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Abstract

NOD-like receptors (NLRs) play a large role in regulation of host innate immunity, yet their role
in periodontitis remains to be defined. NLRX1, a member of the NLR family that localizes to
mitochondria, enhances mitochondrial ROS (mROS) generation. mROS can activate the NLRP3
inflammasome, yet the role of NLRX1 in NLRP3 inflammasome activation has not been
examined. In this study, we revealed the mechanism by which NLRX1 positively regulates ATP-
induced NLRP3 inflammasome activation through mROS in gingival epithelial cells (GECs). We
found that depletion of NLRX1 by shRNA attenuated ATP-induced mROS generation and
redistribution of the NLRP3 inflammasome adaptor protein, ASC. Furthermore, depletion of
NLRX1 inhibited Fusobacterium nucleatum infection-activated caspase-1, suggesting that it also
inhibits the NLRP3 inflammasome. Conversely, NLRX1 also acted as a negative regulator of NF-
xB signaling and 1L-8 expression. Thus, NLRX1 stimulates detection of the pathogen £~
nucleatum via the inflammasome, while dampening cytokine production. We expect that
commensals should not activate the inflammasome, and NLRX1 should decrease their ability to
stimulate expression of pro-inflammatory cytokines such as IL-8. Therefore, NLRX1 may act as a
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potential switch with regards to anti-microbial responses in healthy or diseased states in the oral

cavity.
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1. Introduction

F. nucleatum, a Gram-negative anaerobe, is one of the most abundant microorganisms
present in the oral cavity during periodontal disease [7]. Its ability to co-aggregate with
diverse microorganisms makes it a bridge that connects early commensals and late
pathogens, which results in dental plaque formation [52]. In addition, £~ nucleatum
exacerbates periodontitis by inducing apoptosis of immune cells and bone loss [23, 28, 10].
However, the molecular mechanisms by which £ nucleatum promotes dysregulated
inflammatory responses in periodontitis remain mostly unknown.

Gingival epithelial cells (GECs) represent the first protective barriers in the oral cavity that
are exposed to invading microorganisms. During £ nucleatum infection, GECs secrete
chemokines such as IL-8 to recruit neutrophils [55, 11, 26, 42]. In addition, we recently
reported that GECs detect stress related to £~ nucleatum infection by activating an
inflammasome [9], which is relevant for inflammation and other physiological functions of
the epithelium [36, 50], and that £~ nucleatum infection activates the transcription factor NF-
xB and stimulates chemokine expression in GECs. However, how cells coordinate the two
types of innate immune responses to £, nucleatum infection has not been investigated.

The innate immune system relies on germline-encoded pattern-recognition receptors (PRRS)
to detect conserved pathogen-derived components that are known as pathogen-associated
molecular patterns (PAMPSs) or host-released factors by damaged or dying cells called
damage-associated molecular patterns (DAMPS) [24, 47, 30, 48]. Based on domain
homology, PRRs can be classified into 5 families. They are the Toll-like receptors (TLRs),
NOD-like receptors (NLRs), C-type lectin receptors (CLRs), RIG-I like receptors (RLRS),
and AIM2-like receptors (ALRs) [8]. TLRs and CLRs are membrane-spanning PRRs
detecting microorganisms in the extracellular milieu or in endosomes, whereas NLRs, RLRs,
and ALRs are expressed in the cytosol where they sense intracellular microorganisms [8,
31].

NLRs are typically composed of a central conserved NOD domain, a C-terminal leucine-rich
repeat (LRR), and a N-terminal effector domain [45]. According to the N-terminal effector
domain, NLRs can be further classified into different groups, e.g. NLRP, NLRC, and NLRX
[5]. Each NLR plays a non-redundant role in recognizing specific PAMPs or DAMPs, but
the responses they trigger can be categorized as inflammasome-dependent or -independent.
For example, NLRP1, NLRP3 and NLRC4 can form inflammasomes to activate caspase-1
upon sensing PAMPs and DAMPs. On the other hand, NOD1, NOD2 and NLRX1 induce
pro-inflammatory responses through NF-xB or MAPK signaling during microbial infection
[5, 8]. NLRX1 (also known as NOD5 or NOD9) has an atypical N-terminal X domain
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without obvious homology to other NLRs, but has a mitochondria-addressing sequence that
sorts NLRX1 to mitochondria [41, 56, 4].

Due to the localization of NLRX1 in mitochondria, its role in inflammation has been linked
to mitochondria, which is involved in multiple immune responses, such as autophagy and
inflammasome activation. Proteomic analysis has identified the association between NLRX1
and mitochondrial protein TUFM (Tu translation elongation factor), which interacts with
autophagy-related proteins Atg5—Atg12. The indirect association between NLRX1 and
Atg5-Atgl2 is necessary to induce autophagy during viral infection in mice [33, 32]. In
addition, mitochondrial ROS (mROS) has been proposed to be a secondary signal for
various inflammatory responses. However, its generation and the mechanism by which it
damages pathogens remain elusive. NLRX1 can modulate mROS during infection possibly
through interaction with UQCRC?2, a subunit in the mitochondrial respiratory chain complex
I11 [4]. Overexpression of NLRX1 enhances ROS generation in response to TNF-a.,
poly(l:C), Shigellaand Chlamydia infection, whereas knockdown of NLRX1 abrogates
pathogen-induced mROS generation [56, 2, 59]. Recently it has been shown that mROS can
activate the NLRP3 inflammasome [60, 22, 19, 53]. Therefore, the first goal of this study is
to examine whether NLRX1 affects NLRP3 inflammasome activation via mROS.

In addition to its role in mitochondria, NLRX1 has been reported to affect NF-xB signaling
[43, 57, 56]. Depletion of NLRX1 augments expression of LPS-induced NF-xB-responsive
genes, such as IL-1p and IL-6, in mice [61, 56, 3]. Immunoprecipitation experiments
showed that NLRX1 binds constitutively to the TLR downstream signaling molecule,
TRAF6, under unstimulated conditions. However, upon LPS stimulation, NLRX1
dissociates from TRAF6, leading to NF-xB activation [61]. In addition, TNF treatment
enhances I-xB degradation in intestinal epithelial cells in conditional NLRX1 deficient mice
[57]. Taken together, these results show that NLRX1 may act as a negative regulator in TLR
signaling. Therefore, the second goal of this study is to examine the role of NLRX1 in NF-
xB signaling during Fusobacterium nucleatum infection.

2. Materials and methods

2.1. Media, enzymes, oligonucleotides, and antibodies

Defined Keratinocytes-serum free medium (SFM), Bovine Pituitary Extract (BPE), fetal
bovine serum (FBS), TRIzol reagent, MitoSOX™ Red Mitochondrial Superoxide Indicator
(M36008), JC-1 dye (T3168) and all oligonucleotides were from Thermo Fisher Scientific.
ATP, puromycin, polybrene, hemin, and menadione, Triton-X, Tween-20, and
paraformaldehyde were from Sigma-Aldrich. Antibodies against NLRX1 (8583), NF-xB
RelA (8242) were from Cell Signaling. Anti-ASC (TMS1, ab155970 for Immunoblotting;
ab64808 for microscopy) and cleaved caspase-1 p10 (ab108326) were purchased from
Abcam. Anti-actin (MAB1501) and cleaved caspase-1 p20 (AB1871) were obtained from
Millipore. Anti-TOPO-1 (sc-5342) was purchased from Santa Cruz. Gel electrophoresis
reagents were from Bio-Rad.
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2.2. Cells and bacterial Culture

The human immortalized gingival epithelial cells (GECs) were obtained as previously
described [22]. Cells were routinely cultured in defined keratinocyte-SFM with 5 pg/ml
plasmocin and grown at 37 °C in a humidified incubator containing 5% CO,. Cells were
seeded in antibiotic-free keratinocyte-SFM medium two days before infection and during
infection. An extra well was seeded for cell counting on the day of infection

F. nucleatum (ATCC 25586) was cultured anaerobically for 24 h at 37°C in brain-heart
infusion broth supplemented with yeast extract (5 mg/ml), hemin (5 pg/ml), and menadione
(1 pg/ml). For infection, £ nucleatum was cultured for 16—24 h before harvest, followed by
washing and collection in PBS. £ nucleatum was then added into GEC-seeded wells at an
M.O.I. of 50 or 100 and incubated at 37 °C with 5% CO», as indicated for each assay.

2.3. Lentivirus infection and selection of shRNA-expressing Cells

GEC:s stably expressing sShRNA against NLRX1 were generated by transducing the cells
with lentiviral particles purchased from Sigma-Aldrich. The vectors encoding the 5 ShRNA
sequences separately were:

TRCNO0000129459 NM_024618.2-1992s1c1
TRCNO0000130268 NM_024618.2-3523s1c1
TRCNO0000218246 NM_024618.2-1414s21cl
TRCNO0000130325 NM_024618.2-3335s1c1
TRCNO0000128446 NM_024618.2-3337s1cl

Transduction was carried out following the manufacturer’s instructions in the presence of 8
pg/ml polybrene. Nontarget ShRNA control cells were also generated using an irrelevant
sequence (SHC002V, Sigma). Briefly, GEC were plated at 70% confluency 24 h prior to
transduction, and the corresponding lentiviral transduction particles were added at M.O.I. of
3 overnight. Fresh media was added the next day, and stably infected cells were selected by
addition of media containing 0.6 pg/ml puromycin for 1 week.

2.4. Measurement of mitochondrial membrane potential and ROS

Cells were stained with the cationic carbocyanine dye JC-1 (5,5",6,6 -tetrachloro-1,1",3,3’-
tetraethylbenzimidazolcarbocyanine iodide) or MitoSOX mitochondrial superoxide dye as
described previously [22, 21]. In brief, cells were loaded with 7.7 uM JC-1 or 5 pM
MitoSOX in HBSS for 10 min at 37°C, washed with HBSS, and treated with 5 mM ATP for
20 min at 37°C followed by 3 washes with HBSS. Finally, the cells were observed under
wide-field fluorescence microscope (Leica, Deerfield, IL). Quantitative analysis was
performed using Image J software from NIH.

2.5. RNA extraction, reverse transcription, PCR and Quantitative PCR

Total RNA was isolated from GECs after indicated treatments using TRIzol reagent per the
manufacture’s protocol. Total RNA was reversed transcribed to cDNA using Tagman
Reverse Transcription Reagents kit (Applied Biosystem) followed by PCR or gPCR as
previously described [22]. The following primers were used: 5'-
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GAAACCGCAGATCTCACCAT-3" and 5 -TTGTAGTGACCCGGAGGAAC-3’ for
NLRX1; 5 -AATCTGGCAACCCTAGTCTGCTA-3” and 5’-
AGAAACCAAGGCACAGTGGAA-3" for IL-8; 5 -TTAAAAGCAGCCCTGGTGAC-3’
and 5"-CTCTGCTCCTCCTGTTCGAC-3" for GAPDH; 5’-
CCGCGGTAATACGTATGTCACG-3" and 5'-TCCGCTTACCTCTCCAGTACTC-3" for
16S rRNA of £ nucleatum.

2.6. Immunofluorescence staining

For NF-xB staining, cells infected with £~ nucleatum were washed with HBSS, fixed with
4% paraformaldehyde and permeabilized followed by 0.1% Triton-X for 40 min. Following
one wash with PBST (PBS containing 0.05% Tween-20) and two washes with PBS, cells
were blocked with 2% BSA in PBS for 30 min before hybridization with anti-NF-xB p65
antibody overnight. Cells were then washed with PBST once and PBS twice and incubated
with goat anti-rabbit IgG antibody conjugated with red fluorescent Alexa Fluor 546 dye
(Invitrogen) for 40 min. DAPI was then used to stain nuclei for another 10 min followed by
washing with PBST once and PBS twice, and the fluorescence was visualized under wide-
field fluorescence microscope (Leica) or laser scanning confocal microscope (Eclipse Ti C1,
Nikon).

Nuclear NF-xB p65 intensity was quantified by CellProfiler. Cells with nuclear p65 mean
intensity over 0.1 were considered as positive, and at least 350 cells were analyzed under
each condition.

For ASC staining, the procedure is like for NF-xB staining except the cells were
permeabilized for 20 min and anti-ASC and goat anti-rabbit 1gG (H+L) secondary antibody
conjugated with Alexa Fluor 488 were used. Fluorescence intensity was analyzed using
ImageJ. Mean fluorescence intensity of ASC was normalized to total fluorescence intensity
of nuclei. At least 150 cells were analyzed under each condition.

2.7. Nuclear/cytosol fractionation and Western blots

To determine NF-xB protein levels in nuclear and cytosol, these extracts were prepared
using Nuclear/Cytosol Fractionation kit from BioVision. Briefly, 2 x 108 uninfected or
infected cells were collected and lysed with Cytosol Extraction Buffer-A (CEB-A)
containing DTT and protease inhibitors. Following vigorously vortex and cold incubation on
ice, CEB-B were added and mixed before centrifugation at 16,000 g at 4°C. The supernatant
(cytoplasmic extract) was collected for further analysis, and the pellet was resuspended
using Nuclear Extraction Buffer (NEB). The mixture was vortexed for 15s every 10 min for
a total 40 min and finally centrifuged at 16,000 g for 10 min at 4°C. The supernatant
(nuclear extract) was collected for future use.

Preparation of supernatants for caspase-1 detection and Western blot were performed as
previously described [22, 9].
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2.8. MTS assay

MTS assay was conducted as previously described using CellTiter 9 AQueous One Solution
Cell Proliferation Assay kit from Promega [21].

2.9. Statistical analysis

3. Results

Immunoblot and fluorescence microscopy data were quantitatively analyzed using ImageJ
software or CellProfiler software. Statistics were carried out using two-way ANOVA with
Bonferroni’s post hoc test. For experiments examining knockdown efficiency, one-way
ANOVA was used. A p value less than 0.05 was considered significant.

3.1. Attenuated ATP-induced mROS in NLRX1-deficient GECs

We have previously reported that a DAMP, extracellular ATP, induces mROS generation to
activate the NLRP3 inflammasome in GECs [22]. However, the mechanism by which mROS
were generated remained to be investigated. NLRX1, the only NLR localized in
mitochondria, has been shown to mediate mROS production during microbial infection [56,
2, 59]. Therefore, we depleted GECs of NLRX1 using shRNA specific against NLRX1 or
tGFP as a control. qRT-PCR and Western blot confirmed that NLRX1 was efficiently
depleted in GECs transduced with shRNA sequence 325 and 446, compared with the tGFP
control (Fig. 1, A and B).

We next measured ATP-induced mROS generation in cells stained with MitoSOX, which
specifically detects mitochondrial superoxide. Fluorescence microscopy showed that ATP
stimulated a large increase in mROS production in wild-type GECs and GECs transduced
with shRNA control, but lower levels of MROS were observed in the NLRX1-depleted cells.
Quantification analysis of the fluorescence images showed that ATP-promoted ROS
production decreased ~25% in NLRX1-depleted cells compared with wild type cells (Fig.
1C and D). These results suggest that NLRX1 enhances ATP-triggered mROS generation.

3.2. Depletion of NLRX1 reduced ATP-induced mitochondrial damage

Recent studies revealed a critical role of mitochondria in NLRP3 inflammasome activation
[53, 64]. Thus, NLRP3 agonists such as ATP disrupt the mitochondrial membrane potential,
which results in mROS generation and subsequent release of oxidized mitochondrial DNA to
the cytosol, where it activates the NLRP3 inflammasome [53]. We therefore examined the
effect of NLRX1 on mitochondrial membrane potential (Ay ) in GECs with the
mitochondrial membrane potential probe, JC-1. The dye JC-1 shits profoundly from red to
green in both WT and shCtrl GECs upon ATP stimulation, suggesting that ATP triggered a
loss in Aypy,. However, depletion of NLRX1 reduced the ATP-elicited Ay, decrease (Fig.
2A). Quantitative analysis of the fluorescence micrographs confirmed that depletion of
NLRX1 abrogates the ATP-induced Ay, decrease (Fig. 2B).

ATP-induced mROS also induces the cytosolic translocation of mitochondrial DNA
(mtDNA), which is recognized by the NLRP3 inflammasome [40, 53]. We therefore
examined whether NLRX1 had an effect on ATP-triggered mtDNA release to cytosol in
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GECs. Cytosol were separated and collected from ATP-treated or untreated cells to measure
mitochondrial DNA encoding Cyt b by PCR. Incubation with ATP significantly increased
the level of cytosolic mtDNA in GECs, whereas NLRX1 depletion abrogated the
enhancement (Fig. 2C and 2C). Genomic DNA encoding Gapdh was not detected in the
cytosolic samples, excluding the possibility of nonspecific contamination from organelles.
Taken together, these results suggest that NLRX1 protects against ATP-caused
mitochondrial damage.

3.3. Diminished NLRP3 activation in NLRX- depleted GECs

Mitochondrial dysfunction-caused cytosolic translocation of mitochondrial DNA is sensed
by NLRP3, which triggers NLRP3 inflammasome assembly [53]. Assembly of the NLRP3
inflammasome requires recruitment of the adaptor protein ASC (apoptosis-associated speck-
like protein containing CARD) at perinuclear mitochondria-associated membranes (MAMS)
of the endoplasmic reticulum (ER) [64, 38, 35]. To determine whether NLRX1 is involved in
the redistribution of ASC, the cells were treated with ATP for 10 min followed by
immunofluorescence assays. Under untreated conditions, ASC was barely detectable due to
its general distribution throughout the cytosol. However, in ATP-stimulated GECs with or
without shRNA against tGFP, ASC became predominantly perinuclear, and NLRX1-
depletion blocked the ATP-induced ASC redistribution (Fig. 3A, 3B, and Fig. S1). In
addition, the protein abundance of ASC was not altered by the treatment (Fig. 3C). We also
examined whether NLRX1 contributes to £~ nucleatum infection-triggered ASC
redistribution. As Fig. S2 shows, F. nucleatum infection leads to ASC to become
concentrated to in the perinuclear region, consistent with our previous observation that
NLRP3 inflammasome is activated by infection [9]. NLRX1 depletion also suppressed the
perinuclear relocalization of ASC by infection (Fig. S2). Taken together, these data suggest
that NLRX1 abolishes ATP- and £ nucleatum- triggered ASC redistribution rather than
affecting ASC expression.

NLRP3 inflammasome assembly with ASC leads to autoprocessing and activation of
caspase-1, which in turn cleaves pro-IL-1p to IL-1 [1]. To determine whether the
compromised redistribution of ASC affected NLRP3 inflammasome activation, we measured
the protein level of activated caspase-1 by Western blots. As expected, ATP stimulation
significantly enhanced caspase-1 activation in wt and shCtrl GECs. The level of caspase-1
was also enhanced in NLRX1-depleted cells after ATP stimulation, but to a lesser extent
than in wild-type cells. Caspase-1 activation was impaired more severely in cells transduced
with sShNLRX1 sequence 446, which may be due to the better knockdown efficiency of
NLRX1 with this sequence (Fig. 3D). Taken together, these data suggest that NLRX1
regulates positively NLRP3 inflammasome activation.

3.4. NLRX1 enhances caspase-1 activation during F. nucleatum infection

Previous studies have shown that £ nucleatum infection activates the NLRP3 inflammasome
[58, 9]. Since NLRX1 modulates ATP-induced NLRP3 inflammasome activation, we
hypothesized that NLRX1 is also involved in £ nucleatum mediated NLRP3 inflammasome
activation. We therefore examined caspase-1 activation during infection of GECs by ~
nucleatum, and observed that infection-induced caspase-1 activation decreased in NLRX1-
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deficient cells, compared with controls. Cell viability was not affected by the depletion of
NLRX1 and was not significantly affected by infection (Fig. 4 and Fig. S3) [9] [25, 15].
Taken together, these results suggest that NLRX1 positively modulates ~ nucleatum
infection-elicited NLRP3 inflammasome activation.

3.5. Enhanced IL-8 gene expression in NLRX1-deficient cells during F. nucleatum infection

IL-8 is expressed via NF-xB signaling to recruit neutrophils in response to £ nucleatum
infection [11, 63]. However, the mechanism whereby £ nucleatum increases 1L-8 expression
remains elusive. NLRX1 has been reported to negatively regulate NF-xB signaling by
targeting the IKK complex [61]. Therefore, we examined whether NLRX1 participates in ~
nucleatum-induced IL-8 expression. Cells were infected with or without £ nucleatum at a
multiplicity of infection (M.O.1.) of 50 and 100, and IL-8 expression was then measured by
gPCR. As shown in Fig. 5A, IL-8 gene expression increased as a function of £ nucleatum
dose in shCtrl and wildtype cells, but infection in NLRX1-deficient cells led to significantly
higher IL-8 expression. 16S rRNA gene was examined by RT-PCR to confirm infection (Fig.
5B). These data suggest that NLRX1 negatively regulates £ nucleatum infection-induced
IL-8 expression.

3.6. NLRX1 modulates IL-8 expression during F. nucleatum infection via the transcription
factor NF-xB

NLRX1 has been previously reported to negatively regulate NF-xB signaling [61]. To
determine whether NLRX1 is involved in £ nucleatum infection-induced IL-8 expression,
the nuclear translocation of RelA (p65) subunit of NF-xB was examined in NLRX1
knockdown GECs by confocal microscopy. As expected, infection by £ nucleatum resulted
in nuclear translocation of RelA in 30% of wildtype and shCtrl cells, but RelA translocation
increased to 60% in NLRX1-deficient cells (Fig. 6A, 6B and Fig. S4). In addition, the
cytosolic and nuclear extracts from infected cells were analyzed for RelA by
immunoblotting. NLRX1-deficient cells showed increased RelA levels in the nucleus, but
reduced RelA in the cytosol during infection, compared to wildtype and shCtrl cells (Fig.
6C). These results suggest that NLRX1 negatively regulates IL-8 expression through its
action on NF-xB.

4. Discussion

The role of NLRX1 in innate immunity is still under investigation. Initial studies showed
that NLRX1 negatively regulates RIG-I-MAVS-dependent IFN-f expression to prevent
excessive inflammation during viral infection [62, 3, 43]. In addition, SIV infection leads to
upregulation of NLRX1 and downregulation of interferon-stimulated genes (ISGs) at early
stages of infection to promote viral dissemination in rhesus monkeys [6]. More recent
studies demonstrated that NLRX1 attenuates STING-dependent ISGs upon HIV-1 or DNA
virus infection in human macrophages and dendritic cells [14]. However, the role of NLRX1
in immune responses to bacterial infection remains less clear.

F. nucleatum induces NF-xB-mediated IL-8 expression in GECs, which results in neutrophil
recruitment to eradicate infection [20, 63]. However, the pattern recognition receptors
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(PRRs) responsible for sensing the bacteria remain elusive. 1L-8 is expressed following
stimulation of extracellular Toll-like receptors (TLRS) during most bacterial infections.
Nevertheless, it has been reported that some £ nucleatum strains upregulate 1L-8 through
TLR-independent mechanisms [63, 34]. Transcriptome analysis and a study using TLR-
deficient HEK293T cells have shown that mitogen-activated protein kinase (MAPK)
signaling also contribute to IL-8 upregulation upon £ nucleatum infection [17, 46]. The
ability of £ nucleatum to invade cells suggests that intracellular or endosomal PRRs may
also contribute to IL-8 production [46, 16]. Consistent with this possibility, it has been
shown that endosomal TLR9 up-regulates IL-8 in response to £ nucleatum DNA in GECs
[29]. Furthermore, the crystal structure of NLRX1 suggests that its leucine-rich repeat
(LRR) domain could directly sense PAMPs, such as nucleic acids [18]. Here, we
demonstrated that depletion of NLRX1 enhanced RelA nuclear translocation, thus
augmenting IL-8 expression. Previous research showing that NLRX1 negatively regulates
the NF-xB pathway through suppression of TRAF6 is consistent with our results [3, 43, 61].
However, IL-8 can also be regulated by the MAPK pathway, which is also downstream from
TRAFG6 [37]. Therefore, further study is needed to validate whether NLRX1 modulates ~
nucleatum-triggered 1L-8 expression via the NF-xB pathway alone.

We recently reported that ~ nucleatum infection activates the NLRP3 inflammasome and
facilitates the release of DAMPs such as HMGB1 and ASC to amplify inflammation in
GECs [9]. Here, we have demonstrated that NLRX1 behaves as a positive regulator in £
nucleatum infection-elicited NLRP3 inflammasome activation. Consistent with our finding,
it has been proposed that NLRX1 modulates NLRP3 inflammasome activation during
Chlamydiainfection [13, 2].

DAMPs released from infected or stressed cells, such as extracellular ATP, could activate the
NLRP3 inflammasome through P2X,4/P2X7-gated Pannexin-1 channels, which promote
mROS generation [22]. Previous reports identified a role for NLRX1 in enhancing ROS
production during Shigellainfection [56, 61]. Thus, internalized £, nucleatum could
destabilize host-cell mitochondria, which results in mROS production, which in turn is
regulated by NLRX1 [54, 39, 51, 12, 27]. Interestingly, a recent study revealed up-regulation
of NLRP3 expression but down-regulation of NLRX1 in Helicobacter pylori-infected bone-
marrow derived macrophages [44, 49].

In this study, we uncovered a surprising role for NLRX1 as a molecular switch between
NLRP3 inflammasome activation and NF-xB signaling in GECs during £ nucleatum
infection. Depletion of NLRX1 decreases NLRP3 inflammasome activation due to ATP
stimulation and . nucleatum infection. Therefore, we hypothesize that NLRX1 promotes
dysregulated inflammatory responses during £ nucleatum infection via the NLRP3
inflammasome in periodontitis. Conversely, commensals or £. nucleatum in healthy
individuals may still induce NF-xB-mediated I1L-8 expression, but it is repressed by NLRX1.
Thus, we propose that NLRX1 should enhance the innate immune response during infection
by pathogens but behave as a break to prevent excessive inflammation under normal
circumstances (Fig. 7).
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Fig. 1. Depletion of NLRX1 reduced ATP-induced mROS in GECs
GECs were transduced with lentivirus carrying specific ShRNA targeting NLRX1 (A)

NLRX1 mRNA levels were measured by qRT-PCR in GECs expressing different shRNA.
(B) Whole cell lysates were collected to measure protein expression levels of NLRX1. Actin
was used as an internal control. (C and D) mROS generation was detected by fluorescence
microscopy using MitoSOX after 5 mM ATP stimulation for 20 min. Quantification of
mROS production were analyzed by ImageJ as in (C). BF represents bright field. Mean
fluorescence intensity was obtained by dividing total fluorescence intensity against total
number of cells in each image. Relative mean fluorescence is determined by normalizing
with control group in each cell lines. Scale bars represents 100 pm. Statistical significance
determined using one-way ANOVA for (A) and two-way ANOVA for (C). *P-value < 0.05;
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**P-value < 0.01; ***P-value < 0.001. Data were from a representative of at least three
independent experiments performed in duplicates or triplicates that gave similar results.
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Fig. 2. Suppression of ATP-elicited mitochondrial dysfunction in NLRX1-depleted GECs
(A) GECs depleted of NLRX1 were stained with 5 pg/ml JC-1 followed by 5 mM ATP

treatment for 20 min. The treated cells were subject to fluorescence microscopy for the
analysis of the loss of mitochondrial membrane potential (AY ). Red indicates JC-1
aggregates in healthy cells with high membrane potential. The red aggregates shits to green
monomer in cytosol when mitochondrial potential is depolarized. Scale bars: 100 um. (B)
Quantification of mitochondrial membrane depolarization was obtained by dividing total
fluorescence intensity of red J-aggregate over green monomer followed by normalization to
the PBS control group. Data shown are representative of two or more independent
experiments performed in duplicates (means + SD). Statistical significance was determined
using two-way ANOVA. ***P-value < 0.001. (C) Cytosolic fractions were isolated from
GEC:s treated with or without 5 mM ATP for 1 h followed by Phenol-Chloroform-Isoamyl
Alcohol precipitation. The cytosolic DNA were subject to PCR to detect mitochondrial gene
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CytB and genomic GAPDH. Data shown are representative of two or more independent
experiments (means + SD).
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Fig. 3. NLRX1-depletion led to lower ATP-mediated NLRP3 inflammasome activation
(A) GECs were treated or untreated with 5 mM ATP for 10 min before fixation. The cells

were then immunostained for ASC (green) antibody and subjected to confocal microscopy.
Nuclei were stained by DAPI (blue). Scale bar, 20 pm. (B) Fluorescence microscopy images
were quantified by dividing mean ASC fluorescence intensity over total DAPI fluorescence
intensity of each cell. Statistical significance was determined using two-way ANOVA. **P-
value < 0.01; ***P-value = 0.001. (C) Western blot analysis of ASC protein levels of whole
cell lysates from GECs treated as in (A). Actin was chosen as loading control. (D) Caspase-1
protein levels were examined by Western blot after GECs were left untreated or treated with
5 mM ATP for 1 h. Actins was used as internal control. Data shown are representative of two

or more independent experiments (means £ SD).
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Fig. 4. NLRX1 depletion decreased F. nucleatum-triggered caspase-1 activation
GECs were infected with or without £ nucleatum (Fn) at an MOI of 100 for 24 h.

Supernatants were collected and subjected to TCA precipitation. Cells were lysed in RIPA
buffer. Western blot was assayed to determine the protein levels of caspase-1 in supernatants
(extracellular) and whole cell lysates (intracellular). Actin served as loading control. Data
are representative of three independent experiments.
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Fig. 5. NLRX1 depletion enhanced IL-8 expression upon F. nucleatum infection
(A) GECs were left uninfected or infected with £ nucleatum at an M.O.1. of 50 for 24 h.

RNA extracted from the cells were reverse transcribed to cDNA followed by qPCR to detect
the IL-8 transcripts. Statistical significance was determined using two-way ANOVA. ***P-
value < 0.001. (B) PCR were used to detect 16s rRNA of £ nucleatum to confirm the
infection in (A). GAPDH was used as an internal control. Data are representative of three
independent experiments performed in triplicates (means + SD).
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Fig. 6. NLRX1 regulated F. nucleatum-elicited NF-xB nuclear translocation
(A) Confocal microscopy of GECs uninfected or infected with £ nucleatum at an M.O.I. of

50 for 1h followed by fixation. Cells were then immunostained with anti-NF-xB p65 (red)
and stained nuclei with DAPI (blue). Scale bar, 20 um. (B) Quantitative analysis of
fluorescence microscopy images obtained under condition as in (A). Fluorescence intensity
of p65 in nuclei and total cells was measured by CellProfiler. Statistical significance was
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determined using two-way ANOVA. ***P< 0.001. (C) Nuclear and cytosol fraction of cells
were isolated followed by immunoblotting using anti-NF-xB p65 antibody. TOPO | and
actin served as loading control for nuclear and cytosol fractions, separately. All data are
representative of at least three independent experiments performed in duplicates.
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Fig. 7.
Model of £ nucleatum infection-triggered inflammatory responses in gingival epithelial

cells during healthy (dotted line) or diseased status (solid line). Pathogens and danger signals
(DS) such as ATP activate the NLRP3 inflammasome, which is enhanced by NLRX1.
Bacteria under non-pathogenic conditions can also stimulate NF-xB activation, which is
dampened by NLRX1.
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