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Summary
Symptomatic infection with Neisseria gonorrhoeae (Gc) promotes inflammation driven by
polymorphonuclear leukocytes (PMNs, neutrophils), yet some Gc survive PMN exposure during
infection. Here we report a novel mechanism of gonococcal resistance to PMNs: Gc phagosomes
avoid maturation into phagolysosomes by delayed fusion with primary (azurophilic) granules,
which contain antimicrobial components including serine proteases. Reduced phagosome-primary
granule fusion was observed in gonorrheal exudates and human PMNs infected ex vivo. Delayed
phagosome-granule fusion could be overcome by opsonizing Gc with immunoglobulin. Using
bacterial viability dyes along with antibodies to primary granules revealed that Gc survival in
PMNs correlated with early residence in primary granule-negative phagosomes. However, when
Gc was killed prior to PMN exposure, dead bacteria were also found in primary granule-negative
phagosomes. These results suggest that Gc surface characteristics, rather than active bacterial
processes, influence phagosome maturation and that Gc death inside PMNs occurs after
phagosome-granule fusion. Ectopically increasing primary granule-phagosome fusion, by
immunoglobulin opsonization or PMN treatment with lysophosphatidylcholine, reduced
intracellular Gc viability, which was attributed in part to serine protease activity. We conclude that
one method for Gc to avoid PMN clearance in acute gonorrhea is by delaying primary granule-
phagosome fusion, thus preventing formation of a degradative phagolysosome.
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Introduction
Neisseria gonorrhoeae (the gonococcus or Gc) is an obligate human pathogen and the sole
cause of the sexually transmitted disease gonorrhea, a major global health problem. The
World Health Organization estimates there are 106 million new cases of gonorrhea
worldwide each year (Ndowa et al., 2012). 330,000 cases are reported annually in the United
States, although it is estimated that the actual number is at least twice as high (Workowski et
al., 2010). Gonorrhea typically presents as acute urethritis in men and cervicitis in women as
a consequence of close sexual contact with an infected individual. Infection can lead to
serious morbidity and complications if left untreated, including pelvic inflammatory disease,
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sterility, arthritis-dermatitis syndrome, endocarditis, and meningitis (Wiesner et al., 1980).
Gonorrhea can also be transmitted during childbirth, a leading cause of neonatal blindness.
Due to the sustained prevalence of gonorrhea throughout the world (Workowski et al.,
2010), Gc acquisition of resistance to multiple antibiotics (Unemo et al., 2011), and the
inability to date to generate a protective vaccine (Zhu et al., 2011), gonorrhea remains a
significant public health issue.

During acute gonorrheal disease, the infected mucosa releases chemokines that initiate a
potent inflammatory response and recruit abundant PMNs to the site of infection (Ramsey et
al., 1995; Hedges et al., 1998). PMNs possess oxygen-dependent and oxygen-independent
antimicrobial components contained within three subsets of cytoplasmic granules, primary,
secondary, and tertiary (Faurschou et al., 2003; Segal, 2005). In response to infection, PMNs
first release tertiary (gelatinase) granules, which contain enzymes including gelatinase to
degrade the extracellular matrix and allow for migration across the tissue, as well as
gp91phox and p22phox subunits of the NADPH oxidase complex that generates reactive
oxygen species. At the site of infection, PMNs release secondary and primary granules.
Secondary (specific) granules contain complement receptor 3 (CD11b/CD18), the gp91phox

and p22phox NADPH oxidase subunits, and oxygen-independent antimicrobial products such
as lactoferrin and hCAP18, the precursor to the cathelicidin LL-37. Primary (azurophilic)
granules contain the majority of PMN antimicrobial products, including myeloperoxidase
(MPO) to generate hypochlorous acid, α-defensin antimicrobial peptides, bactericidal-
permeability-increasing protein (BPI), and the serine proteases cathepsin G, neutrophil
elastase, and proteinase 3. In contrast to phagosomes in macrophages and nonphagocytic
cells, neutrophil phagosomes are not especially acidic and even undergo an initial period of
alkalinization (Lee et al., 2003). Therefore, clearance of microbes in neutrophils is primarily
due to the coordinate release of PMN granules which enhances PMN phagocytosis,
generates a potent oxidative burst, and releases antimicrobial peptides and proteases (Segal,
2005).

While numerous PMNs are present at the site of Gc infection, PMNs cannot resolve
gonorrheal disease, and viable Gc can be cultured from the purulent exudates of gonorrhea
patients (Wiesner et al., 1980). Moreover, in primary human PMNs infected in vitro with
Gc, a significant percentage of internalized bacteria remain viable (Simons et al., 2005;
Criss et al., 2009). These findings indicate that Gc has evolved mechanisms to resist PMN
killing (Johnson et al., 2011). We and others have shown that Gc suppresses the ability of
PMNs to produce ROS, and virulence factors that defend the bacteria against oxidative
damage do not contribute to Gc survival in PMNs (Criss et al., 2008; Britigan et al., 1988;
Lorenzen et al., 2000; Bjerknes et al., 1995; Seib et al., 2005; Wu et al., 2009). Thus Gc
survival after exposure to PMNs is primarily due to the bacteria resisting oxygen-
independent PMN antimicrobial activities. A variety of Gc gene products contribute to
bacterial resistance to oxygen-independent antimicrobial peptides and proteins, resulting in
modifications to Gc lipooligosaccharide and expression of efflux pumps (reviewed in
Johnson et al., 2011). While purified cathepsin G, BPI, and LL-37 have antigonococcal
activity in vitro (Rest, 1979; Rock et al., 1988; Shafer et al., 1986a; Shafer et al., 1998;
Casey et al., 1985), their effects on Gc viability have not been examined in the context of
bacterial interactions with PMNs.

In this study we investigated cellular mechanisms that contribute to Gc intracellular survival
in adherent, IL-8 treated, primary human PMNs. To our surprise, the majority of Gc
phagosomes exhibited delayed fusion with PMN primary granules. In the absence of
immediate fusion with primary granules, phagosomes were more likely to contain viable Gc.
Increasing primary granule fusion with Gc phagosomes reduced the viability of the bacteria
inside PMNs. We present a model in which surface characteristics of Gc drive bacteria into
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phagosomes which initially lack primary granule proteins, which have antigonococcal
activity. The delay in primary granule fusion with Gc phagosomes supports the survival of
Gc inside these normally antimicrobial cells, thereby contributing to the persistence of Gc in
its obligate human host.

Results
Gc phagosomes in primary human PMNs undergo limited fusion with primary granules

To assess the maturity of PMN phagosomes containing Gc, adherent, IL-8 primed, primary
human PMNs were infected with Gc of strain FA1090, and the enrichment and fusion of
granule subsets with bacterial phagosomes was observed by immunofluorescence and
immuno-transmission electron microscopy (TEM). Piliated, Opa-negative Gc were used to
remain consistent with our previous studies (Criss et al., 2009; Stohl et al., 2005).
Maturation of Gc phagosomes was compared to S. aureus-containing phagosomes, which
fuse with all subsets of granules (Voyich et al., 2005). For immunofluorescence, bacterial
phagosomes were considered enriched for a PMN granule subset if antibody reactivity
against a protein found in that granule subset surrounded ≥ 50% of the bacterial
circumference.

We initially compared S. aureus and Gc phagosomes for the presence of proteins found in
secondary and tertiary granules, which are mobilized early in PMN activation (Faurschou et
al., 2003). These granule subsets were detected with antibodies against the membrane
proteins gp91phox and p22phox. As expected, the majority of S. aureus phagosomes were
enriched for gp91phox and p22phox after 1 h infection (Figures 1A and B). We observed
similar enrichment of lactoferrin, a protein found within secondary granules, in S. aureus
phagosomes (Figures 1C and D). After 1 h infection, Gc phagosomes were enriched for
secondary and tertiary granule proteins to the same extent as S. aureus phagosomes (Figures
1B and 1D). We then conducted immuno-TEM using an anti-lactoferrin antibody to assess
whether or not secondary granules fuse with S. aureus and Gc phagosomes. All bacteria
were found to reside in membrane-bound compartments inside PMNs. Both S. aureus and
Gc infected PMNs exhibited lactoferrin staining within phagosomes, as well as lactoferrin-
positive granules surrounding the phagosomes (Figure 1E). From these data we conclude
that secondary granules, and presumably tertiary granules, fuse with Gc phagosomes in
PMNs.

As the final step in PMN activation, PMNs mobilize primary granules, which contain the
majority of PMN antimicrobial peptides and proteases (Faurschou et al., 2003). We
examined enrichment of primary granules to S. aureus and Gc phagosomes by
immunofluorescence against the membrane protein CD63 and the content protein neutrophil
elastase. As anticipated, S. aureus phagosomes were highly enriched for primary granule
proteins after 1 h infection, where solid rings of CD63 or neutrophil elastase staining were
seen surrounding intracellular bacteria (Figure 2A and 2C). In contrast, there was a
significant decrease in the percent of Gc phagosomes enriched for CD63 or neutrophil
elastase after 1 h infection (Figure 2B and 2D). While punctate CD63 and neutrophil
elastase staining was detected in the vicinity of some Gc phagosomes (Figure 2A and 2C),
this staining pattern did not meet the criteria for phagosomal granule enrichment. Immuno-
TEM against the primary granule protein MPO confirmed that S. aureus phagosomes fused
with primary granules, with MPO-positive granules also seen surrounding and docking to
the phagosomal membrane (Figures 2E). Inside S. aureus phagosomes, MPO reactivity
appeared to form a ring around the bacteria as it decorated the bacterial surface. Similar to
observations noted for S. aureus, some Gc phagosomes exhibited fusion with MPO positive
granules (arrowheads, Fig. 2E). However, Gc phagosomes which lacked the electron dense,
MPO positive ring were also observed, even though MPO-positive primary granules were in
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their vicinity (asterisks, Fig. 2E). The immunofluorescence and immuno-TEM results
indicate that most Gc phagosomes do not fuse with primary granules, such that primary
granule contents, including MPO and neutrophil elastase, are not delivered to phagosomes.

In order to determine if Gc phagosomes avoid fusion with primary granules in PMNs in
vivo, we examined PMNs in human gonorrheal exudates for enrichment of CD63 around
Gc. Similar to observations in ex vivo-infected PMNs, only 40% of Gc associated with
exudatous PMNs were positive for CD63 (Figure 3). This observation supports our findings
using adherent, IL-8 primed, primary human PMNs.

To address whether the absence of primary granule enrichment on Gc phagosomes
represented a block or a delay in phagosome-granule fusion, maturation of Gc phagosomes
in primary human PMNs was assessed over 6 h. The presence of CD63 on Gc phagosomes
steadily increased over time, from 47% after 1 h to 70% after 6 h; similar results were
obtained using neutrophil elastase to mark primary granules (Figure 4). We conclude that Gc
delays primary granule fusion with the phagosome, thereby initially avoiding exposure to
primary granule components inside PMNs.

We then asked if Gc globally impacted PMN phagosome-granule fusion by assessing the
maturation of phagosomes in PMNs coinfected with S. aureus and Gc as described in
Experimental procedures. There was no significant difference in the percent of S. aureus
phagosomes positive for the primary granule protein neutrophil elastase between PMNs
coinfected with Gc and PMNs infected with S. aureus alone (Figure 5). Thus Gc infection
does not alter PMN primary granule fusion with S. aureus phagosomes. Interestingly, the
percent of primary granule-positive Gc phagosomes was significantly increased in
coinfected PMNs compared to PMNs infected with Gc alone (Figure 5), suggesting S.
aureus can stimulate the increased fusion of Gc phagosomes with primary granules.

Taken together, these results reveal that the Gc inside human PMNs reside in two subsets of
phagosomes. Early in infection, the majority of Gc phagosomes remain immature, since they
do not fuse with primary granules but can fuse with other granule subsets. The remaining Gc
reside in phagolysosomes that have fused with all classes of PMN granules. As infection
proceeds, Gc phagosomes undergo fusion with primary granules, reaching a maximal
percent maturity after 6 h. The observed delay in primary granule fusion to Gc phagosomes
is not due to Gc globally altering PMN primary granule fusion; instead, primary granule
fusion with Gc phagosomes is determined per individual phagosome.

The delay in primary granule fusion with Gc phagosomes does not require active bacterial
processes and can be overcome by IgG opsonization

We envisioned two possibilities as to how Gc delays primary granule fusion with its
phagosomes in PMNs: live Gc releases factors that actively prevent early granule
mobilization, or surface components on Gc influence phagosome biogenesis and granule
mobilization. To test between these possibilities, PMNs were allowed to internalize
nonviable, paraformaldehyde (PFA)-fixed Gc, and the composition of the Gc phagosomes
was assessed by immunofluorescence microscopy. PMNs exposed to nonviable Gc exhibited
reduced enrichment of neutrophil elastase and CD63 at their phagosomes, at levels
statistically indistinguishable from PMNs infected with viable Gc (Figure 6). Similar results
were obtained using heat-killed bacteria (data not shown). We conclude that active Gc
processes are not required to prevent the initial fusion of primary granules with the Gc
phagosome, suggesting instead that bacterial surface composition influences phagosome-
granule fusion and delays phagosomal maturation.
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In phagocytes, the route by which a particle enters the cell influences phagosomal maturity,
and by extension, the phagosome’s ability to kill microbes (Stuart et al., 2005; Lee et al.,
2003). Directing bacterial pathogens such as Mycobacterium tuberculosis and Francisella
tularensis to opsonophagocytic pathways reduces the survival of these bacteria inside PMNs
and macrophages, respectively (Cougoule et al., 2002; Geier et al., 2011). We hypothesized
that driving Gc uptake by PMNs via complement or Fc receptors would modulate
phagosome maturation. To test this hypothesis, PMNs were infected with Gc that were
opsonized with normal human serum from individuals with no history of gonorrhea (serum
opsonization), with polyclonal anti-Gc rabbit IgG, or left unopsonized, and phagosome
maturity was assessed by immunofluorescence microscopy. Serum opsonization of Gc did
not alter primary granule fusion with Gc phagosomes compared to non-opsonized Gc.
However, IgG opsonization of Gc significantly increased primary granule fusion with Gc
phagosomes compared to non-opsonized or complement-opsonized Gc (Figure 7). Titration
of the antibody to the lowest concentration sufficient to opsonize Gc also resulted in
significantly increased trafficking of the bacteria to primary granule-positive phagosomes
(Supplemental Figure 1). This finding suggests that engagement of Fc receptors can drive
Gc into a mature phagolysosome in PMNs, although the possibility remains that the
antibody may also mask Gc surface components that prevent primary granule fusion with
phagosomes. Taken together, these results indicate that the surface composition of Gc,
including its opsonization state, directs interactions with PMN receptors to influence
phagosome-granule fusion and consequent phagosome maturation.

Gc phagosomes devoid of neutrophil primary granule proteins contain viable Gc
During ex vivo infection of primary human PMNs, up to 50% of Gc inside PMNs remain
viable (Criss et al., 2009; Simons et al., 2005). As primary granules contain PMN
components with known antigonococcal activity (Rest, 1979; Rock et al., 1988; Shafer et al.,
1986b; Shafer et al., 1998; Casey et al., 1985), we hypothesized that primary granule fusion
with Gc phagosomes reduces the viability of intracellular Gc, and the fraction of Gc that
survive inside PMNs represent those bacteria residing in phagosomes that exclude primary
granules. In preliminary support for this hypothesis, 86% of the phagosomes exhibiting rings
of MPO staining by immuno-TEM, indicative of primary granule-phagosome fusion,
contained electron-lucent, degraded bacteria (Fig. 2E).

To directly examine the relationship between phagosome maturation and bacterial viability,
we combined dyes that reveal viability of individual bacteria with the detection of primary
granule proteins. We modified our previously published bacterial viability assay, which used
propidium iodide permeability as a surrogate for bacterial death (Criss et al., 2009). Here,
nonviable Gc are permeant to Sytox Green, while the total Gc population is counterstained
with DAPI. We verified that the Sytox Green/DAPI combination was able to discriminate
live and dead Gc inside and attached to PMNs as effectively as the propidium iodide/
SYTO9 system (Supplemental Figure 2). Detection of primary granule proteins was
complicated by the fact that the bacterial viability dyes are incompatible with aldehyde
fixation. However, a fluorescently coupled anti-CD63 antibody showed immunoreactivity
with PMN granules and zymosan-containing phagolysosomes (Munafo et al., 2007) that
colocalized with the pattern of CD63 staining in aldehyde-fixed cells (Supplemental Figure
3).

To test the hypothesis that phagosomes lacking fusion with primary granules are more likely
to contain viable Gc, PMNs were infected with DAPI-labeled Gc for 1 h. PMNs were
saponin-permeabilized without aldehyde fixation, then exposed to Sytox Green and
fluorescently coupled anti-CD63. 25% of intracellular, Sytox Green-negative, viable Gc
showed enrichment of CD63. In contrast, 60% of intracellular, nonviable, Sytox Green-
positive Gc were surrounded by CD63 immunoreactivity, a significant increase (Figure 8).
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Thus Gc viability inside PMNs correlates with bacterial residence in immature, primary
granule-negative phagosomes.

The results presented thus far show that Gc has two fates within primary human PMNs.
Most bacteria reside in phagosomes that undergo delayed primary granule fusion, while the
remainder are found in phagosomes that fuse with primary granules and rapidly mature into
phagolysosomes. This delay in phagosome maturation does not depend upon secretion or
other active bacterial processes. However, when PMNs are infected with viable Gc, the
fraction of bacteria that are killed with PMNs are more likely to be the ones residing in
phagolysosomes, indicating that bacterial death inside PMNs occurs after phagosomes fuse
with primary granules. We conclude that primary granule components have antigonococcal
activity inside PMN phagosomes, and one mechanism by which Gc survives inside PMNs is
by avoiding these components through a delay in phagosome maturation.

Increasing primary granule fusion with Gc phagosomes reduces internal Gc viability
Given the correlation between Gc viability and residence in primary granule-negative
phagosomes, we took two approaches to examine how manipulating phagosomal
composition affected Gc viability inside PMNs. First, Gc was opsonized with IgG, in order
to drive Fcγ receptor-mediated uptake of the bacteria into phagolysosomes (Lee et al., 2003;
Stuart et al., 2005) (see Figure 7). PMNs were infected with non-opsonized Gc or Gc
opsonized with rabbit anti-Gc IgG, and bacterial viability inside PMNs was assessed using
propidium iodide to detect bacteria with compromised membranes and SYTO9 for intact
bacteria. IgG opsonization significantly decreased the viability of intracellular Gc, but did
not affect the viability of adherent bacteria (Figure 9). Together with the results presented in
Figure 7, these findings show that antibody opsonization directs Gc to a phagosome that
undergoes early fusion with primary granules, which consequently decreases Gc
intracellular survival.

As a second approach to modulating phagosome maturation, primary granule fusion with
phagosomes was ectopically induced with lysophosphatidylcholine (LPC) treatment (Hong
et al., 2010). Increased primary granule fusion with neutrophil phagosomes due to LPC
treatment is accompanied by calcium flux (Silliman et al., 2003). We observed LPC
treatment (Figure 10A–B) and treatment with the calcium ionophore ionomycin
(Supplemental Figure 4) significantly increased primary granule fusion with PMN
phagosomes containing non-opsonized Gc (Figure 10A–B). As observed for IgG-opsonized
Gc, intracellular Gc survival was significantly reduced in LPC-treated PMNs compared to
the untreated control (Figure 10C–E). LPC treatment had no significant effect on the
viability of Gc that were adherent to PMNs (Figure 10E) or were kept in media without
PMNs (data not shown). From these results, we conclude that primary granules contain
antimicrobial components that are capable of killing Gc inside PMN phagosomes, and
driving primary granule fusion with Gc phagosomes by opsonization or LPC treatment
decreases intracellular viability of the bacteria.

Protease activity contributes to the anti-Gc activity of phagosomes enriched with primary
granules

Primary granules contain the majority of oxygen-independent PMN antimicrobial
components (Faurschou et al., 2003). Of these components, Gc is resistant to α-defensins
(Qu et al., 1996) and suppresses the PMN oxidative burst, which provides the substrate
H2O2 for MPO activity (Criss et al., 2008; Britigan et al., 1988; Lorenzen et al., 2000;
Bjerknes et al., 1995; Seib et al., 2005; Wu et al., 2009). However, primary granule
proteases, specifically the serine protease cathepsin G, display antigonococcal activity in
vitro (Rest, 1979; Rock et al., 1988; Shafer et al., 1986a; Shafer et al., 1998; Casey et al.,
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1985). Cathepsin G can enzymatically cleave Gc outer-membrane proteins (Rest et al., 1981;
Shafer et al., 1987) and also has protease-independent antibacterial activity (Bangalore et al.,
1990; Shafer et al., 1986b). The role of these primary granule components in killing Gc has
not been examined in the context of PMN infection. To test whether PMN serine proteases
contribute to the antigonococcal activities of mature PMN phagolysosomes, Gc viability was
measured in PMNs treated with a protease inhibitor cocktail prior to infection (see
Experimental procedures), in the presence or absence of LPC. We confirmed that treatment
of PMNs with the protease inhibitor cocktail inhibited the proteolytic activities of cathepsin
G, neutrophil elastase, and proteinase 3 (Figure 11F). In the absence of LPC treatment,
protease inhibitor treatment significantly increased Gc viability inside PMNs compared to
untreated PMNs (Figures 11A, C, quantified in E). Moreover, protease inhibitor exposure
rescued the survival of Gc inside LPC-treated PMNs to levels seen in protease inhibitor-
exposed PMNs not given LPC (Figures 11B, D, E). Protease inhibitor treatment did not
affect the fusion of primary granules with PMN phagosomes (Supplemental Figure 5). These
data show for the first time that proteases are a major contributor to the antigonococcal
activity associated with some PMN phagosomes. We conclude that by initially avoiding
fusion with primary granules, the Gc phagosomes in PMNs exhibit reduced protease
activity, which promotes Gc survival inside PMNs.

Discussion
Although there is evidence for Gc survival inside PMNs during acute gonorrhea, the
mechanisms that allow the bacteria to avoid killing by PMNs have remained elusive. In this
work we show for the first time that most Gc inside PMNs delay phagosome fusion with
primary granules. These immature phagosomes are more likely to contain viable Gc, since
primary granule proteases and other components have antigonococcal activity. Our findings
reveal a novel approach Gc has evolved in order to evade PMN antimicrobial activities,
thereby enabling its survival in its obligate human hosts.

We identified two compartments containing Gc in primary human PMNs. Most phagosomes
fuse with secondary and/or tertiary granules but not primary granules, while others fuse with
all granule subsets. Primary granules contain a variety of antimicrobial components
including neutrophil elastase, cathepsin G, proteinase 3, BPI, and α defensins (Faurschou et
al., 2003). Previously, purified BPI and cathepsin G have been shown to have
antigonococcal activity in vitro (Casey et al., 1985; Shafer et al., 1986a), which we have
confirmed with strain FA1090 Gc (our unpublished observations). Thus we reasoned that
delaying primary granule fusion with the Gc phagosome would confer a survival advantage
on Gc found in PMNs. In support of this reasoning, nonviable Gc were more likely to be
found in primary granule-positive phagosomes than viable bacteria. Moreover, ectopically
increasing primary granule fusion with phagosomes by LPC treatment or antibody
opsonization of Gc reduced intracellular bacterial viability. These observations strongly
suggest that the components located within PMN primary granules are capable of killing Gc
in the context of the PMN phagosome, which has never before been shown.

Our results point to serine proteases as important contributors to the antigonococcal activity
of mature PMN phagosomes. The serine proteases of PMNs include neutrophil elastase,
proteinase 3, cathepsin G, and NSP4 (Faurschou et al., 2003; Perera et al., 2012). We
envision two possibilities to explain the contribution of these proteases to intraphagosomal
Gc killing. First, the proteases act directly on Gc. In support of this possibility, in vitro
studies have shown that cathepsin G degrades porin and Opa proteins in the Gc outer
membrane (Rest et al., 1981; Shafer et al., 1987). Digestion of outer-membrane proteins
could allow the proteases access to other potential targets inside Gc, although to date these
are not known. It could also render the bacteria more sensitive to killing by non-proteolytic
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components of primary granules. These include BPI and cathepsin G itself, which contains
two protease-independent peptide sequences with broad-spectrum antimicrobial activity in
vitro (Bangalore et al., 1990). Second, primary granule serine proteases activate precursors
of antimicrobial components that are found in other PMN granule subsets. Secondary
granules contain hCAP18, the precursor of the antimicrobial peptide LL-37 (Faurschou et
al., 2003), which has antigonococcal activity in vitro (Shafer et al., 1998), including against
strain FA1090 Gc (our unpublished observations). Primary granule proteases including
proteinase 3 are required to cleave hCAP18 to LL-37 (Sorensen et al., 2001). Therefore,
even if Gc phagosomes fuse with secondary granules, no LL-37 would be generated in the
phagosomes that avoid primary granules. These two possibilities are not mutually exclusive,
and we propose that delaying fusion of Gc phagosomes with primary granules protects Gc
against early exposure to antimicrobial components housed in both primary and secondary
granules, including those known to have potent activity against Gc.

While many pathogens can avoid the phagolysosome by modulating phagolysosomal
composition, this is the first time this observation has been made for Gc. One common
bacterial mechanism for phagolysosome avoidance, for instance in Legionella and
Salmonella, involves the manipulation of membrane traffic via the ATP-dependent secretion
of bacterial proteins that target the Rab family of GTPases or Rab effectors (Urban et al.,
2006). In contrast, the delay of Gc phagosome fusion with primary granules appears to be
independent of active bacterial processes. This may not be surprising, as Gc does not encode
secretion systems known to release proteins into host cells (van Ulsen et al., 2006). Instead,
our results point to Gc surface composition as the mechanism directing phagosome
maturation. Gc uses a variety of surface structures to manipulate host antimicrobial
responses and confer resistance to antimicrobial components. Gc pili and porin have been
implicated in altering neutrophil granule exocytosis (Bjerknes et al., 1995; Lorenzen et al.,
2000; Densen et al., 1978), modifications to Gc lipooligosaccharide have been shown to
increase bacterial resistance to antimicrobial peptides and proteases (Balthazar et al., 2011;
Lewis et al., 2009), and the Mtr and FarAB efflux pump systems span the inner and outer
membranes to export a variety of antimicrobial components out of the cell (Shafer et al.,
1998; Lee et al., 1999). We speculate that as a complement to these mechanisms, Gc uses
one or more surface components to direct the bacteria into a phagosomal compartment that
undergoes limited, delayed fusion with primary granules. The redirection of membrane
traffic could be initiated as early as during phagocytosis, since surface components on
pathogens, as shown for the M and/or M-like proteins of Streptococcus pyogenes,
lipophosphoglycan of Leishmania donovani, and lipoarabinomannan of Mycobacterium
tuberculosis, can dictate their eventual fate inside host cells (Staali et al., 2006; Desjardins et
al., 1997; Mollinedo et al., 2010; Fratti et al., 2001). Delaying of primary granule-
phagosome fusion could also occur from inside the Gc phagosome, by an as-yet
unappreciated mechanism. While the surface components that mediate this delay are not
known, the effect is not mediated by the Gc IgA protease, which can affect the composition
of Gc endosomes in non-phagocytic cells (Lin et al., 1997) (Supplemental Figure 6).

Individuals infected with Gc as well as individuals with no prior history of gonorrhea
produce opsonic IgG reactive against Gc surface components. However, most of these
surface components are antigenically variable, preventing individuals from developing a
protective humoral response to gonorrheal disease and contributing to the difficulty in
development of a protective vaccine (Zhu et al., 2011). Development of a vaccine is a long-
sought after goal of the public health community and is especially pressing given the
dramatic rise in multidrug-resistant Gc in the human population (Kirkcaldy et al., 2011;
Unemo et al., 2011). Importantly, our results suggest that IgG opsonization of Gc is capable
of enhancing primary granule fusion with the Gc phagosome and reducing Gc survival
inside PMNs. This observation raises the exciting possibility that if an effective antibody-
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based vaccine can be raised against Gc, the abundance of PMNs at the site of infection
would be sufficient for host-mediated clearance of gonorrhea, whether or not the bacteria are
susceptible to antibiotics.

We propose the following working model to explain the remarkable capability of Gc to
survive within human PMNs (Figure 12). In this model, Gc uses surface structures to
influence its fate within PMNs. Selective membrane trafficking allows the majority of Gc
phagosomes to delay fusion with PMN primary granules until 4–6 h post-infection. The Gc
inside phagosomes that delay primary granule fusion are more likely to remain alive because
they avoid degradation by primary granule proteases and membrane disruption by
antimicrobial peptides. The early avoidance of primary granules is not complete, and early
after internalization, a fraction of Gc are found in phagolysosomes that fuse with all classes
of PMN granules. Yet some of the Gc found in these phagolysosomes remain viable, which
is likely due to bacterial virulence factors that directly defend the bacteria from PMN
antimicrobial components. Additionally, we speculate that the delay in primary granule
fusion with the Gc phagosome allows Gc to adapt to the PMN intracellular environment, for
instance by upregulating genes whose products confer resistance to PMN antimicrobial
components. Thus Gc uses multiple, simultaneously operating mechanisms to enable its
persistence and potential replication inside PMNs. Although PMNs are terminally
differentiated cells, Gc has the potential to delay PMN apoptosis (Chen et al., 2011; Simons
et al., 2006), which would co-opt these normally antimicrobial cells into a protected niche
for Gc. We envision that the ability of Gc to persist within PMNs would facilitate long-term
colonization of its obligate human host and provide increased opportunities for
dissemination and transmission (Criss et al., 2012). The ability of Gc to avoid exposure to
toxic PMN components reflects how effectively Gc subverts normal PMN function, which
underlies the remarkable survival of Gc when confronted with the potent innate immune
response of symptomatic gonorrhea.

Experimental Procedures
Bacterial strains and growth conditions

The Gc of strain FA1090 used in this study constitutively expresses the pilin variant 1-81-S2
due to mutation of the guanine quartet sequence upstream of pilE (Cahoon et al., 2009) and
has in-frame deletions of the genes encoding the 4 “translucent” opacity-associated (Opa)
proteins, Opas B, E, G, and K (L. Ball and A. Criss, manuscript in preparation). Piliated,
phenotypically Opa-negative Gc was routinely grown on Gonococcal Medium Base (Difco)
plus Kellogg’s supplements (Kellogg et al., 1963) for 20 h at 37°C in 5% CO2. Gc was
grown to exponential phase via successive rounds of bacterial growth in rich liquid medium
as described (Criss et al., 2008). Unless otherwise stated, viable, exponential phase Gc was
used to infect primary human PMNs. To kill Gc prior to PMN exposure, Gc was either heat
killed by incubation at 56°C for 20 min, or fixed for 15 min with 4% paraformaldehyde
(PFA) (Electron Microscopy Sciences) in PBS. Gc was labeled with 5 μg ml−1

carboxyfluorescein diacetate succinimidyl ester (CFSE) for 20 min at 37°C. Gc was
complement opsonized with 50% fresh normal human serum (in Morse’s defined medium
(MDM) (Morse et al., 1980)) for 20 min at 37°C. Gc was IgG opsonized with a polyclonal
rabbit anti-Gc antibody (Biosource) for 30 min at 37°C. FA1090 iga::kan Gc, lacking IgA
protease, were previously described (Criss et al., 2008).

S. aureus ATCC 25923 and a Δspa mutant generated in the Newman background (obtained
from E. Skaar, Vanderbilt University) were grown on Luria-Bertani (LB) agar for 16 h. S.
aureus was inoculated into LB liquid broth and grown with rotation at 37°C for 20 h. In
immunofluorescence experiments, prior to infection, S. aureus was prelabeled with 10 μg
ml−1 4′,6-diamidino-2-phenylindole (DAPI) (Sigma) for 20 minutes in MDM at room
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temperature in the dark. S. aureus was complement opsonized with 20% fresh normal human
serum in MDM for 20 min at 37°C.

Zymosan
Zymosan (MP Biomedicals) was opsonized in 50% human serum in RPMI for 25 min at
37°C.

PMN isolation
Venous blood was collected from healthy human subjects after receiving written informed
consent, in accordance with a protocol approved by the University of Virginia Institutional
Review Board for Health Sciences Research (IRB-HSR). PMNs were isolated from
heparinized blood by dextran sedimentation followed by purification on a Ficoll-Hypaque
gradient as previously described (Stohl et al., 2005). PMNs were resuspended at 1 × 107

cells per ml in Dulbecco’s PBS (without calcium and magnesium; Thermo Scientific)
containing 0.1% dextrose and kept on ice until use within 2 h. Preparations routinely
contained > 95% PMNs, assessed morphologically by phase-contrast microscopy.

Human gonorrheal exudates
PMN-rich urethral gonorrheal exudates were obtained from men attending the Virginia
Department of Health (VDH) sexually transmitted disease clinic in Charlottesville, Virginia,
after receiving written informed consent, in accordance with a protocol approved by the
University of Virginia IRB-HSR and the VDH. Exudates from two male subjects presenting
with symptoms consistent with acute, uncomplicated gonorrhea were collected via urethral
swab into 4% PFA in PBS and stored at 4 °C until use. Gram staining of the exudate prior to
fixation and nucleic acid amplification tests confirmed the subjects were positive for
gonorrhea and no other sexually transmitted infection.

Adherent PMN assay
Acid washed 12mm glass coverslips in 24-well plates were coated for 1 h at 37°C with 50%
pooled human serum (Sigma) in PBS and washed in PBS prior to PMN addition. PMNs
were diluted into RPMI (Mediatech) containing 10% fetal bovine serum (Thermo Scientific)
and 10nM IL-8 (R&D Systems). 106 PMNs were added to each coverslip and incubated for
1 h at 37°C, 5% CO2 to promote PMN attachment. PMNs were infected with S. aureus,
viable exponential-phase Gc, or exposed to heat killed or PFA-killed Gc at a multiplicity of
infection of 1–5 bacterial colony forming units (CFU) per PMN as described in (Criss et al.,
2009). PMNs were exposed to opsonized zymosan for 25 min at 37°C. For experiments
extending Gc infection to 6 h, after 1 h media was replaced with Hanks’ balanced salt
solution with Ca2+ and Mg2+ and supplemented with 0.15% dextrose and 1% BSA.

Gc and S. aureus coinfection
PMNs were infected with Gc as described for 30 min. The same PMNs were then infected
with DAPI-labeled S. aureus as described for an additional 30 min. Coinfected PMNs were
compared to PMNs infected only with Gc for 1 h or with S. aureus for 30 min.

Immunofluorescence
PMNs infected in vitro—PMNs infected for 1, 2, 4, and 6 h with Gc and/or S. aureus
were fixed with 4% PFA in PBS for 15 min. External and internal Gc were distinguished
using a polyclonal rabbit anti-Gc antibody before and after PMN permeabilization as
previously described in (Criss et al., 2009). For experiments examining the secondary
granule marker lactoferrin, Gc was labeled prior to infection with CFSE to stain the total Gc
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population, and external Gc were detected using the polyclonal rabbit anti-Gc antibody as
described above. External S. aureus were recognized using a polyclonal biotinylated S.
aureus antibody (MyBiosource) followed by exposure to streptavidin coupled to Alexa Fluor
555 (Life Technologies), prior to PMN permeabilization. Cells were then permeabilized
using a 1:1 ratio of acetone and methanol. Post permeabilization, PMN secondary granules
were recognized using monoclonal antibodies against p22phox (44.1) and gp91phox (54.1)
(both Santa Cruz Biotechnology), or a polyclonal rabbit anti-lactoferrin antibody (MP
Biomedicals). PMN primary granules were recognized using monoclonal antibodies against
CD63 (H5C6-c) (Developmental Studies Hybridoma Bank and Ancell) or neutrophil
elastase (AHN-10) (Millipore) followed by Alexa Fluor-coupled goat anti-rabbit or goat
anti-mouse antibodies (Life Technologies). Coverslips were mounted using Flouromount G
(Southern Biotech) with 2.5 mg ml−1 propyl gallate (Acros Organics).

Human gonorrheal exudates—Gonorrheal exudates were pelleted at 100 × g for 12
min. Cells were resuspended in PBS containing 10% normal goat serum (Life Technologies)
and 0.2% saponin, then incubated for 1 h with Alexa Fluor 555-coupled mouse anti-CD63
antibody to label primary granules and 10 μg ml−1 DAPI to label total Gc. The anti-CD63
antibody was coupled to Alexa Fluor 555 using a Molecular Probes monoclonal antibody
labeling kit (Life Technologies), following the manufacturer’s instructions. Cells were
washed in PBS and mounted on slides for imaging.

Viability of bacteria associated with PMNs
Baclight viability dyes—Detection of viable and nonviable Gc associated with PMNs
was conducted as described in (Criss et al., 2009).

Sytox Green in combination with DAPI—A modification of the Baclight bacterial
viability assay was developed using Sytox Green and DAPI, since the propidium iodide
component of Baclight emits in both the red and ultraviolet channels of the fluorescence
microscope, and detection of external vs. internal bacteria, viable bacteria, nonviable
bacteria, and CD63 requires four-color fluorescence microscopy. Gc was prelabeled for 20
min with 10 μg ml−1 DAPI in MDM. After 1h of PMN infection, samples were incubated
with 0.4μM Sytox Green (Life Technologies) in 0.1 MOPS pH 7.2, 1mM MgCl2 (MOPS/
MgCl2) for 5 min. Gc was counted as viable if labeled only with DAPI and non-viable if
labeled with DAPI and Sytox Green.

Immunofluorescence for CD63 in combination with bacterial viability dyes
PMNs were infected with DAPI-labeled Gc. After 1 h, samples were washed and incubated
for 10 min at RT in MOPS/MgCl2 containing 5 μg ml−1 Alexa Fluor 647-coupled soybean
agglutinin (Life Technologies), which recognizes extracellular Gc. PMNs were then
incubated with Alexa Fluor 555-coupled mouse anti-CD63 antibody for 20 min in MOPS/
MgCl2 containing 0.2% saponin. Subsequently, PMNs were exposed to 0.4μM Sytox Green
in MOPS/MgCl2 containing 0.2% saponin for 5 min to stain nonviable Gc.

Immuno-TEM
PMNs infected for 1 h with Gc or Δspa S. aureus were fixed with 2% PFA, 0.25%
glutaraldehyde in phosphate buffer pH 7.2 for 45 min. PMNs were then incubated in 1%
PFA in phosphate buffer and shipped to the University of Iowa Central Microscopy
Research Facility. Cells were embedded in LR White and 60nm thin sections placed on
Formvar carbon coated grids. Sections were stained with polyclonal antibodies against the
lactoferrin (MP Biomedicals) or myeloperoxidase (Dako), followed by 10nm gold particle-
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labeled secondary goat anti-rabbit antibody. Sections were examined with a JEOL 1230
transmission electron microscope at an accelerating voltage of 120 kV.

PMN treatments
Lysophosphatidylcholine (LPC)—PMNs were infected with Gc as described. After 45
min, fresh RPMI +10% FBS or media containing 30μM LPC (18:0) (Sigma-Aldrich;
reconstituted in PBS) was added to each well and incubated for 15 min at 37°C. PMNs were
washed with fresh media and fixed for immunofluorescence or incubated an additional 30
min in fresh media and processed using Baclight viability dyes as described above.
Immunofluorescence was conducted as described to discriminate extracellular vs.
intracellular Gc and to detect neutrophil elastase.

Protease inhibitors—PMNs were incubated with 1X Protease Inhibitor Cocktail Set V
containing AEBSF, aprotinin, E-64, and leupeptin(Calbiochem) during PMN attachment to
coverslips. Protease inhibitors were present for the entire experiment. PMNs were then
infected with Gc for 90 min. After 45 min, protease inhibitor-treated PMNs were exposed to
LPC. Gc viability was assessed using Baclight viability dyes.

Ionomycin—PMNs were infected with Gc as described. After 30 min, fresh RPMI +10%
FBS or media containing 1μM ionomycin was added to each well and incubated for 15 min
at 37°C. PMNs were washed with fresh media and fixed for immunofluorescence.

Determination of serine protease activity—The proteolytic activities of cathepsin G,
neutrophil elastase, and proteinase 3 were assessed using specific substrates: cathepsin G,
0.1mM Suc-Ala-Ala-Pro-Phe-pNA (Elastin Products Company) in 100 mM HEPES, 500
mM NaCl pH 7.5; neutrophil elastase, 0.85 mM MeOSuc-Ala-Ala-Pro-Val-pNA
(Calbiochem) in 100 mM HEPES, 500 mM NaCl pH 7.5; proteinase 3, 0.25 mM Boc-Ala-
Ala-Nva-SBzL (Elastin Products Company) in H2O with 0.1mM 5,5′-Dithiobis (2-nitro-
benzoic acid) (Sigma-Aldrich). PMNs were incubated in the presence or absence of 1X
Protease Inhibitor Cocktail Set V. After 1 h the media was removed. The appropriate buffer
for each substrate, with 0.01% Triton X-100, was added to each well. PMNs were scraped
off coverslips and kept on ice for 5 min. Debris was removed by spinning 800 × g for 8 min.
An equal volume of lysed PMNs and substrate for each indicated serine protease was added
in triplicate to wells of a 96 well plate. The plate was incubated in the dark for 45 min at
37°C. The OD405 of each reaction was read on a Perkin Elmer Victor 3 1420 microplate
reader. Protease activity after inhibitor treatment was expressed as a percentage of the
activity recovered from PMNs not treated with the inhibitor.

Image acquisition, processing, and quantification
Images were acquired on a Nikon Eclipse E800 UV/visible fluorescence microscope with
Hamamatsu Orca-ER digital camera using Openlab software. Images were processed in
Adobe Photoshop CS5. For consistency, all images depicting total bacteria were false
colored blue, including bacteria labeled with CFSE. Images of human gonorrheal exudates
were acquired on a Zeiss LSM510 confocal laser scanning microscope with a 63x, 1.4
numerical aperture objective. Images were acquired with LSM510 operating software and
processed with LSM Image Browser (Zeiss) and/or Adobe Photoshop CS5 (Adobe).

Immunofluorescence—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.
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Bacterial viability dyes—Images were acquired within 30 min of mounting coverslips
and a minimum of 100 bacteria per experiment were analyzed for viability.

Immunofluorescence for CD63 in combination with bacterial viability dyes—
Images were acquired within 30 min of mounting coverslips. A minimum of 50 internalized
bacteria per experiment were analyzed for viability and enrichment of the neutrophil
primary granule protein CD63 at the Gc phagosome. Phagosomes were classified as positive
for CD63 according to guidelines described for immunofluorescence experiments.

Immuno-TEM—200 bacteria from grids stained with the anti-MPO antibody were
analyzed for the presence of an electron-dense MPO-positive ring surrounding the bacterial
phagosome. Bacterial viability was indirectly assessed by the electron density of their
cytoplasm, where electron-lucent bacteria were considered to represent nonviable Gc at the
time of fixation.

Human gonorrheal exudate—A minimum of 100 internalized bacteria were analyzed
for enrichment of the neutrophil primary granule protein CD63 at the Gc phagosome.
Phagosomes were classified as positive for CD63 according to guidelines described for
immunofluorescence with ex vivo-infected primary human PMNs.

Statistics
All values are expressed as a mean ± standard error of the mean for three replicate
experiments (unless otherwise noted), performed on different days with different donors’
PMNs for each assay. Significance was determined for each assay using a Student’s two-
tailed t-test. 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. S. aureus and Gc phagosomes fuse with secondary and tertiary granules in primary
human PMNs
(A–D) Adherent, IL-8 treated, primary human PMNs were infected for 1 h with S. aureus or
Gc. Extracellular S. aureus and Gc appear red/blue, while intracellular S. aureus and Gc
appear blue only. Both S. aureus and Gc infected PMNs were stained with antibodies against
the secondary and tertiary granule proteins gp91phox and p22phox (A) or the secondary
granule protein lactoferrin (C), which appear green. Arrowheads indicate bacterial
phagosomes positive for the granule proteins. The percent of S. aureus and Gc phagosomes
positive for gp91phox and p22phox and for lactoferrin are reported in B and D, respectively.
(E) Immuno-TEM showing phagosomes positive for lactoferrin that contain S. aureus or Gc.
Arrowheads indicate clusters of gold particles accumulated within bacterial phagosomes.
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Figure 2. Gc phagosomes undergo less fusion with primary granules than S. aureus phagosomes
(A–D) PMNs were infected for 1 h with S. aureus or Gc. Extracellular S. aureus and Gc
appear red/blue, while intracellular S. aureus and Gc appear blue only. PMNs were stained
with antibodies against the primary granule protein CD63 (A) or neutrophil elastase (NE)
(C), which appear green. Arrowheads indicate bacterial phagosomes positive for granule
proteins, while arrows indicate phagosomes negative for granule proteins. The percent of S.
aureus and Gc phagosomes positive for CD63 or neutrophil elastase are reported in B and D,
respectively. Asterisks indicate P < 0.05 by Student’s two-tailed t test. (E) Immuno-TEM for
myeloperoxidase (MPO) in PMNs infected with S. aureus or Gc. The Gc phagosomes in H
exhibit qualitiatively less MPO reactivity than the phagosome in G or either of the S. aureus
phagosomes. Arrowheads indicate a MPO-positive ring surrounding the bacteria. Open
white arrows indicate MPO-positive granules associated or fusing with the phagosome.
Asterisks indicate phagosomes which lack the MPO-positive ring surrounding the bacteria.
Black arrows indicate granules which are not fusing with the phagosome.
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Figure 3. Gc phagosomes in PMNs from gonorrheal exudates have reduced enrichment of
primary granule proteins
Human gonorrheal exudate PMNs were stained with an anti-CD63 antibody (red) and DAPI
(blue) to label total Gc. Arrowheads indicate bacteria positive for CD63 enrichment, while
arrows indicate bacteria negative for CD63 enrichment.
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Figure 4. Gc phagosomes delay primary granule fusion
(A–B) PMNs were infected for 1, 2, 4, or 6 h with Gc. Extracellular Gc appear red/blue,
while intracellular Gc appear blue only. PMNs were stained with antibodies against the
primary granule protein CD63, which appears green. Arrowheads indicate bacterial
phagosomes positive for granule proteins, while arrows indicate phagosomes negative for
granule proteins. The average percent of Gc phagosomes positive for CD63 or neutrophil
elastase from two replicate experiments are reported in B. Asterisks indicate P < 0.05 by
Student’s two-tailed t test.
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Figure 5. The effect of Gc on PMN phagosome maturation is phagosome-autonomous
(A) PMNs were infected with S. aureus for 30 min or Gc for 1 h, then processed for
immunofluorescence microscopy with the same color scheme as in Fig. 2C. (B) PMNs were
infected with Gc for 30 min followed by 30 min of additional infection with S. aureus, then
processed for immunofluorescence microscopy. Extracellular S. aureus appear purple/blue
and extracellular Gc appear purple/red, while intracellular S. aureus appear blue only and Gc
appear red only. The primary granule protein neutrophil elastase (NE) appears green.
Arrowheads indicate S. aureus phagosomes positive for neutrophil elastase, triangles
indicate Gc phagosomes positive for neutrophil elastase, and arrows indicate Gc
phagosomes negative for neutrophil elastase. (C) The average percent of Gc and S. aureus
phagosomes positive for neutrophil elastase from two replicate experiments are compared to
PMNs in the same experiment infected with Gc alone for 1 h, or S. aureus alone for 30 min
(not shown). Asterisks indicate P < 0.05 by Student’s two-tailed t test.
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Figure 6. Active Gc processes are not required to prevent primary granule fusion with Gc
phagosomes
PMNs were exposed to paraformaldehyde (PFA)-fixed Gc for 1 h, and intracellular and
extracellular Gc were discriminated from one another along with antibodies directed against
CD63 (A) or neutrophil elastase (NE) (B). Extracellular Gc appear red/blue, while
intracellular Gc appear blue only, and primary granule proteins appear green. PMNs were
also infected with viable Gc; these cells are not depicted but displayed the same staining
pattern for neutrophil elastase and CD63 as presented in Figure 2. Arrows indicate
phagosomes negative for granule proteins. The percent of CD63-or NE-positive phagosomes
containing viable and PFA-fixed Gc is reported in C.
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Figure 7. IgG opsonization of Gc increases primary granule fusion with Gc phagosomes
A. PMNs were infected with non-opsonized, complement opsonized, or IgG opsonized Gc
for 1 h, and intracellular and extracellular Gc were discriminated from one another, along
with an antibody directed against neutrophil elastase. Extracellular Gc appear red/blue,
while intracellular Gc appear blue only, and neutrophil elastase staining appears green.
Arrowheads indicate bacterial phagosomes positive for granule proteins, while arrows
indicate phagosomes negative for granule proteins. The percent of neutrophil elastase-
positive phagosomes containing non-opsonized, complement opsonized, or IgG opsonized
Gc is reported in B. Asterisks indicate P < 0.05 by Student’s two-tailed t test.
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Figure 8. Increased enrichment of the primary granule protein CD63 on phagosomes containing
nonviable Gc
PMNs were infected with DAPI-labeled Gc (blue) for 1 h. Infected PMNs were exposed to
soybean lectin (purple) to detect extracellular Gc, then permeabilized and incubated with an
antibody against CD63 (red) along with Sytox Green to detect nonviable Gc (green). Viable
intracellular Gc appear blue, and nonviable intracellular Gc appear green/blue. A
representative infected PMN is shown in A. Arrowheads indicate bacterial phagosomes
positive for granule proteins, while arrows indicate phagosomes negative for granule
proteins. The percent of viable and nonviable Gc residing in CD63+ phagosomes is reported
in B. Asterisks indicate P < 0.05 by Student’s two-tailed t test.
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Figure 9. IgG opsonization increases primary granule fusion with Gc phagosomes resulting in
decreased Gc intracellular viability
PMNs were infected with non-opsonized or IgG opsonized Gc (A). Viable Gc (green) and
nonviable Gc (red) were discriminated using Baclight viability dyes SYTO9 and propidium
iodide, and extracellular Gc were labeled with soybean lectin (blue). Arrows indicate viable,
intracellular Gc and arrow heads indicate nonviable, intracellular Gc. The percent of viable
extracellular and intracellular bacteria is reported in B for PMNs infected with non-
opsonized and IgG opsonized Gc. Asterisks indicate P < 0.05 by Student’s two-tailed t test.
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Figure 10. LPC treatment of primary human PMNs increases primary granule fusion with Gc
phagosomes
(A–B) PMNs were infected with Gc for 45 min, then given media with or without LPC.
Intracellular and extracellular Gc were discriminated from one another along with an
antibody raised against neutrophil elastase (NE). Extracellular Gc appear red/blue,
intracellular Gc appear blue only, and neutrophil elastase staining appears green. In (A)
arrowheads indicate bacterial phagosomes positive for granule proteins, while arrows
indicate phagosomes negative for granule proteins. The percent of phagosomes exhibiting
enrichment of neutrophil elastase with and without LPC treatment is reported in B. (C–E)
PMNs were infected with Gc and left untreated (C) or treated with LPC (D). Viable Gc
(green) and nonviable Gc (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. In C and D arrows indicate viable, intracellular Gc and arrow heads indicate
nonviable, intracellular Gc. The percent of viable extracellular and intracellular Gc in
untreated and LPC-treated PMNs is reported in E. Asterisks indicate P < 0.05 by Student’s
two-tailed t test.
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Figure 11. Ectopically increasing primary granule fusion with Gc phagosomes reduces
intracellular Gc viability by a protease-dependent process
PMNs were infected with Gc and treated with LPC (B, D) or left untreated (A, C) as
described in Figure 9. Prior to infection, PMNs were treated with protease inhibitor cocktail
(C, D). Viable Gc (green) and nonviable Gc (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 Gc and arrow
heads indicate nonviable, intracellular Gc. The percent of viable extracellular and
intracellular Gc in control PMNs, protease inhibitor treated PMNs, LPC treated PMNs, and
PMNs treated with both the protease inhibitor and LPC is reported in E. Asterisks indicate P
< 0.05 by Student’s two-tailed t test. The proteolytic activity of cathepsin G, neutrophil
elastase, and proteinase 3 was measured for PMNs treated with the protease inhibitor
cocktail and is expressed relative to untreated PMNs (F).
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Figure 12. Model for Gc survival inside primary human PMNs
See text for details.
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