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Abstract
Neisseria gonorrhoeae, the etiological agent of gonorrhea, infects over 62 million people

annually worldwide. Many of these infections occur asymptomatically, demonstrating that N.
gonorrhoeae can infect mucosal epithelia without causing overt disease. The Neisseria genus
also contains over eight commensal species, which by definition, are capable of colonizing host
cells without causing disease. These findings indicate that Neisseria species have developed
strategies for minimizing the host immune response to infection. To investigate these strategies
we infected endocervical and nasopharyngeal epithelial cells with N. gonorrhoeae, a pathogen,
or N. elongata, a commensal. We then compared protein levels of two different transcriptional
regulators, NFkB and ATF3. These represent two different signaling pathways involved in
regulating the innate immune response. We found that both species were able to increase levels
of both NFxB and ATF3. In addition, we tested the role of type IV pilus (Tfp) retraction in the
upregulation of ATF3 during infection with both species. We found little evidence that Tfp
retraction plays a role in ATF3 upregulation. Responses to infection with the pathogen and
commensal varied by cell type. We conclude that both the pathogen and commensal alter host

cell signaling pathways in order to establish asymptomatic infections.



Introduction

The gram-negative bacterium Neisseria gonorrhoeae is the etiological agent of
gonorrhea. Worldwide, there are over 62 million people infected annually with gonorrhea [1].
Although gonorrhea is easily treated with antibiotics many gonorrhea infections are
asymptomatic, particularly in women. The World Health Organization estimates that up to 60%
of cervical gonorrhea cases are asymptomatic [2]. Left untreated, gonorrhea can lead to
complications such as pelvic inflammatory disease (PID) with subsequent risk of ectopic
pregnancies [1]. The large number of asymptomatic gonorrhea infections poses challenges for
treating and preventing the spread of the disease.

The Neisseria genus includes ten species that are known to colonize human epithelial
cells [3, 4]. Of these, only N. gonorrhoeae and N. meningitidis, a cause of bacterial meningitis,
are classified as pathogenic. The remaining eight species of human Neisseria are commensal
organisms and are thus capable of colonizing the host without causing disease. Commensal
species of Neisseria normally inhabit the oro- and nasopharynx [5]. N. gonorrhoeae can also
colonize the nasopharynx and rectal mucosa, usually asymptomatically [1]. These observations
suggest that N.gonorrhoeae is able to mimic commensal species by colonizing human epithelial
cells without causing overt symptoms.

The innate immune system is the body’s first line of defense against pathogens.
Inflammation is a common strategy used by the innate immune system to contain a foreign
antigen to a localized area and to recruit professional immune cells to the site of infection. This
inflammation is mediated by cytokines and chemokines that are secreted by infected cells [6].
Since Neisseria species colonize various mucous membranes, the host’s first defenses will be

through activation of the innate immune system by epithelial cells. N. gonorrhoeae infections in



men and women have been shown to upregulate the expression of various pro-inflammatory
cytokines. In an experimental model of male urethral gonorrhea, IL-1p, IL-6, IL-8, and TNFa.
can be detected at elevated levels in the urine and serum of volunteers [7]. Additionally, women
with natural gonorrhea infections have increased serum IL-6 levels [8]. Tissue cultures of
cervical epithelial cells infected with N. gonorrhoeae also show elevated levels of several
cytokines, including IL-1p, IL-6, IL-8 and TNFa [9]. These findings indicate that N.
gonorrhoeae induces the expression of multiple pro-inflammatory cytokines in patients and that
these results can be reproduced with in vitro tissue culture models of infection.

The transcriptional regulator nuclear factor-kappa B (NF«xB) is known to target genes
involved in the immune response, including those encoding cytokines [10]. In macrophages and
T cells, NF«kB plays a role in activating transcription of pro-inflammatory cytokines [11]. It has
also been shown that the NF«B pathway is activated in N. gonorrhoeae-infected epithelial cells,
leading to activation of the IL-6 promoter [11]. In contrast to NF«kB, activating transcription
factor 3 (ATF3) negatively regulates transcription of pro-inflammatory cytokines [12].

ATF3 plays an important role in preventing an unnecessary or prolonged inflammatory
response. Our lab has previously shown that ATF3 protein levels are upregulated in epithelial
cells infected with N. gonorrhoeae, and that knocking down ATF3 levels leads to increased IL-6
expression during infection [13]. The upregulation of ATF3 during N. gonorrhoeae infection
therefore leads to a downregulation of the innate immune response. This in turn may lengthen the
time of infection and increase survival of the pathogen. Given that commensals can colonize
their hosts without causing overt disease, it is likely that commensal Neisseria have also

developed strategies to downregulate the host immune response.



The type IV pilus (Tfp) is a fimbriate structure found on the outer membrane of N.
gonorrhoeae. General functions of Tfp include adhesion, twitching motility, DNA uptake, and
quorum sensing. Tfp also mediate important interactions between the bacteria and host epithelial
cells. Pili are required for the formation of bacterial microcolonies on the host cell surface, and
for the recruitment of host cell proteins that are important for infection [14]. Multiple gonococcal
genes are involved in the synthesis, extension and retraction of Tfp. The gene pilE encodes pilin
monomers [15] which are transported to the periplasmic space to be processed by the PilD
peptidase/transmethylase [16]. Once processed, the mature pilin monomers are assembled into a
pilus fiber by the ATPase PilF[16], and the PilQ pore complex then extrudes and anchors the
pilus fiber [17-19]. Retraction of the pilus and disassembly requires the function of a second
ATPase, PilT [20, 21]. All of the human Neisseria encode a complete set of Tfp biogenesis genes
[22]. Recent work demonstrated that Neisseria elongata, which is the most ancestral Neisseria
species, expresses functional Tfp that can mediate adherence to human epithelial cells and
microcolony formation [23].

Gonoccocal infection causes profound changes in host cell signaling and gene expression,
and many of these changes are enhanced by Tfp retraction. For example, N. gonorrhoeae
infection can activate multiple host cell signaling pathways, including the mitogen activated
protein kinase (MAPK) and phosphoinositide-3 kinase (PI3K) pathways. Activation of both
MAPK and PI3K pathways is enhanced in cells infected with wild type N. gonorrhoeae
compared to cells infected with a pilT mutant [24 -26]. Bacteria that lack PilT still adhere to
epithelial cells at the same rate as wild type bacteria, but cannot retract their pili, and do not form
microcolonies [14, 20]. It has also been shown that N. gonorrhoeae pilT mutants activate NFxB

in epithelial cells at reduced levels [27]. As NF«kB regulates the expression of several cytokines,



this finding provides a link between pilus retraction and activation of the innate immune
response. Pilus retraction also leads to enhanced expression of many epithelial cell genes [26].
Among the host cell genes whose expression is enhanced by pilus retraction is ATF3, which has
been shown to negatively regulate the innate immune response to N. gonorrhoeae infection [13].
The importance of Tfp retraction during N. gonorrhoeae infection has been well characterized;
however, the role of pilus retraction in commensal Neisseria infection remains unknown.

In this thesis, | compared epithelial cells infected with pathogenic or commensal
Neisseria to elucidate the strategies used by these bacteria to dampen the host’s innate immune
response. Tissue cultures of endocervical cells (End1) and nasopharyngeal cells (Detroit 562) are
used to represent two common locations for Neisseria colonization. N. gonorrhoeae was used as
a representative pathogenic species, and N. elongata as representative of the commensals. |
hypothesized that both pathogenic and commensal Neisseria are able to influence the host cell
immune response by altering signaling pathways. | further hypothesized that Tfp retraction is an
important component for dampening the innate immune response. | found that both the pathogen
and commensal alter the protein levels of NFkB and ATF3 in both cells lines, indicating that
infection has an impact on these signaling pathways. The importance of Tfp retraction varies by
cell type but is not strictly required for dampening the innate immune response, suggesting that

Neisseria is using additional strategies to influence the host cell immune response.



Results
NFkB is activated by Neisseria infection

Phosphorylation of the transcription factor NFxB is elevated in cells infected with either
pathogenic or commensal Neisseria species compared to uninfected cells. This activation was
seen in both End1 (endocervical) cells and Detroit (nasopharyngeal) cells (Figure 1). The amount
of activation was measured by comparing relative levels of phosphorylated NF«B to the total
amount of NF«kB protein present in whole cell lysates. Prior to relocation to the nucleus, NF«kB in
the cytosol is bound to IkB, an inhibitory molecule. When the signaling pathway is activated IkB
is degraded and NF«B is phosphorylated. Therefore, a larger proportion of phospho-NF«B
indicates that the signaling pathway has been activated. NFkB then goes on to regulate a variety
of immune related genes [11]. Our results show that N. elongata and N. gonorrhoeae both
activate this pathway (Figure 1) and therefore are capable of activating the innate immune
response in epithelial cells.

Although upregulation was seen in both cell lines, there appears to be a tissue-type
component to the amount of activation. End1 cells represent a tissue common for gonorrhea
infection. In End1 cells, N. gonorrhoeae induces a slightly higher level of phosphorylation than
N. elongata until the last time point at three hours where they are approximately equal. The
greatest difference between the pathogen and commensal occurs at 90 minutes post-infection.
Detroit cells represent a tissue common for commensal Neisseria colonization. In Detroit cells,
there is no distinct difference between N. gonorrhoeae and N. elongata throughout the course of
the infection. These results suggest that both commensal and pathogenic Neisseria activate

NF«xB.



ATF3 is upregulated by both commensal and pathogenic Neisseria

It has been previously shown that pathogenic Neisseria upregulates ATF3 as a
mechanism to dampen the host immune response. ATF3 negatively regulates the expression of
pro-inflammatory cytokines such as IL-6 [13]. We were interested in determining whether the
commensal N. elongata also upregulates AFT3 as a means to avoid causing disease in the host.
Our results show that N. elongata does upregulate ATF3 protein levels in both End1 and Detroit
cells compared to uninfected cells (Figure 2). The level of ATF3 induced by N. elongata is
almost identical to the level induced by N. gonorrhoeae in End1 cells for the eight hour duration
of infection. Interestingly, this same pattern is not observed in Detroit cells. Instead, N. elongata
induces lower levels of ATF3 compared to N. gonorrhoeae, particularly at six hours post-
infection. Detroit cells represent a tissue location where N. elongata is commonly found and
where N. gonorrhoeae infections are usually asymptomatic so both the commensal and pathogen
are able to colonize the epithelial cells without causing symptoms. This is where we would
expect the two species to interact with host cells the most similarly. Once again, the data
indicates that there are tissue-specific factors involved that are important in determining how the
bacteria and host cells will interact. Despite the differences across cell types, the data
demonstrates the ability of the commensal N. elongata to activate ATF3.
Role of pilus retraction in ATF3 induction

We know that Tfp retraction plays a role in enhancing the expression of many different
genes during N. gonorrhoeae infections [25]. It has been demonstrated that ATF3 expression is
enhanced by Tfp retraction [13]. However, Tfp tetraction is not required for ATF3 induction,
since ApilE mutants, which lack Tfp, and ApilT mutants, which are piliated but retraction

deficient, both induce ATF3 in T84 colorectal cells to a certain extent [13]. Given that N.



elongata is able to induce ATF3, we investigated whether the commensal also uses Tfp
retraction as the pathogen does. To test this, the retraction deficient mutant N. elongata ApilT and
triple knockout ApilT1, ApilT2, ApilU were used to infect End1 and Detroit cells. As is in the
pathogen, the N. elongata retraction deficient mutants were still able to induce ATF3 in both
cells lines (Figure 3a). The mutants appear to induce slightly higher levels early in infection
before dropping slightly below the level induced by the wild type strain. This suggests that the
pil T mutants behave differently from wild type at 3 and 6 hours post-infection; however, these
differences are not statistically significant. Early induction of ATF3 may be accomplished
through a pilT independent pathway and induction at later time points may be enhanced by pilus
retraction, but the current data is too weak to form a definite conclusion. A similar trend can be
seen in N. gonorrhoeae infection of End 1 cells (Figure 3b). The ApilT mutant induces higher
levels of ATF3 than the wild type at the outset of infection but then falls behind as the infection
continues. In contrast, the N. gonorrhoeae wild type and ApilT mutant induce very similar levels
of ATF3 throughout the infection in Detroit cells (Figure 3b). Overall, Figure 3 shows that pilus
retraction does not cause a statistically significant difference in ATF3 levels in either End1 or

Detroit cells.
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Figure 1: N. gonorrhoeae and N. elongata induce NFxB phosphorylation. End1 or Detroit cells
were infected with wild type N. gonorrhoeae (Ngo wt) or N. elongata (Nel wt) at an MOI of 50 for
varying lengths of time. Cell lysates separated by 10% SDS-PAGE and Western blotted using

mAb against p-NF«B and total NFxB. Protein levels were quantified by densitometry. Mean
phospho-NFxB values are relative to time zero, which is set to one, and normalized to the
loading control of total NFxB (+ SEM, n=4).
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Figure 2: Upregulation of ATF3 by pathogenic and commensal Neisseria. End1 or Detroit cells were
infected with wild type type N. gonorrhoeae (Ngo wt) or N, elongata (Nel wt) at an MOI of 50 for
varying lengths of time. Cell lysates separated by 13.5% SDS-PAGE and Western blotted using
mAb against ATF3 and B-tubulin. Protein levels were quantified by densitometry and normalized to
the B-tubulin loading control. Mean values of ATF3 protein relative to zero hour time point, which is
set at one (+SEM, n=6).
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Figure 3a: ATF3 induction by N.elongata wild type and ApilT mutants. End1 or Detroit cells
were infected with N. efongata wild type type (Nel wt) or ApilT mutant (Nel ApilT) or ApilT1,
4pilT2, ApilU mutant (Nel 3KO) at an MOI of 50 for varying lengths of time. Cell lysates
separated by 13.5% SDS-PAGE and Western blotted using mAb against ATF3 and B-tubulin.
Protein levels were quantified by densitometry and normalized to B-tubulin loading control.
Mean values of ATF3 protein relative to zero hour time point, which is set at one (+SEM, n=6).
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Figure 3b: ATF3 induction by N. gonorrhoeae wild type and ApilT mutant. End1 or Detroit
cells were infected with N. gonorrhoeae wild type type (Ngo wt) or 4pilT mutant (Ngo ApilT).
Cell lysates separated by 13.5% SDS-PAGE and Western blotted using mAb against ATF3 and
f-tubulin. Protein levels were quantified by densitometry and normalized to B-tubulin loading

control. Mean values of ATF3 protein relative to zero hour time point, which is set at one
(*SEM, n=6).



Discussion

Multiple Neisseria species are capable of colonizing human epithelial cells at various
sites of the body. Many times this colonization occurs asymptomatically which suggests that the
bacteria are able to dampen the immune response. The results show that both the commensal N.
elongata and the pathogen N. gonorrhoeae activate signaling pathways in End1 and Detroit cells
as demonstrated by NFkB activation and the upregulation of ATF3 levels. NF«B is able to
activate the transcription of the IL-6 promoter [11], which subsequently leads to the secretion of
the pro-inflammatory cytokine IL-6. In contrast, ATF3 negatively regulates expression of IL-6
[13] and acts to dampen the host cell immune response. The opposing nature of these pathways
leads to the possibility that even though an NFkB-mediated inflammatory response is triggered at
the early stage of infection, this response can be subsequently dampened through the ATF3
pathway.

The competition between signaling pathways can be seen in End1 cells infected with N.
gonorrhoeae or N. elongata. The cells infected with N. gonorrhoeae have slightly elevated levels
of p-NFxB compared to N. elongata-infected cells, particularly at 90 minutes post-infection. This
suggests that the pathogen is initially inducing a stronger immune response than the commensal
by activating the NFkB pathway to a greater extent. However, N. gonorrhoeae and N. elongata
both activate similar levels of ATF3 in End1 cells indicating that the initial inflammatory
response can be subsequently dampened by both the pathogen and the commensal. This pattern
of signaling pathway activation is seen in Detroit cells infected with N. gonorrhoeae but not in
Detroit cells infected with N. elongata. The pathogen appears to be using the ATF3 pathway to
aid in asymptomatic colonization of Detroit cells, similar to colonization of End1 cells. However,

this does not fit the data from N. elongata-infected Detroit cells. The nasopharynx, as represented



by Detroit cells, is a common location for commensal Neisseria colonization [5], suggesting that
those species do not activate a significant immune response there. It is therefore slightly
surprising that N. elongata-infected Detroit cells show similar levels of p-NF«kB as N.
gonorrhoeae-infected cells. This would suggest that the commensal and pathogen are both able
to elicit a similar immune response. In addition, ATF3 levels in N. elongata-infected Detroit
cells are lower than in N. gonorrhoeae-infected cells. Since ATF3 negatively regulates the
immune response, the lower levels induced by N. elongata seem to demonstrate a decreased
ability to dampen the immune response on the part of the commensal. This is not reflected in
vivo, so the commensal bacteria may be using additional alternative methods to establish an
asymptomatic infection of the nasopharynx.

Tfp retraction has recently been shown to enhance the expression of ATF3 in N.
gonorrhoeae-infected colorectal cells [13]. Our current results do not demonstrate as strong a
connection between Tfp retraction and ATF3 induction in two other cell lines. When End1 cells
and Detroit cells are infected with either wild type or ApilT mutant of N. gonorrhoeae only slight
differences in ATF3 levels are seen. End1 cells infected with the Apil T mutant have slightly
higher levels of ATF3 early on, but these levels are not sustained throughout the infection.
Detroit cells show almost identical levels of ATF3 regardless of Tfp retraction. These differing
observations may be reflecting differences in the cell lines response to infection. The results also
support the existence of a retraction-independent pathway for bacteria-host cell interactions. It
has been suggested that toll-like receptors (TLRS) may be a key factor in this alternative pathway
[13]. This pathway is likely utilized by the commensal as well. The data from N. elongata wild
type and pilT mutant infections show that Tfp retraction is minimally important for ATF3

upregulation. There may be a slight dependence at six and eight hours post-infection as indicated



by the decreased levels of ATF3 induced by the mutants at these time points. Overall, Tfp
retraction may play a role in enhancing ATF3 expression, but not to the same extent that has
been found in other cell lines. This may be due to tissue tropism and the bacteria adapting to
colonization of specific mucous membranes.

The results of my experiments lead to more questions of immune regulation. In order to
see the downstream effects of NF«kB and ATF3, both of which are transcriptional regulators, we
will perform cytokine profiling. Levels of cytokines secreted by epithelial cells upon infection by
commensal and pathogenic Neisseria will give a clearer picture of the immune system response.
It will be interesting to see the comparison between commensal infection, which by definition
does not cause disease, and pathogenic infection.

So far our approach relies on a tissue culture model of Neisseria infection. An
improvement of this system would involve using primary cells instead transformed cells.
Primary cell lines are more difficult to maintain, but are a better approximation of the in vivo
situation. An animal model of human Neisseria is not currently available but progress is being
made toward developing a mouse model which can better represent infections in humans.
Studying infection in vivo will allow a broader overview of these interactions. An in vivo model
will allow us to see how secreted cytokines then interact with the host immune system beyond
the epithelium. Another avenue of investigation is looking at mice infected with mouse-specific
Neisseria. Comparisons between how the bacteria has adapted to different hosts may lead to
novel forms of interactions and manipulations. In summary, this project has opened up new

avenues for investigation that will provide new insights into Neisseria and host cell interactions.



Methods and Materials

Reagents

Antibodies against the following proteins were used in this project: ATF3, total NFkB (Santa
Cruz Biotechnology), B-tubulin (E7, University of lowa Developmental Studies Hybridoma
Bank), and phospho-NF«B Ser536 (Cell Signaling).

Epithelial Cell Tissue Culture

End1 endocervical cells were grown in EpiLife media (Invitrogen) with human keratinocyte
growth supplement (0.2%v/v bovine pituitary extract, 5mg/ml bovine insulin, 0.18 mg/ml
hydrocortisone, 5mg/ml bovine transferrin, 0.2ng/ml human epidermal growth factor) and
0.4mM calcium chloride. Detroit 526 nasopharyngeal cells (ATCC #CCL-138) were grown in
Modified Eagle medium supplemented with non-essential amino acids and 10% fetal bovine
serum. All cells were maintained at 37°C with 5% CO, and passed when cells reached
approximately 80% confluency. For all experiments, cells were seeded into 6-well plates and
used at 85-95% confluency.

Bacterial Strains

The following strains were used: N. gonorrhoeae MS11 (wild type) and MS11ApilT1 and N.
elongata 29315 (wild type), 29315ApilT1 and 293 15Apil TIApilT2 ApilU. Bacteria was grown on
gonococcal medium base (GCB) agar (Difco) plates with Kellogg’s supplements I and IT at 37°C
with 5%CO5.

Epithelial Cell Infections and Sample Preparation

Bacteria were harvested from GCB agar plates at 18 hours, and resuspended in 1ml liquid GCB
by vortexing. Epithelial cells were infected at a multiplicity of infection (MOI) of 50 with 100pul

of bacteria, or mock infected with 100ul of liquid GCB. Cells were incubated at 37°C with 5%



CO, until designated time points. For ATF3 samples, cells were washed twice with 1ml ice cold
phosphate buffered saline and lysed with 200ul cold RIPA buffer (10 mM sodium phosphate, pH
7.2, 150 mM NaCl, 5 mM EDTA, 50 mM NaF, 0.1% wi/v SDS, 1% deoxycholate, 1% v/v Triton
X-100) with 1X protease inhibitor cocktail (Roche) and 1X phosSTOP phosphatase inhibitor
cocktail (Roche). Wells gently scraped and then incubated on ice for 20 minutes before
transferring samples to a centrifuge tube. Lysates were run through a 23 gauge syringe 7-9 times
then centrifuged at 16,000 x g for 20 minutes at 4°C. Supernatants were then transferred to a
clean tube and stored at -80°C for future analysis. For NFkB samples, cells were lysed with 1X
SDS-PAGE sample buffer (62.5 mM Tris-HCI, pH 6.8, 2% wi/v SDS, 10% v/v glycerol, 50 mM
DTT, 0.1% wi/v bromophenol blue) with added phosphatase and protease inhibitors. Samples
were stored at -80°C for future analysis.

Western Blot Analysis

Samples were separated by 13.5% (ATF3, p-tubulin) or 10% (NF«xB) SDS-PAGE and
transferred onto 0.45um nitrocellulose (GE Osmonics). Membranes were blocked for one hour in
Tris-buffered saline (TBS) containing 5% powdered milk and 0.1% Tween. Primary antibodies
were diluted in 5% milk/TBST (B-tubulin) or 5% BSA/TBST (ATF3, NF«kB) and incubated
overnight at 4°C. Fluorophore-conjugated secondary antibodies (Pierce) were diluted in 5%
milk/TBST and incubated for one hour (phospho-NF«B) or two hours (B-tubulin, ATF3, NFkB)
at room temperature. Blots were scanned on the LICOR Odyssey Infrared Imaging system and
densitometry was performed using ImageJ. Protein levels were normalized to a loading control
(NFxB or B-tubulin) and expressed as a fold change from protein level in time zero samples.
Statistics

Data was analyzed using Prism 5 (GraphPad Software). Two-way ANOVA test was run.
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