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Abstract  
 
 The Gram-negative diplococcus Neisseria gonorrhoeae causes the prevalent 

sexually transmitted infection, gonorrhea. Gonorrhea is a major global health concern, 

with over 78 million infections world-wide per year. Of particular concern are the lack of a 

lasting immune response, the lack of a vaccine, and the rise in antimicrobial resistance, 

with some strains resistant to multiple antibiotics. Female infection is often 

asymptomatic, and as such, women are particularly at risk for severe clinical 

consequences including pelvic inflammatory disease, ectopic pregnancy, and infertility. 

 Infection with the human-specific pathogen Neisseria gonorrhoeae (Gc) is 

characterized by robust neutrophil influx that is insufficient to clear Gc. While infected 

men are typically symptomatic and seek treatment, female infection is often 

asymptomatic. Importantly, women have neutrophilic cervicitis whether or not they notice 

symptoms. Sustained infection and neutrophilic inflammation contribute to host cell 

damage and serious clinical sequelae in women including pelvic inflammatory disease 

and infertility. While previous work has shown that Gc interacts with epithelial cells 

through various surface-exposed features, the specific Gc-cervical cell interactions that 

stimulate neutrophil transepithelial migration were unknown. Previous models used to 

study Gc infection do not incorporate neutrophils and do not completely mimic initial 

infection and neutrophil influx at the cervix. Therefore, to investigate this site-specific 

neutrophilic inflammation, we established a three-component gonococcal-endocervical 

epithelial cell-neutrophil co-culture system to investigate neutrophil influx following 

infection. Using this system, we find that polarized End1 monolayers support apical 

infection with Gc and that primary human neutrophils migrate from the basal-to-apical 

direction following apical infection. Neutrophil transepithelial migration required both an 

epithelial cell contribution and bacterial-epithelial cell contact.  
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 Bioactive lipids derived from arachidonic acid (AA) by lipoxygenases include 

leukotriene B4 (LTB4) and hepoxilin A3 (HXA3) and are potent neutrophil 

chemoattractants. Chemical inhibition of epithelial PKC and cPLA2 that lead to AA 

release inhibited neutrophil transepithelial migration to Gc. Neutrophil transepithelial 

migration did not require epithelial 5-lipoxygenase activity but was amplified by 

neutrophil 5-lipoxygenase-dependent production of LTB4. Pharmacologic and genetic 

targeting of endocervical 12-lipoxygenase activity inhibited neutrophil transepithelial 

migration to Gc. Additionally, neutrophil transepithelial migration was abrogated by 

selective inhibition of MRP2 channels that transport HXA3 and by addition of 

recombinant human soluble epoxide hydrolase (sEH) that specifically degrades HXA3. 

Further, trypsin-shaved Gc stimulated significantly less neutrophil transepithelial 

migration. Our work supports a model in which Gc-endocervical cell contact stimulates 

epithelial signaling events leading to 12-lipoxygenase activation, HXA3 production, and 

consequent neutrophil transepithelial migration that is amplified by neutrophil-derived 

LTB4. These studies are the first to define the molecular events that initiate and drive 

neutrophilic inflammation in the context of physiologically relevant cervical infection by 

Gc. This work reveals novel adjunctive therapeutic targets for limiting the deleterious 

sequelae associated with neutrophilic inflammation to gonorrhea in women. 
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1. Chapter 1: Introduction 

 

 This chapter contains parts from the previously published article, “Pathogenesis 

of Neisseria gonorrhoeae in the female reproductive tract: Neutrophilic host response, 

sustained infection, and clinical sequelae” [Curr Opin Hematol. 2018 Jan;25(1):13-21. 

doi: 10.1097/MOH.0000000000000394]. https://journals.lww.com/co-hematology/ 

Abstract/2018/01000/Pathogenesis_of_Neisseria_gonorrhoeae_in_the.5.aspx 

 

1.1 Gonorrheal disease is a major global health concern 

 

 The Gram-negative diplococcus Neisseria gonorrhoeae (the gonococcus or Gc) 

causes the sexually transmitted infection gonorrhea, with an estimated 78 million cases 

worldwide each year (Wi et al., 2017). Increasing rates of infection, the recent 

emergence of strains that are resistant to most or all clinically recommended antibiotics, 

and the inability to develop a protective vaccine despite decades of research, have 

prompted the CDC and WHO to classify Gc as a threat level urgent pathogen (Wi et al., 

2017). Women are particularly at risk for negative outcomes associated with gonorrhea, 

including pelvic inflammatory disease (PID), tubal scarring, ectopic pregnancy, and 

infertility (Mayor et al., 2012). 

 Infection elicits a robust inflammatory response featuring the influx of neutrophils 

(polymorphonuclear leukocytes or PMNs). Despite this potent immune response, 

secretions from infected individuals contain viable bacteria, many of which are 

associated with neutrophils (Johnson and Criss, 2011; Wiesner and Thompson, 1980) 

(Figure 1). Sustained neutrophil influx in other infectious conditions has been linked to 

epithelial cell damage and pathology associated with disease (Kruger et al., 2015; Porto 

and Stein, 2016; Williams and Parkos, 2007). We posit that the ability of Gc to elicit 
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neutrophilic inflammation in the female reproductive tract (FRT) is central to its ability to 

persist within its obligate human host and be transmitted to new hosts, while contributing 

to negative outcomes in women.  

 

1.2 Gonococcal infection in the female reproductive tract 

 

1.2.1 Differences between male and female Gc infection 

 

 Gonorrhea presents most commonly as urethritis in men and cervicitis in women, 

however Gc can also infect the oropharynx, rectum, and conjunctiva, and rarely can 

cause disseminated infection (Wiesner and Thompson, 1980). In men, infection is 

usually symptomatic, presenting as a purulent urethral discharge containing neutrophils, 

Gc, and shed urethral epithelial cells (Edwards and Apicella, 2004). In contrast, initial 

female infection is most often asymptomatic (Edwards and Apicella, 2004), meaning that 

infected women do not notice symptoms and/or seek treatment. This is particularly 

problematic because untreated female infection can ascend into the upper FRT, where 

continued infection and the resulting inflammatory response contribute to significant 

tissue damage that can lead to PID, tubal scaring, infertility, and ectopic pregnancy 

(Edwards and Apicella, 2004).   

 

1.2.2 Cervical epithelial cells coordinate initial defenses against Gc infection in the 

female reproductive tract 

 

 The initial site of Gc infection in women is the endocervix, an area of transition 

from the lower FRT, which has a resident microbiota, compared to the upper FRT, which 

is largely considered to be sterile (Figure 2). The endocervix also marks a transition from 



 
 

3 

multilayered squamous epithelium in the lower FRT to single columnar epithelium lining 

the upper FRT (Hickey et al., 2011; Yarbrough et al., 2015). Cervical epithelial cells 

coordinate initial defenses against Gc and other invading pathogens in the FRT. 

Mucosal epithelial defenses at the level of the cervix include epithelial cell tight junctions, 

production of antimicrobial peptides (AMPs) in high local concentrations, and thick 

cervical mucus (Quayle, 2002). The majority of these defenses are influenced by 

hormones in the FRT, including estrogen, as well as inflammatory biomarkers and 

invading pathogens and/or changes in the microbiota (Yarbrough et al., 2015). Tight 

junctional complexes between cervical epithelial cells maintain barrier function against 

invading pathogens, inhibiting their paracellular movement into the subepithelial space 

(Blaskewicz et al., 2011; Yarbrough et al., 2015). Cervical epithelial cells secrete 

antimicrobials including defensins and lysozyme, which accumulate in high 

concentrations in cervical mucus and can help kill invading pathogens (Hickey et al., 

2011; Yarbrough et al., 2015). Cationic AMPs (CAMPs) target microbes by associating 

with the negatively charged surface of bacterial membranes (Yarbrough et al., 2015) as 

well as via enzymatic activity as seen in the case of lysozyme (Ragland and Criss, 

2017). CAMP secretion by FRT epithelial cells is influenced by the microbiota as well as 

in response to invading pathogens (Yarbrough et al., 2015). Mucus, which is comprised 

of glycosylated mucin proteins, helps to trap pathogens and impede their movement 

through the cervix and serves as a site of concentrated CAMPs (Hickey et al., 2011). 

Additionally, commensal microbiota, most commonly Lactobacillus in the lower female 

reproductive tract produce lactic acid to maintain an acidic pH that blunts growth of 

pathogenic bacteria and produce factors that are active against pathogenic bacteria, 

including hydrogen peroxide (Martin et al., 2008; Quayle, 2002; Witkin et al., 2007). 

 Epithelial and sentinel immune cells in the FRT express both intracellular and 

extracellular pattern recognition receptors (PRRs) that help initiate the immune response 
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to pathogens. Mucosal epithelial responsiveness and myeloid cell frequencies are 

titrated based on location in the FRT, with epithelial cells in particular becoming more 

responsive to pathogen-associated molecular patterns (PAMPs) moving up the 

reproductive tract (Figure 2). Additionally, the proportion of resident myeloid cells 

increases moving from the lower to the upper FRT (Givan et al., 1997). Further, 

neutrophils are not present in the tissue unless they are recruited from the bloodstream 

by gradients of inflammatory mediators (Borregaard, 2010). This ensures that a robust 

neutrophilic inflammatory response is only initiated for pathogens that attach to and 

invade the endocervix or upper FRT but not to resident microbiota of the lower FRT. 

Therefore, the cervix is an important transitional site between the relatively immune-

tolerant lower FRT and the immune-responsive upper FRT.  

 

1.2.3 Initial Gc-cervical epithelial cell interactions are mediated by prominent Gc surface 

factors  

 

 Gc interacts with host epithelial cells via surface-exposed features including 

opacity-associated (Opa) proteins, type IV pili, lipooligosaccharide (LOS), and porin 

(Edwards and Apicella, 2004; Edwards and Butler, 2011; Merz and So, 2000). Gc can 

antigenically vary expression of the type IV pilus, Opa proteins, and LOS (Virji, 2009), 

which aids in immune evasion and influences host-cell interactions during infection.  

 In Gc, the type IV pilus is involved in Gc interactions with host cells and 

contributes to immune evasion via phase and antigenic variation. The importance of the 

type IV pilus during infection is highlighted by the observation that Gc recovered from 

infected patients (male and female) as well as from the experimental male challenge 

model are piliated (Kellogg et al., 1968; Kellogg et al., 1963). The major pilin subunit, 

PilE, exhibits high-frequency antigenic variation via recombination of pilE with one of 
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many potential silent pilin, pilS genes (Cahoon and Seifert, 2011; Haas and Meyer, 

1986). The type IV pilus also exhibits ON/OFF phase variation mediated either by 

expression of PilC or via recombination of pilE that results in a non-expressed major pilin 

subunit. PilC is located on the tip of the pilus and contributes to host cell adhesion, 

regulates type IV pilus retraction by countering the activity of PilT, the pilin subunit that 

exerts a retractile force on the type IV pilus to promote pilus retraction, and is required 

for expression of the pilus (Morand et al., 2004; Rudel et al., 1995; Rudel et al., 1992). 

The type IV pilus is extruded through a pore formed by PilQ, and loss of pilQ results in 

non-piliated Gc (Drake and Koomey, 1995). Piliated Gc are more resistant to ROS and 

neutrophil-mediated killing in vitro (Stohl et al., 2013), which supports the observation 

that piliated Gc are selected for in vivo (Kellogg et al., 1968; Kellogg et al., 1963). 

Therefore, the type IV pilus contributes to host cell interactions as an adhesin, may 

contribute to survival in the presence of neutrophils, and helps Gc evade a protective 

antibody-mediated immune response via phase and antigenic variation. 

 Studies in immortalized and primary epithelial cells support a role for the type IV 

pilus in mediating initial attachment to host epithelial cells (reviewed in (Merz and So, 

2000)). In addition, the type IV pilus helps mediate Gc aggregation, twitching motility, 

and natural DNA transformation (Cahoon and Seifert, 2011).  The PilT component of the 

type IV pilus confers twitching motility on Gc (Merz et al., 2000). Type IV pili exert a 

retractile force that stimulates actin cytoskeletal rearrangements, cortical plaque 

formation, and epithelial cell signaling in conjunction with the formation of microcolonies 

of 10-100 diplococci on the epithelial cell surface within 4-6 hours of infection of cultured 

cervical epithelial cells (Dietrich et al., 2011; Lee et al., 2005; Merz et al., 1999; Merz 

and So, 1997, 2000; Merz et al., 2000). The strength of PilT retraction may influence 

microcolony formation and Gc’s ability to activate EGFR signaling during infection 

(Hockenberry et al., 2016). While pili play a role in adherence and stimulation of host cell 
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signaling, pilin variation does not affect the ability of Gc to replicate in association with 

epithelial cells or to exit from epithelial cells (Criss and Seifert, 2006).  

 Opa proteins interact with human carcinoembryonic antigen cell adhesion 

molecules (CEACAMs) and heparan sulfate proteoglycans (HSPGs) on host cells to 

mediate intimate attachment and uptake (Chen et al., 1997; Hauck and Meyer, 2003; 

Kupsch et al., 1993; Sadarangani et al., 2011; van Putten and Paul, 1995; Wang et al., 

1998). There are ~11 individual opa genes in Gc, and various Opa proteins have 

different human receptor specificity and confer different phenotypes in host cell 

interaction studies (Bhat et al., 1991; Connell et al., 1990; Dempsey et al., 1991; Merz 

and So, 2000; Obergfell and Seifert, 2015). Opa proteins undergo ON/OFF phase 

variation mediated by slipped-strand mispairing of pentameric tandem repeats in multiple 

genes encoding Opa proteins (Murphy et al., 1989; Obergfell and Seifert, 2015; Stern et 

al., 1986). During human infection, Opa-expressing Gc are recovered from male urethral 

exudates, from the female cervix during certain points in the menstrual cycle, and from 

the lower genital tract of experimentally infected female mice, suggesting a role for Opa 

during infection (Cole et al., 2010; James and Swanson, 1978; Jerse, 1999; Johnson 

and Criss, 2011).  

 In the cervix, CEACAMs localize to the apical side of the epithelium while HSPGs 

are located basolaterally (Mertens et al., 1996; Tchoupa et al., 2014). Opa-CEACAM 

interactions at the apical epithelial cell surface mediate attachment and internalization to 

epithelial cells expressing CEACAM1, -5, and -6 using an internalization pathway distinct 

from the phagocytic pathway seen in neutrophils mediated by CEACAM3 (Billker et al., 

2002; Tchoupa et al., 2014; Wang et al., 1998). This process is dependent on CEACAM 

clustering in membrane domains, as CEACAM-dependent bacterial uptake in epithelial 

cells is inhibited by cholesterol depletion (Tchoupa et al., 2014). Importantly, while many 

cancer-derived and immortalized epithelial cell lines do not express CEACAM, Fichorova 
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et al. detected CEACAM expression in End1 E6/E7 cells used in this work using a pan-

CEACAM antibody (recognizing CEACAM1, -5, -6, and -8) (Fichorova et al., 2001). 

 In primary cervical epithelial cell models, epithelial production of alternative 

pathway complement components and their deposition on Gc leads to CR3-dependent 

invasion involving porin and the type IV pilus binding the I-domain of CR3 (Edwards et 

al., 2002). Opa proteins are dispensable for CR3-mediated adherence and invasion in 

this model (Edwards and Apicella, 2004). Additionally, Gc releases a protein with 

phospholipase D (PLD) activity, which has been shown to enter primary cervical 

epithelial cells and interact with host signaling molecules to increase CR3 on the cell 

surface and mediate Gc interactions with the epithelial membrane (Edwards et al., 

2003). While CR3 has been shown to play a role in adherence and invasion of primary 

cervical epithelial cells, immortalized cell lines such as the End1 E6/E7 cells used in this 

work have not been shown to express CR3 (Edwards et al., 2001). Importantly, Gc can 

adhere to and invade immortalized human epithelial cell lines, indicating that multiple 

mechanisms can mediate these processes (Merz and So, 2000).  

 While type IV pili and Opa proteins contribute to host cell adherence and 

downstream signaling, non-piliated and/or Opa-deficient Gc can also attach to and 

interact with epithelial cells via other bacterial surface features including LOS and/or 

porin (Dehio et al., 2000; Merz and So, 2000; Song et al., 2000). Of note, while 

gonococcal porin is immunogenic, it is closely associated with LOS (Hitchcock, 1984) 

and reduction modifiable protein (Rmp, aka P.III) (Blake et al., 1989) on the bacterial 

surface, impeding development of a productive antibody response or vaccine against 

porin (Edwards and Apicella, 2004). Another unique feature of gonococcal porin is that it 

is able to translocate into host cell membranes to form a voltage-gated channel (Rudel et 

al., 1996). Interestingly, this activity of porin has been shown to contribute to epithelial 

cell apoptosis in cell models of FRT while preventing apoptosis in male urethral epithelial 
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cell models (Binnicker et al., 2003; Dehio et al., 2000; Massari et al., 2000; Muller et al., 

2000; Muller et al., 1999). Further, porin may influence neutrophil activity, with some 

reports indicating that Gc porin can inhibit degranulation (Lorenzen et al., 2000).  

 Gc LOS also influences bacterial-bacterial and bacterial-epithelial interactions 

(Blake et al., 1995). Gc surface feature variation is important for survival in the human 

host and is also important during transmission. LOS oligosaccharides can vary based on 

substrate and enzyme availability, influencing host cell interactions and tissue tropism 

(Burch et al., 1997; Edwards and Apicella, 2004; Yang and Gotschlich, 1996). 

Additionally, LOS can be sialylated on its lipid A moiety, conferring resistance to 

antibodies and complement in human serum (van Putten, 1993), but must be 

desialylated by sialidases of the cervico-vaginal microbiome before being able to infect 

male urethral cells upon transmission (Harvey et al., 2001; Ketterer et al., 2016). In 

addition to the surface structures discussed here, Gc expresses many surface 

lipoproteins important for immune evasion, nutrient acquisition, and regulation of the 

bacterial stress response in the human host. The reader is referred to a recent 

comprehensive review of Gc surface lipoproteins (SLPs) and the Slam outer membrane 

protein implicated in SLP biogenesis (Hooda et al., 2017).  

 

1.3 Gc stimulates a non-protective neutrophilic inflammatory response in the 

female reproductive tract 

 

 The initial site of Gc infection in women is the endocervix, the transition from the 

lower to upper FRT (Figure 2). Despite neutrophilic cervicitis, the majority of women with 

cervical gonorrhea do not report symptoms (Edwards and Butler, 2011; Jerse and Deal, 

2013). Although genital mucosal secretions contain CAMPs and other bactericidal 

components, Gc survives in their midst (Figure 1). The MisR-MisS two-component 
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regulatory system confers inducible resistance in Gc to CAMPs by directing the 

expression of genes important for envelope integrity (Kandler et al., 2016), which 

enhances Gc colonization and extends infection duration in a mouse model of lower FRT 

gonorrhea (Gangaiah et al., 2017).  

 The recruitment and activation of neutrophils in response to Gc is coordinated by 

cellular and soluble factors. In the FRT, Gc interacts with epithelial and immune cells, 

including macrophages, dendritic cells, T cells, and neutrophils, to elicit the local 

production of inflammatory mediators and activation of a Th17-type response (Figure 3) 

(Criss and Seifert, 2012; Liu et al., 2011; Masson et al., 2014; Masson et al., 2015). 

Moreover, Gc infection was recently shown to activate non-muscle myosin II in human 

cervical tissue, leading to epithelial junctional disruption, exfoliation of endocervical cells, 

and bacterial subepithelial penetration (Wang et al., 2017).  

 

1.3.1 Pattern-recognition receptor activation by gonococcal pathogen-associated 

molecular patterns 

 

 During infection, cytokine production is driven by signaling via epithelial and 

resident immune cell PRRs that recognize Gc PAMPs (Figure 3). Levels of PRRs, 

particularly TLR4, which recognizes the lipid A moiety of Gc LOS, and numbers of 

myeloid cells both increase from the lower to upper FRT, such that an immune response 

is mounted only to pathogens that ascend into the upper FRT and not to the resident 

microbiota of the lower FRT (Figure 2). In fact, antimicrobial defenses of FRT cells from 

various areas of the FRT have been shown to be active against invading pathogens 

while sparing resident microbiota, like lactobacilli, which are important for the health of 

the vaginal microbiome (Wira et al., 2011). In response to N. gonorrhoeae, epithelial and 

resident myeloid cells secrete proinflammatory cytokines, including TNF-α, IL-1β, IL-6, 
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and IL-8 and sentinel Th17 cells release IL-17 (Criss and Seifert, 2012; Dietrich et al., 

2011; Feinen et al., 2010; Fichorova et al., 2001; Harvey et al., 2002; Masson et al., 

2015; Muenzner et al., 2002; Naumann et al., 1998; Naumann et al., 1997). These 

cytokines establish a gradient that serves to recruit neutrophils from the bloodstream 

and activate them at the site of infection. 

 PRRs include membrane-associated Toll-like receptors (TLRs) and cytoplasmic 

NOD-like receptors (NLRs) that recognize a variety of Gc PAMPs (Figures 2 & 3) (Chan 

and Dillard, 2017; Magalhaes et al., 2011; McClure and Massari, 2014). Cervical 

epithelial cells respond to N. gonorrhoeae through stimulation of TLR2 but not TLR4, 

whereas resident immune and upper FRT cells, including Fallopian tube epithelial cells, 

are particularly poised to respond to LOS via TLR4 (Fazeli et al., 2005; Fichorova et al., 

2002). Gonococcal porin and other lipoproteins stimulate TLR2 to activate NF-kB-driven 

inflammatory cytokine production (Fisette et al., 2003; Massari et al., 2002). Similarly, 

TLR4 is potently activated by the lipid A portion of lipooligosaccharide from N. 

gonorrhoeae and its close relative, Neisseria meningitidis (John et al., 2017). PG is 

primarily recognized by intracellular NLRs (Chan and Dillard, 2017; Mavrogiorgos et al., 

2014). Recent work from Gray-Owen and colleagues has identified a new PAMP from 

Gc, the LOS biosynthesis pathway intermediate heptose-1,7-bisphosphate (HBP) 

(Gaudet and Gray-Owen, 2016; Gaudet et al., 2017; Gaudet et al., 2015). Activation of 

NF-kB signaling by HBP occurs via phosphorylation-dependent oligomerization of TRAF-

interacting protein with forkhead-associated domain (TIFA) (Gaudet et al., 2015). 

Recognition of HBP represents a novel mechanism to detect and mount an immune 

response to Gram-negative bacterial pathogens (Gaudet et al., 2017); this may be 

particularly important for signaling in sentinel cells that lack TLR4 expression, such as 

cervical epithelial cells. 
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1.3.2 Gc modulates innate immune cell responses 

 

 There is strong evidence to suggest that Gc skews innate immune cell 

recognition and response as an element of its survival strategy. Addition of 

phosphoethanolamine (PEA) to lipid A by the enzyme LptA, which is found in the 

pathogenic Neisseria, not only enhances TLR4 recognition to stimulate NF-kB-driven 

cytokine production, but also aids the bacteria in defense against CAMPs found in 

mucosal secretions and neutrophils (Handing and Criss, 2015; Hobbs et al., 2013; 

Packiam et al., 2014). Therefore, the potentially damaging effects of lipid A-mediated 

activation of TLR4 and subsequent inflammation are mitigated by the intrinsic defense 

against killing that is conferred by modifying lipid A with PEA. Another example was 

recently elucidated by Golenbock and colleagues, who showed that exposure to Gc 

leads to STING-dependent activation of the intracellular DNA sensor cyclic GMP-AMP 

synthase (cGAS) in monocytes and macrophages (Andrade et al., 2016). In combination 

with TLR4 activation, this stimulates the production of IFN-β. Rather than helping to 

control infection, IFN-β increases the availability of intracellular iron in macrophages and 

neutrophils, which is correlated with enhanced survival of Gc (Andrade et al., 2016). Gc 

may have additional mechanisms to survive and replicate in association with 

macrophages (Chateau and Seifert, 2016), including through the expression of surface-

exposed factors such as macrophage infectivity potentiator-like protein (MIP) (Leuzzi et 

al., 2005; Reimer et al., 2016). 

 Not all features of Gc are immunostimulatory. Gc has been reported to polarize 

macrophages to an immune-regulatory, M2 phenotype, which would downregulate the 

antimicrobial activity and proinflammatory cytokine production of macrophages (Ortiz et 

al., 2015).  Moreover, while the peptidoglycan (PG) fragments released by Gc are toxic 

to Fallopian tube cells, they are poorly recognized by innate immune receptors. 
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Specifically, Duncan and Dillard and colleagues recently found that the PG monomers 

released by Gc, via the activities of the lytic transglycosylases LtgA and LtgD, are poor 

activators of mouse NOD2 and TLR2, compared with multimeric PG. This is due to the 

anhydro moiety on the terminus of Ltg-cleaved fragments, rather than a free reducing 

(hydroxyl) end, as would be found following digestion by lysozyme (Knilans et al., 2017). 

These studies suggest that the large amounts of PG fragments released by Gc during 

normal growth may serve as decoys, to limit PRR activation in the lower FRT and 

enhance overall Gc survival. 

 

1.3.3 Gc manipulates the adaptive immune response, skewing the inflammatory 

environment to attract and activate neutrophils 

 

 Despite the proinflammatory nature of Gc PAMPs, the subsequent host immune 

response is not sufficient to clear infection. Gc has a remarkable ability to evade host 

antibody-mediated immunity, due to extensive antigenic and phase variation of its 

immunogenic surface structures as well as by expression of Rmp, which limits the 

generation of bactericidal antibodies (Obergfell and Seifert, 2015; Zhu et al., 2011). Gc 

also manipulates cellular immune responses to limit adaptive immune cell activation and 

direct the immune response towards a neutrophilic, nonprotective presentation, as 

described below. 

 

1.3.3.1 CEACAM1-mediated limitation of immune cell activation 

 

 Most members of the family of Opa outer-membrane proteins of Gc interact with 

human CEACAM1, which is expressed on T cells, B cells, dendritic cells, and epithelial 

cells. CEACAM1 has an immunoreceptor tyrosine-based inhibition motif (ITIM) on its 
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cytoplasmic tail, which recruits the SHP phosphatase to block signaling in trans from 

activating receptors (Gray-Owen and Blumberg, 2006). Engagement of CEACAM1 by 

Opa+ Gc also drives bacterial internalization into epithelial cells, within which Gc can 

survive while avoiding exposure to CAMPs, antibodies, complement factors, and other 

bactericidal components. The importance of the Opa-CEACAM1 interaction to the 

pathogenesis of gonorrhea is reflected in the strong selection for CEACAM1-binding Gc 

in vivo (Sintsova et al., 2015). However, the opa genes phase-vary at high frequency 

and diversify by recombination and mutation, changing their ability to engage CEACAM1 

(Wachter and Hill, 2016). While a role for Gc-CEACAM1 interaction has been described 

for T cells, B cells, dendritic cells, and epithelial cells, a role for Gc interaction with 

CEACAM1 on neutrophils has not yet been fully elucidated. 

 

1.3.3.2 TH17 response  

 

 Gc infection induces the local production of TGF-β and IL-10 to skew the 

resulting adaptive response away from Th1 and Th2-driven immunity and towards a 

Th17 response, which in the context of gonorrhea enhances inflammation and prevents 

the development of protective immunity (Jerse and Deal, 2013; Liu et al., 2012; Liu et al., 

2014; Liu and Russell, 2011). Th17 cells produce IL-17, which is important for neutrophil 

recruitment in the human and mouse lower FRT in response to Gc (Feinen et al., 2010; 

Masson et al., 2015). The Russell group has proposed reorientation of the T cell 

response to Gc away from Th17 and towards Th1 as a therapeutic intervention to 

ameliorate neutrophilic inflammation. In support of this possibility, female mice 

immunized with Gc antigens in combination with IL-12, a Th1-activating cytokine, clear 

Gc more rapidly when first infected and are protected against reinfection (Liu et al., 

2017). 
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1.4 Gc thwarts neutrophil functions to enhance its survival and promote continued 

inflammation 

 

 The predominant clinical feature of acute gonorrhea is the presence of viable Gc 

in association with neutrophils in mucosal secretions (Figure 1). While neutrophils have 

a robust antimicrobial arsenal (Figure 4), our laboratory and others have identified 

mechanisms Gc uses to evade killing by neutrophils (Figure 4 & Table 1).  

 

1.4.1 Gc evades a robust neutrophil antimicrobial arsenal  

 

 Neutrophil antimicrobials include cationic antimicrobial peptides (CAMPs), 

proteases, proteins that sequester essential metals, and reactive oxygen species (ROS) 

(Figure 4). These components are released into microbe-containing phagosomes, 

extracellularly by degranulation, and in chromatin-based neutrophil extracellular traps 

(NETs) (Figure 4). Despite robust recruitment of neutrophils to the site of Gc infection, 

viable Gc can still be cultured from gonorrheal secretions suggesting that at least a 

subset of Gc evade neutrophil killing (Wiesner and Thompson, 1980). Our laboratory 

and others have uncovered two ways used by Gc to survive exposure to neutrophils 

(see (Criss and Seifert, 2012; Johnson and Criss, 2011) for overviews): Gc possesses 

defenses against neutrophil antimicrobial components and also limits neutrophils from 

producing and releasing them (Table 1).  

 Neutrophils combat invading pathogens using both oxidative and non-oxidative 

killing mechanisms that can act extracellularly, through release of granule components 

or NETs, or intracellularly, through release into phagolysosomes. However Gc has 

evolved a number of mechanisms to evade neutrophil killing, reviewed in (Johnson and 



 
 

15 

Criss, 2011) and (Criss and Seifert, 2012), discussed here, and summarized in Table 1. 

Gc encodes a superoxide dismutase, a catalase, peroxidases, and a methionine 

sulfoxide reductase, RecN, to defend against and repair damage induced by ROS (Seib 

et al., 2005; Seib et al., 2004; Soler-Garcia and Jerse, 2004; Stohl et al., 2005; Stohl and 

Seifert, 2006; Wilks et al., 1998). RecN may also help Gc evade neutrophil killing by 

other mechanisms (Stohl et al., 2005). Additionally, PorB, the essential Gc porin has 

been shown to inhibit the neutrophil oxidative burst and generation of ROS (Chen and 

Seifert, 2011; Lorenzen et al., 2000). Gc type IV pili have been shown to protect Gc 

against neutrophil CAMPs and ROS (Stohl et al., 2013). Gc also encodes a PG 

peptidase, Mpg that contributes to type IV pili-mediated resistance to CAMPs and ROS 

(Stohl et al., 2012; Stohl et al., 2005; Stohl et al., 2013). Gc lactate dehydrogenases 

LdhA and LdhD may help Gc use lactate as a carbon source and contribute to survival in 

neutrophils (Atack et al., 2014).  

 Nutritional immunity, the sequestration of essential nutrients including Zn, is an 

important host defense against pathogens. Recent work demonstrated that Gc uses 

TonB-dependent transporters to overcome sequestration of Zn by directly binding 

calprotectin, a host Zn-binding protein that is produced by neutrophils and contained in 

NETs. Expression of TdfH affords Gc a survival advantage when in association with 

NETs, in a Zn-dependent manner (Jean et al., 2016). We also recently described a 

mechanism by which Gc uses a nuclease to degrade NET DNA (Juneau et al., 2015). 

Importantly, Gc induces NET formation but efficiently evades NET killing, which may 

contribute to the sustained and inefficient neutrophil response to infection (Juneau et al., 

2015). 

 LOS modifications have also been shown to contribute to Gc resistance to 

neutrophil killing mechanisms. Gc Lst inhibits phagocytosis by neutrophils in suspension 

by sialylating N-lactotetraose-containing LOS (Kim et al., 1992; Rest and Frangipane, 
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1992). More recently, phosphoethanolamine addition to gonococcal LOS by LptA was 

demonstrated to help Gc overcome neutrophil killing mechanisms by limiting 

phagolysosome maturation as well as helping Gc resist antimicrobial components of 

neutrophil granules delivered to the phagosome, released extracellularly, and contained 

in NETs (Handing and Criss, 2015). Gonococcal LtgA and LtgD are important for 

peptidoglycan release during Gc growth. A recent study from our lab showed that these 

enzymes also help Gc resist killing by neutrophils, in particular by resisting killing by 

lysozyme (Ragland et al., 2017). Importantly, this study also demonstrated that LtgA and 

LtgD activity reduces neutrophil activation by reducing granule mobilization to the 

phagosomal and plasma membranes (Ragland et al., 2017). An example of a defense 

mechanism shared with other pathogens includes Gc MIP, a peptidyl-prolyl cis/trans 

isomerase activity found in Chlamydia and pathogenic Neisseria. Using two newly 

identified inhibitors of MIP, PipN3 and PipN4, recent findings support a role for MIP 

during gonococcal survival in neutrophils by a yet uncharacterized mechanism (Reimer 

et al., 2016). These examples of mechanisms Gc uses to evade neutrophil antimicrobial 

activity provide strong evidence for the relevance of neutrophil-evasion in the context of 

infection. Further, they support the hypothesis that Gc has evolved to stimulate and then 

effectively evade the non-protective neutrophil response in order to persist and be 

transmitted. 

 

1.4.2 Neutrophil antimicrobial activity that is insufficient to clear Gc can contribute to host 

cell damage and enhance neutrophilic inflammation  

 

 Antimicrobial components are a crucial part of neutrophils’ functionality, but they 

have the potential to damage host cells. ROS oxidize lipids, proteins, and DNA, and also 

serve as a second messenger to enhance inflammation and neutrophil recruitment 



 
 

17 

(Mittal et al., 2014). Proteases, including neutrophil-derived matrix metalloproteases 

(MMPs), degrade tissue extracellular matrix and contribute to sustained neutrophil 

recruitment (Kruger et al., 2015). The CAMP LL-37 interacts with host cell receptors 

including TLR4 and contributes to their continued activation during infection and 

inflammation (Verjans et al., 2016). Histones, released from neutrophils in NETs, induce 

direct epithelial cell damage (Saffarzadeh et al., 2012). NETs are also thought to 

contribute to the pathology associated with autoimmune diseases by providing self-

antigen (such as in Systemic Lupus Erythematosus), and with cardiovascular disease by 

enhancing formation of atherosclerotic plaques (Doring et al., 2017; Papayannopoulos 

and Zychlinsky, 2009). NETs are formed in response to Gc, but the bacteria have 

multiple mechanisms to survive in association with NETs, including resistance to 

antimicrobials in NETs, acquisition of calprotectin by TdfH, maintenance of envelope 

integrity, and expression of Nuc that degrades NET DNA (Figure 4 & Table 1) 

(Gunderson and Seifert, 2015; Handing and Criss, 2015; Jean et al., 2016; Juneau et al., 

2015). Although the contribution of Gc-induced NETs to cellular damage remains to be 

elucidated, it is likely that Nuc could release CAMPs and histones from NETs, which 

would directly damage epithelial cells and stimulate continued inflammation. Thus 

neutrophils’ antimicrobial components have the capacity to directly damage host cells as 

well as promote continued neutrophilic inflammation.  

 

1.4.3 Gc defenses against neutrophils also modulate neutrophil activation 

 

 Some of the defenses used by Gc against neutrophil antimicrobial activities 

influence neutrophil activation and extracellular release of antimicrobial components 

(Figure 4). These components may contribute to the cellular damage associated with 

gonorrhea in the FRT.  
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 Variations in Opa protein expression contribute to neutrophil activation and the 

ability of Gc to survive exposure to neutrophils. While Opa-CEACAM1 interactions with T 

cells, B cells, and dendritic cells may contribute to immunosuppression during infection 

as discussed in section 1.3.3.1, the role for this interaction during interaction with 

neutrophils is poorly characterized. In comparison, a subset of Gc expresses Opa 

proteins that interact with CEACAM3, which unlike CEACAM1, has an immunoreceptor 

tyrosine-based activation motif (ITAM) in its cytoplasmic tail. Interaction with CEACAM3 

on neutrophils leads to increased ROS production and granule release, and decreased 

Gc survival (Figure 4) (Johnson et al., 2015; Sarantis and Gray-Owen, 2007, 2012; 

Sintsova et al., 2014; Smirnov et al., 2014). Engagement of CEACAM3 also serves to 

further recruit and activate neutrophils at the site of infection in vivo (Sintsova et al., 

2014). The same study that found a selection for an Opa protein repertoire that binds 

CEACAM1 also found a selection against CEACAM3-binding Opa proteins in patient 

isolates, underscoring the importance for Gc of avoiding recognition by this receptor 

(Sintsova et al., 2015).  

 Some Gc defenses also limit the degree of granule fusion with phagosomes and 

the plasma membrane. We recently reported that addition of PEA to LOS by LptA is 

important for survival of Gc from neutrophils, not only by defending against CAMPs, but 

also by limiting the extent of phagolysosome formation (Handing and Criss, 2015). This 

was surprising since PEA-modified lipid A has a higher affinity for TLR4 (Packiam et al., 

2014), suggesting the activation of neutrophils by Gc may be TLR4-independent. As 

another example, we found the PG modifying enzymes LtgA and LtgD defend Gc from 

neutrophils, particularly from killing by lysozyme, and limit granule fusion with 

phagosomes and the plasma membrane (Ragland et al., 2017). This observation is in 

agreement with recent findings that PG fragments produced by LtgA and LtgD are 

nonstimulatory for NLRs and TLRs (Knilans et al., 2017). 
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1.4.4 Challenges in modeling ascending infection with Gc and the consequences of 

neutrophil influx 

 

 A direct role for neutrophils in inducing epithelial cell damage in gonorrhea has 

not yet been described owing to challenges of studying Gc infection and neutrophilic 

inflammation in the FRT. Ex vivo systems such as cell lines and tissue explants do not 

generally incorporate neutrophils, although basal-to-apical transepithelial migration in 

response to other mucosal pathogens has been modeled with monolayers of polarized 

epithelial cells (Szabady and McCormick, 2013). A mouse model of lower FRT infection 

has been established by the Jerse group and used to probe the bacterial and host 

factors that are important for colonization and early neutrophil recruitment (Jerse et al., 

2011). Subsequently, Gc infection models using mice transgenic for human receptors 

and other human-specific components have been developed. In particular, in mice that 

are transgenic for human CEACAMs, the Gray-Owen group has reported that Gc 

robustly infects the lower FRT and triggers a strong influx of CEACAM-expressing 

neutrophils that interact with the bacteria (Sintsova et al., 2014). While mouse models 

have increased our understanding of Gc colonization and early inflammatory responses, 

at this time they do not reproduce features of Gc infection seen in women, including 

ascending infection, sustained neutrophil influx, and epithelial damage. 

 

1.5 Neutrophilic inflammation and epithelial damage in response to Gc in the 

upper female reproductive tract 

 

 If treatment of Gc infection does not occur or is ineffective, Gc can ascend to the 

upper FRT, where the neutrophilic inflammatory response is more potent; this is 
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correlated with increased epithelial expression of pattern recognition receptors (PRRs) 

and greater numbers of resident myeloid cells that are poised to detect foreign antigens 

(Figure 2) (Wira et al., 2005). The interactions of Gc with epithelial cells during ascent 

from the lower to the upper FRT have recently been simulated using human Hec-1-A 

cells cultured in a bioreactor as three-dimensional organoids (Laniewski et al., 2017). Gc 

infection, but not colonization with commensal Lactobacillus crispatus or Gardnerella 

vaginalis, stimulates production of proinflammatory mediators (IL-1β, IL-8, and TNF-α) 

and alterations to host cells, including microvillus remodeling (Laniewski et al., 2017).  

 A hallmark of upper FRT infection with Gc is the death of ciliated cells lining the 

Fallopian tube. Reduced motility in the Fallopian tube, along with tubal scarring, result in 

infertility and ectopic pregnancy. Human Fallopian tube explants have been instrumental 

in demonstrating that release of LOS and PG fragments by Gc stimulate the production 

of inflammatory cytokines and second messengers, including TNF-α and nitric oxide 

(Gregg et al., 1981; Melly et al., 1981; Melly et al., 1984). Unlike most bacteria, including 

other Neisseria species, Gc poorly recycles its PG during cell wall turnover (Woodhams 

et al., 2013). Instead, PG fragments are released extracellularly and are responsible for 

ciliated cell death (Chan and Dillard, 2016, 2017). A new contributor to Fallopian tube 

damage was recently reported by Velazquez, Christodoulides, and colleagues (Rodas et 

al., 2016). Gc-infected Fallopian tube epithelial cells increase production of MMPs and 

extracellular release of MMP-9, which may amplify tissue destruction by degrading 

extracellular matrix and interfering with tissue repair. Further, MMP-9 generates 

chemokine mimetics and extracellular matrix fragments, which further stimulate 

inflammation and neutrophil recruitment. Neutrophils themselves are a significant source 

of MMP-9, setting up a vicious cycle of inflammation and epithelial cell damage (Kruger 

et al., 2015). 
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 Much remains to be learned about the mechanisms underlying Gc-induced 

neutrophilic inflammation and damage in the upper FRT. It is unethical to conduct 

human challenge studies on women due to the risk of serious complications. Fallopian 

tube explants and endometrial organoids are useful models, especially if primary human 

neutrophils are introduced. A new female mouse model of upper FRT infection with Gc 

provides an in vivo platform for studying neutrophilic inflammation and its consequences 

(Islam et al., 2016). In this model, transcervical inoculation of Gc leads to infection of the 

uterine horns and corpus of the upper FRT, resulting in robust and rapid neutrophilic 

infiltration, edema, and other signs of PID (Islam et al., 2016). The inflammatory process 

is exaggerated in mice in diestrus; similarly, PID most commonly presents after the 

onset of menses in women with gonorrhea (Islam et al., 2016). Introduction of transgenic 

or knockout mice into this model may enable longer-term infection with Gc, to model the 

chronic inflammation and consequent damage associated with PID. 

 

1.6 Modeling neutrophil transepithelial migration in vitro  

 

 Circulating neutrophils are quiescent, becoming activated only when recruited 

from the bloodstream to sites of inflammation (Borregaard, 2010). Chemotactic gradients 

generated in response to infection promote neutrophil transendothelial migration out of 

blood vessels and through the interstitium to the site of infection (Borregaard, 2010; 

Szabady and McCormick, 2013). Endothelial cells lining postcapillary beds are 

stimulated by inflammatory biomarkers such as IL-17 to express selectins and integrins 

that bind ligands on neutrophils (Borregaard, 2010; Szabady and McCormick, 2013). 

Neutrophils then leave the bloodstream via sequential rolling, firm adhesion, and 

transendothelial migration (Borregaard, 2010; Szabady and McCormick, 2013). During 

transendothelial migration, neutrophils migrate via a paracellular, between cells, or 
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transcellular, through cells, route (Borregaard, 2010; Muller, 2003). As neutrophils move 

paracellularly, they reversibly remodel epithelial tight junctions (Nash et al., 1987, 1988). 

Chemotactic gradients of inflammatory biomarkers, including IL-8, have then been 

shown to recruit neutrophils through the extracellular matrix to sites of infection and 

inflammation, but not to drive transepithelial migration or neutrophil-driven epithelial cell 

damage (Borregaard, 2010; Eckmann et al., 1993; Kucharzik et al., 2005; McCormick et 

al., 1995; Szabady and McCormick, 2013). In the tissue, neutrophils become poised to 

deploy a robust antimicrobial arsenal (Borregaard, 2010; Condliffe et al., 1998; Szabady 

and McCormick, 2013). Once they have reached the site of infection, neutrophils must 

complete a final step of transmigration across the epithelium and into the lumen. The 

signals driving transepithelial migration to mucosal bacterial pathogens have recently 

been elucidated using in vitro models of intestinal and pulmonary mucosal epithelia 

(Bhowmick et al., 2013; Boll and McCormick, 2012; Boll et al., 2012a; Boll et al., 2012b; 

Hurley et al., 2004; Kohler et al., 2002; McCormick et al., 1998; Mrsny et al., 2004; 

Pazos et al., 2017; Pazos et al., 2015; Tamang et al., 2012; Zurawski et al., 2006), but 

remain unexplored in the context Gc infection of the cervix and FRT. 

 

1.6.1 Mechanisms of neutrophil transepithelial migration 

 

 Once neutrophils are recruited from the bloodstream by chemoattractants such 

as IL-8, they follow additional chemotactic gradients to the site of infection. In fact, 

studies suggest that neutrophils preferentially follow other chemoattractants through the 

extracellular matrix including eicosanoids like leukotriene B4 (LTB4), as well as neutrophil 

chemoattractants that might be uniquely generated at sights of bacterial infection 

including the complement fragment C5a and bacterial-derived formyl peptides (Foxman 

et al., 1997; Heit et al., 2002; Szabady and McCormick, 2013). These chemoattractants 
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stimulate G-protein-coupled-receptors (GPCRs) on neutrophils, leading to a calcium flux 

and downstream signaling to stimulate directed migration (Viola and Luster, 2008). 

Additional signals are then required to drive neutrophils across epithelial barriers to the 

lumen at the site of mucosal bacterial infection (Szabady and McCormick, 2013). 

Recently, the final step of neutrophil transepithelial migration has been shown to be 

driven by the production of eicosanoids, which will be discussed in further detail in 

section 1.7 (Bhowmick et al., 2013; Boll and McCormick, 2012; Boll et al., 2012a; Boll et 

al., 2012b; Hurley et al., 2004; Kohler et al., 2002; McCormick et al., 1998; Mrsny et al., 

2004; Pazos et al., 2017; Pazos et al., 2015; Tamang et al., 2012; Zurawski et al., 2006). 

As during transendothelial migration, neutrophils can migrate across epithelial 

monolayers either paracellularly across tight junctions or by a transcellular route, with 

the paracellular route seemingly most common (Szabady and McCormick, 2013). As 

neutrophils move paracellularly, they reversibly disrupt tight junctions, in part due to the 

actions of neutrophil proteases (Ginzberg et al., 2001; Nash et al., 1987). Paracellular 

neutrophil migration requires the integrins CD11b/CD18 (Parkos et al., 1991), similar to 

during transendothelial migration (Borregaard, 2010). In the setting of transepithelial 

migration, additional interactions with CD47 and Sirp-α also contribute to neutrophil 

movement between epithelial cells (Liu et al., 2002; Parkos et al., 1996). Upon reaching 

the luminal surface, neutrophils first adhere to the apical surface of mucosal epithelial 

cells and then detach (Brazil et al., 2010; Lawrence et al., 2003). 

	
1.6.2 Neutrophil transepithelial migration can disrupt epithelial barrier function and lead 

to mucosal epithelial damage  

 

 Neutrophil transepithelial migration further activates neutrophils against mucosal 

pathogens (Nadeau et al., 2002; Szabady and McCormick, 2013). Neutrophil activity 



 
 

24 

may help to clear pathogens, but can also have significant off-target damaging effects on 

host cells. This is particularly relevant in the setting of gonococcal infection, where 

neutrophils are not thought to be sufficient at clearing Gc but are recruited in large 

numbers throughout infection. Notably, large populations of transmigrating neutrophils 

disrupt epithelial monolayer integrity and barrier function (Nash et al., 1987; Nusrat et al., 

1997) and can contribute to pathology associated with neutrophilic inflammation. Given 

that neutrophils are highly activated following transepithelial migration into the lumen and 

that neutrophil antimicrobial activity can have off-target effects on surrounding host 

epithelium, neutrophils can then continue to contribute to the pathology associated with 

mucosal inflammation (Chin and Parkos, 2007; Fournier and Parkos, 2012; Nash et al., 

1987; Nusrat et al., 1997; Szabady and McCormick, 2013).  

 Epithelial cell damage resulting from neutrophil influx has been extensively 

studied in the context of gastrointestinal pathology, including in the context of 

inflammatory bowel diseases (IBDs), ulcerative colitis (UC) and Crohn’s disease (CD), in 

which there is significant neutrophil-rich pathology (Fournier and Parkos, 2012; Maloy 

and Powrie, 2011). In these contexts, epithelial damage includes epithelial cell death 

and sloughing, effacement of microvilli, and formation of neutrophil rich crypt abscesses, 

areas filled with neutrophils in which epithelial cells are either lost or atypical (Fournier 

and Parkos, 2012). Neutrophil-influx-induced epithelial damage has also been 

characterized in the lung, for example in the context of acute respiratory distress 

syndrome (ARDS) where primed neutrophils are retained in the lung and mediate severe 

epithelial cell damage (Kruger et al., 2015; Summers et al., 2014). It is understood that 

both in vitro and in vivo, neutrophils first undergo priming, via interaction with pro-

inflammatory signals including TNFα, IL-1β, IL-8, leukotriene B4 (LTB4) and GM-CSF as 

well as bacterial products including LPS, that is then followed by a second stimulus that 

fully activates neutrophils (Condliffe et al., 1998). This process is important for neutrophil 
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activity, and contributes to clearance of invading pathogens. However, there is an 

important balance between neutrophil inflammation and resolution that, when 

dysregulated as in IBD and ARDS, leads to significant pathology.  

 

1.6.3 Pro-inflammatory and pro-resolving factors normally help maintain homeostasis 

and are both important in protection of tissues 

 

 In homeostasis, neutrophil recruitment and activation is followed by resolution. In 

response to insults including invading microbes and epithelial barrier breach, pro-

inflammatory cytokines and chemokines work in concert with pro-inflammatory lipid 

mediators, including eicosanoids produced from arachidonic acid, to promote neutrophil 

recruitment (Serhan, 2014). Pro-inflammatory lipid mediators include eicosanoids 

(prostaglandins, hepoxilins, and leukotrienes) (Figure 5). In particular, prostaglandins 

and leukotrienes stimulate neutrophil migration from the vasculature to the tissue. 

Recently, the role for eicosanoids in stimulating neutrophil recruitment and transepithelial 

migration to mucosal pathogens has been appreciated and will be discussed in detail in 

section 1.7 of this dissertation. Active resolution of inflammation quickly follows. Pro-

resolving lipid mediators include lipoxins, resolvins, and protectins, and are important 

during resolution of neutrophilic inflammation and return to homeostasis (Figure 5) 

(Serhan, 2014). If resolution is not successful, dysregulated lipid-mediated inflammation 

can lead to chronic inflammation, tissue damage, and fibrosis (Serhan, 2014).  

 

1.6.4 In vitro systems to model and measure neutrophil transepithelial migration 

 

 Our understanding of neutrophil transepithelial migration comes from 

observations made using in vitro models of epithelial monolayers. An early model used 
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to study this process used T84 cells, a human intestinal epithelial cell line derived from a 

colon cancer metastasis. Parkos et al. developed a method to culture T84 cells on 

inverted inserts in order to model physiologically relevant basal-to-apical neutrophil 

transepithelial migration (Parkos et al., 1991). Since then, a number of cell lines have 

been used to model apical infection and subsequent neutrophil transepithelial migration 

to different mucosal pathogens. In the work presented here, we chose immortalized 

endocervical, End1 E6/E7 (ATCC CRL-2615), cells generated by Fichorova et al. 

(Fichorova et al., 1997). End1 cells were derived from a premenopausal woman 

undergoing hysterectomy for endometriosis and immortalized using HPV proteins E6 

and E7 (Fichorova et al., 1997). End1 cells maintain stable expression of epithelial 

differentiation markers and upregulate IL-8, IL-6, intracellular adhesion molecule 1 

(ICAM-1 aka CD54) and CD66c when exposed to Gc (Fichorova et al., 2002; Fichorova 

et al., 2001). Further, polarized End1 cells on inverted inserts support neutrophil 

transepithelial migration (Fichorova et al., 2005). Given that models to date do not fully 

recapitulate cervical infection and resultant neutrophil influx in female gonococcal 

infection, polarized monolayers of End1 cells will provide a physiologically relevant 

model with which to study this process. 

 

1.7 Bioactive lipids are potent neutrophil chemoattractants  

  

1.7.1 Eicosanoids and their role in inflammation 

 

 Eicosanoids include prostaglandins, leukotrienes, and hepoxilins (Figure 5). 

These bioactive lipids are derived from arachidonic acid and other polyunsaturated fatty 

acids (PUFAs) via the action of lipoxygenase (LOX), cyclooxygenase (COX), or 

cytochrome P450 enzymes (Dennis and Norris, 2015; Harizi et al., 2008) (Figure 6A). 
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Eicosanoids can be pro-inflammatory or exhibit pro-resolving activity, with both activities 

important during homeostasis (Figure 5). For example, eicosanoids and the enzymes 

that generate them contribute to homeostatic functions including maintaining barrier 

function and mucosal integrity (Dennis and Norris, 2015). During infection and 

inflammation, engagement of PRRs stimulates phospholipase A2 (PLA2) mediated 

release of arachidonic acid (AA) from host cell membranes (Dennis and Norris, 2015). 

PLA2 activity is tightly regulated within host cells, providing an important level of 

regulation for eicosanoid production (Cathcart, 2009; Sadik and Luster, 2012). Activation 

of PLA2 requires phosphorylation, which can be regulated by protein kinase C (PKC), 

and calcium-dependent translocation of PLA2 to cell membranes (Cathcart, 2009; Sadik 

and Luster, 2012). Release of AA is the rate-limiting step in eicosanoid generation and is 

mediated primarily by three different PLA2 isoforms in a context-dependent manner 

(Dennis and Norris, 2015; Murakami and Kudo, 2002). These include cytosolic calcium-

dependent PLA2 (cPLA2), specifically cPLA2α, secretory PLA2 (sPLA2), and the calcium-

independent iPLA2 (Cathcart, 2009; Murakami and Kudo, 2002).  These PLA2 enzymes 

liberate free fatty acids by hydrolyzing the fatty acyl group from the sn-2 position of 

glycophospholipids (Cathcart, 2009). In this regard, cPLA2 is particularly interesting as a 

potential player during infection because it selectively cleaves sn-2 on AA to serve as a 

precursor for AA-derived bioactive lipids (Cathcart, 2009). Notably, production of 

different eicosanoids is cell-specific, depending on the particular enzymes expressed, 

and context specific, with varied activity depending on environmental cues (Dennis and 

Norris, 2015). An additional level of specificity for eicosanoid signaling is provided by 

cell- and tissue-specific expression of eicosanoid receptors (Dennis and Norris, 2015). 

Recently, a number of mucosal pathogens have been shown to stimulate eicosanoid-

driven neutrophil influx in pathogen- and context-specific ways that likely contribute to 

the characteristic neutrophil-mediated pathologies during infection. 
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1.7.2 Hepoxilin A3 and Leukotriene B4 are particularly potent neutrophil chemoattractants 

 

 Hepoxilin A3 (HXA3) and leukotriene B4 (LTB4) are particularly potent neutrophil 

chemoattractants implicated in neutrophil influx to mucosal bacterial infections (Figure 

5). HXA3 contains an epoxide ring that is required for neutrophil chemotactic activity 

(Figure 6B) (Morisseau et al., 2012; Pace-Asciak, 2015). HXA3 interaction with 

neutrophils produces a calcium flux that is sensitive to pertussis toxin (Dho et al., 1990; 

Pace-Asciak, 2015; Reynaud et al., 1995b; Sutherland et al., 2000), suggesting that its 

receptor is a GPCR, however the receptor for HXA3 has not yet been defined. Recent 

work has shown that HXA3 is produced by mucosal epithelial cells in response to a 

number of mucosal bacterial pathogens to drive neutrophil transepithelial migration 

(Szabady and McCormick, 2013), as will be further discussed in section 1.7.4. HXA3 is 

extremely labile, and is quickly degraded to an inert trioxilin A3 (TrA3) in an acidic 

environment or by epoxide hydrolases (Morisseau et al., 2012; Pace-Asciak, 2015) 

(Figure 6B). Therefore, its actions are likely short-lived, supporting the idea that HXA3 

provides a local chemotactic gradient for neutrophils that is tightly regulated by its 

degradation.  

 In contrast to the local chemotactic gradient across mucosal epithelia created by 

HXA3, LTB4 has been shown to play a role in amplifying local chemotactic gradients over 

large distances (Figure 6C). LTB4 has both a high affinity, BLT1, and low affinity, BLT2 

receptor (Tager and Luster, 2003; Yokomizo et al., 1997; Yokomizo et al., 2000). Both 

receptors are GPCRs and engagement stimulates a calcium-flux in the target cell 

(Figure 7) (Tager and Luster, 2003). BLT1 is primarily expressed on myeloid cells, while 

BLT2 exhibits a wider expression profile (Tager and Luster, 2003). The LTB4-BLT1 axis is 

important for directing neutrophil chemotaxis and augmenting local gradients of 
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inflammatory mediators to coordinate robust neutrophil influx at sites of inflammation 

(Afonso et al., 2012; Nemeth and Mocsai, 2016).  

 There are some important differences between HXA3 and LTB4. Notably, while 

LTB4 acts to both recruit and activate neutrophils (Le Bel et al., 2014), HXA3 is purely a 

chemoattractant and does not activate neutrophils (Mrsny et al., 2004; Szabady and 

McCormick, 2013). Neutrophil migration and LTB4 signaling activates neutrophils against 

invading pathogens (Le Bel et al., 2014; Nadeau et al., 2002). Neutrophils also directly 

amplify neutrophil activation and migration in a paracrine and autocrine fashion (Nemeth 

and Mocsai, 2016). An important example of this is through the paracrine action of 

neutrophil-derived LTB4. LTB4 accumulates at sites of inflammation and interacts with 

BLT1 receptors leading to further production of LTB4 and potentiating both neutrophil 

migration and activation (Figure 7) (Lammermann et al., 2013; Nemeth and Mocsai, 

2016). Therefore, in the context of infection and neutrophilic inflammation, these lipids 

likely function to first initiate and then amplify neutrophil influx and activation. In vivo, 

multiple additional cell types and factors may also influence the inflammatory milieu 

during Gc infection. For example, as discussed in section 1.3.3.2, recent work has 

established that Gc skews the immune response away from a protective adaptive 

immune response and towards a Th17-driven neutrophilic response important in human 

gonococcal infection (Feinen et al., 2010; Liu et al., 2012; Liu et al., 2014; Liu and 

Russell, 2011; Masson et al., 2015). LTB4 has recently been shown to induce Th17 cell 

migration to a greater extent than Th1 or Th2 cell migration via BLT1 on Th17 cells (Lee 

et al., 2015), which may reveal another role for this important chemoattractant in 

promoting characteristic neutrophilic influx in the context of Gc infection. 
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1.7.3 HXA3 and LTB4 are generated from arachidonic acid via 12-lipoxygenase or 5-

lipoxygenase activity 

 

 Lipoxygenases mediate the conversion of AA to HXA3 and LTB4 (Figure 6A). 

Human and mouse lipoxygenases are not complementary, highlighting species-specific 

regulation of these enzymes and their functions (Mashima and Okuyama, 2015). HXA3 is 

produced via 12-lipoxygenase activity, exhibited by different lipoxygenase enzymes 

depending on cell type, tissue distribution, and cytokine-mediated expression level 

(Mashima and Okuyama, 2015). Human enzymes with 12-lipoxygenase activity include 

15-LOX, 12-LOX, and 12R-LOX in conjunction with eLOX-3 (Figure 6A) (Mashima and 

Okuyama, 2015). 12R-LOX is primarily expressed in skin and is unique among the 12-

lipoxygenase enzymes in that it requires the downstream activity of eLOX-3 to generate 

HXA3 (Epp et al., 2007; Jobard et al., 2002; Krieg et al., 2013; Mashima and Okuyama, 

2015; Yu et al., 2003). In homeostasis, 12R-LOX and eLOX-3 preferentially act on 

linoleic acid (LA) to produce ceramides that form a protective lipid layer called a 

corneocyte-lipid envelope (CLE) to help prevent transepithelial water loss (TEWL) 

(Mashima and Okuyama, 2015). However the 12R-LOX product of AA metabolism, 12R-

HETE, has been found in psoriasis scales, which are characteristically neutrophil-rich 

lesions, suggesting that under inflammatory conditions these enzymes may contribute to 

HXA3 production and subsequent neutrophil influx (Boeglin et al., 1998; Mashima and 

Okuyama, 2015). 

 LTB4 is primarily produced by myeloid cells (Figure 7). Following a calcium flux, 

cPLA2 liberates AA, which is converted to LTB4 via 5-lipoxygenase activity (Figure 7) (Le 

Bel et al., 2014). The 5-LOX enzyme translocates to the nuclear membrane and is 

activated by 5-lipoxygenase-activating-protein (FLAP) (Figure 7) (Dixon et al., 1990). 

The resulting LTA4 is then converted to LTB4 via LTA4-hydrolase (Figure 7) (Samuelsson 
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and Funk, 1989). While LTB4 is primarily produced by myeloid cells, there have been 

reports of its production by other cell types, for example by 5-LOX in bronchial epithelial 

cells in the context of inflammation (Jame et al., 2007). Regulation of LTB4 synthesis is 

in part regulated by expression of 5-LOX and FLAP (Reid et al., 1990; Rouzer et al., 

1986; Samuelsson and Funk, 1989), which is thought to be limited to leukocytes, 

however LTA4 hydrolase is more widely expressed (Iversen et al., 1994; Radmark et al., 

1989; Samuelsson and Funk, 1989). Additionally, there have been reports that LTA4 can 

be processed transcellularly to LTB4 by cells that do not have 5-LOX (Figure 7) (Fabre et 

al., 2002; Sadik and Luster, 2012). In this process, LTA4 produced by myeloid cells can 

be released, delivered into surrounding cells that do not express 5-LOX, and converted 

to LTB4 via LTA4 hydrolase (Figure 7) (Bigby, 1991; Claesson and Haeggstrom, 1988; 

Fabre et al., 2002; Fitzpatrick et al., 1984; Grimminger et al., 1988; Grimminger et al., 

1991; Iversen et al., 1994; McGee and Fitzpatrick, 1986; Sala et al., 1996). Therefore, 

transcellular production of LTB4 from LTA4 during inflammation may contribute to 

immune cell recruitment. 

 

1.7.4 Several important mucosal pathogens stimulate eicosanoid production in unique, 

site-specific ways 

 

 Robust neutrophilic inflammation is associated with a number of mucosal 

infections with pathogenic bacteria including Salmonella, Shigella flexneri, 

Enteroaggregative Escherichia coli, Streptococcus pneumoniae, and Pseudomonas 

aeruginosa. Specifically, these mucosal pathogens elicit epithelial production of HXA3 to 

initiate neutrophil transepithelial migration (Bhowmick et al., 2013; Boll and McCormick, 

2012; Boll et al., 2012a; Boll et al., 2012b; Hurley et al., 2004; Kohler et al., 2002; Mrsny 

et al., 2004; Tamang et al., 2012; Zurawski et al., 2006). A recent report has 
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demonstrated that LTB4 amplifies neutrophil transepithelial migration to P. aeruginosa 

(Pazos et al., 2015). The specific way in which various bacteria affect these signaling 

pathways has been shown to be exquisitely pathogen and context-specific, suggesting a 

pattern where individual bacteria have evolved unique mechanisms to co-opt/exploit 

eicosanoid-driven neutrophilic inflammation. In all cases, the bacterial pathogens 

influence the generation of AA, the rate-limiting step in HXA3 production (Figure 6A). Of 

the pathogens shown to activate PLA2, S. flexneri and S. pneumoniae specifically 

activate epithelial cPLA2α required for neutrophil transepithelial migration (Bhowmick et 

al., 2017; Mumy et al., 2008). In contrast, P. aeruginosa also stimulates PLA2-dependent 

neutrophil recruitment, but while cPLA2α is activated in airway epithelial cells in this 

context, epithelial cPLA2α is not required for neutrophil transepithelial migration (Hurley 

et al., 2011). Instead, Hurley et al. found that in response to P. aeruginosa, epithelial 

cPLA2α led to increased production of PGE2 (Hurley et al., 2011). Findings from the 

Hurley group suggest that HXA3 from infected epithelial cells directs initial neutrophil 

transmigration that is amplified by neutrophil production of LTB4 (Pazos et al., 2015; 

Tamang et al., 2012). P. aeruginosa encodes a type III secretion system (T3SS) to inject 

bacterial factors directly into host cells. One of the T3SS effectors secreted by P. 

aeruginosa is ExoU, which has been linked to virulence of this pathogen (Saliba et al., 

2005). Interestingly, ExoU is cytotoxic to host cells in vitro in a PLA2-dependent and 

lipase-activity-dependent manner (Phillips et al., 2003; Sato et al., 2003). Additionally, 

ExoU has acyl hydrolase activity and can act on lipids and phospholipids, exhibiting 

PLA2-like phospholipase activity (Phillips et al., 2003; Sato et al., 2003). In fact, ExoU 

increases AA release and eicosanoid production in infected endothelial cells (Saliba et 

al., 2005) and from neutrophils in a model of neutrophil migration across infected 

pulmonary epithelial cells (Pazos et al., 2017). 
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 Given that Gc does not encode a T3SS, there is an important difference between 

Gc and bacterial pathogens known to stimulate eicosanoid-driven neutrophil influx via 

T3SS effectors, including S. Typhimurium and P. aeruginosa (Criss et al., 2001; Lee et 

al., 2000; Pazos et al., 2017; Silva et al., 2004). Gc also differs from other mucosal 

bacterial pathogens in the surface features it uses to adhere to and interact with host 

cells. Enteroaggregative E. coli (EAEC) stimulates HXA3 production via adherence 

factors, with the fimbriae of EAEC stimulating AA release (Boll et al., 2012b). S. flexneri 

employs both T3SS secreted factors and adherence factors to interact with multiple 

epithelial players involved in generating HXA3 (Kohler et al., 2002; Zurawski et al., 2006). 

 Given that Gc elicits a robust neutrophilic response and that eicosanoids play a 

role in a number of neutrophilic inflammatory processes, we hypothesized that the potent 

neutrophil chemoattractants HXA3 and LTB4 are involved in the context of this important 

human pathogen. The cervix is a unique epithelial site because it marks a transition 

between a keratinized epithelium (skin-like) to a single columnar epithelium (mucosal). 

Thus we also sought to define how Gc might interact with these pathways at this unique 

transitional site. Importantly, since Gc does not encode a T3SS or the adherence factors 

other bacteria use to interact with these bioactive lipid pathways, these studies will pave 

the way for future work to discover Gc factors that modulate the neutrophilic 

inflammatory response. 

 

1.8 Dissertation goals and significance  

  

 Gc induces potent neutrophilic inflammatory responses, yet survives in their 

midst. Sustained infection and neutrophilic inflammation likely underlie the pathology 

associated with gonorrhea in women. While current models have been used to study 

interactions of Gc with host cells, including epithelial and immune cells, we do not 
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understand how Gc stimulates neutrophil transepithelial migration at the site of infection. 

This is particularly important in the context of female infection, where our current models 

do not completely mimic cervical infection and neutrophil migration, and where robust 

neutrophilic inflammation likely contributes to the severe clinical sequelae associated 

with female gonococcal infection. Thus, the goal of this dissertation is to address an 

important unanswered question in the field: what are the signals that coordinate 

neutrophil transepithelial migration in a relevant model of cervical infection with Gc? 

 Here I will investigate the mechanism by which endocervical cells and neutrophils 

coordinate neutrophil transepithelial migration to Gc. Importantly, understanding the 

signals that drive neutrophil influx may reveal adjunctive therapeutic targets to try to limit 

deleterious neutrophil influx while administering antibiotics to clear Gc. Recently 

developed models of infection, including a mouse model of PID (Islam et al., 2016), will 

provide future platforms for translating the work presented here to studying neutrophil 

influx, measuring consequent epithelial cell damage, and testing novel therapeutics to 

thwart the non-productive, sustained neutrophil response to Gc. These advances will 

enable a better understanding of how sustained neutrophilic inflammation in response to 

Gc drives epithelial damage and serious clinical sequelae in women.   

 

1.9 Figures for Chapter 1  
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Figure 1. Gram stain of a Gc-infected patient urethral exudate showing Gc 

associated with neutrophils. Gc can be seen inside and associated with neutrophils. 

Not all neutrophils have Gc associated. From Johnson and Criss Front. Microbiol., 2:77, 

2011. doi:10.3389/fmicb.2011.00077. 
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Figure 2. Gc initially infects the endocervix, a transition from multilayered 

squamous epithelium lining the lower FRT to single columnar epithelium lining 

the upper FRT. Epithelial cells provide multiple barriers to infection including 

maintaining epithelial tight junctions and barrier integrity, producing thick cervical mucus, 

and secreting cationic antimicrobial peptides (Quayle, 2002). Gonococcal factors 

contributing to survival from cationic antimicrobial peptides in the genital tract include 

expression of the MtrCDE efflux pump, modification of lipid A with phosphoethanolamine 

(refer to Table 1 for more information) (Hobbs et al., 2013; Jerse et al., 2003; Kandler et 

al., 2014), and the MisR-MisS two-component regulatorysystem (Gangaiah et al., 2017; 

Kandler et al., 2016). The transition from the lower to the upper female reproductive tract 

is also marked by changes in microbiota, pattern-recognition receptor expression, and 

myeloid cell frequency (Wira et al., 2005). Figure and figure legend from Stevens and 

Criss Curr Opin Hematol. 2018. doi: 10.1097/MOH.0000000000000394. 

 

Endocervix

Ectoocervix

PRRs (i.e. TLR4)

Resident myeloid
cells

Resident microbiota

Cervix

Vagina

Uterus

FT

Ovary

Cervical mucus

CAMPs

Epithelial
tight junction

Fallopian tube (FT)

Ciliated cells Secretory cells



 
 

37 

 

Figure 3. Epithelial and resident immune cells initiate the immune response to Gc. 

Important gonococcal surface structures include opacity-associated proteins (Opa), the 

type IV pilus (TfP), lipooligosaccharide, and porin. During infection, there is a mixture of 

gonococci with varied expression of Opa proteins, lipooligosaccharide type, and the type 

IV pilus. Opa proteins interact with CEACAMs on host epithelial and immune cells such 

as neutrophils (PMN). Pattern-recognition receptors on epithelial and resident immune 

cells such as PMNs, macrophages (Mac), dendritic cells (DC), and Th17 cells recognize 

pathogen-associated molecular patterns presented on the surface of Gc and/or released 

from the bacterium freely or as components of outer membrane vesicles (OMV). In 

addition to well known pathogen-associated molecular patterns such as 

lipooligosaccharide and peptidoglycan (PG), the gonococcal cell envelope and OMVs 
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may harbor additional factors that affect the host response to infection (Zielke et al., 

2014). Cervical epithelial cells respond to Gc through stimulation of Toll-like receptor 

(TLR2) but not TLR4, whereas resident immune and upper FRT cells, including 

Fallopian tube epithelial cells, are particularly poised to respond to lipooligosaccharide 

via TLR4 (Fazeli et al., 2005; Fichorova et al., 2002). Gonococcal porin and other 

lipoproteins stimulate TLR2 to activate NF-kB-driven inflammatory cytokine production 

(Fisette et al., 2003; Massari et al., 2002). TLR4 is potently activated by the lipid A 

portion of lipooligosaccharide from Gc and its close relative, Neisseria meningitidis (John 

et al., 2017). PG is primarily recognized by intracellular NOD-like receptors (NLRs) 

(Chan and Dillard, 2017; Mavrogiorgos et al., 2014). An additional mechanism of 

intracellular detection of Gram-negative bacteria is the TRAF-interacting protein with 

forkhead-associated (TIFA) domain-dependent detection of heptose-1,7-bisphosphate 

(HBP), an intermediate in lipooligosaccharide production (Gaudet and Gray-Owen, 2016; 

Gaudet et al., 2017; Gaudet et al., 2015). In response to Gc, epithelial and resident 

myeloid cells secrete proinflammatory cytokines, including TNF-α, IL-1β, IL-6, and IL-8 

and sentinel Th17 cells release IL-17. These cytokines establish a gradient that serves 

to recruit neutrophils from the bloodstream and activate them at the site of infection. 

Figure legend from Stevens and Criss Curr Opin Hematol. 2018. doi: 

10.1097/MOH.0000000000000394. 
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Figure 4. Neutrophils possess an arsenal of extracellular and intracellular killing 

mechanisms that Gc can evade, potentially leading to off-target host cell damage. 

Neutrophil killing mechanisms include phagocytosis, production of reactive oxygen 

species, degranulation, and neutrophil extracellular trap (NET) formation. Granule 

components include cationic antimicrobial proteins (CAMPs) (i.e., LL-37), membrane 

subunits of the nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2), and 

proteases (i.e., matrix metalloproteinases, MMPs). NETs are comprised of DNA that is 

associated with histones, CAMPs, some proteases, and calprotectin. N. gonorrhoeae 

has evolved elegant mechanisms to resist neutrophil killing (Criss and Seifert, 2012; 

Johnson and Criss, 2011). Neutrophil extracellular trap and associated granule 

component evasion strategies include resistance to antimicrobial compounds, a 

gonococcal thermonuclease, acquisition of zinc from calprotectin by TdfH, and 

maintenance of envelope integrity (Gunderson and Seifert, 2015; Handing and Criss, 
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2015; Jean et al., 2016; Juneau et al., 2015; Ragland et al., 2017; Stohl et al., 2013). 

Variation in Opa protein expression can affect neutrophil activation and gonococcal 

survival (Ball and Criss, 2013; Johnson et al., 2015; Johnson and Criss, 2013; Sarantis 

and Gray-Owen, 2007, 2012; Sintsova et al., 2014; Smirnov et al., 2014). As Gc can 

evade neutrophil killing, reactive products generated by neutrophils are instead poised to 

induce host cell damage. Figure legend from Stevens and Criss Curr Opin Hematol. 

2018. doi: 10.1097/MOH.0000000000000394. 
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Figure 5. Pro-inflammatory and pro-resolving eicosanoids contribute to 

homeostasis and this balance can be disrupted during infection/inflammation. In 

response to inflammation, infection, or injury, PLA2 liberates arachidonic acid, which can 

be converted to eicosanoids. Pro-inflammatory eicosanoids include HXA3, LTB4, and 

PGE2. These are balanced during homeostasis and resolution of inflammation by 

resolvins, protectins, and lipoxins. 
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Figure 6. Schematic of lipoxygenase-mediated generation of eicosanoids from AA. 

Adapted from Harizi et al. (Harizi et al., 2008). 12-lipoxygenase activity can be exhibited 

by 12- and 15-lipoxygenase isoforms. HXA3 is produced via 12-lipoxygenase activity, 

while LTB4 is produced via 5-lipoxygenase activity, in conjunction with FLAP and LTA4 

hydrolase (not pictured here). Liberation of AA by PLA2 is the rate-limiting step. HXA3 is 

converted to an inert (non-chemotactic to neutrophils) TrA3 by sEH. 

O
HH

ONO-RS-082 ONO-RS-082 

Gc-epithelial interaction 

PKC 

pPKC 

PLA2 

Chelerythrine 
chloride (CCL) 

Arachidonic Acid 

12-LOX 

12-HPETEs 

eLOX3 

Hepoxilins 
(HXA3, HXB3) 

5-LOX 15-LOX 

5-HETEs 

LTA4 

15-HPETEs 

Lipoxins 
(LXA4, LXB4) 

LTB4 

Lipoxins 
(LXA4, LXB4) 

Cysteinyl 
Leukotrienes 

sEH 

Trioxilins 

?

OH

O

O

HO

CH3

HXA3 

OH

O

HO

HO

CH3

OH
TrA3 

B

A

EAEC
Salmonella

Pseudomonas

Shigella
T3SS

 
sEH

OH
COOH

OH

CH3 LTB4 

C



 
 

43 

 

Figure 7. Generation of LTB4 in neutrophils. Upon stimulus, including LTB4 binding its 

high affinity BLT1 receptor on neutrophils, the resultant calcium-flux stimulates PLA2-

dependent liberation of AA. 5-lipoxygenase translocates to the nuclear membrane 

where, in conjunction with FLAP and LTA4 hydrolase, it converts AA to LTB4. 
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Table 1. Proteins of N. gonorrhoeae that confer resistance to neutrophils. From 

Stevens and Criss Curr Opin Hematol. 2018. doi: 10.1097/MOH.0000000000000394. 

 

 

 

 

 

 

 

 

 

 

 

             
Protein Name 

 
Mechanisms of Resistance to Neutrophils 

                      
References 

 
Mpg/NGO1686 

PG peptidase enhances resistance to CAMPs and ROS 
via presentation of type IV pili 

(Stohl et al., 2013), 
(Stohl et al., 2005), 
(Stohl et al., 2012) 
 

RecN Unclear (Stohl et al., 2005) 
 
LtgA, LtgD 

 
PG lytic transglycosylases together confer envelope 
integrity to defend Gc from lysozyme and neutrophil 
elastase; limit granule exocytosis and phagosome-
granule fusion 

 
(Ragland et al., 2017) 

 
TdfH 

 
TonB-dependent transporter extracts Zn from 
calprotectin and enhances Gc survival in NETs 

 
(Jean et al., 2016) 

 
Nuc 

 
Thermonuclease released extracellularly cleaves NETs 

 
(Juneau et al., 2015) 

 
LptA 

 
Phosphoethanolamine transferase for lipid A enhances 
Gc resistance to neutrophil CAMPs and proteases; 
limits phagosome-granule fusion 

 
(Handing and Criss, 
2015) 

 
MIP 

 
Peptidyl-prolyl isomerase protects by unknown 
mechanism 

 
(Reimer et al., 2016) 

 
LdhA, LdhD 

 
D-lactate dehydrogenases enhance Gc survival in 
neutrophils, potentially by obtaining lactate as a carbon 
source 

 
(Atack et al., 2014) 

 
Pili 

 
Type IV pili protect against CAMPs and ROS 

 
(Stohl et al., 2013) 

 
Lst 

 
Sialylation of Gc N-lactotetraose-containing LOS 
inhibits phagocytosis by neutrophils in suspension 

 
(Kim et al., 1992; Rest 
and Frangipane, 1992) 

 
PorB 

 
Essential porin inhibits the neutrophil oxidative burst 

 
(Chen and Seifert, 2011; 
Lorenzen et al., 2000) 
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2. Chapter 2: Endocervical and neutrophil lipoxygenases coordinate neutrophil 

transepithelial migration to Neisseria gonorrhoeae 

 

 This chapter is a modified version of the previously published article, 

“Endocervical and neutrophil lipoxygenases coordinate neutrophil transepithelial 

migration to Neisseria gonorrhoeae” [J Infect Dis. 2018 Jun 13. doi: 

10.1093/infdis/jiy347]. 

 

2.1 Introduction  

 

 Gonorrhea is caused by the human-specific pathogen Neisseria gonorrhoeae 

(Gc) and is an important sexually transmitted infection worldwide, with 78 million cases 

estimated per year (Wi et al., 2017). Lack of a protective immune response, emergence 

of drug-resistant strains, and lack of a vaccine have prompted the classification of Gc as 

an urgent threat (Wi et al., 2017). The hallmark of Gc infection is robust influx of 

polymorphonuclear leukocytes (neutrophils or PMNs) (Johnson and Criss, 2011). Gc 

evades a protective adaptive immune response and instead skews the immune 

response towards neutrophilic inflammation (Stevens and Criss, 2018). While male 

urethritis commonly presents with symptoms, up to 80% of female cervical infections are 

asymptomatic (Edwards and Apicella, 2004). As a result, clinical complications are most 

common and serious in women. Cervicitis still occurs in women with asymptomatic 

infection and despite neutrophil recruitment, Gc can evade neutrophil killing and is not 

cleared (Criss and Seifert, 2012; Johnson and Criss, 2011). Sustained neutrophil influx 

that does not clear infection contributes to severe clinical sequelae including pelvic 

inflammatory disease (PID), tubal scarring, ectopic pregnancy, and infertility. Although, 

gonococcal infection and resulting neutrophilic inflammation cause significant morbidity 
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in women, to date the mechanisms underlying Gc-cervical cell interactions that stimulate 

neutrophil influx are poorly understood. 

 During Gc infection, mucosal epithelial and resident immune cells secrete 

cytokines including IL-8 that recruit neutrophils from the bloodstream into infected tissue 

(Criss and Seifert, 2012). These cytokines may not be sufficient for the terminal step of 

neutrophil migration across the epithelium into the apical/luminal compartment, termed 

neutrophil transmigration (McCormick et al., 1995). Instead, mucosal epithelial cells 

release additional chemotactic factors that drive transmigration (McCormick et al., 1998; 

Mrsny et al., 2004). Recent work has identified an important role for eicosanoids, 

including during neutrophil migration to mucosal bacterial pathogens (Bhowmick et al., 

2013; Boll and McCormick, 2012; Boll et al., 2012a; Boll et al., 2012b; Hurley et al., 

2011; Hurley et al., 2004; McCormick et al., 1995; Mrsny et al., 2004; Mumy et al., 2008; 

Pazos et al., 2008; Pazos et al., 2017; Pazos et al., 2015; Szabady and McCormick, 

2013; Tamang et al., 2012; Yonker et al., 2017; Zurawski et al., 2006). Eicosanoids are 

arachidonic acid (AA)-derived bioactive lipids (Dennis and Norris, 2015). The rate-

limiting step in eicosanoid generation is liberation of AA by phospholipase A2 (PLA2) 

(Dennis and Norris, 2015). AA can then be oxidized by lipoxygenases (LOX) or 

cyclooxygenases (COX) to generate eicosanoids, including hepoxilins, leukotrienes, and 

prostaglandins (Dennis and Norris, 2015). Of these, hepoxilin A3 (HXA3) and leukotriene 

B4 (LTB4) are particularly potent neutrophil chemoattractants that coordinate neutrophil 

migration to sites of bacterial infection and inflammation (Le Bel et al., 2014; Nemeth 

and Mocsai, 2016; Szabady and McCormick, 2013). HXA3 is produced by different 12-

lipoxygenase enzymes that are cell-type specific (Mashima and Okuyama, 2015). 

Neutrophil chemotactic activity of HXA3 requires its epoxide ring, which is rapidly 

degraded by an acidic environment and/or endogenous soluble epoxide hydrolase (sEH) 

(Morisseau et al., 2012; Pace-Asciak, 2015). LTB4 is produced from AA by sequential 
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activity of 5-lipoxygenase (5-LOX) and LTA4-hydrolase (Rouzer et al., 1986). LTB4 is 

primarily produced by myeloid cells and amplifies neutrophil influx in a number of 

inflammatory disease processes (Le Bel et al., 2014; Nemeth and Mocsai, 2016). Recent 

work has revealed an interplay between bacterial promotion of eicosanoid production 

and eicosanoid regulation of innate immune responses in the context of host-pathogen 

interactions (Le Bel et al., 2014; Pazos et al., 2017). 

 Neutrophilic inflammation is associated with a number of mucosal infections with 

pathogenic bacteria including Salmonella, Shigella flexneri, Enteroaggregative 

Escherichia coli, Streptococcus pneumoniae, and Pseudomonas aeruginosa, which use 

HXA3 and/or LTB4 to coordinate neutrophil transepithelial migration (Bhowmick et al., 

2013; Boll and McCormick, 2012; Boll et al., 2012a; Boll et al., 2012b; Hurley et al., 

2004; Mrsny et al., 2004; Pazos et al., 2017; Pazos et al., 2015; Tamang et al., 2012; 

Zurawski et al., 2006). Each of these pathogens stimulates eicosanoid production in a 

distinct way, suggesting that individual bacteria have evolved unique mechanisms to co-

opt eicosanoid-driven neutrophilic inflammation. In contrast, the signals driving 

neutrophil influx to gonococcal infection are poorly understood. This is particularly 

problematic in the context of female infection, where unresolved infection and sustained 

neutrophilic inflammation contribute to severe clinical consequences. In this work we 

established a three-component Gc-endocervical cell-neutrophil model, and found 

evidence to support the hypothesis that eicosanoids are required for the coordination of 

neutrophil transepithelial migration in response to infection.  
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2.2 Materials and Methods  

 

2.2.1 Bacterial strains and growth conditions 

 

 A piliated, OpaD-expressing derivative of Gc strain FA1090 (Ball and Criss, 

2013) was used for these studies unless otherwise indicated. Gc was maintained on 

Gonococcal Medium Base (GCB) (BD Difco) with Kellogg’s supplement I + II (Kellogg et 

al., 1963). For infection of epithelial cells, 16-18 hour overnight lawns were cultivated at 

37oC in 5% CO2, swabbed into liquid medium, and resuspended in Hank’s balanced salt 

solution (HBSS; with Ca2+ and Mg2+; Thermo Scientific) with 10 mM HEPES pH 7.4 and 

5 mM NaHCO3 (HBSS+) at a concentration of 7.6 x 107 CFU/mL (target MOI=10). For 

trypsin-treatment of Gc, 5 x 108 CFU were treated with 40 µg/mL Sequencing grade 

Trypsin (Promega) or vehicle (Trypsin resuspension buffer, Promega) for 1hr at 37oC on 

a rotating drum. Trypsin was quenched with Roswell Park Memorial Institute medium 

(RPMI) containing 10% FBS, washed in PBS, and resuspended in HBSS+ for infection. 

 

2.2.2 Human neutrophil isolation 

 

 Venous blood was collected from healthy human donors who provided informed 

consent. All human subject research was conducted in accordance with a protocol 

approved by the University of Virginia Institutional Review Board for Health Sciences 

Research. Red blood cells were removed from heparinized blood by dextran 

sedimentation and neutrophils were isolated over a Ficoll-Hypaque gradient as 

previously described (Stohl et al., 2005) and resuspended in Dulbecco’s phosphate 

buffered saline (DPBS; without Ca2+ and Mg2+; Thermo Scientific) with 0.1% dextrose. 

Neutrophils were kept on ice and used within 1h following preparation. Neutrophil 
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preparations were assessed by phase-contrast microscopy and contained >95% 

neutrophils. Replicate experiments used neutrophils from different donors on separate 

days. 

 

2.2.3 Cell culture 

 

 Human End1/E6E7 (End1) cells (ATCC® CRL-2615TM) were maintained and 

polarized End1 monolayers established on inverted CorningTM Transwell TM inserts as 

described previously (Fichorova et al., 2005), with the following details. Human 

End1/E6E7 (End1) cells were acquired from the ATCC®  (CRL-2615TM) and are a well-

differentiated endocervical epithelial cell line generated from an endocervical tissue 

specimen obtained from a premenopausal woman undergoing hysterectomy for 

endometriosis (Fichorova and Anderson, 1999). End1 cells were maintained in 

keratinocyte serum-free medium (KSFM, Life Technologies) supplemented with provided 

bovine pituitary abstract (BPE, 50 µg/mL) and recombinant epidermal growth factor 

(EGF, 0.1 ng/mL) as well as 0.4 mM CaCl2 and 1X Antibiotic-Antimicotic (ThermoFisher 

Scientific). End1 cells were maintained at 37oC, 5% CO2 in a humidified chamber and 

routinely tested negative for mycoplasma. 

 To establish polarized monolayers, End1 cells were seeded on inverted 6.5 mm 

diameter CorningTM Transwell TM inserts with 3-µm pores (ThermoFisher Scientific) 

coated with 5 µg/cm2 human type IV collagen (Sigma). 7 x 104 End1 cells were seeded 

on each coated inverted insert and allowed to attach for 5 hours before reverting into a 

24-well tissue culture plate containing KSFM and incubated at 37oC, 5% CO2 for 8-11 

days, after which time transepithelial electrical resistance (TEER) measured using an 

EVOM2 voltometer (World Precision Instruments, Inc.) was ≥ 150 Ω cm2 (Fichorova et 

al., 2005; Sathe and Reddy, 2014). Barrier function of End1 monolayers was also 
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monitored by stable fluid resistance between apical and basolateral reservoirs and by 

measurement of 10 kDa FITC-dextran (Sigma) flux in the apical and basolateral 

compartments of End1 monolayers using a black F96 MicroWellTM (ThermoFisher 

Scientific) and Wallac Victor-2 1420 Multilabel Counter 485/535nm (Perkin-Elmer).   

 

2.2.4 Microscopy 

 

 End1 monolayers on TranswellTM inserts were fixed in 4% paraformaldehyde 

(Electron Microscopy Sciences), permeabilized in 0.01% Triton-X 100 (ThermoFisher 

Scientific) and blocked in 10% normal goat serum in phosphate-buffered saline for 1 hr 

at room temperature.  ZO-1 was detected using a purified mouse anti-human ZO-1 

monoclonal antibody (BD Biosciences) followed by an Alexa-Fluor 488-coupled goat 

anti-mouse immunoglobulin G (ThermoFisher Scientific). Gc was labeled using a 

polyclonal rabbit anti-Gc antibody (Biosource) followed by an Alexa-Fluor 488-coupled 

goat anti-mouse immunoglobulin G (ThermoFisher Scientific). Phalloidin-555 and DAPI 

were used to stain actin and nuclei respectively. Confocal images were captured on a 

Zeiss LSM-700 confocal laser scanning microscope at the Advanced Microscopy Facility 

(AMF) at the University of Virginia. Z-stacks were captured and exported from Zen Black 

Edition (Zeiss) as TIF files. For scanning electron micrographs (SEM), End1 monolayers 

on inverted TranswellTM inserts were fixed overnight at 4oC in 4% paraformaldehyde/2% 

glutaraldehyde (Electron Microscopy Sciences) and then transferred to the AMF at UVA 

for processing before images were acquired on a Zeiss SEM at the UVA AMF.  
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2.2.5 PMN Transmigration assays 

 

 End1 monolayers were washed and inverted into a humidified chamber.  

Monolayers were apically infected with 2.3 x 106 Gc CFU equivalents (MOI=10) for 1 hr 

(unless otherwise indicated) at 37oC, 5% CO2. To assay neutrophil migration across an 

uninfected End1 monolayer with Gc in the apical reservoir, Gc were added to the bottom 

of a tissue culture well for 1 hr, followed by addition of an End1 monolayer on a 

TranswellTM insert immediately prior to addition of neutrophils. Neutrophil migration was 

assayed as previously described (Parkos et al., 1991), with the following details. 

Following infection, monolayers were washed extensively in HBSS+ to remove non-

adherent bacteria and reverted into 24-well tissue culture wells containing 1 mL HBSS+ 

per well. 1 x 10
6
 primary human neutrophils were added to the basal reservoir of 

TranswellTM inserts and incubated for 2 hours at 37oC, 5% CO2. The number of 

neutrophils transmigrated was measured using a colorimetric assay for the neutrophil 

primary granule component myeloperoxidase (MPO) using ABTSTM Chromophore 

Diammonium Salt (EMD Millipore), read on a Wallac Victor-2 1420 Multilabel Counter 

(Perkin-Elmer) using 1s readings at 405nm, and quantified relative to a standard curve 

for each donor and each experiment.  For all PMN transmigration assays, migration was 

compared to buffer alone as a negative control over two hours or an imposed apical 

gradient of fMLP (1 µM) over two hours as a positive control for neutrophil migratory 

capacity. In all experiments, > 1 x 105 neutrophils underwent transmigration to fMLP. For 

each experiment, adhered CFU were enumerated by incubating infected monolayers 

with 1% Saponin, 5 mM MgSO4 for 15 minutes at 37°C, 5% CO2, disrupting membranes, 

and plating serial dilutions on GCB agar (Table 2).  
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2.2.6 ELISA 

 

 Supernatants from Gc-infected End1 monolayers +/- neutrophils were collected, 

passed through a 0.2 µm filter, and stored at -80°C until processed. ELISAs for IL-8 

(R&D Systems) and LTB4 (Cayman Chemical) were performed per manufacturers’ 

protocols.  

 

2.2.7 Inhibitor and drug treatments 

 

 End1 monolayers were pre-treated with inhibitors or vehicle controls diluted in 

HBSS+, incubated at 37oC, 5% CO2 for the indicated times. Monolayers were then 

thoroughly washed in HBSS+ before infection. The inhibitors used did not affect Gc 

viability or adherence to End1 monolayers, as assayed by CFU enumeration after 

saponin lysis, serial dilution, and plating on GCB agar (Table 2). , End1 and neutrophil 

viability, as monitored by Trypan Blue (HyClone) exclusion, was >95% after treatment 

with inhibitor or vehicle. In all cases, inhibitor or vehicle treatment did not affect 

neutrophils’ ability to migrate towards an imposed apical gradient of fMLP. 

 Epithelial cell treatments: Inhibitors used to pre-treat End1 monolayers were as 

follows: 5 µM Chletherine chloride (CCL; Enzo Life Sciences), 5 µM ONO-RS-081 (Enzo 

Life Sciences), 6µM cPLA2α-inhibitor (Millipore Sigma), 7 µM sPLA2-inhibitor 2,4’-

Dibromoacetophenone (Sigma), 50µM Caffeic acid (Sigma), 25 µM Zileuton (Cayman 

Chemical), 50 µM Cinnamyl-3,4-dihydroxy-α-cyanocinnamate (CDC) (Enzo Life 

Sciences), 100 µM MK571 (Fisher Scientific), and 50 µM NS398 (Cayman Chemical). 

Epithelial cells were treated with inhibitors diluted in HBSS+ for 1-2 hr at 37oC, 5% CO2. 

Following inhibitor treatment, End1 monolayers were extensively washed in HBSS+ prior 

to infection and neutrophil migration. 
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 Drug treatments during PMN transmigration: For IL-8 blocking experiments, 20 

µg/mL IL-8 blocking antibody (R&D Biosystems) was added to both the apical and 

basolateral reservoirs of infected End1 inserts or to control wells. For assays of BLT1 

antagonism, 2.5, 0.625, or 0.156 µg/mL LY223982 (Cayman Chemical) was added to 

the apical reservoir of infected End1 inserts or to control wells. For the soluble epoxide 

hydrolase (sEH) sensitivity assay, 100 or 200 µg/mL recombinant human sEH was 

added to the apical reservoir of infected End1 inserts or control wells 10 minutes prior to 

and throughout neutrophil transepithelial migration. The human sEH was produced in an 

insect cells/baculovirus expression system as previously described (Beetham et al., 

1993). The targeted enzyme was purified by affinity chromatography (Wixtrom et al., 

1988). The human sEH preparation was 97%, pure, as judged by SDS-PAGE analysis 

and scanning densitometry. The activity of the purified enzyme was tested using a 

radioactive surrogate substrate (Morisseau and Hammock, 2007). For the assay of 

neutrophil transepithelial migration sensitivity to 5-LOX inhibition, neutrophils were pre-

incubated with 25 µM Zileuton or equivalent vehicle at 37oC for 1hr in HBSS-, washed, 

and re-suspended in HBSS+ with 25 µM Zileuton or equivalent vehicle for neutrophil 

transepithelial migration. 

 

2.2.8 shRNA knockdown 

 

 A lentiviral delivery system was used to mediate shRNA knockdown of 12R-LOX, 

eLOX-3, or 5-LOX in End1 cells. MISSIONTM (Sigma Aldrich) shRNA clones for 

GenBankTM accession number, NM_001139.2-2340s21c1 (12R-LOX), NM_021628.1-

1945s1c1 (eLOX-3), and NM_000698.1-405s1c1 (5-LOX) were packaged in a pKLO.1-

Puro lentivirus vector, with both bacterial (ampicillin) and mammalian (puromycin) 

resistance markers. Plasmids were prepared from bacterial glycerol stocks (Sigma), 
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selected in LB broth containing 100 µg/mL ampicillin, and purified using a QIAprep Spin 

Miniprep Kit (Qiagen) per the manufacturer’s protocol. Plasmids were packaged in 293T 

cells and collected lentivirus used to infect End1 cells. Stable knockdown was selected 

for using 1 µg/mL puromycin. 

 

2.2.9 qRT-PCR 

 

 RNA was extracted from three biological replicate End1 monolayers or HL60 

cells per condition using a Qiagen RNeasy Plus Mini Kit (Qiagen) per manufacturer 

protocol. The primers used in the quantitative real-time PCR (qRT-PCR) are as follows: 

gapdh forward: 5’-CCCATCACCATCTTCCAGGA-3’, reverse: 5’-

GTTGTCATGGATGACCTTGG-3’ (Tamang et al., 2012); alox12 forward: 5’- 

AAGCCCAAAGCTGTGCTAAA-3’, reverse: 5’-TGCAGCAGGAGAGCTGAGTA-3’ 

(Tamang et al., 2012); alox15 forward: 5’-GAACTCAAGGTGGAAGTACC-3’, reverse: 5’-

CTTCAGGCAGGCTCAGGACG-3’ (Tamang et al., 2012); alox12b forward: 5’- 

ACCGTGCAGTGCCCTCAGGA-3’, reverse: 5’- CCGGAGTGCCAGGGTCTCGT-3’ 

(Tamang et al., 2012); aloxe3 forward: 5′-GAGCAAAAATCTCGCCAGTC-3′, reverse: 5′-

GGGCTTTGTCTCAGAAATCG-3′ (Kretz et al., 2013). For alox5 and ltb4r1, pre-

designed KiCqStart®SYBR® Green Primers (Sigma, KSPQ12012) were as follows: alox 

5 forward: 5’-AAATGCCACAAGGATTTACC-3’, reverse: 5’-

ATCGCTTTGGAGTAATTCAG-3’; ltb4r forward: 5’-AATATCCACATGCAACATCC-3’, 

reverse: 5’-GGATCTCCTCTTCTTAGGTC-3’. A one-step qRT-PCR reaction was run on 

an ABI 7500 sequence detection system (Applied Biosystems) and data collected using 

ABI Sequence Detection software, version 1.2 (Applied Biosystems). Data were 

normalized to gapdh expression, analyzed using the comparative cycle threshold (CT) 
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method, and then target gene expression level compared using relative quantification 

(Biosystems, 1997). 

 

2.2.10 Lipid extractions 

 

 Lipids were isolated from End1 supernatants using solid phase extraction as 

previously described (Pazos et al., 2015; Tamang et al., 2012). Non-polarized End1 cells 

in 162-cm2 flasks were infected with Gc at an MOI=100 in HBSS+ or mock infected for 1 

hr. Cells were then washed three times with HBSS+ and incubated a further two hours in 

15 mL HBSS+. Infection supernatants were then collected, acidified to a pH 5, and 

extracted by solid-phase extraction using a Sulpeco Discovery DSC-18 SPE column 

(Sigma) and eluted with 3 mL methanol (Pazos et al., 2015; Tamang et al., 2012). 

Samples were then dried under nitrogen gas and stored at -80oC until used. Prior to use, 

samples were re-suspended in HBSS+.  

 

2.2.11 Statistical analysis 

 

 For neutrophil transmigration assays, results are expressed as a mean ± 

standard error of the mean for ≥ three independent experiments, with three transwells 

per condition. Statistics were calculated using a two-tailed, Student t test, either unpaired 

for neutrophil migration and qRT-PCR or paired for ELISA and transmigration to lipid-

extracted infection supernatants (Excel). For analysis of MOI-dependent neutrophil 

transmigration, statistics were calculated using a One-way ANOVA with Tukey post-hoc 

test (GraphPad Prism). In all cases a P value < 0.05 was considered statistically 

significant compared either to the negative control (buffer alone) or between groups as 

indicated. 
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2.3 Results 

 

2.3.1 Contact-dependent Gc infection of polarized endocervical cell monolayers 

stimulates neutrophil migration 

 

 To define factors governing neutrophil migration in response to Gc infection, we 

established an in vitro three-component system to model infection and neutrophil 

migration at the endocervix (Figure 8A). End1 cells maintain stable expression of 

endocervical differentiation markers and upregulate inflammatory biomarkers when 

exposed to Gc (Fichorova et al., 2002; Fichorova et al., 2001), providing a 

physiologically relevant cell line to model human endocervix. End1 monolayers exhibited 

apicobasal polarity and junctional integrity, as reflected by increased transepithelial 

electrical resistance (Figure 9A), inhibition of paracellular flux of 10 kDa FITC-dextran in 

a divalent cation-dependent manner (Figure 9B), and lateral localization of the tight 

junctional protein ZO-1 (Figure 9C). These findings agree with previous reports using 

polarized End1 cells (Fichorova et al., 2005; Sathe and Reddy, 2014). A piliated, OpaD-

expressing derivative of FA1090 Gc avidly colonized the apical surface of inverted End1 

monolayers 1 hour after inoculation (Figure 9D). Primary human neutrophils were then 

added to the basal aspect of End1 monolayers and transepithelial migration into the 

apical reservoir was measured as cell equivalents of neutrophil myeloperoxidase. Gc 

infection elicited neutrophil transepithelial migration over 2 hours that increased with 

increasing bacterial inoculum (Figure 8B). In all experiments, N-formyl-L-methionyl-L-

leucyl-L-phenylalanine (fMLP) was included as a positive control, and buffer alone (no 

apical stimulus) as a negative control (Figure 8B). MOI-dependent neutrophil migration 

to Gc was also observed after 4 hours of apical infection at lower inocula (Figure 10A), 
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and migration was similar between infection with an MOI of 10 after 1 hour and an MOI 

of 3 after 4 hours (Figure 10B). After 1 hour of infection at MOI of 10, migration that was 

significantly greater than the negative control was first observed 75 minutes after adding 

neutrophils and increased at times thereafter (Figure 8C). The following experiments 

were performed with 1 hour Gc infection at an MOI of 10 and 2 hours neutrophil 

migration, unless otherwise noted. Neutrophils that had migrated across Gc-infected 

End1 monolayers appeared highly polarized and protrusive by scanning electron 

microscopy (Figure 9E).  

 We hypothesized that Gc-endocervical cell contact is required to stimulate 

neutrophil migration and found two lines of evidence in support of this hypothesis. First, 

there was no neutrophil transepithelial migration when Gc was in the apical reservoir but 

not in contact with the End1 monolayers (Figure 8D). Under these conditions, Gc did not 

associate with the End1 apical surface as assessed by CFU enumeration (Table 2) and 

confocal microscopy (Figure 11). Second, neutrophils did not migrate across acellular 

inserts towards an equivalent CFU of Gc (Figure 8D). In both conditions, neutrophils still 

migrated towards fMLP; migration across the End1 monolayer was greater than that 

observed across an acellular insert, likely because the presence of the monolayer 

helped maintain a concentration gradient of fMLP. These results show that polarized 

endocervical cells are necessary and sufficient to coordinate the migration of neutrophils 

after apical infection with Gc.  

 

2.3.2 Neutrophil transepithelial migration to Gc requires neutrophil-derived leukotriene B4  

 

 Given that human gonococcal infection is characterized by neutrophil 

recruitment, we examined the possibility that the eicosanoid neutrophil chemoattractant 

LTB4 is involved. LTB4 accumulated over time in the apical medium of Gc-infected End1 
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monolayers following neutrophil transepithelial migration (Figure 12A). LTB4 

concentrations were significantly higher in apical compared to basal medium after 2 

hours, suggesting establishment of an apical-to-basolateral gradient of LTB4 following 

infection (Figure 12A). To evaluate if LTB4 contributed to neutrophil transepithelial 

migration, LY223982, an antagonist to the high-affinity LTB4 receptor BLT1, was added 

to the apical medium (Pazos et al., 2015). LY223982 significantly inhibited neutrophil 

transepithelial migration following Gc infection in a concentration-dependent manner 

(Figure 12B). LTB4-BLT1 interaction increases the liberation of AA to consequently 

stimulate more LTB4 production (Le Bel et al., 2014; Nemeth and Mocsai, 2016). These 

results show that LTB4 is released during neutrophil migration across Gc-infected End1 

monolayers, and implicate LTB4 signaling through BLT1 as a contributor to potent 

neutrophil recruitment during Gc infection.  

 We next sought to determine the source of LTB4 released during Gc infection. 

While neutrophils are major producers of LTB4, epithelial cells can potentially make this 

eicosanoid (Behera et al., 1998; Brock, 2005). However, expression of alox5, which 

encodes 5-LOX, was poorly detected in uninfected and infected End1 cells (Table 3). 

Pretreatment of End1 cells with the 5-lipoxygenase activity inhibitors, Zileuton or Caffeic 

acid did not affect neutrophil transepithelial migration following Gc infection (Figure 12C). 

Furthermore, stable lentiviral-mediated delivery of shRNA targeting alox5 to End1 cells 

did not affect neutrophil migration (Figure 12D). Additionally, no LTB4 was detected in 

the apical compartment of infected End1 monolayers in the absence of neutrophils 

(Figure 12A). Together these results indicate that End1 cells do not produce LTB4 during 

Gc infection. Expression of BLT1 by End1 cells was also negligible compared to the 

positive control of differentiated HL60 human promyelocytes, in keeping with reports that 

BLT1 is primarily expressed in myeloid cells (Table 4) (Le Bel et al., 2014; Nemeth and 

Mocsai, 2016). 
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 We then tested the hypothesis that neutrophils were the main source of LTB4 in 

this system. In support of this hypothesis, Gc-induced transepithelial migration was 

abrogated in neutrophils that were pre-treated with Zileuton (Figure 13A). This was not 

due to general effects on neutrophil health or migratory ability, since Zileuton treatment 

did not inhibit neutrophil transepithelial migration towards fMLP. Since we had observed 

neutrophil migration to Gc as early as 75 minutes (Figure 8C), we investigated whether 

we could inhibit LTB4-mediated amplification of Gc-induced neutrophil transepithelial 

migration over time by targeting BLT1. When LY223982 added to the apical medium at 0, 

60, or 75 minutes following basolateral addition of neutrophils, the number of apically 

migrated neutrophils was significantly reduced compared to the untreated condition 

(Figure 13B). This correlated with significantly less LTB4 in the apical medium when 

LY223982 was added apically at 0 or 75 minutes, compared with no treatment (Figure 

13C). We conclude that transepithelially migrated neutrophils produce LTB4 over time to 

establish a chemotactic gradient for neutrophils. 

 

2.3.3 Gc infection stimulates endocervical cell signaling pathways leading to 12-

lipoxygenase activation and consequent neutrophil transepithelial migration 

 

 The observations above led us to hypothesize that infected endocervical cells 

produce a non-LTB4 chemoattractant that coordinates neutrophil transmigration, which is 

then amplified by neutrophil-derived LTB4. In support of this hypothesis, we identified a 

signaling pathway involving epithelial enzymes protein kinase C (PKC) and 

phospholipase A2 (PLA2) during neutrophil migration to Gc. Pre-treatment of End1 

monolayers with the pan-PKC inhibitor chelerytherine chloride or the pan-PLA2 inhibitor 

ONO-RS-081 completely inhibited neutrophil migration to Gc (Figure 14A-B). Neutrophil 

migration to Gc was sensitive to inhibition of cytosolic phospholipase A2 alpha (cPLA2α), 
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but not soluble PLA2 (Figure 14B). Inhibition of PLA2 in End1 cells reduced apical LTB4 

to uninfected, negative control concentrations (Figure 15), further supporting our 

hypothesis that transmigrated neutrophils are the major source for apical LTB4. 

 IL-8 is elevated in acute gonorrhea, and is produced by End1 cells infected with 

Gc (Fichorova and Anderson, 1999; Fichorova et al., 2001; Fichorova et al., 1997). In 

agreement, we found that apically infected End1 monolayers released IL-8, with 

concentrations significantly higher in the basolateral than apical medium (Figure 14C). 

Addition of a neutralizing antibody against IL-8 to both the apical and basolateral 

medium had no effect on neutrophil migration to Gc, but inhibited migration across 

uninfected End1 cells to exogenous apical IL-8 (Figure 14D). Therefore IL-8, while 

produced by Gc-infected epithelial cells, is not required for basolateral-to-apical 

neutrophil migration in this system. 

 The requirement for cPLA2 implied the involvement of epithelial-derived 

arachidonic acid (AA) and its metabolite(s) in neutrophil migration to Gc. In particular, 

AA-derived eicosanoids made by 12-lipoxygenase are neutrophil chemoattractants 

important for neutrophil influx to multiple mucosal bacterial pathogens (Pace-Asciak, 

2015; Pazos et al., 2015; Szabady and McCormick, 2013). Pretreatment of End1 

monolayers with the 12-lipoxygenase inhibitor cinnamyl-3,4-dihydroxy-α-

cyanocinnamate completely inhibited Gc-dependent neutrophil transepithelial migration 

(Figure 15A). AA can also be converted to prostaglandins via COX-2, however, pre-

treatment of End1 monolayers with the COX-2 inhibitor NS398 had no effect on 

neutrophil transepithelial migration to Gc (Figure 17). We therefore focused on 12-

lipoxygenases downstream of PKC and PLA2 in epithelial cells. 

 12-lipoxygenase activity in humans can be catalyzed by 15-LOX, 12-LOX, and 

12R-LOX/eLOX-3, encoded by alox15, alox12, alox12b, and aloxe3 respectively 

{Tamang, 2012 #275;Kuhn, 2015 #495;Kuhn, 2002 #760}. Of these, only alox12b and 
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aloxe3 were expressed in End1 cells (Table 3), with expression significantly increasing 

following Gc infection (Figure 16B). Unlike other 12-lipoxygenases, 12R-LOX is reported 

to work in concert with eLOX-3 to produce hepoxilin A3 (HXA3) (Epp et al., 2007; Krieg et 

al., 2013; Mashima and Okuyama, 2015; Yu et al., 2003). Stable shRNA knockdown of 

alox12b or aloxe3 (Figure 16B) significantly decreased neutrophil migration to Gc 

(Figure 16C), without affecting migration to apically added LTB4 (data not shown). These 

results implicate 12R-LOX and eLOX-3 in coordinating the endocervical response to Gc 

resulting in neutrophil transepithelial migration.  

 Three lines of evidence suggested HXA3 was the 12-lipoxygenase product 

required for endocervical cells to support neutrophil migration. First, apical addition of 

recombinant sEH, which hydrolyzes the epoxide ring of HXA3 required for neutrophil 

chemoattraction to yield the inert trioxilin A3 (TrA3) (Cronin et al., 2011; Morisseau and 

Hammock, 2013; Morisseau et al., 2012; Pace-Asciak, 2015), significantly inhibited 

neutrophil migration to Gc (Figure 16D). sEH addition did not affect neutrophil migration 

to an imposed apical gradient of LTB4 (Figure 16D), which does not contain an epoxide 

ring and is thus insensitive to sEH. Second, HXA3 is secreted apically by MRP2 

channels in the context of other mucosal bacterial infections (Pazos et al., 2008). 

Inhibition of the MRP2 efflux pump on End1 cells with MK571 significantly inhibited 

neutrophil migration to Gc (Figure 16D). Third, lipid-extracted supernatants from infected 

End1 monolayers stimulated 2-5 fold more neutrophil migration across an acellular insert 

compared to mock-infected supernatants, a statistically significant increase (Figure 18). 

HXA3 is known to partition into the lipid fraction of infection supernatants (Pazos et al., 

2015; Tamang et al., 2012). Taken together, we conclude that endocervical cells 

infected with Gc stimulate 12R-LOX and eLOX-3 lipoxygenase activity to produce an 

epoxide-containing eicosanoid, likely HXA3, which is essential for neutrophil 

transepithelial migration. 
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2.3.4 Neutrophil migration to Gc-endocervical cell infection involves a trypsin-sensitive 

Gc surface factor(s) 

 

 Since neutrophil migration required Gc-endocervical cell contact (Figure 8), we 

examined surface features of Gc that might be responsible. Using isogenic derivatives 

constitutively expressing type IV pili and/or opacity-associated (Opa) proteins, two major 

Gc adhesins (Ball and Criss, 2013), there was no difference in neutrophil migration when 

normalized to equivalent adhered CFU (Figure 19A, Table 2). We took a less biased 

approach by measuring neutrophil migration to Gc gently treated with trypsin. When 

compared with vehicle-treated Gc, we measured significantly less neutrophil migration to 

trypsin-treated Gc (Figure 19B). Trypsin treatment did not affect Gc viability (data not 

shown) or adherence to End1 monolayers (Figure 19C). These results implicate one or 

more trypsin-sensitive Gc surface components in initiating epithelial coordination of 

neutrophil migration during infection. 

   

2.4 Discussion 

 

 Gc infection leads to sustained neutrophil influx, but the mechanisms underlying 

recruitment of neutrophils across the epithelium in the context of Gc infection were not 

previously understood. Our three-component in vitro system demonstrates that Gc-

endocervical cell contact stimulates eicosanoid-driven neutrophil transepithelial 

migration (Figure 20). Following Gc infection, endocervical cells produced an apically 

directed 12-lipoxygenase-derived neutrophil chemoattractant (HXA3) that required efflux 

through MRP2 and was sensitive to sEH. This pathway was dependent on epithelial 

PKC and cPLA2 to produce the12-lipoxygenase substrate AA. Transmigrated neutrophils 
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produced the 5-lipoxygenase product LTB4, which amplified the apical-to-basolateral 

neutrophil chemotactic gradient. To our knowledge, this is the first time eicosanoids have 

been implicated in neutrophil influx to Gc.  

 The LTB4-BLT1 axis is important for directing neutrophil chemotaxis to sites of 

inflammation (Nemeth and Mocsai, 2016). Our results reveal a role for LTB4 in neutrophil 

influx to Gc. In vivo, multiple additional cell types and factors likely influence the 

inflammatory milieu during Gc infection. For example, Gc skews the immune response 

away from a protective adaptive immune response and towards a Th17-driven 

neutrophilic response during human infection (Stevens and Criss, 2018). Interestingly, 

LTB4 has recently been shown to induce Th17 cell migration to a greater extent than Th1 

or Th2 cell migration (Lee et al., 2015). Neutrophil migration and LTB4 signaling activate 

neutrophils to combat invading pathogens (Le Bel et al., 2014; Nadeau et al., 2002). 

Neutrophils recruited to Gc infection appeared protrusive, though their activation status 

remains to be determined. However, given that Gc can evade neutrophil killing, 

neutrophil activation may not control infection and instead contribute to host cell 

damage. 

 Our results indicate a role for epithelial 12R-LOX and eLOX-3 during neutrophil 

migration to Gc. This was surprising, as other bacterial pathogens studied to date 

stimulate 15-LOX to produce HXA3 (Boll et al., 2012a; Mumy et al., 2008). 12R-LOX is 

primarily expressed in skin and is unique in that it requires downstream activity of eLOX-

3 to generate HXA3 (Epp et al., 2007; Krieg et al., 2013; Mashima and Okuyama, 2015; 

Yu et al., 2003). The best described function of 12R-LOX and eLOX-3 is to prevent 

cellular water loss, with mutations in both linked to dry skin disorders (Epp et al., 2007; 

Krieg et al., 2013; Mashima and Okuyama, 2015). Interestingly, the first reports of 12R-

LOX in the context of disease describe accumulation of its product 12R-HETE in 

psoriatic scales (Boeglin et al., 1998), suggesting that 12R-LOX plays a role during 
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certain inflammatory states. eLOX3 is described as a hepoxilin synthase, and our 

combined evidence with sEH, the MRP2 efflux pump that exports HXA3, and neutrophil 

chemotactic activity in lipid-enriched fractions from infected End1 supernatants all 

suggest that HXA3 coordinates this event. HXA3 is a highly potent yet labile 

chemoattractant, which has complicated confirmation of this eicosanoid in this in vitro 

system.  

 Many laboratories have demonstrated that pathogens stimulate eicosanoid 

signaling by affecting AA production (Bhowmick et al., 2013; Hurley et al., 2004; 

McCormick et al., 1995; Mrsny et al., 2004; Mumy et al., 2008; Pazos et al., 2015; 

Szabady and McCormick, 2013). In agreement, we found that endocervical PKC and 

PLA2 are required for neutrophil migration to Gc. Similar to what we observed during Gc-

endocervical cell infection, S. flexneri and S. pneumoniae specifically activate epithelial 

cPLA2α, which is required for neutrophil migration (Bhowmick et al., 2017; Mumy et al., 

2008), However, Gc does not possess the secreted or surface factors employed by 

these mucosal pathogens to stimulate eicosanoid production (Pazos et al., 2017; Silva et 

al., 2004; Zurawski et al., 2006). Instead, our study implicates (a) trypsin-sensitive Gc 

surface factor(s) in stimulating contact-dependent neutrophil migration. Gc also differs 

from other mucosal bacterial pathogens in surface features it uses to adhere to and 

interact with host cells. Two major Gc adherence factors, Opa proteins and type IV pili, 

were not required for neutrophil migration. Therefore, the Gc factors that stimulate 

eicosanoid production will be an important topic for future investigation.  

 Broadly, our findings highlight the importance of studying context-specific 

bacterial-epithelial interactions that engage eicosanoid-producing pathways in order to 

identify novel therapeutic targets for infections in which disease is exacerbated by 

neutrophilic inflammation. Specifically for gonorrhea, sustained neutrophil influx that 

does not resolve Gc infection contributes to host cell damage. With increased failures of 
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antibiotic treatment, we anticipate increased likelihood for inflammatory damage, 

especially in women, leading to PID, ectopic pregnancy, and infertility. Our work 

suggests targeting this eicosanoid pathway at the cervix would be an attractive 

adjunctive therapeutic strategy to mitigate severe clinical sequelae in infected women. 

As precedence, immunosuppressive therapy is added to treatment regimens for 

bacterial meningitis and Pneumocystis pneumonia in patients with HIV (Barichello et al., 

2015; Ewald et al., 2015). There is also precedence for targeting lipoxygenase pathways 

in inflammation, with FDA-approved therapeutics for asthma including Zileuton and the 

leukotriene receptor antagonist Monteleukast. This study reveals novel lines of inquiry 

into gonorrheal disease pathogenesis in order to ameliorate the negative, lifelong 

consequences of gonorrhea in women.  

 

2.5 Figures for Chapter 2  
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Figure 8. Contact-dependent N. gonorrhoeae infection of polarized endocervical 

cell monolayers stimulates neutrophil transepithelial migration. End1 monolayers 

were grown on the underside of collagen-coated TranswellTM inserts (6.5 mm diameter, 

3.0 µm pores). Neutrophil transepithelial migration was quantified by myeloperoxidase 

(MPO) assay. (A) Schematic of in vitro three-component system depicting apical 

infection and neutrophil transepithelial migration. Polarized End1 monolayers were 

inverted in a humidified chamber and apically infected with Gc. Following infection, 

infected monolayers were thoroughly washed in HBSS+ to remove non-adherent 

bacteria and reverted into a 24-well tissue culture well containing 1 mL HBSS+. Primary 

human neutrophils (1 x 106) were added to the basolateral reservoir and transmigration 

-5 

0 

5 

10 

15 

20 

25 

30 

(-) (+)fMLP 30 10 5 3 1 

P
M

N
s 

Tr
an

sm
ig

ra
te

d
 (

x 
10

^
4)

 

A B *
*

C D

-5

0 

5 

10 

15 

20 

25 

30 

35 

40 

(-) (+)fMLP 60  75 90 120 

P
M

N
s 

Tr
an

sm
ig

ra
te

d
 (

x 
10

^4
) 

* 
* 

Gc MOI     

-5 

0 

5 

10 

15 

20 

25 

30 

(-) (+)fMLP Gc      
MOI 10 

Gc     
Equiv. 
MOI 10 

(-) (+)fMLP Gc     
Equiv. 
MOI 10 

P
M

N
s 

Tr
an

sm
ig

ra
te

d
 (

x 
10

^
4)

 * 

Acellular Insert     End1  Monolayers     

Gc

PMN

End1

Ap.

Ba.

ns 

min. min. min. min.



 
 

67 

allowed to proceed for 2 hr unless otherwise noted. Monolayers are then removed and 

the number of neutrophils in the apical reservoir quantified by myeloperoxidase (MPO) 

assay. (B) Polarized End1 monolayers were infected at various MOIs for 1 hr and then 

assayed for neutrophil transepithelial migration. (C) Polarized End1 monolayers were 

apically infected with Gc at an MOI=10 for 1 hr, and then neutrophil transmigration 

assayed after 60, 75, 90, and 120 minutes. (D) End1 monolayers were apically infected 

with Gc at MOI=10, an equivalent number of Gc was added to the apical reservoir 

without interacting with End1 cells, or an equivalent number of Gc was added to the 

apical reservoir an acellular TranswellTM insert and incubated for 1 hr before assaying for 

neutrophil transmigration. (B-D) White bars represent neutrophil transepithelial migration 

to buffer alone with no apical stimulus, (-), grey bars represent neutrophil transepithelial 

migration to an imposed apical gradient of N-formyl-L-methionyl-L-leucyl-L-

phenylalanine, (+)fMLP, and black bars represent neutrophil migration to Gc. Results are 

expressed as a mean ± standard error of the mean for at least three independent 

experiments per condition. Statistics for (B) were calculated using a One-way ANOVA 

with Tukey post-hoc test and statistics for (C) and (D) were calculated using a two-tailed, 

unpaired Student’s t-test. *P < 0.05. Abbreviations: Gc, Neisseria gonorrhoeae; ns, not 

significant; MOI, multiplicity of infection; End1, End1 E6/E7 cells; Ap., apical; Ba., 

basolateral; PMN, polymorphonuclear cell/neutrophil. 
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Figure 9. End1 cells from polarized monolayers on inverted TranswellTM inserts 

that support apical infection with Gc and neutrophil transepithelial migration. 

End1 monolayers were grown on the underside of collagen-coated TranswellTM inserts 

(6.5 mm diameter, 3.0 µm pores). (A) Transepithelial electrical resistance (TEER) over 

time. Mature monolayers achieve TEER ≥ 150 Ω � cm2. (B) Paracellular flux of 10 kDa 

FITC-dextran across End1 monolayers (black bar) compared to monolayers treated with 

10 mM EDTA and 10 mM EGTA (grey bar) or acellular inserts (white bar). (C) 

Visualization of ZO-1 staining of a 10-day-old End1 monolayer. ZO-1 (green), actin (red), 

and DAPI (blue). The confocal image was captured on a Zeiss LSM-700. (D) 

Visualization of Gc-infected End1 monolayer. Gc (green), actin (red), and DAPI (blue). 

The confocal image was captured on a Zeiss LSM-700. (E) Following apical infection 

with Gc at an MOI=10 and neutrophil transepithelial migration, End1 monolayers were 

fixed in 4% paraformaldehyde/2% glutaraldehyde and processed for SEM by the 

advanced microscopy facility at UVA. SEM images were captured on a Zeiss SEM.  
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Figure 10. Neutrophils migrate to both low and high Gc inoculum over time. White 

bars represent neutrophil transepithelial migration to buffer alone with no apical stimulus, 

(-), grey bars represent neutrophil transepithelial migration to an imposed apical gradient 

of N-formyl-L-methionl-L-leucyl-L-phenylalanine, (+)fMLP, and black bars represent 

neutrophil migration to Gc. (A) Polarized End1 monolayers were infected at various 

MOIs for 4 hr and then assayed for neutrophil transepithelial migration. (B) Polarized 

End1 monolayers were infected with Gc for one hour at an MOI=10 or for 4 hr at an 

MOI=3 and then assayed for neutrophil transepithelial migration. Results are expressed 

as a mean ± standard error of the mean for at least three independent experiments per 

condition. Statistics for (A) were calculated using a One-way ANOVA with Tukey post-

hoc test. Statistics for (B) were calculated using a two-tailed, unpaired Student’s t-test. 
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*P < 0.05. Abbreviations: Gc, Neisseria gonorrhoeae; ns, not significant; MOI, multiplicity 

of infection; PMN, polymorphonuclear cell/neutrophil. 
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Figure 11. End1 monolayers with Gc added to the apical reservoir do not exhibit 

adhered Gc. Representative confocal microscopy images of End1 monolayers. Gc was 

added to the apical reservoir of the tissue culture well for 1 hr. End1 monolayers on 

inverted TranswellTM inserts were added to the well immediately prior to assaying for 

neutrophil migration. Following neutrophil migration, End1 monolayers were stained for 

adhered Gc. Gc (green), actin (red), and DAPI (blue). The confocal image was captured 

on a Zeiss LSM-700. Abbreviations: Gc, Neisseria gonorrhoeae. 
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Figure 12. Neutrophil migration to N. gonorrhoeae requires leukotriene B4 but not 

epithelial 5-lipoxygenase activity. (A) Supernatants from apical and basolateral 

compartments following Gc infection and/or neutrophil transepithelial migration were 

collected at the indicated time points and conditions, passed through a 0.2 µm filter, and 

LTB4 quantified by enzyme-linked immunosorbent assay (ELISA). (B) Polarized End1 

monolayers were infected with Gc at an MOI=10 for 1 hr. During neutrophil 

transepithelial migration, LY223982, an antagonist to the high affinity LTB4 receptor 
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BLT1, was added to the apical reservoir immediately prior to addition of neutrophils at the 

indicated concentrations (µg/mL). Grey bars represent neutrophil transepithelial 

migration to an imposed apical gradient of LTB4 and black bars represent neutrophil 

migration to Gc. (C) Polarized End1 monolayers were pre-treated with 5-lipoxygenase 

inhibitor Zileuton (25 µM), Caffeic acid (50 µM), or an equivalent concentration of the 

vehicle control (DMSO) diluted in HBSS+ for 1 hr prior to Gc infection, thoroughly 

washed, and infected at an MOI=10 and neutrophil transepithelial migration. There was 

no significant difference in neutrophil migration. (D) Neutrophil transepithelial migration 

was assayed across End1 monolayers infected with Gc at an MOI=10 for 1 hr, with End1 

cells either stably transformed with vector shRNA or shRNA against alox5. For all 

panels, results are expressed as a mean ± standard error of the mean for at least three 

independent experiments per condition. Statistics for were calculated using a two-tailed, 

(A) paired or (B) unpaired Student’s t-test. *P < 0.05. Abbreviations: Gc, Neisseria 

gonorrhoeae; End1, End1 E6/E7 cells; Ap., apical; Ba., basolateral; PMN, 

polymorphonuclear cell/neutrophil; LTB4, leukotriene B4. 
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Figure 13. Neutrophils produce leukotriene B4 to amplify neutrophil transepithelial 

migration to N. gonorrhoeae. (A) Primary human neutrophils were pre-treated with the 

5-lipoxygenase inhibitor Zileuton (25 µM) or vehicle (DMSO) prior to assaying neutrophil 

transepithelial migration across polarized End1 monolayers infected with Gc at an 

MOI=10 for 1 hr. (B) LY223982 (2.5 µg/mL), an antagonist to the high affinity LTB4 

receptor BLT1, was added to the apical reservoir of infected End1 monolayers at the 

indicated time points during neutrophil transmigration (0, 60, 75, and 90 minutes). 

Neutrophil transmigration after addition of LY223982 is compared to the maximum 

migration seen to apical Gc infection after 120 minutes with no treatment (NT). (C) 

Supernatants from apical and basolateral compartments following Gc infection and/or 

neutrophil transepithelial migration were collected at the indicated time points and 

conditions, passed through a 0.2 µm filter, and LTB4 quantified by ELISA. Results are 

expressed as a mean ± standard error of the mean for at least three independent 

experiments per condition. Statistics for were calculated using a two-tailed, (A-B) 

unpaired or (C) paired Student’s t-test. *P < 0.05. Abbreviations: Gc, Neisseria 
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gonorrhoeae; MOI, multiplicity of infection; PMN, polymorphonuclear cell/neutrophil; Ap., 

apical; LTB4, leukotriene B4. 
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Figure 14. Neutrophil transepithelial migration to N. gonorrhoeae requires an 

epithelial pathway involving protein kinase C and phospholipase A2, but not 

apically directed interleukin-8. For treatment with inhibitors of epithelial cell targets, 

epithelial cells were pre-treated with the inhibitor and then washed thoroughly before 

infection with Gc at an MOI=10 and neutrophil transepithelial migration. (A) Polarized 

End1 monolayers were pre-treated with the pan-PKC inhibitor chelerythrine chloride 

(CCL) (5 µM), or (B) the pan-PLA2 inhibitor ONO-RS-081 (5 µM), cPLA2α-inhibitor (6 

µM), or sPLA2-inhibitor 2,4’-Dibromoacetophenone (7 µM). (C) Supernatants from apical 

and basolateral compartments following a 3 hr Gc infection or mock infection were 

collected and passed through a 0.2 µm filter, and IL-8 quantified by ELISA. (D) Polarized 

End1 monolayers were infected with Gc at an MOI=10 for 1 hr. During neutrophil 

transepithelial migration, an IL-8 blocking antibody (20 µg/mL), was added to the apical 

and basolateral reservoirs immediately prior to addition of neutrophils. Grey bars 

represent neutrophil transepithelial migration to an imposed apical gradient of IL-8, and 

black bars represent neutrophil migration to Gc. Results are expressed as a mean ± 

standard error of the mean for at least three independent experiments per condition. 

Statistics were calculated using a two-tailed, (A), (B), and (D) unpaired or (C) paired 

Student’s t-test. *P < 0.05. Abbreviations: Gc, Neisseria gonorrhoeae; ns, not significant; 

Ap., apical; Ba., basolateral; PMN, polymorphonuclear cell/neutrophil; IL-8, interleukin-8. 
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Figure 15. Inhibition of neutrophil migration by inhibiting End1 PLA2 activity 

inhibits apical LTB4 production. End1 monolayers were pretreated with the pan-PLA2 

inhibitor ONO-RS-082 (ONO, 5 µM) for 1 hr prior to infection and neutrophil 

transmigration as in Fig. 1D. Supernatants from apical compartments following Gc 

infection and neutrophil transepithelial migration were collected following neutrophil 

transmigration, passed through a 0.2 µm filter, and LTB4 quantified by ELISA. Results 

are expressed as a mean ± standard error of the mean for at least three independent 

experiments per condition. Statistics were calculated using a two-tailed paired Student’s 

t-test. *P < 0.05. Abbreviations: Gc, Neisseria gonorrhoeae; ns, not significant; LTB4, 

leukotriene B4. 
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Figure 16. Neutrophil transepithelial migration requires an epithelial 12-

lipoxygenase-dependent chemoattractant that is sensitive to soluble epoxide 

hydrolase and is secreted through the MRP2 channel. (A) Polarized End1 

monolayers were pre-treated with 12-lipoxygenase inhibitor Cinnamyl -3,4-dihydroxy-α-

cyanocinnamate (CDC) (50 µM) or an equivalent concentration of the vehicle control 

(DMSO) for 1 hr, thoroughly washed, infected at an MOI=10, and assayed for neutrophil 

transepithelial migration. (B) Relative expression of alox12b or aloxe3 in End1 

monolayers either mock infected or infected with Gc at an MOI=10 for 3 hr or in End1 
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monolayers following lentiviral-mediated shRNA knockdown of alox12b or aloxe3 or 

vector control. (C) Neutrophil transepithelial migration was assayed across End1 

monolayers infected with Gc at an MOI=10 for 1 hr, with End1 cells either stably 

transformed with vector shRNA or shRNA against alox12b or aloxe3. (D) Neutrophil 

transepithelial migration was assayed across End1 monolayers infected with Gc at an 

MOI=10 for 1 hr, with either 100 µg/mL or 200 µg/mL human recombinant soluble 

epoxide hydrolase (sEH) added to the apical reservoir prior to and throughout neutrophil 

transepithelial migration or pre-treatment of polarized End1 monolayers with MRP-2 

inhibitor MK571  (100 µM). (A, C-D) Grey bars represent neutrophil transepithelial 

migration to an imposed apical gradient of LTB4 and black bars represent neutrophil 

migration to Gc. Results are expressed as a mean ± standard error of the mean for at 

least three independent experiments per condition. Statistics for were calculated using a 

two-tailed, unpaired Student’s t-test. *P < 0.05. Abbreviations: Gc, Neisseria 

gonorrhoeae; ns, not significant; NT, no treatment; Ap., apical; Ba., basolateral; PMN, 

polymorphonuclear cell/neutrophil; LTB4, leukotriene B4; sEH, soluble epoxide 

hydrolase. 
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Figure 17. Neutrophil transmigration to Gc does not require End1 

cyclooxygenase-2 activity. Polarized End1 monolayers were pre-treated with 

cyclooxygenase-2 specific inhibitor NS398 (50 µM) or an equivalent concentration of the 

vehicle control (DMSO) for 1 hr then thoroughly washed prior to Gc infection at an 

MOI=10 and neutrophil transepithelial migration. Results are expressed as a mean ± 

standard error of the mean for at least three independent experiments per condition. 

Statistics for were calculated using a two-tailed, unpaired Student’s t-test. *P < 0.05. 

Abbreviations: ns, not significant; PMN, polymorphonuclear cell/neutrophil. 
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Figure 18. The endocervical cell-derived neutrophil chemoattractant is in the lipid-

extracted supernatant of Gc-infected End1 monolayers. Non-polarized End1 cells in 

162-cm2 flasks were infected at an MOI=100 for 1hr. Supernatants were collected, lipid-

extracted, and added to the apical reservoir of an acellular TranswellTM insert. Results 

are expressed as a mean ± standard error of the mean for at least three independent 

experiments per condition, with paired experiments indicated by dotted lines. Statistics 

were calculated using a two-tailed, paired Student’s t-test. *P < 0.05. Abbreviations: 

PMN, polymorphonuclear cell; Inf, infected; HBSS+, modified hank’s basic salt solution. 
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Figure 19. Neutrophil transmigration to N. gonorrhoeae involves trypsin-sensitive 

bacterial surface factor(s). (A) Polarized End1 monolayers were infected with isogenic 

derivatives of strain of FA1090 Gc at an MOI=10-20 (to normalize Gc-End1 association 

after 1hr). (B) Neutrophil transmigration was assayed to trypsin- or vehicle-treated Gc. 

(C) Representative images of End1 monolayers infected with trypsin- or vehicle-treated 

Gc. Gc (green), actin (red), and DAPI (blue). The confocal image was captured on a 

Zeiss LSM-700. Results are expressed as a mean ± standard error of the mean for at 

least three independent experiments per condition. Statistics for were calculated using a 

two-tailed, unpaired Student’s t-test. *P < 0.05. Abbreviations: Gc, Neisseria 

gonorrhoeae; Opa, opacity-associated protein; p, type IV pilus; ns, not significant; MOI, 

multiplicity of infection; End1, End1 E6/E7 cells; Veh, vehicle; PMN, polymorphonuclear 

cell/neutrophil. 
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Figure 20. Model of eicosanoid-coordinated neutrophil migration across N. 

gonorrhoeae-infected endocervical cells. Gc infection stimulates End1 protein kinase 

C (PKC), phospholipase A2 (PLA2), and lipoxygenases (LOX) 12R-LOX and eLOX-3 to 

produce the eicosanoid hepoxilin A3 (HXA3) that is directed apically by MRP2 channels. 

Sentinel transmigrating neutrophils activate 5-LOX to produce LTB4 that acts in 

paracrine and autocrine fashion to amplify neutrophil influx. Abbreviations: End1, End1 

E6/E7 cells; PKC, protein kinase C; PLA2, phospholipase A2, 12R-LOX, arachidonate 

12-lipoxygenase; eLOX-3, epidermis-type lipoxygenase-3; 5-LOX, 5-lipoxygenase; 

HXA3, hepoxilin A3; LTB4, leukotriene B4. 
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Table 2. 

 

 

 

Condition Adhered CFU expressed as: CFU/mL (x 10^4) 

Blank End1, apical Gc 

Gc apical reservoir 0 0 0 0 0   

End1 monolayer pre-treatment               

12-lipoxygenase activity inhibitor 

DMSO 6 1.7 23 4.4 3 2.1  

CDC 3.6 1.7 19 10 4.5 9.1  

5-lipoxygenase activity inhibitors 

DMSO 2.5 4.4 5.2 1.9    

Caffeic Acid 4.3 4.7 7.4 1.8    

DMSO 0.7 1.2 0.8 0.2 0.9   

Zileuton 1 1.9 1.3 0.2 0.6   

PKC inhibitor        

DMSO 18 5.3 7 6.5    

CCL 15 7.3 6 4    

PLA2 inhibitors        

DMSO 6.6 7 3.6 7    

ONO-RS-082 5.9 4 0.7 6.8    

DMSO 9 13 25     

cPLA2 inhibitor 6 9.2 22     

MeOH 6.7 2.4      

sPLA2 inhib 5.5 1.4      

MRP2 inhibitor        

NT 10 5.7 16     

MK571 8 5.6 11     
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Table 2. Quantification of Gc CFU adherent to the apical aspect of End1 

monolayers under different conditions. Abbreviations: CFU, colony forming unit; 

End1, End1 E6/E7 cells; Gc, Neisseria gonorrhoeae; CDC, Cinnamyl-3,4-dihydroxy-α-

COX-2 inhibitor        

DMSO 1 2 6     

NS-398 1 1.4 7.5     

Drug added to apical reservoir during PMN migration 

IL-8 blocking antibody        

DMSO 1.4 5.2 4.7     

anti IL-8 Ab 1.3 4.1 5.4     

Soluble epoxide hydrolase (sEH)        

NT 1.2 3.1 1.6 25    

sEH 1.2 2.8 1.9 18    

BLT1 antagonist        

DMSO 1.9 1.6 25     

LY223982 2 5.2 23     

Gc strains               

Opa+, p+ 8 2.9           

Opa-, p+ 14 4.5 2.2 3 2.4 1.3 0.8 

Opa+, p- (ΔPilE) 4.2 8.2           

Opa-, p- (ΔPilE) 6.1   2.9 1.9 1.9   0.5 

Opa-, p- (ΔPilQ)           1.2 0.6 

shRNA KD End1 monolayers               

Vector shRNA 2.1 3.8 1 6.3    

alox12b  shRNA 3.3 3.6 1.3 11    

aloxe3 shRNA 2.4 4.3 1.3 4.8    

alox5 shRNA 2 3.6 1.2 3.5    
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cyanocinnamate;  PKC, protein kinase C; CCL, Chletherine chloride; PLA2, 

phospholipase A2; MRP2, multidrug resistance-associated protein 2; COX-2, 

cyclooxygenase-2; IL-8, interleukin-8; Ab, antibody; sEH, soluble epoxide hydrolase; 

BLT1, leukotriene B4 receptor 1; Opa, opacity-associated protein; p, type IV pilus; KD, 

knock-down. 
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Table 3.  

 

Table 3. Ct values for lipoxygenase expression evaluated in End1 cells by qRT-

PCR. Abbreviations: Ct, cycle threshold; End1, Endocervical cell line End1 E6/E7; Inf., 

infected. Raw Ct values are shown from infected End1 monolayers. 

 

 

 

 

 

 

 

 

	

Gene Protein Ct, run #1 Ct, run #2 

 

ΔΔCt 

(Mock v. Inf. End1)  

 

alox12b 12R-LOX 22.57796733 26.78505739 1.778593473, 3.468889695 

aloxe3 eLOX-3 26.92871698 30.12622833 
1.936754293, 2.597727382 

 

alox12 12-LOX 33.57168134 34.33253161 0.920171706, 3.79546004 

alox15 15-LOX 28.84508038 34.50465711 0.699709968, 2.981507276 

alox5 5-LOX 31.9981877 33.63563601 1.012294, 1.764283713 

gapdh GAPDH 19.4422795 21.91153145 — 
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Table 4.  

 

Table 4. Ct values for BLT1 expression evaluated in End1 or HL60 cells by qRT-

PCR. Abbreviations: Ct, cycle threshold; End1, Endocervical cell line End1 E6/E7; Inf., 

infected; Undiff., undifferentiated; Diff., differentiated. 

 

 

 

 

 

	

Cell Gene Protein Ct, run #1 Ct, run #2 

 

ΔΔCt 

(Mock v. Inf. End1) or 

(Undiff. v. Diff. HL60) 

Mock End1 ltb4r BLT1 31.08767955 31.4289697 —  

Inf. End1 ltb4r BLT1 29.52616437 30.61082172 2.459867838,  
1.94014313 

Mock End1 gapdh GAPDH 22.29762173 22.25770887 — 

Inf. End1 gapdh GAPDH 22.03468736 22.39572398 — 

Undiff. HL60 ltb4r BLT1 28.88642502 29.63032182 — 

Diff. HL60 ltb4r BLT1 29.24573358 29.2300574 9.282983043,  
10.52789794 

Undiff. HL60 gapdh GAPDH 21.69534047 21.90018813 — 

Diff. HL60 gapdh GAPDH 24.69834232 24.89606921 — 
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3. Discussion and Future Directions  

 

3.1 Summary 

 

 Robust neutrophil influx has been described as a hallmark of gonococcal 

infection for centuries, with a description of gonorrhea appearing in the Bible and the 

writings of Hippocrates, for example (Edwards and Apicella, 2004). Despite 

characteristic neutrophilic inflammation to gonococcal infection, at the start of this 

dissertation work, the signals that drive neutrophil transepithelial migration at the level of 

the cervix were not understood. Multiple lines of evidence support that Gc manipulates 

the immune response to impede development of a protective adaptive immune response 

and instead skew the immune response towards a Th17 driven neutrophilic response 

(Jerse and Deal, 2013; Liu et al., 2012; Liu et al., 2014; Liu and Russell, 2011; Stevens 

and Criss, 2018). Importantly, our lab and others have shown that Gc can evade 

neutrophil killing mechanisms to survive in their midst (Ball and Criss, 2013; Criss et al., 

2009; Criss and Seifert, 2008, 2012; Gunderson and Seifert, 2015; Handing and Criss, 

2015; Johnson et al., 2015; Johnson and Criss, 2011, 2013; Juneau et al., 2015; 

Ragland et al., 2017; Reimer et al., 2016; Sarantis and Gray-Owen, 2012; Simons et al., 

2005; Sintsova et al., 2014; Smirnov et al., 2014; Stohl et al., 2012; Stohl et al., 2005; 

Stohl et al., 2013). Gc also modulates neutrophil activation, for example contributing to 

increased release of ROS and granule components, and escaping from NETs (Johnson 

et al., 2015; Sarantis and Gray-Owen, 2007, 2012; Sintsova et al., 2014; Smirnov et al., 

2014). We therefore posit that neutrophilic inflammation that is not sufficient to clear Gc 

can contribute to host cell damage. This is particularly relevant in the context of female 

infection, which is very frequently asymptomatic (Edwards and Apicella, 2004). 

Untreated and unresolved infection in women leads to continued inflammation and 
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severe clinical consequences including PID, tubal scarring, ectopic pregnancy, and in 

some cases dissemination and vertical transmission (Wiesner and Thompson, 1980).  

 My studies demonstrate a previously unappreciated role for epithelial- and 

neutrophil-derived eicosanoids, HXA3 and LTB4, in coordinating neutrophil transepithelial 

migration to Gc infection of physiologically relevant endocervical monolayers. While 

these eicosanoids have been shown to stimulate neutrophil influx to other important 

mucosal bacterial pathogens, Gc is unique in that it does not encode the T3SS or 

adherence factors used by other pathogens to stimulate HXA3 and/or LTB4 production 

(Boll et al., 2012a; Boll et al., 2012b; Criss et al., 2001; Kohler et al., 2002; Lee et al., 

2000; Pazos et al., 2017; Silva et al., 2004; Zurawski et al., 2006). Additionally, the 

endocervix is distinct from other mucosal sites in that it marks a transitional zone 

between skin-like and mucosal epithelium. High 12-lipoxygenase activity had previously 

been reported in human cervix (Flatman et al., 1986). In the context of Gc infection of 

this unique mucosal site, my studies reveal a role for a different epithelial lipoxygenase, 

12R-LOX in conjunction with eLOX-3, than has been implicated for other mucosal sites. 

In fact, excluding reports of involvement of the 12R-LOX pathway in psoriatic neutrophil-

rich lesions (Boeglin et al., 1998), this is the first time that these specific 12-lipoxygenase 

enzymes have been implicated in inflammatory pathology, and the first time they have 

been implicated during a response to infection. Future work is needed to define how Gc 

stimulates eicosanoid pathways at this unique cite, and will potentially reveal therapeutic 

targets for inflammatory pathologies involving these enzymes. Additionally, since the 

eicosanoids implicated are involved in the context of a number of bacterial pathogens, 

we envision that some of the adjunctive therapeutic targets to mitigate neutrophilic 

inflammation revealed by this work will prove to be more broadly relevant. 

 This work has revealed several important outstanding questions surrounding Gc-

stimulation of eicosanoid-driven transepithelial migration, which will be discussed below 
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(Figure 21). First, what are the Gc features that interact with endocervical cells to 

stimulate 12-lipoxygenase-dependent eicosanoid production? Second, does Gc interact 

with transmigrated neutrophils to further stimulate LTB4 production? Third, are 

neutrophils differentially activated against Gc following neutrophil transepithelial 

migration? Fourth, how does neutrophilic inflammation in the context of Gc infection in 

the FRT contribute to epithelial cell damage? Finally, would targeting eicosanoid 

generation and/or signaling be beneficial in a relevant disease model of Gc infection and 

neutrophilic inflammation?  

 

3.2 Three-component Gc-endocervical cell-neutrophil system to model neutrophil 

transepithelial migration to Gc 

 

 An important contribution of this work is the development of a model in which to 

study neutrophil transepithelial migration to Gc infection of a physiologically relevant 

endocervical cell monolayer. Before this work, the models used in the field to study 

neutrophil recruitment and interactions with Gc did not incorporate neutrophil 

transepithelial migration at the level of the cervix. Modeling Gc infection is complicated 

by the fact that Gc is a human-specific pathogen, requiring specific receptors on human 

cells in order to establish infection. The male urethral challenge model has been 

particularly useful in delineating the progression of infection and the immune response to 

Gc during male infection (Cohen and Cannon, 1999). However there are some important 

differences between male and female infection, including the receptors Gc uses to bind 

and enter host epithelial cells and the resulting pro-inflammatory responses (Edwards 

and Apicella, 2004). These differences preclude translation of findings in the male 

urethral challenge model to female infection and it is unethical to conduct experimental 

infections in women due to potential for serious clinical sequelae. Primary and 
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immortalized cell models used to study Gc interaction with host epithelial cells have 

illustrated many important bacterial factors for infection but do not model neutrophil 

influx. Additionally, immortalized cell lines, including cancer-derived cell lines, do not 

completely reflect the initial site of infection for Gc, the endocervix.  

 A mouse model of cervico-vaginal infection requires antibiotic and 17β-estradiol 

treatment to suppress the microbiota and neutrophil influx that would otherwise inhibit 

Gc colonization and sustained infection (Feinen et al., 2010; Jerse, 1999; Jerse et al., 

2011; Song et al., 2008). However infection in women occurs throughout the menstrual 

cycle (Edwards and Apicella, 2004). Recently, development of a female mouse model of 

upper reproductive tract infection may provide a novel platform for studying neutrophilic 

inflammation and its consequences during Gc infection (Islam et al., 2016). In this 

model, Gc is delivered transcervically into the uterine horn and initial infection leads to 

PID (Islam et al., 2016). This model does not require antibiotics or estradiol and can 

therefore be used to study uterine pathology, including neutrophil influx and its 

consequences (Islam et al., 2016). Transcervical infection in this model leads to infection 

of both the uterine horns and corpus of the upper reproductive tract, as well as the cervix 

and vagina of the lower reproductive tract (Islam et al., 2016). Additionally, Gc is seen in 

association with luminal neutrophils (Islam et al., 2016). 

 For this work, we established a three-component Gc-endocervical cell-neutrophil 

system in order to specifically ask whether Gc-endocervical cell interactions are 

sufficient to stimulate neutrophil transepithelial migration. In this light, our three-

component system is advantageous in that it provides a simplified platform in which to 

tease out a contribution of Gc-endocervical cell interactions in the absence of 

complicating contributions from resident immune and surrounding cells. However, there 

are several important caveats to the three-component system established in this work. 

First, End1 cells are an immortalized cell line, and while they maintain many important 
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tissue-specific phenotypes, they may not completely mimic endocervical cells, and lack 

for example the full context of cues from supporting cells, resident immune cells, and the 

microbiota of the adjacent lower FRT that they receive in vivo. Second, our three-

component system does not incorporate resident immune and supporting cells, including 

dendritic cells and Th-17 cells, which contribute to the signals regulating neutrophilic 

inflammation to Gc during infection in vivo. Third, while our three-component system 

allows for investigation of neutrophil transepithelial migration across an endocervical 

monolayer, it does not incorporate signals from surrounding ectocervical and upper FRT 

epithelial cells, and it does not allow for the study of ascending Gc infection. In light of 

these caveats, future work will necessarily incorporate studies in mouse models of Gc 

infection and could also benefit from validation of our findings in primary endocervical 

cells as well as tissue explants.  

 Ongoing collaboration with the Gray-Owen lab will allow us to test the role of the 

lipid mediators implicated in our three-component system during Gc infection in vivo. 

Further, in collaboration with the Sexually Transmitted Disease Clinic at the Thomas 

Jefferson District Health Department, we will collect samples from Gc-infected patients 

to test for the presence of the signaling molecules implicated by our work in the context 

of infection. Importantly, despite important caveats, the three-component system 

developed in this work has provided a unique platform to interrogate cervical epithelial 

cell signaling pathways that are sufficient to stimulate neutrophil transepithelial migration 

to Gc. Therefore, future work will continually incorporate studies in this model while 

expanding to additional, more complex models of Gc infection and neutrophilic 

inflammation. To this end, future work in additional models will be done to validate our 

findings, to provide in vivo relevance for the pathways this work has implicated in 

neutrophil influx to Gc, and to test the therapeutic strategies we have proposed based on 

our findings. 
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3.3 Gc factors that stimulate endocervical production of a 12-lipoxygenase-

dependent neutrophil chemoattractant  

 

 We observed that neutrophil transepithelial migration requires Gc to be in contact 

with endocervical cells (Figure 8). Two important findings from our studies support this 

observation. First, neutrophil transepithelial migration required Gc to be in contact with 

endocervical cells, so that Gc in the apical reservoir of an End1 monolayer that were not 

in contact with the epithelium did not stimulate migration (Figure 8). We confirmed that 

Gc was indeed not in contact with End1 monolayers via staining for Gc on End1 

monolayers following neutrophil transepithelial migration and by CFU enumeration 

(Table 2). Second, Gc alone in the apical reservoir of an acellular transwell insert did not 

stimulate migration, indicating that Gc alone is not chemotactic for neutrophils (Figure 8). 

We conclude that neutrophil migration does not depend on a Gc-secreted component. 

This is significant as bacterial components, including fMLP, can stimulate neutrophil 

transmigration. However, our work suggests that Gc stimulates this process via a 

contact-dependent interaction with endocervical epithelial cells. There are some 

important caveats to these experiments. First, while our results suggest that a Gc-

secreted component does not drive neutrophil migration, it is possible that Gc adherence 

to endocervical monolayers allows for the local delivery and/or increased local 

concentration of a secreted component close to the epithelial cell membrane. Second, 

given that epithelial cell monolayers provide a barrier to rapid diffusion of chemotactic 

gradients, a chemotactic gradient provided by Gc in the apical reservoir of an acellular 

insert may diffuse, limiting its ability to stimulate directed neutrophil migration. While 

these caveats are important to consider, our results support our leading hypothesis that 

a surface feature of Gc is important for stimulating neutrophil migration.  
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 We found that neutrophil transepithelial migration is not dependent on two major 

Gc surface adhesins, Opa proteins and the type IV pilus (Figure 8). These results were 

surprising as both Opa proteins and the type IV pilus have been shown to interact with 

epithelial cells and to affect host cell signaling (Edwards and Apicella, 2004; Edwards 

and Butler, 2011; Merz and So, 2000). One caveat to our findings is that we only tested 

two pilus mutants, one lacking the major pilin subunit PilE and the other lacking the 

subunit comprising the pore through which the pilus is extruded, PilQ. While these 

mutants are non-piliated, minor pilin subunits and pilus-associated proteins including 

PilC, can still be expressed and a role for these components in stimulating neutrophil 

transepithelial migration has yet to be investigated. Another caveat is that there are a 

number of other known or putative adhesins on Gc that may contribute to stimulation of 

neutrophil transepithelial migration. Gc does not encode for the T3SS or adherence 

factors that other bacterial pathogens use to stimulate epithelial HXA3 production (Criss 

et al., 2001; Lee et al., 2000; Pazos et al., 2017; Silva et al., 2004; Zurawski et al., 

2006). Therefore, in order to understand how Gc stimulates endocervical 12-

lipoxygenase-dependent neutrophil transmigration, future work will investigate the 

potential Gc surface feature(s) involved.  

 We cannot rule out an additional, non-exclusive hypothesis that gonococcal porin 

influences epithelial eicosanoid signaling. Porin translocates into host cell membranes 

(Wen et al., 2000). In support of this hypothesis, porin, in conjunction with the type IV 

pilus, has been shown to induce a calcium-flux in epithelial cells (Ayala et al., 2005). 

Interestingly, the calcium flux observed in response to porin is rapid, and subsequent 

effects of the type IV pilus are thought to be calcium- and porin-dependent as well as 

influenced by pilus retraction mediated by PilT (Ayala et al., 2005). We did not observe a 

decrease in neutrophil transepithelial migration to non-piliated Gc (lacking the major pilin 

subunit, PilE, or the pore subunit, PilQ) (Figure 19), suggesting that piliation is not 
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required. Purified porin can translocate to eukaryotic membranes to form channels and 

trigger calcium-flux (Gotschlich et al., 1987; Muller et al., 1999). Thus, one hypothesis is 

that a gonococcal porin induced-calcium flux contributes to PKC and/or cPLA2 activation 

and subsequent release of AA from cellular membranes. However, porin is the most 

abundant protein in the gonococcal outer membrane and is essential for bacterial 

viability, making most attempted mutations lethal (Barlow et al., 1989; Gotschlich et al., 

1987; van der Ley et al., 1991). Recently, some evidence has shown that certain 

portions of PorB may be mutable (Chen and Seifert, 2014), and alternatively, purified 

porin can be added to cells to stimulate certain signaling pathways (Chen and Seifert, 

2014; Massari et al., 2000; Snapper et al., 1997; Stohl et al., 2013; Wen et al., 2000). 

Future experiments using immunofluorescence and/or membrane fractionation followed 

by western blotting could be used to look for the translocation of porin into End1 

membranes following Gc infection and may prompt additional studies into a role for porin 

in stimulating epithelial eicosanoid signaling. An initial experiment would be to add 

purified porin to polarized End1 monolayers and assess for neutrophil transmigration. 

 TLR recognition of Gc factors is immunostimulatory. End1 cells express TLR1, -

2, -3, -5, and -6 but do not express TLR4 or MD2 (Fichorova et al., 2002), the receptor 

complex that recognizes LPS. Therefore, it was not surprising that purified Gc LOS did 

not stimulate neutrophil migration (Appendix B, Figure 29A). While TLR4 is not thought 

to be expressed at the level of the endocervix in vivo (Fazeli et al., 2005), an important 

caveat to our system is that immortalized cell lines such as End1 cells may have altered 

expression of defining features and our model does not incorporate resident immune or 

surrounding cells that might express TLR4 and contribute to immune activation at the 

level of the cervix. Gc porin and the Lip lipoprotein have been shown to stimulate TLR2 

(Fisette et al., 2003; Massari et al., 2002). Since End1 cells have been shown to express 

TLR2 (Fichorova et al., 2002), we conducted a pilot experiment where the TLR2 agonist 
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Pam2CSK4 (Pam2) or Pam3CSK4 (Pam3) was added to the apical surface of End1 

monoalyers before assaying for neutrophil transepithelial migration, however we did not 

observe any migration to this stimulus alone (Reported in Appendix B, Figure 29B). 

Additionally, we could further investigate a role for a TLR2-dependent Gc-End1 

interaction using NF-kB HEK-293 reporter cells expressing TLR2 in a 96-well plate 

format as previously described (Fisette et al., 2003; Massari et al., 2002). Since we 

observed production of IL-8 and IL-6 from Gc infected End1 monolayers (Figure 14), 

these studies would help define whether this response depends on TLR2 in this system. 

Notably, given that IL-8 was not important for stimulating neutrophil transepithelial 

migration in our three-component system, we postulate that production of these 

cytokines serves to recruit and activate neutrophils at the site of infection but not to drive 

transepithelial migration. A caveat to our interpretation is that our model does not 

incorporate neutrophil recruitment from the bloodstream through the interstitium; 

however IL-8 and IL-6 released in this system are still likely relevant for priming 

neutrophils (Borregaard, 2010; Condliffe et al., 1998; Fichorova et al., 2001; Nadeau et 

al., 2002; Ramsey et al., 1995; Waage et al., 1989).  

 Our studies ruled out a requirement for the type IV pilus and Opa proteins in 

stimulating neutrophil transepithelial migration. Instead, our results suggested that a 

trypsin-sensitive Gc surface factor(s) is required to stimulate robust neutrophil 

transepithelial migration (Figure 19). For this experiment, we used a protocol provided by 

the Sikora group to treat Gc with trypsin in order to identify surface exposed trypsin-

sensitive surface proteins (Zielke et al., 2014). Importantly, trypsin-treated Gc adhered 

equally well to End1 monolayers and were equally viable compared to vehicle-treated 

Gc, as assessed by microscopy (Figure 19C). We sent trypsin- or vehicle-treated 

supernatants for mass spectrometric analysis, which revealed a hypothesis-generating 

list of potential targets enriched in trypsin-treated Gc supernatants (reported in Appendix 
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B, Table 5). A number of the targets identified had previously been identified by 

independent Gc proteomics approaches using trypsin treatment of bacteria to investigate 

trypsin-sensitive surface peptides (Zielke et al., 2014). Of the factors we have tested to 

date, we have not identified a single factor that is required to stimulate neutrophil 

transmigration. Our mass spectrometric analysis of trypsin-treated Gc supernatants 

provided a list of promising candidates (Table 5). Ongoing experiments will focus on 

continuing to examine Gc factors on this list. For some of the targets, we can reach out 

to colleagues in the field in order to acquire mutants. For other targets, we can generate 

mutants. Importantly, there may be multiple factors that contribute to stimulation of 

eicosanoid generation, thus future studies should examine this possibility by using 

strains deficient in multiple Gc factors with potentially additive effects.  

 An interesting facet of the work presented here is that since neutrophilic 

inflammation likely contributes to disease pathogenesis, and given that the signals 

driving neutrophil transepithelial migration to Gc were previously uncharacterized, our 

studies reveal potentially new insights into Gc pathogenesis. Of the Neisseria species, 

only N. gonorrhoeae and N. meningitidis are pathogenic, while there are many 

commensal Neisseria, including some that colonize the human nasopharynx (Criss and 

Seifert, 2012; Johnson, 1983; Liu et al., 2015). The pathogenic Neisseria classically elicit 

robust neutrophilic inflammation, however, commensal Neisseria can sometimes cause 

disease, including endocarditis and meningitis (Johnson, 1983). Therefore, an 

outstanding question in the field is whether stimulation of neutrophilic inflammation is 

restricted to pathogenic Neisseria. Importantly, the features that contribute to the 

disease-causing ability of the pathogenic Neisseria are likely multifactorial and have still 

not been fully characterized. An additional complementary approach to the work 

presented here would be to compare neutrophil migration to various pathogenic strains 

of N. gonorrhoeae to migration to commensal Neisseria strains. These experiments 
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could be paired with comparative genome-wide analyses of these species, as the 

genome sequences are publicly available, in order to create a candidate list of factors 

important in Gc-induced neutrophil transepithelial migration. It will be particularly 

informative to compare a candidate list of factors identified in Gc as opposed to 

commensal Neisseria to the list of trypsin-sensitive surface factors identified by mass 

spectrometric analysis. To this end, we have acquired commensal Neisseria strains 

available through the ATCC, and ongoing work on this project will investigate neutrophil 

transmigration to these strains compared to lab strains of pathogenic N. gonorrhoeae.  

This approach would help to identify proteins that are either present or absent in 

pathogenic compared to commensal Neisseria. One important caveat to this approach is 

that there might be variants/homologues of certain proteins in commensal Neisseria that 

differ from their counterparts in pathogenic Neisseria in ability to stimulate neutrophil 

transepithelial migration. To address this possibility, mutants of Gc could be generated 

that express the variant/homologue from nonpathogenic Neisseria and tested for ability 

to stimulate neutrophil migration. These studies would be particularly compelling as they 

have the potential to reveal novel Gc factors important in stimulating neutrophilic 

inflammation and disease pathogenesis.  

 One of the barriers to identifying the Gc factor(s) stimulating endocervical 

eicosanoid signaling pathways is lack of a high-throughput screening method. While 

neutrophil transmigration is a relevant biological read-out, a more high-throughput 

method will be required to evaluate the numerous potential Gc factors for a role in 

stimulating endocervical epithelial eicosanoid generation. Given that AA liberation is the 

rate-limiting step for HXA3 generation and that we found that neutrophil migration across 

Gc-infected End1 monolayers required cPLA2, it would be informative to screen by 

looking at PLA2-activation. To this end, future studies could use a PLA2 activity assay 

(Abcam) to measure PLA2 activity in non-polarized End1 cells infected with Gc to identify 
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promising surface factors (Bhattacharjee et al., 2016). A caveat to this approach could 

be that non-polarized End1 cells might not respond to Gc interaction in the same way in 

which polarized End1 monolayers respond. In support of this method, however, we 

found that lipid extracted supernatants from infected, non-polarized End1 cells 

stimulated significantly more neutrophil migration across acellular inserts, indicating that 

the chemoattractant(s) produced by End1 cells in response to Gc can be produced by 

non-polarized cells. Follow-up studies would include western blotting to evaluate 

translocation of cPLA2 to membrane fractions upon activation and subsequent neutrophil 

transmigration assays for promising targets. Identifying the Gc factor(s) that stimulate 

endocervical eicosanoid production is an essential next step to this work, as the results 

will provide important insights into disease pathogenesis.  

 

3.4 Neutrophil activation influenced by transepithelial migration and Gc  

 

 Neutrophils circulating in the bloodstream are quiescent and become activated in 

the context of inflammatory signals, extravasation, and trafficking to the site of infection 

(Borregaard, 2010). In order to study Gc interaction with human neutrophils, we currently 

use IL-8 treated, adherent neutrophils to model neutrophil priming at the site of infection 

(Criss et al., 2009). In these studies, we treat neutrophils with 80 ng/mL recombinant 

human IL-8. Gc-infected polarized End1 monolayers produced ~0.225 ng/mL of IL-8 in 

the basolateral reservoir and ~0.085 ng/mL in the apical reservoir (Figure 14), which is 

less than we currently use to prime adherent neutrophils in our laboratory. However, 

neutrophils become increasingly activated as they transmigrate and may produce more 

IL-8 during this process. Neutrophils that have migrated through an epithelial cell 

monolayer can exhibit increased activity against pathogens, for example in the case of 

neutrophils that have migrated across an intestinal epithelial cell layer in response to 
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fMLP are more effective at killing S. Typhimurium (Nadeau et al., 2002). HXA3 is a 

potent neutrophil chemoattractant, but unlike fMLP or LTB4, it serves as a pure 

chemoattractant without activating neutrophils (Sutherland et al., 2000). Our data 

indicate that neutrophils produce LTB4 following transmigration to apical Gc infection, 

which likely serves to further activate neutrophils in paracrine and autocrine fashion. 

Additionally, transmigrated neutrophils can adhere to the apical surface of the epithelium 

following transmigration, potentially interacting with bacteria (Brazil et al., 2010; 

Lawrence et al., 2003; Szabady and McCormick, 2013). In our studies, neutrophils were 

visualized on the apical membrane of Gc-infected End1 monolayers following 

transmigration by SEM and appeared protrusive, suggesting that neutrophils become 

activated during migration to Gc in this system. Preliminary imaging flow cytometry 

analysis also revealed Gc in association with neutrophils that had transmigrated to 

infection in our three-component system (reported in Appendix C, Figure 31). Before this 

work, there was not a model to examine Gc interactions with neutrophils that 

incorporated neutrophil transepithelial migration. Therefore our model provides an 

important system in which to study human neutrophil activation against Gc following 

transmigration.  

 It will be important to study neutrophil activation following transmigration to 

gonococcal infection for two reasons: (1) transmigrated neutrophils may be differentially 

activated against Gc and (2) transmigrated neutrophils may contribute to host epithelial 

cell damage via off-target effects of antimicrobial activity. In the next subsections, I will 

discuss outstanding questions, including whether neutrophil interaction with Gc following 

transmigration further stimulates neutrophil LTB4 production (3.4.1), and whether 

neutrophils are differentially activated against Gc following transmigration (3.4.2). I will 

then discuss potential contributions of neutrophilic inflammation in response to Gc to 

epithelial cell damage in section 3.5. Additionally, we cannot rule out the possibility that 
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other components released by endocervical cells and/or neutrophils contribute to 

neutrophil activation in this system. For example, IL-6 is produced by mucosal epithelial 

cells during neutrophil transepithelial migration to S. Typhimurium and serves to further 

activate neutrophils (Nadeau et al., 2002). Our preliminary results indicate that IL-6 is 

released by Gc-infected End1 monolayers (Figure 14). Therefore, future experiments 

should test for additional components that might be present in this system, for example 

using Luminex multiplex assays to analyze supernatants from Gc-infected End1 

monolayers with or without neutrophil migration.  

 

3.4.1 Potential Gc stimulation of eicosanoid production in neutrophils 

 

 LTB4 mediates long-range neutrophil chemotaxis (≥ 300 µm distances for up to 

40 minutes, according to one report describing neutrophil swarming) (Afonso et al., 

2012; Lammermann et al., 2013). Recently, it has been appreciated that this long-range 

chemotactic gradient is due to LTB4 release from human neutrophils through exosomes, 

which contain both LTB4 and the enzymes responsible for synthesizing LTB4: 5-LOX, 

FLAP, and LTA4 hydrolase (Majumdar et al., 2016) (Figure 7). LTB4-containing 

exosomes then activate resting neutrophils by signaling through BLT1 (Majumdar et al., 

2016). This process is important for directional migration, providing a stable gradient of 

neutrophil-derived LTB4 to amplify neutrophil migration (Majumdar et al., 2016). LTB4 

release via exosomes may be particularly physiologically relevant, as free LTB4 would 

diffuse quickly and therefore form a relatively transient gradient compared to the stable 

gradient that would result from LTB4 being carried in exosomes where it is protected 

from the aqueous environment.  
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 Neutrophil exosome release requires neutrophil stimulation. Notably, stimulation 

of neutrophils with fMLP or ionomycin leads to increased release of exosomes 

containing LTB4 and its synthetic enzymes (Andreu and Yanez-Mo, 2014; Majumdar et 

al., 2016). Recently, P. aeruginosa has been shown to use the bacterial protein, ExoU, 

which exhibits PLA2 activity, to enhance neutrophil LTB4 production (Pazos et al., 2017). 

However, whether ExoU results in increased exosome-mediated LTB4 release 

specifically has not been examined. Given that we observed increasing amounts of LTB4 

following neutrophil migration to Gc (Figure 12), future studies should test the hypothesis 

that Gc stimulates neutrophil LTB4 production and/or release of exosomes containing 

LTB4 to amplify the neutrophil chemotactic gradient. In support of this hypothesis, we 

have shown that certain variants of Gc are activating for neutrophils. For example, Opa-

expressing Gc interact with human neutrophils to stimulate phagolysosome formation 

(Johnson et al., 2015; Johnson and Criss, 2013), degranulation (A. Smirnov, 

unpublished observations), and ROS production (Criss and Seifert, 2008). Thus, future 

experiments should test whether Gc, and in particular Opa-expressing variants, initiate 

LTB4-containing exosome release from neutrophils that is important for neutrophil 

transepithelial migration. Further, given that neutrophil cPLA2 activity is required for LTB4 

production, an additional outstanding question is whether Gc stimulates neutrophil cPLA2 

activation and/or whether a Gc secreted factor mimics or enhances neutrophil cPLA2 

activation. To this end, future experiments should assay neutrophil cPLA2 activation 

following interaction with Gc using a PLA2 activity assay (Abcam) with follow-up analysis 

of cPLA2 translocation to membrane fractions using a membrane fractionation protocol 

for neutrophils previously used in our lab (Smirnov et al., 2014). An important 

consideration is that Gc factors that influence neutrophil LTB4 production may not be the 

same factors that stimulate epithelial HXA3 production. Our lab is performing studies to 

measure LTB4 production by adherent, IL-8 primed neutrophils compared to neutrophils 
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that have migrated through an epithelial cell layer, one hypothesis being that 

transepithelial migration provides additional priming steps required for this response. 

One important caveat to our three-component system is that it does not incorporate 

neutrophil migration from the vasculature through the interstitium and subepithelial 

space, which also serves to prime neutrophils. Importantly, understanding whether Gc 

further stimulates neutrophil LTB4 production will provide additional insight into how this 

pathogen stimulates neutrophil influx at the site of infection. 

  

3.4.2 Neutrophil activation against Gc following transepithelial migration 

 

 Our lab has developed a number of assays to examine the response of 

neutrophils to Gc. Preliminary results using imaging flow cytometry indicate that 

neutrophils associate with Gc following transepithelial migration in our three-component 

system (reported in Appendix C, Figure 31), and that neutrophils appear highly polarized 

and protrusive on both the apical surface of End1 monolayers (Figrue 9E) and on the 

bottom of tissue culture wells (apical chamber) following transmigration (by inverted light 

microscopy reported in Appendix C, Figure 30). Therefore, future studies will examine 

neutrophil activation and ability to kill Gc following transepithelial migration to Gc using 

imaging flow cytometry, fluorescence-based assays, degranulation and ROS production 

by flow cytometry, and neutrophil extracellular trap (NET) formation by confocal 

microscopy as detailed below. 

In order to more thoroughly examine neutrophil phagocytosis and internalization 

of Gc following transepithelial migration, future experiments will use imaging flow 

cytometry to measure parameters including percent of neutrophils with associated 

(bound and internalized) Gc and percent of internalized Gc using the method developed 

in our lab (Smirnov et al., 2015). Imaging flow cytometry is extremely powerful, allowing 
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us to analyze tens of thousands of events per condition. These experiments can be 

followed by fluorescence-based assays used commonly in our lab (Criss et al., 2009) to 

measure Gc viability upon exposure to neutrophils that have transmigrated. While 

transmigration further activates neutrophils, given that viable Gc are recovered from 

neutrophil-rich patient exudates (Wiesner and Thompson, 1980), we hypothesize that 

some fraction of Gc will still survive in the presence of transmigrated neutrophils. Since 

the three-component system presented in this work incorporates neutrophil migration 

across a physiologically relevant endocervical monolayer, these future studies will allow 

us to more accurately model how Gc might evade neutrophil killing in vivo.  

 In addition to studies to examine Gc viability upon exposure to transmigrated 

neutrophils, the system developed in this work will also allow us to explore neutrophil 

activation in general following transepithelial migration to Gc. Notably, since robust 

neutrophil influx is not sufficient to clear Gc infection, and since we postulate that 

neutrophilic inflammation contributes to host epithelial cell damage and subsequent 

severe clinical sequelae in women, these experiments will examine neutrophil activity 

that has been associated with off-target damage to host cells.  To this end, we will 

interrogate granule exocytosis, ROS production, and NET formation in transmigrated 

neutrophils.  

 Neutrophil antimicrobials are packaged in cytoplasmic granules. Upon 

stimulation, neutrophils mobilize their granules for exocytosis and delivery to 

phagolysosomes. Neutrophil granules include primary (azurophilic), secondary (specific), 

tertiary (gelatinase), and secretory granules, and each contain different components, 

including antimicrobials, PRRs, components of the NADPH oxidase, and protein markers 

(Borregaard et al., 2007; Pham, 2006). Granule mobilization to the plasma membrane 

follows a pattern by which secretory granules are released first, with increased activation 

required to mobilize tertiary, secondary, and finally primary granules (Borregaard et al., 



 
 

107 

2007; Pham, 2006). Therefore, exposure of markers for primary and secondary granules 

on the neutrophil plasma membrane is a marker of activation. Granule exocytosis can be 

evaluated using flow cytometry for surface exposure of CD63, a primary granule marker, 

CD66b, a secondary granule marker, and loss of CD62L facilitated by matrix 

metalloproteases in tertiary granules (i.e. MMP9) using a protocol used by our lab 

(Ragland et al., 2017). These studies will allow us to compare granule exocytosis in 

neutrophils that have undergone transepithelial migration to Gc compared to suspension 

neutrophils (negative control, low-activation state), adherent IL-8 primed neutrophils, and 

neutrophils that have transmigrated to an imposed apical gradient of fMLP.  

 Gc efficiently evades ROS from IL-8 primed adherent neutrophils in vitro (Criss et 

al., 2009), indicating that non-oxidative neutrophil antimicrobial activities are primarily 

responsible for neutrophil activity against Gc. Notably, off-target ROS can contribute to 

significant off-target host cell damage. We can measure ROS on a population level using 

luminol-dependent chemiluminescence as commonly used in our laboratory (Criss and 

Seifert, 2008). However, given that in this system we can infect End1 monolayers with 

fluorescently-labeled (CFSE) Gc and then gate on neutrophils in association with Gc 

using flow cytometry, we can also measure ROS production on a single cell basis in 

neutrophils following transepithelial migration by assaying dihydrorhodamine-123 

fluorescence by flow cytometry (Emmendorffer et al., 1990; Walrand et al., 2003). These 

studies will allow us to interrogate ROS production by neutrophils that have associated 

with Gc following transepithelial migration compared to ROS production by IL-8 primed 

adherent neutrophils that we typically study in our lab and may provide important insight 

into differences in ROS production in this more complete three-component model of 

neutrophil priming following transepithelial migration. 

 Finally, another neutrophil extracellular killing mechanism includes NETs. 

Importantly, NETs have been implicated in significant immunopathology in a number of 
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different pathological contexts, for example in lung pathology including that seen in 

cystic fibrosis (Kruger et al., 2015; Porto and Stein, 2016; Sabbione et al., 2017; 

Saffarzadeh et al., 2012; Thomas et al., 2012). Given that we are able to visualize 

neutrophils adhered to the apical surface of End1 monolayers following transmigration, 

we can also examine NET formation in transmigrated neutrophils by staining End1 

monolayers for extracellular DNA and histones using confocal microscopy. Additionally, 

a recent study revealed that HXA3 may play an additional role in promoting neutrophil-

mediated damage in cystic fibrosis, where HXA3 was shown to induce NETs from human 

neutrophils (Douda et al., 2015). This is interesting in light of our hypothesis that HXA3 is 

produced apically by infected endocervical cells to stimulate neutrophil migration, 

suggesting there may also be a role for HXA3 in promoting NETs and potentially 

epithelial cell damage mediated by NETs. All together, understanding the extent to which 

neutrophils are activated to release granule components, ROS, and NETs would provide 

important insight into the extent to which this activation might be able to contribute to off-

target host cell damage. 

 

3.5 Epithelial cell damage and potential adjunctive therapeutic targets  

  

 Neutrophil activity can potentially contribute to continued inflammation and cause 

significant off-target host cell damage. For example, as discussed in Chapter 1, 

neutrophil CAMPs, proteases, ROS, and DNA and histones contained in NETs serve as 

signals to enhance inflammation and can induce direct damage to host cells and/or 

extracellular matrix (Kruger et al., 2015; Mittal et al., 2014; Saffarzadeh et al., 2012; 

Verjans et al., 2016). NETs in particular have been implicated in a number of 

inflammatory pathologies including lung injury, atherosclerosis, rheumatoid arthritis, and 

systemic lupus erythematosis (SLE) (Kruger et al., 2015). Interestingly, HXA3 was 
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recently shown to stimulate NET production (Douda et al., 2015). In addition to causing 

direct host cell damage, neutrophils also contribute to continued inflammation and 

neutrophil recruitment. For example, Gc has recently been shown to skew the immune 

response towards Th17-driven neutrophilic inflammation (Jerse and Deal, 2013; Liu et 

al., 2012; Liu et al., 2014; Liu and Russell, 2011). Th17 cells produce IL-17 and IL-8 to 

further recruit neutrophils. Neutrophils then produce CCL20 and CCL2 to recruit more 

Th17 cells, amplifying neutrophil influx (Pelletier et al., 2010). As discussed previously, 

neutrophil-derived LTB4 also contributes to amplification of chemotactic gradients for 

neutrophils, and has been described as an effector promoting neutrophil swarming at 

sites of inflammation (Lammermann et al., 2013). At the site of inflammation, neutrophil 

derived products including MMPs (i.e. MMP9) cleave ECM into fragments that can 

stimulate continued immune cell recruitment (Kruger et al., 2015). Additionally, 

neutrophil-derived MMP-8 and -9 in combination with prolyl endopeptidase (PE) 

generate proline-glycine-proline (PGP), which mimics chemokines to recruit neutrophils 

(Weathington et al., 2006).  

 Interestingly, there are numerous mechanisms in place to maintain homeostasis, 

including the generation of both pro-inflammatory and pro-resolving lipid mediators from 

AA (Dennis and Norris, 2015; Dobrian et al., 2011) (Figure 5). Additional mechanisms 

also contribute to regulation of eicosanoid-driven neutrophil recruitment, including sEH, 

which inactivates the neutrophil chemotactic activity of HXA3 (Morisseau and Hammock, 

2013; Morisseau et al., 2012) (Figure 6B). Additionally, there is a recently appreciated 

dual role for LTA4 hydrolase in both production of the potent neutrophil chemoattractant 

LTB4 as well as in dampening neutrophil recruitment by inactivating PGP (Snelgrove et 

al., 2010). Therefore, the balance of pro-inflammatory and pro-resolving lipid mediators 

is important in responding to infection as well as in maintaining and returning to 

homeostasis. 
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 Pro-inflammatory and pro-resolving bioactive lipids are likely to be important 

during infection and inflammation in general. However, a role for the interplay and/or 

disturbance of these processes in the context of Gc FRT infection has not yet been 

characterized. In addition to the previously discussed future studies to further 

characterize the signals generated in the context of Gc infection that recruit and activate 

neutrophils, future studies to investigate the regulation and/or dysregulation of pro-

resolving factors in the context of Gc infection of the cervix would significantly expand 

our understanding of Gc pathogenesis. My work provides a model three-component 

system in which future studies can be conducted to investigate epithelial cell damage at 

the level of the cervix in response to neutrophil transepithelial migration. Further, recent 

development of a mouse model of upper FRT infection that results in neutrophil influx 

(Islam et al., 2016) will allow future work to validate our findings in the context of Gc 

infection in vivo. Importantly, our work has identified a number of promising adjunctive 

therapeutic targets for limiting deleterious neutrophilic inflammation in conjunction with 

antibiotics that could be tested in vivo. 

 

3.5.1 Neutrophil-induced epithelial cell damage 

 

 Neutrophils are robustly recruited to the site of gonococcal infection, but are not 

sufficient to clear Gc (Wiesner and Thompson, 1980). Importantly, given that Gc can 

evade multiple arms of the neutrophil antimicrobial arsenal, neutrophil activities may 

then induce off-target host cell damage. While Gc components, including PG and LOS, 

as well as immune mediators, including TNFα have been shown to induce direct 

epithelial cell damage in models of upper FRT infection (Gregg et al., 1981; McGee et 

al., 1999; Melly et al., 1981; Melly et al., 1984), neutrophil-driven damage to FRT 

epithelial cells has never been directly investigated. Additionally very little is known 



 
 

111 

about whether Gc infection and subsequent neutrophil influx lead to epithelial cell 

damage at the level of the cervix. Gc has recently been shown to invade into 

subepithelial space by inducing exfoliation of columnar epithelial cells in the endocervix 

(Wang et al., 2017). Additionally, transmigration of a large number of neutrophils across 

epithelial monolayers in general leads to disruption of monolayer barrier function and 

can damage the epithelium (Ginzberg et al., 2001; Nusrat et al., 1997). The three-

component system developed in this work will provide a valuable system in which to test 

for neutrophil-induced cervical epithelial cell damage. Scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) should be used to interrogate for 

overt signs of epithelial cell damage. In addition, we can use techniques discussed in 

Chapter 2 (Figure 9) to evaluate endocervical epithelial barrier function. These 

techniques to assess tight junctional integrity include confocal microscopy to evaluate 

markers of tight junctions, including ZO-1, measurement of paracellular flux of FITC-

dextran, and monitoring changes in TEER. Neutrophil transepithelial migration, and 

specifically the concurrent disruption of tight junctions, leads to gaps in the epithelium 

that result in decreased junctional integrity, and subsequent reduction in TEER (Nash et 

al., 1987; Nusrat et al., 1997). During homeostasis and immune response, these 

changes are reversible and tightly regulated, with overall maintenance of epithelial 

barrier function (Nash et al., 1988). However, with robust, dysregulated neutrophil influx, 

epithelial damage can ensue (Nusrat et al., 1997). Robust neutrophil migration can lead 

to alterations in the levels of tight junctional proteins, for example down-regulation of ZO-

1 in epithelial cells adjacent to migrating neutrophils (Kucharzik et al., 2001), in part 

mediated by neutrophil proteases including elastase (Ginzberg et al., 2001) and 

subsequent changes in tight junctional complex formation and integrity. The results of 

studies of barrier function and epithelial cell damage during neutrophil transepithelial 
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migration to Gc will be important for understanding gonococcal disease pathogenesis 

and associated pathology. 

 

3.5.2 Adjunctive therapeutic targets to limit neutrophilic inflammation in conjunction with 

antibiotic therapy 

 

 A number of important mucosal pathogens promote neutrophilic inflammation by 

stimulating 12-lipoxygenase production of HXA3. Our study highlighted involvement of 

12R-LOX in conjunction with eLOX-3, the first time that these particular 12-lipoxygenase 

enzymes have been implicated in the context of infection. In fact, under normal 

physiological conditions, the function of 12R-LOX and eLOX-3 activity is to prevent 

transepithelial water loss via production of molecules derived from linoleic acid (LA), and 

mutations in the genes encoding these proteins are linked to dry skin disorders including 

autosomal recessive congenital ichthyosis (ARCI) and non-bullous congenital 

ichthyosiform erythroderma (NCIE) (Epp et al., 2007; Krieg et al., 2013; Mashima and 

Okuyama, 2015). In this epidermal barrier-supporting role, LA as opposed to AA is the 

preferred substrate for 12R-LOX (Mashima and Okuyama, 2015). Interestingly, some of 

the first reports of 12R-LOX in the context of disease highlight the accumulation of its 

product, 12R-HETE in psoriasis scales (Boeglin et al., 1998), suggesting that it may play 

a role during certain inflammatory states compared to in homeostasis. It is possible that 

a shift in the proportion of available LA to AA skews 12R-LOX and eLOX-3 activity 

towards oxidation of AA and production of HXA3 in this inflammatory context. In fact, 

given that our studies revealed a role for endocervical cPLA2, we posit that Gc 

interaction with endocervical cells stimulates PLA2-mediated release of AA, which would 

shift this pool in favor of HXA3 production. Interestingly, 12R-LOX has also been found to 

play a role in mucus production, influencing the expression of mucins, including 
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MUC5AC (Garcia-Verdugo et al., 2012). It remains to be investigated whether 12R-LOX 

affects cervical mucus via regulation of mucins, however this would be an interesting 

role for 12R-LOX in contributing to host defenses and homeostasis at this site.  

 A remaining experimental hurdle for this work will be to detect HXA3 from Gc-

infected End1 cells directly. HXA3 is labile, and is quickly degraded in an acidic 

environment or by epoxide hydrolases (Morisseau et al., 2012; Pace-Asciak, 2015). 

While we could detect increased neutrophil transmigration across an acellular insert to 

lipid-extracted supernatants from infected compared to mock-infected non-polarized 

End1 cells, we have not yet been able to detect HXA3 by mass spectrometry. One 

possibility that remains to be explored is whether or not HXA3 could be esterified, and 

therefore attached to membranes in our system, as has been found for some 

eicosanoids (Maskrey et al., 2007; Morgan et al., 2009; Morgan et al., 2010a; Morgan et 

al., 2010b; Thomas et al., 2010). However, our findings that neutrophil transepithelial 

migration was sensitive to MRP2 inhibition would suggest that HXA3 is indeed being 

released and extruded through MRP2 in a free/non-esterified form. An additional 

experimental hurdle is the difficulty of ionizing HXA3 for detection by mass spectrometry. 

Future work to identify this lipid will therefore be done in close collaboration with our 

collaborator Christophe Morisseau (UC Davis) in order to try to detect HXA3 by mass 

spectrometry. In addition, our collaborative work will also open avenues of investigation 

into the role of sEH in the context of Gc-endocervical cell infection. Epoxide hydrolases 

have not been characterized in the FRT. It would be interesting to characterize the 

epoxide hydrolase(s) present in our system, either soluble or membrane bound, as these 

studies might reveal important insight into EH-mediated regulation of HXA3 in the context 

of infection at the level of the endocervix. Future studies should look at the effect of 

targeting the generation and/or stability of HXA3, specifically by 12R-LOX and eLOX-3 

on neutrophil influx to Gc-cervical infection.  
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 The eicosanoid LTB4 has been widely studied due to its role in common 

conditions including asthma (Behera et al., 1998; Jame et al., 2007; Mashima and 

Okuyama, 2015; Zaman et al., 2006). Particularly in asthma, while there appears to be a 

central role for cysteinyl leukotrienes in mediating bronchoconstriction, the role of LTB4 is 

thought to be the recruitment of neutrophils and eosinophils that characterize severe 

asthma that is refractory to steroid treatment (Wenzel et al., 1997). In fact, the drug 

Zileuton, which targets the 5-LOX enzyme that produces LTB4, has been used 

successfully in asthmatic patients (Israel et al., 1996; Israel et al., 1993; Nelson et al., 

2007). 5-LOX is primarily expressed in leukocytes. While respiratory epithelial cells have 

been shown to express 5-LOX in the context of inflammation (Behera et al., 1998; Brock, 

2005; Jame et al., 2007; Zaman et al., 2006), we did not find 5-LOX to be expressed in 

infected or uninfected End1 cells. Instead, our studies revealed a role for neutrophil 5-

LOX in producing LTB4 to amplify the chemotactic gradient for neutrophil transepithelial 

migration. However, epithelial LTA4 hydrolases have been found produce LTB4 via a 

transcellular process (Bigby et al., 1989; Fabre et al., 2002). We did not detect any LTB4 

production from infected End1 monolayers when there were no neutrophils added 

(Chapter 2), however it would be interesting if a portion of LTA4 from neutrophils might 

be processed to LTB4 via End1 LTA4 hydrolase (Figure 7). To test a role for LTA4 

hydrolase in our system, future experiments should examine expression of LTA4 

hydrolase upon End1 monolayer infection and interrogate whether exogenous addition 

of LTA4 (Cayman Chemical) leads to LTB4 production from End1 monolayers. It may be 

necessary to test this question using both infected and uninfected End1 monolayers if 

LTA4-hydrolase is only expressed in the context of infection. Additionally, future 

experiments could also use an LTA4 hydrolase inhibitor and/or genetic knockdown of 

LTA4 hydrolase in End1 cells to interrogate this question. This future work could 
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potentially reveal additional adjunctive therapeutic targets to reduce non-productive 

neutrophilic inflammation to Gc in combination with antibiotics. 

 The LTB4-BLT1 axis is important for amplifying local gradients of neutrophil 

chemoattractants to promote stable, long-range recruitment of neutrophils to sites of 

infection and inflammation (Afonso et al., 2012; Ford-Hutchinson et al., 1980; 

Lammermann et al., 2013). We postulate that targeting the BLT1 receptor would be a 

particularly successful approach, potentially with fewer off-target effects than targeting 

eicosanoid generation, which could lead to severe side effects due to disturbances in 

lipid pathways. To this end, BLT1 antagonists have already been tested in clinical trials 

(Liston et al., 1998), and have shown promising results in antagonizing pathology 

associated with LTB4-BLT1 signaling in mice (Li et al., 2015). Notably, there has already 

been significant clinical success in targeting leukotriene receptors, for example with 

leukotriene receptor antagonists including monteleukast and zafirlukast (Diamant et al., 

1999; Kemp et al., 1998; Lazarus et al., 1997; Pearlman et al., 1999). Additionally, it has 

been noted that while BLT1 is primarily expressed on myeloid cells, its expression can be 

inducibly upregulated in response to LPS, cytokines, and LTB4 in certain cells (Qiu et al., 

2006). Therefore, it would be interesting to investigate BLT1 expression on endocervical 

cells in the context of Gc infection and neutrophilic inflammation, where we found 

significant production of LTB4.   

 In light of the emergence of Gc strains that are resistant to multiple end-line 

antibiotic therapies and the considerable risk for off-target host cell damage from robust 

neutrophil influx and activation during gonococcal infection, there is an urgent need to 

develop new therapeutic strategies for this common sexually transmitted infection. My 

studies reveal a novel line of inquiry into adjunctive therapeutics that could be used in 

combination with antibiotics to mitigate the severe clinical complications associated with 

neutrophilic inflammation during female gonococcal infection. Adjunctive therapies that 
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dampen the immune response in combination with antibiotics are already used 

successfully in clinic for bacterial infections that stimulate robust deleterious 

inflammatory responses, for example the use of adjunctive dexamethasone in the 

treatment of bacterial meningitis (Barichello et al., 2015).  

 Future work in collaboration with the Gray-Owen lab, which has developed a 

mouse model of PID that elicits robust neutrophil recruitment (Islam et al., 2016), as well 

as the development of mice transgenic for CEACAM expression and exhibit robust 

neutrophil influx to lower FRT Gc infection (Sintsova et al., 2014), will allow us to 

translate our in vitro characterizations of these potential adjunctive therapeutic targets to 

a relevant in vivo model of Gc infection and neutrophilic inflammation. A major caveat to 

interfering with lipid signaling pathways is that perturbations in these pathways can lead 

to significant off-target effects (Figure 5). In fact, in preliminary experiments conducted in 

the Gray-Owen lab, we observed increased neutrophil influx to Gc following systemic 

inhibition of 5-lipoxygenase activity with Zileuton or 12-lipoxygenase activity with CDC. 

Given that perturbing lipid signaling pathways systemically carries substantial risk for off-

target effects, we envision that targeting HXA3 at the level of the cervix, either by 

inhibiting its generation or promoting its degradation via sEH, will be an important area of 

exploration. Perhaps even more attractive is the potential to target amplification of 

neutrophil influx by inhibiting LTB4 production and/or signaling through the BLT1 

receptor.  

 Importantly, our work supports a strategy whereby these pathways could be 

targeted in the context of multiple important bacterial pathogens that stimulate a 

dysregulated neutrophil response that contributes to disease pathology. In particular, 

since the mucosal pathogens found to stimulate these pathways to date affect mucosal 

epithelial sites including the lung, intestine, and now the cervix, we envision a strategy 

by which therapeutics could be delivered directly to the site, via inhalers, timed-release 
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capsules, and/or vaginal suppositories, which would significantly limit off-target effects 

and/or side effects. In support of this strategy in the context of gonococcal FRT infection, 

the Russell group has recently reported that intravaginal administration of biodegradable 

microspheres carrying IL-12 during Gc infection promotes bacterial clearance, 

development of Gc-specific antibodies, and subsequent immune-mediated protection 

against re-infection for up to 6 months (Liu et al., 2018). Importantly, these microspheres 

remained in the mouse genital tract for multiple days, allowing slow-release of IL-12 over 

time (Liu et al., 2018). Human IL-12 is ~60 kDa (or 60,000 g/mol) and can be packaged 

into microspheres (Egilmez et al., 2003); recombinant sEH is ~64 kDa while BLT1 

antagonists, including LY223982 (502.6 g/mol) and CP-105,696 (428.5 g/mol) are closer 

to 0.5 kDa. Both sEH and BLT1 antagonists could therefore potentially be packaged in 

microspheres for delivery. 

 

3.6 Overall conclusions 

 

 Neutrophilic inflammation is the hallmark of gonococcal infection and likely 

contributes significantly to disease pathogenesis and clinical sequelae in women. 

However, before this work the signals coordinating neutrophil transepithelial migration to 

Gc at the level of the cervix were uncharacterized. My studies reveal that Gc-

endocervical infection stimulates epithelial- and neutrophil-derived eicosanoid production 

to drive neutrophil transepithelial migration. This work uncovers a novel line of inquiry 

into Gc factors that influence epithelial and neutrophil eicosanoid production. My studies 

support a model in which Gc interacts with endocervical cells to stimulate HXA3 

production and apical secretion to drive initial neutrophil transepithelial migration. 

Neutrophil-derived LTB4 signaling through BLT1 on neutrophils then amplifies the 

chemotactic gradient, driving robust neutrophil transepithelial migration (Figure 21). 
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Importantly, the three-component Gc-endocervical cell-neutrophil system used in this 

work has revealed a role for endocervical- and neutrophil-derived eicosanoids during 

neutrophil influx to Gc. Future work in this model and in mouse models with our 

collaborators will allow us to further define the roles of these eicosanoids during Gc 

infection and resultant neutrophil influx. Importantly, this work and the future studies it 

has prompted will reveal previously unappreciated mechanisms of Gc disease 

pathogenesis and pathologies that drive severe clinical consequences, particularly in 

women. Continued investigation of the therapeutic targets revealed by my studies could 

lead to adjunctive therapies that would mitigate severe consequences of non-productive 

neutrophilic inflammation to Gc infection, particularly in women. Finally, continued 

interrogation of the Gc factor(s) that stimulate these eicosanoid pathways may reveal 

novel Gc virulence factors and inform potential vaccine and/or therapeutic antibacterial 

targets. 

 

3.7 Figures for Chapter 3 
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Figure 21. Model of endocervical- and neutrophil-derived eicosanoids that 

stimulate neutrophil transepithelial migration to Gc. Gc interaction with endocervical 

cells stimulates IL-8 production that is primarily basolateral and likely serves to recruit 

and activate neutrophils at the site of infection (A). Gc-endocervical cell interactions 

stimulate endocervical cells to produce an apically directed 12-lipoxygenase-derived 

neutrophil chemoattractant, likely HXA3 to stimulate initial neutrophil transepithelial 

migration (C) that required efflux through MRP2 (B) and was sensitive to sEH (D). This 

pathway was dependent on epithelial activation of PKC and cPLA2 to produce the 12-

lipoxygenase substrate AA (B). Transmigrating neutrophils then produced the 5-

lipoxygenase product LTB4, which formed an apical-to-basolateral gradient that amplified 

neutrophil recruitment (C). Robust neutrophil influx that is not sufficient to clear infection 

can lead to off-target host cell damage (E). This work reveals potential adjunctive 

therapeutic targets, whereby targeting HXA3 and/or LTB4 signaling at the level of the 

cervix could be a strategy to mitigate the deleterious effects of neutrophilic inflammation 

in conjunction with antibiotic therapy to resolve infection (F). 
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4. Appendix A: Investigation of neutrophil transmigration to Gc following four 

hours of infection 

  

4.1 Introduction 

 

 There is a newfound appreciation for the role of epithelial cells in coordinating 

neutrophil transepithelial migration upon bacterial infection. In female patients, the initial 

site of gonococcal infection is the endocervix. As described in Chapter 2 of this 

dissertation, neutrophil transepithelial migration across Gc-infected polarized End1 

monolayers is observed following only one hour of infection before addition of 

neutrophils and is coordinated by both epithelial and neutrophil derived eicosanoids. 

Previous model infection systems, however demonstrate that Gc interacts with epithelial 

cells via surface-exposed features including Opa proteins, type IV pili, and LOS to 

influence host cell signaling in additional ways, and that these interactions develop over 

extended time periods of infection (Edwards and Apicella, 2004; Edwards and Butler, 

2011; Merz and So, 2000).  

 Following initial attachment mediated by type IV pili, and intimate attachment, 

mediated by Opa proteins, Gc forms microcolonies consisting of between 10-100 

diplococci within 4-6 hours following infection (Merz and So, 2000). These microcolonies 

are motile structures that fuse and rearrange on epithelial cell surfaces (Higashi et al., 

2007). Studies of Gc-epithelial cell interactions also revealed elongation of host cell 

microvilli, likely increasing surface area for bacterial interaction (Merz and So, 2000). Gc 

has also been shown to induce cortical plaques in infected epithelial cells with 

accumulation of epithelial signaling factors including PI-3 kinase, phosphotyrosine, actin, 

and ezrin, a phenomenon that requires the type IV pilus, and specifically retraction of the 

type IV pilus mediated by PilT (Higashi et al., 2007; Higashi et al., 2009; Lee et al., 2005; 
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Merz et al., 1999; Merz and So, 1997, 2000). Additionally, activation of NF-kB in infected 

epithelial cells has been shown to correlate with Gc microcolony dynamics and type IV 

pilus retraction (Dietrich et al., 2011; Muenzner et al., 2002; Naumann et al., 1997). 

Given that the majority of the field’s understanding of Gc interations with host epithelial 

cells focused on later time points of infection, about 4-6 hours post infection, and given 

that Gc adherence to End1 cells was required to stimulate neutrophil transepithelial 

migration, we also investigated neutrophil migration following 4 hours of apical Gc 

infection. 

 

4.2 Materials and Methods 

 

4.2.1 Bacterial strains and growth conditions 

 

 Derivatives of Gc strain FA1090 (Ball and Criss, 2013) were used for these 

studies as follows: Opa+, p+ is an otherwise isogenic derivative of Gc strain FA1090 

constitutively expressing OpaD (Ball and Criss, 2013); Opa-, p+ is an otherwise isogenic 

derivative of Gc strain FA1090 with in-frame deletions of the genes encoding the 11 Opa 

proteins (A-K) (Ball and Criss, 2013); Opa+, p- is an otherwise isogenic derivative of Gc 

strain FA1090 with an in-frame deletion of the pilE gene, and are non-piliated.  Opa-, p- 

is an otherwise isogenic derivative of Gc strain FA1090 with in-frame deletions of the 

genes encoding the 11 Opa proteins (A-K) (Ball and Criss, 2013) and an in-frame 

deletion of the pilE gene, and are non-piliated. Gc was maintained on Gonococcal 

Medium Base (GCB) (BD Difco) with Kellogg’s supplement I + II (Kellogg et al., 1963). 

For infection of epithelial cells, 16-18 hour overnight lawns were cultivated at 37oC in 5% 

CO2, swabbed into liquid medium, and resuspended in Hank’s balanced salt solution 
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(HBSS; with Ca2+ and Mg2+; Thermo Scientific) with 10 mM HEPES pH 7.4 and 5 mM 

NaHCO3 (HBSS+) at a concentration of 7 x 105 CFU/mL unless otherwise indicated.  

 

4.2.2 Human neutrophil isolation 

 

 Venous blood was collected from healthy human donors who provided informed 

consent. All human subject research was conducted in accordance with a protocol 

approved by the University of Virginia Institutional Review Board for Health Sciences 

Research. Red blood cells were removed from heparinized blood by dextran 

sedimentation and neutrophils were isolated over a Ficoll-Hypaque gradient as 

previously described (Stohl et al., 2005) and resuspended in Dulbecco’s phosphate 

buffered saline (DPBS; without Ca2+ and Mg2+; Thermo Scientific) with 0.1% dextrose. 

Neutrophils were kept on ice and used within 1h following preparation. Neutrophil 

preparations were assessed by phase-contrast microscopy and contained >95% 

neutrophils. Replicate experiments used neutrophils from different donors on separate 

days. 

 

4.2.3 Cell culture  

 

 Human End1/E6E7 (End1) cells (ATCC® CRL-2615TM) were maintained and 

polarized End1 monolayers established on inverted CorningTM Transwell TM inserts as 

described previously (Fichorova et al., 2005), with the following details. End1 cells were 

maintained in keratinocyte serum-free medium (KSFM, Life Technologies) supplemented 

with provided bovine pituitary abstract (BPE, 50 µg/mL) and recombinant epidermal 

growth factor (EGF, 0.1 ng/mL) as well as 0.4 mM CaCl2 and 1X Antibiotic-Antimicotic 
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(ThermoFisher Scientific). End1 cells were maintained at 37oC, 5% CO2 in a humidified 

chamber and routinely tested negative for mycoplasma. 

 To establish polarized monolayers, End1 cells were seeded on inverted 6.5 mm 

diameter CorningTM Transwell TM inserts with 3-µm pores (ThermoFisher Scientific) 

coated with 5 µg/cm2 human type IV collagen (Sigma). 7 x 104 End1 cells were seeded 

on each coated inverted insert and allowed to attach for 5 hours before reverting into a 

24-well tissue culture plate containing KSFM and incubated at 37oC, 5% CO2 for 8-11 

days, after which time transepithelial electrical resistance (TEER) measured using an 

EVOM2 voltometer (World Precision Instruments, Inc.) was ≥ 150 Ω cm2 (Fichorova et 

al., 2005; Sathe and Reddy, 2014). Barrier function of End1 monolayers was also 

monitored by stable fluid resistance between apical and basolateral reservoirs and by 

measurement of 10 kDa FITC-dextran (Sigma) flux in the apical and basolateral 

compartments of End1 monolayers using a black F96 MicroWellTM (ThermoFisher 

Scientific) and Wallac Victor-2 1420 Multilabel Counter 485/535nm (Perkin-Elmer).   

 

4.2.4 PMN Transmigration assays 

 

 End1 monolayers were washed and inverted into a humidified chamber.  

Monolayers were apically infected with 7 x 105 Gc CFU equivalents (MOI=3) for 4 hr 

(unless otherwise indicated) at 37oC, 5% CO2. Neutrophil migration was assayed as 

previously described (Parkos et al., 1991), with the following details. Following infection, 

monolayers were washed extensively in HBSS+ to remove non-adherent bacteria and 

reverted into 24-well tissue culture wells containing 1 mL HBSS+ per well. 1 x 10
6
 

primary human neutrophils were added to the basal reservoir of TranswellTM inserts and 

incubated for 2 hours at 37oC, 5% CO2. The number of neutrophils transmigrated was 

measured using a colorimetric assay for the neutrophil primary granule component 
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myeloperoxidase (MPO) using ABTSTM Chromophore Diammonium Salt (EMD Millipore), 

read on a Wallac Victor-2 1420 Multilabel Counter (Perkin-Elmer) using 1s readings at 

405nm, and quantified relative to a standard curve for each donor and each experiment.  

For all PMN transmigration assays, migration was evaluated to buffer alone to evaluate 

monolayer integrity or an imposed apical gradient of fMLP (1 µM) to evaluate neutrophil 

migratory capacity, with all experiments included yielding > 1 x 105 PMNs transmigrated 

to fMLP. For each experiment, adhered CFU were enumerated by incubating infected 

monolayers with 1% Saponin, 5 mM MgSO4 for 15 minutes at 37°C, 5% CO2, disrupting 

membranes, and plating serial dilutions on GCB.  

 

4.2.5 Inhibitor treatment  

 

 End1 monolayers were pre-treated with inhibitor, 50 µM Cinnamyl-3,4-dihydroxy-

α-cyanocinnamate (CDC) (Enzo Life Sciences), or vehicle (DMSO) control diluted in 

HBSS+, incubated at 37oC, 5% CO2 for 1hr, then thoroughly washed before infection. 

Inhibitors did not affect Gc adherence to End1 monolayers, as assayed by CFU 

enumeration, or End1 or PMN viability, as monitored by Trypan Blue (HyClone) 

exclusion. All conditions yielded >95% viable End1 cells. For all treatments, PMN 

migration towards an imposed apical gradient of fMLP was assayed to ensure 

neutrophils’ intrinsic migratory ability was unaffected. 

 

4.2.6 Microscopy  

 

 End1 monolayers on TranswellTM inserts were fixed in 4% paraformaldehyde 

(Electron Microscopy Sciences), permeabilized in 0.01% Triton-X 100 (ThermoFisher 

Scientific) and blocked in 10% normal goat serum in phosphate-buffered saline for 1 hr 
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at room temperature. Gc was labeled using a polyclonal rabbit anti-Gc antibody 

(Biosource) followed by an Alexa-Fluor 488-coupled goat anti-mouse immunoglobulin G 

(ThermoFisher Scientific). Phalloidin-555 and DAPI were used to stain actin and nuclei 

respectively. Confocal images were captured on a Zeiss LSM-700 confocal laser 

scanning microscope at the Advanced Microscopy Facility (AMF) at the University of 

Virginia. Z-stacks were captured and exported from Zen Black Edition (Zeiss) as TIF 

files.  

 

4.3 Results 

 

 In order to investigate a role for Opa proteins and/or the type IV pilus in 

stimulating neutrophil transepithelial migration, we first examined adherence of these 

strains to End1 monolayers after 4 hours of infection as both Opa proteins and the type 

IV pilus have been shown to mediate adherence to epithelial cells. End1 monolayers 

were apically infected with Opa-expressing piliated (Opa+, p+), Opa-deficient piliated 

(Opa-, p+), Opa-expressing, non-piliated (Opa+, p-), or Opa-deficient non-piliated (Opa-, 

p-) derivatives of FA1090 Gc for 4 hours at a multiplicity of infection (MOI) of ~3 (~3 

enumerated Gc CFU per End1 cell on an inverted Transwell). Loss of the type IV pili or 

Opa proteins reduced the percentage of the starting inoculum adhered to End1 

monolayers following 4 hours of infection (Figure 22). Thus, we next investigated 

whether we could add increased amounts (MOI=6) non-piliated or Opa-deficient Gc to 

achieve equivalent adhered CFU. Doubling the inoculum of non-piliated or Opa-deficient 

Gc resulted in equivalent adhered Gc as visualized by confocal microscopy (Figure 23) 

and by CFU enumeration following infection (Table 2). We next assayed neutrophil 

transepithelial migration to equivalent adhered CFU of Opa-expressing piliated (Opa+, 

p+), Opa-deficient piliated (Opa-, p+), Opa-expressing, or non-piliated (Opa+, p-) Gc 
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(Figure 24). All three strains stimulated robust neutrophil transepithelial migration, 

however migration to Opa-deficient Gc was significantly reduced compared to Opa-

expressing Gc (Figure 24). Further, pre-treatment of End1 monolayers with the 12-

lipoxygenase activity inhibitor CDC also inhibited neutrophil transepithelial migration 

following 4 hours of Gc infection (Figure 25). From these results, we conclude that after 

4 hours of Gc infection, neutrophil transepithelial migration does not require the type IV 

pilus or Opa proteins, and is sensitive to CDC inhibition of endocervical 12-lipoxygenase 

activity. 

 

4.4 Discussion 

 

 Gc is known to interact with epithelial cells to promote the release of pro-

inflammatory mediators to recruit and activate neutrophils (Criss and Seifert, 2012; 

Dietrich et al., 2011; Fichorova et al., 2001; Harvey et al., 2002; Muenzner et al., 2002; 

Naumann et al., 1998; Naumann et al., 1997). However, while pro-inflammatory 

cytokines recruit neutrophils through the extracellular matrix (McCormick et al., 1995), 

additional signals are required to drive them across epithelial layers. The 12-

lipoxygenase-derived eicosanoid HXA3 has been shown to drive this final neutrophil 

transepithelial migration to a number of important mucosal pathogens (McCormick et al., 

1998; Mrsny et al., 2004; Szabady and McCormick, 2013). Inhibition of endocervical 12-

lipoxygenase activity inhibited neutrophil transepithelial migration to a four hour infection 

with Gc, suggesting that even over longer periods of infection, 12-lipoxygenase activity is 

important for driving final neutrophil transepithelial migration. Interestingly, while Opa 

proteins were not required for neutrophil migration, Opa-expressing Gc did stimulate 

significantly more neutrophil migration compared to Opa-deficient Gc. Given that we 

found a requirement for Gc to be in contact with End1 cells in order to stimulate 
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neutrophil migration, it is possible that Opa proteins mediate intimate adherence of Gc to 

End1 cells over time, and thus increase association of Gc surface factor(s) that stimulate 

End1 eicosanoid production. Additionally, while we observed this effect of Opa 

expression after 4 hours of infection, there was not a significant difference in neutrophil 

migration to Opa-expressing compared to Opa-deficient Gc after just one hour of 

infection, as discussed in Chapter 2. Therefore, an effect of Opa and/or intimate 

interaction with endocervical cell membranes may only have an effect at later time points 

of infection. In conclusion, endocervical 12-lipoxygenase activity is still required to drive 

neutrophil transepithelial migration at later time points of infection. Further, Opa proteins 

may facilitate the Gc-End1 interactions, and future studies could investigate whether 

Opa proteins influence eicosanoid production through a role in adherence or through 

another unappreciated role.  

 

4.5 Figures for Appendix A 
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Figure 22. A higher percentage of Opa-expressing, piliated Gc adhere to polarized 

End1 monolayers compared to Opa-deficient or non-piliated Gc. Polarized End1 

monolayers were infected with isogenic derivatives of strain of FA1090 Gc at an MOI=3. 

Adhered CFU were enumerated following 4 hr infection by incubating infected 

monolayers with 1% Saponin, 5 mM MgSO4 for 15 minutes at 37°C, 5% CO2, disrupting 

membranes, and plating serial dilutions on GCB. Results are plotted as the mean ± 

standard error of the mean for at least three independent experiments per condition. 

Abbreviations: Opa, opacity-associated protein; p, type IV pilus. 

 

 

 

 

 

 

 

 

 

0

5

10

15

20

25

30

Opa+, p+ Opa+, p- Opa-, p+ Opa-, p-

%
 o

f i
no

cu
lu

m
 a

dh
er

ed
 a

fte
r 4

 h
r



 
 

130 

 

Opa+, p+

Opa-, p+

!"#(*++&"'()

Opa+, p-

Opa-, p-

DAPI
Actin
Gc



 
 

131 

Figure 23. Equivalent adhered Opa-deficient and non-piliated Gc following 

infection at dose-adjusted MOI.  Polarized End1 monolayers were infected with 

isogenic derivatives of strain of FA1090 Gc at an MOI=3-6 (to normalize Gc-End1 

association after 1hr). Representative images are shown of End1 monolayers with Gc 

(green), actin (red), and DAPI (blue). The confocal image was captured on a Zeiss LSM-

700. Abbreviations: Gc, Neisseria gonorrhoeae; Opa, opacity-associated protein; p, type 

IV pilus. 
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Figure 24. Equivalent adhered Opa-expressing Gc stimulate more robust 

neutrophil transepithelial migration compared to Opa-deficient Gc after 4 hours of 

infection.  Polarized End1 monolayers were infected with isogenic derivatives of strain 

of FA1090 Gc at an MOI=3-6 (to normalize Gc-End1 association after 1hr). Neutrophil 

transmigration was assayed and results are expressed as a mean ± standard error of 

the mean for at least three independent experiments per condition. Statistics were 

calculated using a two-tailed, unpaired Student’s t-test. *P < 0.05. Abbreviations: Opa, 

opacity-associated protein; p, type IV pilus; PMN, polymorphonuclear cell/neutrophil. 
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Figure 25. The 12-lipoxygenasae inhibitor CDC inhibits neutrophil transepithelial 

migration to Gc after 4 hours of infection.  Polarized End1 monolayers were infected 

with a piliated, OpaD expressing of strain of FA1090 Gc at an MOI=3. Neutrophil 

transmigration was assayed and results are expressed as a mean ± standard error of 

the mean for at least three independent experiments per condition. Statistics were 

calculated using a two-tailed, unpaired Student’s t-test. *P < 0.05. Abbreviations: CDC, 

Cinnamyl-3,4-dihydroxy-α-cyanocinnamate; PMN, polymorphonuclear cell/neutrophil. 
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5. Appendix B: Investigating Gc surface factors for a role in stimulating neutrophil 

transmigration 

 

5.1 Introduction  

 

 N. gonorrhoeae has been shown to interact with host epithelial cells to influence 

host cell signaling (Criss and Seifert, 2012; Dietrich et al., 2011; Fichorova et al., 2001; 

Harvey et al., 2002; Muenzner et al., 2002; Naumann et al., 1998; Naumann et al., 

1997). As presented in Chapter 2 of this thesis, we had found that two of the prominent 

surface structures, Opa proteins and the type IV pilus, are not required to stimulate 

neutrophil transepitheilial migration to Gc. Additionally, stimulation of neutrophil 

transepithelial migration required Gc to be in contact with End1 monolayers and was 

influenced by a trypsin-sensitive surface factor(s). We therefore hypothesized that a 

trypsin-sensitive surface factor(s) contributes to stimulation of neutrophil transepithelial 

migration. Gc has an extensive surface proteome, which has recently begun to be 

analyzed using non-biased proteomics techniques including mass spectrometric analysis 

(Zielke et al., 2016; Zielke et al., 2014). In addition to revealing potential vaccine targets, 

we sought to examine these analyses in combination with our own analysis of trypsin-

treated Gc supernatants in order to identify targets to test for involvement in stimulating 

neutrophil transepithelial migration. Additionally, there are a number of Gc factors that 

have previously been shown to interact with host cell signaling pathways, including a Gc-

encoded PLD that is secreted upon Gc interaction with primary cervical cells and 

interacts with host epithelial Akt (Edwards et al., 2003), which we interrogated. The 

results of these studies have narrowed the list of Gc trypsin-sensitive surface factors that 

might contribute to stimulation of neutrophil transepithelial migration. 
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5.2 Materials and Methods 

 

5.2.1 Bacterial strains and growth conditions 

 

 An otherwise isogenic piliated, OpaD-expressing (Opa+, p+) or piliated, Opa-

deficient (Opa-, p+) derivative of Gc strain FA1090 with in-frame deletions of the genes 

encoding the 11 Opa proteins (A-K) (Ball and Criss, 2013) were used as parent strains 

for these studies. Gc was maintained on Gonococcal Medium Base (GCB) (BD Difco) 

with Kellogg’s supplement I + II (Kellogg et al., 1963). For infection of epithelial cells, 16-

18 hour overnight lawns were cultivated at 37oC in 5% CO2, swabbed into liquid medium, 

and resuspended in Hank’s balanced salt solution (HBSS; with Ca2+ and Mg2+; Thermo 

Scientific) with 10 mM HEPES pH 7.4 and 5 mM NaHCO3 (HBSS+) at a concentration of 

7.6 x 107 CFU/mL.  

 

5.2.2 Killing Gc before measuring neutrophil transepithelial migration 

 

Gc was either heat killed by incubation at 56oC for 20 min, fixed for 15 min with 15% 

paraformaldehyde (PFA) (Electron Microscopy Sciences), or treated with 100% 

isopropanol (Fisher) for 5 minutes. Following killing, Gc were washed in PBS and then 

added to the apical surface of inverted polarized End1 monolayers. 

 

5.2.3 Mutant Gc strains 

 

 Insertion deletions in Gc PLD (kan::pld) or Rmp (erm::rmp) were introduced into 

OpaD with bacterial gDNA from strains provided by Jennifer Edwards (PLD; Nationwide 

Children’s Hospital) or Lee Wetzler and Ian Francis (Rmp) according to the previously 
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described spot transformation protocol (Stohl and Seifert, 2001). A pilQ null mutant was 

previously generated in our Opa-deficient background (Chen and Seifert, 2014; Drake 

and Koomey, 1995; Massari et al., 2000; Stohl et al., 2013) using gDNA, according to 

spot transformation protocol (Stohl and Seifert, 2001).  

 

5.2.4 Mass spectrometric analysis of trypsin- or vehicle-treated Gc supernatants  

 

 OpaD Gc were swabbed from an 18 hr overnight lawn into GCBL. 5 x 108 CFU 

were treated with 40 ug/mL Sequencing grade Trypsin (Promega) or vehicle (Trypsin 

resuspension buffer, Promega) for 1hr at 37oC on a rotating drum. Bacteria were then 

pelleted and the supernatant removed and processed. Supernatants were prepared for 

mass spectrometric analysis by passing over a Sulpeco Discovery DSC-18 SPE column 

(Sigma). To prepare the column, the column was first flushed with 50% acetonitrile, 1% 

acetic acid and then flushed with 1% acetic acid. The sample was loaded onto the 

column, washed with 1% acetic acid, and eluted with 80% acetonitrile, 1% acetic acid. 

Samples were transferred to the W.M. Keck Biomedical Mass Spectrometry Laboratory 

at the University of Virginia. 

 The following is copied from the report number 2135 from the W.M. Keck 

Biomedical Mass Specrtometry Laboratory: The sample was reduced with 10mM DTT in 

0.1 M ammonium bicarbonate at room temperature for 0.5 h then alkylated with 50 mM 

iodoacetamide in 0.1 M ammonium bicarbonate at room temperature for 0.5 h.  The 

sample was digested overnight at 37C with 1 µg trypsin in 50 mM ammonium 

bicarbonate. The sample was then acidified with acetic acid and dried to 15 µL for 

analysis.  

 The LC-MS system consisted of a Thermo Electron Velos Orbitrap ETD mass 

spectrometer system with an Easy Spray ion source connected to a Thermo 3 µm C18 



 
 

137 

Easy Spray column (through pre-column).  7 µL of the extract was injected and the 

peptides eluted from the column by an acetonitrile/0.1 M acetic acid gradient at a flow 

rate of 0.25 µL/min over 1.6 hours.  The nanospray ion source was operated at 2.3 kV.  

The digest was analyzed using the rapid switching capability of the instrument acquiring 

a full scan mass spectrum to determine peptide molecular weights followed by product 

ion spectra (20) to determine amino acid sequence in sequential scans.  This mode of 

analysis produces approximately 50000 MS/MS spectra of ions ranging in abundance 

over several orders of magnitude.  Not all MS/MS spectra are derived from peptides. 

The data were analyzed by database searching using the Sequest search algorithm 

against Uniprot N gonorrhoeae and Uniprot SwissProt. 

 

5.2.5 Details of LOS used from 1291 and TLR2 agonists 

 

 Purified LOS from Gc strain 1291 was provided by Gary Jarvis (UCSF). LOS (5.7 

ng), was added to the apical surface of inverted polarized End1 monolayers for 4 hours 

prior to assaying for neutrophil transepithelial migration. Pam2CSK4 (Pam2) or 

Pam3CSK4 (Pam3) (InvivoGen) was added to the apical surface of End1 monoalyers 

before assaying for neutrophil transepithelial migration. 

 

5.2.6 Human neutrophil isolation 

 

 Venous blood was collected from healthy human donors who provided informed 

consent. All human subject research was conducted in accordance with a protocol 

approved by the University of Virginia Institutional Review Board for Health Sciences 

Research. Red blood cells were removed from heparinized blood by dextran 

sedimentation and neutrophils were isolated over a Ficoll-Hypaque gradient as 
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previously described (Stohl et al., 2005) and resuspended in Dulbecco’s phosphate 

buffered saline (DPBS; without Ca2+ and Mg2+; Thermo Scientific) with 0.1% dextrose. 

Neutrophils were kept on ice and used within 1h following preparation. Neutrophil 

preparations were assessed by phase-contrast microscopy and contained >95% 

neutrophils. Replicate experiments used neutrophils from different donors on separate 

days. 

 

5.2.7 Cell culture  

 

 Human End1/E6E7 (End1) cells (ATCC® CRL-2615TM) were maintained and 

polarized End1 monolayers established on inverted CorningTM Transwell TM inserts as 

described previously (Fichorova et al., 2005), with the following details. End1 cells were 

maintained in keratinocyte serum-free medium (KSFM, Life Technologies) supplemented 

with provided bovine pituitary abstract (BPE, 50 µg/mL) and recombinant epidermal 

growth factor (EGF, 0.1 ng/mL) as well as 0.4 mM CaCl2 and 1X Antibiotic-Antimicotic 

(ThermoFisher Scientific). End1 cells were maintained at 37oC, 5% CO2 in a humidified 

chamber and routinely tested negative for mycoplasma. 

 To establish polarized monolayers, End1 cells were seeded on inverted 6.5 mm 

diameter CorningTM Transwell TM inserts with 3-µm pores (ThermoFisher Scientific) 

coated with 5 µg/cm2 human type IV collagen (Sigma). 7 x 104 End1 cells were seeded 

on each coated inverted insert and allowed to attach for 5 hours before reverting into a 

24-well tissue culture plate containing KSFM and incubated at 37oC, 5% CO2 for 8-11 

days, after which time transepithelial electrical resistance (TEER) measured using an 

EVOM2 voltometer (World Precision Instruments, Inc.) was ≥ 150 Ω cm2 (Fichorova et 

al., 2005; Sathe and Reddy, 2014). Barrier function of End1 monolayers was also 

monitored by stable fluid resistance between apical and basolateral reservoirs and by 
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measurement of 10 kDa FITC-dextran (Sigma) flux in the apical and basolateral 

compartments of End1 monolayers using a black F96 MicroWellTM (ThermoFisher 

Scientific) and Wallac Victor-2 1420 Multilabel Counter 485/535nm (Perkin-Elmer).   

 

5.2.8 PMN Transmigration assays 

 

 End1 monolayers were washed and inverted into a humidified chamber.  

Monolayers were apically infected with 2.3 x 106 Gc CFU equivalents (MOI=10) for 1 hr 

(unless otherwise indicated) at 37oC, 5% CO2. Neutrophil migration was assayed as 

previously described (Parkos et al., 1991), with the following details. Following infection, 

monolayers were washed extensively in HBSS+ to remove non-adherent bacteria and 

reverted into 24-well tissue culture wells containing 1 mL HBSS+ per well. 1 x 10
6
 

primary human neutrophils were added to the basal reservoir of TranswellTM inserts and 

incubated for 2 hours at 37oC, 5% CO2. The number of neutrophils transmigrated was 

measured using a colorimetric assay for the neutrophil primary granule component 

myeloperoxidase (MPO) using ABTSTM Chromophore Diammonium Salt (EMD Millipore), 

read on a Wallac Victor-2 1420 Multilabel Counter (Perkin-Elmer) using 1s readings at 

405nm, and quantified relative to a standard curve for each donor and each experiment.  

For all PMN transmigration assays, migration was evaluated to buffer alone to evaluate 

monolayer integrity or an imposed apical gradient of fMLP (1 µM) to evaluate neutrophil 

migratory capacity, with all experiments included yielding > 1 x 105 PMNs transmigrated 

to fMLP. For each experiment, adhered CFU were enumerated by incubating infected 

monolayers with 1% Saponin, 5 mM MgSO4 for 15 minutes at 37°C, 5% CO2, disrupting 

membranes, and plating serial dilutions on GCB. 

 

 



 
 

140 

5.2.9 Microscopy  

 

 End1 monolayers on TranswellTM inserts were fixed in 4% paraformaldehyde 

(Electron Microscopy Sciences), permeabilized in 0.01% Triton-X 100 (ThermoFisher 

Scientific) and blocked in 10% normal goat serum in phosphate-buffered saline for 1 hr 

at room temperature.  Gc was labeled using a polyclonal rabbit anti-Gc antibody 

(Biosource) followed by an Alexa-Fluor 488-coupled goat anti-mouse immunoglobulin G 

(ThermoFisher Scientific). Phalloidin-555 and DAPI were used to stain actin and nuclei 

respectively. Confocal images were captured on a Zeiss LSM-700 confocal laser 

scanning microscope at the Advanced Microscopy Facility (AMF) at the University of 

Virginia. Z-stacks were captured and exported from Zen Black Edition (Zeiss) as TIF 

files.  

 

5.3 Results 

 

 We hypothesized that a Gc-endocervical cell interaction is important for 

stimulating neutrophil transepithelial migration. In support of this hypothesis, we showed 

that neutrophil transepithelial migration required Gc to be in contact with End1 

monolayers (Figure 8).  

 

5.3.1 Paraformaldehyde-fixed Gc do not stimulate neutrophil transepithelial migration in 

contrast to heat-killed or isopropanol treated Gc 

 

 An important question was whether or not the Gc-End1 interaction required live 

bacteria. In order to investigate this question, we examined neutrophil transepithelial 

migration following one hour of Gc at an equivalent MOI=10 that were killed by heat, 
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PFA fixation, or isopropanol treatment. In all cases, killed Gc adhered equally to the 

apical surface of End1 monolayers, as visualized by confocal microscopy (Figure 26). 

Interestingly, we found that while both heat-treated and isopropanol-treated Gc 

stimulated neutrophil transepithelial migration, PFA-treatment abolished neutrophil 

transepithelial migration (Figure 27). Based on these observations, we hypothesized that 

a surface feature, likely a protein, was being cross-linked by PFA and no longer able to 

interact with End1 cells.  

 

5.3.2 Two Gc surface factors identified by trypsin shaving, Rmp and PilQ, the secreted 

gonococcal PLD, and purified LOS are not required to stimulate neutrophil transepithelial 

migration 

 

 Given that PFA-fixed Gc no longer stimulated neutrophil transepithelial migration, 

we next wondered whether a Gc surface protein might be important in stimulating 

neutrophil transepithelial migration. We found that Gc treated with trypsin prior to 

infection of End1 monolayers stimulate significantly less neutrophil transmigration 

(Figure 19). To identify the surface-exposed, trypsin-sensitive components, we sent 

supernatants from trypsin- or vehicle-treated Gc for mass spectrometric analysis. This 

analysis revealed 200 Gc proteins enriched in trypsin-treated Gc supernatants. From 

these data, we compiled a list of potential targets by cross-referencing our list with a 

previously published study of the surface proteome of our strain of Gc, FA1090 (Zielke et 

al., 2014) and with what is known from the literature (Table 5). From this prioritized list, 

we selected two components to test: PilQ and Rmp, which were enriched in trypsin-

treated Gc supernatants (Table 5). PilQ is the secretin for the type IV pilus, and is 

essential for extrusion of the pilus (Drake and Koomey, 1995). The outer membrane 

protein reduction modifiable protein (Rmp) clusters with LOS and PorB in the outer 
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membrane of Gc and limits bactericidal antibody access to LOS, PorB, and potentially 

other Gc targets (Blake et al., 1989). These two targets were tested initially because we 

either had or could acquire strains with deletions in these two proteins from collaborators 

and generate these mutants in our FA1090 background. Mutants in either pilQ or rmp 

did not differ from parent Gc in their ability to stimulate neutrophil transepithelial 

migration (Figure 28). From these data, we can conclude that neither PilQ nor Rmp 

alone are required to stimulate neutrophil transepithelial migration. Continued work will 

test other prioritized targets (Table 5), including Ng-MIP, the pilus-associated protein and 

adhesin PilC, the putative pilus assembly protein PilN, Ng_1985, porin, and Ng_1981. 

 In addition to targets identified in trypsin-treated Gc supernatants, we also 

investigated some additional Gc factors known to affect epithelial cell signaling. We 

tested a role for a gonococcal-encoded phospholipase D (PLD) that has been shown to 

enter primary cervical epithelial cells and interact with host Akt leading to upregulation of 

CR3 on the surface of these cells (Edwards and Apicella, 2006; Edwards et al., 2003). 

We did not find a requirement for PLD in stimulating neutrophil transepithelial migration 

in our system (Figure 28). Further, purified LOS from strain 1291, provided by Gary 

Jarvis (UCSF), added to the apical surface of End1 monolayers did not stimulate 

neutrophil transepithelial migration (Figure 29A). From these results, we can conclude 

that Gc PLD is not required to stimulate neutrophil transepithelial migration across Gc-

infected End1 monolayers and that up to 5.7 ng purified LOS does not stimulate 

neutrophil migration. Finally, addition of TLR2 agonists Pam2CSK4 (Pam2) or 

Pam3CSK4 (Pam3) End1 monolayers did not stimulate neutrophil transepithelial 

migration, indicating that this process may not depend on TLR2 (Figure 29B).  
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5.4 Discussion 

 

 Our mass spectrometric analysis of trypsin-treated Gc supernatants generated a 

large list of potential Gc factors to test. Many potential factors remain to be investigated 

on our prioritized list (Table 5), including PilC, a pilus assoiciated protein that has been 

implicated in host cell adhesion (Kirchner et al., 2005; Kirchner and Meyer, 2005; 

Rahman et al., 1997; Rudel et al., 1995) and is still expressed in mutants lacking pilE. 

Gonococcal MIP, a surface-exposed lipoprotein implicated in Gc survival from human 

neutrophils (Leuzzi et al., 2005) was also identified and remains to be tested in this 

system. This list of targets will inform future work in our lab to investigate the Gc surface 

factor(s) stimulating neutrophil transepithelial migration.  

 LOS has been found to be important in bacterial-bacterial and bacterial-epithelial 

Gc interactions, however neither End1 cells or primary endocervical cells express TLR4 

(Fichorova et al., 2002), in agreement with other reports that TLR4 is not expressed at 

the level of the cervix (Fazeli et al., 2005). It is therefore not surprising that we did not 

see neutrophil transmigration in response to purified LOS. Importantly, this data supports 

previous observations in the FRT that TLR4 is not expressed at the level of the cervix, 

with expression beginning in the upper FRT, so as to titrate a robust immune response 

to pathogens that invade past the cervix (Fazeli et al., 2005; Fichorova et al., 2002). 

 Our results have allowed us to compile a list of targets, six of which have yet to 

be tested in our three-component system. Important caveats to this approach include 

that the Gc-endocervical cell interaction that stimulates epithelial eicosanoid production 

may be multifactorial and/or may involve additional bacterial factors apart from trypsin-

sensitive surface features, as there was still some neutrophil migration to trypsin-treated 

Gc (Figure 19). Additionally, given that Gc has an extensive surface proteome, if none of 

the factors from our prioritized list, in isolation or in combination, account for Gc-
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stimulated epithelial eicosanoid production, future work will require development of a 

more high-throughput method to screen potential Gc surface factors. Additionally, it is 

possible that stimulation of neutrophil transepithelial migration requires multiple Gc 

surface factors. Importantly, these studies have generated a list of factors to investigate 

and future work will inform our understanding of the role of the Gc surface factor(s) 

involved in gonorrheal disease pathogenesis.  

 

5.5 Figures for Appendix B 
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Figure 26. Gc killed by heat, PFA-fixation, or isopropanol treatment adhere to the 

apical surface of End1 monolayers. Gc was either heat killed, fixed with 

paraformaldehyde (PFA), or treated with isopropanol. Following killing, Gc were washed 

in PBS and then added to the apical surface of inverted polarized End1 monolayers for 1 

hr at an equivalent to an MOI=10. Representative images are shown of End1 

monolayers with Gc (green), actin (red), and DAPI (blue). The confocal image was 

captured on a Zeiss LSM-700. Abbreviations: Gc, Neisseria gonorrhoeae. 
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Figure 27. Compared to live Gc or Gc killed by heat or isopropanol treatment, PFA-

fixed Gc do not stimulate neutrophil transepithelial migration. Gc was either heat 

killed, fixed with paraformaldehyde (PFA), or treated with isopropanol before being 

added to the apical surface of polarized End1 monolayers at an equivalent number to an 

MOI=10 for 1 hr. Neutrophil transmigration was assayed and results are expressed as a 

mean ± standard error of the mean for at least three independent experiments per 

condition. Statistics were calculated using a two-tailed, unpaired Student’s t-test. *P < 

0.05. Abbreviations: Gc, Neisseria gonorrhoeae; PMN, polymorphonuclear 

cell/neutrophil. 
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Figure 28. Gc lacking expression of PLD, Rmp, or PilQ still stimulate robust 

neutrophil transepithelial migration. Polarized End1 monolayers were infected with 

isogenic derivatives of strain of FA1090 Gc with mutations in PLD, Rmp, or PilQ at an 

MOI=10 for 1hr. Neutrophil transmigration was assayed and results are expressed as a 

mean ± standard error of the mean for at least three independent experiments per 

condition. Abbreviations: Gc, Neisseria gonorrhoeae; PMN, polymorphonuclear 

cell/neutrophil. 
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Figure 29.  Purified Gc LOS and TLR2 agonists do not stimulate neutrophil 

transepithelial migration. Purified LOS from Gc strain 1291 (5.7 ng), was added to the 

apical surface of inverted polarized End1 monolayers for 4 hours prior to assaying for 

neutrophil transepithelial migration. Neutrophil transmigration was assayed and results 

are expressed as a mean ± standard error of the mean for at least three independent 

experiments per condition. Abbreviations: PMN, polymorphonuclear cell/neutrophil. 
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Table 5.  

 

Table 5. Prioritized targets identified from mass spectrometric analysis of trypsin-

treated Gc supernatants. 

 

 

 

 

 

 

 

 

Identified protein AltID (Gc ID) MW Tryp Veh 

Outer membrane protein PIII  rmp (NGO1577) 26 kDa 13 1 

Peptidyl-prolyl cis-trans 
isomerase Ng-MIP mip (NGO1225) 29 kDa 13 0  

Pilus-associated protein pilC (NGO0055) 110 kDa 38 0  

Putative pilus assembly 
protein pilN (NGO0097) 22 kDa 8 2 

conserved hypothetical 
protein (possible hemolysin) NGO1985 22kDa 5 0  

pilQ NGO0094 78 kDa 38 5 

NG_1812 

pIB (Neisseria-specific 
protein outer membrane 
protein porin IB) 37 kDa 11 1 

NG_1981 lecA (adhesin protein) 20 kDa 1 0 
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6. Appendix C: Visualizing neutrophil transepithelial migration to Gc, neutrophil 

activation by lipid-extracted supernatants, and subsequent neutrophil activation 

against Gc 

 

6.1 Introduction 

 

 An essential question highlighted during this work was whether we could 

visualize neutrophil activation during and/or after transepithelial migration and against 

Gc following transmigration. In order to assess these questions, we conducted some 

preliminary experiments using flow cytometry, imaging flow cytometry, and live time-

lapse confocal microscopy.  

 

6.2 Materials and Methods  

 

6.2.1 Bacterial strains and growth conditions 

 

 Derivatives of Gc strain FA1090 (Ball and Criss, 2013) were used for these 

studies as follows: Opa+, p+ is an otherwise isogenic derivative of Gc strain FA1090 

constitutively expressing OpaD (Ball and Criss, 2013); Opa-, p+ is an otherwise isogenic 

derivative of Gc strain FA1090 with in-frame deletions of the genes encoding the 11 Opa 

proteins (A-K) (Ball and Criss, 2013); Opa+, p- is an otherwise isogenic derivative of Gc 

strain FA1090 with an in-frame deletion of the pilE gene, and are non-piliated. Gc was 

maintained on Gonococcal Medium Base (GCB) (BD Difco) with Kellogg’s supplement I 

+ II (Kellogg et al., 1963). For infection of epithelial cells, 16-18 hour overnight lawns 

were cultivated at 37oC in 5% CO2, swabbed into liquid medium, and resuspended in 
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Hank’s balanced salt solution (HBSS; with Ca2+ and Mg2+; Thermo Scientific) with 10 mM 

HEPES pH 7.4 and 5 mM NaHCO3 (HBSS+) at a concentration of 7.6 x 107 CFU/mL.  

 

6.2.2 Human neutrophil isolation 

 

 Venous blood was collected from healthy human donors who provided informed 

consent. All human subject research was conducted in accordance with a protocol 

approved by the University of Virginia Institutional Review Board for Health Sciences 

Research. Red blood cells were removed from heparinized blood by dextran 

sedimentation and neutrophils were isolated over a Ficoll-Hypaque gradient as 

previously described (Stohl et al., 2005) and resuspended in Dulbecco’s phosphate 

buffered saline (DPBS; without Ca2+ and Mg2+; Thermo Scientific) with 0.1% dextrose. 

Neutrophils were kept on ice and used within 1h following preparation. Neutrophil 

preparations were assessed by phase-contrast microscopy and contained >95% 

neutrophils. Replicate experiments used neutrophils from different donors on separate 

days. 

 

6.2.3 Cell culture  

 

 Human End1/E6E7 (End1) cells (ATCC® CRL-2615TM) were maintained and 

polarized End1 monolayers established on inverted CorningTM Transwell TM inserts as 

described previously (Fichorova et al., 2005), with the following details. End1 cells were 

maintained in keratinocyte serum-free medium (KSFM, Life Technologies) supplemented 

with provided bovine pituitary abstract (BPE, 50 µg/mL) and recombinant epidermal 

growth factor (EGF, 0.1 ng/mL) as well as 0.4 mM CaCl2 and 1X Antibiotic-Antimicotic 
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(ThermoFisher Scientific). End1 cells were maintained at 37oC, 5% CO2 in a humidified 

chamber and routinely tested negative for mycoplasma. 

 To establish polarized monolayers, End1 cells were seeded on inverted 6.5 mm 

diameter CorningTM Transwell TM inserts with 3-µm pores (ThermoFisher Scientific) 

coated with 5 µg/cm2 human type IV collagen (Sigma). 7 x 104 End1 cells were seeded 

on each coated inverted insert and allowed to attach for 5 hours before reverting into a 

24-well tissue culture plate containing KSFM and incubated at 37oC, 5% CO2 for 8-11 

days, after which time transepithelial electrical resistance (TEER) measured using an 

EVOM2 voltometer (World Precision Instruments, Inc.) was ≥ 150 Ω cm2 (Fichorova et 

al., 2005; Sathe and Reddy, 2014). Barrier function of End1 monolayers was also 

monitored by stable fluid resistance between apical and basolateral reservoirs and by 

measurement of 10 kDa FITC-dextran (Sigma) flux in the apical and basolateral 

compartments of End1 monolayers using a black F96 MicroWellTM (ThermoFisher 

Scientific) and Wallac Victor-2 1420 Multilabel Counter 485/535nm (Perkin-Elmer).   

 

6.2.4 PMN Transmigration assays 

 

 End1 monolayers were washed and inverted into a humidified chamber.  

Monolayers were apically infected with 2.3 x 106 Gc CFU equivalents (MOI=10) for 1 hr 

(unless otherwise indicated) at 37oC, 5% CO2. Neutrophil migration was assayed as 

previously described (Parkos et al., 1991), with the following details. Following infection, 

monolayers were washed extensively in HBSS+ to remove non-adherent bacteria and 

reverted into 24-well tissue culture wells containing 1 mL HBSS+ per well. 1 x 10
6
 

primary human neutrophils were added to the basal reservoir of TranswellTM inserts and 

incubated for 2 hours at 37oC, 5% CO2. The number of neutrophils transmigrated was 

measured using a colorimetric assay for the neutrophil primary granule component 
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myeloperoxidase (MPO) using ABTSTM Chromophore Diammonium Salt (EMD Millipore), 

read on a Wallac Victor-2 1420 Multilabel Counter (Perkin-Elmer) using 1s readings at 

405nm, and quantified relative to a standard curve for each donor and each experiment.  

For all PMN transmigration assays, migration was evaluated to buffer alone to evaluate 

monolayer integrity or an imposed apical gradient of fMLP (1 µM) to evaluate neutrophil 

migratory capacity, with all experiments included yielding > 1 x 105 PMNs transmigrated 

to fMLP. For each experiment, adhered CFU were enumerated by incubating infected 

monolayers with 1% Saponin, 5 mM MgSO4 for 15 minutes at 37°C, 5% CO2, disrupting 

membranes, and plating serial dilutions on GCB. For light microscopy images of 

transmigrated neutrophils, images were captured using a Nikon microscope affordable 

imaging camera attachment on an inverted light microscope. 

 

6.2.5 Time-lapse confocal microscopy 

 

 For live, time-lapse confocal microscopy, purified human neutrophils were first 

loaded with the calcium-sensitive dye, fluo-4-acetoxymethyl ester (fluo-4-AM; Life 

Technologies) at a concentration of 1 µM at 37oC for 30 minutes, washed in HBSS-, and 

resuspended in HBSS+ with Tag-it VioletTM (BioLegend) at a concentration of 5 µM. 

End1 monolayers were stained with 20 µg/mL soy-bean lectin conjugated to Alexa 

Fluor® 647 (Invitrogen). Z-stack coordinates were set on the Zeiss LSM-700 at the AMF 

at UVA for each End1 monolayer. Neutrophils were then added to the basolateral 

reservoir of End1 monolayers and confocal images captured at 10X over the course of 2 

hours. Individual Z projections were exported from Zen Black Edition (Zeiss) as TIF files.   
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6.2.6 Imaging flow cytometric analysis of transmigrated neutrophils  

 

 For infection of epithelial cells, 16-18 hour overnight lawns were cultivated at 

37oC in 5% CO2, swabbed into liquid medium, and resuspended in Hank’s balanced salt 

solution (HBSS; with Ca2+ and Mg2+; Thermo Scientific) with 10 mM HEPES pH 7.4 and 

5 mM NaHCO3 (HBSS+) at a concentration of 7.6 x 107 CFU/mL and labeled with 5 

µg/mL carboxyfluorescein diacetate succinimidyl ester (CFSE) (Life Technologies) for 20 

min at 37oC. Following neutrophil transepithelial migration, neutrophils that had migrated 

to the bottom of the tissue culture well (apical chamber) were processed for imaging flow 

cytometry. Migrated neutrophils were lifted with 20 mM EDTA in PBS solution for 5 min 

om ice,  collected into 1.5 ml tubes,  and fixed with 2% PFA for 10 minutes on ice. 

Neutrophils were washed three times in PBS by pelleting (800 x g, 4 min, 12oC) and 

resuspended in PBS and analyzed by imaging flow cytometry as previously described 

(Smirnov et al., 2015). 

 

6.2.7 Lipid extractions 

 

 Lipids were isolated from End1 supernatants using solid phase extraction as 

previously described (Pazos et al., 2015; Tamang et al., 2012). Non-polarized End1 cells 

in 162-cm2 flasks were infected with Gc at an MOI=100 in HBSS+ or mock infected for 1 

hr. Cells were then washed three times with HBSS+ and incubated a further two hours in 

15 mL HBSS+. Infection supernatants were then collected, acidified to a pH 5, and 

extracted by solid-phase extraction using a Sulpeco Discovery DSC-18 SPE column 

(Sigma) and eluted with 3 mL methanol (Pazos et al., 2015; Tamang et al., 2012). 

Samples were then dried under nitrogen gas and stored at -80oC until used. Prior to use, 

samples were re-suspended in HBSS-.  
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6.2.8 Calcium-flux by flow cytometry  

 

 Purified human neutrophils were first loaded with the calcium-sensitive dye, fluo-

4-acetoxymethyl ester (fluo-4-AM; Life Technologies) at a concentration of 1 µM at 37oC 

for 30 minutes, washed in HBSS-, and resuspended in HBSS+. Calcium flux was then 

measured by flow cytometry as previously described (Pazos et al., 2015). Briefly, fluo-4-

AM loaded human neutrophils were stimulated with ionomycin (1 µM; Thermo Fisher 

Scientific), LTB4 (5 ng/mL; Enzo Life Sciences), HBSS-, or lipid-extracted supernatants 

from End1 cells +/- Gc infection. Flow data was plotted as Fluo-4 intensity over time and 

analyzed with FlowJo software (Tree Star, Ashland, OR). 

 

6.3 Results 

 

 Since we postulate that neutrophil activation and dysregulated response to Gc 

infection contributes to host cell damage and given that Gc can evade neutrophil killing 

in our current in vitro models and in vivo, we sought to determine whether we could use 

a number of different methods to visualize neutrophil transepithelial migration and 

neutrophil association with Gc following transmigration in our new three-component 

system. Further, since we hypothesize that the eicosanoid HXA3 is produced by End1 

cells in response to Gc, we examined and calcium flux in neutrophils following stimulus 

with lipid-extracted Gc-End1 infection supernatants. These preliminary studies will inform 

future studies looking at neutrophil activation during and following transepithelial 

migration.  

 



 
 

156 

6.3.1 Neutrophils that have migrated through apically infected End1 monolayers spread 

out on the bottom of the 24-well plate tissue culture well 

 

 Given that we can measure the number of neutrophils that have transmigrated 

through End1 cells to Gc infection using a colorometric assay for MPO, a primary 

granule component of neutrophils, we postulated that we would also be able to visualize 

transmigrated neutrophils in our system. Indeed, when we looked at the bottom of tissue 

culture wells (apical compartment), we observed neutrophils that had migrated to either 

fMLP or Gc, and appeared spread out and protrusive (Figure 30), suggesting that 

neutrophils become activated during migration in our system. 

 

6.3.2 Imaging flow cytometric analysis of neutrophils following migration through apically 

infected End1 monolayers reveal Gc in association with neutrophils 

 

 Neutrophils that have transmigrated through an epithelial cell layer become 

increasingly activated against pathogens, for example exhibiting increased killing of S. 

Typhimurium following transepithelial migration to an imposed apical gradient of fMLP 

(Nadeau et al., 2002). Specifically, following neutrophil transmigration, neutrophil-

released 5-AMP can be converted to adenosine on the epithelial cell surface and then 

stimulate epithelial production of IL-6 (Nadeau et al., 2002; Sitaraman et al., 2001). IL-6 

can promote neutrophil degranulation (Nadeau et al., 2002). In addition, neutrophil 

activation during transepithelial migration is likely influenced by a combination of 

engagement of neutrophil cell surface proteins with ligands on epithelial cells (Liu et al., 

2004) and epithelial and neutrophil production of inflammatory mediators such as IL-6 

(Nadeau et al., 2002). Additionally, transmigrated neutrophils have been shown to 

adhere on the apical surface of epithelial monolayers before detaching, where they can 
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associate with bacteria (Brazil et al., 2010; Lawrence et al., 2003). We therefore 

hypothesized that we would observe neutrophils interacting with apically localized Gc 

following neutrophil transepithelial migration. We chose to use imaging flow cytometry 

for this purpose because we can analyze thousands of transmigrated neutrophils. 

Indeed, we were able to capture images of neutrophils that had associated Gc following 

neutrophil transepithelial migration (Figure 31A). We collected neutrophils following 

transepithelial migration to Opa+, p+, Opa-, p+, Opa+, p-, and Opa-, p- Gc and analyzed 

them using imaging flow cytometry (Figure 31). Of these strains, Opa+, p+ Gc exhibited 

the highest percentage of neutrophils associated with Gc, at 70%, with 57%, 39%, and 

44.7% for the other strains respectively (Figure 31B), suggesting that Opa and/or pilus 

expression increases Gc association with transmigrated neutrophils. We also analyzed 

the number of CFSE+ spots per neutrophil using the Spot Count Wizard as previously 

described (Smirnov et al., 2015). Additionally, on average, neutrophils associated with 

Opa+, p+ contained 3 spots per cell, while the other strains contained 2.5 spots per cell. 

From this preliminary experiment, we can conclude that neutrophils can associate with 

Gc on the apical surface of End1 monolayers during transepithelial migration. 

 

6.3.3 Neutrophils can be visualized undergoing a calcium-flux as they transmigrate 

through End1 monolayers 

 

 We sought to investigate whether we could visualize neutrophils transmigrating 

across End1 monolayers using time-lapse confocal microscopy during neutrophil 

transepithelial migration. Neutrophils pre-loaded with a calcium-sensitive dye were 

added to the basolateral reservoir of End1 monolayers immediately prior to imaging. We 

observed that neutrophils migrating across apically infected End1 monolayers in 

response to Gc infection or in response to an imposed apical gradient of fMLP (positive 
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control) underwent a calcium flux (Figure 32), implying specific signaling events that 

occurred as the neutrophils interacted with the activated epithelium and/or apically 

released chemoattractants. 

 

6.3.4 Measuring calcium-flux in neutrophils following a stimulus  

 

 We had previously been able to show that lipid-extracted supernatants from 

infected End1 cells stimulate significantly more neutrophil transepithelial migration 

compared to lipid-extracted supernatants from uninfected End1 supernatants (Chapter 

2). Based on the results in Chapter 2, our leading hypothesis is that End1 monolayers 

produce HXA3 as the initial chemoattractant for neutrophils. HXA3 has been reported to 

stimulate Ca2+ flux in neutrophils (Dho et al., 1990; Reynaud et al., 1995a; Reynaud et 

al., 1995b). Classical chemoattractants for neutrophils that also stimulate a Ca2+-flux via 

pertussis-toxin sensitive activation of G-protein coupled receptors (GPCRs), directional 

chemotaxis, neutrophil degranulation, and ROS release include fMLP, chemokines 

(including IL-8), LTB4, platelet activating factor (PAF), and complement fragments (C3 

and C5a) (Liu et al., 2004). We observed neutrophil chemotactic activity in lipid-enriched 

supernatants from infected End1 cells, suggesting that a lipid mediator of neutrophil 

migration is involved (Figure 18). Further, we did not observe any LTB4 production from 

End1 cells infected with Gc without neutrophils present, and IL-8 or IL-6 produced by 

infected End1 cells should be excluded from lipid-enriched supernatants. Thus we 

hypothesized that lipid-extracted supernatants from Gc-infected End1 cells, which are 

likely to contain HXA3, initiate a calcium-flux in neutrophils, as reported for supernatants 

collected from epithelial cells infected with other pathogens shown to stimulate 

production of HXA3 (Pazos et al., 2015). Stimulation of fluo-4-AM loaded neutrophils with 

ionomycin or LTB4 induced a robust calcium flux, as indicated by the increase in Fluo-4 
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intensity immediately after addition of stimulus, and served as robust and relevant 

positive controls for detection of calcium-flux by flow cytometry (Figure 33). In two 

experiments, we were able to detect a calcium-flux in fluo-4-AM loaded neutrophils in 

response to lipid-extracted supernatants from infected compared to mock infected End1 

cells (Figure 33). However, this result was not reproducible, meaning that for some 

experiments lipid-enriched supernatants did not stimulate a calcium flux. This was not 

due to experiment- or neutrophil donor- inability to produce a calcium flux, as ionomycin 

and LTB4 stimulated robust calcium flux on those occasions. From these results, we 

conclude that HXA3, which is also extremely labile, may be produced in small amounts 

and/or be difficult to liberate from the apical surface of Gc-infected End1 cells and that 

our preparations may need to be optimized for more robust recovery. 

 

6.4 Discussion 

 

 An outstanding question from our previous work is whether neutrophils become 

differentially activated against Gc during neutrophil transepithelial migration. Neutrophil 

transmigration has been shown to increase neutrophil killing activity against another 

mucosal pathogen, S. Typhimurium (Nadeau et al., 2002). However, neutrophil activity 

has never been assayed following migration through Gc-infected endocervical 

monolayers. Importantly, since neutrophils are robustly recruited to Gc infection in vivo, 

and given that Gc can evade neutrophil killing, setting the stage for neutrophil-induced 

off-target host cell damage, investigating neutrophil activity following transmigration in 

general and against Gc remain important areas of investigation. Here we report that 

neutrophils that have transmigrated through Gc-infected End1 monolayers appear 

protrusive upon reaching the apical surface of End1 monolayers, associate with Gc from 

the apical surface of End1 monolayers, and undergo a calcium-flux during neutrophil 
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transmigration. These results suggest that neutrophils may become activated during 

neutrophil transepithelial migration to Gc. Further, the techniques used, including time-

lapse confocal microscopy and imaging flow cytometry, will be useful in beginning to 

investigate some of the outstanding questions surrounding activation of neutrophils upon 

transmigration and their subsequent activity against Gc. Finally, the calcium-flux assay 

using flow cytometry will be useful for interrogating signals that induce a calcium-flux in 

neutrophils in this system. In conclusion, these studies provide important preliminary 

data to support the study of neutrophil activation in general and against Gc following 

transmigration across infected End1 monolayers. 

 

6.5 Figures for Appendix C 
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Figure 30. Light microscopy images of transmigrated neutrophils on the bottom of 

tissue culture wells. Polarized End1 monolayers were infected with isogenic strains of 

FA1090 Gc either expressing or deficient in Opa or type IV pili at an MOI=10. 

Neutrophils were allowed to migrate for 2 hr. Neutrophils that had transmigrated were 

visualized on the bottom of 24-well chamber (apical chamber) using a Nikon microscope 

affordable imaging camera attachment on an inverted light microscope. Abbreviations: 

Opa, opacity-associated protein; p, type IV pilus. 

 

Note: all images taken 12/18/15 (PMN donor #54) 20x inv. Microscope TC room
c://ProgramFiles/IS (on lab laptop)

fMLP

Opa+, p+

Opa-, p+
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Opa+, p+ Opa-, p+ Opa+, p- Opa-, p-

Opa+, p+

Spot Count_Spot(M02, Channel 2, Bright, 20.5, 2)
Population Count %Gated Mean
 Focused & Singlets  49  100  1.449
 No bacteria & Focused & Singlets  21  42.9  0
 CFSE+ & Focused & Singlets  28  57.1  2.536

Spot Count_Spot(M02, Channel 2, Bright, 20.5, 2)
Population Count %Gated Mean
 Focused & Singlets  51  100  2.118
 No bacteria & Focused & Singlets  15  29.4  0
 CFSE+ & Focused & Singlets  36  70.6  3

Opa-, p+

Opa+, p-

Opa-, p-

Spot Count_Spot(M02, Channel 2, Bright, 20.5, 2)
Population Count %Gated Mean
 Focused & Singlets  71  100  0.9718
 No bacteria & Focused & Singlets  43  60.6  0
 CFSE+ & Focused & Singlets  28  39.4  2.464

Spot Count_Spot(M02, Channel 2, Bright, 20.5, 2)
Population Count %Gated Mean
 Focused & Singlets  47  100  1.128
 No bacteria & Focused & Singlets  26  55.3  0
 CFSE+ & Focused & Singlets  21  44.7  2.524

A

B
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Figure 31. Neutrophils can be visualized associated with Gc following 

transepithelial migration by imaging flow cytometry. Polarized End1 monolayers 

were infected with isogenic strains of FA1090 Gc either expressing or deficient in Opa or 

type IV pili at an MOI=10. Neutrophils were allowed to migrate for 2 hr. Representative 

images of neutrophils associated with Gc following transepithelial migration by imaging 

flow cytometry. Abbreviations: Opa, opacity-associated protein; p, type IV pilus. 
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Figure 32. Time-lapse confocal microscopy reveals neutrophils undergoing a 

calcium-flux as they transmigrate to fMLP or Gc. Polarized End1 monolayers were 

infected with Gc at an MOI=10. Neutrophil transmigration was followed using live-cell 

multi-position time-lapse confocal imaging to capture z-stacks over time. Confocal 

images (10X) were captured on a Zeiss LSM-700. Scale bars represent 10µm. End1 cell 

borders were stained with lectin SBA (red), all neutrophils with Tag-it Violet (blue), and 

neutrophils undergoing a Ca-flux after stimulation/during transmigration were pre-loaded 

with the Ca-sensitive fluorescent dye Fluo-4AM (green). Arrows point to migrating 

neutrophils undergoing a Ca-flux (green) while arrowheads point to neutrophils. 

Representative images are from z position 5 (middle of the stack).  Abbreviations: Gc, 

Neisseria gonorrhoeae; End1, End1 E6/E7 cells; PMN, polymorphonuclear 

cell/neutrophil. 

Time  
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Figure 33. Calcium-flux in neutrophils by flow cytometry. Purified human neutrophils 

loaded with the calcium-sensitive dye fluo-4-AM were stimulated with ionomycin (1 µM), 

LTB4 (5 ng/mL), HBSS-, or lipid-extracted supernatants from End1 cells +/- Gc infection. 

Flow data was plotted as Fluo-4 intensity over time and analyzed with FlowJo software 

(Tree Star, Ashland, OR). Red arrows indicate time of stimulus. Abbreviations: Gc, 

Neisseria gonorrhoeae. 
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