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Summary

During gonorrheal infection, there is a heterogeneous population of Neisseria gonorrhoeae (Gc)
varied in their expression of opacity-associated (Opa) proteins. While Opa proteins are important
for bacterial attachment and invasion of epithelial cells, Opa+ Gc has a survival defect after
exposure to neutrophils. Here, we use constitutively Opa- and OpaD+ Gc in strain background
FA1090 to show that Opa+ Gc is more sensitive to killing inside adherent, chemokine-treated
primary human neutrophils due to increased bacterial residence in mature, degradative
phagolysosomes that contain primary and secondary granule antimicrobial content. Although Opa
+ Gc stimulates a potent oxidative burst, neutrophil killing of Opa+ Gc was instead attributable to
non-oxidative components, particularly neutrophil proteases and the bactericidal/permeability-
increasing protein. Blocking interaction of Opa+ Gc with carcinoembryonic antigen-related cell
adhesion molecules (CEACAMS) or inhibiting Src family kinase signaling, which is downstream
of CEACAM activation, enhanced the survival of Opa+ Gc in neutrophils. Src family kinase
signaling was required for fusion of Gc phagosomes with primary granules to generate mature
phagolysosomes. Conversely, ectopic activation of Src family kinases or coinfection with Opa+
Gc resulted in decreased survival of Opa- Gc in neutrophils. From these results, we conclude that
Opa protein expression is an important modulator of Ge survival characteristics in neutrophils by
influencing phagosome dynamics and thus bacterial exposure to neutrophils’ full antimicrobial
arsenal.
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Introduction

Gonorrhea is a major global health problem, with 106 million cases estimated worldwide
each year (World Health Organization, 2012). Infection with the causative agent of
gonorrhea, Neisseria gonorrhoeae (Gc), promotes the local influx of neutrophils
(polymorphonuclear leukocytes, or PMNs), resulting in the purulent exudate characteristic
of gonorrheal infection. PMNs are professional phagocytes and a key component of the
innate immune response responsible for controlling bacterial infection. PMN antimicrobial
mechanisms include generation of reactive oxygen species (ROS) via NADPH oxidase,
release of antimicrobial enzymes and peptides, and production of neutrophil extracellular
traps (NETS) (Borregaard et al., 2007;Papayannopoulos et al., 2009;Borregaard, 2010).
Despite the abundance of PMNs during infection, viable Gc can be cultured from patient
exudates and primary human PMNSs infected ex vivo with Gc (Wiesner et al., 1980;Simons
et al., 2005;Criss et al., 2009;Johnson et al., 2013b). These observations suggest that Gc has
developed multiple mechanisms to avoid and defend against PMN mediated killing.

Gc interactions with human cells are modulated by surface-exposed components, including
the opacity-associated (Opa) proteins. Gc strains possess approximately 11 opa genes
(Connell et al., 1990;Bhat et al., 1991;Dempsey et al., 1991). Slipped strand mispairing at
pentameric repeats on the 5’ end of opa genes causes opa genes to shift in or out of frame
(Stern et al., 1986;Murphy et al., 1989), resulting in, a mixed population of bacteria
expressing no Opa proteins, one Opa protein, or multiple Opa proteins in in vitro culture and
during infection. Opa proteins are 25-30 kDa proteins which form an eight-stranded p-barrel
in the Gc outer membrane, with four extracellular loops. The p-barrel is highly conserved, in
contrast to the extracellular loops, which contain semivariable and hypervariable regions.
The variability in these extracellular loops determines receptor specificity (Swanson,
1978;Malorny et al., 1998;VVandeputte-Rutten et al., 2003;de Jonge et al., 2003). Opa
proteins can bind to carcinoembryonic antigen-related cell adhesion molecules (CEACAMS)
and/or heparan sulfate proteoglycans (HSPGs) on host cells (Sadarangani et al., 2011). Opa
proteins that bind CEACAM s specifically interact with the N-terminal immunoglobulin fold
of the receptor (Bos et al., 1998). In the human CEA family there are 12 proteins in the
CEACAM subgroup, but to date, Opa proteins have been shown to bind only CEACAML,
CEACAM3, CEACAMb, and CEACAMSG (Sadarangani et al., 2011).

Human PMNs express three of the CEACAMSs known to bind Opa proteins: CEACAML1,
CEACAM3, and CEACAMEG6 (Gray-Owen et al., 2006). Binding of Opa proteins to
CEACAMs on PMNSs is sufficient to drive bacterial internalization in the absence of
antibody or complement opsonization (Gray-Owen et al., 1997a;Gray-Owen et al.,
1997b;Chen et al., 1996;Virji et al., 1996). Different CEACAMSs engage different signaling
pathways to lead to Gc internalization. The cytoplasmic regions of CEACAM1 and
CEACAM3 have immunoreceptor tyrosine-based inhibition motifs and immunoreceptor
tyrosine-based activation motifs, respectively. CEACAML1 activation results in recruitment
of the phosphatase SHP-1, while CEACAMS3 activation recruits kinases such as Syk and Src
family kinases, which stimulate proinflammatory signaling cascades (McCaw et al.,
2003;Hauck et al., 1998;Hauck et al., 1999;Sintsova et al., 2014). In contrast, CEACAM5
and CEACAMBG are glycosylphosphatidylinositol-anchored and the signaling is largely
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unknown (McCaw et al., 2004;Sadarangani et al., 2011). Sarantis et al. recently reported
that CEACAMSs can signal cooperatively in a cell; in transfected mouse PMNs, engagement
of CEACAM1 and CEACAMBG results in signaling via CEACAM3 (Sarantis et al., 2012).
Although Opa protein expression was thought to be required for PMN phagocytosis of
unopsonized Gc, we have reported that adherent, chemokine-primed PMNs can internalize
Opa- G, albeit with slower kinetics than Opa-CEACAM driven internalization (Criss et al.,
2009;Ball et al., 2013;Smirnov et al., 2014).

In addition to mediating adherence and internalization, Gc expressing CEACAM-binding
Opa proteins are also more potent activators of PMNs. Opa+ Gc stimulates human PMN
NADPH oxidase complex assembly in order to generate reactive oxygen species (ROS). In
contrast, Opa- Gc not only fails to induce an oxidative burst, but also suppresses the
oxidative burst induced by other stimuli (Rest et al., 1982;Virji et al., 1986;Fischer et al.,
1988;Criss et al., 2008;Ball et al., 2013;Smirnov et al., 2014). Infection with Opa+ Gc also
increases the exocytosis of PMN primary and secondary granules (Sarantis et al.,
2007;Sintsova et al., 2014). Together, these results would suggest there is a disadvantage to
Gc expressing CEACAM-binding Opa proteins during infection. In support of this notion,
Opa+ Gc have decreased survival compared to Opa- Gc in human PMNs (Rest et al.,
1982;Rest et al., 1985;Virji et al., 1986;Fischer et al., 1988;Rest et al., 1989;Sarantis et al.,
2007;Criss et al., 2009;Ball et al., 2013). However, the precise mechanism leading to this
survival defect is not yet defined.

There are two nonexclusive hypotheses to explain the observed survival defect of Opa+ Gc
in neutrophils. First, Opa proteins alter activation of PMN antimicrobial responses. Second,
Opa proteins alter sensitivity to PMN antimicrobial components. In this work, we tested
these two hypotheses in primary human PMNSs, using Gc derivatives we recently engineered
in the FA1090 strain background with in frame deletions of all opa genes (Opaless) and into
which a constitutively expressed opaD allele was introduced (Ball et al., 2013). The OpaD
protein engages CEACAM1 and CEACAM3 (Fulcher, 2004) (J. Martin, L. Ball, T.
Solomon, A. Criss, and L. Columbus, manuscript in preparation). We found that that OpaD+
Gc has significantly reduced intracellular survival in PMNs due to its CEACAM-dependent
trafficking into a mature, degradative phagolysosome and increased sensitivity to primary
granule proteins. Exposure to non-oxidative antimicrobial components, predominantly
proteases and the bactericidal/permeability increasing protein (BPI), in the phagolysosome
compromises Opa+ Gc survival. These results establish a link between CEACAM ligation,
Src family kinase signaling, and primary granule-phagosome fusion, resulting in enhanced
PMN antigonococcal activity against Opa+ Gc.

Expression of CEACAM-binding Opa proteins reduces the survival of Gc inside PMNs

To begin to understand the mechanism of increased sensitivity of Opa+ Gc to PMNs, we
measured the viability of intracellular and extracellular Gc after infection of adherent, 1L-8
primed human PMNSs, using Baclight viability dyes (Johnson et al., 2013b;Criss et al.,
2009;Johnson et al., 2013a). We found that Opa+ Gc had a significant reduction in
intracellular survival in PMNs compared to Opa- Gc. While Opa+ Gc also exhibited a
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reduction in extracellular survival compared to Opa- Gg, this difference was slight compared
with the decrease in intracellular survival (Figure 1A-C). Treatment of PMNs with
cytochalasin D to inhibit phagocytosis prior to infection with Opa- or Opa+ Gc significantly
rescued Opa+ Gc survival to levels observed for Opa- Gc, supporting the importance of
intracellular antimicrobial mechanisms to the decreased survival of Opa+ Gc (Figure 1D).
We also observed a significant increase in the percentage of neutrophils associated with Opa
+ Gc (Figure 1E), as well as an increase in the number of Opa+ Gc per neutrophil (Figure
1F), compared to Opa- bacteria. From these data we conclude that the observed survival
defect of Opa+ Gc in PMNs is primarily intracellular and enhanced by the increased
association of Opa+ Gc with PMNs, and our subsequent experiments focused on the
mechanism underlying this survival defect.

To determine if the survival defect of OpaD-expressing Gc¢ in PMNs was dependent on
CEACAM engagement, we incubated Opa+ Gc with the N-terminal domain of CEACAM1
(N-CEACAML) prior to infection of PMNSs. Incubation with N-CEACAML1 reduced the
PMN oxidative burst in response to Opa+ Gc in a dose- dependent manner, demonstrating
that soluble N-CEACAM1 blocks Opa-mediated interactions with neutrophils
(Supplemental Figure 1). Preincubation with N-CEACAML significantly increased the
intracellular viability of Opa+ Gc (Figure 2A-C). Opa+ Gc preincubated with N-
CEACAML1 was still internalized by PMNs, although not as effectively as bacteria without
N-CEACAML1, and was similar to the percent internalization we reported for Opa- Gc
(Johnson et al., 2013b), (Supplemental Figure 1). From these data, we conclude that the
observed internal survival defect of Opa+ Gc in PMNSs is mediated by Opa engagement of
CEACAM(s), and blocking this interaction increases the intracellular survival of Opa+ Gc.

Opa+ Gc predominantly resides in mature phagolysosomes, in which the bacteria are
exposed to PMN non-oxidative antigonococcal components

We previously showed that phagosome maturity affects Ge viability in PMNs (Johnson et
al., 2013b). In order to assess if Opa protein expression influences maturation of Gc
phagosomes in PMNSs, adherent, IL-8 primed PMNs were infected with Opa+ or Opa- G¢
for 1 hr, and phagosome composition was determined by immunofluorescence, using
antibodies against components of primary (neutrophil elastase) and secondary (lactoferrin)
granules. A phagosome was considered positive for a granule class if the fluorescent signal
for the granule marker of interest surrounded > 50% of the bacterial circumference. While
both Opa+ and Opa- Gc phagosomes were positive for lactoferrin (Figure 3A and 3C), there
was a significant increase in the percent of phagosomes positive for neutrophil elastase in
PMNs infected with Opa+ Gc (Figure 3B and 3D). Thus Opa protein expression directs Gc
to a mature phagolysosome which has fused with both primary and secondary granules,
while Opa- Gc predominantly resides in immature, primary granule-negative phagosomes.

Given that Opa expression continually varies in vivo, we sought to determine how Opa+ and
Opa- Gc affect each others’ survival in coinfected PMNs. Compared with Opa- Gc alone,
we observed a significant decrease in Opa- Gc survival during coinfection with Opa+ Gc
(Figure 4D). Notably, the presence of Opa- Gc did not rescue the survival of Opa+ Gc in
PMNs (Figure 4D). These results suggest that during coinfection, the presence of Opa+ Gc
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enhances PMN Kkilling of Opa- Gc, perhaps by affecting the maturity of Opa- G¢
phagosomes. To test this possibility, we evaluated phagosome maturity in coinfected PMNs,
using antibodies directed against the primary granule protein neutrophil elastase. The
percent of Opa- Gc phagosomes positive for neutrophil elastase was significantly increased
in PMNs coinfected with Opa+ Gc (Figure 4A) compared to PMNSs infected with Opa- Gc
only (Figure 4B, quantified in Figure 4C). We observed no difference in the percent of Opa+
Gc phagosomes positive for neutrophil elastase in coinfected or singly infected PMNs
(Figure 4A-C). Together, these results demonstrate that during coinfection with Opa+ and
Opa- Gc, the presence of Opa+ Gc is sufficient to alter maturation of Opa- Gc phagosomes
and thereby decrease Opa- Gc survival in PMNSs.

Mature PMN phagolysosomes contain a full array of non-oxidative antimicrobial proteins
and peptides, as well as the NADPH oxidase holoenzyme to generate ROS. We sought to
determine the contribution of these oxidative and non-oxidative components to the reduced
survival of Opa+ Gc inside PMNs. FA1090 Gc expressing OpaD induces a strong oxidative
burst in PMNSs, while no ROS is detectable from PMNs exposed to Opa- Gc (Supplemental
Figure 1A) (Rest et al., 1982;Virji et al., 1986;Fischer et al., 1988;Ball et al., 2013;Smirnov
et al., 2014). In order to directly test the role of ROS in killing Opa+ Gc¢ by PMNs, PMNs
were treated with diphenyleneiodonium (DPI) to inhibit production of ROS or were left
untreated prior to infection with Opa+ Gc. Treatment with DPI did not rescue Opa+ Gc
survival in PMNSs (Figure 5). Thus, ROS is dispensable for PMN- mediated killing of Gc,
even under conditions (OpaD expression) where the bacteria stimulate a strong oxidative
response.

Non-oxidative components of PMNs include antimicrobial peptides such as LL-37 and
defensins, BPI, and primary granule proteases such as cathepsin G, proteinase 3, and
neutrophil elastase. We previously reported that PMN proteases contribute to the killing of
Gc localizing to mature phagolysosomes (Johnson et al., 2013b). Therefore, we
hypothesized that the increased intracellular killing of Opa+ Gc was due to increased
bacterial exposure to these proteases. To test this hypothesis, PMNs were incubated with a
protease inhibitor cocktail prior to infection with Opa- or Opa+ Gc. Protease inhibition
significantly enhanced the percent of live Opa- and Opa+ Gc inside PMNs by Baclight
viability stain (Figure 6A-E). Similarly, inhibition of PMN proteases significantly increased
the number of Opa+ Gc recovered from PMNSs by colony count (Figure 6F). These findings
reinforce our previous observations that PMN proteases have antigonococcal activity. Thus
Opa+ Gc resides in a mature PMN phagolysosome with primary and secondary granule
characteristics, and exposure to primary granule proteases in this compartment is responsible
for the observed survival defect of Opa+ Gc inside PMNs.

In addition to residence in a mature phagolysosome, intrinsic susceptibility of Opa- or Opa+
Gc could contribute to the observed differences in survival after exposure to PMNSs. To
examine this possibility, survival of Opa- and Opa+ Gc was measured after bacterial
exposure to LL-37, cathepsin G, defensin, and BPI. While exposure to LL-37 and cathepsin
G resulted in dose-dependent killing of both Opa- and Opa+ Gc, there was no significant
difference in their susceptibility to these antimicrobial components (Figure 7A and 7B). In
contrast, Opa+ Gc displayed significantly increased sensitivity to BPI at concentrations
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under 3 pg/ml (Figure 7C). Both Opa- and Opa+ Gc were resistant to human -defensin-2 at
200 pg/ml (data not shown). We conclude that increased susceptibility of Opa+ Gc to PMN
killing is due to residence in mature phagolysosomes, where the bacteria are exposed to
antimicrobial components, as well as increased sensitivity to at least one of these
antimicrobial components, BPI.

Src-family kinase signaling is required for PMNs to direct Gc into mature
phagolysosomes, where they are killed

Degranulation and induction of the oxidative burst in PMNs involves signaling via Syk
kinase, phosphoinositide 3-kinase (P13K), the small GTPase Rac, and Src family kinases
(Sengelov et al., 1993;Mohn et al., 1995;Fensome et al., 1996;Werner, 2004; Abdel-Latif et
al., 2005;Van Ziffle et al., 2009). These signaling components are activated upon
engagement of CEACAMS (reviewed in (Buntru et al., 2012). Therefore, we tested the
contribution of these signaling components to the antimicrobial activity of PMNs against
Opa+ Gc, using inhibitors specific for each enzyme. The inhibitors were used at
concentrations and under conditions that significantly reduced the PMN oxidative burst in
response to infection with Opa+ Gc (Supplemental Figure 2A). Adherent, IL-8 treated
PMNs were treated with each of the inhibitors prior to infection with Opa+ Gc, and bacterial
survival was evaluated using Baclight viability dyes. Only PMN treatment with the Src
family kinase member inhibitor PP1 significantly increased the viability of Opa+ Gc inside
PMNs relative to control, untreated cells (Figure 8A—F). None of the inhibitors significantly
affected the efficiency of Gc internalization by adherent, IL-8 primed PMNs (Supplemental
Figure 2B-C). These results suggest that signaling via Src family kinase members is critical
to the ability of PMNSs to kill internalized Opa+ Gc.

Src family kinases, specifically Hck, have been shown to associate with PMN primary
granules and to be recruited to mature phagolysosomes in activated PMNs (Mohn et al.,
1995;Mocsai et al., 2000;Fumagalli et al., 2007). Given the increased residence of Opa+ Gc
in mature PMN phagosomes, we hypothesized that Src family kinase signaling is required
for primary granule fusion with the Gc phagosome. Treatment of PMNs with PP1
significantly reduced the fraction of Opa+ Gc residing in neutrophil elastase-positive
phagolysosomes (Figure 9A and 9C). Moreover, we observed increased recruitment of Hck
to Opa+ Gc phagosomes in PMNs (Figure 9B and 9D). In contrast, PMN treatment with the
Syk kinase inhibitor piceatannol or the PI3K inhibitor LY294002 did not affect Opa+ Gc
residence in mature phagolysosomes (Figure 9A and 9C, and Supplemental Figure 3).
Therefore, we conclude that in adherent, IL-8 primed human PMNSs, Src family kinase
signaling, particularly Hck, is required for phagosomes to fuse with PMN primary granules
and become mature degradative phagolysosomes that are capable of killing Opa+ Gc.

Given that approximately 40% of intracellular Opa- Gc reside in mature PMN
phagolysosomes (Figure 3D) (Johnson et al., 2013b) and we observed Hck recruitment to
Opa- Gc phagosomes (Figure 9B), we examined the contribution of Src family kinase
signaling to survival of Opa- Gc in PMNs. Strikingly, the viability of intracellular Opa- Gc
was also increased in PMNs treated with PP1, as we observed for Opa+ Gc (Figure 10A-C).
In order to determine if activation of Src family kinase signaling is sufficient to decrease
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Opa- Gc survival in PMNs, PMNs were treated with a synthetic activator of Src family
kinase members prior to infection with Opa- Gc. Treatment with the Src family kinase
activator significantly reduced the survival of Opa- Gc in PMNs (Figure 10D-F). From these
results we conclude that the relative level of Src family kinase signaling modulates primary
granule fusion with bacterial phagosomes and thus influences Gc survival in PMNs.

Discussion

Opa+ Gc that engages CEACAMs is more sensitive to killing by PMNs compared to Opa-
Gc, but the mechanisms underlying this difference were poorly understood. Using
constitutively Opa- and Opa+ Gc, we show that the decreased survival of Opa+ Gc after
PMN challenge is largely due to their increased residence in mature phagolysosomes, where
they are susceptible to serine proteases, BPI, and other antimicrobial components of primary
and secondary granules. Although CEACAM ligation also stimulates signaling events in
PMNs that lead to ROS production, ROS do not contribute to the increased killing of Opa+
Gc. Our work supports a model in which Opa+ Gc that interact with CEACAMSs on the
PMN surface triggers Src family kinase-dependent signaling events, which promote
internalization of the bacteria into mature, degradative phagolysosomes that contain
components with antigonococcal activity (Figure 11).

PMNs Kill bacteria intracellularly by directing their phagosomes to fuse with antimicrobial
granules (Borregaard, 2010). Our results indicate that in contrast to most Opa- G¢
phagosomes, which remain immature, Opa+ Gc phagosomes fuse with both secondary and
primary granules, exposing the bacteria to oxidative and non-oxidative antimicrobial
components. Secondary granules contain the NADPH oxidase subunits gp91P"°% and
p22Phox and the primary granule enzyme myeloperoxidase uses NADPH oxidase-derived
hydrogen peroxide to generate hypochlorous acid (Borregaard et al., 2007;Borregaard,
2010). Although Opa+ Gc induces a potent oxidative burst in PMNs, and NADPH oxidase
holoenzyme assembles on Opa+ Gc phagosomes (Rest et al., 1982;Virji et al., 1986;Fischer
et al., 1988;Criss et al., 2008;Ball et al., 2013;Smirnov et al., 2014), ROS does not
contribute to the intracellular survival defect of Opa+ Gc. Our finding is in agreement with
several studies demonstrating that PMN killing of Gc is primarily via non-oxidative granule
components (Rest et al., 1982;Seib et al., 2005;Criss et al., 2008;Criss et al., 2009;Wu et al.,
2009). These components include the primary granule proteases cathepsin G, neutrophil
elastase, and proteinase 3, as well as BPI, lysozyme, LL-37, and defensins,(Borregaard et
al., 2007); LL-37, cathepsin G, and BPI have been shown to have antigonococcal activity
(Casey et al., 1985;Shafer et al., 1986;Shafer et al., 1998). We found that protease activity is
particularly important for mediating killing of Opa+ Gc inside PMNs. This is in agreement
with our previous report that the fraction of Opa- Gc in primary granule-positive, mature
phagolysosomes are Killed by exposure to PMN proteases (Johnson et al., 2013b). PMN
serine proteases have direct antigonococcal activity, cleave the propeptide hCAP-18 to
produce the active LL-37 antimicrobial peptide and enhance release of BPI from the primary
granule matrix, all of which may contribute to the survival defect of Opa+ Gc (Sorensen et
al., 2001;Edwards, 2005;Rest et al., 1981;Shafer et al., 1986;Shafer et al., 1987;Shafer et
al., 1990). While Sintsova et al. recently reported that Opa+ Gc is not more sensitive to
killing by PMNs (Sintsova et al., 2014), in that study infected PMNs were treated with
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protease inhibitors prior to cell lysis and CFU enumeration. Our results suggest that any
survival defect of Opa+ Gc in PMNs would be masked by treating the cells with protease
inhibitors, which may explain the discrepancy between these two reports. Our data supports
a model in which Gc residence within or avoidance of a degradative phagolysosome is a key
factor in determining Gc survival in PMNs, with a two-fold difference in phagosome
maturity between Opa- and Opa+ Gc being sufficient to significantly affect intracellular Gc
viability.

Our results suggest that the Opa+ Gc survival defect in PMNSs is dependent on signaling
events downstream of CEACAM engagement, which is in agreement with numerous studies
reporting PMN phagocytosis and activation downstream of CEACAM-binding Opa+
bacteria (Chen et al., 2001;McCaw et al., 2003;Sarantis et al., 2007;Sarantis et al.,
2012;Sintsova et al., 2014). While CEACAM1 and CEACAMBG signaling do not result in
substantial PMN activation, binding to CEACAM1 or CEACAMBG results in cooperative
signaling via CEACAM3, which is sufficient to stimulate PMN antimicrobial processes such
as the oxidative burst and granule exocytosis (Sarantis et al., 2012). Opa interaction with
CEACAM3 stimulates signaling via Syk, PI3K, Rac GTPase, and Src family kinases(Lacy,
2006;Sadarangani et al., 2011;Hauck et al., 1998;Sintsova et al., 2014). In our infection
model, we identified a role for Src family kinases in intracellular killing of Opa+ Gc by
PMNs. PMNs express the Src family kinases Hck, Fgr, and Lyn; we specifically focused on
Hck, which associates with primary granules and mature phagolysosomes in activated
PMNs (Mohn et al., 1995;Mocsai et al., 2000;Fumagalli et al., 2007) and associates with
Opa+ Gc in JOSK-M phagocytes (Hauck et al., 1998). We found that primary granule-
positive Opa+ Gc phagolysosomes are enriched for Hck, and inhibiting Src family kinase
activity decreases primary granule fusion with Opa+ Gc phagosomes and increases
intracellular Gce survival. These findings support a model in which Hck activation
downstream of CEACAMSs promotes primary granule-phagosome fusion and creation of
mature, degradative phagolysosomes. In agreement with this model, pathogenic
mycobacteria can survive inside PMNs by reducing phagosome-primary granule fusion,
which was associated with reduced activation and association of Hck with the phagosome
membrane (N’Diaye et al., 1998;Astarie-Dequeker et al., 2000;Cougoule et al., 2002).

In our infection model, Syk, phosphoinositide-3-kinase, and Rac GTPase did not
significantly contribute to phagosomal maturation or the killing of Opa+ Gc inside PMNS.
This was especially surprising because Sarantis et al. previously reported that Syk is
required for activation of PMN antimicrobial processes and killing of Gc (Sarantis et al.,
2007). There are at least three reasons that could explain the discrepancy in these findings.
First, our experimental system uses adherent, IL-8 primed primary human PMNSs, which
may bypass or negate the requirement for these signaling components. Second, Syk
signaling was previously implicated in PMN granule exocytosis in response to Opa+ Gc, but
was not examined for granule fusion with phagosomes. Third, the link between Syk
signaling and PMN bactericidal activity was established using recombinant Escherichia coli
expressing Opa proteins, and bacterial species may differ in their Syk-dependent effects on
PMN activation and/or susceptibility to the PMN antimicrobial activities initiated by Syk
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signaling. Additional studies are required to fully dissect the signaling pathways required for
PMN mediated killing of Opa+ Gc.

In order to make unambiguous observations about survival of Opa- and Opa+ Gc, we used
an Opa- Gc isolate in which all 11 opa genes are deleted and Opa+ Gc that constitutively
express OpaD. However, Gc has the ability to phase vary the expression of each Opa protein
independently, such that during infection, the Gc population contains bacteria expressing
anywhere from zero to multiple Opa proteins (Stern et al., 1986;Murphy et al., 1989). We
observed that coinfection of PMNs with Opa- and Opa+ Gc resulted in increased primary
granule fusion with Opa- Gc phagosomes and reduced survival of Opa- Gc in PMNS.
However, Opa- Gc did not reduce the maturity of Opa+ Gc phagolysosomes. We speculate
that the activating signals (e.g., Src family kinases) initiated by Opa-CEACAM ligation can
affect the overall activation state of the PMN, leading to enhanced fusion between primary
granules and Opa- Gc¢ phagosomes. Although the mechanism by which Opa- Gc is
internalized by adherent, IL-8 treated PMNs is currently undefined, these results would
suggest that Opa- Gc does not send an inhibitory signal to interfere with CEACAM-
mediated activation of Src family kinases. We predict that the ratio of Opa- and Opa+ Gc
associated with each PMN thus influences the efficiency of the cells” phagocytic killing
machinery.

Selection for Opa+ Gc occurs in naturally and experimentally infected individuals and in the
female mouse genital tract (James et al., 1978;Jerse, 1999;Cole et al., 2010;Hobbs et al.,
2011). However, Opa+ Gc is more readily killed by PMNs (Rest et al., 1982;Rest et al.,
1985;Virji et al., 1986;Fischer et al., 1988;Rest et al., 1989;Sarantis et al., 2007;Criss et al.,
2009;Ball et al., 2013). Therefore, Opa protein expression would be both advantageous and
disadvantageous during gonorrheal infection. Advantages of Opa protein expression include
increased colonization and invasion of epithelial cells, and resistance to proteases found in
cervical secretions (Makino et al., 1991;Kupsch et al., 1993;Wang et al., 1998;Jerse,
1999;Simms et al., 2006). As presented here, one major disadvantage is that Opa+ Gc
stimulates PMN antimicrobial responses, leading to residence in a degradative
phagolysosome and decreased bacterial survival. Therefore, in the immediate context of
PMNs, Opa- Gc has a survival advantage. However, interactions between Opa+ Gc and
PMNs may enhance Gc pathogenesis in two ways. First, the PMN oxidative burst and
degranulation results in tissue damage, which may increase bacterial colonization of deeper
layers of a stratified epithelium or even transmigration across epithelial cells to promote
dissemination (Zen et al., 2003). Second, stimulation of the PMN oxidative burst may serve
as a signal for Gc to upregulate genes to defend against PMN Kkilling. In support of this
hypothesis, Gc upregulates the expression of proteins such as RecN and Ngo1686/Mpg in
response to oxidative stress, which provide resistance to PMN killing (Stohl et al.,
2005;Criss et al., 2009;Stohl et al., 2013). Based on our current knowledge, we propose that
a balance of Opa+ Gc and Opa- G, as well as the ability of Gc to vary expression of Opa
proteins, play critical roles for the continual adaptation of Gc to its obligate human hosts, to
enhance bacterial persistence and the progression of gonorrheal disease.
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Experimental Procedures

Bacterial strains and growth conditions

The Gc used in this study are in the FA1090 background and constitutively express the pilin
variant 1-81-S2 due to mutation of the guanine quartet sequence upstream of pilE (Cahoon
et al., 2009). The majority of experiments were conducted using Opaless and OpaDp,, (Ball
et al., 2013), referred to here as “Opa-“ and “Opa+” Gc respectively. Experiments involving
DPI used AopaBEGK Gc that were predominantly Opa- or phase ON for expression of
OpaD (Ball et al., 2013), as confirmed by immunoblotting with the 4B12 pan-Opa antibody
(data not shown). Piliated Gc was routinely grown on Gonococcal Medium Base (Difco)
plus Kellogg’s supplements (Kellogg et al., 1963) for 20 hr at 37°C in 5% CO,. Gc was
grown to exponential phase via successive rounds of bacterial growth in rich liquid medium
(GCBL) and used to infect PMNs as previously described (Criss et al., 2008). Gc was
labeled with 5 pg ml~1 carboxyfluorescein diacetate succinimidyl ester (CFSE) for 20 min at
37°C. In order to coat the Gc surface with the N-terminal Ig domain of CEACAM 1 (see
below), 2x108 Gc were incubated with 6 pg ml~1 N-CEACAML1 at 37°C for 1 hr in 1 ml rich
liquid medium.

N-domain CEACAML1 Purification

Escherichia coli strain MC1061 transformed with pGEX-2V plasmid containing the N-
terminal 107 codons of human CEACAM1 (N-CEACAML) was a kind gift of Alena
Fedarovich (Medical University of South Carolina). A tobacco etch virus protease (TEV)
cleavage domain was introduced between GST and N-CEACAM1. GST-TEV-N-
CEACAML1 was purified from IPTG-induced E. coli by passage of the bacterial lysate over a
glutathione column. The GST tag was then cleaved using TEV, and N-CEACAM1 was
purified from GST and TEV using a Sephacryl S-200 gel-filtration column. Further details
of N-CEACAM1 expression and purification are forthcoming (J. Martin, L. Ball, T.
Solomon, A. Criss, and L. Columbus, manuscript in preparation).

PMN isolation

Venous blood was collected from healthy human subjects after receiving written informed
consent. All human subject research was conducted in accordance with a protocol approved
by the University of Virginia Institutional Review Board for Health Sciences Research.
PMNSs were isolated as previously described (Stohl et al., 2005) and resuspended at 1 x 107
cells per ml in Dulbecco’s PBS (without calcium and magnesium; Thermo Scientific)
containing 0.1% dextrose. PMNSs were kept on ice until use within 2 hr of preparation. PMN
morphology was assessed by phase-contrast microscopy and indicated the PMN
preparations contained approximately 95% PMNSs.

Gc survival in adherent, IL-8 treated PMNs

CFU enumeration—PMNs were diluted into RPMI (Mediatech) containing 10% fetal
bovine serum (Thermo Scientific) and 10 nM IL-8 (R&D Systems). 10° PMNs were added
to tissue culture-treated plastic coverslips (Sarstedt) for 1 hr at 37°C, 5% CO5.to promote
PMN attachment PMNs were synchronously infected with viable exponential-phase Gc at a
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multiplicity of infection of 1-5 bacterial colony forming units (CFU) per PMN, CFU were
enumerated over time from saponin lysates of PMNSs as described in (Criss et al., 2009).

Bacterial viability dyes—IL-8 treated PMNs in RPMI were allowed to attach to human
serum-coated glass coverslips for 1 hr at 37°C, 5% CO>, as previously described (Johnson et
al., 2013b). PMNs were infected with Gc as above, and detection of viable and nonviable Gc
associated with PMNSs as previously described, using Life Technologies Baclight Viability
Dyes (Life Technologies) on saponin-permeabilized PMNs (Johnson et al., 2013a). Images
were acquired within 30 min of exposure to the viability dyes. A minimum of 100 bacteria
were analyzed for each experiment.

Immunofluorescence

PMNs infected for indicated times with Opa- or Opa+ Gc were fixed with 4%
paraformaldehyde (PFA) in PBS for 15 min. External and internal Gc were distinguished
using a polyclonal rabbit anti-Gc antibody with and without permeabilization, as previously
described (Criss et al., 2009). For experiments evaluating recruitment of PMN secondary
granules, Gc was labeled prior to infection with CFSE to stain the total Gc population as
previously described (Johnson et al., 2013b) and external Gc were detected using the
polyclonal rabbit anti-Gc antibody as described above. Cells were then permeabilized using
a 1:1 ratio of acetone and methanol. Post permeabilization, PMN secondary granules were
recognized using a polyclonal rabbit anti-lactoferrin antibody (MP Biomedicals) and PMN
primary granules were recognized using monoclonal antibodies against neutrophil elastase
(AHN-10) (Millipore).

For experiments evaluating recruitment of Hck, Gc was labeled prior to infection with CFSE
to stain the total Gc population as previously described above. Intracellular Gc were
identified by staining for PMN secondary granules using monoclonal antibodies against
p22Phox (44.1) and gp91PhX (54.1) (both Santa Cruz Biotechnology) as previously described
(Johnson et al., 2013b). Staining for Hck was conducted using a polyclonal rabbit anti-Hck
antibody (Santa Cruz Biotechnology). Cells were incubated with Alexa Fluor-coupled goat
anti-rabbit or goat anti-mouse antibodies (Life Technologies) following primary antibody
incubation. Coverslips were mounted using Flouromount G (Southern Biotech) with 2.5 mg
ml~1 propyl gallate (Acros Organics).

For coinfection experiments, PMNs were infected with unlabeled Opa- G¢ and CFSE-
labeled Opa+ Gc as described above. After 1 h, PMNs were fixed with 4% PFA in PBS for
15 min. External and internal G¢ were distinguished using a polyclonal rabbit anti-Gc
antibody with and without permeabilization, as previously described (Criss et al., 2009).
PMN primary granules were recognized using monoclonal antibodies against neutrophil
elastase as described above. Cells were incubated with Alexa Fluor-coupled goat anti-rabbit
or goat anti-mouse antibodies (Life Technologies) following primary antibody incubation.

For each experiment, 50-200 intracellular bacteria were analyzed for enrichment of PMN
granule proteins. Bacterial phagosomes were classified as positive for PMN granule proteins
if antibody staining surrounded 50% of the bacterial circumference.

Cell Microbiol. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnson et al.

Page 12

Image acquisition

Images were acquired on a Nikon Eclipse E800 with Hamamatsu Orca-ER digital camera
using Openlab software and processed in Adobe Photoshop CS5. Images showing staining
for Hck were acquired on an LSM-700 Confocal microscope using Zen software and
processed in Adobe Photoshop CS5. For consistency, images depicting total bacteria,
including bacteria labeled with CFSE, were false colored blue.

PMN oxidative burst

Generation of reactive oxygen species from PMNs exposed to Opa+ Gc was measured by
luminol-dependent chemiluminescence as previously described (Criss et al., 2008;Ball et al.,
2013) using a Victor 3 multilabel plate reader (Perkin-Elmer). Luminescence was measured
in 1s intervals every 3 min for 60 min.

PMN Treatments

Cytochalasin D—PMNSs were treated with 10 pg ml~2 cytochalasin D (CytoD; Sigma
Aldrich) for 10 min prior to addition of Gc and for the duration of the infection.

DPI—PMNSs were treated with 10 uM DPI (Sigma Aldrich) for 15 min prior to addition of
Gc and for the duration of the infection.

Protease Inhibitors—PMNs were incubated with 1X Protease Inhibitor Cocktail Set V
(Calbiochem) for 15 min prior to infection with Gc and for the duration of the infection, as
previously described (Johnson et al., 2013b).

Signaling Inhibitors—PMNs were incubated at 37°C for 30 min prior to infection with
30 uM PP1 (Adipogen) or 10 uM LY294002. PMNSs were incubated at 37°C for 20 min
prior to infection with 50 uM piceatannol (Calbiochem) or 68.8 uM EHT1864 (Santa Cruz
Biotechnology). Inhibitors were present for the duration of the infection.

Src family activator—PMNSs were incubated at 37°C for 15 min prior to infection with
0.5 mg ml~1 Src family activator peptide (Santa Cruz Biotechnology) and was present for
the duration of the infection. The Src family activator activates Src-family members by
binding to the SH2 domain.

Antimicrobial Protein Susceptibility

Gc was incubated with the following proteins, and bacterial survival was calculated relative
to the survival of untreated Gc (set to 100%) as previously described (Ball et al., 2013).

LL-37—Gc was incubated with the indicated concentrations of LL-37 (gift from William
Shafer) in 0.5X GCBL for 45 min at 37 °C.

Cathepsin G—Cathepsin G (MP Biomedicals) was dialyzed for 12 hr at 4°C in distilled
water using SpectraPor dialysis membrane MWCO 3,500 (Spectrum Labs) to remove
acetate. Gc was incubated with the indicated concentrations of cathepsin G in 0.1X GCBL
for 60 min at 37 °C.
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BPI—Gc was incubated with the indicated concentrations of recombinant, full-length BPI
(Novatein Biosciences; in 0.01% acetic acid) in 0.1x GCBL for 45 min at 37 °C.

Defensin—Gc was incubated with 0.2 mg/ml human f defensin-2 (Phoenix
Pharmaceuticals; in 10 mM phosphate buffer, pH 7.4) in 0.2x GCBL for 45 min at 37 °C.

Experimental values are expressed as a mean + standard error of the mean for three replicate
experiments (unless otherwise noted), performed with different donors’ PMNSs for each
assay. A Student’s two-tailed t-test was used to determine significance for each assay. A p
value of less than 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Reduced survival of Opa+ Gc after exposure to PMNs. PMNSs were infected with Opa- (A)
or Opa+ (B) Gc for 1 hr. Viable Gc (green) and nonviable Ge (red) were discriminated using
Baclight viability dyes SYTO9 and propidium iodide, and extracellular Gc were labeled
with soybean lectin (blue). Extracellular viable Gc appear teal, intracellular nonviable Gc
appear red, and intracellular viable Gc appear green. Arrows indicate viable, intracellular Ge
and arrow heads indicate nonviable, intracellular Gc. Scale bar, 5 pm. The percent of viable
extracellular and intracellular Gc are reported in C. D. Opa- and Opa+ Gc were exposed to
PMNs that were left untreated or treated with cytochalasin D (CytoD). Bacterial survival
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was calculated as CFU enumerated from PMN lysates at each time point, divided by the
CFU present at 0 min. E, F. PMNs were exposed to Opa- or Opa+ Gc as in Figure 1A. In E,
the percentage of PMNs with associated bacteria was calculated and presented as the
average from three independent experiments. In F, the number of Gc per PMN was
determined for each PMN with associated bacteria for three independent experiments (n =
210 PMNs with Opa- Gc, 253 PMNs with Opa+ Gc). Asterisks indicate P < 0.05 by
Student’s two-tailed t test.
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Opa+ Gc¢
w/ N-CEACAM 1

H Opa+ Gc¢
0 Opa+ Gc w/ N-CEACAM 1

Survival of Opa+ Gc in PMNs can be rescued by preincubating the bacteria with soluble N-
terminal domain of CEACAML1 (N-CEACAML1). PMNs were infected with Opa+ (A) or
Opa+ Gc incubated with N-CEACAM 1 (B). Viability of individual Gc was assessed as in
Figure 1A-B. Arrows indicate viable, intracellular Gc and arrow heads indicate nonviable,
intracellular Gc. Scale bar, 5 um. The percent of viable intracellular Gc are reported in C.
Asterisks indicate P < 0.05 by Student’s two-tailed t test.
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Figure 3.

Phagosomes containing Opa+ Gc are significantly more mature than those containing Opa-
Gc. PMNs infected with Opa- or Opa+ Gc for 1 hr were stained with antibodies against the
secondary granule protein lactoferrin (A) or the primary granule protein neutrophil elastase

(B), which appear green. External Gc appear red/blue and internal Gc appear blue.
Arrowheads indicate bacterial phagosomes positive for granule proteins, while arrows

indicate phagosomes negative for granule proteins. Scale bar, 5 um. The percent of Opa+
and Opa- Gc phagosomes positive for lactoferrin or neutrophil elastase are reported in C and

D, respectively. Asterisks indicate P < 0.05 by Student’s two-tailed t test.
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Figure4.

Coinfection with Opa- and Opa+ Gc increases primary granule fusion with Opa- Gc
phagosomes and decreases survival of Opa- Gc in neutrophils. A. PMNs were infected either
with Opa- or Opa+ Gc for 1 h. Maturity of Gc phagosomes was measured by
immunofluorescence for the primary granule protein neutrophil elastase (NE) which appears
green. External Gc appear red/blue and internal Gc appear blue. Arrowheads indicate
bacterial phagosomes positive for granule proteins, while arrows indicate phagosomes
negative for granule proteins. B. PMNs were coinfected with CFSE-labeled Opa+ Gc and
unstained Opa- Gc. Maturity of Gc phagosomes was measured by immunofluorescence for
the primary granule protein neutrophil elastase, which appears red. External Opa+ Gc appear
purple/green and external Opa- Gc appear purple/blue. Internal Opa+ Gc appear green and
internal Opa- Gc appear blue. Arrowheads indicate Opa+ Gc phagosomes positive for
elastase and triangles indicate Opa- Gc¢ phagosomes positive for NEelastase The percent of
phagosomes positive for neutrophil elastase is reported in C. Asterisks indicate P < 0.05 by
Student’s two-tailed t test. Scale bar, 5 um. D. PMNs were infected with Opa-, Opa+ Gc, or
a 1:1 mix of Opa- and Opa+ Gc. Gec CFU were enumerated over time as described in Figure
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1D. Opa- and Opa+ Gc were differentiated by their colony opacity. Mix Opa- and Mix Opa+
Gc indicate the percent change in translucent and opaque CFU measured in the coinfection,
relative to the CFU of each at 0 min. Asterisks indicate P < 0.01 by Student’s two tailed t
test between Opa- and Opa+ Gc at 30 and 60 min. Hash indicates P < 0.01 by Student’s two
tailed t test between Opa- and Mix Opa- Gc at 60 min.
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Increased Killing of Opa+ Gc by PMNSs is independent of the PMN oxidative burst. PMNs
were pretreated with 10 uM DPI and infected with Opa- or Opa+ Gc. CFU of Gc were
enumerated from PMN lysates as described in Figure 1D. Asterisks indicate P < 0.05 for
Opa+ Gc vs Opa- Gc at matched time points by Student’s two tailed t test.
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Figure®6.
Protease inhibition increases the survival of Gc inside PMNSs, regardless of bacterial Opa

status. PMNs were treated with protease inhibitors or left untreated prior to infection with
Opa+ or Opa- Gc. In A-D, bacterial viability was determined using Baclight viability dyes
as in Figure 1A-B. The percent of viable Opa- and Opa+ Gc is reported in E. In F, bacterial
survival was measured by CFU enumeration from PMN lysates as in Figure 1D. Asterisks
indicate P < 0.05 by Student’s two-tailed t test.
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Expression of Opa proteins by Gc affects bacterial sensitivity to BPI. Gc were incubated
with increasing concentrations of cathepsin G (A), LL-37 (B), or BPI (C) for 45 min. While
survival of each strain was significantly reduced at each concentration of cathepsin G and
LL-37 relative to untreated Gc, there was no statistically significant difference in Opa+ vs
Opa- Gc sensitivity at matched concentrations of these proteins. For matched concentrations
of BPI, single asterisk indicates P < 0.05 and double asterisks indicate P < 0.005 by
Student’s two-tailed t test.
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Figure8.
Inhibition of Src family kinase signaling increases Opa+ Gc survival in PMNs. Untreated

PMNs (A) or PMNSs treated with Syk kinase inhibitor piceatannol (B), Src family kinase
inhibitor PP1 (C), Rac inhibitor EHT1864 (D), or phosphoinositide-3-kinase inhibitor
LY294002 (E) were infected with Opa+ Gc for 1 hr. The viability of individual intracellular
Opa+ Gc was assessed as in Figure 1A-B and is reported in F. Arrows indicate viable,
intracellular Gc and arrow heads indicate nonviable, intracellular Ge. Scale bar, 5 um.
Asterisks indicate P < 0.05 by Student’s two-tailed t test.
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H Opa-

OOpa+

Src family kinase activity is crucial for Opa+ Gc phagosome fusion with primary granules.
A, PMNs were treated with piceatannol or PP1 or were left untreated, then infected with
Opa+ Gc for 30 min. Immunofluorescence was conducted to discriminate external Ge (red/
blue) and internal Gc (blue). PMNs were stained with antibodies against the primary granule
protein neutrophil elastase, which appears green. B. PMNs were infected with Opa- or Opa+
Gc (blue) for 1 hr. PMNs were stained with an antibody against Hck, which appears green.
Arrowheads indicate bacterial phagosomes positive for granule proteins or Hck, while
arrows indicate phagosomes negative for granule proteins or Hck. Scale bar, 5 um. The
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percent of phagosomes positive for neutrophil elastase and Hck is reported in C and D,
respectively. Asterisks indicate P < 0.05 by Student’s two-tailed t test.
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Figure 10.
Activation of Src family kinases decreases Opa- Gc survival in PMNs. (A-C) PMNs were

left untreated (A) or treated with PP1 (B) prior to infection with Opa- Gc for 1 hr.
Intracellular bacterial viability was assessed as in Figure 1A-B and is reported in C. (D-F)
Untreated PMNs (D) and PMNSs treated with a Src family kinase activator (E) were infected
with Opa- Gc¢ for 1 hr. The viability of individual bacteria was measured as above and
reported in F. Arrows indicate viable, intracellular Gc and arrow heads indicate nonviable,
intracellular Gc. Scale bar, 5 pm. Asterisks indicate P < 0.05 by Student’s two-tailed t test.
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Figure 11.

Model depicting mechanisms which contribute to differential survival of Opa- and Opa+ Gc¢
in PMNs. Opa- Gc is internalized by a currently unknown mechanism, and a fraction of the
bacteria initially resides in immature phagosomes that do not fuse with primary granules.
Avoidance of the non-oxidative antimicrobial components found in PMN primary granules
enhances Opa- Gc survival inside PMNs. In contrast, Opa+ Gc engages CEACAM
receptors, which stimulates Src family kinase (green oval) signaling. As a result, Opa+ Gc¢
resides predominantly in mature phagolysosomes that fuse with primary (1°, yellow circle)
and secondary granules (2°, purple rectangle), which reduces bacterial intracellular survival.
Survival of Opa+ Gc in PMNSs is rescued when Opa protein engagement of CEACAMS is
blocked. Under these circumstances, Opa+ Gc is internalized by an alternative mechanism
akin to Opa- Gc. These bacteria reside in immature phagosomes, avoid exposure to non-
oxidative antimicrobial components in primary granules, and thus survive intracellularly in
PMNSs.
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