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Neisseria gonorrhoeae (GC) infection in the human female reproductive tract causes 

various clinical outcomes, from no symptom to severe complications. The major 

barrier to a better understanding of GC infection in women is the lack of experimental 

system closely mimicking in vivo infection. Here, I developed a human cervical tissue 

explant model, which maintains the heterogeneity of the cervical epithelium. Using 

this model, my thesis research examined the impact of the heterogeneity of the 

cervical epithelium and the phase variation of GC surface structures on GC infectivity. 

My research revealed that GC preferentially colonize the ectocervix and the 

transformation zone (TZ), but exclusively penetrate into the subepithelial tissues of the 

TZ and endocervix. Pili are essential for GC colonization in all regions of the cervix. 



 
 

Expression of Opa isoforms that bind to the host receptors CEACAM (OpaCEA) 

enhances GC colonization in the ecto/endocervix but inhibits GC penetration into the 

endocervix. However, GC infectivity in the TZ does not respond to Opa phase 

variation, due to the low expression level and intracellular location of CEACAMs in 

the TZ epithelial cells. OpaCEA enhances GC colonization in the ecto/endocervix by 

inhibiting epithelial exfoliation and suppresses GC penetration into the endocervical 

subepithelium by inhibiting GC-induced disassembly of the apical junction. Opa-

mediated modulation of GC infectivity depends on the immune receptor tyrosine-

based inhibitory motif (ITIM) of CEACAM1 and its downstream phosphatase SHP. 

The effect of epithelial cell polarity on GC invasion was studied using a cell line 

model. My results show that GC invade more efficiently into non-polarized than 

polarized epithelial cells without changing the adhesion efficiency. Opa (phase 

variable) expression enhances both adhesion and invasion in both non-polarized and 

polarized cells. In non-polarized cells, Opa expression induces F-actin accumulation 

and microvilli elongation underneath GC microcolonies, suggesting an actin-mediated 

uptake of GC. In contrast, GC expressing no Opa reduce F-actin and demolish 

microvilli underneath microcolonies in both polarized epithelial cell line and 

endocervical epithelial cells potentially by increasing calcium flux, NMII activation 

and the redistribution of actin nucleation factor Arp2/3 from the apical surface. Taking 

together, my research demonstrates that both the heterogeneity of the cervical 

epithelium and the phase variation of bacterial surface structures regulate GC 

infectivity in the human cervix, either dominated by colonization or penetration, 

consequently influencing the clinical outcomes of the infection. 
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Chapter 1: Introduction 

1.1 Gonorrhea and Neisseria gonorrhoeae 

Gonorrhea is the second most commonly reported sexually transmitted infection in the 

world, as well as in the U.S. Each year, there are an estimated 78 million new 

infections with gonorrhoeae worldwide [1]. In 2017, a total of 555,608 new cases 

reported in the US, which is 18.6% increase since 2016, and 75.2% increase since the 

historic low in 2009 [2]. The rates of reported gonorrhea cases are the highest among 

teenagers and young adults. Furthermore, the reported rates of gonorrhea are masked 

by the asymptomatic nature of gonococcal infection [3]. Particularly, 50 to 80% of 

gonococcal infection in the female reproductive tract (FRT) is asymptomatic [4]. 

 

Gonorrhea is caused by an exclusive human pathogen, gram-negative bacteria 

Neisseria gonorrhoeae (GC). The cases of GC infection that are resistant to currently 

available antibiotics are on the rise, which complicates gonorrhea treatment [2]. The 

decrease of susceptibility to ceftriaxone, cefixime, and azithromycin has been reported 

in recent years [5]. The only treatment of uncomplicated gonorrhea recommended by 

CDC is the combination of ceftriaxone and azithromycin or doxycycline [6]. The 

increased resistance of GC to available antimicrobials underscores the urgent need to 

develop a new treatment for gonorrhea.  
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GC primarily infect urethra in male, inducing inflammatory responses and causing 

acute urethritis with purulent discharge [4]. A smaller percentage of male infection 

develop asymptomatic gonococcal urethritis, compared to female infection. However, 

there has been an increase in asymptomatic male infection in recent years [7]. In 

females, GC primarily infect lower genital tract when transmitted from men, causing 

asymptomatic cervicitis [4]. 45% of such asymptomatic infection in lower 

reproductive tract lead to ascending infection in the upper genital tract, causing pelvic 

inflammatory disease (PID), which can lead to permanent fallopian tube scarring and 

blockage, and subsequently infertility and ectopic pregnancy [4]. It has been shown 

that gonorrhea can increase the risk of coinfection with other sexually transmitted 

infections such as Chlamydia, and HIV [8]. The risk may be even higher in the view 

of the high percentage of asymptomatic, subclinical female infection.   

 

Asymptomatic female infection which does not get treatment and the increase in 

antibiotics resistance of GC makes gonorrhea an emerging public health crisis.  

 

1.2 Neisseria gonorrhoeae infection in females 

In females, GC primarily initiate infection in the female reproductive tract (FRT) from 

the mucosal surface of cervical epithelia [3, 9, 10]. GC are first deposited on vaginal 

epithelia. However, vaginitis caused by GC infection is rarely reported [3]. Vagina 

connects the outside of the body with the cervix, the gate of the female reproductive 

tract (FRT) that is often blocked by mucus plug. Ectocervix (Ecto) is the outmost part 
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of the cervix, connecting the cervix with vagina. The mucosal surface of both the 

vagina and the ectocervix is colonized by microbiota [11]. Ecto leads to the 

endocervix (endo) through transformation zone (TZ), which leads to the upper genital 

tract, composed of uterine, fallopian tube and ovary. Though previously believed to be 

sterile, several studies showed that the endocervix and upper genital tract also harbor 

microbial communities and is accessible by pathogens [12-14]. GC colonization in 

endo has been reported at a relatively low level compared to ectocervix. GC 

colonization in endo can lead to bacterial dissemination into the upper genital tract, 

also potentially causes inflammation, leading to serious complications, such as pelvic 

inflammatory disease (PID) and acute salpingitis [3, 4, 9]. Subepithelial GC was 

observed in the endocervix of patients’ biopsies [15], suggesting the penetration of GC 

from the mucosal surface of the endo into subepithelial tissue. The penetrated GC 

potentially trigger immune responses causing symptomatic infection and have 

opportunities to further disseminate through bloodstream causing disseminated 

gonococcal infection (DGI) [16]. Moreover, it has been shown that the serum level of 

progesterone, one of the sex hormones controlling the menstrual cycle, is significantly 

higher in the asymptomatic patients than the symptomatic patients [17]. It indicates the 

impact of menstrual cycle on GC infection progression, which adds more 

complications to female gonorrhea. However, how the localized GC infection in the 

cervix leads to such variety of clinical outcome is unknown.  
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Figure 1. Unique features of female gonorrhea 

A schematic diagram of Neisseria gonorrhoeae (GC) infection in the female 

reproductive tract (FRT). After first deposited in the vagina, GC initiate infection from 

the cervix, the gate of the FRT. GC have to overcome the barrier of the cervix and to 

ascend to the upper genital tract, which can cause pelvic inflammatory disease (PID). 

To disseminate into the bloodstream, GC need to penetrate across the epithelium of 

the FRT, causing disseminated gonococcal infection (DGI). Cervical gonorrhea can 

increase the risk of coinfection with HIV and other sexually transmitted infections 

(STI). 

 

 



5 
 

1.3 The cytoarchitecture of cervical epithelium 

The cervix is the gate of the female reproductive tract, protecting the sterile upper 

genital tract from the unsterile vagina, which is exposed to the outer environment. The 

cervix is also the initiation site of GC infection. To establish infection, GC need to 

overcome the cervical epithelium, the first line of defense. The cervical epithelium 

exhibits distinct morphology at different anatomical regions. The ectocervix, 

connecting with the vagina, is covered by multiple layers of non-polarized stratified 

squamous epithelial cells. At the bottom of the ectocervical epithelium, a single layer 

of round basal cells attached to the basal membrane. The basal cells can divide and 

differentiate to form the next few layers of parabasal cells. Further differentiation of 

parabasal cells forms the intermediate layers of polygonal cells, which further 

differentiate into the large and flattened cells forming the superficial layers. The 

formation of intermediate and superficial layers is subjected to the change of female 

hormone.  

 

Ascending to the upper genital tract, endocervix is covered by a single layer of 

polarized columnar epithelial cells. The endocervical epithelium does not form a 

flattened surface. In contrast, it is thrown into several longitude folds forming 

invaginations into the cervical stroma, also referred to as endocervical glands. The 

endocervical epithelial cells secrete mucus, forming a barrier against pathogen 

entrance. The components and amount of mucus secreted by the endocervical 

epithelial cells also change dramatically during the menstrual cycle [18], which further 

complicates the microenvironment of the endocervix.  
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The site where the endocervical epithelium meets with ectocervical epithelium is 

called the squamocolumnar junction (SCJ). Transformation zone (TZ) is the region 

located between newly formed SCJ and the original SCJ. The TZ is formed at the 

onset of puberty, when the endocervical epithelium proliferates under the influence of 

estrogen and extends into ectocervix, pushing the original SCJ into the ectocervix. The 

eversion of endocervical epithelium into the ectocervical region triggers squamous 

metaplasia. In the portion of endocervical epithelium invading into ectocervix, the 

reserve cells underneath the endocervical epithelium start to proliferate and gradually 

differentiate into ectocervical epithelial cells. The new SCJ is formed between the 

endocervical epithelium and the metaplastic TZ epithelium.  At the ecto end of TZ, TZ 

epithelium eventually becomes indistinguishable from the ectocervical epithelium. 

Thus, the cytoarchitecture of TZ is a transformation from multiple layers (ecto) to a 

single layer (endo), and from non-polarized (ecto) to polarized (endo). The length of 

TZ varies with age, hormonal status and from person to person.  
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Figure 2. Distinct cytoarchitecture of the cervical epithelium at different 

anatomical regions (modified based on the Colposcopy and treatment of cervical 

intraepithelial neoplasia: a beginners’ manual, and [19]). 

A) A schematic diagram of the cytoarchitecture of cervical epithelium. The ectocervix 

is covered by the multiple-layered stratified squamous epithelial cells. The endocervix 

is lined with the single-layer columnar epithelial cells. The transformation zone (TZ) 

is the region located between ecto and endocervix. B) A schematic representation of 

the formation of TZ. TZ is located between the original squamocolumnar junction 

(SCJ) and the newly formed SCJ after puberty: (a) before puberty, (b) after puberty 

and at early reproductive age, (c) around 30 years old, and (d) perimenopausal. C) The 

TZ epithelium is formed through the squamous metaplasia. (a) polarized endocervical 

epithelium with reserve cells (arrows) underneath, (b) proliferation of reserve cells 

forming layers of reserve cells underneath the original endocervical epithelium, (c) 

further proliferation and differentiation of reserve cells forming immature metaplastic 

epithelium, and (d) mature squamous metaplastic epithelium indistinguishable from 

the original squamous epithelium. 
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Although data from clinical researches using patient biopsies and papsmear has shown 

the colonization in all three cervical regions, and penetration in TZ and endocervix 

[15, 20], little is known about the mechanism used by GC to infect different types of 

cervical epithelial cells in vivo. The questions that does the complicated 

cytoarchitecture of cervical epithelium have any impact on the various clinical 

outcomes of the localized cervical GC infection remains not answered.  

 

1.4 Neisseria gonorrhoeae and its virulence factors 

To survive in the various microenvironment of the cervix and facilitate infection, the 

surface molecules of GC undergo phase and antigenic variation. Pili are filamentous 

structure expressed on the surface of gram-negative bacteria. GC express the Type IV 

pili, which undergo both phase and antigenic variation [21]. Type IV pili are 

composed of PilE, a major pilus subunit protein, PilC, a minor pilus-associated 

protein, and PilT. The pilE gene can go through antigenic variation by recombination 

of pilE locus with one or more silent pil loci (pilS) [22]. Most strains harbor two pilC 

genes that are highly homogeneous, expressing two different proteins, PilC1 and PilC2 

[23]. PilC protein has been identified as the adhesive component of pili. It is located at 

the tip of pili and mediates initial attachment of GC to host cells [24, 25]. PilT protein 

is involved in the GC twitching motility and pili retraction, thus mediating 

microcolony formation and the bringing GC close to host cell membrane [26-28].  Pili 

interact with complement receptor 3 (CR3) expressed on the mucosal surface of the 

FRT [29].  
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Opacity associated proteins (Opa) are a group of integral outer membrane proteins. A 

single bacterial cell can express up to 11 different Opa genes. Each of the 11 different 

Opa genes can be turned on or off independently due to the phase variation [30, 31]. 

The predicted secondary structure of Opa proteins has a β-barrel structure formed by 8 

anti-parallel membrane spanning β-strands with four extracellular loops. Antigenic 

variations of Opa proteins are predominantly observed in the central two hypervariable 

(HV) loops [31]. Opa proteins can be grouped into two classes according to the 

receptors on human cells they bind to. The majority of the 11 Opa proteins interact 

with carcinoembryonic antigen-related cell adhesion molecules (CEACAMs), such as 

OpaH [21, 32]. OpaC, representing other class, interacts with heparan sulphate 

proteoglycan (HSPG) [33]. Studies showed that GC isolates from female patients at 

different stages of the menstrual cycle express different isoforms of Opa [34]. 

However, how the heterogeneous expression of Opa protein affects GC infection in 

the human cervix is not fully understood.  

 

As Gram-negative bacteria, GC possess lipooligosaccharide (LOS) within its outer 

membrane, which undergoes antigenic variation. The structure of LOS is composed of 

three oligosaccharide chains tethered to a lipid A core [35]. The terminal 

oligosaccharide of LOS varies, depending on the expression of glycosyl transferases 

involved in LOS biosynthesis [36, 37]. It has been shown that LOS function as a 

ligand to the human asialoglycoprotein receptor (ASGP-R), contributing to the uptake 

of GC into primary human urethral epithelial cells [38]. Our lab has previously shown 
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that the terminal oligosaccharide structure of LOS alters the level of invasion into 

human endometrium cell line ME-180 [39]. 

 

Porin (PorB) is the most abundant protein in the outer membrane of GC [4]. PorB 

forms water-filled channel within gonococcal outer membrane, through which ion and 

small nutrients can transverse. However, PorB does not undergo phase and antigenic 

variation. It is present as one of the two isotypes, PI.A or PI.B [4]. It has been shown 

that porin can translocate into the plasma membrane of the eukaryotic cell [40] and 

further the mitochondrial membrane [41]. PorB has been shown to can manipulate 

phagosome maturation [42, 43] and triggers apoptosis [43, 44]. However, the anti-

apoptotic effect of PorB was also observed in the human urethral epithelium, which 

was thought to be a strategy for GC to survive and proliferate within epithelial cells 

[45].  

 

1.5 Neisseria gonorrhoeae engaged host receptors and downstream signaling 

Each of the GC surface virulence factors interacts with specific receptors on host cells 

triggering downstream signaling to facilitate infection. It has been shown that CR3 

plays important roles in GC infection as a receptor for pili, involving porin and LOS 

as well. CR3 is a member of the integrin family, known as integrin αMβ2, and is 

expressed by professional phagocytes. CR3 is the receptor for iC3b, a component of 

the complement system, and mediates phagocytosis of complement-opsonized 

microorganisms [46]. Dr. Apicella’s groups first showed the expression of CR3 in 

primary human ectocervical and endocervical epithelial in culture and in the human 
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cervical tissue. GC adhered to primary cervical epithelial cells colocalized with CR3 

antibody staining [29]. The cleavage products of C3, C3b-α, C3b-β, iC3bα1i, iC3bα2i, 

and C3dg, were found to be deposited onto GC in the infected primary cervical 

epithelial cells as well as in the cervical secretion specimen from patients. The 

deposition of C3b on GC surface occurs through the lipid A core of LOS [47]. Pili 

bind to the I-domain of CR3 in cooperating with porin and iC3b-opsonization, which 

is required for adhesion and subsequent invasion into primary cervical epithelial cells. 

[48, 49]. 

 

The majority of the 11 Opa proteins has been shown interacting with 

Carcinoembryonic antigen-related cell adhesion molecules (CEACAM) [50]. 

CEACAMs are first discovered as cell adhesion molecules in cancer cells, hence the 

name. CEACAM proteins mediate intercellular adhesion through homophilic and/or 

heterophilic interaction [51]. In humans, multiple isoforms have been identified. All 

CEACAM proteins belong to the immunoglobulin (Ig) superfamily and share similar 

overall structure at the N-terminus, one variable (V)-like domain followed by none or 

several constant C2-like Ig domains [51, 52]. At the C-terminus, different isoforms 

possess different structures, an intracellular domain or a glycosylphosphatidylinositol 

(GPI) anchor [52]. In human, CEACAM1, CEACAM3, CEACAM5, and CEACAM6 

have been shown to bind to Neisserial Opa proteins [53], among which CEACAM1 

and CEACAM3 possess a cytoplasmic domain. The long splicing form of CEACAM1 

(CEACAM1L) has an immunoreceptor tyrosine-based inhibitory motif (ITIM) at the 

C-terminus of its cytoplasmic domain. In contrast, CEACAM3 has an immunoreceptor 
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tyrosine-based activation motif (ITAM) [52]. These features suggest the ability of 

CEACAM1 and CEACAM3 to transducing signals upon GC infection. 

 

CEACAM1, CEACAM3, and CEACAM6 are expressed in granulocytes. Lee et al. 

showed that upon Opa-CEACAM1 binding, GC recruited CEACAM1 to the sites of 

attached GC on the surface of primary CD4+T cells. Upon T cell receptor (TCR) 

ligation, CEACAM1 was phosphorylated on the tyrosine residues harbored in the 

ITIM. The phosphorylated ITIM recruited and activated the tyrosine phosphatase 

SHP-1 and SHP-2, which inhibited the phosphorylation of ZAP-70, a key adaptor 

protein in T cell signaling pathway, consequently inhibiting T cell activation [54]. 

Using human myelomonocytic cell line JOSK-M cells, Hauck et al. showed that 

inoculation with GC that express CEACAM-binding Opa triggered activation of acid 

sphingomyelinase (ASM) and downstream signaling involving Src-like tyrosine 

kinases Hck and Fgr and Jun-N-terminal kinases (JNK), eventually lead to activation 

of the Rho GTPase Rac1 and bacteria uptake [55].  CEACAM3 is expressed 

exclusively in neutrophils. Dr. Gray-Owen’s group has done a series of studies 

showing that upon Opa-CEACAM3 interaction, tyrosine residues in the ITAM are 

phosphorylated by Src-family kinases, which is necessary for GC uptake by 

neutrophils [56]. The phosphorylated ITAM recruited and triggered the 

phosphorylation of the cytoplasmic tyrosine kinase Syk and activated downstream 

signaling pathways including phospholipase C (PLC), small GTPase and 

phosphatidylinositol 3-kinase (PI3K). This signaling activation led to the 

rearrangement of the actin cytoskeleton and GC uptake [57-59]. 
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Epithelial cells express CEACAM1, CEACAM5, and CEACAM6. Using CEACAM1 

transfected T293 cells, Voges et al. showed that the Opa-CEACAM1 dependent 

uptake of GC by epithelial cells requires PI3K activity and the cytoplasmic domain 

and the extracellular IgC2-like domain of CEACAM1 [60]. Using a CEACAM5 

transgenic mouse model, ME-180 cells, and CEACAM1 or CEACAM6 transfected 

T293 cells, Muenzer et al. showed that Opa-CEACAM1 interaction inhibited 

epithelial exfoliation through upregulation of CD105, one of the transforming growth 

factor- β1 receptor family (TGFβ1R), and subsequent activation of integrin β1. The 

inhibition of epithelial exfoliation through this pathway required the cytoplasmic 

domain of CEACAM1 [61, 62].  

 

The expression and distribution of various epithelial CEACAMs in human cervix has 

not been studied in detail. Islam et al. detected CEACAM1 on the apical surface of 

endocervical epithelial cells, but a low level of CEACAM1 and a moderate level of 

CEACAM5 in the intermediate and superficial layers of the ectocervical epithelium. 

They did not detect any expression of CEACAM6 along the cervical epithelium [63]. 

However, whether the differential expression of CEACAMs in different cervical 

regions affects host signaling response and GC infection process in corresponding 

regions, as well as clinical outcomes of GC infection,  has not been well studied. 
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Figure 3. Structure and downstream signaling of carcinoembryonic antigen-

related cell adhesion molecule (CEACAM) triggered by Opa (Modified based on 

[52, 64]). 

A) A schematic diagram of the CEACAM structure. At the N-terminus, one variable 

(V)-like domain is followed by none (CEACAM3 and 4) or several constant C2-like 

Ig domains (CEACAM1, 5 and 6). At the C-terminus, CEACAM 1, 3 and 4 possess a 

cytoplasmic domain.  CEACAM5 and 6 are GPI anchored proteins. B) In the 

phagocytic cells, such as JOSK-M and neutrophils (a), Opa interaction with 

CEACAM1, 6 or 3 leads to activation of Src family kinases Hck and Fgr through 

acidic sphingomyelinase (ASM) resulting in tyrosine phosphorylation (P-Tyr), and 

activation of the Rho GTPase Rac1. This pathway eventually leads to phagocytic 

bacterial uptake through cytoskeleton rearrangement. In T cells (b), Opa-CEACAM1 

interaction activates SHP1/2 leading to the inhibition of T cell activation through 

inhibiting ZAP-70. In epithelial cells (c), Opa triggered downstream signaling 

involves CEACAM1, 5 and 6. This pathway leads to CD105 and integrin activation 

through PI3K, resulting in the enhanced focal adhesion of epithelial cells. Full arrows, 

direct activation of the downstream pathway. The dashed arrows, unknown 

downstream pathway. 
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Heparan sulphate proteoglycans (HSPG) is the other host receptors for Opa proteins. 

Proteoglycans (PG) are membrane-anchored core proteins, modified with 

glycosaminoglycans (GAGs) side chains. The side chains of HSPG are composed of 

heparan sulphates (HS). A specific isoform of Opa proteins (OpaHSPG) interacts with 

HSPG on the mucosal surface of human epithelial cells [65]. Opa-HSPG interactions 

have been shown to mediate intimate adherence and invasion of GC into various 

epithelial cell lines. This process is facilitated by extracellular matrix, such as 

fibronectin (FN) in HEp-2 cell [66] and vitronectin (VN) in Chinese hamster ovary 

(CHO) cells [67] and Hela cells [66, 68]. Using Chang conjunctiva cells, Grassme et 

al. showed that the Opa-HSPG mediated GC uptake is dependent on the activity of 

phosphatidylcholine phospholipase C (PC-PLC), which generates diacylglycerol 

(DAG). DAG appears to activate acidic sphingomyelinase (ASM), which produces 

ceramide and promote GC uptake [69]. Syndecan is a major group of transmembrane 

HSPG. Freissler et al. showed expression of syndecan-1 and syndecan-4 in various 

epithelial cell lines, including the human endometrial cell line ME-180, human 

conjunctival epithelial cells (Chang), human endometrial cell line Hec-1-B and human 

cervical cell line Hela. They found that Opa-HSPG mediated GC uptake requires the 

cytoplasmic tail of both syndecans and the possible involvement of protein kinase C 

(PKC) and phosphatidylinositol-4,5-bisphosphate [PI(4, 5)P2] in this process [70]. 
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Figure 4. Structure and downstream signaling of heparan sulfate proteoglycans 

(HSPG) triggered by Opa (Modified base on [71] and doi:10.4172/2161-

0703.1000157). 

A) A schematic diagram of the HSPG structure using syndecan as an example. HSPG 

is composed of a membrane-anchored core protein and several heparan sulphates (HS) 

side chains. B) GC Opa-induced HSPG signaling has been studied in Chang 

conjunctival epithelial cells (a), where Opa-HSPG interaction triggers activation of 

phosphatidylcholine phospholipase C (PC-PLC), leading to acidic sphingomyelinase 

(ASM) activation through diacylglycerol (DAG) and eventually uptake of GC. In Hela 

and CHO cells (b), Opa-HSPG interaction, facilitated by the vitronectin (VN) bridged 

integrin αvβ5 signaling leads to protein kinase C (PKC) activation. In Hep-2 larynx 

carcinoma cells (c), OpaC-HSPG interaction, facilitated by the fibronectin (FN) 

bridged integrin α5β1 signaling leads to PKC activation. Both pathways (b, c) are 

involved in the efficient uptake of GC in corresponding cell lines. Full arrows, direct 

activation of the downstream pathway. The dashed arrows, unknown downstream 

pathway. 
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The human asialoglycoprotein receptor (ASGP-R) is a membrane glycoprotein 

belonging to C-type lectin. ASGP-R recognizes terminal asialylated galactose or N-

acetylgalactosamine residues and mediates clathrin-dependent endocytosis [72]. Using 

hepatoma cell line HepG2, Porat at al. showed that GC producing LOS with lacto-N-

neotetraose-terminal bind specifically to ASGP-R, and the binding enhanced the 

expression of ASGP-R [73]. GC-induced increase in the surface level of ASGP-R was 

also observed in primary human urethral epithelial cells (PHUECs) [74]. Furthermore, 

the interaction of ASGP-R with the lacto-N-neotetraose-terminal of gonococcal LOS 

has been shown to play a role in GC invasion into PHUECs in culture, by recruiting 

clathrin to the adherence site of GC microcolonies. Inhibition of clathrin-mediated 

endocytosis inhibited GC invasion into PHUECs [38].  

 

The members of the ErbB family, epithelial growth factor receptor (EGFR, or ErbB1) 

and ErbB2, are commonly expressed in epithelial cells and have been shown to play a 

role in bacterial infection including GC. Our lab has previously shown that GC 

inoculation induced cellular redistribution of EGFR and ErbB2 from the basolateral 

surface to the apical surface under GC adherent sites of polarized epithelial cells and 

the activation of EGFR and ErbB2. However, GC do not directly engage EGFR and 

ErbB2, instead transactivate them by inducing the transcription of EGFR ligands. GC-

induced transactivation of EGFR and ErbB2 contributes to GC invasion into human 

endometrial epithelial cell line HEC-1-B and ME180 [75] and GC transmigration 

across the polarized human colonic epithelial cell line T84 and HEC-1-B cell by 

disruption of the apical junction [76]. GC has been shown to activate several 
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downstream signaling cascades of EGFR, including mitogen-activated protein 

kinase/extracellular signal-related kinase (MAPK/ERK) [77, 78], phospholipase C γ 

(PLCγ) and calcium flux, and PI3K [79]. Dr. So’s group found that GC recruited 

EGFR together with f-actin, ezrin, I-CAM and CD44 in A431 cells, in a PilE/PilC 

dependent manner [80]. Inoculation of GC activated PI3 kinase and Akt, which is 

involved in the pilT-dependent invasion of GC into A431 cells [81]. However, 

whether GC trigger above pathways through EGFR activation remains unknown. 

 

While GC have been shown to bind to various host surface receptors through their 

surface molecules and trigger signaling in various experimental systems, whether 

these occur in vivo, such as during GC infection of the three cervical epithelium with 

heterogeneous cytoarchitecture, is unknown. The expression level and distribution of 

host receptors may vary in different cervical regions. It is reasonable to hypothesize 

that GC interaction with cervical epithelial cells and host cell signaling responses vary 

with the expression of host receptors and the intrinsic signaling machinery in the 

different types of cervical epithelial cells they encounter. 

 

1.6 Neisseria gonorrhoeae interaction with human epithelial cells 

Epithelial cells, which lines the outer surface of organs protecting hosts from the outer 

environment, are the front line defense against bacterial infection. When GC is first 

deposited onto the lumen of the genital, Pili, the long filamentous structure extending 

from the surface of GC, establish the initial interaction with the mucosal surface of 

epithelia [24]. The retraction of pili overcomes the electrostatic force at the luminal 
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surface of epithelia and brings the bacteria closer to the luminal surface of epithelia 

[82]. It has been shown that, only at this close distance, Opa proteins can interact with 

their receptors on the epithelial cells, CEACAM and HSPG, which establish an 

intimate adherence or colonization [21]. LOS also contributes to the intimate 

adherence by interacting with ASGP-R [73]. 

 

Following colonization, GC can invade into epithelial cells intracellularly. 

Intracellular GC has been observed in the gram stained cervical papsmear samples 

[83]. Fichorova et al. showed that immortalized endocervical, ectocervical, and 

vaginal epithelial cells derived from the primary cell can uptake GC [84]. GC invasion 

into epithelial cells in the fallopian tube organ culture has also been observed [85]. 

The Opa-CEACAM interaction has also been shown to contribute to GC invasion in 

the CEACAM-transfected Hela cell line [86]. Opa-HSPG mediated invasion has been 

shown in various epithelial cell lines such as ME-180 and CHO-K1 [67, 87]. Our lab 

has previously shown that the lacto-N-neotetrose in LOS is required for GC invasion 

[39]. Furthermore, GC can manipulate the distribution and activity of the epidermal 

growth factor receptor (EGFR) in the polarized HEC-1-B cells to facilitate invasion 

[75]. 

 

The fate of GC inside the epithelial cells remains unclear. It has been shown that a 

subpopulation of GC can survive intracellularly by resisting the proteolytic activity of 

host lysosomes with the help of Porin [42]. The type 2 IgA1 protease secreted by GC 
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can also promote intracellular survival of GC [88]. Using primary human cervical 

epithelial (pex) cells, Edwards et al showed GC intracellular survival is affected by the 

level of the female sex hormones estrogen and progesterone in culture [89]. 

 

The intracellular survival of GC may eventually lead to GC transcytosis or penetration 

into subepithelial tissues. McGee et al. first observed penetration of GC into 

subepithelial tissue in fallopian tube organ culture by transmitted electron microscopy 

(TEM) [85, 90]. GC transmigration across epithelial cells has also been observed in 

various cell line culture. Ilver et al. described the transcellular passage of GC in three 

cell line cultures, HEC-1-B (endometrial adenocarcinoma), ME-180 (cervical 

carcinoma) and Chang conjunctiva, which involves pili phase variation [91].  Data 

from our lab showed that GC can disrupt the apical junction in polarized T84 and 

HEC-1-B cell by activating EGFR, which facilitates transmigration [76]. Wang et al. 

showed the transcytosis of GC expressing CEACAM-binding Opa through the 

polarized epithelial T84 cell requires the cytoskeleton and motor proteins [92]. Opa-

CEACAM interaction has been shown to mediates GC transcytosis across T84 cell 

culture [93]. However, data from our lab and Dr. Stein’s lab show that Opa expression 

reduces the level of GC transmigration in polarized human epithelial cell line models 

as well as human endocervical tissue culture [94, 95]. Stein et al. suggest that Opa 

expression reduces the level of transmigration across T84 cell culture by inducing 

CEACAM redistribution [94]. Our lab showed that GC can transmigrate across 

polarized T84 epithelial cells and polarized endocervical epithelial cells in tissue 

explants by activating the actin motor non-muscle myosin II (NMII), and the 



24 
 

expression of CEACAM-binding Opa reduces the level of transmigration [95]. The 

results of studies on the role of GC surface molecules on infection vary with GC 

strains and infection models that were used. Despite the inconsistency, taken together, 

these data showed that GC can use phase variation of its surface molecules to 

manipulate epithelial cell responses and facilitate transmigration. 

 

GC in the paracellular space between epithelial cells have also been observed in three 

different cell line culture by TEM [91], suggesting another route of transmigration 

across the epithelium. Ward et al. observed a population of GC in between epithelial 

cells in fallopian tube organ culture [96, 97]. However, whether GC penetrate into 

subepithelial tissues preferentially through an intracellular route or a paracellular route 

is unknown. The mechanism underlying GC penetration remains to be elucidated.   

 

GC has been shown to induce exfoliation of epithelial cells to facilitate penetration 

and infection in fallopian tube organ culture [98], cell line culture[62], mouse model 

[61], and endocervical tissue explant model [95]. However, understanding of the 

underlying mechanism remains limited. Dr. Hauck’s group first showed that Opa-

CEACAM interaction inhibited epithelial exfoliation by increase the expression of 

CD105 and downstream activation of integrin β1 in both human cell line and 

transgenic mouse model that expresses CEACAM [61, 62]. The results from our lab 

showed that expression of CEACAM-binding Opa reduces epithelial exfoliation by 

inhibition of GC-induced calcium flux, NMII activation, and epithelial cell-cell 
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junction disruption in cell line and endocervical tissue explant models [95]. 

Exfoliation naturally occurs during epithelial turnover, which is controlled by a 

balance between eliminating damaged cells and replenishing new cells while 

maintaining the integrity of the epithelium [99]. Epithelial exfoliation is also a part of 

the defense mechanism against infection: eliminating epithelial cells colonized or 

damaged by pathogens. However, epithelial exfoliation induced by pathogens may 

leave unsealed gaps in the epithelium, especially the single-layered columnar 

epithelium, which may provide a portal for pathogens to reach subepithelial tissues.  A 

similar process has been observed in the case of uropathogenic Escherichia coli 

(UPEC) infection in the bladder [100, 101]. However, epithelial exfoliation does not 

seem to be sufficient to eliminate UPEC infection. In contrast, it may expose the 

underlying epithelium to UPEC. The mechanism of epithelium turnover and pathogen-

mediated manipulation of this process for infections have been studied extensively in 

intestine epithelium. However, the turnover of the cervical epithelium and its 

regulation is unknown.  

 

Despite the numerous studies on GC-epithelial interaction discussed above, the 

mechanism by which GC infect the heterogeneous cervical epithelium remains 

elusive, partly because most previous research was done in experimental systems that 

did not mimic human cervical epithelium. Consequently, whether GC modulate the 

above infection processes, colonization, invasion, penetration, and epithelial 

exfoliation, in different types of cervical epithelial cells in the same way as shown 

using currently available infection models is unknown. 
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1.7 Epithelial cell-cell junction and its regulation 

The integrity of epithelium is essential for the protection of the host from the 

pathogen. Epithelial cells are organized into the epithelium by the formation of 

junctional complexes with neighboring cells [102]. Epithelial junction formation keeps 

the neighboring cells in strict contact to form single- or multiple-layered three 

dimensional architecture. There are two major types of epithelial junction complexes, 

adherens junction (AJ) and tight junction (TJ). 

 

In epithelial cells, one of the major components of adherens junction is a single pass 

transmembrane protein, E-cadherin, and various adaptor proteins regulate and connect 

E-cadherin to the actin cytoskeleton [103]. The extracellular domain of E-cadherin 

consists of five repetitive subdomains called cadherin repeats (EC). Each EC contains 

the calcium-binding sequence. E-cadherin mediates cell-cell contact by intercellular 

homophilic interaction of EC domains in a calcium-dependent manner. Thus, adherens 

junction is characterized by a 10-20 nm distance between the plasma membrane of two 

neighboring cells. The cytoplasmic domain of E-cadherin binds a number of proteins, 

collectively called catenins. β-catenin is associated with E-cadherin and also α-catenin 

through p120 catenin (p120ctn). α-catenin has been shown to link the E-cadherin-

catenin complex to the actin cytoskeleton through unknown components. The binding 

of E-cadherin with catenins regulates the stability of the adherens junction [104]. The 

binding of E-cadherin with β-catenin is enhanced by the phosphorylation of three 

serine residues (S684, S686, S692) in the cytoplasmic domain of E-cadherin, which is 

mediated by casein kinase II (CKII) and glycogen synthase kinase 3β (GSK-3β) [105-
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107]. In contrast, the phosphorylation of tyrosine residues (Y489, Y654) in β-catenin 

reduces the affinity to E-cadherin, and the phosphorylation at Y142 reduces the 

affinity to α-catenin. These phosphorylation has been shown involving abelson (Abl) 

kinase at Y489 [108], pp60c-src at Y654 [109], and Fer kinase at Y142 [110]. The 

tyrosine phosphorylation of β-catenin is balanced by tyrosine phosphatase, such as 

SHP1 (PTP1B, protein tyrosine phosphatase 1B) [107, 111]. Without binding to β-

catenin, the cytoplasmic domain of E-cadherin becomes unstructured, which leads to 

its internalization and degradation [112-114].  

 

Similar to the adherens junction, the tight junction is composed of transmembrane 

proteins, occludins, claudins and junctional adhesion molecules (JAMs), and adaptor 

proteins connecting transmembrane proteins to the cytoskeleton. Occludin and claudin 

are tetraspan proteins with two extracellular loops, mediating intercellular homophilic 

interactions with neighboring cells. JAMs are single-pass transmembrane proteins, 

which have two extracellular immunoglobulin-like domains [115]. The tight junction 

is characterized by an intercellular space ranging from 0.2 to 0.5 μm. Zonula 

occludens (ZOs) are the best-studied adaptor proteins in tight junction. ZO proteins are 

peripheral membrane-associated components of the tight junction, which belongs to 

the membrane-associated guanylate kinase (MAGuK) homolog family. The C-

terminus of occludin and claudin bind to the PDZ-1 domain of ZO proteins, which is 

required for directing occludin and claudin to the tight junction [116]. JAMs also 

interact with ZO proteins. The permeability of the tight junction is regulated by a wide 

range of growth factors, cytokines, and hormones. Protein kinase C (PKC) mediated 
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phosphorylation of occludin and tyrosine phosphorylation of ZO-1 have been 

suggested to decrease the epithelial permeability [116].  Actomyosin rings associated 

with the tight junction and it’s regulation by myosin light chain (MLC) also play 

important roles in tight junction regulation [117]. Two functions have been proposed 

for the tight junction, fence function, and gate function. The fence function is the 

ability of the tight junction to prevent the lateral movement of membrane molecules 

between the apical and basolateral domains. Gate function is the ability of the tight 

junction to control the paracellular permeability of the epithelium [104]. 

 

In the epithelium consisting of single-layered polarized columnar epithelial cells, such 

as the intestinal epithelium, the apical junction (AJ) is formed to maintain the integrity 

and polarity of the epithelium, forming apical and basolateral domain [102]. The 

apical and basolateral membrane have distinct membrane and protein components 

which are generated and maintained by the polarized membrane trafficking machinery. 

The polarized trafficking machinery includes secretory and endocytic pathways that 

sort and delivers different proteins and lipids to the apical or basolateral membranes 

[118]. The apical junction is composed of both the tight junction and the adherens 

junction and is located close to the lumen surface of polarized epithelial cells, with the 

tight junction at the apical end of the lateral membrane domain. Assembly of the 

adherens junction leads to the formation of the tight junction to stabilize epithelium. 

However, the depletion of E-cadherin by RNA interference in Madin-Darby Canine 

Kidney (MDCK) Epithelial Cells did not lead to the disruption of the tight junction, 
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indicating that the adherens junction formation plays a role in apical junction 

assembly, but not required for maintenance [119].  

 

Rho family small GTPases, such as Rho, Rac, and Cdc42 and Rap1, play important 

roles in cell-cell junction formation, maintenance, and dynamics. During the adhesion 

junction establishment and maintenance, the initial homophilic trans-interaction of E-

cadherin between neighboring cells eventually activates Rac through recruitment of 

the tyrosine kinase c-Scr. The recruitment of c-Src leads to phosphorylation of Crk 

adaptor protein and C3G, one of the Rap1-GEF (Guanine nucleotide exchange 

factors), and subsequent activation of Rap1. Rap1 activation mediates PI3K activation, 

and eventually Rac activation through Vav2 [120, 121]. Such Rac activation together 

with Cdc42 stabilizes adherens junction by inhibiting E-cadherin endocytosis through 

reorganization of the actin cytoskeleton [120, 122]. Once stable adhesion junction is 

established, Cdc42 comes into play in the regulation of adhesion junction stability by 

controlling adhesion junction components turnover. Cdc42 also activates N-WASP, 

and together they interact with Arp2/3 complex to promote polymerization of the 

branched actin filament. This process has been shown to be required to maintain 

adherens junction integrity.  
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Figure 5. Organization and regulation of the tight junction (TJ) and the adherens 

junction (AJ) (Modified based on [121]) 

The tight junction is located at the apical end of the lateral membrane. Tight junctions 

are composed of transmembrane proteins, JAM, claudin and occludin, and an adaptor 

protein, ZO. ZO proteins connect tight junction to the actin cytoskeleton. E-cadherin is 

the major transmembrane proteins of the adherens junction in epithelial cells. E-

cadherin is connected to p120 catenin, which interacts with β-catenin and α-catenin. β-

catenin and α-catenin connect the adherens junction to the actin cytoskeleton and 

regulates the assembly and disassembly of the adherens junction through small 

GTPases and formin and Arp2/3 mediated actin polymerization.  
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The distinct cytoarchitecture of endo and ectocervical epithelia is maintained by 

differential epithelial cell-cell junction complexes and organization. The multiple 

layers of stratified squamous epithelial cells covering the ectocervix are held together 

mostly by adherens junction [123]. Visualized by SEM, the luminal layer of 

ectocervix is flattened and appears to be detached from the layers underneath [123, 

124]. Shown by TEM and immunofluorescence, the most luminal layers (three to four 

layers) are cornified and lose cell-cell contact, thus permeable to mucosal IgG. The 

adherens junction staining is absent from the luminal layers and only detected three to 

four layers from the luminal surface, present through the intermediate, suprabasal and 

basal layers. Staining of tight junction proteins, claudin-1, JAM 3, and ZO-1 also was 

also detected most abundantly in the intermediate, suprabasal and basal layers of the 

ectocervical epithelium [123, 125].  

 

The single-layered polarized epithelium covering the endocervix possesses the 

classical apical junction. SEM visualized abundant microvilli at the apical surface of 

endocervical epithelial cells [126]. TEM visualized the tight and adherens junctions 

located close to the apical surface between neighboring cells with the tight junction on 

the top, showing a classical columnar epithelial morphology. Because of the formation 

of the tight junction, the endocervical epithelium is not permeable to luminal IgG. 

Immunofluorescence microscopy showed staining of claudin-1, occludin, ZO-1, and 

E-cadherin between epithelial cells, but not at the basal membrane attached to the 

extracellular matrix (ECM) [123]. 
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Figure 6. Organization of cell-cell junction complexes in the human cervical 

epithelium [123] 

A schematic diagram of the cell-cell junction organization in the endocervix and 

ectocervix. A) The paracellular space of the endocervical epithelium is sealed by 

classic apical junctions composed of the tight junction (claudin, occludin, JAM, and 

ZO-1) and the adherens junction (E-cadherin). Neighboring cells are also connected 

by desmosomes. B) The parabasal and basal layers of epithelial cells in the ectocervix 

form the adherens junction, but the most luminal layers of the ectocervical epithelium 

gradually lose cell-cell contact and the expression of adherens junction proteins. 
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It has been shown that cell-cell junction is a frequent target of gut pathogens to breach 

the epithelial barrier and to establish infection. Enteropathogenic E. coli (EPEC) has 

been shown to deliver effector proteins, EspM, EspF, and Map, into intestinal 

epithelial cells causing disruption of the tight junction and consequently the epithelial 

integrity [127]. EspF has been shown interacting with N-WASP and the endocytic 

regulators sorting nexin 9 (SNX9), modifying the tight junction through the actin 

cytoskeleton and the endocytic pathway [128]. Map has been shown to activate 

Cdc42, modifying cell-cell junction through actin remodeling [127]. EspM has been 

shown to disrupt the tight junction by activating RhoA [129] and subsequent NMII. 

Similarly, Salmonella Typhimurium (S. Typhimurium) and Helicobacter pylori (H. 

pylori) also deliver effector proteins into intestinal epithelial cells, such as SopB and 

SopE for S. Typhimurium and CagA for H. pylori which target myosin light chain 

(MLC) to disrupt the tight junction and the adherens junction [99].  

 

However, the effect of GC infection on cell-cell junction has not been studied in 

details. Our lab has shown that GC can disrupt the apical junction to facilitate GC 

transmigration in both polarized HEC-1-B and T84 cell lines. GC induce the junction 

disruption by activating EGFR [76] and NMII [95].  However, it remains unknown 

whether GC disrupt epithelial cell-cell junctions of the human cervical epithelial cells 

in vivo using similar mechanisms. The distinct properties of cell-cell junctions in the 

ecto and endocervical epithelia potentially alter the strategy that GC use to infect 

corresponding cervical regions. Moreover, the organization of cell-cell junction in the 
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TZ epithelium has not been examined, despite the fact that penetration [15] and high 

level of colonization of GC at the TZ has been shown [20] [124].  

 

1.8 The role of the actin cytoskeleton in Neisseria gonorrhoeae infection 

The actin cytoskeleton regulates the remodeling of the plasma membrane in response 

to pathogen infection at pathogen-host cell interface. It also regulates the dynamics of 

cell-cell junction assembly and disassembly, which can also be exploited by pathogens 

to facilitate infection. 

 

The actin cytoskeleton has been shown to play an important role in GC infection in 

epithelial cells, but the detailed mechanism is still lacking. Edwards et al. showed that 

GC inoculation induced extensive membrane ruffling and cytoskeleton rearrangement 

in the primary endocervical and ectocervical epithelial cells [130]. Griffiss et al. 

showed that GC use both Opa and Pili to induce microvilli elongation at the surface of 

HEC-1-B cells [131]. Our lab has previously shown that the lacto-N-neotetraose in 

LOS induced elongation of microvilli warping around GC and form the intimate 

interaction between GC outer membrane and the plasma membrane of ME180 cells, 

which leads to the uptake of GC [39]. Grassme et al. showed that Opa promoted 

bacterial entry in an actin polymerization-dependent manner, as treatment of 

cytochalasin D that disrupts the actin cytoskeleton inhibited GC invasion [132]. Dr. 

So’s group showed that pili also played a role in inducing dramatic membrane 

microvilli and cortical plaque [133, 134]. There is no effector protein secreted by GC 

discovered so far. GC entry into epithelial cells is shown to be mediated by the 
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bacterial surface molecule and its interaction with host receptors, which fits the zipper 

mechanism. But the membrane ruffling and microvilli formation observed by multiple 

groups argue against it [59]. As the membrane ruffling and microvilli formation are 

mediated by the actin cytoskeleton, GC targeted actin regulators have not been 

identified. The role and underlying mechanism of actin reorganization for GC 

infection remain unclear.  

 

The plasma membrane remodeling induced by pathogens has been studied the most in 

the process of bacteria entry into non-phagocytic cells, by stimulating endogenous 

uptake processes, such as phagocytosis and macropinocytosis. Such processes all 

involve plasma membrane protrusion driven by Arp2/3 complex-mediated actin 

polymerization [135]. Arp2/3 complex is one of the actin nucleators and is composed 

of seven subunits, including Arp2, Arp3, and five additional subunits, ARPC1-ARPC5 

(actin related protein complex 1-5).  Arp2/3 complex is recruited and positioned at the 

sides of existing actin filament by actin nucleation-promoting factors (NPF), such as 

N-WASP and cortactin. This allows the Arp2/3 complex to initiate actin 

polymerization to generate branched actin networks, which drives membrane 

protrusion [136]. The Arp2/3 complex-mediated bacteria uptake is divided into two 

types of mechanisms, zipper and trigger mechanism [135]. The zipper mechanism is 

best studied in Listeria monocytogenes uptake, which is induced by the interaction of 

bacteria surface molecules with host receptors. In this case, induced plasma membrane 

protrusion formed by actin cytoskeleton reorganization is limited and closely 

surrounding the bacteria. The trigger mechanism is best studied in Salmonella enterica 
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serovar Typhimurium (Salmonella) and Shigella flexneri. It is stimulated by the 

injection of bacterial effector proteins into host cells through type III secretion system 

(T3SS). Injected effector proteins trigger actin reorganization, forming actin-rich 

membrane ruffles, which leads to the uptake of bacteria by macropinocytosis. 

 

The actin cytoskeleton is linked to the apical junction and the adherens junction in 

polarized and non-polarized epithelial cells. The perijunctional actin filaments form 

the cortical belt at the apical junction, which is required for formation of the apical 

junction and the maintenance of the polarized epithelial barrier. Disruption of the actin 

cytoskeleton by cytochalasin D or latrunculin A increases the permeability of 

polarized epithelial monolayers [137].  E-cadherin, the major component of the 

adherens junction, has been shown to be coimmunoprecipitated with Arp2/3 complex 

and cortactin [121]. The adaptor protein of the adherens junction, α-catenin, links E-

cadherin to the actin cytoskeleton as monomers, while homodimers of α-catenin have 

been shown to interact with Arp2/3 complex and regulate actin polymerization [104, 

107, 138]. Arp2/3, N-WASP, and cortactin have been found to be localized at the tight 

junction as well [121]. Taken together, the dynamics of the actin cytoskeleton at the 

apical junction can regulate the dynamics of apical junction assembly and 

disassembly, consequently modulating epithelial cell polarity and barrier function.  

 

The actin motor protein myosin is a major component in the perijunctional actin ring. 

Myosin converts the energy from ATP hydrolysis to mechanical force, mediating 
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static tension and contractility of actin filament [139]. Non muscle myosin II (NMII) 

is the major type of myosin expressed in the epithelial cells and is enriched at the 

apical junction. The structure of NMII is similar to the myosin expressed in muscle 

cells, consisting of two heavy chains, which are responsible for the ATP hydrolysis, 

actin filament binding and oligomerization, and two essential light chains and two 

regulatory light chains (MLC), which are responsible for NMII activation by 

phosphorylation. Multiple kinases have been reported to phosphorylate MLC, 

including myosin light chain kinase (MLCK) and Rho-dependent coiled-coil kinase 

(ROCK). MLCK is activated by calcium-bound calmodulin. ROCK is activated by the 

small GTP-binding protein RhoA. The phosphorylation of MLC mediated by both 

ROCK and MLCK has been linked to apical junction disassembly and increased 

epithelial permeability. H. pylori and EPEC have been shown to disrupt the apical 

junction by inducing MLCK mediated NMII activation [99, 139, 140]. Our lab has 

shown that GC induce activation of NMII by MLCK, leading to apical junction 

disruption and GC transmigration across polarized epithelial cells [95].  

  

Whether myosin-mediated contraction plays any role in the cell-cell junction of non-

polarized or stratified epithelial cells, like the ectocervical epithelial cells, is unknown. 

Furthermore, how non-polarized epithelial cells change morphology by reorganization 

of the actin cytoskeleton in response to pathogens are also not well studied. Polarized 

epithelial cells are known to form densely packed microvilli at the apical surface, 

which are support by dense bundled F-actin, and these microvillar actin bundles are 

inserted into the actin terminal web underneath [141]. In non-polarized epithelial cells, 
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data from our lab and Dr. Stein’s lab show that the non-polarized ME180 cells form 

irregular microvilli-like plasma membrane protrusion at the luminal surface, which 

indicates the different organization of actin cytoskeleton at luminal surface in non-

polarized epithelial cells. Infection of polarized epithelium with EPEC induces 

microvilli disruption [142]. In contrast, GC inoculation, as described above, induces 

microvilli elongation in non-polarized epithelial cells. The difference in the actin 

cytoskeleton organization suggests different responses to GC infection in non-

polarized ectocervical and polarized endocervical epithelial cells. 

 

1.9 The advantages and disadvantages of various current GC infection models 

One of the major research barriers of GC pathogenesis is the limitation of 

experimental models to closely mimic human infection. The majority of research on 

GC infection relies on immortalized mammalian cell lines. Cell lines are readily 

available, easy to maintain and manipulate in laboratories. However, being cancerous 

cell itself and completely out of the context of tissue architecture may alter the 

morphology, protein components and receptor distribution and expression compared 

to the in vivo scenario in human tissues. For example, the endocervix is covered with 

polarized epithelial cells. However, the cell line derived from cervical epithelial cancer 

ME-180 completely lose the ability to polarize and form the apical junction in culture. 

The origin of some cell lines used is not the natural infection sites of GC. For 

example, the colon epithelial cell line T84 has been used to study GC infection in 

polarized epithelial cells, because of the ability of T84 cells to polarize in culture. 

Consequently, different cell lines used for studies generate different and sometimes 
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conflicting results. It is unclear whether results obtained from cell line models can be 

applicable for explaining infection in vivo.  

 

Primary cervical epithelial cell culture has been developed and has generated 

interesting and potentially physiological relevant data [29, 130]. However, primary 

cells isolated from the human cervix, again are removed from their tissue architecture 

and are not capable of polarizing to the level as epithelial cells in the endocervix. 

Fallopian tube organ culture has been enabling us to better understand GC infection in 

this particular location, which associates with PID [85, 143]. However, the fallopian 

tube epithelium is distinct from the cervical epithelium. The fallopian tube organ 

culture maintains the polarity and columnar nature of epithelial cells and dispersion 

between non-ciliated and ciliated epithelial cells, unlike the cervix, where epithelial 

cells progressively change from non-polarized stratified to polarized columnar 

epithelial cells. Furthermore, the current experimental systems are highly controlled 

and consistent, which does not reflect the complicated microenvironment in vivo, 

potentially driving the phase and antigenic variation of the virulence determinants of 

GC. Thus results obtained from these systems may be overly simplified.  

 

Since GC is a human exclusive pathogen, the humanized mouse model has been 

established by hormone treatment [5, 144] and by expressing the human CEACAM 

transgene [61, 145]. Vaginal inoculation of GC in these mouse models results in GC 

colonization for up to 10-40 days [5], thus does not cause the infection observed in 
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women. Besides CEACAM, mice do not express several other human specific 

receptors, such as CR3, which have been shown to play important roles in GC 

infection. While the mouse model has significantly advanced our understanding of GC 

pathogenesis in females, we still do not know whether data gathered from mouse 

models are applicable to human female infection.  

 

Therefore, an experimental system that closely mimics the heterogeneity of the 

cervical epithelium in its native tissue organization and environment is essential to 

understand the initiation of GC infection from the human cervix and the mechanisms 

leading to the wide range of clinical outcomes. 
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Rational 

This research aims to understand the mechanism by which GC establish infection at 

the heterogeneous mucosal surface of the human cervix, the gate of the female 

reproductive tract (FRT).  

 

The unique features of GC infection in females make gonorrhea a severe threat to 

women’s health. GC initiate infection at the mucosal surface of the cervix, the gate of 

FRT. The properties of the epithelium at different cervical regions vary significantly 

from non-polarized multiple-layered to polarized single-layered epithelial cells. 

Majority of GC infection in the lower part of the FRT (50-80%) is asymptomatic, thus 

untreated, which allows GC to further ascend to the upper genital tract, causing severe 

complications. The penetration of GC through the cervical epithelium into sub-

epithelium tissues, which has been shown previously, can lead to symptomatic and 

disseminated gonococcal infection (DGI). However, whether the heterogeneous 

cervical epithelia affect GC infection and how asymptomatic, localized GC infection 

in the cervix lead to a wide range of clinical outcomes is unknown. Thus, I focus my 

Ph.D. research on GC infection in human cervix. Because there is no experiment 

system that can mimic the heterogeneous epithelia of the human cervix, previous 

studies using cell line and mouse models give rise to conflicting results. To overcome 

this barrier, I developed a human cervical tissue explant model that preserves the in 

vivo properties of the human cervical epithelium and mimics in vivo GC infection 

processes when inoculated with the bacteria. This tissue explant model enabled me to 
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examine the impact of distinct properties of cervical epithelial cells at different 

anatomical regions on GC infectivity and infection mechanisms and the role of pili 

and Opa phase variation in GC infection of the cervix. 
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Central hypothesis 

GC modulate infectivity, colonization or penetration, based on the GC surface 

structures and properties of epithelial cells, with which they interact, by inducing 

differential signaling and cytoskeleton responses through different host receptors. GC 

colonization may only lead to localized asymptomatic infection, while GC penetration 

into the subepithelial tissue can lead to symptomatic and disseminated infection. 

 

Aim 1 

To determine the impact of the heterogeneous epithelia of the cervix on GC 

infectivity. 

Aim 2 

To determine the roles of the Opa phase variation and Opa interaction with the host 

receptor CEACAM in GC infection in different cervical regions.  

Aim 3 

To determine the effect of epithelial cell polarity on GC infectivity. 
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Chapter 2: Infectivity of Neisseria gonorrhoeae in the human 

cervix varies with the properties of cervical epithelial cells and 

bacterial phase variable surface structures 

 

2.1 Abstract  

The epithelium is the front line defense against pathogens in the outer environment. 

The heterogeneity of cervical epithelium further complicates the environment GC 

need to overcome to establish infection. To mimic the heterogeneous cervical 

epithelium, the human cervical tissue explant model was first established. GC colonize 

and penetrate the most in the transformation zone (TZ) of the cervix. In the ectocervix, 

GC colonize at a high level without any penetration. In the endocervix, the level of 

colonization is low, but penetration is observed. Pili is required for colonization in all 

three cervical regions. Expression of CEACAM-binding Opa, OpaH, enhances 

colonization in the ecto- and endocervix, where CEACAM is abundantly expressed at 

the luminal surface but inhibits penetration solely in the endocervix. In contrast, 

expression of different Opa proteins does not affect GC infectivity in the TZ, which 

expresses little CEACAM. This OpaH-CEACAM interaction-mediated differential 

infectivity involves ITIM domain of CEACAM1 and the subsequent activation of 

SHP. Such CEACAM1-SHP signaling pathway leads to the inhibition of cell-cell 

junction disruption, epithelial exfoliation, and eventually the penetration across the 

cervical epithelium into subepithelium tissue. Therefore, GC modulate its infectivity 

between colonization and penetration based on both the properties of cervical 

epithelial cells and phase variation of bacterial surface structure. 



45 
 

2.2 Introduction  

Gonorrhea, caused by Gram-negative bacterium Neisseria gonorrhoeae (GC), is the 

second most common sexually transmitted infection (STI) in the United States. The 

unique features of female infection make gonorrhea a severe threat to women’s health. 

50-80% of female infection is asymptomatic [2], leading to susceptibility to severe 

complications such as pelvic inflammatory disease (PID), fallopian tubes scarring and 

blockage, with subsequent ectopic pregnancy and infertility. An upsurge of multidrug-

resistant strains of GC further complicates gonorrhea treatment [5]. However, the 

mechanism by which GC and other STI pathogens interact with the human female 

reproductive tract (FRT) and cause a wide range of clinical outcomes remains elusive. 

A primary obstacle for a better understanding of STIs is a lack of infection models that 

mimic human infection.  

 

In women, GC initiate infection primarily from the cervix, the gate of the female 

reproductive tract (FRT) [10]. The cervical epithelium is the first line of defense GC 

need to overcome to establish infection, which exhibits distinct properties at different 

anatomical regions. The ectocervix is the outmost part of the human cervix, line with 

multiple-layered stratified epithelial cells, and exposed to the outer environment. The 

endocervix, connecting to the upper genital tract, is the upper portions of the human 

cervix, covered by a single-layered polarized columnar epithelial cells. The 

squamocolumnar junction (SCJ), or transformation zone (TZ), is a specialized region 

between the ecto and endocervix. The morphology of the epithelium covering the TZ 

transforms from multiple-layered to single-layered, and from noon-polarized stratified 
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to polarized columnar epithelial cells. The ecto and endocervical epithelium display 

distinct organization of cell-cell junction complexes, which maintains the integrity and 

regulates the dynamics of cervical epithelia [123]. Clinical studies suggest that GC 

colonization at the ectocervical epithelium leads to asymptomatic infection [3]. In 

contrast, clinical studies using patient biopsies only found subepithelial GC in the TZ 

and endocervix [15]. However, how the heterogeneity of the mucosal surface of the 

cervix impacts GC infection and subsequent clinical outcomes has not been examined. 

 

GC have evolved multiple mechanisms to cope with the heterogeneous mucosal 

surface in humans, including phase and antigenic variation of their surface molecules. 

GC can vary the structure of the lipooligosaccharide (LOS) [36, 146], turn the 

expression of pili on and off [23], and express any of 11 opacity-associated (Opa) 

protein isoforms at any time [30].  It has been shown that pili mediate the initial 

interaction of GC with the mucosal surface of epithelial cells [147] and that the 

interaction of Opa proteins with their host receptors mediate an intimate interaction. 

Most Opa isoforms bind to carcinoembryonic antigen-related cell adhesion molecules 

(CEACAMs) (OpaCEA) [148] while others bind to heparan sulfate proteoglycans 

(HSPG) (OpaHSPG) [33]. It has been shown that OpaCEA-CEACAM interaction 

inhibited epithelial exfoliation, thus increased GC colonization in CEACAM 

transgenic mouse model [61]. Among the CEACAM isoforms expressed in epithelial 

cells, CEACAM1L is the only one harbors an immune-receptor tyrosine-based 

inhibitory motif (ITIM) motif in its cytoplasmic domain; while its splicing isoform 

CEACAM1S does not. The differential expression of CEACAM isoforms in different 
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anatomic regions of the FRT has been shown in patient biopsies [63]. However, the 

role of each of GC surface structures and their interactions with human receptors in 

GC pathogenesis has not been systematically examined in the human cervical 

epithelia. 

 

Here, I established the human cervical tissue explant model to examine the impact of 

the heterogeneous human cervical epithelia and the phase variation of pili and Opa on 

GC infection. The human cervical tissue explants preserve the distinct cytoarchitecture 

of the three cervical regions in vivo and mimic GC infectivity observed in patient 

biopsies. Using this model, I found that the outcome of GC infection depends on the 

type of cervical epithelial cells GC interact with and the Opa isoforms GC express. 

Expression of OpaCEA drives GC colonization on the mucosal surface of the ecto and 

endocervix, which express CEACAM. Furthermore, OpaCEA expression suppresses 

GC penetration across the endocervical epithelium through inhibition of GC-induced 

cell-cell junction disassembly and epithelial shedding. The low expression level of 

CEACAM in the TZ epithelial cells abolishes the regulatory role of OpaCEA 

expression. The above results provide a potential mechanism for the various clinical 

outcomes derived from localized cervical GC infection in women. 
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2.3 Materials and Methods 

Neisseria Strains 

N. gonorrhoeae strain MS11 that expressed both pili and Opa (MS11Pil+Opa+) was 

obtained from Dr. Herman Schneider, Walter Reed Army Institute for Research. 

Derivatives of this strain, MS11ΔOpa, MS11 OpaH (OpaCEA, CEACAM-binding), and 

MS11OpaC (OpaHSPG, HSPG-binding) have previously been described [149]. 

MS11Opa+ and MS11ΔOpa strains express similar LOS [149]. MS11 Pil+Opa+ and 

Pil-Opa+ colonies were identified based on their morphology using a dissecting light 

microscope. GC were grown on plates with GC media (Difco, BD Bioscience, 

Franklin Lakes, NJ) and 1% Kellogg’s supplement [150] for 16-18 h before 

inoculation. The concentration of GC in suspension was determined using a 

spectrophotometer and inoculated with epithelial cells at MOI ~10. 

 

Human cervical tissue explants 

The tissue explants were cultured as previously described [151]. Briefly, cervical 

tissues were obtained from patients undergoing voluntary hysterectomies and received 

within 24 h post-surgery. Age of patients ranges from 28 to 40. Supporting muscle 

tissue was removed by using a carbon steel surgical blade. Remaining cervical tissue 

samples were cut into ~2.5 cm (L) X 0.6 cm (W) X 0.3 cm (H) pieces, incubated in 6-

well tissue culture plate in cervical tissue culture media conataining CMRL-1066 

(GIBCO), with 5% heat-inactivated fetal bovine serum, 2 mM L-glutamine, bovine 

insulin (1 μg/ml, Akron Biotech) and penicillin/streptomycin for 24 h and then in 
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antibiotic-free media for another 24 h, before inoculation with GC as previously 

described [152].  

 

Immunofluorescence analysis of human cervical tissue explants 

Individual pieces of cervical tissue explants were inoculated with GC at MOI ~10. The 

number of epithelial cells at the mucosal surface is determined by the area of the 

mucosal surface of the individual piece and the average luminal area of individual 

cervical epithelial cells. When indicated, tissue pieces were inoculated with GC with 

or without the SHP inhibitor NSC-87877 (20 μM, EMD Millipore). GC were collected 

by using a sterile applicator to swab GC from the plate and re-suspend GC in pre-

warmed antibiotic-free cervical tissue culture media. An aliquot of the GC suspension 

was added directly onto each tissue piece to make an MOI = 10 bacteria to 1 epithelial 

cell. The cervical tissue explants were incubate at 37 °C with 5% CO2 with gentle 

shaking for 24 h. The infected cervical tissue explants were rinsed with antibiotic-free 

cervical tissue culture medium at 6 and 12 h to remove un-adhered bacteria and 

replace with fresh media without bacteria. Tissue explants were then fixed 24 h post 

inoculation, embedded in 20% gelatin, cryopreserved, sectioned by cryostat across the 

luminal and basal surfaces of the epithelium, stained for F-actin (Cytoskeleton), E-

cadherin (BD Bioscience), CEACAMs (cross-react with CEACAM1, 3, and 6, Santa 

Cruz Biotechnology, Dallas, TX), SHP1 (Santa Cruz Biotechnology), SHP2 (Santa 

Cruz Biotechnology), phospho-SHP2 Tyr542 (Thermo Fisher Scientific) and GC by 

specific antibodies, and nuclei by Hoechst (Life Technologies), and analyzed using 

confocal fluorescence microscope (Zeiss LSM 710, Carl Zeiss Microscopy LLC) as 
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previously described [152]. Images of the luminal surface were randomly acquired 

from the ectocervix to the endocervix as single images or Z-series of 0.57 μm/image, 

and 3D composites obtained using Zeiss Zen software.  

 

The level of GC colonization was quantified by two methods using confocal images: 

(1) percentage of the number of GC-associated luminal epithelial cells versus the total 

number of luminal epithelial cells through visual inspection, and (2) fluorescence 

intensity (FI) of GC staining per μm2 at the luminal surface using the NIH ImageJ 

software. The level of GC penetration was determined by two methods: (1) percentage 

of the number of epithelial cells associated with GC staining at and underneath the 

basal membrane versus of the total number of epithelial cells through visual 

inspection, and (2) percentage of the FI of GC staining at sub-epithelial tissue versus 

the total FI of GC staining at both the subepithelium and the luminal surface in each 

randomly acquired image. 

 

The level of epithelial exfoliation in the endocervix was determined by the percentage 

of the number of epithelial cells localized on top of the epithelial monolayer versus the 

total number of epithelial cells through visual inspection. Level of epithelial 

exfoliation in the ectocervix and the transformation zone (TZ) was determined by two 

methods: (1) the percentage of the thickness (μm) of the epithelium in ectocervical and 

TZ tissue explants with or without inoculation of GC, and (2) the percentage of 
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number of epithelial layers in ectocervical and TZ tissue explants with or without 

inoculation of GC. 

 

The recruitment of CEACAM staining to GC microcolony was evaluated by the 

percentage of the number of GC microcolonies colocalizing with CEACAM staining 

underneath versus the total number of GC microcolonies through visual inspection. 

 

The redistribution of E-cadherin staining from the cell-cell junction to the cytoplasm 

was evaluated by the fluorescence intensity ratios (FIR) of E-cadherin staining at cell-

cell junction versus that in the cytoplasm in individual epithelial cells using confocal 

images and the NIH ImageJ software.  

 

Each of the above results was generated from cervical tissue explants of 3-5 human 

subjects and >7 randomly acquired images from each cervical region and each tissue 

explant. 

 

Epithelial cells and CEACAM1 transfection 

HEC-1-B, a human endometrial adenocarcinoma cell line (ATCC), was maintained in 

Eagles MEM alpha medium supplemented with 10% heat-inactivated FBS. Cells were 

seeded at 3.5 x105 per 60 mm diameter cell culture dish, (Thermo Fisher Scientific) 

and cultured for 2 days before transfection. Cells were transiently transfected with 5 
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μg of a plasmid containing CEACAM1L or CEACAM1S cDNA using lipofectamine 

3000 reagents (Thermo Fisher Scientific). Transfected cells were seeded at 6x104 per 

transwell (6.5 mm diameter, 3 μm pore size, Corning) and cultured for 2 days before 

inoculation with GC at MOI ~10. 

 

T84, a human colorectal carcinoma cell line (ATCC), was maintained in DMEM:Ham 

F12 (1:1) supplemented with 7% heat-inactivated FBS. Cells were seeded at 6x104 per 

transwell (6.5 mm diameter, 3 μm pore size, Corning) and cultured for ~10 days until 

the transepithelial electrical resistance (TEER) reached ~2000Ω before GC 

inoculation. TEER was measured using a Millicell ERS volt-ohm meter (EMD 

Millipore). 

 

Immunofluorescence analysis of epithelial cells 

Transfected HEC-1-B cells were inoculated with GC at MOI of ~10 for 6 h. Cells 

were rinsed, fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, 

and stained with anti-β-catenin (EMD Millipore), anti-CEACAMs (Santa Cruz 

Biotechnology), anti-GC antibodies, and Hoechst for nuclei. Images were randomly 

acquired using CFM. The level of GC adherence to cells with or without CEACAM 

transfection was compared by the fluorescence intensity ratio (FIR) of GC staining in 

CEACAM-positive cells versus CEACAM-negative cells in the same image using the 

same ROI. Epithelial exfoliation was quantified using xz images by the percentage of 

HEC-1-B cells moving above the monolayer versus the total number of epithelial 
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cells. The redistribution of β-catenin staining from the cell-cell junction to the 

cytoplasm was quantified as described for the E-cadherin in tissue explants. The 

results were obtained from 3-5 independent experiments and >5 randomly acquired 

images of each condition and each experiment. 

 

GC transmigration assay 

The assay was performed as previously described [76]. Briefly, polarized T84 

epithelial cells that were pretreated with or without the SHP inhibitor NSC-87877 (20 

μM, EMD Millipore) for 1 h were inoculated apically with GC at MOI ~10 for 6 h. 

The basolateral media were collected and cultured by plating, and the resulting 

colonies were counted as transmigrated bacteria. 

 

Statistical analysis 

Statistical significance was assessed by using the Student’s t-test by Prism software 

(GraphPad Software, San Diego, CA). P-values were determined using unpaired t test 

with Welch’s correction in comparison with no infection controls. 

 

Ethics statement 

Human cervical issue explants were obtained from the National Disease Research 

Interchange (NDRI, Philadelphia, PA). Human cervical tissues used were anonymized. 
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The use of human tissues for this research has been approved by the Institution 

Review Board of the University of Maryland. 

 

2.4 Results 

2.4.1 GC exhibit distinct infectivity patterns on different mucosal surfaces of the 

human cervix 

We sought to preserve the heterogeneity of cervical epithelium by using human 

cervical tissue explants. Cervical tissue explants were cultured mucosal side up. Thin 

sections of cryo-preserved cervical tissue were sectioned, stained and analyzed using 

three-dimensional confocal fluorescence microscopy (3D-CFM). Images showing both 

the mucosal and subepithelial sides of the ectocervix, TZ and endocervix were 

analyzed. I identified epithelial cells on the tissue section by staining cytokeratin (Fig. 

7 A), the marker of epithelial cells. The cell-cell junction was visualized by staining 

adherence junction protein E-cadherin (Fig. 7 B). I first used a 10X object lens to scan 

the mucosal surface of the cervical section from ecto to endocervix continuously. The 

three cervical regions were identified by the distinct features of the epithelial cells: 1) 

ectocervix, multiple-layered non-polarized epithelial cell, 2) TZ, multiple-layered 

cubical epithelial cells, 3) endocervix, single-layered polarized epithelial cells. I found 

that the human cervical tissue explant model can preserve the overall morphology of 

cervical epithelium (Fig. 7 B).  
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Figure 7. Human cervical tissue explants maintain the in vivo characteristics in 

culture. 

Human cervical tissue explants were cultured for three days and cryopreserved. Tissue 

sections across the luminal and basal surface of epithelia were collected, stained for 

DNA, E-cadherin, cytokeratin and/or F-actin, and analyzed using CFM. (A) 

Representative images of the mucosal epithelial regions of cervical tissue explants 

obtained by combining >30 images acquired using the 10X objective. Dashed lines 

indicate the boundary between the endocervix and the TZ and between the TZ and the 

ectocervix. Scale bar, 100 m. (B) Representative images of the epithelium of three 

cervical regions. Scale bar, 20 m. 
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To determine whether the heterogeneity of cervical epithelium affects GC infectivity 

in the same way or differently, I inoculated cervical tissue explants from the same 

patient sample with or without MS11 Pil+Opa+, a GC strain expressing phase variable 

opa genes, for 24 h. Each tissue explant contains all three cervical regions and 

inoculated with GC at MOI~10. Unassociated bacteria were rinsed at 6 and 12 h post 

inoculation. Cervical tissue explants were cryopreserved and sectioned across the 

luminal surface to subepithelial tissue. Tissue sections were stained for GC, F-actin, 

and nuclei and analyzed by CFM. I used two methods to quantify the level of GC 

colonization using CFM images (Fig. 8 B, C): 1) the percentage of number of luminal 

epithelial cells associated with GC staining (Fig. 8 B), and 2) the fluorescence 

intensity (FI) of GC staining per μm2 of the luminal surface of the cervix (Fig. 8 C). 

The two methods showed consistent results. MS11Pil+Opa+ colonize the mucosal 

surface of all three cervical regions. However, the level of colonization in the 

ectocervix and TZ is significantly higher than the endocervix (Fig. 8 B, C). Similarly, 

I used two methods to quantify the level of penetration: 1) percentage of the number of 

epithelial cells associated with GC staining below basal membrane (Fig. 8 D), and 2) 

percentage of FI of GC staining at and below basal membrane versus total FI of GC 

staining (Fig. 8 E). Penetrating GC were only detected in the TZ and endocervix, and 

the level of penetration into the subepithelial tissue in the TZ is significantly higher 

than into the endocervix. These results are consistent with clinical observation, 

indicating GC infection in human cervical tissue explant model mimics GC infection 

in vivo. It further suggests that GC modifies its infectivity based on the different 

properties of the cervical epithelial cells they encounter. 
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Figure 8. GC exhibit different levels of colonization and subepithelial penetration 

in the ectocervical, TZ, and endocervical epithelium.  

Human cervical tissue explants were incubated with MS11 Pil+Opa+ for 24 h 

(MOI~10), washed at 6 and 12 h post-inoculation, and cryopreserved. Tissue sections 

were collected, processed, and analyzed using CFM. (A) Representative images of the 

three cervical regions with or without GC infection. Scale bar, 20 m. Arrowheads, 

colonizing GC. Arrows, penetrating GC. (B and C) The level of GC colonization was 

quantified of by the percentage (±SEM) of luminal epithelial cells with GC attaching 

to the luminal surface (B) and by fluorescence intensity (FI) (±SEM) of GC staining 

per m2 at the luminal surface (C). (D and E) The level of GC penetration was 

quantified by the percentage (±SEM) of epithelial cells associating with GC at 

subepithelia (D) and by the percentage of GC FI (±SEM) at the subepithelia relative to 

the total GC FI at the epithelium (E). n=4. >20 randomly selected fields and >200 cells 

per cervix and condition. *p<0.05; **p<0.01; ***p<0.001. 
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2.4.2 Pili are required for GC colonization, and Opa phase variation regulates 

GC infectivity in the human cervix 

Pili and Opa are major phase variable virulence determinants of GC. To examine the 

roles of Pili in GC infection in the cervical epithelium, I first compared the level of 

colonization and penetration of piliated (Pil+) and non-piliated (Pil-) MS11Opa+ in 

the cervical tissue explant. Compared to the MS11Pil+Opa+, MS11Pil-Opa+ failed to 

colonize efficiently in all three cervical regions (Fig. 9 A, B-D). And no penetration of 

MS11Pil-Opa+ in all three cervical regions was observed (Fig. 9. A, E-G). To 

examine the roles of Opa proteins in GC infectivity, I inoculated cervical tissue 

explants with Pil+ GC expressing phase variable Opa (Opa+) and all 11 Opa isoforms 

deleted (ΔOpa). The deletion of Opa significantly reduced the level of colonization in 

the ecto and endocervix, but not in the TZ (Fig. 9 A, B-D). In contrast, deletion of Opa 

significantly increased the level of penetration in the endocervix (Fig. 9 A, G). The 

above results indicate the Pili is essential to establish colonization in all three cervical 

regions; while the expression of phase variable Opa proteins regulates GC infectivity 

differently in the three cervical regions. 
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Figure 9. Pili are required for GC colonization, and Opa expression differentially 

regulates GC infectivity in the three cervical regions.  

Human cervical tissue pieces were inoculated with GC MS11 Pil+Opa+, Pil+ΔOpa, or 

Pil-Opa+, processed and analyzed as described in Fig. 8. (A) Representative images of 

three cervical regions with or without GC infection. Arrowheads, colonizing GC. 

Arrows, penetrating GC. Scale bar, 20 µm. (B-D) Levels of GC colonization at the 

ectocervix (B), TZ (C), and endocervix (D) by GC FI per m2 (±SEM). (E-G) Levels 

of GC penetration into the subepithelia of the ectocervix (E), TZ (F), and endocervix 

(G) by the percentage of GC FI (±SEM) at the subepithelia relative to the total GC FI 

at the epithelium. n=2~4. >20 randomly selected fields and >200 cells per cervix and 

condition. *p<0.05; **p< 0.01; ***p<0.001. 
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One GC bacterium can express up to 11 different Opa isoforms, which can be 

categorized into two groups: 1) CEACAM-binding OpaCEA, represented by OpaH, 2) 

HSPG-biding OpaHSPG, represented by OpaC. Majority of Opa proteins expressed are 

CEACAM-binding Opa. I hypothesize that Opa proteins regulate GC infectivity in 

different cervical regions through phase variation, switch between dominant OpaCEA 

and dominant OpaHSPG expression. To test this hypothesis, I inoculated human cervical 

tissue explants with Pil+ MS11 expressing OpaH and OpaC that do not phase vary, as 

well as MS11Pil+ ΔOpa. Expression of OpaH but not OpaC significantly enhanced the 

level of colonization in the ecto and endocervix, but not in the TZ (Fig. 10 A, B-D). In 

contrast, expression of OpaH inhibited penetration only in the endocervix (Fig. 10 A, 

G). All three Opa isogenic strains did not penetrate in the ectocervix (Fig. 10 A, E); 

while penetrating at a high level in the TZ (Fig. 10 A, F). GC expressing OpaC show a 

similar level of colonization and penetration as GC ΔOpa. The above data suggest that 

OpaCEA selectively enhanced the level of colonization in the ecto and endocervix, and 

inhibited the level of penetration solely in the endocervix. Expression of OpaHSPG does 

not significantly affect GC infectivity in the human cervix. Intriguingly, expression of 

different Opa isoforms does not affect GC infectivity in TZ. Taken together, GC 

infectivity is regulated by both Opa phase variation and properties of different types of 

cervical epithelial cell. 
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Figure 10. Opa variants differentially regulate GC colonization and penetration 

into the three cervical regions. 

Human cervical tissue pieces were incubated with piliated (Pil+) GC MS11 OpaH, 

OpaC, and ΔOpa, processed and analyzed as described in Fig. 8. (A) Representative 

images of three cervical regions with or without GC infection. Arrowheads, colonizing 

GC. Arrows, penetrating GC. Scale bar, 20 µm. (B-D) Levels of GC colonization at 

the ectocervix (B), TZ (C), and endocervix (D) by GC FI per m2 (±SEM). (E-G) 

Levels of GC penetration into the subepithelia of the ectocervix (E), TZ (F), and 

endocervix (G) by the percentage of GC FI (±SEM) at the subepithelia relative to the 

total GC FI at the epithelium. n=3~4. >20 randomly selected fields and >200 cells per 

cervix and condition. **p< 0.01; ***p<0.001. 
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2.4.3 The OpaH-dependent regulation of GC infectivity involves CEACAM1L 

expression in cervical epithelial cells 

My finding that OpaH expression affects GC infectivity in different cervical regions 

suggests the differential role of its epithelial receptor CEACAM in different cervical 

regions. To test this hypothesis, I first examined the expression and distribution of 

CEACAM by CEACAM fluorescence intensity (FI) per cell. I used an antibody cross 

react with CEACAM1, 3 and 6 (Fig. 11 A, B). Without inoculation with GC, the TZ 

epithelial cells express low-level CEACAM, with most puncta staining in the 

cytoplasma. The endocervical epithelial cells show strong staining at the apical 

surface. The ectocervical epithelial cells show strong staining at luminal surface and 

strong puncta staining in cytoplasma. The lack of CEACAM expression provides a 

potential explanation of the similar infectivity displayed by GC OpaH, OpaC and 

ΔOpa in the TZ.  

 

To answer the question that whether the expression of OpaCEA regulates GC infectivity 

through differential interaction with CEACAM in three cervical regions, I examined 

the recruitment of CEACAM by percentage of GC microcolonies colocalized with 

CEACAM staining underneath. In the endocervix, around 58% microcolonies of GC 

Pil+ OpaH colocalized with CEACAM staining (Fig. 11 C, D, arrowheads), 

significantly higher than the 20% in the TZ, which expresses low-level CEACAM. It 

is also significantly higher than the level induced by GC Pil+ΔOpa and GC Pil+OpaC, 

which displays less than 10% colocalization in both endocervix and TZ. These 
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observations indicate a direct interaction of OpaCEA with CEACAM and its role in GC 

infectivity modulation. 

 

To test the hypothesis further, I utilized a human endometrium epithelial cell line, 

HEC-1-B, which does not express endogenous CEACAM [153]. CEACAM1 is the 

only CEACAM expressed in epithelial cells that has a cytoplasmic domain. 

CEACAM1L harbors an ITIM motif in the cytoplasmic domain; while the isoform 

CEACAM1S lacks it. I transiently transfected HEC-1-B with CEACAM1L and 

CEACAM1S and inoculated transfected cells with MS11Pil+OpaH and ΔOpa for 6 h 

on transwell. I examined the level of adhesion of GC by the GC fluorescent intensity 

ratio (FIR) at the area with CEACAM1 expression to that without CEACAM1 

expression using the same ROI in the same image with all z series slides projected 

onto it (Fig. 11 E, F). GC Pil+OpaH adhered to the CEACAM1L-expressing area 

twice as much as the area without CEACAM1L expression, while GC Pil+ΔOpa 

adhered to the area with or without CEACAM1L expression at a similar level. In the 

CEACAM1S transfected cells, both MS11Pil+OpaH and ΔOpa adhere to the area with 

or without CEACAM1S expression similarly (FIR ~ 1). Taken together, the above 

data suggest the OpaCEA-dependent regulation of GC infectivity in different cervical 

regions involves CEACAM1L expression. 
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Figure 11. Regulatory roles of OpaH depend on the expression of CEACAML in 

the human cervical epithelial cells.  

(A) Representative CFM images of uninfected human cervical tissue explants stained 

with the anti-CEACAM antibody (reacting with CEACAM 1, 3, and 6). (B) Levels of 

CEACAM expression measured by the FI (±SEM) of CEACAM per cell. (C) 

Representative CFM images of human cervical tissue explants inoculated with GC 

MS11Pil+ OpaH, OpaC, and ΔOpa and stained for GC and CEACAMs. Arrowhead, 

GC microcolonies colocalizing with CEACAM staining. (D) The spatial relationship 

of GC with CEACAMs was quantified by the percentage of GC microcolonies 

colocalizing with CEACAM staining. (E) Representative CFM images of HEC-1-B 

cells transiently transfected with or without CEACAM1L or 1S and infected with GC 

MS11 Pil+ OpaH or Pil+Opa GC. White dashed lines circle CEACAM-expressing 

cells. Yellow dashed lines circle cells that do not express CEACAMs. (F) Levels of 

GC adherence to CEACAM1L or 1S-expressing cells were compared to those that did 

not express CEACAMs by the FIR (±SEM) of GC on CEACAM-positive cells versus 

CEACAM-negative cells in the same images using the same ROI.  Scale bar, 20 µm. 

n=3~4. >4 randomly selected fields and >200 cells per condition and cervixes. **p< 

0.01; ***p<0.001. 

 

 



69 
 

2.4.4 The OpaH-dependent regulation of GC infectivity involves activation of 

SHP 

The enhanced adherence of MS11Pil+OpaH in CEACAM1L-expressing cells 

compared to CEACAM1S-expressing cells suggests the role of the ITIM motif in the 

cytoplasmic domain of CEACAM1L. CEACAM1L has been shown to recruit and 

activate the tyrosine phosphatase SHP1/2 [154]. Thus, I hypothesize that SHP1/2 play 

a role downstream of OpaCEA-CEACAM1L dependent regulation of GC infectivity. I 

used an SHP1/2 enzymatic inhibitor NSC-87877 to test this hypothesis [155]. The 

treatment of GC alone with the inhibitor did not affect the growth rate of GC (Fig. 12). 

The treatment of the cervical tissue explant with SHP1/2 inhibitor significantly 

reduced the level of colonization of OpaH in the ecto and endocervix but not the TZ 

compared to the inoculation with GC Pil+OpaH alone (Fig. 14 A, B). Treatment with 

the inhibitor also enhanced the level of penetration of GC Pil+OpaH in the endocervix 

but had no effect on penetration in the ecto and TZ (Fig. 14 A, C). Similarly, treatment 

of polarized T84 cell monolayer with the inhibitor increase the level of GC Pil+OpaH 

transmigration (Fig. 14 D). These observations suggest that the OpaCEA-CEACAM1L 

dependent regulation of GC infectivity involves the subsequent activation of SHP1/2. 

 

To test whether the inoculation with MS11Pil+OpaH induces SHP1/2 activation in 

cervical epithelial cells, I examined the phosphorylation and redistribution of SHP1/2 

with or without inoculation with GC Pil+OpaH with or without inhibitor. The staining 

of SHP1 in the cervical tissue showed little signal (Fig. 13), thus I focused on the 

phosphorylation of SHP2 (pSHP2) and its redistribution. I only detected a significant 
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signal of pSHP2 staining in the ectocervix inoculated with GC Pil+OpaH, which was 

abolished by the treatment with the inhibitor (Fig. 14 E). I quantified it by the 

fluorescence intensity (FI) of pSHP2 per cell in the three cervical regions (Fig. 14 F). 

Staining of SHP2 was detected in all three cervical regions (Fig. 14 G). The ectocervix 

displayed an overall cytoplasmic staining pattern with no significant difference 

detected with or without inoculation with GC Pil+ OpaH with or without inhibitor. In 

contrast, in the TZ and endocervix, SHP2 staining was observed both at the luminal 

surface and in cytoplasma, with the FIR of SHP2 at the luminal surface to cytoplasma 

around 2. Inoculation of GC Pil+OpaH increased the level of SHP2 staining at the 

luminal surface in the endocervix to FIR ~ 3, but not in the TZ. This was abolished by 

the treatment with NSC-87877 (Fig. 14 G, H). The above data indicate that GC 

Pil+OpaH can induce the activation of SHP2 in ecto and endocervical but not the TZ 

epithelial cells, and expression of OpaCEA enhances GC colonization and inhibits 

penetration by inducing CEACAM1L-mediated SHP activation. 
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Figure 12. Treatment of the SHP inhibitor NSC-87877 has no significant effect on 

GC growth (Conducted by Sofia Di Benigno).  

GC MS11 Pil+OpaH was cultured in GC media (with 1% Kellogg’s supplement and 

1% NaHCO3) in the absence or presence of NSC-87877 (20 M). The bacterial CFU 

was numerated at 6, 12 and 24 h. Shown are average CFU (±SEM) of three 

independent experiments.

 

Figure 13. Human cervical tissue explants show no significant staining of SHP1. 

Representative images of the three regions of uninfected cervical tissue explants 

stained for SHP1, F-actin, and DNA (A) and Jurkat human T cells stained for SHP1 as 

a positive control. Scale bar, 20 µm. 
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Figure 14. SHP activation is involved in the regulatory role of OpaH in GC 

infectivity in the human cervix. 

(A) Representative CFM images of human cervical tissue explants inoculated with GC 

MS11 Pil+OpaH with or without the SHP inhibitor NSC87877 (20 µM) and stained 

for GC, F-actin, and DNA. Arrowheads, colonizing GC. Arrows, penetrating GC. (B) 

Levels of GC colonization at the ectocervix, TZ and endocervix by GC FI per µm2 

(±SEM) of the luminal surface. (C) Levels of GC penetration into the subepithelia of 

the ectocervix, TZ and endocervix measured as the percentage of GC FI (±SEM) at the 

subepithelium. (D) The level of transmigration of GC Pil+OpaH and Pil+ΔOpa across 

polarized T84 epithelial cells treated with or without the SHP inhibitor NSC-87877 

(20 µM) is showed as the fold increase of GC CFU in the basal medium compared to 

the CFU of transmigrated GC Pil+OpaH without SHP inhibitor treatment. (E and G) 

Representative CFM images of tissue explants inoculated with GC Pil+OpaH with or 

without the SHP inhibitor and stained for GC, DNA, SHP2, or pSHP2. (F) Levels of 

pSHP2 staining were quantified by pSHP2 FI per cells (±SEM). (H) The redistribution 

of SHP2 from the cytoplasm to the luminal surface quantified by the FIR (±SEM) at 

the luminal surface versus the cytoplasm using FI line profiles cross luminal surface 

(yellow dotted lines). Scale bar, 20 µm. n=3~4. >20 randomly selected fields and >200 

cells per cervix and condition. *p<0.05; **p< 0.01; ***p<0.001. 

 

 



74 
 

2.4.5 OpaH expression inhibits GC-induced cervical epithelial exfoliation in a 

CEACAM1L and SHP-dependent manner 

Clinical research shows that GC infection can induce cervical epithelial exfoliation. It 

has been shown that OpaCEA inhibited epithelial exfoliation in CEACAM transfected 

cell line and mouse model [61, 62]. However, whether OpaCEA-CEACAM interaction 

regulates epithelial exfoliation in the cervical epithelium in the same way or 

differently is unknown. To answer the questions, I first examined the level of 

exfoliation induced by GC Pil+OpaH, OpaC or ΔOpa in the three cervical regions. 

Inoculation with GC induced epithelial exfoliation in all three cervical regions (Fig. 15 

A, E, H). The superficial stratified layers of epithelial cells in the ectocervix were 

exfoliated in layers (Fig. 15 A). I plot the line profile of F-actin staining across the 

ectocervical epithelium (Fig. 15 A, white dash lines, B), to measure the thickness (μm) 

and the number of layers of the ectocervical epithelial cells. I quantified the level of 

epithelial exfoliation in the TZ and ectocervix by the percentage of the thickness (Fig. 

15 C), and the number of epithelial layers remained (Fig. 15 D), compared to the 

tissue without GC inoculation. In the ectocervix, expression of OpaH reduced the level 

of exfoliation by 50% comparing to OpaC, and ΔOpa. In contrast, all three Opa 

isogenic strains induced around 50% epithelial exfoliation in the TZ (Fig. 15 F, G). In 

the endocervix, epithelial cells were exfoliated as individual cells (Fig. 15 H, 

arrowhead), thus I quantified the level of exfoliation by the percentage of cells located 

above the epithelium versus total number of epithelial cells (Fig. 15 I). Inoculation of 

GC Pil+ OpaH induced 13% exfoliation, significantly lower than the 27% and 33% for 

GC Pil+ OpaC and ΔOpa. Inoculation with MS11 Pil-Opa+ did not induce significant 
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epithelial exfoliation in all three cervical regions (data not shown). Therefore, the 

expression of OpaCEA inhibits GC-induced exfoliation in the endo and ectocervix, 

which may contribute to the enhanced, and the inhibited penetration in the endocervix. 

In the TZ, potentially due to the low level of CEACAM expression, the expression of 

OpaCEA did not affect the level of epithelial exfoliation as with the infectivity. 

 

To determine whether the inhibition of epithelial exfoliation by OpaCEA involves 

CEACAM1L, I inoculated HEC-1-B cells transiently transfected with CEACAM1L 

and CEACAM1S with GC Pil+ OpaH and ΔOpa. Using the x-z view CFM images 

cutting across the luminal surface to the basal level, I quantified the level of 

exfoliation by the percentage of HEC-1-B cells located on top of the monolayer versus 

the total number of epithelial cells (Fig. 15 J, K). Without transfection, both OpaH and 

ΔOpa induced around 12% exfoliation. Without inoculation with GC, transfection of 

both constructs did not induce a significant basal level of exfoliation (around 4%). The 

transfection of CEACAM1S did not affect the level of exfoliation induced by both 

OpaH and ΔOpa, compared to the cells without transfection. In contrast, transfection 

of CEACAM1L reduced OpaH-induced exfoliation, but not ΔOpa-induced, to the 

basal level.  Taken together, the inhibition of epithelial exfoliation by OpaCEA 

expression depends on the CEACAM1L expression, thus potentially involves SHP as 

well. 
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To examine the role of SHP activation in the epithelial exfoliation, I quantified the 

level of exfoliation in the three cervical regions with or without NSC-87877 treatment, 

the SHP1/2 activation inhibitor. The treatment with inhibitor significantly increased 

the level of exfoliation induced by GC Pil+ OpaH in the ecto and endocervix, but not 

TZ (Fig. 15 L-O). Thus, the above data suggest that the OpaCEA-dependent inhibition 

of epithelial exfoliation involves CEACAM1L and subsequent activation of SHP1/2. 
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Figure 15. OpaH inhibits GC-induced shedding of the cervical epithelial cells in a 

CEACAM1L and SHP-dependent manner.  

(A, D, and F) Representative images of the ectocervical (A), TZ (D), and endocervical 

(F) regions of tissue explants inoculated with or without GC Pil+ OpaH, OpaC or 

Opa. Arrowheads, shedding cells. (B) Representative line profiles of F-actin FI along 

dashed lines in A, indicating the number of epithelial layers and the thickness of the 

epithelium remained. (C and E) Levels of epithelial shedding in the ectocervix (C) and 

the TZ (E) quantified by the percentage (±SEM) of the thickness of the epithelium and 

the number of epithelial layers remained. (G) Levels of epithelial shedding in the 

endocervix quantified by the percentage (±SEM) of epithelial cells moving above the 

epithelial monolayer. (H) Representative images of HEC-1-B cell monolayers that 

transfected with or without CEACAM1L or 1S and inoculated with or without GC 

Pil+OpaH and Pil+Opa. Dashed lines, the surface of monolayers. Arrowheads, cells 

moving above the epithelial monolayer. (I) Shedding of HEC-1-B cells quantified by 

the percentage (±SEM) of cells moving above the monolayers. (J) Representative 

CFM images of human cervical tissue explants inoculated with GC Pil+OpaH with or 

without the SHP inhibitor NSC-87877 (20 μM). Arrowheads, shedding cells. (K-M) 

Levels of epithelial shedding in the ectocervical (K), TZ (L), and endocervical (M) 

regions quantified as above. Scale bar, 20 µm. n=3~4. >20 randomly selected fields 

and >200 cells per condition and cervix. *p<0.05; **p< 0.01; ***p<0.001. 
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2.4.6 GC infection manipulates cell-cell junction in cervical epithelial cells in a 

CEACAM1L and SHP-dependent manner 

Our lab has previously shown that inoculation of GC Pil+ΔOpa induced junction 

disassembly leading to epithelial exfoliation and GC penetration across polarized 

epithelial cells, and Opa expression inhibited these processes [95]. To determine 

whether OpaCEA expression induces a similar effect on the cell-cell junction in the 

three cervical regions, I examined the distribution of adherens junction protein E-

cadherin in the three cervical regions (Fig. 16 A, Fig. 17). I evaluated the integrity of 

E-cadherin based cell-cell junction by the FIR of E-cadherin at the cell-cell junction 

(average of the value of red dots) to that at the cytoplasm (average of the value of 

yellow dots) (Fig. 16 B). Without inoculation with GC, E-cadherin staining was 

primarily localized at the cell-cell junction in the intermedium and basal layers in the 

ectocervix (Fig. 16 A). Inoculation with all three Opa variants did not change the 

junction: cytoplasma FIR of E-cadherin significantly in the ectocervix (Fig. 16 C), 

indicating that ectocervical epithelium is organized and regulated by another 

mechanism. In the TZ, E-cadherin staining was localized at the cell-cell junction; in 

the endocervix, at the lateral surface of polarized endocervical epithelial cells. In both 

TZ and endocervix, inoculation with GC Pil+ΔOpa and OpaC induced a significant 

decrease of junction: cytoplasma FIR (~2) of E-cadherin compared to no inoculation 

control (~4). However, expression of OpaH restored the junction: cytoplasma FIR of 

E-cadherin only in the endocervix (~3.5) but not in TZ (~2) (Fig. 16 C). The above 

data suggest that the expression of OpaCEA inhibited cell-cell junction disruption in the 

endocervix, but not in TZ, and ectocervix. 
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To determine whether the OpaCEA-mediated inhibition of cell-cell junction disruption 

also involves CEACAM1L, I examined the redistribution of β-catenin, an adaptor 

protein associated with E-cadherin in adherens junction, in the HEC-1-B cells 

transfected with CEACAM1L and CEACAM1S (Fig. 16 D). Using the same method 

as to quantify redistribution of E-cadherin, inoculation of both CEACAM1S and 

CEACAM1L transfected cells with GC Pil+ ΔOpa significant decreased the FIR, 

indicating cell-cell junction disruption. In contrast, inoculation of CEACAM1L 

transfected cells with GC Pil+ OpaH restored the FIR in the CEACAM1L-expressing 

cells alone (Fig. 16 E), indicating the inhibition of cell-cell junction disruption 

requires both OpaCEA and CEACAM1L. 

 

To determine whether the OpaCEA- CEACAM1L dependent inhibition of cell-cell 

junction disruption involves SHP1/2 activation, I examined E-cadherin distribution in 

the cervical tissue treated with or without NSC-87877 using the same method. With or 

without the treatment with inhibitor, GC Pil+ OpaH inoculation did not affect the E-

cadherin distribution in the ectocervix and TZ. In contrast, in the endocervix, 

treatment with the inhibitor-induced a significant decrease of E-cadherin FIR, 

indicating the OpaH-CEACAM1L dependent inhibition of junction disruption 

involves SHP (Fig. 16 F, G). 

 

Taking together, the above data suggest that the inhibition of cell-cell junction 

disruption by OpaCEA involves CEACAM1 and subsequent SHP1/2 activation. In the 
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endocervix, the inhibited junction disruption by OpaCEA can lead to the decrease 

epithelial exfoliation, thus decreased penetration, and increased colonization. In the 

TZ, the low level of CEACAM expression abolishes the OpaCEA-CEACAM pathway 

and subsequent SHP1/2 activation, thus the expression of which Opa or no Opa does 

not affect GC infectivity. In the ectocervix, the luminal expression of CEACAM1L 

and SHP activation may contribute to the enhanced colonization and inhibited 

exfoliation mediated by OpaCEA, but not through inhibition of junction disruption. 
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Figure 16. OpaH inhibits GC-induced junction disruption in the cervical 

epithelial cells in a CEACAM1L and SHP-dependent manner.  

(A) Representative CFM images of human cervical tissue explants inoculated with GC 

Pil+ OpaH, OpaC or Opa and stained for GC and E-cadherin (E-cad). (B and C) 

Disruption of cell-cell junctions was determined by the FIR (±SEM) of E-cad at the 

cell-cell border (average of red dots in B) relative to the cytoplasm (average of yellow 

dots in B) using FI line profiles crossing cell-cell junction (B). (D) Representative 

CFM images of HEC-1-B cells transfected with or without CEACAM1L or 1S, 

inoculated with GC Pil+OpaH or Pil+Opa, and stained for GC, CEACAM, and β-

catenin. Dashed lines, cells expressing CEACAM1L or 1S. (E) Disruption of cell-cell 

junctions was determined by the FIR (±SEM) of β-catenin at the cell-cell border to the 

cytoplasm. (F) Representative CFM images of human cervical tissue explants 

inoculated with GC Pil+OpaH with or without the SHP inhibitor (20 M). (G) 

Disruption of cell-cell junctions was determined by the FIR (±SEM) of E-cad at the 

cell-cell border to the cytoplasm. Scale bar, 20 µm. n=3~4. >20 randomly selected 

fields and >50 cells per condition and per cervix. **p< 0.01; ***p<0.001. 
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Figure 17. GC inoculation disrupts E-cadherin-based cell-cell junction.  

Representative 3D reconstruction images of the TZ and endocervical epithelium in 

human cervical tissue explants that were inoculated with or without Pil+OpaH or 

Pil+Opa GC and stained for GC and E-cadherin. Scale bar, 20 m. 
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2.5 Discussion 

To study the GC infection in the female reproductive tract, I first developed a human 

cervical tissue explant model, which not only closely mimics in vivo morphology of 

cervical epithelium, but mimics the in vivo GC infectivity as well. Using this model, I 

showed that GC modifies infectivity based on the different properties of cervical 

epithelial cells they encounter by phase varying bacterial surface molecules. When 

exposed to all three cervical regions, GC colonize more in the ectocervix and TZ than 

endocervix; while only penetrate in the TZ and endocervix. Pili are required for 

colonization in all three cervical regions. Expression of OpaCEA enhances colonization 

in ecto and endocervix, where CEACAM is abundantly expressed at the luminal 

surface of the epithelial cells. Expression of OpaCEA inhibits penetration in the 

endocervix, by engaging CEACAMs, leading to subsequent activation of SHP1/2 and 

inhibition of junction disruption. The unresponsiveness of TZ to Opa phase variation 

can be accounted for by the lack of CEACAM expression. The enhanced colonization 

by OpaCEA expression in the ecto and endocervix can enhance the localized 

asymptomatic infection; while the high penetration in the TZ and enhanced 

penetration by the lack of OpaCEA in endocervix provides an explanation for the switch 

to the penetrating symptomatic GC infection which may further lead to DGI. 

 

Transformation zone (TZ) of the cervix is a specialized region in between the ecto and 

endocervix. The formation of TZ starts at the puberty when the endocervix invades 

into the ectocervix. The invasion triggers metaplasia of the part of endocervical tissue 

now located in the ectocervical region to gradually transform into ectocervix. Two 
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theories of the morphology of TZ are available. The first theory calls TZ the 

squamocolumnar junction (SCJ) instead. It shows as an abrupt junction where the 

polarized endocervical epithelium meets with multiple layered squamous ectocervical 

epithelium. The small region flanks the squamocolumnar junction is defined as TZ. In 

this theory the boundary between the ectocervix and TZ, and TZ and the endocervix 

are blurry. In other words, the range of the region flanks squamocolumnar junction is 

not defined. The second theory shows a region going through metaplasia where the 

epithelium is composed of multiple layers of epithelial cells. And the TZ epithelial 

cells are neither as polarized and columnar as in the endocervix nor as stratified and 

squamous as in the ectocervix. Based on this theory, the TZ is easy to define based on 

the morphology of epithelial cells. I also observe a junction between the TZ and 

ectocervix in this model. Out of the total 22 samples I used for this research, the 

morphology of the TZ in two samples fits the first theory, where the boundary of the 

TZ is hard to define. Thus, data of these two samples were not included. The rest 20 

samples have TZ with the morphology described in the second theory. Although the 

length the TZ varies based on the age of the patients, a clear region of TZ can be 

defined. Thus, data presented here can be applied to the GC infection in the cervix 

with a gradual change of epithelial morphology from the ecto to endocervix. 

 

I showed that TZ is the most vulnerable cervical region to GC infection with a high 

level of colonization and penetration. The Opa phase variation fails to regulate 

infectivity in this region, which can be explained by the lack of CEACAM expression. 

The similar behavior of OpaHSPG and ΔOpa eliminates the role of HSPG as well. These 
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observations led me to ask the question that what the mechanism of the strong 

infectivity of GC in TZ is. One possibility is the signaling triggered by pili through its 

receptor CR3. The non-piliated GC fails to colonize all three cervical regions, making 

it difficult to study the detailed role of pili in GC infection. The other possibility is the 

dynamics of epithelial turnover in TZ. TZ is known to be a dynamic region, where the 

reserve cells proliferate and differentiate. This dynamic nature of TZ can be utilized 

by GC to infect. Although the data presented here obtained from the cervix with the 

morphology of TZ fitting the second theory, the results may be also applicable to the 

first theory, with the squamocolumnar junction a soft spot for GC infection.  

 

I observed both a strong luminal expression of CEACAM and puncta staining in the 

intermedium layers of the ectocervix. The luminal expression provides an explanation 

of the enhanced colonization by OpaCEA expression. The lack of OpaCEA expression 

reduced the level of colonization but enhanced exfoliation without inducing any 

penetration. This can be explained by the multiple-layered structure of the ectocervical 

epithelium. Of all the samples, despite the dramatic exfoliation induced by OpaHSPG 

and ΔOpa, and the thinness of the ectocervical epithelium left, I have never observed a 

breach of the ectocervical epithelium. It reinforces my central hypothesis that both the 

properties of cervical epithelium and GC phase variable surface molecules affect 

infectivity. It also agrees with the asymptomatic GC infection in ectocervix. In vivo, 

ectocervix is covered by dense normal microbiota. When first deposited, GC need to 

first compete with the normal microbiota to establish a niche, in other words, 
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colonization, and to proliferate. The successful colonization in ectocervix provides the 

opportunity for GC to ascend to the upper genital tract. 

 

The upper genital tract, the upper portion of TZ and endocervix, is sterile. Thus, when 

GC make it to the TZ and endocervix along the continuity of cervical epithelium, the 

possibility of a small amount of pathogens present causing infection increases. The 

relatively low level of colonization and penetration presented in endocervix agrees 

with the clinical observation. The inhibition of exfoliation and further penetration by 

OpaCEA expression indicates the role of Opa phase variation in regulation of switch 

between localized colonization to disseminated penetration, thus switch between 

asymptomatic to symptomatic infection. 

 

The OpaCEA-CEACAM interaction has long been established, but its role in GC 

infection in the female reproductive tract is not completely understood. Islem et al. 

showed differential expression of CEACAM1, 5, 6, three epithelial CEACAM, in the 

female reproductive tract, indicating the role of CEACAM in the regulation of GC 

infectivity in the three cervical regions. Here, I used an antibody reacting with 

CEACAM1, 3, 6. CEACAM3 is expressed in neutrophil exclusively. CEACAM1 is 

the only one has a cytoplasmic domain and harbors an ITIM motif in the cytoplasmic 

domain, which makes it a perfect candidate for signaling transduction. I used the 

CEACAM1L and CEACAM1S transfected Hec-1-B cells. The enhanced adherence 

and inhibited exfoliation requires both OpaCEA and CEACAM1L, which confirms the 
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CEACAM1L-dependent regulatory role of OpaCEA of GC infectivity in three cervical 

regions. It has been shown that the ITIM motif of CEACAM1L recruits and activates 

SHP1/2. The treatment of SHP inhibitor, NSC-87877, abolished the OpaCEA-

dependent enhancement of colonization and the inhibition of exfoliation in the ecto 

and endocervix. It also abolishes the inhibition of penetration in endocervix. Overall 

data suggest the engagement of OpaCEA-induced CEACAM1L-SHP pathway in the 

regulation of GC infectivity. 

 

The invasion of GC into epithelial cells intracellularly has been shown in various cell 

line models by invasion assay and by TEM as well. However, using the human 

cervical tissue explants together with the confocal microscopy, it remains technically 

difficult to distinguish intracellular and extracellular bacteria. On the other hand, I 

rarely observed intracellular GC staining, which does not agree with the previous 

observation. However, the ability of GC to disruption cell-cell junction in various cell 

line models as well as in the human cervical tissue explant model indicates that GC is 

also capable of transmigration or penetration across epithelial cells paracellularly, 

without entering into cytoplasma. 

 

My data showed the different organization of E-cadherin based cell-cell junction in the 

three cervical regions, and the differential effect of GC inoculation on E-cadherin 

redistribution. The disruption of the cell-cell junction has been shown in a close 

relationship with epithelial exfoliation [99]. In the ectocervix, E-cadherin is expressed 
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at the cell-cell junction in the intermedium and basal layers, but not in the superficial 

layers. Despite the dramatic exfoliation induced by OpaHSPG and ΔOpa and the 

thinness of the ectocervical epithelium left, the very superficial layers were always 

devoid of E-cadherin staining and the no redistribution of E-cadherin is detected. 

These data indicated that the exfoliation and response of cell-cell junction to GC 

inoculation in the ectocervical epithelium is mediated by other mechanisms. In TZ, E-

cadherin is expressed at cell-cell junction throughout all the layers. GC inoculation 

induced redistribution of E-cadherin protein into cytoplasma, indicating the junction 

disassembly and junction disruption. Because of the lack of CEACAM expression in 

TZ, Opa phase variation did not affect the level of E-cadherin redistribution, and a 

potentially similar level of exfoliation. In endocervix, E-cadherin based adhesion 

junction is part of the apical junction. Expression of OpaCEA inhibited E-cadherin 

redistribution into cytoplasma, restoring the integrity of cell-cell junction, thus 

inhibited exfoliation and penetration. Since endocervical epithelium is only composed 

of one layer of epithelial cells, the exfoliation induced by GC inoculation can 

potentially create breach on the epithelial layer, thus a portal for GC to penetrate into 

subepithelial tissue and triggers immune response causing symptomatic infection and 

DGI. 

 

Based on the data presented in this chapter, I propose the following working model. 

GC colonize at a high level in the ectocervix without penetration thus result in the 

localized asymptomatic infection. The Opa phase variation favors OpaCEA expression 

in response to the high expression of CEACAM at the luminal surface to enhance the 
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colonization and the chance to get into the upper genital tract. Once in the endocervix, 

the colonization level is relatively low, but penetration across the single layer of 

epithelial cells occurs. Opa phase variation regulates the infectivity between 

colonization and penetration, thus asymptomatic and symptomatic, localized and 

disseminated gonococcal infection. OpaCEA expression enhances colonization and 

inhibits exfoliation and penetration by engaging CEACAM1L-SHP pathway with 

subsequent inhibited junction disruption. TZ is localized between the ecto and 

endocervix and does not express very much CEACAM, thus did not respond to Opa 

phase variation, and is the most vulnerable to colonization and penetration. 
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Chapter 3: The polarity of epithelial cells regulates Neisseria 

gonorrhoeae infectivity 

 

3.1 Abstract  

To establish infection in the female reproductive tract from the cervix, GC encounter 

both non-polarized stratified ectocervical epithelial cells and polarized columnar 

endocervical epithelial cells. The studies presented in Chapter two have shown that 

distinct properties of cervical epithelial cells affect GC infectivity. However, whether 

the different polarity of epithelial cells, which associates with cell morphology and 

actin cytoskeleton organization, contribute to the differential infectivity of GC in the 

ecto and endocervix is unknown. To address this question, I utilized a non-polarized 

and polarized epithelial cell model generated from the same cell line. While GC 

adhered to both non-polarized and polarized epithelial cells to a similar level. GC 

invasion into non-polarized epithelial cells was more efficient than into polarized 

epithelial cells. The expression of phase variable Opa (Opa+) enhanced GC adhesion 

and invasion, compared to an Opa deletion mutant (ΔOpa). Electron microscopy 

observed microvilli elongation in non-polarized epithelial cells inoculated with Opa+ 

GC, which was concurrent with F-actin recruitment at GC adherent sites. In contrast, 

massive disruption of microvilli was observed in polarized epithelial cells inoculated 

with GC ΔOpa, which was concurrent with NMII-dependent reduction of F-actin at 

GC adherent sites. GC inoculation only induced intracellular calcium in polarized, but 

not in non-polarized epithelial cells. Overall, my data demonstrated that the level of 
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epithelial cell polarity regulates GC infectivity and the function of Opa in GC 

infection. 

 

3.2 Introduction  

Successful colonization at the mucosal surface is the first step for microbial pathogens 

to establish infection. The epithelium is the first line of defense to protect the host 

against the microbial pathogens. Neisseria gonorrhoeae (GC), the pathogen causing 

the sexually transmitted infection (STI) gonorrhea, initiates infection from the mucosal 

surface of the human cervix, the gate of the female reproductive tract (FRT). The 

human cervical epithelia are composed of multiple-layered non-polarized stratified 

epithelial cells at the ectocervix and single-layered polarized columnar epithelial cells 

at the endocervix. The polarity of epithelial cells is an essential property distinguishing 

the ecto and endocervical epithelial cells. However, whether the epithelial cell polarity 

affects GC infection in the non-polarized ecto and polarized endocervical epithelial 

cells is unknown. 

 

The polarity of polarized epithelial cells is maintained and regulated by the apical 

junction (AJ) and the perijunctional actomyosin ring [117]. One essential component 

of the perijunctional actomyosin ring is the actin motor protein non-muscle myosin II 

(NMII), which regulates the dynamics of the apical junction by contracting the 

perijunctional actin cytoskeleton [156]. The role of the actin-nucleating factor Arp2/3 

in regulating the dynamics of the apical junction through perijunctional actin 
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cytoskeleton has been suggested [121]. In the non-polarized epithelial cells, the 

Arp2/3 complex mediates the polymerization of branched actin filament and plays an 

essential role in remodeling of the plasma membrane in response to pathogens [135]. 

Furthermore, polarized epithelial cells are known to form densely packed microvilli at 

the apical surface, which is supported by the bundled F-actin [141]. Similarly, in the 

human cervix, the polarized columnar endocervical epithelial cells form the apical 

junction between neighboring cells [123] and densely packed microvilli at the apical 

surface [124]. In contrast, the mucosal surface of non-polarized ectocervical 

epithelium appears smooth [124].  

 

It has been shown that GC can induce membrane ruffling, microvilli elongation and 

the rearrangement of the actin cytoskeleton at the plasma membrane in multiple non-

polarized epithelial cell lines [130, 131, 133]. Our lab has previously shown that GC 

can induce cell-cell junction disassembly in both polarized epithelial cell line [76] and 

the human endocervical tissue explant [95]. However, whether GC induce the similar 

response of actin cytoskeleton and the underlying mechanism in the non-polarized 

ecto and polarized endocervical epithelial cells are unknown.  

 

Here, I used a non-polarized and polarized epithelial cell model generated from the 

same cell line to study the impact of epithelial cell polarity on GC infection processes 

and its underlying mechanism. I found that GC invade into non-polarized epithelial 

cells more efficiently than into polarized epithelial cells without changing the level of 
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GC adhesion. And the expression of Opa enhances GC adhesion and invasion 

compared to an Opa deletion mutant (ΔOpa). Such differential GC infectivity is 

concurrent with differential morphology change of plasma membrane and F-actin 

reorganization induced by GC in the non-polarized and polarized epithelial cells.  

 

3.2 Materials and Methods  

Neisseria Strains 

N. gonorrhoeae strain MS11 that expressed both phase variable Pili and Opa (Pil+ 

Opa+) and the MS11 opa deletion mutant (Pil+ ΔOpa) were used [149]. GC were 

grown on GC media plates supplemented with 1% Kellogg’s supplement (GCK) for 

16–18 h before inoculation. Pil+ colonies were identified based on colony morphology 

using a dissecting light microscope. GC was suspended and the concentration of 

bacteria was determined by using a spectrophotometer. GC were inoculated with 

epithelial cells at MOI ~10. 

 

Epithelial Cells 

Human colorectal carcinoma cell line T84 cells (ATCC) was maintained in Dulbecco's 

modified Eagle's medium: Ham F12 (1:1) supplemented with 7% heat-inactivated 

FBS. Cells were maintained at 37°C with 5% CO2. Cells were seeded at 6x104 (6.5 

mm diameter transwell inserts, Corning, Lowell, MA, USA) and cultured for ~10 days 

until transepithelial electrical resistance (TEER) reached ~2000 Ω for polarized 

epithelial cells. Cells were seeded at 1.2 x105 (6.5 mm diameter transwell inserts) and 
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cultured for ~2 days for non-polarized epithelial cells. TEER was measured using a 

Millicell ERS volt-ohm meter (Millipore, Bedford, MA, USA). 

 

Immunofluorescence analysis of epithelial cells 

Non-polarized and polarized T84 cells were inoculated with GC for 6 h. Cells were 

rinsed, fixed with 4% paraformaldehyde, permeabilized, and stained with phalloidin 

(Life Technology, Grand Island, NY, USA), anti-GC antibodies, and hoechst for 

nuclei (Life Technologies). Cells were analyzed by confocal fluorescence microscopy 

(Zeiss LSM 710, Carl Zeiss Microscopy LLC, Thornwood, NY, USA). Z-series of 

images were obtained in 0.57 μm slices from the apical to the basal of the monolayer, 

and three-dimensional (3D) composites obtained.  

 

The redistribution of F-actin induced by GC inoculation at the luminal surface was 

examined by using the x-z view images cutting across the luminal surface to the basal 

level. Fluorescence intensity (FI) profiles of F-actin were generated by drawing a line 

underneath GC microcolonies using the ImageJ software. The fluorescence intensity 

ratio (FIR) of F-actin underneath GC microcolonies to the neighboring area without 

GC was quantified. 
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Human cervical tissue explants 

The tissue explants were cultured using a previously published protocol [152]. Briefly, 

cervical tissues were obtained from patients undergoing voluntary hysterectomies and 

received within 24 h post-surgery. Age of patients ranges from 28 to 40. Supporting 

muscle tissue was removed by using a carbon steel surgical blade. Remaining cervical 

tissue samples were cut into ~2.5 cm (L) X 0.6 cm (W) X 0.3 cm (H) pieces, incubated 

in 6-well tissue culture plate in cervical tissue culture media conataining CMRL-1066 

(GIBCO), with 5% heat-inactivated fetal bovine serum, 2 mM L-glutamine, bovine 

insulin (1 μg/ml, Akron Biotech) and penicillin/streptomycin for 24 h and then in 

antibiotic-free media for another 24 h, before inoculation with GC as previously 

described.   

 

Immunofluorescence analysis of human cervical tissue explants 

Individual pieces of cervical tissue explants were inoculated with GC at MOI ~10. The 

number of epithelial cells at the mucosal surface was determined by the area of the 

mucosal surface of the individual piece and the average luminal area of individual 

cervical epithelial cells. When indicated, the tissue explants were pretreated with MLC 

kinase inhibitor ML-7 (10 μM, Calbiochem, San Diego, CA, USA) for 1 h, and 

inoculated with GC with or without the inhibitors for 24 h as previously described. 

Briefly, GC were collected by using a sterile applicator to swab GC from the plate and 

re-suspend GC in pre-warmed antibiotic-free cervical tissue culture media. An aliquot 

of the GC suspension was added directly onto each tissue piece to make an MOI = 10 
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bacteria to 1 epithelial cell. The cervical tissue explants were incubate at 37 °C with 

5% CO2 with gentle shaking for 24 h. The infected cervical tissue explants were 

rinsed with antibiotic-free cervical tissue culture medium at 6 and 12 h to remove un-

adhered bacteria and replace with fresh media without bacteria. Tissue explants were 

then fixed 24 h post inoculation, embedded in 20% gelatin, cryopreserved, sectioned 

by cryostat across the luminal and basal surfaces of the epithelium, stained for F-actin 

(Cytoskeleton), Arp2 (Santa Cruz Biotechnology), GC by specific antibodies, and 

nuclei by Hoechst (Life Technologies), and analyzed using confocal fluorescence 

microscope (Zeiss LSM 710, Carl Zeiss Microscopy LLC) as previously described 

[95]. Images of the luminal surface were randomly acquired in the endocervix as 

single images or Z-series of 0.57 μm/image, and 3D composites obtained using Zeiss 

Zen software.  

 

The redistribution of F-actin induced by MS11 Pil+Opa+ and ΔOpa was evaluated by 

two methods: 1) the percentage of GC microcolonies with decrease F-actin staining 

underneath versus total number of GC microcolonies, 2) the fluorescence intensity 

ratio (FIR) of F- actin at the apical surface to the lateral surface in individual 

endocervical epithelial cells. The redistribution of Arp2 induced by MS11 Pil+ ΔOpa 

was evaluated by the fluorescence intensity ratio (FIR) of Arp2 at the apical surface to 

the lateral surface in individual endocervical epithelial cells.  
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GC adherence and invasion assays 

Non-polarized and polarized T84 cells were inoculated apically with GC for 3 h for 

adherence assay and 6 h for invasion assays. For adherence, cells were intensively 

rinsed, lysed and plated on GCK plates to determine the CFU. For invasion, cells were 

treated with gentamicin (100 μg/ml) for 2 h, rinsed, lysed and plated. Cell-associated 

bacteria that were resistant to gentamicin treatment were counted as invaded GC. 

 

Calcium imaging 

Non-polarized and polarized T84 cells were seeded at 1×105 per transwell on the 

underside of transwells [95] and cultured for ~2 days for non-polarized, and ~10 days 

for polarized epithelial cells. Cells were pretreated with or without the intracellular 

Ca2+ inducer thapsigargin (10 μM, Sigma) for 1 h and incubated with GC (MOI ~10) 

apically with or without the inhibitors for 4 h. Cells were incubated with the 

fluorescent calcium indicator Fluo-4 (100 μM, Life Technologies) for 1 h. Confocal x-

z view images were acquired with the membrane dye CellMask (5 mg/ml, Life 

Technology) using Leica TCS SP5X confocal microscope (Leica Microsystems, 

Buffalo Grove, IL). 

 

To quantify the level of intracellular calcium, the cytoplasmic area of the individual 

cell was manually selected based on the Cell Mask staining in randomly acquired 

confocal images, and the mean fluorescent intensity (MFI) of Fluo-4 in the 

cytoplasmic region was measured using the NIH ImageJ software. 
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Ultrastructure analysis 

For transmitted electron microscopy (TEM), non-polarized and polarized T84 cells 

were apically incubated with GC for 6 h with MOI ~50. The monolayer of epithelial 

cells on the transwell inserts was first fixed with 2% glutaraldehyde, and secondary 

fixed with 1% osmium tetroxide. Samples were rinsed with distilled water and post-

fixed with 2% uranyl acetate. The samples were dehydrated in a 35% to 100% graded 

ethanol series, and infiltrated with graded EPON 812 resin (Araldite/Medcast; Ted 

Pella, Redding, Ca.) series. The transwell membranes were embedded in flat silicone 

molds (Polyscience, Inc. Warrington, PA) overnight at 60°C. Cross sections of the 

cells were obtained by sectioning through the embedded transwell membranes. 

Sections were placed on bare 150-mesh copper grids, stained with uranyl acetate and 

lead citrate, and viewed with a ZEISS 10CA electron microscope (ZEISS, Thornwood, 

NY). 

 

For scanning electron microscopy (SEM), non-polarized and polarized T84 cells were 

apically incubated with GC for 6 h with MOI ~50. The monolayer of epithelial cells 

on the transwell inserts was first fixed with 2% glutaraldehyde, and secondary fixed 

with 1% osmium tetroxide. The samples were dehydrated in a graded ethanol series, 

dried by critical point drying method, and coated with gold-palladium alloy. Samples 

were visualized with Amray 1820D microscope (20 kV) and Hitachi S4700 

microscope (5 kV). 
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Statistical analysis 

Statistical significance was assessed by using Student’s t-test by Prism software 

(GraphPad Software, San Diego, CA). P-values were determined using unpaired t test 

with Welch’s correction in comparison with no infection controls. 

 

Ethics statement 

Human cervical tissue explants were obtained from the National Disease Research 

Interchange (NDRI, Philadelphia, PA). Human cervical tissues used were anonymized. 

The use of human tissues has been approved by the Institution Review Board of the 

University of Maryland. 

 

3.4 Results  

3.4.1 GC invade into non-polarized epithelial cells more efficiently than into 

polarized epithelial cells without altering the level of GC adhesion 

To mimic the non-polarized and polarized nature of the ecto and endocervical 

epithelial cells, I established the non-polarized and polarized epithelial cell model 

using human colonic epithelial cell line T84. T84 is the only cell line that can be 

polarized to the level similar to that of endocervical epithelial cells in vivo. And none 

of available female genital epithelial cell line can be polarized to that level. T84 cells 

also express the host receptors for GC Opa proteins as well [93, 157]. T84 cells were 

cultured on transwells for ~10 days, when the transepithelial resistance reached 2000, 

to mimic polarized epithelial cells and for two days (transepithelial resistance <300) to 

mimic non-polarized epithelial cells. While the 2-day culture of T84 cells showed flat 
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morphology and non-polarized staining of junction proteins E-cadherin and ZO-1, the 

10-day culture of T84 cells displayed columnar morphology and polarized staining of 

E-cadherin and ZO-1 staining at the apical junction.  

 

To answer the question whether GC infect non-polarized and polarized epithelial cells 

in the same way, I compared the level of adhesion and invasion of piliated Opa phase 

variable MS11 (Pil+Opa+) and its Opa deletion mutant (Pil+ΔOpa) in non-polarized 

and polarized epithelial cells. To measure GC adherence, epithelial cells were 

incubated with GC for 3 h. Epithelial cells were intensively washed to remove non-

adhered GC, lysed, and the lysates were cultured to numerated the colony forming 

units (CFU). Both Pil+Opa+ and Pil+ ΔOpa Opa adhered to the non-polarized and 

polarized epithelial cells at the same level (Fig. 18 A). GC invasion was determined 

using gentamicin resistant assay post 6 h inoculation. In contrast to GC adhesion, there 

were significantly more gentamicin resistant Pil+Opa+ and Pil+ ΔOpa GC in the non-

polarized than the polarized epithelial cells (Fig. 18 B). This suggests that GC invade 

into the non-polarized epithelial cells more efficiently than into polarized epithelial 

cells independently of GC adhesion. 
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Figure 18. GC invade into non-polarized epithelial cells more efficiently than into 

polarized epithelial cells without altering the level of GC adhesion.  

Two-day non-polarized and 10-day polarized T84 cells were apically inoculated with 

Pil+Opa+ or ΔOpa GC (MOI~10). (A) Adherent GC (±SEM) were quantified by 

culturing the lysates of infected epithelial cells 3 h post incubation.  (B) Invaded GC 

(±SEM) were quantified by gentamicin resistance assay 6 h post inoculation. The 

results were generated from 4–6 independent experiments. *p<0.05; **p< 0.01; 

***p<0.001. 
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3.4.2 Expression of Opa enhances GC adhesion and invasion in both non-

polarized and polarized epithelial cells  

Chapter 2 has shown that both properties of epithelial cells and the phase variable GC 

surface molecules affect GC infectivity. To determine if Opa expression differentially 

affected GC infectivity in non-polarized and polarized epithelial cells, I compared the 

level of adhesion and invasion of Pil+ Opa+ and Pil+ΔOpa GC in non-polarized and 

polarized epithelial cells. Pil+ Opa+ GC exhibited a significantly higher level of 

adhesion and invasion in both non-polarized and polarized T84 cells than Pil+ΔOpa 

GC (Fig. 19 A, B). In addition, both GC strains adhered to and invade into non-

polarized epithelial cells much more efficiently than into polarized epithelial cells 

(Fig. 19 A). The above results indicate that Opa proteins play a similar role in GC 

infection of non-polarized and polarized epithelial cells.   
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Figure 19. Expression of Opa enhances the level of adhesion and invasion in non-

polarized and polarized epithelial cells. 

Two-day non-polarized and 10-day polarized T84 cells were apically inoculated with 

Pil+ Opa+ or Pil+ ΔOpa for 3 or 6 h (MOI~10), and the numbers of adherent GC 

(±SEM) (A) and invading GC (±SEM) (B) were determined as described above. n=4–

6. *p<0.05; **p< 0.01; ***p<0.001. 
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3.4.3 GC inoculation induces differential membrane remodeling in non-polarized 

and polarized epithelial cells 

Previous studies showed that GC inoculation can induce membrane ruffling and 

microvilli elongation in primary cervical epithelial cell culture [130], patient biopsies 

[130], and cell lines [39, 131, 132, 134]. This membrane remodeling has been 

implicated for GC invasion. The different levels of GC adhesion and invasion in non-

polarized and polarized epithelial cells lead to a hypothesis that Opa can regulate GC 

infectivity by inducing differential membrane remodeling in non-polarized and 

polarized epithelial cells. To test this hypothesis, I conducted transmitted electron 

microscopy (TEM) (Fig. 20 A) and scanning electron microscopy (SEM) (Fig. 20 B) 

of non-polarized T84 cells to compare with polarized T84 cell images obtained by 

previous graduate students Liang-Chun Wang (TEM) and Senthil V. Bhoopalan 

(SEM). Without GC inoculation, non-polarized T84 cells possess short irregular 

membrane protrusions on their luminal membrane (Fig. 20 A, arrows), while polarized 

T84 cells have densely packed microvilli at the apical surface (Fig. 20). The 

inoculation of GC Pil+Opa+ induced elongation of membrane protrusions in non-

polarized cells (Fig. 20 open arrows) but did not change the morphology of microvilli 

of the polarized cell. Pil+Opa+ appeared to establish intimate interaction with the 

surface of non-polarized but only sat on the top of microvilli at the apical surface of 

polarized epithelial cells (Fig. 20 arrowheads). In contrast to GC Pil+Opa+, GC 

Pil+ΔOpa did not induce membrane protrusion in non-polarized cells or sit on the top 

of microvilli of polarized cells. Instead, GC Pil+ ΔOpa inoculation abolished 

microvilli of both non-polarized and polarized epithelial cells, enabling Pil+ΔOpa to 
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form intimate interactions with the luminal membrane of epithelial cells as well (Fig. 

20 arrowheads). Thus, the expression of Opa induces membrane remodeling in non-

polarized epithelial cells but inhibits GC-induced disruption of microvilli in polarized 

epithelial cells.  

 

 

Figure 20. GC inoculation induces differential remodeling of the plasma 

membrane of non-polarized and polarized epithelial cells. 

Two-day non-polarized and 10-day polarized T84 cells were apically incubated with 

Pil+Opa+ or ΔOpa for 6 h (MOI~50). Cells were fixed and processed for transmitted 

electron microscopy (TEM) (A) and scanning electron microscopy (SEM) (B). Shown 

are representative images. (TEM of polarized T84 cells was obtained by Liang-Chun 

Wang, and SEM of polarized T84 cells was obtained by Senthil Velan Bhoopalan). 
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3.4.4 GC inoculation induces differential redistribution of F-actin at the luminal 

surface of non-polarized and polarized epithelial cells 

Disruption of the actin cytoskeleton by cytochalasin D inhibited GC invasion into but 

not adhesion to Chang epithelial cells [132]. I postulated that GC induce different 

morphological changes in the plasma membrane of non-polarized and polarized 

epithelial cells by differentially remodeling the actin cytoskeleton underneath, which 

leads to different levels of GC adhesion and invasion. To test this, I inoculated non-

polarized and polarized T84 cells with GC Pil+Opa+ and Pil+ΔOpa, for 6 h. Infected 

cells were fixed, stained for F-actin, GC, and nuclei, and analyzed by confocal 

fluorescence microscopy (CFM). The remodeling of the actin cytoskeleton was 

evaluated by the mean fluorescent intensity ratio (FIR) of F-actin staining underneath 

GC microcolonies to the immediately neighboring region at the cell surface. In non-

polarized T84 cells, the FIRs of F-actin staining underneath both Pil+Opa+ and 

Pil+ΔOpa microcolonies were significantly bigger than 1 (Fig. 21 A, open arrows), 

indicating the recruitment of the actin cytoskeleton to GC adherent sites. The FIR of 

F-actin underneath Pil+Opa+ GC (FIR~ 1.5) was significantly higher than that 

underneath Pil+ΔOpa (FIR~ 1.2) (Fig. 21 B), indicating that Opa expression enhances 

F-actin accumulation in non-polarized epithelial cells. In contrast, in polarized T84 

cells, the FIRs of F-actin staining underneath both Pil+Opa+ and Pil+ΔOpa GC 

microcolonies at the apical surface were smaller than one and significantly lower than 

those in non-polarized epithelial cells (Fig. 21 A, stars in x-y view, arrows in x-z 

view). Furthermore, the F-actin FIR in Pil+ΔOpa-infected cells (~ 0.5) was 

significantly lower than that of Pil+Opa+ infected polarized epithelial cells (~ 0.7) 
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(Fig. 21 B). Taken together, these data suggest that GC induce F-actin recruitment to 

adherent sites in non-polarized epithelial cells, which is associated with microvilli 

elongation, but F-actin reduction at GC adherent sites in polarized epithelial cells, 

which is associated with microvilli damaging. Opa expression enhances F-actin 

recruitment and reduction at GC adherent sites of non-polarized and polarized 

epithelial cells respectively.  
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Figure 21. GC inoculation induces differential redistribution of F-actin at GC 

adherent sites in non-polarized and polarized epithelial cells. 

Two-day non-polarized and 10-day polarized T84 cells were apically incubated with 

Pil+Opa+ or ΔOpa for 6 h (MOI~10). Cells were fixed and stained for F-actin and GC, 

and analyzed using 3D-CFM. (A) Representative images of x-y views of the luminal 

surface and x-z views of sections cross the luminal to the basal surface are shown. (B) 

The level of F-actin redistribution was quantified by mean fluorescence intensity ratio 

(FIR) (±SEM) of F-actin underneath GC microcolony to the adjacent luminal area. 

n=3, *p<0.05; **p< 0.01; ***p<0.001.  
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3.4.5 GC induce F-actin redistribution in endocervical epithelial cells, which 

involves NMII 

To determine if GC-induced differential actin reorganization in non-polarized and 

polarized epithelial cells occurs in the human cervix, I used the human cervical tissue 

explant model. Without GC inoculation, F-actin staining is evenly distributed under 

the plasma membrane of individual epithelial cells across all the layers in the 

ectocervix (Fig. 22). In contrast, F-actin staining in the endocervical epithelium is 

highly polarized to the apical surface with much less staining at the lateral and basal 

surface (Fig. 23 A). Unlike in the non-polarized T84 cells, GC inoculation (both 

Pil+Opa+ and Pil+ΔOpa) had no significant effect on F-actin redistribution in 

ectocervical epithelial cells (Fig. 22). In contrast, decreased F-actin staining was 

observed underneath GC microcolonies in endocervical epithelial cells (Fig. 23 A, 

arrows). By visual inspection, I found ~70% Pil+ΔOpa but ~40% Pil+Opa+ 

microcolonies with decreased F-actin staining underneath (Fig. 23 B).  

 

In addition to the reduction of F-actin staining underneath GC microcolonies, the level 

of F-actin staining under the lateral membrane increased, which was concurrent with a 

decrease in the height of endocervical columnar epithelial cells inoculated with 

Pil+ΔOpa. These observations suggest a decrease in the polarity of endocervical 

epithelial cells. To quantify this decrease, I measured the FIR of F-actin at the apical 

surface (Fig. 23 C, yellow dotted line) relatively to the lateral surface (Fig. 23 C, 

yellow dotted line). Inoculation of both Pil+Opa+ and Pil+ΔOpa induced significant 

decreases in the F-actin apical to the lateral FIR, compared to no inoculation control. 
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Furthermore, the apical to lateral F-actin FIR in Pil+ΔOpa GC-infected endocervical 

epithelial cells (~2) was significantly lower than Pil+Opa+ GC-infected cells (~3) 

(Fig. 23 C). Taking together, my data suggest that GC can induce actin depolarization 

beneath their contact sites and disrupt the polarized actin organization in the 

endocervical epithelial cells, but do not significantly change actin organization in 

ectocervical epithelial cells. Opa expression weakens the ability of GC to remodel the 

actin cytoskeleton. 

 

Previous studies from our lab showed that GC induced activation of the actin motor 

protein NMII through its light chain kinase (MLCK) and NMII activation involved in 

GC-induced exfoliation and penetration in the human endocervix [95]. To address the 

question if NMII activation plays any role in the GC-induced actin redistribution in 

polarized epithelial cells, I examined F-actin distribution in epithelial cells of cervical 

tissue explants treated with the MLCK inhibitor ML-7. The treatment with ML-7 

significantly decreased the percentage of Pil+ΔOpa microcolonies with decreased F-

actin underneath (from ~70% to ~ 40%) (Fig. 23 A, B, arrowheads). The apical 

polarity of F-actin, measured by F-actin apical to the lateral FIR, and columnar 

morphology of endocervical epithelial cells were also partially restored by ML-7 (Fig. 

23 C). These results indicate that GC-induced actin remodeling in the columnar 

endocervical epithelial cells involves NMII activation. The inhibition of NMII 

activation can be a potential mechanism by which Opa inhibits actin remodeling in 

polarized endocervical epithelial cells. 
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Figure 22. GC inoculation had no significant effect on F-actin redistribution in 

ectocervical epithelial cells. 

Human ectocervical tissue pieces were incubated with Pil+Opa+ and Pil+ΔOpa 

(MOI~10) for 24 h, with unassociated GC washed off at 6 and 12 h. Tissues were 

fixed, stained for F-actin, DNA, and GC, and analyzed using 3D-CFM. Representative 

images that intercept both the apical and basolateral surfaces are shown (Scale bar, 20 

μm). n=3, *p<0.05; **p< 0.01; ***p<0.001. 
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Figure 23. GC induce F-actin redistribution in endocervical epithelial cells, which 

involves NMII. 

Human endocervical tissue pieces were untreated or pretreated with ML-7 for 1 h and 

incubated with Pil+Opa+ and ΔOpa (MOI~10) with or without inhibitor for 24 h at 

37˚C, with unassociated GC washed off at 6 and 12 h. Tissues were fixed, stained for 

F-actin, DNA, and GC, and analyzed using 3D-CFM. (A) Representative images that 

intercept both the apical and basolateral surfaces are shown (Scale bar, 20 μm). The 

level of F-actin redistribution was quantified by the percentage of GC microcolonies 

with decreased F-actin staining (±SEM) (B), and by the FIR of F-actin at the apical 

surface to the lateral surface of endocervical epithelial cells (±SEM) (C). n=2, 

*p<0.05; **p< 0.01; ***p<0.001. 
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3.4.6 GC induce the redistribution of the actin nucleation factor Arp2/3 in 

endocervical epithelial cells, which involves NMII 

Arp2/3 complex, which mediates polymerization of branched actin filaments, has been 

implicated for the uptake of various pathogens [135]. I hypothesize that GC regulate 

actin remodeling in polarized endocervical epithelial cells through the Arp2/3 

complex. To test this hypothesis, I inoculated human endocervical tissue explants with 

Pil+Opa+ and Pil+ΔOpa GC for 24 h and stained tissue sections for Arp2. The Arp2 

distribution in columnar endocervical epithelial cells was quantified by the Arp2 FIR 

at the apical to the lateral membrane as described in Figure 23 C. Without infection, 

Arp2 staining concentrated beneath the apical membrane, with an FIR >2 (Fig. 24 A, 

B). Inoculation with GC Pil+ΔOpa significantly decreased the apical polarization of 

Arp2 (FIR< 1.5). Inoculation with GC Pil+Opa+ also decreased the Arp2 polarity 

(FIR~ 1.7), but the decrease was significantly lower than that induced by GC 

Pil+ΔOpa (Fig. 24 A arrowheads, B). The treatment of the MLCK inhibitor ML-7 

inhibited Arp2 redistribution induced by Pil+ΔOpa back to the level of Pil+ Opa+ 

infected cells (FIR~ 2)(Fig. 24 A, arrowheads). My data indicate that GC disrupt the 

apical polarized distribution of Arp2/3 in endocervical epithelial cells, which depends 

on GC-induced NMII activation. Opa expression inhibits GC-induced redistribution of 

Arp2/3 
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Figure 24. GC induce Arp2/3 redistribution in endocervical epithelial cells, which 

involves NMII. 

Human endocervical tissue explants were untreated or pretreated with ML-7 for 1 h 

and incubated with Pil+Opa+ and Pil+ΔOpa (MOI~10) with or without inhibitor for 

24 h at 37˚C, with unassociated GC washed off at 6 and 12 h. Tissues were fixed, 

sectioned, stained for Arp2, DNA and GC, and analyzed using CFM. (A) 

Representative images that intercept both the apical and basolateral surfaces are shown 

(Scale bar, 20 μm). (B) The level of Arp2 redistribution was quantified by the FIR of 

Arp2 staining at the apical relative to the lateral surface (±SEM). n=2 *p<0.05; **p< 

0.01; ***p<0.001. 
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3.3.7 GC inoculation induces the elevation of the intracellular calcium level in 

polarized but not non-polarized epithelial cells 

Data from my experiments and previous lab members have shown that GC inoculation 

induces the increase of intracellular calcium level in polarized T84, which leads to the 

NMII activation, apical junction disruption, epithelial exfoliation, and eventually 

penetration into the subepithelium. Opa expression inhibits these processes [95]. 

However, whether GC also induce the calcium flux similarly in non-polarized 

epithelial cells is unknown. To address this question, I compared the intracellular 

calcium levels in non-polarized and polarized T84 cells with or without inoculation 

with GC Pil+Opa+ and Pil+ΔOpa by the mean fluorescence intensity (MFI) of Fluo-4, 

a calcium dye, in the cytoplasma region of individual cells (Fig. 25 A). Epithelial cells 

treated with thapsigargin, which induces intracellular calcium by inhibition of calcium 

pumping into endoplasmic reticula, serves as a positive control. Consistent with my 

previous results, inoculation with GC Pil+Opa+ and Pil+ΔOpa both increased the 

intracellular calcium level in polarized epithelial cells, with the level in Pil+ΔOpa-

infected cells significantly higher than Pil+Opa+-infected cells (Fig. 25 B). In contrast, 

in non-polarized epithelial cells, cells inoculated with both Pil+Opa+ and Pil+ΔOpa 

did not show significant changes in the level of the intracellular calcium (Fig. 25 B). 

This result suggests that GC induce different upstream signaling which triggers 

distinct actin reorganization and leads to different infectivity of GC in non-polarized 

and polarized epithelial cells. 

 

 



118 
 

 

 

 



119 
 

 

 

 

 

 

Figure 25. GC inoculation induces the elevation of intracellular calcium levels in 

polarized but not in non-polarized T84 cells. 

Two-day non-polarized and 10-day polarized T84 cells were incubated apically with 

or without GC Pil+Opa+ or Pil+ΔOpa with or without thapsigargin (10 μM), for 4 h. 

Cells were incubated with the calcium indicator Fluo-4 and the membrane dye 

CellMask and analyzed using 3D-CFM. (A) Representative images of x-z view are 

shown. Scale bar, 20 μm. (B) The level of intracellular calcium was quantified by MFI 

(±SEM) of Fluo-4 in the cytoplasmic region of >50 cells from three independent 

experiments. n=3, *p<0.05; **p< 0.01; ***p<0.001. 
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3.5 Discussion  

Cell polarity is the key difference in the properties of epithelial cells in the human 

cervix. This study utilized non-polarized and polarized epithelial cell model generated 

from the same cell line to study the impact of cell polarity on GC infectivity and GC-

induced actin cytoskeleton remodeling. I found that GC invade more efficiently into 

non-polarized than polarized epithelial cells, but cell polarity does not significantly 

affect GC of adhesion despite their different surface morphology. GC remodel the 

actin cytoskeleton in non-polarized and polarized epithelial cells in the opposite way, 

accumulating and reducing F-actin underneath GC adherent sites, respectively. The F-

actin accumulation in non-polarized epithelial cells is concurrent with microvilli 

elongation, and the F-actin reduction, which also occurs in GC-infected endocervix, is 

concurrent with microvilli demolishment. These results demonstrate that the epithelial 

cell polarity can significantly impact GC infectivity, and the non-polarized and 

polarized organization of the actin cytoskeleton is a critical underlying factor. 

 

By comparing GC strains expressing phase variable Opa and no Opa, I found that Opa 

expression enhanced the level of adhesion in both non-polarized and polarized 

epithelial cells. This observation is consistent with what I have seen in the human 

cervical tissue explants where expression of CEACAM- binding Opa (OpaCEA) 

enhanced GC colonization in both non-polarized ectocervical and polarized 

endocervical epithelial cells. These findings suggest that epithelial cell polarity does 

not significantly change the regulatory effect of Opa on GC infectivity, and the non-

polarized and polarized epithelial cell model mimics a certain aspect of GC infection 
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processes in vivo. However, there is an inconsistency in our observation between the 

two models. In the cell line model, GC adhered to non-polarized and polarized 

epithelial cells at a similar level. But GC colonized the ectocervix at a higher level 

than the endocervix. Such differences could be caused by a differential expression 

level of GC host receptors in the ecto and endocervical epithelial cells. Chapter 2 has 

shown a higher level of CEACAM expression in ectocervical than endocervical 

epithelial cells. In contrast, non-polarized and polarized cell model was derived from 

the same cell line and unlikely had different expression level of the host receptors due 

to polarization. Technical differences may also contribute to the inconsistency. In the 

tissue explant model, GC had access to all three cervical regions, but in the cell line 

model, GC were incubated with non-polarized and polarized epithelial cells 

separately. 

 

It is technically difficult to identify GC inside epithelial cells in human cervical tissue 

explants using confocal fluorescence microscopy, thus GC invasion into epithelial 

cells in tissue explants cannot be examined. However, I did not observe significant GC 

staining between the luminal surface and the basal membrane of the cervical 

epithelium. This is not surprising as only 0.1-1% of adhered GC invade into epithelial 

cells using a cell line model and gentamicin resistance assay. The non-polarized and 

polarized epithelial cell line model enabled me to examine the impact of epithelial 

polarity on GC invasion. I found that GC invade more efficiently into the non-

polarized than polarized epithelial cells, which is consistent with the clinical 

observation of GC inside cervical epithelial cells shed off the epithelium [20]. 
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Furthermore, I found that Opa expression enhanced invasion into both types of 

epithelial cells. Published data from Song lab [95] and the results presented in Chapter 

2 showed that Pil+ΔOpa GC transmigrate across polarized epithelial cells and 

penetrate into the subepithelium of the polarized endocervical epithelial cells more 

efficiently than Pil+Opa+. However, none of the GC strains used penetrate into the 

subepithelium of non-polarized ectocervical epithelial cells. These findings together 

suggest that Opa expression differentially regulates GC infectivity in different types of 

epithelial cells. In non-polarized epithelial cells and the ectocervix, Opa expression 

enhanced GC colonization and invasion, but in polarized epithelial cells and the 

endocervix, inhibited GC penetration. Consequently, expression of Opa drives GC 

infectivity to colonization and invasion but not penetration.  

 

Non-polarized and polarized epithelial cells have different morphology (stratified with 

sparse microvilli or columnar with dense microvilli at the apical membrane) and actin 

organization (non-polarized or apical polarized distribution). Apical polarized F-actin 

generates and maintains the apical microvilli of polarized epithelial cells. It is 

expected that GC can induce different changes in the morphology and actin 

organization in non-polarized and polarized epithelial cells. It is surprising that GC 

modify actin organization in non-polarized and polarized epithelial cells in the 

opposite way, increasing or decreasing F-actin underneath GC adherent sites, which 

may lead to different morphological changes in non-polarized and polarized epithelial 

cells, microvilli elongation and demolishment respectively. Pil+Opa+ GC induce 

microvilli elongation in non-polarized epithelial cells, which may contribute to 
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enhanced GC invasion by wrapping GC with host cell membranes. The extensive 

membrane protrusion induced by GC Pil+Opa+ is potentially mediated by actin 

polymerization underneath GC microcolonies, demonstrated by the recruitment of F-

actin. In contrast, GC Pil+ΔOpa+ induce microvilli demolishment at the apical surface 

of polarized epithelial cells probably by inhibiting actin polymerization or enhancing 

actin depolymerization. Microvilli demolishment appears to allow GC to interact with 

the apical membrane intimately, probably facilitating GC invasion by the zipper 

mechanism, which requires membrane ruffling [130-132]. However, as Opa 

expression reduces the level of Arp2/3 and F-actin exclusion but enhances GC 

invasion into polarized epithelial cells, the reduction of Arp2/3 and F-actin is not 

essential for GC invasion. These data demonstrate that GC differentially modify the 

morphology and actin organization of non-polarized and polarized epithelial cells to 

promote adhesion and invasion. The mechanism by which GC modulate actin 

organization in epithelial cells is unknown. Unlike those well-studied actin modulating 

pathogens [135], no secreted effector proteins have been found in GC. The potential 

mechanisms include the interactions of GC surface molecules with host receptors and 

the downstream signaling of host receptors. For example, the host receptors for Opa, 

CEACAM, have been shown to direct or indirect interaction with actin regulators [59, 

158]. 

 

GC-induced actin recruitment to GC adherent sites was observed in non-polarized T84 

cells but was not observed in the GC-inoculated ectocervical epithelial cells in tissue 

explants. The ectocervical epithelium has a much more complicated cytoarchitecture 
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than non-polarized epithelial monolayers. The superficial layers of multiple-layered 

ectocervical epithelial cells are highly differentiated and cornified. Cornified cells 

eventually lose nuclei and die, consequently lacking the actin cytoskeleton response to 

GC infection. However, the inner layers of the ectocervical epithelium, when are 

exposed to GC due to GC-induced exfoliation of the superficial layers, may be able to 

mount actin remodeling response to GC. 

 

The decrease of Arp2/3 in the apical surface of polarized epithelial cells is a potential 

cause of F-actin exclusion underneath GC adherent sites. The exclusion of F-actin 

provides an explanation for the massive microvilli demolishment induced by GC 

Pil+ΔOpa. GC Pil+Opa+ induce the above phenotypes to a significantly less degree, 

suggesting that the Opa expression inhibits GC-induced actin reorganization and 

morphological changes in polarized epithelial cells. In addition, to support microvilli, 

the actin cytoskeleton is a critical support for the apical junction. The perijunctional 

actomyosin ring regulates the stability and permeability of the apical junction [137]. 

Song lab previously showed that GC induce the activation of NMII, which leads to the 

disassembly of the apical junction [95]. Here, I show that inhibition of GC-induced 

NMII activation restores the polarized distribution of Arp2/3 and the actin 

cytoskeleton. My data suggest that GC-induced NMII activation is also involved in 

actin reorganization in response to GC infection. 
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The GC-induced microvilli elongation and F-actin accumulation in non-polarized 

epithelial cells indicate actin polymerization. In contrast, the GC-induced microvilli 

demolishment and F-actin exclusion in polarized epithelial cells indicate actin 

depolymerization. NMII has been shown to play a role in both polymerization and 

depolymerization of the actin filament [156]. The role of Arp2/3 has been implicated 

in the polarized endocervical epithelial cells. Further experiments need to be done on 

the effect of NMII and Arp2/3 inhibitors on the plasma membrane remodeling and 

actin reorganization induced by GC Pil+Opa+ and Pil+ΔOpa in non-polarized and 

polarized epithelial cells. Data presented in Chapter 2 show that Opa expression 

regulates these processes differently in non-polarized and polarized epithelial cells, 

and the role of Opa interaction with its host receptors has been implicated. To test this 

hypothesis, further studies need to done on the plasma membrane remodeling and 

actin reorganization induced by different Opa isoforms in non-polarized and polarized 

epithelial cells.  

 

In summary, the data presented in this chapter demonstrate that GC induced 

differential remodeling of the actin cytoskeleton, which leads to the differential 

membrane remodeling and infectivity in non-polarized and polarized epithelial cells. 

Expression of Opa regulates these processes differently in non-polarized and polarized 

epithelial cells. These data suggest that the polarity of epithelial cells is one of the 

critical factors that regulate GC infectivity.  
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Chapter 4: Conclusions, discussion, and future direction 

 

4.1 Summary  

Gonorrhea, caused by Neisseria gonorrhoeae (GC), is the second most common 

sexually transmitted infection (STI) in the United States. GC is a gram-negative 

bacteria and a human exclusive pathogen. More than 50% GC infection in females is 

asymptomatic, which delays treatments and, leads to severe complications, including 

pelvic inflammatory disease (PID), fallopian tube scarring and blockage with 

subsequent ectopic pregnancy and infertility. The asymptomatic female infection can 

also lead to disseminated gonococcal infection (DGI) and increase the possibility of 

getting coinfection with HIV and other sexually transmitted infections. The continuous 

raising of antibiotic-resistant strains makes gonorrhea public health and women’s 

health crisis. 

 

The cervix is the gate of the female reproductive tract (FRT) and the initiation site of 

GC infection. The epithelium is the first line of defense GC need to overcome to 

establish infection. The cervical epithelium is heterogeneous and has distinct 

properties in different anatomical regions. The ectocervix is line with multiple-layered 

non-polarized epithelial cells; the endocervix, single-layered polarized columnar 

epithelial cells; and the transformation zone (TZ), epithelial cells that gradually 

transformed from multiple-layered to single-layered and from non-polarized to 
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polarized columnar epithelial cells. However, whether GC infect the heterogeneous 

cervical epithelium in the same way or differently is unknown.  

 

A major barrier to the research of GC infection in women is the lack of experimental 

model mimicking the heterogeneous cervical epithelium. To overcome this barrier, I 

established a human cervical tissue explant model, which maintains the in vivo 

cytoarchitecture of the cervical epithelium. This model enables us to observe that GC 

change their infectivity in different cervical regions based on phase variable virulence 

determinants on the bacterial surface and differential availability of host receptors on 

the cervical epithelial cells. GC colonize the ectocervical and TZ more efficiently than 

the endocervical epithelial cells. In contrast, GC only penetrate into sub-epithelial 

tissue in TZ and the endocervix, with a higher level of penetration in TZ. Pili are 

required for GC colonization in all three cervical regions. Expression of OpaCEA 

enhances colonization in the ecto and endocervix, where CEACAM is abundantly 

expressed at the luminal surface, but only inhibits GC penetration in the endocervix. 

Expression of different Opa proteins does not affect GC infectivity in the TZ, where 

CEACAM is expressed at a low level. The regulatory effect of OpaCEA is dependent on 

the expression of CEACAM1 and the ITIM domain in its cytoplasmic domain, 

potentially also its downstream SHP activation. GC-induced junction disruption and 

epithelial exfoliation in the TZ that expresses low levels of CEACAMs are not 

regulated by OpaCEA expression on GC. The inhibition of GC penetration in the 

endocervix by OpaCEA-CEACAM1 interaction involves SHP activation, which inhibits 

cell-cell junction disruption and subsequent inhibition of epithelial exfoliation. 
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The level of cell polarity is the most prominent difference between the ecto and 

endocervical epithelial cells. The non-polarized and polarized epithelial cell line 

model enables us to examine the impact of epithelial polarity alone on GC infectivity, 

particularly GC invasion that is difficult to study using tissue explants. GC exhibit a 

higher level of invasion into non-polarized than into polarized epithelial cells, but 

similar levels of adhesion to non-polarized cells as to polarized epithelial cells. The 

expression of phase variable Opa enhances both adhesion and invasion in both non-

polarized and polarized epithelial cells, suggesting the cell polarity is the main factor 

influencing GC invasion. GC with phase variable Opa induce microvilli elongation 

exclusively in non-polarized cells, which is mediated by F-actin accumulation to 

facilitate GC adhesion and invasion. In contrast, GC lacking Opa expression induce 

massive disruption of microvilli in the apical surface of polarized epithelial cells, by a 

reduction of the actin cytoskeleton at GC adherent sites, observed in both polarized 

cell line model and endocervical tissue explant model. Such actin cytoskeleton 

exclusion may result from the redistribution of Arp2 and the activation of NMII. 

Furthermore, GC inoculation only induces an increase in intracellular calcium levels 

in polarized, but not in non-polarized epithelial cells. These data suggest that GC 

induces different signaling and actin reorganization in non-polarized and polarized 

epithelial cells, which alter GC infectivity and infection mechanisms. 

 

Taking together, GC modulate its infectivity, colonization, invasion and penetration 

and infection mechanisms, based on both the properties of cervical epithelial cells 
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(host receptor expression and cell polarity) and the phase variable bacterial surface 

structure. 

 

4.2 Working Model  
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Figure 26. Working model for Neisseria gonorrhoeae interaction with the three 

cervical regions, the ectocervix, transformation zone (TZ), and endocervix [159].  

(A) A schematic diagram of GC infectivity in the three cervical regions. The level of 

GC colonization at the luminal surface of the ecto and TZ epithelia is higher than in 

the endocervix. GC can only penetrate into the subepithelial tissue of the TZ and 

endocervix, with a higher level of GC penetration into the TZ epithelium. The OpaCEA 

expressing GC dominate the colonizing GC community at the luminal surface of the 

ecto and endocervical epithelia by interacting with its epithelial receptor CEACAM. In 

the endocervix, OpaHSPG expressing GC penetrate more into the subepithelial tissue by 

disrupting the apical junction. The TZ epithelium expresses CEACAM at a low level, 

thus both the colonizing and penetrating bacterial community is a mixture of GC 

expressing different Opa proteins. 

(B) A schematic diagram of the signaling pathway induced by GC OpaCEA and 

OpaHSPG in the endocervical epithelial cells. GC OpaCEA interact with its receptor 

CEACAM at the apical surface of the endocervical epithelial cells, which potentially 

activates the tyrosine phosphatase SHP, leading to inhibition of the apical junction 

disassembly and subsequent GC penetration. In contrast, GC OpaHSPG infection 

increases intracellular calcium level, leading to NMII activation through MLCK. The 

NMII activation can lead to the apical junction disassembly and consequently GC 

penetration. The NMII activation can also potentially lead to the redistribution of the 

Arp2/3 complex and F-actin from the apical surface of the polarized endocervical 

epithelial cells. 
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My thesis project used the human cervical tissue explant model, non-polarized and 

polarized epithelial cell line model and GC expressing different Opa proteins to study 

the effect of phase variable bacterial surface structures and the heterogeneity of 

cervical epithelium on GC infectivity in the human cervical epithelial cells. Based on 

my results and previously published studies, I propose the following working model. 

 

GC are first deposited onto the vaginal and ectocervical epithelium through sex with 

an infected partner. The vaginal and ectocervical epithelium is colonized by dense 

commensal microbiota creating a unique microenvironment at the mucosal surface 

[11, 160]. To establish infection, successful colonization at the mucosal surface is the 

first step for GC. A higher level of colonization of GC in the vaginal and ectocervical 

epithelium has been reported clinically [15, 20], but GC induced vaginitis is rare [4], 

indicating GC colonization fails to induce immune response in the vagina and 

ectocervix. My results show higher levels of GC colonization in the ectocervix without 

any penetration, consistent with previous clinical observations of no symptomatic 

infection in the vagina and the ectocervix. My finding that pili are essential for GC 

colonization in all anatomic regions of the human cervix indicates that pili-mediated 

interaction of GC with the luminal surface of cervical epithelial cells is the essential 

first step to establish infection in the human cervix. In contrast, Opa expression is not 

essential for GC infection but can regulate GC infectivity. The expression of 

CEACAM-binding Opa (OpaCEA), enhances GC colonization in both non-polarized 

ectocervical epithelial cells and polarized endocervical epithelial cells, through 

interaction with CEACAMs, which is expressed at the luminal surface of the 
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ectocervical and endocervical but not TZ epithelium. Such Opa-CEACAM interaction 

enhances colonization through the inhibition of GC-induced epithelial shedding. 

OpaCEA inhibit shedding of non-polarized epithelial cells by activation of integrin and 

CD105 showed by Dr. Hauck’s group using cell line and mouse model [61, 62]. In the 

absence of OpaCEA, GC induce higher levels of epithelial shedding, which shed off GC 

colonized epithelial cells resulting in the low level of colonization. Consequently, the 

community of GC colonizing the ectocervical epithelium is dominated by the OpaCEA 

expressing bacteria, given that the OpaHSPG expressing bacteria are shed and the 

majority of 11 Opa proteins interact with CEACAMs. Despite the exfoliation, GC do 

not penetrate into the ectocervical epithelium, may be due to the incapability of GC to 

disrupt the of E-cadherin-based adherens junction in the remaining epithelial layers 

after infection. The failure of GC to penetrate across the ectocervical epithelium 

provides a potential explanation for the localized and asymptomatic vaginal and 

ectocervical infection. GC expressing phase variable Opa adhere and invade more 

efficiently into non-polarized epithelial cells compared to GC expressing no Opa and 

GC invasion into polarized epithelial cells. Concurrent with the enhanced invasion of 

Opa-expressing GC, the F-actin accumulation and microvilli elongation at GC 

adherent sites was observed exclusively in non-polarized epithelial cells. These data 

obtained from the non-polarized epithelial cell line model suggest that GC, 

particularly those expressing phase variable Opa, can invade into non-polarized 

epithelial cells, such as ectocervical epithelial cells and exfoliated cervical epithelial 

cells, by inducing actin cytoskeleton mediated bacterial uptake. 
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The transformation zone (TZ) is a unique area between the ecto and endocervix. The 

low level of CEACAM expression in TZ epithelial cells provides an explanation for 

the similar level of colonization, penetration, and exfoliation induced by GC 

expressing different isoforms of Opa or no Opa. The level of GC colonization in the 

TZ is similar to that in the ectocervix that expresses CEACAMs, suggesting that Opa 

proteins do not play a significant role in GC colonization in TZ. The high level of 

penetration across TZ epithelium is mediated by the disruption of E-cadherin based 

cell-cell adhesion, which also leads to epithelial exfoliation. The multiple-layered 

structure of TZ epithelium indicates that the number of layers is not a major factor that 

deters GC from penetration. The similar infectivity displayed by GC expressing 

OpaCEA and OpaHSPG indicates that the bacteria community infecting the TZ is a 

mixture of GC expressing different Opa proteins. The penetration of GC into 

subepithelial tissue will increase the chance of GC being exposed to immune cells, 

which potentially cause inflammation and symptomatic infection. 

 

The TZ epithelium gradually transforms into the endocervix, which leads to the upper 

genital tract. The level of GC colonization and penetration in the endocervix are 

generally lower than those in the ectocervix (colonization only) and TZ (colonization 

and penetration). However, OpaCEA expression increases the level of colonization in 

the endocervical epithelial cells, which is mediated by CEACAMs expressed on the 

apical surface of the endocervical epithelial cells. Opa-CEACAM interaction inhibits 

the disruption of E-cadherin-based adherens junction, consequently decreasing 

epithelial exfoliation and penetration, and increasing colonization. Consistently, Song 
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lab has previously shown that OpaCEA expression interferes with GC transmigration 

across polarized T84 epithelial cells, that express CEACAMs [94, 95]. In contrast, in 

the absence of Opa-CEACAM interaction (OpaHSPG GC and TZ epithelial cells), GC 

disrupt the adherens junction, leading to epithelial shedding and GC penetration, and 

colonization reduction. Previously published data from Song lab demonstrate that GC 

disrupt the apical junction through increasing intracellular calcium level and calcium-

dependent activation of NMII [95], providing a mechanistic explanation for the 

distinct behavior of GC in polarized endocervical epithelial cells. Data from both 

epithelial cell line model and cervical tissue explant mode suggest the invasion into 

epithelial cells is not the major mechanism used by GC to infect polarized 

endocervical epithelial cells. GC invade into polarized epithelial cells even less than 

into non-polarized epithelial cells. The invasion of GC into polarized epithelial cells 

involves in the demolishment of microvilli at the apical surface probably by activation 

of NMII and redistribution of the actin nucleator Arp2/3 away from the apical surface 

of polarized epithelial cells. Taking together, in the endocervix, colonizing GC at the 

mucosal surface predominantly express OpaCEA, which can potentially ascend to the 

upper genital tract through the continuity of the epithelium, causing pelvic 

inflammatory disease. Penetrating GC predominantly express OpaHSPG. They penetrate 

through the paracellular space between neighboring epithelial cells by disassembling 

cell-cell junction complex creating breaches in this physical protective barrier. GC 

penetrating into subepithelial tissues potentially induce inflammation and causing 

disseminated gonococcal infection (DGI).  
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In summary, my Ph.D. research focused on the mechanism by which GC cope with the 

heterogeneous mucosal surface of the human cervix to initiate infection. The 

differential infectivity of GC, preferring colonization or penetration, in different 

cervical regions is the first direct evidence for that GC use different mechanisms to 

infect different types of cervical epithelial cells. The infection mechanism changes 

depending on both the bacterial phase variation of bacterial surface structures and the 

distinct properties of cervical epithelial cells.  
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4.3 Future Direction  

4.3.1 Highlights  

We are the first to study the mechanism of GC infection in the cervical epithelium 

using human cervical tissue explants. Using this model, I showed that GC switch the 

mode of infectivity, colonization or penetration by Opa phase variation in response to 

the heterogeneous cervical epithelium they encounter. The results from my thesis 

research indicate that OpaCEA expression specifically promotes colonization in the ecto 

and endocervix, which expresses CEACAMs. GC colonization my mainly lead to 

localized, asymptomatic infection. In contrast, the expression of OpaHSPG and low 

level of CEACAM expression all GC penetration into the endocervix and TZ 

respectively, which potentially leads to symptomatic infection and disseminated 

gonococcal infection (DGI).  

 

My thesis research enables us to reconcile conflicting results of previous research 

based on cell line and the mouse model, which do not fully represent the 

characteristics of the human cervix in vivo. No previous model mimics the 

heterogeneity of cervical epithelium, and thus, this important factor was largely 

disregarded previously. The results from my thesis research emphasize the impact of 

the heterogeneous cervical epithelium on the outcomes of GC infection in women and 

raise the importance for the field to take this factor into consideration in GC 

pathogenesis research. 
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4.3.2 Question 1. Does the mucosal microenvironment of the human cervix affect 

GC infectivity and how? 

In my thesis project, I focused on the impact of different types of cervical epithelial 

cells on GC infectivity. However, the environment of the mucosal surface along the 

three cervical regions is another layer of complication that GC have to deal with 

during infection. First, microbiota in the ectocervix, where the Lactobacillus species is 

the major commensal species, creating an acidic environment [11]. Second, the 

endocervix secrets a great amount of mucus, forming mucus plug to block the gate of 

the female reproductive tract [18]. Third, the properties of the cervical epithelial cells, 

including their morphology and mucus secretion, are under the influence of the 

periodic change of the sex hormones progestogen and estrogen [161]. All the above 

environmental factors along the mucosal surface of the cervix can potentially affect 

GC infectivity, but very limited research has been done on these subjects. The human 

cervical tissue explant model provides us a great opportunity to examine the impact of 

these mucosal environment factors on GC infectivity.  
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4.3.3 Question 2. Does GC infection induce differential immune responses in 

different cervical regions? 

The asymptomatic and symptomatic infection caused by GC is directly linked to the 

ability of GC to evade or activate immune responses. Neutrophils have been detected 

in the cervical papsmear from infected patients. The alternative complement pathway 

has been shown involved in the female gonococcal infection [3]. These data suggest 

that GC infection induces immune responses to a certain level. However, does GC 

infection induce differential immune responses in different cervical regions is 

unknown. How GC manipulate host immune response to suppress symptomatic 

infection in the human cervix is not clear. To test the hypothesis that GC colonization 

in the ectocervix leads to asymptomatic infection and GC penetration into the 

subepithelium of the TZ and endocervix leads to symptomatic infection, the immune 

response induced by GC in different cervical regions should be examined.  
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4.3.4 Question 3. How to reconstruct the heterogeneous cervical in vitro? 

Although the human cervix tissue explant model maintains the in vivo cytoarchitecture 

of cervical epithelium, it has some drawbacks. Although the overall structure of the 

cervical epithelium is consistent from one human subject to another, the ethnicity, age, 

menstrual cycle, and overall health condition are highly variable. Human cervical 

tissue explants cannot be manipulated in vitro as easily as cell lines and other models. 

Techniques, such as RNAi and transfection, are not readily available to be performed 

in tissue explants. Thus, we sought to mimic the cervical epithelium using cell lines as 

what I showed in Chapter 3 of my thesis. However, the non-polarized cells do not 

form a multiple-layered structure on transwells, and no method is currently available 

to mimics the unique structure of the TZ epithelium. It is important to develop a 

system to mimic all the three types of cervical epithelial cells, which can be 

manipulated easily in vitro, which will allow us to dissect the molecular and cellular 

mechanisms by which GC infect the human cervix in a more detailed way. 
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