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ABSTRACT Neisseria gonorrhoeae infection is characterized by local and abundant
recruitment of neutrophils. Despite neutrophils’ antimicrobial activities, viable N.
gonorrhoeae is recovered from infected individuals, leading to the question of how
N. gonorrhoeae survives neutrophil attack. One feature impacting N. gonorrhoeae-
neutrophil interactions is the phase-variable opacity-associated (Opa) proteins.
Most Opa proteins engage human carcinoembryonic antigen-related cell adhesion
molecules (CEACAMs) to facilitate bacterial binding and invasion. Neutrophils
express two transmembrane CEACAMs, CEACAM1 and the granulocyte-specific
CEACAM3. While N. gonorrhoeae isolated from infected individuals is frequently
Opa1, expression of OpaD from strain FA1090, which interacts with CEACAMs 1
and 3, is associated with reduced N. gonorrhoeae survival after exposure to human
neutrophils. In this study, we hypothesized that the receptor-binding capability of
individual Opa proteins impacts bacterial survival in the presence of neutrophils.
To test this hypothesis, we introduced opa genes that are constitutively expressed
into a derivative of strain FA1090 with all 11 opa genes deleted. The engineered
genes encode Opa proteins that bind CEACAM1 and -3, CEACAM1 but not
CEACAM3, or neither CEACAM1 nor -3. N. gonorrhoeae expressing CEACAM3-bind-
ing Opa proteins survived significantly less well than bacteria expressing other Opa
proteins when exposed to primary human neutrophils. The CEACAM3-binding N. gon-
orrhoeae had significantly greater association with and internalization by neutrophils.
However, once internalized, bacteria were similarly killed inside neutrophils, regardless
of Opa expression. Furthermore, Opa expression did not significantly impact neutro-
phil granule mobilization. Our findings indicate that the extent to which Opa proteins
mediate nonopsonic binding is the predominant determinant of bacterial survival
from neutrophils.

IMPORTANCE Neisseria gonorrhoeae, the cause of gonorrhea, is an urgent-threat
pathogen due to increasing numbers of infections and increased antibiotic resist-
ance. Many surface components of N. gonorrhoeae are phase variable, including the
Opa protein family of adhesins and invasins. While Opa protein expression is
selected for in vivo, bacteria expressing some Opa proteins are readily killed by neu-
trophils, which are recruited to sites of infection. The reason for this discrepancy has
remained unresolved. Our work shows that Opa-dependent differences in bacterial
survival after exposure to primary human neutrophils correlates with Opa-dependent
bacterial binding and phagocytosis. These findings underscore how the ability of N.
gonorrhoeae to change Opa expression through phase variation contributes to bacte-
rial resistance to neutrophil clearance.
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N eisseria gonorrhoeae is the causative agent of the sexually transmitted infection
gonorrhea. Gonorrhea is a major public health concern, as there is no protective

immunity against future infections, due in part to the variable nature of immunodomi-
nant surface antigens (1, 2); for related reasons, there is currently no effective vaccine.
Cases of gonorrhea are on the rise, as is resistance to antibiotics, with only ceftriaxone
currently recommended for treatment by the U.S. Centers for Disease Control and
Prevention (3). These issues emphasize the need to better understand the mechanisms
by which N. gonorrhoeae infects and successfully colonizes its obligate human host to
develop effective new therapeutics and vaccine targets.

N. gonorrhoeae infects mucosal surfaces, including the nasopharynx, rectum, male
urethra, and female cervix. Women are more frequently asymptomatic than men and
may not seek treatment (4). Despite a robust neutrophil-rich immune response, N. gonor-
rhoeae that is not cleared from infected tissues leads to tissue damage (5). Subsequently,
N. gonorrhoeae infections that are untreated or escape treatment due to antibiotic resist-
ance can lead to infertility in both sexes and pelvic inflammatory disease and ectopic
pregnancy in women.

Neutrophils (the predominant type of polymorphonuclear leukocyte, PMN) are the
first line of defense against many invading pathogens, including N. gonorrhoeae. Despite
the rapid, robust response of neutrophils to many infectious agents, N. gonorrhoeae can
evade many neutrophil effector functions, including neutrophil extracellular traps, reac-
tive oxygen species (ROS) release, release of antimicrobial peptides and proteases, phag-
ocytosis into degradative compartments, and nutritional immunity (6). Neutrophils rec-
ognize N. gonorrhoeae through both opsonic and nonopsonic mechanisms, dependent
upon the receptor that is interacting with the bacteria (7). In particular, neutrophils phag-
ocytose N. gonorrhoeae in a nonopsonic manner using the bacterial surface-expressed
Opa proteins (8).

The opa family of genes, found in the pathogenic Neisseria, encode eight stranded
beta barrel proteins that span the outer membrane. Each isolate of N. gonorrhoeae car-
ries at least 10 opa genes, some of which are duplicates but in distinct chromosomal
loci. Each is independently phase variable due to slipped-strand mispairing of a pen-
tameric repeat in the signal sequence-coding portion of the gene. The protein has four
extracellular loops, the second and third of which confer the ability of Opa proteins to
bind cellular receptors (9). Relative to the rest of the Opa protein, these loops are
hypervariable. The hypervariable loops of Opa proteins that bind the same receptors
do not always share primary sequence similarity, leading to the assumption that it is
the structure and resulting chemical environment of the binding surface, not sequence
of the Opa hypervariable loops, that confer receptor binding specificity and selectivity
(9). However, these molecular determinants remain to be defined.

While a subset of Opa proteins has been shown to be able to bind to heparan sul-
fate proteoglycans (HSPGs), the major family of Opa-binding receptors is human car-
cinoembryonic antigen-related cellular adhesion molecules (CEACAMs). CEACAMs are
expressed on multiple cell types relevant to neisserial infection, including neutrophils,
endothelial cells, and epithelial cells (10). Human neutrophils express CEACAMs 1, 3, 4,
6, and 8; of these, the neisserial Opa proteins analyzed to date have been shown to
interact with CEACAMs 1, 3, and 6 as well as CEACAM5 on epithelial cells (8, 11–13).
While CEACAMs 5 and 6 are glycophosphatidylinositol (GPI) anchored, CEACAMs 1 and
3 are transmembrane proteins with cytosolic tails that activate signaling within the
cell. CEACAM1 is ubiquitously expressed. Its cytosolic tail contains an immunoreceptor
tyrosine-based inhibitory motif (ITIM) that recruits the SHP phosphatases to downregu-
late cellular activities such as cell proliferation and signaling through the T cell receptor
(14, 15). In contrast, CEACAM3, which is restricted to granulocytes, including neutro-
phils, contains a C-terminal immunoreceptor tyrosine-based activation motif (ITAM).
Recruitment of Src family and Syk tyrosine kinases to the CEACAM3 ITAM drives signal-
ing pathways that result in actin-dependent phagocytosis, release of neutrophil gran-
ules, and production of reactive oxygen species (ROS) (16, 17). CEACAM3 is thought to
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have evolved on primate neutrophils as a way to combat the myriad microorganisms
that exploit CEACAM1 as a colonization factor (18).

Opa protein expression is selected for in vivo, with specific Opa proteins appearing
more often than others in a given strain background. Most N. gonorrhoeae bacteria
that can be cultured from the secretions of infected individuals express at least one
Opa protein (19). In male volunteers inoculated urethrally with predominantly phase-
OFF Opa-negative N. gonorrhoeae, most bacteria that are recovered from symptomatic
individuals express one or more Opa proteins (19). In male individuals urethrally chal-
lenged with Opa1 bacteria, Jerse et al. found that over time there was a selection for
specific Opa proteins, and, once expressed, that protein stayed expressed from the first
positive sample collected until infection was terminated by antibiotic treatment (20).
What drives the selection for expression of particular Opa proteins in vivo is not yet
clear. However, Sintsova et al. found that primary N. gonorrhoeae isolates from urethral
and cervical infections more frequently expressed Opa proteins that do not have the
ability to bind CEACAM3 (21).

Based on this observation and the understanding of the downstream activation of
antimicrobial activity upon CEACAM3 binding, we hypothesized that avoidance of
CEACAM3 binding confers a survival advantage to N. gonorrhoeae when exposed to
neutrophils. To this end, we created an isogenic panel of N. gonorrhoeae strain FA1090
of different CEACAM-binding profiles, using Opa proteins that are constitutively
expressed or are phase varied for expression. These Opa1 bacteria and their Opa-nega-
tive counterparts were examined for their survival after infection of primary human
neutrophils. Our findings support a model in which the extent of association is the
main determinant of N. gonorrhoeae resistance to neutrophil killing, where bacteria
that do not bind CEACAM3 have a survival advantage.

RESULTS
N. gonorrhoeae strains expressing Opa proteins of different receptor-binding

profiles differentially activate human neutrophils. To investigate Opa-dependent
interactions of N. gonorrhoeae with neutrophils, we established a panel of N. gonor-
rhoeae strains expressing single Opa proteins that are predicted to interact differently
with human neutrophils (Fig. 1). Opa proteins were expressed in two genetic back-
grounds, each with its own advantages. In one, constitutively expressed, nonvariable
(nv) versions of opa genes were introduced into a piliated derivative of strain FA1090
in which its 11 opa genes were deleted, called Opaless (22). They were introduced into
the opaD locus and driven by the opaD promoter (Opa50nv, OpaDnv) or into an inter-
genic site between aspC and lctP under ectopic control of the tac-lac promoter
(Opa54nv). The other approach used phase-varied ON Opa expressors (OpaA1, OpaF1,
and OpaI1) in the piliated FA1090 DopaBEGK background, in which the four phenotypi-
cally translucent opa genes of this strain were deleted. In this background, Opa expres-
sion can be followed by colony morphology, where each of the remaining Opa proteins
confers a particular colony opacity phenotype, as well as Western blotting using mono-
clonal antibodies specific to each Opa protein of strain FA1090 (20). We confirmed that
each of the used strains grew similarly in media (data not shown), as previously reported
by our lab (22).

For this study, we investigated three categories of Opa proteins: those interacting
with CEACAM1 and CEACAM3, those interacting with CEACAM1 but not CEACAM3,
and those that do not interact with either CEACAM1 or -3. Additionally, we assessed
the ability of these Opa proteins to interact with the neutrophil-expressed CEACAM6
and epithelium-restricted CEACAM5, the two other CEACAMs that Opa proteins are
reported to bind. Receptor binding was determined by the ability of N. gonorrhoeae
expressing defined Opa proteins to precipitate the soluble N-terminal domain of each
of these CEACAMs (N-CEACAMs), analyzed by imaging flow cytometry (23). Results are
reported as both the percentage of Alexa Fluor 4881 (CEACAM-binding) N. gonor-
rhoeae (Fig. 1A) and the mean Alexa Fluor 488 fluorescence intensity of the population
(Fig. 1B).
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The binding capabilities of the nonvariable strains used in this study have been previ-
ously reported by our group using the imaging flow cytometry binding assay (23). FA1090
OpaD binds to the N-domains of human CEACAM1, CEACAM3, and CEACAM5 but not
CEACAM6, Opa54 of strain MS11 binds to CEACAM1 but not CEACAMs 3, 5, or 6, and
Opa50 of strain MS11 does not interact with any CEACAMs (23). These data are consistent
with prior reports about Opa54’s CEACAM-binding preferences (21, 23) and that Opa50
interacts with heparan sulfate proteoglycans and not CEACAMs (8). Applying the imaging
flow cytometry binding assay to the predominantly phase-ON Opa1 N. gonorrhoeae, we
found that FA1090 OpaI binds to both CEACAMs 1 and 3, OpaF of strain FA1090 interacts
with CEACAM1 but not CEACAM3, and OpaA of strain FA1090 does not bind any
CEACAMs (Fig. 1A and B). None of the newly tested Opa proteins bound to CEACAM5 or
CEACAM6 (Fig. 1A and B). The nucleotide (see Fig. S1A in the supplemental material) and
amino acid (Fig. S1B) sequences of each Opa used in this study are reported. The CEACAM
binding profiles and genetic background for each strain in this study are presented in Fig.
1B. Opaless and DopaBEGKoff (DopaBEGK) are the non-Opa-expressing bacteria used
throughout this study that did not interact with any CEACAMs (Fig. 1A and B) (23).

FIG 1 Receptor-binding profile of selected Opa proteins and elicitation of the neutrophil oxidative burst. (A and
B) N. gonorrhoeae predominantly expressing OpaA, OpaF, or OpaI in the DopaBEGK background, or the Opa2

control, was incubated with GST-tagged recombinant N-CEACAM1 (gray), N-CEACAM3 (black), N-CEACAM5
(hatched), N-CEACAM6 (checked), or no protein as a control (white). Binding of CEACAM was recognized with an
anti-GST antibody followed by Alexa Fluor 488-coupled goat anti-mouse IgG. The capacity of each N. gonorrhoeae
strain used in this study to bind each CEACAM was determined by imaging flow cytometry. The percentage of
the singlet bacterial population in the Alexa Fluor 4881 gate (A) and the mean fluorescence intensity (MFI) of
Alexa Fluor 488 (B) were quantified. (C) Data are compiled from panel A and reference 23 (asterisks). Yellow, blue,
and green colors are kept consistent throughout this study. Opa1 indicates phase-variable strains, and nv
indicates non-phase-variable, locked-ON strains. (D) The indicated strains of N. gonorrhoeae at an MOI of 100
were exposed to primary human neutrophils in the presence of luminol. Production of reactive oxygen species
was measured as relative light units of luminol-dependent chemiluminescence over 60 min. Circles denote non-
phase-variable, locked strains of N. gonorrhoeae in Opaless; triangles indicate predominantly phase-ON or -OFF
N. gonorrhoeae in the DopaBEGK background (Opa2 bacteria are gray).
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To begin to assess how expression of the different Opa proteins affects interaction
with primary human neutrophils, we measured neutrophil production of reactive oxy-
gen species (ROS) after exposure to equivalent numbers of CFU of N. gonorrhoeae,
using luminol-dependent chemiluminescence. ROS production is a consequence of
granule trafficking and cytoplasmic signaling events that result in assembly of NADPH
oxidase, which produces superoxide and hydrogen peroxide, and myeloperoxidase,
which uses hydrogen peroxide to generate hypochlorous acid (24). ROS does not
directly contribute to neutrophil antimicrobial activity against N. gonorrhoeae (25, 26)
but does reflect the activation state of neutrophils in response to infection. CEACAM1
and -3 binding OpaDnv and OpaI1 elicited a rapid (within 15 min) ROS response from
neutrophils (Fig. 1D, blue lines). In contrast, the ROS response was slower (peak, ;20
to 30 min) in response to the CEACAM1-only binder Opa54nv. OpaF1 N. gonorrhoeae,
which also binds CEACAM1 and not CEACAM3, elicited a marginal ROS response from
neutrophils, with a peak within 15 to 20 min of exposure (green lines with triangles).
The non-CEACAM binding strains of N. gonorrhoeae elicited minimal release of ROS
from neutrophils, similar to the Opaless and DopaBEGK backgrounds (yellow lines and
gray lines). These findings indicate that Opa expression state affects gonococcal activa-
tion of neutrophils. In particular, bacteria that bind both CEACAM1 and CEACAM3
tended to stimulate a more rapid and/or potent oxidative response.

CEACAM3 engagement is associated with increased bacterial binding and
phagocytosis by neutrophils.We next tested how expression of different Opa proteins
affected bacterial association with and phagocytosis by primary human neutrophils. To
do so, we applied an imaging flow cytometry assay, which uses a spot count algorithm
to quantify the association and phagocytosis of N. gonorrhoeae across tens of thousands
of neutrophils per condition (27). These experiments used adherent, IL-8-treated primary
human neutrophils as a surrogate for neutrophils that have migrated to sites of mucosal
N. gonorrhoeae infection (28).

At 15 min postinfection at a multiplicity of infection (MOI) of 1, fewer than 20% of neu-
trophils were associated with the non-CEACAM or CEACAM1 only binding nonvariable
N. gonorrhoeae (average for Opaless, 4.4%; Opa50nv, 7.7%; Opa54nv, 12%) (Fig. 2A). In con-
trast, at the same time point, CEACAM1 and CEACAM3 binding OpaDnv showed signifi-
cantly more association with neutrophils (OpaDnv, 52%) (Fig. 2A). Similarly, at 30 min and
60 min, neutrophils were significantly more associated with OpaDnv N. gonorrhoeae than
with Opaless, Opa50nv, or Opa54nv bacteria (Fig. 2A). At 60 min, significantly more neutro-
phils were also associated with Opa50nv than Opaless.

The phase-varied-ON strains followed similar patterns (Fig. 2B). At 15 and 30 min, OpaF1

and OpaI1 N. gonorrhoeae showed higher association with neutrophils than OpaA1 or
DopaBEGK bacteria, but these differences were not statistically significant (DopaBEGK, 14%;
OpaA1, 7.7%; OpaF1, 31%; OpaI1, 32%). By 60 min, OpaI1 N. gonorrhoeae was associated
with more neutrophils than the other strains and was significantly increased over DopaBEGK
bacteria (Fig. 2B). A histogram of the number of N. gonorrhoeae cells counted per neutrophil
in each population is presented in Fig. S2.

The same data set was analyzed for bacterial phagocytosis, with the output being
the percentage of neutrophils with intracellular N. gonorrhoeae (see Materials and
Methods for details). Significantly more neutrophils contained intracellular OpaDnv N.
gonorrhoeae than the other nonvariable bacteria at all measured time points postinfec-
tion (Fig. 2C). There were no significant differences between Opaless and Opa50nv or
Opa54nv at any of the time points. Similar to the percent association data for the
phase-varied-ON N. gonorrhoeae, neutrophils internalized more OpaI1 than OpaA1 or
DopaBEGK strain at 30 and 60 min postinfection, with the difference between OpaI1

and OpaA1 being statistically significant at both time points and the difference
between OpaI1 and DopaBEGK strain being statistically significant at 60 min (Fig. 2D).
While there was a trend toward more phagocytosis of OpaI1 than OpaF1 N. gonor-
rhoeae as time progressed, this was not statistically significant.

The results with imaging flow cytometry were extended using an immunofluorescence
assay that reports the percentage of cell-associated bacteria that are intracellular (28).
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Here, we focused on the nonvariable Opa strains so that the potential confounder of
phase variation was removed. At 60 min postinfection, there were no significant differen-
ces among the Opa-expressing N. gonorrhoeae strains in the percentage of neutrophil-
associated bacteria that were phagocytosed (Opa50nv, 56%; Opa54nv, 52%; OpaDnv, 67%)
(Fig. 2E). However, the percentage of intracellular Opaless bacteria (44%) was significantly
lower than that for OpaDnv, in keeping with prior reports (Fig. 2E) (29, 30).

Taken together, these results indicate that N. gonorrhoeae expressing different Opa
proteins differentially interacts with human neutrophils. However, once bound to neu-
trophils, Opa1 N. gonorrhoeae is readily phagocytosed, regardless of which receptor(s)
it engages.

Survival of N. gonorrhoeae from primary human neutrophils is modulated by
bacterial Opa expression profile. We examined how the association and phagocyto-
sis of different Opa-expressing N. gonorrhoeae strains affected bacterial survival from
neutrophils by enumerating CFU of bacteria from neutrophil lysates as a function of
time (31). First examining the nonvariable strains, similar CFU numbers of Opaless,

FIG 2 Expression of different Opa proteins differentially affects binding and phagocytosis of N. gonorrhoeae by primary
human neutrophils. The indicated strains of N. gonorrhoeae (A and C, constitutively expressed, nonvariable; B and D, phase
variable) were labeled with Tag-IT Violet (TIV) and incubated with adherent, IL-8-treated primary human neutrophils. At the
indicated times, cells were fixed and stained with DyLight 650 (DL650)-labeled anti-N. gonorrhoeae antibody without
permeabilization to recognize extracellular bacteria. Neutrophils were analyzed via imaging flow cytometry. Panels A and B
report the percentage of single, intact neutrophils with $1 cell-associated bacterium (TIV1). Panels C and D indicate the
percentage of neutrophils with $1 phagocytosed bacterium (TIV1 DL6502). Results are the average of n $ 3 biological
replicates. Data were analyzed by two-way ANOVA with Tukey’s multiple comparisons, with the following indications of
significance: *, P , 0.05; **, P , 0.01; ***, P , 0.005; ****, P , 0.001. Only statistical comparisons within a time point were
made. (E) The indicated strains of N. gonorrhoeae were labeled with CFSE and then incubated with adherent, IL-8-treated
neutrophils. After 60 min, cells were fixed and stained with AlexaFluor 647 (AF647)-labeled anti-bacteria antibody without
permeabilization. Images were captured by fluorescence microscopy. The percentage of intracellular N. gonorrhoeae was
determined by dividing the number of CFSE1 AF6472 (intracellular) N. gonorrhoeae by the number of CFSE1 AF6471 (total)
N. gonorrhoeae. Statistical comparisons were made for n $ 4 biological replicates using one-way ANOVA with Tukey’s
multiple comparisons, with P , 0.05 (*) considered significant.
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OpaDnv, Opa54nv, and Opa50nv were recovered after 30 min of neutrophil exposure
(Fig. 3A). However, after 60 min, fewer CFU of OpaDnv N. gonorrhoeae were recovered
than with any of the other strains, with the differences from Opaless and Opa54nv N.
gonorrhoeae being statistically significant (Fig. 3B). By 120 min postinfection, the recov-
ery of OpaDnv N. gonorrhoeae was significantly less than that of any of the other com-
parator strains (Fig. 3C). We also saw outgrowth of Opaless at 120 min postinfection,
likely due to extracellular replication of the bacteria; the difference between Opaless
and all of the Opa-expressing strains was statistically significant at this time point.

The phase-varied-ON strains of N. gonorrhoeae followed the same trends as the
Opa-nonvariable strains across all the time points tested, with no differences among

FIG 3 Differential survival of N. gonorrhoeae of different Opa expression states after exposure to primary
human neutrophils. Adherent, IL-8-treated neutrophils were synchronously exposed to constitutively expressed,
nonvariable (A to C), or phase-variable (D to F) N. gonorrhoeae of the indicated Opa profile. Colors match the
receptor-binding profile of each strain as in Fig. 1B. At 30 (A and D), 60 (B and E), and 120 (C and F) min
postinfection, neutrophils were lysed and CFU of N. gonorrhoeae were enumerated from the lysates. Results are
expressed as the average percentage of CFU at that time point divided by the CFU at the start of the
experiment (0 min) 6 standard errors for n $ 4 biological replicates. Statistical comparisons were by two-way
ANOVA with post hoc Tukey multiple-comparison test, with the following pairwise significances: *, P , 0.05; **,
P , 0.01; ***, P , 0.005; ****, P , 0.0001. Separate ANOVAs were run to compare the variable strains and the
nonvariable strains. Correlations between bacterial survival and association with neutrophils (G) and bacterial
survival and phagocytosis by neutrophils (H) were calculated using a linear regression model. The R2 and P
values are reported on the graphs.

Opa-Mediated Neutrophil Association and N. gonorrhoeae Journal of Bacteriology

April 2022 Volume 204 Issue 4 10.1128/jb.00035-22 7

https://journals.asm.org/journal/jb
https://doi.org/10.1128/jb.00035-22


DopaBEGK, OpaA1, OpaF1, and OpaI1 strains at 30 min (Fig. 3D). While more CFU of
DopaBEGK and OpaA1 N. gonorrhoeae strains were recovered at 60 min than with
OpaF1 or OpaI1 bacteria, these differences were not statistically significant (Fig. 3E). By
120 min, DopaBEGK bacteria were recovered in significantly greater numbers than any
of the other Opa1 bacteria (Fig. 3F). Interestingly, the CEACAM-binding profile did not
directly correlate with bacterial susceptibility to neutrophils: while the CEACAM1 and
CEACAM3 binding OpaDnv strain survived significantly less well than any of its direct
comparators, the OpaI1 strain, which also binds CEACAM1 and CEACAM3, survived
similarly to the other Opa expressors. Overall, we saw an inverse correlation between
association with neutrophils and survival of the bacteria as well as internalization into
neutrophils and survival of bacteria (Fig. 3G and H).

Opa-receptor interactions do not affect the survival or maturity of phagosomes
containing Opa6 N. gonorrhoeae inside human neutrophils. Having observed a corre-
lation between bacterial association with neutrophils and their resistance to neutrophil-
mediated killing, we examined but ruled out other possibilities that could explain the
difference in Opa1 N. gonorrhoeae survival from neutrophils. First, we found that Opa-
expressing N. gonorrhoeae, once phagocytosed, exhibited similarly low intracellular sur-
vival in neutrophils, as determined based on their permeability to propidium iodide (32).
Extracellular N. gonorrhoeae exhibited greater viability than intracellular bacteria, as pre-
viously reported (30), but there was no measurable difference in viability based on Opa
expression in either the intracellular (Fig. 4A) or the extracellular (Fig. 4B) compartment.
Next, we evaluated the maturity of the phagosome in which the phagocytosed N. gonor-
rhoeae was found based on acquisition of the primary granule protein neutrophil elas-
tase (30). At 60 min, all Opa1 N. gonorrhoeae bacteria, regardless of receptor-binding
profile, resided in phagosomes of similar maturity (Fig. 4C), with a trend toward reduced
phagosome maturation for Opaless N. gonorrhoeae, as previously reported (P = 0.08)
(30). There was also no significant difference in primary granule exocytosis in response
to exposure to the different Opa1 N. gonorrhoeae variants, as reported by mean CD63
fluorescence intensity normalized to Opaless using flow cytometry (Fig. 4D).

Taken together, we conclude that avoiding association is the major route by which
N. gonorrhoeae survives exposure to neutrophils. For a given bacterial strain, the
N. gonorrhoeae bacteria that are most susceptible to killing by neutrophils express Opa
proteins that most strongly increase neutrophil binding and phagocytosis.

Outgrowth of Opa-negative gonococci in a population of Opa-phase-ON
bacteria that highly associate with neutrophils. We were surprised to measure an
increase in CFU numbers of OpaI1 bacteria recovered from neutrophils at 120 min, rela-
tive to 30 min and 60 min (Fig. 3F), given that OpaI binds to CEACAMs 1 and 3 and is
readily bound and phagocytosed by neutrophils (Fig. 2C and D). To examine this Opa ex-
pressor further, we generated a strain of N. gonorrhoeae with a constitutively expressed,
nonvariable opaI in the OpaD locus (OpaInv) (see Materials and Methods for details).
While similar CFU counts of OpaInv and OpaI1 N. gonorrhoeae were enumerated at earlier
times of infection, at 120 min significantly fewer OpaInv were recovered than OpaI1 bac-
teria (Fig. 5A). We hypothesized that this discrepancy was due to the phase variability of
OpaI in this background. To test this, we quantified the opacity-related morphology of
the colonies from the OpaI1 population after exposure to neutrophils and in the me-
dium control (RPMI with 10% fetal bovine serum [FBS]). The percentage of Opa1 colonies
in the OpaI1 inoculum (zero minutes) with neutrophils was similar to the percentage in
the medium control, as expected (Fig. 5B and C). However, in the presence of neutro-
phils, the percentage of Opa1 colonies in the population significantly decreased over
time, such that by 120 min, 72% of the colonies associated with neutrophils were Opa2

(Fig. 5B). In the medium control, 76% of the starting OpaI1 population was Opa1, and
this percentage did not significantly change over time (Fig. 5C). Within the OpaI1 popu-
lation, greater numbers of Opa2 (OpaI phase OFF) than Opa-expressing bacteria were
recovered over time from neutrophils. This increase in the Opa2 bacteria over time
resulted in an increase in the overall survival of the OpaI1 population at 120 min of neu-
trophil exposure (Fig. S3A).
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We asked if the same observation would be made for OpaD-expressing bacteria,
which also highly associated with neutrophils (Fig. 2A and B) and survived less well
from neutrophils than the other Opa-nonvariable bacteria (Fig. 3A to C). To do so, we
isolated OpaD phase-ON (OpaD1) bacteria from the DopaBEGK background and com-
pared their survival to that of OpaDnv after exposure to neutrophils. OpaD1 trended to-
ward surviving better than OpaDnv from neutrophils but was not statistically signifi-
cantly different (Fig. 5D). Similar to OpaI1, there was a shift in the OpaD1 population
after exposure to neutrophils, with significantly greater numbers of Opa phase-OFF
bacteria by 120 min (77% Opa1 in the inoculum versus 55% at 120 min) (Fig. 5E).
OpaD1 in the medium control maintained its Opa1 status over time (Fig. 5F). As with
OpaI1, the Opa2 bacteria outgrew the OpaD1 bacteria, skewing the survival of the
OpaD1 population higher than what was seen for OpaDnv (Fig. S3B).

Similar analyses were performed for the parent of the variable strains, DopaBEGK
strain, and the OpaA1 and OpaF1 expressors. After exposure to neutrophils, .95% of
DopaBEGK colonies remained Opa2 throughout the 120-min infection period (Fig. 5G).
While there was a slight increase over time in the proportion of Opa2 colonies in the

FIG 4 Opa expression state does not affect viability of N. gonorrhoeae in the intracellular or
extracellular compartments of neutrophils or the release of neutrophil primary granules. (A and B) N.
gonorrhoeae was incubated with adherent, IL-8-treated primary human neutrophils for 1 h. Infected
neutrophils were exposed to AF647-coupled soybean lectin to recognize extracellular N. gonorrhoeae
and then exposed to BacLight LIVE/DEAD viability dyes in the presence of saponin. The percentage of
viable (SYTO91) N. gonorrhoeae in the intracellular (AF6472) (A) and extracellular (AF6471) (B)
compartments was quantified for n $ 4 biological replicates. There were no statistical differences
among strains in either compartment using one-way ANOVA with Tukey’s multiple-comparison test.
(C) Adherent, IL-8-treated neutrophils were exposed to CFSE-labeled N. gonorrhoeae for 60 min. Cells
were fixed and stained without permeabilization with rabbit anti-N. gonorrhoeae antibody, followed
by AF647-coupled goat anti-rabbit IgG, to label extracellular N. gonorrhoeae. Cells were refixed and
exposed to mouse antineutrophil elastase IgG followed by Alexa Fluor 555-coupled goat anti-mouse
IgG. The percentage of intracellular (CFSE1 AF6472) N. gonorrhoeae in neutrophil elastase-positive
phagosomes was quantified. Results are from n $ 3 biological replicates. There were no statistically
significant differences by one-way ANOVA with Tukey’s multiple-comparison test. (D) Adherent, IL-8-
treated neutrophils were exposed to the indicated strains of N. gonorrhoeae for 60 min. Neutrophils
were analyzed for the presence of the primary granule protein CD63 on the cell surface by flow
cytometry. Data are presented as the mean fluorescence intensity (MFI) of CD63 and expressed
relative to Opaless to account for human subject-intrinsic variability in CD63 expression. Results are
from n $ 3 biological replicates. Shapes indicate individual matched data points from each
experiment. There were no statistically significant differences by one-way ANOVA with Tukey’s
multiple-comparison test.
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OpaA1 (Fig. 5H) and OpaF1 (Fig. 5I) populations after exposure to neutrophils, this
change was not statistically significant. Expression of other Opa proteins in the OpaA1

and OpaF1 backgrounds was not noted, as judged by colony opacity phenotype.
There was no significant change in Opa expression state for these bacteria in the me-
dium control, with DopaBEGK strain remaining predominantly Opa2 and OpaA1 and
OpaF1 and mostly Opa1 (Fig. S4A, B, and C). While there tended to be more Opa2 than
Opa1 colonies in these variable Opa populations 120 min postneutrophil infection, this
change did not have a major impact on the overall survival of the DopaBEGK, OpaA1,
and OpaF1 populations (Fig. S3C to E).

Taken together, these data indicate that the ability to phase vary Opa expression is
advantageous for N. gonorrhoeae. A heterogeneous population allows the bacteria to

FIG 5 Neutrophil challenge selects for phase-OFF expression of Opa proteins that drive association of N.
gonorrhoeae with neutrophils, increasing overall survival of the population of N. gonorrhoeae. N. gonorrhoeae
bacteria that were constitutively expressing (nv) or phase-ON (1) for OpaI (A) or OpaD (D) were exposed to
adherent, IL-8-treated primary human neutrophils, and CFU were enumerated from bacterial lysates over time
as for Fig. 3. Bacterial survival is expressed relative to the CFU enumerated at time zero. At each time point
from panels A and D, opacity phenotype of the enumerated CFU was visually inspected and recorded. Results
are reported as the percentage of colonies at the indicated time point that retained Opa expression (dark bars)
or were Opa negative (light bars). No other opacity phenotypes other than the indicated OpaI1 (B) and OpaD1

(E) were observed. The same starting cultures of OpaI1 (B) and OpaD1 (E) as above were inoculated into media
without neutrophils, and CFU of Opa2 and Opa1 phenotypes were enumerated and plotted. No change was
seen for with OpaI1 (C) or OpaD1 (F). DopaBEGK (G), OpaA1 (H), and OpaF1 (I) N. gonorrhoeae strains were
exposed to neutrophils, and the opacity phenotypes of the CFU recovered at each time point were plotted as
in panels B and E. Statistical comparisons were by two-way ANOVA with post hoc Tukey multiple-comparison
test, with the following pairwise significances: *, P , 0.05, **, P , 0.01, ****, P , 0.0001.
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avoid phagocytic killing by neutrophils, specifically in cases where the Opa1 bacteria
are rapidly and efficiently phagocytosed.

DISCUSSION

Opa proteins are an important family of adhesins and invasins for N. gonorrhoeae,
and most N. gonorrhoeae bacteria isolated from individuals with symptomatic uncom-
plicated gonorrhea are phenotypically Opa1. However, we and others have found that
Opa1 bacteria are more susceptible to killing by neutrophils than those lacking Opa
expression. In this work, we investigated how differential interaction with primary
human neutrophils affects N. gonorrhoeae survival in an Opa-dependent manner. To
do so, we used two panels of isogenic N. gonorrhoeae, one with or without constitutive
expression of a single Opa and the other with single phase-varied-ON Opa1 bacteria
and defined the receptor-binding profile of the Opa expressors. We found that Opa
expression alone does not dictate the survival of N. gonorrhoeae after exposure to ad-
herent, IL-8-treated primary human neutrophils. Instead, survival is impacted by the
degree to which Opa expression affects N. gonorrhoeae association with and phagocy-
tosis by neutrophils. In particular, bacteria expressing Opa proteins that do not bind to
the granulocyte-specific CEACAM3 were more successful at avoiding phagocytosis and
killing by neutrophils. While the phase-variable nature of Opa proteins makes them a
less than ideal vaccine target, our results suggest therapeutics that promote the phag-
ocytic killing activities of locally recruited neutrophils would be effective at combating
N. gonorrhoeae, regardless of which Opa protein(s) the bacteria in the population
expresses.

For this study, we examined six Opa proteins, two that do not interact with neutro-
phils via CEACAMs (OpaA of FA1090 and Opa50 of MS11), two that interact via
CEACAM1 (OpaF of FA1090 and Opa54 of MS11), and two that interact via both
CEACAM1 and CEACAM3 (OpaI and OpaD of FA1090), all in the FA1090 strain back-
ground. None of the Opa proteins in this study were found to interact with CEACAM6,
and CEACAM5, which is bound by OpaD, is not expressed by neutrophils. The use of
both phase-variable and nonvariable strains conferred advantages to the analyses in
this study. N. gonorrhoeae with nonvariable Opa expression, in an Opa-deleted back-
ground (Opaless), allowed for exact control of which Opa protein was expressed on
N. gonorrhoeae. Using predominantly expressing Opa1 N. gonorrhoeae in a background
with limited Opa variation capacity (DopaBEGK) is more similar to bacterial phase varia-
tion dynamics in vivo, allowing us to assess the role of Opa phase variability and selec-
tion for Opa phenotypes in the context of infection. For N. gonorrhoeae expressing
Opa proteins that bind both CEACAM1 and -3, the ability to phase-vary enhanced sur-
vival of the Opa phase-OFF bacteria in the population after exposure to neutrophils,
increasing the recovery of N. gonorrhoeae in the infection mix over time. Thus, the abil-
ity of N. gonorrhoeae to avoid phagocytic killing by neutrophils is affected by both Opa
expression status and the specific Opa protein being expressed.

The two Opa expressors in this study that were most readily phagocytosed and
killed by neutrophils, OpaD and OpaI of FA1090, engage multiple CEACAMs, including
CEACAM1 and CEACAM3 (23). Neutrophils constitutively express CEACAM3 at a rela-
tively low level, regardless of their activation status, while CEACAM1 expression is up-
regulated with exposure to cytokines (33). The non-CEACAM binding strains could
bind to heparan sulfate proteoglycan (HSPGs) to mediate interaction with neutrophils.
Opa proteins are also highly positively charged at neutral pH (pI;11) and may interact
with cell membranes in an ionic but non-receptor-mediated manner. To fully under-
stand the mechanisms by which N. gonorrhoeae expressing OpaD and OpaI strongly
associates with human neutrophils will require methods for manipulation of receptor
expression in these primary, terminally differentiated cells, which are not currently
available. It is also possible that in addition to characteristics of the Opa protein itself,
the amount of Opa protein stably expressed on the bacterial surface influences bacte-
rial interactions with neutrophils, although this is a less likely explanation for OpaInv
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and OpaDnv, where the nonvariable opa allele is under the control of the native opaD
promoter. Future studies that investigate a broader array of Opa proteins for their
receptor-binding and survival profiles after exposure to neutrophils will help to better
understand how the N. gonorrhoeae Opa protein repertoire contributes to infectivity.

We were surprised to see that formation of mature phagosomes, release of granule
content by neutrophils in response to N. gonorrhoeae, and, to some extent, release of ROS
occurred regardless of which Opa protein was expressed. CEACAM1 is a canonically inhibi-
tory receptor, containing an ITIM motif in its cytosolic domain. Other literature has shown
a reduction in cellular activity and proliferation upon CEACAM1 binding (14, 15). In con-
trast, CEACAM3 contains an ITAM domain and has been shown to be activating (16, 17).
Signaling downstream of CEACAMs involves recruitment of kinases leading to p47phox acti-
vation and consequent NADPH oxidase assembly (34, 35). In mouse promyelocytes trans-
duced to express human CEACAMs, cross talk between receptors leads to activation of sig-
nals downstream of CEACAM3, when the cells are presented with N. gonorrhoeae
expressing a CEACAM1-only binding Opa protein (36). Interaction of HSPGs, the secondary
receptor of Opa proteins, with b-integrins has been shown to activate neutrophils in a
similar manner (37). We anticipate that the similarities in phagosome maturation, degranu-
lation, ROS, and death observed in the current study are due to Syk activation and Src
recruitment downstream of CEACAM3 activation, precipitated by either CEACAM1 or
CEACAM3 binding. Previous work by Sarantis and Gray-Owen showed that neutrophils
were activated to a similar extent in response to either CEACAM1 or CEACAM3 being
bound by N. gonorrhoeae (36). Our work is in agreement in that we demonstrate here that
primary granules mobilize and are delivered to both the N. gonorrhoeae-containing phago-
some as well as the neutrophil membrane. However, our work reports less pronounced dif-
ferences between the Opa-expressing and Opaless strains than we reported previously
(30). While we do not have a direct explanation for this difference, variation in human sub-
jects’ neutrophils or other unidentified features of the infection milieu could contribute.

Compared to the more conserved CEACAM1, human CEACAM3 has evolved relatively
recently and is specifically expressed on neutrophils and other granulocytes (38). It has
been proposed that CEACAM3 expression is an evolutionary tactic by the human innate
immune system to attempt to control infection by pathogens that target CEACAM1. In
addition to Neisseria, multiple pathogens are known to express outer membrane pro-
teins that bind to CEACAM1, including Haemophilus influenzae, Moraxella catarrhalis, and
Helicobacter pylori, enabling bacterial colonization and survival (39–41). Some viruses
also can utilize CEACAM1 as a cellular receptor (42). Similar to N. gonorrhoeae, none of
the known species of CEACAM-binding bacteria have an adhesin that binds solely to
CEACAM3. Our data and that of others show that N. gonorrhoeae with the ability to bind
to CEACAM3 is more likely to be phagocytosed and killed by neutrophils (17, 30, 36, 43–
48). Together these observations support a model where CEACAM3 plays an important
role in controlling infections by human-targeting pathogens, but, in turn, these patho-
gens take advantage of recombination, mutation, and phase variation to generate an
array of related adhesins, some of which evade binding to CEACAM3. This model is sup-
ported by the fact that there is a selection for Opa2 bacteria after exposure to human
neutrophils when the N. gonorrhoeae inoculum is predominantly expressing phase-vari-
able CEACAM1 or CEACAM3 binding OpaI or OpaD proteins, which is not observed in
bacterial populations expressing N. gonorrhoeae that do not engage CEACAM3.

Opa proteins are adhesins not only for human neutrophils, the focus of this work,
but also human epithelial cells. In particular, Opa-CEACAM interactions enable success-
ful infection by allowing binding to the epithelial cells at the site of infection as well as
preventing shedding of those epithelial cells to drive longer-term colonization (49–51).
In contrast, the enhanced phagocytosis of Opa1 N. gonorrhoeae by neutrophils leads
to decreased bacterial survival, as we and others have shown. In addition, the predomi-
nance of Opa-expressing N. gonorrhoeae varies with the menstrual cycle, which has
been attributed in part to sex hormone-based changes in expression of proteases and
other innate immune effectors to which Opa1 N. gonorrhoeae is more sensitive (52).
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Along these lines, we reported that OpaD1 N. gonorrhoeae is more sensitive than
Opaless to killing by bactericidal/permeability-increasing protein (30). Hormonal
changes may also affect how well N. gonorrhoeae survives inside host cells (53).

Given the competing needs of N. gonorrhoeae to colonize epithelial surfaces yet
avoid clearance by soluble and cellular immune effectors, phase variability of Opa pro-
teins is advantageous to N. gonorrhoeae on a population level. In particular, as uncov-
ered in this study, the phagocytic and antimicrobial activities of neutrophils drive
selection in the population for N. gonorrhoeae that have phase-varied-OFF expression
of CEACAM3-binding Opa proteins because of the enhanced phagocytic killing of the
CEACAM3 expressors. However, N. gonorrhoeae expressing Opa proteins that are less
rapidly phagocytosed and killed does not experience the same negative selection.
These data, along with the understanding that Opa proteins are important for epithe-
lial binding, suggest that the possession of numerous Opa genes, each independently
phase variable and with their own receptor-binding properties, allows the N. gonor-
rhoeae population to constantly test its environment to maximize the ability to colo-
nize while avoiding immune clearance. These results provide one explanation for why
human gonorrheal exudates commonly contain Opa1 N. gonorrhoeae when some
Opa1 bacteria are more susceptible to phagocytic killing by neutrophils. Since primary
Opa sequence does not indicate receptor specificity or selectivity, the dynamics of opa
gene recombination, mutation, and phase-variable expression are especially important
to adapt to different conditions during infection and together enable the overall per-
sistence of N. gonorrhoeae in its obligate human hosts.

MATERIALS ANDMETHODS
Bacteria used in this study. All N. gonorrhoeae strains used in this study are in the FA1090 back-

ground, constitutively encoding the pilin variant 1-81-S2 due to a mutation in the G4 sequence
upstream of pilE (22, 54). Opaless (DopaA-K) and OpaDnv (Opaless with a constitutively expressed, non-
phase-variable opaD allele in the opaD locus) strains were described previously (22). OpaInv and Opa50nv
were created in a manner similar to that of OpaDnv, with the non-phase-variable genes placed into the
opaD locus. Opa50nv was previously described (55). OpaInv was created by transforming into Opaless a
synthesized opaI with the OpaDnv nonvariable signal sequence, flanked by ;500 bp upstream and
downstream of the opaD locus (Genewiz). Transformants were selected by their colony opacity and con-
firmed by sequencing. Opa54nv was created by cloning a constitutively expressed, non-phase-variable
version of opa54 from strain MS11 (gift of S. Gray-Owen, University of Toronto) (56) into the pKH35 com-
plementation plasmid (57) and then incorporating the allele between lctP and aspC in Opaless by spot
transformation and selection using chloramphenicol (0.5 mg/mL) (23). In Opa54nv, Opa54 expression is
induced by growing N. gonorrhoeae in the presence of 1 mM isopropyl-b-D-thiogalactopyranoside
(IPTG). DopaBEGK strain, in which the four transparent Opa proteins that do not confer a strongly opa-
que phenotype on FA1090 were deleted in-frame (opaB, opaE, opaG, and opaK), was previously
described (22). Predominantly OpaA1, OpaF1, and OpaI1 expressors in the DopaBEGK strain were
selected by eye by their colony opacity. For Opa phase-variable bacteria, expression of the single Opa
protein of interest was confirmed by Western blotting bacterial lysates with a panel of FA1090 Opa-spe-
cific antibodies (a gift from M. Hobbs, University of North Carolina) (58). Western blotting was similarly
used to assess the Opa2 predominance of the DopaBEGK population. The phase-variable opaA, opaF,
and opaI sequences were extrapolated from the FA1090 genome sequence using the genomic locations
previously reported (22). opaD (22), opa50 (55), and opa54 (23) sequences were published previously
and confirmed after introduction into Opaless by DNA sequencing.

Bacterial growth conditions. N. gonorrhoeae were grown overnight on gonococcal medium base
(GCB; Difco) plus Kellogg’s supplements (59) at 37°C with 5% CO2. N. gonorrhoeae was grown in rich liq-
uid medium (GCBL) with Kellogg’s supplements overnight with rotation at 30°C and then back diluted
twice and grown with rotation at 37°C as previously described (28). Piliated N. gonorrhoeae was enriched
at the final dilution by collecting naturally sedimented bacteria for transfer into fresh medium. Opa54nv
was grown in the presence of 1 mM IPTG under all liquid conditions.

CEACAM binding of Opa6 N. gonorrhoeae using imaging flow cytometry. Glutathione S-transfer-
ase (GST)-tagged N-terminal domains of human CEACAM1 (N-CEACAM1) and CEACAM3 (N-CEACAM3)
were purified as in reference 23. Opa1 N. gonorrhoeae or the DopaBEGK parent bacteria (1 � 108 CFU/
mL) was incubated with GST-tagged N-CEACAM (N-CEACAM1 and N-CEACAM3) for 30 min at 37°C with
end-over-end rotation. N. gonorrhoeae incubated without any N-CEACAM was used as a negative con-
trol. N. gonorrhoeae was then washed and stained to detect the presence of CEACAM with anti-GST anti-
body, as previously described (23). Bacteria were then resuspended in 2% paraformaldehyde with 5 mg/
mL 49,6-diamidino-2-phenylindole (DAPI). Bacteria were processed using the ImageStream X Mk II imag-
ing flow cytometer and analyzed with INSPIRE and IDEAS v. 6.2 software packages (Amnis Luminex
Corporation). Cells were gated by singlets, focused cells, DAPI expression, and AF488 expression (23).
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The binding profiles of Opa50nv, Opa54nv, and OpaDnv were previously reported (23) as a percentage of
the bacterial population positive for GST. For each sample, at least 40,000 cells were analyzed.

Neutrophil isolation. Venous blood was collected from healthy human subjects in accordance with a
protocol approved by the University of Virginia Institutional Review Board for Health Sciences Research (proto-
col number 13909). Neutrophils were isolated via dextran sedimentation followed by a Ficoll gradient as previ-
ously described (28). Neutrophils were resuspended in Dulbecco’s phosphate-buffered saline (DPBS; without
calcium and magnesium; Thermo Scientific) containing 0.1% dextrose and used within 2 h of isolation.

Neutrophil ROS production. Neutrophils (2 � 105) were resuspended in Morse’s defined medium
(MDM [60]) in the presence of 20 mM luminol. N. gonorrhoeae was added at an MOI of 100. Luminol-de-
pendent chemiluminescence was measured every 3 min for 1 h on a VICTOR3 Wallac luminometer
(Perkin-Elmer) as previously described (34). One representative of $3 biological replicates is presented.
Uninfected, untreated neutrophils were used as a negative control in each experiment (34).

Imaging flow cytometric analysis of bacterial association with and internalization by
neutrophils. N. gonorrhoeae was labeled with Tag-IT Violet proliferation and cell tracking dye (TIV)
(BioLegend) in PBS with 5 mM MgSO4 for 15 min at 37°C. Bacteria were then added to neutrophils at an MOI
of 1 that were adhered to plastic coverslips in 6-well plates. Neutrophils were suspended in RPMI with 10%
fetal bovine serum (FBS) and pretreated with 10 nM human IL-8 (R&D Systems). At the indicated time points,
cells were fixed with 4% paraformaldehyde in PBS and removed from the coverslips by gentle scraping as
previously described (27). Extracellular bacteria were identified by staining with DyLight 650-conjugated
(Thermo Scientific) goat anti-N. gonorrhoeae antibody (Biosource), diluted in PBS containing 10% normal
goat serum at a final concentration of 1 mg/mL. Cells were then processed on the ImageStream X Mk II
imaging flow cytometer and analyzed with INSPIRE and IDEAS v. 6.2 software packages (Luminex
Corporation). Gating was completed as previously described (27). Briefly, focused, single cells were gated for
low DL650 and then spot counted for TIV1 N. gonorrhoeae. Results are reported as the percentage of the
neutrophil population with at least one bacterium that is associated (TIV1) (bound or internalized).

N. gonorrhoeae survival in the presence of primary human neutrophils. Neutrophils were treated
with IL-8 in RPMI 1640 medium with 10% FBS at 37°C with 5% CO2 and were allowed to adhere to 13-
mm-diameter plastic coverslips (Sarstedt) for at least 30 min prior to infection. Mid-logarithmic-phase N.
gonorrhoeae was exposed to neutrophils at an MOI of 1 and centrifuged together at 12°C to synchronize
infection. At the indicated time points, neutrophils were lysed in 1% saponin, lysates were serially
diluted and plated, and CFU were enumerated from lysates after overnight growth (28). Results are
reported as the CFU enumerated at the indicated time point, divided by the number of CFU associated
with neutrophils at time zero min � 100%.

Determination of intracellular and extracellular bacterial viability. Adherent, IL-8-treated neutro-
phils were exposed to N. gonorrhoeae as for the bacterial survival assays, except N. gonorrhoeae was
added at MOI of 10. After 60 min, N. gonorrhoeae was incubated for 10 min at room temperature in 0.1
M morpholinepropanesulfonic acid, pH 7.2, plus 1 mM MgCl2 containing 5 mg/mL Alexa Fluor 647-
coupled soybean agglutinin (Thermo Fisher) to recognize extracellular bacteria. Cells were then perme-
abilized with 0.1% saponin, and viable and nonviable N. gonorrhoeae bacteria were detected using the
BacLight LIVE/DEAD viability kit (Invitrogen) as previously described (32).

Neutrophil phagosome maturity. Adherent, IL-8-treated neutrophils were exposed to N. gonor-
rhoeae at an MOI of 1 as described above, except bacteria were first labeled with carboxyfluorescein suc-
cinimidyl ester (CFSE) at 1:1,000 in PBS with 5 mM MgSO4 for 25 min at 37°C. After 60 min, cells were
fixed and processed for immunofluorescence microscopy as in reference 61. Cells were blocked in PBS
with 10% normal goat serum (NGS) for 10 min at room temperature. Extracellular N. gonorrhoeae was
stained using an anti-Neisseria gonorrhoeae antibody, followed by Alexa Fluor 647-coupled goat anti-
rabbit IgG (Life Technologies). Cells were then permeabilized in PBS with 10% NGS and 0.2% saponin
and stained with an antibody against neutrophil elastase (AHN-10) (Millipore), followed by Alexa Fluor
555-coupled goat anti-mouse IgG (Life Technologies).

Degranulation. Surface expression of primary granule markers was determined as previously
described (62). N. gonorrhoeae was incubated with primary neutrophils adhered to glass slides for 1 h at
37°C. Cells were then lifted for 10 min on ice using 5 mM EDTA and washed twice in DPBS with 0.1%
dextrose. They were then stained with phycoerythrin (PE)-CD63 (BioLegend) for 30 min on ice as an indi-
cator of primary granule exocytosis. Isotype controls (PE-IgG1; BioLegend) were stained using the same
protocol. Data were acquired using a Cytek Aurora Borealis spectral flow cytometer and analyzed using
FCS Express (De Novo Software). The mean fluorescence intensity of each of the samples was normalized
to the Opaless sample as a biological negative control.

Fluorescence microscopy. Images were acquired on a Nikon Eclipse E800 UV-visible fluorescence
microscope with Hamamatsu Orca-ER digital camera and analyzed using Nis-Elements (Nikon). At least 5
images were taken for each individual experiment, and$50 individual bacteria/phagosomes were counted.

Statistics. For all experiments except for the chemiluminescence assay, results are depicted as the
means 6 standard errors for $3 independent experiments (different subjects’ neutrophils and different
bacterial cultures). Statistics were calculated using GraphPad Prism (version 9.3.1) analysis software. For
all experiments, a P value of ,0.05 was considered significant. Specific statistical tests are reported for
each figure with analysis of variance (ANOVA) used for multiple comparisons for parametric data.
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