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ABSTRACT OF THE DISSERTATION

Periodontal Bacteria Influence Inflammasome Activation and Cytokine Secretion
During Oral Infection

by
Larry Johnson

Doctor of Philosophy in Quantitative and Systems Biology
University of California, Merced, 2016

Professor David M. Ojcius, Dissertation Advisor

Porphyromonas gingivalis and Fusobacterium nucleatum, Gram-negative
anaerobic bacteria, have been identified as major contributing pathogens in the etiology of
mild to acute periodontitis. They are opportunistic pathogens that are highly adapted to
colonize the oral epithelial tissues. P. gingivalis has also been associated with a variety of
other chronic and inflammatory conditions including orodigestive cancers, rheumatoid
arthritis, liver disease, and diabetes. Whereas, F. nucleatum has been linked to Lemierre’s
syndrome and skin ulcers. Recognition and clearance of these pathogens are regulated by
inflammation and host immune response. We aimed to study the mechanisms and
inflammatory responses (focusing on the effect with intracellular complexes known as
inflammasomes) used by P. gingivalis and F. nucleatum to survive and persist during
infection in gingival epithelial cells (GECs). Our findings indicate P. gingivalis infection
inhibits inflammasome activation and release of pro-inflammatory cytokines by secretion
of nucleoside-diphosphate kinase (NDK) to hydrolyze extracellular ATP. By defining
NDK as a key enzyme for influencing inflammation in P. gingivalis infection, therapeutic
methods can be designed to possibly target NDK to prevent and treat periodontitis. On the
other hand, GECs infected with F. nucleatum induce an opposite immune response of
upregulated cytokine production and release as a result of inflammasome activation. In
vivo studies with BALB/c and C57BL/6 mice also show pro-inflammatory response during
infection. Our findings can be used as a model of invasion during F. nucleatum infection
in vitro and in vivo. Expanding our understanding of host response to pathogenic bacteria
is important for limiting progression of periodontitis and other emerging systematic disease
linked to these bacteria.

xi
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Chapter 1: Overview




1.1 Background

Periodontitis

Mild to severe periodontitis afflicts about 15-20% of middle-aged adults worldwide
[1]. This disease arises from multiple factors which include diet, tobacco use, oral hygiene,
and heavy alcohol use [1]. Some of these causes can be prevented or a decrease in
progression of disease with lifestyle changes. However, there are limitations to those
individuals of lower-income countries. Many countries put regular dental care as a low
priority in their decisions for policy making [2]. Therefore, the cost falls to the individual
for periodontal surgery, which can range from $4000 to $5000 to those who can afford it
[3]. For those suffering with persistent oral infection, it can contribute to other systemic
problems or diseases such as cardiovascular diseases, diabetes, pregnancy complications,
and respiratory diseases [4]. As a result, this can contribute to additional medical costs.

Most cases of periodontitis in humans are diagnosed when the observation of the
gingiva, or gums, show signs of swelling, redness, or chronically bleeding [5]. These are
characteristics of inflammation. At this stage of disease, pathogenic bacteria have induced
a chronic inflammatory response. Without treatment, the outcome increases chances of
tooth loss and persistent infection, which may affect overall health. Preceding the disease,
one can develop gingivitis. It is characterized with similar symptoms to periodontitis, but
without tooth loss. To understand how to prevent either of these diseases, it is important
to study host response and survival mechanisms of the pathogens in the host oral cavity.
This can provide methods to control and suppress inflammation after clearance of infection
and avoid development of autoinflammatory diseases.

Oral cavity as a first line of defense

Microorganisms are found throughout the oral cavity and attach to surfaces within
the mouth such: cheeks, tongue, and teeth [6]. The junctional epithelium, which is located
between the tooth and gingival connective tissue, is a gingival crevicular fluid-filled area
for bacteria to reside [7]. This periodontal pocket contains various microorganisms
including: Porphyromonas gingivalis, Streptococcus gordonii, Fusobacterium nucleatum,
and Aggregatibacter actinomycetemcomitans [8-10]. The bacteria most commonly found
is F. nucleatum and can form biofilms on teeth [11-13]. Biofilms provide opportunity for
bacteria adhere, where they compete for nutrients and space. P. gingivalis is one of these
organisms to attach and coaggregate in this anaerobic environment [14, 15]. Both F.
nucleatum and P. gingivalis are commonly found in high frequencies in periodontal
patients [16-18].

Bacteria colonize the oral cavity as commensal or infectious organisms. Dr.
Sigmund Socransky pioneered two distinct ideas correlating oral pathogens and the oral
cavity. The first is to distinguish an organism as an infectious oral pathogen. There are
five parts to the criteria, which are adapted from Koch’s postulates. 1) The pathogen must
be present in high numbers in those afflicted by disease in comparison to healthy
individuals showing a presence of low frequency [19]. 2) When eliminating the organism,
the progression of disease should stop [19]. 3) A host immune response is required in the
presence of the pathogen to show it influences development of disease [19]. 4) The



organism can be cultivated outside the host and pathogenesis can be observed when it is
reintroduced to another host [19]. 5) The last criteria is the pathogen has a number of
unique mechanisms or virulence factors to cause destructive periodontal disease [19].

Socransky’s second significant contribution to understanding dental disease is
categorizing the communities of microbial complexes based on their clinical measurement
of disease with pocket depth and bleeding on probing [20]. The complexes are separated
into five numeric or color groups. The 1% complex (red complex) describes Porphyromonas
gingivalis, Bacteroides forsythus, and Treponema denticola as most predominant deep in
the periodontal pocket and clinically associated with periodontal diagnosis [20].
Fusobacterium nucleatum, Prevotella intermedia, and Streptococcus constellatus are a few
examples of the bacteria as part of the 2" complex (orange complex), which are close in
relationship to the red complex and show clinical signs of pocket depth [20]. The
remaining categories are the 3" complex (yellow complex), 4" complex (green complex),
and 5™ complex (purple complex) [20]. Although these last complexes aren’t described as
highly significant in diagnosis of periodontal disease, they are suggested playing a role in
early colonization of pathogenic bacteria [20]. Collectively, these methods aid to
distinguish commensal and pathogenic bacteria and allow to focus studies on pathogens,
which may lead to a better understanding of periodontal disease.

Epithelial cells are found throughout the body covering the intestinal tract,
respiratory airways, and skin [21]. These cells act as physical and chemical barrier to
protect against pathogens. Gingival epithelial cells (GECs) are the first types of cells to
encounter and be invaded by microorganisms in the oral cavity. Their structures are
compact with cell-cell junctions and are distinguished by their keratin intermediate
filaments [22]. GECs are now known to provide more functionality than acting as not only
a barrier, but also contributing to immune recognition and response [22, 23]. They express
a complexity of receptors to recognition pathogens and respond with release of
inflammatory mediators to recruit other immune cells, such as neutrophils and
macrophages [24]. However, their cytokines secretion levels fluctuate depending if tissues
are inflamed or uninflamed [24, 25]. The basal levels of cytokines are low to regulate
localized inflammation, limit tissue destruction, and maintain homeostasis with commensal
microorganisms [25]. However, it is dysregulation of this system, which allows pathogenic
organism to colonize and propagate the oral cavity. When this is left uncontrolled, localize
and systemic disease can arise.

Overview of immune response and release of pro-inflammatory cytokines

The immune system recognizes and responds to foreign microbes with innate and
adaptive immunity. While some characteristic of innate immunity is nonspecific and is
triggered within hours, adaptive immunity is antigen-specific and develops over days. As
part of innate immunity, inflammation can be induced at the site of infection. This
contributes to recruitment of immune cells to fight the pathogens in an attempt to resolve
the infection quickly. Inflammation is amplified by release of pro-inflammatory cytokines
from uninfected and infected cells as a response to recognition of foreign antigen. The
secretion of theses cytokines requires two signals for production and release.



Signal 1- Pathogen-associated molecular patterns and pattern recognition receptors

First, the host cell must recognize non-self antigens or pathogen-associated
molecular patterns (PAMPS), which bind to pattern recognition receptors (PRRs). When a
PRR is stimulated by a PAMP, the receptor triggers intracellular signaling cascades to
activate transcription factors such as nuclear factor- kB (NF-kB) or interferon-regulatory
factors (IRFs). The result is upregulation of gene transcription for pro-inflammatory
cytokines [26].

There is a vast diversity of PAMPs derived from bacteria, viruses, fungi, and
protozoans. A few examples are lipopolysaccharide (LPS), bacterial flagellin, double-
stranded RNA (dsRNA), single-stranded RNA (ssRNA), peptidoglycan, or unmethylated
CpG DNA [27]. The immune system has developed ways to distinguish live and dead
microbes, secretion of PAMPs into the cytosol, and cytoskeleton rearrangement to shape
its response to infection [28]. These PAMPs can be sensed by both surface and cytosolic
receptors. The dual recognition from one PAMP can contribute to transcriptional and post-
translational pathways without redundancy of downstream effects [28]. Thus, the immune
system can establish a more effective response whether the microbe is intracellular or
extracellular.

PRRs are divided into families which include Toll-like receptors (TLRs), C-type
lectin receptors (CLRs), retinoic acid-inducible gene (R1G)-1-like receptors (RLRs), and
NOD-like receptors [29]. These receptors can be found on the cell surface as
transmembrane receptors or within the cell as cytosolic receptors. TLRs are the most
studied of the PRRs [30, 31]. There are 10 TLRs in humans and 13 in mice characterized
[32-34]. Each TLR has specificity for different pathogen components. Some examples are
the binding of flagellin to TLR5, unmethylated CpG DNA to TLR9, and dsRNA to TLR3
[27]. TLR2 and TLR4 are most commonly associated with recognition of LPS from Gram-
negative and Gram-positive bacteria [35, 36]. Activated TLRs commonly lead to the
MyD88 signaling pathway and induction of pro-inflammatory cytokines by translocation
of NF-xB into the nucleus [37]. However, an antiviral pathway, TIR-domain-containing
adapter-inducing interferon-p (TRIF), can be signaled by stimulation of TLR3 and TLR4
[38]. This response activates production of type | interferons (IFNs), IFN-o and IFN-§3
[38].

Signal 2- Danger-associated molecular patterns and inflammasome

A secondary danger signal is needed to cleave the cytokines to a mature form for
secretion. These molecules are danger-associated molecular patterns (DAMPS), can be
released from damaged or necrotic cells, such as adenosine triphosphatase (ATP),
monosodium urate (MSU) crystals, DNA, or high-motility group box protein 1 (HMGB1)
[39-41]. DAMPs contribute to generation of reactive oxygen species (ROS) within the cell
and activates the inflammasome to produce mature cysteine-aspartic acid proteases
(caspases), like caspase-1, required to cleave pro-inflammatory cytokines to a mature form.
Once released into the extracellular medium, these cytokines can contribute to an increase
in inflammation and immune cell recruitment.



Canonical Inflammasome

The NLRs are a family of cytosolic receptors consisting of 23 human genes and at
least 34 mouse genes [42, 43]. They are expressed mainly in macrophages and neutrophils,
but can found in other immune cells and epithelial cells [43, 44]. There are five
characterized inflammasomes within the NLR subfamilies: NLRP1 (NALP1b), NLRP3
(NALP3), NLRC4 (IPAF), AIM2, and Pyrin [45, 46]. Their structures are comprised of
three similar components: the central nucleotide-binding and oligomerization (NOD or
NACHT) domain, N-terminal caspases recruitment (CARD) domain, and C-terminal
leucine—rich repeat (LRR) motif [42, 46, 47]. All these structures contribute to downstream
signaling by protein-protein interaction and ligand sensing [42, 46, 48].

Each inflammasome has a variety of activators. NLPR1 is signaled by Bacillus
anthracis lethal toxin (LeTx), Toxoplasma gondii, and muramyl dipeptide (MDP) [45, 46,
48, 49]. NLRP3 is the most studied inflammasome and has been shown to activated by
Staphylococcus aureus and Listeria monocytogenes, which induce pore-forming toxins
[42, 46]. Sendai virus, adenovirus, and influenza A virus can also trigger NLRP3 [42, 46].
Within the cell, there are activators such as ATP, ROS, fatty acid, and amyloid polypetides
for NLRP3 [45]. NLRC4 responds to flagellin and Gram-negative bacteria, such as
Salmonella typhimurium and Shigella flexneri, utilizing a type Il or type IV secretion
systems [45, 46, 49]. AIM2 is induced by cytosolic double-stranded DNA [45, 46, 50].
The pyrin inflammasome is activated by Clostridium difficile toxin B and Rho-inactivating
toxins from Vibrio parahaemolyticus, Histophilus somni, and Clostridium botulinum [50].

Upon activation, apoptosis-associated speck-like protein (ASC) and caspase-1
assemble with the other domains to form the macromolecular protein complex,
inflammasome [37, 42, 46]. ASC attracts additional pro-caspase-1 into close proximity
and triggers autocleavage into caspase-1 [48]. Active caspase-1 then induces proteolysis
of cytokines, pro-1L-1B and pro-IL-18, to their mature forms allowing their release from
the cell [42, 48]. As a result, the secretion of inflammatory cytokines contributes to
localized inflammation. A model of canonical inflammasome activation pathway is
depicted below (Fig. 1). However, uncontrolled inflammation can increase inflammasome
activation and lead to pyroptosis or pyronecrosis, which is a caspase-1 dependent cell death
[42, 46, 51]. Normally cells are removed through the process of apoptosis with
characteristics of cell shrinkage, DNA fragmentation, and condensation of chromatin
occurring without inducing an immune response. On the other hand, pyroptosis is
associated with cellular swelling, rupture of plasma membrane, and release of pro-
inflammatory molecules within the cell (ATP or HMGB1) [42, 46, 51]. Both cytokines
and pyroptosis are important for clearance of intracellular pathogens [44, 52].



Figure 1 Model showing the role of P2X4 and P2X7 in ROS production and inflammasome
activation in GEC stimulated with extracellular ATP [59]
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Non-Canonical Inflammasome

It has recently been described the non-canonical inflammasome, caspase-11, can
also contribute to caspase-1-dependent IL-1B and IL-18 production [53]. NLRP3
inflammasome is the most characterized to have been shown to play a role through this
non-canonical pathway [48, 50, 54-56]. Caspase-11 in mice is homologous to caspase-4
and caspase-5 in humans [45]. Activation of caspase-11 is critical for Gram-negative
bacteria recognition and caspase-1 activation [48, 50].

The mechanism of triggering caspase-11 is controversial as different publications
suggest activation upstream or downstream of NLRP3 [48, 56]. However, its activators
include choleratoxin B (CTB), bacterial RNA, and LPS [11, 43, 57]. The signaling cascade
model for caspase-11 begins with the stimulation of a TLR to induce expression of type |
interferons, NLRP3, and pro-IL-1B [11, 48]. Then activation of caspase-11 occurs
independent of TLR signaling and recognizes cytosolic LPS as one proposed model [11,
39, 43]. It is also speculated caspase-11 can autoactivate once it surpasses a level of
concentration [56]. Activated caspase-11 will lead to pyroptosis and/or caspase-1
activation [48, 50, 56]. Without caspase-1 activation, caspase-11 can induce pyroptosis and
release of IL-1a and HMGBI1 [45, 56]. However, caspase-11 alone cannot cleave pro-IL-
1B or pro-IL-18 [45, 50, 56, 58]. Both caspase-11 and caspase-1 work synergistically to
recognize and respond to intracellular pathogens through pyroptosis and pro-inflammatory
cytokine release.



For my Ph.D. research, | set out to fulfill the following specific aims:
1.2 Specific Aims

Specific Aim 1.
To evaluate the influence of Porphyromonas gingivalis infection with ATP-induced
inflammasome activation and cytokine secretion.

Hypothesis: Porphyromonas gingivalis inhibits ATP-induced inflammasome activation
and cytokine secretion by secretion of NDK.

We investigated how P. gingivalis influences innate immune response by conducting
experiments to assess ATP-induced inflammasome activation with the presence of wild-
type P. gingivalis and ndk-deficient (ANDK) P. gingivalis infection in GECs.
Additionally, we measured pro-inflammatory cytokine secretion upon activation of the
inflammasome due to P. gingivalis infection. The findings of the elevated cytokine
secretion levels allowed us to target pathways with specific inhibitors to regulate host cell
mediators of the cytokine secretion pathway. The combined results provide a new
perspective to local inflammation during initial infection in the oral cavity. It emphasizes
the significance of NDK release from P. gingivalis as a component of inhibiting ATP-
induced inflammasome activation and cytokine secretion.

Specific Aim 2.

A) To characterize pro-inflammatory response to F. nucleatum oral infection in vivo
B) To evaluate the role of inflammasome activation and during F. nucleatum oral
infection

Hypothesis. Fusobacterium nucleatum upregulates pro-inflammatory cytokine
expression and induces release of cytokines modulated by inflammasome activation
during infection in BALB/c and C57BL/6 mice.

F. nucleatum oral infection has not been described in either BALB/c or C57BL/6 mice,
S0 we set out to investigate how F. nucleatum influences innate immune responses during
infection for both strains. We measured pro-inflammatory cytokine production during F.
nucleatum infection. Then we evaluated the effects of infection on the oral cavity by
histology. Because we observed an increase of pro-inflammatory response during F.
nucleatum infection, we also aimed to assess the role of inflammasome activation. These
experiments are the first to characterize F. nucleatum oral infection in mice. Using these
perspectives, we can begin to develop strategies for earlier clearance of the bacteria
before it proliferates into a systemic problem.



Chapter 2: Purinergic Receptors




2.1 Introduction

The purinergic receptors, also known as purinoceptors, are plasma membrane
receptors expressed throughout the body in skeletal muscle, the cardiovascular and central
nervous systems, epithelial cells, and immune cells [59-64]. They play an important role
in cell proliferation, inflammation, embryonic development, apoptosis, and cancer [62, 65].
There are three classes of purinergic receptors: P1, P2Y, and P2X [65, 66]. Both P1
(adenosine) and P2Y receptors are G protein-coupled receptors, while P2X receptors are
ligand ion-gated channel receptors [66, 67]. P1 receptors have four subtypes A1, A2A,
A2B, and As, which can recognize adenosine [66, 67]. P2 receptors are comprised of seven
P2X (P2X1.7) receptors and eight P2Y receptors (P2Y1, P2Y>, P2Y4, P2Ye, and P2Y11.14)
[67, 68]. Both P2Y and P2X are activated by ATP, ADP, UTP, UDP, and diadenosine
polyphosphates [62, 65, 67].

For the purpose of our studies, we focused on the P2X receptors and their
significance during inflammasome activation. P2X7 is a ligand-gated ion channel, which
is triggered by ATP [66, 69]. Stimulation of P2X5 receptors can lead to Ca* influx through
the ion gates and membrane depolarization [64, 66, 70]. This rapid change in polarization
can increase with more stimuli, but is reversible. Activation can also result in other
intracellular and extracellular exchanges of ions, Na* and K" [66, 67]. Upon P2X;
activation, there is recruitment of large pore formations on the cellular membrane, known
as pannexin-1 hemichannels [69]. These hemichannels contribute to ATP release from the
cell and triggering intracellular signaling of the inflammasome [69, 71, 72]. The signaling
cascade can continue downstream leading to IL-1f release as a response to recognition of
extracellular ATP by the purinergic receptor [69, 72].

The activation and assembly of the inflammasome can be triggered within the cell
by ROS production and oxidative stress [57, 73, 74] . ROS are free radicals generated from
oxygen metabolism in the mitochondria or NADPH oxidases [73, 74]. It is proposed that
K* efflux during inflammasome activation can further induce ROS generation [74]. In our
study, we aimed to characterize the involvement between P2X7, P2X4, and pannexin-1 to
generate ROS and to activate the inflammasome in GECs. ATP has also been described to
be the ligand for P2X4 receptor [75, 76]. However, it had not been characterized in its
association with ATP-mediated inflammasome activation. We also evaluated inhibiting
these purinergic receptors and hemichannel to determine its influence on cytokine
production in P. gingivalis infected GECs.

We published our findings in PLOS ONE showing ATP-induced ROS production
and inflammasome activation was associated with P2X7, P2Xa, and pannexin-1 in GECs.
This response was specific to ATP and occurred within a few minutes after stimulation.
Depletion of P2X7 or P2X4 led to a decrease in inflammasome activation. Inhibition of
P2X7 or P2X4 also effected P. gingivalis-infected cells, which resulted in a decrease in IL-
1B secretion. Overall, P2X7, P2X4, and pannexin-1 modulate ROS production and caspase-
1 activation.



2.2 P2X4 Assembles with P2X7 and Pannexin-1 in Gingival Epithelial Cells and
Modulates ATP-induced Reactive Oxygen Species Production and Inflammasome
Activation
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Background: The punnergic receptor P2X;
mediates ATP-dependent mflanymasome
activation. Other puninergic receptors have never
been shown to have this ability.

Result: ATP stimmlation of P2X, or P2X; leads
to ROS production. but only ligation of P2X;
leads to inflammasome activation. Depletion or
inhibition of P2, abrogates P2X;-dependent
inflammasome activation.

Conclusion: P2X, is present in a complex with
P2X, and 1ts associated pore, pannexin-1.
Significance: Due to 1ts presence in the P23,
complex, P2X, can modulate P2X;-dependent
ROS production and inflammasome activation.

We have previously reported that
Porphyromonas gingivalis infection of
gingival epithelial cells (GEC) requires an
exogenous danger signal such as ATP to
activate an inflammasome and caspase-1,
thereby inducing secretion of interleukin
(IL)-1p. Stimulation with extracellular
ATP also stimulates production of
reactive oxygen species (ROS) in GEC.
However, the mechanism by which ROS
is generated in response to ATP, and the
role that different purinergic receptors
may play in inflammasome activation, is
still unclear. In this study, we revealed

that the purinergic receptor P2X is
associated with the receptor P2X; and its
associated pore, pannexin-1. ATP induces
ROS production through a complex
consisting of P2X,, P2X, and pannexin-1.
P2X;-mediated ROS production can
activate the NLRP3 inflammasome and
caspase-1. Furthermaore, separate
depletion or inhibition of P2X,, P2X-, or
pannexin-1 complex blocks IL-1p
secretion in P. gingivalis-infected GEC
following ATP treatment. However,
activation via P2X, alone induces ROS
generation but not inflammasome
activation. These results suggest that ROS
is generated through stimulation of a
P2X,/P2X,/pannexin-1 complex, and
reveal an unexpected role for P2X,,
which acts as a positive regulator of
inflaimmasome activation during
microbial infection.

Innate immunity 1s the first line of
defense used by the host against microbial
infection. In human tissues, epithelial cells
play a major role in innate immumity.
Epithelial cells can not only form physical



barriers, but also secrete inflammatory
cytokines and chemokines in response to
infection following recognition of microbial
products by pattern-recognition receptors
(PRRs). such as Toll-like receptors (TLR)
and Nod-like receptors (INLE) (1-4).

The proinflammatory cytokines IL-
1p and IL-18 have been linked to
atherosclerosis, systemic inflammatory
diseases, and autoimmune disease. Their
expression and secretion are stringently
controlled by pathogen-associated molecular
patterns (PAMPs) and danger signals (3-7).
Some PAMPs like lipopolysaccharide
(LPS), peptidoglycan, lipoteichoic acid,
flagellin and microbial micleic acids induce
pro-IL-1p and pro-IL-18 expression and
intracellular accunulation (8.%). However,
the maturation and secrefion of these
cytokines requires a danger signal like ATP
or uric acid crystal, which comes from
stressed or infected cell and leads fo the
activation of inflammasomes (10-13).

Inflammasomes are large
multiprotein complexes that act as a
caspase-1-activating platform for IL-1p and
IL-18 maturation. Thev can be categorized
by the composition of their integral PRE.
family member, which acts as a scaffold
protein that contributes to caspase-1
recruitment. clustering, and auto-activation
(12-17). The best characterized
inflammasome 15 the NLRP3
inflammasome. It contains NLRP3 as a
scaffold protein. an apoptosis-associated
speck-like protein confaining a caspase
recruitment domain (ASC) adaptor, and
caspase-1 (18.19). Danger-associated
molecular patterns (DAMPs). such as
extracellular ATP. can activate the NLEP3
inflammasome through ATP-gated P2X; 1on
channels (11.12.20). Upon ATP stinmlation,
the P2X; receptor opens a cation channel,
which permits K~ efflux, and gradually
forms a larger pore on the membrane by

recruiting the hemichannel pannexin-1 to
activate the NLEP3 inflammasome (21-23).
Although P23y is also an ATP-gated ion
channel. it has not been previously described
to participate in ATP-mediated caspase-1
activation.

Several downstream mechanisms
have been proposed to induce NLRP3
inflammasome activation, including reactive
oxygen species (ROS) production.
lvsosomal destabilization, K efflux. and
apoptosis (12.24-26). In particular. ATP
stimulation of cells has been shown to
induce caspase-1 activation following ROS
production. and treatment with the P23,
antagonist. oxATP, attenuates ATP-induced
ROS generation (12,27-32). In addition to
P2X; agonists, agomists of other purinergic
receptors also promote ROS generation,
mmplying that other punnergic receptors may
also confribute to ATP-induced ROS
production (31.33.34). However, unfil now,
1o other purinergic receptor has been
implicated in ATP-induced activation of the
NLEP3 inflammasome other than P23,

Gingival epithelial cells (GEC)
represent the first barrier to infection and are
a prominent component of the innate
imnmne system in the oral cavity. The GEC
are also targets of infection, and can be
infected by common periodontopathogens
such as Porpiyromonas gingivalis.
Tanmerella forsythia, and Actinobacillus
actinomycefemcomitans (35-38). Previously,
we showed that P. gingivalis-infected GEC
overexpress pro-IL-1p. but secretion of the
cytokine requires a second stimulus, such as
treatment with exogenous ATP. to activate
caspase-1 through the NLRP3
inflammasome (34.39). Characterizing the
cell signaling events activated by pathogens
m GEC provides potential candidates to
control inflammatory responses associated
with periodontal disease. However, the
molecular mechanisms by which the GEC



respond to bacterial infections remain to be
elucidated. Thus. we here investigate which
purinergic receptors contribute to ATP-
induced ROS production and inflammasome
activation in GEC, and reveal an unexpected
modulatory role for P2X,.

EXPERIMENTAL PROCEDURES

Cells and chemical reagents

Parphyromenas gingivalis ATCC
33277 was cultured anaerobically for 24 h at
37°C 1 trypiicase soy broth (TSB)
supplemented with yeast extract (1 mg/ml).
haemun (3 ng/ml) and menadione (1 [Lg/ml)
and used for infection as described (34).

The human immortalized gingival
keratmocyte (IHGK) cell line (40). was
obtamned as previously described (40.41).
Cells were culmured in serum-free defined
keratinocyte-SFM (Gibco) at 37 °C in a
humdified mcubator containing 5% CQO-.

Primary GEC were obtamned after
oral surgery from healthy gingival tissue as
previously descnibed (42). Cells were
cultured as monolayers in serum-free
keratinocyte growth medmm (KGM)
(Lonza) at 37°C in 5% CO,. Primary GEC
were used for experimentation at ~75—80%
confluence and cultured for 24 hor 48 h
before infection with P. gingivalis at a
mulitplicity of infection (M.O.L) of 100
(34).

ATP, ADP UTP, oxATP, PPADS,
and probenecid were from Sigma-Aldrich.
AMP was from Santa Cruz Biotech. 5-
BDEBD was from Tocris Bioscience. All
primers were purchased from Fisher
Scientific. Antibodies against P23, (APR-
002) and P2X; (APR-008) were obtained
from Alomone Labs.

RNA extraction, reverse manscription PCR,
and quantitative PCR

Total RNA was isolated from 10°
THGK cells using ENeasy Mini kit (Qiagen)
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according to the manufacturer’s protocol.
cDNA was amplified from 2 pg RNA by
random hexamers using TaghMan Reverse
Transcription Reagents kit (Applied
Biosystems). The following primers were
used in PCR: 3'-
CGCCTTCCTCTTCGAGTATGA-3 and
-
AGATAACGCCCACCTTCTTATTACG-3'
for P2X,;: 3-GCCTACGGGATCCGCATT-
3"and 5-TGGTGGGAATCAGGCTGAAC-
3" for P2X,: 5'-
GCTGGACCATCGGGATCA-3 and 5'-
GAAAACCCACCCTACAAAGTAGGA-3
for P23;; 5-
CCTCTGCTTGCCCAGGTACTC-3" and
3-CCAGGAGATACGTTGTGCTCAA-3
for P2X,: 3-CTGCCTGTCGCTGTTCGA-
3" and 5-GCAGGCCCACCTICTTGTT-3
for P23 5°-
AGGCCAGTGTGTGGTGTITCA-3 and 3'-
TCTCCACTGGGCACCAACTC-3' for
P2¥;: 5
TCTTCGTGATGACAAACTTTCTCAA-3"
and 3"-GTCCTGCGGGTGGGATACT-3
for P2¥;: and 5'-
GGTGAGACAAGACCCAGAGC-3" and
3-GGCATCGGACCTTACACCTA-3" for
pannexin-1.

The PCE. cycling protocol for all
primers was 94°C at 5 s, 35°C at 5 s and
68°C at 15 s. The protocol was repeated for
40 cycles and included an mitial 5 mun
enzyme activation step at 94 °C and a final
10 min extension step at 72 *C. PCR.
products were separated by electrophoresis
on a 2% agarose gel and visualized by
ethidium bromide staiming.

Quantitative PCR (gPCR) was
carried out with 1/50 of the cDNA
preparation mn the Mx3000P (Stratagene) in
25 i final volumes with the Brilliant QPCE.
Master Mix (Stratagene). cDNA was
amplified using 200 nM of each specific
sense and antisense primers. Quantitative



PCR was conducted at 93°C for 10 nun,
followed by 40 cycles at 95°C for 30 s, 35°C
for 1 nun and 72°C for 30 s. The expression
levels of P2X,;. P2X;. and pannexin-1 were
normalized to GAPDH by the comparative
cycle threshold method, as descibed by the
manufacturer (Stratagene). The primers for
the genes coding P2X, P2X; and
pannexin-1 were as above. For GAPDH. the
primers were: 3'-
TTAAAAGCAGCCCTGGTGAC-3" and 5'-
CTCTGCTCCTCCTGTTCGAC-3".
Lenniviral infection of IHGK cells

Immeortalized GEC (IHGK) stably
expressing shRINA agamst P2X,
(TRCN0000044960 and
TRCN0000044962). P23,
(TRCN0000045095 and
TRCN0000045097), and pannexin-1
(TRCN0O000156046 and TRCN0OD00155348)
were generated by transducing the cells with
lentiviral particles purchased from Sigma-
Aldnich. Transduction was performed
following the manufacturer s instructions.
Nontarget shRINA control cells were also
generated using an irrelevant sequence
(SHC002V, Sigma). Brefly. GEC were
plated at 70% confluency 24 h prior to
transduction, and the corresponding
lentiviral transduction particles were added
at M OL of 3 overmght. Fresh media was
added the next day. and stably infected cells
were selected by addition of media
contaiming 3 [lg/ml puromycin (Sigma-
Aldrich).
Transient RNA depletion with siRNA in
primary GEC

Expression of P23, and P23{;
primary GEC was repressed with
different siRINA sequences as previously
described (43). The siRNA sequences were:
5 -GCUUUCAACGGGUCUGUCATT-3"
and 5-UGACAGACCCGUUGAAAGCTA-
3" for P2X4 (Ambion. LifeCell
Technologies, S9957, Cat. #: 4392420); and

2 -
ACAAUGUUGAGAAACGGACUCUGAT
-3" for P23X; (27 mer sitRINA
duplexes OnGene Technologies, Cat. #:
SR303325). Briefly, cells were
treated with siRNA
using Glycofect Transfection Reagent
(Kerafast) mixed with 10 oM siRNA (stock
concentration of stRNA was 20 nM) mm a
total volume of 100 ul. Four hours later,
new cell-medium was added to the cells
without removal of the transfection mixture,
and cells were incubated for 36 hours. gPCR.
was performed to confirm the knockdown
efficiency.
ROS measurement

ROS measurement was assaved
with the ROS indicator dye, CM-H,-
DCFDA DCF, Invitrogen) as described
previously (43). In brief. cells were loaded
with 2.5 pM DCF 1n PBS for 30 nun at
37 °C, washed with PBS, and treated with
100 pM or 3 mM ATP for 1 hat 37 °C.
Cells were counter-stained with
Hoechst33342 m order to reveal the nucleus.
Finally. the cells were observed by wide-
field fluorescence microscope (Leica,
Deerfield, IL).
Measurement of caspase-1 activation by
ELISA

GEC were treated with 100 pM or
3 mM ATP for 3 h and supernatants were
collected and subjected to human caspase-1
immunoassay (R&D) according to
mamufacturer’ s instructions. In brief. the
caspase-1 ELISA uses monoclonal and
polyclonal antibodies specific for the
caspase-1 p20 subumnit as capture and
detection antibodies. respectively. One
hundred |1l of supernatant were first nuxed
with 30 ul of RD1W buffer and loaded onto
caspase-1 monoclonal antibody coated-wells
for 1.5 hus. One hundred [ of caspase-1
antiserum was then used as detection

antibodies. Anti-rabbit IgG-HRP conjugate



was used for quantification. Activated
caspase-1 was measured usmg a plate reader
at 450 nm with wavelength correction at 540
nm
Measurement of IL-18 secretion by ELISA

Secretion of IL-1p was measured
using a commercial cytokine ELISA kit (BD
Biosciences Pharmingen) as described (39).
Co-Immunoprecipitation of purinergic
receptors

Co-immunoprecipitation was
performed with Dynabeads (Invitrogen)
according to the manufacturer’s instructions.
Cells were lysed with the extraction buffer,
and cell extracts were incubated for 3 h at
4°C with beads pre-coupled overmight with
P2X, antibody. Precipitates were washed
with extraction buffer and LWB with the use
of a magnet and were subjected to 2X
sample buffer and heated to 99°C for 10
min. The eluted proteins were analyzed by
Western blot as previously described (44).

RESULTS

ATP induces ROS generation in GEC

It has been shown stimulation with
ATP results in high levels of ROS generated
in alveolar macrophages and primary GEC
(27.34). In order to characterize ATP-
induced ROS production in GEC, we used a
stable GEC cell line, the human
immortalized gingival keratinocyte cell line
(HIGK) (40), stained with carboxy-
H,DCFDA (DCF), which remains
nonfluorescent until 1ts deacetylation and
oxidation. Fluorescence microscopy images
showed a significant increase of DCF
fluorescence in 3 mM ATP stimulated
HIGK cells (Fig. 1A). Quantitative analvsis
of fluorescence microscopy data showed
that the fluorescence in ATP-treated cells
was about 9 times higher than in cells
without treatment. Furthermore. the cells
responded quickly to ATP stimulation
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within 3 munutes and reached a steady state
from 30 munutes to at least 3 hours (Fig. 1. B
and C). Treatment with other extracellular
nucleotides such as ADP. AMP. or UTP was
unable to mnduce significant ROS generation
in the cells (Fig. 1C). These results suggest
that stimulation with ATP, unlike other
nucleotides, can induce ROS production in
GECs.
Purinergic receptors involved in ATP-
induced ROS generation

It has been proposed that
extracellular ATP induces ROS production
through ligation of the ATP-gated P2X; 1on
channel, in association with the pore-
forming hemi-channel, pannexin-1, in
macrophages and neurons (1921 45). To
mvestigate whether ATP-induced ROS
production in GEC takes place through
P2X;. we examined the gene expression
levels of purinergic receptors in HIGK cells.
In agreement with our previous description
of primary GEC (46). the HIGK cells
express P2X; throuh P2X;_ In addition, the
HIGK cells express pannexin-1 (Fig. 2A).

P2X- and pannexin-1-dependent
responses in HIGK cells were next
examined by fluorescence mucroscopy (Fig.
2B). Consistent with previous results, 3 mM
ATP stimulated a large level of ROS
production, suggesting that ATP mediates
ROS production through P2X; ligation (Fig.
2. B and C). A role for P2X7 was further
confirmed by showing that ATP-induced
ROS production was mhibited by
pretreatment with the P2X; and pannexin-1
antagonists, oxATP and probenecid.
respectively (Fig. 2D). Moreover. as
illustrated in Fig. 2E. treatment with the
selective P2X; antagonist, PPADS,
sigmificantly blocked ATP-induced ROS
generation. These data suggest that P2X
may be involved i ATP-induced ROS
generation in GEC.

Unexpectedly. treatment with 100



uM ATP also elicited ROS generation but to
a lower extent than with 3 mM ATP (Fig 2.
A and B). P2, 1s considered to mediate
high affinity responses to ATP stimulation,
at lower concentrations than for P23,
(31.33.47 48). Thus, these results suggested
that P2X4 may be mnvolved in ATP-
mediated ROS production. To test this
possibility, we pretreated cells with the
potent P2X, antagonist, 3-BDBD. As shown
in Fig. 2E pretreatment with 5-BDBD
significantly blocked ATP-induced ROS
generation. Taken together, these results
suggest that ATP may elicit ROS generation
through P2X,; and P2X; ligation in GEC.
Confirmation by RNA interference for
role of P2X,;, P2X, and pannexin-1 in
ATP-mediated ROS production

As mhibitor studies suggested that
P2X4may be involved in ATP-dependent
ROS responses, we examined this
unexpected result by stably depleting P2X,,
P2X; and pannexin-1 by lentiviral delivery
of specific shRNA. Depletion efficiency i
each cell line was validated individually by
gPCR. As shown in Fig. 3A, the mRNA
levels of P2X,, P2X;. and pannexin-1 were
reduced by at least ~70% mn comparnison to
cells transduced with control shRINA virus
particles. In agreement with Fig. 2, depletion
of P2X; or pannexin-1 resulted in
attenuation of ROS production after ATP
stimulation, compared to GEC transduced
with control shENA  Although depletion of
P2X, by RINA mnterference was less efficient
than for P2X;, P2X, depletion resulted mn a
dramatic decrease i ATP-mediated ROS
production (Fig. 3. B and C). Collectively,
these findings indicate that both P2X, and
P2X; contribute to ROS generation after
ATP treatment of GEC.
ATP ligation by P2X,/P2X;/pannexin-1
complex leads to inflammasome
activation in GEC

We previously showed that ATP
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treatment of GEC leads to NLRP3
mflammasome actrvation (39). As ROS
production has been associated with
mnflammasome and caspase-1 activation
(12.27.29 30), we evaluated whether ATP-
mediated caspase-1 activation i GEC takes
place through P2X/P2X; ligation. Using
ELISA to measure secretion of activated
caspase-1, we observed that treatment of
GEC with 100 uM ATP was insufficient for
caspase-1 activation, even though ROS
generation was induced. In contrast, 3 mM
ATP treatment resulted in high levels of
caspase-1 activation in GEC stably-
expressing the control shENA (Fig. 4A); but
the activation of caspase-1 by 3 mM ATP
treatment was abrogated when either P23,
or P2X; were depleted in GEC (Fig. 4A).
Thus, treatment with 3 mM ATP induced
ROS production via the P234/P23;
complex and activated the NLRP3
mflammasome. However, 100 uM ATP
stimulation mduced ROS generation throngh
P2X, ligation, but stinmlation with this
concentration of ATP was not sufficient to
activate the inflammasome.

The non-redundant roles of P23,
and P2X; in ATP-induced ROS generation
led us to hypothesize that P2X; and P2X;
may be associated in the membrane and
function as a physical complex in ATP-
mediated responses in GEC. Therefore, we
examined physical associations between
P2X, and P23 in GEC by performing co-
immunoprecipitation experiments. After
precipitating endogenous P23, using an
anti-P2X, antibody, we observed that P2X;
and pannexin-1 were detected in the
immunoprecipitate (Fig. 4B). Taken
together, these data indicate that P23,
P2X;. and pannexin-1 form a heterocomplex
m GEC. and play non-redundant roles in
ATP-induced ROS generation.

ATP Ligation of P2X,/P2X,/pannexin-1

contributes to secretion of pro-



inflammatory cvtokines secretion in
primary GEC infected with P. gingivalis

Previously we had reported that
mfection of GEC with P. gingivalis leads to
expression of pro-IL-1[ and its
accunmulation within the infected cell.
However, secretion of IL-1[ requires a
second signal, such as the danger signal
ATP, i order to activate the NLEP3
mflammasome and caspase-1, allowing
processing and secretion of the mature IL-15
(39).

Given the unexpected observation
that P23, can modulate ATP-dependent
caspase-1 activation in the immortalized
HIGK cells, we examined whether a similar
effect could be observed in immortalized
(HIGK) cells and primary GEC during
mnfection with P, gingivalis. As in our
previous studies_ neither P. gingivalis
infection alone nor infection combined with
100 uM ATP treatment could induce TL-15
secretion by HIGK cells. Only infected cells
treated with 3 mM ATP. but not other
nucleotides, could promote II-1p secretion
(Fig. 5A). Similarly, using primary GEC,
we found that ATP. but not other
nucleotides, could promote IL-1[ secretion
by infected cells (Fig. 5C). We also
consistently observed that primary GEC
produce and secrete higher levels of IL-1/
than HIGK cells (Fig. 3).

Furthermore, pretreatment of
mfected HIGK or primary GEC with the
P2X; antagonists, PPADS and oxATP,
blocked ATP-dependent IL-1] secretion. In
addition, the pannexin-1 inhibitor,
probenecid. also abrogated IL-1p secretion
Finally, inlubition of P2X, by 3-BDBD
reduced the amount of IL-1p secretion. even
though the cells were treated with 3 mM
ATP. which stimulates signaling via P2X;
(Fig. 5B and D).

To further confirm a role for P2X,

and P2X; in IT.-10. we used siRNA to
deplete P2X, and P2X; i pnmary GEC
individually. (In our hands, sitRNA treatment
1s more effective than shRINA delivery for
RIA interference in primary GEC) Fig 3E
showed that P2X, or P23, mRNA levels
were depleted with an efficiency of over
80% in primary GEC. Similarly to our
previous results (39). P. gingivalis infection
followed by 3 mM ATP treatment caused
IL-1p secretion by the primary GEC that
had been treated with control siRINA.
However, depletion of P2X,; or P2X;
reduced significantly IL-1p secretion, which
again showed a non-redundant role for P23,
and P2X; mn ATP-dependent IL-1p
secretion. Probenecid treatment prior to ATP
stimulation repressed even further the IL-1p
secretion mn P2X, and P2X; knockdown
cells, consistent with a role for pannexin-1
in IL-1B secretion by primary GEC. All
these results imply that a

P2 /P2X;/pannexin-1 complex 1s required
for IL-1p secretion in response to ATP
treatment of P. gingivalis-infected cells.

DISCUSSION

Onar results show that P23, P23,
and pannexm-1 contribute to ROS
generation and are associated with
mnflammasome activation m GEC.
Consistent with this possibility, previous
studies have suggested that P2X,; and P2X,
may behave as heteromeric receptors on
bone marrow derived macrophages
(BMDM) (49.50). Sinularly, ATP-mnduced
cell death of mouse macrophages was shown
to involve the P2X; receptor, initiating Ca®~
nflux vpon stimulation with ATP and
contributing to pore formation by activation
of the P2X; receptor (31.52). These
findings suggest the functionality and
dependence of the P2X4 and P2X; receptors
on each other.
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In GEC, we found that extracellular
nucleotide-mduced ROS production
occurred withm a few mmnutes and was
specific for ATP stimulation. We then
charactenized expression of possible target
receptors and tested whether specific
inhibitors for these receptors could block
ROS generation. Inlibitors of P2X,. P2X;.
and pannexin-1 reduced sigmficantly ATP-
dependent production of ROS. To further
evaluate the functionality of the receptors.
we depleted erther puninergic receptor or
pannexin-1 by RNA mterference, and find
that both punnergic receptors and pannexin-
1 are requuired for efficient ATP-induced
ROS production in primary or immortalized
GEC. Our findimgs differ from another
study. which showed that depletion of the
P2X, receptor increased ATP-mediated
ROS production in the macrophage cell line,
FAW264.7 cells (31.52). The conflicting
results may be attributed to different cells
lines, but we also used prumary GEC and
found simular results as with the HIGK cells.

We have previously reported that
treatment of GEC with ATP concentrations
that sttmulate P2X; leads to activation of the
mnflanumasome and caspase-1 (39).
However, we now find that depletion of
etther P23, or P2X; resulis in decreased
caspase-1 activation in GEC. ROS 1s
produced when either P2X, or P2X; are
stimulated. but caspase-1 1s activated only
when GEC are treated with ATP
concentrations that activate P23{;.

Simularly, TL-1p secretion from P.
gingivalis-infected cells. which requires
caspase-1 activation. could be induced by
treatment of the infected cells with ATP
concentrations that stimmlate P23{;, but
mhibiting or depleting erther P2X or P2X;
resulted m sigmificantly lower levels of IL-
1 secretion.
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Taken together, these results
suggested that P2X, stiimulation may not be
sufficient for activation of caspase-1. but
P2X,; may form a complex with P23,
which could explain why P2Xy depletion
results 1 loss of P2X;-mediated signaling.
We confirmed this hypothesis by
demonstrating by co-immunprecipitation
expenmments that P2X; 1s physically
associated with P23 and pannexin-1 in
GEC. P2X, and P2X; have previously been
shown to also form heteromeric receptors i
BMDM (49). Thus, these results suggest
that P23, stimulation 1s requured for
caspase-1 activation, but P2X,, through its
presence m the P23 /P2X;/pannexin-1
complex. modulates the activity of P2X;
(Fig. 6).

Here. we provide an initial insight
mto how signaling through P23, P2X;_ and
pannexin-1 may activate caspase-1 mn GEC.
The same complex 1s involved in secretion
of IL-1p from GEC that had been primed by
P. gingivalis infection. Thus, understanding
the triggers for P2X;-dependent ROS
generation and caspase-1 activation could
aid in drug discovery and development of
therapeutic approaches for diseases
associated with P. gingivalis. such as
periodontal disease and cardiovascular
disease.

An obvious question 1s the
mtracellular source of ROS m GEC. which
has been postulated to oniginate from
mitochondria and/or the NADPH oxidase on
the plasma membrane (34). A larger
challenge may be to identify the molecular
mechanisms that allow caspase-1 to be
activated only after P2X; stmulation, even
though both P2X,4 and P2X; ligation leads
to ROS production.
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FIGURE LEGENDS

Fig. 1. ROS production in response to ATP in GEC. (A) Immortalized GEC (HIGK) were
treated for 1 hour with 3 mM ATP or left untreated as a control and stained with DCF (green) to
detect ROS by fluorescence microscopy. Hoechst (blue) was used to stain nucler. (B) ROS
generation was measured with DCF at the indicated time powmnts after 3 mM ATP stimulation
The mean fluorescence was quantified by mmage J and normalized for the number of cells. (C)
Quantification of ROS production induced by different nucleotides. GEC were treated with 3
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mM of ATP, ADP, AMP. or UTP, or left untreated for 1 hour, and analyzed by umage J as i (B).
The bars show the average values and SD of three independent experiments.

Fig. 2. Involvement of P2X,, P2X,, and pannexin-1 in ATP-mediated ROS generation. (A)
Total RNA from mmmortalized GEC was extracted and reversed transcribed (RT) to cDNA. The
cDNA was used to perform PCR with the primers specific for the indicated genes. and the PCR
products were finally visualized by EtBr staimng. (B) GEC were treated with 100 pM or 3 mM
ATP as mdicated for 1 hour, and ROS production was measured with DCF staming and
visualized by fluorescence microcopy. Quantification of the fluorescence in three independent
experiments with SD 1s shown i (C). (D-E) ROS production was measured by DCF staining in
GEC stimulated under different conditions. GEC were left untreated or stimulated with 20 pM
mgericin or 3 mM ATP for 1 hour followed by fluorescence mucroscopy. Dimunished ROS
generation by different receptor antagomists was examuned by pretreating cells with 100 uM
oxATP for 30 munutes, 1 mM probenecid for 10 nunutes. or 50 pM 5-BDBD or 100 uM PPADS
for 15 munutes. followed by 3 mM ATP stimulation for 1 hour.

Fig. 3. Diminished ATP-induced ROS production due to depletion of P2X, or P2X; by
ENA interference. (A) Immortalized GEC were transduced with lentiviruses carrying the
ndicated shENA-expressing plasnud for 1 day and selected with puromycin. After selection,
cells were collected and total RNA was analyzed by gPCR to confirm knockdown efficiency. (B)
DCF staining of ROS production after 3 mM ATP stimulation for 1 hour in different cell lines.
The fluorescence shown m (C) was quantified as i Fig. 1 and normalized to shCtrl. which was
transduced with control, non-mammahian shENA

Fig. 4. Impaired ATP-stimulated caspase-1 activation due to disruption of the complex
contaiming P2Xy, P2X-, and pannexin-1. (A) Immortalized GEC that had been depleted of
P2X, or P2X; using lentiviral particles were treated with 100 pM or 3 mM ATP for 3 hours, and
supernatants were collected for caspase-1 activity measurement. Caspase-1 activity was
measured by ELISA as described in Matenal and Methods. (B) Total proteins iselated from GEC
were subjected to immmunoprecipitation (IP) by a polyclonal anti-P2X; antibody or Dynabeads as
a control. Precipitates or total protein extract (as input) were resolved on SDS-PAGE and
analyzed on immunoblots with anti-P23; (top), anti-pannexin-1 {muddle), or anti-P2X, (bottom)
antibodies.

Fig. 5. Abrogation of ATP-induced IL-1p secretion in P. gingivalis-infected GEC by
inhibition of P2X,, P2X,, or pannexin-1. Pnmary GEC (C and D) and immortalized GEC (A
and B) were mfected with or without P. gingrvalis (P.g.) at an M.OI of 100 for 6 hours.
followed by treatment with different pharmaceutical agents. Infected cells were treated with 100
uM ATP, 3 mM ATP, 3 mM ADP. 3 mM AMP, or 3 mM UTP individually for 1 hour (A and
C). Altematively, infected cells were pre-treated with 50 pM 5-BDED for 15 munutes, 100 uM
PPADS for 15 munutes, 100 pM oxATP for 30 nunutes, or 1 mM probenecid for 10 nunutes,
followed by treatment with 3 mM ATP for 1 hour (B and D). The supernatants were collected
and subyected to ELISA to measure IL-1p secretion. (E) Pnmary GEC were transfected with
s1IRINA sequences agamnst P23y or P2X; for one day, and mRINA levels were detected by qPCR.
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(F) Prmary GEC depleted of P2X, or P2X; were nfected with P. gingivalis (P.g.) and treated
with probenecid and 3 mM ATP as shown m (B). IL-1P secretion m the supernatants was
analyzed by ELISA. The values showed averages and SD from duplicate samples. which were
obtained from three separate experiments.

Fig. 6. Model showing the role of P2X, and P2X; in ROS production and imnflammasome
activation in GEC stimulated with extracellular ATP.
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Figure 6
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Chapter 3: Porphyromonas gingivalis
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3.1 Introduction

P. gingivalis is a Gram-negative human opportunistic pathogen that is highly
adapted to colonize the oral epithelial tissues and plays a major role in the etiology of
severe and chronic forms of periodontal diseases [77]. The organism has been associated
with a variety of other chronic and inflammatory conditions including orodigestive cancers,
rheumatoid arthritis, liver disease, and diabetes. Gingival epithelial cells (GECs) that line
the gingival mucosa are among the first cells in the oral cavity encountering and invaded
by the microorganisms. We aimed to study the mechanisms that allow P. gingivalis to
survive and evade the host immune system in GECs.

P. gingivalis has evolved to survive and evade host immune recognition as an
intracellular pathogen. Many intracellular bacteria such as Streptococcus pyogenes,
Listeria Monocytogenes, and Chlamydia trachomatis take control of host cells through
autophagy pathways [78-80]. After internalization into a cell, P. gingivalis migrate into
the cytosol and localize in the perinuclear region [81]. The vacuoles provide not only a
protective barrier from lysosomes and degradation, but also an environment of nutrients
rerouted to the autophagosomes [82]. Survival of P. gingivalis is contributed by
nucleoside-diphosphate kinase (NDK) release during infection to disrupt extracellular
danger signaling. Extracellular nucleotides, such as ATP, originate from infected cells
released as a danger signal [83]. ATP is rapidly degraded in the extracellular medium, so
activation of receptors is through autocrine or paracrine signaling. The binding of ATP to
a purinoceptors, like P2X7, can lead to secretion of pro-inflammatory cytokines as an
inflammatory response to intracellular pathogen infection [84]. By inhibiting ATP binding
to its danger-associated molecular pattern receptor, P2X5, it suppresses reactive oxygen
species generation, which is a contributor to inflammasome activation [59, 85].

It is still unclear of the significant role of NDK and inflammasome activation. The
hypothesis is wild-type infection will inhibit ATP-induced inflammasome activation by
secretion of NDK. Therefore, ndk-deficient P. gingivalis infection is speculated to not as
effectively inhibit ATP-induced inflammasome activation. Cytokine secretion and
downstream of inflammasome activation are also not well characterized. Cells infected
with P. gingivalis has been shown to express IL-8 mMRNA, but its secretion is degraded by
the bacteria [86]. As IL-8 is important as a chemoattractant for neutrophil migration, we
aim to evaluate other pro-inflammatory cytokines such as IL-1p and HMGBL1, which have
not been tested in GECs.

There is still very little knowledge on how different microorganisms or their
components regulate the expression and secretion of HMGB1. Since we predict P.
gingivalis will inhibit inflammasome activation by secretion of NDK, we expected to
observe a decrease in IL-1p secretion for cells infected with the wild-type P. gingivalis.
As for infected cells with ndk-deficient P. gingivalis, we suspected cytokine secretion to
be elevated compared to wild-type P. gingivalis. This effect should have also mimic
HMGBL release. Uninfected cells more likely wouldn’t secrete IL-13 because there is no
PAMP signal to express the pro-inflammatory cytokine. However, it is uncertain of effects
on HMGBL release in uninfected treated with ATP. This study focused on NDK to
regulate inflammasome activation and cytokine secretion adds to the understanding of the
one mechanisms P. gingivalis evades the immune system.
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We published our findings in Microbes and Infection showing that P. gingivalis
attenuates ATP-mediated inflammasome activation and HMGBL1 release because of its
production of NDK. It was surprising to find P. gingivalis infection without ATP
stimulation induced translocation of HMGB1 from the nucleus to the cytosol. Wild-type
P. gingivalis also reduced ATP-dependent IL-1p secretion through release of NDK. Taken
together, P. gingivalis NDK contributes to dampening pro-inflammatory response in
GECs.
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3.2 Porphyromonas gingivalis attenuates ATP-mediated inflammasome activation
and HMGBI release through expression of a nucleoside-diphosphate kinase
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Abstract

Many intracellular pathogens evade the innate immune response in onder to survive and proliferate within infected cells. We show that
Porphyromonas gingivalis, an intracellular opportunistic pathogen, uses a nucleoside-diphosphate Kinase (NDK) homolog to inhibit innate
immune responses due to stimulation by extracellular ATP, which acts as a danger signal that binds to P2X; receptors and induces activation of
an inflammasome and caspase-1. Thus, infection of gingival epithelial cells (GECs) with wild-type P. gingivalis results in inhibition of
ATP-induced caspase-1 activation. However, ndk-deficient P. gingivalis is less effective than wild-type P. gingivalis in reducing ATP-mediated
caspase-1 activation and secretion of the pro-inflammatory cytokine, IL-1B, from infected GECs. Furthermore, P. gingivalis NDK modulates
release of high-mobility group protein B1 (HMGB1), a pro-inflammatory danger signal, which remains associated with chromatin in healthy
cells. Unexpectedly, infection with either wild-type or ndkdeficient P gingivalis causes release of HMGBI from the nucleus to the cytosol. But
HMGB 1 is released to the extrucellular space when uninfected GECs are further stimulated with ATP, and there is more HMGB 1 released from
the cells when ATP-treated cells are infected with ndk-deficient mutant than wild-type P gingivalis. Our results reveal that NDK plays a
significant role in inhibiting P2X;<dependent inflammasome activation and HMGB 1 release from infected GECs.
© 2015 Institut Pasteur. Published by Elsevier Masson SAS. All nights reserved.

Keywonds: Innate immunity; Purinergic receptor: Porphyromonas gingivalis, Interleukins; Inflammation
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sitmated on the plasma membrane, and nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs) in the
cytoplasm [5—7]. Ligation of the purinergic receptor, P2X,.
typically leads to assembly of a complex of proteins, called the
inflammasome, which results in activation of caspase-1 and
subsequent processing and secretion of the pro-inflammatory
cytokines, IL-1f and [L-18. The most widely studied inflam-
masome contains the NLR member, NLRP3, the adaptor
protein, apoptosis-associated speck-like protein containing a
CARD {ASC). and the protease, caspase-1 [7.8]. The NLRP3
inflammasome can be activated by multiple stimuli. including
the “danger signal,” extracellular ATP, which is released by
damaged, stressed, or infected cells [7.9]. GECs express func-
tional P2X,. whose ligation by ATP leads to production of
reactive oxygen species (ROS) and assembly and activation of
the NLEP3 inflammasome [7,10—13].

Another danger signal molecule. high mobility group box 1
protein (HMGBI ), can be secreted after inflammasome activa-
tion [14.15]. In healthy cells. HMGBI1 is associated with
chromatin and enhances the binding of regulatory proteins to a
variety of genes [14]. Outside the cell, HMGB 1 has potent and
diverse immunomodulatory functions after binding to its
receptor, RAGE, TLR2 or TLR4 [ 16]. Extracellular HM GBI
has been linked with different inflammatory conditions, from
endotoxemia, ischemia and liver injury to squamous cell car-
cinoma [17—19]. Increased HMGB1 release and RAGE
expression is also described to possibly play a role in diabetes-
associated periodontitis [20]. Recently, HMGB1 release has
been shown to be regulated by inflammasomes [21-23]. How-
ever. there is still little known on how different microorganisms
or their components regulate the expression and secretion of
HMGRBI.

As asuccessful facuhative intracellular organism, P gingivalis
has evolved an array of virulence factors and associated mecha-
nisms that allow the organism’s survival and spread in the gingival
epithelium, and evasion of recognition by the host immune
system [ 1]. Prominent virulence factors include gingipains and a
secreted homologue of nucleoside-diphosphate kinases (NDKs)
[24=27].

NDKs catalyze the transfer of orthophosphates from nucle-
oside triphosphates, such as ATE o nucleoside diphosphates,
thus enabling it to control nucleotide pools inside the cells [24).
Additionally, secreted NDKs can be used by mtracellular
persistent bacteria, such as Mycobacterium tuberculosis and P
gingivalis, to mask their presence from the host immune system
by scavenging extracellular ATP [9.28—30]. Unlike many other
infections bacteria, P gingivalis can stimulate the production of
hiologically inactive pro-IL-1§ in infected GECs, but does not
induce significant release of the secreted active form of IL-1f
[12]. ActivelL-1p secretionin P. gingivalis-infected GECs only
occurs after stimulation with extracellular ATP [12]. Our
previous smdies have shown that P ging ivalis NDK secretion is
important for maximal inhibition of ATP-wiggered P2X,-
mediated apoptosis in infected GECs as well as ATP-induced
generation of cellular ROS [13.31.32]. These studies imply a
potentially critical role for P gingivalis NDK in the modulation
of the inflammasome-mediated host response and IL-1p

secretion. The cwrent knowledge on the mechmisms of
inflammasome activation has been predominantly derived from
cells of the myeloid lineage [33]. Epithelial cells in general,
including GECs, have attracted less attention. Additionally the
mechanisms of regulation of other inflammasome-dependent
danger-signals, such as HMGBI. are widely unexplored.
Therefore, we aimed to examine the potential role of theeffector
molecule NDK on ATP-mediated inflammasome activation and
pro-inflammatory cytokine release. We hypothesize that the
release of NDK inhibits caspase-1 activation and secretion of
pro-inflammatory cytokines and HMGB1 in P gingivalis-
infected GECs.

2. Materials and methods
2_1. Primary and immortalized GECs

Healthy gingival tissue was obtained by oral surgery to
produce primary GECs cultures as previously described [34].
No subject recruitment per se was done. Adult patients were
selected at random and anonymously from those presenting at
the University of Florida Dental Clinics for tooth crown
lengthening or impacted third molar extraction. Gingival tissue
that would otherwise be discarded was collected after
informed written consent by the patient. This study is
approved by the Instimtional Review Board under the Uni-
versity of Florida. Cells were culured as monolayers in
serum-free keratinocyte growth medium (Lonza) at 37 °Cina
5% C0O; incubator. The human immoralized GEC (HIGK)
cell line was obtained as previously described [35]. Cells were
cultured in defined keratinocytes serum-free media (K-SFM.
Life Technologies) at 37 °C in a 5% CO; incubator.

2.2, Porphyromonas gingivalis cufrure

F. gingivalis ATCC 33277 and its isogenic ndk-deficient
mutant were cultured anaerobically for 24 h at 37 "C in trypti-
case soy broth supplemented with veast extract (1 mg/ml),
hemin (5 mg/ml). and menadione (1 mg/ml). Erythromycin
(10 mg/ml) was added to the media as a selective agent for the
growth of the nak-deficient mutant strain, which was previously
described (29). Bacteria were grown for 24 h and collected by
centrifugation at 6000 = g for 10 min at 4 °C. The bacteria were
then washed twice and resuspended with Dulbecco's phosphate-
buffered saline (PBS) (Life Technologies). Quantification of
bacteria was determined using a Klett- Summerson photoelectric
colorimeter.

2.3 Infection of primary and immortalized GECs with
P. gingivalis and rreatment with ATF and inhibitors

Primary GECs and HIGK cells were seeded onto 6-well
plates and upon reaching 75—80% confluence the cells were
infected with either wild-type or ndk-deficient P gingivalis at
a multiplicity of infection (MOI) of 100 which has previously
been shown to be biologically relevant [27.36.37]. Cells used
for HMGB1 Western blot assays were collected after 9 h of
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Fig. |. NDK modulates ATP-induced caspase-1 activation in GECs Cell were infected or uninfected with wild-type P gingivalis or sdt-deficient P gingivealis for
6 b, and then reated with 3 mM ATP for 3 h. {A) Caspase-1 {20 kDa) activation in HIGE cell supernatants was detected by SDS-PAGE Westem blot assay. (B)
Average of three Wesiem blot experiments, quantified by densitometry. Emor bars nepresent the standard deviations (+£5D) of at least two independent experiments

ran in at least duplicates (YF < (005 Stwdent r-es).

infection. For cells treated with the caspase-1 inhibitor, YVAD
(z-YVAD-fmk, R&D Systems) [10.38,39]. YVAD was added
to the media at a final concentration of 30 pM and incubated at
37 °C in a 5% C() incubator. The cells were treated with
3 mM ATP (Sigma) 30 min after addition of YVAD, or 6 h
after infection and incubated for additional 3 h. Cell-culture
fluids were collected and centrifuged at 100 = g to remove
cell debris. Protease inhibitors (PhosStop, Roche) were added
to all samples to prevent protein degradation.

24 Measurement of IL-18 secretion by ELISA

Samples from at least three separate experiments were
collected for each infection and treatment condition. Samples
were cleared of cellular debris by centrifugation at 800 = g for
5 min and cell-free supernatants were used for IL-1f ELISA
assay. IL-1f secretion levels were measured using Human
[L-1p ELISA kit I (BD Biosciences). ELISAs were performed
as per manufacturer’s instructions. Briefly, samples, controls,
and standards were diluted with assay diluent, loaded onto a
96-well plate, and incubated for 2 h at room temperature. Wells
were washed and incubated with the detection antibody for 1 h
at room temperature. After washing, substrate was added to all
wells. The reactions were stopped with stop solution and optical
densities were read at an ahsorbance of 450 nm using a Synergy
MX plate reader (BioTek Instruments). P-values were calcu-
lated using two-tailed Student’s r-test.

2.5 Western blot

Proteins from cell-free culture fluids were concentrated
using trichloroacetic acid (TCA) [40]. TCA at 100% was
added to supermnatants for a final concentration of 20% TCA.
Samples were vortexed and incubated on ice. After incubation,
samples were centrifuged and supernatants were discarded.

The pellets were washed twice with cold acetone and allowed
to air-dry. Pellets were resuspended with sample buffer
(Thermo Scientific) and boiled. Protein concentration in
samples was measured using the BioRad protein assay. Sam-
ples were loaded at equal final protein concentrations and run
on SDS-PAGE gels, followed by tansfer onto PVDF
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Fig. 2. NDK hydrolysis of ATP inhibits secretion of IL-10 in ATP-induced
GECs. Cells were infected or uninfected with wild-type P gingivalis or mdl-
deficient P gimgivalls for 6 b, and then treated with 3mM ATP for 3h. ELISA
of [L-If secretion was measured in supernatants of P gingive is-infected
primary GECs meated with ATF. Emor hars represent the standard deviations
(48D) of at least vwo independent experiments ran in &t least duplicates
(P < 0001 and **P < 00001 Student r-est).
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Fig. 3. NDK affects intracellular IL- | B accumulation and ATP-dependent release in primary GEGs. GECs were infected or fected with wild-type P

alis for 6h, and then treated with 3 mM ATP for 3 h. (A) Immunofluorescence staining of DAPHabeled nuclei (blue), Alexa-Fluor-594-

red), and fluorescein-isothiocyanate (FITC)-labeled IL-1 (green). Images were taken at 40X magn ificatic

or

-deficient P g
labeled P. gingivali
(B) Quantification analysis for mean fluorescence intensity was performed using NIH-Imagel. Error bars represent the standard deviations (+SD) of &t least 25

and scake bars represent 10 pm.

independent cells (*P < 0.05 and ***P < 0.0001 Student r-teq).

membranes. Membranes were blocked with 5% BSA for 1 h at anti-rabbit HRP (Millipore) for another hour. Finally.
RT, and then incubated with primary antibodies against membranes were washed and exposed to Luminata Forte
caspase-1 (Cell Signaling) or HMGB1 (Cell Signaling). After (Millipore) substrate. Images were acquired using ChemiDoc
1 h, blots were washed and incubated with secondary XRS + system (Bio-Rad) and analyzed using NIH-Image).
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2.6, Immunofluorescence examination of intracellular
IL-18 and HMGRI

Primary GECs were cultured in 4-well colure plates
(Nunc) containing round glass inserts. Cells were infected at
a confluence of 7T5—80% with either wild-type P gingivalis
or the ndk-deficient mutant strain at an MOI of 100. Six hours
later, cells were treated with ATP at a final concentration of
3 mM for an additional 3 h. Cells were washed three times
with PBS and fixed with 4% paraformaldehyde for 15 min.
Cells were permeabilized using 0.01% Triton X-100 solution
in PBS and incubated with the primary antibodies. 1L-1 was
detected using an FITC-conjugated mouse monoclonal anti-
body (R&D Systems). HMGB1 was detected using a rabbit
polyclonal anti-human HMGB1 antibody (Cell Signaling).
P gingivalis infection was detected using anti-P gingivalis
rabbit polyclonal antibody. coupled with a secondary goat-
anti-rabbit polyclonal antibody (Invitrogen), and all inserts
were mounted onto glass slides using VectaShield mounting
medium (Fisher) containing DAPI stain. The intensity of IL-
1p and HMGBI1 staining was measured using NIH-Imagel,
and measurements of at least 25 cells, originating from at
least three separate replicate experiments, were averaged.

2.7, Sratistical analysis

Data are reported as mean + standard deviation (SD).
Statistical significance was calculated by two-tailed Smdent's
rtest and was considered significant at P < 0.05.
3. Results

3.1 NDK inhibits Caspase-1 activation

We previously showed that ATP stimulation of P2X;
resulted in assembly with P2X; and pannexin- 1 and generation

A

mon

Mo ATP

ImMATP

LA
AR

of reactive oxygen species (ROS) [10]. Stimulation with ATP
alone could induce caspase-1 activation in GECs, but P gin-
givalis infection diminished the effect of ATP [12], likely
through hydrolysis of extracellular ATP by secretion of the
NDK homologue [31]. Therefore, we aimed here to evaluate
the effects of P gingivalis NDK on ATP-mediated inflamma-
some activation during infection of GECs. As shown in
Fig. 1A and B, HIGKs infected with wild-type P gingivalis
showed reduced ATP-induced caspase-1 activation, whereas cells
infected with ndk-deficient P. gingivalis resembled uninfected
cells, with higher levels of secreted (activated) caspase-1. This
suggests that the NDK homologue of B gingivalis regulates
caspase-1 activation and may therefore influence secretion of
pro-inflammatory cytokines.

3.2 NDK inhibits [L-18 secretion

Our previous stdies have shown that P gingivalis-infected
or LPS-primed GECs require stimulation with a second danger
signal. such as ATP, in order to release active [L-1p [12]. In
order to evaluate the role of NDK in inhibiting signaling by
ATP, we infected primary GECs with P gingivalis followed by
stimulation with ATP. and examined the supernatant for [L- 15
by ELISA. The results demonstrated significantly lower
ATP-induced IL-1B secretion in wild-type P. gingivalis-
infected GECs. compared to ndk-deficient P gingivalis-
infected GECs or uninfected cells (Fig. 2).

Immunofinorescence staining for IL-1f showed that ndk-de-
ficient P2 gingivalis induces higher levels of IL- 1B accumu lation
within primary GECs (Fig. 3A)and there is a significant decrease
in fluorescence intensity upon stimulation with ATP In contrast,
GECs infected with wild-type P gin givalis showed reduced IL-
1P release and relatively higher intracellular staining after ATP
treatment. compared with cells infected with ndk-deficient
P gingivalis (Fig. 3B), suggesting that NDK produced by wild-
type P gingivalis inhibits ATP-mediated IL-1p secretion.
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Fig. 4. NDK affects release of HMGRB | in GECs. Cells were infected or uninfecied with wild-type P gingivadis or nal-deficient P gingivalis for 6 h, and then
treated with 3 mM ATP for 3 h {A) HMGBI secretion in GEC cell supematants was imagead by SDS-PAGE Westemn blot assay. (B) Average of two Wesiem hlot
experiments, quantified by densitometry. Ernor bars represent the standard deviations {£5D) (*F < 005 Student t-test).
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3.3, NDK modulaies the release of HMUGEI]

We next evaluated whether P gingivalis NDEK affects
release of another danger signaling molecule, HMGB 1. Under
normal conditions, HMGB1 is found within the nucleus of
eukaryotic cells and is associated with DMNA, where it func-
tions as a regulator of gene expression [17]. However,
HMGB1 can act as a danger signaling molecule when released
by stressed cells or cells undergoing necrosis [17]. In a pre-
vious study using Salmonella-infected macrophages, it was
shown that HMGBI release is caspase-1 activation-dependent
[22). We therefore hypothesized that NDK may inhibit
HMGB1 release due to its ability to inhibit ATP-mediated
caspase-1 activation. To study this possibility, we examined
the release of HMGB1 by Western blot analysis. Our results
showed that ATP treatment induces HMGBI1 release from
uninfected GECs, and that wild-type P gingivalis infection is
mare effective than infection with ndk-deficient P. gingivalis
in inhibiting ATP-induced HMGB1 release (Fig. 4A and B).

Due to the localization of HMGB1 in the nucleus under
quiescent conditions, we hypothesized that HMGB 1-release
may require relocalization from the nuclens through the
cytosol and to the extracellular space. We therefore per-
formed immunoflucrescence staining against HMGB1 and
confirmed the expected nuclear localization of HMGBI in
uninfected untreated primary GECs (Fig. 5A). However,
when uninfected cells were reated with ATP, we observed a
relocation of HMGB1 from the nucleus to the extracellular
space, which was attenuated in cells treated with the caspase-
1 mhibitor. Moreover, there was relocation of HMGB1 from
the nucleus to the cytosol in GECs infected with either the
wild-type or ndk-deficient P gingivalis strain. Upon ATP
stimulation, the intensity of HMGBI in the cytosol was
significantly decreased in the cells infected with madk-
deficient P. gingivalis, consistent with the release of HMGEI
from the cell demonstrated in the Western blot assay (Fig. SA
and B). The cells infected with the wild-type P. gingivalis
showed a substantially higher intensity of HMGBI1 in the
cytosol after ATP stimulation, compared to cells infected
with the ndk-deficiemt P. gingivalis, supporting the proposed
role of P gingivalis NDK in inhibiting ATP-mediated
HMGRI release.

4. Discussion

The healthy human oral mucosa s colonized by a diversity
of organisms, including high numbers of different bacterial
species in addition to fungi and protozoa [41 |. These microbes
can reside within pockets between the teeth and epithelium to
form biofilms and carry on as commensals or potential path-
ogenic colonizers [42]. Some of these microorganisms have
evolved elaborate virulence factors to ensure their survival
within the oral mucosa without eliciting an immediate
destructive host immune response [1]. Among these organ-
isms, P gingivalis uses its major fimbriae to adhere to the
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. NDE ar P gingivalis infection affects intracellular HMGE | Jocaliza-
vin primary GECs or ATP-mediated HMGE | secretion. Cells were infected
ar uninfecied with wild-iype P ginglvalls or ndl-deficient P ginglvelis for 6 h,
and then treated with 3 mM ATF for 3 h. YVAD inhibitor was administered at
a final concentration of 50 pM prior to ATP stimulation. (A) Inmunofiuo-
TEsCence g DAPT-labeled nuclei (Blue), Alexa-Fluor-594-
labeled P gin 2 d), and Alexa-Fluor-488-labeled HMGE | (green).
Images were taken at 40X magnification, and scale bars reprezent 10 pm. (B)
Quantification analysis for mean fluonesce ity was performed using
NIH-Image]. Ermor bars represent the standand deviations {+50) of at least 25
independent cells (**P < Q001 Student -test).
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Fig. 6. Proposed mode] for the mole of NDE in HMGEB | localization during P gingielis infection. {A) P ging ivalis inhibis ATP-mediated caspase-| activation and
maturation of [L- 1[ by NDE hydrolysis of ATE (B) P gingivalls modulates caspase-1 dependent HMGE | release from the host eell [12,13].

host-cell membrane and quickly localize to the endoplasmic
reticulum rich perinuclear region [13.2743]. P gingivalis
infection can also inhibit the host apoptotic response in GECs
by activating the PI3K/Akt pathway and modulating expres-
sion of Bel-2 family proteins [1.44]. Finally, P gingivalis se-
cretes an enzyme homologue of the evolutionarily conserved
NDKs [13.31], which is critical for suppression of cellular
ROS production and ATP-induced host cell death [13.31]. In
the present study. we show that the lack of NDK significantly
reduces the inhibition of ATP-dependent inflammasome acti-
vation and subsequent release of pro-inflammatory cytokines
by GECs. Our previous studies have elucidated the role of this
effector of P gingivalis as an important modulator of cellular
ROS generation, as well as demonstrated that the ndk-deficient
strain has  significantly less intracellular survival ability
compared to its isogenic wild strain upon ATP-stinulation in
primary GECs [12,13.31]. Further, there was a significant
intracellular recovery of the ndk-deficient strain after treat-
ment with the potent ROS-inhibitor N-acetyl-cysteine (NALC)
and complementation of the mdk gene restored the observed
phenotype [13]. Since ROS generation contributes to inflam-
masome activation [45]. our results showing a suppression of
caspase- 1 activation by wild-type P gingivalis infection was
expected. Our previous studies have extensively demonstrated
that P gingivalis is a facultative intracellular bacterium and in
the GECs, the majority of bacteria rapidly enters and resides
in the GECs [1.36.46]. Further, our previous studies displayed
that GECs that are infected with P gingivalis had intact
membranes while their supermnatant showed a time-dependent
release of the small NDK molecule [13]. Altogether, this
evidence points that the majority of the NDK in supernatants
are derived from the mtracellular bacteria, rather than inci-
dental extracellular P gingivalis.

Previous studies have shown that 1L-1f secretion requires
two signals. Recognition of a pathogen-associated molecular
pattern by a pattern recognition receptor such as TLR provides
the first signal and stimuolates pro-IL-13 production [47].

37

A second signal, from a danger signal such as ATF, activates
the inflammasome and caspase-1, resulting in processing of
pro-IL-1f and secretion of the mature cytokine, IL-1p [47].
We hypothesized that ATP-dependent IL-1f secretion would
be reduced by infection with wild-type P. gingivalis due to its
ability to produce NDK. which should scavenge extracellular
ATP. The findings in this study confirm the anti-inflammatory
role of NDK in infected GECs.

We also investigated whether P gingivalis infection could
affect the release by GECs of another danger signal, HMGB 1
[48.49]. Unexpectedly, our studies also revealed that P gingivalis
induces translocation of HMGR 1 from the nucleus to the cytosol.
However, similarly to IL-1B secretion, ATP was required as a
secondary stimulus to releass HMGB1 from the cell (Fig. 6).
Furthermaore, ndk-deficient P gingivalis infection was less
effective than infection with wild-type P gingivalis in inhibiting
HMGBI release from infected GECs, which also required
caspase-1 activation.

NDKs have recently atiracted attention due to their
involvement in a variety of chronic inflammatory diseases. and
increased expression of human NDK was recently described in
affected tissues of oral squamous cell carcinoma patients [50].
In addition. P gingivalis is associated with oral squamous cell
carcinomas and other chronic diseases [3.51]. Our findings
also support studies showing that HMGRBI is another possible
candidate for an early inflammatory disease marker [52.53].
Collectively, these results suggest that P gingivalis NDK
dampens the host-immune response by decreasing release of
pro-inflammatory cytokine. 1L-10. and the pro-inflammatory
danger signal. HMGBI. from infected GECs. Identification
of NDK as a key mediator used by P gingivalis to modulate
inflammation suggests that therapeutic strategies against
periodontitis could also target this effector.
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4.1 Introduction

Fusobacterium nucleatum, a Gram-negative anaerobic bacteria, is found in high
frequencies of people affected by periodontitis [87]. The organism has been isolated from
other infections outside the oral cavity, including the blood, brain chest, lung, liver, joint,
abdominal, obstetrical and gynecological infections and abscesses [87].

F. nucleatum is one of the first species to become established in plaque biofilm and
adhere to teeth [88]. It has been shown F. nucleatum is the predominant organism after a
week of cultivation on bovine enamel and high in frequency within older and denser
biofilms, which may arise from a depletion of oxygen in the biofilms [89]. As the bacteria
proliferate in the biofilm, its growth in close proximity to GECs provides opportunity to
adhere and invade these cells. During co-infections with P. gingivalis and F. nucleatum in
bone marrow-derived macrophages it has been shown that inflammasome activation can
be suppressed due to P. gingivalis infection [90]. However, when we began these studies,
it was not understood the influence of F. nucleatum infection on inflammasome activation
in GECs. An in vivo model of F. nucleatum oral infection had not been previously
characterized.

We aimed to study the host recognition and inflammatory response, focusing on
the inflammasome, in F. nucleatum infected GECs. Our findings were published in
Cellular Microbiology, where we found F. nucleatum can activate NF-xB and induce
generation of pro-IL-1p3. The NLRP3 inflammasome is also activated during infection and
contributed to release of IL-1p, ASC, and HMGBI in a time dependent manner.
Collectively, we showed F. nucleatum induces caspase-1 activation leading to release of
danger signals ASC and HMGBL1.

We continued our studies with F. nucleatum by exploring oral infection in vivo.
Our BALB/c results indicated gene expression of pro-inflammatory cytokines day 1 post-
infection. Pro-inflammatory cytokine production was observed at 4 day post-infection.
This correlated with a heightened immune cell response compared to uninfected mice,
specifically macrophage activation, which led to osteoclast activation and bone resorption.
Both in vitro and in vivo results emphasize the significance of F. nucleatum as an inducer
of inflammasome activation and cytokine production.

Using a C57BL/6 background for F. nucleatum oral infection, we obtained
preliminary data showing an increase in pro-inflammatory cytokine production over a 7
day period post-infection in wild-type C57BL/6 mice. However, no statistical significance
was observed in our experiments comparing wild-type and caspase-1 KO mice. This
significance may improve with collection of samples at a later time point. A proposal would
be to evaluate samples at day 7 and not day 1 post-infection as we observed significant
increase in IL-1B production at day 7. The findings from the BALB/c and C57BL/6
experiments supports F. nucleatum can induce a pro-inflammatory response.
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Fusobacterium nucleatum is an invasive anaerobic
bacterium that is associated with periodontal disease.
Previous studies have focused on virulence factors
produced by F. nucleatum, but early recognition of the
pathogen by the immune system remains poorly
understood. Although an infBmmasome in gingival
epithelial cells (GECs) can be stimulated by danger-
associated molecular patterns (DAMPS) (also known
as danger signals) such as ATP, infammasome
activation by this periodontal pathogen has yet to be
described in these cells. This study therefore exam-
nes the effects of F. nucleafum infection on pro-
inflammatory cytokine expression and inflammasome
activation in GECs. Our results indicate that infection
nduces translocation of NF«B into the nuclkeus,
resulting in cylokine gene expression. In addition,
infection activates the NLRP3 infammasome, which
in turn activates caspase-1 and stimulates secretion
of mature IL-1f. Unlike other pathogens studied
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until now, F. nucleatum activates the inflammasome
in GECs in the absence of exogenous DAMPs such
as ATP. Finally, infection promotes release of other
DAMPs that mediate inflammation, such as high-
mobility group box 1 protein and apoptosis-assocated
speck-ike protein, with a similar time-course as
caspase-1 activation. Thus, F nuclkeafum expresses
thie pathogen-associated molecular patierns necessary
fo activate NF-«B and also provides an endogenous
DAMP to stimulate the infEBmmasome and further
amplify inflammation through secretion of secondary
DAMPs.

Intreduction

Oral inflammatory diseases represent the most common
chronic diseases in the world, affecting over half of the
adult population. In 2010, oral conditions affected approx-
imately 3.9 billion people worddwide, with the prevalence
of periodontitis being 35% (Richards, 2013) and severe
pericdontitis, 11 % (Oliver af al, 1998). An estimated
47 2% of American adults have periodontitis, ranging from
mild © sewere forms (Richards, 2014). Furthermone,
pericdontitis is more prevalent and severe in developing
countries because of poorer oral hygiene and greater
plague retention (Pilot, 1988; Pihlstrom ef al, 2005).
Untreated perncdontitis can lead to damage of the gum
tissue surrounding the tooth and alveolar bone damage,
resuling in tooth loss (Han ef al, 2000; Saini af al, 2009,
Atanasova and Yilmaz, 2015).

One of the first barriers to oral disease is represented by
the gingival epithelium, which not only forms attachments
to the surface of teeth and but also acts as a physical and
chemical shield against infection (Ji af al, 2009; Signat
at al, 2011). Gingival epithelial cells (GECs) release
antimicrobial peptides such as human f-defensins (hBDs)
as a mechanism of defence to prevent biofilm formation
(Dommisch af al, 2007; ¥in and Chung, 2011; Signat
af al, 2011). hBDs have a broad spectrum of activity
against Gram-negative and Gram-positive bacteria, and
they also stimulate adaptive and innate immune responses,
resuliing in a coordinated defence of the epithelia against

cellular microbiology
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invading bacteria. The production of hEBDs in GECs is
pathogen-specific and is regulated by epigenetic changes
in varous genes (Yin and Chung, 2011).

The innate immune system consists of cells of
hematopoietic orgin such as macrophages and neutro-
phils, which can become activated at earfy times of
infection. While epithelial cells are not typically considerad
to be specialized innate immune cells, they can also
recognize infection and respond by secreting chemokines
and cytokines such as IL-8 and IL-1[, as in the case of
GECs (Yimaz ef al, 2010; Hung et al, 2013; Johnson
et al, 2015) and other epithelial cells (Santana ef al,
2015). Receptors on both immune cells and epithelial cells
recognize microbial products such as lipopolysaccharide
and peptidoglycan, also known as pathogen-associated
molecular patterns (PAMPS), through pattern recognition
receptors such as tolllike receptors, which stimulate
expression of antimicrobial genes, and inflammatory
cytokines and chemokines (Janeway and Medzhitov,
2002; Takeda and Akira, 2005, Cassel af al, 2009,
Said-Sadier and Ojcius, 2012). At the same time, cells that
ame dying or stressed because of infection can release
host-derived molecules, such as ATP, that are called
alarmins, danger signals or danger-associated molecular
patterns (DAMPs) (Said-Sadier and Ojcius, 2012,
Santana et al, 2015). For the cytokines IL-1f and IL-18,
ligation of pattem recognition receptors by PAMPS leads
to intracellular production of pro-IL-1f and pro-L-18, but
not their secrafon. Simultaneous ligation of receptors for
DAaMPs, such as the ATP meceptor P2X7, leads to
assembly of the NLRP3 inflammasome and auto-cleavage
of pro-caspase-1 to its activated form, caspase-1 (Cassel
af al, 2009, Tschopp and Schroder, 2010; Said-Sadier
and Ojcius, 2012; Kim and Jo, 2013; Harijith of al, 2014).
Activated caspase-1 can then deave pro-IL-1f and pro-IL-
18 to their mature and secreted fomm, IL-1f and IL-18
(Stinivasula af al, 2002).

Fusobacterium nucleatum, a Gram-negative anaesmnbic
bacterium, stimulates inflammation in the human oral
cavity and gut mucosa (Strauss af al., 2011) and has been
identified in high frequencies in adults afflicted with mild to
acute periodontitis (Signat ef al., 2011). F. nuclkeatum can
also invade host tissues and obstruct healing of damaged
oral tissues (Bartold af al, 1891; Jeng ef al, 1593
Infection of murine macrophages with F. nucleatum has
been shown to result in NLPR3 inflammasome activation
and IL-1f secretion (Taxman af al, 2012); howewver, the
mechanism was not charactenzed, and infection of the
preferred host cells of the bacteria, GECs, has not been
previously examined.

Studies have shown a significantly high level of IL-1f
expression in gingival crevicular fluid at sites of recent
bone and attachment loss in percdontitis patents (Lee
at al.,, 1995). Futhermore, IL-1/ defcient mice demon-

strated less Porphyromonas gingivalis lipopolysaccharide-
induced pencdontium destruction comparned with wild-type
mice undemoing the same treatment (Chiang af al, 1999),
suggesting a strong association between severity of
periodonftis and elevated levels of IL-1f (Hodge and
Michalowicz, 2001 ), which may directly orindirectly stimulate
osteoclast formation (Chiang atal, 19849). IL-1[ also plays a
prominent role in promoting tissue pathology and inflamma-
tory responses in periodontal lesions and stimulating the
loss of connective tissue and bone (Chiang af al., 1999).

High-maobility group box 1 (HMGE 1) is normally associat-
ed with chromaiin but mediates the response to injury,
infection and inflammation when secrated into the cytosaol
(Lotze and Tracey, 2005; Lu ef al, 2012). In the extracellular
space, it has been proposed that HMGE1 behaves as a
DAMP (Said-Sadier and Ojcius, 2012). Moreover, the
secrefon of HMGE1 from the nucleus to the extracelular
space during inflammation and infection is thought to requine
the inflammasome and caspase-1 activation (Qin et al,
2006; Willingham eof al, 2009, Lamkanfi af al, 2010;
Andersson and Tracey, 2011). Similary to HMGB1, it has
recently been shown that the proiein ASC (apopiosis-
associated speck-like protein containing a carboxy-teminal
CARD), which functions as an adaptor in assembly of the
MLPR3 inflammasome, can be secreted from macrophages
during inflammasome actvation and can function as a
DAMP (Baroja-Mazo af al, 2014, Frankdin atal, 2014).

This study aims i detemmnine whether F. nucleatum
infection can activate the MLRP3 inflammasome in GECs,
which represents the firstbarrer to infection inthe oral cavity.
Additionally, we examined potential mechanisms that could
lead to MLAP3 inflammasome and evaluated whether
inflammasome activation in GECs could be amplified further
throughsecrafion of additional danger signals, which has not
been previously examinedin GECs.

Results

F. nudeatum infecion induces caspase-1 activation and
NF«B transiocation

F. nucleatum infection of GECs was confirmed by
immunofiuorescence imaging, which showed intracellular
F. nucleatum aggregation at 1 h after the start of infection
(Fig. 1). Despite the F. nucleatum infection at an MOI of
100, GECs remained healthy and showed no significant
cell death at 8 h post-infection. Cell viability assays via TB
staining also showed nomal cell momphology (data not
shown) and no significant cell death after 0, 2, 4, 6 and Bh
in Opti-MEM media (Fig. 1).

To assess host cell respenses to F. nuclaatuminfection,
suparnatants from F. nucdleatum-infected cells were
collected and caspase-1 activation was measured by
Waestern blot at different infection time points and MOls.
The level of caspase-1 secretion (a reflection of caspase-1

@ 2015 John Wiley & Sons Lid, Celiular Microbiology
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Fig. 1. Intrace llulsr localization of Frsobacienum nuclsam in GECa.
Immunaofivorescence condocal micrograph GECs indecisd with

F. nucleaturm (MO1 of 100) for 1 h. The single optical section through
the middie of the host cell confirms e intrace lular localization of the
bactena. Fixed GECs were stained with phalioidin—
tetramethylrhodaming B isothiocyanaie (red) to show actin filaments,
and anti-F. nucisatum antinody (gresn). Bar represents 20 pm.

activation) measured by Westem blot showed a significant
increase as a function of the MO, being highest at an MOI
of 100 (Fig. 2A). Furthermore, caspase-1 activafion was
observed within 2h of infection and was significant after
& h of infection, companed with control samples (Fig. 2B).

NF-«B confocal microscopy was used to visualize NF-«B
translocation to the nucleus in uninfected and F.
nucleatumynfected cells, which reflects NF-«B activation
in the cells. A high level of NF«B translocation was in fact
observed when cells wene infected at an MOI of 100 for 1 h

Caspaze-1
22kDa

Caspaie- “ -
23 kDa +*
15 5 100
E ruckeaararm (RO

Uninfected

e

Uninfected
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(Fig. 3A). The ime-course of nudear translocation was
followed by acguirnng immunoflucrescence images after
30 min, 1 and 2 hofinfection (Fg. 2). Analysis of the images
showed that was a significant increase in NF-«B stainingin
the nucleus in GECs infected with F. nucleatum at an MOI
of 100 for 30 min, with highast levels of NF-«B activation
obsenved after 1h of infection and decreasing afterwards
(Fig. 3B). NF-«xB activation after &h of infection remained
above basal levels (Fig. 3B).

F.nucleatum infaction leads fo IL-1f gene exprassion and
IL-1f protain secretion, in the absence of exogenous
danger signal

We examined whether inflammasomes may play a nole
during F. nucleafum infection by measuring IL-1f pro-
cessing and secmetion in colected supematants from F.
nuclaatum-infected GECs with different MOI and times of
infection by Western blot. As expected, F. nuclealum
infection induced IL-1j secretion as a function of the MO,
with the highest levels observed at an MOl of 100
(Fig. 4A). Furthemnore, IL-1p secretion was measurable
at 4 h and was most intense at B h post-infection (Fig. 4B).
As aconfirmation of the Western blot analysis, ELISA was
used to measure the time-course of IL-15 sacreticn after 2,
4 and 8 h of infection (Fig. 4C). A significantly high level of
IL-1p secretion was detected by 4h postinfection and
became dramatically higher by 8h postinfaction (Fig. 4C).
Gene expression of /IL1B was measured by gPCR,
RT-PCR, showing a high level of /L 1B gene expression at
1h and 2h post-infection (Fig. 4D), which, as expected,
preceded the secretion of IL-1f protein (Fig. 4B). The ILTE
gene expression level decreased after 2h of infection and
remained at a plateau above basal levels after 4h of
infection (Fig. 40). The results ame therafore consistent with
the interpretation that NF-«B activation, whichis maximal at
1h postinfection (Fig. 3B), precedes IL1E gene expres-
sion, which in turn results in pro-1L-1f protein synthesis.

Fig. 2. F. nucieaium infection activates
cagpase-1 in GECs Westemn blot
analtysis of supsmatants from GECs
infected with F. nudsatum

A, at MOl of 25, 50 and 100 for 8h or
B. MOI of 100 for 2,4, & or 8 h.
Casgpase-1 (22 kDa) activation was
detectad by Western blot, showing the
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A B Fig. 3. NF-8 translocation to the
nucleus during F. nucieaim
infection. Cells infected with
F. nucisaium (MO of 100} were

) analysed by confocal microscopy at

e muttiple time points.

T— A. Image shows cells at 1 h post

infection stained with ant-MF-«B

antibodies (red) and

N : T T DAFI (plue) to visuslize the nudsus.

B. Quantificstion of MF«B because
of flucrescence intensity of staining
relative fo control at 30 min, 1, 2 and
& h. Uninfected controls were
collected at after & h of incubaton.
Date are representatve of two
independeant experiments ran in
duplicates with at least 100 cells
counted per time point. Bar
represents 20 pm. Asterisks
designate stadistcaly signiicant
difference compared with control
(~p< 0.01 and =p < Q00N,
Students Hecf).
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FAg. 4. F. nucleatum infection stimulsies L 15 gene Tanscription and processing of IL-13 in GECs. Seceton of IL-1 (17 dD&) was messured incell
supematants by SDE-PAGE Westem blot assay. GECs were infected with F. nudsatum

A at an MOl of 25, 50 and 100 for 8 h, or

B. at an MOl of 100 for 2, 4, & and & h. Westem blots were quantfisd by densiometry.

C. IL-1j protein secretion in GECs was confimed by ELISA after 2, 4 and & h of F. nucisaium infection.

0. Relsiive IL- 1 mANA expression compared with control was evelueied by matime PCR of GECs infeciedwith F. nucisaim (MO of %00} dor 1, 2, 4 and & h.
E. immunofiunres cence sining images o evaluate IL-1 profain expresson duing F. nuzeaium infecton (MO of 100) for 2, & and 8 h. Immunofiuarescence
miznaity level wer magsured using MH-Imagal and te valuss of 2t Bast 2 stendam deviaions 2hove the sverags intenaty vales of the contral growup ware
conederd sgnificant. GECs were stened with FI TC-conjugetsd anthody against -1 and the nucissr stein DAPI, s indicated in the Matenss and methods
section. Bar represents 10um.

F. Quantification of immunofisorescance inere ity messured mlative to confrok &t 2, & and 8h. Resulis represent an average of three ndependent sxpaniments
periomed in duplcass. Emor bers represant the mean + 50 Astersks designaie sietisicsly significant difierence compared with control (p < 0006, =p« 001
and ==p 0001, Studenfs Hesf)
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IL-1f protein secretion reguires cleavage of pro-IL-1f by to examing the time course for pro-IL-1f accumulation
caspase-1, which is activated within 2h of infection in F. nucleatum-+nfected primary GECs. The resulis
[Fig. 2B). We the refore used immunofluone scence staining showed a high level of pro-IL-1f accumulation within
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F. nucleatum infected GECs at 2 h post-infection, which
subsaguently dropped by approximately half at 6h post-
infection and continued decreasing at Bh post-infecton
(Fig. 4E and 4F). These mesults amre consistent with the
appearance of matune, processed IL-1[ in the supernatant
after 4 h of infection (Fig. 4B). Pro-1L-1 flevelsin cell lysates
were measured using Westem blot analysis, showing that
pro-1L-1f accumulation starts at 4h post-infection and
reaches a plateau at 6h and Bh, which is presumably
because of IL-1j secretion (Fig. 3).

Together, the different assays confirmed that NF-«B is
activated by F. nucleatum infection of GECs, which
causes expression of IL7B and subsequent production
of pro-IL-1f protein. Activation of caspase-1 within 2h of
infection is consistent with secretion of IL-1p protein after
4h of infection. Finally, these mesults demonstrate that
F. nudeatum infection, on its own, is sufficient to provide
the PAMPs needed for NF-xB activation and the danger or
stress signal required for caspase-1 activation.

F. nucleatum infecfon stimulatas secretion of the danger
signals ASC and HMGE 1

The adapter protein ASC is imvolved in most cases of
NLAP3 inflammasome activation in response to different
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stimuli (Tschopp and Schroder, 2010, Gomes ef al, 2013;
Lamkanfi and Didt, 2014). Furthermone, recent studies
showed that ASC can be secreted by cells into the
extracelular medium, where ASC canbehave as a danger
signal (Bamja-Mazo ef al., 2014, Frankin ef al., 2014).
Westem blot analysis of supernatant was therefore used
to measure the time-course of ASC secretion from
F. nucleatum-infected GECs. The highest level of ASC
secretion was observed at an MOl of 100, with the
secration reaching a plateau by an MOI of 50 (Fg. 5A). Litie
ASC secretion was observed after 2 h of infection, but high
levels were measured after 4h of infection, reaching a
plateau by 6h of infection with an MOl of 100 (Fig 5B),
suggesting that inflammasome and caspase-1 activation
take place before or at the same time as ASC secration.
Inflammasome activation has previously been shown to
stimulate release of HMGBE1 by some cells (Lu &f al,
2012). Furthermone, the enzymatic activity of caspase-1 is
required for the secretion of HMGB1 and other proteins
(Vande Walle af al, 2011). In the extracellular medium,
HMGEB1 can act as a danger signal and promote innate
immune responses (Qin af al, 2006, Vande Walle of al.,
2011). We therefore measured HMGBE1 localization in
infected GECs by immunoflucrescence and the HMGE1
sacretion from GECs by Waestern blot analysis of
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Fig. 5. ASC and HMGE1 releass following F nudeatm infection. Release of ASC protein (22 kDa) in cell supsmatants was detected using

‘Westem blot assay. F. nudeatum infected GECs were infected
A at MOl of 25, 50 and 100 for 8 h, and

B. at MOl of 100 for 2, 4, &, and & h. HWMGE1 protein (29 kDa) was measured using Westem blot of supematant from cells infected with F. nudsatum

C. atan MOI of 25, 50 and 100 for 8h an

D. at MOl 1004or 2, 4, & and 8 h, or for & hin G ECs pretrested with 50 mM z-YWVADSmi for 30 min prior fo infection. Westem blots wers quanttied by

densitometry.

E. Immuncfiuorescence images of HMGB1 wer captured &t 3 and 8 h for infected cells (MO of 100). Bar repesents 10 pm.

F. Quantification of immunofiuorescence measured relatve to control 2t 3 and & h with or without 2 VAD-fmk prefreatment. Resuls represent an
aversge of three independent experiments performed in duplicates. Emor bars = present the mean + S0, Asterisks designate statistically significant
difference compared with control (**p < 0.01, *=p< 0,001, Studenfs Hesf).
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supernatants of GECs, with and without pre-reatment of
GECs with the caspase-1 inhibitor, z-YWAD-fmk. Westem
blot analysis revealed significant levels of HMGE 1 release
at an MOI of 25, with highest levels and a plateau at an
MOl of 50 (Fig. 5C). The time<course of HMGBE1 release
was also similar to the time course of ASC release, with
high levels of HMGB1 melease observed afier 4h of
infection and a plateau being reached by &h of infection
(Fig. 5D). Little HMGBE1 was found in the supernatant
after Bh of infection if the GECs were pretreated with the
cagpase-1 inhibitor, z-YWAD-fimk (Fg. 50), implying that
caspase-1 activation is reguired for HMGEB1 secretion.

Redistribution of HMGE1 within GECs was also
visualized by immunoflucrescence staining, which
showed that almost all of the HMGB1 was localized within
the nucleus after 3h of infection, but a high lewel of
cytosolic staining was observed after Bh of infection
(Fig. 5E and 5F), suggesting that F. nuclaatum infection
leads to release of HMGEB1 from the nucleus to the
cytosol. In addition, treatment with the caspase-i
inhibitor, z-YWAD-<fmk, decreased almost completely
the redistribution of HMGE1 from the nucleus to the
cytosol (Fig. 5E and 5F), confirming that caspase-1 is
required for releasa of HMGB1 from the nucleus to the
cykosol. The time-course of HMGB1 distribution within the
cell was similar to the time-course of release of HMGB1 to
the extracellular space (Fig 5D), consistent with redistri-
buticn to the cytosol taking place bafore or at the same time
as secretion from the cell.

The NLRPS3 inflammasome is required for caspase-1
activation and IL-1§ secrefion during F. nucleatum
infaction

Four main types of inflammasomes have been character-
ized to date, relying on NLRP1, NLAP3, NLAC4 and AlM2
(Tschopp and Schroder, 2010; Said-Sadier and Ojcius,
2012, Lamkanfi and Dixit, 2014). To characterize the
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importance of NLRP3 in inflammasome activation, we
prepared MLAP3-deficient GECs using an RMAI approach
with lentiviral particles and evaluated caspase-1 activation
and IL-1f secretion after 8 h of infection with F. nuclaatum.
The effidency of NLAP3 (117 kDa) deplation was first
vanfied by Westem blot, which confimed that NLRP3
protein levels were decreased with an efficiency of 485 in
these cells (Fig. 4). As expected, F. nuclkeatum-infected
NLRP3-deficient cells showed significantly lower caspase-
1 activation in comparison with infected control cells
(Fg. 6A). Similady, there was a significant reduction of
IL-1f secretion from NL RP3-depleted cells companad with
control cells after 8 h of infection (Fig. 6B). These results
imply that the MNLAP3 inflammasome is involved in
caspase-1 activation and IL-1[ secrefion during F. nuclaatum
infection of GECs.

Discussion

Penocdontal diseases am induced by a complex interaction
of periodontal bacteria, composed mainly of gram-
negative anaembes (Han ef al, 2000). F. nucleatum is
one of the first species to become established in plague
bicfims and is distinguished from other oral pathogens
because of its highly invasive ability (Han af al., 2000). A
recent in wivo study found that chronic oral infection is
tightly linked with F. nudeatum colonization, inducing
significant antibody responses along with alveoclar bone
resorption and intrabony defects (Saini af al., 2009, Velsko
at al., 2015). Furthermone, F. nudleatumhas recently beean
shown to directly contribute to inflammation of colonic
epithelium cells and increase the risk of inflammatory
bowel disease, resulting in colorectal tumorigenesis
(Strauss of al, 2011; Bashir af al., 2015) and to colonize
the mouse placenta and induce placental inflammatory
responses (Liu & al, 2007). Given the ability of
F. nucleatum to induce inflammation, we hypothesized
that F. nucleatum might also have the ability to activate an

Fig. 6. Depletion of NLAPS inhibits
caspase-1 activation and IL-1f
KD D secreton.
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A, B. Wildtype and MLRP 3-depleiad
(}mockdown, KD} GECs were infected
- with F. nucisawm (MO1 of 100} for

& h. Supematants were collected and
anzlyzed by Westemn blot assay for
A caspase-1 activation and

B. IL-1f secretion. Results repmesent
three independent experiments. Emor
bars repesent e mean+ S0.
Astenzks designate statistically
significant difference compared with
control (~p < 001}
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NLRP3 inflammasome, which can detect differant types of
cellular stress or damage.

Infection by many types of intracellular bacteria stimu-
lates synthesis of pro-IL-1[, but notits secretion (Tschopp
and Schroder, 2010; Said-Sadier and Ojcius, 2012,
Lamkanfi and Dixt, 2014). As described for GECs or
macrophages infected by P. ginghvalis (Yilmaz et al, 2010
Taxman atal, 2012), a second signal, due often to a danger
signal such as extracellular ATP, activates an
inflammasome and caspase-1, which results in processing
and secretion of the mature IL-1j protein (Tschopp and
Schroder, 2010; Lamkanfi and Dixit, 201 4). In the case of
F. nucleatuminfection, we found, instead , that infection can
both stimulate expression of the IL 1B gene and secretion of
mature [L-1[ protein, implying that F. nucleatum infection
provides both PAMPs and a danger signal. These results
are consistent with a recent report that F nucleatum
infection of bone mamow derived macrophages from mice
leads to caspase-1 activation and IL-1f secretion (Taxman
at al, 2012); although the effect of infection in a
physiologically relevant host cell has not been examined.

In our studies, we found that F. nuclkeatum infection in
GECs led to eady NF-«B activation and translocation into
the nucleus, which stimulated expression of IL15 and the
appearance of intracellular pro-IL-1p. Activation of
caspase-1 then led to secretion of IL-1[ from the infected
cells, through a mechanism reguiring the presence of the
MLRP3 infllmmasome.
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Soon after caspase-1 was activated in the infectad
cells, the danger signal HMGE 1 was redistributed from the
nucleus to the cytosol, and was secreted to the
extracellular space (Fig. 5). HMGE1 is the second most
abundant protein in chromatin and is associated with DMNA
in healthy cells (Lotze and Tracey, 2005) and can be
released from damaged cells and is secreted actively by
some immune cells (Lamkanfi e al, 2010). In the
extracellular medium, HMGE1 can interact with innate
immune receptors such as RAGE and tolldike receptors
(Sims atal., 2010; Yang af al, 2013, Tsung at al, 2014). It
has recently been shown that the NLAP3 inflammasome
can promote secretion of HMGB1, and we find that
caspase-1 was meguired for HMGEB1 release from the
nucleus in F. nudeatum-infected GECs.

Similarly, the adaptor protein ASC is involved in
NLAP3 inflammasome activation, but recent studies
have demonstrated that it can also be secreted from
cells during inflammasome activation (Baroja-Mazo
at al., 2014; Franklin af al., 2014). In the extracellular
space, ASC can amplify infllmmatory responses by
behaving as a danger signal. We find that infaction of
cells with F. nuckatum also leads to secretion of ASC.
We therefore propose that F. nucleafum infection by
itseff is detected by GECs as a danger signal and that
caspase-1 dependent secretion of HMGB1 and ASC
paricipate in an auto-amplification loop in order to

Irflam masone

further enhance inflammation (Fig. 7).

Fig. 7. Modsl of pro-inflammatory cytoldne
expression and the inflammasome activation
cascade duning £ nucisaium infection

F. nucleatum infection activates MF-«B, which
franslocates o the nucleus, where it
stimulates sxpression of pro-inflammatony
genes, induding genss encoding pro-IL-1§5. In
addiion, infection activaies e NLRP3
inflammasome, which in tums activaies
caspase-1, resulting inprocessing and release
of IL-1f. Inflammation is magnified further by
m=lezse of e danger signal ASC, and
caspase-1 secreton of HMGET .
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Experimental procedures
Bactaenial cultura

Fusobacterium nucleatum (ATCC 25586) was cultured
under anasrobic condition at 37°C for 24 h in brain—heart
infusion broth supplemented with yeast extract (Smgmil '),
hemin (5 pg ml~ ') and menadione (1 mg mi~'). Erythromycin
{5 mgmi~') was added to the media as a selective agent for
growth, which was previously described (Zaborina ef al,
1999). Bacteria were harvested by centrifugation at
6000x g for 10min at 4°C. The bacterial pellets wena
washed twice and resuspended with Dulbecco’s
phosphate-bufiered saline (FBS) containing calcium and
magnesium (Life Technologies). Bacteria wene guantified
using a Kiett-Summerson photoelectric colorimeter.

Primary and immartaized GECs

Healthy gingival tissue was obtained from healthy human
subjects by oral surgery to produce primary GEC cultumes as
previously described (Yilmaz ef al, 2004). With the consent
of patients, gingival epithelial tissues were collected under
the approval of the Institution Review Board of the University
of Fonda. GECs were cuiuned as monolayers in serum-free
kerafinocyte growth medium (Lonza) at 37°C ina 5% CO2
incubator. The human immortalized GEC cell line was
obtained as previously descrbed (Oda ef al, 1996) and
grown in defined keratinocyte serum-free media (Life
Technologies) at 37°C in a 5% CO2 incubator. Prior to
F. nucleatum infection, media was changed to Opti-MEM
media (Life Technologies).

Call viabilty assay

To measure cell viability of GECs after incubation in Opti-
MEM media for 0, 2, 4, 6 and 8 h, we used trypan blue (TB)
exclusion staining. GECs wene collected at the indicated
time points and resuspended with 1x PBS and 04% TB
solution (Thermo Fisher Scientfic) with a 1:1 ratio and mixed
thoroughty. The resuspended mixture was then leaded onto
a hemocytometer and counted under a light microscope
after 5min of incubation. Approximately 250 cells were
counted using cell counter for each time point in duplicate.

Production of NLRP3-deficient GECs

The plasmids pMD.G, pCMVdelRE.S1 and pLKO-shML
RP3 (Clone 1D: TRCNODD0431574) were purchased from
Mational RMNAI Core Facility at Academia Sinica of Tawan.
The plasmids pMD.G and pCMVdelRE8.91 were used for
the packaging of lentiviral paricles as described (Huang
at al, 2015). The shANA sequence for NLRP3 was 5'-
GAGACTCAGGAGTCGCAATTT-3. The shRMA se-
quence 5-TTGGCAACCGCTTTTTG-3', which targets
firefty luciferase mRANA, was used as the control.
Lentiviral particles were generated as described (Huang
at al, 2015). HEKZ293T cels weme cotransfected with

lentiviral plasmid (pLKO-shMLRP3) and packaging plas-
mids (pMD.G and pCMVdelRE.91) by Armestin (Open
Biosystems) according to manufacturer's instructions.
Aftar 16h of ransfection, media containing the transfec-
tion reagents were removed and replenished with fresh
media. After incubating for ancther 48h, the media
containing viral paticles were centrifuged a 6000x g for
5min at 4°C, and the supernatants wene collected for the
infection studies. Infection of cells with lentiviral parices
was camied out at 37°C in the presence of polybrene at
Bpugmi 1. Cells that stably express shAMA were obtained
by culturing the infected cells in the presence of puromycin
at 0.6 pgmi~ ' for 2weeks. Prior to F. nucleatum infection,
media was changed to Opti-MEM media.

Infaction of GECs with F. nucleatum

Primary and immonalized GECs were seeded on 6-well
plates and grown until 75-80% confluence prior to
bacterial infection or the indicated treatments. Cells were
infected at a multiplicity of infection (MOI) of 25, 50, or
100. Prior to F. nucleatuminfection, cells were treated with
the inhibitors and incubated in a 5% CO2 incubator at 37°C.
Fifty micromolar of caspase-1 inhibitor, YVAD (R&D
Systemns), was added for at least 15 min before infection
(Cnuz at al, 2007, Chen af al, 2012; Hung of al, 2013).
Supematant was collected at varous time points for
experiments describad in the succeeding texts.

Wastarn biot

Supamatant sample preparation. An egual number of
cells were seeded per sample in order to ensure egual
sample loading for all supematants analysed by Westarn
blot. Thus, 750 000 cells per well were seeded when using
E-well plates, or they were seeded to 75—-80% confluence
in cellculture flasks. Proteins from cellfree culture
supernatants were concentrated using tichlorsacetic acid
(TCA) (Koontz, 2014). One hundred percent TCA was
added o supernatants for a final concentration of 20%.
Samples were vortexed and incubated on ice for 30min.
Afterincubation, samples were centrifuged at 800 x g and
supernatants were discarded. The pellets were washed
twice with 100% cold acetone and allowed to air-dry.
Pellets were resuspended with Pierce Lane Marker
Reducing Sample Buffer (Thermo Scientfic) and boied
at 95°C for S5min. Samples were loaded and mn on
SDS-PAGE gels and transfemed ontoe PYVDF membranes.
Membranes were blocked with 5% BSA for 1 hat RT, and
then incubated with anti-TM31 (Abcam), caspase-1
(Mathan), IL-1f (Abcam), anti-NLRP3 (Cell Signaling) or
HMGE1 (Mathan) pimary antibodies owvernight at 4°C.
After primary incubation, blots were washed and incubat
ed with secondary goat anti-rabbit HRP (Milipone) for
another hour. Finally, membranes were washed and
exposed to Luminata Forte (Millipore) substrate. Images
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were acquired using ChemiDoc XRS+ system and
analysed using NIH-Image.J.

Call ysate sample praparation. After removing superna-
tant, cells were washed once with 1X PBS (Dulbecco's).
M-PER Mammalian Protein Extract Reagent (Thermo
Scientific) was added for 15min to lyse cells and exiract
proteins from each sample. The protein concentration of the
lysates was determined using Cluick Start Bradiord Assay
(Bio-Rad) according to manufacturers instructions. Samples
wene resuspended with water and Pierce Lane Marker
Reducing Sample Buffer and boiled at 85°C for 5min.
Samples wara run and analysed as described in the preceding
texts. After revealing the Western blot for experimental
protein, the membranes were stipped using stripping
buffer (Themo Scientific) for Smin and reprobed with
GAPDH antibodies (Cell Signaling), which also confirmed
equal loading of protein for the different lanes of the blot.

Maasurament of IL- 1 secration by ELISA

GECs wem seeded in 12-well plates and cultured until
75-80% confluence. The cells were then infected with
F. nuclaatum at an MO of 100. Supematants were collected
at various time points and centrifuged at 800 x gfor & min to
remaove cellular debris. Cell-free supernatants were used to
test for IL-1f by ELISA assay. Human IL-1f was tested by
ELISA (eBioscience) according to the manufacturers
instructions.

ANA isolafion, reverse franscription and quantitative PCR

Total ANA was isolated from GECs using TRIzol
according to the manufacturer's protocol (Imitrogen, Life
Technologies). Tagman Reverse Transcription Reagents
kit (Applied Bicsystem) was used to amplify cDNA from
2pg AMA. Realtime PCR RT-PCR and quantitative PCR
(gPCR) wene performed using 1/50 of the prepaned cDNA
with Mx3000P (Stratagene) and 25 pl of Briliant QPCR
Master Mix (Stratagene). Amplfication of cDNA was
perdormed with the addition of sense and antisense
primers at 200nM concentration. Quantitative PCH was
conducted at 95°C for 10 min, fdlowed by 40 cycdles at 85°C
for 30s, 55°C for 1 min and 72°C for 30s. The IL-1f gene
expression was normalized to GAPDH as instructed by the
manufacturer (Stratagene) through comparative cycle
threshold method as loading control. The following primers
wene used for IL-1f: 5- AAATACCTGTGGCCTTGGEGEE -3 and
5. TTTGGGATCTACACTCTCCAGCT-3. The primers used
for GAPDH are 5 -TTAAAAGCAGCCCTGGTGAC-3 and
B-CTCTGCTCCTCCTGTTOGAC-3'.

Immunofluorescence microscopy

F. nucleatum-infected GECs were fixed with 4% parafor-
maldehyde and pemeabilized with 0.1% Triton-X for
40min. The cells were blocked with 29 BSA for 30min

i@ 2015 John Wiley & Sons Lid
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before applying the primary antibody. Rabbit anti-human
NF-xB antibody (Cell Signaling) was then added and
incubated for 1h followed by three washes with PBS
containing 0.1% Triton-X. Calls were then incubated with
goat anti-rabbit 1gG antibody conjugated with red fluores-
cent Alexa Fluor 546 dye (Invitrogen) for 40min and
stained with DAPI (Millipore) for another 10 min. Finally,
the cells were observed by wide-field fluorescence
micrescope (Leica) or laser scanning confocal microscope
[Nikon TE-2000).

Immunofiuomescaenca detaction of F. nucleatum infaction
in GECs

Primary GECs were cultured in 4-well culture plates (Munc)
containing round glass inserts (Warnar Instruments). Calls
at approximately B0% confluence were infected with
F. nucleatumat an MO| of 100 for 1 h. The cells were fixed
in 10% neutral buffered formalin and permeabilized with
0.01% Triton X-100 in PBS. F. nucleatum infection was
detected using a rabbit anti-F. nucleatum polyclonal
antibody (Pacific Immunology) at 1:100 dilution and
secondary Alaxa Fluor 488-conjugated goat anti-rabbit
antibody (Invitrogen) at 1:1000 dilution. Actin was labelled
using phalloidin-tetramethylhodamine B isothiocyanate
(Sigma). The immunostained cells were mounted onto
glass slides using Vectashield mounting medium (Fishern
containing DAPI stain and examined using a Leica confocal
micrescope and LAS AF (Leica) software.

Immunofiuonescence examination of infracellular IL- 1§
and HMGEB 1

Primary GECs were cultured in 4-well culture plates
containing round glass insers. Cells wene infected at a
confluence of 70% with F. nuclkaafum at an MO of 100 for
2,6 and Bh (for IL-1f) or for 3 and Bh (for HMGE1).
The effect of caspase-1 on HMGEB1 translocation after
8hF. nucleatum-infection was assessed using the
caspase-1 inhibiior z-Y'WVAD-fmk at a 50 uM final concen-
tration for 30min before infection. All cells wene washed
three times with PBS, ficed with 4% paraformaldehyde for
15min and pemeabilized using 0.01% Trton X-100
solution in PBES. IL-1f was detected using a FITC-
conjugated mouse monoclonal antibody (R&D Systems).
HMGE1 was detwected using a rabbit polyclonal anti-human
HMGB1 antibody and secondary Alexa Fluor®
488-conjugated goat anti-rabbit antibody (Invitrogen).
F. nucleatum infection was detected using a rabbit anti-F.
nuclkaatim pdyconal antibody (Pacific Immunology) and
secondary Alexa Fluor® 584-conjugated goat anti-rabhit
anfibody (Invitrogen). Al inserts were mounted oni glass
slides using Vectashield mounting medium (Fisher)
containing DAPI stain and examined using a Zeiss
Hfodolmager fluorescence microscope connected 1o a cooled
chamge-coupled camera controlled by QCAPTURE softwane
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(Sumey). The inensity densiies of cyioplasmic IL-1f and
HMGE1 staining were measured using MIH-Imagel.
Intensity walues at least 2 standand deviations abowve
average wene considered significant. Results indicate the
average of measurements of at least 25 cells, originafing
from at least three separate replicate experiments.

Statistical analysis

Data are presented as meanz standard deviation (SD).
Standard Hests were used to determine the statistical
significance between groups, with P values < 0.05 con-
sidersd as statistically significant.
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Fig. 53. Pro-IL-1f Wastem blot and loading control Pro-IL-1f
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4.3.1 Introduction

The oral cavity is colonized with hundreds of different species of bacteria to
compose the oral microbiome [91, 92]. Some common bacteria found in individuals
afflicted with periodontitis include: Fusobacterium nucleatum, Porphyromonas gingivalis,
and Aggregatibacter actinomycetemcomitans [87, 93]. Gingivitis is diagnosed when the
observation of the gingiva, or gums, show signs of swelling, redness, or chronically
bleeding [5]. These symptoms of inflammation are associated with infection. However,
chronic inflammation can lead to development of periodontitis with signs of deep
periodontal pockets, alveolar bone resorption, and tooth loss [94, 95].

The tooth is surrounded with the gingival epithelium protecting against
microorganisms.  Bacteria can adhere to a tooth and form plaque biofilm. This
microenvironment is optimal for growth of anaerobic bacteria and an opportunity for
pathogenic bacteria to attach and coaggregate [96]. F. nucleatum is one of the predominant
bacteria and contributors to biofilm formation [12, 88, 89]. The bacteria utilize adhesion
mechanisms of lectin-like and non-lectin-like interactions and adhesion peptides, such as
FadA (Fusobacterium adhesin A) for attachment [97-101]. These interactions facilitate
coaggregation or infiltration into lymphocytes, polymorphonuclear neutrophils,
erythrocytes, epithelial cells, fibroblasts, HeLa cells [12, 57, 97, 99, 102].

The oral epithelium defends against bacteria colonization by secretion of
antimicrobial peptides, defensins, [87, 103-105]. B-defensins target bacteria as the peptides
are electrostatically attracted to their negative charged membranes and inducing pore
formation [87, 103, 106]. The antimicrobial peptides can also recruit other immune cells,
neutrophils or T cells, as a chemoattractant [87, 95, 103]. Thus, B-defensins play an active
role as part of innate and adaptive response to oral infection.
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Gingival epithelial cells (GECs) are also another line of protection from invasive
bacteria. They provide more functionality than acting as not only a barrier, but also
contributing to immune recognition and response [22, 23]. They express a complexity of
receptors to recognition pathogens and respond with release of inflammatory mediators to
recruit other immune cells, such as neutrophils and macrophages [24]. When pathogen-
associated molecular patterns (PAMPs) of bacteria are recognized by host pathogen
recognition receptors (PRRs), such as Toll-like receptors, it activates NF-kB and induces
expression of cytokines [27, 37]. Recognition of F. nucleatum and Aggregatibacter
actinomycetemcomitans infection produces cytokines, IL-1p [107, 108]. TNF-a and IL-17
can also synergize together with IL-B to augment expression and production of other
cytokines (IL-6) and defensins, along with endothelial activation to enhance immune
response [109-114].

Although inflammation aims to resolve of oral infection, it can lead to bone
resorption and destruction [115]. Alveolar bone is one most dynamic bone as osteoclasts
and osteoblast continually induce bone remodeling to maintain homeostasis [116-119].
Osteoclasts are resorptive cells activated and differentiated by macrophage-colony
stimulating factor, RANKL-RANK signaling, interleukins, and TNF-a [117, 118, 120-
122]. Once adhered to bone, a ruffled border is created between the activated osteoclast
and bone [117, 119]. Osteoclasts degrade the mineral matrix utilizing a pH gradient for
acidification through release of H" and CI"[117, 119]. The secretion of cathepsin K and
metalloproteinases further degrades collagen and the organic matrix [117, 119]. Degraded
bone matrix is removed as it is transcytosed in vesicles through osteoclasts and fuse with
cytoplasmic vesicles containing tartrate-resistant acid phosphatase (TRAP) to be released
in the extracellular matrix [117, 123]. Phagocytes remove the debris and osteoblasts are
recruited for bone formation after osteoclast detach from the bone [117].

F. nucleatum mechanisms for invasion and host response have been evaluated both
invitro and in vivo [93, 108, 124-126]. We previously have shown F. nucleatum infection
induces inflammasome activation and release of cytokines and danger signals in human
GECs [108]. However, infection has not been characterized in vivo for oral infection.
Therefore, we set out to evaluate host immunity to F. nucleatum oral infection in BALB/c
mice. We hypothesize an upregulation of pro-inflammatory cytokine expression and
release of cytokines due to infection.

4.3.2 Methods

Bacteria

Fusobacterium nucleatum (ATCC 25586) was cultured at 37°C under anaerobic conditions
in brain-heart infusion broth supplemented with yeast extract (5 mg/mL), hemin (5 g/mL),
and menadione (1 mg/mL). Erythromycin (5 mg/ml) was used as a selective agent for F.
nucleatum as previously described [127]. After 24 hours of growth, bacteria were collected
by centrifugation at 6000 g for 10 min at 4°C, washed twice and resuspsended with
phosphate-buffered saline (PBS). Quantification of bacteria was measured by optical
density (OD) to obtain a concentration of 10° colony-forming units (CFU)/ml using a
reference standard.

55



Mice and Oral Challenging of Fusobacterium nucleatum

BALB/c mice were obtained from the animal facility of the Instituto de Biofisica Carlos
Chagas Filho da Universidade Federal do Rio de Janeiro. All protocols used in this study
followed the guidelines and were approved by the Institutional Animal Care and Use
Committee at Universidade Federal do Rio de Janeiro.

Six- to eight-week-old male BALB/c mice were given ad libitum water containing 10 mL
of Bactrim (Roche) comprised of sulfamethoxazole/trimethoprim for 10 days. Then
antibiotic-free water was given to the mice for 3 days prior to infection.

The protocol for oral infection was adapted from Baker et al. [128]. On days of infection,
mice were anesthetized with ketamine-xylazine (100 mg/ml and 20 mg/ml) by
intraperitoneal injection. Anesthetized mice were orally challenged with F. nucleatum at
10° bacteria in 100 pl of PBS with 2% carboxymethylcellulose (Sigma), or were sham-
infected with the same solution containing no bacteria three times over 2-day intervals.

Collection of Maxilla

Maxillas were surgically removed and collected at days 1, 4, and 7 after the last infection
day. One half of the maxilla was placed in TRIzol reagent (Life Technologies), while the
other half in cell lysis buffer (Sigma) containing protease inhibitor (Roche). Then the
samples were macerated and homogenized using TissueLyser LT (Qiagen) for 5 min at 50
Hz. After centrifugation at 1000 g for 10 min supernatants were transferred to new tubes
and used for experiments. Prior to protein assays, maxilla halves from each group of mice
were pooled together and quantified using Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific) for equal loading.

RNA Extraction and Quantitative PCR

Following the manufacturer’s instructions, total RNA was extracted using Trizol Reagent
(Life Technologies). Total RNA was quantified by using NanoDrop (Thermo Fisher
Scientific). RNA was converted to cDNA using High-Capacity cDNA Reverse
Transcription Kit (Life Technologies). Quantitative PCR was performed using SYBR-
green fluorescence quantification system (SYBR Select Master Mix (Life Technologies)).
Real-time PCR cycling parameters were as follows: 95°C for 10 min and then 40 cycles
of 95°C for 30 s, 60°C for 1min, and 72 °C for 1 min. The following primers were used
as previously described: IL-1pB forward, 5°- TTCAGGCAGGCAGTATCACTC-3’; IL-1B
reverse, 5’-CCACGGGAAAGACACAGGTAG-3’; TNFa forward, 5°-
TTCTATGGCCCAGACCCTCA-3’; TNFa reverse, 5°-
GTGGTTTGCTACGACGTGGG-3’; IL-6 forward, 5’-
TCCTCTCTGCAAGAGACTTCC-3’; IL-6 reverse, 5°-
TTGTGAAGTAGGGAAGGCCG-3’; IL-17 forward, 5'-
TCAGCGTGTCCAAACACTGAG-3', IL-17 reverse, 5'-
GACTTTGAGGTTGACCTTCACAT-3'; GAPDH forward, 5’-
GGTCATCCCAGAGCTGAACG-3’; GAPDH reverse, 5°-
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TTGCTGTTGAAGTCGCAGGA-3’ [129]. Relative expression levels were calculated
against GAPDH as the reference gene using the comparative cycle threshold method.
Quantification of infected mice results were normalized against control mice.

PCR

The PCR was performed following the protocol from Liu et al. [130]. Maxilla RNA
targeted a 360-bp region using F. nucleatum forward, 5’-AGAGTTTGATCCTGGCTCAG
-3’ and reverse, 5’-GTCATCGTGCACACAGAATTGCTG-3’ primer sequences. [130].
The samples were amplified using GoTaq Green Master Mix (Promega) under the same
conditions of 5 min at 94°C and 30 cycles, with each cycle consisting of denaturation at
94°C for 30 sec, annealing at 58°C for 30 sec, extension at 72°C for 1 min, and final
extension for 10 min. PCR products were loaded onto a 2% agrose gel in Tris-acetate
buffer with EDTA. The gel was stained with GelRed nucleic acid gel stain (Biotium) and
visualized under UV light.

ELISA

Samples from half the maxilla were used for ELISA experiments. IL-18, IFN-y, and TNF-
a cytokine levels were measured using Mouse IL-1B, IFN-y, and TNF-a ELISA kits (R&D
Systems). ELISAs were performed following manufacturer’s instructions.

Western Blot

Protein samples were dissolved in 6X laemmli buffer and boiled. Then they were run on
SDS-PAGE gels and transferred to PVDF membranes. Membranes were blocked with 5%
BSA and incubated with anti-HMGB1 (Abcam) at 1:10,000 overnight at 4°C. After
primary incubation, the membranes were washed and incubated with HRP conjugated anti-
goat IgG antibody (Millipore) at 1:40,000 for one hour at RT. Membranes were developed
with Luminata Forte (Millipore) substrate. Images were acquired using ImageQuant LAS
4000 system and analyzed using NIH-ImageJ.

Histopathology and Immunohistochemistry

For morphological studies mandibles were collected and were immediately immersed in
zinc-formaldehyde for fixation during 72 hours. Next tissues were decalcified in Morse’s
solution for 7 days. The complete decalcification of bones was manually assessed. Tissues
were then washed in water and dehydrated crescent solutions of ethanol, clarified in xylene
and embedded in paraffin. Five-micrometer sections were cut and stained with
hematoxylin-eosin (H&E). For immunohistochemistry, paraffin sections were collected
onto charged histological slides. A rat monoclonal antibody F4/80 (Abd Serotec) was used
to detect macrophages at 1:50. Briefly, after dewaxing and rehydrating, sections were
submitted to endogenous peroxidase inhibition (15 minutes with 3% H>O: in methanol),
followed by an enzymatic antigen retrieval, with a 0.1% trypsin solution containing 0.01%
calcium chloride in Tris-buffer pH 7.4 (Sigma-Aldrich) for 5 minutes. After blocking
nonspecific binding of immunoglobulins with 5% BSA with 0.05% Tween in PBS, primary
antibody was incubated for 14-18 hours, at 4°C, in a humid chamber. The sections were
then washed in 0.25% Tween-phosphate saline buffer (PBS) solution for 5 minutes and
then the secondary antibody conjugated to peroxidase (Nichirei) were incubated for 1 hour
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at RT. The chromogen substrate was diaminobenzidine (Dako). Negative control slides
were incubated with rat nonimmune serum or with the antibody diluent solution.

Statistical Analysis

Results are shown as mean + standard deviation (SD). Statistical significance was
calculated by two-tailed Student's t-test and differences were considered significant at P <
0.05.

4.3.3 Results

F. nucleatum infection induces pro-inflammatory cytokine expression in maxilla

To assess cytokine expression of F. nucleatum infected mice, we isolated RNA
from the maxilla at various time points post-infection. We have previously described F.
nucleatum infection in GECs led to increased IL-1B gene expression dependent on time
[108]. Therefore, we speculated response to oral infection of F. nucleatum in mice would
be similar, so we measured IL-1pB gene expression over a course of 7 days post-infection
(Fig. 1A). We observed a significant induction of IL-1p at day 1 post-infection compared
to uninfected mice and a reduction over time. Park et al. demonstrated F. nucleatum
infected BMDM s triggered cytokine production (IL-1p, TNF-a, IL-6) through the Toll-like
receptor signaling pathway, but proposed TIR-domain-containing adapter-inducing
interferon- (TRIF)-dependent pathway could also influence cytokine production [131]. To
test this idea in our study, we measured IFN-y and found an upregulation of transcription
on day 1 post-infection in infected mice (Fig. 1B). Then we sought to evaluate TNF-a and
IL-6 gene regulation as they were also influenced during F. nucleatum infection in
BMDMs. Our results show a significant increase in gene transcription post-infection at
day 4 for TNF-a (Fig. 1C) and day 1 for IL-6 (Fig. 1D). An additional cytokine we
evaluated was IL-17 as it has been implicated to activate osteoclasts and play a role in bone
resorption [132-135]. Our findings show, we observe an increase of I1L-17 expression at
day 1 post-infection (Fig. 1E). The results indicated multiple pro-inflammatory cytokines
were upregulated during the course of F. nucleatum infection.

Cytokine production augmented in the maxilla during F. nucleatum infection

To further evaluate cytokine production, we tested the maxilla of infected mice by
ELISA. As IL-1B and IFN-y had increased gene expression at day 1 post-infection, we
observed a correlation of cytokine production at day 4 post-infection (Fig 2A and 2B). We
also detected an increase for TNF-a at day 4 post-infection, but it was not statistically
significant (Fig. 2C). Next, we looked at high mobility group box 1 (HMGBL1) because it
functions as a transcription regulator, pro-inflammatory cytokine, and macrophage
activator [136-138]. IFN-y, TNF-a, and TGF-B have been shown to augment expression
of HMGB1 mRNA in THP-1 macrophages and human peripheral-blood monocytes [137,
139]. As we observed an increase in two of these cytokines during F. nucleatum oral
infection, it suggested infection may also promote HMGB1 production. We found a
significant increase at day 4 post-infection of total HMGB1 from maxilla compared
uninfected mice by Western blot (Fig. 3A and 3B). Collectively, the results show most of
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pro-inflammatory cytokine expression occurs on day 1 post-infection, while cytokine
production occur on day 4 post-infection as a response to F. nucleatum infection.

F. nucleatum infection in the mandible recruits immune cells and activates
macrophages

Since we found inflammatory cytokine production increased over time due to
infection, we aimed to evaluate this association to immune cell recruitment. H&E and
immunohistochemistry staining were performed on sections of the mandible from F.
nucleatum infected mice. Day 1, 4, and 7 post-infection showed more immune cells were
present near the alveolar bone than compared to uninfected mice by H&E staining (Fig. 4).
F4/80 macrophages staining also revealed an increase in macrophage recruitment for days
1, 4, and 7 post-infection compared to uninfected mice (Fig. 5). The activated macrophages
were detected in adipose tissues, skeletal muscle fibers, and periosteal localization.
However, we observed macrophage activation was more concentrated in the dental pulp,
around periodontal ligaments, and between odontoblasts. This data suggests macrophage
recruitment plays a critical role in response to F. nucleatum oral infection.

Osteoclasts contribute to bone resorption during F. nucleatum infection

Previous studies have shown IL-B, IFN-y, and TNF-a production are important to
enhancing osteoclast development [120, 140, 141]. As we saw elevated levels in
production of these cytokines during F. nucleatum infection, we predicted osteoclasts
formation. A small recruitment of osteoclasts were found near alveolar bone at day 4 post-
infection (data not shown), but they were more present at day 7 post-infection in H&E
staining (Fig. 6). Osteoclast activation leads to attachment to the bone, resorption of the
bone through its secretory factors, and detachment from the resorption site [142, 143].
Days 4 and 7 post-infection of F. nucleatum, bone resorption pits were observed in the
alveolar bone (Fig. 7). These results indicate F. nucleatum infection contributes to bone
resorption by activation of osteoclasts.

4.3.4 Discussion

Studies have characterized mechanisms influencing adhesion and growth
interactions between F. nucleatum with other periodontal bacteria, such as P. gingivalis
and A. actinomycetemcomitans [13, 14, 144, 145]. It is equally important to understand F.
nucleatum infection alone as an oral colonizer and facilitator of other periodontal bacteria
to propagate. Thus, we investigated innate immune response to F. nucleatum oral
infection. In this study, we demonstrated F. nucleatum can trigger a pro-inflammatory
response contributing to macrophage recruitment. We also show osteoclasts played a role
in bone resorption as a result of infection.

Different oral bacteria can negatively or positively regulates host production of pro-
inflammatory cytokines. While P. gingivalis hinders IL-1p and HMGBI release during
infection in GECs, A. actinomycetemcomitans stimulates 1L-6 and TNF-a production in
BMDMs [131, 146]. It has been described F. nucleatum triggers cytokine production
through Toll-like receptors, TLR2 and TL4 receptors [131, 147, 148]. However, it has also
been proposed F. nucleatum can also induce cytokines through Toll-like-receptor-
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independent pathways [148, 149]. Our results show an upregulation of IL-1f, IL-6, TNF-
a, and HMGBI for F. nucleatum infected mice. This is further supported with previous in
vitro findings of GECs and BMDMs infected with F. nucleatum increasing pro-
inflammatory cytokines [108, 131].

Given the heightened inflammatory response we measured, it was not surprising to
see a recruitment of immune cells to the alveolar bone during infection. Some immune
cells, dendritic cells and macrophages, are present in various tissues as initial responders
to infection. It is also well characterized macrophages reside in dental pulp [150]. Their
activation relies on exposure to IFN-y, TNF-a, and LPS [151-153]. Interferons, like IFN-
v, are important for antiviral activity and are augmented by lipopolysaccharides (LPS)
stimuli [154-156]. We found F. nucleatum infection induced significant IFN-y, which may
have also played a role of enhancement for macrophage presence. Immunohistochemistry
revealed activated macrophages throughout the oral cavity and suggests F. nucleatum
penetrated numerous tissues during infection. GECs may have also contributed to
recruitment by release of pro-inflammatory cytokines and macrophage recruitment.

It is controversial whether IFN-y promotes or inhibits osteoclasts activation [118,
140, 157, 158]. However, in our study, we speculate IFN-y contributed to stimulation of
osteoclasts as they were observed localized near the bone after F. nucleatum infection,
which weren’t present in uninfected mice. As mentioned before, TNF-a and IL-17
synergizes with IL-1B. These cytokines can facilitate osteoclast activation, which further
supports what we saw in the mandible [135]. Degradation of collagen and increased bone
resorption has also been associated with IL-17 [132]. All these factors may have led to the
observed bone resorption in F. nucleatum infected mice.

4.3.5 Figures
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Fig. 1. Gene expression is upregulated in the maxilla during F. nucleatum infection
(A-E) Relative IL-1p, IFN-y, TNF-a, IL-6, and IL-17 mRNA gene expressions compared
to control were evaluated by real-time PCR (qPCR) from the maxilla of F. nucleatum
infected BALB/c mice. Days 1, 4, and 7 post-infection were tested. Results represent an
average of three independent experiments with at least 4 mice in each group per
experiment. Error bars represent the mean + SD. (*<0.05, **<0.01, Student’s t-test)
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Fig. 2. F. Nucleatum infection induces increased cytokine production in the maxilla

(A,B,C) IL-1B ,IFN-y, and TNF-a cytokines were measured by ELISA for BALB/c mice
infected with F. nucleatum. Maxilla from days 1, 4, and 7 post-infection were evaluated.
Results represent an average of three independent experiments with at least 4 mice in each
group per experiment. Error bars represent the mean + SD. (*< 0.05, **<0.01, Student’s

t-test)
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Figure 3. HMGB1 levels augmented at day 4 post-infection of F. nucleatum infection
(A) HMGBL (25 kDA) was detected by Western blot from the maxilla of BALB/c mice
infected with F. nucleatum over a time-course of day 1, 4, and 7 post-infection. Actin (42
kDa) was used as a loading control. (B) Relative protein was measured by quantification
of densitometry using NIH-ImageJ. Results represent an average of three independent
experiments with at least 4 mice in each group per experiment. Error bars represent the
mean + SD. (*< 0.05 Student’s t-test)
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Fig. 4 Immune cells are recruited near the alveolar bone during F. nucleatum
infection

Sections from mandible of infected BALB/c mice were stained with H&E. Results
represent 4 mice in each group. Arrows indicate area of immune cells localized near the
bone in dark stain. Bar represents 100 pm.
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Fig. 5 F. nucleatum infection increases macrophage recruitment in the dental pulp
Immunohistochemistry for F4/80 macrophages in the dental pulp of infected BALB/c mice.
Bar represents 50 pm.

Uninfected

Fig. 6 Osteoclasts recruitment near the alveolar bone in F. nucleatum infected mice
Sections from mandible of infected BALB/c mice with H&E staining. Arrows show
osteoclasts residing near the bone. Bar represents 50 pum.
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Uninfected

Fig. 7 F. nucleatum infection induces bone resorption
Mandible of infected BALB/c mice were stained with H&E. Arrows indicate areas of bone
resorption. Bar represents 50 pm.
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Supplementary Fig. 1 Detecting F. nucleatum

(A) Gel electrophoresis of RT-PCR products from maxilla of F. nucleatum infected
BALB/c mice measuring F. nucleatum (360 bp). 10° CFU of F. nucleatum was loaded for
the positive control. (B) Band intensity was measured using NIH-ImageJ. CFU for each
day was calculated using relative band intensity compared to the positive control. M:
Marker, PC: Positive Control.
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Supplementary Fig. 2 Positive control for F4/80 staining

BALB/c bone marrow was stained for F4/80 macrophages. Negative control slide was
prepared similarly to the immunostained ones except that instead of antibody negative
control slide was reacted with the normal mice serum or the antibody dilution solution.
Absence of reactivity. Positive control slide: maxilla histological sections showing the
positive bone marrow monocyte/macrophages for F4/80 antigen. Bar represents 50 pum.
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4.4 Fusobacterium nucleatum oral infection in caspase-1 knock-out mice (Preliminary
data)

Methods: F. nucleatum infection and experimental procedures were followed as described
in the previous experiments of BALB/c infection. Samples were collected at day 1 post-
infection for caspase-1 KO mice experiments.

4.4.1 Results

IL-18 and IFN-y cytokines showed an increase in response to F. nucleatum
infection in wild-type C57BL/6 mice (Fig. 1A and 1B). However, their production was
significantly less than what we observed BALB/c infected mice. This is consistent with
susceptibility of C57BL/6 mice compared to BALB/c mice to other bacterial infections, B.
pseudomallei and C. trachomatis [159, 160]. We postulated inflammasome activation also
played a role in the observed cytokine production in F. nucleatum oral infected mice.
However, our results were not statistically significant. The maxilla were collected at day
1 post-infection, but may have showed more significant if the infection proceed to day 7.

4.4.2 Figures
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Fig. 1

(A and B) IL-1p and IFN-y cytokines were measured by ELISA for F. nucleatum infected
wild-type and caspase-1 KO C57BL/6 mice. Maxilla from day 1 post-infection were
evaluated. Results represent an average of three independent experiments with at least 4
mice in each group per experiment. Error bars represent the mean + SD. (*<0.05, **<0.01,
Student’s t-test)
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Fig. 2 IL-1P cytokine production in caspase-1 infected mice

(A) Relative IL-1p mRNA gene expression compared to control mice was evaluated by
real-time PCR (gPCR) and (B) IL-1p cytokines by ELISA. Infected mice were normalized
to the control mice for ELISA. Samples 1 post-infection from the maxilla of F. nucleatum
infected wild-type and caspase-1 KO C57BL/6 mice were used. Results represent an
average of three independent experiments with at least 4 mice in each group per
experiment. Error bars represent the mean + SD.
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Future Perspectives

My research has added to the understanding into why P. gingivalis can elude an
immune response, while F. nucleatum triggers a response during initial infection. We
found that NDK homologue of P. gingivalis regulates caspase-1 activation and decreases
pro-inflammatory cytokine and danger signal release from infected GECs. On the other
hand, F. nucleatum triggers NLRP3 inflammasome activation and release of pro-
inflammatory cytokines. Also, F. nucleatum oral infection in mice led to macrophage
recruitment to the dental pulp and bone resorption. Using these perspectives, we have
modeled host inflammatory and cytokine response to invasion of P. gingivalis (Fig. 2) and
F. nucleatum (Fig. 3) into GECs. We are also the first to characterize the pro-inflammatory
response of F. nucleatum orally infected mice. However, further study of other potential
mechanisms or influences contributing to these infections is still needed.

Figure 2 Proposed model for the role of NDK in HMGB1 localization during P.
gingivalis infection [146]
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Figure 3 Model of pro-inflammatory cytokine expression and the inflammasome
activation cascade during F. nucleatum infection [108]
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Mitochondria dysfunction can trigger reactive oxygen species (ROS) generation
and induce inflammasome activation [161]. However, mitochondrial DNA as another
inducer for the inflammasome is of increasing interest. Previous studies have shown P.
gingivalis masks its presence and proliferates within the host cell by modulating the
mitochondrial-dependent apoptosis pathway. Nakhjiri et al. described an upregulation of
Bcl-2, an anti-apoptotic protein, and a decrease in Bax, a pro-apoptotic molecule, as one
mechanism P. gingivalis prevents programmed cell death in GECs [162]. However, it is
not well understood how the inflammasome and cytokine secretion is regulated during
infection through this pathway. It will also be interesting to evaluate whether P.
gingivalis can inhibit mitochondrial-dependent inflammasome activation with cells
deficient in Bcl-2. This will provide a more detailed model for inhibition of cell death.

Along with the studies of mitochondria dysfunction, upstream intermediates need
to be further characterized in this pathway during infection. Hornung et al. described
monosodium urate (MSU) crystals, silica crystals, and aluminum salts activate the
inflammasome as a result of lysosomal damage [163]. It has been previously described
mitochondria malfunction is the intermediate step between lysosomal damage and
inflammasome activation [164]. A gap of knowledge can be filled by measuring
inflammasome activation during P. gingivalis infection with treatment of MSU crystals.
Further evaluation of infection with MSU crystal treatment can also incorporate the Bcl-2
knock-down cells to complete an understanding of the pathway for P. gingivalis influence
and its effects on mitochondrial-dependent inflammasome activation.

Our findings for F. nucleatum infection in BALB/c mice showed an enhanced pro-
inflammatory response during earlier days after infection. However, our experiments for
the wild-type and caspase-1 KO C57BL/6 mice may have not been the most optimal
conditions for the best results as we collected samples on day 1. We found IL-1p secretion
in wild-type mice showed statistical significance at day 7. This may provide more
significant results for KO experiments at this later day of collection. Another change can
be more mice per group could be added to account for variability in mouse response to
infection. It should also be considered C57BL/6 mice are more naturally resistant to
infection than compared to BALB/c mice.

Since we have shown the canonical inflammasome to contribute to maturation of
pro-inflammatory cytokines during F. nucleatum infection [57]. Another future direction
is to study the non-canonical inflammasome. One could also evaluate caspase-11, a non-
canonical inflammasome, which has been proposed as an upstream activator of caspase-1
activation [53]. This can be done with adding caspase-11 KO to the caspase-1 KO mice
experiments. The hypothesis would be caspase-11 KO mice would induce an intermediate
inflammatory response compared to wild-type or caspase-1 KO in F. nucleatum infection.
Knocking down caspase-4/5 in GECs can also be performed to understand inflammatory
response in vitro.

It is important to understand the mechanisms for invasion and survival for each
periodontal pathogen as it infects its host. Since the oral cavity is colonized with a vast
number of organisms, it is also significant to investigate their interactions with one another
and how they contribute to homeostasis or dysregulation. P. gingivalis has been shown to
work synergistically with F. nucleatum to induce biofilm formation [13]. It has also been
described F. nucleatum can create an oxygenated and carbon-dioxide depleted environment
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sufficient for P. gingivalis to proliferate [14]. The propagation of these infections relies on
coordination of time and ratios of bacteria used for infection. P. gingivalis infected at
earlier or later times than F. nucleatum infection in a murine abscess model showed an
increase in lesion sizes [165]. A larger multiplicity of infection of F. nucleatum than P.
gingivalis infection showed reduced lesion size, which was speculated to be a result of
coaggregration [165]. These factors play a role in determining whether infection can
progress into early stages of diseases. However, inflammasome activation and pro-
inflammatory response for co-infection of these two bacteria have not been characterized
in an oral infection model. This type of study has been performed in bone marrow-derived
macrophages, but is more relevant to be studied using GECs as the initial barrier to
encounter these pathogens [90]. Therefore, future experiments should examine host
response for F. nucleatum and P. gingivalis co-infection in GECs and in murine models
using similar methods as described in our previous publications. Expanding our
understanding of host response to pathogenic bacteria is important for limiting progression
of periodontitis and other emerging systematic disease linked to these bacteria.
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Abstract

Coccidiotdes inmmitis and Coccidioides posadasii contribute 1o the development of Valley Fever. The shility of these fungul pathogens to
evade the host immune s ystem creates difficulty in recognition and treatment of this debilitating infection. In this review, we describe the cument
know ledge of Valley Fever and approaches to improve prevention, detection, and treatment.
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1. Introduction

Coccidioidomycosis is an infection caused by inhaling
spores of the fungal species Coccidioides immitis or Cocri-
dioides posadasii. The disease has commonly been termed
“Valley Fever.” “San Joaguin Valley Fever.,” “San Joaguin
Fever,” “desert fever,” and “desert rheumatism™ [1]. A high
incidence of coccidioidomycosis has been reported in the
southwestern United States, Central America, and South
America [2,3]. The rise in cases has contributed to hospitali-
zation costs totaling over $2 billion for those afflicted with the
illness. which include individuals with symptoms ranging
from mild local infections to disseminated disease [4].

Although inhalation of Coccidioides is the most common
mode of transmission, there are rare cases of ransmission
through transplanted organs or inoculation by penetration of
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the skin by a sharp object containing the fungus [3.5]. While
most infected individuals are asymptomatic, about 40% of
individuals show flu-like symptoms, such as fever, cough,
headache. skin rash. muscle aches, joint pain, and fatigue
[L3.67]. In most cases the immune system resolves the
mfection without the need for medical intervention. However,
without proper diagnosis, disseminated disease may occur,
leading to increased severity of symptoms. Laboratory diag-
nostic testing and clinical evaluation are the most effective
measures for determining coccidicidomycosis. Early detection
and antifungal drug treatments aid in slowing or inhibiting the
development of disease and limit tissue damage. and may
prevent morbidity [2]. In this review, we aim to provide a
better understanding of coccidicidomycosis and to promote
awareness of these pathogenic fungi.

2 Valley fever
2.1, Geographic distribution of coccidioidomycosis
Two types of coccidioidomycosis-causing fungi exist: C.

imminis and C. posadasii [8]. C. immitis is mainly endemic to
California and is often referred to as the “Californian™ strain,

128645792 2014 Instint Paseur. Published by Elsevier Masson SAS. All rights reserved.
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while C. pesadasii is distinguished as the “non-Californian™
strain [ ). However, C. immiris has also been isolated from soil
in Venezuela and Washington State, where several patients
were suspected of contracting coccidicidomycosis [2,10].
There is a relatively low incidence rate of Valley Feveron a
national scale in the United States and a variable status as a
reportable disease across endemic regions [11.12]. Cocci-
dioides fungi have been found in the Western Hemisphere,
maostly in hot, arid areas between latitudes of 407 north and
407 south, including the southwestern United States, Mexico,
and Central and South America (Fig. 1) [7.13.14]. Suspected
sites of infection have been described as dry plains, hills,
prairies, and tropical desert brush land [9]. These areas tend to
have temperatures ranging from 5 °C to 45 °C, rainfall aver-
aging between 125 and 500 mm, and altitudes between sea
level and B0 m above sea level [9]. With differences in
reporting over time and between regions. it is difficult to
determine where the fungus was contracted. and which envi-
ronments propagated the development of the disease [12].

2.2, Geographic distribution in Latin America

In 1892, one of the first described cases of coccidioido-
mycosis was observed in a 36-year-old Argentinian soldier by
a medical intern, Alejandro Posadas, in Buenos Aires [11.15].
However, the more recent incidence and prevalence of
coccidicidomycosis in Latin America is unclear [14]. Outside
of the United States. other endemic regions include Mexico,
Central America, and South America. South American coun-
tries that are confirmed to harbor the illness-causing fungus
include Argentina. Colombia, Paraguay, and Wenezuela

Arsas in which coccioido
is andemic

. Uncertain areas

Fig. 1. Geographic distribution of valley fever across the Americas.

though limited patient data exists to support these claims [9].
The regions of Bolivia, Ecuador, and Peru are also potential
sites for harboring the fungus. but even less patient data is
clearly documented for these regions.

2.3, Geographic disiribution in North America

The highest rates of coccidicidomycosis cases in North
America have been reported in Arizona and California [ 16].
The illness has also been reported in southem Nevada
southern  Texas, Utah, New Mexico, and Washington
[7.10.13,17]. Cases reported in Mexico generally tend to
originate in the northern region [18]. However, the true inci-
dence of the disease is not known, since coccidioidomycosis
was not a reportable disease in Mexico until recently [18].

231 California

Many of the endemic cases of coccidioidomycosis in the
United States are reported in California. The incidence of
hospitalizations in California at 0.89 (95% CI 0.79-099)
100.000 personsfyear likely under represents the extent of the
disease in the San Joaguin Valley region, which contains only
10% of California’s population [19]. This underrepresentation
may be due to this regions population consisting of lower-
income inhabitants, who are less likely to seek medical care
except in severe cases of infection [19]. Initial repons of
coccidioidomycosis in the United States were published in the
San Joaquin Valley of California in 1939 [1.20.21]. In the last
quarter century, dramatic increases in the reported incidence of
Valley Fever in California have brought more public attention
to the disease [13.19].

Since the fungus is spread through dust, an increase in the
number of reported cases tends to occur during the harvesting
season in endemic areas (Fig. 2). During World War II
(WWII), several airfield training sites were built in the San
Joaquin Valley. The dusty sites were suspected to have cansed
an 8—25% rate of new infections in those employed by the
military, making it the most common cause of hospitalization
at several Southwestern airbases [20]. A dust storm in 1977 in
the San Joaquin Valley and an earthquake in 1994 in North-
ridge were also reported to have caused hundreds of cases of

Fig. 2. A tractor diznupting =0il and creating a dust cloud, which potentially
could be spreading the fungal anthroconidia.
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coccidioidomycosis in those areas of California [13]. A six-
fold increase in the rates of reported cases occurred in Cali-
fornia between 2000 and 2011 [16]. Whether this is due to
increased awareness of the illness, changes in the environ-
ment, or other factors remains unknown.

2.3.2 Arizona

About 60% of endemic cases in the United States are reported
in Arizona (amounting to about 150.000 cases annually) [12].
Only people experiencing symptoms are generally tested, so
whether the expression of symptoms in some individuals and not
others is due to a large concentration of the fungus or a higher
rate of dissemination is unknown. During a six-month period of
WWIL, as many as 50% of military personnel in Arizona un-
dergoing the coccidioidomycosis skin test showed evidence of
infection. At that time, Germany protested that exposure of its
prisoners of war to the fungus in work camps violated the
Geneva Convention [22]. In recent years, the incidence of
coccidioidomycosis has increased in the elderly, even when the
increase is adjusted for age [12]. This may be because older
adults are more likely to seek medical care (and receive a
diagnosis of coccidioidomycosis) or have a greater suscepti-
bility to developing symptoms, andfor may be due to the
increased influx of these elderly individuals from non-endemic
regions into Arizona to retire, which could affect susceptibility
to the fungus (see below) [12].

2.4 Populations affected

Although coccidicidomycosis is most common in the
southwestern United States, the Southwest's growing popula-
tion and tourism industry may result in people from other
areas retuming home with the disease before developing
clinical symptoms [23]. One hypothesis is that people from
endemic regions develop immunity against the infection, and
visitors to endemic regions are more susceptible to infection.
This idea is certainly possible, as individuals living in endemic
regions are likely to have been exposed to the fungus, suc-
cessfully cleared the infection. and developed antibodies.
However, evidence for this hypothesis is confounded by the
fact that the symptomatology of coccidicidomycosis is non-
specific, which may prevent clinicians outside endemic areas
from suspecting coccidioidomycosis [24]. Coccidioidomy-
cosis increased from 21 to 91 cases per 100,000 between 1997
and 2006 [12]. Coccidioidomycosis may manifest as acute
preumonia, chronic progressive pneumaonia, pulmonary nod-
ules and cavities, or as disseminated extrapulmonary non-
meningeal disease andfor meningitis [23].

Ethnicity, disease status, and occupation have been asso-
ciagted with coccidioidomycosis incidence. Hospitalization
rates have been reportedly highest among the following groups
in the last few decades: African-Americans and Filipinos,
males 50-years or older, pregnant individuals, acquired im-
munodeficiency syndrome (AIDS) patients and other immu-
nosuppressed  individuals, and those working in certain
outdoor  environments, such as  constuction  workers
[12,13.25].
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2.4.1. Ethnicity

The risk of developing disseminated coccidicidomycosis is
about 10—127 times greater in people of African-American
and Filipino descent. due to a genetic component contrib-
uting to the development of disseminated illness [13.25-29],
Specific genes and blood groups are suspected to influence
susceptibility to severe coccidicidomycosis [30]. African-
Americans are associated with increased rates of hospitaliza-
tion [31]. People who identify as Native American and Asian-
Pacific Islander have lower rates of dissemination than those
who self-identify as white [31].

24.2 Age

Although coccidioidomycosis can occur at any stage of life,
the risk of developing coccidioidomycosis appears to increase
with age [31-33]. In the youngest age group (0—14 years old),
the incidence of hospitalization is less than 1 per 100,000 [31].
The rate of hospitalization increases to 7.2 per 100,000 in the
50 years and older group [31]. As a result, coccidioidomycosis
has not been well-described in children. despite it causing a
substantial disease burden in the children of Central California
and elsewhere [34].

2.4.3. Health status

Individuals with primary immune deficiencies and women
in their third timester of pregnancy are at high risk of
developing disseminated coccidicidomycosis  [13,16,31].
Common concwrrent conditions include: having an immumno-
compromised state, AIDS, Hodgkin's disease, other lym-
phomas, organ transplantation, and pregnancy [7.16]. Diabetes
patients may also be at an increased risk of developing mul-
tiple thin-walled chronic ling cavities as a residual effect of
infection [35]. Although coccidioidomycosis may cause up to
33% of the cases of community-acquired pneumonia in Ari-
zona, less than 15% of these patients are tested for coccidi-
oidomycosis, perhaps because many healthcare providers lack
the experience and knowledge to treat the illness [36].

244 Occupation

Increased exposure to Coccidioides is an occupational
hazard faced by individuals who work in outdoor environ-
ments close to the soil and dust incloding: archaeologists,
military personnel, construction workers (especially those in
excavation and pipeline or highway construction), cotton mill
workers, and agricultural workers [13.25.37—40]. In partic-
ular, personnel engaged in digging operations in dusty soil are
at highest risk for infection [38]. Professions, lifestyles, and
hobbies requiring travel to endemic areas also put individuals
at risk of exposure to Coccidivides |3%]. Containing and
reducing human exposure to dust has been recommended as a
primary measure to reduce the risk of Valley fever [13].

2.5. Biology of pathogen
C. immitis and C. posadasii are dimorphic fungi of the

phylum Ascomycota in which most known human fungal
pathogens belong. Proper biosafety protocols must be



504

observed when working with Coccidivides as the arthroconi-
dia are very stable, can be viable for years under dry condi-
tions, and are capable of becoming airbome once they are
formed. Under most laboratory conditions (Sabourand-
dextrose agar, brain-heart infusion agar, potato-dextrose agar,
and blood agar). C. immitis and C. posadasii require 5—10
days at room temperature to grow. forming a white highly
filamentous aerial colony, which then tums tan [41]. This
colony contains predominantly arthroconidia and long sep-
tated hyphae. Most soil fungi appear morphologically similar
to € imnitis and C. posadasii at room temperature; however.
only Ceoccidicides species are known to transition to the
endosporulating spherule form (ranging in size from 10 to 100
microns) at mammalian physiological temperatures in vitro
under inducing conditions and in vive in animal infection
models. The most successful technique to induce spherule
formation in vitro is to culture the fungus in liquid modified
Converse medium at 37—40 *C [42].

The sexual cycle of Coccidioides species has not yet been
elucidated. Although sexual structures have not been observed
in the laboratory for Coceidivides species, there is molecular
and genetic evidence to suggest the existence of a sexual cycle
in Coccidioides. For example, molecular phylogenetic ana-
Iyses indicate that different Coccidioides strains have under-
gone recombination (rather than clonal growth) [43—46]. This
work was also important in clarifying that C. imunitis and C
posadasii, although very closely related. are distinct species
undergoing separate sexual recombination events in nature.
Subsequently. work on characterizing the mating type (MAT')
locus, which is the genomic region regulating sexual repro-
duction in the fungal kingdom. identified the structure of the
MAT locus in C. posadasii and C immitis [47,48]. These
studies found that C. posadasii and C. immitis MAT loci are
arranged similarly to the MAT locus of Histoplasma capsu-
laturt, suggesting that they have a heterothallic sexual cycle
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with alterating mating type genes found at a single locus.
Indeed, population swdies on € pesadasii and C. immitis
isolates identified a 1:1 ratio of mating type alleles [48],
providing further evidence for the existence of a sexual cycle
in these species in nature.

2.5.1. Life cycle

C. immitis and C. posadasii are similar in their develop-
ment and life cycle. The fungi have been reported to be found
clustered around animal burrows and ancient Indian burial
sites in high concentrations [49,50]. A mammalian host, such
as a rodent, has been suggested to act as a carrier to spread the
fungi throughout an endemic area [51]. Coccidivides is the
only altemating arthroconidia species to contribute to systemic
disease. Coccidioides species are dimorphic fungi with two
distinct life cycle phases: saprophytic and parasitic (Fig. 3)
[3.52].

During the saprophytic phase the fungus resides in the soil,
where the mycelia or thread-like hyphae. feed off its sur-
rounding environment of nonliving and organic matter, such as
rodent corpses, in the soil [7.51]. As the environment changes
due to lack of mutrients or drying of the soil. the mycelia
produce arthroconidia in alternating cells, where the arthro-
conidia are separated by dead cells [7.52.53]. Arthroconidia
can remain viable for years in the soil and continue to
germinate new mycelia if growth conditions are favorable
[3.7]. The fungi are also resistant to harsh conditions, such as
high temperatures and high salinity, particularly in the
arthroconidia form [54].

Soil disruptions, such as agricultural activities or natural
disasters. can disarticulate arthroconidia and release Cocci-
diides into the air to be carried by the wind or spread during
dust storms [7.55.56]. Not only does this increase the distri-
bution range of the spores. but also provides the opportunity to
infect additional hosts. Inhalation of the arthroconidia leads to

Fg. 3. Coceidivies immiis and Coccldioides posadagi life cycle in its two phases within the soil and host.
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infection in humans. but has also been described to infect
horses, rodents. snakes, cats, and dogs [53.57—59].

Once inside the host's body. the fungus transitions into its
parasitic phase. The increased temperature and CO, concen-
tration in the host contribute to the transformation of arthro-
conidia [3]. The barrel-shaped. 3—5 pm in size, arthroconidia
begin to modify their cell wall to form a spherule with the cells
inside rounding and swelling around a vacuole in the middle
[3.53]. The structural changes distinguish the fungus in its
parasitic phase. Endospores begin to differentiate around the
vacuole and expand the spherule for about 3—4 days [3.53].
After developing hundreds of endospores. the spherule can
rupture and spread its contents [3.53]. This results in further
distribution of infection throughout the body. allowing the
parasite to repeat its life cycle.

2.6. Pathology and pathogenesis

As noted above, the primary route of infection for most
cases of coccidioidomycosis is through halation of arthro-
conidia into the lungs. Once the arthroconidia lodge in the
terminal bronchioles, the fungus reverts to a spherical struc-
ture called a spherule: this structure enlarges and becomes
filled with mature endospores. After several days of growth,
the spherule ruptures releasing endospores into the surround-
ing tissue. Each endospore is then capable of producing
another spherule [60]. Cellular immunity in the host is acti-
vated upon spherule formation as is evidenced by increased
IL-17. IFNy and TNFa production [61]. In most cases. the
immune response controls the infection, and the infection is
resolved without treatment. In biopsied tissue, there may be
evidence for non-caseating granulomatous inflammation, and
the spherules may be visible on tissue staining (Fig. 4). While
the spherules may sometimes be seen on hematoxylin and
eosin staining. they are best visualized using silver staining
(Fig. 5).

Fig. 4. Hematoxylin and eosin stain of a Valley Fever infected lung, demon-
rating granulomatous inflammation. White ammow points to granuloma. Image
couresy of Dr. Williams Pigs (UCSF Fresno).
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Fig. 5. Silver staining showing a spherule full of endospores with free endo-
spores around it. Black amow indicates an endospore, white ammow points © a
spherule containing many endospores. Image courtesy of Dr. Williams Pitts
(UCSF Fresno).

2.7. Immune response

2.7.1. Innate immune responses to Coccidioides

The vast majority of people develop only mild or asymp-
tomatic disease following infection with Coccidioides. sug-
gesting that the immune system normally controls infection.
However, a subset of infections leads to chronic or severe
disseminated disease, likely due to skewed or reduced immune
responses that cannot control the fungal spread. Although
innate and adaptive immune defects and immunosuppression
increase the risk for severe infection. individuals with an
apparently normal immune system. for unknown reasons. can
also develop chronic and disseminated disease [7.17.62].

The innate immune system acts as the first line of defense
against pathogens by recognizing and controlling the infection
and activating the adaptive immune response. Little is known
about how the innate immune system recognizes, attempts to
control, and eliminates the fungal infection, particularly dur-
ing a productive host immune response. Polymorphonuclear
leukocytes (PMNs) are the first responders to Coccidioides
infection [63]. However, the respiratory burst by these cells
kills fewer than twenty percent of the arthroconidia and may
drive maturation to the spherule form of Coccidioides.
Spherules are further resistant to phagocytosis and killing by
PMNs due to their large size and potential inhibition of host
responses by fungal proteins [64]. Macrophages also phago-
cytose the arthroconidia and endospores, but may have low
killing ability due to specific inhibition of phag-
osome—lysosome fusion by the fungus [65]. Conflicting re-
sults suggest that T cells enhance the ability of macrophages to
digest arthroconidia and endospores. but only if T cells are
primed before infection. Macrophage functional enhancement
by T cells is mediated by IFNy and TNFz [66].

Different proteins. lipids and genomic material found on
and within pathogen subsets termed pathogen-associated mo-
lecular patterns (PAMPs) can be recognized by pathogen-
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recognition receptors (PRRs) on antigen presenting cells.
Recognition of Cocridivides by a subset of these PRRs, Toll-
like receptor 2 (TLR2) and TLR4. promotes TNFx production
and mediates a cell-mediated response to Coccidioides in vitro
[67.68]. Another PRR important in recognition of fungal in-
vasion, dectin-1, appears to promote innate immune cells to
direct Tyl and Ty17 effector responses in part by reducing
inflammatory cytokine production [69]. Additionally. several
Coccidioides antigens have been identified with variable
ability to induce adaptive immune responses [ G68].

Dendritic cells (DC), as professional antigen presenting
cells (APCs). are a critical link between innate and adaptive
immune responses. Coccidioides atigens induce maturation,
and activation of DCs and Cocridiides antigen-pulsed DCs
can reverse the lymphocyte anergy found in disseminated
disease [70]. IL-12-induced Tyl responses are critical for
effective/productive immunity against Coccidioides infection.
DCs are a major source of IL-12, and activated DCs present
antigen and costimulatory signals to naive T cells; thus, DCs
might be expected to play an important role in host immune
responses to Coccidicides. Together, the few studies evalu-
ating DC responses during coccidioidomycosis suggest that
DC activation and antigen presentation is functional in patients
with disseminated disease [3]. However, it is unclear whether
the DCs in these patients promote an effective or detrimental
response to Coccidioides. Perhaps the DCs in patients with
disseminated disease induce ineffective T helper effector re-
sponses or promote immune tolerance. One study character-
izing DC functions in mouse models of infection found higher
TLR2, TLR4 and costimulatory molecule expression and 11-
12 production in DCs of resistant mouse strains, compared
to susceptible mouse strains [71].

2720 Adapiive imritne responses to Coccidioides
Coccidioidomycosis induces both cell-mediated and hu-
moral immune responses. Protective immunity requires a
strong Ty 1 skewed response resulting in production of IFNy
and 1gG2a antibodies. Asymptomatic immune patients
demonstrate a strong delaved-type hypersensitivity (DTH)
reaction and low levels of complement forming antibodies in
their serum, while severe disease is usually found in patients
with low DTH reactions and high titers of complement
forming antibodies [70.72]. Recovery from severe disease is
associated with decreased complement forming antibodies and
increased DTH reaction [ 70]. Symptomatic patients develop T
cell anergy against Coccidioides that is generally specific for
this fungus and is reversible with disease remission [70.73.74].
It would therefore appear that humoral immunity plays a
weak role in protection against this infection. As outlined
above, the titer of complement forming antibodies correlates
well with disease severity. In further support. serum from
vaccinated mice does not protect from arthrospore infection,
or depending upon the analysis, is less critical than T cells for
protection [75]. However, using a vaccine model, it was found
that vaccine protection is less effective in the absence of B
cells, and that a B cell gene expression profile is associated
with protection to arthroconidia [ 76]. Thus, the role of B cells
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and antibodies in controlling infection or protection against
repeat exposure remains unclear.

Further evidence supporting the critical role of T cells in
immunity to Coccidicides has been demonstrated using mouse
models of mfection and evaluation of risk severity in patients.
Mice lacking CD4" or CD8" T cells are more susceptible to
disease, and T cells transfer protection to naive animals
[77.78]. There is a high risk for dissemination and death in
immunosuppressed individuals during organ transplant, HIV
infection and neoplasia [79]. In HIV patients, the risk of severe
disease increases with lower CDd™ T cell numbers [80].

The type of effector T cell response mounted against
Coccidioides appears to determine disease severity. Tyl
effector responses. particularly IFNy and TNFz production,
are widely accepted as providing protective immunity against
Coccidioides that results primarily in mild or asymptomatic
disease. Assessment of T cell activation by CDGY expression
in coccidioidomycosis correlates with Tyl effector cytokines
and has been suggested to be a potential marker for measuring
a productive cellular response to Coccidioides [81]. In
contrast. Ty,2 effector cytokine responses have largely been
associated with more severe disease, perhaps in part due to the
ability of these cells to suppress macrophage activation and
T, 1 differentiaion. While T,2-associated cytokines decrease
productive immune responses against Coccidioides in mice, in
patients it is unclear if T2 effectors have any direct effects on
immunity to Coccidioides, and overall T2 cytokines are not
produced in response to Coccidicides antigens [3.82]. Ty17
effector responses have not yet been measured in patients with
coccidicidomycosis; however, evaluation of infection in
immunized mice indicates that disease susceptibility increases
with the loss of Ty 17 functionality [83].

Regulatory T (Treg) cells are known to modulate immunity
during infection and their suppressive function can be bene-
ficial or detrimental depending upon the site or stage of an
infection. Very little data exists evaluating the impact of
Treg cells on coccidioidomycosis. Reduced survival following
infection in phagocytic NADPH oxidase-deficient mice
correlated with an expanded Treg cell population in the lung
[84]. IL-10 producing cells, that may be secreted by Treg cells
or Ty2 cells, have been found in clusters adjacent to gran-
ulomata during coccidicidomycosis [85]. However, the role
and relative importance of [L-10 production in the granuloma
and Treg presence in the lung is unknown.

2.7.3. Immuene evasion by Coccidioides

Maost pathogens utilize multiple mechanisms to escape host
immune detection, and Coccidipides expresses several docu-
mented virulence factors that contribute to infection [86.87].
As noted above, arthroconidia and spherules are highly
resistant to destruction by PMNs. The outer wall of arthro-
conidia appears to protect from phagocytosis, as removing the
outer wall increases uptake of the arthroconidia. In contrast,
the immune system builds a response against the spherule
outer wall glycoprotein (SOWgp). Coccidivides endospores do
not express SOWgp, thus avoiding immune detection by cells
responsive to this antigen during a time when Coccidioides
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can be more efficiently phagocytosed. The spherules are
further protected from the immune system by the production
of proteases that digest antibodies. Finally, Coceidioides pro-
duces urease and induces host production of arginase 1, both of
which contribute to local tissue damage and enhance infection.
Thus, while the host immune system fights to actively block
infection or eliminate Coccidioides, the fungus has its own
mechanisms to  circumvent. avoid or prevent immune
surveillance.

2.8 Diagnosis and treatment

2.8 1. Diagnosis

Early diagnosis of coccidicidomycosis is significant to
prevent disseminated disease, to reduce costs of hospitaliza-
tions and treatment, and to avoid persistent infection leading to
tissue damage or death [2]. However, it is difficult to diagnose
early infection for a couple of reasons. As described above.
most individuals are asymptomatic. Some people exhibit flu-
like symptoms, but do not seek medical evaliation because
their immune system resolves the infection over time without
medication. This also contributes to an underestimate of re-
ported annual coccidinidomycosis cases. These limitations in
self-diagnosis can lead to severe symptoms of chronic pneu-
monia meningitis, or bone and joint infection if the infection
becomes a disseminated disease [3].

Individuals with coccidioidomycosis also have difficulties
obtaining proper diagnosis from clinicians and laboratory
testing. One assessment for patients who have persistent lung
infection is to obtain a radiographic examination. The results
are frequently misinterpreted and patients are diagnosed with
hmg cancer, even though they may be infected with Cocci-
dicvides, which gives similar results on the X-ray [82]. There
are other laboratory tests used to identify coccidioidomycosis,
but they have limitations. Two commonly used diagnostic
tests, enzyme immunoassay testing and sputum testing, help
determine if a patient has been infected with Coccidioides.
Enzyme immunoassay testing uses a patient’s blood sample to
measure Coccidioides antibodies. However, as many as 82%
false-positive results for coccidioidomycosis have been re-
ported with the antibody test [89]. These findings question the
utility of the test for clinicians to diagnose the infection.
Sputum culture requires a more invasive procedure to collect
the sample. but provides a more accurate result for diagnosis.
Doctors can also evaluate patients by performing biopsies,
Joint effusions, or lumbar punctures [2].

282 Treatment

Muost patients resolve coccidioidomycosis without need of
meatment. However, patients with chronic pulmonary or
disseminated disease may require antifungal therapy [2].
Common antifungal drugs prescribed include: amphotericin
B deoxycholate, lipid formulations of amphotericin, ketoco-
nazole, fluoconazole. and itraconazole [2]. Even though
treatment is beneficial in clearance of infection, it may come
at a cost to the patient, both financially and physically. Pa-
tients who require long term medication of antifungal drugs
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can spend up to $20,000 annually on top of hospital bills [2].
Harmful side effects are associated with using antifungal
drugs, such as amphotericin B, which span from mild
symptoms of nausea, vomiting, fever, and hypoxia, to severe
side effects of anemia, hypertension. hyperthermia, and
dyspnea [20]. Routine follow-ups to the physician are rec-
ommended after clearance of infection every 3—6 months for
about 2 years to prevent developing further complications or
disseminated disease [2]. However, chronically-infected pa-
tients may need long term follow-up through examinations
and laboratory testing.

While there is limited data available for successful out-
comes of reatment of immunocompromised individuals, one
study demonstrated a significant reduction in relative risk for
developing symptomatic coccidioidomycosis among patients
weated with infliximab, a TNFz antagonist used for patients
with autoimmune disease [91].

2.8 3. Vaccines

The development of a successful coccidicidomycosis vac-
cine has long been a research goal despite numerous chal-
lenges. A successful vaccine should show protective efficacy
for both immuno competent and immunocompromised -
dividuals [92]. Many vaccines developed to protect against
coccidioidomycaosis have failed to show conclusive results for
various reasons, some of which we summarize below. Vac-
cines containing killed organisms have shown optimum pro-
tection in animal models but failed in human Phase 111 wials
due to inadequate dosing. These vaccines also resulted in
major side effects and pain, which presented an additional
issue. One potential solution for improving these killed vac-
cines is to eliminate side effects while preserving the key
immunogens by fractioning the vaccine components [93].
Other vaccine trials in humans, which utilized auxotrophic
mutants or attenuated live organisms, showed some survival
advantages but failed to completely clear the fungus. Due to
the inherent potential risk of reversion to virulence of an
attenuated mutant that exists for a live vaccine, recombinant
proteins such as rAg./Pra, rGell. and CSA. have been pursued
for vaccine trials. The majority of the recombinant antigens of
Coccidioides have failed to meet the benchmark of protection
required in murine vaccine trials [3]. Since these candidate
vaccines failed to show necessary protection and ability to
stimulate an effective immune response during animal testing.
they will not be tested in humans.

Recent research has shown that vaccines with purified
plasmid DNA provide superior protection against coccidioi-
domycosis [92]. Currently, research is focused on pursuing a
potential adjuvant vaccine designed to stimulate the appro-
priate level of immune response [Y2]. Another line of research
for a new potential vaccine involves complementary DNA
expression library immunization (ELI). which is under
development along with use of parasitic cell wall proteins.
Parasitic cell wall proteins can stimulate protective immunity
against C. posadasii infection in mice and are considered the
most protective antigens against coccidioidomycosis thus
far [94].
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3. Concluding remarks

Research and recognition of coccidicidomycosis has pro-
gressed slowly since the first patient was diagnosed in 1892,
However, increasing awareness of coccidioidomycosis can
contribute to improving methods to prevent and combat this
disease. Prevention is the first step to managing this fungal
infection. One way to do so is by locating areas with high
prevalence of Coccidioides. Because the fungus is endemic to
certain regions of the United States. researchers can study soil
sampling in those areas. In wrn, the public can be informed to
be cautious when a particular site contains high levels of
Coccidioides. Further improvement in technology of an on-site
test for Coccidioides in the soil could add the benefit for mm-
around time of evaluating a potential habitat for the fungus.
Another preventive measure would be to understand the
weather pattems during increased coccidioidomycosis cases.
Diry periods afier wet winters or summer have been associated
with an increase in the rate of coccidioidomycosis cases for
California and Arizona [53]. Collecting data on temperature
changes and wind patterns, along with reports of coccidioi-
domycosis, will be informative in assessing correlations be-
tween environmental changes and infection rates. With these
findings, individuals can consider seeking medical attention if
they have symptoms related to Valley Fever during periods of
increased likelihood of infection. Remaining indoors during
dust storms, for example, provides a preventive approach
against exposure to arthroconidia.

Improving diagnostic testing and early detection can also
increase prevention of disseminated disease. Not only could
patients benefit from early recognition. but also a more ac-
curate number of reported cases could be tracked. Monitoring
patients during acute infection could in understanding the
mechanisms and progression of disease. This is critical in
filling gaps in knowledge of Valley Fever for physicians. One
uncertainty is whether a patient needs to be treated with
antifungal drugs. If reatment is found to be needed. it is not
known which drug is most effective. which dosage should be
administrated, and what should be the duration of usage.
Another question to be addressed is when a patient has cleared
infection, how long should the patient continue to be followed-
up?

Further research in the development and proliferation of the
fungus in the host can aid in our understanding of an effective
approach to clear the pathogen. It is unclear what regulatory
events contribute to the transformation of arthroconidia into
spherules after entry into the body. Characterizing the
signaling for the transformation could contribute to preventing
early infection. Smdying the fungus could also contribute to
the development of a vaccine. A number of vaccines have been
developed and tested. Indeed. several coccidioidal antigens
have shown protective properties against the fungus in animal
models. Thus far, however, a successful vaccine showing long
term immunity in humans has not yet been achieved [95-97].
Owerall, the approach to resolve this hidden danger in a dust
cloud is to improve detection methods for Coccidipides,
improve reporting of infection cases, and better understand the

immune response as a way of predicting which patients are at
risk for disseminated disease.
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