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Summary

Fusobacterium nucleatum is an invasive anaerobic bacterium that is associated with periodontal
disease. Previous studies have focused on virulence factors produced by £ nucleatum, but early
recognition of the pathogen by the immune system remains poorly understood. Although an
inflammasome in gingival epithelial cells (GECs) can be stimulated by danger-associated
molecular patterns (DAMPS) (also known as danger signals) such as ATP, inflammasome
activation by this periodontal pathogen has yet to be described in these cells. This study therefore
examines the effects of £ nucleatum infection on pro-inflammatory cytokine expression and
inflammasome activation in GECs. Our results indicate that infection induces translocation of NF-
xB into the nucleus, resulting in cytokine gene expression. In addition, infection activates the
NLRP3 inflammasome, which in turn activates caspase-1 and stimulates secretion of mature
IL-1B. Unlike other pathogens studied until now, ~ 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-associated speck-like protein, with a similar time-course as caspase-1 activation. Thus,
F. nucleatum expresses the pathogen-associated molecular patterns necessary to activate NF-xB
and also provides an endogenous DAMP to stimulate the inflammasome and further amplify
inflammation through secretion of secondary DAMPs.

"For correspondence. dojcius@pacific.edu; Tel. (415) 780-2095; Fax (415) 780-2083.
TPresent address: Medical University of South Carolina, College of Dental Medicine, Charleston, SC, 29425, USA.

Supporting information
Additional Supporting Information may found in the online version of this article at the publisher’s web-site.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bui et al.

Page 2

Introduction

Oral inflammatory diseases represent the most common chronic diseases in the world,
affecting over half of the adult population. In 2010, oral conditions affected approximately
3.9 billion people worldwide, with the prevalence of periodontitis being 35% (Richards,
2013) and severe periodontitis, 11 % (Oliver et al., 1998). An estimated 47.2% of American
adults have periodontitis, ranging from mild to severe forms (Richards, 2014). Furthermore,
periodontitis is more prevalent and severe in developing countries because of poorer oral
hygiene and greater plaque retention (Pilot, 1998; Pihlstrom et a/., 2005). Untreated
periodontitis can lead to damage of the gum tissue surrounding the tooth and alveolar bone
damage, resulting in tooth loss (Han et al., 2000; Saini et a/., 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 ef al., 2009; Signat et al., 2011). Gingival epithelial cells (GECs)
release antimicrobial peptides such as human p-defensins (hBDs) as a mechanism of
defence to prevent biofilm formation (Dommisch et a/., 2007; Yin and Chung, 2011; Signat
et 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, resulting in
a coordinated defence of the epithelia against invading bacteria. The production of hBDs in
GEC:s is pathogen-specific and is regulated by epigenetic changes in various genes (Yin and
Chung, 2011).

The innate immune system consists of cells of hematopoietic origin such as macrophages
and neutrophils, which can become activated at early times of infection. While epithelial
cells are not typically considered to be specialized innate immune cells, they can also
recognize infection and respond by secreting chemokines and cytokines such as IL-8 and
IL-1B, as in the case of GECs (Yilmaz et al., 2010; Hung et al., 2013; Johnson et al., 2015)
and other epithelial cells (Santana et 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 toll-like receptors, which stimulate expression of antimicrobial genes, and
inflammatory cytokines and chemokines (Janeway and Medzhitov, 2002; Takeda and Akira,
2005; Cassel et al., 2009; Said-Sadier and Ojcius, 2012). At the same time, cells that are
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-1p and IL-18, ligation of
pattern recognition receptors by PAMPs leads to intracellular production of pro-1L-1f and
pro-1L-18, but not their secretion. Simultaneous ligation of receptors for DAMPs, such as
the ATP receptor P2x7, leads to assembly of the NLRP3 inflammasome and auto-cleavage
of pro-caspase-1 to its activated form, caspase-1 (Cassel et al., 2009; Tschopp and Schroder,
2010; Said-Sadier and Ojcius, 2012; Kim and Jo, 2013; Harijith et al,, 2014). Activated
caspase-1 can then cleave pro-IL-1p and pro-IL-18 to their mature and secreted form, IL-1p
and IL-18 (Srinivasula et a/., 2002).
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Fusobacterium nucleatum, a Gram-negative anaerobic bacterium, stimulates inflammation in
the human oral cavity and gut mucosa (Strauss et a/., 2011) and has been identified in high
frequencies in adults afflicted with mild to acute periodontitis (Signat et a/,, 2011). £
nucleatum can also invade host tissues and obstruct healing of damaged oral tissues (Bartold
etal., 1991; Jeng et al., 1999). Infection of murine macrophages with £ nucleatum has been
shown to result in NLPR3 inflammasome activation and IL-1p secretion (Taxman et al.,
2012); however, the mechanism was not characterized, 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-1p expression in gingival crevicular fluid
at sites of recent bone and attachment loss in periodontitis patients (Lee et al., 1995).
Furthermore, IL-1p deficient mice demonstrated less Porphyromonas gingivalis
lipopolysaccharide-induced periodontium destruction compared with wild-type mice
undergoing the same treatment (Chiang et a/., 1999), suggesting a strong association
between severity of periodontitis and elevated levels of IL-1p (Hodge and Michalowicz,
2001), which may directly or indirectly stimulate osteoclast formation (Chiang et a/., 1999).
IL-1pB also plays a prominent role in promoting tissue pathology and inflammatory responses
in periodontal lesions and stimulating the loss of connective tissue and bone (Chiang et al.,
1999).

High-mobility group box 1 (HMGBL1) is normally associated with chromatin but mediates
the response to injury, infection and inflammation when secreted into the cytosol (Lotze and
Tracey, 2005; Lu et al., 2012). In the extracellular space, it has been proposed that HMGB1
behaves as a DAMP (Said-Sadier and Ojcius, 2012). Moreover, the secretion of HMGB1
from the nucleus to the extracellular space during inflammation and infection is thought to
require the inflammasome and caspase-1 activation (Qin et a/., 2006; Willingham et al.,
2009; Lamkanfi ef al., 2010; Andersson and Tracey, 2011). Similarly to HMGBL1, it has
recently been shown that the protein ASC (apoptosis-associated speck-like protein
containing a carboxy-terminal CARD), which functions as an adaptor in assembly of the
NLPR3 inflammasome, can be secreted from macrophages during inflammasome activation
and can function as a DAMP (Baroja-Mazo et al., 2014; Franklin et al., 2014).

This study aims to determine whether £ nucleatum infection can activate the NLRP3
inflammasome in GECs, which represents the first barrier to infection in the oral cavity.
Additionally, we examined potential mechanisms that could lead to NLRP3 inflammasome
and evaluated whether inflammasome activation in GECs could be amplified further through
secretion of additional danger signals, which has not been previously examined in GECs.

F. nucleatum infection induces caspase-1 activation and NF-xB translocation

F. nucleatum infection of GECs was confirmed by immunofluorescence imaging, which
showed intracellular £ nucleatum aggregation at 1 h after the start of infection (Fig. 1).
Despite the £ 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
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normal cell morphology (data not shown) and no significant cell death after 0, 2, 4, 6 and 8 h
in Opti-MEM media (Fig. 1).

To assess host cell responses to £ nucleatum infection, supernatants from £ nucleatum-
infected cells were collected and caspase-1 activation was measured by Western blot at
different infection time points and MOIs. The level of caspase-1 secretion (a reflection of
caspase-1 activation) measured by Western blot showed a significant increase as a function
of the MOI, being highest at an MOI of 100 (Fig. 2A). Furthermore, caspase-1 activation
was observed within 2 h of infection and was significant after 6 h of infection, compared
with control samples (Fig. 2B).

NF-xB confocal microscopy was used to visualize NF-xB translocation to the nucleus in
uninfected and £ nucleatum-infected cells, which reflects NF-xB activation in the cells. A
high level of NF-xB translocation was in fact observed when cells were infected at an MOI
of 100 for 1 h (Fig. 3A). The time-course of nuclear translocation was followed by acquiring
immunofluorescence images after 30 min, 1 and 2 h of infection (Fig. 2). Analysis of the
images showed that was a significant increase in NF-xB staining in the nucleus in GECs
infected with £ nucleatum at an MOI of 100 for 30 min, with highest levels of NF-xB
activation observed after 1 h of infection and decreasing afterwards (Fig. 3B). NF-xB
activation after 6 h of infection remained above basal levels (Fig. 3B).

F. nucleatum infection leads to IL-1p gene expression and IL-1p protein secretion, in the
absence of exogenous danger signal

We examined whether inflammasomes may play a role during £ nucleatum infection by
measuring IL-1p processing and secretion in collected supernatants from £ nucleatum-
infected GECs with different MOI and times of infection by Western blot. As expected, ~
nucleatum infection induced IL-1p secretion as a function of the MOI, with the highest
levels observed at an MOI of 100 (Fig. 4A). Furthermore, IL-1f secretion was measurable at
4 h and was most intense at 8 h post-infection (Fig. 4B). As a confirmation of the Western
blot analysis, ELISA was used to measure the time-course of IL-1( secretion after 2, 4 and 8
h of infection (Fig. 4C). A significantly high level of IL-1f secretion was detected by 4 h
post-infection and became dramatically higher by 8 h post-infection (Fig. 4C).

Gene expression of /L 1B was measured by qPCR, RT-PCR, showing a high level of /L1B
gene expression at 1 h and 2 h post-infection (Fig. 4D), which, as expected, preceded the
secretion of IL-1p protein (Fig. 4B). The /L1B gene expression level decreased after 2 h of
infection and remained at a plateau above basal levels after 4 h of infection (Fig. 4D). The
results are therefore consistent with the interpretation that NF-xB activation, which is
maximal at 1 h post-infection (Fig. 3B), precedes /L 1B gene expression, which in turn
results in pro-IL-1p protein synthesis.

IL-1p protein secretion requires cleavage of pro-1L-1f by caspase-1, which is activated
within 2 h of infection (Fig. 2B). We therefore used immunofluorescence staining to
examine the time course for pro-IL-1f accumulation in £ nucleatum-infected primary
GECs. The results showed a high level of pro-1L-1p accumulation within £ nucleatum
infected GECs at 2 h post-infection, which subsequently dropped by approximately half at 6
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h post-infection and continued decreasing at 8 h post-infection (Fig. 4E and 4F). These
results are consistent with the appearance of mature, processed IL-1 in the supernatant after
4 h of infection (Fig. 4B). Pro-IL-1p levels in cell lysates were measured using Western blot
analysis, showing that pro-IL-1p accumulation starts at 4 h post-infection and reaches a
plateau at 6 h and 8 h, which is presumably because of IL-1p secretion (Fig. 3).

Together, the different assays confirmed that NF-xB is activated by £ nucleatum infection of
GECs, which causes expression of /L 1B and subsequent production of pro-IL-1p protein.
Activation of caspase-1 within 2 h of infection is consistent with secretion of IL-1p protein
after 4 h of infection. Finally, these results demonstrate that £ nucleatum 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 infection stimulates secretion of the danger signals ASC and HMGB1

The adapter protein ASC is involved in most cases of NLRP3 inflammasome activation in
response to different stimuli (Tschopp and Schroder, 2010; Gomes et al., 2013; Lamkanfi
and Dixit, 2014). Furthermore, recent studies showed that ASC can be secreted by cells into
the extracellular medium, where ASC can behave as a danger signal (Baroja-Mazo et al.,
2014; Franklin et al., 2014). Western blot analysis of supernatant was therefore used to
measure the time-course of ASC secretion from £, nucleatum-infected GECs. The highest
level of ASC secretion was observed at an MOI of 100, with the secretion reaching a plateau
by an MOI of 50 (Fig. 5A). Little ASC secretion was observed after 2 h of infection, but
high levels were measured after 4 h of infection, reaching a plateau by 6 h of infection with
an MOI of 100 (Fig. 5B), suggesting that inflammasome and caspase-1 activation take place
before or at the same time as ASC secretion.

Inflammasome activation has previously been shown to stimulate release of HMGB1 by
some cells (Lu et al., 2012). Furthermore, the enzymatic activity of caspase-1 is required for
the secretion of HMGB1 and other proteins (Vande Walle et a/., 2011). In the extracellular
medium, HMGBL can act as a danger signal and promote innate immune responses (Qin et
al., 2006; Vande Walle et a/.,, 2011). We therefore measured HMGBL localization in infected
GECs by immunofluorescence and the HMGBL secretion from GECs by Western blot
analysis of supernatants of GECs, with and without pre-treatment of GECs with the
caspase-1 inhibitor, z-YVAD-fmk. Western blot analysis revealed significant levels of
HMGB1 release at an MOI of 25, with highest levels and a plateau at an MOI of 50 (Fig.
5C). The time-course of HMGBL release was also similar to the time course of ASC release,
with high levels of HMGBL release observed after 4 h of infection and a plateau being
reached by 6 h of infection (Fig. 5D). Little HMGB1 was found in the supernatant after 8 h
of infection if the GECs were pretreated with the caspase-1 inhibitor, z-YVAD-fmk (Fig.
5D), implying that caspase-1 activation is required for HMGB1 secretion.

Redistribution of HMGB1 within GECs was also visualized by immunofluorescence
staining, which showed that almost all of the HMGB1 was localized within the nucleus after
3 h of infection, but a high level of cytosolic staining was observed after 8 h of infection
(Fig. 5E and 5F), suggesting that £ nucleatum infection leads to release of HMGBL1 from the
nucleus to the cytosol. In addition, treatment with the caspase-1 inhibitor, z-YVAD-fmk,
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decreased almost completely the redistribution of HMGB1 from the nucleus to the cytosol
(Fig. 5E and 5F), confirming that caspase-1 is required for release of HMGB1 from the
nucleus to the cytosol. The time-course of HMGBL1 distribution within the cell was similar
to the time-course of release of HMGBL1 to the extracellular space (Fig. 5D), consistent with
redistribution to the cytosol taking place before or at the same time as secretion from the
cell.

The NLRP3 inflammasome is required for caspase-1 activation and IL-1p secretion during
F. nucleatum infection

Four main types of inflammasomes have been characterized to date, relying on NLRP1,
NLRP3, NLRC4 and AIM2 (Tschopp and Schroder, 2010; Said-Sadier and Ojcius, 2012;
Lamkanfi and Dixit, 2014). To characterize the importance of NLRP3 in inflammasome
activation, we prepared NLRP3-deficient GECs using an RNAI approach with lentiviral
particles and evaluated caspase-1 activation and IL-1f3 secretion after 8 h of infection with ~
nucleatum. The efficiency of NLRP3 (117 kDa) depletion was first verified by Western blot,
which confirmed that NLRP3 protein levels were decreased with an efficiency of 49% in
these cells (Fig. 4). As expected, £~ nucleatum-infected NLRP3-deficient cells showed
significantly lower caspase-1 activation in comparison with infected control cells (Fig. 6A).
Similarly, there was a significant reduction of IL-1p secretion from NLRP3-depleted cells
compared with control cells after 8 h of infection (Fig. 6B). These results imply that the
NLRP3 inflammasome is involved in caspase-1 activation and IL-1p secretion during ~
nucleatum infection of GECs.

Discussion

Periodontal diseases are induced by a complex interaction of periodontal bacteria, composed
mainly of gram-negative anaerobes (Han et al., 2000). £ nucleaturm is one of the first species
to become established in plaque biofilms and is distinguished from other oral pathogens
because of its highly invasive ability (Han et a/.,, 2000). A recent /n vivo study found that
chronic oral infection is tightly linked with £ nucleatum colonization, inducing significant
antibody responses along with alveolar bone resorption and intrabony defects (Saini et al.,
2009; Velsko et al., 2015). Furthermore, F. nucleatum has recently been shown to directly
contribute to inflammation of colonic epithelium cells and increase the risk of inflammatory
bowel disease, resulting in colorectal tumorigenesis (Strauss et al., 2011; Bashir et al., 2015)
and to colonize the mouse placenta and induce placental inflammatory responses (Liu et a.,
2007). Given the ability of £ nucleatum to induce inflammation, we hypothesized that £
nucleatum might also have the ability to activate an NLRP3 inflammasome, which can
detect different types of cellular stress or damage.

Infection by many types of intracellular bacteria stimulates synthesis of pro-1L-1p, but not
its secretion (Tschopp and Schroder, 2010; Said-Sadier and Ojcius, 2012; Lamkanfi and
Dixit, 2014). As described for GECs or macrophages infected by 2 gingivalis (Yilmaz et al.,
2010; Taxman et al., 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 I1L-1p protein (Tschopp and Schroder, 2010; Lamkanfi and Dixit,
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2014). In the case of £ nucleatum infection, we found, instead, that infection can both
stimulate expression of the /L 1B gene and secretion of mature IL-1p protein, implying that
F. nucleatum infection provides both PAMPs and a danger signal. These results are
consistent with a recent report that £ nucleatum infection of bone marrow derived
macrophages from mice leads to caspase-1 activation and IL-1p secretion (Taxman et al.,
2012); although the effect of infection in a physiologically relevant host cell has not been
examined.

In our studies, we found that £ nucleatum infection in GECs led to early NF-xB activation
and translocation into the nucleus, which stimulated expression of /L 1B and the appearance
of intracellular pro-1L-1p. Activation of caspase-1 then led to secretion of IL-1f from the
infected cells, through a mechanism requiring the presence of the NLRP3 inflammasome.

Soon after caspase-1 was activated in the infected cells, the danger signal HMGB1 was
redistributed from the nucleus to the cytosol, and was secreted to the extracellular space
(Fig. 5). HMGBL is the second most abundant protein in chromatin and is associated with
DNA in healthy cells (Lotze and Tracey, 2005) and can be released from damaged cells and
is secreted actively by some immune cells (Lamkanfi et a/., 2010). In the extracellular
medium, HMGBL can interact with innate immune receptors such as RAGE and toll-like
receptors (Sims et al., 2010; Yang et al., 2013; Tsung et al., 2014). It has recently been
shown that the NLRP3 inflammasome can promote secretion of HMGBL, and we find that
caspase-1 was required for HMGB1 release from the nucleus in £ nucleatum-infected
GECs.

Similarly, the adaptor protein ASC is involved in NLRP3 inflammasome activation, but
recent studies have demonstrated that it can also be secreted from cells during
inflammasome activation (Baroja-Mazo et al., 2014; Franklin et al., 2014). In the
extracellular space, ASC can amplify inflammatory responses by behaving as a danger
signal. We find that infection of cells with £ nucleatum also leads to secretion of ASC. We
therefore propose that £ nucleatum infection by itself is detected by GECs as a danger
signal and that caspase-1 dependent secretion of HMGB1 and ASC participate in an auto-
amplification loop in order to further enhance inflammation (Fig. 7).

Experimental procedures

Bacterial culture

Fusobacterium nucleatum (ATCC 25586) was cultured under anaerobic condition at 37°C
for 24 h in brain-heart infusion broth supplemented with yeast extract (5 mg ml~2), hemin (5
g mi~1) and menadione (1 mg mi~1). Erythromycin (5 mg ml~1) was added to the media as
a selective agent for growth, which was previously described (Zaborina et al., 1999).
Bacteria were harvested by centrifugation at 6000 x g for 10 min at 4°C. The bacterial
pellets were washed twice and resuspended with Dulbecco’s phosphate-buffered saline
(PBS) containing calcium and magnesium (Life Technologies). Bacteria were quantified
using a Klett-Summerson photoelectric colorimeter.
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Primary and immortalized GECs

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

Cell viability 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 were collected at the indicated time
points and resuspended with 1x PBS and 0.4% TB solution (Thermo Fisher Scientific) with
a 1:1 ratio and mixed thoroughly. The resuspended mixture was then loaded onto a
hemocytometer and counted under a light microscope after 5 min 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, pPCMVdelR8.91 and pLKO-shNL RP3 (Clone ID:
TRCNO0000431574) were purchased from National RNAi Core Facility at Academia Sinica
of Taiwan. The plasmids pMD.G and pCMVdelR8.91 were used for the packaging of
lentiviral particles as described (Huang et a/., 2015). The shRNA sequence for NLRP3 was
5'-GAGACTCAGGAGTCGCAATTT-3’. The shRNA sequence 5'-
TTGGCAACCGCTTTTTG-3’, which targets firefly luciferase mRNA, was used as the
control.

Lentiviral particles were generated as described (Huang et a/., 2015). HEK293T cells were
cotransfected with lentiviral plasmid (pLKO-shNLRP3) and packaging plasmids (pMD.G
and pCMVdelR8.91) by Arrest-In (Open Biosystems) according to manufacturer’s
instructions. After 16 h of transfection, media containing the transfection reagents were
removed and replenished with fresh media. After incubating for another 48 h, the media
containing viral particles were centrifuged a 6000 x g for 5 min at 4°C, and the supernatants
were collected for the infection studies. Infection of cells with lentiviral particles was carried
out at 37°C in the presence of polybrene at 8 pg mi~1. Cells that stably express SARNA were
obtained by culturing the infected cells in the presence of puromycin at 0.6 pg mi~1 for 2
weeks. Prior to ~ nucleatum infection, media was changed to Opti-MEM media.

Infection of GECs with F. nucleatum

Primary and immortalized 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 £ nucleatum infection, 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 Systems), was added for at least 15 min before
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infection (Cruz et al., 2007; Chen et al., 2012; Hung et al., 2013). Supernatant was collected
at various time points for experiments described in the succeeding texts.

Supernatant sample preparation—An equal number of cells were seeded per sample
in order to ensure equal sample loading for all supernatants analysed by Western blot. Thus,
750 000 cells per well were seeded when using 6-well plates, or they were seeded to 75—
80% confluence in cell-culture flasks. Proteins from cell-free culture supernatants were
concentrated using trichloroacetic acid (TCA) (Koontz, 2014). One hundred percent TCA
was added to supernatants for a final concentration of 20%. Samples were vortexed and
incubated on ice for 30 min. After incubation, 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 Scientific) and boiled at 95°C for 5 min. Samples were loaded and run on
SDS-PAGE gels and transferred onto PVDF membranes. Membranes were blocked with 5%
BSA for 1 h at RT, and then incubated with anti-TMS1 (Abcam), caspase-1 (Nathan), IL-1
(Abcam), anti-NLRP3 (Cell Signaling) or HMGB1 (Nathan) primary antibodies overnight at
4°C. After primary incubation, blots were washed and incubated with secondary goat anti-
rabbit HRP (Millipore) for another hour. Finally, membranes were washed and exposed to
Luminata Forte (Millipore) substrate. Images were acquired using ChemiDoc XRS+ system
and analysed using NIH-ImageJ.

Cell lysate sample preparation—After removing supernatant, cells were washed once
with 1X PBS (Dulbecco’s). M-PER Mammalian Protein Extract Reagent (Thermo
Scientific) was added for 15 min to lyse cells and extract proteins from each sample. The
protein concentration of the lysates was determined using Quick Start Bradford Assay (Bio-
Rad) according to manufacturer’s instructions. Samples were resuspended with water and
Pierce Lane Marker Reducing Sample Buffer and boiled at 95°C for 5 min. Samples were
run and analysed as described in the preceding texts. After revealing the Western blot for
experimental protein, the membranes were stripped using stripping buffer (Thermo
Scientific) for 5 min and reprobed with GAPDH antibodies (Cell Signaling), which also
confirmed equal loading of protein for the different lanes of the blot.

Measurement of IL-1p secretion by ELISA

GECs were seeded in 12-well plates and cultured until 75-80% confluence. The cells were
then infected with £ nucleatum at an MOI of 100. Supernatants were collected at various
time points and centrifuged at 800 x g for 5 min to remove cellular debris. Cell-free
supernatants were used to test for IL-1p by ELISA assay. Human IL-1f was tested by
ELISA (eBioscience) according to the manufacturer’s instructions.

RNA isolation, reverse transcription and quantitative PCR

Total RNA was isolated from GECs using TRIzol according to the manufacturer’s protocol
(Invitrogen, Life Technologies). Tagman Reverse Transcription Reagents kit (Applied
Biosystem) was used to amplify cDNA from 2 ug RNA. Real-time PCR RT-PCR and
quantitative PCR (qPCR) were performed using 1/50 of the prepared cDNA with Mx3000P
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(Stratagene) and 25 pl of Briliant QPCR Master Mix (Stratagene). Amplification of cDNA
was performed with the addition of sense and antisense primers at 200 nM concentration.
Quantitative PCR was conducted at 95°C for 10 min, followed by 40 cycles at 95°C for 30 s,
55°C for 1 min and 72°C for 30 s. The IL-1p gene expression was normalized to GAPDH as
instructed by the manufacturer (Stratagene) through comparative cycle threshold method as
loading control. The following primers were used for IL-1p: 5'-
AAATACCTGTGGCCTTGGGC -3” and 5’'- TTTGGGATCTACACTCTCCAGCT-3". The
primers used for GAPDH are 5" -TTAAAAGCAGCCCTGGTGAC-3" and 5'-
CTCTGCTCCTCCTGTTCGAC-3'.

Immunofluorescence microscopy

F. nucleatun-infected GECs were fixed with 4% paraformaldehyde and permeabilized with
0.1% Triton-X for 40 min. The cells were blocked with 2% BSA for 30 min before applying
the primary antibody. Rabbit anti-human NF-xB antibody (Cell Signaling) was then added
and incubated for 1 h followed by three washes with PBS containing 0.1% Triton-X. Cells
were then incubated with goat anti-rabbit 1gG antibody conjugated with red fluorescent
Alexa Fluor 546 dye (Invitrogen) for 40 min and stained with DAPI (Millipore) for another
10 min. Finally, the cells were observed by wide-field fluorescence microscope (Leica) or
laser scanning confocal microscope (Nikon TE-2000).

Immunofluorescence detection of F. nucleatum infection in GECs

Primary GECs were cultured in 4-well culture plates (Nunc) containing round glass inserts
(Warner Instruments). Cells at approximately 80% confluence were infected with £
nucleatum at an MOI of 100 for 1 h. The cells were fixed in 10% neutral buffered formalin
and permeabilized with 0.01% Triton X-100 in PBS. £ nucleatum infection was detected
using a rabbit anti-~. nucleatum polyclonal antibody (Pacific Immunology) at 1:100 dilution
and secondary Alexa Fluor 488-conjugated goat anti-rabbit antibody (Invitrogen) at 1:1000
dilution. Actin was labelled using phalloidin—tetramethylrhodamine B isothiocyanate
(Sigma). The immunostained cells were mounted onto glass slides using Vectashield
mounting medium (Fisher) containing DAPI stain and examined using a Leica confocal
microscope and LAS AF (Leica) software.

Immunofluorescence examination of intracellular IL-1p and HMGB1

Primary GECs were cultured in 4-well culture plates containing round glass inserts. Cells
were infected at a confluence of 70% with £ nucleatum at an MOI of 100 for 2, 6 and 8 h
(for IL-1p) or for 3 and 8 h (for HMGBL). The effect of caspase-1 on HMGBL1 translocation
after 8 h £ nucleatum-infection was assessed using the caspase-1 inhibitor z-YVAD-fmk at a
50 uM final concentration for 30 min before infection. All cells were washed three times
with PBS, fixed with 4% paraformaldehyde for 15 min and permeabilized using 0.01%
Triton X-100 solution in PBS. IL-1p was detected using a FITC-conjugated mouse
monoclonal antibody (R&D Systems). HMGB1 was detected using a rabbit polyclonal anti-
human HMGB1 antibody and secondary Alexa Fluor® 488-conjugated goat anti-rabbit
antibody (Invitrogen). £ nucleatum infection was detected using a rabbit anti-~ nucleatum
polyclonal antibody (Pacific Immunology) and secondary Alexa Fluor® 594-conjugated
goat anti-rabbit antibody (Invitrogen). All inserts were mounted onto glass slides using
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Vectashield mounting medium (Fisher) containing DAPI stain and examined using a Zeiss
Axiolmager fluorescence microscope connected to a cooled charge-coupled camera
controlled by QCAPTURE software (Surrey). The intensity densities of cytoplasmic IL-1p
and HMGBL staining were measured using NIH-ImageJ. Intensity values at least 2 standard
deviations above average were considered significant. Results indicate the average of
measurements of at least 25 cells, originating from at least three separate replicate
experiments.

Statistical analysis

Data are presented as mean + standard deviation (SD). Standard #tests were used to
determine the statistical significance between groups, with Pvalues < 0.05 considered as
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Intracellular localization of Fusobacterium nucleatum in GECs. Immunofluorescence

confocal micrograph GECs infected with £ nucleatum (MOI of 100) for 1 h. The single
optical section through the middle of the host cell confirms the intracellular localization of
the bacteria. Fixed GECs were stained with phalloidin-tetramethylrhodamine B
isothiocyanate (red) to show actin filaments, and anti-~. nucleatum antibody (green). Bar
represents 20 um.

Cell Microbiol. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Bui et al.

Page 16
Caspase-1 “ Caspase-1
22kDa | ’ 22kDa | i :
Uninfected 25 50 100 Uninfected 2 4 6 8
F. nucleatum (MOI) Time (h)
dedede ekl
T 15 5 15+
g ' 3 - I
] ™
£ E |
2 101 2 10
£ =
2 2
o °
a 57 & 57
s g
- g
& 0 T T L] &J c T T T T
Uninfected 25 50 100 Uninfected 2 4 6 8
F. nucleatum (MOI) Time (h)
Fig. 2.

F. nucleatum infection activates caspase-1 in GECs Western blot analysis of supernatants
from GECs infected with £ nucleatum A. at MOI of 25, 50 and 100 for 8 h or B. MOI of
100 for 2, 4, 6 or 8 h. Caspase-1 (22 kDa) activation was detected by Western blot, showing
the small (22 kDa) fragment of activated caspase-1 in the supernatant. Uninfected samples
were collected and processed after 8 h incubation. Results represent an average of three
independent experiments, quantified by densitometry. Error bars represent mean + standard
deviations (SD). Asterisks designate statistically significant differences compared with
control (**p < 0.01 and ***p < 0.001, Student’s ~test).
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ng—xB translocation to the nucleus during £ nucleatum infection. Cells infected with £
nucleatum (MOI of 100) were analysed by confocal microscopy at multiple time points.

A. Image shows cells at 1 h post-infection stained with anti-NF-xB antibodies (red) and
DAPI (blue) to visualize the nucleus.

B. Quantification of NF-xB because of fluorescence intensity of staining relative to control
at 30 min, 1, 2 and 6 h. Uninfected controls were collected at after 6 h of incubation. Data
are representative of two independent experiments ran in duplicates with at least 100 cells
counted per time point. Bar represents 20 um. Asterisks designate statistically significant
difference compared with control (**p < 0.01 and ***p < 0.001, Student’s £test).
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Fig. 4.

E%uc/eaz‘um infection stimulates /L 1B gene transcription and processing of IL-1f in GECs.
Secretion of IL-1p (17 kDa) was measured in cell supernatants by SDS-PAGE Western blot
assay. GECs were infected with £ nucleatum

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

B. at an MOI of 100 for 2, 4, 6 and 8 h. Western blots were quantified by densitometry.

C. IL-1p protein secretion in GECs was confirmed by ELISA after 2, 4 and 8 h of £
nucleatum infection.

D. Relative IL-1p mRNA expression compared with control was evaluated by real-time PCR
of GECs infected with £ nucleatum (MOI of 100) for 1, 2, 4 and 6 h.

E. Immunofluorescence staining images to evaluate IL-1p protein expression during ~.
nucleatum infection (MOI of 100) for 2, 6 and 8 h. Immunofluorescence intensity levels
were measured using NIH-ImageJ and the values of at least 2 standard deviations above the
average intensity values of the control group were considered significant. GECs were stained
with FITC-conjugated antibody against IL-1p and the nuclear stain DAPI, as indicated in the
Materials and methods section. Bar represents 10 pum.

F. Quantification of immunofluorescence intensity measured relative to controls at 2, 6 and 8
h. Results represent an average of three independent experiments performed in duplicates.
Error bars represent the mean + SD. Asterisks designate statistically significant difference
compared with control (*p < 0.05, **p < 0.01 and ***p < 0.001, Student’s #test).
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ASC and HMGBL release following £ nucleatum infection. Release of ASC protein (22
kDa) in cell supernatants was detected using Western blot assay. ~ nucleatum infected GECs
were infected

A. at MOI of 25, 50 and 100 for 8 h, and

B. at MOI of 100 for 2, 4, 6, and 8 h. HMGBJ1 protein (29 kDa) was measured using
Western blot of supernatant from cells infected with £ nucleatum

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

D. at MOI 100 for 2, 4, 6 and 8 h, or for 8 h in GECs pretreated with 50 mM z-YVAD-fmk
for 30 min prior to infection. Western blots were quantified by densitometry.

E. Immunofluorescence images of HMGB1 were captured at 3 and 8 h for infected cells
(MOI of 100). Bar represents 10 um.

F. Quantification of immunofluorescence measured relative to control at 3 and 8 h with or
without z-YVAD-fmk pretreatment. Results represent an average of three independent
experiments performed in duplicates. Error bars represent the mean + SD. Asterisks
designate statistically significant difference compared with control (**p < 0.01, ***p <
0.001, Student’s #test).
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Fig. 6.

Dgpletion of NLRP3 inhibits caspase-1 activation and IL-1p secretion.

A, B. Wildtype and NLRP3-depleted (knockdown, KD) GECs were infected with £
nucleatum (MOI of 100) for 8 h. Supernatants were collected and analyzed by Western blot
assay for A. caspase-1 activation and B. IL-1p secretion. Results represent three independent
experiments. Error bars represent the mean + SD. Asterisks designate statistically significant
difference compared with control (**p < 0.01).

Cell Microbiol. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Bui et al.

TLH:’PRR' ' ,7E G ez
/ /* ROS

Inflammasome
Cytosol . Caspase-1
) o |
Transcription .
B
Caspase-1

* deave.f%
Nucleus

Fig. 7.

Page 21

Model of pro-inflammatory cytokine expression and the inflammasome activation cascade
during £~ nucleatum infection £, nucleatum infection activates NF-xB, which translocates to
the nucleus, where it stimulates expression of pro-inflammatory genes, including genes
encoding pro-IL-1. In addition, infection activates the NLRP3 inflammasome, which in

turns activates caspase-1, resulting in processing and release of IL-1p. Inflammation is

magnified further by release of the danger signal ASC, and caspase-1 secretion of HMGBL.
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