did not show this flow of mucus from the cervical canal toward the vagina using our reporter Tff3

mouse. This may deserve further investigations. The content of mucus and Muc5b varied during the mouse

estrus cycle, and the peak of Muc5b occurred during diestrus, which suggests hormonal regulation, as re-

ported in studies of women showing that the MUC5B content in cervical mucus peaks at midcycle (Gipson

et al., 2001).

Muc5b�/� mice proved to be an excellent tool for testing the hypothesis that a porous CMP leads to a

higher risk of preterm birth. Our histology and IHC findings showed that the absence of Muc5b was related

to a highly porous CMP. We successfully imaged the mouse CMP using SEM. Several groups have studied

the ultrastructure of human cervical mucus; but to our knowledge, the CMP has not been imaged in situ.

The high water content of the mucus gel, heterogeneity in the spatial arrangement of mucin fibers within

each CMP, and sample preparation steps that likely altered the CMP structure, make ultrastructural studies

of the CMP by SEM difficult. However, we found clear modifications of the CMP ultrastructure in Muc5b�/�

compared with WT pregnant mice. SEM revealed objects that were observed only in Muc5b-deficient

CMPs, and the round shape and small size of these objects are compatible with the presence of cocci.

The presence of these objects in the CMP of Muc5b�/� but not in WT mice is consistent with a porous

CMP in Muc5b-deficient mice. Using lectins, control and Muc5b-deficient CMPs support that UEA1 stains

with Muc5ac, whereas MAA stains with Muc5b in agreement with our previous observations in the mouse

nose and with studies from others in mouse and pig airways that showed co-localization of Muc5ac/

MUC5AC with UEA1 and Muc5b/MUC5B with MAA lectins (Amini et al., 2019; Dickinson et al., 2019; Er-

mund et al., 2017).

Our Muc5b�/�mice are viable and fertile, and we have not observed any preterm birth in our animal facility

after at least 10 generations. Our study did not note any damage to the vaginal or cervical epithelium in

unchallenged Muc5b�/� mice but only a thinner vaginal epithelium. Several bacterial challenges have

been reported to induce preterm birth in mice. We first usedG. vaginalis, because this bacterium is a com-

mon vaginal pathogen in women with vaginal dysbiosis and is frequently found in pregnant women with

intra-amniotic infection (Mendz et al., 2013; Muzny et al., 2019). Although this pathogen is linked to preterm

labor, the virulence of the bacterium is strain-dependent and the induced preterm birth rate was 0–20% in

studies ofWTCD-1mice (McDonald et al., 1991; Muzny et al., 2019; Sierra et al., 2018). In our hands, a single

vaginal administration of G. vaginalis at GD14.5 or two administrations at GD14.5 and GD15.5 did not

induce preterm labor in Muc5b�/� mice with the C57BL/6 background.

We identified E. coli O 55 as a good candidate to test our hypothesis. This pathogenic enterobacterium is

frequently associated with intra-amniotic infection, and its colonization of the vagina and urinary tract is

linked to increased preterm labor and poor pregnancy outcomes (McDonald et al., 1991; Mendz et al.,

2013; Migale et al., 2015). We successfully induced preterm birth for all Muc5b�/� mice by intravaginal

administration of the pathogen E. coliO55 but not using heat-killed bacteria. In addition, none of the preg-

nant WT mice infected with living E. coli O 55 had a preterm birth. E. coli O 55 was found in the CMP and

uterine cavity of Muc5b�/� mice, although we cannot exclude the possibility that bacteria from the vaginal

commensal flora also ascended into the uterine cavity.

Both immune cell infiltration and an increased proinflammatory response were observed only in Muc5b�/�

pregnant mice but not in WT pregnant mice. The levels of cytokines in infected pregnant mice were often

very low or were not detectable, and there was great heterogeneity in the concentration of cytokines in

Muc5b�/� mice (Figures 12B and 12C). This heterogeneity most likely reflects the resolution of the inflam-

mation, which was highly variable betweenmice. The heterogeneity may also have been partly a function of

the timing of the onset of inflammation and the time lapse, which can be as long as 15 h, between the pre-

mature nocturnal delivery and the collection of serum and tissues the following morning. According to

Figure 11. Continued

(C) E. coli (green) were observed by immunofluorescence in vagina of WT and Muc5b�/� mice (arrowheads) and in the

cervical mucus plug (CMP) and uterus (Ut) of Muc5b�/� but not of WT mice 24 h after intravaginal administration. Wide-

field images were acquired using an Axio Scan (n = 3 mice/group). Mucus was stained using Ulex europaeus agglutinin I

(UEA1) lectin (red) and counterstained for DNA with Hoechst 33258 dye (blue) showing massive cell infiltration in the

vagina of both WT and Muc5b�/� mice and in the CMP of Muc5b�/� but not WT mice. Vg, vagina.

(D) Frequency of E. coli O 55 found in the cervical canal and uterus of infected pregnant mice (n = 4 WT and n = 3

Muc5b�/�).
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Migale et al., once in the intrauterine cavity, lipopolysaccharide from E. coli, including the O55:B5 strain we

used, activates uterine inflammatory pathways and increases the production of proinflammatory cytokines

including the key inflammatory mediator IL-1b, which result in spontaneousmyometrium contractions lead-

ing to preterm birth (Migale et al., 2015).

Our work provides the first characterization of the mouse CMP in vivo and demonstrates that Muc5b�/�

mice harbor a porous CMP that enables pathogens to ascend from the vagina into the uterus. This pro-

motes immune cell infiltration and inflammatory cytokine production, which lead to preterm labor. This

work highlights the crucial in vivo role of mucus as a physical barrier and of Muc5b in the defense of the

uterine cavity against pathogens during pregnancy.

Figure 12. Intravaginal administration of E. coli triggers cervical and uterine inflammation in Muc5b-deficient

mice

(A) Wide-field images of sections stained with hematoxylin–eosin. Images were acquired using an Axio Scan and show

massive neutrophilic cell infiltration in the CMP, vagina, and uterus of Muc5b�/� mice but not WT mice 24 h after

intravaginal administration of E. coli O 55. Images are representative of n = 3 mice/genotype.

(B and C) Level of CXCL1/KC determined by ELISA in serum and (C) CXCL1/KC, Il-6, and Il-1b in uterine tissue collected

within 15 h of birth (n = five to six mice/group). Statistical analysis was conducted using a two-sided Wilcoxon-Mann-

Whitney test.

ll
OPEN ACCESS

14 iScience 25, 104526, July 15, 2022

iScience
Article



Limitations of the study

The mouse proved to be a model of choice for our study, but the size of the mouse cervical canal and the

very small volume of mucus in the CMP are limitations of the model. The limited amount of mucus does not

allow for rheology studies. The porosity of themucus was therefore only studied by imaging. Quantification

of both mouse Muc5b and Muc5ac at the peptide level appears to be difficult to achieve. Immunofluores-

cence imaging gave an indication but no quantitative information. Expression of the corresponding genes

was performed by RT-qPCR, but this may not reflect mucin production.

We have demonstrated that Muc5b-deficient CMP is responsible for a high risk of prematurity after vaginal

infection. However, our results were obtained in a mouse model and remain to be confirmed in pregnant

women carrying the MUC5B or MUC5AC gene with a nonsense or missense mutation.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal anti-MUC5AC Gift from J. Bara 45M1

Polyclonal anti-Muc5b Valque et al., 2011 CP1

Polyclonal anti-Muc6 Gouyer et al., 2010 CP4

Polyclonal anti-MUC2 Novus Biologicals Cat# NBP1-31231; RRID: AB_10003763

Monoclonal anti-MUC5AC Rousseau et al., 2003 EU1/EU2

Polyclonal anti-GFP Abcam Ab290; RRID: AB_303395

Tff3/TFF3 Karam et al., 2004 anti-TFF3 antibody

Anti-Escherichia coli VWR Cat# USBIE3500-06J; RRID: AB_10775996

Monoclonal anti-PCNA Abcam PC10 Ab29; RRID AB_303394

Fluorescein (FITC) AffiniPure F(ab’)₂ Fragment

Goat Anti-Rabbit IgG, F(ab’)₂ fragment specific

Jackson Cat# 111-096-047; RRID: AB_2337982

Fluorescein (FITC) AffiniPure F(ab’)₂ Fragment

Rabbit Anti-Goat IgG, F(ab’)₂ fragment specific

Jackson Cat# 305-096-006; RRID: AB_2339446

Fluorescein (FITC) AffiniPure Goat Anti-Mouse

IgG, F(ab’)₂ fragment specific

Jackson Cat# 115-095-006; RRID: AB_2338590

Rhodamine (TRITC) AffiniPure Rabbit Anti-

Mouse IgG, F(ab’)₂ fragment specific

Jackson Cat# 315-025-006; RRID: AB_2340049

Bacterial and virus strains

Gardnerella vaginalis Institut Pasteur Collection CIP 70.74T

Escherichia coli serotype O55:K59(B5):H– ATCC CDC 5624-50 [NCTC 9701]

Chemicals, peptides, and recombinant proteins

PBS Gibco, Life Technologies, France Cat# 12559069

Xylene Sigma-Aldrich Cat# 1330-20-7

Ethanol Carlo Erba Cat# 64-17-5

Petroleum jelly Laboratoire Gilbert

Ketamine Virbac

Xylazine Dechra, France

Prechilled tubes containing EDTA Vacuette tubes, France

RNAlater Invitrogen Cat# AM7020

gelatin Sigma-Aldrich Cat# 9000-70-8

Tween Sigma-Aldrich Cat# 9005-64-5

Triton X-100 Sigma-Aldrich Cat# 9036-19-5

Saponin Sigma-Aldrich Cat# 8047-15-2

Sodium azide Research Organics Inc., OH Cat# 0939S

Acetic acid Carlo Erba Cat# 64-19-7

Chloroform Carlo Erba Cat# 67-66-3

Methanol Carlo Erba Cat# 67-56-1

Dichloromethane Sigma-Aldrich, USA Cat# 75-09-2

Hydrogen peroxide Sigma-Aldrich Cat# 7722-84-1

Dibenzylether Sigma-Aldrich Cat# 103-50-4

Trisodium citrate dihydrate Sigma-Aldrich Cat# 6132-04-3

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

In Situ Cell Death Detection Kit, Fluorescein Roche Cat# 11684795910

BCA Protein Assay kit Pierce BCA, Thermo Scientific Cat# 10741395

ELISA mouse Il-1� Invitrogen Cat# 88-7013-22

ELISA mouse CXCL1/KC R&D Systems Cat# DY453-05

ELISA mouse Il-6 250X capture antibody eBioscience, Thermo Scientific Cat# 14-7061-68

ELISA mouse Il-6 250X detection antibody eBioscience, Thermo Scientific Cat# 13-7062-68A

ELISA mouse Il-10 250X capture antibody eBioscience, Thermo Scientific Cat# 14-7102-68

ELISA mouse Il-10 250X detection antibody eBioscience, Thermo Scientific Cat# 13-7101-68

ELISA mouse Tnf-a capture antibody eBioscience, Thermo Scientific Cat# 14-7423-68A

ELISA mouse Tnf-a detection antibody eBioscience, Thermo Scientific Cat# 13-7341-68A

Universal PCR Master Mix Applied Biosystems Cat# 10733457

Rnasin RNase inhibitor Promega Cat# N251B

M-MuLV Reverse Transcriptase New England Biolabs Cat# 50-811-670

M-MuLV Reverse Transcriptase Reaction Buffer New England Biolabs Cat# B0253S

Random hexamer Invitrogen Cat# 100026484

TaqMan� Ribosomal RNA Control Reagents Applied Biosystems Cat# 4308329

Experimental models: Organisms/strains

Mouse: Muc5b-GFP: C57BL/6 In house N/A

Mouse: Muc5b knockout: C57BL/6 In house N/A

Mouse: Tff3-GFP: C57BL/6 In house Tg222

Mouse: Control WT C57BL/6 In house N/A

Oligonucleotides

CHOP (fwd)

GAATAACAGCCGGAACCTGA

This paper N/A

CHOP (rev)

TCAGGTGTGGTGGTGTATGAA

This paper N/A

CHOP (TaqMan probe)

GGAGAGAGTGTTCAAGAAGGAAGTGTA

Gouyer et al., 2018 N/A

Software and algorithms

Fiji https://imagej.net/software/fiji/ Version 1.53k

ZEN software Zeiss Version 2.5.75.0

ImspectorPro LaVision BioTec Version 3.6.3

ImspectorfileConverter LaVision BioTec Version 9.8.0

Imaris x64 Imaris Oxford Version 9.8.0, Bitplane

StatXact Cytel Studio Version 6.0

Other

TRITC Conjugated Ulex europaeus Lectin

(Gorse, Furze)–UEA-I– 2mg

EY Laboratories Cat# R-2202-2

TRITC Conjugated Maackia amurensis Lectin

–MAA– 2mg

EY Laboratories Cat# R-7801-2

LB Broth Sigma Cat# L3522

LB Broth with agar Sigma Cat# L2897

Mueller Hinton broth Oxoid Cat# CM0405

Mueller Hinton agar Oxoid Cat# CM0337B

Horse blood defibrinated Thermo Scientific Cat# 10200013
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Dr.

Jean-Luc Desseyn (jean-luc.desseyn@inserm.fr).

Materials availability

� This study did not generate new unique reagents or mouse lines.

� Non commercial antibodies are available from lead contact upon request.

Data and code availability

d All data produced in this study are included in the published article and its supplemental information, or

are available from the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and generation of timed pregnant mice

Mice were housed under standard conditions in a specific pathogen-free animal facility and received

a standard chow diet ad libitum. The methods used in all animal studies were carried out in

accordance with the French Guidelines for the Care and Use of Laboratory Animals and with the

guidelines of the European Union. All experimental protocols for animal experiments were approved

by the regional Institutional Animal Care Committee (approvals: APAFIS#8204–2016120914269637).

Eight to 16-week-old C57BL/6 WT mice, Muc5b-GFP, Muc5b�/�, and Tg222 transgenic mice with the

C57BL/6 genetic background were used (Amini et al., 2019; Gouyer et al., 2015; Portal et al., 2017b).

For timed breeding, the stage of the estrous cycle was identified by the presence, absence or propor-

tional numbers of cornified epithelial cells, nucleated epithelial cells and leukocytes in vaginal

smears. Only cornified epithelial cells are observed in vaginal smears at estrus (ovulation) (Byers et al.,

2012). Each female was paired with one adult male for one night. The day after mating was considered

GD0.5.

METHOD DETAILS

Tissue collection

Mice were killed by cervical dislocation. Expression of GFMs during the estrus cycle was examined in

6–12 weeks-old WT mice. The phase of the estrous cycle was determined by histology according to a

previous report (Carretero et al., 2017). Vaginas, cervices, and part of the uterine horns were collected

as a single continuous tissue and rinsed in phosphate-buffered saline (PBS). To assess inflammation,

the proximal uterus was collected. Tissues were immediately placed in fresh Carnoy’s fixative solution

(60% ethanol, 30% acetic acid, 10% chloroform) for 5 h, stored in 70% ethanol, and embedded in paraffin

for histological studies or in PBS with 0.01% sodium azide at +4�C for iDISCO. Tissues for RT-qPCR were

placed directly in RNAlater for 24 h and then stored at �80�C until use.

RT-qPCR

Real-time TaqMan probe-based RT-qPCR was performed as follows. Total RNA from the vagina/cervix was

extracted using 1.5 mL TRI Reagent following the manufacturer’s protocol. Reverse transcription was per-

formed with 2 mg of RNA using random hexamers and 0.2 U of MMLV Reverse Transcriptase (Portal et al.,

2017a). The oligonucleotides and probes used to measure Muc5b, Muc5ac, Muc2, and Muc6 expression

have been published (Gouyer et al., 2010, 2015; Tetaert et al., 2007). Endoplasmic reticulum stress was eval-

uated by identifying upregulation of CHOP by RT-qPCR. The specific primers were designed as previously

described forMacaca CHOP with theMacaca internal TaqMan probe overlapping the exon 1–exon 2 junc-

tion and conserved in mice (Gouyer et al., 2018). Duplex PCR amplification was carried out in 25 mL reaction

volume containing 2 mL of the first strand cDNA, 10 pmol of each primer for a givenmucin studied, 5 pmol of

mucin probe and TaqMan Universal PCR Master Mix 2X (Applied Biosystems) containing 1 pmol of the
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18S-primers (sense and antisense), 5 pmol of the 18S-probe (5’ Vic reporter dye), 5,6-carboxy-x-rhodamine

(ROX), the Taq DNA polymerase and the requisite buffers (Tetaert et al., 2007). All amplifications were per-

formed in triplicate using a QuantStudio 3 Real-Time PCR System and 18S rRNA as an internal control. For

each sample, the ratio of amplification was calculated as 2–(Ctmean, target gene – Ctmean, 18S rRNA).

Bacterial strain and culture conditions

Gardnerella vaginalis was grown in Oxoid Mueller–Hinton medium with 5% defibrinated horse blood

at 37�C in an atmosphere enriched with carbon dioxide (CO2 gas generator, BD Diagnostics, France).

Escherichia coli serotype O55:K59(B5):H– was grown aerobically with shaking at 37�C in Luria–Bertani

medium.

Vaginal infection

Experimental vaginal infection was induced in an animal biosafety level 2 facility at the University of Lille,

France. Two to 6-month-old female mice were time mated as previously described. Twenty microliters

of midlogarithmic-phase bacteria (53108 and 53 107 CFU/mL ofG. vaginalis and E. coliO 55, respectively)

resuspended in PBS were inoculated into the vagina at GD14.5 using a 200 mL pipette tip. Immediately after

the inoculation, petroleum jelly was added with a sterile swab to ensure the inoculum remained within

the cervicovaginal space. To confirm the dose of bacteria administrated, the CFUs were determined

systematically by serial dilutions of bacteria and cultured in agar plates. One or two days before the vaginal

infection, mice were transferred to individual cages and observed twice a day for signs of preterm birth.

Preterm delivery was determined as birth occurring before GD18.5.

Once delivery had occurred, blood samples were collected from six mice per genotype into prechilled

tubes containing EDTA by cardiac puncture immediately after induction of anesthesia with ketamine–

xylazine (2v/1v). Serum was collected by centrifugation at 10,000 g for 10 min and stored at�80�C for mea-

surement of cytokine concentration using ELISAs. The part of the uterine tissue facing the cervical canal was

collected and stored at �80�C for ELISA analysis.

Ascending vaginal infection was analyzed 24 h after infection in three WT and three Muc5b�/� pregnant

mice. The vaginas/cervices were collected for histology and IHC.

Histology and IHC

Longitudinal 5-mm-thick sections of paraffin tissue were cut. Histological studies using either HE or AB–PAS

staining and IHC studies using anti-Muc5ac, Muc5b, Muc2 andMuc6 antibodies were performed as follows.

Paraffin sections were dewaxed with xylene and rehydrated through decreasing ethanol washes. The tissue

sections were blocked with 1% bovine serum albumin (BSA) in PBS for 45 min and incubated with anti-Mu-

c5ac (1:500), anti-Muc5b (1:50), anti-Muc6 (1:50), or anti-Muc2 (1:100) diluted in PBS/1% BSA overnight at

4�C. The slides were washed three times in PBS, incubated for 2 h with FITC-conjugated secondary anti-

bodies (1:150) diluted in PBS/1% BSA, and rinsed in PBS. Nuclei were counterstained with Hoechst

33258 solution (1:1000) for 5 min. The immunolabeled sections were dried and mounted with Mowiol

Mounting Medium (Gouyer et al., 2010; Valque et al., 2011). Tissue sections of the mouse genital tract

were also stained with a commercial Muc2 antibody. The transgene product of the Tg222 mouse was

labeled using antibodies Eu1/Eu2 directed against the human MUC5B CYS domain as described earlier

(Gouyer et al., 2015; Valque et al., 2012). Anti-TFF3 antibody crossreacting with the mouse Tff3 was used

at 1:100 (Karam et al., 2004). Commercial anti-GFP antibody was used at 1:500 to label Muc5b–GFP (Gouyer

et al., 2015; Portal et al., 2017a). Anti-E. coli labeling was performed using the primary goat anti-E. coli sero-

type O antibody (1:1000). PCNA was studied using the PC10 anti-PCNA monoclonal antibody (1:1000).

For Muc5ac, Muc2, GFP, Tff3 and PCNA immunolabeling, the sections were pretreated using sodium

citrate buffer (10mM tri-sodium citrate, 0.05% tween, pH6) at 95�C for 20 min and then at room

temperature for 20 min (Gouyer et al., 2010). Fluorescein isothiocyanate (FITC)-conjugated anti-rabbit-

IgG, anti-goat-IgG, and anti-mouse-IgG secondary antibodies were used. For GFP and Muc5ac double la-

beling, FITC-conjugated anti-rabbit-IgG and tetramethyl rhodamine isothiocyanate (TRITC)-conjugated

anti-mouse-IgG secondary antibodies were used. TRITC-conjugated UEA1 and Maackia amurensis agglu-

tinin lectins were used at 25 mg/mL (Gouyer et al., 2015). Nuclei were counterstained with Hoechst 33258

(1:1000).
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Histology and IHC were performed on a Leica DM4000B microscope. High-quality bright field and

fluorescence captures were digitized on a Carl Zeiss Axio Scan Z1 scanner and processed with ZEN

software. Image analysis was performed using ImageJ/Fiji freeware. The total number of epithelial cells

and PCNA+ epithelial cells in the vagina and cervix were counted for 3–6 distinct sections per mouse

(n3/genotype) in a blindedmanner by two independent observers (GL and VG). The number of PCNA+ cells

was expressed as the total number of PCNA+ cells per 100 epithelial cells.

Thickness of the mucosal epithelium and nonmucosal epithelium

The thickness of ME and nonmucosal epithelium (NME, defined as the epithelium with no visible mucus-

laden vacuoles) was measured as follows: 20–40 measurements of the ME and NME were performed for

each field using ImageJ. Data were obtained using at least three AB–PAS-stained sections of vagina per

mouse. Four mice per genotype were analyzed to ensure accurate results.

Determination of the porosity of CMPs

The mean CMP porosity was calculated using ImageJ analysis as follows. AB–PAS-stained images were

converted to eight-bit intensity images with a grayscale color map. Pixel segmentation was then under-

taken by converting the absence and presence of glycoconjugates to red and gray, respectively. Porosity

was calculated as the sum of all areas in red (empty) divided by the total area of the region of interest (ROI),

expressed as a percentage. Data were obtained using three distinct ROIs per CMP from at least four mice/

genotype to ensure accurate results.

SEM

Cervices were harvested from four WT and four Muc5b�/� mice at GD14.5. The tissues were immersed in

Carnoy’s fixative solution for 5 h and placed in 70% ethanol. The following steps were performed at the Lille

Pasteur Institute. Tissues were postfixed in 70% ethanol supplemented with 1% uranyl acetate at room

temperature for 2 h in the dark. The samples were washed in 100% ethanol, air-dried using hexamethyldi-

silazane, cut in half lengthwise, and mounted on an SEM support with double-sided adhesive carbon tape.

Samples were observed with a secondary electron detector in a Zeiss Merlin Compact VP SEM (Zeiss,

France) operating at 1 kV. Samples were first observed at low magnification and then at high magnification

to characterize the structure of the CMP. Analysis was performed by three independent observers (GL, VG,

and JLD), who were unaware of the genotype.

TUNEL

Apoptosis was assessed using the Roche diagnosis TUNEL assay kit. Paraffin-embedded tissues were

processed following the manufacturer’s specifications using Proteinase K pretreatment. TUNEL+ cells in

the vaginal and cervical epithelium were counted in a blinded manner by two independent observers

(GL and VG). The total area (mm2) of the vaginal and cervical epithelium was measured using ImageJ.

The results are expressed as the number of TUNEL+ cells per mm2 of the vaginal or cervical epithelium

(n = 5/genotype).

iDISCO

iDISCO was performed as described by Belle et al. (2017) with minor modifications. Bleaching and clearing

were performed as described. For immunostaining, primary and secondary antibodies were diluted in 13

PBS containing 0.2% gelatin, 0.5% Triton X-100, and 0.1% saponin. The GFP tag in Muc5b–GFP was immu-

nodetected using anti-GFP antibody. 3D imaging was performed using an ultramicroscope I with

ImspectorPro software (Belle et al., 2014). The step size between each image was fixed at 2 mm. Stack im-

ages were first converted to an Imaris file (.ims) using ImarisFileConverter. Images, 3D volume, and movies

were generated using Imaris 364 software.

ELISA

Frozen uterus samples were thawed on ice and solubilized in 400 mL ice-cold protein lysis buffer (100 mM

DTT, 0.01% NP40) containing protease inhibitors using a Bead Mill 24 homogenizer (4 m/s for 10 s, 10 s

dwell time between runs, three times). Total protein concentration was determined using a Pierce BCA Pro-

tein Assay kit as per the manufacturer’s guidelines and then diluted 1:4 in PBS. All samples were measured

in the same assay using ELISA kits for mouse Il-1b, CXCL1/KC, Il-6, Il-10, and Tnf-a according to the man-

ufacturer’s guidelines. The cytokine content of tissue homogenates was normalized to protein content and
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the data are expressed as pg/mg tissue. Cytokine concentration was determined in 100 mL of pure serum

and is expressed as ng/mL.

QUANTIFICATION AND STATISTICAL ANALYSIS

Non-parametric tests were used in all statistical analyses and performed using the statistical StatXact 6.0

package. Two-sidedWilcoxon–Mann–Whitney test was used for all experiments except preterm frequency

(Figure 11) where the Barnard’s test was used. A p value %0.05 was considered to be significant.
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