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Abstract 22 

The complement cascade is a front-line defense against pathogens. Complement 23 

activation generates the membrane attack complex (MAC), a 10-11 nm diameter pore formed by 24 

complement proteins C5b through C8 and polymerized C9. The MAC embeds within the outer 25 

membrane of Gram-negative bacteria and displays bactericidal activity. In the absence of C9, 26 

C5b-C8 complexes can form 2-4 nm pores on membranes, but their relevance to microbial 27 

control is poorly understood. Deficiencies in terminal complement components uniquely 28 

predispose individuals to infections by pathogenic Neisseria, including N. gonorrhoeae (Gc). 29 

Increasing antibiotic resistance in Gc makes new therapeutic strategies a priority. Here, we 30 

demonstrate that MAC formed by complement activity in human serum disrupts the Gc outer 31 

and inner membranes, potentiating the activity of antimicrobials against Gc and re-sensitizing 32 

multidrug resistant Gc to antibiotics. C9-depleted serum also disrupts Gc membranes and 33 

exerts antigonococcal activity, effects that are not reported in other Gram-negative bacteria. 34 

C5b-C8 complex formation potentiates Gc sensitivity to azithromycin but not lysozyme. These 35 

findings expand our mechanistic understanding of complement lytic activity, suggest a size 36 

limitation for terminal complement-mediated enhancement of antimicrobials against Gc, and 37 

suggest complement manipulation can be used to combat drug-resistant gonorrhea. 38 

 39 

Importance 40 

 The complement cascade is a front-line arm of the innate immune system against 41 

pathogens. Complement activation results in membrane attack complex (MAC) pores forming 42 

on the outer membrane of Gram-negative bacteria, resulting in bacterial death. Individuals who 43 

cannot generate MAC are specifically susceptible to infection by pathogenic Neisseria species 44 

including N. gonorrhoeae (Gc). High rates of gonorrhea and its complications like infertility, and 45 

high-frequency resistance to multiple antibiotics, make it important to identify new approaches to 46 

combat Gc. Beyond direct anti-Gc activity, we found the MAC increases the ability of antibiotics 47 
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and antimicrobial proteins to kill Gc and re-sensitizes multidrug-resistant bacteria to antibiotics. 48 

The most terminal component, C9, is needed to potentiate the anti-Gc activity of lysozyme, but 49 

azithromycin activity is potentiated regardless of C9. These findings highlight the unique effects 50 

of MAC on Gc and suggest novel translational avenues to combat drug-resistant gonorrhea.  51 

 52 

Introduction 53 

 The complement system is a predominant arm of innate immunity that is a front-line 54 

defense for combating pathogens (1-7). Complement components are abundant in serum and 55 

found at most tissues and mucosal surfaces (8-11). Complement activation is robustly initiated 56 

by IgG and IgM binding, and the resulting catalytic cascade promotes effector functions 57 

including leukocyte activation and opsonophagocytosis of C3b-labeled targets by phagocytes 58 

(1, 7, 10, 12). Complement directly kills pathogens by forming membrane attack complex (MAC) 59 

pores in target membranes (1, 13-15). 60 

 The MAC is generated by progressive membrane insertion of the terminal complement 61 

components C5b through C8 and subsequent polymerization of C9, resulting in 10-11nm pores 62 

(13, 14, 16, 17). The 5nm C9 transmembrane domains are not predicted to span beyond the 63 

Gram-negative outer membrane to targets deeper in the bacterial cell (14, 16). However, in 64 

Escherichia coli, outer membrane disruption alone is insufficient to drive bacterial death by the 65 

MAC, whereas inner membrane disruption is essential (16, 18-20). Therefore, foundational 66 

biologic questions remain as to how the MAC promotes bactericidal activity. Furthermore, C5b-67 

C8 complexes, without poly-C9, can themselves cluster in membranes, forming smaller pores 68 

(~2-4nm) that lyse liposomes and erythrocytes, and kill nucleated cells. Effects and mechanisms 69 

of C5b-C8 complexes on Gram-negative bacteria remain to be fully investigated (21-26). 70 

 Deficiencies in the complement system result in increased susceptibility to certain 71 

infections (1, 2). In particular, deficiencies in C5 through C9 result in a 1,000- to 10,000-fold 72 

increased risk for invasive meningococcal disease by Neisseria meningitidis and >300-fold 73 
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increased susceptibility to local and disseminated infection by N. gonorrhoeae (1, 27). In turn, 74 

pathogenic Neisseria attempt to evade complement-mediated killing by hijacking host-derived 75 

complement inhibitors C4b-binding protein, factor H, sialic acid, and vitronectin, evading 76 

antibody recognition by phase and antigenic variation, and meningococcal capsule production 77 

(1, 28-36). 78 

 N. gonorrhoeae (the gonococcus, Gc) causes an estimated 82-100 million cases of 79 

gonorrhea annually worldwide (37-39). Gonorrhea is an urgent public health threat due to 80 

rapidly rising case numbers along with increasing antibiotic resistance (39-42). Gc infection is 81 

characterized by mucosal inflammation, resulting in an influx of neutrophils and serum 82 

transudate (43). If left untreated, or if treatment is ineffective due to antibiotic resistance, 83 

collateral tissue damage can cause serious sequelae including pelvic inflammatory disease, 84 

ectopic pregnancy, endocarditis, and infertility (1, 43).  85 

 Gonococci have been isolated that are resistant to all classes of antibiotics that have 86 

been used for treatment, including macrolides, fluoroquinolones, tetracyclines, and β-lactams. 87 

Extensively-drug resistant Gc with lowered susceptibility to extended spectrum cephalosporins 88 

are circulating worldwide (40-42). Resistance is conferred by mutation of the antibiotic’s target, 89 

reduced uptake via mutations in the outer membrane porin, and increased efflux pump 90 

production (44-47). As in other Gram-negatives, the outer membrane is a barrier preventing 91 

access to deeper sites in the bacterial cell (45, 48-52). 92 

 MAC-mediated disruption of the outer membrane can enhance bactericidal activity of 93 

antimicrobials against Gram-negative bacteria (53-55). In this model of MAC-mediated 94 

potentiation, antimicrobials that are excluded by the outer membrane gain access to the inside 95 

of the bacterial cell by traversing through the MAC pore, similar to pharmacologic strategies of 96 

enhancing antibiotic activity by combining them with membrane-disrupting compounds (50, 56, 97 

57). However, it is unclear whether MAC-mediated potentiation is conferred by antimicrobial 98 
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transit through channels formed by the MAC pore or by generalized membrane perturbation 99 

(58). The ability of C5b-C8 complexes to potentiate antimicrobials has also not been tested.  100 

 Given these observations and the importance of complement to control Neisseria, we 101 

investigated how sublethal MAC deposition affected Gc susceptibility to curated antimicrobials. 102 

We demonstrate that MAC damages both the gonococcal outer and inner membranes and 103 

enhances antibiotic activity at each layer of the Gram-negative cell. Moreover, the MAC re-104 

sensitizes a multidrug-resistant Gc strain to clinically relevant antibiotics. C9-deficient serum 105 

promotes membrane damage and antigonococcal activity of antibiotics, but does not potentiate 106 

the activity of host-derived lysozyme, implicating C5b-C8 in forming size-restricted pores in Gc. 107 

Our results reveal differences in how terminal complement restricts Gc compared with other 108 

Gram-negative bacteria and help explain how terminal complement deficiencies uniquely 109 

sensitize individuals to Neisseria, suggesting novel host-targeting therapeutic approaches to 110 

help combat drug-resistant gonorrhea.  111 

 112 

Results 113 

Human serum kills Gc via terminal complement component deposition 114 

 A serum bactericidal assay (SBA) was adapted to interrogate MAC disruption and 115 

antimicrobial potentiation of Gc (59). Gc was incubated with anti-lipooligosaccharide IgM, 116 

followed by addition of Ig-depleted pooled human serum as complement source; serum can 117 

contain antibodies that cross-react with Gc antigens, even in individuals with no prior Gc 118 

exposure (60). Titrating both serum and IgM concentrations resulted in significant, reproducible 119 

concentration-dependent Gc killing (Fig. 1A,B). 410ng/mL anti-Gc IgM and 2-3% serum yielded 120 

non-significant yet detectable killing (sublethal). Serum that was heat-inactivated (HI) or treated 121 

with the C5-specific inhibitor OMCI (Ornithodoros moubata complement inhibitor) fully lost 122 

bactericidal activity (Fig. 1A-C) (55, 61, 62). By imaging flow cytometry, C3b, C7, and C9 were 123 

on the surface of Gc incubated with IgM and active, but not HI serum (Fig. 1D-G). We conclude 124 
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that Gc is susceptible to classical complement-mediated killing via the MAC in a serum- and 125 

antibody-concentration dependent manner (63). 126 

 127 

The MAC disrupts both the gonococcal outer and inner membranes 128 

 The SBA conditions above were used to assess complement disruption of Gc outer and 129 

inner membranes. 1-N-phenylnapthylamine (NPN) fluoresces only upon integration into the 130 

inner membrane, following outer membrane disruption (57, 64). NPN fluorescence was 131 

significantly increased in Gc in an active complement-dependent manner (Fig. 2A). Sytox Green 132 

fluoresces upon DNA intercalation, after disruption of both outer and inner membranes (16, 55). 133 

Gc incubated with active serum, but not HI serum or buffer, showed increased Sytox 134 

fluorescence over 2hr (Fig. 2B). Endpoint Sytox Green fluorescence and area under the curve 135 

(AUC) were significantly increased in Gc exposed to active serum (Fig. 2C). We conclude that 136 

human serum damages both gonococcal outer and inner membranes. 137 

 138 

The MAC potentiates antimicrobial activity of classically Gram-positive antibiotics 139 

 To ascertain if the MAC can enhance antimicrobial activity, we developed a modified 140 

SBA in which IgM- and serum-opsonized Gc was subsequently challenged with antibiotics or 141 

host-derived antimicrobials. As proof of concept, we assessed how MAC deposition affected the 142 

susceptibility of Gc to antibiotics that are not generally effective against Gram-negative bacteria 143 

due to poor penetration of the outer membrane coupled with active efflux: vancomycin, nisin, 144 

and linezolid (50, 53, 65). 145 

 Vancomycin targets D-Ala-D-Ala linkages of peptidoglycan. Treating FA1090 Gc with 146 

3μg/mL vancomycin and 2% active serum reduced viability by 5,327-fold. In comparison, the 147 

viability of Gc exposed to 2% serum alone reduced by 3.7-fold; when exposed to the same 148 

concentrations of vancomycin and HI serum, viability reduced 304-fold (Fig. 3A). The 149 

statistically significant, greater-than-additive effect of active serum and antibiotic was calculated 150 
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as a potentiation index, defined as the ratio of antibiotic killing in the presence of active serum 151 

versus HI serum (see Methods). A potentiation index >1.0 indicates a greater-than-additive 152 

effect from combining antibiotic and active serum. The calculated potentiation index of 3μg/mL 153 

vancomycin in 2% serum was 4.7 (Fig. 3A, Table 1). Incubation with OMCI abrogated 154 

vancomycin potentiation  (potentiation index of 0.83) and was no different from incubation with 155 

HI serum, showing potentiation of vancomycin was dependent on terminal complement (Fig. 3A, 156 

Table 1). Potentiation was measured over serum and vancomycin concentrations in 2-way 157 

titration experiments (Fig. 3B). Active serum also potentiated vancomycin’s activity against the 158 

unrelated Gc strain MS11 (Supplemental Figure 1, Table 1).  159 

Given that serum causes Gc inner membrane damage (Fig. 2B,C), we next tested 160 

classically-Gram-positive antibiotics that target either lipid II in the inner membrane (nisin) or 161 

ribosomes in the cytoplasm (linezolid). In HI serum, nisin and linezolid had minimal effect on Gc 162 

viability at 100 and 50 μg/mL, respectively (Fig. 3C,D). The antigonococcal activities of nisin and 163 

linezolid were significantly increased with active serum (Fig. 3C,D) and reduced to HI serum 164 

levels when OMCI was added, indicating MAC dependence (Fig. 3C). Potentiation indexes for 165 

nisin and linezolid were 3.7 and 8.6, respectively (Table 1).  166 

Vancomycin potentiation was independently measured using overnight broth 167 

microdilution assays for MIC determination. Addition of 2.5% active serum reduced the MIC 168 

from 5-10μg/mL to 0.078-0.123μg/mL, a 40- to 128-fold decrease (Fig. 3E). MIC broth 169 

microdilution experiments similarly demonstrated that active serum potentiated nisin activity 170 

(Supplemental Figure 2). Taken together, these data show that the MAC potentiates the activity 171 

of antibiotics that otherwise have limited activity against Gc. The use of three antibiotics with 172 

different targets and mechanisms of action emphasizes that the MAC can enable antibiotic 173 

access to all topological layers of the Gc cell. 174 

 175 

The MAC enhances frontline and novel antibiotic activity against multidrug-resistant Gc 176 
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 Frontline antibiotic regimens for gonorrhea are ceftriaxone alone or with azithromycin, 177 

depending on local recommendations, yet resistance to these and other antibiotics is increasing 178 

(40). We determined if MAC-mediated potentiation can restore sensitivity of multidrug-resistant 179 

Gc to antibiotics using strain H041, the first isolate reported with elevated ceftriaxone 180 

resistance. H041 displays decreased susceptibility to other antibiotics, including azithromycin 181 

(45, 66). H041 Gc exposed to 2% active serum and 4μg/mL azithromycin had a 1,295-fold 182 

decrease in viability (Fig. 4A). This was a statistically significant enhancement over the effect of 183 

azithromycin alone (2% HI serum, 7.4-fold viability decrease) or when OMCI was added (Fig. 184 

4A), resulting in a potentiation index of 174.5 (Table 1). By two-way titration, potentiation 185 

occurred over a range of azithromycin and serum concentrations (Fig. 4B). Ceftriaxone at 186 

4μg/mL was significantly more potent at Gc killing in 2% active serum compared to HI serum, 187 

with a potentiation index of 12.5; potentiation was abrogated with OMCI (Fig. 4C).  188 

By broth microdilution, the average MIC for azithromycin dropped in the presence of 189 

2.5% active serum by 22-fold (0.0078-0.016μg/mL without serum vs. 0.0002-0.0078μg/mL with 190 

serum) (Fig 4D). Adding serum decreased the ceftriaxone MIC by 125-250-fold, from 1μg/mL to 191 

0.004-0.008μg/mL, which is below the 0.25μg/mL susceptibility breakpoint for Gc (Fig. 4E) (67). 192 

Serum also potentiated ceftriaxone against multiple resistant Gc strains (Supplemental Figure 193 

2). We conclude that MAC deposition renders Gc more sensitive to clinically relevant antibiotics, 194 

reducing MICs below clinically relevant breakpoints for drug-resistant strains (67, 68). 195 

The first-in-class antibiotic zoliflodacin, a DNA gyrase inhibitor, is a promising new 196 

therapeutic for gonorrhea (ClinicalTrials.gov ID NCT03959527) (69). 2% serum significantly 197 

enhanced the activity of 0.125μg/mL zoliflodacin against H041 Gc, with a potentiation index of 198 

9.7 (Fig. 5A, Table 1). Serum also potentiated the activity of doxycycline, currently 199 

recommended for post-exposure prophylaxis by the CDC despite a high frequency of circulating 200 

resistance in Gc (70-72), and gentamicin, currently recommended for uncomplicated urogenital 201 

infection with ceftriaxone-resistant Gc or in patients with cephalosporin sensitivity (73-75). For 202 
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H041 Gc with 2% serum compared with HI serum, 4μg/mL doxycycline reduced bacterial 203 

viability 317-fold with a potentiation index of 99.8, and 10μg/mL gentamicin reduced viability 204 

1,656-fold with a potentiation index of 4.8 (Figs. 5B,C; Table 1). Thus, new antibiotics and 205 

antibiotic treatment regimens for gonorrhea can be potentiated with human serum.  206 

 207 

C5b-C8 complement complexes promote measurable bactericidal activity and damage the 208 

gonococcal outer and inner membranes 209 

C5b-C8 complexes have been reported to form ~2-4nm diameter pores in liposomes and 210 

eukaryotic membranes (21, 23, 24). Without C9, these smaller complexes are expected to 211 

interact differently with target membranes due to fewer transmembrane domains and their 212 

smaller size (16, 19, 24). In E. coli, serum depleted of C9 results in diminished outer membrane 213 

damage and little to no measurable bactericidal activity or inner membrane damage, compared 214 

to C9-replete serum (19, 22). In contrast, the viability of H041 Gc exposed to IgM and 25% C9-215 

depleted serum was decreased by 1.2 logs compared with HI serum (Fig. 6A). Although serum 216 

reconstitution with C9 to native  levels (60μg/mL) further enhanced bactericidal activity (4.1 log 217 

decrease in viability; Fig. 6A) (25), these results demonstrate that serum without C9 retains 218 

direct antigonococcal activity.  219 

To uncover how C5b-C8 complexes affect Gc outer and inner membranes, we measured 220 

NPN and Sytox Green fluorescence, respectively, as in Figure 2 (16, 55, 57, 64). Gc incubated 221 

with 50% C9-depleted or C9-reconstituted serum were indistinguishable in NPN fluorescence, 222 

and both were significantly greater than Gc in HI serum or buffer (Fig. 6B). Sytox Green 223 

fluorescence increased over 2 hours following incubation with 2% C9-depleted or C9-224 

reconstituted serum (Fig. 6C). Endpoint Sytox Green fluorescence was not significant between 225 

C9-depleted and C9-reconstituted sera. However, there was a significant increase in Sytox 226 

Green AUC for Gc incubated with C9-reconstituted serum compared to C9-depleted serum (Fig. 227 
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6C,D). Endpoint and AUC intensities were significantly lower for Gc incubated in buffer or with 228 

HI C9-reconstituted serum compared to active C9-depleted or C9-reconstituted serum (Fig. 6D).  229 

Using flow cytometry on single bacteria (59), we confirmed that Gc exposed to C9-230 

depleted and C9-reconstituted serum had equivalent amounts of C3b and C7 on their surface, 231 

and both were significantly greater than buffer or HI serum controls (Fig. 6E). As expected, the 232 

C9 signal on Gc exposed to active C9-reconstituted serum was significantly higher than bacteria 233 

exposed to C9-depleted serum, HI C9-reconstituted serum, or buffer, all of which were at 234 

background levels (Fig. 6E). Thus C9-depleted serum is equivalent to C9-reconstituted serum 235 

for deposition of early (C3b) and precursor terminal (C7) complement components, and 236 

reconstitution with purified C9 allows C9 deposition into the Gc outer membrane. 237 

Taken together, these results indicate that C5b-C8 complement complexes are sufficient 238 

to disrupt the gonococcal cell envelope and promote bactericidal activity, but C9 incorporation 239 

enhances inner membrane disruption and consequent Gc killing. 240 

 241 

Complement C5b-C8 complexes and full C5b-C9 MACs differentially potentiate antimicrobial 242 

activities 243 

 Given that C5b-C8 and C5b-C9 complexes both displayed antigonococcal activity, we 244 

evaluated how the presence or absence of C9 potentiated the activity of antimicrobials. Using 245 

the SBA protocol from Figure 4, H041 Gc was challenged with 1% C9-reconstituted or C9-246 

depleted active serum or HI serum controls, followed by 4μg/mL azithromycin or vehicle. 247 

Azithromycin is a 749Da antibiotic with an estimated diameter of <2nm (76). Both C9-depleted 248 

and C9-reconstituted sera potentiated azithromycin activity against H041 Gc, with potentiation 249 

indexes of 535.1 and 120.7, respectively (Fig. 7A, Table 1). 250 

The peptidoglycan-degrading enzyme lysozyme has potent activity against Gram-251 

positive bacteria with exposed cell walls, but low activity against Gram-negatives due to the 252 

outer membrane barrier (14, 48, 49, 54, 77, 78). Human lysozyme has a molecular weight of 253 
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14,300Da and a maximum diameter of ~9nm by X-ray crystallography (79, 80). 2% active serum 254 

natively containing C9 enhanced the activity of 1000μg/mL lysozyme against FA1090 Gc with a 255 

potentiation index of 3.8; OMCI treatment abrogated the potentiation, indicating MAC 256 

dependence (Fig. 7B, Table 1). H041 Gc was resistant to killing by 1000μg/mL lysozyme when 257 

HI serum was used (Fig. 7C). Adding 1% C9-reconstituted human serum reduced Gc viability 258 

29.7-fold, with a potentiation index of 9.3 (Fig. 7C, Table 1). In contrast, C9-depleted serum 259 

showed no potentiation of lysozyme (index of 0.95) (Fig. 7C, Table 1). We conclude that C5b-C8 260 

and C5b-C9 complement complexes can permit small molecules such as antibiotics to bypass 261 

the Gc outer membrane, but larger molecules or antimicrobial enzymes require full C9-262 

containing MAC pores for intracellular access. 263 

 264 

Discussion  265 

 Deficiencies in terminal complement components which comprise the MAC are highly 266 

predisposing to serious infections by Gc and N. meningitidis (1, 27). The capacity for MAC to 267 

damage neisserial membranes and enhance antimicrobial activity represents a promising 268 

avenue for combating these pathogens. Here, using laboratory and multidrug-resistant strains of 269 

Gc, we found the MAC disrupted both outer and inner membrane integrity. Beyond direct 270 

bactericidal activity, MAC enhanced the antigonococcal activity of antibiotics and rendered 271 

multidrug-resistant Gc susceptible to frontline and new antibiotic programs. Intriguingly, C5b-C8 272 

complexes also disrupted Gc outer and inner membranes and exerted bactericidal activity. C5b-273 

C8 complexes potentiated the activity of azithromycin, but C9 addition was necessary to 274 

potentiate lysozyme. We conclude that terminal complement components, both MAC and C5b-275 

C8 complexes, are both directly bactericidal for Gc and also potentiate the activity of diverse 276 

antimicrobials.  277 

 As a mucosal pathogen, Gc encounters complement via serum transudate and local 278 

production by resident epithelial cells, fibroblasts, and immune cells (8, 11, 43, 81). Here, we 279 
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showed that serum exposure enhances killing of Gc by antimicrobials targeting the periplasm 280 

(vancomycin, ceftriaxone, lysozyme), inner membrane (nisin), and cytoplasm (linezolid, 281 

azithromycin, zoliflodacin, doxycycline, gentamicin), which is abrogated by heat inactivation or 282 

OMCI. Thus, antimicrobial potentiation is MAC-dependent and broadly applicable to different 283 

treatment options. As C5b-C8/C9 complexes disrupt both outer and inner membranes, we 284 

conclude that terminal complement perturbs the Gc envelope to enhance antimicrobial 285 

penetration. MAC-mediated potentiation underscores the promise of membrane-disrupting 286 

therapies as adjuvants to enhance antibiotic efficacy against multidrug-resistant bacteria like 287 

Gc. 288 

Although the MAC cannot extend past the outer membrane, inner membrane disruption 289 

is required for MAC to kill Gram-negative bacteria (16, 18-20). The exact mechanism of MAC 290 

killing remains undefined but could include generalized osmotic instability, leakage of vital 291 

intracellular factors, influx of toxic factors, homeostatic disturbance (diminished proton motive 292 

force [PMF]), and triggering of stress responses leading to bacterial death (16, 82). Several non-293 

exclusive hypotheses can explain how MAC potentiates antimicrobial activity in Gc. First, outer 294 

membrane disruption increases the periplasmic concentration of antibiotics, which then access 295 

the cytoplasm. This possibility is supported by MAC restoring antibiotic sensitivity to multidrug-296 

resistant Gc like H041 with more restrictive porin (44, 45). Relatedly, inner membrane disruption 297 

via MAC would also enhance cytoplasmic access of antimicrobials. Finally, inner membrane 298 

perturbation would inhibit efflux pumps that directly or indirectly require the PMF (47). Although 299 

efflux pumps are frequently upregulated in multidrug-resistant Gc (44-46), terminal complement 300 

activity would overcome their activity. Future studies can test among these hypotheses by 301 

tracking antimicrobial access to subcellular compartments. 302 

 We found that serum containing C9 was bactericidal for Gc and that C9-containing MAC 303 

disrupted Gc outer and inner membranes. Notably, C5b-C8 complexes also promoted 304 

antigonococcal activity, though less robustly. The Gc outer membrane was damaged similarly 305 
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by C9-depleted and C9-reconstituted serum, while inner membrane damage by C9-depleted 306 

serum was delayed but reached the same endpoint as with C9. These findings contrast with 307 

results from E. coli, where C5b-C8 complexes minimally affected inner membrane integrity or 308 

bactericidal activity compared to MAC (19, 22). The uniqueness of Neisseria cell wall 309 

composition and integrity versus other Gram-negative bacteria may underlie these C9-310 

dependent differences. The outer leaflet of the neisserial outer membrane is composed of 311 

lipooligosaccharide, not lipopolysaccharide (83, 84). Unlike other Gram-negative bacteria, Gc 312 

lipid membranes contain significant levels of phosphatidylcholine and differ in other phospholipid 313 

species composition (85-87). Gc lacks Braun’s lipoprotein (88) or full-length OmpA or Pal 314 

homologues, which link the outer membrane to the cell wall (89, 90). The Rcs system that 315 

senses outer membrane stress is also absent in Gc (91-93). Because Gc subverts both human 316 

cellular and humoral immunity, including resistance to neutrophils (77, 94-96), prevention of 317 

protective TH1 responses (97, 98), induction of B cell death and impaired antibody production 318 

(99), and phase and antigenic variation to evade antibody recognition (34, 100), complement 319 

may be the most effective arm of immunity to control Gc, and its absence greatly increases 320 

susceptibility to infection. Our findings with C9 align with epidemiologic evidence that C9 321 

deficiencies more modestly predispose individuals to Neisseria compared to other terminal 322 

complement deficiencies (1, 25, 101). Beyond genetic C9 deficiencies, reduced C9 on the Gc 323 

surface could occur by bacterial recruitment of the C9 inhibitor vitronectin (1, 26, 32, 33, 102). 324 

If terminal complement pores directly enable intracellular access to bacteria, then 10-325 

11nm MAC pores would allow access of some antimicrobials that would be excluded by 2-4nm 326 

C5b-C8 complexes based on the antimicrobials’ diameter. We found that lysozyme was only 327 

potentiated by C9-reconstituted serum, but azithromycin was potentiated in a C9-independent 328 

manner. Thus, our results support a model in which potentiation in Gc occurs through direct 329 

transit, and that C5b-C8 complexes and MAC differentially potentiate antimicrobials in a size-330 

dependent manner. However, the possibility remains that generalized outer membrane 331 
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perturbation or ‘fracturing’ allows compounds to gain intracellular access without transiting 332 

directly through pores formed by terminal complement (58).  333 

  Our results emphasize how complement envelope perturbation could enhance anti-Gc 334 

therapeutics, including vaccines. This study used an anti-lipooligosaccharide IgM as proof of 335 

concept to drive classical complement activation on Gc (11, 59, 103). Antibody-eliciting vaccines 336 

and passive immunization with monoclonal antibodies have shown preclinical promise in 337 

preventing Gc infection in animal models and epidemiological studies (104-108). However, 338 

antibodies as immune correlates for protection have not yet been established (59, 109, 110). 339 

Even if antibodies do not drive strong bactericidal activity, our findings show that sublethal 340 

terminal complement deposition potentiates antibiotic activity. Aligning with our results, a 341 

chimeric IgM-C4b binding protein fusion increases direct killing of Gc and enhances killing by 342 

azithromycin and ciprofloxacin (55, 111). Beyond antibiotics, the finding that MAC renders Gc 343 

susceptible to killing by human lysozyme suggests that enhancing terminal complement 344 

deposition on Gc would enhance killing of Gc at mucosal surfaces and within immune cell 345 

phagosomes where these antimicrobials are found. Antibodies and complement would work 346 

together against Gc in three ways: direct lysis, opsonophagocytic killing, and potentiating 347 

antimicrobial sensitivity within and outside cells (112).  348 

This study emphasizes that complement-mediated control of Gc can be accomplished 349 

though both MAC and C5b-C8 complexes that potentiate existing and novel antibiotic regimens 350 

and enhance host-derived antimicrobial activity. New therapeutic approaches that exploit 351 

terminal complement are promising countermeasures to combat antibiotic-resistant gonorrhea.  352 

 353 

Materials and Methods 354 

 Sex as a biological variable: Human serum was pooled from both sexes.   355 

Neisseria gonorrhoeae: The following Gc strains were used for this study (59): FA1090 356 

(1-81-S2, and 1-81-S2/S-23) (113), H041 (WHO X) (44, 45), MS11 (114), and FA19 (115). The 357 
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1-81-S2 strain of Gc is an FA1090 derivative with a defined pilin antigen (116-118); S-23 is a 1-358 

81-S2 derivative where all opa genes were deleted and containing a loop 6 porB mutation that 359 

abrogates binding of C4b-binding protein to enhance serum sensitivity (119, 120). Gc was 360 

routinely streaked on gonococcal base medium (BD Difco) plus Kellogg’s supplement I and 361 

1.25μM Fe(NO3)3 [gonococcal base (GCB)] plates for single colonies for 14-16 h at 37°C, 5% 362 

CO2 (59, 121). When indicated, Gc was inoculated into GCB liquid media (GCBL) or Hanks’ 363 

Balanced Salt solution with 2% bovine serum albumin (HBSS + 2% BSA).  364 

  365 

 Human serum complement sources: IgG/IgM-depleted pooled human serum (IgG/M-366 

depleted serum, Pel-Freez, Catalog #34010, Lot #28341) was used as the complement source 367 

for SBA assays with native C9, flow cytometry assays, and MIC assays. IgG/M-depleted serum 368 

from lots #28341 and #15443 were used for membrane integrity assays. Use of IgG/M-depleted 369 

serum removes the potential for variable bactericidal activity conferred by different individuals’ 370 

serum (60, 122). SBA assays evaluating C9 used C9-depleted human serum (Complement 371 

Technology, Catalog #A326, Lot #10a), reconstituted to physiological concentration with 372 

60μg/mL C9 protein (Complement Technology, Catalog # A126, Lot #13) (123). Sera were 373 

stored at -80°C until thawed on the day of use, then diluted in HBSS + 2% BSA. Sera were 374 

heat-inactivated by incubation at 56°C for 30min (61). 375 

 376 

Antibodies and antimicrobials: See Table 2. Antimicrobial concentrations were 377 

determined experimentally, contextualized by in vivo concentrations or as antibiotic breakpoints 378 

where applicable (124-130).  379 

 380 

SBAs and antimicrobial potentiation assays: Single Gc colonies were swabbed from 381 

GCB plates into GCBL, diluted to OD550 nm of 0.07, then diluted 2.5-fold into HBSS + 2% BSA 382 

(buffer, ~1.8e7 CFU/mL). Bacteria (20μL) were added to 20μL of 410ng/mL 6B4 IgM in buffer in 383 
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a V-bottom 96-well plate and incubated at 37°C, 5% CO2 for 15min. Gc-antibody mixtures were 384 

then incubated with 40μL of buffer or indicated final percentages of serum for 45min. For SBA 385 

assays without antimicrobial challenge, bacteria were mixed with 80μL of PBS for indicated 386 

times. For potentiation SBA assays, Gc-antibody-serum mixtures were incubated with 80μL of 387 

the indicated final antimicrobial concentrations (in PBS for antibiotics or sterile water for 388 

lysozyme), and incubated at 37°C, 5% CO2 for 2 hr. Samples were then serially diluted and 389 

plated on GCB agar for CFU enumeration after overnight culture at 37°C, 5% CO2. Where 390 

indicated, OMCI (20μg/mL final concentration) or equal volume of TBS buffer was incubated 391 

with serum for 30min at 4°C prior to adding Gc. 392 

   393 

Potentiation indexes: For each antimicrobial concentration and serum percentage, CFU 394 

enumerated from serum alone was divided by the CFU from serum with the antimicrobial. 395 

Similarly, CFU enumerated from HI serum alone was divided by CFU from HI serum with the 396 

antimicrobial. The potentiation index is the ratio of the effect of antibiotic on active serum vs. HI 397 

serum:  398 

(Serum without antibiotic ÷ Serum with antibiotic) 399 
(HI Serum without antibiotic ÷ HI Serum with antibiotic) 400 

A potentiation index >1.0 indicates a greater-than-additive effect of combining active 401 

serum and antimicrobial, while a potentiation index ≤ 1.0 indicates no enhanced effect.  402 

 403 

 Complement deposition by imaging flow cytometry: Bacteria from GCB plates were 404 

inoculated into HBSS-BSA to an OD550 nm of 0.25 and mixed 1:1 with IgM for 30min at 37°C, 405 

5% CO2. Buffer or serum were then added (final serum concentration of 2% for C3, or 50% for 406 

C7 and C9) and incubated for 2hr more. Bacteria were washed three times with PBS (for C3 407 

and C9) or HBSS-BSA (for C7). For C7, AlexaFluor 488-conjugated (AF488) anti-IgG was then 408 

added for 30min at 4°C in the dark, then washed into PBS. Bacteria were counterstained with 409 
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Tag-it Violet (TIV; BioLegend) for 15min at 37°C with 5% CO2, washed into buffer, and fixed with 410 

1% paraformaldehyde overnight. Samples were assayed using the ImagestreamX Mk II with 411 

INSPIRE software (Luminex) within 72hr. FITC and AF488 were detected with excitation at 412 

488nm and 480–560nm emission; PE with 561-nm laser excitation and 560–561nm emission; 413 

and TIV with excitation at 405 nm and 420–505nm emission. Single-color fluorescence samples 414 

were collected without brightfield or scatter to create compensation matrices for each 415 

experiment and aid in gate-setting. All events (10,000 per sample) were collected on focused 416 

singlet cell events and micrographically verified as described (59). Results are presented as the 417 

fluorescence index, defined as the median fluorescence intensity multiplied by the percentage of 418 

positive-gated bacteria. 419 

 420 

 Fluorometric measurements of bacterial membrane integrity: Gc was inoculated from 421 

plates into HBSS-BSA to an OD550 nm of 0.1. IgM (90μL) was added to 90μL of Gc for 30min at 422 

37°C, 5% CO2. For NPN, Gc was then incubated with 50% final concentration IgG/M-depleted 423 

serum for 15min (lot #15443); for SYTOX Green, Gc was incubated with 2% IgG/M-depleted 424 

serum for 30min (lot #28341). Bacteria were washed three times with buffer and resuspended in 425 

30μM NPN (Sigma-Aldrich, Cat. #104043) (57, 64) or 10μM SYTOX Green nucleic acid stain 426 

(Sytox Green; Invitrogen, Cat. #S7020) (19, 55), respectively. Bacteria were resuspended, 427 

transferred to black flat-bottom 96-well plates in 100μL technical duplicates, and assayed 428 

immediately. NPN measurements were collected on a BioTek Synergy2 plate reader with Gen5 429 

software using 360nm excitation and 420-480nm emission. Sytox Green was measured every 430 

2-4 min over 120 min at 37°C on a PerkinElmer Victor3 1420 Multilabel Counter with associated 431 

software, using 490nm excitation and 535nm emission filters. Each experiment included buffer-432 

alone and NPN/Sytox Green without bacteria controls (i.e. blanks), the values of which were 433 

subtracted from experimental conditions. 434 

 435 
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 Minimum inhibitory concentrations (MICs): 100μL of IgG/M-depleted human serum, 436 

diluted to 10% in GCBL with Kellogg’s supplement I (121) and 1.25μM Fe(NO3)3 (GCBL+Supp), 437 

was added to each well in one row of a round-bottom 96-well plate. Wells in the next row were 438 

filled with 100μL GCBL+Supp (0% serum). 100μL of antimicrobials (4x final concentration) were 439 

added to the second column of each row, leaving the first column as no-antimicrobial control. 440 

Antimicrobials were then serially diluted 2-fold across the remaining wells in each row. To the 441 

no-antimicrobial wells, 100μL of GCBL+Supp was added and mixed thoroughly, and 100μL was 442 

removed and discarded. Gc was inoculated into GCBL+Supp to a final OD550 nm of 0.07, diluted 443 

10-fold (~5e6 CFU/mL), and 100μL added to each well and mixed thoroughly. After incubation 444 

for 16hr at 37°C, 5% CO2. wells were gently resuspended and assessed visually for gonococcal 445 

growth, from which MICs were determined (131). 446 

 447 

 Statistics, analyses, and data availability: Results are depicted as mean ± standard error 448 

for ≥ 3 independent replicates. Statistics were calculated and data were graphed using 449 

GraphPad Prism. Data were assumed to be parametric, and statistical tests were 2-sided where 450 

applicable. Data and statistics for flow cytometry were obtained using IDEAS 6.2 software 451 

(Amnis). Raw data are available from the authors upon request.  452 

  453 
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 471 

Table 1. Potentiation Indexes.  472 

Antimicrobial (μg/mL) % IgG/M-depl 
Serum 

Potentiation Index Potentiation 
Index with OMCI 

Gc Strain 

          

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 

          

  % C9-depl Serum       

Azithromycin (4) 1 120.7 - H041 

Lysozyme (1,000) 1 0.95 - H041 
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Table 2. Reagents Used in This Study. 473 

 474 

* 6B4 was generated from murine hybridoma and purified by thiophillic chromatography. RRID: 475 

AB_2617193. 476 

  477 

Antibodies 

Target Source 
Catalog 
Number 

Clone Conjugate Lot 
Stock 

Concentration 

LOS Sanjay Ram* - 6B4 - - 330 μg/mL 

(i)C3b BioLegend 846103 3E7/ 
C3b 

PE B362314 100 μg/mL 

C7 Invitrogen MA5-
34943 

15D1 - ZF4349897A 2 mg/mL 

C9 Novus NBP-
21612F 

22 FITC D162593 1.35 mg/mL 

mouse IgG1-3 Jackson 
Immuno 
Research 

115-545-
164 

Poly-
clonal 

AF488 152191 700 μg/mL 

              

Antimicrobials 

Name Source Catalog Number 

Vancomycin Caisson V007-1GM 

Nisin Cayman 16532 

Linezolid Cayman 15012 

Ceftriaxone Cayman 18866 

Azithromycin Cayman 15004 

Zoliflodacin TargetMol 1620458-09-4 

Doxycycline Sigma Aldrich D9891-1G 

Gentamicin Sigma Aldrich G3632-250MG 

Human 
Lysozyme 

Sigma Aldrich L1667-1G 
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Figure Legends 478 

Figure 1. IgG/M-depleted human serum exhibits MAC-mediated bactericidal activity 479 

against Gc. (A) FA1090 Gc was pre-incubated with increasing concentrations of anti-Gc IgM 480 

6B4, followed by incubation with active or heat-inactivated (HI) IgG/M-depleted human serum at 481 

1, 2, or 5% final concentration. (B) FA1090 Gc was pre-incubated without antibody or with 482 

410ng/mL anti-Gc IgM, then challenged with increasing concentrations of IgG/M-depleted 483 

human serum. (C) FA1090 Gc was incubated with 410ng/mL anti-Gc IgM and indicated serum 484 

concentrations with 20μg/mL of the C5 inhibitor OMCI or vehicle. In (A-C), CFU were 485 

enumerated from serial dilutions. (D-G) H041 Gc was treated with IgM for 30 min, then 486 

incubated with 2% (D) or 50% (E,F) IgG/M-depleted serum for 2hr, followed by staining and 487 

imaging flow cytometry for C3 (D), C7 (E), or C9 (F). Data are presented as Fluorescence Index 488 

(median fluorescence intensity * percent positive). (G), representative micrographs from imaging 489 

flow cytometry of C3b, C7, and C9 binding to individual Gc. The scale bar is in the lower 490 

lefthand corner. The upper lefthand number indicates the event number of single, focused Gc 491 

out of 10,000 total events. BF = brightfield, TIV = Tag-IT Violet counterstain. Error bars are 492 

standard error of the mean. Significance was determined by 1-way ANOVA with Tukey’s multiple 493 

comparisons on Log10-transformed data versus 0ng/mL IgM in HI serum at indicated serum 494 

percentages (A), vs. 10% HI serum without IgM (B), or as indicated by comparison bars (C-F). 495 

** = p<0.01, *** = p<0.001, **** = p<0.0001.  496 

 497 

Figure 2. The MAC disrupts the gonococcal outer and inner membranes. (A-B) Gc was 498 

pre-incubated with anti-Gc IgM followed by incubation with active serum, heat-inactivated (HI) 499 

serum, or buffer and assessed for NPN (A) or Sytox Green fluorescence (B). NPN experiments 500 

used 1-81-S2/S-23; Sytox experiments, strain H041. (C) Sytox Green data from (B) displayed 501 

as fluorescence value at the end of the 2-hour incubation and calculated area under the curve 502 
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(AUC) over 2 hours. Error bars are standard error of the mean. Significance was determined by 503 

1-way ANOVA with Tukey’s multiple comparisons. * = p<0.05.  504 

Figure 3. The MAC potentiates antimicrobial activity of classically Gram-positive 505 

antibiotics that act at all layers of the gonococcal cell. (A-D) FA1090 Gc was preincubated 506 

with anti-Gc IgM followed by incubation with 2% (A,C), 3% (D), or indicated concentration (B) of 507 

human IgG/M-depleted human serum with or without heat inactivation (HI). Gc was then 508 

incubated with the indicated antibiotic, and CFU were enumerated. Where indicated, serum was 509 

first incubated with the C5 inhibitor OMCI (20μg/mL) or vehicle. Error bars are standard error of 510 

the mean. Significance was determined by 1-way ANOVA with Tukey’s multiple comparisons on 511 

Log10-transformed data. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. Dotted line 512 

represents minimum reportable CFUs. (E) FA19 Gc assayed via 16-hour minimum inhibitory 513 

concentration (MIC) broth microdilution assay over a range of vancomycin concentrations in 514 

GCBL alone or supplemented with 2.5% IgG/M-depleted human serum.  515 

Figure 4. MAC-dependent increase in sensitivity and susceptibility of multidrug resistant 516 

Gc to frontline antibiotics. (A-C) H041 Gc was pre-incubated with anti-Gc IgM followed by 517 

incubation with 2% (A,C) or indicated concentration (B) of IgG/M-depleted human serum, with 518 

or without heat-inactivation (HI). Gc was then incubated with the indicated antibiotic, and CFU 519 

were enumerated. Where indicated, serum was first incubated with the C5 inhibitor OMCI 520 

(20μg/mL) or vehicle. Error bars are standard error of the mean. Significance was determined 521 

by 1-way ANOVA with Tukey’s multiple comparisons on Log10-transformed data. ** = p<0.01, 522 

**** = p<0.0001. Dotted line represents minimum reportable CFUs. (D,E) FA19 Gc (D) or H041 523 

Gc (E) were assayed via 16-hour minimum inhibitory concentration (MIC) broth microdilution 524 

assays over a range of azithromycin or ceftriaxone concentrations in GCBL alone, or 525 

supplemented with 2.5% IgG/M-depleted human serum. 526 

Figure 5. The MAC enhances the antigonococcal activity of new antibiotics and antibiotic 527 

regimens. H041 Gc was preincubated with anti-Gc IgM followed by incubation with 2% IgG/M-528 
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depleted human serum with or without heat-inactivation (HI). Gc was then incubated with 529 

zoliflodacin (A), doxycycline (B), or gentamicin (C), followed by CFU enumeration. Error bars 530 

are standard error of the mean. Significance was determined by 1-way ANOVA with Tukey’s 531 

multiple comparisons on Log10-transformed data. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = 532 

p<0.0001. Dotted line represents minimum reportable CFUs. 533 

Figure 6. C5b-C8 complement complexes promote measurable antigonococcal activity 534 

and damage the Gc outer and inner membranes. (A) H041 Gc was preincubated with anti-Gc 535 

IgM, followed by incubation with the indicated concentration of C9-depleted or C9-reconstituted 536 

serum with or without heat-inactivation (HI), and CFU were enumerated. Dotted line represents 537 

CFU limit of detection. (B-C) Gc was pre-incubated with IgM followed by incubation with buffer, 538 

C9-depleted human serum, or C9-reconstituted human serum with or without heat inactivation. 539 

NPN (B) or Sytox Green fluorescence (C) was measured as in Figure 2.  NPN experiments 540 

used FA1090/S-23, while Sytox experiments used H041. (D) Sytox Green data from (C), 541 

displayed as fluorescence value at the end of the 2hr incubation and as area under the curve 542 

(AUC) over 2hr. (E) H041 Gc was treated with IgM for 30min, then incubated with 2% (for C3b) 543 

or 50% (for C7 and C9) IgG/M-depleted serum for 2hr. Imaging flow cytometry for the indicated 544 

complement component was conducted as in Figure 1. Data are presented as Fluorescence 545 

Index (median fluorescence intensity * percent positive). Error bars are standard error of the 546 

mean. Significance was determined by 1-way ANOVA with Tukey’s multiple comparisons on 547 

Log10-transformed data (A,D,E) or as 1-way ANOVA with Tukey’s multiple comparisons (B). * = 548 

p<0.05, ** = p>0.01, *** = p<0.001, **** = p<0.0001, ns = not significant.  549 

Figure 7. Complement C5b-C8 complexes and full C5b-C9 MAC differentially potentiate 550 

the activities of antimicrobials against Gc. H041 (A,C) or FA1090 (B) Gc was pre-incubated 551 

with anti-Gc IgM followed by incubation with 1% (A,C) or 2% (B) C9-depleted or C9-552 

reconstituted human serum with or without heat-inactivation (HI). Gc was then incubated with 553 

azithromycin (A) or human lysozyme (B,C) and then plated for CFU enumeration. Where 554 
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indicated, serum was first incubated with the C5 inhibitor OMCI (20μg/mL) or vehicle alone. 555 

Error bars are standard error of the mean. Significance was determined by 1-way ANOVA with 556 

Tukey’s multiple comparisons on Log10-transformed data. *** = p<0.001, **** = p<0.0001. Dotted 557 

line represents CFU limit of detection.  558 

 559 

Supplemental Figure Legends  560 

Supplemental Figure 1. Vancomycin activity is potentiated by serum in the MS11 strain of 561 

Gc. MS11 Gc was preincubated with anti-Gc IgM, followed by incubation with 2% IgG/M-562 

depleted human serum with or without prior heat inactivation (HI), and subsequent incubation 563 

with 4μg/mL vancomycin or vehicle alone. Error bars are standard error of the mean of 564 

enumerated CFU. Significance was determined by 1-way ANOVA with Tukey’s multiple 565 

comparisons on Log10-transformed data. * = p<0.05, **** = p<0.0001. Dotted line represents 566 

CFU limit of detection. 567 

Supplemental Figure 2. For multiple strains of Gc, serum decreases the minimum 568 

inhibitory concentrations of nisin and ceftriaxone. The indicated Gc strains were assayed 569 

via 16-hour minimum inhibitory concentration (MIC) broth microdilution assays over a range of 570 

nisin or ceftriaxone concentrations in GCBL alone, or supplemented with 2.5% human serum.  571 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 
 

References 572 

1. Lewis LA, Ram S. 2020. Complement interactions with the pathogenic Neisseriae: clinical 573 
features, deficiency states, and evasion mechanisms. FEBS Letters 594:2670-2694. 574 

2. Ram S, Lewis LA, Rice PA. 2010. Infections of People with Complement Deficiencies and Patients 575 
Who Have Undergone Splenectomy. Clinical Microbiology Reviews 23:740-780. 576 

3. Sahu SK, Kulkarni DH, Ozanturk AN, Ma L, Kulkarni HS. 2022. Emerging roles of the complement 577 
system in host-pathogen interactions. Trends Microbiol 30:390-402. 578 

4. Hastings CJ, Syed SS, Marques CNH. 2023. Subversion of the Complement System by 579 
Pseudomonas aeruginosa. Journal of Bacteriology 205. 580 

5. Abreu AG, Barbosa AS. 2017. How Escherichia coli Circumvent Complement-Mediated Killing. 581 
Frontiers in Immunology 8. 582 

6. Hajishengallis G, Reis ES, Mastellos DC, Ricklin D, Lambris JD. 2017. Novel mechanisms and 583 
functions of complement. Nat Immunol 18:1288-1298. 584 

7. Mastellos DC, Hajishengallis G, Lambris JD. 2024. A guide to complement biology, pathology and 585 
therapeutic opportunity. Nature Reviews Immunology 24:118-141. 586 

8. Price RJ, Boettcher B. 1979. The presence of complement in human cervical mucus and its 587 
possible relevance to infertility in women with complement-dependent sperm-immobilizing 588 
antibodies. Fertil Steril 32:61-6. 589 

9. Kopp ZA, Jain U, Van Limbergen J, Stadnyk AW. 2015. Do Antimicrobial Peptides and Complement 590 
Collaborate in the Intestinal Mucosa? Frontiers in Immunology 6. 591 

10. Edwards JL, Butler EK. 2011. The Pathobiology of Neisseria gonorrhoeae Lower Female Genital 592 
Tract Infection. Frontiers in Microbiology 2. 593 

11. Daniel, Gulati S, Ram S, Adrian, Darshana, Timothy, Peter. 1999. Complement Processing and 594 
Immunoglobulin Binding to<i>Neisseria gonorrhoeae</i>Determined In Vitro Simulates In Vivo 595 
Effects. The Journal of Infectious Diseases 179:124-135. 596 

12. Ross SC, Densen P. 1985. Opsonophagocytosis of Neisseria gonorrhoeae: interaction of local and 597 
disseminated isolates with complement and neutrophils. J Infect Dis 151:33-41. 598 

13. Menny A, Serna M, Boyd CM, Gardner S, Joseph AP, Morgan BP, Topf M, Brooks NJ, Bubeck D. 599 
2018. CryoEM reveals how the complement membrane attack complex ruptures lipid bilayers. 600 
Nature Communications 9. 601 

14. Morgan BP, Boyd C, Bubeck D. 2017. Molecular cell biology of complement membrane attack. 602 
Semin Cell Dev Biol 72:124-132. 603 

15. Taylor PW. 1983. Bactericidal and bacteriolytic activity of serum against gram-negative bacteria. 604 
Microbiological Reviews 47:46-83. 605 

16. Doorduijn DJ, Rooijakkers SHM, Heesterbeek DAC. 2019. How the Membrane Attack Complex 606 
Damages the Bacterial Cell Envelope and Kills Gram‐Negative Bacteria. BioEssays 41:1900074. 607 

17. Podack ER, Tschopp J. 1982. Polymerization of the ninth component of complement (C9): 608 
formation of poly(C9) with a tubular ultrastructure resembling the membrane attack complex of 609 
complement. Proc Natl Acad Sci U S A 79:574-8. 610 

18. Doorduijn DJ, Bardoel BW, Heesterbeek DAC, Ruyken M, Benn G, Parsons ES, Hoogenboom BW, 611 
Rooijakkers SHM. 2020. Bacterial killing by complement requires direct anchoring of membrane 612 
attack complex precursor C5b-7. PLOS Pathogens 16:e1008606. 613 

19. Doorduijn DJ, Heesterbeek DAC, Ruyken M, De Haas CJC, Stapels DAC, Aerts PC, Rooijakkers 614 
SHM, Bardoel BW. 2021. Polymerization of C9 enhances bacterial cell envelope damage and 615 
killing by membrane attack complex pores. PLOS Pathogens 17:e1010051. 616 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


28 
 

20. Moreland AS, Limwongyut J, Holton SJ, Bazan GC. 2023. Structural modulation of membrane-617 
intercalating conjugated oligoelectrolytes decouples outer membrane permeabilizing and 618 
antimicrobial activities. Chem Commun (Camb) 59:12172-12175. 619 

21. Sharp TH, Koster AJ, Gros P. 2016. Heterogeneous MAC Initiator and Pore Structures in a Lipid 620 
Bilayer by Phase-Plate Cryo-electron Tomography. Cell Reports 15:1-8. 621 

22. Bhakdi S, Kuller G, Muhly M, Fromm S, Seibert G, Parrisius J. 1987. Formation of transmural 622 
complement pores in serum-sensitive Escherichia coli. Infection and Immunity 55:206-210. 623 

23. Sims PJ. 1983. Complement pores in erythrocyte membranes. Analysis of C8/C9 binding required 624 
for functional membrane damage. Biochim Biophys Acta 732:541-52. 625 

24. Taylor RP, Lindorfer MA, Cook EM, Beurskens FJ, Schuurman J, Parren P, Zent CS, VanDerMeid KR, 626 
Burack R, Mizuno M, Morgan BP. 2017. Hexamerization-enhanced CD20 antibody mediates 627 
complement-dependent cytotoxicity in serum genetically deficient in C9. Clin Immunol 181:24-628 
28. 629 

25. Harriman GR, Esser AF, Podack ER, Wunderlich AC, Braude AI, Lint TF, Curd JG. 1981. The role of 630 
C9 in complement-mediated killing of Neisseria. J Immunol 127:2386-90. 631 

26. Preissner KP, Podack ER, Müller‐Eberhard HJ. 1989. SC5b‐7, SC5b‐8 and SC5b‐9 complexes of 632 
complement: ultrastructure and localization of the S‐protein (vitronectin) within the 633 
macromolecules. European Journal of Immunology 19:69-75. 634 

27. Okusa S, Takizawa T, Imai S, Oyama M, Ishizuchi K, Nakahara J, Hori S, Suzuki S. 2024. Serious 635 
Bacterial Infections Associated with Eculizumab: A Pharmacovigilance Study. Internal Medicine 636 
63:1061-1066. 637 

28. Ram S, Cullinane M, Blom AM, Gulati S, McQuillen DP, Boden R, Monks BG, O'Connell C, Elkins C, 638 
Pangburn MK, Dahlback B, Rice PA. 2001. C4bp binding to porin mediates stable serum 639 
resistance of Neisseria gonorrhoeae. Int Immunopharmacol 1:423-32. 640 

29. Shaughnessy J, Ram S, Bhattacharjee A, Pedrosa J, Tran C, Horvath G, Monks B, Visintin A, 641 
Jokiranta TS, Rice PA. 2011. Molecular Characterization of the Interaction between Sialylated 642 
Neisseria gonorrhoeae and Factor H. Journal of Biological Chemistry 286:22235-22242. 643 

30. Ram S, Mackinnon FG, Gulati S, McQuillen DP, Vogel U, Frosch M, Elkins C, Guttormsen HK, 644 
Wetzler LM, Oppermann M, Pangburn MK, Rice PA. 1999. The contrasting mechanisms of serum 645 
resistance of Neisseria gonorrhoeae and group B Neisseria meningitidis. Mol Immunol 36:915-646 
28. 647 

31. Jarva H, Ngampasutadol J, Ram S, Rice PA, Villoutreix BO, Blom AM. 2007. Molecular 648 
characterization of the interaction between porins of Neisseria gonorrhoeae and C4b-binding 649 
protein. J Immunol 179:540-7. 650 

32. Singh B, Su YC, Riesbeck K. 2010. Vitronectin in bacterial pathogenesis: a host protein used in 651 
complement escape and cellular invasion. Molecular Microbiology 78:545-560. 652 

33. Cole JG, Fulcher NB, Jerse AE. 2010. Opacity Proteins Increase <i>Neisseria gonorrhoeae</i> 653 
Fitness in the Female Genital Tract Due to a Factor under Ovarian Control. Infection and 654 
Immunity 78:1629-1641. 655 

34. Kurzyp K, Harrison OB. 2023. Bacterium of one thousand and one variants: genetic diversity of 656 
Neisseria gonorrhoeae pathogenicity. Microb Genom 9. 657 

35. Xu J, Seifert HS. 2018. Analysis of Pilin Antigenic Variation in Neisseria meningitidis by Next-658 
Generation Sequencing. Journal of Bacteriology 200. 659 

36. Metruccio MME, Pigozzi E, Roncarati D, Berlanda Scorza F, Norais N, Hill SA, Scarlato V, Delany I. 660 
2009. A Novel Phase Variation Mechanism in the Meningococcus Driven by a Ligand-Responsive 661 
Repressor and Differential Spacing of Distal Promoter Elements. PLoS Pathogens 5:e1000710. 662 

37. Rowley J. Chlamydia, gonorrhoea, trichomoniasis and syphilis: global prevalence and incidence 663 
estimates, 2016. Bulletin of the World Health Organization 97:548-562P. 664 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 
 

38. Edwards JMJ, Michael P; Seib, Kate L. 2018. Neisseria gonorrhoeae vaccine development: hope 665 
on the horizon? Curr Opin Infect Dis 31:246-250. 666 

39. The Centers for Disease Control and Prevention. 2024. Sexually Transmitted Infections 667 
Surveillance, 2023. 668 

40. Unemo M, Lahra MM, Escher M, Eremin S, Cole MJ, Galarza P, Ndowa F, Martin I, Dillon J-AR, 669 
Galas M, Ramon-Pardo P, Weinstock H, Wi T. 2021. WHO global antimicrobial resistance 670 
surveillance for Neisseria gonorrhoeae 2017–18: a retrospective observational study. The Lancet 671 
Microbe 2:e627-e636. 672 

41. Jensen JS, Unemo M. 2024. Antimicrobial treatment and resistance in sexually transmitted 673 
bacterial infections. Nature Reviews Microbiology 22:435-450. 674 

42. Unemo M, Lahra MM, Cole M, Galarza P, Ndowa F, Martin I, Dillon J-AR, Ramon-Pardo P, Bolan G, 675 
Wi T. 2019. World Health Organization Global Gonococcal Antimicrobial Surveillance Program 676 
(WHO GASP): review of new data and evidence to inform international collaborative actions and 677 
research efforts. Sexual Health 16:412. 678 

43. Stevens JS, Criss AK. 2018. Pathogenesis of Neisseria gonorrhoeae in the female reproductive 679 
tract: neutrophilic host response, sustained infection, and clinical sequelae. Current Opinion in 680 
Hematology 25:13-21. 681 

44. Ohnishi M, Saika T, Hoshina S, Iwasaku K, Nakayama S-I, Watanabe H, Kitawaki J. 2011. 682 
Ceftriaxone-Resistant<i>Neisseria gonorrhoeae</i>, Japan. Emerging Infectious Diseases 17:148-683 
149. 684 

45. Ohnishi M, Golparian D, Shimuta K, Saika T, Hoshina S, Iwasaku K, Nakayama S-I, Kitawaki J, 685 
Unemo M. 2011. Is Neisseria gonorrhoeae Initiating a Future Era of Untreatable Gonorrhea?: 686 
Detailed Characterization of the First Strain with High-Level Resistance to Ceftriaxone. 687 
Antimicrobial Agents and Chemotherapy 55:3538-3545. 688 

46. Ohneck EA, Zalucki YM, Johnson PJT, Dhulipala V, Golparian D, Unemo M, Jerse AE, Shafer WM. 689 
2011. A Novel Mechanism of High-Level, Broad-Spectrum Antibiotic Resistance Caused by a 690 
Single Base Pair Change in Neisseria gonorrhoeae. mBio 2:e00187-11-e00187. 691 

47. Li X-Z, Elkins CA, Zgurskaya HI, SpringerLink. 2016. Efflux-Mediated Antimicrobial Resistance in 692 
Bacteria : Mechanisms, Regulation and Clinical Implications, 1st 2016. ed. Springer International 693 
Publishing : Imprint: Adis, Cham. 694 

48. Nikaido H. 2003. Molecular Basis of Bacterial Outer Membrane Permeability Revisited. 695 
Microbiology and Molecular Biology Reviews 67:593-656. 696 

49. Ragland SA, Humbert MV, Christodoulides M, Criss AK. 2018. Neisseria gonorrhoeae employs 697 
two protein inhibitors to evade killing by human lysozyme. PLOS Pathogens 14:e1007080. 698 

50. Klobucar K, Brown ED. 2022. New potentiators of ineffective antibiotics: Targeting the Gram-699 
negative outer membrane to overcome intrinsic resistance. Curr Opin Chem Biol 66:102099. 700 

51. Olesky M, Zhao S, Rosenberg RL, Nicholas RA. 2006. Porin-Mediated Antibiotic Resistance in 701 
<i>Neisseria gonorrhoeae</i> : Ion, Solute, and Antibiotic Permeation through PIB Proteins with 702 
<i>penB</i> Mutations. Journal of Bacteriology 188:2300-2308. 703 

52. Ghai I. 2024. Electrophysiological Insights into Antibiotic Translocation and Resistance: The 704 
Impact of Outer Membrane Proteins. Membranes (Basel) 14. 705 

53. Heesterbeek DAC, Martin NI, Velthuizen A, Duijst M, Ruyken M, Wubbolts R, Rooijakkers SHM, 706 
Bardoel BW. 2019. Complement-dependent outer membrane perturbation sensitizes Gram-707 
negative bacteria to Gram-positive specific antibiotics. Scientific Reports 9. 708 

54. Heesterbeek DAC, Muts RM, Van Hensbergen VP, De Saint Aulaire P, Wennekes T, Bardoel BW, 709 
Van Sorge NM, Rooijakkers SHM. 2021. Outer membrane permeabilization by the membrane 710 
attack complex sensitizes Gram-negative bacteria to antimicrobial proteins in serum and 711 
phagocytes. PLOS Pathogens 17:e1009227. 712 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 
 

55. Bettoni S, Maziarz K, Stone MRL, Blaskovich MAT, Potempa J, Bazzo ML, Unemo M, Ram S, Blom 713 
AM. 2021. Serum Complement Activation by C4BP-IgM Fusion Protein Can Restore Susceptibility 714 
to Antibiotics in Neisseria gonorrhoeae. Frontiers in Immunology 12. 715 

56. Zhong X, Deng K, Yang X, Song X, Zou Y, Zhou X, Tang H, Li L, Fu Y, Yin Z, Wan H, Zhao X. 2023. 716 
Brevicidine acts as an effective sensitizer of outer membrane-impermeable conventional 717 
antibiotics for Acinetobacter baumannii treatment. Frontiers in Microbiology 14. 718 

57. Ramirez DM, Dhiman S, Mukherjee A, Wimalasekara R, Schweizer F. 2024. Application of 719 
tobramycin benzyl ether as an antibiotic adjuvant capable of sensitizing multidrug-resistant 720 
Gram-negative bacteria to rifampicin. RSC Med Chem 15:1055-1065. 721 

58. Benn G, Bortolini C, Roberts DM, Pyne ALB, Holden S, Hoogenboom BW. 2024. Complement-722 
mediated killing of Escherichia coli by mechanical destabilization of the cell envelope. The EMBO 723 
Journal 43:6152-6160. 724 

59. Gray MC, Thomas KS, Lamb ER, Werner LM, Connolly KL, Jerse AE, Criss AK. 2023. Evaluating 725 
vaccine-elicited antibody activities against <i>Neisseria gonorrhoeae</i> : cross-protective 726 
responses elicited by the 4CMenB meningococcal vaccine. Infection and Immunity 91. 727 

60. Hedges SR, Mayo MS, Mestecky J, Hook EW, Russell MW. 1999. Limited Local and Systemic 728 
Antibody Responses to<i>Neisseria gonorrhoeae</i>during Uncomplicated Genital Infections. 729 
Infection and Immunity 67:3937-3946. 730 

61. Joisel F, Leroux-Nicollet I, Lebreton JP, Fontaine M. 1983. A hemolytic assay for clinical 731 
investigation of human C2. J Immunol Methods 59:229-35. 732 

62. Barratt-Due A, Thorgersen EB, Lindstad JK, Pharo A, Lissina O, Lambris JD, Nunn MA, Mollnes TE. 733 
2011. <i>Ornithodoros moubata</i> Complement Inhibitor Is an Equally Effective C5 Inhibitor in 734 
Pigs and Humans. The Journal of Immunology 187:4913-4919. 735 

63. Ispasanie E, Muri L, Schmid M, Schubart A, Thorburn C, Zamurovic N, Holbro T, Kammüller M, 736 
Pluschke G. 2023. In vaccinated individuals serum bactericidal activity against B meningococci is 737 
abrogated by C5 inhibition but not by inhibition of the alternative complement pathway. 738 
Frontiers in Immunology 14. 739 

64. Liao M, Gong H, Liu H, Shen K, Ge T, King S, Schweins R, McBain AJ, Hu X, Lu JR. 2024. 740 
Combination of a pH-responsive peptide amphiphile and a conventional antibiotic in treating 741 
Gram-negative bacteria. J Colloid Interface Sci 659:397-412. 742 

65. Lapinska U, Voliotis M, Lee KK, Campey A, Stone MRL, Tuck B, Phetsang W, Zhang B, Tsaneva-743 
Atanasova K, Blaskovich MAT, Pagliara S. 2022. Fast bacterial growth reduces antibiotic 744 
accumulation and efficacy. Elife 11. 745 

66. Tomberg J, Unemo M, Ohnishi M, Davies C, Nicholas RA. 2013. Identification of Amino Acids 746 
Conferring High-Level Resistance to Expanded-Spectrum Cephalosporins in the <i>penA</i> 747 
Gene from Neisseria gonorrhoeae Strain H041. Antimicrobial Agents and Chemotherapy 748 
57:3029-3036. 749 

67. Humphries R, Bobenchik AM, Hindler JA, Schuetz AN. 2021. Overview of Changes to the Clinical 750 
and Laboratory Standards Institute Performance Standards for Antimicrobial Susceptibility 751 
Testing, M100, 31st Edition. J Clin Microbiol 59:e0021321. 752 

68. Kersh EN, Allen V, Ransom E, Schmerer M, Cyr S, Workowski K, Weinstock H, Patel J, Ferraro MJ. 753 
2020. Rationale for a <i>Neisseria gonorrhoeae</i> Susceptible–only Interpretive Breakpoint for 754 
Azithromycin. Clinical Infectious Diseases 70:798-804. 755 

69. Raccagni AR, Ranzenigo M, Bruzzesi E, Maci C, Castagna A, Nozza S. 2023. Neisseria gonorrhoeae 756 
Antimicrobial Resistance: The Future of Antibiotic Therapy. Journal of Clinical Medicine 12:7767. 757 

70. Luetkemeyer AF, Donnell D, Dombrowski JC, Cohen S, Grabow C, Brown CE, Malinski C, Perkins R, 758 
Nasser M, Lopez C, Vittinghoff E, Buchbinder SP, Scott H, Charlebois ED, Havlir DV, Soge OO, 759 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 
 

Celum C, Doxy PEPST. 2023. Postexposure Doxycycline to Prevent Bacterial Sexually Transmitted 760 
Infections. N Engl J Med 388:1296-1306. 761 

71. Reichert E, Grad YH. 2024. Effects of doxycycline post-exposure prophylaxis for prevention of 762 
sexually transmitted infections on gonorrhoea prevalence and antimicrobial resistance among 763 
men who have sex with men in the USA: a modelling study. Lancet Microbe 5:100926. 764 

72. Bachmann LH, Barbee LA, Chan P, Reno H, Workowski KA, Hoover K, Mermin J, Mena L. 2024. 765 
CDC Clinical Guidelines on the Use of Doxycycline Postexposure Prophylaxis for Bacterial Sexually 766 
Transmitted Infection Prevention, United States, 2024. MMWR Recomm Rep 73:1-8. 767 

73. Ross JDC, Brittain C, Cole M, Dewsnap C, Harding J, Hepburn T, Jackson L, Keogh M, Lawrence T, 768 
Montgomery AA, Roberts TE, Sprange K, Tan W, Thandi S, White J, Wilson J, Duley L. 2019. 769 
Gentamicin compared with ceftriaxone for the treatment of gonorrhoea (G-ToG): a randomised 770 
non-inferiority trial. The Lancet 393:2511-2520. 771 

74. Kirkcaldy RD, Weinstock HS, Moore PC, Philip SS, Wiesenfeld HC, Papp JR, Kerndt PR, Johnson S, 772 
Ghanem KG, Hook EW, Newman LM, Dowell D, Deal C, Glock J, Venkatasubramanian L, McNeil L, 773 
Perlowski C, Lee JY, Lensing S, Trainor N, Fuller S, Herrera A, Carlson JS, Harbison H, Lenderman 774 
C, Dixon P, Whittington A, Macio I, Priest C, Jett A, Campbell T, Uniyal A, Royal L, Mejia M, 775 
Vonghack J, Tobias S, Zenilman J, Long J, Harvey A, Pettus K, Sharpe S. 2014. The Efficacy and 776 
Safety of Gentamicin Plus Azithromycin and Gemifloxacin Plus Azithromycin as Treatment of 777 
Uncomplicated Gonorrhea. Clinical Infectious Diseases 59:1083-1091. 778 

75. Workowski KA, Bachmann LH, Chan PA, Johnston CM, Muzny CA, Park I, Reno H, Zenilman JM, 779 
Bolan GA. 2021. Sexually Transmitted Infections Treatment Guidelines, 2021. MMWR 780 
Recommendations and Reports 70:1-187. 781 

76. Bakheit AH, Al-Hadiya BM, Abd-Elgalil AA. 2014. Azithromycin. Profiles Drug Subst Excip Relat 782 
Methodol 39:1-40. 783 

77. Palmer A, Criss AK. 2018. Gonococcal Defenses against Antimicrobial Activities of Neutrophils. 784 
Trends in Microbiology 26:1022-1034. 785 

78. Feingold DS, Goldman JN, Kuritz HM. 1968. Locus of the Action of Serum and the Role of 786 
Lysozyme in the Serum Bactericidal Reaction. Journal of Bacteriology 96:2118-2126. 787 

79. Nam KH. 2022. Crystal Structure of Human Lysozyme Complexed with N-Acetyl-α-d-glucosamine. 788 
Applied Sciences 12:4363. 789 

80. Colvin JR. 1952. THE SIZE AND SHAPE OF LYSOZYME. Canadian Journal of Chemistry 30:831-834. 790 
81. Werner LM, Alcott A, Mohlin F, Ray JC, Belcher Dufrisne M, Smirnov A, Columbus L, Blom AM, 791 

Criss AK. 2023. Neisseria gonorrhoeae co-opts C4b-binding protein to enhance complement-792 
independent survival from neutrophils. PLOS Pathogens 19:e1011055. 793 

82. Berends ETM, Kuipers A, Ravesloot MM, Urbanus RT, Rooijakkers SHM. 2014. Bacteria under 794 
stress by complement and coagulation. FEMS Microbiology Reviews 38:1146-1171. 795 

83. Zhang G, Meredith TC, Kahne D. 2013. On the essentiality of lipopolysaccharide to Gram-796 
negative bacteria. Current Opinion in Microbiology 16:779-785. 797 

84. Preston A, Mandrell RE, Gibson BW, Apicella MA. 1996. The lipooligosaccharides of pathogenic 798 
gram-negative bacteria. Crit Rev Microbiol 22:139-80. 799 

85. Rahman MM, Kolli VSK, Kahler CM, Shih G, Stephens DS, Carlson RW. 2000. The membrane 800 
phospholipids of Neisseria meningitidis and Neisseria gonorrhoeae as characterized by fast atom 801 
bombardment mass spectrometry. Microbiology 146:1901-1911. 802 

86. Rowlett VW, Mallampalli VKPS, Karlstaedt A, Dowhan W, Taegtmeyer H, Margolin W, Vitrac H. 803 
2017. Impact of Membrane Phospholipid Alterations in Escherichia coli on Cellular Function and 804 
Bacterial Stress Adaptation. Journal of Bacteriology 199:JB.00849-16. 805 

87. Sud IJ, Feingold DS. 1975. Phospholipids and fatty acids of Neisseria gonorrhoeae. Journal of 806 
Bacteriology 124:713-717. 807 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


32 
 

88. Hill SA, Judd RC. 1989. Identification and characterization of peptidoglycan-associated proteins in 808 
Neisseria gonorrhoeae. Infection and Immunity 57:3612-3618. 809 

89. Klugman KP, Gotschlich EC, Blake MS. 1989. Sequence of the structural gene (rmpM) for the class 810 
4 outer membrane protein of Neisseria meningitidis, homology of the protein to gonococcal 811 
protein III and Escherichia coli OmpA, and construction of meningococcal strains that lack class 4 812 
protein. Infect Immun 57:2066-71. 813 

90. Gotschlich EC, Seiff M, Blake MS. 1987. The DNA sequence of the structural gene of gonococcal 814 
protein III and the flanking region containing a repetitive sequence. Homology of protein III with 815 
enterobacterial OmpA proteins. J Exp Med 165:471-82. 816 

91. Cho S-H, Dekoninck K, Collet J-F. 2023. Envelope-Stress Sensing Mechanism of Rcs and Cpx 817 
Signaling Pathways in Gram-Negative Bacteria. Journal of Microbiology 61:317-329. 818 

92. Wall E, Majdalani N, Gottesman S. 2018. The Complex Rcs Regulatory Cascade. Annu Rev 819 
Microbiol 72:111-139. 820 

93. Lach SR, Kumar S, Kim S, Im W, Konovalova A. 2023. Conformational rearrangements in the 821 
sensory RcsF/OMP complex mediate signal transduction across the bacterial cell envelope. PLoS 822 
Genet 19:e1010601. 823 

94. Johnson MB, Criss AK. 2011. Resistance of Neisseria Gonorrhoeae to Neutrophils. Frontiers in 824 
Microbiology 2. 825 

95. Criss AK, Seifert HS. 2012. A bacterial siren song: intimate interactions between Neisseria and 826 
neutrophils. Nature Reviews Microbiology 10:178-190. 827 

96. Criss AK, Genco CA, Gray-Owen SD, Jerse AE, Seifert HS. 2021. Challenges and Controversies 828 
Concerning Neisseria gonorrhoeae-Neutrophil Interactions in Pathogenesis. mBio 12. 829 

97. Zhu W, Ventevogel MS, Knilans KJ, Anderson JE, Oldach LM, McKinnon KP, Hobbs MM, 830 
Sempowski GD, Duncan JA. 2012. Neisseria gonorrhoeae Suppresses Dendritic Cell-Induced, 831 
Antigen-Dependent CD4 T Cell Proliferation. PLoS ONE 7:e41260. 832 

98. Jerse AE, Bash MC, Russell MW. 2014. Vaccines against gonorrhea: Current status and future 833 
challenges. Vaccine 32:1579-1587. 834 

99. Pantelic M, Kim Y-J, Bolland S, Chen I, Shively J, Chen T. 2005. <i>Neisseria gonorrhoeae</i>Kills 835 
Carcinoembryonic Antigen-Related Cellular Adhesion Molecule 1 (CD66a)-Expressing Human B 836 
Cells and Inhibits Antibody Production. Infection and Immunity 73:4171-4179. 837 

100. Rotman E, Seifert HS. 2014. The Genetics of <i>Neisseria</i> Species. Annual Review of Genetics 838 
48:405-431. 839 

101. Figueroa J, Andreoni J, Densen P. 1993. Complement deficiency states and meningococcal 840 
disease. Immunol Res 12:295-311. 841 

102. Dahlback B, Podack ER. 1985. Characterization of human S protein, an inhibitor of the membrane 842 
attack complex of complement. Demonstration of a free reactive thiol group. Biochemistry 843 
24:2368-74. 844 

103. Mandrell R, Schneider H, Apicella M, Zollinger W, Rice PA, Griffiss JM. 1986. Antigenic and 845 
physical diversity of Neisseria gonorrhoeae lipooligosaccharides. Infection and Immunity 54:63-846 
69. 847 

104. Leduc I, Connolly KL, Begum A, Underwood K, Darnell S, Shafer WM, Balthazar JT, Macintyre AN, 848 
Sempowski GD, Duncan JA, Little MB, Rahman N, Garges EC, Jerse AE. 2020. The serogroup B 849 
meningococcal outer membrane vesicle-based vaccine 4CMenB induces cross-species protection 850 
against Neisseria gonorrhoeae. PLoS Pathog 16:e1008602. 851 

105. Petousis-Harris H, Paynter J, Morgan J, Saxton P, McArdle B, Goodyear-Smith F, Black S. 2017. 852 
Effectiveness of a group B outer membrane vesicle meningococcal vaccine against gonorrhoea in 853 
New Zealand: a retrospective case-control study. Lancet 390:1603-1610. 854 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


33 
 

106. Semchenko EA, Tan A, Borrow R, Seib KL. 2019. The Serogroup B Meningococcal Vaccine Bexsero 855 
Elicits Antibodies to Neisseria gonorrhoeae. Clin Infect Dis 69:1101-1111. 856 

107. Parzych EM, Gulati S, Zheng B, Bah MA, Elliott STC, Chu JD, Nowak N, Reed GW, Beurskens FJ, 857 
Schuurman J, Rice PA, Weiner DB, Ram S. 2021. Synthetic DNA Delivery of an Optimized and 858 
Engineered Monoclonal Antibody Provides Rapid and Prolonged Protection against Experimental 859 
Gonococcal Infection. mBio 12. 860 

108. Gulati S, Beurskens FJ, de Kreuk BJ, Roza M, Zheng B, DeOliveira RB, Shaughnessy J, Nowak NA, 861 
Taylor RP, Botto M, He X, Ingalls RR, Woodruff TM, Song WC, Schuurman J, Rice PA, Ram S. 2019. 862 
Complement alone drives efficacy of a chimeric antigonococcal monoclonal antibody. PLoS Biol 863 
17:e3000323. 864 

109. Gulati S, Rice PA, Ram S. 2019. Complement-Dependent Serum Bactericidal Assays for Neisseria 865 
gonorrhoeae. Methods Mol Biol 1997:267-280. 866 

110. Matthias KA, Reveille A, Dhara K, Lyle CS, Natuk RJ, Bonk B, Bash MC. 2024. Development and 867 
validation of a standardized human complement serum bactericidal activity assay to measure 868 
functional antibody responses to Neisseria gonorrhoeae. Vaccine 43:126508. 869 

111. Bettoni S, Shaughnessy J, Maziarz K, Ermert D, Gulati S, Zheng B, Morgelin M, Jacobsson S, 870 
Riesbeck K, Unemo M, Ram S, Blom AM. 2019. C4BP-IgM protein as a therapeutic approach to 871 
treat Neisseria gonorrhoeae infections. JCI Insight 4. 872 

112. Hurst JK. 2012. What really happens in the neutrophil phagosome? Free Radical Biology and 873 
Medicine 53:508-520. 874 

113. Cohen MS, Cannon JG, Jerse AE, Charniga LM, Isbey SF, Whicker LG. 1994. Human 875 
experimentation with Neisseria gonorrhoeae: rationale, methods, and implications for the 876 
biology of infection and vaccine development. J Infect Dis 169:532-7. 877 

114. Seifert HS, Ajioka RS, Marchal C, Sparling PF, So M. 1988. DNA transformation leads to pilin 878 
antigenic variation in Neisseria gonorrhoeae. Nature 336:392-5. 879 

115. Jerse AE, Sharma ND, Simms AN, Crow ET, Snyder LA, Shafer WM. 2003. A gonococcal efflux 880 
pump system enhances bacterial survival in a female mouse model of genital tract infection. 881 
Infect Immun 71:5576-82. 882 

116. Ozer EA, Prister LL, Yin S, Ward BH, Ivanov S, Seifert HS. 2019. PacBio Amplicon Sequencing 883 
Method To Measure Pilin Antigenic Variation Frequencies of Neisseria gonorrhoeae. mSphere 4. 884 

117. Seifert HS, Wright CJ, Jerse AE, Cohen MS, Cannon JG. 1994. Multiple gonococcal pilin antigenic 885 
variants are produced during experimental human infections. Journal of Clinical Investigation 886 
93:2744-2749. 887 

118. Criss AK, Kline KA, Seifert HS. 2005. The frequency and rate of pilin antigenic variation in 888 
<i>Neisseria gonorrhoeae</i>. Molecular Microbiology 58:510-519. 889 

119. Ball LM, Criss AK. 2013. Constitutively Opa-Expressing and Opa-Deficient Neisseria gonorrhoeae 890 
Strains Differentially Stimulate and Survive Exposure to Human Neutrophils. Journal of 891 
Bacteriology 195:2982-2990. 892 

120. Chen A, Seifert HS. 2013. Structure-Function Studies of the Neisseria gonorrhoeae Major Outer 893 
Membrane Porin. Infection and Immunity 81:4383-4391. 894 

121. Kellogg DS, Peacock WL, Deacon WE, Brown L, Pirkle CI. 1963. <i>NEISSERIA GONORRHOEAE</i> 895 
I. Journal of Bacteriology 85:1274-1279. 896 

122. Santos GF, Deck RR, Donnelly J, Blackwelder W, Granoff DM. 2001. Importance of Complement 897 
Source in Measuring Meningococcal Bactericidal Titers. Clinical Diagnostic Laboratory 898 
Immunology 8:616-623. 899 

123. Morgan BP. 2000. Complement Methods and Protocols.  doi:10.1385/159259056x. 900 
124. Amjadi F, Salehi E, Mehdizadeh M, Aflatoonian R. 2014. Role of the innate immunity in female 901 

reproductive tract. Advanced Biomedical Research 3:1. 902 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


34 
 

125. Begg EJ, Barclay ML, Kirkpatrick CJM. 1999. The therapeutic monitoring of antimicrobial agents. 903 
British Journal of Clinical Pharmacology 47:23-30. 904 

126. Scheibenpflug R, Obermuller M, Reznicek G, Neuper O, Lamm WW, Raderer M, Lagler H. 2021. 905 
Azithromycin concentrations during long-term regimen, a pilot study in patients with MALT 906 
lymphoma. Sci Rep 11:18460. 907 

127. Schleibinger M, Steinbach CL, Töpper C, Kratzer A, Liebchen U, Kees F, Salzberger B, Kees MG. 908 
2015. Protein binding characteristics and pharmacokinetics of ceftriaxone in intensive care unit 909 
patients. British Journal of Clinical Pharmacology 80:525-533. 910 

128. Luckey A, Alirol E, Delhomme S, O'Donnell J, Bettiol E, Mueller J, O'Brien S, Gillon JY. 2023. Effect 911 
of food on the pharmacokinetics of zoliflodacin granules for oral suspension: Phase I <scp>open‐912 
label</scp> randomized cross‐over study in healthy subjects. Clinical and Translational Science 913 
16:770-780. 914 

129. Haaland RE, Fountain J, Edwards TE, Dinh C, Martin A, Omoyege D, Conway-Washington C, Kelley 915 
CF, Heneine W. 2024. Pharmacokinetics of single dose doxycycline in the rectum, vagina, and 916 
urethra: implications for prevention of bacterial sexually transmitted infections. EBioMedicine 917 
101:105037. 918 

130. Cattaneo D, Orlando G, Cozzi V, Cordier L, Baldelli S, Merli S, Fucile S, Gulisano C, Rizzardini G, 919 
Clementi E. 2013. Linezolid plasma concentrations and occurrence of drug-related 920 
haematological toxicity in patients with gram-positive infections. Int J Antimicrob Agents 41:586-921 
9. 922 

131. Kowalska-Krochmal B, Dudek-Wicher R. 2021. The Minimum Inhibitory Concentration of 923 
Antibiotics: Methods, Interpretation, Clinical Relevance. Pathogens 10:165. 924 

 925 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.16.633325doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.16.633325
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Manuscript Text File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

