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Neisseria gonorrhoeae Elicits Extracellular Traps in Primary
Neutrophil Culture While Suppressing the Oxidative Burst
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ABSTRACT Neisseria gonorrhoeae (the gonococcus) causes gonorrhea and is uniquely adapted to survive within the human re-
productive tract. Gonococci evade host immune surveillance in part by varying their pili and opacity-associated proteins. These
variable surface antigens influence interactions with host epithelial and immune cells. A potent polymorphonuclear leukocyte
(PMN) response is a hallmark of symptomatic gonococcal infection, with vast numbers of PMNs recruited to the site of infec-
tion. A large body of literature describes gonococcus-PMN interactions, but the factors driving the outcome of infection are not
fully understood. Gonococci have been described to both induce and suppress the PMN oxidative burst, but we determined that
gonococci differentially affect induction of the PMN oxidative burst depending on the multiplicity of infection (MOI). Infecting
PMN at an MOI of <20 gonococci elicits an oxidative burst, while an MOI of >20 suppresses the burst. Oxidative burst in re-
sponse to gonococci is enhanced by, but does not require, expression of pili or opacity proteins. Neutrophil extracellular traps
(NETs) were observed in gonococcus-infected PMNSs, a process which requires an oxidative burst, yet gonococci induced NET's
under suppressing conditions. The NETs were unable to kill gonococci despite killing the common vaginal bacterium Lactobacil-
lus crispatus. Thus, gonococci influence PMN biology to promote their own survival by suppressing the oxidative burst of PMNs
and stimulating the formation of NETSs, which do not effectively kill gonococci, illustrating how N. gonorrhoeae has evolved to
modulate PMN responses to promote infection.

IMPORTANCE Neisseria gonorrhoeae, the gonococcus, is the only causative agent of gonorrhea and is exclusively found within
the human host. Gonococci stochastically vary the composition of antigens on their surface to evade immune surveillance. We
used gonococcal mutants which stably express different surface antigens to dissect interactions between gonococci and primary
human polymorphonuclear leukocytes (PMNs). We found that gonococci, depending on the number of bacteria present, either
induce or suppress the oxidative burst of PMNs regardless of other stimuli. Gonococci also cause PMNs to release DNA, forming
neutrophil extracellular traps (NETs) independently of the oxidative burst. The NETs were unable to kill gonococci but were able
to kill commensal bacteria, suggesting that NET production can help gonococci outcompete other bacterial species. We propose
that gonococci have evolved to manipulate PMN responses to promote their own survival during infection.
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eisseria gonorrhoeae (the gonococcus) is an obligate human

pathogen and the sole causative agent of the sexually trans-
mitted infection gonorrhea. Infection typically results in urethritis
or cervicitis, but more-severe disseminating infections can also
occur (1). The prevalence of gonococcal infections, with 820,000
estimated cases per year in the United States, is made more trou-
bling because an increasing number of gonococcal isolates are
multidrug resistant, which led the CDC to label the gonococcus as
an urgent antibiotic resistance threat in 2013 (2—4). Symptomatic
gonorrheal disease is characterized by a potent inflammatory im-
mune response and infiltration of polymorphonuclear leukocytes
(PMN:ss) to the site of infection (reviewed in reference 5). Despite
the presence of large numbers of PMNs, the purulent exudates of
infected individuals contain live gonococci (6). Interactions be-
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tween PMNs and gonococci have been studied extensively, and
this prior work indicates that the bacteria have evolved many
mechanisms to resist PMN killing mechanisms (5, 7, 8).
Gonococcal surface proteins, including type IV pili and
opacity-associated (Opa) proteins, mediate interactions with host
cells. The type IV pili are protein polymers that extend from the
gonococcal surface and mediate attachment of gonococci to host
cells (9). The primary amino acid sequence of the type IV pili
varies during the course of infection (10, 11). N. gonorrhoeae
FA1090 possesses 11 distinct, phase-variable, opa genes (opaA to
-K) that encode structural proteins expressed on the surface of
gonococci (12). Each of the Opa proteins is stochastically ex-
pressed due to a slipped-strand mispairing mechanism that allows
for the translation of any combination of Opa proteins or none at
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all (13, 14). Opa switching occurs frequently enough (1/1,000
cells/generation) to produce heterogeneity in an infecting popu-
lation of gonococci (14-16). The processes of antigenic and phase
variation are thought to contribute to gonococcal immune eva-
sion (17).

N. gonorrhoeae interacts with epithelial cells and innate im-
mune cells at the site of infection through several cell surface re-
ceptors. Toll-like receptors (TLRs) on host cells recognize gono-
coccal surface structures, including the lipooligosaccharides
(LOSs) and porin (18, 19), while NOD-like receptors (NLRs) rec-
ognize peptidoglycan components (20, 21). TLR or NLR binding
results in the production of inflammatory cytokines (e.g., inter-
leukin 8 [IL-8] and IL-17), which recruit PMNs to the site of
infection. IL-8 has been shown to be produced in response to
gonococcal infection both in vivo (22) and in cell culture (23, 24).
In addition to TLR and NLR recognition, Opas on the gonococcal
outer membrane engage carcinoembryonic antigen cell adhesion
molecule (CEACAM) receptors expressed on the surface of epi-
thelial cells, endothelial cells, and PMNs (25-27). Specifically, it
has been suggested that Opa binding to CEACAM3 promotes
phagocytic uptake of gonococci, resulting in PMN degranulation
and oxidative burst—the production of microbicidal, reactive ox-
ygen species (ROS) (27-30). Despite these intimate interactions
with host cells, some gonococci resist PMN-mediated killing (6-8,
31).

N. gonorrhoeae has multiple mechanisms to evade PMN-
mediated killing during host-pathogen interactions. Phase varia-
tion of Opa expression on the cell surface allows for populations of
gonococci to be less efficiently phagocytosed (25). If gonococci are
taken up by PMNs, they can delay phagosomal maturation by
inhibiting granule fusion with phagosomes (32), potentially im-
pairing the ability of PMNs to destroy phagocytosed material.
Similarly, gonococcal Opa expression influences the assembly of
NADPH oxidase in PMNs (33). It has also been shown that PMN
apoptosis is inhibited when the cells are infected with gonococci
(24, 34), which could assist in the dissemination of viable gono-
cocci that persist within PMNGs. Finally, gonococci proteolytically
inactivate antimicrobial proteins and peptides and detoxify reac-
tive oxygen species (35). In fact, gonococci have been shown to
directly suppress the PMN oxidative burst resulting from stimu-
lation by phorbol myristate acetate (PMA) or nonviable gono-
cocci (24, 36). Here, we present evidence that gonococcal induc-
tion and suppression of the PMN oxidative burst are more
universal and highly dependent on the multiplicity of infection
(MOI). Gonococci induce an oxidative burst at low MOI and
suppress the burst at high MOI without requiring the expression
of pili or opacity proteins.

Neutrophil extracellular traps (NETs) are formed when PMNs
undergo a specialized cell death program (37) that is thought to be
dependent on the PMN oxidative burst activating myeloperoxi-
dase (MPO) (38—40). NETs are proposed to be a last line of de-
fense against infection because the PMN chromatin, imbued with
PMN granule components, is released into the extracellular ma-
trix to trap microbes (37, 41). In addition to preventing the dis-
semination of pathogens, NET's have been shown to directly kill a
wide variety of bacteria and fungi, including Staphylococcus au-
reus, Shigella flexneri, and Candida albicans (37, 41). The role of
NETs in gonococcal infection is investigated here, and the data
show that NETs are produced in response to infection with gono-
cocci. This is true whether or not the gonococci express a specific
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Opa or pili on their surface. Contrary to our expectations, we
found that gonococcal stimulation of NETs occurs through both
oxidative and oxidative burst-independent mechanisms. Gono-
cocci resist NET-mediated killing, while Lactobacillus crispatus,
the predominant member of the normal flora of the female repro-
ductive tract, is killed. The data support a model where gonococci
have evolved mechanisms in an MOI-dependent fashion, to stim-
ulate PMNs to form NETs despite suppressing the oxidative burst.
Thus, gonococci directly modulate PMN biology, thereby facili-
tating their survival within the human reproductive tract at the
expense of resident flora.

RESULTS

Gonococci stimulate PMNs to form NETs containing histones
and granule components. 4’,6-Diamidino-2-phenylindole
(DAPI)-stained networks of extracellular DNA were observed in
PMNs infected with gonococci (Fig. 1A). To test whether these
structures were neutrophil extracellular traps (NETs), immuno-
fluorescence (IF) staining was utilized to determine the molecular
composition of the DNA structures. The DNA contains histone
H2A (Fig. 1B), suggesting that the DNA is indeed chromatin and
of eukaryotic origin rather than DNA from lysed gonococci. Fur-
ther IF microscopy revealed that the granule components catheli-
cidin (LL-37), cathepsin G, and neutrophil elastase (Fig. 1D, E,
and F, respectively) are localized to the extracellular chromatin, in
addition to cytoplasmic granules. Thus, the extracellular DNA
structures observed in gonococcal infections are consistent with
published reports of NET composition.

Gonococci with stably expressed pili and OpaD stimulate
PMN to form NETs. We next sought to define the molecular in-
teractions between gonococci and PMNs that are required for the
formation of NETs. Interactions between gonococci and PMNs
are heavily influenced by the expression of Opa and pili, and these
proteins are stochastically expressed in wild-type gonococci. To
minimize the effects of phase and antigenic variation in our model
infections, we utilized a set of four gonococcal strains that are
genetically locked and more stably maintain their phenotypes: (i)
a strain that is locked in a piliated state (42) and stably expresses a
single opacity protein (43) on its surface (OpaD™* P strain), (ii) a
strain that stably expresses OpaD but is nonpiliated (OpaD* P~
strain), (iii) a strain that has been made genetically Opaless by
deletion of all its opa genes (43) but is locked in a piliated state
(Opaless P strain), and (iv) an Opaless strain that is also nonpili-
ated (Opaless P~ strain). OpaD was chosen from the 11 gonococ-
cal opacity proteins because it is known to enhance gonococcus-
PMN interactions (25-27, 43). All of the four strains were similar
in their abilities to stimulate PMNs to form NETs (see Fig. S1 in
the supplemental material), as were heat-killed gonococci (see
Fig. $2), suggesting that neither OpaD, pili, nor viable gonococci
are required to stimulate NETs from PMNs. We also observed that
lactate dehydrogenase (LDH) release does not increase during the
same time as NET production or degranulation (data not shown);
thus, the release of PMN DNA is specific and not simply the result
of PMN lysis.

Gonococcal surface antigens enhance, but are not required
for, the stimulation of NETs. To more accurately assess the ability
of gonococci to stimulate NETs, we measured integrated H2A
staining area, as a fraction of the total DAPI staining area. The
H2A/DAPI ratio serves as a proxy for NET formation because the
cells were not permeabilized prior to antibody staining, and only
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FIG 1 Gonococcal infection stimulates PMNs to form neutrophil extracel-
lular traps (NETs). (A) Gonococci that express the mCherry protein are
trapped in DAPI-stained DNA (NET) produced by primary human PMNss. (B)
OpaD* P* gonococcus-infected PMN stained for histone H2A. Gonococci
with a grape cluster appearance are present in the NETs and are more easily
distinguished in the insets, which are different planes of focus through the
three-dimensional NET structure. (C to F) OpaD* P* gonococcus-infected
PMNs were stained with secondary antibody alone as a negative control or
using antibodies specific to the granule components, as indicated in each
panel. Arrows indicate NETs.

IF: Neutrophil Elastase

extracellular DNA (NETs) will stain with the H2A antibody. A
higher H2A/DAPI staining ratio reflects a greater proportion of
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FIG 2 OpaD-expressing gonococci robustly stimulate PMNs to form NETs.
NET formation was quantified by taking a ratio of the integrated H2A and
DAPI staining area density measurements. NET measurements were plotted
against the infection MOI, for PMNs infected with OpaD™ P+, OpaD* P,
Opaless P*, and Opaless P~ gonococci (A to D, respectively). Data are cumu-
lative from 11 independent experiments using PMNs from one of six different
donors. Due to the intrinsic variability of both the primary PMNs and the
gonococcus, it is impossible to average these data.

NETs. Treating PMN with phorbol myristate acetate (PMA), a
protein kinase C (PKC) activator, stimulated NET formation and
resulted in an H2A/DAPI ratio of 0.9, meaning that 90% of DAPI-
stained DNA was in NETs. Using the same measurement, unin-
fected PMNs had a ratio of 0.05 (5% of DAPI-stained DNA was in
NETs). PMNs were infected with gonococci, and the H2A/DAPI
ratio was plotted against the multiplicity of infection (MOI,
Fig. 2). OpaD™ P* strain-infected PMNs showed the largest in-
crease in NETs as MOI increased. The PMNs infected with
Opaless P~ gonococci showed the smallest increase, with OpaD*
P~ and Opaless P* strain-infected PMNs falling in between. This
suggests that both OpaD and pili can contribute to NET formation
by PMNs but that neither is required.

Gonococcal NETs are produced via an oxidative signaling-
independent pathway. There is an extensive body of literature
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FIG 3 Gonococcus-stimulated NET production does not correlate with ox-
idative burst. (A and B) NET production quantified in Fig. 2 was plotted
against reactive oxygen species burst (AUC of luminol). (A and B) Data from
PMNs infected with OpaD™ (A) and Opaless (B) gonococci. Filled symbols
represent infections where the MOI was less than 15, and open symbols rep-
resent infections with MOIs greater than 15. Data are cumulative from 7 in-
dependent experiments using PMNs from 5 different donors. (C) PMNs were
left untreated, treated with PMA, or infected with Opaless P* or OpaD* P™
gonococci. These treatments were performed alone or in combination with an
inhibitor of myeloperoxidase (MPOI) (gray bars). The number of NETs in
each X400 magnification field was counted (see Materials and Methods). All
data are a representative experiment from at least three independent experi-
ments using PMNs from at least 3 individual donors.

showing that stimulation of the oxidative burst is required for the
production of NETs (38—40). More specifically, it has been shown
previously that myeloperoxidase is required for PMNs to produce
NETs (39). To determine whether the oxidative burst was re-
quired for NETs produced in response to gonococcal infection,
the oxidative burst (via luminol-dependent chemiluminescence
[LDCL]) and NET formation (H2A/DAPI ratio) were measured
(Fig. 3). We observed that NET formation did not correlate with
oxidative burst. Piliated (triangles) and nonpiliated (squares)
gonococci that express OpaD show no correlation between oxida-
tive burst and NET production (Fig. 3A). Separating the data by
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MOI (filled symbols, MOI of <15; open symbols, MOI of >15)
does not reveal a stronger correlation. Similarly, NET formation
in response to infection by Opaless gonococci also failed to corre-
late with oxidative burst (Fig. 3B). Comparing the data between
OpaD™ and Opaless strain gonococcal infections (Fig. 3A versus
B), the extent of oxidative burst was smaller in response to Opaless
gonococci than in the OpaD™ strain gonococcal infections, and
yet the extents of NET formation were very similar. To test
whether gonococci stimulate myeloperoxidase (MPO) without
increasing the luminol signal and to confirm that this was induc-
ing NETs, PMNs were treated with the myeloperoxidase inhibitor
(MPOI) 4-aminobenzhydrazide and then PMA, Opaless P*
gonococci, or OpaD* P* gonococci (Fig. 3C). The MPOI had no
effect on NET production in uninfected or gonococcus-infected
PMNs but inhibited NET formation after PMA treatment. These
results confirm that the formation of NET's by PMNs in response
to gonococcal infection is by a pathway independent of the oxida-
tive burst and MPO activation.

Gonococci both activate and suppress the oxidative burst.
The lack of a correlation between NET production and oxidative
burst prompted a detailed study on the reactive oxygen species
(ROS) burst elicited from PMNs by the four defined strains at
different MOIs. All four strains of gonococci elicit a peak oxidative
response from PMNs at an MOI of 10 to 20 but differ in the extents
of the oxidative burst induced at that peak (i.e., Fig. 4A versus D).
Whether or not the infecting gonococci express pili or OpaD, the
oxidative burst from the PMNs drops to background levels when
MOIs are greater than 50. The extent of the oxidative burst acti-
vation and suppression and how these phenotypes change with
MOI were not appreciated in previous reports (7, 24, 36). It was
possible that the suppression phenotype at high MOIs was an
artifact of high levels of catalase produced by the gonococci (44).
However, ROS burst induction and suppression in OpaD* gono-
cocci had identical burst kinetics, and this was the case at both
inducing and suppressing MOIs independent of katA function
(Fig. 4E), showing that catalase is not responsible for the suppres-
sion phenotype.

Gonococcal suppression of the oxidative burst is down-
stream of PKC activation. To better understand the mechanism
of the suppression phenotype, LDCL assays were performed
by infecting PMNs with gonococci in combination with PMA,
diphenyleneiodonium (DPI), or formyl-Met-Leu-Phe peptide
(fMLF). As expected, DPI, an inhibitor of NADPH oxidase, com-
pletely inhibited the oxidative burst of PMNs in the presence of
gonococci (Fig. 5A, black bars). Gonococci were capable of sup-
pressing the ROS burst caused by direct stimulation of protein
kinase C (PKC) by PMA (Fig. 5A, gray bars). Together, these data
suggest that gonococcal suppression of ROS burst occurs down-
stream of PKC activation but before NADPH oxidase activation.
We hypothesized that if suppression is downstream of PKC, then
stimulation or inhibition of the upstream pathways of neutrophil
activation should not affect gonococcus-mediated activation and
suppression of the oxidative burst. We observed an additive effect
in the ROS burst elicited from PMNs treated with the formyl pep-
tide receptor (FPR) ligand, fMLF, and infected with gonococci
(Fig. 5B, black bars). This result suggests that activation of PMN
by fMLF or gonococci is occurring through independent path-
ways. The suppression phenotype was unchanged in the presence
of fMLF, suggesting that formyl peptide receptor signaling is not
involved. Next, FPR, CXCR2, and CXCR4 antagonists (cyclospor-
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FIG4 Gonococcal induction and suppression of the PMN oxidative burst are
MOI dependent. Primary human PMNs were infected with gonococci in the
presence of luminol, and luminescence increases were monitored over the
course of 90 min. The area under the curve was calculated, and the value was
plotted against the MOL. (A to D) PMNs were infected with OpaD* P* (A),
OpaD™* P~ (B), Opaless P* (C), and Opaless P~ (D) gonococci, at MOIs
ranging from 1 to 150. Data are cumulative from 9 to 12 different experiments
using PMNs isolated from one of seven different donors. (E) Gonococcal sup-
pression of PMN oxidative burst is not due to catalase activity. The curves
show the accumulation of LDCL by PMNs infected with OpaD* P* gonococci
(black curves) compared to infections with a AkarA mutant (gray curves). Data
are one representative set of data from at least 3 independent experiments, with
PMNs from 3 individual donors.

ine H, SB225002, and plerixafor, respectively) were assessed for
their ability to interfere with gonococcus-PMN interactions.
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FIG 5 Gonococcal suppression of the oxidative burst occurs downstream of
protein kinase C activation. PMNs were infected with gonococci in the pres-
ence of luminol, and LDCL increase was monitored over the course of 90 min.
(A) PMNs treated with DPI (black bars) or PMA (gray bars). Opaless P* or
OpaD™ gonococci were titrated over a range of MOIs (Opaless, 1, 14, and 67;
OpaD™ strain, 5, 9, and 47), moving left to right on the x axis, as indicated by
the triangles underneath the axis. (B) PMNs were treated with fMLF, in com-
bination with gonococcal infection. Opaless P* or OpaD™* gonococci were
titrated over a range of MOIs (Opaless, 1, 10, 50; OpaD™ strain, 2, 16, 80),
moving left to right on the x axis, represented by the triangles underneath the
axis. (C and D) The effect of CEACAM-binding peptide rD-7 on oxidative
burstand NET formation was assessed by LDCL (C) and counting the number
of NETs in each X400 magnification field (D) (see Materials and Methods). All
data are a representative experiment from at least three independent experi-
ments using PMNs from at least 3 individual donors.

LDCL assays revealed that none of the three inhibitors had a large
effect on the induction or suppression of the oxidative burst
caused by Opaless P* gonococcal infection (see Fig. S3A in the
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TABLE 1 Gonococci resist PMA-activated PMN NET-mediated killing

% viable bacteria (SD) for strain®?:

Localization Opaless P* strain Opaless P~ strain OpaD* P* strain OpaD™ P~ strain S. aureus L. crispatus
Bacteria alone 95.8 (2.9) 97.5(0.5) 93.7 (5.4) 96.0 (1.3) 97.4 (1.7) 91.6 (3.1)
Extracellular 98.2 (0.05) 98.2 (0.6) 91.7 (1.3) 95.1 (2.2) 62.5 (28.1) 39.5 (4.8)**
NET associated 97.0 (0.4) 96.2 (1.6) 95.9 (2.0) 92.3(3.2) 63.6 (19.8)* 43.5 (7.3)*
PMN associated 94.9 (1.7) 92.9 (0.5) 88.1 (6.9) 75.8 (8.2)** 50.0 (26.9)* NT¢

PMN associated (DPI) NT NT NT 93.8 (0.02) 76.1 (0.1) NT

@ Bacterial survival was determined by LIVE/DEAD staining. Opaless P*, Opaless P—, and OpaD* P+ strain and DPI treatments, n = 2, from 2 donors (a total of 143 to 1,857
gonococci were counted in each location across a minimum of three fields in each experiment); OpaD* P~ strain, n = 5, from 5 donors (a total of 50 to 1,697 gonococci were
counted in each location across a minimum of three fields in each experiment); S. aureus and L. crispatus, n = 4, from 4 donors (a total of 93 to 311 bacteria were counted in each

location across a minimum of three fields in each experiment).

b Significance: ¥, significant (P < 0.05), and **, highly significant (P < 0.001), compared to bacteria alone (two-tailed Student’s ¢ test).

¢NT, not tested.

supplemental material). Similar results were observed for infec-
tions using the OpaD™ P™ strain (data not shown). We thought
that, due to significant cross talk between PMN signaling path-
ways, combining the treatments might result in a more distinct
phenotype. The combination treatment did not result in greater
reduction in oxidative burst (see Fig. S3B). We tested peptide
rD-7, which antagonizes CEACAM receptors (45, 46). The oxida-
tive burst was inhibited, and this was true not only for the OpaD*
gonococci but also for Opaless gonococci (Fig. 5C). Together,
these results suggest that the CEACAM-dependent signaling is
important for mounting an oxidative burst against gonococci,
whether the bacteria are expressing a CEACAM-engaging opacity
protein or not. The rD-7 peptide had no effect on the formation of
NETs in response to gonococcal infection (Fig. 5D). Thus, oxida-
tive signaling is dependent on interactions with CEACAMs, but
the stimulation of NETs is not.

Gonococci are resistant to NET-mediated killing in vitro. We
hypothesized that NETs might influence gonococcal infection
through localized killing of gonococci. After several attempts to
quantify NET-mediated killing by quantitative enumeration of
colonies after nuclease treatment with ambiguous results, a LIVE/
DEAD staining protocol was utilized. Coupled with microscopy,
the LIVE/DEAD staining allowed us to better resolve localized
killing of the bacteria. PMNs were stimulated with PMA to ensure
uniform NET induction and were then infected with gonococci
and stained. For each image, the viability of each gonococcus and
its location relative to the PMN were determined (see Materials
and Methods). PMN- and NET-mediated killing of gonococci was
tested in parallel with Staphylococcus aureus and Lactobacillus
crispatus (Table 1). Gonococci in NET's were 92% to 97% viable,
which is similar to the values obtained for gonococci in the ab-
sence of PMNs (93% to 97% viable). Over 97% of S. aureus bac-
teria were viable, but those staphylococci in NETs were only 63%
viable (P < 0.05), suggesting that a portion of staphylococci are
killed in NETs. Similarly, NET-bound L. crispatus bacteria were
43% viable compared to the input bacteria (91% viable). Extracel-
lular (but not NET-bound) bacteria showed similar phenotypes;
gonococci were not killed, but S. aureus and L. crispatus were.
Killing of gonococci was observed only with OpaD* P~ bacteria
and then only when they had been internalized by PMNs. This
result is consistent with OpaD™ gonococci being more readily
taken up by PMNs (27-30) and with pili being involved in resist-
ing oxidative killing (47). The presence of DPI in the infected cells
abolished killing of intracellular OpaD* P~ gonococci and staph-
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ylococci, suggesting that the killing after phagocytosis is partially
dependent on the oxidative burst.

DISCUSSION

We have shown that N. gonorrhoeae stimulates PMNs to form
NETs but resists NET-mediated killing. Neisseria meningitidis has
also been shown to be resistant to NET-mediated killing (48);
however, it is not known whether or not N. meningitidis also sup-
presses the oxidative burst of PMNs in a similar manner. The
production of NETs by PMNs in response to gonococcal infection
is influenced by the presence of pili and opacity proteins on the
surface of the bacteria, but expression of these virulence factors
modulates but does not change the response. Despite its being
described as an oxidative burst-dependent phenomenon, we ob-
served that the extents of PMN oxidative burst and of NET induc-
tion in response to gonococcal infection do not correlate. This
discrepancy is a result of gonococci suppressing the oxidative
burst of PMNs at high MOIs. That more NETs are observed as
oxidative burst is more strongly suppressed shows that gonococci
are activating NET formation independently from oxidative sig-
naling. This conclusion is supported by the observation that an
MPO inhibitor has no effect on the production of gonococcus-
stimulated NETs. These gonococcus-stimulated NETs are more
consistent with the rapid NETSs reported by the Kubes group in
response to staphylococcal infection (49, 50). NETs induced dur-
ing gonococcal infection are similar to the rapid NETs in at least
four ways: (i) they are produced in less than 90 min, (ii) they are
produced under conditions where the oxidative burst is sup-
pressed, (iii) they are released prior to lysis of the PMNSs, and (iv)
PMN nuclei decondense during the process. Thus, NETs pro-
duced by human PMNs in response to gonococcal infection might
arise through a mechanism similar to that of the rapid NETs that
form in response to S. aureus.

The ability of gonococci to induce and suppress the oxidative
burst of PMNs has been previously described (24, 36, 43). The lack
of correlation between the oxidative burst and NET formation
prompted a closer look at ROS burst induction and suppression
during PMN infection. We have shown that the ROS burst is elic-
ited in response to infection by gonococci independently of opac-
ity protein or pilus expression. The extent of the induction, how-
ever, is increased by the presence of a CEACAM-engaging opacity
protein. Because the strains included in this study suppress the
oxidative burst at similar MOls, this result suggests that ROS burst
suppression is independent of the presence of pili or OpaD. For
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the first time, we show that either a PMA or an Opa-induced burst
can be suppressed by Opaless, nonpiliated gonococci. Thus,
N. gonorrhoeae is influencing PMN behavior by modulating the
oxidative burst. These phenotypes will be all the more complex
during human infections, where multiple subpopulations of
gonococci with different pilus and opacity protein composition
on their surfaces are present.

The mechanism of gonococcal suppression of the PMN oxida-
tive burst is not dependent on formyl peptide receptor or chemo-
kine receptor signaling and occurs downstream of PKC activation.
The rD-7 peptide (45, 46) abolishes the PMN oxidative burst in
response to gonococci, suggesting that CEACAM binding is im-
portant to the activation of the oxidative burst but has no effect on
suppression. Recent work from the Gray-Owen lab revealed that
when human opacity protein-binding CEACAMS3 receptors were
expressed in mice, the researchers saw that CEACAM receptors
were responsible for oxidative burst and PMN migration to the
site of infection in response to Opa-expressing gonococci (51).
Interestingly, we observed oxidative burst elicited from PMNs,
albeit at lower levels, when cells were infected with Opaless gono-
cocci, suggesting that there may CEACAM-independent mecha-
nisms of ROS burst induction with human PMNs or that Opaless
gonococci are capable of binding to CEACAM receptors to some
extent. Recent evidence has shown that gonococci delay the as-
sembly of NADPH oxidase by interfering with granule fusion with
phagosomes (32). This phenomenon has been shown to be influ-
enced by the expression of opacity proteins on the surface of gono-
cocci (33). It is possible that these phenotypes are the mechanism
behind the suppression of the oxidative burst. However, our data
that show Opaless and OpaD-expressing gonococci suppressing
the ROS burst argue against this as a possibility. Despite these
inconsistencies, interference with phagosomal maturation will be
considered a possible mechanism for oxidative burst suppression
in future studies.

Our data suggest a model where the local abundance (MOI) of
gonococci has a large influence on the outcome of their interac-
tions with PMNs. While it is possible to try to observe NETs in
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patient purulent exudates, the background lysis and death of
PMNSs in patient samples would create a high level of background
that would be impossible to control for. Suppressing levels of
gonococci (MOIs of >20) are likely to be achieved within mi-
croenvironments during infection, where subpopulations of
PMNss are subject to a higher relative MOI due to localized gono-
coccal growth. When gonococci are present in low abundance
relative to the PMNs, there will be a preferential uptake of gono-
cocci that express opacity proteins that engage CEACAM recep-
tors (Fig. 6). This would result in an oxidative burst and killing of
the intracellular bacteria, as well as the release of cytokines that
will recruit more PMNss to the site of infection (51). As PMNs
infiltrate, subpopulations of gonococci that are resistant to oxida-
tive killing mechanisms will preferentially multiply. As the relative
numbers of gonococci increase, they will suppress the oxidative
burst of PMNs and also stimulate NET formation. In addition,
while the NETs are unable to kill gonococci, they are still capable
of killing L. crispatus and other genital commensal bacteria, po-
tentially opening the niche to further colonization by gonococci
due to reduced competition. These PMN-suppressing activities of
gonococci may also inhibit PMN surveillance to open the niche
for other pathogens. In addition, it may be possible that gonococ-
cal extracellular nuclease (52) will degrade NETS, reducing their
ability to prevent dissemination of the infection, but this hypoth-
esis remains to be tested. Thus, gonococci are influencing PMN
antimicrobial activities to promote infection, creating a better en-
vironment for gonococcal replication, with reduced ROS and less
competition from normal flora. Future studies will aim to more
accurately define the mechanism of gonococcal suppression of the
PMN oxidative burst and oxidative burst-independent NET in-
duction.

MATERIALS AND METHODS

Growth and maintenance of bacterial strains. The N. gonorrhoeae strains
used in this study (Table 2) are derived from strain FA1090 and are genet-
ically “locked” to stably express or not express pili and opacity proteins
(42, 43). The stably piliated strains carry a mutation in a G-quadruplex
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TABLE 2 Bacterial strains used in this study

Strain background and designation Description

Source (references)

N. gonorrhoeae FA1090

Opaless P+ Opaless phase-locked, locked pilE
Opaless P~ Opaless phase-locked, ApilE
OpaD* P* OpaD™ phase-locked, locked pilE
OpaD™* P~ OpaD™ phase-locked, ApilE

Opaless P+ AkatA
OpaD* P* AkatA
mCherry

S. aureus

L. crispatus

Pyaa-mCherry
ATCC 25923
ATCC 33820, VPI 3199

Opaless phase-locked, locked pilE, katA::eph
OpaD™ phase-locked, locked pilE, katA::eph

A. Criss (42, 43)

This study: ApilE allele transformed into Opaless P strain, above
A. Criss (42, 43)

This study: ApilE allele transformed into OpaD™* P strain, above
katA allele, transformed into Opaless P strain

katA allele, transformed into OpaD™ P strain

This study; strain had to be freshly constructed for each use
ATCC

ATCC

structure that is required for antigenic variation of the pili (42). The opac-
ity proteins are stochastically expressed due to slipped-strand mispairing
at pentameric repeats at the 5" end of their genes. The stable opacity
protein strain was initially deleted of all 11 known opa genes, rendering it
Opaless (43). The coding sequence for opaD was then reintroduced into
the Opaless background but was mutated to remove the repeats without
changing the protein coding (43). The key strains used in this study in-
clude piliated and nonpiliated derivatives of a strain that stably expresses
only OpaD, “OpaD* P*” and “OpaD™* P~ strains, and piliated and
nonpiliated derivatives of a strain that is genetically Opaless, “Opaless P+”
and “Opaless P~ strains. The strains were freshly back-crossed into the
parental background to minimize the effect of other phase-variable pro-
teins or LOS variation on the phenotypes. Strains were grown from
—80°C freezer stocks for each experiment and never passaged for longer
than 36 h prior to infections. Gonococci were maintained on Difco gono-
coccus base (GCB) agar or gonococcus base liquid (GCBL) medium (Bec-
ton Dickinson, Sparks, MD) with Kellogg’s supplements (53). N. gonor-
rhoeae bacteria used for infection of PMNs were grown in liquid culture to
achieve a viable, rapidly dividing population, as described previously (47).
Prior to infection, cultures were spun down and washed in RPMI 1640
containing 10% fetal bovine serum (FBS). All strains were incubated at
37°Cin an atmosphere containing 5% CO,, unless otherwise stated. S. au-
reus was maintained on LB medium, and overnight cultures of S. aureus
were washed in RPMI prior to infection of PMNs. Lactobacilli were grown
on Lactobacillus MRS agar plates (Becton Dickinson, Sparks, MD) or in
Lactobacillus MRS broth. Infection MOIs for all bacteria were estimated
by the optical density of the input culture and confirmed by serial dilution
and plate counts.

Ethics statement. All protocols involving human subjects were ap-
proved by the Institutional Review Board at Northwestern University
Feinberg School of Medicine, All subjects included in this study were
adults and gave written informed consent prior to enrollment in the
study.

Isolation of primary human PMNs. The PMN isolation protocol has
been described previously (47). Briefly, blood from healthy volunteers
was obtained via venipuncture of the forearm using the BD Vacutainer
Safety-Lok blood collection set (Becton Dickinson, Sparks, MD), collect-
ing venous blood in Vacutainers containing 158 USP units of sodium
heparin (Becton Dickinson, Sparks, MD). PMNs were isolated using den-
sity centrifugation and ultimately resuspended in Dulbecco’s phosphate-
buffered saline supplemented with 0.1% glucose (DPBS+G; Gibco, Life
Technologies, Carlsbad, CA). PMNs were verified for purity and enumer-
ated by manual counting using a hemocytometer. PMNs were seeded in
RPMI with glutamine without phenol red (Gibco, Life Technologies,
Carlsbad, CA) and supplemented with 5% heat-inactivated fetal bovine
serum (FBS; Atlanta Biologicals, Lawrenceville, GA). Cells were incubated
at 37°C with 5% atmospheric CO,.

Luminol assays. Luminol-dependent chemiluminescence assays were
performed as described previously (24, 36). PMNs were seeded at a con-
centration of 10° in 200 ul of RPMI plus FBS containing 100 wM luminol.
Infecting bacteria and chemical treatments were added as described in the
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figure legends. Phorbol myristate acetate (PMA; Sigma, St. Louis, MO)
was used as a positive control at a concentration of 10 ug/ml, and di-
phenyleneiodonium (DPI; an inhibitor of NADPH oxidase) was used to
verify that the oxidative burst was NADPH oxidase dependent. Lumines-
cence was read in a SpectraMax M5 plate reader (Molecular Devices,
Sunnyvale, CA) with settings of: 1,000-ms integration, reading every
3 min for 2 hat 37°C. Luminol data are largely presented as area under the
curve (AUC) luminol measurements for ease of comparison.

Immunofluorescence microscopy. PMNs were seeded at a concen-
tration of 10%/ml on poly-L-lysine (Sigma, St. Louis, MO)-coated cover-
slips in 12-well tissue culture plates and infected with liquid-grown gono-
cocci. Infections were centrifuged at a relative centrifugal force (RCF) of
130 for 5 min to facilitate contact between gonococci and PMNs and
synchronize the infection. Infected cells were incubated at 37°C for
90 min, rinsed with 1X PBS, and fixed with 4% paraformaldehyde for
5 min, followed by two washes with PBS. Slides were blocked with PBS
containing 10% normal goat serum overnight at 4°C. Antibody staining
and subsequent washes were performed with coverslips upside down on
100-ul drops of reagent. Rabbit IgG primary antibodies (Abcam, Cam-
bridge, MA) were diluted in PBS containing 1% goat serum: anti-histone
H2A (ab18255; 1:200), anticathelicidin (LL-37, ab64892; 1:400), anti-
cathepsin G (ab64891; 1:100), and anti-neutrophil elastase (ab68672;
1:100). Primary antibody staining was performed at room temperature
for 1 h. Coverslips were washed with PBS three times and then stained
with a goat anti-rabbit, fluorescein isothiocyanate (FITC) conjugate
(Jackson ImmunoResearch, West Grove, PA; catalog no. 111-096-144;
1:250) for 1 h in the dark. After staining, coverslips were washed three
times and mounted on slides with 5 ul Vectashield with DAPI (Vector
Labs, Burlingame, CA). Coverslips were sealed with nail polish and stored
at 4°C or on ice until viewed in the microscope.

Microscopy. Microscopy was performed on a Nikon 90i upright flu-
orescence microscope equipped with a CoolSNAP HQ2 charge-coupled
device (CCD) camera (Photometrics, Tucson, AZ) and an X-Cite Series
120 PCQ fluorescence light source (EXFO/Lumen Dynamics, Missis-
sauga, ON, Canada). Image acquisition was performed using NIS Ele-
ments software (Nikon Instruments, Melville, NY), and image analysis
was performed using NIS Elements and Image] (NIH.gov). For most ex-
periments, image stacks ranging from 10 to 30 half-micrometer slices were
imaged to better visualize the infected PMNs. The quantification of NET's
using anti-H2A immunofluorescence staining was done by measuring the
integrated density (a measurement that takes into account both area and
intensity of staining) of the anti-H2A staining using Image] software
(NIH). The integrated density of anti-H2A staining was normalized to the
integrated density of DAPI staining as described in the text (Fig. 2). NET/
field observations were made under X400 magnification, and the number
of NETs in each field was counted by hand. The NET/field observations
allowed for higher-throughput analysis (Fig. 3C and 5D). The myeloper-
oxidase inhibitor (MPOI) is 4-aminobenzhydrazide and was used at a
final concentration of 100 uM. In microscopy experiments, PMA was
used at a 50-ng/ml concentration.
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LIVE/DEAD staining. Bacterial viability was determined using the
Molecular Probes LIVE/DEAD BacLight bacterial viability kit (L7012; Life
Technologies, Carlsbad, CA). PMNs were seeded on glass coverslips at a
concentration of 5 X 10°/ml in a 1-milliliter volume. PMA (Sigma, St.
Louis, MO) was added at a final concentration of 2 pg/ml at the time of
PMN seeding to stimulate uniform NET formation. In control experi-
ments, 2 uM DPI was also added at the time of seeding to prevent the
oxidative burst. Two hours of treatment with PMA and/or DPI at 37°C
was followed by infection at high MOIs (100 to 200) with gonococci,
S. aureus, or L. crispatus. Infected cells were incubated at 37°C for 60 min,
followed by removal of infected cell supernatant. The infected cells were
washed with 1 milliliter of fresh 37°C RPMI. The wash medium was re-
moved, and stain mix was added to the wells. Stain mixture was prepared
in PBS and contained dye components A and B at a ratio of 1:2, which was
empirically determined to achieve superior staining of gonococci in the
presence of PMNs. Infected cells were stained at 37°C for 30 min, washed
twice, fixed with 4% paraformaldehyde (PFA), washed again, and then
mounted using ProLong Gold mounting medium (Life Technologies,
Carlsbad, CA). The mounting medium was allowed to set overnight at
room temperature and then sealed with nail polish. Microscopy was per-
formed as described above, and the image stacks were hand scored by
visually counting live and dead bacteria and noting their localization rel-
ative to the PMNs: NET associated (in contact with NETs but not directly
with PMNs), PMN associated (in contact with or inside PMNs but not in
contact with NETs), or extracellular (in contact with neither NETs or
cells).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBi0.02452-14/-/DCSupplemental.

Figure S1, EPS file, 1.2 MB.

Figure S2, EPS file, 1.3 MB.

Figure S3, EPS file, 0.9 MB.
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