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Abstract

An overwhelming neutrophil-driven response causes both acute symptoms and the lasting sequelae that result from
infection with Neisseria gonorrhoeae. Neutrophils undergo an aggressive opsonin-independent response to N. gonorrhoeae,
driven by the innate decoy receptor CEACAM3. CEACAM3 is exclusively expressed by human neutrophils, and drives a
potent binding, phagocytic engulfment and oxidative killing of Opa-expressing bacteria. In this study, we sought to explore
the contribution of neutrophils to the pathogenic inflammatory process that typifies gonorrhea. Genome-wide microarray
and biochemical profiling of gonococcal-infected neutrophils revealed that CEACAM3 engagement triggers a Syk-, PKCd-
and Tak1-dependent signaling cascade that results in the activation of an NF-kB-dependent transcriptional response, with
consequent production of pro-inflammatory cytokines. Using an in vivo model of N. gonorrhoeae infection, we show that
human CEACAM-expressing neutrophils have heightened migration toward the site of the infection where they may be
further activated upon Opa-dependent binding. Together, this study establishes that the role of CEACAM3 is not restricted
to the direct opsonin-independent killing by neutrophils, since it also drives the vigorous inflammatory response that
typifies gonorrhea. By carrying the potential to mobilize increasing numbers of neutrophils, CEACAM3 thereby represents
the tipping point between protective and pathogenic outcomes of N. gonorrhoeae infection.
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Introduction

Neisseria gonorrhoeae, the causative agent of gonorrhea, is a re-

emerging global health concern, with over a hundred million cases

diagnosed each year, the recent emergence of multi-drug resistant

strains that have led to its ‘superbug’ status, and a lack of success in

vaccine development [1,2,3]. Symptomatic infection with N.
gonorrhoeae results in acute inflammation of the urogenital tract

and a purulent urethral discharge consisting almost exclusively of

neutrophils. If left untreated, gonococcal infection can lead to

serious chronic conditions, such as pelvic inflammatory disease

and infertility, which stem from an overzealous response to the

infection [2].

N. gonorrhoeae is a Gram-negative diplococcus that is highly

adapted to colonization of the human urogenital tract. The initial

interaction between the bacteria and epithelia is mediated by type

IV pili, which retract to allow tight association with the mucosal

epithelia [4]. More intimate interactions are then facilitated by

adhesins including the neisserial Opa proteins binding to certain

epithelial cell-expressed members of the carcinoembryonic anti-

gen-related adhesion molecule (CEACAM) family: CEACAM1,

CEACAM5, and CEACAM6 [5,6,7,8,9]. CEACAMs represent a

subset of the Ig superfamily and consist of a variable number of Ig-

like constant domains and an Ig variable domain-like N-terminus

that allows Opa binding [10,11,12]. Attachment to apically

expressed CEACAMs is sufficient to trigger bacterial engulfment

and transcytosis across the epithelia to allow entry into the

subepithelial space [13,14]. CEACAM1 is notable among the

family in that, in addition to being on epithelial cells, it is also

expressed on certain endothelial, lymphocytic and myeloid cells.

Bacteria exploit its co-inhibitory function, which depends upon its

cytoplasmic immunoreceptor tyrosine-based inhibitory motif

(ITIM), to suppress T cell [15,16,17], B cell [18], dendritic cell

[19] and epithelial cell [20] responses (reviewed in [21]).

While binding to CEACAMs on most cell types tends to

facilitate infection, Opa proteins may also bind to neutrophil-

expressed CEACAM3. When this occurs, CEACAM3 triggers an

efficient opsonin-independent phagocytosis of the bacteria

[22,23,24]. Ligation of CEACAM3 also promotes a Syk kinase-

and phosphatidylinositol 3-kinase-dependent recruitment and

downstream activation of the neutrophils’ antimicrobial res-

ponses, including degranulation and oxidative burst
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[22,23,24,25,26,27,28]. These effects are driven by the cytoplas-

mic immunoreceptor tyrosine-based activation motif (ITAM),

which distinguishes CEACAM3 from the other CEACAMs that

N. gonorrhoeae binds. Considering that CEACAM3 is human-

restricted, expressed on neutrophils and lacks cell adhesion

function, CEACAM3 is now generally considered to be an innate

immune receptor allowing capture and elimination of bacteria that

colonize epithelial tissues via other CEACAMs [23,24,29,30,31].

Neutrophils are specialized for rapid transmigration to sites of

infection in response to a variety of stimuli, including chemotactic

gradients and presence of bacterial components. Following

recruitment to the infected tissue, neutrophils effectively phago-

cytose opsonized bacteria, activate production of reactive oxygen

species [32] and release toxic antimicrobial peptides and proteins

from cytoplasmic granules [33,34]. Conventionally, neutrophils

were thought to have little to no controlled expression of new

gene products, depending mostly on constitutively-expressed

proteins and pre-loaded granules assembled during maturation.

In recent years, it has become evident that properly stimulated

neutrophils respond by synthesizing new proteins [35,36,37],

however surprisingly little is known about the control of gene

expression.

In this work, we show that heterologous expression of human

CEACAMs in transgenic mouse neutrophils permits effective

opsonin-independent neisserial binding and neutrophil activation

in a manner reflecting that seen with human neutrophils.

Moreover, we reveal that Opa-dependent CEACAM3 binding

drives a potent neutrophil transcriptional response that elicits

production of pro-inflammatory cytokines via a PKCd and Tak1

serine/threonine kinase-dependent pathway triggered downstream

of Syk tyrosine kinase. Furthermore, we observed that infection of

human CEACAM-expressing transgenic mice with N. gonor-
rhoeae results in a dramatically higher neutrophil influx to the

infection site when compared to wild-type mice. Together, this

study establishes that bacterial binding to CEACAM3 effectively

recruits more neutrophils to the infected tissues. While providing

an effective strategy to combat the initial infection, this

self-propagating cycle of events can also lead to the pathogenic

inflammatory response that typifies symptomatic gonorrhea.

Results

CEACAM-humanized transgenic mouse neutrophils
respond to N. gonorrhoeae

Neisserial infection is exquisitely human-specific, with major

receptors for the bacterial Opa protein adhesins being certain

members of the human CEACAM family. While CEACAM

homologues can be found in all vertebrates [38], only human

CEACAMs have been observed to bind Neisseria. Mouse

polymorphonuclear leukocytes (PMNs), which express mouse

CEACAM1 on their surface, do not bind N. gonorrhoeae
[24,39], whereas human PMNs specifically bind Opa-expressing

but not Opa-deficient N. gonorrhoeae in an opsonin-independent

fashion (Figure 1A, C). We have recently established that

recombinant human CEACAMs encoded from constitutively

expressed cDNA were functionally expressed in a mouse

promyelocytic (MPRO) cell line [24]. We considered whether

ectopic expression of intact human CEACAM genes in transgenic

mouse neutrophils would also confer responsiveness to N.
gonorrhoeae. To address this question, we performed experiments

with bone marrow-derived neutrophils from human CEACAM-

expressing CEABAC2 mice [40]. These mice were engineered

using a BAC that encodes human CEACAM3, CEACAM5,

CEACAM6 and CEACAM7, none of which have murine

homologues. Using flow cytometric analysis and immunoblotting

with CEACAM-specific antibodies, we confirmed that human

CEACAM3 and CEACAM6 were expressed on the surface of

CEABAC neutrophils, in a manner reflecting their expression on

human neutrophils (Figure 1A,B). When we exposed CEABAC

neutrophils to N. gonorrhoeae expressing either the CEACAM-

specific Opa+ or no Opa protein (Opa2), they effectively bound

and engulfed the Opa+ but not Opa2 bacteria, whereas no such

association was apparent with wild type neutrophils regardless of

Opa expression (Figure 1C,D). While the number of Opa-

expressing bacteria captured by human CEACAM-expressing

neutrophils was substantially (,10-fold) greater than what occurs

with WT mouse neutrophils and/or Opa2 bacteria (Figure 1D),

the bacteria that become engulfed are effectively killed regardless

of whether or not human CEACAMs are involved in the uptake

(Figure 1E). These results differ from a recent study with human

neutrophils which describe increased killing of Opa+ (relative to

Opa2) bacteria [41], however it remains unclear whether this is a

neutrophil species-dependent effect or result from differences in

bacterial strain or methodology used in the two studies.

N. gonorrhoeae infection activates CEABAC neutrophils
Previous work addressing individual CEACAM expression and

its effect on neisserial infection was undertaken using transfected

promyelocytic cell lines [24]. Because CEABAC transgenic

neutrophils can bind and engulf N. gonorrhoeae (Figure 1C), we

wondered whether neutrophil-specific responses to N. gonorrhoeae
were also reproduced in these cells. Human neutrophils respond to

Opa-expressing N. gonorrhoeae by triggering an increased

consumption of oxygen, resulting in the production of free oxygen

radicals in the cell (the ‘oxidative burst’), as well as by releasing

granule components to the cell surface or into the newly formed

phagosome (‘degranulation’) [25]. Consistent with this, we

observed that Opa-expressing N. gonorrhoeae were able to

efficiently stimulate both the oxidative burst and release of

primary and secondary granules (as determined by the release of

neutrophil elastase and lactoferrin, respectively), in infected

Author Summary

Gonorrhea is a sexually transmitted infection caused by
the bacteria Neisseria gonorrhoeae. These bacteria have re-
emerged as a public health priority due to its acquisition of
resistance to multiple antibiotics, leading to fears of
untreatable infection. The symptoms of gonorrhea include
an intense inflammatory response that may lead to pus
discharged from the infected genital tract and scarring of
the reproductive tract caused by neutrophils recruited to
the site of infection. Past studies have detailed molecular
interactions that lead to neutrophil binding and engulf-
ment of N. gonorrhoeae, yet it remains unclear why N.
gonorrhoeae elicits such a pathogenic inflammatory
response. In this study, we reveal that N. gonorrhoeae
binding to the human innate decoy receptor, CEACAM3,
elicits a potent intracellular signaling cascade that leads to
neutrophil expression of cytokines that actively recruit
other neutrophils to the infected tissues. As they encoun-
ter the gonococci, the next wave of neutrophils becomes
similarly activated, leading to the progressive expansion in
phagocytic cell numbers until they overwhelm the
infected tissues. While this process promotes a rapid
response to a troubling pathogen early during infection,
the unrestrained recruitment of neutrophils and their toxic
antimicrobial arsenal also lead to the pathogenic conse-
quences associated with gonorrhea.

CEACAM3 Drives a Neutrophil Inflammatory Response
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Figure 1. Human CEACAM expression by mouse neutrophils results in neisserial capture and internalization. (A) Human CEACAMs are
expressed in CEABAC neutrophils in a manner reflecting that in human neutrophils. Human neutrophils (top), or wild type (WT) and CEABAC mouse
neutrophils (bottom) were fixed and stained with antibodies specific for CEACAM1, CEACAM3, CEACAM6, or a mouse IgG isotype control, and
analyzed by flow cytometry. Isotype histograms are shaded. (B) Immunoblot showing CEACAM expression in WT and CEABAC neutrophils. (C) Mouse
neutrophils do not bind N. gonorrhoeae, while human neutrophils bind N. gonorrhoeae in an Opa-dependent manner. Mouse (top) or human
(bottom) neutrophils were infected with non-opaque (Opa2) or Opa-expressing (Opa+) N. gonorrhoeae. Cells were visualized by staining filamentous
actin with phalloidin [16], and bacteria are shown in green. Intracellular and total bacteria were differentially stained, and quantified via
immunofluorescence microscopy (D). (E) WT and CEABAC PMNs kill Opa2 and Opa+ bacteria with similar kinetics. Adherent WT and CEABAC PMNs
were infected with either Opa2 or Opa+ N. gonorrhoeae at an MOI = 1. Bacterial survival over time was evaluated as CFUs present in PMN lysates at
each time point relative to bacterial CFUs present at time 0. N = 2. (F–G) N. gonorrhoeae infected CEABAC neutrophils respond analogously to human
PMNs. Human (F) or mouse (WT and CEABAC) (G) neutrophils were infected with Opa2 or Opa+ N. gonorrhoeae and oxidative burst and
degranulation responses were analyzed as described in Materials and Methods.
doi:10.1371/journal.ppat.1004341.g001

CEACAM3 Drives a Neutrophil Inflammatory Response
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human neutrophils (Figure 1F). In stark contrast, WT mouse

neutrophils are surprisingly unresponsive to N. gonorrhoeae
infection, illustrating the importance of human CEACAMs for

these effects. However, in CEABAC neutrophils, we observed that

the oxidative burst and degranulation were heightened in response

to Opa-expressing bacteria (Figure 1G), consistent with the

function of Opa proteins in CEACAM binding.

N. gonorrhoeae drives an acute inflammatory program in
neutrophils

While neutrophils were classically considered to be transcrip-

tionally quiet, Fc receptor-mediated phagocytosis has long been

known to promote IL-8 mRNA expression in neutrophils [32].

More recently, it has become clear that neutrophils have the

capacity to become transcriptionally active in response to certain

stimuli [35,36,37], yet neutrophil transcriptional responses to

specific infections remain poorly understood. Consequently, to

investigate whether N. gonorrhoeae might elicit a transcriptional

response, we isolated RNA from uninfected and infected WT and

CEABAC bone marrow-derived neutrophils and compared their

transcriptional profile by full genome gene array 1 hour post-

infection. DAVID functional annotation [42] and manual analysis

of the results revealed that the general pattern of genes expressed

in response to N. gonorrhoeae were similar in the WT and

CEABAC animals, however, two categories of transcriptional up-

regulation were apparent. In the first group are genes that are

induced to a similar level in WT and CEABAC PMNs. Of these,

the largest functional classes of genes are those involved in the

regulation of inflammation (i.e. IL-10 Receptor a Subunit (il10ra);

Suppressor of Cytokine Signaling 3 (SOCS3); Inhibitor of kappa B

subunits (IkBd, IkBf)) and control of cell cycle and apoptosis (i.e.
Bcl2, Gadd34, Gadd45) (Figure 2A). In contrast, the CEABAC

neutrophils displayed a marked up-regulation of acute inflamma-

tory cytokine expression, including TNFa (2.1-fold induction over

wild type neutrophils), IL-1a (2.7-fold induction) and the

neutrophil chemoattractant and activators Gro-a/KC, MIP-1a
and MIP-1b (1.5-, 3.3- and 3.5-fold induction) (Figure 2B). It is

pertinent to note that we detected no down-regulation of any gene

expression at that time point. Considering that regulatory genes

are expressed at similar levels between WT and CEABAC PMNs,

while pro-inflammatory mediators are drastically higher in

CEABAC cells, we infer that the cumulative effect of these

changes in gene expression would be a heightened pro-inflamma-

tory cytokine response when the gonococcal Opa proteins engage

the neutrophil-expressed CEACAM3.

Opa-expressing N. gonorrhoeae drive production of pro-
inflammatory cytokines in CEACAM-expressing
neutrophils

To validate gene array results, and confirm that increases in

transcript levels corresponded to PMN secretion of the protein

products, we measured the production of MIP-1a, MIP-2, KC

and TNF-a protein in infected PMNs from WT and CEABAC

mice (Figure 3A). Significant (between 3- to-10 fold) increases in

chemokine protein levels were observed in supernatants from

CEABAC PMNs infected with Opa+ bacteria, compared to

supernatants from CEABAC PMNs infected with Opa2 bacteria.

Critically, the WT neutrophil response was not affected by Opa

expression, instead reflecting that seen with Opa2 bacteria and

CEABAC PMNs, demonstrating that both Opa and human

CEACAMs are required for this effect. This increased chemokine

secretion corresponded with increased levels of chemokine

transcripts in these samples (Figure 3B), reflecting the data

obtained via the gene array experiments, and establishing that

de novo transcription is driving the cytokine response. Collectively,

these data provide the first evidence of a neutrophil transcription-

based inflammatory response to N. gonorrhoeae infection, and

point to the CEACAM-Opa interaction as a critical driver of this

inflammation.

CEACAM-Opa interaction drives an inflammatory
response in human peripheral blood neutrophils

To confirm that the CEACAM- and Opa-dependent transcrip-

tional response apparent in our transgenic mouse model reflected

that occurring in human PMNs, peripheral blood neutrophils

isolated from healthy volunteers were infected with Opa2 or Opa+

N. gonorrhoeae and then subjected to quantitative RNA analysis.

Opa+ N. gonorrhoeae-infected PMNs had substantially higher

levels of MIP-1a, MIP-2, TNF-a, and IL-1a transcript in all

donors tested, when compared to Opa2 infected controls

(Figure 3C). We therefore conclude that the CEACAM-Opa

interaction potentiates the inflammation observed during human

PMN infection, reflecting our findings with the CEACAM-

humanized mouse model.

Phagocytosis and production of reactive oxygen species
are not essential for inflammatory cytokine production

Unlike WT PMNs, CEABAC neutrophils efficiently bind and

phagocytose Opa-expressing N. gonorrhoeae (Figure 1C–D). This

prompted us to consider whether uptake alone can account for the

cytokine response of human CEACAM-expressing PMNs. To

address this question, WT and CEABAC PMNs were pre-treated

with cytochalasin D to inhibit phagocytosis prior to infection.

While cytochalasin D pre-treatment led to a marked decrease in

bacterial internalization, (Figure S1A), it had no effect on MIP-1a
secretion (Figure 4A). Furthermore, we used PMNs from a

transgenic mouse line expressing human CEACAM1 but no

CEACAM3. While the human CEACAM1-expressing neutrophils

can efficiently phagocytose Opa-expressing N. gonorrhoeae [43],

the neutrophils showed little chemokine response to infection

(Figure S1B).

In considering that reactive oxygen species (ROS) have been

linked to the activation of various inflammatory signals [44], we

also sought to confirm whether ROS formed during the well-

characterized oxidative burst response to Opa-expressing N.
gonorrhoeae [24,25,28,41] explained the induced cytokine re-

sponse. To this end, we prevented ROS production using the

NADPH oxidase inhibitor diphenylene iodonium (DPI) and then

measured cytokine production in WT and CEABAC neutrophils

infected with Opa2 and Opa+ bacteria. While DPI completely

abolished the otherwise high levels of ROS produced upon

exposure of CEABAC PMNs to Opa+ N. gonorrhoeae (Figure

S1C), this had no affect the chemokine response of CEABAC

PMNs (Figure 4A). Taken together our data suggest that Opa

protein-dependent engagement of CEACAM3 drives a cytokine

response that is independent of its ability to promote bacterial

phagocytosis and is not mediated by the ROS produced in

response to infection.

CEACAM-Opa interaction drives activation of NF-kB and
MAPK signaling

A large proportion of genes identified in our gene array study

(MIP-1a, MIP-2, TNF-a, IL-1a) are known to be activated by NF-

kB. NF-kB transcription factors are major mediators of inflam-

mation and have been shown to stimulate transcription of pro-

inflammatory cytokines in response to LPS in PMNs [45] [46]

CEACAM3 Drives a Neutrophil Inflammatory Response
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[47]. NF-kB also governs transcriptional responses downstream of

various ITAM receptors in other (non-neutrophil) cell types [48],

including the innate immune receptor Dectin-1 [49]. This led us to

investigate NF-kB activation downstream of CEACAM3. Consis-

tent with NF-kB being a downstream effector of CEACAM3,

IkBa was degraded more rapidly and completely in CEACAM-

expressing PMNs than in the WT cells (Figure 4B).

The p38 mitogen associated kinase (MAPK) has been shown to

act along side NF-kB in the activation of PMN transcriptional

responses to LPS [50] [46]. Consequently, we considered whether

p38 might also be involved in the CEACAM-mediated transcrip-

tional response. Infected CEABAC neutrophils exhibit increased

levels of p38 phosphorylation when compared to WT (Figure 4C),

indicating that they are more effectively activated in response to N.

Figure 2. N. gonorrhoeae drives an acute inflammatory transcriptional program. A gene array of WT and CEABAC PMNs infected with Opa+

N. gonorrhoeae was performed, and genes showing a significant increase in transcription over uninfected controls are illustrated. Genes with $2 fold
induction over uninfected controls in both WT and CEABAC neutrophils 1 h post-infection are shown. (A) List of genes up-regulated to a similar level
in both WT and CEABAC neutrophils relative to uninfected neutrophils. (B) List of genes differentially expressed between CEABAC and WT PMNs. The
fold difference by which WT and CEABAC differ is indicated next to each bar.
doi:10.1371/journal.ppat.1004341.g002

CEACAM3 Drives a Neutrophil Inflammatory Response
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gonorrhoeae infection. In contrast, the Erk1/2 MAPKs were not

phosphorylated in a CEACAM-dependent manner (Figure 4D),

suggesting selective activation of p38 kinase upon CEACAM

ligation. To assess whether p38 activity contributed to the

CEACAM-dependent cytokine response, PMNs were exposed to

a p38-specific inhibitor (SB203580) prior to infection. This

treatment effectively blocked production of MIP-1a and MIP-2

in CEABAC PMNs infected with Opa+ N. gonorrhoeae (Fig-

ure 4E), while inhibition of Erk1/2 phosphorylation had no effect

on cytokine secretion (Figure S1D). Together, this data supports

an essential role for p38 MAPK in the CEACAM-dependent

transcriptional response.

It has been reported that the mitogen-activated kinase kinase

kinase (MAPKKK) family member TAK1 can activate both p38

MAPKs and NF-kB [51]. To test the involvement of TAK1 in the

p38 activation observed during neisserial infection of PMNs, we

used the TAK1 inhibitor (5z)-7-oxozeanol. TAK1 inhibition

effectively abrogated MIP-1a and MIP-2 secretion by the Opa+

N. gonorrhoeae-infected CEABAC neutrophils (Figure 4F). Im-

portantly, neither bacterial adherence nor phagocytosis by the

PMNs were affected by either the p38 or TAK1 inhibitors

(Figure 5E, F), confirming that the effect of these two compounds

on cytokine expression was not due to their inhibition of these

cellular processes.

SFK, Syk, and PKCd couple CEACAM3 to the downstream
transcriptional response

CEABAC neutrophils express both human CEACAM3 and

CEACAM6. Both receptors facilitate bacterial uptake, yet

Figure 3. Opa-expressing N. gonorrhoeae drive CEACAM-dependent production of pro-inflammatory cytokines in neutrophils. (A–B)
CEABAC PMNs secret pro-inflammatory cytokines in response Opa+ N. gonorrhoeae. Mouse (WT and CEABAC) neutrophils were infected with either
Opa2 or Opa+ N. gonorrhoeae (MOI 10). MIP-1a, MIP-2, KC and TNFa production was measured 3 h post infection at (A) protein and (B) mRNA level.
N$3, error bars represent SEM. (C) Human neutrophils infected with Opa+ N. gonorrhoeae show increased levels of MIP-1a, MIP-2, TNFa, and IL-1a
mRNA relative to PMNs infected with Opa2 bacteria. Each symbol represents an individual donor. Cytokine mRNA levels shown as relative to levels of
GAPDH mRNA. One-Way ANOVA (with Tukey’s post-test) was performed for relevant samples, *P,0.05, **P,0.01, ***P,0.001. For (A) and (B) stars
indicate significance against all other conditions.
doi:10.1371/journal.ppat.1004341.g003

CEACAM3 Drives a Neutrophil Inflammatory Response
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previous work has shown that the activation of neutrophil

bactericidal processes, including degranulation and oxidative

burst, occur via CEACAM3 alone [24,25]. We sought to confirm

whether the pro-inflammatory response observed in CEABAC

neutrophils was solely mediated by CEACAM3, and to determine

whether the inflammation depended upon the CEACAM3 ITAM-

dependent signaling. Since CEACAM3, unlike the GPI-anchored

CEACAM6, relies on phosphorylation of its cytoplasmic ITAM by

Src family kinases (SFK) for its activation, we exploited the SFK-

specific inhibitor PP2 that has previously been shown to block

CEACAM3 ITAM-dependent signaling [22,25,52,53]. Inhibition

of SFK significantly abrogated cytokine production (Figure 5A),

but did not affect bacterial adherence or phagocytosis (Figur-

e 5E,F). Considered together, the data suggests that CEACAM3

ITAM phosphorylation is essential for induction of pro-inflam-

matory response. This also indicates a divergence in the bacterial

engulfment and transcriptional pathways, since the tyrosine

phosphorylation-independent CEACAM3- and CEACAM6-me-

diated engulfment of N. gonorrhoeae [24] is not, itself, sufficient to

elicit the pro-inflammatory response. Work in other systems has

shown that Syk kinase is an essential mediator of ITAM-mediated

responses in general [54] and CEACAM3-specific neutrophil

responses in particular [24], though there is some suggestion that

CEACAM3 can signal independent of Syk [55]. Therefore, we

tested whether Syk contributed to CEACAM3-dependent inflam-

matory signaling using the specific inhibitor, piceatannol. Inhib-

iting Syk function led to a significant reduction in chemokine

production by CEABAC neutrophils (Figure 5B), implicating a

critical role for this kinase in the CEACAM3-dependent pro-

inflammatory cytokine responses.

Recently, the serine/threonine kinase PKCd was shown to link

signaling from the ITAM-containing innate immune receptor

Dectin-1 to NF-kB activation in dendritic cells [56]. Consequently,

we assessed PKCd activation during N. gonorrhoeae infection of

WT and/or CEABAC PMNs. CEABAC neutrophils showed

substantially increased phosphorylation of PKCd relative to that

seen in WT PMNs (Figure 5C), suggesting it is also activated

downstream of CEACAM3. Furthermore, pretreatment of

Figure 4. N. gonorrhoeae infection elicits an NF-kB and p38 MAPK signaling-dependent cytokine response in CEABAC neutrophils.
CEABAC-Opa interaction leads to activation of NF-kB signaling. (A) WT and CEABAC PMNs were left untreated or pre-incubated with DPI (10 mM) or
cytochalasin D (10 mg/ml). PMNs were then infected with either Opa2 or Opa+ N. gonorrhoeae and MIP-1a levels were measured 3 h post infection.
N = 3, error bars represent SEM. One-Way ANOVA indicates no significant differences between corresponding samples. (B) WT and CEABAC PMNs
were infected with Opa+ N. gonorrhoeae (MOI = 10 bacteria/PMN) for times indicated, and levels of IkBa were then detected by immunoblot with IkBa
antibody. Assessment of tubulin levels confirmed equal protein loading. (C, D) CEABAC-Opa interaction promotes activation of p38 MAPK. WT and
CEABAC PMNS were infected as in (B). Activation of MAP kinases p38, Erk1, and Erk2 was determined by immunoblot with phospho-specific
antibodies. Total p38 and Erk1/2 levels were assessed to ensure equal protein loading. (D, F) WT and CEABAC PMNs were left untreated or
preincubated with (D) p38 inhibitor (SB203580, 10 mM) or (E) TAK1 inhibitor ((5z)-7-oxozeaenol, 500 nM). PMNs were then infected with either Opa2

or Opa+ N. gonorrhoeae and MIP-1a and MIP-2 levels were measured 3 h post infection. N$3, error bars represent SEM. One-Way ANOVA (with
Tukey’s post-test) was performed for relevant samples, *P,0.05, **P,0.01, ***P,0.001. Stars indicate significance against all other conditions.
doi:10.1371/journal.ppat.1004341.g004
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CEABAC PMNs with the PKC inhibitor bisindolylmaleimide II

(BIS II) led to the inhibition of MIP-1a production in response to

Opa+ N. gonorrhoeae (Figure 5D), consistent with PKCd actively

contributing to the CEACAM3-driven inflammatory response. In

summary, we have outlined a novel signaling cascade downstream

of CEACAM3 that is distinct from CEACAM3-mediated bacterial

engulfment and activation of antimicrobial responses (Figure 5G),

and potentially contributes to the excessive inflammatory response

typical of N. gonorrhoeae infection.

CEACAM-Opa intensifies the inflammatory response in
vivo

The heightened expression of pro-inflammatory cytokines by

CEACAM-humanized PMNs should result in increased neutro-

phil chemotaxis to the site of N. gonorrhoeae infection, an outcome

consistent with the clinical manifestations of gonorrhea. To test

this, we collected supernatants from WT and CEABAC PMNs

infected with Opa+ N. gonorrhoeae, and measured their ability to

affect the speed and directionality of neutrophils using a Zigmond

chamber. Consistent with the increased expression of chemotactic

factors when CEABAC neutrophils are infected with N. gonor-
rhoeae, the chemotaxis of uninfected neutrophils was significantly

greater in response to culture supernatants from the N.
gonorrhoeae-infected CEABAC neutrophils, as compared to

supernatants from infected WT neutrophils (Figure 6A). To

understand the implications of these effects during in vivo
infection, we measured the relative contribution of neutrophil

CEACAM3 on inflammation using a subcutaneous air-pouch

model, which allows the effective recovery and analysis of

leukocyte recruitment to an otherwise sterile site [57]. Opa

Figure 5. CEACAM3 signaling is required for the PMN cytokine response to N. gonorrhoeae. Inhibition of Src-family kinases and Syk leads
to decreased cytokine production by infected PMNs. (A, B) WT and CEABAC PMNs were left untreated or pre-incubated with (A) Src-family kinase
inhibitor (PP2, 10 mM), or (B) Syk inhibitor (piceatannol, 50 mM). PMNs were then infected with either non-opaque (Opa2) or Opa-expressing (Opa+) N.
gonorrhoeae, and MIP-1a and MIP-2 levels were measured 3 h post infection. N$3, error bars represent SEM. One-Way ANOVA was performed for
relevant samples, *P,0.05, **P,0.01, ***P,0.001 (C) Opa+ N. gonorrhoeae infection leads to phosphorylation of PKCd. WT and CEABAC PMNs were
infected with Opa+ N. gonorrhoeae (MOI = 10 bacteria/PMN) for times indicated times. PKCd activation was measured by immunoblot using phospho-
PKCd antibody. Immunoblot for PKCd indicates equal protein loading. (D) CEABAC PMNs were left untreated or pre-incubated with PKC inhibitor (BIS
II, 10 mM). PMNs were then infected with Opa2 or Opa+ N. gonorrhoeae, and MIP-1a levels were measured 3 h post infection. One-Way ANOVA (with
Tukey’s post-test) was performed for relevant samples, *P,0.05, **P,0.01, ***P,0.001. Unless otherwise indicated, stars indicate significance against
all other conditions. (E, F) Inhibition of SFK, Syk, TAK1 or p38 does not affect bacterial binding (E) or phagocytosis (F). WT and CEABAC PMNs were
left untreated or pre-incubated with indicated inhibitors. PMNs were then infected with Opa+ N. gonorrhoeae (MOI = 25) for 30 min. Intracellular and
total bacteria were differentially stained, and quantified via immunofluorescence microscopy. (G) Schematic representation of proposed signaling
pathway resulting in bacterial engulfment, activation of oxidative burst and degranulation, and cytokine production.
doi:10.1371/journal.ppat.1004341.g005
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expression did not affect leukocyte recruitment into air pouches

formed in WT mice. However, in CEABAC mice, the Opa-

expressing gonococci elicited a significantly increased infiltration

of neutrophils relative to that seen in response to Opa2 bacteria

(Figure 6B). Giemsa-Wright staining of the CEABAC-Opa+ air

pouch infiltrate showed that nearly all of the cells (.95%) present

Figure 6. CEACAM binding stimulates the inflammatory response to N. gonorrhoeae in vivo. (A) Neutrophil migration assay. PMN
migration speed towards N. gonorrhoeae infected CEABAC or WT neutrophil-derived supernatants was measured using a Zigmond chamber. One-
Way ANOVA (with Tukey’s post-test) was performed for relevant samples, ***P,0.001 (B) Neutrophil infiltration is more pronounced in human
CEACAM-expressing mice in an infected subcutaneous air pouch model. Manual neutrophil counts of wash fluids collected from air pouches. ‘PBS’
denotes mice injected with sterile PBS. One-Way ANOVA was performed for relevant samples, *P,0.05, **P,0.01, ***P,0.001 (C) Giemsa-Wright
stain of wash fluid collected from CEABAC air pouch infected with Opa+ N. gonorrhoeae. The arrows point towards N. gonorrhoeae inside the
neutrophil. (D) Neutrophil-expressed CEACAMs mediate N. gonorrhoeae binding within the air pouch. Cells from trypsinized air pouches were grown
on coverslips in the presence of antibiotics, and infected in vitro with Opa+ N. gonorrhoeae. Cells were visualized by staining for filamentous actin [16],
CEACAMs (green), DNA (blue) and bacteria (cyan). (E) Levels of MIP-1a, MIP-2, KC, and IL-1b were measured in wash fluids collected from air pouches.
PMN2 refers to mice in which neutrophils were depleted by administration of the Gr1-specific clone RB6-8C5 antibody one day prior to infection with
Opa+ N. gonorrhoeae. One-Way ANOVA (with Tukey’s post-test) was performed for relevant samples, *P,0.05, **P,0.01, ***P,0.001 (F) Inhibition of
pro-inflammatory signaling reduces neutrophil infiltration into the air pouch. Neutrophil counts of wash fluids collected from CEABAC mice infected
with Opa+ N. gonorrhoeae in the presence or absence of TAK1 inhibitor.
doi:10.1371/journal.ppat.1004341.g006
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are PMNs (Figure 6C), with many neutrophils containing intra-

cellular gonococci. Notably, the number of PMNs present in

CEABAC mice infected with Opa2 bacteria reflected that seen in

the WT mice, indicating that both Opa and human CEACAMs

are required to drive the more intense inflammatory response.

Considering the marked increase in neutrophil response in the

CEABAC animals, we considered whether it was possible that cells

lining the air pouch could differentially associate with N.
gonorrhoeae, which would contribute to the inflammatory milieu.

To test this, we administered trypsin/EDTA into an uninfected air

pouch from CEABAC mice, harvested the cells that were released,

and then seeded them onto glass coverslips. The next day, cells

were infected with Opa+ bacteria, and bacterial binding and

CEACAM expression were assessed using immunofluorescence

microscopy. Cells lining the pouch did not express CEACAM and

did not bind or take up the N. gonorrhoeae (Figure 6D, top). When

the same experiment was conducted on air pouches infected with

Opa+ N. gonorrhoeae, we observed a large number of PMNs had

infiltrated the air pouch lining. As expected, these PMNs expressed

high levels of the human CEACAMs, and effectively bound the

bacteria, unlike the adjacent fibroblast lining (Figure 6D, bottom).

These results are consistent with the enhanced inflammation being

due to differential association of the gonococci with the

CEACAM3-expressing neutrophils, without obvious effect on

their interaction with the surrounding tissues.

The air pouch experiments suggest that the CEACAM-

dependent association between N. gonorrhoeae and the resident

neutrophils promotes subsequent neutrophil recruitment, presum-

ably due to the establishment of a chemotactic gradient.

Consistent with this, the pro-inflammatory chemokines MIP-1a,

MIP-2, KC, and IL-1b were all increased in the washes from

Opa+-N. gonorrhoeae infected air pouches in CEABAC mice

relative to that seen in the infected WT littermates (Figure 6E). To

address whether neutrophils directly contribute to the higher levels

of cytokines observed, we infected mice that had been depleted of

neutrophils by administration of the Gr1-specific RB6-8C5

antibody prior to the introduction of N. gonorrhoeae. The levels

of MIP-1a and IL-1b were significantly lower in the air pouches

from PMN-depleted mice, indicating that neutrophils are the

primary source for both of these chemokines (Figure 6E).

Interestingly, the levels of KC and MIP-2 were dramatically

higher in PMN-depleted mice, indicating that these chemokines

are produced by cells other than PMNs under these conditions.

While these chemokines are both produced by CEABAC

neutrophils in response to N. gonorrhoeae (Figure 3A,B), they

can also be produced by a variety of tissues [33], including synovial

fibroblasts [58]. Considering that their levels increased upon

neutrophil depletion, we interpret the increased response to

suggest a delay in bacterial clearance in the absence of PMNs. The

increased IL-1b and MIP-1a in CEABAC mice thereby reflect a

local neutrophil response whereas MIP-2 and KC levels appear to

be the cumulative effect of both neutrophil and underlying tissue

responses.

To link the CEACAM3-dependent intracellular response

evident from our cell-based experiments with inflammation in
vivo, we repeated the air pouch experiment, this time assessing

the effect of the TAK1 inhibitor, which was administered to mice

1 h prior to infecting the air pouch. Consistent with our model

that the inhibition of CEACAM3 signaling would suppress the

inflammatory response to N. gonorrhoeae, we observed a

decrease in the number of infiltrating PMNs upon administration

of the TAK1-inhibitor relative to the untreated animals

(Figure 6F).

Discussion

The picture of neutrophils as ever-ready weapons of defense

aiming to achieve efficient pathogen clearance has become an

axiom. While still true, recent evidence suggests that they have the

ability to nuance their response through de novo gene expression

in response to certain microbial cues. In addition to their classical

role in direct microbial killing, neutrophils can produce a range of

cytokines with the potential to affect inflammation through the

activation and induced chemotaxis of various leukocytes [37,59].

However, their specific contribution to the cytokine milieu and

inflammatory response remains underappreciated in vivo. The

emerging picture of neutrophils as a dynamic, responsive cell

population has important implications for our understanding of

the overzealous neutrophil response that typifies gonorrhea. Our

findings reveal that the decoy receptor CEACAM3, in addition to

facilitating the effective capture and killing of N. gonorrhoeae, also

helps drive inflammation. While recruitment of more PMNs to

combat infection would seem to be an effective innate immune

strategy during early infection, the persistent exposure of

CEACAM3-expressing PMNs to Opa-expressing gonococci can

promote a self-perpetuating and, ultimately, pathogenic response

such as is associated with gonorrhea or pelvic inflammatory

disease.

In this work, we demonstrate that human CEACAM-expressing

transgenic mouse PMNs respond to N. gonorrhoeae in a manner

that parallels those of human PMNs. Unlike neutrophils from WT

mice, the CEABAC neutrophils undergo a vigorous oxidative

burst and degranulation response to N. gonorrhoeae. Since the

pathology associated with gonococcal disease primarily arises due

to tissue damage caused by the recruited neutrophils, we

considered whether CEACAM-dependent interactions with the

bacteria could also contribute to the inflammatory response. We

observed that N. gonorrhoeae binding to human CEACAM3 leads

to the acute activation of a pro-inflammatory transcriptional

program that results in the production of the inflammatory

mediators such as MIP-1a, MIP-2, KC and TNF-a. While

relatively little is known about signal transduction in PMNs

relative to other cell types, Opa binding to CEACAM3 elicits

signaling via a pathway closely reminiscent of that triggered

downstream of the innate anti-fungal receptor Dectin-1

[30,60,61]. As with Dectin-1, SFK and Syk kinase represent the

first effectors downstream of CEACAM3, and their activity is

required for the PMN oxidative burst and degranulation responses

to Opa-expressing gonococci [24]. While Syk was shown to serve a

regulatory role in the context of PMNs [62], we have observed that

Syk contributes to the inflammatory cytokine response to N.
gonorrhoeae by eliciting the PKCd and TAK1-dependent

activation of NF-kB. This CEACAM3-dependent expression of

MIP-1a, MIP-2 and KC stimulates chemotaxis of uninfected

neutrophils so as to augment their recruitment to the infected

tissues, an effect that has the potential to contribute to both innate

defense and the massive neutrophil recruitment that typifies

gonorrhea (Figure 7).

The trade-off of having a direct link between CEACAM3 and

inflammation is that, when uncontrolled, this response results in

the ongoing infiltration of neutrophils, leading to permanent tissue

damage such as is observed with N. gonorrhoeae-associated

fallopian tube scarring and pelvic inflammatory disease. Support-

ing this model, we observed CEACAM-dependent increases in

neutrophil recruitment into the gonococcal-infected tissues,

brought on by the CEACAM3-dependent production of chemo-

kines with the potential to promote continuous infiltration of

neutrophils. Thus, CEACAM3 activation serves as a double-edged
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sword, promoting the immunopathology of gonorrhea through an

over-activated immune response that is meant to clear the bacteria

causing the infection. While the complete ablation of neutrophil

recruitment would increase the bacterial burden, a better outcome

would be to limit the chemokine response without blocking

bacterial binding and phagocytosis (Figure 7). As a proof of

concept for this, we used a TAK1 inhibitor in vivo to block the

pro-inflammatory response and, thereby, the influx of neutrophils

without affecting their phagocytic capacity. Satisfyingly, this

treatment decreased PMN recruitment to that seen in WT mice,

effectively eliminating the CEACAM3-dependent inflammation in

response to N. gonorrhoeae.

It has been reported previously that the majority of neisserial

isolates from infected patients have the capacity to bind to

CEACAMs [5]. This may seem contradictory when considering

the negative outcome for bacteria that bind to CEACAM3 on

neutrophils. However, it is important to consider that, in contrast

to CEACAM3, neisserial binding to other human CEACAMs

facilitates attachment to mucosal epithelia [14,63,64,65] and

suppression of both innate [20] and adaptive [15,16,17] immune

responses, activities which are central to the establishment and

persistence of infection. In this respect, it is curious to contrast

CEACAM1, which is the evolutionary precursor of the CEA

family, with the evolutionarily ‘new’ CEACAM3. While CEA-

CAM1 is present in all vertebrates and is broadly expressed on

many cell types, CEACAM3 can only be found in humans and is

only expressed by neutrophils. When this is considered along with

the fact that CEACAM3 possesses no cell adhesion function yet

has a sufficiently conserved extracellular domain that can be

engaged by the neisserial Opa proteins, we and others have

suggested that CEACAM3 functions as a decoy receptor that

allows the capture and killing of CEACAM-targeting microbes.

The apparent involvement of CEACAM3 in pro-inflammatory

signaling establishes a role for neutrophils beyond basic microbial

killing, and places CEACAM3 as both a potential contributor to

the accelerated response to N. gonorrhoeae infection and,

Figure 7. CEACAM3-mediated inflammation promotes immunopathology associated with N. gonorrhoeae infection. Upon in vitro
infection, CEACAM3 allows efficient bacterial phagocytosis and clearance via activation of neutrophil antimicrobial responses including degranulation
and oxidative burst. Concomitantly, CEACAM3 promotes de novo transcription of pro-inflammatory cytokines by the neutrophil (left panel). In vivo,
this cytokine response recruits more neutrophils to the site of infection. As they arrive, these neutrophils will become activated via N. gonorrhoeae
binding to CEACAM3, driving a self-propagating inflammatory process leading to the immunopathology associated with gonococcal disease (top
right panel). By limiting the CEACAM3-dependent inflammatory cascade without affecting bacterial engulfment, such as via Tak1 inhibitor used in
this study, bacterial clearance can continue while inflammation is reduced (bottom right panel).
doi:10.1371/journal.ppat.1004341.g007
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subsequently, to the immunopathology associated with the

gonococcal disease. The evolutionary advent of CEACAM3 thus

reflects the latest step in the ongoing dance between Neisseria and

their only natural host, providing a snare that mobilizes our most

potently bactericidal cells against this stealthy invader.

Materials and Methods

Ethics statement
All animal experiment procedures were approved by the

Animal Ethics Review Committee of the University of Toronto

(Approval #20010054 and #20010055), which is subject to the

ethical and legal requirements under the province of Ontario’s

Animals for Research Act and the federal Council on Animal

Care.

Animals
Generation of the CEACAM1-humanized mouse line was

previously described [43]. CEABAC2 mice, generated by stable

integration of a human-derived bacterial artificial chromosome

(BAC) encoding the human CEACAM3, CEACAM5, CEA-

CAM6 and CEACAM7 genes, have been previously described

[40]. Wild type (WT) mice used are littermates of the CEABAC2

animals.

Reagents and antibodies
All reagents were from Sigma (Oakville, Ontario, Canada)

unless otherwise indicated. The anti-gonococcal polyclonal rabbit

antibody (UTR01) was described previously [18]. Rabbit anti-

CEACAM polyclonal and normal serum was from Dako

(Mississauga, ON). CEACAM pan-specific D14HD11, CEA-

CAM1-specific 4/3/17 and CEACAM6-specific 9A6 antibodies

were from Genovac (Freiburg, Germany), and the CEACAM3-

specific Col-1 antibody was from Zymed (San Francisco, CA).

Phospho-p38, p38, phospho-Erk1/2, Erk1/2, phospho-PKCd and

PKCd-specific antibodies were form Cell Signaling Technology.

The IkBa-specific antibody was from Santa Cruz Biotechnology

(Santa Cruz, CA). Fluorescent conjugates were from Jackson

ImmunoResearch Laboratories (Mississauga, ON), except Texas

red-phalloidin, which was from Molecular Probes (Eugene, OR).

The Tak1 inhibitor ((5z)-7-oxozeaenol) was from Millipore

(Billerica, MA), and the p38 inhibitor (SB203580) and the Src

family kinase-specific PP2 were from Calbiochem (La Jolla, CA).

Erk1/2 inhibitor (UT0126) was purchased from Cell Signaling.

Bacterial strains
The isogenic Opa2 and Opa+ (Opa57) N. gonorrhoeae MS11

strains (N302 and N313, respectively; [66]) were kindly provided

by Dr. T.F. Meyer, and their phenotypes have been described

previously [7].

Primary neutrophil isolation
Human neutrophils were isolated from citrated whole blood

taken from healthy volunteers by venipuncture using Ficoll-Paque

Plus (Amersham Biosciences; Buckinghamshire, England). Con-

taminating erythrocytes were removed by dextran sedimentation

and hypotonic shock, as described previously [29].

Mouse bone marrow neutrophils were taken from 8 to 10-week

old mice that were humanely euthanized by CO2 inhalation.

Femurs and tibias were removed, and bone marrow was isolated

and separated on a discontinuous Percoll gradient (80%/65%/

55%) as described previously by others [67]. Neutrophils were

recovered at the 80%/65% interface.

Human CEACAM expression in CEABAC neutrophils
WT and CEABAC neutrophils (106 cells) were lysed in boiling

SDS buffer and CEACAMs detected using SDS-PAGE and

immunoblots probed with indicated CEACAM-specific antibod-

ies. For flow cytometry analysis of cell-surface CEACAM

expression, 106 PMNs from CEABAC or WT littermates were

spun down and fixed in 1% PFA in Hank’s Buffered Saline

Solution (HBSS) prior to immunofluorescence staining.

Whole cell phosphorylation assays
106 neutrophils per sample were infected with N. gonorrhoeae at

multiplicity of infection [45] of 10 in 250 ml of HBSS. Infections

were stopped by centrifugation at 2400 g for 3 min at 4uC, lysed

in boiling SDS sample buffer, and boiled for a further 10 min.

Samples were resolved by SDS-PAGE and immunoblotted.

Bacterial infections for immunofluorescence microscopy
56105 WT or CEABAC bone marrow-derived PMNs were

centrifuged onto washed mouse serum-coated coverslips at

1500 rpm for 10 min. Cells were infected at MOI of 25 (for

binding and internalization studies) in a volume of 500 ml, re-

centrifuged for 5 minutes at 500 rpm to facilitate bacterial

association with cells, and then incubated at 37uC for indicated

durations. Post-infection, samples were washed with HBSS, and

fixed using 3.7% paraformaldehyde. Cells were stained for

CEACAM, actin and bacteria and observed as described

previously [6]. Intracellular bacteria were differentiated from

extracellular via exclusion of antibody prior to membrane

solubilization, as described [29].

PMN killing assays
Killing assays were adapted from Ball et al. [41]. Briefly,

adherent WT and CEABAC neutrophils were infected at an

MOI = 1. At indicated time points, cells were washed and

incubated with protease inhibitors for 15 minutes prior to lysis

with 1% saponin and plated on GC agar. Bacterial survival was

evaluated relative to CFUs present at 0 time point.

Oxidative burst and degranulation assays
For chemiluminescence-based oxidative burst assay, 56105 cells

were incubated with 25 mg/ml 5-amino-2,3-dihydro-1,4-phthala-

zinedione (‘luminol’; Sigma) in a volume of 100 ml, and then

treated with agonists in a total volume of 200 ml, in triplicate.

Infections proceeded for 60 min at 37uC, after which lumines-

cence was read using a Tecan plate reader with i-control software.

For flow cytometry-based degranulation assay (CD11b release),

106 PMNs were treated with agonists in 500 ml of HBSS for

30 minutes at 37uC. Infections were stopped by centrifugation at

2,400 g for 3 min at RT and cell pellets then fixed in 1% PFA

before staining with 1.25 mg of PE-conjugated rat anti-mouse

CD11b in a total volume of 50 ml. Myeloperoxidase (MPO),

elastase, and lactoferrin release assays were performed essentially

as described by others. Briefly, 106 PMNs were exposed to agonists

in a total volume of 500 ml and then incubated for 30 minutes at

37uC. Cells were then pelleted and supernatants collected. For

MPO assays, 50 ml of supernatant was mixed with 150 ml

SureBlue tetramethylbenzidine peroxidase substrate (KPL;

Gaithersberg, MD), and plates were read spectrophotometrically

at 650 nm. For the elastase assay, 50 ml of supernatant was diluted

2-fold in PBS and incubated with 100 ml DQ elastin substrate

conjugated to BODIPY FL (from the EnzCheck Elastase kit;

Molecular Probes), and then incubated for 24 hours at RT before

reading fluorescence with 488 nm excitation and 515 nm
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emission. For both MPO and elastase assays, a percentage (%)

release is shown, calculated as the amount of the protein in the

supernatant divided by the total amount in 106 CHAPS-lysed cells.

Lactoferrin release from PMN granules was assayed by ELISA

as described by others [48]. To induce release of primary granule

components into medium, cells were pre-treated with 5 mM

cytochalasin B for 5 minutes at 37uC prior to agonist treatment.

PMN gene array experiments
CEABAC and WT bone marrow neutrophils (107 cells) were

either infected with Opa+ N. gonorrhoeae (MOI = 10) or left

uninfected for 1 h. The infections were stopped by centrifugation

at 2400 g for 5 min at 4uC. RNA was extracted and purified using

the Qiagen RNeasy kit. Samples from 3 independent experiments

were analyzed using an Illumina Mouse Whole Genome V2R2

array with 45,281 probes. The original data normalization and

analysis were provided as a service by the Bioinformatics

Department of the University Health Network (UHN) Microarray

Centre, Toronto, ON. Data was analyzed using Genespring

v11.0.1. 66 genes showed $2 fold change (FC) in gene expression

in infected PMNs relative to uninfected controls. Gene lists were

analyzed using the database for annotation, visualization, and

integrated discovery (DAVID) (Huang da et al., 2009) and manual

examination. To compare WT vs. CEABAC neutrophil responses,

we considered genes $1.5 FC in CEABAC over WT.

Cytokine measurements
106 cells were infected with N. gonorrhoeae at MOI of 10 and

incubated at 37uC for 3 h. Infections were then stopped by

centrifugation at 2400 g for 5 min at 4uC, and supernatants were

collected. Quantitative measurements of cytokines were performed

using ELISA kits form R&D Systems (MIP-1a, KC and MIP-2)

and BD Biosciences (TNF-a). For qRT-PCR, cells were infected as

described above. At 3 h post infection, RNA was collected using

Qiagen RNeasy kit and converted to cDNA using iScript RT

Supermix (Bio-Rad Laboratories). qPCR was carried out using

SsoAdvanced SYBR Green Supermix (Bio-Rad Laboratories). All

transcript levels are shown as relative to those of GAPDH.

Chemotaxis assay
Bone marrow neutrophils were isolated and suspended in HBSS

with 1% gelatin (Sigma, G7041). A neutrophil suspension (16106/

mL) was allowed to attach to bovine serum albumin (BSA, Sigma

A7906; 1 mg/ml)-coated glass coverslips (22640 mm, Fisher 12–

543-A) at 37uC for 10 minutes. The coverslip was inverted into a

Zigmond chamber (Neuroprobe, z02) and 100 mL HBSS media

was added to the right chamber with 100 mL HBSS media mixed

with supernatants derived from infected CEABAC or WT

neutrophils added to the left chamber. Time-lapse video

microscopy was used to examine neutrophil movements in

Zigmond chambers. Images were captured at 20-second intervals

with a Nikon Eclipse E1000 Microscope using the 406 objective.

Cell-tracking software (Retrac version 2.1.01 Freeware) was used

to characterize cellular chemotaxis from the captured images.

Data comes from three independent experiments.

Air pouch
CEABAC and WT littermate control mice (6–8 wk) were

anesthetized with isoflurane, and dorsal air pouches were raised by

injecting 3 ml sterile air subcutaneously on days 0 and a further

2 ml on day 3. On day 5, the mice were anesthetized with

isoflurane and injected with 1 ml PBS containing 26106 cfu/ml of

Opa2 or Opa+ N. gonorrhoeae. Mice were sacrificed 6 h after the

injection, and air pouches were then washed with 2 ml PBS. The

cells present in the wash were counted with a hemocytometer and

analyzed by Diff-Quick staining of the cytospins. The supernatants

were analyzed by ELISA, as described above. In some cases, air

pouch fibroblasts were obtained by instilling 0.05% trypsin

containing 0.5 mM EDTA in DMEM (3 ml/pouch), as previously

described [68]. These cells were seeded onto glass coverslips in a

24-well plate, cultured in DMEM-10% FBS with antibiotics

overnight, and then infected with Opa+ N. gonorrhoeae the next

day for 30 min. Cells were fixed and stained for immunofluores-

cence microscopy.

Neutrophil depletion
Neutrophil depletion from mice was achieved by a single i.p.

injection of 200 ml of sterile saline containing 250 mg of the Gr-1

specific monoclonal antibody RB6-8C5 at 24 h prior to infection.

The RB6-8C5 hybridoma was generously provided by Professor

Paul Allen, Department of Pathology and Immunology, Wash-

ington University School of Medicine, St. Louis.

Supporting Information

Figure S1 Phagocytosis and production of reactive
oxygen species are not essential for inflammatory
cytokine production. (A) Cytochalasin D treatment prevents

bacterial uptake by CEABAC PMNs. WT and CEABAC PMNs

were left untreated or pre-incubated with cytochalasin D (10 mg/

ml) for 10 min prior to infection with either Opa2 or Opa+ N.
gonorrhoeae (MOI 10). Extracellular and total bacteria were

differentially stained, and quantified via immunofluorescence

microscopy. (B) Human CEACAM1-expressing PMNs do not

induce inflammatory cytokine production in response to Opa+ N.
gonorrhoeae. Mouse (WT, CEABAC, and TG418) neutrophils

were infected with either Opa2 or Opa+ N. gonorrhoeae (MOI

10). MIP-1a and MIP-2 was measured 3 h post infection. Data

shown as fold induction by Opa+ infection over Opa2 infection.

N = 3. (C) DPI treatment abolishes oxidative burst response in

CEABAC PMNs infected with Opa+ N. gonorrhoeae. WT and

CEABAC PMNs were left untreated or pre-incubated with DPI

(10 mM) for 30 min prior to infection with either Opa2 or Opa+

N. gonorrhoeae (MOI 10). Oxidative burst was measured with as

described in Materials and Methods. (D) Inhibition of Erk1/2

kinases does not affect inflammatory cytokine production. Erk1/2

inhibition does not affect cytokine production by CEABAC PMNs.

WT and CEABAC PMNs were left untreated or pre-incubated

with Erk1/2 inhibitor (UT0126, 10 mM) for 30 min prior to

infection with Opa+ N. gonorrhoeae (MOI 10). MIP-1a produc-

tion was measured 3 h post infection, N = 3.
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