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ABSTRACT 

Neisseria gonorrhoeae (the gonococcus, Gc) is a Gram-negative 

bacterium and causative agent of the sexually transmitted infection gonorrhea. 

Gonorrhea is an urgent public health threat with rising incidence rates and 

detrimental effects on health and fertility. Gc colonizes its obligate human host at 

mucosal surfaces where it encounters a robust innate immune defense response 

including the complement system and neutrophils. However, Gc has evolved 

many mechanisms to evade killing by the human immune system. Moreover, Gc 

is rapidly becoming resistant to all classes of antibiotics used to combat this 

pathogen. Understanding the interplay between these opposing forces will be 

critical to developing new therapeutics and vaccines against this threat. 

A major function of the complement system is to generate 10-11nm 

membrane attack complex pores (MAC) comprised of components C5b-C9 which 

directly kill Gram-negative pathogens. Here, I found that MAC deposition 

disrupted both the gonococcal outer and inner membranes and broadly 

enhanced the activities of antibiotics as well as host-derived antimicrobials. MAC 

deposition re-sensitized a multidrug-resistant Gc isolate to clinically relevant 

antibiotics. I also found that complement complexes lacking C9 (2-4nm pores) 

were capable of anti-gonococcal bactericidal activity and increased activities of 

antimicrobials <2nm in diameter but that larger antimicrobials >4.5nm in diameter 

remained ineffectual. These findings shed further light on the biology and 

multifunctional capacity of the MAC to control bacterial pathogens. 
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Immune control of Gc is also mediated by neutrophils, the first responders 

to infected mucosa. Interactions with pathogens or soluble factors at the 

neutrophil surface are critical for neutrophil activation and functions. To 

characterize neutrophil responses to inflammatory stimuli, I led the design of a 

designed a 22-color spectral flow cytometry panel profiling primary human 

neutrophil surface markers for phagocytosis, degranulation, migration, and 

chemotaxis. Care was taken to maximize panel adaptability to broad research 

questions in the field of neutrophil biology. This panel revealed that neutrophils 

exhibit conserved responses to known activating agents and Gc. However, the 

primary neutrophils demonstrated both intra- and inter-donor variability. 

Neutrophil activation correlated with infectious dose and number of Gc 

associated per neutrophil as determined by imaging flow cytometry. 

Multidimensional analyses identified neutrophil subpopulations in response to Gc 

infection and showed gonococci expressing opacity-associated adhesins more 

readily associated with neutrophils. 

Neutrophil interactions with mucosal pathogens occur at an epithelial 

surface which the neutrophils must traverse to engage the adhered bacteria. To 

this end, we examined a Transwell filter support system with an endocervical 

epithelial layer, infecting Gc, and migrating primary human neutrophils. 

Preliminary results showed transmigration across an infected epithelium in 

response to an as of yet unidentified bacterial stimulatory factor. Transepithelial 

migration was also observed to decrease neutrophil bactericidal activity against 

Gc compared to a non-transmigration model.  
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Taken together, results from this work expand understanding on how 

cooperative innate immune effectors respond to and kill Gc. Complement 

complexes with and without C9 can both control Gc and enhance antimicrobial 

activity against this increasingly antibiotic-resistant pathogen. Gc induces 

heterogenic neutrophil activation and phagocytosis of the infecting bacteria with 

to be discovered impact on Gc viability. Understanding these phenomena can 

advance therapeutic developments that exploit complement-antimicrobial 

synergy to combat multidrug-resistant Gc and promote neutrophil subpopulations 

which better combat gonococci.   
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1 INTRODUCTION 

1.1  Neisseria gonorrhoeae & gonococcal infections 

1.1.1 Clinical manifestations & epidemiology. 

Neisseria gonorrhoeae (the Gonococcus, Gc) is the causative agent of the 

sexually transmitted infection (STI) gonorrhea, disseminated gonococcal infections 

(DGI), and resulting clinical sequelae.1 Gonorrhea is most frequently acquired 

through close sexual contact, with primary infection sites being mucosa of the 

urogenital tract, anorectum, and oropharynx.2 Gonorrhea can also present as an 

ocular infection particularly through vertical transmission at childbirth (ophthalmia 

neonatorum).1,3  

Signs and symptoms of local gonorrhea include pain/discomfort, dysuria, 

and a purulent exudate/discharge.4 For urogenital infections, symptom onset 

generally occurs 1-6 days after exposure.5 However, many individuals remain 

asymptomatic. Oropharyngeal and anorectal infections seldom result in 

appreciable signs or symptoms. Urogenital infections in men, in which the urethra 

is the primary infection site, are symptomatic in 80% of cases. In women, in which 

the cervix is the primary infection site, upwards of 50% of cases remain 

asymptomatic (Fig. 1A).1,5 The asymptomatic nature of many infections presents 

a barrier to diagnosis and treatment without routine testing of sexually active 

individuals. 

In the absence of prompt treatment, bacteria can ascend from primary 

infection sites to the uterus, fallopian tubes, peritoneal cavity, epididymis, and 

testes causing inflammation, tissue damage, and scarring. Resulting damage can 
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present as Pelvic Inflammatory Disease (PID), ectopic pregnancies, 

epididymitis/orchitis, and infertility. Furthermore, bacteria can disseminate via the 

bloodstream to distal tissues causing septic arthritis, and rarely, endocarditis and 

meningitis. Gc infection can also increase susceptibility to HIV infection due to 

epithelial damage and immune cell recruitment. 

Gonorrhea is the second most prevalent bacterial STI with an estimated 82-

100 million cases annually worldwide and 600,000 reported cases in the United 

States in 2023.3,6 In the US, gonorrhea incidence rates have been increasing for 

the past decade with a peak at 214 cases per 100,000 people in 2021. Although, 

cases decreased slightly in 2022 and 2023 with most recent rates at 179.5 cases 

per 100,000 people (Fig. 1B).6 Gonorrhea rates are disproportionately elevated in 

high-risk populations including men who have sex with men, sex workers, and 

racial minorities.6 Low- and middle-income countries also report higher gonorrhea 

incidence on average.7 
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Figure 1. Gonorrhea clinical progression and incidence 

(A) Schematic summarizing gonorrhea clinical progression following initial 

exposure. Infection may present with symptoms or remain asymptomatic. Men 

(♂) are more likely to present with recognizable symptoms (80%) compared to 

asymptomatic infection (20%), whereas women (♀) present with or without 

symptoms at roughly equal rates (50%). Incubation period, the time between 

exposure and onset of first symptoms, estimated at 1-6 days in cases which 

develop symptoms. Approximately one quarter of asymptomatic infections have 

been documented to progress to symptomatic infection with another quarter 

estimated to clear within one year. Schematic adapted from Lovett and Duncan, 

2019.5 (B) Incidence rate of gonorrhea reported to the CDC from 2010 to 2023. 

Peak incidence was recorded in 2021 at 214 cases per 100,000 total United 

States population.  
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1.1.2 Microbiology of the gonococcus. 

Gc is a fastidious Gram-negative diplococcus (Fig. 2A) and bacterial 

pathogen of its obligate human host.8 Gc infection is routinely diagnosed by 

Nucleic Acid Amplification Tests (NAATs) on specimens from suspected infection 

sites. Bacterial culturing may also be conducted in low resource situations, 

suspected treatment failure, or disseminated infection/bacteremia.9 Culturing is 

predominantly conducted with CO2-supplemented chocolate agar-based mediums 

(erythrocyte-lysed blood agar) containing antibiotics (vancomycin, nystatin, 

colistin, trimethoprim) to select against non-Neisseria species found at collection 

sites.10,11 Gc colonies isolated on these agar mediums (Thayer-Martin media, 

Martin-Lewis media) can be further characterized by Gram-stain, oxidase-

positivity, and catalase positivity.4,8,12  

As a Gram-negative bacterium, the gonococcal cell/cytoplasm is bounded 

by a three-layered envelope of the 1) cytoplasmic/inner membrane, 2) periplasm 

with cell wall, and 3) outer membrane (Fig. 2).13 The inner membrane is composed 

of a phospholipid bilayer and associated proteins which are crucial for maintaining 

the proton motive force (PMF) of the cell.14,15 The periplasmic space between the 

diderm membranes contains 1-2 peptidoglycan layers of the cell wall which confer 

structure and integrity to the bacterial cell.16 The outer membrane of Neisseria 

species contains phospholipids and an outer leaflet of lipooligosaccharide (LOS) 

along with many outer membrane-embedded proteins. These proteins include 

many factors crucial for gonococcal virulence, physiology, and are promising 

vaccine candidates.  
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 The major outer membrane proteins of Gc were historically classified as 

Proteins I, II, and III (PI-III)17 which correspond to Porin, Opacity-associated 

proteins (Opa), and reduction modifiable protein (Rmp; Fig. 2B).18 Together, these 

proteins constitute >60% of the cell’s outer membrane protein repertoire.17 

 Porin (PI, PorB) is the most abundant gonococcal outer membrane protein 

(32-39 kDa) which forms trimeric β-barrel pores through the outer membrane 

allowing passive diffusion of solutes <1.4 kDa.17,19,20 Porin can also enhance host-

cell adhesion and invasion. Two porin variants have been described in Gc termed 

Porin 1A and Porin 1B (P.IA, P.IB). DGI cases are enriched in P.IA-expressing 

isolates with P.IB being more common in localized/PID infections.21 This may be 

due to P.IA’s capacity to enhance epithelial cell invasion and the greater capacity 

of P.IA to bind host-derived complement inhibitors (described in detail later). Porin 

has been linked to immune system evasion by suppressing the oxidative burst22, 

degranulation, actin polymerization, and receptor expression of neutrophils23; 

blocking phagosome maturation in macrophages24; and inhibiting dendritic cell-T 

cell interactions.25-27 Neisserial Porin has also been reported to both induce and 

repress apoptosis in host cells28-31, translocate to host cells causing either 

activating or apoptosis-inducing ion flux29,30, and stimulate host cells via Toll-like 

Receptor 2 (TLR2).32,33 Discrepancies in these studies may be linked to cell-type, 

porin variant, and porin conformations (native versus aggregate). 

 Opa proteins (PII) are a group of outer membrane proteins which form β-

barrels containing four unstructured and highly variable extracellular loops.17,34 

Many different Opa variants have been described in Gc with any given isolate 
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containing at least 10 distinct opa loci and expressing 9 to 11 unique Opa 

proteins.35-37 Opa proteins are phase-variable, meaning any individual Opa protein 

can be expressed in an ‘ON/OFF’ manner. As a result, individual Gc isolates can 

express no Opa proteins (Opa-), one Opa variant, or multiple Opa variants 

simultaneously.38,39 Opa phase variation is achieved by slipped-strand mispairing 

of CTCTT repeats in the 5’ coding region of the opa genetic loci. Changes to the 

number of coding-strand pentamers in the transcribed opa gene can place 

downstream codons in or out of frame, resulting in translation-level presence or 

absence of expression.39-41 The variable Opa protein expression pattens influence 

Gc adhesion to other gonococci and to a variety of host cell-types.42 Most Opa-

Opa interactions between gonococci present as opaque/refractive colony 

phenotypes when viewed through a bottom-lit stereomicroscope allowing 

discrimination between Opa-expressing (Opa+) and Opa- colonies.38,43-45 Most 

Opa proteins have been shown to bind carcinoembryonic antigen-related cell 

adhesion molecule family proteins (CEACAMs; CCMs).46,47 Opa proteins can bind 

CEACAM-1, -5, and -6 on epithelial cells, thereby enhancing adherence and 

colonization at mucosal surfaces. Adhesion via CEACAMs can also decrease 

epithelial cell exfoliation, further supporting the gonococcal niche. On immune 

cells, such as neutrophils, Opa proteins can bind CEACAM-1, -3, and -6.39,48 

Through these ligand-receptor interactions, Opa-expressing bacteria are more 

likely to associate with neutrophils resulting in greater phagocytosis and Gc 

death.38,39,49 Interestingly, CEACAM-3 on neutrophils contains an immunoreceptor 

tyrosine-based activation motif (ITAM) which is thought to enhance neutrophil 
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activation and bactericidal capacity.49,50 CEACAM-1 engagement also enhances 

Opa+ Gc association with host cells. However, CEACAM-1 contains an 

immunoreceptor tyrosine-based inhibitory motif (ITIM) which has been shown to 

suppress leukocyte activity but its role in neutrophils is less well defined.51 Results 

from animal models52 or natural or Controlled Human Infection Models (CHIM) 

indicate that Opa+ Gc are selected for during infection. Specifically, Opa proteins 

that bind CEACAM-1 are enriched in isolates as an infection progresses compared 

to CEACAM-3-binding Opa proteins, possibly due to the ITIM versus ITAM motifs 

of their binding partners.53,54 Opa proteins also interact with heparan sulfate 

proteoglycans (HSPGs) which enhance invasion into epithelial cells and are 

hypothesized to bind other host proteins such as the complement inhibitor 

vitronectin (discussed later).55,56 In this work, frequent use is made of strain 

FA1090 Gc which have had all opa genes deleted to create a constitutively Opa- 

strain and a constitutively Opa+ strain with a single Opa protein, OpaD, 

reintroduced into its native locus with removal of 5’ pentameric repeats.38  

 Rmp (PIII) is a 44 kDa OmpA-like protein with a reported periplasmic 

domain and short surface-exposed residue tract.57-60 Rmp associates with Porin in 

the outer membrane at a ratio of three Porin per Rmp molecule. Unlike many other 

gonococcal surface factors, Rmp does not exhibit appreciable variation among 

isolates, and conserved surface-exposed epitopes can elicit antibody responses 

with broad recognition.18,58,59,61 Anti-Rmp antibodies are protective toward the 

bacteria as they block the activity of otherwise bactericidal antibodies such as 

those raised against Porin or LOS (possible mechanisms discussed later).62-65 The 



8 
 

 

presence of such blocking antibodies was first appreciated in individuals who had 

been exposed to/infected with Gc many times.63 Moreover, anti-Rmp IgG can 

enhance Gc colonization in murine models of infection.66 The anti-Rmp antibodies 

may in part explain why prior gonococcal infection, not merely a prior STI or high-

risk behavior, is one of the greatest risk factors/determinants for a new gonococcal 

infection.67,68 The role of Rmp antibodies in vaccine-elicited responses remains to 

be fully explored. However, efforts to generate immunity with outer membrane 

vesicle (OMV) based vaccines using Rmp mutant strains is underway.69  

 The gonococcal surface is also decorated with proteins with additional 

important functions or, as of yet, uncharacterized roles (some discussed in greater 

detail later). Among these are Type IV Pili which aid the bacterium in initial 

adherence to host epithelia, twitching motility, and uptake of environmental 

DNA.70,71 Pili are formed by many protein subunits including an inner-membrane 

localized platform and ATPases, an outer-membrane pore (PilQ), and pilin 

subunits which form the principal filament structure of the pilus. The pilus filament 

is made of the major pilin subunit, PilE, as well as minor subunits (PilC, PilH-L).72-

74 The Type IV Pilus is phase variable meaning a variety of piliation types and 

unpiliated Gc can be found.45,75 However, piliation is required for infection as pilus 

binding to host epithelia enables a bacterium to close the distance and reach the 

epithelial cell surface where tight, intimate association can occur via factors such 

as Opa-CEACAM binding.1,76 Furthermore, the major pilin subunit is antigenically 

variable in which silent pilS loci on the Gc chromosome can recombine with the 

expressed pilE locus, generating epitope diversity and thereby evading antibody 



9 
 

 

responses.77-79 Pili function by extending the filament up to multiple cell-lengths 

from the cell surface (1-2µm on average), allowing the pilus to bind host cells or 

DNA, then retract the pilus to pull the bacterium closer to host cells or DNA to the 

bacterial surface in a ‘grappling hook-like’ manner.80 

 Finally, the outer membrane contains abundant LOS, the gonococcal 

analog to lipopolysaccharide (LPS) of other Gram-negative bacteria.35 Like LPS, 

LOS contains a membrane-anchoring lipid A and inner core of 2-keto-3-deoxy-ᴅ-

manno-octulosonic acid (KDO) and heptose residues. Branching off the inner core 

are three outer core saccharide chains, however unlike LPS, LOS lacks repeating 

O-antigens beyond the core saccharide chains.35,81,82 The LOS structure is under 

the control of phase variable LOS glycosyltransferases and phosphoethanolamine 

(PEA) transferase which modulate the core saccharide residues and can add PEA 

to lipid A, respectively.81,83 LOS can also be sialylated by the constitutively 

expressed LOS sialyltransferase (Lst)84 which caps LOS chains with sialic acid, a 

molecular mimicry mechanism to suppress the host immune response and recruit 

host complement inhibitors.85,86  
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Figure 2. Neisseria gonorrhoeae morphology, envelope, and surface 
structures 

(A) Gc is routinely identified through microscopic evaluation in specimens as a 

small, Gram-negative diplococcus with an individual cell being approximately half 

a micron in diameter. (B) The Gram-negative cell envelope consists of a surface-

exposed outer membrane with lipooligosaccharide (LOS) in the outer leaflet, a 

periplasm which contains the peptidoglycan cell wall, and an inner membrane 

phospholipid bilayer which encompasses the bacterial cytoplasm. The outer 

membrane contains many surface proteins including Porin (PI) channels, opacity-

associated proteins (Opa, PII), reduction modifiable protein (Rmp, PIII), among 

others. The gonococcal surface may also be decorated with Type IV Pili which 

span the bacterial envelope in which pilin subunits pass through the outer 

membrane by a pore formed by PilQ.  
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1.2      Treatments for gonorrhea & antimicrobial resistance 

1.2.1 Therapeutic regimens against gonococcal infections. 

The United States Centers for Disease Control and Prevention (US CDC) 

currently recommends a single 500mg intramuscular (IM) dose of the extended-

spectrum cephalosporin ceftriaxone as the frontline therapy for uncomplicated 

cases of gonorrhea in adults, adolescents, and pregnant women.87,88 This 

recommendation was enacted in 2020 to replace the prior guideline of 250mg IM 

ceftriaxone with 1g oral azithromycin (a macrolide) dual-therapy due to 

increasing isolates (>5%) with azithromycin resistance.88,89 Dual-therapy had 

initially been introduced in 2010 with the purposes of 1) treating the Gc infection, 

2) avoiding resistance via antibiotics with different mechanisms of action, and 3) 

treating Chlamydia trachomatis co-infection.89 The current guidelines include 

treatment with a doxycycline regimen if concurrent chlamydia is identified via 

positive Gc-Chlamydia NAAT testing.87,88 The dose doubling from 250mg to 

500mg ceftriaxone was in response threats of cephalosporin resistance in part by 

increasing the free ceftriaxone concentration at the pharynx, a key site in 

resistance determinant acquisition.88,90-93   

 Specific situations call for alternative gonorrhea treatment regimens and 

prophylaxis. A 1g ceftriaxone dose is indicated in individuals over 300lbs and 

daily in DGI cases until the infection is cleared.87,88 For children <45kg 20-

50mg/kg dosing is suggested.87 In individuals with cephalosporin sensitivities, a 

240mg IM dose of the aminoglycoside gentamicin is recommended alongside 2g 

azithromycin.87 800mg oral cefixime can be given as expedited partner therapy 
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(EPT) in which partners of the primary patient are treated without being directly 

seen by a physician.87,94 To prevent ophthalmia neonatorum, pregnant women 

should be screened and treated, and prophylactic erythromycin ointment given 

<24h after birth to all newborns.87,95 Post-exposure prophylaxis in adults includes 

200mg oral doxycycline (DoxyPEP) within 72h after sexual contact as 

recommended by the US CDC in June, 2024.87,96 DoxyPEP shows strong 

efficacy (70-90%) in preventing chlamydia and syphilis but is less effective 

against Gc infection. Some studies find decreasing gonorrhea rates by upwards 

of 50% while others find modest yet significant increases.96-100 

1.2.2 Epidemiology of drug-resistant gonorrhea. 

Gc is rapidly acquiring resistance determinants against most antibiotic 

classes (Fig. 3A,B).101,102 The threat of drug-resistant Gc has prompted creation 

of dedicated efforts and task forces including the WHO’s Gonococcal 

Antimicrobial Surveillance Programme (GASP)101 and CDC’s Gonococcal Isolate 

Surveillance Project (GISP)103 to monitor resistance trends. Gonococcal 

resistance to penicillin and tetracycline antibiotics (e.g. doxycycline) was reported 

only 1-2 decades after introduction of these antibiotics and has remained at or 

above 10% of all isolates.104,105 Resistance to fluoroquinolone antibiotics (e.g. 

ciprofloxacin) was rapidly reported after introduction and increased in the US 

from near 0% of isolates in 2000 to ~15% in 2007, prompting the CDC to caution 

against cephalosporin use against gonorrhea.87,88,106 Ciprofloxacin resistance 

rates have continued to rise and are now above 30%. Macrolide resistance, as 

monitored by decreased azithromycin susceptibility, reached high levels in the 
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early 2000’s globally and spiked above 5% in the US in 2019, prompting 

cessation of azithromycin use as first-line dual-therapy in 2020 (Fig. 3A).88,104,107 

The Clinical Laboratory Standards Institution (CLSI) in the US sets the decreased 

azithromycin susceptibility breakpoint at 1µg/mL as determined by minimum 

inhibitory concentration (MIC).107 Isolates with resistance levels 256-times 

greater than this breakpoint have been identified.104,108  

Increased gonococcal fluoroquinolone resistance led to cephalosporins 

being the only frontline antibiotics (± combination therapy) recommended against 

gonorrhea.106,109 Cefixime, an oral cephalosporin, had been the drug of choice in 

other countries until resistance rates (MIC>0.25µg/mL) increased across isolates, 

reaching upwards of 30% in some locales and treatment failures began to 

arise.104 In the US, the CDC stopped recommending cefixime around 2011 when 

resistance rates reached 1.4% (Fig. 3A).88,109 Ceftriaxone has since been the 

mainstay of treatment with elevated MIC rates less than 0.4% in the US. 

However, ceftriaxone-resistant strains have been on the rise globally.110 The first 

cases of gonorrhea with elevated ceftriaxone MICs were reported in Japan in 

2006 (0.5µg/mL) and 2010 (4µg/mL). The 2010 isolate was characterized as 

strain H041 which is used extensively in this body of work.110,111 Ceftriaxone 

resistant strains have continued to spread, being subsequently identified in 

France, Spain, the UK, Australia, Southeast Asia, and recently in the US.104 

Globally, ceftriaxone resistance rates from 2015-2022 have averaged 0.8% of 

isolates but can exceed 38% in certain locales as observed in Cambodia by the 

WHO Enhanced GASP (EGASP) 2022 Report (Fig. 3A).112,113  
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This alarming rise in antimicrobial resistance has placed Gc among the 

highest-priority pathogens to combat by developing and bringing to market new 

pharmaceuticals, novel therapeutic strategies, and vaccines. Two prominent 

investigatory therapeutics are zoliflodacin and gepotidacin which have shown 

promise in recent phase 3 clinical trials (clinicaltrials.gov NCT03959527 & 

NCT04010539, respectively).114-117 Both orally dosed regimens met the endpoint 

of non-inferiority versus IM ceftriaxone plus oral azithromycin, cured >95% of 

infections, and showed in vitro activity against Gc strains resistant to other 

classes of antibiotics.118,119 Zoliflodacin is a first-in-class spiropyrimidinetrione 

which acts on the GyrB topoisomerase II (Fig. 3B).116,118 Gepotidacin is a first-in-

class triazaacenaphthylene which targets the DNA gyrase GyrA and ParC 

topoisomerase IV (Fig. 3B).115 Both compounds act at different sites on their 

targets than each other or fluoroquinolones and show no evidence of cross-

resistance.120 However, mutations in GyrB and ParC which confer zoliflodacin 

and gepotidacin resistance, respectively, can be selected for in vitro after 

incubation with sublethal concentrations.118,121 This is particularly a concern 

regarding pharyngeal Gc infections in which treatment failure may result due to 

lower tissue bioavailability. 
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Figure 3. Timeline of antimicrobial resistance in gonorrhea isolates 

(A) Percentage of tested Gc isolates with elevated MIC levels in the United 

States as reported by the CDC or globally as reported by the WHO from 2000 to 

2022. Antibiotics belong to the following antibiotic classes: penicillin, beta-lactam; 

tetracycline is the namesake for its antibiotic class and is a correlate for 

doxycycline resistance; ciprofloxacin, fluoroquinolone (FQ); azithromycin (Az), 

macrolide; cefixime and ceftriaxone (CRO), cephalosporin beta-lactams. 

Cambodia data presented from the Enhanced Gonococcal Antimicrobial 

Surveillance Programme (EGASP) of the WHO. Recommendations against 

fluoroquinolone and cefixime as therapies were issued in 2007 and 2011, 

respectively. Dual-therapy with ceftriaxone and azithromycin was recommended 

as the primary treatment regimen in 2010 but discontinued in favor of ceftriaxone 

monotherapy in 2020. (B) Location of action within the gonococcal cell for 

antimicrobials used in this body of work. Periplasm/Cell Wall, ceftriaxone, 

vancomycin, lysozyme; Inner Membrane, nisin; Cytoplasm, azithromycin, 

linezolid, doxycycline, gentamicin, zoliflodacin. 
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1.2.3 Mechanisms of antibiotic resistance in Gc. 

Gc possesses numerous antibiotic resistance mechanisms, both acquired 

and intrinsic (Fig. 4). The rapid rise in antibiotic resistance in this pathogen has 

been linked to its natural competence to DNA uptake, allowing ready acquisition 

of new resistance alleles/genes. Gc exists in polymicrobial contexts at mucosal 

infection sites which enables transformation of novel DNA from other organisms. 

Commensal Neisseria species, common pharyngeal residents, are thought to be 

a natural source for antibiotic resistance in Gc as they are exposed to sublethal 

antibiotic concentrations in the context of treating other infections.104,122,123 

Acquired resistance determinants in Gc are both chromosomal and plasmid-

based in nature.104,124 

Plasmid-borne resistance in Gc is primarily conveyed via beta-lactamases, 

enzymes which degrade beta-lactam antibiotics in the extracellular or periplasmic 

space.125 The TEM-1 (class A) beta-lactamases produced by Gc confer 

resistance to penicillin and ampicillin. These isolates are termed penicillinase-

producing Neisseria gonorrhoeae (PPNGs).124 

Resistance to other beta-lactam antibiotics and additional antibiotic 

classes are generally chromosomally encoded and mediated by non-cleavage-

based mechanisms. A common mechanism is to acquire altered alleles for 

antibiotic targets, reducing drug-target interactions while preserving the biologic 

activity of the altered gene product. The most extensively characterized target is 

the penicillin-binding protein PBP2-transpeptidase.124,126 This enzyme is 

responsible for peptidoglycan cross-linking and is the target of beta-lactam 
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antibiotics, notably ceftriaxone.104 Alterations to the penA gene, encoding PBP2, 

can confer high-level ceftriaxone resistance.104,111 More than 480 unique penA 

alleles have been described.124,127 These are classified as mosaic, semi-mosaic, 

and non-mosaic based on origin and number of resultant amino acid 

substitutions.124,128 Mosaic penA alleles (such as that of H041) confer the 

greatest ceftriaxone resistance and contain upwards of 60 amino acid alterations 

from the wild-type allele. Gc acquires mosaic alleles via recombination with 

commensal Neisseria species. Semi-mosaic alleles contain ~20-30 amino acid 

alterations whereas non-mosaic alleles possess fewer than 13 alterations and 

are mostly localized to the C-terminus.124 In addition to PBP2-conferred beta-

lactam resistance, Gc can commonly acquire macrolide resistance via altered 

23S rRNA, L22 and L4 ribosomal proteins; fluoroquinolone resistance via altered 

DNA gyrases/topoisomerases (GyrA, ParC, ParE); tetracycline resistance via 

altered S10 ribosomal protein; spectinomycin resistance via altered 16S rRNA 

and 5S ribosomal protein; and aminoglycoside resistance via altered elongation 

factor G.124 

In addition to altering antibiotic targets, Gc can acquire resistance by 

altering the channels which allow antibiotics to bypass the Gram-negative outer 

membrane.110,111,124 The outer membrane is a significant, intrinsic determinant of 

antimicrobial resistance as it blocks permeation by compounds that are too large 

(>600 Da) or too electrostatically unfavorable.129,130 Gram-negative bacteria 

make use of porins (i.e. PorB in Gc) in the outer membrane to facilitate solute 

diffusion. These porins also accommodate antibiotics, increasing access to their 
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targets. Amino acids substitutions in the channel of PorB (penB mutants) can 

decrease Gc susceptibility to penicillins, cephalosporins, and tetracyclines.131 

Mutations in PilQ (penC mutants), the outer membrane pore through which the 

gonococcal Type IV Pili filaments protrude, can also confer penicillin and 

tetracycline resistance. However, PilQ mutations have thus far only been isolated 

in the laboratory setting as PilQ is required for proper pilus function and natural 

infection.132,124 

Gc can also express efflux pump systems which export harmful 

compounds out of the bacterial cytoplasm and/or periplasm to the extracellular 

space.15 The most prominent gonococcal efflux apparatus is the MtrCDE system 

which is highly expressed in many drug-resistant isolates including H041.110,133 

Increased expression is commonly achieved by mutations in the regulatory 

protein MtrR or in the MtrR-binding region upstream of mtrCDE.133,134 MtrD forms 

an inner membrane PMF-powered transport protein, MtrE forms an outer 

membrane channel, and MtrC bridges the bilayer-spanning apparatus.15 The 

MtrCDE system effluxes macrolides, beta-lactams including cephalosporins, and 

tetracyclines, as well as host-derived compounds such as cathelicidins bile salts, 

and progesterone.15 MtrE is also associated with the MacAB-MtrE efflux system, 

which is known to export macrolides, and the FarAB-MtrE system which exports 

host-derived fatty acids. The NorM and MtrF efflux systems are localized to the 

inner membrane and efflux fluoroquinolone and sulfonamide antibiotics, 

respectively.15 As they export both antibiotics and host-derived antimicrobials, the 

role of efflux pumps in Gc pathogenesis is thought to occur both in subverting 
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therapeutic regimens and overcoming host immune responses enabling 

gonococcal colonization.15,135,136 
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Figure 4. Mechanisms of antibiotic resistance in N. gonorrhoeae 

Gc possesses many mechanisms which can work in concert and can function 

against multiple antibiotic classes. The outer membrane prevents diffusion of 

many antibiotics into the periplasm or cytoplasm, precluding access to their 

targets. Porin in the outer membrane can be altered to decrease antibiotic 

diffusion through these pores. Beta-lactams can be degraded by secreted beta-

lactamases. Antibiotic targets (e.g. penicillin-binding proteins, DNA gyrases and 

topoisomerases, and ribosomal units) can be altered to decrease antibiotic 

binding/activity. Antibiotics can also be actively exported from the cytoplasm or 

periplasm by efflux pumps such as the MtrCDE system.  
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1.3      Immune responses to Gc 

Gc encounters the forces of innate and adaptive immunity at mucosal 

surfaces of primary infection as well as in the bloodstream and distal sites when 

disseminated.1,21 Innate immune responses are first-line general defenses 

against a broad array of potential pathogens.21,137-142 Among these defenses are 

the complement system, phagocytes including neutrophils, and secreted 

antimicrobial compounds, factors which are the principal subjects of investigation 

in this work. Other notable innate defenses against Gc are mucus/epithelial 

barriers against dissemination, host nutrient-sequestering factors143, and 

commensal microbes that occupy would-be Gc niches.52,144-146 The specific and 

acquired adaptive immune system against Gc is limited but includes T-cell and B-

cell responses with the latter producing IgG, IgM, and IgA antibodies. These 

immunoglobulins can be elicited by prior Gc infection or be cross-reactive against 

Gc if elicited by similar commensal species.62,63,147  

1.3.1 The complement cascade: activation, effector functions, & Gc 

resistance. 

1.3.1.1 Complement pathways and activation. 

The complement system (Fig. 5) is a repertoire of more than 50 core 

proteins, related factors, receptors, and inhibitors.21,137-142 Complement systems 

have a deep evolutionary history, present in animal life as phylogenetically 

disparate from humans as sea squirts/tunicates (conserved within the phylum 

Chordata).148 In humans complement proteins are most abundant in serum 

where they circulate to body sites as an innate immune mechanism against 
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invading pathogens.21,142,149,150 Core complement components sequentially 

activate/recruit one another in an enzymatic cascade to deposit complement 

products on targeted cells and to release soluble signaling factors.21,142,151 

Complement is canonically divided into three pathways based on initial activation 

steps and components.138,142 

The Classical Pathway is initiated by IgG or IgM binding to their cognate 

antigens. Membrane-localization of antigens more robustly activates classical 

complement as it supports antibody clustering and conformations which recruit 

the first core complement component, C1q. IgM is a more effective recruiter and 

activator of C1q than IgG due to its pentameric structure and enhanced antigen 

avidity. Among the IgG subclasses, differential Fc-region structure and 

glycosylation determine complement activation with IgG3 being the most potent, 

followed by IgG1 then IgG2 with IgG4 stimulating very little complement 

activation.152,153 Engineering antibodies to express different Fc-region 

subclasses, to be multimerized (pentamers or hexamers), or to express chimeric 

Fc-regions matching host complement source can increase their complement 

fixation capacity.154-156 In addition to immunoglobulins, pentraxin-family proteins 

can recruit C1q and induce complement activity. Pentraxins include pentraxin-1 

through -3 as well as the acute phase proteins serum amyloid P (SAP) and C-

reactive protein (CRP) a common clinical diagnostic marker for inflammatory 

processes.157,158 Following C1q recruitment, C1r is activated followed by C1s in 

an autocatalytic cascade to form the C1 complex.21 
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The Lectin Pathway is activated by host lectin proteins binding their 

cognate glycan moieties on targets. Predominant lectins include mannose-

binding lectin (MBL) and ficolins.21 These high-avidity proteins recruit mannose-

associated serine protease 1 and 2 (MASP1, MASP2), the lectin pathway’s 

equivalent of C1r and C1s, respectively.  

C1 complexes and lectin-MASP complexes cleave complement 

components C4 then C2 to generate membrane-localized C4b and C2b which 

then associate to form the ‘classical C3 convertase’ (C4bC2b, historically 

C4bC2a). C3 convertases cleave component C3 into C3a and C3b, the keystone 

step in complement activation onto which all complement activation pathways 

converge.21 

To generate C3a and C3b, the final canonical complement pathway, the 

Alternative Pathway, relies on spontaneous hydrolysis of soluble C3 upon H2O 

incorporation as C3-H2O. This then allows Factor B to bind the C3 product and 

Factor D to subsequently form the ‘soluble alternative C3 convertase’ 

(C3(H2O)Bb).21 This generates more C3b which can be either in suspension 

where it can form more soluble C3 convertases, or it can bind nearby 

membranes. Membrane-bound C3b (from any of the pathways) can then 

associate with Factor B and be cleaved by Factor D, generating the ‘membrane-

bound alternative C3 convertase’ (C3bBb). Through Factor B association and 

cleavage, the alternative C3 convertases form a feedforward amplification-loop to 

generate more C3b.159 Because spontaneous C3 hydrolysis from the Alternative 

Pathway alone results in background C3b generation and little bactericidal 
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activity, the principal role of the Alternative Pathway is believed to be its 

amplification capacity of membrane-bound C3b.21,159,160 

Ultimately, membrane-bound C3b associates with either the classical or 

alternative membrane-bound C3 convertases to form the next enzymatic 

complex in the cascade: the C5 convertase (C4bC2bC3b or C3bBbC3b, 

respectively).21 These complexes cleave component C5 into soluble C5a 

fragments and C5b which associates with nearby membranes. C5b is the first 

component of the ‘terminal’ complement components, C5b-C6-C7-C8-C9. 

Components C5b-C9 ultimately associate to form lytic pores in lipid bilayers 

which can lyse the targeted cells.161 As an immune response, complement-

mediated cell lysis is directed against pathogens (Gram-negative bacteria, 

enveloped viruses, and protozoal parasites) and malignant host-cells.162,163 

Dedicated and detailed discussion of terminal complement complex generation, 

functions, and mechanisms are presented in subsequent sections. 

Many processes in the complement cascade are highly regulated to 

prevent off-target effects and damage to host tissues. Auto-antibodies, inhibitor 

deficiencies, and many other causes can lead to over-activation of the core 

complement cascade and produce serious pathologies in nearly every organ 

system.164,165 The function of membrane-bound C3b can be modulated, based on 

cognate receptor recognition, through cleavage into degradation products (iC3b, 

C3c, C3d, C3dg) by specific complement inhibitors and general proteases.21,166 

Negative regulators of complement are discussed later in their relation to 

Neisseria immune evasion.21 A notable positive regulator is the host protein 
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properdin which supports complement activity by stabilizing alternative C3 and 

C5 convertases.21 
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Figure 5. Pathways of the complement cascade and effector functions 

The serum-derived complement cascade can be canonically activated by three 

pathways: Classical, Lectin, and Alternative. The Classical Pathway is activated 

upon surface binding by IgG, IgM, or pentraxins (PTXs), whereas The Lectin 

Pathway is activated by mannose-binding lectin (MBL) or ficolins. The Classical 

and Lectin Pathways lead to C1 complex or MASP recruitment, respectively, to 

cleave complement components C4 and C2 which form the ‘classical’ C3 

convertase. Classical C3 convertase formation is blocked by the host-derived 

soluble inhibitor C4b-Binding Protein (C4BP). The Alternative Pathway is 

activated spontaneously by component C3 ‘tickover’ into C3-H2O which allows 

Factor B (FB) binding and cleavage by Factor D (FD) to form ‘alternative’ C3 

convertases. Formation and persistence of alternative C3 convertases is 

enhanced by properdin. These C3 convertases cleave C3 into C3a and C3b. C3b 

binds C3 convertases to form C5 convertases which cleave component C5 into 

C5a and C5b. C5 cleavage is blocked by the inhibitor OMCI. C3a and C5a are 

soluble anaphylatoxins which activate leukocytes by binding their cognate 

receptors (C3aR, C5aR). In addition to forming C5 convertases, C3b can also 

serve as an opsonin ligand for complement receptors (CR1, CR3, CR4) to 

enhance opsonophagocytic uptake of targeted cargo. C5b initiates terminal 

complement deposition by recruiting components C6, C7, C8, and C9 which 

polymerizes (Poly-C9) to form the membrane attack complex (MAC). The MAC 

promotes serum bactericidal activity. Terminal complement can be inhibited by 

binding of the soluble host inhibitor vitronectin (Vn) to C9 subunits or C7-

containing precursors.  
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1.3.1.2 Complement opsonization & opsonophagocytosis. 

Opsonization refers to decoration of cells, particles, or aggregates with 

proteins (opsonins) that enhance interactions of the decorated target with other 

cells expressing receptors specific for the opsonin.138,165 The most common and 

extensively studied opsonization interactions are between immunoglobulins and 

Fc-region receptors (FcR’s) and between complement products and cognate 

complement receptors (CR’s).167,168 Opsonization by complement promotes 

pathogen clearance through enhanced phagocytic uptake by leukocytes such as 

neutrophils and macrophages in an effector function known as 

opsonophagocytosis. Bacterial pathogens with membrane bound C3b or 

degradation products are more readily recognized by host immune cells. 

Predominant CR’s expressed by neutrophils (and monocytes/macrophages) 

during bacterial infection are complement receptor 1 (CR1) and complement 

receptor 3 (CR3).142,167 These CRs recognize C3b and iC3b, respectively, to 

enhance neutrophil-pathogen association.169 Complement receptor 4 (CR4), 

which recognizes iC3b, is expressed on neutrophils under prolonged/systemic 

inflammatory processes such as sepsis but is abundant during homeostasis on 

monocytes/macrophages and is a classic dendritic cell marker169. Complement 

receptor 2 (CR2) is expressed on B-cells and enhances their activation by 

serving as a co-receptor/co-stimulator with iC3b, C3d and C3dg binding.169 

Finally, complement receptor of the immunoglobulin family (CRIg, also known as 

VSIG4) is expressed on tissue-resident macrophages to promote 

immunohomeostasis by clearing opsonized bacteria or byproducts.169 
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The roles of CR’s in Neisseria infection and clearance are scantly studied 

with the exception of CR3. CR3 is a heterodimeric integrin which binds diverse 

substrates and is expressed on epithelial cells in addition to leukocytes.169,170 

CR3 is shown to be an important adhesin in opsonophagocytosis of Gc, in which 

it promotes ‘silent’ phagocytic uptake by neutrophils.171 It can also serve as a 

receptor to enhance Gc adherence to epithelial cells by binding iC3b, Porin, Pili, 

and LOS.2,172 

1.3.1.3 Leukocyte activation & recruitment: anaphylatoxins. 

The C3 and C5 convertases cleave their substrates to generate C3b and 

C5b which progress through the core complement cascade. In this process, 

smaller soluble fragments C3a and C5a are also generated.142 These products 

are termed anaphylatoxins and increase local inflammation. The fragment C4a is 

sometimes included among the anaphylatoxins but its bioactivity is far less than 

C3a and C5a.173 The anaphylatoxins increase smooth muscle contraction, 

vasodilation, vascular permeability, and potently stimulate degranulation by mast 

cells and platelets to yield their namesake ‘anaphylaxis’ like activity.21,173 They 

also serve as chemoattractants to recruit circulating leukocytes to inflamed 

tissues.174 These leukocytes are simultaneously activated by anaphylatoxin 

recognition to promote antimicrobial effector functions including reactive oxygen 

species generation, degranulation, phagocytosis, and adhesin upregulation in 

neutrophils, monocytes, and macrophages. Leukocyte chemoattraction and 

activation is achieved through binding anaphylatoxins to their cognate receptors, 

C3aR and C5aR1, two G protein-coupled receptors (GPCRs) which activate the 
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MAP Kinase and phospholipase C (PLC) pathways in myeloid cells.174 A second 

C5a receptor, C5aR2 formerly C5L2, is co-expressed with C5aR1 on immune 

cells. This receptor’s function is less well understood but has been proposed to 

counteract C5aR1 signaling as a decoy receptor for C5a or to increase β-

arrestin-mediated internalization/silencing of C5aR1.175,176 

1.3.1.4 Serum bactericidal activity: terminal complement. 

Serum bactericidal activity results from terminal complement deposition 

which  directly kills bacteria in the absence of cellular actors. Canonically, 

terminal complement killing is achieved through generation of pore-forming 

complexes of components C5b-C9 in the outer membrane of Gram-negative 

bacteria (Fig. 5,6).21,161 However, the exact bactericidal mechanism of terminal 

complement complexes remains enigmatic.161 

Measuring terminal complement activity, via serum bactericidal assays 

(SBAs), is a commonplace method to identify susceptibility of different bacterial 

species, strains, or isolates to complement-mediated killing, and to identify 

complement-fixing ability of different serum sources (e.g. immunized versus un-

immunized sera). SBA protocols include antibody, complement, and bacterial 

strain(s) of interest.177-180 Serum is used as the complement source with or 

without exogenous purified complement components. Antibodies may either be 

added exogenously or native to the serum being tested. Serum lacking intrinsic 

complement activity via heat-inactivation (56°C for 30min) should be included as 

a control.181 However, the degree of bacterial death which constitutes 

‘bactericidal’ activity is not broadly agreed upon and variation in antibody and 
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serum concentrations, diluent buffers used, time of complement challenge, etc. 

make comparisons between studies complicated. In the field of meningococcal 

vaccinology, 50% killing from the inoculum is accepted as bactericidal.179 

1.3.1.5 Terminal complement complexes: the membrane attack complex. 

Terminal complement components sequentially associate at a targeted 

outer membrane of Gram-negative bacteria (Fig. 6).151 The multi-layered 

meshwork of the cell wall in Gram-positive bacteria prevents ready association of 

terminal complement components within their cytoplasmic membrane. At a 

Gram-negative outer membrane, convertase-generated soluble C5b is captured 

by C6, with the nascent C5b-C6 complex then being bound by C7.182 C5b-C7 is 

lipophilic and loosely associates with the outer membrane leaflet. When C8 

incorporates, a conformational rearrangement secures the C5b-C8 complex into 

and penetrates the outer membrane.151,161 Membrane-embedded C5b-C8 can 

then recruit a C9 monomer which undergoes a similar structural rearrangement 

as C8 in which it ‘unfurls’ its transmembrane α-helix domains to create β-hairpin 

staves which span the outer membrane.151,161,183,184 This new conformation can 

then recruit the next C9 monomer resulting in C9 polymerization. Ultimately, up 

to 18 C9 copies can be incorporated into the final terminal complement structure, 

the membrane attack complex (MAC).183-185  

When fully formed, the MAC is comprised of complexed C5b, C6, C7, C8 

(one copy each), and polymerized C9 (12-18 copies). The fully polymerized C5b-

C9 complex creates an outer membrane-spanning pore with an inner diameter of 

10-11nm and penetrates the outer membrane through approximately 5nm long 
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transmembrane domains of C6-C9. (Fig. 6A).151,161,185,186 Throughout the 

remainder of this document, ‘MAC’ will refer to this fully-polymerized complex. 

However, precursor terminal complement complexes have been reported, 

including those in which no C9 or multi/oligomerized C9 have been incorporated. 

Incomplete complexes can form ‘arc’ like structures on their own and can 

associate with one another forming heterogenous terminal complement 

multimers of varying structures (Fig. 6B).187 These precursors are also thought to 

occur in the presence of full MAC complexes provided there is sufficient C9. 

In addition to C9-bearing precursors, C5b-C8 units embed within 

membranes in the absence of C9 or in C9-limited situations.187 A single entity of 

complexed C5b-C8 can either recruit C9 as described above or can aggregate 

with other C5b-C8 units to form what is referred to in this document as a C5b-C8 

complex. This terminal complement complex contains three to four C5b-C8 units 

on average and forms biologically active pores within the membrane of 

approximately 2-4nm in diameter (Fig. 6C).154,187-191 However, the role of 

incomplete or alternate terminal complement complexes during homeostasis, 

inflammation, or infection is poorly studied, as is their occurrence in vivo for 

complement-competent or complement-deficient individuals.  
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Figure 6. Formation of terminal complement complexes 

(A) Membrane-bound C5 convertases cleave complement component C5, 

generating C5b which then associates with components C6 and C7 to form a 

soluble C5b-C7 precursor complex. C5b-C7 can then recruit component C8 and 

embed within the membrane. C5b-C8 can next recruit component C9 which 

polymerizes with other C9 monomers in the membrane to form the membrane 

attack complex (MAC; C5b-C9poly). A fully formed MAC contains 12-18 C9 units 

and forms a membrane-spanning pore with an inner diameter of approximately 

10-11nm (B). Precursor complexes without a fully formed C9 pore can also be 

identified as ‘arc-like’ structures or conglomerates (C). Complexed C5b-C8 can 

also associate with other complexed C5b-C8 entities to form C5b-C8 complexes 

which are reported to form pores with diameters of approximately 2-4nm (D). 
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1.3.1.6 MAC-mediated bactericidal activity: possible mechanisms. 

Complement-mediated lysis has been extensively studied against 

erythrocytes, other collaterally damaged host cell types, malignant cells, and 

artificial liposomes which all possess one lipid membrane separating their cytosol 

from the environment. In these systems, MAC generation can disrupt the 

membrane leading to osmotic lysis189, vital component loss, and influx of 

toxic/pro-apoptotic compounds154, ultimately leading to death in the cellular 

models. Gram-negative bacteria, however, possess two lipid membranes which 

delineate the intra- and extracellular compartments (Fig. 2). The structural 

limitations imposed by the approximate 5nm length of MAC transmembrane 

domains prevent the complex from spanning two distinct lipid bilayers.151,161,192 

This suggests that the MAC cannot directly disrupt structures in the bacterial cell 

deeper than the outer membrane, specifically, the inner membrane. Despite this, 

inner membrane disruption has been shown to be necessary for MAC-mediated 

killing of Gram-negative bacteria.161,182,183,193 

Multiple, non-exclusive hypotheses have been proposed to rectify the 

physical discrepancies between MAC localization, inner membrane damage, and 

bacterial death (Fig. 7).161 Similar to osmolysis of single-membraned targets, the 

MAC may disrupt bacterial osmotic stability allowing water influx to the 

cytoplasm, increasing turgor pressure, and resulting in lysis by inner membrane 

damage (Fig. 7A). The MAC pore may also result in the leakage of vital 

periplasmic or cytoplasmic factors through the MAC pore itself and/or via the 

inner membrane damage it causes (Fig. 7B). Similarly, destabilization of the 
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outer or inner membranes could perturb the PMF of a bacterial cell either by 

hydrogen ion leakage through the outer membrane or via gradient dissipation 

across the inner membrane (Fig. 7C). In bacteria which require the PMF to 

respire and grow, a sustained PMF insult could lead to eventual death or a 

‘viable-but-non-culturable’ state if investigation relies on colony growth. 

In a converse to vital factor efflux, the MAC pore may serve as a conduit 

for toxic factor influx (Fig. 7D). Serum bactericidal activity has long been 

suggested to be caused by the MAC allowing periplasmic access of the serum-

derived host enzyme lysozyme which degrades peptidoglycan cell walls.194,195 

Evidence for this includes true lysis of bacterial cells/their cell walls only in the 

presence of serum/lysozyme but not with purified complement components 

alone. However, bacterial death can still occur in the absence of lysozyme 

suggesting that inner membrane damage and cell wall damage are uncoupled in 

MAC-mediated cell death.161,194-196 Chapter 2 describes how the MAC enables 

access of lysozyme and antibiotics into Gc. Alongside lysozyme, MAC-mediated 

influx of other factors has also focused on C9 itself as an inner membrane-

damaging agent (Fig. 7D). This has been proposed as either transiting through 

the outer membrane-embedded pore or by releasing from the outer membrane to 

penetrate the inner membrane. Data suggest against this hypothesis as 1) MAC-

associated C9 is tightly complexed and unlikely to disassociate and diffuse to the 

inner membrane, 2) unfurling of C9 into β-hairpin staves occurs once membrane 

associated and prior conformational change is unlikely to promote 

transmembrane integration, 3) native C9 prior to conformational changes at 63 
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kDa and 10.4nm at maximum diameter is likely too large for the 10-11 nm MAC 

and Gram-negative peptidoglycan meshwork (pore size ~2-3nm, passage by <50 

kDa proteins) to accommodate efficiently.16,161,192  

Other ways in which MAC is thought to induce bacterial death include 

MAC-mediated lipid exchanged between the outer and inner membranes as a 

result of or along with membrane perturbation (Fig. 7E), similar to what has been 

observed with polymyxin B or other amphipathic/detergent like compounds.161 

The MAC may also (over)stimulate envelope-damage stress responses from 

outer membrane damage, buildup of periplasmic precursors, or disruption of cell 

wall-membrane linkages, ultimately leading to inner membrane disruption, 

vesiculation, and cell death (Fig. 7F).161 The MAC was also suggested to 

penetrate both the outer and inner membranes simultaneously at cell-division-

related sites in which both membranes were closely juxtaposed. This would have 

allowed the MAC to span a shorter lipid confluence. These sites were also 

hypothesized to occur at specific locations on a Gram-negative cell such as a 

pole/septum of recent or imminent division. However, this hypothesis appears to 

be untrue based upon analyses of flux into or out of the periplasm/cytoplasm of 

different compounds and microscopy showing these outer-inner membrane 

confluences to be artifactual and which show the MAC deposits regularly across 

Gram-negative surfaces.161,192 Although, studies of MAC localization across the 

cellular landscape are generally conducted with excess complement meaning 

‘preferential’ incorporation sites may have been masked. These proposed 
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processes may work in tandem or in concert making it difficult to forensically 

ascertain the most proximal cause of death. 
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Figure 7. Hypothesize mechanisms of MAC-mediated Gram-negative cell 
death 

Schematics of proposed mechanisms underlying MAC-mediated killing which 

may act in concert. (A) The MAC pore promotes osmosis of water into the 

bacterial cell, increasing osmotic/turgor pressure which ruptures the cell. (B) The 

MAC promotes leakage of bacterial factors from the periplasm or cytoplasm 

which are required for cell survival. (C) The MAC allows leakage of protons from 

the periplasm which dissipates the proton motive force (PMF). (D) The MAC 

allows toxic compounds such as antimicrobials (e.g. lysozyme) or membranolytic 

C9 to access regions of the bacterial cell beyond the outer membrane to exert 

their bactericidal effects. (E) The MAC disrupts lipid membrane homeostasis 

leading to membrane perturbation and exchange of phospholipid species 

between the outer and inner membranes. (F) The MAC damages the Gram-

negative envelope which is sensed by the bacterium thereby initiating a 

maladaptive or programmed cell death stress response.  
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1.3.1.7 Complement component synthesis & tissue abundance. 

Most complement components are primarily synthesized by the liver and 

secreted into systemic circulation to achieve abundant serum 

concentrations.195,197 Under homeostatic conditions, complement concentrations 

in serum achieve levels of 60µg/mL (C6, C9), 200µg/mL (C5), and upwards of 

2,000µg/mL (C3).198 Serum concentrations of some complement components 

can increase 2-3-fold during inflammation due to increased hepatocyte 

production of these acute phase proteins. Therefore, diminished liver synthetic 

function, such as occurs during cirrhosis, can result in functional or acquired 

complement deficiencies.21,137,198 Some complement components such as C1q, 

C6, and C7, are synthesized largely or entirely by extrahepatic sources and 

secreted into systemic circulation or locally.198-200 Non-hepatocyte complement-

producing cells include epithelia, endothelia, fibroblasts, and immune cells.197,201 

Immune cells are important complement sources with macrophages/monocytes 

secreting significant levels of C1q, C3, C4, C5, Factor B, and properdin.197,200,202 

Mast cells are also an appreciable source of local C3 and C5. Neutrophils in 

circulation and those recruited to sites of inflammation are sources of C2, C3, C4, 

and C5 upon degranulation. Neutrophils also synthesize and secrete significant 

properdin levels.197,200,202  

Complement abundance and activity at tissues is varied and under-

investigated in most cases. During homeostasis, tissue complement activity is 

less than that of serum, but inflammation inducing immune cell recruitment, 

serum transudate, and local synthesis may considerably increase complement 
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component concentrations and activity at inflamed sites.149,150 Relevant to Gc 

infection, tissues of the reproductive tract have been shown to produce 

complement, with epithelial cells increasing synthesis in inflamed conditions.203 

Complement activity at the homeostatic cervix is estimated at approximately 10% 

that of serum and neutrophils exposed to Gc synthesize C2, C3, C4, C5 and 

properdin.149 The impact of hormones and menstrual cycle on complement 

synthesis and abundance at reproductive tissues is poorly understood and 

warrants greater investigation.  

1.3.1.8 Complement resistance in Neisseria. 

Many Gc strains/isolates have evolved to resist complement-mediated 

killing (serum resistance) through diverse mechanisms (Fig. 8).21 This 

underscores the pressure exerted against Gc by human complement and the 

importance of complement in controlling Gc infection. Many, but not all, 

complement resistance mechanisms are specific to human complement factors 

contributing in part to the human specificity of this pathogen.21,204  

Many Gc surface factors are phase or antigenically variable including Opa, 

Pili, etc. as detailed in prior sections. Additionally, surface-modifying enzymes 

such as LgtD which adds a terminal GalNAc residue to LOS can be phase 

variable, further altering the gonococcal surface landscape. By varying the 

surface-exposed antigens and/or epitopes, Gc can evade antibody-mediated 

complement activation. Non-variable Rmp can prevent effective antibody-

mediated complement activation through blocking antibody recruitment.63 These 

antibodies are elicited in individuals with prior Gc exposure and enhance Gc 
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colonization in murine models.66 It is possible that complement evasion by anti-

Rmp antibodies is mediated by steric hinderance of antibodies directed against 

other surface epitopes, such as Porin which is closely associated with Rmp in the 

outer membrane. Anti-Rmp antibodies recognizing different Rmp epitopes have 

variable levels of blocking capacity with some even being bactericidal, lending 

support for this model. However, analysis of C3 and C9 deposition by anti-Rmp 

antibody binding shows variable results with some studies showing decreased 

complement deposition on bacteria and others showing that blocking antibodies 

induce greater complement deposition. These antibodies may be promoting 

complement deposition at a distance from the outer membrane which prevents 

proper incorporation of bactericidal components.21,57,62,63 In N. meningitidis, 

capsule production is a potent source of complement resistance by preventing 

effective antibody recognition/complement deposition, although Gc lacks a 

capsule.21 

Hosts produce numerous soluble complement inhibitor proteins to prevent 

off-target damage by regulating multiple stages in the complement cascade (Fig. 

5).21,142,165 However, Gc has evolved to exploit these inhibitors by recruiting them 

to its surface, thereby protecting the pathogen from complement. Gc Porin 

recruits C4b-Binding Protein (C4BP) to block the Classical Pathway C3 

convertase function by binding and inhibiting C4b (Fig. 5).21,205 C4BP is recruited 

by approximately 90% of P.IA-expressing isolates and approximately 20% of 

P.IB-expressing isolates. Gonococcal P.IA can also recruit Factor H (without 

sialylated LOS unlike P.IB, see below), a key inhibitor of the Alternative Pathway 
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by blocking C3 convertases (Fig. 5).21 These observations in part explain why 

P.IA-expressing Gc have a greater capacity to disseminate via the bloodstream. 

Some Gc isolates can also recruit the soluble host factor vitronectin (Vn) which 

can bind to and block both soluble C5b-C7 complexes and C9, thereby inhibiting 

MAC formation.21,191 The bacterial factor which recruits Vn to the Gc surface has 

not been fully demonstrated but evidence suggests that some Opa variants are 

likely involved.21,52,53 Please see Chapter 5 for data on Vn-Gc interactions. 

The above methods used to achieve serum resistance have been 

historically termed ‘stable serum resistance’ as these mechanisms persist 

following gonococcal passaging on media. In contrast, other isolates exhibited 

‘unstable’ or transient serum resistance which was lost after passaging on 

laboratory media. It was identified that this resistance was conferred by Gc 

decorating surface factors such as LOS with host-scavenged sialic acid (N-

acetylneuraminic acid, NANA).21,85 Passaging isolates on media without sialic 

acid therefore abrogated the resistance potential. LOS sialylation principally 

serves to recruit host Factor H to limit complement activation and enables P.IB 

Factor H recruitment. Sialylation can also mask surface epitopes, further limiting 

antibody and MBL recognition.21,85   
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Figure 8. Surface-recruited mechanisms of gonococcal complement 
resistance 

Gc has evolved many mechanisms to evade complement-mediated killing 

including recruitment of host-derived vitronectin to inhibit terminal complement 

deposition and membrane attack complex (MAC) formation (hypothesized to be 

recruited by Opa proteins), Rmp being recognized by antibodies which block the 

bactericidal activity of other antibodies, decoration of lipooligosaccharide with 

sialic acid which prevents antibody and mannose-binding lectin (MBL) 

recognition, sialic acid recruitment of host-derived Factor H to inhibit the 

Alternative Pathway, and recruitment of the host-derived Classical Pathway 

inhibitor C4b-Binding Protein (C4BP) by Porin. Not shown: phase and antigenic 

variation of surface antigens to prevent antibody recognition.   
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1.3.1.9 Complement deficiencies and susceptibility to Neisseria 

infections. 

Another line of reasoning to support complement’s important role in 

controlling Neisseria is that individuals with complement deficiencies are at a 

significantly greater risk for acquiring gonococcal and meningococcal 

infections.21,137,198,206 Proximal complement deficiencies (i.e. of components 

acting prior to C5) show a strong link to infections by encapsulated organisms 

(e.g. N. meningitidis, Streptococcus pneumoniae, Haemophilus influenzae) and 

to autoimmune diseases (e.g. lupus syndromes, hemolytic anemias).21,137,198,206 

Throughout the complement cascade, deficiencies can result from inherited or 

acquired etiologies. Acquired deficiencies can be a result of defects in synthesis 

(e.g. chronic liver disease), consumptive depletion (e.g. multiple myeloma, 

vasculitides, nephritic syndromes), or from processes which deplete protein from 

serum (e.g. nephrotic syndromes, enteropathies). Acquired complement 

deficiencies can also result from the use of complement inhibiting 

pharmaceuticals such as the anti-C5 antibody eculizumab used clinically to treat 

paroxysmal nocturnal hemoglobinuria and atypical hemolytic uremic 

syndrome.21,137,198,206 Linking complement deficiencies to Neisseria, upwards of 

half of all individuals with a homozygotic complement deficiency will eventually 

develop at least one Neisseria infection in their lifetime.21,198 

Deficiencies in terminal complement components, whether genetic or 

pharmacologic, are almost exclusively associated with infections by Neisseria 

species. Individuals with terminal complement deficiencies are predisposed to 
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invasive meningococcal disease and DGI. Inherited complement deficiencies 

vary in their severity based on the affected component, homozygosity, and 

whether the mutation depletes all of the component or lowers its 

abundance/functionality. Approximately 5-10% of all meningococcal disease 

cases have an underlying deficiency in terminal complement and complement-

deficient patients have a 41% recurrence rate of infection.198 Individuals with 

terminal complement deficiencies are 1,000- to 10,000-fold more susceptible to 

invasive meningococcal disease and upwards of 300-fold more susceptible to 

gonococcal infections.21,137,198,206 For example, patients receiving eculizumab 

therapy have a 2,000-fold greater risk for invasive meningococcal disease, 

prompting a black-box warning on its use requiring vaccination against N. 

meningitidis prior to administering the antibody.21 On average, deficiencies in C7 

produce a 10,000-fold increased risk of acquiring meningococcal disease 

compared to matched wild-type C7 controls. C5, C6, and C8 deficiencies also 

incur similar susceptibilities. Interestingly, C9 deficient individuals are 

approximately 10-fold less susceptible than those with deficiencies in C5-C8, 

possibly owing to the ability C5b-C8 terminal complement complexes to kill 

meningococci in the absence of C9 (see Chapter 2 for data with Gc and further 

discussion).21,137,190,198,206 Despite the lower risk compared to C5-C8 deficiencies, 

C9 deficiencies still confer an approximate 1,400-fold increased risk for N. 

meningitidis infection. Prevalence of complement deficiencies varies by 

components and study population. For example, C9-deficiency in the broader 

United States population is estimated at 0.03% (1/3,300 people) whereas C9-
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deficiency reaches 0.1% (1/1,000 people) in Japan.198 In addition to terminal 

complement, deficiencies in properdin (the only X-linked complement gene) of 

the alternative pathway is also strongly linked to meningococcal disease.21,198  

Invasive meningococcal disease in these patients is reported to be less 

lethal than in complement-replete patients with a mortality rate per 1,000 

episodes of 1.5 compared to 19, respectively.21,198 It has also been suggested 

that complement deficient patients have milder disease episodes, but severity 

can be difficult to assess.21,198 The lower lethality and possible lower severity has 

been linked to decreased terminal complement-mediated lysis of the Gram-

negative bacteria, resulting in less LPS endotoxin release and hence a less 

active immune response.  

Studies on complement deficiencies and infection by other Neisseria 

species including Gc are less common than those on meningococcal disease. 

However terminal complement deficiencies predispose to DGI and result in 

upwards of 300-fold increased risk for gonococcal infections broadly defined as 

well as increase risk of bacteremia from otherwise commensal 

Neisseria.21,198,206,207 The lower susceptibility of Gc infection compared to 

meningococcal disease may be due to a lack of investigation into this topic or the 

many asymptomatic Gc infections which avoid detection. In meningococcal 

disease, the calculated increase in risk is inversely proportional to the incidence 

rate in a study population. In regions with sporadic cases of meningococcal 

disease (1 case/100,000 people), infections with complement deficiencies are 

more likely to occur compared to those with intact complement. In contrast, areas 
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with epidemic N. meningitidis (35 cases/100,000 people) result in many more 

infections across the entire population, possibly masking the impact of 

complement deficiencies.198 This line of reasoning may in part explain the 

discrepancies in calculated susceptibility increases between N. meningitidis and 

Gc infections (currently ~200 reported gonorrhea cases/100,000 people in the 

United States).3 The biology of these two pathogens, sites of infection, and 

disease presentations may also play a significant role. In murine models of Gc 

infection in which active complement clears Gc, inhibition of C5, C7, or 

homozygous C9 deletion abrogate complement-mediated killing to increase 

bacterial loads and infection duration.156,208  

1.3.2 Neutrophils: function, recruitment, and Gc evasion. 

1.3.2.1 Neutrophil recruitment & transmigration. 

Neutrophils (often synonymized with polymorphonuclear leukocytes, 

PMNs) are granulocytic myeloid cells with significant roles in innate immunity to 

pathogens.146,209-211 They can be differentiated from other leukocytes based on 

their granular content and segmented, multi-lobed nuclei.212 At homeostasis, 

neutrophils are the most abundant circulating leukocyte at approximately 40-60% 

of all white blood cells with nearly 1e11 produced in the human body each day. 

Following maturation in the bone marrow, neutrophils are deployed into the 

bloodstream where they patrol for sites of inflammation caused by invading 

pathogens or sterile host-inflammation.209-211  

In the absence of inflammatory signals, neutrophils pass from arteries 

through capillaries then veins for their short lifespan estimated between 12 hours 
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and 6 days.209-211,213 However, inflammation can recruit neutrophils (Fig. 9) from 

the circulation at post-capillary venules. Inflammatory factors which stimulate 

neutrophils and promote recruitment include a variety of chemotactic cytokines, 

inflammatory lipids (e.g. eicosanoids; prostaglandins, leukotrienes), bacteria-

derived formylated-peptides, and complement-derived anaphylatoxins (Fig. 

9).167,214-216 Inflammation promotes margination of the neutrophils and increased 

surface adhesins so that they associate with endothelia of vessel walls. The 

neutrophils then ‘roll’ along the endothelium until tighter adherence is 

achieved.217 Neutrophil-endothelial interactions are mediated by surface 

receptors and ligands which display increased surface expression due to 

inflammatory stimuli. Cytokines such as IL-1, TNFα, and IL-8 derived by stromal, 

endothelial, epithelial, and/or local immune cells promote neutrophil selectin 

surface expression and modifications to sialyl-LewisX moieties that bind 

endothelial receptors including CD34, E-selectin, and P-selectin. Inflammatory 

signals stimulate surface expression of neutrophilic integrins which bind cognate 

ligands including intercellular adhesion molecule 1 (ICAM-1, CD54) to promote 

neutrophil migration across the endothelium (transendothelial migration).209-

211,217,218  

Neutrophils can then engage pathogens within the stromal space beyond 

the endothelium containing abundant extracellular matrix (ECM) or further 

continue to cross the basement membrane and epithelium at a site of infection 

via transepithelial migration where they can engage apically adhered pathogens 

(Fig. 9).216,219,220 Transepithelial migration is particularly relevant for mucosal 
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pathogens like Gc in which they colonize the apical surface of diverse epithelial 

cells. The transmigration process across endocervical epithelial cells is induced 

by a primary chemotactic gradient derived by the epithelial cells (hepoxilin-A3, 

HXA3) followed by a feed-forward loop of a neutrophil-secreted secondary 

chemotactic gradient (leukotriene-B4, LTB4).216 The transmigration process and 

exposure to the many stimulatory signals has been linked to increased neutrophil 

activity against pathogens, although exact mechanisms underlying this 

augmentation are unclear.221-223 Following the migratory process and 

engagement with pathogens, neutrophils can then release from the epithelial 

surface into the luminal space where they, along with any pathogenic cargo, can 

be eliminated.219 
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Figure 9. Neutrophil recruitment and transmigration 

Schematic of neutrophil recruitment during a mucosal infection from the 

vasculature, across the endothelium by transendothelial migration, through the 

underlying stroma and extracellular matrix (ECM), and across the basement 

membrane and epithelium by transepithelial migration. PMNs are recruited by 

numerous chemoattractants and priming agents released by pathogens and host 

cells. These factors can also promote vascular permeability as well as 

vasodilation which marginates neutrophils to the vessel wall where they roll along 

the endothelial cells prior to migration. After reaching the apical surface of the 

epithelium, neutrophils eventually release and are shed into the mucosal lumen. 

Shown here is a simple columnar epithelium such as that of the endocervix.   
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1.3.2.2 Neutrophil antimicrobial activities. 

Neutrophils possess numerous antimicrobial functions with the goal of 

clearing invading pathogens. These innate immune cells synthesize a vast 

repertoire of antimicrobial proteins with different properties and mechanisms of 

action.209-213 Antimicrobials are synthesized during neutrophil maturation and are 

pre-loaded into membrane-bound granules.212 As professional phagocytes, 

neutrophils engage and internalize pathogens through phagocytosis which can 

be enhanced by opsonin deposition on targeted cargo (see section 1.2.1.2).142 

Once internalized, the neutrophil can direct antimicrobial-laden granules to the 

phagosome where membrane fusion exposes phagocytosed bacteria to 

antimicrobials. Granules can also be mobilized to the neutrophil plasma 

membrane causing antimicrobials to degranulate into the external milieu.211,212 

Neutrophil granules are classified into subsets based upon their contents 

and order of sequential mobilization.212,224,225 Upon stimulation, neutrophils first 

direct secretory vesicles to the plasma membrane which are enriched in 

adhesins and receptors for chemotaxis/further activation. These include CR1, 

CR3, FcγRIII, CD14, formylated peptide receptors (fPR), etc. Neutrophils next 

mobilize tertiary then secondary granules (a.k.a. gelatinase and specific 

granules, respectively), subsets which are synthesized as a continuum during 

granulopoiesis. These contain variable amounts of adhesins and receptors that 

further aid in migration/activation, ECM-degrading compounds including the 

matrix metalloproteases (MMPs) and collagenase, and antimicrobials such as 

lysozyme, lipocalin, and lactoferrin. They also contain the membrane-
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incorporated NADPH-oxidase which generates the reactive oxygen species 

(ROS) hydrogen peroxide. Finally, neutrophils fuse primary (a.k.a. azurophilic) 

granules to the targeted membrane, releasing additional soluble antimicrobials. 

These include the serine proteases (cathepsin G, neutrophil elastase, and 

proteinase 3), cationic antimicrobial peptides (CAMPs; defensins, bactericidal 

permeability-increasing protein, azurocidin), and the cathelicidin LL-37 as well as 

other antimicrobials also found in the prior granule subsets. Primary granules 

also contain myeloperoxidase (MPO), and enzyme that converts hydrogen 

peroxide produced by NADPH-oxidase into the more potent ROS hypochlorous 

acid.212,224,225 ROS and antimicrobial compounds can reach extremely high 

concentrations within the small volume of neutrophil phagosomes, presenting a 

considerable assault against phagocytosed pathogens.226 

Neutrophils can also exert antimicrobial activity by generating neutrophil 

extracellular traps or NETs.227 This occurs when neutrophils extrude their nuclear 

(or mitochondrial) DNA into the environment. The extracellular DNA can entangle 

pathogens and expose them to high concentrations of antimicrobials such as 

elastase, lactoferrin, and citrullinated histones which also exert bactericidal 

activity.227,228  

1.3.2.3 Neutrophil surface marker expression & diversity. 

Different cell types express unique repertoires of surface-exposed 

antigens comprising receptors, adhesins, enzymes, etc. which influence how 

they interact with neighboring cells and substrates. Neutrophil surface markers 

can vary widely in their presence and expression levels between resting, primed, 
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and activated states.214,229-233 However, the presence/absence of certain markers 

and/or the relative abundance provide valuable information on neutrophil 

stimulation. 

Mature neutrophils possess many surface antigens also found on other 

leukocyte populations. Classic neutrophil markers include CD15, CD16, and 

CD11b.234 Low or absent expression of other surface markers can enable 

differentiation of neutrophils from other cell types such as monocytes (CD14, 

HLA), eosinophils (CD49d, Siglec-8), basophils (CD123), natural killer cells 

(CD56), and dendritic cells (CD11c, CD209).234-236 Cells expressing CD11b, 

CD16, and CD66b have been characterized as >99% neutrophils via flow 

cytometry.237 Flow cytometric analysis of whole blood can also delineate 

neutrophil-containing granulocyte populations from monocytes, erythrocytes, and 

lymphocytes based on forward and side scatters (FSC, SSC) which roughly 

correspond to overall cell size and cellular complexity/granularity, 

respectively.234,235  

Upon stimulation, many surface markers are upregulated on the neutrophil 

plasma membrane. Increased abundance is largely due to granule mobilization 

and fusion with the plasma membrane to expose preformed membrane 

proteins.225 Markers found in different granule/vesicle subsets can indicate 

certain granule mobilization, for example CD63 and CD66b are markers of 

primary and secondary granule degranulation, respectively.212,225 In cases of 

prolonged neutrophil activation, such as in sepsis, markers which are otherwise 

absent (e.g. CD64) can be identified on the surface as biomarkers of exhaustive 
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stimulation.168 Other markers decrease in surface expression as neutrophils are 

stimulated. These include CD62L (L-selectin) and CD16 which are cleaved from 

the surface by proteases (e.g. ADAM17) which are released as neutrophils are 

primed/activated in a process termed ectodomain shedding.238-240 Other markers 

are endocytosed during neutrophil activation thereby decreasing their surface 

levels. This is particularly observed with chemokine receptors, such as the 

aforementioned C5aR1 and fPR, as a mechanism to prevent 

overstimulation.176,241  

Cytometric analysis of neutrophil morphology, surface markers, and 

transcriptional profiles show ontogenetic and functional diversity of these innate 

cell types. As neutrophils mature, they increase abundance of markers such as 

CD16 and CD35 while decreasing CD33. CD10 is a marker of mature, 

segmented neutrophils as opposed to the band cell precursors with less potent 

antimicrobial activity.242 Band cell release into circulation can be increased during 

infection and is used clinically as an indicator of inflammation. As neutrophils 

age, their function can also be modulated with senescent neutrophils (CXCR4+) 

showing a predisposition to NET release.242 Neutrophil heterogeneity has also 

been studied in the tumor microenvironment in which tumor associated 

neutrophils (TANs) can play either anti- or pro-tumor roles.232 However, the basis 

of neutrophil heterogeneity, functional impact, and surface markers of different 

subsets remain to be defined and represent an important avenue for future 

investigations.229-233,242,243  
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1.3.2.4 Gc subversion of neutrophil effector functions.  

Gc has evolved numerous mechanisms to combat and evade the 

antimicrobial effector functions of neutrophils. By subverting neutrophil-mediated 

killing, Gc gains access to otherwise inhospitable niches in its human 

host.12,146,228,244 

Gc infection includes both extracellular bacteria adhered to the apical 

surface of colonized epithelia and Gc located intracellularly within neutrophil 

phagosomes. Gc possesses multiple mechanisms to avoid 1) association with 

neutrophils, 2) subsequent internalization, and 3) killing once internalized. To 

avoid neutrophil binding and internalization, Gc can avoid opsonization by 

antibodies and/or complement through the mechanisms discussed above 

including phase variation and complement inhibition. Gc can also limit neutrophil 

phagocytosis by recruiting host C4BP and sialylating its LOS through 

complement-independent mechanisms.48,85 Gc has also been reported to bind 

the trailing uropod of neutrophils via Type IV Pili to avoid the phagocytic leading 

edge.245 A major mechanism of non-opsonic phagocytosis is though interactions 

of Gc Opa with neutrophil CCMs. Gc that express CCM-3 binding Opa more 

readily associate with and are internalized by PMNs. Conversely, Gc which lack 

Opa expression through phase variation or genetic deletion are less readily 

bound or internalized by neutrophils.38,39,48 Neutrophils that interact with Opa-

negative Gc also display lower levels of stimulation and granule fusion with the 

phagosome.49,246 Phagosome maturation is also suppressed by Gc 

phagocytosed in a ‘silent’ CR3-dependent manner.171  
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Unlike Opa-expressing Gc, Opa-negative Gc do not evoke an oxidative 

burst from neutrophils. The underlying mechanism for this suppression is 

currently unknown but the NADPH-Oxidase cytosolic subunits (p40, p47, p67) 

are not recruited to phagosomes containing Opa-negative Gc.247 Gc also 

produces ROS detoxifying enzymes including catalases, superoxide dismutases, 

and glutathione peroxidases as well as enzymes which repair damaged proteins 

and DNA.202,247,248 However, deletion of these factors singly or together does not 

produce survival disadvantages in Gc even when a robust oxidative burst is 

elicited, suggesting that ROS is dispensable for anti-gonococcal activity.146,247 

Non-oxidative antimicrobials are also evaded by Gc. As described 

previously, the outer membrane itself is a barrier to many antibacterial factors, 

and compounds that do penetrate this defense can be exported by efflux 

pumps.15,129,130,136,249 Other protective factors including lysozyme inhibitors have 

also been described.249-251 Gc has also evolved to overcome the nutrient 

limitations that neutrophils attempt to impose by transferrin, lactoferrin, 

calprotectin, etc. This is achieved through TonB-dependent transporters which 

pirate essential transition metals like iron and zinc from human metal-

sequestering proteins.143 It has also been proposed that lactate produced by 

neutrophils when stimulated can also be used as a carbon source by Gc.8,252,253 

Gc can overcome NET-mediated killing by producing a DNA-degrading 

nuclease.254  
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1.3.2.5 Experimental models of Gc-neutrophil interactions. 

Gc is an obligate human pathogen that has evolved to specifically exploit 

human factors for its survival and colonization.1,146 Gc fails to bind homologous 

factors from other species such as complement inhibitors, metal-sequestering 

proteins as nutrient sources, and Gc Opa bind cognate CCM receptors only on 

species closely related to humans.143,146,255,256 Therefore, infection in non-human 

in vivo models is difficult to achieve and does not fully recapitulate the hallmarks 

of human Gc infection. Moreover, studying human neutrophil biology and host-

pathogen interactions is challenging due to neutrophils being terminally 

differentiated, short-lived, genetically intractable, and readily stimulated during 

isolation procedures for in vitro/ex vivo experimentation.146,220,257,258 Multiple 

models of Gc-neutrophil interactions exist with caveats and nuances to 

interpretations, and efforts are underway to develop new models to address 

current shortcomings.  

 Non-human in vivo animal models of Gc infection are inherently limited yet 

provide valuable information on the concerted immune responses against Gc. 

Depending on the specific system, they also include factors such as hormones, 

mucus, and epithelia which greatly influence pathogenesis. Historically, 

chimpanzee infection models showed symptomatic colonization (Gc binds chimp 

Factor H, C4BP, and CCMs) but this model was discontinued due to cost, 

availability, and ethical concerns.259 Currently, in vivo murine models are the 

most commonly used animal systems to investigate Gc pathogenesis and 

interactions with neutrophils.260-262 In wild-type BALB/c mice, inoculated Gc can 
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colonize the lower genital tract during the short pro-estrus stage of the estrous 

cycle and exogenously dosed 17β-estradiol can increase colonization up to 9-12 

days. Antibiotics (streptomycin, vancomycin, trimethoprim) are also included in 

this model to control commensal microflora and enhance colonization.260,261 In 

this estradiol-treated murine model, neutrophils are recruited to the lower genital 

tract. Upper genital tract infection can be simulated by transcervical Gc 

inoculation, in which neutrophils can eventually be identified in the endometrial 

lumen.146,260 Interestingly, estradiol-treated C57BL/6 mice can also be colonized 

with Gc, but the innate immune response is not robustly elicited.263 It should be 

noted that estradiol itself is immunosuppressive and alters receptor and soluble 

factor levels. Transgenic murine models have also been used and are being 

advanced for Gc infection studies including mice with humanized transferrin, 

lactoferrin, calprotectin, Factor H, C4BP, and CCMs to supply host-specific 

factors exploited by Gc.146 

Murine and human neutrophils share many characteristics yet differ in key 

regards which influence studies on murine neutrophil-Gc interactions.146,167,213 

Perhaps most notably is that murine neutrophils lack the ITAM-containing CCM-3 

which is bound by some Gc Opa proteins and is required for the oxidative burst 

and primary granule exocytosis.38,49,146,213 Unlike in humans, murine neutrophils 

produce no FcαR or ITAM-containing Siglec-14, but do express stimulatory 

FcγRIII and FcγRIV and inhibitory FcγRIIb.167,213 Murine neutrophils are also 

released into systemic circulation comparatively earlier in their maturation 

process compared to human neutrophils (although many ex vivo murine studies 
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isolate bone marrow-derived neutrophils regardless of maturity).213,264 Murine 

neutrophils also produce NADPH-Oxidase activity and MPO levels roughly one 

quarter to half that of human neutrophils and fail to synthesize α-defensins, 

azurocidin, and bactericidal permeability-increasing protein found in human 

primary granules.146,213,265 The genetic tractability of murine neutrophils, those 

isolated from transgenic mice, and immortalized neutrophil-like human cell lines 

provides increased utility despite the caveats.266 

In vivo studies of human Gc infection and the roles of neutrophils come 

from natural infections and the controlled human infection model of male 

volunteers.146,267-269 Human infection studies suggest a selective pressure for Gc 

that bind CCM-1 over CCM-354 and show differences in males and females.268 

The controlled human infection model allows for inoculation of characterized 

strains for analysis of phase variation, gene products essential for infection, and 

both soluble and cellular immune responses. The controlled model has also been 

used to explore candidate vaccines.270,271 This model is limited to only 5 days 

post inoculation or at first sign of symptoms and, due to potential sequelae, male 

volunteers only.267 Tissue explant models of ex vivo cervixes and fallopian tubes 

have also been utilized to examine a variety of cell types in their native 

architecture.272,273 These models, however, lack tissue resident or recruited 

immune cells.  

With the above considerations and limitations in mind, in vitro studies of 

purified primary human neutrophils from the circulation are frequently 

interrogated for their anti-gonococcal activity. Studies of isolated neutrophils and 
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Gc alone have yielded many of the important findings discussed above.43,274-276 

However, unless specifically included for investigations, these in vitro assays 

often omit key elements of the infectious milieu. These can include serum 

components, sources of sialic acid, hormones, and a variety of endo/epithelial 

cell types and underlying stroma on which Gc adhere and through which 

neutrophils must transmigrate. Therefore, efforts to more closely model native 

infections in vitro are being pursued. For example, this work makes extensive 

use of a primary human neutrophil infection model in which neutrophils are pre-

treated with IL-8 and adhered so as to mimic a primed, post-recruitment state 

that would be observed at infected mucosa.43 

Building toward this end, biomimetic models have garnered greater 

interest among the Gc scientific community and in the fields of other STIs and/or 

obligate human pathogens such as N. meningitidis. These models seek to 

recapitulate native infections by incorporating additional cell types (including 

immune cells) from either primary or immortalized sources in 3-dimensional 

architectures with fluid flow, ECM, mucus, microbiota, etc.146,273,277,278 No model 

will fully represent what occurs during a natural in vivo infection and different 

components are incorporated depending on the specific processes being 

investigated. Chapter 4 of this work discusses a tripartite Gc-neutrophil-

endocervical Transwell system which was used to investigate neutrophil 

transmigration and its impacts on anti-gonococcal activity.216 
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1.4      Gonococcal Vaccines 

1.4.1 Gc evasion of adaptive immunity. 

Gc is adept at suppressing the adaptive immune arm in addition to 

evading the innate system. As mentioned above, Gc can avoid recognition by 

antibodies directed against specific epitopes through phase and antigenic 

variation of surface components, sialylation of LOS epitopes, as well as shedding 

OMV ‘decoys’. Gc also produces an IgA1 protease which has been proposed to 

cleave mucosal IgA1 antibodies as an avoidance mechanism. However, this 

function has been questioned as this exoenzyme cleaves non-specific substrates 

including LAMP1, TNF Receptor II, human chorionic gonadotropin, etc., making 

its role in pathogenesis less certain.279-282  

Gc interaction with antigen presenting cells such as monocytes and 

dendritic cells can induce NLRP3 inflammasome and cathepsin B-mediated 

pyronecroptosis, increased PDL-1 and PDL-2 expression to induce apoptosis of 

PD1-expressing cells (e.g. CD4+ T cells), and prevent dendritic cell stimulation of 

CD4+ T cells.30,283 Direct interaction of Gc with lymphocytes via Opa and ITIM-

containing CCM-1 results in reduced T cell Receptor signaling, T and B cell 

proliferation, and antibody production in addition to inducing B cell 

death.25,27,284,285  

Gc induces cytokine secretion which skews the immune response away 

from a protective Th1 to an ineffectual Th17 programme. Gc-elicited TGF-β and 

IL-10 directly inhibit Th1 cells and indirectly by promoting Treg differentiation and 

functions.284 IL-6 production during Gc infection further skews toward a Th17-
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predominant response.286 Exogenous introduction of microencapsulated IL-12 

has been shown to be protective against Gc in the murine vaginal colonization 

model by overcoming Th17 skewing through promotion of a Th1 programme.287  

1.4.2 History of gonococcal vaccine efforts. 

As a result of Gc suppression of adaptive immunity, and the diversity of 

epitopes which can be expressed or silenced by the bacteria, long-lived immunity 

is not elicited against natural or experimental infections.262,288,289 Prior clinical 

trials have been conducted with heat-killed whole gonococci as an immunization 

in the early 1970’s which resulted in no greater protection compared to 

controls.271 Candidate vaccines with purified pilin subunits have showed 

protection only against Gc expressing homologous pilin antigens but no 

protection against different pilin subunits in controlled human infection models 

(1980’s) or natural infection (1990’s).271,289 Vaccine candidates prepared from Gc 

outer membrane fractions likewise showed no protection over placebo. Data 

suggest that the lack of protection may be in part due to blocking antibodies 

elicited by outer membrane Rmp, an important consideration for future vaccine 

development.69 In recent years, exciting data has emerged showing cross-

protection of OMV-based serogroup B meningococcal vaccines against Gc. 

However, the mechanisms underlying this protection are as of yet unclear.  

1.4.3 Reactivity and protection of meningococcal vaccines against Gc. 

Seminal studies out of New Zealand showed that gonorrhea incidence 

significantly declined in regions which had undergone active vaccination efforts 

against a serogroup B meningococcal outbreak (vaccine efficacy of 
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approximately 31%).290 Comparatively, chlamydia cases showed no such trend, 

suggesting specific cross-reactivity of meningococcal vaccine-elicited immunity 

against Gc. The vaccine investigated in this retrospective study, MeNZB, was 

based on OMVs derived from the outbreak-specific serogroup B N. meningitidis. 

Efforts across the globe with other OMV-based vaccines have shown similar 

results with an estimated 30-40% efficacy of these vaccines against gonorrhea 

over the timespan examined.291,292  

The most thoroughly investigated vaccine now is the 4-component 

meningococcal serogroup B OMV vaccine 4CMenB (trade name Bexsero) 

produced commercially by GSK (formerly GlaxoSmithKline). This vaccine 

contains the MeNZB OMVs as well as 3 other recombinant antigens. The 

recombinant additives are surface expressed in N. meningitidis and include 

NadA, Factor H binding protein (fHbp), and Neisseria Heparin Binding Antigen 

(NHBA). NHBA and fHbp are also fused to other immunogenic meningococcal 

proteins, GNA1030 and GNA2091, respectively.292 Gc expresses surface-

exposed NHBA and outer membrane proteins with appreciable homology to 

those found in the meningococcal OMVs (Porin, Opa, PilQ, BamA, MtrE).292,293 

However, Gc-expressed fHbp is not surface exposed and Gc does not express a 

NadA homolog. Immunization with 4CMenB elicits Gc-binding antibodies in mice 

and humans that result in complement-mediated bactericidal activity and 

opsonophagocytic killing with neutrophils as well as reduces Gc colonization in 

the murine genital tract.177,293,294 However, the contribution of these vaccine-

elicited antibodies to Gc control in vivo is not fully understood and correlates of 
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protection for candidate gonorrhea vaccines have not yet been established.177,180 

Discussion of findings related to complement-mediated activities of vaccine-

elicited antibodies can be found in Chapter 5.  
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Figure 10. Constituents of 4-component meningococcal serogroup B 
vaccines 

4-component vaccines against meningococcal disease caused by serogroup B 

N. meningitidis (e.g. 4CMenB, Bexsero) include recombinant meningococcal 1) 

NadA, 2) Factor H Binding Protein (fHbp), and 3) Neisseria Heparin Binding 

Antigen (NHBA), as well as 4) isolated outer membrane vesicles (OMVs). NHBA 

and fHBP are each fused to another immunogenic meningococcal protein. Gc 

lacks a NadA homolog and does not express a surface-exposed fHbp homolog. 

Gc has been shown to express NHBA on its surface. OMVs contain a variety of 

antigens with appreciable homology to those found in Gc.   
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1.5  Dissertation goals 

The work presented here was initiated by a desire to better understand the 

many fascinating and incompletely understood effectors of the innate immune 

system with which Gc must contend. Complement, especially terminal 

complement, has an intimate association with the pathogenic Neisseria although 

how the MAC exerts its effects is not fully understood. Recent publications 

showing the potential for MAC-mediated enhancement of antimicrobial therapy 

against Gram-negatives inspired deeper investigation into the increasingly 

antibiotic-resistant gonococcus (Chapter 2). We sought to expand upon prior 

findings by more thoroughly characterizing the array of potentiated 

antimicrobials, their sites of action, as well as the role of C9 in this process.  

Prior to focusing in on complement-related projects, early efforts to 

interrogate neutrophil-Gc-epithelial interactions in a Transwell system with 

transepithelial migration yielded intriguing results (Chapter 4). Neutrophil 

heterogeneity appreciated in this system sparked ambitions to design a spectral 

flow cytometry panel to characterize primary human neutrophil activation states 

and surface expression for phagocytic receptors, degranulation, migration, and 

chemotaxis (Chapter 3). We desired to establish a panel which was adaptable to 

many applications in neutrophil biology. 

 We are hopeful that results from these efforts advance the fields of 

Neisseria complement, and neutrophil biology with implications for therapeutic 

and vaccine development.   
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2 Terminal complement complexes with or without C9 potentiate 

antimicrobial activity against Neisseria gonorrhoeae 

This chapter is a modified version of the previously published article: Lamb 

EL, and Criss AK. Terminal complement complexes with or without C9 potentiate 

antimicrobial activity against N. gonorrhoeae. (2025). mBio. 

 

Contributors:  

Evan Lamb – Conceptualization, Methodology, Analysis, Investigation, 

Authorship, Validation, Visualization, Funding Acquisition. 

Alison Criss – Conceptualization, Methodology, Analysis, Authorship, Funding 

Acquisition, Project Administration. 
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2.1     Introduction 

 The complement system is a predominant arm of innate immunity that is a 

front-line defense for combating pathogens.21,137-142 Complement components 

are abundant in serum and found at most tissues and mucosal 

surfaces.2,149,150,295 Complement activation is robustly initiated by IgG and IgM 

binding, and the resulting catalytic cascade promotes effector functions including 

leukocyte activation and opsonophagocytosis of C3b-labeled targets by 

phagocytes.2,21,142,296 Complement directly kills pathogens by forming membrane 

attack complex (MAC) pores in target membranes.21,185,192,195 

 The MAC is generated by progressive membrane insertion of the terminal 

complement components C5b through C8 and subsequent polymerization of C9, 

resulting in 10-11nm pores.161,185,192,297 The 5nm C9 transmembrane domains are 

not predicted to span beyond the Gram-negative outer membrane to targets 

deeper in the bacterial cell.161,192 However, in Escherichia coli, outer membrane 

disruption alone is insufficient to drive bacterial death by the MAC, whereas inner 

membrane disruption is essential.161,182,183,193 Therefore, foundational biologic 

questions remain as to how the MAC promotes bactericidal activity. Furthermore, 

C5b-C8 complexes, without poly-C9, can themselves cluster in membranes, 

forming smaller pores (~2-4nm) that lyse liposomes and erythrocytes, and kill 

nucleated cells. Effects and mechanisms of C5b-C8 complexes on Gram-

negative bacteria remain to be fully investigated.154,187-191 

 Deficiencies in the complement system result in increased susceptibility to 

certain infections.21,137 In particular, deficiencies in C5 through C9 result in a 
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1,000- to 10,000-fold increased risk for invasive meningococcal disease by 

Neisseria meningitidis and >300-fold increased susceptibility to local and 

disseminated infection by N. gonorrhoeae.21,206 In turn, pathogenic Neisseria 

attempt to evade complement-mediated killing by hijacking host-derived 

complement inhibitors C4b-binding protein, factor H, sialic acid, and vitronectin, 

evading antibody recognition by phase and antigenic variation, and 

meningococcal capsule production.21,35,52,204,298-303 

 N. gonorrhoeae (the gonococcus, Gc) causes an estimated 82-100 million 

cases of gonorrhea annually worldwide.3,6,304 Gonorrhea is an urgent public 

health threat due to rapidly rising case numbers along with increasing antibiotic 

resistance.6,101,102,305,306 Gc infection is characterized by mucosal inflammation, 

resulting in an influx of neutrophils and serum transudate.1 If left untreated, or if 

treatment is ineffective due to antibiotic resistance, collateral tissue damage can 

cause serious sequelae including pelvic inflammatory disease, ectopic 

pregnancy, endocarditis, and infertility.1,21  

 Gonococci have been isolated that are resistant to all classes of antibiotics 

that have been used for treatment, including macrolides, fluoroquinolones, 

tetracyclines, and beta-lactams. Extensively-drug resistant Gc with lowered 

susceptibility to extended spectrum cephalosporins are circulating 

worldwide.101,102,306 Resistance is conferred by mutation of the antibiotic’s target, 

reduced uptake via mutations in the outer membrane porin, and increased efflux 

pump production.15,110,111,133 As in other Gram-negatives, the outer membrane is 

a barrier preventing access to deeper sites in the bacterial cell.110,131,250,307,308 
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MAC-mediated disruption of the outer membrane can enhance 

bactericidal activity of antimicrobials against Gram-negative bacteria.196,309,310 In 

this model of MAC-mediated potentiation, antimicrobials that are excluded by the 

outer membrane gain access to the inside of the bacterial cell by traversing 

through the MAC pore, similar to pharmacologic strategies of enhancing 

antibiotic activity by combining them with membrane-disrupting compounds.311-313 

However, it is unclear whether MAC-mediated potentiation is conferred by 

antimicrobial transit through channels formed by the MAC pore or by generalized 

membrane perturbation.314 The ability of C5b-C8 complexes to potentiate 

antimicrobials has also not been tested.  

 Given these observations and the importance of complement to control 

Neisseria, we investigated how sublethal MAC deposition affected Gc 

susceptibility to curated antimicrobials. We demonstrate that MAC damages both 

the gonococcal outer and inner membranes and enhances antibiotic activity at 

each layer of the Gram-negative cell. Moreover, the MAC re-sensitizes a 

multidrug-resistant Gc strain to clinically relevant antibiotics. C9-deficient serum 

promotes membrane damage and anti-gonococcal activity of antibiotics but does 

not potentiate the activity of host-derived lysozyme, implicating C5b-C8 in 

forming size-restricted pores in Gc. Our results reveal differences in how terminal 

complement restricts Gc compared with other Gram-negative bacteria and help 

explain how terminal complement deficiencies uniquely sensitize individuals to 

Neisseria, suggesting novel host-targeting therapeutic approaches to help 

combat drug-resistant gonorrhea. 
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2.2     Results 

2.2.1 Human serum kills Gc via terminal complement component 

deposition. 

A serum bactericidal assay (SBA) was adapted to interrogate MAC 

disruption and antimicrobial potentiation of Gc.177 Gc was incubated with anti-

lipooligosaccharide IgM, followed by addition of Ig-depleted pooled human serum 

as complement source; serum can contain antibodies that cross-react with Gc 

antigens, even in individuals with no prior Gc exposure.147 Titrating both serum 

and IgM concentrations resulted in significant, reproducible concentration-

dependent Gc killing (Fig. 11A,B). 410ng/mL anti-Gc IgM and 2-3% serum 

yielded non-significant yet detectable killing (sublethal). Serum that was heat-

inactivated (HI) or treated with the C5-specific inhibitor OMCI (Ornithodoros 

moubata complement inhibitor) fully lost bactericidal activity (Fig. 11A-C).181,310,315 

By imaging flow cytometry, C3b, C7, and C9 were on the surface of Gc incubated 

with IgM and active, but not HI serum (Fig. 11D-G). We conclude that Gc is 

susceptible to classical complement-mediated killing via the MAC in a serum- 

and antibody-concentration dependent manner.179 
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Figure 11. IgG/M-depleted human serum exhibits MAC-mediated 
bactericidal activity against Gc 

(A) FA1090 Gc was pre-incubated with increasing concentrations of anti-Gc IgM 

6B4, followed by incubation with active or heat-inactivated (HI) IgG/M-depleted 

human serum at 1, 2, or 5% final concentration. (B) FA1090 Gc was pre-

incubated without antibody or with 410ng/mL anti-Gc IgM, then challenged with 

increasing concentrations of IgG/M-depleted human serum. (C) FA1090 Gc was 

incubated with 410ng/mL anti-Gc IgM and indicated serum concentrations with 

20μg/mL of the C5 inhibitor OMCI or vehicle. In (A-C), CFU were enumerated 

from serial dilutions. (D-G) H041 Gc was treated with IgM for 30 min, then 

incubated with 2% (D) or 50% (E,F) IgG/M-depleted serum for 2hr, followed by 

staining and imaging flow cytometry for C3 (D), C7 (E), or C9 (F). Data are 

presented as Fluorescence Index (median fluorescence intensity * percent 

positive). (G), Representative micrographs from imaging flow cytometry of C3b, 

C7, and C9 binding to individual Gc. The scale bar is in the lower lefthand corner. 

The upper lefthand number indicates the event number of single, focused Gc out 

of 10,000 total events. BF = brightfield, TIV = Tag-it Violet counterstain. Error 

bars are standard error of the mean. Significance was determined by 1-way 

ANOVA with Tukey’s multiple comparisons on Log10-transformed data versus 

0ng/mL IgM in HI serum at indicated serum percentages (A), vs. 10% HI serum 

without IgM (B), or as indicated by comparison bars (C-F). **=p<0.01, 

***=p<0.001, ****=p<0.0001.  
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2.2.2 The MAC disrupts both the gonococcal outer and inner membranes. 

 The SBA conditions above were used to assess complement disruption of 

Gc outer and inner membranes. 1-N-phenylnapthylamine (NPN) fluoresces only 

upon integration into the inner membrane, following outer membrane 

disruption.313,316 NPN fluorescence was significantly increased in Gc in an active 

complement-dependent manner (Fig. 12A). Sytox Green fluoresces upon DNA 

intercalation, after disruption of both outer and inner membranes.161,310 Gc 

incubated with active serum, but not HI serum or buffer, showed increased Sytox 

fluorescence over 2hr (Fig. 12B). Endpoint Sytox Green fluorescence and area 

under the curve (AUC) were significantly increased in Gc exposed to active 

serum (Fig. 12C). We conclude that active complement damages both 

gonococcal outer and inner membranes. 
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Figure 12. The MAC disrupts the gonococcal outer and inner membranes 

(A-B) Gc was pre-incubated with anti-Gc IgM followed by incubation with active 

serum, heat-inactivated (HI) serum, or buffer and assessed for NPN (A) or Sytox 

Green fluorescence (B). NPN experiments used 1-81-S2/S-23; Sytox 

experiments, strain H041. (C) Sytox Green data from (B) displayed as 

fluorescence value at the end of the 2-hour incubation and calculated area under 

the curve (AUC) over 2 hours. Error bars are standard error of the mean. 

Significance was determined by 1-way ANOVA with Tukey’s multiple 

comparisons. *=p<0.05. 
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2.2.3 The MAC potentiates antimicrobial activity of classically Gram-

positive antibiotics. 

 To ascertain if the MAC can enhance antimicrobial activity, we developed 

a modified SBA in which IgM- and serum-opsonized Gc was subsequently 

challenged with antibiotics or host-derived antimicrobials. As proof of concept, we 

assessed how MAC deposition affected the susceptibility of Gc to antibiotics that 

are not generally effective against Gram-negative bacteria due to poor 

penetration of the outer membrane coupled with active efflux: vancomycin, nisin, 

and linezolid.196,311,317 

Vancomycin targets D-Ala-D-Ala linkages of peptidoglycan. Treating 

FA1090 Gc with 3μg/mL vancomycin and 2% active serum reduced viability by 

5,327-fold. In comparison, the viability of Gc exposed to 2% active serum alone 

reduced by 3.7-fold; when exposed to the same concentrations of vancomycin 

and HI serum, viability reduced 304-fold (Fig. 13A). The statistically significant, 

greater-than-additive effect of active serum and antibiotic was calculated as a 

potentiation index, defined as the ratio of antibiotic killing in the presence of 

active serum versus HI serum (see Methods). A potentiation index >1.0 indicates 

a greater-than-additive effect from combining antibiotic and active serum. The 

calculated potentiation index of 3μg/mL vancomycin in 2% serum was 4.7 (Fig. 

13A, Table 1). Incubation with OMCI abrogated vancomycin potentiation  

(potentiation index of 0.83) and was no different from incubation with HI serum, 

showing potentiation of vancomycin was dependent on terminal complement 

(Fig. 13A, Table 1). Potentiation was measured over active serum and 
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vancomycin concentrations in 2-way titration experiments (Fig. 13B). Active 

serum also potentiated vancomycin’s activity against the unrelated Gc strain 

MS11 (Figure 14, Table 1).  

Given that complement causes Gc inner membrane damage (Fig. 12B,C), 

we next tested classically-Gram-positive antibiotics that target either lipid II in the 

inner membrane (nisin) or ribosomes in the cytoplasm (linezolid). In HI serum, 

nisin and linezolid had minimal effect on Gc viability at 100 and 50 μg/mL, 

respectively (Fig. 13C,D). The anti-gonococcal activities of nisin and linezolid 

were significantly increased with active serum (Fig. 13C,D) and reduced to HI 

serum levels when OMCI was added, indicating MAC dependence (Fig. 13C). 

Potentiation indexes for nisin and linezolid were 3.7 and 8.6, respectively (Table 

1).  

Vancomycin potentiation was independently measured using overnight 

broth microdilution assays for MIC determination. Addition of 2.5% active serum 

reduced the MIC from 5-10μg/mL to 0.078-0.123μg/mL, a 40- to 128-fold 

decrease (Fig. 13E). MIC broth microdilution experiments similarly demonstrated 

that active serum potentiated nisin activity (Fig. 15). Taken together, these data 

show that the MAC potentiates the activity of antibiotics that otherwise have 

limited activity against Gc. The use of three antibiotics with different targets and 

mechanisms of action emphasizes that the MAC can enable antibiotic access to 

all topological layers of the Gc cell. 
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Figure 13. The MAC potentiates antimicrobial activity of classically Gram-
positive antibiotics that act at all layers of the gonococcal cell. 

(A-D) FA1090 Gc was preincubated with anti-Gc IgM followed by incubation with 

2% (A,C), 3% (D), or indicated concentration (B) of IgG/M-depleted human 

serum with or without heat inactivation (HI). Gc was then incubated with the 

indicated antibiotic, and CFU were enumerated. Where indicated, serum was first 

incubated with the C5 inhibitor OMCI (20µg/mL) or vehicle. Error bars are 

standard error of the mean. Significance was determined by 1-way ANOVA with 

Tukey’s multiple comparisons on Log10-transformed data. *=p<0.05, **=p<0.01, 

***=p<0.001, ****=p<0.0001. Dotted line represents minimum reportable CFUs. 

(E) FA19 Gc assayed via 16-hour minimum inhibitory concentration (MIC) broth 

microdilution assay over a range of vancomycin concentrations in GCBL alone or 

supplemented with 2.5% IgG/M-depleted human serum.  
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Figure 14. Vancomycin activity is potentiated in the MS11 strain of Gc. 

MS11 Gc preincubated with anti-gonococcal IgM followed by incubation with 2% 

IgG/M-depleted human serum with or without heat-inactivation (HI), and 

subsequent incubation with vancomycin or vehicle for CFU enumeration. Error 

bars are standard error of the mean. Significance was determined by 1-way 

ANOVA with Tukey’s multiple comparisons on Log10-transformed data. *=p<0.05, 

****=p<0.0001. Dotted line represents minimum reportable CFUs.  
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Figure 15. Minimum inhibitory concentrations of nisin and ceftriaxone are 
decreased by serum across multiple Gc strains. 

Additional Gc strains were assayed via broth microdilution assays over a range 

of nisin or ceftriaxone concentrations in media alone or supplemented with 2.5% 

IgG/M-depleted human serum as above.  
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Table 1. Potentiation indexes 

OMCI = C5 inhibitor, 20µg/mL.  

Table 1: Potentiation Indexes

Vancomycin (3) 2 4.7 0.83 FA1090

Nisin (100) 2 3.7 0.33 FA1090

Linezolid (50) 3 8.6 - FA1090

Vancomycin (4) 2 3.6 - MS11

Azithromycin (4) 2 174.5 0.90 H041

Ceftriaxone (4) 2 12.5 0.68 H041

Zoliflodacin (0.125) 2 9.7 - H041

Doxycycline (4) 2 99.8 - H041

Gentamicin (10) 2 4.8 - H041

Lysozyme (1,000) 2 3.8 1.0 FA1090

% C9-reconst Serum

Azithromycin (4) 1 535.1 - H041

Lysozyme (1,000) 1 9.3 - H041

Ceftriaxone (4) 1 9.3 - H041

Nisin (100) 1 8.7 - H041

% C9-depl Serum

Azithromycin (4) 1 120.7 - H041

Lysozyme (1,000) 1 0.95 - H041

Ceftriaxone (4) 1 8.0 - H041

Nisin (100) 1 1.9 - H041

Antimicrobial (μg/mL) % IgG/M-depl Serum Potentiation Index Potentiation Index with OMCI Gc Strain
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2.2.4 The MAC enhances frontline and novel antibiotic activity against 

multidrug-resistant Gc. 

 Frontline antibiotic regimens for gonorrhea are ceftriaxone alone or with 

azithromycin, depending on local recommendations, yet resistance to these and 

other antibiotics is increasing.102 We determined if MAC-mediated potentiation 

can restore sensitivity of multidrug-resistant Gc to antibiotics using strain H041, 

the first isolate reported with elevated ceftriaxone resistance. H041 displays 

decreased susceptibility to other antibiotics, including azithromycin.110,318 H041 

Gc exposed to 2% active serum and 4μg/mL azithromycin had a 1,295-fold 

decrease in viability (Fig. 16A). This was a statistically significant enhancement 

over the effect of azithromycin alone (2% HI serum, 7.4-fold viability decrease) or 

when OMCI was added (Fig. 16A), resulting in a potentiation index of 174.5 

(Table 1). By two-way titration, potentiation occurred over a range of 

azithromycin and serum concentrations (Fig. 16B). Ceftriaxone at 4μg/mL was 

significantly more potent at Gc killing in 2% active serum compared to HI serum, 

with a potentiation index of 12.5; potentiation was abrogated with OMCI (Fig. 

16C).  

By broth microdilution, the average MIC for azithromycin dropped in the 

presence of 2.5% active serum by 22-fold (0.0078-0.016μg/mL without serum vs. 

0.0002-0.0078μg/mL with serum) (Fig. 16D). Adding serum decreased the 

ceftriaxone MIC by 125-250-fold, from 1μg/mL to 0.004-0.008μg/mL, which is 

below the 0.25μg/mL susceptibility breakpoint for Gc (Fig. 16E).319 Serum also 

potentiated ceftriaxone against multiple Gc strains (Fig. 15). We conclude that 
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MAC deposition renders Gc more sensitive to clinically relevant antibiotics, 

reducing MICs below breakpoints for drug-resistant strains.107,319 

The first-in-class antibiotic zoliflodacin, a DNA topoisomerase inhibitor, is 

a promising new therapeutic for gonorrhea (ClinicalTrials.gov ID 

NCT03959527).320 2% active serum significantly enhanced the activity of 

0.125μg/mL zoliflodacin against H041 Gc, with a potentiation index of 9.7 (Fig. 

17A, Table 1). Serum also potentiated the activity of doxycycline, currently 

recommended for post-exposure prophylaxis by the CDC despite a high 

frequency of circulating resistance in Gc99,321,322, and gentamicin, currently 

recommended for uncomplicated urogenital infection with ceftriaxone-resistant 

Gc or in patients with cephalosporin sensitivity.87,323,324 For H041 Gc with 2% 

active serum compared with HI serum, 4μg/mL doxycycline reduced bacterial 

viability 317-fold with a potentiation index of 99.8, and 10μg/mL gentamicin 

reduced viability 1,656-fold with a potentiation index of 4.8 (Fig. 17B,C; Table 1). 

Thus, new antibiotics and antibiotic treatment regimen for gonorrhea can be 

potentiated with human serum.  
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Figure 16. MAC-dependent increase in sensitivity and susceptibility of 
multidrug-resistant Gc to front-line antibiotics 

(A-C) H041 Gc was pre-incubated with anti-Gc IgM followed by incubation with 

2% (A,C) or indicated concentration (B) of IgG/M-depleted human serum, with or 

without heat-inactivation (HI). Gc was then incubated with the indicated antibiotic, 

and CFU were enumerated. Where indicated, serum was first incubated with the 

C5 inhibitor OMCI (20µg/mL) or vehicle. Error bars are standard error of the 

mean. Significance was determined by 1-way ANOVA with Tukey’s multiple 

comparisons on Log10-transformed data. **=p<0.01, ****=p<0.0001. Dotted line 

represents minimum reportable CFUs. (D,E) FA19 Gc (D) or H041 Gc (E) were 

assayed over a range of azithromycin or ceftriaxone concentrations in GCBL 

alone or supplemented with 2.5% IgG/M-depleted human serum.   
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Figure 17. The MAC enhances anti-gonococcal activity of new antibiotic 
regimens  

H041 Gc was pre-incubated with anti-Gc IgM followed by incubation with 2% 

IgG/M-depleted human serum with or without heat-inactivation (HI). Gc was then 

incubated with zoliflodacin (A), doxycycline (B), or gentamicin (C), followed by 

CFU enumeration. Error bars are standard error of the mean. Significance was 

determined by 1-way ANOVA with Tukey’s multiple comparisons on Log10-

transformed data. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. Dotted line 

represents minimum reportable CFUs.  
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2.2.5 C5b-C8 complement complexes promote measurable bactericidal 

activity and damage the gonococcal outer and inner membranes. 

C5b-C8 complexes have been reported to form ~2-4nm diameter pores in 

liposomes and eukaryotic membranes.154,189,324 Without C9, these smaller 

complexes are expected to interact differently with target membranes due to 

fewer transmembrane domains and their smaller size.154,161,183 In E. coli, serum 

depleted of C9 results in diminished outer membrane damage and little to no 

measurable bactericidal activity or inner membrane damage, compared to C9-

replete serum.183,188 In contrast, the viability of H041 Gc exposed to anti-

lipooligosaccharide IgM and 25% C9-depleted active serum was decreased by 

1.2 logs; the effect was lost when this serum was heat inactivated (Fig. 18A). 

Although serum reconstitution with C9 to native  levels (60μg/mL) further 

enhanced bactericidal activity (4.1 log decrease in viability; Fig. 18A)190, these 

results demonstrate that serum without C9 retains direct anti-gonococcal activity.  

To uncover how C5b-C8 complexes affect Gc outer and inner 

membranes, we measured NPN and Sytox Green fluorescence, respectively, as 

in Figure 2.161,310,313,316 IgM-bound Gc incubated with 50% C9-depleted or C9-

reconstituted serum were indistinguishable in NPN fluorescence, and both were 

significantly greater than Gc in HI serum or buffer (Fig. 18B). Sytox Green 

fluorescence increased over 2 hours following incubation with 2% C9-depleted or 

C9-reconstituted serum (Fig. 18C). Endpoint Sytox Green fluorescence was not 

significant between C9-depleted and C9-reconstituted sera. However, there was 

a significant increase in Sytox Green AUC for Gc incubated with C9-reconstituted 
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serum compared to C9-depleted serum (Fig. 18C,D). Endpoint and AUC 

intensities were significantly lower for Gc incubated in buffer or with HI C9-

reconstituted serum compared to active C9-depleted or C9-reconstituted serum 

(Fig. 18D).  

Using imaging flow cytometry on single bacteria177, we confirmed that Gc 

exposed to C9-depleted and C9-reconstituted serum had equivalent amounts of 

C3b and C7 on their surface, and both were significantly greater than buffer or HI 

serum controls (Fig. 19). As expected, the C9 signal on Gc exposed to active C9-

reconstituted serum was significantly higher than bacteria exposed to C9-

depleted serum, HI C9-reconstituted serum, or buffer, all of which were at 

background levels (Fig. 19). Thus C9-depleted serum is equivalent to C9-

reconstituted serum for deposition of early (C3b) and precursor terminal (C7) 

complement components, and reconstitution with purified C9 allows C9 

deposition into the Gc outer membrane. 

Taken together, these results indicate that C5b-C8 complement 

complexes are sufficient to disrupt the gonococcal cell envelope and promote 

bactericidal activity, but C9 incorporation enhances inner membrane disruption 

and consequent Gc killing. 
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Figure 18. Complement C5b-C8 complexes promote measurable anti-
gonococcal activity and damage the Gc outer and inner membranes 

(A) H041 Gc was preincubated with anti-Gc IgM, followed by incubation with the 

indicated concentration of C9-depleted or C9-reconstituted serum with or without 

heat-inactivation (HI), and CFU were enumerated. Dotted line represents 

minimum reportable CFUs. (B,C) Gc was pre-incubated with IgM followed by 

incubation with buffer, C9-depleted human serum, or C9-reconstituted human 

serum with or without heat-inactivation. NPN (B) or Sytox Green (C) fluorescence 

was measured as in Figure 12. NPN experiments used 1-81-S2/S-23 Gc, while 

Sytox experiments used H041. (D) Sytox green data from (C), displayed as 

fluorescence value at the end of the 2-hour incubation and as area under the 

curve (AUC) over the time course. Error bars are the standard error of the mean. 

Significance was determined by 1-way ANOVA with Tukey’s multiple 

comparisons on Log10-transformed data (A,D) or as 1-way ANOVA with Tukey’s 

multiple comparisons (B). *=p<0.05, **=p<0.01, ****=p<0.0001, ns = not 

significant.  
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Figure 19. C9-depleted and C9-reconstituted sera produce similar terminal 
complement deposition 

H041 Gc was treated with IgM for 30min, then incubated with 2% (for C3b) or 

50% (for C7 and C9) IgG/M-depleted human serum for 2hr. Imaging flow 

cytometry for the indicated complement component was conducted as above. 

Data are presented as Fluorescence Index (median fluorescence intensity * 

percent positive). Error bars are the standard error of the mean. Significance was 

determined by 1-way ANOVA with Tukey’s multiple comparisons on Log10-

transformed data. *=p<0.05, **=p<0.01, ns = not significant.  
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2.2.6 Complement C5b-C8 complexes and full C5b-C9 MACs differentially 

potentiate antimicrobial activities. 

 Given that C5b-C8 and C5b-C9 complexes both displayed anti-

gonococcal activity, we evaluated how the presence or absence of C9 

potentiated the activity of antimicrobials. Using the SBA protocol from Figure 4, 

H041 Gc was challenged with 1% C9-reconstituted or C9-depleted active serum 

or HI serum controls, followed by 4μg/mL azithromycin or vehicle. Azithromycin is 

a 749Da antibiotic with an estimated diameter of <2nm.325 Both C9-depleted and 

C9-reconstituted sera potentiated azithromycin activity against H041 Gc, with 

potentiation indexes of 535.1 and 120.7, respectively (Fig. 20A, Table 1). C9-

depleted and -reconstituted sera also potentiated the <2nm antibiotic ceftriaxone 

(potentiation indexes 8.0 and 9.3, respectively) (Fig 20B, Table 1). 

The peptidoglycan-degrading enzyme lysozyme has potent activity against 

Gram-positive bacteria with exposed cell walls, but low activity against Gram-

negatives due to the outer membrane barrier.192,194,196,228,250,307 Human lysozyme 

has a molecular weight of 14,300Da and a maximum diameter of ~9nm by X-ray 

crystallography.326,327 2% active serum natively containing C9 enhanced the 

activity of 1000μg/mL lysozyme against FA1090 Gc with a potentiation index of 

3.8; OMCI treatment abrogated the potentiation, indicating MAC dependence 

(Fig. 20C, Table 1). H041 Gc was resistant to killing by 1000μg/mL lysozyme 

when HI serum was used (Fig. 20D). Adding 1% C9-reconstituted human serum 

reduced Gc viability 29.7-fold, with a potentiation index of 9.3 (Fig. 20D, Table 1). 

In contrast, C9-depleted serum showed no potentiation of lysozyme (index of 
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0.95) (Fig. 20D, Table 1). Similarly, nisin (~6.7nm) was potentiated by C9-

reconstituted but not C9-depleted serum (Fig. 20E, Table 1). We conclude that 

C5b-C8 and C5b-C9 complement complexes can permit small molecules, 

including some antibiotics, to bypass the Gc outer membrane, but larger 

molecules or antimicrobial enzymes require full C9-containing MAC pores for 

intracellular access. 
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Figure 20. Complement C5b-C8 complexes and full C5b-C9 MAC 
differentially potentiate the activities of antimicrobials against Gc 

H041 (A,C) or FA1090 (B) Gc was preincubated with anti-Gc IgM followed by 

incubation with 1% (A,C) or 2% (B) C9-depleted or C9-reconstituted human 

serum with or without heat-inactivation (HI). Gc was then incubated with 

azithromycin (A) or human lysozyme (B,C) and then plated for CFU enumeration. 

Where indicated serum was first incubated with the C5 inhibitor OMCI (20µg/mL) 

or vehicle. Error bars are standard error of the mean. Significance was 

determined by 1-way ANOVA with Tukey’s multiple comparisons on Log10-

transformed data. ***=p<0.001, ****=p<0.0001. Dotted line represents minimum 

reportable CFU.  
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2.3     Chapter Discussion 

Deficiencies in terminal complement components which comprise the 

MAC are highly predisposing to serious infections by Gc and N. meningitidis.21,206 

The capacity for MAC to damage Neisserial membranes and enhance 

antimicrobial activity represents a promising avenue for combating these 

pathogens. Here, using laboratory and multidrug-resistant strains of Gc, we 

found the MAC disrupted both outer and inner membrane integrity. Beyond direct 

bactericidal activity, MAC enhanced the anti-gonococcal activity of antibiotics and 

rendered multidrug-resistant Gc susceptible to frontline and new antibiotic 

programs. Intriguingly, C5b-C8 complexes also disrupted Gc outer and inner 

membranes and exerted bactericidal activity. C5b-C8 complexes potentiated the 

activity of azithromycin, but C9 addition was necessary to potentiate lysozyme. 

We conclude that terminal complement components, both MAC and C5b-C8 

complexes, are both directly bactericidal for Gc and also potentiate the activity of 

diverse antimicrobials.  

As a mucosal pathogen, Gc encounters complement via serum transudate 

and local production by resident epithelial cells, fibroblasts, and immune 

cells.1,48,149,295 Here, we showed that serum exposure enhances killing of Gc by 

antimicrobials targeting the periplasm (vancomycin, ceftriaxone, lysozyme), inner 

membrane (nisin), and cytoplasm (linezolid, azithromycin, zoliflodacin, 

doxycycline, gentamicin), which is abrogated by heat inactivation or OMCI. Thus, 

antimicrobial potentiation is MAC-dependent and broadly applicable to different 

treatment options. As C5b-C8/C9 complexes disrupt both outer and inner 
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membranes, we conclude that terminal complement perturbs the Gc envelope to 

enhance antimicrobial penetration. MAC-mediated potentiation underscores the 

promise of membrane-disrupting therapies as adjuvants to enhance antibiotic 

efficacy against multidrug-resistant bacteria like Gc. 

Although the MAC cannot extend past the outer membrane, inner 

membrane disruption is required for MAC to kill Gram-negative 

bacteria.161,182,183,193 The exact mechanism of MAC killing remains undefined but 

could include generalized osmotic instability, leakage of vital intracellular factors, 

influx of toxic factors, homeostatic disturbance (diminished PMF), and triggering 

of stress responses leading to bacterial death.161,328 Several non-exclusive 

hypotheses can explain how MAC potentiates antimicrobial activity in Gc. First, 

outer membrane disruption increases the periplasmic concentration of antibiotics, 

which then access the cytoplasm. This possibility is supported by MAC restoring 

antibiotic sensitivity to multidrug-resistant Gc like H041 with more restrictive 

porin.110,111 Relatedly, inner membrane disruption via MAC would also enhance 

cytoplasmic access of antimicrobials. Finally, inner membrane perturbation would 

inhibit efflux pumps that directly or indirectly require the PMF.15 Although efflux 

pumps are frequently upregulated in multidrug-resistant Gc, terminal complement 

activity would overcome their activity. Future studies can test among these 

hypotheses by tracking antimicrobial access to subcellular compartments. 

We found that serum containing C9 was bactericidal for Gc and that C9-

containing MAC disrupted Gc outer and inner membranes. Notably, C5b-C8 

complexes also promoted anti-gonococcal activity, though less robustly. The Gc 
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outer membrane was damaged similarly by C9-depleted and C9-reconstituted 

serum, while inner membrane damage by C9-depleted serum was delayed but 

reached the same endpoint as with C9. These findings contrast with results from 

E. coli, where C5b-C8 complexes minimally affected inner membrane integrity 

compared to MAC.183,188 The uniqueness of Neisseria cell wall composition and 

integrity versus other Gram-negative bacteria may underlie these C9-dependent 

differences. The outer leaflet of the Neisserial outer membrane is composed of 

lipooligosaccharide, not lipopolysaccharide.329,330 Unlike other Gram-negative 

bacteria, Gc lipid membranes contain significant levels of phosphatidylcholine 

and differ in other phospholipid species composition.331-333 Gc lacks Braun’s 

lipoprotein334 or full-length OmpA or Pal homologues, which link the outer 

membrane to the cell wall.18,57 The Rcs system that senses outer membrane 

stress is also absent in Gc.335-337 Because Gc subverts both human cellular and 

humoral immunity, including resistance to neutrophils12,146,228,338, prevention of 

protective TH1 responses27,339, induction of B cell death and impaired antibody 

production285, and phase and antigenic variation to evade antibody 

recognition35,340, complement may be the most effective arm of immunity to 

control Gc, and its absence greatly increases susceptibility to infection. Our 

findings with C9 align with epidemiologic evidence that C9 deficiencies more 

modestly predispose individuals to Neisseria compared to other terminal 

complement deficiencies.21,190,198 Beyond genetic C9 deficiencies, reduced C9 on 

the Gc surface could occur by bacterial recruitment of the C9 inhibitor 

vitronectin.21,52,191,301,341 
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If terminal complement pores directly enable intracellular access to 

bacteria, then 10-11nm MAC pores would allow access of some antimicrobials 

that would be excluded by 2-4nm C5b-C8 complexes based on the 

antimicrobials’ diameter. We found that lysozyme and nisin were only potentiated 

by C9-reconstituted serum, but azithromycin and ceftriaxone were potentiated in 

a C9-independent manner. Thus, our results support a model in which 

potentiation in Gc occurs through direct transit, and that C5b-C8 complexes and 

MAC differentially potentiate antimicrobials in a size-dependent manner (Fig. 21). 

However, the possibility remains that generalized outer membrane perturbation 

or ‘fracturing’ allows compounds to gain intracellular access without transiting 

directly through pores formed by terminal complement.314  

Our results emphasize how complement envelope perturbation could 

enhance anti-Gc therapeutics, including vaccines. This study used an anti-

lipooligosaccharide IgM as proof of concept to drive classical complement 

activation on Gc.177,295,342 Antibody-eliciting vaccines and passive immunization 

with monoclonal antibodies have shown preclinical promise in preventing Gc 

infection in animal models and epidemiological studies.156,290,293,294,343 However, 

antibodies as immune correlates for protection have not yet been 

established.156,177,180 Even if antibodies do not drive strong bactericidal activity, 

our findings show that sublethal terminal complement deposition potentiates 

antibiotic activity. Aligning with our results, a chimeric IgM-C4b binding protein 

fusion increases direct killing of Gc and enhances killing by azithromycin and 

ciprofloxacin.155,310 These observations are relevant to treatment of antibiotic-



103 
 

 

resistant Gc, where prolonged and increased dosing of ceftriaxone ultimately 

overcomes resistance determinants to clear infection.110,111 Beyond antibiotics, 

the finding that MAC renders Gc susceptible to killing by human lysozyme 

suggests that enhancing terminal complement deposition on Gc in 

immunocompetent individuals would enhance killing of Gc at mucosal surfaces 

and within immune cell phagosomes where these antimicrobials are found. 

Although C9-deficient individuals have increased susceptibility to Neisseria 

infections, our evidence indicates that C5b-C8 complexes could still augment 

antibiotic therapy in them against antibiotic-resistant Gc. In all cases, antibodies 

and complement would work together against Gc in three ways: direct lysis, 

opsonophagocytic killing, and potentiating antimicrobial sensitivity within and 

outside cells.226  

This study emphasizes that complement-mediated control of Gc can be 

accomplished through both MAC and C5b-C8 complexes that potentiate existing 

and novel antibiotic regimens and enhance host-derived antimicrobial activity. 

New therapeutic approaches that exploit terminal complement are promising 

countermeasures to combat antibiotic-resistant gonorrhea. 
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Figure 21. Proposed model of antimicrobial potentiation by terminal 
complement complexes against N. gonorrhoeae 

In the absence of complement, antimicrobials may have limited ability to cross 

the outer membrane and reach their targets (left). When the C5b-C9 membrane 

attack complex (MAC; pore size 10-11nm) penetrates the gonococcal outer 

membrane, antibiotics and host-derived antimicrobials can bypass the outer 

membrane barrier to access their targets within the periplasm, inner membrane, 

or cytoplasm (middle). In the absence of C9, C5b-C8 complexes can enhance 

access of antimicrobials that are predicted to be smaller than the 2-4nm pore 

size of these complexes (right).  
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2.4      Materials & Methods 

2.4.1 Sex as a biological variable. 

Human serum was pooled from both sexes. 

2.4.2 Neisseria gonorrhoeae. 

The following Gc strains were used for this study177: FA1090 (1-81-S2, 

and 1-81-S2/S-23)289, H041 (WHO X)110,111, MS11344, and FA19.135 The 1-81-S2 

strain of Gc is an FA1090 derivative with a defined pilin antigen79,345,346; S-23 is a 

1-81-S2 derivative where all opa genes were deleted and containing a loop 6 

porB mutation that abrogates binding of C4b-binding protein to enhance serum 

sensitivity.38,48,347 Gc was routinely streaked on gonococcal base medium (BD 

Difco) plus Kellogg’s supplement I and 1.25μM Fe(NO3)3 (gonococcal base, 

GCB) plates for single colonies for 14-16 h at 37°C, 5% CO2.45,177 When 

indicated, Gc was inoculated into GCB liquid media (GCBL) or Hanks’ Balanced 

Salt solution with 2% bovine serum albumin (HBSS + 2% BSA). 

2.4.3 Human serum complement sources 

IgG/IgM-depleted pooled human serum (IgG/M-depleted serum, Pel-

Freez, Catalog #34010, Lot #28341) was used as the complement source for 

SBA assays with native C9, flow cytometry assays, and MIC assays. IgG/M-

depleted serum from lots #28341 and #15443 were used for membrane integrity 

assays. Use of IgG/M-depleted serum removes the potential for variable 

bactericidal activity conferred by different individuals’ serum.147,348 SBA assays 

evaluating C9 used C9-depleted human serum (no immunoglobulin depletion; 

Complement Technology, Catalog #A326, Lot #10a), reconstituted to 
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physiological concentration with 60μg/mL C9 protein (Complement Technology, 

Catalog # A126, Lot #13).349 Sera were stored at -80°C until thawed on the day 

of use, then diluted in HBSS + 2% BSA. Sera were heat-inactivated by incubation 

at 56°C for 30min.181 

2.4.4 Antibodies and antimicrobials. 

See Table 2. Antimicrobial concentrations were determined 

experimentally, contextualized by in vivo concentrations or as antibiotic 

breakpoints where applicable.350-356  
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Table 2. Antibodies and antimicrobials for MAC potentiation studies 

a 6B4 was generated from murine hybridoma and purified by thiophilic 

chromatography; RRID: AB_2617193. LOS = lipooligosaccharide.   

Table 2: Antibodies and Antimicrobials

Antibody (target) Source Clone Conjugate Catalog Number Lot
Stock 

Concentration

LOS Sanjay Ram 6B4
a - - - 330μg/mL

(i)C3b BioLegend 3E7/C3b PE 846103 B362314 100μg/mL

C7 Invitrogen 15D1 - MA5-34943 ZF4349897A 2mg/mL

C9 Novus 22 FITC NBP-21612F D162593 1.35mg/mL

mouse IgG1-3
Jackson 

ImmunoResearch
polyclonal AF488 115-545-164 152191 700μg/mL

Antimicrobial Source Catalog Number

Vancomycin Caisson V007-1GM

Nisin Cayman 16532

Linezolid Cayman 15012

Ceftriaxone Cayman 18866

Azithromycin Cayman 15004

Gentamicin Sigma Aldrich G3632-250MG

Zoliflodacin TargetMol 1620458-09-4

Doxycycline Sigma Aldrich D9891-1G

Human Lysozyme Sigma Aldrich L1667-1G
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2.4.5 SBAs and antimicrobial potentiation assays. 

Single Gc colonies were swabbed from GCB plates into GCBL, diluted to 

OD550 nm of 0.07, then diluted 2.5-fold into HBSS + 2% BSA (buffer, ~1.8e7 

CFU/mL). Bacteria (20μL) were added to 20μL of 410ng/mL 6B4 IgM in buffer in 

a V-bottom 96-well plate and incubated at 37°C, 5% CO2 for 15min. Gc-antibody 

mixtures were then incubated with 40μL of buffer or indicated final percentages 

of serum for 45min. For SBA assays without antimicrobial challenge, bacteria 

were mixed with 80μL of PBS for indicated times. For potentiation SBA assays, 

Gc-antibody-serum mixtures were incubated with 80μL of the indicated final 

antimicrobial concentrations (in PBS for antibiotics or sterile water for lysozyme), 

and incubated at 37°C, 5% CO2 for 2 hr. Samples were then serially diluted and 

plated on GCB agar for CFU enumeration after overnight culture at 37°C, 5% 

CO2. Where indicated, OMCI (20μg/mL final concentration) or equal volume of 

TBS buffer was incubated with serum for 30min at 4°C prior to adding Gc. 

2.4.6 Potentiation indexes. 

For each antimicrobial concentration and serum percentage, CFU 

enumerated from serum alone was divided by the CFU from serum with the 

antimicrobial. Similarly, CFU enumerated from HI serum alone was divided by 

CFU from HI serum with the antimicrobial. The potentiation index is the ratio of 

the effect of antibiotic on active serum vs. HI serum:  
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A potentiation index >1.0 indicates a greater-than-additive effect of 

combining active serum and antimicrobial, while a potentiation index ≤1.0 

indicates no enhanced effect.  

2.4.7 Complement deposition by imaging flow cytometry. 

Bacteria from GCB plates were inoculated into HBSS-BSA to an OD550 nm 

of 0.25 and mixed 1:1 with IgM for 30min at 37°C, 5% CO2. Buffer or serum were 

then added (final serum concentration of 2% for C3, or 50% for C7 and C9) and 

incubated for 2hr more. Bacteria were washed three times with PBS (for C3 and 

C9) or HBSS-BSA (for C7). For C7, AlexaFluor 488-conjugated (AF488) anti-IgG 

was then added for 30min at 4°C in the dark, then washed into PBS. Bacteria 

were counterstained with Tag-it Violet (TIV; BioLegend) for 15min at 37°C with 

5% CO2, washed into buffer, and fixed with 1% paraformaldehyde overnight. 

Samples were assayed using the ImagestreamX Mk II with INSPIRE software 

(Luminex) within 72hr. FITC and AF488 were detected with excitation at 488nm 

and 480–560nm emission; PE with 561-nm laser excitation and 560–561nm 

emission; and TIV with excitation at 405 nm and 420–505nm emission. Single-

color fluorescence samples were collected without brightfield or scatter to create 

compensation matrices for each experiment and aid in gate-setting. All events 

(10,000 per sample) were collected on focused singlet cell events and 

micrographically verified as described.177 Results are presented as the 

fluorescence index, defined as the median fluorescence intensity multiplied by 

the percentage of positive-gated bacteria. 
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2.4.8 Fluorometric measurements of bacterial membrane integrity. 

Gc was inoculated from plates into HBSS-BSA to an OD550 nm of 0.1. IgM 

(90μL) was added to 90μL of Gc for 30min at 37°C, 5% CO2. For NPN, Gc was 

then incubated with 50% final concentration IgG/M-depleted serum for 15min (lot 

#15443); for SYTOX Green, Gc was incubated with 2% IgG/M-depleted serum 

for 30min (lot #28341). Bacteria were washed three times with buffer and 

resuspended in 30μM NPN (Sigma-Aldrich, Cat. #104043)313,316 or 10μM SYTOX 

Green nucleic acid stain (Sytox Green; Invitrogen, Cat. #S7020)183,310, 

respectively. Bacteria were resuspended, transferred to black flat-bottom 96-well 

plates in 100μL technical duplicates, and assayed immediately. NPN 

measurements were collected on a BioTek Synergy2 plate reader with Gen5 

software using 360nm excitation and 420-480nm emission. Sytox Green was 

measured every 2-4 min over 120 min at 37°C on a PerkinElmer Victor3 1420 

Multilabel Counter with associated software, using 490nm excitation and 535nm 

emission filters. Each experiment included buffer-alone and NPN/Sytox Green 

without bacteria controls (i.e. blanks), the values of which were subtracted from 

experimental conditions. 

2.4.9 Minimum inhibitory concentrations (MICs). 

100μL of IgG/M-depleted human serum, diluted to 10% in GCBL with 

Kellogg’s supplement I45 and 1.25μM Fe(NO3)3 (GCBL+Supp), was added to 

each well in one row of a round-bottom 96-well plate. Wells in the next row were 

filled with 100μL GCBL+Supp (0% serum). 100μL of antimicrobials (4x final 

concentration) were added to the second column of each row, leaving the first 
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column as no-antimicrobial control. Antimicrobials were then serially diluted 2-

fold across the remaining wells in each row. To the no-antimicrobial wells, 100μL 

of GCBL+Supp was added and mixed thoroughly, and 100μL was removed and 

discarded. Gc was inoculated into GCBL+Supp to a final OD550 nm of 0.07, 

diluted 10-fold (~5e6 CFU/mL), and 100μL added to each well and mixed 

thoroughly. After incubation for 16hr at 37°C, 5% CO2. wells were gently 

resuspended and assessed visually for gonococcal growth, from which MICs 

were determined.357  

2.4.10 Statistics, analyses, and data availability, 

Results are depicted as mean ± standard error for ≥3 independent 

replicates. Statistics were calculated and data were graphed using GraphPad 

Prism. Data were assumed to be parametric, and statistical tests were 2-sided 

where applicable. Data and statistics for flow cytometry were obtained using 

IDEAS 6.2 software (Amnis). 
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3 High-dimensional spectral flow cytometry of activation and 

phagocytosis by peripheral human polymorphonuclear leukocytes 

This chapter is a modified version of the previously published article: Lamb 

ER, et al. High-dimensional spectral flow cytometry of activation and 

phagocytosis by peripheral human polymorphonuclear leukocytes. (2025). 

Journal of Leukocyte Biology. Unpublished data is presented in Figure 32 and 

Figure 33. 
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3.1      Introduction 

Polymorphonuclear leukocytes (PMNs) are principal cellular responders to 

infection and inflammation in vertebrates. The granulocytic PMN population is 

predominantly composed of neutrophils, professional phagocytes with many 

specialized antimicrobial properties. Among these antimicrobial mechanisms are 

phagocytosis with subsequent phagolysosome maturation, active chemotactic 

migration toward pathogens, coordinated exocytosis of antimicrobial-containing 

granule subsets, and reactive oxygen species (ROS) generation.209-212 PMNs 

sense a variety of host- and pathogen-derived stimuli from the inflammatory 

milieu and integrate the resulting signals to coordinate their activation states and 

responses.167,214,215 Activation includes mobilization of surface proteins required 

for transmigration from the circulation to the site of infection/inflammation, 

downregulation of other surface proteins throughout this process through 

endocytosis or ectodomain shedding, and coordinated upregulation of proteins 

representative of primed antimicrobial activity.224,238-241,257,358 The breadth of 

stimuli and potential PMN reactions imply that PMNs have heterogenous 

responses to infection and injury. Approaches to measure the heterogeneity of 

PMN activation and responses on both single cell and population levels can 

elucidate how PMNs respond in a variety of conditions.229-233 

Flow cytometry is a time-tested methodology to characterize and quantify 

leukocyte activation in response to diverse stimuli. Its advantages include its 

general availability, high throughput nature, relatively small cell numbers needed, 

differentiation of surface versus intracellular expression, and ability to identify and 
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analyze subpopulations.234,235,359,360 However, conventional flow cytometry is 

constrained by the number of markers that can be analyzed at a given time due 

to overlapping emission profiles collected by an instrument’s detector array which 

are not always able to be separated by fluorochrome compensation. Due in part 

to such limitations, PMN flow cytometry generally analyzes one or a few 

parameters related to granulocyte development/ontogeny361-363, 

migration/chemotaxis, phagocytosis, ROS generation, NETosis, or antimicrobial 

release in isolation.257,364-368 To surmount limitations of conventional flow 

cytometry, technologies that increase the number of parameters have been 

developed. One such high-dimensional method is cytometry by time of flight 

(CyTOF) which uses heavy metal-conjugated antibodies to label cells of interest 

and measure target positivity and expression levels. This technology enables 

analysis of numerous markers in a single sample, including on PMNs.369,370 

However, CyTOF is expensive in equipment and reagent costs, and requires 

sample destruction for data generation.371,372 

Spectral flow cytometry is an advanced methodology in which the full 

fluorescence spectrum of individual antibody-conjugated fluorochromes is 

collected from each excitation laser in a cytometer’s configuration, allowing for a 

full ‘spectral fingerprint’ to be identified. Spectral flow cytometry permits many 

more fluorochrome combinations, and thereby more cell parameters, to be 

examined per experimental condition than conventional flow cytometry.373,374 

Spectral flow cytometry has been effectively deployed to analyze PMN activation 

and identify subsets in healthy and diseased states for up to 15 surface markers 
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simultaneously.234,237,375-377 Recent advances in spectral flow cytometry 

technology, including spectral cell sorting and dimensionality-reducing analytical 

software, enable analysis of high-dimensional datasets.378,379   

The principal goal of this study was to design a flow cytometry panel that 

1) analyzes mature human PMNs, 2) does so in a high-dimensional manner, 3) 

does so without sample destruction to allow for downstream sorting/analysis, 4) 

focuses on both PMN functionality and activation, and 5) is adaptable to diverse 

research questions in the field. Such a methodology could advance the 

understanding of PMN activation and diversity as well as the contribution that 

such diversity provides to outcomes in inflammation, infection, and injury. 

To this end, we present a 22-color spectral flow cytometry panel that 

profiles the activation of mature human PMNs in response to diverse stimuli. The 

panel described here was designed with particular emphasis on PMN 

(opsono)phagocytic receptors, degranulation markers, migratory proteins, 

chemokine receptors, and the option to fluorescently-label cargo, such as 

microbes. We describe best practices for using the panel in different laboratories 

and detail options for customization as common fluorochromes/channels left 

available for incorporation of other markers of interest, enabling its adaptation to 

many research endeavors. We demonstrate that the panel can identify PMNs in 

a population that respond to phorbol ester stimulation and infection by the 

bacterial pathogen Neisseria gonorrhoeae (the gonococcus, Gc). Moreover, we 

show the multidimensional utility of this panel by identifying subpopulations of 

Gc-infected PMNs with varying degrees of activation and bacterial burdens. Gc 
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expressing or deleted for surface adhesins which enhance Gc-PMN association 

are examined  

 

3.2     Results 

3.2.1 Spectral flow cytometry panel design for PMN function and 

activation. 

We designed the following spectral flow cytometry panel for mature 

human PMN functions (Fig. 22). Analyses were performed on human peripheral 

blood PMNs, which were freshly isolated on the day of each experiment from 

healthy subjects as described in Materials and Methods.43 

Cell viability and exclusion of non-PMNs: This panel was designed with an 

amine-reactive live-dead stain to exclude non-viable cells (Zombie Near-Infrared, 

ZNIR). The major co-purifying cell type in the PMN preparations are CD14High 

monocytes; therefore, an anti-CD14 antibody was added to exclude CD14High 

cells from downstream analysis.235 

PMN phagocytosis: The panel contains antibodies against CD64 (FcγRI), 

CD32 (FcγRII), and CD16 (FcγRIII), which mediate phagocytosis of IgG-

opsonized cargo168, and antibodies against CD35 (complement receptor 1, CR1) 

and CD11b and CD18 (complement receptor 3, CR3) for complement C3b-, 

iC3b-, and C3d(g)-mediated opsonophagocytosis.370 CD11b undergoes 

activation-dependent conformational changes; thus antibodies against total and 

active forms of CD11b were included.170 We also included an antibody against 

human carcinoembryonic antigen-related cell adhesion molecules (CCMs), which 
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serve as non-opsonic phagocytic receptors for many pathogens including N. 

gonorrhoeae.39,46 Of the CCM family members, the antibody used in this study 

recognizes the granulocyte-expressed CCMs 1, 3, and 6 (but not CCM 8/CD66b; 

Table 3). 

PMN degranulation: The panel contains antibodies against the 

primary/azurophilic granule protein CD63 and the secondary/specific granule 

protein CD66b. Both are well described markers for individual granule subsets 

that are sequentially exocytosed from PMNs upon activation.358  

PMN migration and chemotaxis: The panel includes antibodies against 

CD62L (L-selectin) which is shed as PMNs migrate to target sites238,239, CD54 

(ICAM-1), CD172 (signal-regulatory protein, SIRP), CD44, and CD47 (integrin 

associated protein, IAP) which is also a ligand for CD172. These receptors 

enable nuanced, context- and location-specific migratory responses of immune 

cells in infection and inflammation.220,380 The panel also contains antibodies 

against chemotactic receptors that are known to promote directional migration 

and PMN activation: CXCR1 for IL-8, BLT1 for leukotriene-B4 (LTB4), fPR1 for 

formylated peptides, and C5aR1 for the anaphylatoxin C5a of the complement 

cascade.174 

The selected markers serve as broad examples of PMN 

activation/stimulation and phenotypic functional groups. They also reflect 

underlying PMN biology of granule mobilization to the plasma membrane (ex: 

CD63, CD66b, CD11b, CD18)358, endocytic downregulation of surface markers to 
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ablate signal reception (ex: fPR1, C5aR1)241, and ectodomain shedding (CD16, 

CD62L).238-240 
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Figure 22. PMN spectral flow cytometry panel surface markers/parameters 
grouped by functional category 

Schematic of the selected parameters in the PMN spectral flow cytometry panel, 

organized by function/purpose. Where applicable, cluster of differentiation (CD) 

label is listed with other common names in parentheses. Zombie Near-infrared 

(ZNIR); Fcγ Receptor (FcγR); Complement Receptor (CR); Carcinoembryonic 

Antigen-related Cell Adhesion Molecules (CCM); Integrin Associated Protein 

(IAP); Intercellular Adhesion Molecule 1 (ICAM-1); Signal-regulatory Protein 

(SIRP). 
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Table 3. Spectral flow antibodies and reagents  

 

 

 

 

 

 

 

 

 

 

 

 

Table 3: Spectral Flow Antibodies and Reagents

Marker Other Name(s) Fluorochrome Vendor Clone Cat. No. Stock Conc.
μL per 

test
Conc. per test

Viability Live-Dead Zombie NIR BioLegend - 423105 1,000x 1 -

N. gonorrhoeae               

(or cargo of interest)
Gonococcus CellTrace Blue Thermo - C34568 5mM 1 5μM

CCM (1,3,6) CD66a,d,c NFYellow 700 Santa Cruz YTH71.3 sc-59898 225μg/mL 2.5 562.5ng/mL

CD64 FcγRI BV 605 BioLegend 10.1 305033 100μg/mL 2.5 250ng/mL

CD32 FcγRIII BUV 496 BD 3D3 750498 200μg/mL 0.625 125ng/mL

CD16 FcγRIII BUV 737 Thermo CB16 367-0168-42 25μg/mL 2.5 62.5ng/mL

CD63 BV 711 BioLegend H5C6 353041 100μg/mL 5 500ng/mL

CD66b CCM8 BV 421 BioLegend 6/40c 392915 50μg/mL 2.5 125ng/mL

CD35 CR1 BV 750 BD E11 747132 200μg/mL 1.25 250ng/mL

CD11b-total eFluor 506 Thermo ICRF44 69-0118-42 25μg/mL 5 125ng/mL

CD11b-activated AF 700 Thermo CBRM1/5 56-0113-42 100μg/mL 2.5 250ng/mL

CD18 BUV 805 BD 6.7 749381 200μg/mL 5 1000ng/mL

CD62L L-Selectin APC-Fire810 BioLegend DREG-56 304865 100μg/mL 2.5 250ng/mL

CD54 ICAM-1 BUV 563 BD LB-2 741442 200μg/mL 1.25 250ng/mL

CD172 SIRP BV 650 BD SE5A5 743565 200μg/mL 2.5 500ng/mL

CD44 PerCP-Cy5.5 Thermo IM7 45-0441-82 200μg/mL 2.5 500ng/mL

CD47
integrin associated  protein 

(IAP)
PE-Cy7 BioLegend CC2C6 323113 200μg/mL 2.5 500ng/mL

CXCR1 IL8R, CD181 PE BioLegend 8F1/CXCR1 320608 100μg/mL 1.25 125ng/mL

BLT1 BV 786 BD 203/14F11 744669 200μg/mL 1.25 250ng/mL

fPR1 AF 647 BD 5F1 565623 200μg/mL 2.5 500ng/mL

C5aR1 CD88 PE-Dazzle 594 BioLegend S5/1 344317 200μg/mL 2.5 500ng/mL

CD14 eFluor 450 Thermo 61D3 48-0149-42 100μg/mL 1.25 125ng/mL

CD14 BV 711 BD MφP9 563373 200μg/mL 2.5 500ng/mL

CD49d PE-Cy7 BioLegend 9F10 304313 200μg/mL 2.5 500ng/mL

Mac1, Complement 

Receptor 3, CR3, αMβ2 

integrin
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3.2.2 Fluorochrome selection and panel similarity and complexity. 

Cognate fluorochromes for each marker were selected to optimize 

functionality of the spectral flow cytometry panel while maximizing the number of 

parameters to include (Fig. 23A). Considerations incorporated into panel design 

included cytometer laser and detector array configuration, spectral overlap 

between fluorochromes, epitope densities, and brightness indexes of the 

fluorochromes. However, given the intrinsic variability of human PMNs and the 

range of activation-dependent surface expression, selecting appropriate 

fluorochrome-marker pairings required testing and validation within the context of 

the broader panel. Where possible, markers known to be in the same subcellular 

(granule) location were paired with fluorochromes with distinct spectra to 

minimize spectral overlap increasing the overall resolution of the panel.224,381 

While most fluorescent antibodies used here are commercially available, the anti-

CCM antibody was conjugated in-house to NovaFluor Yellow 700. The final PMN 

panel pairings yielded similarity and complexity values which were calculated 

using Cytek’s Full Spectrum Viewer, with  lower overall complexity score being 

optimal (Fig. 23B).381  

To maximize panel adaptability to different research questions, the 355nm 

excitation/420nm peak emission (BUV395, CellTrace Blue; UV2 detector) and 

488nm excitation/520nm peak emission (FITC, Alexa Fluor 488; B2 detector) 

channels were left available. Here, we used the BUV395 channel to pre-label N. 

gonorrhoeae with the amine-reactive dye CellTrace Blue. The FITC/Alexa Fluor 

488 (AF 488) channel is a popular choice for many antibody conjugations and 
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functional dyes and was left unused. Addition of AF488 to the panel did not 

appreciably alter the calculated similarity matrix or complexity index (Fig. 23C).  
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Figure 23. PMN spectral flow cytometry panel surface marker fluorochrome 
pairings, similarity, and complexity 

(A) Representation of the Cytek Aurora 5-laser spectral flow cytometer detector 

array with 355, 405, 488, 561, and 640 nm laser configuration. Approximate peak 

emission wavelengths are listed top to bottom for each laser with corresponding 

detector array. Fluorochromes are listed in their peak detector slot with their 

cognate surface marker/parameter. The UV2 and B2 detector channels have 

been left available for customization. (B) The similarity of each of the 22 tested 

fluorochromes’ predicted spectral fingerprints compared to each other was 

calculated using Cytek’s Full Spectrum Viewer. Calculated similarity is shown in 

each cell with a value of 0.0 indicating no similarity and 1.0 indicating exact 

similarity. The overall complexity index is shown at the top right. (C) The 

similarity and complexity are shown as in panel (B) but with the AlexaFluor 488 

(AF488) fluorochrome included.  
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3.2.3 Panel gating strategy. 

Purified cells were first gated on events which passed FlowAI cleaning 

within OMIQ. These events were then gated into the PMN/granulocyte population 

based on characteristic forward and side scatter profiles (FSC-A, SSC-A; Fig. 

24A i) followed by selection of single cell events (Fig. 24A ii). Singlets were then 

sub-gated on CD14Low events to exclude contaminating monocytes (Fig. 24A iii). 

The CD14 gate was set using a mixture of the PMN preparation and the Ficoll-

PBS interface (collected and saved on ice during the preparation process) which 

is enriched in CD14High monocytes (Fig. 24B). Finally, CD14Low singlets were 

gated on live cells for subsequent analyses (Fig. 24A iv). The live-dead gate was 

set using a 1:1 mixture of cells that were killed by heating at 65°C for 5min and 

cells that were kept on ice before Zombie NIR staining (Fig. 24C). 

While most PMNs in circulation are neutrophils, eosinophils also co-purify 

in the granulocyte preparations. Separate experiments were conducted in which 

live singlet PMNs were further gated on CD49d to discriminate eosinophils 

(CD49d+) from neutrophils (CD49d-; Fig. 24D).202,362,382 PMN preparations were 

further evaluated for CD16, CD66b, and CD11b positivity to verify neutrophil 

predominance (Fig. 25).237 PMN preparations from healthy subjects used here 

contain less than 1% eosinophils.202  
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Figure 24. Gating strategy for live primary human PMNs 

The PMN/granulocyte population was gated from Ficoll-purified cells (see 

Materials & Methods based on characteristic forward and side scatter profiles (I; 

FSC-A, SSC-A), followed by fating on single cells (ii), CD14 Low events (iii), and 

live cells (iv; Zombie Near-infrared (Zombie NIR) exclusion). (B) the CD14 gate 

was set using a mixture of purified PMNs and cells collected from the Ficoll-PBS 

interface during PMN preparation which is enriched in CD14 High monocytes. 

The monocytes gate was set on the characteristic FSC-A and SSC-A profiles (i) 

with this gate being used to delineate CD14 High from CD14 Low populations (ii). 

(C) The viability (Zombie NIR) gate was set using a 1:1 mixture of viable and 

heat-killed PMNs. (D) The PMN/granulocyte population was gated on 

characteristic FSC-A and SSC-A profiles (i) followed by singlet cells (ii) and live 

cell events (iii) as described above. Live cells were gated into the CD49d Low 

population (iv) which was determined by labeling UltraComp Beads (Invitrogen) 

to determine neutrophil and eosinophil representation within the PMN gate.  
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Figure 25. Purity of PMN preparations. 

Ficoll-purified cells were adhered and stained (see Materials & Methods) for 

markers enriched in different leukocyte populations (A) Cells were gated into 

PMNs based on the characteristic forward and side scatter profiles (FSC-A, SSC-

A), single cell events, and live cells by Zombie Near-infrared (Zombie NIR) 

exclusion. (B) Cells were gated by positivity for canonical neutrophilic markers 

CD16, CD66b, and CD11b. Cells were further assessed for their low expression 

of the monocyte surface marker CD14 (C) or eosinophil marker CD49d (D). 
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3.2.4 Intra- and inter-subject PMN responses to phorbol ester treatment. 

The panel was applied to adherent, IL-8 treated primary human PMNs43 

under three conditions to model different types of stimulation: 1) PMNs with no 

further stimulus as a baseline, 2) PMNs that were also treated with phorbol 

myristate acetate (PMA), a potent protein kinase C agonist with known 

neutrophil-activating properties383, and 3) PMNs that were also infected with 

CellTrace Blue-labeled N. gonorrhoeae. The PMA concentration was selected to 

maximized the PMN response across different subjects, and the bacteria:PMN 

ratio was varied to obtain PMNs that ranged in degree of association with N. 

gonorrhoeae. The spectral flow cytometry panel was applied to measure 

variability in PMN responsiveness over time (>1 month between experiments), 

and to measure inter-subject variability for PMNs from three unrelated 

individuals. For inter-donor variability, replicate #1 from Subject #1 was analyzed 

against single replicates for two more subjects. Results with each parameter are 

grouped by trend. Since each parameter’s intensity is assumed to be normally 

distributed, statistical significance was determined by paired Student’s t-test 

(p<0.05 considered significant).  

For PMNs from the same subject, 10 of the 19 parameters increased in 

surface expression with PMA stimulation (Fig. 26A). CCM, CD64, CD63, CD66b, 

CD18, CD11b-total, CD11b-active, and fPR1 were statistically significantly 

increased; CD47 and BLT1 were not. 5 parameters decreased in surface 

expression on PMA-treated PMNs (CD16 and CD35 were statistically significant; 

CD172, C5aR1, and CD62L were not; Fig. 26B). The remaining 4 markers 
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showed no consistent trends between replicates (CD32, CD54, CD44, CXCR1; 

Fig. 26C).  

For inter-subject responses, PMNs from three unrelated subjects showed 

consistently increased surface expression for 9 markers upon PMA stimulation 

(CCM, CD64, CD63, CD11b-active, and fPR1 were statistically significant; CD32, 

CD18, CD47, and BLT1 were not; Fig. 27A). PMA stimulation increased CD66b 

and CD11b-total surface expression on PMNs from Subject #1 and #3 but not 

Subject #2 (Fig. 27B). Six markers decreased in all three subjects’ PMNs after 

PMA treatment (CD16, CD62L, CD44, and C5aR1 were statistically significant; 

CD35 and CD172 were not; Fig. 27C). As seen for the replicates from Subject #1 

(Fig. 26), the three unique subjects’ PMNs did not have consistent responses to 

PMA treatment in surface expression of CD54 or CXCR1, (Fig. 27C,D).  

To highlight the high-dimensional and single cell power of spectral flow 

cytometry we analyzed the adhered and PMA-stimulated PMN data via uniform 

manifold approximation and projection (UMAP) dimensional reduction (Fig. 

28).378 Cells from the spectral flow data sets were grouped by the UMAP 

algorithm based on the similarity of their full surface marker repertoires. PMA-

treated PMNs are plotted by individual surface marker intensity, from which 

surface marker expression patterns and overlap can be qualitatively identified.  

Taken together, these results demonstrate that trends in PMN responses 

to a known activating stimulus can be identified using this multiparametric panel 

and that multidimensional analysis can be deployed to identify unique 

populations for subsequent interrogation.  
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Figure 26. Assessing PMN activation by phorbol ester (PMA) and intra-
subject variability using high-dimensional spectral flow cytometry  

PMNs were purified from a single individual (Subject #1) on three separate days 

(Replicates #1-3), represented by different colors/shapes. The MFI was 

calculated for each parameter of the spectral flow cytometry panel. (A) Proteins 

with greater surface expression following PMA treatment compared to adherence 

alone (Adh) in each replicate. (B) Proteins with reduced surface expression 

following PMA treatment compared to adherence alone in all replicates. (C) 

Proteins with no consistent change in surface MFI between replicates. Statistical 

analyses were performed on paired Log10-transformed data, Student’s paired t-

test. *=p<0.05, **=p<0.01, ns = not significant, p-value indicated if >0.05. 

Negative MFI values at the population level were set to a value of 1.0 for 

graphing, log transformation, and subsequent statistical analyses.  
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Figure 27. Assessment of inter-subject variability of PMN activation with 
high-dimensional spectral flow cytometry 

Three individual subjects were assayed on separate days. Replicate #1 (see 

Figure 26) was used for Subject #1. Surface markers were analyzed via MFI for 

those that were (A) consistently upregulated with PMA compared to adherence 

alone (Adh) for each subject, (B) upregulated in two out of three subjects, (C) 

downregulated in each of the three subjects, or (D) showed no consistent trend 

between the three subjects with PMA stimulation. Statistical analyses were 

performed on paired Log10-transformed data, Student’s t-test. *=p<0.05, 

**=p<0.01, ****=p<0.0001, ns = not significant, p-value indicated if >0.05. 

Negative MFI values at the population level were set to a value of 1.0 for 

graphing, log transformation, and subsequent statistical analyses. 
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Figure 28. PMA-stimulated PMN phenotypic subsets following UMAP 
dimensional reduction 

Replicate #1 from Subject #1’s PMA-stimulated PMNs, stained with the full 

spectral flow cytometry panel, were processed and analyzed via uniform manifold 

approximation and projection (UMAP) dimensional reduction using OMIQ flow 

cytometry software. Top row: adherent alone (Adh, gray) and PMA-stimulated 

(PMA, green) PMN events arrayed by the two principal UMAP components 

(umap_1 and umap_2). Each of the 19 markers analyzed on live PMNs is 

displayed by the two principal UMAP components and by color intensity (red = 

highest surface expression, blue = lowest surface expression).  
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3.2.5 PMN responsiveness to the bacterial pathogen Neisseria 

gonorrhoeae. 

To demonstrate the utility of this panel to interrogate PMN interactions 

with phagocytic cargo including pathogens, CellTrace Blue-labeled Gc was 

introduced to adherent PMNs at multiplicity of infection (MOI) of either 1 or 10 

bacteria per PMN for 1hr. Gc used for infection either constitutively expressed a 

single opacity-associated protein adhesin (OpaD), which binds CCM-1 and CCM-

3 on PMNs, or were deleted for all opacity-associated protein adhesins 

(Opaless). Subject #1’s PMNs were challenged on three different days with 

fluorescent bacteria, unlabeled control bacteria, or adherent-alone PMNs with no 

bacteria exposure.  

Eight PMN markers showed consistently increased trends in surface 

expression with Gc challenge, which increased with the MOI of OpaD Gc (CCM, 

CD64, CD63, CD66b, fPR1, CD18, CD11b-active, and BLT1; Fig. 29A). Three 

other markers, CD11b-total, CD35, and CD47, had increased surface expression 

with infection at an MOI of 1 but a decrease at an MOI of 10 with the MFI of 

CD35 lower at the MOI of 10 than in the uninfected population (Fig. 29B). Five 

markers (CD16, CD172, CD62L, C5aR1, and CD44) consistently decreased in 

surface expression after infection with Gc (Fig. 29C). CD32, CD54, and CXCR1 

had no consistent trends among the three experimental replicates (Fig. 29D). 

We next examined CellTrace Blue fluorescence to indicate PMN bacterial 

burden. PMNs were gated into CellTrace Blue-positive and -negative 

populations. PMNs infected at an MOI of 1 exhibited 8.2-62.7% CellTrace Blue 
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positivity, leaving a considerable portion of the population CellTrace-negative in 

each replicate (Fig. 29E). In comparison, PMNs at an MOI of 10 were greater 

than 97% positive in all biological replicates (Fig. 29E). The measured MFI for 

PMNs infected at an MOI of 10 was more than a log10-fold greater than those in 

the MOI of 1, and the population distribution of fluorescence intensity was more 

homogenous (coefficient of variance 49.4 versus 104.9; Fig. 29F,G). The 

observed CellTrace Blue heterogeneity in the MOI of 1 infection dosage 

prompted more nuanced investigation into how PMN surface markers varied with 

bacterial burdens. 

To verify that CellTrace intensity corresponded with bacterial burden, 

PMNs exposed to OpaD Gc at an MOI of 1 were examined using imaging flow 

cytometry in which single, focused cells were gated by CellTrace MFI into 

CellTrace-negative PMNs with ‘No Gc’, the lowest quartile of CellTrace-positive 

PMNs as the ‘Low Gc’ population, and the highest quartile of CellTrace-positive 

PMNs as the ‘High Gc’ population (Fig. 30A). The No Gc gate represented 20-

50% of the total population (Fig. 30B). The High Gc population’s MFI was 19.2-

fold greater than the Low population’s MFI; there was negligible fluorescence in 

the No Gc population (Fig. 30B). Bacterial burden was verified by imaging flow 

cytometry as CellTrace intensity corresponded with the numbers of bacteria 

directly associated with individual PMNs which also showed that PMNs in the 

High Gc gate frequently contained 10 or more bacteria (Fig. 30C).  

Using spectral flow cytometry, MOI of 1 PMNs (see Fig. 29) were 

subgated into No, Low, and High Gc populations as above; also included were 
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adherent-alone PMNs which had not been exposed to bacteria (Fig. 31A). The 

CellTrace Blue MFI for the uninfected and No Gc populations were undetectable, 

whereas the High Gc population had a 9.8-fold greater MFI on average than the 

Low Gc population (Fig. 31A,B). Taken together, the imaging and spectral flow 

cytometry demonstrate that the MOI of 1 experimental condition yields a 

population of PMNs that exhibit a range of interactions with bacteria, despite 

exposure to the same inoculum of infectious particles. 

The No, Low, and High Gc populations were examined for surface 

markers expression using the spectral flow cytometry panel and compared with 

the uninfected control PMNs. The MFIs of CCM, CD64, CD63, CD11b-active, 

and fPR1 all increased in a bacterial burden-dependent manner (Fig. 31C). 

Interestingly, CCM, CD64, and CD63 surface expressions were greater in the No 

Gc population from Gc-exposed PMNs than in the uninfected controls (Fig. 31C). 

Conversely, CD16 and CD44 decreased consistently in a bacterial burden-

dependent manner, and the uninfected control had a higher MFI than the No Gc 

population from the bacteria exposed PMNs (Fig. 31D). 

Other markers changed in surface expression levels with Gc infection 

compared to the uninfected control, but did not vary with MOI across the No, 

Low, and High Gc populations: CD66b, CD18, CD11b-total, CD47, and BLT1 all 

increased in the presence of Gc (Fig. 31E), whereas CD172, CD62L, CXCR1, 

and C5aR1 all decreased (Fig. 31F). CD32, CD35, and CD54 did not consistently 

respond to infection across replicates or showed no change regardless of 

bacterial burden (Fig. 31G). 
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Figure 29. Fluorescently-labeled bacteria alter PMN surface protein 
expression in an infectious dose-dependent manner 

Adherent primary human PMNs were challenged with CellTrace Blue-labeled N. 

gonorrhoeae at a multiplicity of infection (MOI) of 1 or 10 bacteria per PMN or left 

uninfected, and analyzed via spectral flow cytometry. (A) Surface proteins which 

were consistently elevated upon Neisseria infection compared to adherent alone 

(Adh) conditions and trended upwards in a dose-dependent manner (MOI 1 

versus 10). (B) PMN markers which increased with an infection of 1 bacterium 

per PMN over adherent alone PMNs but decreased in the MOI of 10 condition 

versus MOI of 1. (C) Surface markers which consistently decreased with 

bacterial infection in ach replicate in an infectious dose-dependent manner. (D) 

Surface markers which showed no consistent trends between replicates of 

bacterial infection. (E) Percent positivity and CellTrace Blue MFI of PMNs in each 

condition as a representation of direct association with fluorescently-labeled 

bacteria. (F) Representative distribution of CellTrace Blue intensity in the 

adherent alone, MOI 1, and MOI 10 conditions. Marker denotes gating limits of 

positive CellTrace Blue signal. Dotted lines (A-E) separate bacteria-exposed from 

adherent alone PMNs. 
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Figure 30. Imaging flow cytometry of bacterial burden per PMN 

Primary human PMNs were isolated and adhered as described and infected with 

CellTrace Blue-labeled N. gonorrhoeae at a ratio of 1 bacterium per PMN for 1 

hour and assayed via imaging flow cytometry. (A) Focused, single cell events 

were gated based on CellTrace MFI. CellTrace-negative events were classified 

as having No N. gonorrhoeae, whereas CellTrace-positive PMNs were classified 

as being associated with N. gonorrhoeae. CellTrace-positive PMNs were further 

subdivided into N. gonorrhoeae Low and N. gonorrhoeae High populations by 

quartile. (B) Statistics from panel (A) are shown with number of events, 

percentages, and geometric MFIs in each gate. (C) Representative micrographs 

from each gate of panel (A) showing the brightfield channel, CellTrace/bacteria 

channel, and a merged channel demonstrating bacterial burden on a single PMN 

basis. Numbers in the top lefthand corner of each image series represent the 

event number acquired out of 10,000 individual focused singlet events.  
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Figure 31. Differential surface marker expression patterns based on 
bacterial exposure and burden  

PMNs were challenged with CellTrace Blue-labeled N. gonorrhoeae at a 

multiplicity of infection (MOI) of 1 bacterium per PMN or adherent alone without 

bacterial exposure (Adh). PMNs in the infected condition were subgated by 

CellTrace Blue intensity into a No Neisseria population and populations with Low 

and High bacterial burdens, based on fluorescence quartiles. (B) CellTrace Blue 

MFI from three independent experiments separated by bacterial burden subgate. 

Adherent alone PMNs to the left of the dotted line displayed as a control. (C) 

PMN markers which consistently increased with infection over adherent alone 

conditions and in a bacterial burden-dependent manner, i.e. High Neisseria over 

Low Neisseria. (D) Surface markers which consistently decreased in a bacterial 

burden-dependent manner and compared to adherent alone. (E) Surface 

markers which consistently increased with infection compared to adherent alone 

PMNs, but with no bacteria burden-dependent variation in surface protein 

expression. (F) Surface markers which consistently decreased with infection 

compared to adherent alone PMNs but with no bacterial burden-dependent 

variation in surface protein expression. (G) PMN surface markers which showed 

either no change in expression or no consistent trends in variation between 

replicates. Dotted lines (B-G) separate bacteria-exposed from adherent alone 

PMNs.  
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To identify heterogeneity within the PMN population, PMNs were infected 

with OpaD Gc at an MOI of 1 and 10 (data from replicate #1 of Fig. 29) then 

analyzed via UMAP and clustered according to spectral panel phenotype (Fig. 

32A). Differential clustering was driven to a considerable extent by bacterial 

burden with overlapping yet distinct profiles (Fig. 32B,C). PMNs with the greatest 

Gc burden were in clusters 1 and 2 and to a lesser extent in clusters 4 and 6 

(Fig. 32C). The significant Gc burden in clusters 1 and 2 was accompanied by 

markers of PMN activation including elevated CCM, CD63, CD11b-active, and 

fPR1 and decreased CD16 (Fig. 32D,E). Despite a relatively low Gc burden, 

cluster 3 also showed signs of PMN activation including elevated CCM, CD63, 

and CD11b-active and was the subpopulation with the greatest CD66b 

expression (Fig. 32D,E). Cluster 5 was unique in its lack of CD11b-active and 

fPR1 expression, although it had a bacterial burden similar to the population as a 

whole. Cluster 9 was the only cluster with appreciable CD62L expression after 

infection. Clusters 7 and 10 were unique with low CD47 levels (Fig. 32E). The 

two clusters with the lowest CellTrace Blue signal, numbers 7 and 9, had some 

canonical signs of activation (low CD16, elevated CD66b in cluster 9, etc.) but 

their spectral profiles suggest their activation states are different from that of 

PMNs with high bacterial burdens (Fig. 32E).  

Finally, adhered PMNs were infected at an MOI of 1 or 10 with either 

OpaD or Opaless Gc.38 Opacity-associated proteins bind CCMs on PMNs 

thereby increasing Gc association, internalization, and subsequent death 

compared to Gc which lack these adhesins.39 Gc-PMN association was 
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enhanced with OpaD expression based on CellTrace Blue intensity in the 

spectral flow panel (Fig. 33A). Infecting at an MOI of 10 with OpaD resulted in a 

PMN population in which more than 99% of the PMNs were associated with Gc. 

In comparison, infected with the lower MOI of OpaD or at the MOI of 10 with 

Opaless Gc yielded 63.0% and 73.3% positivity, respectively (Fig. 11A). These 

latter conditions also yielded MFIs approximately one log10 lower than infection 

with OpaD at an MOI of 10 with wider population distributions similar to those 

seen in Figure 29. Infection with Opaless Gc at an MOI of 1 yielded only 16.4% 

positivity (Fig. 33A). To examine the impact of opacity-associated protein 

signaling through PMNs, we performed UMAP dimensional reduction on spectral 

data from OpaD and Opaless infected PMNs at MOIs of 1 and 10, respectively 

(Fig. 33B). These experimental conditions were chosen due to their similar 

CellTrace Blue population distributions to account for differences in Gc 

association due to OpaD expression. PMNs infected with either Gc strain showed 

significant overlap in their population structures (Fig. 33B,C) and strikingly similar 

spectral profiles (Fig. 33D).  
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Figure 32. Differential clustering of PMN subsets following infection with 
fluorescently-labeled N. gonorrhoeae 

Purified primary human PMNs were adhered and infected with CellTrace Blue-

labeled N. gonorrhoeae at a multiplicity of infection (MOI) of either 1 or 10 

bacteria per PMN. Bacteria were of the FA1090 strain background in which only 

one opacity-associated protein (OpaD) was constitutively expressed. PMNs were 

stained with the full spectral flow cytometry panel, analyzed via uniform manifold 

approximation and projection (UMAP) dimensional reduction, and displayed 

according to the two principal UMAP dimensions (umap_1-1 and umap_2-1). (A) 

10 distinct clusters were identified via FlowSOM clustering in OMIQ cloud 

software with each cluster in a different color. (B) UMAP projection of the MOI 1 

and MOI 10 datasets overlayed. (C) CellTrace Blue fluorescence displayed by 

the two principal UMAP components and by color intensity (red = highest 

CellTrace signal, blue = lowest CellTrace signal). (D) Examples of surface 

marker expression patterns across UMAP clusters. Carcinoembryonic Antigen-

related Cell Adhesion Molecule (CCM), formylated Peptide Receptor 1 (fPR1). 

(E) Heat map of normalized surface marker/parameter expression by distinct 

FlowSOM-identified cluster. Top row: bulk expression of all Live PMNs used in 

analysis without cluster separation. Values falling below 0.7 displayed in gray as 

being unexpressed in that cluster. Negative values at the cluster level for CD62L 

were set to a 0.0 value.  
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Figure 33. PMN surface marker variation in response to Opa-expressing 
and Opaless N. gonorrhoeae 

Purified primary human PMNs were adhered and infected with CellTrace Blue-

labeled N. gonorrhoeae at a multiplicity of infection (MOI) of either 1 or 10 

bacteria per PMN. Bacteria were of the FA1090 strain background in which only 

one opacity-associated protein (OpaD) was constitutively expressed, or in which 

all opacity-associated genes were deleted (Opaless). PMNs were stained with 

the full spectral flow cytometry panel, analyzed for median fluorescence intensity 

and via uniform manifold approximation and projection (UMAP) dimensional 

reduction, and displayed according to the two principal UMAP dimensions 

(umap_1-1 and umap_2-1). (A) population level distribution of CellTrace Blue 

intensities after infection with OpaD or Opaless bacteria at an MOI of either 1 or 

10. Marker denotes gating limits of positive CellTrace Blue signal. (B) UMAP 

projection of the OpaD MOI 1 and Opaless MOI 10 datasets overlayed. (C) 

CellTrace Blue fluorescence displayed by the two principal UMAP components 

and by color intensity (red = highest CellTrace signal, blue = lowest CellTrace 

signal). (D) Heat map of normalized surface marker/parameter expression by 

infection condition. Top row: bulk expression of all Live PMNs used in analysis 

without strain/MOI separation. Values falling below 0.7 displayed in gray as being 

unexpressed in that cluster. Negative values at the cluster level for CD62L were 

set to a 0.0 value.  
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3.3      Chapter Discussion 

PMNs have major roles in infection, sterile inflammation, and tissue injury 

and repair. Here we describe the development, validation, and application of a 

high-dimensional spectral flow cytometry panel for profiling PMNs isolated from 

human subjects. It was designed to interrogate PMN activation and surface 

expression of markers for cellular functionality including phagocytosis, 

degranulation, migration, and chemotaxis. In support of our findings with this 

panel, PMN responses to PMA and Gc aligned with previous reports using 

conventional flow cytometry.202,383-388 This spectral flow cytometry panel enables 

rapid, high throughput, multiparametric analysis, and sample preservation with 

broad applicability to PMN biology. 

Care was taken to allow adaptability of this panel for different research 

groups’ needs. For example, in place of CCMs as surface receptors that bind and 

phagocytose Gc in the NFY700 channel, a research team could substitute a 

parameter of their interest such as markers of PMN maturation/senescence or 

differentiation to immunomodulatory subtypes.389-391 In the CTB/BUV395 

channel, another surface marker or labeled cargo could be interrogated including 

a vast diversity of pathogens, beads, cellular debris, immune complexes, etc. 

Additional PMN functions that could be incorporated into the panel include ROS 

generation, NET release, death modalities (e.g. apoptosis, pyroptosis, etc.), 

maturation and differentiation, intracellular signaling, and cytokine production. 

As highly differentiated, terminal cells, PMNs present unique challenges 

for building and applying a flow cytometric panel. Measuring PMN activation 
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between a baseline and stimulated state is inherently challenging due PMNs’ 

sensitivity to activation including during the isolation procedure. Here, PMNs 

were isolated by Ficoll gradient and hypotonic erythrocyte lysis, which differ in 

basal activation state from PMNs in anticoagulated whole blood, purified by 

immunomagnetic negative selection, or in tissues.258 The surface epitope density 

of a selected marker can vary dramatically across a continuum of resting, primed, 

and activated states. Furthermore, some surface markers are shed or 

internalized by activated PMNs. For these reasons, the selection of marker-

fluorochrome pairings, which is based on epitope density and brightness index, 

must be experimentally determined through antibody titrations in single-stained 

samples at low and high epitope density conditions as well as in the context of 

the full stained panel. As each marker uses a different antibody-fluorochrome 

pairing, direct comparisons between markers of absolute or relative changes 

should be cautioned against. Fluorescence-minus-one (FMO) controls should 

also be employed where necessary to discriminate between positive and 

negative populations for accurate gate setting.392,393 Isotype controls may be 

used to account for non-specific binding, however, their reliability is 

controversial.392 Given PMN surface marker variability basally and upon 

stimulation between subjects, as well as on different days for the same subject 

(Fig. 25 and 26), it may be prudent to assess subjects multiple times. Future 

studies are needed to define the number of individuals or experiments on a 

single subject needed for statistical power while considering the time and cost of 
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these experiments (approximately $500/experiment with 4 full-stain samples and 

single stain controls).  

PMNs play a preeminent role in controlling pathogenic organisms. 

However, some pathogens have evolved to counteract the antimicrobial 

mechanisms of PMNs. Among these is the Gram-negative bacterium Gc which 

infects mucosal surfaces of its obligate human host and stimulates a PMN-driven 

inflammatory response.1,4 Here, Gc was chosen as a model infectious organism 

and phagocytic cargo for its capacity to survive within phagosomes of human 

neutrophils.228 By engaging neutrophil surface receptors Gc can block neutrophil 

phagosome maturation and suppress neutrophil activation, such that viable 

bacteria are isolated from the PMN-rich exudates of infected individuals.394-396 

Intriguingly, PMNs in urethral gonorrheal exudates have a heterogenous 

distribution of associated Gc resembling that of Figure 30 in which many PMNs 

have no bacteria, some having single-digit numbers of bacteria, and others 

having tens of bacteria.12,394 These observations inspired the application of the 

spectral flow panel to understand differences in PMN responsiveness to Gc ex 

vivo, which we ultimately intend to examine in primary human specimens. During 

infection, PMNs interact directly with in-tact microbes as well as the soluble 

factors they release such as cell wall fragments, formylated peptides, and lipo-

poly/oligo-saccharides, alone or in outer membrane vesicles. Intriguingly, we 

observed differences in surface marker expression between PMNs not exposed 

to Gc and those in the infection milieu that did not contain associated or 

phagocytosed bacteria (Fig. 30, 31, 32). This observation implies that soluble 
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factors within the infectious milieu are sufficient to initiate PMN activation, which 

is enhanced with bacterial association (i.e. in the Low/High Gc conditions) and a 

heterogenous PMN population is produced (Fig. 32). Additionally, paracrine 

signaling among PMNs during infection, such as release of leukotriene-B4 could 

contribute to the observed changes in some surface markers.397 Moreover, PMN 

responses to PMA and infection with Gc were similar, indicating a largely 

conserved response to these different stimuli. Our findings prompt further 

investigation with purified soluble factors and/or outer membrane vesicles and Gc 

mutants that produce or release different quantities of these factors.  

PMNs sense many stimuli in the context of infection, tissue damage, or 

inflammation and integrate these signals to respond. The field now appreciates 

that PMNs vary within a population resulting from factors such as their age and 

prior experience (“trained innate immunity”)398, yet the contribution of this 

diversity in host response is incompletely understood. We developed this high-

dimensional spectral flow cytometry panel to profile the diversity of PMN 

responses, identify subsets of PMNs with phenotypes of interest to the 

investigator, and generate new hypotheses about human PMN functionality. 

Dimensionality reduction approaches and differential clustering (Fig. 28, 32) can 

then be applied to generate hypotheses and reveal underlying biology from the 

vast amounts of data generated from this panel. We observed PMN 

subpopulations with unique marker expression profiles and degrees of bacterial 

association (Fig. 32) and look forward to dissecting the source and implications 

of this diversity. 



156 
 

 

Going forward, this panel can be directly transferred to spectral cell sorting 

instruments with appropriate laser and detector configurations to isolate PMN 

populations of interest. This panel and protocol are also suitable for collection of 

viable PMNs containing Gc which can be used for downstream applications such 

as single cell RNA-sequencing (Fig. 34).399,400 As spectral flow cytometers and 

related technologies continue to advance, it is our hope the human PMN 

functional panel presented here will be used and expanded by many 

investigators to understand the breadth of responses of PMNs, uncovering the 

contribution of these biologically meaningful cells to diverse fields of biology and 

medicine.  
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Figure 34. Viability of PMNs after staining with full spectral flow cytometry 
panel and spectral cell sorting  

Primary human PMNs were adhered and infected with N. gonorrhoeae as 

described (see Materials & Methods). PMNs were run on a Cytek CS Spectral 

Cell Sorter and sorted in populations based on bacterial burden. Combined post-

sorting PMNs (purple) were then assayed on a Cytek Aurora spectral flow 

cytometer to assess for viability after sorting. Data displayed as normalized 

counts and Zombie NIR fluorescence intensity. A 1:1 mixture of viable and heat-

killed PMNs (gray) was used as a viability staining control.  
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3.4     Materials & Methods 

3.4.1 PMN isolation from human subjects. 

Human subjects research was conducted in accordance with the 

University of Virginia Institutional Review Board for Health Sciences Research 

under protocol #13909. Informed written consent was obtained from each human 

subject. All subjects were 18-65 years of age, with no reported comorbidities, and 

healthy at the time of blood collection. Primary human PMNs were collected via 

venipuncture as previously described.43 Briefly, venous blood was collected into 

heparin-coated Vacutainer® tubes (BD) and fractionated by dextran 

sedimentation to enrich for leukocytes. Granulocytes were purified by Ficoll-

PaqueTM density centrifugation with DPBS (Gibco) + 0.1% (v/v) glucose (DPBSG; 

Ricca Chemical). The Ficoll-PBS interface enriched for monocytes and depleted 

of granulocytes was collected for CD14 gate setting. The granulocyte pellet was 

then resuspended, lysed with endotoxin-free water to remove remaining 

erythrocytes, and resuspended in DPBSG on ice and enumerated using a 

hemacytometer.  

3.4.2 Neisseria gonorrhoeae growth and labeling. 

A derivative of strain FA1090289 N. gonorrhoeae in which all opacity-

associated proteins had been deleted (Opaless) or which constitutively 

expresses the PMN-binding surface protein OpaD and no other opacity-

associated proteins (OpaD)38 were streaked on gonococcal base media agar 

plates and incubated at 37°C with 5% supplemental CO2 for 16 hours.45,177 Single 

colonies were then swabbed into Hank’s balanced salt solution (HBSS, with 



159 
 

 

1.2mM calcium and 1mM magnesium, Gibco) with 10mM HEPES (Sigma-

Aldrich) pH 7.4 and 5mM sodium bicarbonate to a concentration of 1.5e8 

bacteria per mL and labeled with CellTrace Blue (ThermoFisher) for 20min at 

37°C. Bacteria were then pelleted and resuspended in HBSS + 2% bovine serum 

albumin (BSA) to quench remaining CellTrace Blue dye. Un-labeled bacteria 

were used as non-fluorescent controls. 

3.4.3 PMN adherence and stimulation. 

To simulate post-migration status of innate immune cells at inflamed 

mucosa, isolated primary human PMNs were primed with 10nM recombinant 

human interleukin-8 (IL-8, R&D Systems) in Roswell Park Memorial Institute 

Medium (RPMI, Gibco) + 10% (v/v) heat-inactivated fetal bovine serum (RPMI + 

10% FBS, Hyclone) as in Ragland and Criss.43 PMNs were then allowed to settle 

and adhere onto 25mm plastic cover slips (Starstedt) in 6-well tissue culture 

plates in 1mL medium at 37°C, 5% CO2 for 30-60min. Following adherence, 

PMNs were either left untreated, stimulated with 10ng/mL phorbol 12-myristate 

13-acetate (PMA, Sigma-Alrich), or infected with N. gonorrhoeae at a multiplicity 

of infection of either one or ten bacteria per PMN for 60min at 37°C, 5% CO2. 

Controls included unstained, untreated, and single fluorochrome samples. Each 

condition consisted of two wells in a 6-well plate with 2e6 PMNs per well which 

were pooled following stimulation. 

3.4.4 PMN washing and labeling. 

After 60min of stimulation/infection, EDTA (Sigma-Aldrich) was added to 

adhered PMNs to a final concentration of 0.5mM. PMNs were gently 
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resuspended using a cell scraper (Falcon). Cells from two wells per condition 

were pooled into a 15mL conical tube and centrifuged at 860 x g for 7min at 4°C. 

Medium was removed via aspiration to approximately 50μL. PMNs were gently 

resuspended in 2mL ice cold HBSS+ and washed likewise twice more. PMNs 

were then resuspended in 200μL ice cold HBSS+ and transferred to a V-bottom 

96-well plate on ice. Additional samples added to the 96-well plate included: 

PMNs which had been untreated and left in suspension to be used both for full 

antibody staining and for unstained controls; suspension PMNs on ice mixed 1:1 

with suspension PMNs that were heat-killed (65°C for 5min) for viability gate 

setting; and granulocyte-depleted DPBSG-Ficoll interface ‘buffy-coat’ enriched 

with monocytes for CD14 dump gate setting. The plate was centrifuged at 600 x 

g for 7min at 4°C, 100μL were removed from each well via multichannel pipet, 

and a 1:1000 dilution of Zombie Near-Infrared (Zombie NIR, ZNIR) live-dead dye 

(BioLegend) was added to the full-stain and single/gate-setting stain wells per 

manufacturer’s directions (15min at room temperature in the dark) and pellets 

gently resuspended. One hundred μL of Flow Staining Buffer (eBiosciences) was 

then added to each well to quench ZNIR dyes. The plate was centrifuged as 

above, 150μL were removed from each well via multichannel pipet, and 150μL 

Flow Staining Buffer was added. 150μL was removed from each well via 

multichannel pipet so that each well contained 50μL of Flow Staining Buffer and 

pelleted cells. Flow Staining Buffer was added to wells followed by individual 

antibodies as indicated in Table 3 to a total of 100μL per well. Cells were gently 

resuspended with staining buffer/antibody mixtures and incubated at 4°C for 
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30min in the dark. The plate was then centrifuged as above, 50μL was removed 

from each well, and pellets were gently washed three times in sterile PBS. The 

final wash was into a final volume of 100μL of PBS + 1% (v/v) paraformaldehyde 

(Electron Microscopy Sciences). The plate with fixed samples was stored at 4°C 

in the dark wrapped in aluminum foil for no more than three days before analysis 

on the spectral flow cytometer. 

3.4.5 Spectral flow cytometry acquisition. 

Samples were run on a Cytek Aurora spectral flow cytometer with a 20mW 

355nm, 50mW 488nm, 100mW 405nm, 50mW 561nm, and 80mW 640nm 5-

laser configuration. Samples were run using the 96-well plate autosampler 

apparatus within three days after fixation. Unmixing and spillover correction was 

performed in SpectroFlo (Cytek) software. 

3.4.6 Antibody-fluorochrome conjugation and titration. 

All fluorescently labelled antibodies were obtained from commercial 

suppliers (Table 3), except for the anti-CCM 1,3,6 antibody which was 

conjugated in-house with NovaFluor Yellow 700 (NFYellow 700, NFY700) using 

the NovaFluor Antibody Conjugation Kit (ThermoFisher) per manufacturer’s 

protocols. Each antibody was titrated to establish the lowest concentration that 

maximized the fluorescence intensity differential between labelled and unlabeled 

cells. 

3.4.7 Imaging flow cytometry analysis of N. gonorrhoeae infected PMNs. 

Primary human PMNs were infected as described above with N. 

gonorrhoeae, which was labeled with both CellTrace Blue and CellTrace Yellow 
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(ThermoFisher) per manufacturer’s protocols for detection on both the Cytek 

Aurora spectral flow cytometer (both fluorochromes) and the Cytek 

ImageStreamX MkII imaging flow cytometer (CellTrace Yellow). Single-stained 

and unstained bacteria were included as controls. Infected cells were collected 

and fixed as above, and data collected on each cytometer with appropriate single 

stained controls. Imaging flow cytometry was performed at 60x magnification 

using brightfield to collect micrographs of individual cells, side scatter channels, 

and the 561nm (100mW) excitation laser to collect CellTrace Yellow-Gc MFI. 

Ten-thousand individual, focused singlet PMN events were collected for each 

sample, and data were analyzed using the IDEAS 6.2® software package.171,177 

3.4.8 PMN cell sorting. 

PMNs were infected with CellTrace Yellow and CellTrace Blue dual-

labeled N. gonorrhoeae and stained with Zombie NIR, and run on a Cytek CS 

Spectral Cell Sorter. Live unmixing was performed, and PMNs were sorted into 

CellTrace Blue negative, low, and high subgated populations, as well as a non-

gated group, into 1.5mL Eppendorf tubes. PMNs were subsequently run on a 

Cytek Aurora spectral flow cytometer to assess post-sorting viability via Zombie 

NIR exclusion using a 1:1 mixture of viable and heat-killed PMNs as a reference. 

3.4.9 Statistics, analyses, and data availability. 

Analyses were performed as indicated. MFI were assumed to be 

parametric. Data were analyzed using SpectroFlo (Cytek), FCS Express (De 

Novo), IDEAS (Amnis), and GraphPad Prism software. Data were unmixed in 

SpectroFlo software and uploaded into OMIQ cloud software for uniform manifold 
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approximation and projection (UMAP) dimensional reduction processing and 

analysis.378 Data were cleaned using FlowAI within OMIQ, gated onto viable 

single PMN events, and UMAP analyses conducted with all fluorescent features 

except those used for gating. Clustering was performed in OMIQ using 

FlowSOM. OMIQ’s default settings were used. Raw flow cytometry data is 

available through the MyFlowCyt flow cytometry repository under the Experiment 

title: PMN Spectral Flow Panel, and Experiment ID: (FR-FCM-Z8EX). 
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4 Neutrophil transepithelial migration in an endocervical Transwell 

system 

This chapter is comprised of unpublished data collected between January 

2019 and December 2021. Dr. Aimee Potter began this project as an extension 

of Dr. Jacqueline Stevens’ thesis work (Neutrophilic inflammation initiated by 

gonococcal-endocervical cell interactions and amplified by migrating neutrophils. 

(2018). Journal of Infectious Diseases). Evan Lamb adopted this project upon 

joining the Criss Lab in April 2021. Data originally published in Dr. Stevens’ 

thesis work were adapted for Figure 36D (rmp and pilQ).  
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4.1     Introduction 

Neisseria gonorrhoeae (the gonococcus, Gc) is a human-specific bacterial 

pathogen and causative agent of an estimated 80-100 million cases of gonorrhea 

annually worldwide.1,3,101,102 Gc adheres to and infects mucosal epithelia of the 

cervix, urethra, conjunctiva, rectum, and oropharynx through surface factors such 

as opacity-associated proteins (Opa) and Pili.1,2 Infection elicits a vigorous innate 

immune response with neutrophil (polymorphonuclear leukocyte, PMN)-

predominant infiltration. Despite the abundance of PMNs at the infected mucosa, 

Gc infection frequently persists in the absence of appropriate antibiotic therapy. 

The ability of Gc to persist in its obligate human host owes in part to its many 

evolved strategies to evade PMN-mediated killing including production of 

detoxifying enzymes, efflux pump expression, avoidance of phagocytic uptake, 

and inhibition of phagosome maturation. Sustained infection results in prolonged 

PMN recruitment and collateral damage to host epithelial tissues which have 

been linked to complications of gonorrhea including pelvic inflammatory disease, 

ectopic pregnancies, and infertility.1,273 Therefore, interrogating the interplay 

between the bacteria, PMNs, and epithelial cells may hold key insights into the 

pathogenesis of Gc infection. 

To reach the apical epithelial infection site, PMNs must be recruited from 

systemic circulation and migrate through the endothelium, underlying stroma, 

and epithelium.217,220 Soluble factors released locally at the inflamed tissue form 

chemotactic gradients that recruit and stimulate PMNs. Factors such as 

interleukin-8 (IL-8; CXCL8) are released basolaterally from infected epithelial 
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cells to initiate PMN influx. Additional chemotactic gradients are generated to 

complete PMN migration across the epithelial layer to the apical/luminal aspect in 

a process referred to here as transmigration or more specifically transepithelial 

migration.216,218,220 A major group of compounds that stimulate PMNs and 

promote transepithelial migration to bacterial pathogens are the arachidonic acid-

derived eicosanoids including the hepoxilins, leukotrienes, and 

prostaglandins.216,222,401 Gc infection of an endocervical monolayer induces PMN 

transmigration via a primary chemotactic gradient of hepoxilin-A3 (HXA3) 

secreted by the epithelial cells and a secondary amplifying chemotactic gradient 

of leukotriene-B4 (LTB4) secreted by PMNs themselves.216 However, the 

interactions between Gc and the epithelial cells which initiate synthesis and 

secretion of chemotactic signals and cytokines have not yet been identified.  

PMN recruitment and migratory processes are associated with increased 

neutrophil activation and enhanced antimicrobial activity due to exposure to 

stimulatory agents and through adhesion-based signaling (e.g. by integrin-

substrate binding).221-223,401,402 PMN-pathogen interactions may also be 

influenced at an apical epithelial surface resulting from organelle/nuclear 

deformation during transmigration, altered PMN metabolic activity, bacterial 

adherence to the epithelial surface, bacterial adherence to each other in 

microcolonies or biofilms, etc. Neither the impact of Gc adherence to epithelial 

cells nor the transmigration process have been previously investigated regarding 

PMN anti-gonococcal activity.  
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To address this gap in knowledge, our lab developed a tripartite Transwell 

system in an endocervical epithelial monolayer is infected with Gc with 

consequent  transepithelial migration of primary human PMNs.216 We investigate 

the host-pathogen interactions which induce transepithelial migration and 

interrogate the capacity of transmigrated PMNs to phagocytose and kill apically 

adhered Gc. This model is contrasted to one in which PMN activity is assessed in 

the absence of epithelial cells and transmigration43 and caveats to comparison 

between the two models is discussed.  

 

4.2     Results 

4.2.1 PMNs migrate in response to Gc infection and interact with bacteria 

on the apical epithelium in a tripartite Transwell system. 

Gc is a human-specific pathogen, complicating applications of in vivo 

infection models with animals and/or human subjects.1,146,273 Many in vitro 

models of PMN-Gc combat use human cells collected and purified from 

peripheral blood to challenge bacteria. A model used extensively by our group 

consists of isolated primary human PMNs adhered to coverslips in a well-plate 

and pre-treated with IL-8 to mimic PMNs after migrating to the infected apical 

epithelium with subsequent Gc inoculation (‘Adhered IL-8 primed model’; Fig. 

35A).43 Despite the addition of IL-8 and the adherent nature of PMNs in this 

model, it lacks the repertoire of signals released by epithelial cells, the 

transmigratory process, and Gc-epithelium interactions. Therefore, investigating 

PMN-Gc-epithelium interplay in vitro required development of a new system. 
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To this end, our lab established an inverted Transwell system in which a 

confluent layer of immortalized endocervical epithelial cells was cultured on a 

polycarbonate filter support (the Transwell) with 3µm pores.216 The established 

epithelium was then infected with Gc on the apical aspect, and isolated primary 

human PMNs were added to the basolateral chamber to induce transepithelial 

migration (Fig. 35B-D). PMN transmigration could be quantified using 

myeloperoxidase (MPO) assays which demonstrated significant recruitment 

across the epithelium with Gc infection which was reproducible at 2 hours after 

PMN addition (Fig. 35E).216,403 Furthermore, PMNs could be observed to interact 

with apically adhered Gc via scanning electron and fluorescent microscopy (Fig. 

35F,G). Live fluorescent imaging demonstrated PMN migration through and 

across the epithelial cell layer to actively target and phagocytose Gc in 

microcolonies (Image series Fig. 35G). This system also recapitulated PMN 

behavior observed in other systems such as PMNs releasing from the epithelial 

surface to ‘fall’ into the apical chamber representing the luminal space.219 

Released PMNs were allowed to settle onto glass coverslips for subsequent 

investigations.  
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Figure 35. Models of PMN-Gc interactions and characterization of tripartite 
Transwell system 

(A) The Adhered IL-8 primed model of PMN-Gc interactions in which primary (1°) 

human neutrophils are adhered to coverslips in a well-plate with 80ng/mL IL-8 in 

RMPI media for 30-60 minutes and infected with Gc. (B) The tripartite Transwell 

system in which immortalized endocervical epithelial cells (End1) are cultured on 

a Transwell filter insert with 3µm pores for 7-10 days then infected apically with 

Gc for 2 hours in HHB+ media. Primary human PMNs are then added to the 

basolateral chamber and allowed to transmigrate across the epithelial layer, 

interact with Gc, and release onto a coverslip. (C) Fluorescent confocal 

micrograph of a 10-day-old Transwell End1 epithelial layer stained with CellTrace 

Far Red (blue) and actin labeled with fluorescent phalloidin (red). (D) Fluorescent 

confocal micrographs of CFSE-labeled PMNs (green) migrating toward CellTrace 

Yellow-labeled Gc (red) in the Transwell system at 30 and 120 minutes after 

PMN addition Dashed lines indicate the Transwell membrane. (E) Quantification 

of PMN transmigration with and without Gc infection. Measured by 

myeloperoxidase (MPO) activity compared to a standard curve. Error bars 

represent the standard error of the mean. Significance determined by unpaired 

Student’s t-test. ****=p<0.0001. (F) Scanning electron micrograph of post-

migration PMNs (purple) interacting with individual gonococci, diplococci, and 

bacterial clusters (pink) on the apical surface of End1 cells (cyan). (G) Image 

series from fluorescent live cell imaging of CellTrace Far Red-labeled PMNs 

(blue) migrating through and across an End1 cell (green, expressing membrane-

localized YFP) epithelium to interact with CellTrace Yellow-labeled gonococci 
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(red) as individual bacteria and microcolonies/clusters. Arrowhead and arrow 

denote two individual bacteria over the time course of approximately 12 minutes.  

4.2.2 Efforts to identify the Gc factor(s) which induce PMN transmigration. 

Infection of inverted endocervical cells in the Transwell system with Gc 

induces PMN transmigration through a synthetic pathway involving epithelial 

protein kinase C (PKC), phospholipase-A2 (PLA2), and an array of lipoxygenases 

(LOX) to produce HXA3 and secondary PMN secretion of LTB4 (Fig. 36A).216 

However, the interaction between Gc and host epithelial cells which initiates this 

process was not identified. Data implicated a gonococcal proteinaceous surface 

structure as being a necessary component in this interaction. Trypsin-shaving of 

Gc significantly decreased PMN transmigration compared to intact bacteria at 

equivalent multiplicities of infection (MOI; Fig. 36B). Moreover, paraformaldehyde 

(PFA) fixed Gc also induced no measurable PMN transmigration whereas live, 

heat-killed, and isopropanol-fixed bacteria induced similar PMN transmigration 

levels. Endocervical cell treatment with purified Gc lipooligosaccharide, a TLR4 

agonist, or TLR2 agonistic agents also did not elicit transmigration.216  

A ready hypothesis was that the known immunogenic surface structures 

Opa and Pili could have been responsible for stimulating the epithelial cells. 

However, using strains deleted genes encoding either all Opa or the major pilin 

subunit, PilE, did not impact PMN transmigration levels when equivalent numbers 

of bacteria were adhered to the epithelium. Therefore, trypsin-shaved 

supernatants were collected for mass spectrometry to identify cleaved protein 

candidates. Figure 35C documents the proteins identified in greater abundance 
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in trypsin-shaved supernatants compared to vehicle-treated supernatants. A 

number of surface-exposed non-PilE subunits of Pili were identified (PilC, PilQ, 

PilN) as well as the major outer membrane proteins Porin and Rmp (formerly PI 

and PIII, respectively). Also identified were gonococcal MIP (macrophage 

infectivity potentiator-like protein)276, the lysozyme inhibitor encoded by ngo1981 

(sometimes referred to as NgACP or LecA based on homology to factors in other 

species)250, and the putative hemolysin encoded by ngo1985. Isogenic mutant 

and wild-type strains were generated or acquired for rmp, pilQ, ngo1985, and 

ngo1981. No mutant strain produced the hypothesized decrease in PMN 

transmigration compared to its wild-type counterpart (Fig. 36D). Interestingly, the 

rmp and ngo1985 mutant strains trended toward greater PMN recruitment across 

the epithelium compared to factor-expressing strains. Mutant strains lacking PilC 

(encoded by two genes in most Gc strains73, pilC1 and pilC2), PilN, and MIP 

were not obtained during the course of these studies, and Porin is an essential 

outer membrane protein. Therefore, additional studies ought to be pursued to 

assess these remaining factors singly or in combination. 
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Figure 36. PMN transmigration responses to Gc surface components 

(A) Schematic of known PMN transepithelial migration induction in the tripartite 

Transwell system. Protein kinase C (PKC) in endocervical epithelial cells (End1) 

is activated by an unidentified mechanism (question mark) which in sequence 

promotes phospholipase-A2 (PLA2) and lipoxygenases (LOX) to synthesize and 

secrete hepoxilin-A3 (HXA3) as a primary chemoattractant gradient. Recruited 

PMNs then generate a secondary and self-amplifying chemoattractant gradient 

by producing leukotriene-B4 (LTB4). (B) Quantification of PMN transmigration via 

myeloperoxidase assay in the absence of Gc infection, with Gc infection with or 

without trypsin-shaving. Error bars are standard error of the mean. Significance 

determined by 1-way ANOVA with Tukey’s multiple comparisons. *=p<0.05, 

****=p<0.0001, ns = not significant. (C) Table of mass spectrometry reads from 

supernatants collected from trypsin-shaved and vehicle-treated Gc. Gene ID 

based on the FA1090 strain Gc genome. (D) PMN transmigration via 

myeloperoxidase assay to Gc strains mutated for surface factors found in panel 

(C) compared to isogenic wild-type (WT) strains. Error bars = standard error of 

the mean. Significance for ngo1985 determined by unpaired Student’s t-test. 

**=p<0.01. Data for rmp and pilQ mutants were adapted from Stevens, 2018. 
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4.2.3 Transmigration impacts PMN association with and killing of Gc. 

Signaling components present during the transmigration process have 

been reported to enhance PMN activation status and result in greater bactericidal 

capacity. However, the impact of transmigration on PMN activity against Gc has 

not yet been directly explored and many in vitro PMN-Gc infection models lack 

epithelial cells altogether. To investigate this question, we sought to compare 

numbers of Gc associated with PMNs as well as Gc viability between the 

Transwell and Adhered IL-8 primed models in which transmigration does and 

does not occur, respectively. 

In the Adhered IL-8 primed model, PMNs infected at an MOI of ten 

bacteria per PMN yielded a heterogenous population in which some PMNs were 

associated with no Gc, some with single digit numbers of Gc, and some with tens 

of bacteria (Fig. 37A,B). In this model, the mean number of Gc per PMN was 8.2 

and the median was 6. Only 6.0% of PMNs had no associated Gc and 9.5% had 

20 or more bacteria. The Transwell model with PMN transmigration (MOI = 10 Gc 

per PMN) also produced a heterogenous PMN population based on Gc 

association. In contrast, the mean number of Gc per PMN was 7.1 and the 

median was 2. PMNs with no associated Gc constituted 27.3% of the population 

and 14.7% had 20 or more bacteria (Fig. 37B). 

 The observed differences in PMN-Gc population structures, and the 

evidence that transmigration influences PMN antimicrobial properties, prompted 

us to assess the bactericidal activity of PMNs against Gc in both models. To 

assess Gc viability with single-PMN and single-bacterium resolution we used a 
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live-dead fluorescence imaging technique coupled with extracellular versus 

intracellular Gc staining based on dye exclusion.404 Extracellular bacteria were 

stained by fluorescently conjugated soybean lectin, whereas intracellular bacteria 

were not. Bacteria with intact envelopes (classified as live Gc) were stained by 

the membrane-permeable DNA binding dye Syto-9, whereas those with 

damaged envelopes (classified as dead Gc) were stained with the membrane-

impermeant dye propidium iodide (Fig. 38A). In both infection models, bacteria 

associated with, but not internalized by, PMNs had greater population viability 

(Fig. 38B). However, regardless of phagocytic status, Gc interacting with 

transmigrated (TM) PMNs in the Transwell model had significantly greater 

viability numbers compared to those in the Adhered IL-8 primed infection model 

(Fig. 38B). These data were in opposition to our initial hypothesis based on the 

increased antimicrobial activity reported in the literature.  

 To further dissect PMN antimicrobial capacity with and without 

transmigration, we challenged Gc expressing (Opa+) or deleted for (Opa-) Opa 

proteins, gonococcal surface factors important for association with human 

epithelial cells and PMNs.38,39 In the Adhered IL-8 primed model, Opa- Gc 

displayed greater viability compared to constitutively Opa+ Gc, recapitulating 

previously published results with this system (Fig. 38C).38,39,49 However, this 

survival advantage was reversed in the Transwell model in which Opa+ Gc had 

significantly greater viability compared to the Opa- Gc (Fig. 38C). Moreover, 

Opa- Gc viability was not significantly different between the two models, but 

Opa+ Gc viability was significantly increased in Transwell system (Fig. 38C). A 
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colony forming unit-based (CFU) survival time course representative of the 

Adhered IL-8 primed model also demonstrated a survival advantage for Opa- Gc, 

but only in RPMI media and not in HHB+ media (Fig. 38D,E).43  
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Figure 37. PMN-Gc association differences with and without transepithelial 
migration 

PMNs were challenged in the Adhered IL-8 primed model (Adh) or tripartite 

Transwell transepithelial migration model (TM) with Gc at an MOI of 10 bacteria 

per PMN. Adh PMNs were challenged for 1 hour after Gc addition, TM PMNs 

were challenged for 2 hours after PMN addition to the basolateral chamber to 

account for the approximate 1 hour needed to observe transmigration. (A) Adh 

(top, magenta) and TM (bottom, cyan) CFSE-labeled PMNs were imaged and 

CellTrace Yellow-labeled Gc were enumerated on a per PMN basis. 

Representative micrographs. (B) Violin plots of Gc association per Adh and TM 

PMN. N = 84-143 PMNs. Dark bars in plots represent median number of Gc per 

PMN.  
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Figure 38. Gc viability with PMN challenge depends on infection model and 
Opa-expression 

(A) PMNs with associated Gc on glass coverslips were analyzed via differential 

live-dead and extracellular versus intracellular staining on a single-PMN and 

single-bacterium basis. Representative images of PMNs and Gc in the Adhered 

IL-8 primed model at 0 (top) and 1 (bottom) hours post infection (hpi). Red = 

dead Gc labeled with propidium iodide. Green = live Gc labeled with Syto 9. Blue 

= extracellular Gc labeled with fluorescent soybean lectin. (B) Gc viability based 

on differential staining in the Adhered IL-8 primed (Adh) and Transwell 

transmigration (TM) models by percentage of live Gc out of all counted Gc. 

Viability delineated by intracellular, phagocytosed Gc and extracellular, PMN-

associated Gc. (C) Gc viability based on differential staining in the Adh and TM 

infection model. Isogenic Gc constitutively expressing a single opacity-associated 

protein adhesin (Opa+) or deleted for all Opa proteins (Opa-). (D) Opa- and 

Opa+ Gc survival over 120 minutes against Adhered, IL-8 primed PMNs in RPMI 

media. (E) Opa- and Opa+ Gc survival over 120 minutes against Adhered, IL-8 

primed PMNs in either RPMI or HHB+ Media. Survival presented as percent of 

viable Gc at the zero timepoint (t=0; D,E) Error bars are standard error of the 

mean. Statistical significance determined by 1-way ANOVA with Tukey’s multiple 

comparisons (B,C), Student’s t-test at each timepoint (D), or 1-way ANOVA with 

Tukey’s multiple comparisons at each timepoint (E). *=p<0.05, **=p<0.01, 

***=p<0.001, ****=p<0.0001.  
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4.2.4     Chapter Discussion 

PMN recruitment to infected tissues is essential for combatting pathogens, 

yet the effect of recruitment and transepithelial migration is not well 

characterized. This is especially true for tissues of the female reproductive tract 

and against Gc. Here, we used a Transwell system to model PMN transepithelial 

migration across endocervical epithelial cells and subsequent interaction with 

apically adhered Gc. Previous work and preliminary data presented here show 

that PMN transmigration can be quantified in this model, PMN-Gc interactions 

can be observed via microscopy, and that Gc phagocytosis and killing can be 

quantified.216  

The endocervical Transwell system presents a promising development in 

models of Gc infection in that it incorporates epithelial cells and the 

transmigratory process unlike other in vitro systems. It also incorporates 

leukocytes in contrast to ex vivo systems such as cervical explants.272,273 With 

these advantages, this system demonstrated that PMN migration across the 

endocervical epithelium depends on the PKC-PLA2-LOX axis to synthesize 

epithelium-derived HXA3 with subsequent LTB4 amplification. These findings may 

partially explain observations from murine infection models in which BALB/c 

mice, which synthesize PLA2, elicit neutrophilic infiltration to Gc infection but 

C57BL/6 mice which lack PLA2 synthesis do not.260,263 The endocervical model 

also establishes a basis for future refinement or expansion such as incorporating 

other epithelial cell types (e.g. endometrial, fallopian, urethral, etc.).273 Lessons 

learned from this model can also be applied to more expansive systems such as 
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biomimetic models of the female reproductive tract which can incorporate other 

components such as ECM, endothelium, microbiota, mucus, fluid flow, etc. 

Ultimately, no model will fully recapitulate all aspects of natural gonococcal 

infections in human, but interrogating components in different models can grant 

important insights.  

 One aim in this work was to identify the gonococcal factor(s) which induce 

epithelial cell activation and resultant PMN transepithelial migration. Results 

using trypsin shaving and PFA fixation suggested that a proteinaceous Gc factor 

was involved in transmigration elicitation. However, addition of exogenous 

components or Gc mutated for specific surface candidates did not point to any 

single factor.216 Other candidates remain to be tested but it is conceivable that 

epithelial cell stimulation is multifactorial and will require more comprehensive 

analysis. Interestingly, Gc singly mutated for rmp or ngo1985 trended toward 

increased PMN transmigration compared to wildtype parental strains (Fig. 36D). 

Although no immunosuppressive roles for these factors against epithelial cells 

have been described, such functions could explain these results with further 

investigation. Other candidates remain to be tested, including the major outer 

membrane protein Porin. Mutations in extracellular loops of Porin have been 

generated although full deletions are lethal.347 Porin has been reported to 

translocate into host cell membranes resulting in ion flux which can be 

stimulatory or apoptosis-inducing.30 In the case of epithelial cells, calcium ion 

influx due to porin could result in PKC activation with subsequent HXA3 

secretion. Gc adherence to epithelial cells can also induce calcium flux through 
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CD46 activation, a multifunctional receptor which has also been proposed to 

interact with PKC.405-408 Gonococcal PilC, one of our identified candidates (Fig. 

36C), has been proposed to bind CD46.245 Therefore, efforts should be taken to 

test Gc mutants lacking both PilC-encoding genes (pilC1, pilC2). 

Investigating Gc viability in the Transwell model, and juxtaposing this to 

the Adhered IL-8 primed model revealed surprising results with transmigrated 

PMNs less readily killing Gc than adhered-alone PMNs. However, important 

differences exist between these two models which make direct comparisons 

difficult in their current iterations. An advantage of the Adhered IL-8 primed 

system is that infection is synchronized upon Gc inoculation via centrifugation to 

force PMN-Gc association. This allows for more controlled uniform study of Gc 

killing by the PMNs. However, in a native infection, PMNs encounter Gc 

asynchronously as they are recruited from the vasculature and migrate toward 

infecting bacteria. In these preliminary studies, 1 hour of infection was used in 

the Adhered IL-8 primed model and a total of 2 hours in the Transwell 

transmigration model to account for the approximate 1 hour needed to initiate 

PMN transepithelial migration.216 Additionally, media in the Adhered IL-8 primed 

model was RPMI (4.5g/L D-glucose) compared to HHB+ (1g/L D-glucose) in the 

Transwell model. PMNs are highly glycolytic and differences in nutrient 

abundance between these two systems may have significant consequences.8 To 

better compare transmigrated and non-transmigrated PMNs, standardizing media 

between these two models would be required. Another approach would be to 

induce PMN transmigration in the Transwell model to a known chemoattractant 
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such as a formylated peptide (e.g. fMLP), collect an equivalent number of PMNs 

from the apical chamber (transmigrated) and basolateral chamber (not yet 

transmigrated) and challenge these with Gc. 

An additional caveat to data interpretation identified during the course of 

these studies is that some actively growing gonococci, although still viable and 

culturable, appeared to allow propidium iodide flux across their envelope. This 

may be due to Gc’s unique envelope structure compared to other Gram-negative 

bacteria for which the differential live-dead viability staining kit was developed. 

Therefore, data acquired with this differential live-dead technique ought to be 

validated through additional means such as CFU assays or methods such as 

transmission electron microscopy which can identify live and dead Gc at single-

PMN and single-bacterium levels based on electron density.396 However, prior 

findings were recapitulated such as the intracellular Gc population being less 

viable than the extracellular Gc population. Assuming the validity and 

reproducibility of results from Figure 38 with other techniques and more rigorous 

transmigration vs non-transmigrated models, non-mutually exclusive hypotheses 

are proposed in the following paragraphs. 

 The Adhered IL-8 primed and Transwell transmigration model both 

showed heterogenic PMN-Gc association with the Transwell model enriched for 

PMNs at the extremes (0 Gc, 20+ Gc) compared to the model without 

transepithelial migration. Clinical samples of urethral exudate reflect these 

extremes.12 PMNs with greater numbers of Gc may be observed more readily in 

the endocervical Transwell model as Gc microcolonies on epithelial cells (Fig. 
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35D,F,G) can be targeted by a single approaching PMN. These clusters may be 

preferentially targeted by PMNs via steeper chemoattractant agents. Therefore, a 

first-mover PMN may be more likely to encounter greater numbers of 

Gc/microcolonies than those which transmigrate after. Asynchronous 

encountering of bacteria may also explain the prevalence of PMNs with no Gc. 

PMNs have been described to transmigrate at ‘hotspots’ in endothelia and 

epithelia where adhesins are more abundant and cell-cell junctions are 

disrupted.218 PMNs recruited at the later timepoints in the Transwell model may 

then have fewer bacteria with which to contend than their trailblazing 

counterparts. Figure 35F depicts a possible instance of this with 1 PMN engaging 

10+ visible gonococci with at least 5 PMNs following in close pursuit. PMNs with 

little to no Gc may also be a result of Gc adherence to epithelial cells making 

phagocytosis more challenging. Another intriguing possibility is that the 

transmigration process produces a PMN population heterogenous in activation 

state with varying levels of phagocytic capacity due to surface receptor 

expression, cytoskeletal mobilization, etc.230 Use of protocols such as high-

dimensional flow cytometric panels to assess pre- and post-migratory PMNs 

could shed light on this question.380,409 

  Multiple factors could contribute to decreased PMN lethality in the 

Transwell transmigration model. PMNs which internalize tens of bacteria may be 

less efficient killers as bactericidal granule contents would be delivered to 

multiple phagosomes thereby being less potent. The asynchronous nature of the 

model may also mean that detached PMNs were incubated with Gc for a shorter 



187 
 

 

functional time than the full 1-hour challenge in the Adhered IL-8 primed model. A 

system with standardized transmigration followed by Gc challenge as described 

above would work toward addressing this discrepancy – as would a system in 

which migrated PMNs were labeled as they migrate at timepoints throughout the 

infection. Compared to other systems, endocervical transmigration appears to 

dampen PMN killing capacity. This may be specific to this cell type or a result 

endocervical cell stratification which was observed in some Transwells (Fig. 

35C). Exploring effects of transmigration through other epithelial types, including 

stratified squamous ectocervical cells, may be of interest. It is also worth noting 

that Gc adhered to epithelial cells are more resistant to nutrient-starving 

mechanisms of PMNs (e.g. zinc sequestration by calprotectin)410 which may be 

playing a role in this system.  

Experimental gonococcal infections of human volunteers are selective for 

Opa-expressing Gc.54 This contrasts with data using the Adhered IL-8 primed 

model in which Opa+ Gc have a survival disadvantage against primary human 

PMNs (Fig. 38D).38,49,52,261 It has been proposed that epithelial adherence via 

Opa surface adhesins explains this phenomenon. Our findings with the Transwell 

model reflect the Opa+ Gc selective advantage (Fig. 38C). It is interesting that 

the Transwell model more closely recapitulates findings from human infections 

compared to the Adhered IL-8 primed in vitro model. The underlying basis for 

this, whether it be due to Gc or PMN differences or their interaction with the 

epithelium remains to be explored. 
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4.3       Materials & Methods 

4.3.1 Neisseria gonorrhoeae strains and culturing. 

The following Gc strains were used in this study: a derivative strain of 

piliated FA1090 Gc with an antigenically locked major pilin subunit (PilE) in which 

all Opa genes had been deleted (Opa-) or which constitutively expresses only 

one Opa (OpaD, Opa+)38; an Opa- and pilus-variable FA1090 Gc and isogenic 

ngo1985::kanamycin resistance cassette insertional mutant; and an MS11 strain 

of Gc with an isogenic ngo1981::kanamycin resistance cassette insertional 

mutation. Data adapted from Stevens 2018 included isogenic Opa+ parent and 

rmp::erythromycin resistance cassette insertional mutant as well as an Opa- 

parent and pilQ-null mutant. 

Gc was routinely cultured as described previously.43 Briefly, Gc was 

streaked on gonococcal base medium (BD Difco) plus Kellogg’s supplement I 

and 1.25μM Fe(NO3)3 (gonococcal base, GCB) agar plates for 14-16 hours at 

37°C, 5% CO2. Single colonies were lightly swabbed onto fresh, pre-warmed 

agar plates to grow bacterial lawns for approximately 8 hours, swabbed into GCB 

liquid media and grown overnight at 30°C with rotation. On the morning of each 

experiment, Gc were back-diluted twice in fresh GCB liquid media and grown at 

37°C to reach the mid-exponential growth phase. 

4.3.2 PMN isolation from human subjects. 

Human subjects research was conducted in accordance with the 

University of Virginia Institutional Review Board for Health Sciences Research 

under protocol #13909. Informed written consent was obtained from each 
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subject. All subjects were 18-65 years of age, with no reported comorbidities, and 

healthy at the time of blood collection. Primary human PMNs were collected via 

venipuncture as previously described.43 Briefly, venous blood was collected into 

heparin-coated Vacutainer® tubes (BD) and fractionated by dextran 

sedimentation to enrich for leukocytes. Granulocytes were purified by Ficoll-

PaqueTM (Ficoll) density centrifugation with DPBS (Gibco) + 0.1% glucose 

(DPBSG; Ricca Chemical). The granulocyte-enriched pellet was then 

resuspended, lysed with endotoxin-free water to remove remaining erythrocytes, 

and resuspended in DPBSG on ice and enumerated using a hemacytometer.  

4.3.3 Adherent, IL-8 primed model. 

Purified PMNs were pre-treated with IL-8 and adhered then infected with 

Gc as previously described with slight alterations.43 Briefly, 1x106 Ficoll-purified 

PMNs were added onto 13mm plastic (Sarstedt) or glass (Fisher) coverslips in a 

24-well plate in 400µL of Roswell Park Memorial Institute medium (RPMI) 

supplemented with 10% fetal bovine serum (FBS) and 80ng/mL recombinant 

human IL-8 (R&D Systems). Figure 38E used HHB+ media (Hank’s balanced salt 

solution with 1.2mM calcium and 1mM magnesium [Gibco] with 10mM HEPES 

[Sigma-Aldrich] and 5mM sodium bicarbonate at pH 7.4) in place of RPMI. 

Triplicate wells were used in all experiments. PMNs were allowed to settle and 

adhere for 30-60 minutes at 37°C with 5% CO2. PMNs were then challenged with 

indicated strain of mid-exponential phase Gc at an MOI of 10 (1x107 Gc per well) 

by centrifugation at 600 x g for 4 minutes at 12°C. Gc inoculum was serially 

diluted and plated for CFU enumeration each day to verify MOI. PMNs were then 
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either prepared for imaging at 1 hour post-infection. Alternatively, Gc CFU were 

enumerated at 0, 30, 60, and 120 minutes post-infection by aspirating off media 

with unassociated bacteria, specifically lysing PMNs with 1% saponin (Fluka 

Analytical), and serial dilution and plating of bacteria 

4.3.4 Transwell endocervical transmigration model. 

Mycoplasma-free human End1/E6E7 (End1)411 endocervical epithelial 

cells (ATCC, CRL-2615TM) were maintained at 37°C and 5% CO2 in 

keratinocyte serum-free medium (KSFM, Life Technologies) with 0.4mM CaCl2 

supplemented with 50µg/mL bovine pituitary extract and 0.1ng/mL recombinant 

human epidermal growth factor. End1 cultures in flasks and on Transwell inserts 

were cultured with 1X Antibiotic-Antimycotic (Gibco; penicillin, streptomycin, 

amphotericin) and washed into antimicrobial-free media 24 hours before 

infection. End1 cells were seeded on inverted 6.5mm Transwell filter inserts with 

3µm pores (Corning) coated with 5µg/cm2 human type IV collagen (Sigma). End1 

cells (7x104 per Transwell) were allowed to adhere for 4-5 hours then reverted 

into a 24-well tissue culture plate with KSFM in both chambers and incubated at 

37°C and 5% CO2 for 7-10 days. End1 layer barrier function was previously 

verified by transepithelial electrical resistance measurement and 10kDa FITC-

conjugated dextran flux assay.216 

On the day of infection, established End1 Transwell systems were washed 

with 37°C HHB+ media, inverted, and infected with 1x107 Gc in 30µL HHB+ for 2 

hours at 37°C and 5% CO2. Infected inserts were then gently dunked into fresh 

HHB+ media to remove non-adhered gonococci and reverted into a fresh 24-well 
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plate with 1mL HHB+ in the lower/apical chamber. Ficoll-purified PMNs (1x106) 

were then added to the upper/basolateral chamber in 200µL HHB+ and 

incubated for 2 hours or indicated duration at 37°C and 5% CO2. Previous 

studies showed that transmigration begins around 1-hour post-infection.  

4.3.5 Fluorescent microscopy. 

Epithelial cells, PMNs, and Gc were pre-labeled with CFSE or CellTrace 

series amine-reactive dyes according to manufacturer’s protocols prior to 

addition of other components into infection models as indicated in HHB+ media 

(protein free). Epithelial cell actin was labeled with 66nM AlexFluor Plus 555-

conjugated phalloidin (Invitrogen) following 4% paraformaldehyde fixation and 

0.1% Triton X-100 permeabilization. 

Live-cell, Gc-PMN association (Fig. 37A), and differential live-dead (Fig. 

38A) imaging were performed on a Nikon Eclipse TE2000-E spinning disk 

confocal microscope with an EXFO X-Cite 120Q Lamp, and Nikon T-PFC Perfect 

Focus System. Confocal microscopy (Fig. 35C,D) and live-cell imaging (Fig. 

35G) were performed using a Nikon C1 confocal microscope at 0.5μm intervals. 

4.3.6 Scanning electron microscopy (SEM). 

Transwell systems were infected and loaded with PMNs as described 

above. At 2 hours after PMN addition, media in both chambers was replaced with 

fixative (4% PFA/2%glutaraldehyde in 0.1M sodium cacodylate buffer at pH 7.4) 

overnight at 4°C. Samples were secondarily fixed with 1% osmium tetroxide and 

serially dehydrated with 100% ethanol. Samples were then gold-platinum sputter 

coated and imaged on a Zeiss SIGMA VP-FESEM in the Advanced Microscopy 
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Facility at the University of Virginia. Images were false colored in Adobe 

Photoshop.  

4.3.7 Membrane-YFP End1 cell generation. 

A yellow fluorescent protein (YFP) construct with palmitoylation signal was 

previously generated to target YFP to cell membranes (m-YFP).412 HEK-293T 

cells in DMEM with 10% FBS in 24-well plates were transfected at approximately 

20% confluence with 500ng m-YFP plasmid, 400ng packaging plasmid (Moloney 

murine leukemia virus, MMLV), and 100ng envelope plasmid (vesicular stomatitis 

virus envelope glycoprotein, VSV-G) in serum-free DMEM media for 48 hours. 

Transfection supernatant was collected, buffered with 10mM HEPES, filtered 

through 0.45µm mixed cellulose ester filters (MilliporeSigma), and stored at -

80°C as 500µL aliquots until use. 

Low-passage End1 endocervical epithelial cells were seeded into a 24-

well plate (1x105 per well) with KSFM media. At 16 hours, adhered and 

proliferating End1 cells were infected with 500µL m-YFP lentivirus at 37°C and 

5% CO2 for 12 hours at which point media was replace with virus-free KSFM for 

24 hours. Lentivirus-infected cells were then selected for with 5µg/mL puromycin 

for 3 days, verified for m-YFP expression, and moved to 6-well plates for 

culturing and long-term liquid nitrogen storage.  

4.3.8 Myeloperoxidase (MPO) transmigration assays. 

Endocervical Transwell systems were infected as above. At 2 hours post-

infection, PMN transmigration was quantified using colorimetric myeloperoxidase 

assays as previously described. Briefly, Transwells were removed from their 



193 
 

 

wells with gentle agitation to release loosely adhered PMNs. PMNs were lysed 

with 0.5% Triton X-100 for 20 minutes at 4°C with rocking. A fresh H2O2-ABTS 

chromophore diammonium salt (EMD Millipore) with was prepared as previously 

described to detect MPO activity. To a transparent, flat-bottom 96-well plate, 

100µL sample, 50µL 1M citrate-citric acid buffer (pH 4.2), and 50µL H2O2-ABTS 

Solution were added. The plate was developed in the dark at 37°C for 10-20 

minutes then read on a Wallac Victor-2 1420 plate reader (Perkin-Elmer) at 

405nm with 1 second integration. The 96 well plate also included a standard 

curve of 2-fold PMN dilutions treated as described above ranging from 1x106 to 

~2x103 PMNs. All standards and samples were run in duplicate. Negative 

controls were of Transwells in HHB+ media alone without Gc infection; positive 

controls included 1µM fMLP (formylated tripeptide Met-Leu-Phe), a potent 

chemotactic agent.   

4.3.9 Bacterial trypsin shaving and mass spectrometry. 

Piliated Opa+ Gc were swabbed into GCB liquid media after 18 hours 

lawn growth on GCB agar plates and 5x108 Gc were treated with 40µg/mL 

sequencing-grade trypsin (Promega) or vehicle (trypsin resuspension buffer, 

Promega) for 1 hour at 37°C on a rotating drum. Supernatants were collected 

and prepared for analysis by passing over a Sulpeco Discovery DSC-18 SPE 

column (Sigma). The column was sequentially flushed with 50% acetonitrile and 

1% acetic acid, flushed with 1% acetic acid, loaded with sample, washed with 1% 

acetic acid, and eluted with 80% acetonitrile, 1% acetic acid. Samples were 

analyzed via mass spectrometry at the W.M. Keck Biomedical Mass 
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Spectrometry Laboratory at the University of Virginia. The following is adapted 

from the report number 2135 from the W.M. Keck Biomedical Mass Spectrometry 

Laboratory: Samples were reduced with 10mM DTT in 0.1M ammonium 

bicarbonate at room temperature for 30 minutes then alkylated with 50mM 

iodoacetamide in 0.1M ammonium bicarbonate at room temperature for 30 

minutes. Samples were digested overnight at 37°C with 1µg trypsin in 50mM 

ammonium bicarbonate. Samples were then acidified with acetic acid and dried 

to 15µL 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 3µm C18 137 Easy Spray column. 7µL extract was 

injected and peptides eluted by an acetonitrile/0.1M acetic acid gradient at a flow 

rate of 0.25µL/minute. The nanospray ion source was operated at 2.3kV. 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 to determine amino acid sequence in sequential 

scans. This mode of analysis produces approximately 50,000 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 

4.3.10 Differential Live-Dead and extracellular versus intracellular staining. 

Gc were inoculated into the Adhered, IL-8 primed or Transwell 

transmigration as described. PMNs settled onto acid-washed glass coverslips. At 
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the indicated timepoints, media was removed. Coverslips with PMNs and Gc 

were gently rinsed in the well-plate with fresh 0.1M 3-(N-

morpholino)propanesulfonic acid (MOPS) media at pH 7.2 with 1mM MgCl2 

(MOPS buffer) and stained with AlexaFluor 647-conjugated soybean lectin 

(5µg/mL) for 10 minutes at room temperature in the dark. Coverslips were rinsed 

with MOPS buffer and incubated for 15 minutes at room temperature in the dark 

with the LIVE/DEAD® BacLight bacterial viability kit (Life Technologies) 

containing 5µM Syto 9, 30µM propidium iodide, and 0.1% saponin. Coverslips 

were then rinsed into PBS and immediately imaged via spinning disk fluorescent 

microscopy.404 

4.3.11 Statistics, analyses, and data availability. 

Statistical analyses were performed as indicated in figure legends. Data 

were assumed to be parametric, and statistical tests were 2-sided where 

applicable. Data were analyzed using GraphPad Prism, Adobe Photoshop for 

false coloring SEM, Fiji, and Nikon Elements software. Schematics were 

generated with BioRender.  
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5 CONCLUDING REMARKS AND FUTURE DIRECTIONS 

This chapter includes unpublished data collected between January 2022 and 

September 2023. Data that formed a significant basis for work present in Figure 

41 was published in: Gray MC* and Thomas KS*, Lamb ER, Werner LM, 

Connolly KL, Jerse AE, Criss AK. Evaluating vaccine-elicited antibody activities 

against Neisseria gonorrhoeae: cross-protective responses elicited by the 

4CMen-B meningococcal vaccine. (2023). Infection and Immunity. 

91(12):e0030923. 

* indicates co-first authorship 
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5.1      Summary 

In this work I investigated principal innate immune responses to Gc. In 

Chapter 2, terminal complement complexes of C5b-C9 MACs and C5b-C8 were 

investigated for their capacity to directly kill Gc and potentiate activities of a 

broad panel of antimicrobials. The MAC was found to kill gonococci and disrupt 

both the outer and inner membranes. These 10-11nm pores enhanced anti-

gonococcal activity of antimicrobials that acted at all layers of the Gram-negative 

cell, allowed otherwise impermeant antimicrobials to access their targets, and re-

sensitized multidrug-resistant Gc to clinically relevant antibiotics. 2-4nm C5b-C8 

complexes lacking polymerized C9 also killed gonococci, albeit less effectively, 

and also disrupted both bacterial membranes. These complexes were restricted 

in the antimicrobials they could accommodate based on size. In Chapter 3, a 

multi-parametric spectral flow cytometry panel was developed to interrogate 

primary human neutrophil activation in response to soluble stimulatory agents 

and Gc infection. Conserved responses were found among surface markers for 

phagocytosis, degranulation, migration, and chemotaxis. Variability was also 

appreciated among neutrophils from the same and different donors. Neutrophil 

populations were heterogenic regarding the numbers of associated Gc and in 

their activation states. Heterogenic neutrophil interactions with gonococci were 

also observed in Chapter 3 in which neutrophil-Gc interaction models were 

compared with and without neutrophil transmigration across and endocervical 

cell layer. Apical infection of the epithelia induces neutrophil transmigration 

(through a still unclear mechanism) with subsequent neutrophil phagocytosis of 
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the gonococci. Transmigrated neutrophils were more likely to have no bacteria or 

tens of bacteria than their non-transmigrated counterparts. They also appeared 

less effective at killing the gonococci than the non-transmigrated PMNs.  

Together, these findings expand our understanding of how these innate 

immune effectors complement one another to combat Gc and shed light on how 

they accomplish this mission. This work serves as a basis for future research to 

answer lingering questions. For example, does MAC-mediated potentiation of 

antimicrobials occur in vivo in which complement, complement inhibitors, 

phagocytes, secreted antimicrobials, and antibiotics co-occur? Do novel 

complement-fixing therapeutics or vaccine-elicited antibodies also promote MAC-

mediated antimicrobial potentiation? What is the nature (structure, localization, 

abundance, etc.) of C5b-C8 complexes within a Gram-negative outer 

membrane? What is the functional importance of neutrophil heterogeneity and 

different subpopulations on anti-gonococcal capacity? 

 

5.2      Future Directions 

5.2.1 MAC-mediated antimicrobial potentiation in broader contexts. 

Studies presented here demonstrating antimicrobial potentiation by the 

MAC were conducted in vitro using tailored serum bactericidal assays. These 

were optimized to show antimicrobial potentiation using sublethal serum 

concentrations reflective of what may occur in vivo regarding infection by 

complement-resistant Gc isolates. Likewise, antimicrobial concentrations were 

selected both experimentally and based upon physiologic concentrations (e.g. 
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1,000µg/mL lysozyme at mucosal secretions)413 or on concentrations 

representative of resistance values (e.g. 4µg/mL MIC of H041 Gc to 

ceftriaxone).110,111 However, in vivo concentrations of antimicrobials and 

complement components vary widely depending on the site that Gc may occupy. 

One such circumstance is within the neutrophil phagosome in which 

antimicrobials can reach high concentrations.226 Here, I tested the neutrophil- 

and serum-derived antimicrobial lysozyme and found that C5b-C9 MAC pores 

potentiated its activity. Additional neutrophil-derived compounds such as 

secretory phospholipase-A2 also show enhanced activity against Gram-negative 

bacteria treated with terminal complement.196 Neutrophils express a broad 

repertoire of antibacterial compounds (see section 1.3.2.2) and it will be 

interesting to identify if MAC can synergize with neutrophilic antibacterial 

functions either with neutrophils themselves or degranulated components. In a 

whole cell context, complement could support phagocytic uptake through 

opsonization and leukocyte stimulation through anaphylatoxin production. 

Interestingly, neutrophils can also accumulate antibiotics such as azithromycin 

which can enhance their bactericidal capacity against other bacteria.414 

Terminal complement has been shown to contribute to Gc control in 

experimental murine infection models156 and data from human subjects with 

complement deficiencies suggest this is also true in human patients (see section 

1.3.1.9). Complement deposition on Gc could be induced with pre-clinical 

therapeutic candidates or monoclonal antibodies in murine genital tract infections 

alongside antibiotic therapy to identify is potentiation occurs in vivo. 
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The serum environment provides not only complement components but 

also many complement inhibitors which protect host cells and are exploited by 

Gc (Fig. 5,8). In these studies, Gc strains with a range of serum sensitivities were 

used. C4BP binding by otherwise serum-resistant strains was able to be 

overcome by addition of anti-LOS IgM, demonstrating the importance of 

complement-activating initiators in killing Gc via serum bactericidal activity. Gc 

can also bind the complement inhibitor vitronectin (Vn) from human serum.21,52 

Vn exerts its activity by blocking C5b-C7 formation and by blocking C9 

incorporation into the nascent MAC.21,191 I hypothesize that the C5b-C8 

complexes discussed in Chapter 2 may therefore result in vivo as a result of Vn 

exploitation by Gc. However, efforts to directly image these complexes (e.g. 

atomic force microscopy, scanning electron microscopy, cryo-electron 

tomography) have yet to be conducted in Gc or other bacteria.  

During experiments with Gc strain MS11 with phase-variable Opa 

proteins, I noticed a striking selection for Opa+ bacterial colonies after treatment 

with active serum but not with buffer or HI serum (Fig. 39A,B). A similar 

observation was made for an Opa-variable FA1090 Gc strain (Fig. 39C). The 

Opa homologue in N. meningitidis, Opc, was shown to bind vitronectin from 

human serum suggesting Opa proteins from Gc may also display this capacity, 

although the exact mechanism was undefined.21,52,53  

We therefore followed up on these observations and found that Opa+ 

MS11 Gc survived in serum bactericidal assays (see Chapter 2) compared to 

their Opa- counterparts (Fig. 39D). Using our FA1090 strain Gc constitutively 
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expressing only one of the many Opa proteins, we found that Opa expression 

trended toward a survival advantage in active serum with OpaI-expressing 

bacteria surviving significantly more than Opa- (Fig. 39E). We hypothesized the 

serum survival with Opa expression was linked to vitronectin and found that 

Opa+ but not Opa- Gc bound recombinant and serum Vn via Western blot (Fig. 

40A). Vn binding by Opa+ bacteria was confirmed via imaging flow cytometry in 

which OpaD-, OpaA-, OpaI-, and Opa50-expressing strains had significantly 

greater Vn signals than Opa- Gc. An Opa-variable wild-type FA1090 strain which 

was predominantly Opa+ via stereomicroscope showed a near-significant 

increase in Vn signal as did predominantly Opa+ multidrug-resistant H041 (Fig. 

40B,C). However, Vn-binding by Gc strains expressing different Opa is not 

synonymous with increased survival (e.g. Opa50; Fig. 39E,40B) which suggests 

Opa-specific interactions with Vn influence serum resistance.  

Vitronectin’s major role is in blocking C9 incorporation into nascent 

MAC.191 We therefore tested the necessity of C9 in the observed Opa-selection 

phenotype and found that C9-reconstituted sera selected for Opa-expressing 

colonies whereas C9-depleted or HI sera did not (Fig. 40D). Further studies on 

additional Opa-expressing strains and with vitronectin depleted sera are 

underway.  
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Figure 39. Complement-active serum selects for Opa-expressing Gc 

(A) Micrograph on stereomicroscope demonstrating visual differences in Opa-

expressing (Opa+) and Opaless (Opa-) Gc colonies. MS11 and FA1090 Gc were 

challenged via serum bactericidal assay with 1-hour 2% serum exposure and 

assessed for percent Opa+ colonies (B,C) and percent survival to heat-

inactivated (HI) serum (D). (E) FA1090 Gc with all opa genes deleted (Opa-) or 

constitutively expressing a single Opa protein were assessed as above for 

survival compared to HI serum. Error bars = SEM. 1-way ANOVA with Tukey’s 

multiple comparisons (A), or Student’s t-test between groups (C,D) or compared 

to Opa- control (E).  
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Figure 40. Opa expression increases Vn binding and is selected for in a C9-
dependent manner 

(A) Western blots (performed by Lacie Werner PhD) with Gc deleted for all opa 

genes (Opa-) or constitutively expressing a single Opa (Opa+, OpaD) incubated 

in PBS, 50% normal human serum (NHS) or with 50µg/mL recombinant human 

vitronectin (Vn).Standard kDa ladders at left. (B,C) Single focused Gc were 

analyzed for Vn binding via imaging flow cytometry in an adapted protocol from 

Figure 11. Wildtype FA1090 Gc was phase-variable for Opa. Data expressed as 

Fluorescence Index (median fluorescence intensity * percent positive; B) or as 

percent of Gc positive for Vn staining (C). (D) MS11 Gc were challenged against 

increasing concentrations of C9-reconstituted or C9-depleted human serum with 

or without heat-inactivation (HI) in a serum bactericidal assay (SBA) and 

enumerated for CFU. N=1. (E) Micrographs from the SBA CFU enumerations 

showing colony opacity. Active serum: C9-reconstitued at 2%, C9-depleted at 

25%. HI Serum: Both sera at 25%.   
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5.2.2 Implications for therapeutic development. 

Chapter 2 demonstrates that outer membrane-embedded MAC can 

enhance activities of diverse antimicrobials demonstrating the potential for 

synergistic complement and antibiotic therapies. Therapies that enhance 

complement fixation specifically on the Gc surface are currently in pre-clinical 

development. Among these are monoclonal antibodies to be used as therapeutic 

passive immunization. Effective complement-mediated Gc clearance from murine 

genital infections was observed with administration of a murine anti-LOS 

monoclonal and an engineered humanized version with Fc region mutations to 

enhance IgG1 hexamerization and complement deposition.156 A C4BP-IgM 

fusion construct also showed efficacy in Gc clearance from murine infection as 

well as in vitro potentiation of select antibiotics in a terminal complement-

dependent manner.155,310  

Specific complement activation on the Gc surface can also be achieved by 

vaccine-elicited antibodies.177,180 Evidence that the 4CMenB meningococcal 

vaccination in mice and humans induces antibodies that cross react with Gc 

which exert in vitro serum bactericidal activity is promising in efforts to develop 

preventative measures.292-294 However, whether 4CMenB elicited antibodies 

contribute to the reduction in Gc infections is as of yet unknown.177 Although 

complement activation occurs in response to these antibodies, their necessity in 

conferring immunity is unclear. 

 To this end, I began interrogating antibody-elicited bactericidal capacity 

using a whole blood infection model which incorporates cellular and soluble 
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immune factors and is representative of gonococcal bloodstream 

dissemination.415,416 This model demonstrated that complement-resistant Gc 

(FA1090 strain which binds human C4BP) survived in human whole blood but 

that a complement-sensitive derivative deficient in C4BP binding was readily 

killed. Addition of the C5 inhibitor OMCI rescued Gc survival indicating a 

complement-mediated effect (Fig. 41A). Addition of polyclonal anti-Gc antibodies 

from rabbit immunization produced a 173-fold decrease in complement-resistant 

Gc viability which was in a complement-dependent manner (Fig. 41B,C). This 

shows that antibody-induced complement activation is capable of killing Gc in 

whole blood. However, in this model, C5 inhibition blocks both downstream MAC 

formation (C5b-C9) as well as leukocyte activation by reduced C5a 

anaphylatoxin release. Therefore, identifying if vaccine-elicited complement 

killing is due to serum bactericidal activity, enhanced opsonophagocytic uptake, 

or both remains to be confirmed. Efforts between our group and those in Anne 

Jerse’s Lab at the Uniformed Services University have shown that 4CMenB-

immunized mice elicit antibodies which exert both serum bactericidal activity in 

human serum and opsonophagocytic uptake by human neutrophils.177 Antibodies 

against human terminal complement components (e.g. C7) or opsonophagocytic 

receptors (e.g. CR3) have shown block terminal complement deposition and 

complement receptor binding, respectively, in ex vivo/in vitro systems.171,417 A 

C5aR blockade with the inhibitor Avacopan would also be useful in dissecting the 

role of different complement effector functions in models which integrate 

complement and cellular effectors.416   
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Figure 41. Complement, antibody, and cellular anti-gonococcal effectors in 
whole blood 

Gc were inoculated into freshly collected hirudin-anticoagulated whole blood at 

3e6 bacteria per mL. (A) Opa- FA1090 Gc (C’resistant) and FA1090 Gc with a loop 

6 porin mutation lacking C4BP binding potential (C’sensitive) were inoculated into 

whole blood for hourly CFU enumeration with vehicle or addition of the C5 

inhibitor OMCI (20µg/mL). (B) C’resistant Gc were inoculated into whole blood with 

addition of 45µg/mL polyclonal anti-Gc antibody (αGc) from rabbits immunized 

with heat-killed bacteria ± OMCI.  
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5.2.3 Neutrophil heterogeneity in response to diverse stimuli. 

As principal responders of the innate immune system, neutrophils are 

equipped with receptors to sense signals from a broad repertoire of host- and 

pathogen-derived sources. These signals are integrated to control neutrophil 

activation state and effector functions.214 The spectral flow cytometry panel 

presented in Chapter 3 will enable our lab and other research groups to dissect 

the neutrophil response to these stimuli by assessing surface markers that both 

sense pathogens and seek to combat the threat. It will also allow investigation 

into the recently appreciated diversity of neutrophil populations in their activation 

states and ability to contend with pathogens.229,230 

Challenging primary human neutrophils with Opa-expressing Gc yielded 

distinguishable subpopulations via dimensional reduction and clustering analyses 

(Fig. 32). The clusters with the greatest bacterial burden (clusters 1 & 2) were 

comprised predominantly of neutrophils infected at an MOI of 10 and represented 

a more canonical profile of highly activated neutrophils. However, highly 

activated neutrophils could also be found with low Gc burden (cluster 3). Some 

neutrophils had moderate Gc burden but unlike others had negligible markers of 

strong activation (e.g. cluster 5). Further efforts to identify what these different 

neutrophil subpopulations are should be conducted, as well as assessing the 

functional implications of this diversity. To this end, inclusion of other markers 

such as those of neutrophil senescence may be useful.  

Diversity within the pathogen population may also influence neutrophil 

responses. Gc possesses many phase and antigenically variable surface 
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proteins, such as opacity-associated proteins, which influence their interactions 

with host cells including neutrophils.35,39 Using CellTrace Blue-labeled Gc, we 

verified that OpaD expression enhanced Gc association with neutrophils (Fig. 

33A). However, after accounting for overall bacterial burden, both Opa-

expressing and Opa-deleted Gc strains induced similar responses in adherent, 

IL-8 primed neutrophils (Fig. 33D). Diverse opacity-associated proteins 

differentially bind neutrophil CCM-1 and CCM-3 receptors with inhibitory and 

activating motifs, respectively, with OpaD binding both CCM-1 and CCM-

3.39,48,305 Gc which constitutively express only CCM-1 binding opacity-associated 

proteins (e.g. Opa50, OpaF) may not induce as strong a neutrophil response or 

possibly suppress stimulation through CCM-1 ITIM signaling.39,305 

Applying and adapting this panel to other contexts may also yield 

information on how neutrophils respond to the different stimuli they encounter. In 

Chapter 3 neutrophils were stimulated with the potent activator PMA. Neutrophils 

stimulated with other agents found in the infectious milieu from the host (e.g. 

anaphylatoxins, eicosanoids) or pathogens (formylated peptides, peptidoglycan 

fragments, LOS, or Gc-conditioned media) could be analyzed using the flow 

cytometry panel to further dissect neutrophil biology as well as to compare and 

contrast responses to relevant stimuli in the infectious milieu. The panel can also 

be applied to neutrophils in different infection models such as the Transwell 

transmigration model presented in Chapter 4. Many of the markers selected for 

this panel pertain to migration and chemotaxis, as well as receptors for the many 

stimuli encountered en route to pathogens. Analyzing pre- and post-
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transmigration PMNs from the Transwell model could shed light on the neutrophil 

heterogeneity and decreased bactericidal capacity found in this system (Fig. 38).  

 

5.3      Overall Conclusions 

This dissertation describes interactions between soluble and cellular 

innate immune effectors and Gc. This work expands upon MAC biology and 

bactericidal activity and its potential to enhance other arms of the immune 

system and antibiotic regimens. The development of a new spectral flow 

cytometry panel to interrogate leukocyte surface markers with an eye toward 

neutrophil-pathogen interactions is reported. Additional data presented herein 

describe effects of transepithelial migration on neutrophil anti-gonococcal 

capacity, Gc recruitment of Vn in a possible Opa-dependent manner, and 

complement-dependent killing in an integrated whole blood model with 

enhancement by anti-gonococcal antibodies. Together, these data contribute to 

foundational biology with possible therapeutic and vaccine implications against a 

pathogen of pressing public health concern.   
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